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Chapter 1
Introduction

María Teresa Dozo, Ariana Paulina-Carabajal, Thomas E. Macrini, 
and Stig Walsh

Paleoneurology is a branch of paleontology that is dedicated to the study of the 
anatomy and evolution of the nervous system of extinct animals. You are reading the 
introduction to this book about paleoneurology because you are a descendent of a 
long line of primate ancestors that had evolved progressively larger brains, and that 
were eventually able to communicate using symbolic written language. However, 
humans are not the only animals to have evolved relatively large brains. Trends 
towards brain enlargement have long been known in other vertebrate lineages, such 
as other mammals, and also in reptiles. Furthermore, throughout the evolution of 
amniotes there has been a brain size increase that corresponded, mainly, to an 
increase of the cerebrum with the highest encephalization observed in avian dino-
saurs (birds) and mammals (e.g. Bruce 2007; Balanoff et al. 2014; Güntürkün et al. 
2020; Smaers et al. 2021). Investigating patterns of brain evolution in other verte-
brates offers a window on how human intelligence may have evolved, but the evolu-
tion of the brain and senses in those groups is fascinating in its own right. Primate 
and hominid brain evolution have been the subject of many previous volumes, and 
this book focuses on the state of knowledge of the paleoneurology in those other 
amniote groups (Fig. 1.1).
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Fig. 1.1 Simplified phylogenetic hypothesis for the main amniote clades covered in this book, 
including dorsal views of endocasts of taxa representative of those clades. Since the paleoneurol-
ogy of some higher clades is still poorly known, those clades are not covered in this book. Sa1. 
Avicranium (basal diapsid (sensu Pritchard and Nesbitt 2017); Chap. 2) redrawn from Sobral 
(Chap. 2); Sa2. Plesiochelys (Testudinata; Chap. 4) redrawn from Paulina-Carabajal et al. (2013); 
Sa3. Ichthyosaurus (Ichthyopterygia; Chap. 3) redrawn from Allemand et  al. (Chap. 3); Sa4. 
Platecarpus (Lepidosauromorpha; Chap. 5) redrawn from Camp (1942); Sa5. Parringtonia 
(Archosauromorpha; Chap. 6) redrawn from Nesbitt et  al. (2017); Sa6. Rukwasuchus 
(Crocodylomorpha; Chap. 7) redrawn from Barrios et  al. (Chap. 7); Sa7. Latenivenatrix (non- 
avian Dinosauria; Chap. 8) redrawn from Paulina-Carabajal et al. (Chap. 8); Sa8. Archaeopteryx 
(Avialae/Aves; Chap. 9) redrawn from Degrange et al. (Chap. 9); Sy1. Hadrocodium (stem mam-
mals; Chap. 10) redrawn from Rowe et al. (2011); Sy2. Thylacoleo (Metatheria; Chap. 11) redrawn 
from Macrini et  al. (Chap. 11); Sy3. Palaeoloxodon (Proboscidea) redrawn from Benoit et  al. 
(Chap. 15); Sy4. Prorastomus (Sirenia; Chap. 14) redrawn from Macrini and Orihuela (Chap. 14); 
Sy5. Glossotherium (Pilosa; Chap. 19) redrawn from Boscaini et al. (Chap. 19); Sy6. Glyptodon 
(Cingulata; Chap. 18) redrawn from Tambusso et al. (Chap. 18); Sy7. Reithroparamys (Rodentia; 
Chap. 16) redrawn from Bertrand and Silcox (Chap. 16); Sy8. Rooneyia (Primates; Chap. 12) 
redrawn from Kirk et al. (2014); Sy9. Hesperocyon Carnivora; Chap. 17) redrawn from Lyras et al. 
(Chap. 17); Sy10. Notostylops (Notoungulata; Chap. 20) redrawn from Perini et al. (2022); Sy11. 
Macrauchenia (Litopterna; Chap. 21) redrawn from Dozo et  al. (Chap. 21); Sy12. Bathygenys 
(Artiodactyla; Chap. 13) redrawn from Macrini (2009). Endocast color key: red represents olfac-
tory bulbs, blue represents cerebrum, green represents cerebellum, yellow represents brain stem 
(medulla, midbrain etc.). A, Diapsid reptiles closer to lizards than to birds
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Paleoneurology holds the key to unlock these secrets from Deep Time, but those 
secrets are not easily uncovered because brains and nerves do not fossilize directly. 
The brain, nerves, and associated soft tissues, such as the meninges and venous 
sinuses, degrade very rapidly after an animal dies, making the study of the neuro-
anatomy of extinct species extremely difficult. There are practically no fossils for 
which this type of soft tissue has been preserved in the fossil record of vertebrates. 
There are a few exceptions scattered throughout the Phanerozoic rock record from 
most higher vertebrate clades, such as Pleistocene mammals (Farrand 1961; Guthrie 
1990), Cenozoic amphibians (Báez and Púgener 2003), Mesozoic reptiles (Brasier 
et al. 2016; Armitage 2021) and Paleozoic fishes (Pradel et al. 2009; Davidson and 
Trewin 2005). Beyond these very particular and extremely rare examples in nature, 
the available source of data for paleontologists is indirect and corresponds to the 
impressions or marks left by the soft tissues inside bones that held these structures 
in life. These marks, known as ‘osteological correlates’ can be studied using three- 
dimensional volumetric copies, created either through a casting material (e.g. 
Hopson 1979) or, more commonly in recent years, digital models created from com-
puted tomographic data (e.g. Witmer et al. 2008).

Neurological structures of the central nervous system (CNS) such as the brain, 
cranial nerves, and sensory organs such as the eyes, inner ear and olfactory appara-
tus in the cranium, have been the focus of a great deal of attention for over 200 years. 
However, some groups are much better known than others, partly because of the 
variability in the fossil record of braincase material, but also because of other fac-
tors such as the size of the specimens, with smaller body-sized groups (e.g. lepido-
saurs) among the most poorly known. The wealth of information available in the 
endocranium has meant that research in paleoneurology has historically focused on 
the anatomy of the CNS (particularly biased towards brain studies rather than spi-
nal), and the peripheral nervous system (PNS) has been the subject of far fewer 
studies despite what the PNS can reveal about innervation to muscles and other soft 
tissues that rarely fossilize. Parts of the CNS and PNS are observable through casts 
of the vertebral neural canal, and of foramina in vertebrae through which motor and 
sensory nerves passed to connect to muscles and other soft tissues, respectively.

Paleoneurology has a long history of research. The earliest mention of what we 
now refer to as an endocast in the scientific literature appears to have been right at 
the start of the nineteenth century, when the French naturalist Georges Cuvier 
briefly described a mammalian endocast from Montmartre, Paris (Cuvier 1804 in 
Knoll and Kawabe 2020). There are also other mentions of endocasts in the early 
part of that century (e.g. Oken 1819), but credit for the realization that information 
from endocasts and the endocranial surface could demonstrate brain form through 
time arguably belongs to Cuvier (1822). Other authors followed, many of them 
leading scientists of their day. These include the English paleontologist and coiner 
of the term ‘Dinosauria’, Richard Owen (Owen 1842), the French paleontologist 
Paul Gervais (Gervais 1869, 1870) and the American paleontologist, Othniel Marsh 
(e.g. Marsh 1874, 1878, 1880) (see Edinger 1975 for a detailed review). Advances 
in paleoneurology at this time were aided by new discoveries in comparative neuro-
science, but hampered by the availability of material, which was only available 
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through fortuitous discoveries of fossils (natural endocasts), and which sometimes 
required the partial destruction of skulls in order to view the endocranial anatomy.

At the end of the nineteenth century, ‘laws’ of mammalian brain evolution were 
proposed by Marsh (1884) based on the study of natural endocast material. Marsh’s 
‘laws’ are listed below:

 1. All Tertiary mammals had small brains.
 2. There was a gradual increase in the size of the brain during this period.
 3. This increase was confined mainly to the cerebral hemispheres, or higher portion 

of the brain.
 4. In some groups, the convolutions of the brain have gradually become more 

complex.
 5. In some, the cerebellum and the olfactory lobes have even diminished in size.
 6. There is some evidence that the same general law of brain growth holds good for 

birds and reptiles from the Cretaceous to the present time.

These ‘laws’ of brain evolution dominated the science of paleoneurology through 
the early part of the twentieth century until they were mostly rejected by the work 
of Edinger (1951) and later Jerison (1973).

During the first half of the twentieth century, a number of significant descriptions 
of natural endocasts from a variety of extinct amniotes were being made. Some of 
these included important new information about brain evolution in early mammals 
such as the Jurassic triconodontid Triconodon (Simpson 1927, 1928), and the early 
Paleocene multituberculate Ptilodus (Simpson 1937), which show some lateral 
expansion in the cerebral region. During this period, artificial endocasts were widely 
incorporated in paleoneurological studies for the first time, following the work of 
the German-born scientist “Tilly” Edinger (Buchholtz and Seyfarth 2001). Despite 
the work that had gone before, Edinger has been regarded as the true founder of 
paleoneurology-proper due to the volume and detail of her work, which included 
some of the first comparative studies of the paleoneuroanatomy within different 
amniote lineages (e.g. Edinger 1941, 1948, 1949, 1955, 1964). One of the most 
prominent of these studies was on horses (Edinger 1948).

The taxonomic scope of Edinger’s work was truly broad, but ultimately was 
restricted to qualitative assessment of endocast shape. In the period ranging from 
the 1950s to the early 1970s, quantitative approaches were beginning to be used. In 
particular, two measures of relative brain size in mammals were presented, one 
based on relative body size (i.e., encephalization; Jerison 1955, 1973) and the other 
relating the endocranial cavity volume to foramen magnum area (Radinsky 1967). 
The former of these two comparisons utilizes encephalization quotients (EQs; 
Jerison 1955, 1973), which are the ratios of actual to expected brain sizes for par-
ticular taxa, and have a wide application to all vertebrate clades. These ratios are 
determined using plots of body size versus brain size among a number of closely 
related taxa. The EQ approach remains in use today, although with some modifica-
tion for some groups such as reptiles (e.g. the REQ; Hurlburt 1996) and for the 
effects of relatedness (e.g. PEQs; Ni et al. 2019; Perini et al. 2022). The endurance 
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of Jerison’s EQ approach is reflected in the longevity of the man himself; at time of 
writing, Harry Jerison is still alive and working.

Arguably, the real game-changer in paleoneurology was the advent of X-ray 
computed tomography toward the end of the 1990s. For the first time it was possible 
to extract information about brain shape, nerve pathways and indeed any endocra-
nial structure without having to damage the fossil skull at all. This allowed endo-
casts for many more species to be known, including evolutionary pivotal taxa such 
as Archaeopteryx, the earliest-known avialan (Dominguez et  al. 2004), and 
Hadrocodium wui, the sister taxon to crown Mammalia (Rowe et al. 2011). It also 
allows large 3D morphological libraries of endocasts to be collected from extant 
taxa, in which known behavior can be correlated with patterns of endocast shape 
and brain regional volume variation using multivariate statistics (e.g. Witmer et al. 
2008; Balanoff et al. 2013; Kawabe et al. 2013; Walsh et al. 2013; Balanoff and 
Bever 2017; Weisbecker et al. 2021).

This book provides a detailed examination of paleoneurology in the second 
decade of the twenty-first century, and its advances through new technologies, 
focusing on recent studies in the main amniote clades (reptiles, birds, and mam-
mals; Fig. 1.1). The volume provides a general picture of the great diversity of brain 
morphologies in different groups (stem and crown), the evolutionary history of 
brain structures and future directions of this field, testing old hypotheses with new 
methods. It brings together the most complete compilation of paleontological stud-
ies of non-preserved neuroanatomical structures, based on osteological correlates 
within the brain cavity and osseous labyrinth morphology in a wide taxo-
nomic spread.

The book is organized into 21 chapters (including this introduction) that are 
interrelated and organized in order to be read separately, and include references and 
key terms within each chapter. Chapters 2, 3, 4, 5, 6, 7 and 8 update paleoneurologi-
cal studies in sauropsid amniotes. They include a broad overview from stem 
Sauropsida/basal Diapsida (Chap. 2) to Aves (Chap. 9), through Sauropterygia and 
Ichthyopterygia (Chap. 3), Testudines (Chap. 4), Lepidosauria (Chap. 5), basal 
Archosauropomorpha (Chap. 6), Crocodylomorpha (Chap. 7) and Dinosauria 
(Chap. 8). Chapters 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 21 update the 
paleoneurology studies of synapsid amniotes, from early events in the evolution of 
the group (Chap. 10), Metatheria (Chap. 11), Primates (Chap. 12), Artiodactyla 
(Chap. 13), Sirenia (Chap. 14), Proboscidea (Chap. 15), Rodentia (Chap. 16), 
Carnivora (Chap. 17), Cingulata (Chap. 18), Pilosa (Chap. 19), Notoungulata (Chap. 
20) and Litopterna (Chap. 21).

This book is the result of the collective effort of 70 authors and 39 reviewers to 
whom we editors are extremely grateful, not only for their effort and dedication, but 
also for their motivation and patience. The book was assembled during the 
COVID-19 global pandemic, which certainly imposed many difficulties on all of 
our personal and professional lives.

Finally, our particular and special thanks to João Pildervasser, Editor Life Science 
and Neuroscience (Springer Brazil) for his invitation to carry out this editorial proj-
ect, and for his professional support and pertinent suggestions along the way.
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Chapter 2
The Paleoneurology of Early Reptiles

Gabriela Sobral

2.1  Early Evolutionary History and Diversity of Reptiles

Reptiles, including birds, comprise the most diverse group of present-day tetrapods. 
With over 20.000 species, they occupy a vast number of niches and display a wide 
range of locomotory modes, from flying birds to marine turtles and fossorial snakes 
(Sues 2019). Reptiles first appeared in the Late Carboniferous, at about 320 million 
years ago, but the composition of early reptile groups remains disputed. For instance, 
recent phylogenetic analyses have placed traditional non-amniote, “lepospondyl” 
groups like Lysorophia and Rhynchonkidae among early-diverging reptilian clades 
(Pardo et al. 2017) and varanopids, traditionally considered as synapsids, among 
early-diverging diapsids (Ford and Benson 2020). Still, Mesosauria and Parareptilia 
are traditionally considered the earliest diverging groups, respectively (Laurin and 
Reisz 1995), although this too has been revisited, with either the former within the 
latter (Fig. 2.1; MacDougall et al. 2019) or parareptiles considered as more derived 
than some of the earliest diapsids instead (Laurin and Piñero 2017). This is a field 
of study that has recently attracted renewed interest and it is likely to change in the 
future. In any case, the ecological and morphological diversity of early reptiles mir-
rors, or even surpasses, that of extant groups.

Mesosaurs were the first reptiles completely adapted to an aquatic lifestyle, with 
early Permian fossils found around the borders of the Irati-Whitehill inner sea, an 
early sea covering parts of South America and Africa (Laurin and Piñero 2017). On 
the other hand, derived groups of parareptiles such as bolosaurids and pareiasaurs, 
were fully terrestrial and included some of the first herbivorous reptiles. They may 
have also been the first to develop terrestrial specializations in hearing which later 
appeared convergently in diapsids (Müller and Tsuji 2007), the main reptile radia-
tion. Other anatomical features of parareptiles, such as the temporal emargination, 
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Fig. 2.1 Phylogenetic relationships of the main reptile groups discussed here based on Laurin and 
Reisz (1995) and Pritchard et al. (2021). The red lines indicate alternative placements of Parareptila 
based on Ford and Benson (2020), Laurin and Piñero (2017), and MacDougall et al. (2019)

are also similar to those of diapsids, indicating further potential convergences 
between the two groups. Another early-diverging branch is represented by captorhi-
nids (Fig. 2.1). They were small to medium-sized reptiles known from many com-
plete, often exquisitely preserved fossils. Captorhinids are sometimes found in sites 
with a great aquatic influence from where amphibious tetrapods are known, such as 
embolomeres and temnospondyls (Lucas et al. 2005). Captorhinus has been inter-
preted as semi-aquatic (Canoville and Laurin 2010), although this remains conten-
tious as this taxon and closely related forms are very common in clearly terrestrial 
deposits.

Diapsida represents the main reptilian radiation, to which all extant reptiles 
belong. Despite this, the fossil record is poor for most of the stem clades, especially 
for terrestrial groups such as younginids. The latter were small lizard-like animals 
that include the well-known Youngina (Fig. 2.1). The morphological diversity, in 
contrast, was high among these groups. One example is Drepanosauridae, a strange 
group of arboreal, chameleon-like reptiles with prehensile tails and modified front 
limbs that were also used for digging in some species (Pritchard and Nesbitt 2017). 
Stem-diapsids also include groups that took to the air millions of years before ptero-
saurs or birds did, although they did not employ active flight. They are the 
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weigeltisaurids and kuehneosaurids (Evans 1982; Robinson 1962), gliding reptiles 
similar to the Flying Dragon of Southeast Asia. Once again, controversies regarding 
classification exist and the latter have alternatively been included in the lepidosau-
romorph or archosauromorph lineages (Ezcurra 2016; Pritchard et al. 2021; Simões 
et al. 2018).

The remaining reptile groups represent fully aquatic radiations with significant 
ecological and anatomical diversity, such as tangasaurids, thalattosaurs, ichthyosau-
riforms, sauropterygians, and choristoderans. Little is still known about their early 
evolution, and their phylogenetic relationships remain poorly understood. Some 
analyses considered them stem-diapsids (Scheyer et  al. 2017, 2020), but others 
found them as part of the diapsid crown (Sauria; Fig. 2.1), either in the lepidosaur 
or in the archosaur radiation (Chen et al. 2014; Li et al. 2014). One reason for these 
conflicting interpretations of their evolutionary history is the highly modified nature 
of their body plans for an aquatic mode of life, which makes the traditional mem-
bers of these groups look very different from their putative terrestrial ancestors. 
Anatomical convergence and the limited number of transitional fossils complicates 
further our understanding of their evolution. Secondarily aquatic reptiles will be 
discussed in a subsequent chapter, except for choristoderans, which will be cov-
ered here.

2.2  Historical Background

2.2.1  The Fossil Record

Paleoneurology has largely been a neglected area of study for early reptiles. Apart 
from sauropterygians, natural and artificial casts of the inner ear and endocranial 
cavity of early reptiles are extremely scarce. For this reason, most of the early 
accounts do not rely on endocasts, but rather on osteological correlates to infer the 
size and position of neurological structures instead. These studies consider parts of 
the central nervous system, such as the pineal organ, the pituitary, cranial nerves, 
and general brain cavity size and shape (Boonstra 1934; Edinger 1955; Nopcsa 
1923; Reich 1927; Watson 1914, 1916), covering pareiasaurian parareptiles and 
captorhinids. More recently, osteological correlates such as the patterns of carotid 
circulation in various groups, including parareptiles, were used to inform on the 
phylogenetic affinities of turtles (Müller et  al. 2011). With the development and 
subsequent wide use of computed tomography (CT) scanning techniques, virtual 
endocasts of the encephalon and inner ear have now been produced, such as for the 
captorhinid Labidosaurus (Klembara et  al. 2020a), the early diapsid Youngina 
(Gardner et  al. 2010; Fabbri et  al. 2017), the choristoderan Champsosaurus 
(Dudgeon et  al. 2020a), and the drepanosaurid Avicranium (Pritchard and 
Nesbitt 2017).
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A further difficulty when studying fossil endocasts is the fact that in many adult 
living reptiles, the brain does not entirely fill in the endocranial cavity as it does in 
mammals (Hopson 1979), and so the question arises as to how precise the fossil 
record is when assessing the brain shape and size of extinct groups. Early studies 
showed that the brain can correspond to as little as 50% (Hopson 1979) to the endo-
cast volume, and while modern approaches to the issue show that this may be in fact 
the case, they also show that the correspondence between brain and endocast vol-
ume is in fact very high, at least among archosaurs (Watanabe et al. 2019). Variation 
in this relationship may occur depending on the ontogenetic stage, brain region, and 
taxonomic group. The higher correspondence between brain size and endocranial 
cavity in archosaurs, however, had already been recognized (Hopson 1979), but the 
relationship between these variables in other reptile groups remain to be tested in a 
more modern approach. One interesting finding of these early studies is that brain-
cases which are partly cartilaginous in life may show a different correspondence 
when only the bony parts are considered (Jerison 1973), which could have interest-
ing implications for taphonomy more broadly, and for early reptiles in particular.

2.2.2  Unresolved Issues

Recently, paleoneurology has seen a resurgence with modern technologies becom-
ing more affordable, and most studies in the area are now done using CT scanning. 
However, despite becoming an accessible tool, CT scans are still not universally 
available nor can all specimens can be CT scanned, owning to their size or composi-
tion of the matrix and/or fossil. However, anatomical analyses of the materials and 
identification of osteological correlates can be used to assess the morphology of the 
brain and ears in fossils without CT scans. This anatomical approach has been used 
in some studies, but still comparatively much less than in crown diapsids, especially 
archosaurs (e.g. Walker 1990).

An additional challenge is posed by the post-mortem crushing of many stem- 
diapsid fossils. Assessing the brain and inner ear of 2D preserved specimens still 
remains a challenge, but recent studies on tanystropheid archosauromorphs 
(Miadema et  al. 2020; Spiekman et  al. 2020) have proved that may be possible. 
However, the fossil record of early reptiles is rich with examples of three- dimensional 
preserved specimens that could be used to understand the early evolution of the 
nervous system in the group (e.g. Gardner et al. 2010), but there are still very few 
number of such studies. Much of the scarce data that exists for early-diverging rep-
tile groups is often superficial and/or used in a comparative context for understand-
ing the paleoneurology of other, usually late-diverging groups (Ezcurra 2016; 
Fabbri et al. 2017; Klembara et al. 2020a; Müller et al. 2011; Pritchard and Nesbitt 
2017) with little focus on their evolutionary histories. This hampers our understand-
ing of the early evolution of the nervous system and its role in the subsequent eco-
logical and anatomical diversification of reptiles.
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2.3  Anatomical Overview

2.3.1  Characterization of Cranial Endocast Morphology

With a lack of such studies, it is very difficult to characterize the early reptilian 
brain. Judging by the anatomy of the braincase, the brain of pareiasaurian pararep-
tiles was low and long, with moderate cephalic and pontine flexures (Boonstra 
1934), and with a moderate-sized pineal organ (Watson 1914). The medial wall of 
the braincase appears smooth, possibly indicating a likewise moderately-sized cer-
ebellum and floccular lobe (Watson 1914). This may be in contrast with some pro-
colophonid parareptiles, who have more compact braincases such as Procolophon 
(Carroll and Lindsay 1985) and Leptopleuron (Spencer 2000), but not others like 
Eomurruna (Hamley et al. 2021). The relatively early-diverging position of the lat-
ter in relation to the formers may be indicative of a generalized, plesiomorphic state 
for the group.

A streamlined brain also seems to have been present in the diapsid Youngina 
(Fabbri et al. 2017; Fig. 2.2a). This contrasts with the apparent high and short brain-
case of the early diverging reptile Captorhinus (Watson 1916), although the pineal 
organ was also moderately developed (Edinger 1955). The optic lobes of Captorhinus 
appear to have been round and were located posterior to the pineal region (Heaton 
1979). A very high and short braincase is also found in the drepanosaurid Avicranium 
(Pritchard and Nesbitt 2017; Fig. 2.2b), although to a more extreme extent, suggest-
ing a highly sigmoidal encephalon like those of pterosaurs and birds (Witmer et al. 
2003). Given the arboreal habits of Avicranium, it has been postulated that its brain 
regions were also arranged similarly, but a more complete study of its endocast is 
still missing. It is unclear to which extent such high and short braincases imply a 
rearrangement of the brain regions as there appears to be some intraspecific varia-
tion. The endocasts of two specimens of the choristodere Champsosaurus show that 
a long, streamlined brain and a larger encephalon with more evident cephalic and 
pontine flexures can be found within the same species (Dudgeon et  al. 2020b; 
Fig. 2.2c, d). It is also unclear if these differences can be traced back to different 
ontogenetic stages, like what is seen in the extant crocodile Alligator (Hu et al. 2020).

2.3.2  Spaces Associated with Cranial Blood Supply

There is not much known about the patterns of vasculature in the braincase of early 
reptiles, except for the internal carotid artery. The pattern in these groups is 
extremely conserved, in which division into palatal and cerebral branches take place 
outside the braincase, with the foramina for the entrance of the cerebral branch 
located on the ventral surface of the parasphenoid, medial to the basipterygoid pro-
cesses such as in the captorhinids Labidosaurus and Captorhinus (Müller et  al. 
2011). In parareptiles, however, this division happens within the parasphenoid and 
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Fig. 2.2 Available virtual endocasts of stem-reptiles. (a), the early diapsid Youngina in oblique 
dorso-lateral view. (Modified from Fabbri et al. 2017); (b), the drepanosaurid Avicranium in dorsal 
view. (Modified from Pritchard and Nesbitt 2017); (c) and (d), different specimens of the choristo-
dere Champsosaurus in left lateral view. (Modified from Dudgeon et al. 2020b). Anterior to the 
left. Abbreviations: asc anterior semicircular canal, bf braincase floor, ce cerebellum, en encepha-
lon, fb fore-brain, lg lagena, lsc lateral semicircular canal, mb mid-brain, pi pineal gland, psc 
posterior semicircular canal

the entrance foramina of the internal carotid artery are positioned laterally, dorsal to 
the basipterygoid process. There is some variation on the exit foramina of the carotid 
branches. The varying patterns found in parareptiles are similar to those seen in 
squamates, dinosaurs (including birds), late-diverging turtles, and some sauropter-
ygians. This appears to result largely from the increased degree of ossification of the 
pterygoid, which results in a reduction or closure of the interpterygoid vacuity and 
the concealment of the braincase floor in ventral view.

Similarly, parareptiles seem to show a pattern for the exit of the posterior cere-
bral vein (=jugular vein) from the braincase that is different from other early reptiles 
but similar to that in crown lepidosaurs and archosaurs. In early reptiles in general, 
such as Youngina (Gardner et al. 2010), the posterior cerebral vein, together with 
cranial nerves IX-XI, exits the brain cavity through the metotic foramen, which also 
accommodates the perilymphatic sac (Sobral et al. 2016a). In crown groups, like in 
the ornithopod dinosaur Dysalotosaurus (Sobral et al. 2012), the metotic foramen 
becomes subdivided into an anterior fenestra pseudorotunda and a posterior vagus 
foramen. The latter is sometimes termed jugular foramen, but the exit path of the 
posterior cerebral vein is known to vary in some taxa (Sobral et al. 2012), whereas 
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the nervous path is more conserved. Parareptiles may also have had a separate fora-
men for the posterior cerebral vein and the vagus nerve, although more careful anal-
yses are needed (Sobral et al. 2016b).

2.4  Brain Evolution and Paleobiological Inferences

The extant diversity of reptiles is represented by the variety of niches that they 
occupy. This diversity is closely mirrored, and even surpassed, by its fossil history, 
where even more diverse body plans and modes of life can be found. The fossil 
record can provide us unique information on the evolution of reptiles, enabling us to 
understand how this diversity originated and flourished. However, given this 
immense diversity, and the disproportionate lack of data, it is difficult to establish a 
general trend between brain shape and the evolution and paleobiology of the group.

Reptiles are usually regarded as a primarily terrestrial group. In fact, one of the 
key ecological features for amniotes is the full conquest of terrestrial environments. 
The reptile fossil record, however, shows us many instances where they went back 
to water, which may complicate the history of their sensory systems. The fundamen-
tally different media of water and air pose great challenges to neurosensory percep-
tion, especially to hearing (Müller et al. 2018). The lack of data on brain and inner 
ear morphology and the confusing relationships of early reptiles hinder our under-
standing of the evolution of the nervous system and sensory perception in the group. 
Renewed interest on the phylogeny of early reptile groups is an important step for-
ward but our understanding of their neuroanatomy and associated sensory systems 
is still lagging behind.

2.4.1  Morphological Brain Diversity

To understand the reptilian brain within the context of its evolution, it is important 
to compare anatomical features of early diverging reptiles with closely related 
groups such as non-amniote tetrapods like diadectomorphs (although their phyloge-
netic relationships has been recently challenged  – Klembara et  al. 2020a). The 
endocast of Diadectes (Hopson 1979) shows a pronounced dural peak, indicating 
the presence of a well-developed pineal organ. The pituitary fossa is also well- 
developed and is located slightly anterior to the level of the pineal organ. The 
cephalic and pontine flexures of Diadectes have moderate angles. The fore- and 
mid-brain are narrow and the cerebrum is visible on the endocast. The cerebellum is 
slightly developed but the medulla is narrow. In parareptiles, the dural peak is also 
distinct and well developed dorsally, but positioned more anteriorly (Hopson 1979). 
The general outline of the brain is, however, different. It is more horizontal, with 
much less marked flexures and the medulla is long and low (Hopson 1979). In the 
early eureptile however, the braincase indicates the brain was rather high and short 
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(Watson 1916), with a moderate-sized pineal organ (Edinger 1955). The optic lobes 
of Captorhinus mark the ventral surface of the parietals and seem to have been 
round (Heaton 1979). They were located posterior posterior to the level of the 
pineal organ.

The endocast of the choristodere Champsosaurus is also flat (Dudgeon et  al. 
2020b) like that of pareiasaurs, with a prominent pineal organ (Fig. 2.2c, d). The 
pituitary fossa, in contrast, is shallow and shows no striations, indicating the 
hypophysis would not have filled it entirely. The optic lobes and flocculus are not 
apparent in the endocast. A partial endocast for the drepanosaurid Avicranium 
(Pritchard and Nesbitt 2017) shows enlarged cerebral hemispheres and optic lobes 
(Fig. 2.2b). The pituitary fossa is deep, indicating the presence of a well-developed 
hypophysis.

As previously noted, the lack of endocasts poses a constraint on paleoneurologi-
cal studies of early reptiles, but the identification of osteological correlates to infer 
brain morphology can be used to partially fill in this gap. For instance, the position 
and size of the pineal organ can be inferred from the pineal foramen and from the 
depth of the fossa on the ventral side of the parietal. Likewise, the hypophysis can 
be studied from the size of the pituitary fossa on the basisphenoid. Other regions of 
the brain can be inferred from braincase morphology. The narrow nature of the fore- 
and mid-brains of Diadectes relative to the hind-brain are indicated by the narrow 
sphenethmoid and basisphenoid in comparison to the basioccipital (Klembara et al. 
2020b). Unfortunately, the braincase in stem-reptiles is often not ossified in the 
sphenoid region anterior to the prootic, and the absence of such ossifications limits 
our understanding of the shape of the fore- and mid-brains. However, the suture 
between the frontal and parietal bones can provide good estimates for the limit 
between these regions (Fabbri et al. 2017). Another potential correlation that could 
be explored is the relative contributions of the para- and basisphenoid and the basi-
occipital to the braincase floor and their relationship with the mid- and hind-brains. 
In the braincase of Diadectes, the proportion between both bones is very similar 
(Klembara et  al. 2020b), which seems to be preserved in Captorhinus (Heaton 
1979). However, this relationship appears to change in Araeoscelis (Vaughn 1955) 
and Youngina (Evans 1987; Gardner et al. 2010), where the basioccipital increases 
its participation in the braincase floor.

The relationship between the parasphenoid and basioccipital also changes as the 
diapsid braincase verticalises. The posterior region of the braincase floor may 
become more dorsally positioned than the anterior one, resulting in the occipital 
condyle lying dorsal to both the basal tubera and the basipterygoid processes in 
lateral view. The braincase of Captorhinus (Heaton 1979) is rather flat, with the 
occipital condyle, basal tubera, and basipterygoid processes lying roughly in the 
same horizontal plane. This appear to change in Youngina (Gardner et al. 2010), 
where the condyle lies more dorsal than the other structures (Fig. 2.3a). This trend 
becomes stronger in at least some archosauriforms, with a marked difference 
between the dorsal position of the tubera in relation to the basipterygoid process 
(Sobral et al. 2016a; Sobral and Müller 2019) – but not in proterosuchids and eryth-
rosuchids (Ezcurra 2016). Verticalisation of the braincase is also apparent in the 
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Fig. 2.3 Braincases of the stem-diapsids Youngina (a) and Avicranium (b). (Modified from 
Gardner et al. 2010; Pritchard and Nesbitt 2017). Stapes in yellow. Abbreviations: bt basal tubera, 
CN V trigeminal cranial nerve, hf hypophyseal fossa, oc occipital condyle

dorsoventral expansion of its lateral elements, i.e. the prootic, opisthotic, and exoc-
cipital. The prootic seems to expand dorsoventrally through incorporation of part of 
the embryonic pila antotica during its ossification (Evans 2008). Ventral to the exit 
of the trigeminal nerve, the prootic assimilates the pila as its anteroventral process, 
resulting in decreased participation of the parasphenoid in the lateral wall of the 
braincase, as in the archosauromorph Euparkeria (Sobral et al. 2016a). In Diadectes, 
the prootic is very low barely shows any trace of a trigeminal notch (Klembara et al. 
2020b). In contrast, the prootic increasingly encloses the trigeminal nerve in rep-
tiles, appearing as an open notch in Captorhinus (Heaton 1979). In parareptiles, 
braincase patterns similar to diapsids can be found. A flat braincase with a rather 
dorsoventrally low prootic is found in Milleretta, which has also a basioccipital with 
a limited contribution to the braincase floor in relation to the parasphenoid (Gow 
1972). However, in derived procolophonians such as Procolophon (Carroll and 
Lindsay 1985) and Macroleter (Müller and Tsuji 2007), the contribution of both 
bones becomes more equal. The braincases of these latter two taxa are also more 
verticalised, although verticalisation of the braincase floor in Macroleter is less evi-
dent than that of the lateral wall.

It is unclear why verticalisation of the braincase occurs. Verticalised braincases 
are present in taxa with highly sigmoidal brains, such as birds and pterosaurs 
(Balanoff et al. 2014; Bennet 2001), but also in non-avian theropods with a more 
linear endocast (Witmer and Ridgely 2009). Brains with a sigmoidal shape take 
their form from inflation and re-arrangement of brain regions in relation to each 
other, with the cerebral hemispheres becoming more dorsally positioned in relation 
to the optic lobes and the enlargement of both areas (Balanoff et  al. 2014). 
Determining the processes through which these changes took place is less simple, 
and powered flight, miniaturization, heterochrony, and progenetic developments 
have been proposed (Balanoff et al. 2014; Shimizu et al. 2017; Beyrand et al. 2019).

As in birds and pterosaurs, the partial endocast of the drepanosaurid Avicranium 
shows enlarged cerebral hemispheres and optic lobes (Fig.  2.2a; Pritchard and 
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Nesbitt 2017). The braincase floor is strongly vertical, with the occipital condyle, 
basal tubera, and basipterygoid processes lying in successive more dorsal planes in 
lateral view (Fig. 2.3b). However, dorsoventral expansion of the prootic seems to 
result from the development of the anterior semicircular canal (Witmer et al. 2003) 
rather than incorporation of large portions of the pila antotica. The dorsal portion of 
the alar process of the bone, which houses the canal, is prominently developed, in 
contrast with the portion of the prootic ventral to the trigeminal foramen. The 
anteroventral process of the prootic is quite modest, and the parasphenoid still 
seems to contribute a good portion to the lateral braincase wall. The enlarged cere-
bral hemispheres and optic lobes of Avicranium suggest that the brain regions could 
have been arranged in a manner similar to those in birds (Pritchard and Nesbitt 
2017). Brain enlargement seems to be correlated to the enhancement of stereoscopic 
vision and development of flight in birds, so that the arboreal habits of Avicranium 
likely offered a similar path of brain evolution (Pritchard and Nesbitt 2017).

In contrast, the braincase of the probable semi-aquatic/aquatic Champsosaurus 
is not verticalised (Dudgeon et al. 2020b). The prootic shows no sign of incorpora-
tion of the pila antotica and the parasphenoid has a strong participation in the lateral 
braincase wall, forming the ventral rim of the trigeminal foramen. As a result, the 
endocast of Champsosaurus is very linear, similar to other aquatic taxa – although 
intraspecific variation exists. Choristoderes have a particularly flat skull, and so it 
remains unclear whether this brain and braincase anatomies are related to aquatic 
habits or to the strongly flattened skull.

2.4.2  Brain-Size Evolution and Encephalization Quotient

The encephalization quotient (EQ) is better understood in mammals and birds than 
in extinct or extant non-avian reptiles. The recognition that some reptilian species 
such as the Nile crocodile (Crocodylus niloticus) grows continuously, as well as 
other relationships to body size and weight to the brain, may affect our understand-
ing of the EQ in at least these reptiles (Güntürkün et al. 2020).

As mentioned in Sect. 2.2.1, the fact that the brain volume does not always have 
a close correspondence with the endocranial cavity in extant reptiles makes it diffi-
cult to understand EQ in extinct groups. The correspondence may vary according to 
ontogenetic stage, region of the brain, and taxonomic group (Hopson 1979; 
Watanabe et al. 2019), so that to have a clear understanding how EQ changes during 
the early evolution of reptiles, much more data is needed than is currently available. 
Early studies on the EQ of fossil amniotes basically consider relatively derived the-
rapsids and archosaurs (Hopson 1979; Jerison 1973), and to date there are still no 
studies on EQ that include early reptiles. Difficulties in determining body size in 
extinct taxa, especially when considering aquatic reptile groups (e.g. Campione and 
Evans 2012) pose an extra challenge to the issue.
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2.4.3  Sensory Perception

There is a wide range of information on sensory perception in fossil groups that can 
be assessed through anatomical analyses of the skull. Studies on the topic are done 
mostly in the context of cranial nerves, nasal capsule, and orbit size. The evolution-
ary history of sensory perception in amniotes, including early reptiles, has been 
recently summarised in Müller et al. (2018), but it is interesting to provide here a 
few updates.

 Hearing and Balance

These are senses related mostly to the inner ear, although balance has also strong 
connections to the floccular lobe of the cerebellum. The inner ear and the floccular 
lobe are involved in the vestibulo-ocular and vestibulocollic reflexes, intricate neu-
ronal circuitries that connect and coordinate muscle movements of the eyes, head, 
and neck (Voogd and Wylie 2004). Features of the semicircular canals like thick-
ness, length, radius of curvature, and orthogonality, as well as size and depth of the 
floccular fossa have been used to assess locomotor abilities and niche occupation in 
fossils (Bronzati et al. 2021; Schwab et al. 2020). Likewise, there is an intricate 
relationship between the length of the cochlea, anatomy of the stapes, degree of 
ossification of the otic capsule, presence of pressure-relief mechanisms, and hearing 
range (Sobral et al. 2016a), but this topic has been comparatively less explored (e.g. 
Evans 1986). The inner ear is an organ separate from, but closely associated with, 
the brain. Although it is considered as part of the field of paleoneurology, it is some-
times treated separately, and the inner ear of tetrapods has been covered in its own 
volume of the SHAR book series (Clack et al. 2016). Early reptiles were reviewed 
in that volume (Sobral et al. 2016b) and therefore will not be covered in depth here. 
However, a short summary will be given, especially in the light of recent discoveries 
made after the publication of the book.

The inner ear of the captorhinid Labidosaurus has been studied recently 
(Klembara et al. 2020a). Its common crus is markedly short, associated with the 
small radii of curvature of the anterior and posterior semicircular canals (Fig. 2.4). 
The vestibule is located ventral to the lateral semicircular canal, giving the labyrinth 
an unusual antero-posteriorly elongate outline. The lagena is short, not extending 
further than the fenestra ovalis. The morphology of the inner ear of Labidosaurus 
conforms to the hypothesis proposed by Sobral et al. (2016a, b), in which a gradual 
transition to terrestrial environments took place in the early evolutionary history of 
reptiles and that the so-called tympanic hearing appeared in a stepwise fashion. The 
anatomy of the otic region in captorhinids indicates their hearing range likely 
remained very sensitive to low frequencies, as indicated by the relatively short 
lagena when compared to later-diverging taxa such as Youngina (Gardner et  al. 
2010). The lagena of Labidosaurus is proportionately longer than that of the stem- 
amniote Seymouria (Klembara et al. 2020a), but it is surprisingly different from that 
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Fig. 2.4 Inner ear of the captorhinid reptile Labidosaurus. (Modified from Klembara et al. 2020a). 
Arrow indicates anterior direction. Abbreviations: ap anterior ampulla, asc anterior semicircular 
canal, cc common crus, cr cochlear recess, ed endolymphatic duct, fo fenestra ovalis region, la 
lateral ampulla, lsc lateral semicircular canal, pa posterior ampulla, psc posterior semicircular 
canal, rst recessus scala tympani, ve vestibule

of Carrolla (Maddin et al. 2011), which has a more globose shape. Even in scenar-
ios where brachystelechids like Carrolla are considered crown-amniotes, they are 
still retrieved as more basal than captorhinids (Pardo et al. 2017), and it remains 
unknown whether the short lagena and common crus of Labidosaurus may be apo-
morphically related to other variables like ecology, rather than showing the plesio-
morphic condition of reptiles.

Another important addition has been the description of the skull of the drepano-
saur Avicranium (Pritchard and Nesbitt 2017). Unfortunately, the braincase is not 
well-preserved and a cast of the inner ear has not been provided, but the anatomy of 
the stapes and of the quadrate suggest similar hearing abilities to other basal diap-
sids. The lack of an otic conch and the stout stapes with an enlarged footplate filling 
most, if not all, of the fenestra ovalis indicate intra-bone conduction of low- 
frequency sounds played an important role in hearing, conforming to the general 
evolutionary trends of early diapsids (Sobral et al. 2016b). What does not conform 
is the anatomy of the semicircular canals. Although a digital cast of the semiciruclar 
canals is missing, the external anatomy of some braincase bones can provide impor-
tant information on the likely morphology of the inner ear. Since the anterior semi-
circular canal extends partially in the prootic, the outline of the dorsal portion of the 
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alar process provides an approximation of the radius of curvature of this element, 
just as the crista prootica can provide information on the lateral canal (Evans 2008; 
Sobral and Müller 2019). The general outline of the prootic in Avicranium indicates 
that the anterior semicircular canal was likely elongate whereas the lateral canal was 
short. It would differ to what has been described for Youngina (Gardner et al. 2010), 
but it would correspond to the proposed highly-specialised arboreal lifestyle of 
Avicranium (Pritchard and Nesbitt 2017). The canalicular portion of the inner ear of 
Avicranium is thus likely not representative of a general early diapsid trend.

The most recent addition to the diapsid stem is the choristodere Champsosaurus 
(Dudgeon et al. 2020a, b). The cochlea is quite short and the semicircular canals are 
short and thick, all being roughly similar in length. The semicircular canals suggest 
limited sensitivity to angular movement (Dudgeon et al. 2020a, but see Bronzati 
et al. 2021) and the short cochlea indicates preferential detection of low-frequency 
sounds, matching the morphotype of other aquatic diapsids (Dudgeon et al. 2020a). 
Other anatomical features that corroborate this hypothesis are the lack of an otic 
conch on the posterior region of the skull and the potential lack of the stapes. A 
stapes is so far unknown in the group – except for a possible fragment in the basal 
choristodere Coelurodraco (Matsumoto et al. 2019). On the other hand, choristo-
deres have a unique bone in the suspensorium called the neomorph, which contacts 
the otic capsule medially and the quadrate laterally. It has been suggested that the 
neomorph may be homologous to the stapes (Dudgeon et al. 2020b). The neomorph 
would thus have a plesiomorphic, structural role, similar to stapes of stem-amniotes 
and early tetrapodomorphs (Clack et al. 2016). The inner ear of Champsosaurus is 
probably also not representative of a general trend for diapsids, and must be consid-
ered in a “return to water” scenario. However, without information on early- 
diverging choristoderes, the details of this transition are currently obscure.

As demonstrated by the above examples, much of the early evolutionary history 
of hearing and balance in reptiles remains unknown. The anatomical analysis con-
ducted by Sobral et al. (2016b) was far from extensive, although the new informa-
tion on the inner ear of Labidosaurus supports the suggested hypothesis. Avicranum 
and Champsosaurus are much needed additions to the diversity of the early reptilian 
ear that open new roads for exploration of niche specialization. However, detailed 
morphological analyses of the ear are almost entirely missing for early reptiles, 
implying a lack of tools to understand important transitions in their evolutionary 
history, such as terrestrialization and the appearance of tympanic hearing. Classical 
approaches on tympanic hearing basically consider only the morphology of the sta-
pes and the presence of an otic notch. However, this latter osteological correlate is 
based entirely on the anatomy of lizards and it remains to be established whether the 
same applies to other reptile groups. It is possible that the tympanum appeared inde-
pendently the archosaur and lepidosaur lineages (Sobral et al. 2016a), and that taxa 
that lack an otic notch could nonetheless support a tympanic membrane (Sobral and 
Müller 2019). A very important study for understanding this relationship between 
post-temporal anatomy and the tympanic membrane has been made by Montefeltro 
et al. (2016), in which homologies are proposed for several external ear structures 
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in the crocodylian line of archosaurs, but similar homology tests for stem-groups 
remain to be made.

 Olfaction

Detailed analyses of the nasal cavity of early reptiles are also mostly lacking from 
the literature, the exception being some acleistorhinid parareptiles, Captorhinus, 
and some accounts for choritoderes, including the recently published endocast of 
Champsosaurus. The nasal capsules of the parareptiles Delorhynchus (Reisz et al. 
2014) and Karutia (Cisneros et al. 2021) are prominent, suggesting at least moder-
ate olfactory capabilities. The same is true for Captorhinus (Heaton 1979), which 
shows a rather elongate nasal chamber on the dorsal surface of the vomer. The spe-
tomaxilla and the vomer are separated by a short distance, which indicates the pres-
ence of a small vomeronasal organ.

A virtual endocast is only available for the choristodere Champsosaurus 
(Dudgeon et al. 2020b), although Ikechosaurus has also been CT-scanned (Lu et al. 
1999). The olfactory chambers are well-developed, implying a high level of olfac-
tory acuity. While olfaction in totally aquatic taxa is typically poorly developed 
(Pihlström 2008), semi-aquatic groups may still rely on airborne odors for mating 
and other types of intraspecific communication (Cummins and Bowie 2012). The 
nasal passages are smooth and thus devoid of turbinates (Dudgeon et al. 2020b), but 
they might have been present in Ikechosaurus (Lu et al. 1999).

2.5  Outstanding Questions and Perspectives

There are a number of obstacles still to be overcome in order for us to better under-
stand the early evolution of sensory perception and brain anatomy in reptiles. The 
poor fossil record of stem-diapsids hampers our understanding of the phylogenetic 
relationships of major groups and makes it challenging to approach evolutionary 
questions from a quantitative perspective. This knowledge gap is even present in 
non-diapsid groups with a more complete record, namely parareptiles and captorhi-
nids. Recent reassessments on the phylogenetic relationships of early reptiles can 
partially fill in those gaps, but the lack of understanding on brain anatomy and sen-
sory perception has yet to be addressed as no extensive studies on the paleoneurol-
ogy of these groups have been published. Likewise, old evolutionary conceptions 
are still present in many comparative studies. The general idea that the brains of 
present-day reptiles represent the plesiomorphic condition for mammals still per-
sists (Güntürkün et al. 2020), even though these groups diverged from each other 
approximately 320 million years ago – just as the idea that the brain of extant rep-
tiles are good representations of the brain of early reptiles. How the reptilian brain 
originated, which evolutionary paths it took, and what the implications of these 
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trajectories were for the evolution of major extant and extinct groups remain to be 
assessed.

It is not only a general trend that is unavailable for early reptiles, but we also do 
not understand particular processes in specific groups. Parareptiles for instance 
were important faunal components of the Permian. Some (pareiasaurs) achieved 
large body sizes and were among the first reptiles specialized for an herbivorous diet 
(Boitsova et al. 2019). If their placement within Diapsida is not confirmed, then they 
developed several convergent features with diapsids, including sensory specializa-
tions for the terrestrial environment like impedance-matching hearing (Sobral et al. 
2016b). Still, we know little about how these processes took place. It would be 
interesting, for instance, to compare the brain anatomy of derived parareptiles with 
that of later diapsids to evaluate if convergences also include major brain patterns. 
Once we understand how the reptilian brain and sensory mechanisms appeared, we 
will more fully comprehend major transitions that enabled the flourishing of the 
current reptile diversity.

2.6  Conclusions

The brain of early reptiles is virtually unknown, despite the relatively good record 
of braincase material in several groups. Early accounts considered parts of the brain 
like the pineal organ and the hypophysis, and the general brain cavity shape 
(Boonstra 1934; Edinger 1955; Watson 1914, 1916), but they did not include analy-
ses of particular brain regions, like the optic lobe or cerebrum, and rarely considered 
the data in a broader evolutionary context. Likewise, recent approaches remain few 
in number and are either superficial or focused on serving as a comparative basis for 
understanding other, usually later-diverging groups (Fabbri et al. 2017; Müller et al. 
2011). The addition of the drepanosaurid Avicranium (Pritchard and Nesbitt 2017) 
and the choristodere Champsosaurus (Dudgeon et  al. 2020a) to the literature, 
although important, cannot be considered representative of a general reptile trend. 
Choristoderes were aquatic or semi-aquatic animals with an unusually flattened 
skull, whereas drepanosaurids were, at least in part, arboreal animals, and the endo-
casts of these taxa seem to be apomorphically related to their inferred special-
ized habits.

CT scanning has been widely used to assess the brain anatomy in some extinct 
tetrapod clades, but such studies are still largely missing for early reptiles. However, 
brain evolution and sensory perception can also be inferred from direct anatomical 
analyses of fossils, but so far only hearing has been relatively more explored in this 
manner. The identification of osteological correlates can provide interesting starting 
points such as the suture between parietals and frontals, which indicate the limit 
between fore- and mid-brain (Fabbri et al. 2017). The data on the paleoneurology of 
early reptiles, albeit scarce, seems to indicate a stepwise adaptation to the terrestrial 
environment, but subsequent changes, like the transitions back to aquatic environ-
ments, remain obscure. Without proper information on early diverging reptile 
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clades, not only is our understanding of the paleobiology of these groups limited, 
but it also hampers our comprehension on the flourishing of the reptile diversity.
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3.1  Systematics and Phylogenetic Context

Ichthyopterygia and Sauropterygia are the two dominant clades of secondarily 
aquatic marine reptiles that diversified in the aftermath of the Permian–Triassic 
mass extinction approximately 252 million years ago (Figs. 3.1 and 3.2). Although 
both clades are considered monophyletic (e.g. Motani 1999a; Maisch and Matzke 
2000a), their systematic positions among Neodiapsida remain debated (e.g. Scheyer 
et al. 2017; Simões et al. 2022). The paucity of known intermediate forms and their 
generally derived morphologies have inspired numerous hypotheses on their origins 
and affinities (e.g. Romer 1968; Sues 1987; de Braga and Rieppel 1997; Motani 
et  al. 1998; Rieppel and Reisz 1999; Maisch and Matzke 2000b; Müller 2003; 
Maisch 2010; Neenan et al. 2013; Chen et al. 2014; Schoch and Sues 2015; Scheyer 
et  al. 2017). Both Ichthyopterygia and Sauropterygia seem to  first appear in the 
Early Triassic, with body plans of their earliest known representatives already 
adapted to aquatic life to variable degrees (Motani 2005a, 2009). The two lineages 
thrived throughout most of the Mesozoic and only went extinct at the beginning 

Fig. 3.1 Simplified phylogeny of Ichthyosauromorpha showing the positions of major named 
clades and examples, and occurrence ranges of the best-known taxa. Topology based on Moon 
(2019) and Zverkov and Jacobs (2020). Taxa discussed in the main text are indicated in boldface. 
Silhouettes, taken from PhyloPic and used under the CC-BY 3.0 license, are at approximate scale 
relative to each other (Credits: Grippia longirostris [D.  Bogdanov, vectorized by M.  Keesey], 
Mixosaurus cornalianus [G.  Monger], Ophthalmosaurus icenicus [G.  Monger], Platypterygius 
sachicarum [Zimices], Shonisaurus sikkaniensis [G. Monger], and Stenopterygius quadriscissus 
[G. Monger]; https://creativecommons.org/licenses/by/3.0/). Silhouette colors: Triassic = purple, 
Jurassic = blue, Cretaceous = green
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Fig. 3.2 Simplified phylogeny of Sauropterygia showing the positions of major named clades, and 
examples and occurrence ranges of key taxa. Topology based on Liu et al. (2011, 2014), Benson 
et al. (2013), and Wintrich et al. (2017). Taxa discussed in the main text are indicated in boldface. 
Silhouettes, taken from PhyloPic and used under the CC-BY 3.0 license, are at approximate scale 
relative to each other (Credits: Elasmosaurus platyurus [E.D. Cope, vectorized by M. Keesey], 
Keichousaurus hui [G. Monger], Peloneustes philarchus [N. Tamura, vectorized by M. Keesey], 
Pistosaurus longaevus [N. Tamura, vectorized by M. Keesey], Placodus gigas [N. Tamura, vector-
ized by M. Keesey], and Rhomaleosaurus cramptoni [G. Monger]; https://creativecommons.org/
licenses/by/3.0/). Silhouette colors: Triassic = purple, Jurassic = blue, Cretaceous = green

(Ichthyopterygia) or the end (Sauropterygia) of the Late Cretaceous (Bardet et al. 
2014; Motani et al. 2014; Fischer et al. 2016).

3.1.1  Ichthyopterygia Owen, 1860

Ichthyopterygia represent a diverse and well-studied group of predatory reptiles that 
feature among the most substantial aquatic adaptations of any marine tetrapod 
clade, including a streamlined body shape, reduced hydrodynamic limbs, tail fluke, 
and viviparity (Motani 2005a, 2009; Moon 2019; Moon and Stubbs 2020). 
Ichthyopterygia are placed within the more inclusive clade Ichthyosauriformes, all 
members of which are generally referred to as “ichthyosaurs” (Motani 1999a; Ji 
et al. 2016; Moon 2019). Ichthyosauriformes are the sister clade to Hupehsuchia 
within Ichthyosauromorpha (Fig. 3.1; Chen et al. 2014; Motani et al. 2015a; Ji et al. 
2016; Moon 2019). Although the broader relationships among ichthyosaurs are 
relatively well resolved, many interrelationships remain debated because the posi-
tions of some taxa are highly mobile across phylogenetic hypotheses, which pro-
duces topological instability and weak support at finer-scale resolutions (Motani 
1999a; Sander 2000; Maisch and Matzke 2000a; Fröbisch et al. 2013; Ji et al. 2016; 
Moon 2019; Bindellini et al. 2021).
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Ichthyosaurs are divided into three main evolutionary grades that form relatively 
distinct morphological, and potentially ecological, groups (Fig. 3.1; Motani 2005a; 
Moon and Stubbs 2020; Reeves et al. 2020). The basal grade of ichthyosaurs encom-
passes the most plesiomorphic ichthyosauriforms (Fig. 3.1; Moon 2019) that consti-
tute a paraphyletic assemblage across a wide range of habitats along the northern 
coast of Pangea (i.e. China, Japan, and Canada; Motani 2005a; Bardet et al. 2014). 
While early ichthyosaurs already featured a caudal peak, homologous with the tail 
bend of later taxa, and somewhat paddle-like limbs, they also retained characters of 
ancestral terrestrial diapsids, such as a robust articulation of the pelvic girdle with the 
axial skeleton (Motani 2005a). These relatively small-bodied taxa (0.4–3 m; Motani 
et al. 1998, 2015a) were moderately adept swimmers using anguilliform locomotion 
to ambush prey in shallow waters (Massare 1987, 1994; Sander et al. 2011; Thorne 
et al. 2011; Motani et al. 2014; Dick and Maxwell 2015; Reeves et al. 2020) or in the 
pelagic realm (e.g. Utatsusaurus; Nakajima et al. 2014; Gutarra et al. 2019).

During the Middle and Late Triassic, ichthyosaurs gradually acquired more fish- 
like morphological attributes, including more strongly modified paddle-like limbs 
and a pronounced tail bend (McGowan and Motani 2003; Moon 2019). Intermediate- 
grade ichthyosaurs have a worldwide distribution across shallow-marine habitats 
and into the pelagic realm, and account for the early ichthyosaurian colonization of 
oceanic ecologies before their demise towards the end of the Late Triassic (Fig. 3.1; 
Motani 2009; Bardet et al. 2014; Moon 2019; Moon and Stubbs 2020). Intermediate- 
grade ichthyosaurs span an extreme size range from the small durophagous 
Mixosauridae (0.5–2 m in body length; e.g. Jiang et al. 2008) to the colossal apex 
predators representing the largest marine reptiles to have ever evolved (>15 m; e.g. 
Shonisaurus; Nicholls and Manabe 2004).

During the Late Triassic, a third grade of distinctly “fish-shaped” ichthyosaurs 
emerged that would become the only group to survive into the Jurassic and up to the 
extinction of ichthyosaurs at the Cenomanian–Turonian boundary (Fig. 3.1; Motani 
2009; Bardet et al. 2014). Although the exact phylogenetic context for the appear-
ance of the fish-shaped body plan among ichthyosaurs remains controversial (Moon 
2019), this grade is almost entirely represented by the large clade Neoichthyosauria 
(Motani 2005a; Moon 2019). Neoichthyosauria are characterized by a thunniform 
body shape, a demarcated caudal fin, and a reduced pelvis relative to more basal 
forms (Motani 2005a). This body plan was optimized for open water cruising and 
reflects a shift to oscillatory swimming using a tail fluke (Motani et al. 2014; Gutarra 
et al. 2019). Neoichthyosaurians were likely fast-moving and active marine preda-
tors capable of maintaining elevated body temperatures, rendering them well 
adapted to life in the pelagic realm (Motani et al. 1999; Motani 2002, 2010; Bernard 
et al. 2010; Dick and Maxwell 2015; Reeves et al. 2020).

3.1.2  Sauropterygia Owen, 1860

Sauropterygia constitute a highly diversified and geographically widespread group 
that acquired various adaptations to aquatic life in diverse habitats and ecological 
niches (Fig. 3.2; Rieppel 2000; Bardet et al. 2014). Although the exact relationships 
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among and within groups are still debated (e.g. Neenan et  al. 2013; de Miguel 
Chaves et al. 2018a; Li and Liu 2020), Sauropterygia are traditionally separated into 
Placodontia and Eosauropterygia (Fig. 3.2; e.g. Rieppel 2000). The latter clade rep-
resents a diverse assemblage that includes pachypleurosaurs, nothosaurs, pistosaurs, 
and plesiosaurs (e.g. Rieppel 2000; O’Keefe 2002; Benson et al. 2012; Neenan et al. 
2015; Wintrich et al. 2017).

Placodontia (or placodonts) are basal medium-sized (approximately 0.6–2  m; 
Motani 2009) sauropterygians that appeared at the beginning of the Middle Triassic 
across both the Western and the Eastern Tethyan realm and went extinct at the end 
of the Late Triassic (Scheyer 2007; Bardet et al. 2014; Neenan et al. 2019a). They 
were short-necked animals with short and robust skulls that inhabited shallow 
aquatic environments (Motani 2009; Klein et al. 2015a) and show variable degrees 
of durophagy (e.g. Rieppel 2002; Motani 2009; Scheyer et  al. 2012; de Miguel 
Chaves et al. 2018b; Neenan et al. 2019a; Pommery et al. 2021). Placodontia are 
traditionally divided into two presumably paraphyletic groups: Placodontoidea and 
Cyamodontoidea, which can be discerned through the respective absence or pres-
ence of extensive body armour (e.g. Rieppel 2000, 2002; Motani 2009; Scheyer 
2010; Neenan et al. 2019a; Wang et al. 2019a, b). All placodonts had proportion-
ately short and unmodified limbs and were interpreted as slow swimmers also capa-
ble of foraging by “bottom walking” (Scheyer et  al. 2012; Renesto and Dalla 
Vecchia 2018; Reeves et al. 2020). Placodonts relied on either undulations of the tail 
(placodontoids) or alternating strokes of the robust hind limbs (cyamodontoids) as 
their primary means of propulsion (Renesto and Tintori 1995; Renesto and Dalla 
Vecchia 2018).

Pachypleurosaurs were relatively small-bodied (~50–120 cm long) eosauropter-
ygians that diversified along the Tethyan shores in epicontinental seas and intraplat-
form basins during the Middle Triassic (Rieppel 2000; Klein 2009; Bardet et al. 
2014). Although Pachypleurosauria were traditionally recovered as the monophy-
letic sister clade to Eusauropterygia (Fig. 3.2; e.g. Rieppel 2000; Liu et al. 2011), 
the exact relationships between these groups are still discussed (e.g. Neenan et al. 
2013; de Miguel Chaves et al. 2018a; Li and Liu 2020). Recent analyses have pro-
posed that pachypleurosaurs constitute a paraphyletic evolutionary grade (e.g. Ma 
et al. 2015; Shang et al. 2017; Klein and Sander 2019). Pachypleurosaurs shared a 
lizard-like appearance with a moderately elongate neck, a proportionally small 
skull, loose attachment of the pectoral and pelvic girdles to the vertebral spine, and 
a long tail (Rieppel 2000; Renesto and Dalla Vecchia 2018). They are interpreted as 
anguilliform swimmers with poor diving capabilities that were confined to coastal 
and shallow marine environments (Rieppel 1989; Čerňanský et al. 2018). Most of 
them likely predated upon small invertebrates (e.g. arthropods; Čerňanský et  al. 
2018), although some of them may have preyed on small-shelled mollusks 
(Houssaye 2009; Klein 2009, 2012).

Nothosauroidea (Fig. 3.2) include some of the largest predators to have roamed 
the Middle and Late Triassic seas and are known from across Europe, the Middle 
East, North America, and China (Rieppel 2000; Scheyer et al. 2019; Voeten et al. 
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2019a, b). Nothosauroidea include the two clades Simosauridae and Nothosauria 
(Rieppel 2000; Voeten et  al. 2019a) with debated ingroup relationships (e.g. Lin 
et al. 2017, 2021; Scheyer et al. 2019; Li and Liu 2020; Shang et al. 2020). Both 
clades exhibit elongate body shapes with dorsoventrally flattened skulls and long 
necks and tails (Voeten et al. 2019a). The medium-sized (3–4 m in length) simosau-
rids encompass littoral predators feeding on relatively hard prey (Rieppel 1994a, 
2002; de Miguel Chaves et al. 2018a) as well as highly pachyostotic filter-feeders 
(de Miguel Chaves et al. 2018c). Nothosauria include small to large forms (<1 m to 
5–7 m length; e.g. Klein and Albers 2009; Liu et al. 2014) that shared an active 
predatory lifestyle (Rieppel 2002; Voeten et al. 2019a). Simosaurids may have used 
anguilliform locomotion for foraging in shallow open water (Rieppel 1994a). 
Nothosaurians, however, were efficient paraxial swimmers (Klein and Griebeler 
2016) that actively employed their robust forelimbs for propulsion (Carroll and 
Gaskill 1985; Rieppel 2000; Klein et al. 2016; Lin et al. 2017; Voeten et al. 2019a). 
All nothosaurians were adapted to free-swimming ecologies in near-shore and shal-
low marine habitats, although large-bodied taxa may have colonized more pelagic 
environments (Klein et al. 2016; Voeten et al. 2019a).

The best known Pistosauroidea are its derived representatives: Plesiosauria – the 
only sauropterygians to survive the Triassic–Jurassic mass extinction (Fig. 3.2; e.g. 
Rieppel 2000; Benson et al. 2012). However, prior to this plesiosaurian radiation, 
pistosauroids developed a modest diversity of basal forms found in Europe, China, 
and the United States. They exhibit a mosaic of plesiomorphic (i.e. shared with 
basal sauropterygians) and derived (i.e. more plesiosaurian) features illustrating a 
gradual shift to offshore life during the Middle Triassic (e.g. Sato et al. 2010; Krahl 
et al. 2013; Ma et al. 2015). Among Sauropterygia, plesiosaurians exhibit the most 
advanced adaptations to marine life that culminated in a short and stiff trunk, a short 
tail, and four enlarged hydrofoil-shaped propulsive flippers optimized for swim-
ming (e.g. Massare 1994; O’Keefe 2002; Motani 2009; Carpenter et al. 2010; Liu 
et al. 2015; Muscutt et al. 2017). Plesiosauria acquired a large range of body propor-
tions (i.e. skull, neck, tail, and flipper length relative to the trunk length and width) 
that converged on the “plesiosauromorph” and “pliosauromorph” morphotypes. 
These blueprints evolved independently across different clades (e.g. Carpenter 
1997, O’Keefe 2002; O’Keefe and Carrano 2005; Benson et al. 2012) and recorded 
diverse swimming performances, as well as the colonization of numerous habitats 
and feeding guilds (e.g. Massare 1987; Clarke and Etches 1992; Sato and Tanabe 
1998; McHenry et al. 2005; Bardet et al. 2014; Campbell et al. 2021). The ecologi-
cal flexibility of plesiosaurs, aided by active body temperature regulation (e.g. 
Rothschild and Storrs 2003; Bernard et  al. 2010; O’Keefe and Chiappe 2011; 
Vincent et al. 2017), facilitated their successful global dispersal in the aquatic realm 
up to their disappearance at the end of the Cretaceous (Bardet et al. 2014; Reeves 
et al. 2020).
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3.2  Historical Background

3.2.1  The Record of Endocranial Morphologies and Other 
Paleoneurological Features in Ichthyopterygia 
and Sauropterygia

Towards the end of the nineteenth century, Koken described the braincase of 
Nothosaurus marchicus and unlocked insight into the position and size of several 
cranial nerves and the “foramen eustachii” (Koken 1890, 1893). This work consti-
tutes the earliest documentation of paleoneurological features in Sauropterygia. 
However, the first report of a sauropterygian cranial endocast was the first publica-
tion of Tilly Edinger (1921; Buchholtz and Seyfarth 1999, 2001). While preparing 
her doctoral dissertation on the palate of Nothosaurus, Edinger encountered and 
described a natural cranial endocast (i.e., internal cast of the braincase) in a skull of 
Nothosaurus mirabilis, which would prove foundational for her future career 
(Buchholtz and Seyfarth 1999, 2001). Several years later, Edinger described an arti-
ficial endocast and partially preserved natural cranial molds from two specimens of 
Placodus gigas (Edinger 1925) and illustrated an endocast of the plesiosaurian 
Brancasaurus brancai modeled from isolated cranial elements (Edinger 1928; see 
Hopson 1979 and Sachs et al. 2016a). Since these pioneering efforts, research into 
sauropterygian paleoneurology largely stagnated and mainly resorted to indirect 
osteological inferences made from braincases (e.g. Haas 1981; Sues 1987; Rieppel 
1989, 1994b, 2001; Evans 1999; Nosotti and Rieppel 2002; Sato 2003). Two nota-
ble exceptions are the descriptions of latex plesiosaurian endocasts of Libonectes 
morgani and Aristonectes quiriquinensis (Carpenter 1997; Otero et al. 2018).

The study of ichthyosaur paleoneurology only took off after the mid-twentieth 
century. Following early work by Sollas (1916), who employed serial sectioning 
that only allowed for the reconstruction of some internal cranial features in three- 
dimensionally- preserved specimens, the first latex endocast of Ichthyosaurus cf. 
communis was described by McGowan (1973). Kirton (1983) and Maisch (1997) 
provided indirect descriptions of the endocast in Ophthalmosaurus through imprints 
left by structures on the ventral surfaces of the skull roof.

The last two decades have seen a gradual revival of the field thanks to the 
advances in computed tomography (CT). These non-destructive tools allowed 
researchers to expand on indirect observations of endocranial anatomies through 
osteological studies of the internal braincase (e.g. Kear 2005; Sato et  al. 2011; 
Zverkov et al. 2017; Lomax et al. 2019). This enabled the first digital endocasts of 
the pliosaurid Acostasaurus pavachoquensis (Gómez Pérez 2008; Gómez-Pérez 
and Noè 2017), the basal sauropterygian Placodus gigas (Neenan and Scheyer 
2012), and a juvenile specimen of the ichthyosaur Hauffiopteryx typicus (Marek 
et  al. 2015) to be reconstructed. More recently, Neenan et  al. (2017) provided a 
comparative study of sauropterygian endosseous labyrinth morphologies, and digi-
tal endocasts were reconstructed for the placodont Parahenodus atancensis (de 
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Miguel Chaves et al. 2020), the nothosaur Nothosaurus marchicus (Voeten et al. 
2018a), and three plesiosaurs: Libonectes morgani and an indeterminate 
Polycotylidae (Allemand et  al. 2019); and Alexandronectes zealandiensis 
(O’Gorman et al. 2021). These recent contributions have substantially improved our 
understanding of sauropterygian paleoneurology.

3.2.2  Problematics

Ichthyopterygian and sauropterygian adaptations to the aquatic realm have been 
extensively studied through skeletal (e.g. O’Keefe 2002; Araújo et  al. 2015a), 
microanatomical and histological (e.g. Krahl et  al. 2013; Nakajima et  al. 2014; 
Klein et al. 2016; Wintrich et al. 2017), and physiological features (i.e. diet, repro-
duction, and thermoregulation; e.g. Massare 1987, 1988; Maxwell and Caldwell 
2003; Bernard et al. 2010; O’Keefe and Chiappe 2011; Motani et al. 2014; Klein 
et al. 2015b). However, little remains known about the neuroanatomical and neuro-
sensory changes that accompanied these clades along their evolutionary history and 
during their successful colonization of aquatic environments. Modest inferences 
have been made from endocranial and osteological studies, but these have only con-
sidered the limited number of taxa for which exceptionally preserved remains are 
available.

The feasibility of endocranial explorations mainly hinges on the availability of 
suitable fossil crania. Although Ichthyopterygia and Sauropterygia are both repre-
sented by a rich fossil record including a wealth of well-preserved specimens (e.g. 
Druckenmiller and Russell 2008; Maisch 2008; O’Keefe 2008; Cleary et al. 2015; 
Lin et al. 2017; Flannery Sutherland et al. 2019; Wang et al. 2020), the associated 
skulls tend to be crushed or compressed. This often renders the braincase inacces-
sible and precludes extensive three-dimensional reconstruction. Advances in CT 
techniques importantly grant non-destructive access to internal structures, yet these 
methods have mainly facilitated visualization of isolated skull regions (e.g. Kear 
2005; Sato et al. 2011; Zverkov et al. 2017; Lomax et al. 2019), partially because 
many specimens are too large to fit in conventional tomographic setups or achieve 
adequate X-ray penetration. A compounding problem stems from the ossification 
patterns of ichthyopterygian and sauropterygian skulls. As portions of these brain-
cases remain cartilaginous, many endocranial boundaries are not preserved, permit-
ting reliable reconstruction of only the dorsal endocast surface (e.g. Marek et al. 
2015; Voeten et al. 2018a; Allemand et al. 2019).

Despite these challenges, our understanding of ichthyopterygian and sauropter-
ygian paleoneurology has considerably improved over the past decade. Here, we 
provide an overview of the present knowledge by highlighting the endocranial mod-
ifications and sensory adaptations that accompanied their evolution and coloniza-
tion of aquatic realms.
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3.3  Overview of General and Comparative Anatomy

3.3.1  Characterization of Cranial Endocast Morphology

 Ichthyopterygia

Endocasts To date, the study of ichthyosaur paleoneurology remains largely lim-
ited to Neoichthyosauria. The following description is based on the endocasts 
reconstructed for a juvenile specimen of Hauffiopteryx typicus (Fig.  3.3a, b, d; 
Marek et al. 2015) and an adult Ichthyosaurus cf. communis (Fig. 3.3c, e; McGowan 
1973), as well as information provided by osteological investigations of the brain-
case in Ophthalmosaurus icenicus (Kirton 1983; Maisch 1997; Moon and Kirton 
2016) and Platypterygius australis (Kear 2005).

Neoichthyosaurian endocasts are proportionally large, measuring about one- 
third of the cranial length (Fig. 3.3a; McGowan 1973; Marek et al. 2015). The endo-
cast in the juvenile Hauffiopteryx typicus gradually arches dorsally along its 
anteroposterior endocranial course, as it follows the curvature of the cranial roof, 
and shows pronounced cephalic and pontine flexures (Fig.  3.3a, b; Marek et  al. 
2015). Such flexures are not observed in the adult Ichthyosaurus cf. communis 
(Fig. 3.3c; McGowan 1973). As the skull shape of Ichthyosaurus is flatter, but still 
rather curved dorsally, the absence of flexure on its endocast could be due to the 
cast-making method (CT scan versus latex). The neoichthyosaurian endocast main-
tains a constant width along its length, although there is some evidence for anterior 
widening, at the olfactory bulbs, and posterior widening at the optic lobes. The 
ventral extent of the endocast in Neoichthyosauria, however, remains unknown due 
to the limited ossification and the capacious nature of the ventral braincase 
(McGowan 1973; Marek et al. 2015). At the anterior end of the endocast, the elon-
gated olfactory region involves olfactory bulbs that proceed undifferentiated into 
the olfactory tracts (e.g. Marek et al. 2015). These tracts form two long and medially 
separated ridges that are anteriorly delimited by impressions in the ventral nasal 
slightly posterior to the external naris, and dorsally by two broad grooves in the 
ventral surface of the posterior nasal and anterior frontal (Fig. 3.3d, e; Marek et al. 
2015; Moon and Kirton 2016). Although the lack of ventral limits renders its exact 
extent unknown, the ichthyosaur olfactory region appears proportionally large com-
pared to the rest of the endocast (Kirton 1983; Marek et al. 2015). Posteriorly, the 
narrow cerebrum appears as wide as the posterior part of the olfactory region and is 
only known through elongate and shallow depressions in the ventral parietal 
(McGowan 1973; Kirton 1983; Kear 2005). The pineal complex (referred as “pineal 
organ” in Marek et al. 2015) forms a pronounced dorsomedial bulge, granting the 
cerebrum a triangular appearance with strongly curved lateral margins (Marek et al. 
2015). Posterior to the pineal complex and ventral to the parietal, two bilaterally 
symmetrical bulges that account for the dorsalmost features on the endocast were 
interpreted as the optic lobes (see fig. 11 in Marek et al. 2015). However, we suggest 
these bulges may alternatively correspond to the posterior part of the cerebrum. The 
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Fig. 3.3 Reconstructions of the endocranial cavity in two Early Jurassic ichthyosaurs. (a, b, d) 
Three-dimensional CT reconstruction of a juvenile Hauffiopteryx typicus endocranium (BRLSI 
M1399 after Marek et al. 2015) within the skull (a), in right lateral (b), and dorsal (d) views. (c, e) 
Latex surface cast of Ichthyosaurus cf. communis (NHMUK PV R8177, redrawn from McGowan 
1973) in right lateral (c) and dorsal (e) views. Abbreviations: Cbl cerebellum, Cer cerebrum, For 
foraminous region, iLO impression of the labyrinth on the opisthotic, iLP impression of the laby-
rinth on the prootic, iSo impression of the supraoccipital, MO medulla oblongata, Olf olfactory 
bulb, Opt optic lobe, Pin pineal complex, XII branches of the hypoglossal (XII) nerve

optic lobes are potentially located more posteroventrally, restricted to the posterior 
one-third of the ventral parietal (Kirton 1983; Moon and Kirton 2016), and repre-
sented by the lateral bulges just anterior to the impression of the supraoccipital 
(Fig. 3.3b–e). Following our novel interpretation, the cerebellum would be located 
dorsal to the endosseous labyrinth (Fig. 3.3b) and more posteriorly than in the initial 
interpretation (see Fig.  11  in Marek et  al. 2015). This solution would be more 
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consistent with the spatial relationships between the cerebellum and the endosseous 
labyrinth in turtles and alligators (e.g. Evers et  al. 2019; Lessner and Holliday 
2020). Because of the gap between the posteroventral surfaces of the parietals and 
the supraoccipital, the true dorsal extent of the cerebellum remains unknown (Kirton 
1983; Marek et al. 2015). Posteroventrally, the narrow medulla oblongata is later-
ally constricted by the exoccipitals and rapidly narrows posteriorly into the spi-
nal cord.

Endosseous Labyrinth The morphology and structure of the ichthyopterygian 
endosseous labyrinth remains largely unknown. In Triassic taxa, the endosseous 
labyrinths completely reside inside the otic capsules that are mainly formed by the 
prootic, supraoccipital, and opisthotic, which are surrounded by other braincase ele-
ments (Maisch and Matzke 2006; Maisch et  al. 2006). Although such structures 
have been outlined in Mixosaurus cf. cornalianus and Phantomosaurus neubigi, 
ossification and constriction of the otic capsule prevent direct access to the endosse-
ous labyrinth with traditional osteological approaches (Maisch and Matzke 2006; 
Maisch et al. 2006). Computed tomographic explorations have so far only consid-
ered post-Triassic ichthyosaurs, none of which feature fully articulated crania (Kear 
2005; Marek et al. 2015).

Unlike in Triassic ichthyosaurs, the otic capsule in neoichthyosaurians remains 
largely cartilaginous (e.g. McGowan 1973; Fischer et  al. 2012, 2014; Moon and 
Kirton 2016) and permits limited assessment of endosseous labyrinth morphology. 
The semicircular canal imprints preserved in the juvenile Hauffiopteryx typicus 
appear to indicate that its labyrinth was dorsoventrally extended and anteroposteri-
orly short (Fig. 3.3b; Marek et al. 2015). Since labyrinth geometry does not change 
much during ontogeny (e.g. in sauropodomorphs; Neenan et al. 2019b), the overall 
labyrinth geometry reconstructed for Hauffiopteryx is likely to be relatively repre-
sentative for those in mature ichthyosaurs. Nevertheless, changes in absolute laby-
rinth dimensions are expected during ichthyosaurian ontogeny. A growth series of 
Stenopterygius prootics revealed that, from embryo to adult and associated with a 
fourfold increase in jaw length, canal impression widths increased from about 
0.5 mm to 4 mm while the prootic expands as it ossifies (Miedema and Maxwell 2019).

The lateral semicircular canal extends laterally between the opisthotic and pro-
otic, the anterior semicircular canal rises through the prootic and supraoccipital, and 
the posterior semicircular canal rises through the opisthotic and supraoccipital 
(Fig. 3.4a–f, i; McGowan 1973; Moon and Kirton 2016). The otic capsule impres-
sions on the prootic and the opisthotic are somewhat V- or T-shaped (e.g. Kear 2005; 
Fischer et al. 2011, 2012; Moon and Kirton 2016) and indicate that the lateral canal 
meets both the anterior and posterior canals at angles of roughly 90° (Fig. 3.4a–d). 
The triangular impression of the labyrinth on the supraoccipital suggests that the 
anterior and posterior semicircular canals meet at an angle of nearly 180° in the 
Triassic ichthyosaur Shonisaurus popularis (Camp 1980) as well as in Jurassic oph-
thalmosaurids (Fig. 3.4e, f; Kear 2005; Fischer et al. 2012). Such impressions on the 
supraoccipital are tilted anterodorsally/posteroventrally (Fig.  3.4e, f; Kear 2005; 
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Fig. 3.4 Otic capsule and labyrinth in the Jurassic ichthyosaur Ophthalmosaurus icenicus. (a–h) 
Disarticulated elements of Ophthalmosaurus icenicus showing impressions of the endosseous 
labyrinth (after Moon and Kirton 2016) on a left prootic in posterior view (a, b; LEICT 
100′1949–43), left opisthotic in medial view (c, d; NHMUK PV R2133), supraoccipital in right 
lateral view (e, f; LEICT 100′1949–43), and right exoccipital in lateral view (g, h; LEICT 
100′1949–64). Impressions of the endosseous labyrinths are indicated in the same colors through-
out. (i) reconstruction of the left osseous labyrinth of Ophthalmosaurus icenicus (image by 
A. Kirton, used with permission). Abbreviations: ASC anterior semicircular canal, Exo exoccipital, 
fSo foramen in the supraoccipital for passage of a vein, iASC impression of the anterior vertical 
semicircular canal, iCC impression common crus, iLSC impressions of the lateral semicircular 
canal, iPSC impression of the posterior vertical semicircular canal, iSac impression of the saccule, 
iUt impression of the utricule, LSC lateral semicircular canal, Mfo metotic foramen, PSC posterior 
semicircular canal, Opi opisthotic, Pro prootic, So supraoccipital, XII foramina for passage of the 
hypoglossal (XII) nerve
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Fischer et al. 2012; Moon and Kirton 2016), which could reflect a higher and longer 
anterior semicircular canal relative to the posterior semicircular canal.

Although the absolute widths of the canals remain uncertain, the lateral semicir-
cular canal may have been wider than the anterior (e.g. Kear 2005; Fischer et al. 
2011) or the posterior semicircular canal (e.g. Bindellini et al. 2021). Additionally, 
impressions of the otic capsule in the intermediate-grade Shonisaurus popularis 
show that the semicircular canals are relatively narrower than in Neoichthyosauria 
(Camp 1980; Fischer et  al. 2012; Moon and Kirton 2016), suggesting a trend 
towards thicker canals during ichthyosaur evolution. Ventral to the labyrinth, large 
and rounded impressions on the prootic, opisthotic, and supraoccipital may corre-
spond to the locations of the saccule, utricule, and common crus (Fig.  3.4a–f; 
McGowan 1973; Moon and Kirton 2016). Although these regions are weakly 
demarcated, the sizes of the impressions are clearly variable, potentially quite large, 
and offset from the canals in Arthropterygius hoybergeti and Acamptonectes densus 
(Fischer et al. 2012; Zverkov and Prilepskaya 2019).

Cranial Nerves Our understanding of ichthyopterygian cranial nerves is extremely 
limited and mainly inferred from the foramina or grooves observed on bone sur-
faces. Their identity is often still uncertain (Moon and Kirton 2016) and cranial 
nerves I–VI remain undocumented. Accordingly, the trajectory of the palatine ramus 
of the facial (VII) nerve in ichthyosaurs is only indicated by two shallow grooves on 
the dorsal surface of the parabasisphenoid (e.g. Kirton 1983; Moon and Kirton 
2016). A groove in the stapedial facet of the opisthotic is interpreted to have accom-
modated the glossopharyngeal (IX) nerve (Andrews 1910; Appleby 1961). However, 
Kirton (1983) alternatively proposed that this groove may carry the hyomandibular 
branch of the facial (VII) nerve (Kear 2005; Moon and Kirton 2016). This would 
imply that the glossopharyngeal (IX) nerve, together with the jugular vein, the 
vagus (X) and possibly the accessory (XI) nerves, exit through the undivided metotic 
foramen located between the exoccipital and the opisthotic (Fig.  3.4g, h; sensu 
Rieppel 1985 and Maisch et al. 2006; reported as “vagus foramen” or “jugular fora-
men” in Kirton 1983; Kear 2005; Moon and Kirton 2016). The presence or absence 
of an accessory nerve in ichthyopterygians is unclear and no direct osteological 
correlates have been identified. As variable configurations across extant non-avian 
reptiles prevent more informed recognition of this nerve (e.g. Auen and Langebartel 
1977; Evers et al. 2019; Lessner and Holliday 2020), we suggest that (?XI) is the 
most likely candidate for the accessory nerve in ichthyosaurs. Finally, a variable 
number of foramina piercing the exoccipital (Fig. 3.4g, h) are consistently associ-
ated with the pathways of the hypoglossal (XII) nerves (e.g. Maisch 1997; Marek 
et al. 2015; Moon and Kirton 2016).
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 Sauropterygia

Endocasts Sauropterygian paleoneurology is much better documented than that of 
Ichthyopterygia, with most of the major groups represented. The placodont endo-
cast is known from the placodontoid Placodus gigas (Fig. 3.5a–d; Edinger 1925; 
Hopson 1979; Neenan and Scheyer 2012) and the cyamodontoid Parahenodus atan-
censis (Fig. 3.5e, f; de Miguel Chaves et al. 2020). The nothosauroid endocast is 
thus far known through two species of the genus Nothosaurus (Edinger 1921; 
Hopson 1979; Voeten et al. 2018a) that are represented by an immature early Middle 
Triassic specimen of the relatively small N. marchicus (body length of circa 
0.5–1.5 m; following Voeten et al. 2015; Fig. 3.6), and a larger middle to late Middle 
Triassic individual of N. mirabilis (estimated body length of 3  m; following 
Westheide et al. 2003). Information regarding the plesiosaurian endocast is mainly 
based on the reconstructions realized for the elasmosaurid Libonectes morgani 
(Fig. 3.7b–e; Carpenter 1997; Allemand et al. 2019) and the pliosaurid Acostasaurus 
pavachoquensis (Fig. 3.7g; Gómez Pérez 2008). Additionally, the reliable but less 
complete endocranial information extracted from the leptocleidid Brancasaurus 
brancai (Edinger 1928; Hopson 1979; Sachs et  al. 2016a), the elasmosaurids 
Terminonatator ponteixensis (Sato 2003), Aristonectes quiriquinensis (Otero et al. 
2018), and Alexandronectes zealandiensis (O’Gorman et al. 2021), as well as the 
indeterminate polycotylid MNHN F-GOU14 (Allemand et al. 2019), were consid-
ered to describe the plesiosaurian endocast.

Endocasts of Placodontia The known endocasts of both Placodus gigas and 
Parahenodus atancensis are incomplete, missing the olfactory region (olfactory 
bulbs and olfactory tracts), the pituitary organ, and the anterior forebrain (Fig. 3.5; 
Edinger 1925; Neenan and Scheyer 2012; de Miguel Chaves et al. 2020). Correlated 
with the deep and relatively short braincase (Fig. 3.5a), the endocast in Placodus 
has an overall sigmoidal shape with a pronounced cephalic flexure and a subtle 
pontine flexure (Fig. 3.5b, d). The endocast in Parahenodus; however, is long and 
straight as a result of its more dorsoventrally compressed skull (Fig. 3.5f; de Miguel 
Chaves et al. 2020). Although information regarding the cerebrum in Placodus is 
lacking, the structure projects dorsally into an elongate oval impression on the ven-
tral cranial roof (Hopson 1979) and differs from the flat dorsal surface reported for 
the endocast of Parahenodus (de Miguel Chaves et al. 2020). Dorsal to the cere-
brum, a large pineal complex is observed in Placodus (Fig. 3.4b–d; “parietal fora-
men” in Edinger 1925; Hopson 1979; Neenan and Scheyer 2012), whereas the 
structure in Parahenodus appears very narrow and laterally compressed (Fig. 3.5e, 
f; “pineal organ or system” in de Miguel Chaves et al. 2020). Although the endocast 
in both species offer no (Placodus) to little (Parahenodus) information regarding 
the pituitary organ (or hypophysis), the shape and size of the sella turcica suggest 
that this structure was large and dorsoventrally elongated in Placodus (Hopson 
1979). This contrasts with the poorly developed sella turcica in Parahenodus 
(Fig.  3.5f), also reported in other cyamodontoids (Placochelys placodonta and 
Psephoderma alpinum; de Miguel Chaves et  al. 2020), which indicates weak 
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Fig. 3.5 Endocranial anatomy in Placodontia. (a) Virtual reconstruction of the skull of Placodus 
gigas (UMO BT 13) in lateral view, associated with the endocast projection in cranial model. 
(Modified from Neenan and Scheyer 2012). (b) Composite endocast of Placodus gigas based on 
an artificial endocast (SM R359) and a partial natural endocast (SM R4038) in lateral view, with 
missing parts indicated by broken lines and damaged surfaces indicated by diagonal lines. 
(Modified from Hopson 1979). (c, d) Virtual cranial endocast and endosseous labyrinth of Placodus 
gigas (UMO BT 13) in dorsal (c) and lateral (d) views. (Modified from Neenan and Scheyer 2012). 
(e, f) Virtual cranial endocast of Parahenodus atancensis (MUPA ATZ0104) in dorsal (e) and lat-
eral (f) views, associated with the endocast projection in cranial model (de Miguel Chaves et al. 
2020). Abbreviations: Cbl cerebellum, ce cavum epiptericum, Cer cerebrum, Fv fenestra vestibuli, 
ica internal carotid artery, MO medulla oblongata, Olt restored olfactory tract, Pin pineal complex, 
Pit pituitary fossa, vcm vena cerebralis media, II restored optic nerve, V trigeminal nerve canal, V1 
ophthalmic branch of the trigeminal nerve, V2,3 maxillary and mandibular branches of the trigemi-
nal nerve, VI abducens nerve canal, VII facial nerve canal, IX X?XI foramen for glossopharyngeal 
vagus and potentially accessory nerves, XII hypoglossal nerve canal
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Fig. 3.6 Endocranial anatomy of Nothosaurus. (a) Specimen TW480000375 in dorsal view – De 
Museumfabriek, Enschede, the Netherlands. (b) Cranial endocast and other endocranial voids of 
Nothosaurus marchicus (TW480000375) in angled anterodorsal view associated with the endocast 
projection in cranial model. (Modified from Voeten et al. 2018a). (c) Right endosseous labyrinth of 
Nothosaurus sp. NME 16/4 in lateral view (Neenan et al. 2017; sourced from MorphoMuseum 
under M3#326_NME 16/4: https://morphomuseum.com/specimenfiles/view/326). Abbreviations: 
ASC anterior semicircular canal, ca cerebral artery, CC common crus, Cer cerebrum, ica internal 
carotid artery, ipc infraparietal canals, lab portions endosseous labyrinth, LSC lateral semicircular 
canal, nar narial passages, Olf olfactory bulb, Olt olfactory tract, Opt optic lobes, pi paracondylar 
interstice, Pin pineal complex, PSC posterior semicircular canal, sa stapedial artery, Sac saccule, 
sg salt glands, V foramen for trigeminal nerve, IX X?XI foramen for the glossopharyngeal vagus 
and possible accessory nerves, XII root of hypoglossal nerve

 development of the pituitary. Posterior to the pineal complex, the dorsal surface of 
the endocast in Placodus slopes posteroventrally and a distinct swelling may mark 
the location of the optic tectum (Edinger 1925; Hopson 1979). However, this tenta-
tive structure is challenging to delimit and could not be resolved by Neenan and 
Scheyer (2012). Although the mesencephalic cast in Parahenodus could be identi-
fied as a symmetrical pair of lateral constrictions that may correspond to the cava 
epipterica (Fig. 3.4e; de Miguel Chaves et al. 2020), the optic tectum could not be 
distinguished. The short hindbrain in Placodus features a low swelling above and 

R. Allemand et al.

https://morphomuseum.com/specimenfiles/view/326


45

Fig. 3.7 Endocranial anatomy in Plesiosauria. (a) Specimen SMNS 81783  in lateral view  – 
Staatliches Museum für Naturkunde Stuttgart, Germany. (b) Latex endocast of Libonectes morgani 
(SMUSMP 69120) in lateral view (Modified from Carpenter 1997). (c–e) Virtual endocast of 
Libonectes morgani (D1–8213) in dorsal (c), lateral (d) and posteroventral (e) views. (Modified 
from Allemand et al. 2019). The dotted lines indicate the missing parts. (f) Left endosseous laby-
rinth of Libonectes morgani (D1-8213) in lateral view. (Modified from Allemand et al. 2019). (g) 
Diagrammatic representation of the endocast of Acostasaurus pavachoquensis (UN-DG-R-1000) 
along the midline of the cranium based on partial digital endocasts. (Modified from Gómez Pérez 
2008). Abbreviations: ASC anterior semicircular canal, Cbl cerebellum, CC common crus, Cer 
cerebrum, ic internal carotid, LSC lateral semicircular canal, MO medulla oblongata, Olf olfactory 
bulbs, Olt olfactory tract, Opt optic lobe, Pin pineal complex, Pit pituitary fossa, PSC posterior 
semicircular canal, Sac saccule, V foramen for trigeminal nerve, VI foramen for abducens nerve, 
VII foramen for facial nerve, IX foramen for glossopharyngeal nerve, X?XI foramen for the vagus 
and potentially the accessory nerves, XII foramen for hypoglossal nerve

behind the trigeminal root that had been tentatively identified as the cerebellum 
(Fig. 3.5b) by Edinger (1925) but remained unrecognized by Neenan and Scheyer 
(2012). The cast of the medulla in Placodus is slightly higher than wide and is dor-
solaterally constricted by elements housing the inner ear cavities (Fig.  3.5b, d). 
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Although the trigeminal root was also reconstructed in Parahenodus (Fig. 3.5e, f), 
the morphology of the hindbrain provides insufficient information to delimit the 
cerebellum and the medulla (de Miguel Chaves et al. 2020).

Endocasts of Nothosauria Associated with profound dorsoventral flattening, 
postorbital elongation, and lateral constriction of the skull and braincase, the endo-
casts of Nothosaurus marchicus and N. mirabilis are anteroposteriorly elongated 
and remarkably straight without noticeable flexures (Fig.  3.6b; Edinger 1921; 
Voeten et al. 2018a). The dorsal impressions of the ovoid olfactory bulbs invade the 
ventral surface of the frontals (Edinger 1921; Voeten et  al. 2018a), although the 
limited osseous expression of these structures and lack of ventral delimitation pre-
vent a confident reconstruction of their size (Fig.  3.6b; Voeten et  al. 2018a). 
Posteriorly, the casts of the olfactory tracts are very elongate, thin, and deeper than 
wide (Fig. 3.6b). In N. marchicus, the olfactory tracts are bilaterally divided up to 
their mid-length by the sagittal ventral projection of the interfrontal suture (Fig. 3.6b; 
Voeten et al. 2018a). This differs from N. mirabilis, in which the olfactory tracts, 
oval in cross section, are undivided along their entire length (Edinger 1921; Hopson 
1979). In both species, the olfactory tracts gradually widen posteriorly to merge into 
the very narrow cerebrum, which is marked only by a lateral divergence of the osse-
ous walls resulting in pronounced bilateral bulging of the endocast surface (Fig. 3.6b; 
Hopson 1979; Voeten et al. 2018a). Posterior to the cerebrum, a large pineal com-
plex forms an elliptic cone rising dorsally from the brain endocast up into the pari-
etal foramen (Fig. 3.6b; Edinger 1921; Hopson 1979; Voeten et al. 2018a). Posterior 
to the pineal complex, the cava epipterica, resulting from lateral constriction by the 
epipterygoids, may indicate the transition from the forebrain to the midbrain 
(Fig. 3.6b; Voeten et al. 2018a). Posterior to this structure, a subtle bilateral dorso-
lateral swelling invading the ventral surface of the parietal may correspond to the 
optic lobes (Fig. 3.6b; Voeten et al. 2018a). This structure constitutes the broadest 
cephalic domain in N. marchicus (Voeten et  al. 2018a) but was not reported in 
N. mirabilis (Edinger 1921; Hopson 1979). Ventral to the potential optic lobes, the 
absence of a well-differentiated pituitary on the ventral surface of the endocast 
(Edinger 1921; Voeten et  al. 2018a) indicates that this structure may have been 
underdeveloped, which agrees with the flattened and shallow sella turcica general-
ized for nothosaurians (Gorce 1960; Rieppel 1994b). In the posterior part of the 
endocast, the transition from the midbrain to the hindbrain is unpronounced. The 
roof of the hindbrain region is flat and horizontally oriented, offering no indications 
for the position or size of the cerebellum (Edinger 1921; Voeten et al. 2018a). The 
separation between the pons and medulla is marked by a faint flexure resulting from 
constriction associated with the parietal-supraoccipital suture (Fig.  3.6b; Voeten 
et  al. 2018a). Between this constriction and the foramen magnum, the medulla 
oblongata tapers posteriorly, covered dorsally by the supraoccipital and ventrally by 
the basioccipital (Voeten et al. 2018a). Lateral to the occipital condyle, the open 
space between the basioccipital and pterygoids described as “eustachian foramina” 
by Koken (1893:p 353) were reinterpreted as “paracondylar interstices,”, which 
may represent representing non-functional byproducts of nothosauroid cranial 
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development rather than true foramina (Fig.  3.6b; Rieppel 1994b; Voeten 
et al. 2018a).

Endocasts of Plesiosauria The plesiosaurian endocast is anteroposteriorly elon-
gated and straight, with only a slight ventral flexure at the level of the contact 
between the olfactory tract and the cerebrum (Fig.  3.7b, d, g; Carpenter 1997; 
Gómez Pérez 2008; Allemand et al. 2019). In the anterior part of the endocast, the 
kite-shaped olfactory bulbs reconstructed in Acostasaurus pavachoquensis and 
Libonectes morgani are located at the level of the external nares (Gómez Pérez 
2008; Allemand et al. 2019). In both species, the ventral delimitation of the olfac-
tory bulbs could not be reconstructed. The olfactory bulbs connect to the cerebrum 
through long olfactory tracts that are joined along their entire length and account for 
about one-half of the brain cast length (Fig. 3.7b–d, g; Gómez Pérez 2008; Allemand 
et  al. 2019). The olfactory tracts are projected in the ventral wall of the frontal, 
which reveals maximum mediolateral compression at their mid-length and subse-
quent widening towards their contact with the cerebrum (Fig. 3.7c; Gómez Pérez 
2008; Allemand et al. 2019). In both Acostasaurus and Libonectes, the exact shape 
of the cerebrum is unknown, as the open condition of the plesiosaurian braincase 
prevents the reconstruction of its ventral and lateral extent (Fig. 3.7b–d, g; Gómez 
Pérez 2008; Allemand et al. 2019). The pineal complex in Acostasaurus forms a 
large oval prominence (“pineal gland” in Gómez Pérez 2008), whereas in Libonectes, 
it appears to form a small bulge on the dorsal surface of the endocast (Fig. 3.7b–d, 
g; “pineal and dura” in Carpenter 1997; “pineal organ” in Allemand et al. 2019). In 
Libonectes, the optic lobes are potentially situated posterior to the pineal complex 
at the level of a more pronounced dorsal bulge on the endocast (Fig.  3.7c, d; 
Allemand et  al. 2019). However, their exact location and delimitation remains 
unknown in plesiosaurians. At the anteroposterior level of the potentially resolved 
optic lobes, a distinct bulge on the ventral surface of the plesiosaurian endocast 
appears to represent the pituitary cast (Fig. 3.7b–d, g; Carpenter 1997; Gómez Pérez 
2008; Otero et al. 2018; Allemand et al. 2019; O’Gorman et al. 2021). This well- 
defined structure, associated with the proportionally large and long sella turcica 
reported in plesiosaurians (e.g. Gómez Pérez 2008; Zverkov et al. 2017; Otero et al. 
2018), is consistent with a well-developed pituitary organ. The posterior part of the 
endocast carries an anteroposteriorly developed bulge on its dorsal surface that is 
interpreted to represent the cerebellum (Fig.  3.7b–d, g; Gómez Pérez 2008; 
Allemand et al. 2019; O’Gorman et al. 2021). Casts of the floccular recesses are 
reported at this level in the pliosaurid Acostasaurus and the elasmosaurid 
Alexandronectes zealandiensis (Gómez Pérez 2008; O’Gorman et al. 2021) in the 
form of small processes that project laterally through the anterior semicircular 
canals. However, this floccular recess was not recorded in the leptocleidid 
Brancasaurus brancai (Sachs et  al. 2016a) and in the elasmosaurids Libonectes 
(Carpenter 1997; Allemand et al. 2019) and Aristonectes quiriquinensis (Otero et al. 
2018). The ventral delimitations of the casts representing the medulla oblongata in 
Acostasaurus, Aristonectes, and Alexandronectes (Gómez Pérez 2008; Otero et al. 
2018; O’Gorman et al. 2021) are unknown. In Libonectes, this region is slightly 
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offset ventrally relative to the anterior endocast domain and rises dorsally on its 
posterior part to reach the foramen magnum (Fig. 3.7b, d; Allemand et al. 2019).

Endosseous Labyrinth Endosseous labyrinth morphologies are documented for 
most major sauropterygian groups. In placodonts, the endosseous labyrinth is 
mainly known from Placodus gigas (Fig. 3.5c, d; Neenan and Scheyer 2012), as 
only small parts of the anterior semicircular canal and vestibule could be recon-
structed in Parahenodus atancensis (Fig. 3.5e, f; de Miguel Chaves et al. 2020). The 
geometry of nothosauroid endosseous labyrinths are known through Simosaurus 
gaillardoti and Nothosaurus sp. (Fig. 3.6c; Neenan et al. 2017). Pistosauroid endos-
seous labyrinths were reconstructed for the basal pistosaur Augustasaurus hagdorni 
(Neenan et al. 2017) and several plesiosaurian taxa: the pliosaurids Acostasaurus 
pavachoquensis, Peloneustes philarchus, and Hauffiosaurus tomistomimus (Gómez 
Pérez 2008; Neenan et al. 2017); the rhomaleosaurid Macroplata tenuiceps (Neenan 
et  al. 2017); the cryptoclidids Microcleidus homalospondylus, M. macropterus, 
Muraenosaurus leedsii, and Picrocleidus beloclis (Evans 1999; Neenan et al. 2017); 
the leptocleidids Brancasaurus brancai and Nichollsaura borealis  (Sachs et  al. 
2016a; Neenan et  al. 2017); and the elasmosaurids Callawayasaurus colombien-
sis  (Neenan et  al. 2017), Libonectes morgani (Fig.  3.7f; Allemand et  al. 2019), 
Cardiocorax mukulu  (Marx et  al. 2021), and Alexandronectes zealandiensis 
(O’Gorman et al. 2021). 

The endosseous labyrinths in placodonts, nothosauroids, and the basal pistosaur 
Augustasaurus hagdorni exhibits a “generalized reptilian morphology” (Figs. 3.5d 
and 3.6c; Neenan et al. 2017; Voeten et al. 2018a; de Miguel Chaves et al. 2020). 
Triassic sauropterygians are characterized by an anteroposteriorly elongate laby-
rinth with gracile semicircular canals, a narrow common crus, and a short and 
uncoiled lagena (Neenan and Scheyer 2012; Neenan et al. 2017). The medial por-
tions of the anterior and posterior canals form a distinct M-shape, with the anterior 
canal longer and reaching higher dorsally than the posterior canal (Neenan et al. 
2017). The lateral semicircular canal is relatively straight with a small lateral exten-
sion (Neenan et al. 2017). The endosseous labyrinth in placodonts and nothosau-
roids is more dorsoventrally compressed than that of the basal pistosaur A. hagdorni, 
(Neenan et al. 2017). The generalized architecture of the plesiosaurian endosseous 
labyrinth is characterized by a compact, bulbous morphology involving a wider 
common crus (Fig. 3.7f; Evans 1999; Neenan et al. 2017; Allemand et al. 2019). In 
most taxa, the endosseous labyrinths are square shaped in lateral view, robust, low, 
and lack sinusoidal curvature, although some variability exists. The elasmosaurid 
Callawayasaurus colombiensis, for example, features a taller endosseous labyrinth 
than other plesiosaurians (Neenan et al. 2017), which results in dorsal extension of 
both the posterior and anterior semicircular canals and a longer common crus 
(Neenan et al. 2017). Although the true ventral extent of the lagena is unknown for 
all plesiosaurians, it appears to be relatively short, robust, and uncoiled (Neenan 
et al. 2017; Allemand et al. 2019).
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Cranial Nerves As the anteroventral part of the skull surrounding the sauropteryg-
ian endocast remains unossified, cranial nerves I–IV and VIII are generally undocu-
mented. Although the oculomotor (III) and trochlear (IV) nerves were reported in 
Aristonectes quiriquinensis (Otero et al. 2018), these features may also represent 
haemal sulci, rendering their identity inconclusive.

The large passage for the trigeminal (V) nerve is completely enclosed by the 
prootic fenestra in Placodus gigas (Neenan and Scheyer 2012). In cyamodontoids, 
nothosauroids and plesiosaurians, this foramen (i.e. trigeminal foramen sensu 
Rieppel 2001; cavum epiptericum sensu Brown et al. 2013; prootic foramen sensu 
Neenan and Scheyer 2014) is delimited by the epipterygoid anteriorly and the pro-
otic posteriorly (e.g. Rieppel 1994b, 2001; Neenan and Scheyer 2014; Brown et al. 
2013; de Miguel Chaves et al. 2020). In all sauropterygians, the trigeminal nerve 
emerges on the lateral surface of the endocast (Figs. 3.5d, f and 3.7b; Carpenter 
1997; Neenan and Scheyer, 2012; de Miguel Chaves et  al. 2020). Although the 
nerve itself was not identified in Nothosaurus marchicus due to the absence of pro-
otics in the studied specimen (Voeten et al. 2018a), the approximate position of its 
eruption (Fig.  3.6b) is inferred to be well posterior to the epipterygoid (Rieppel 
1994b, fig. 5b). The separation of the trigeminal nerve into its three main branches 
remains unknown in Sauropterygia. Nevertheless, the maxillaris and ophthalmicus 
rami of the trigeminal nerve in plesiosaurians were recognized to form an extensive 
neurovascular plexus in the premaxilla and maxillae (e.g. Smith and Vincent 2010; 
O’Gorman and Gasparini 2013; Foffa et al. 2014; Sachs et al. 2017). In the cyamo-
dontoid placodont Psephoderma alpinum, the cutaneous branches of the superior 
alveolar nerve (i.e. the terminal branches of the maxillaris rami) innervate the tooth 
plates (Neenan and Scheyer 2014). Peripheral canals in the rostral region of 
Nothosaurus marchicus have been argued to potentially contribute to a dermal sen-
sor innervated by the trigeminal nerve, although their identity could not be conclu-
sively established due to the unique rostral configuration of the taxon (Voeten 
et al. 2018a).

Anteroventrally to the trigeminal nerve, a small abducens (VI) nerve in Placodus 
gigas is associated with the foramen located in the dorsum sellae (Fig. 3.5d; Neenan 
and Scheyer 2012). In plesiosaurians, the abducens nerve is located ventral to the 
trigeminal nerve and posterolateral to the pituitary organ (Fig. 3.7b, d, e; Carpenter 
1997; Allemand et al. 2019). It pierces the dorsal surface of the dorsum sellae and 
exits on the anterior margin of the clinoid processes (upper cylindrical processes 
sensu Carpenter 1997) of the parabasisphenoid (e.g. Sato et al. 2011; Zverkov et al. 
2017; Marx et al. 2021). Similar passage through the dorsum sellae and the clinoid 
processes was reported in nothosauroids (Rieppel 1994b).

The facial (VII) nerve, visualized in Placodus gigas and Libonectes morgani 
(Figs.  3.5b, d and 3.7b, d, e; Neenan and Scheyer 2012; Allemand et  al. 2019), 
emerges on the lateral surface of the endocast, posteroventral to the trigeminal nerve 
and just anterior to the endosseous labyrinth. Although the nothosauroid facial 
nerve was reported in Nothosaurus marchicus (Edinger 1921; Hopson 1979), that 
structure later was considered an artefact (Voeten et al. 2018a), leaving the pathway 
of this nerve only inferred from the foramina or grooves observed on bone surfaces 
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(Rieppel 1994b). The facial nerve foramen in nothosauroids is located on the ventral 
part of the prootic in proximity to the basisphenoid (Rieppel 1994b). The subdivi-
sion of the facial nerve into the hyomandibular and palatine branches occurs after its 
passage through the prootic in Nothosaurus sp. but remains unclear in Simosaurus 
gaillardoti (Rieppel 1994b). Anteriorly, the palatine branch of the facial nerve may 
have traveled through the vidian canal together with the sphenopalatine artery 
(Rieppel 1994b; Voeten et  al. 2018a). In both placodonts and plesiosaurians, the 
pathway of the facial nerve and the subdivision between the hyomandibular and 
palatine branches of the nerve remain unknown.

Posterior to the endosseous labyrinth, the glossopharyngeal (IX), vagus (X), and 
hypoglossal (XII) nerves merge on the lateral surface of the sauropterygian endo-
cast (Figs. 3.5b, d; 3.6b and 3.7b, d, e). As for ichthyopterygians, the possible pres-
ence and passage of the accessory (XI) nerve in Sauropterygia are not conclusively 
established, which is why we propose the use of (?XI) to indicate this putative 
structure for now. In both Placodus gigas and Nothosaurus marchicus (Figs. 3.5b 
and 2.6b), the glossopharyngeal, vagus, and possible accessory nerves form a single 
plexus that pass through the undivided metotic foramen (sensu Rieppel 1985, but 
also “jugular foramen” sensu Neenan and Scheyer 2012 and Voeten et al. 2018a, or 
“vagus foramen” sensu Wang et al. 2019a) located between the opisthotic and the 
exoccipital. In both taxa, two distinct roots for the hypoglossal nerves are identified 
(Rieppel 1994b; Neenan and Scheyer 2012; Voeten et  al. 2018a) that may exit 
through a distinct foramen located between the exoccipital and basioccipital 
(Placodus) or through the metotic foramen with the cranial nerves IX, X, and XI 
(Nothosaurus). In plesiosaurians, different interpretations have been suggested for 
the identification and passages of the glossopharyngeal, vagus, and possible acces-
sory nerves. Carpenter (1997) labelled two distinct canals on the endocast of 
Libonectes morgani (Fig. 3.7b), one for the glossopharyngeal nerve and a second 
one accommodating the vagus nerve and potentially the accessory nerve. This dif-
fers from the endocasts of Acostasaurus pavachoquensis (Gómez Pérez 2008), two 
other specimens of L. morgani (Allemand et  al. 2019 reinterpreted here), and 
Alexandronectes zealandiensis (O’Gorman et al. 2021), in which the glossopharyn-
geal and vagus nerves (including the possible accessory nerve) merge into a single 
canal (Fig. 3.7d, e). Because both interpretations are consistent with osteological 
inferences (e.g. Druckenmiller and Russell 2008; Sachs et al. 2016b; Zverkov et al. 
2017 for two distinct canals; Druckenmiller 2002; Sato et al. 2011; Evans 2012; 
Brown et al. 2013; Marx et al. 2021 for a single canal), conclusive establishment of 
this condition remains challenging. Posteroventrally, the medial surface of the ple-
siosaurian exoccipital is pierced by one (e.g. Ketchum and Benson 2010; Benson 
et al. 2015), two (e.g. reinterpretation of fig. 4C in Benson et al. 2011; Sato et al. 
2011), or three (e.g. Chatterjee and Small 1989; Carpenter 1997) foramina that cor-
respond to the roots of hypoglossal nerves. Laterally, all these canals may merge 
with the foramen that also accommodates the glossopharyngeal and vagus nerves 
(e.g. Benson et al. 2013, 2015), or depart through one (e.g. Maisch 1998; Brown 
et al. 2013), or two (e.g. Druckenmiller 2002; Evans 2012) other distinct foramina. 
Although the branching pattern of the hypoglossal nerves might be of phylogenetic 

R. Allemand et al.



51

and taxonomic significance (Zverkov et al. 2017), the presence of a possible right- 
left asymmetry (Chatterjee and Small 1989), as well as potential misidentification 
of vascular or nutritive foramina (e.g. Evans 2012) may challenge the recognition of 
the hypoglossal foramina. This requires reassessing the identity of the cranial nerves 
(IX to XII) and the affinities of these foramina. Additionally, consistent usage of 
nomenclature (e.g. metotic foramen sensu Rieppel 1985; Evans 2012; but generally 
referred as the “vagus”, “jugular” or “anterior jugular” foramen, e.g. Carpenter 
1997; Noe et al. 2003; Benson et al. 2015; Marx et al. 2021) would help to resolve 
the ambiguities induced by the variable number of foramina.

3.3.2  Voids Associated with Cranial Blood Supply

The reconstructed pattern of cranial blood supply in both Ichthyopterygia and 
Sauropterygia is not completely understood and mainly informed by foramina 
revealing the pathways of the internal carotids through the posterior braincase (e.g. 
Zverkov et al. 2017).

 Ichthyopterygia

In most ichthyosaurs, the internal carotid artery enters the cranium ventrally through 
a singular foramen in the basisphenoid (Fig. 3.8; e.g. McGowan and Motani 2003; 
Kear 2005; Maxwell and Caldwell 2006; Maxwell 2010). Nevertheless, this condi-
tion is not shared across the entire clade, as a more posterior entry has been hypoth-
esized in several taxa. This interpretation is inspired by either posteriorly extending 
parasphenoids in Cymbospondylus petrinus, Shastasaurus alexandrae, and 
Arthropterygius chrisorum (Maisch and Matzke 2000a; Fernández and Maxwell 
2012), or through the presence of a large foramen at the posterior end of the basioc-
cipital in Cymbospondylus nichollsi (Fröbisch et al. 2006). Since Cymbospondylus, 
Shastasaurus, and Arthropterygius are not closely related, it appears that a posteri-
orly directed foramen for the internal carotid artery evolved multiple times in ich-
thyosaurs (Maxwell 2010). In addition, the internal carotid artery departs the 
basisphenoid via a single large posteroventral foramen in most taxa (Fig. 3.8a–c; 
e.g. Marek et  al. 2015; Lomax et  al. 2019), but through paired ventral foramina 
piercing the posterior parasphenoid in Temnodontosaurus cf. trigonodon (Fig. 3.8d; 
Maisch 2002).

 Sauropterygia

In sauropterygians, the internal carotid arteries enter the posterior cranium through 
either the cranioquadrate passage in placodonts and derived plesiosaurians 
(Fig.  3.9a, d), or through the quadrate ramus of the pterygoid in nothosauroids, 
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Fig. 3.8 Passage of the internal carotid arteries through two Early Jurassic ichthyosaur parabasi-
sphenoids. (a–c) Three-dimensional CT reconstruction of a juvenile Hauffiopteryx typicus (BRLSI 
M1399 after Marek et al. 2015) in anterior (a), posterior (b), and ventral (c) views. (d) Separation 
of the carotid arteries by the parasphenoid in a juvenile Temnodontosaurus cf. trigonodon 
(MB.R.2878.3) in ventral view, redrawn from Maisch 2002. Abbreviations: ICF internal carotid 
foramen, Par parasphenoidal portion of the parabasisphenoid

non-plesiosaurian pistosauroids, and basal plesiosaurians (Fig.  3.9b, c; Zverkov 
et  al. 2017). In placodonts, the anterior course of the internal carotid artery is 
unclear, and a potential split between the cerebral and palatine branches inside the 
bones surrounding the otic capsule remains uncertain (Müller et al. 2011). In notho-
sauroids, the internal carotid artery continues its anterior course into a groove along 
the dorsolateral suture between the basioccipital and basisphenoid and passes 
through the medioventral aspect of the cavum vestibuli of the otic capsule to pierce 
the basisphenoid in which it divides into a cerebral and a palatine branch (Fig. 3.9g; 
Rieppel 1994b; Müller et al. 2011; Voeten et al. 2018a). This differs from plesiosau-
rians in which the internal carotid artery continues its anterior course in a ventrolat-
eral sulcus on the basisphenoid and divides into a cerebral and palatal branch outside 
the bone (Fig 3.9e, f; Zverkov et al. 2017). Although the departure of the palatine 
branch laterally to the crista trabecularis appears conservative among sauropteryg-
ians, this may not be the case for the departure of the cerebral artery. The cerebral 
artery erupts in the sella turcica through a pair of closely spaced medial openings in 
placodonts (Neenan and Scheyer 2012), whereas these foramina are more widely 
spaced in nothosauroids (e.g. Rieppel 1994b; Voeten et al. 2018a). In plesiosaurians, 
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Fig. 3.9 Sauropterygian carotid arteries. (a–d) Occipital views showing the position of the inter-
nal carotid artery entrance in Placodus (a), Nothosaurus (b), Wangosaurus (c), and Libonectes (d). 
(Modified from Zverkov et al. 2017). Reconstruction of carotid arteries circulation in the elasmo-
saurid plesiosaur (SGU 251/1) in ventral (e) and posterolateral (f) views. (Modified from Zverkov 
et al. 2017). Schematic horizontal section through the braincase of Nothosaurus exposing the dor-
sal view of the basicranium (g; Modified from Rieppel 1994b). Abbreviations: Bo basioccipital, Bs 
basisphenoid, Cav.ep cavum epiptericum, Cln clinoid process of basisphenoid, Eo exoccipital, Ep 
epipterygoid, F.ca foramen for cerebral artery, Op opisthotic, Pal.a foramen (canal) for the palatine 
artery, Pro prootic, Pt pterygoid, S.ica sulcus for the internal carotid artery, VI abducens nerve, XII 
hypoglossal nerve

both unpaired and paired foramina for the cerebral artery have been reported across 
different taxa (Otero et  al. 2016; Allemand et  al. 2017a; O’Gorman et  al. 2017; 
Zverkov et al. 2017), which casts doubt on a potentially conservative phylogenetic 
distribution of this structure.
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3.4  Brain Evolution and Paleobiologic Inferences Based 
on Endocast Morphology

3.4.1  Morphological Brain Diversity

 Ichthyopterygia

Knowledge of ichthyopterygian paleoneurology remains restricted to derived neoi-
chthyosaurians, rendering evolutionary changes in endocranial morphologies along 
ichthyopterygian evolutionary history partially obscured. Currently available ich-
thyosaur endocrania span about 100 Myr, from the Toarcian Hauffiopteryx typicus 
to the Albian Platypterygius australis, during which they appear to have remained 
remarkably consistent. The only appreciable variability in ichthyopterygian endo-
cast geometry is expressed in the cephalic and pontine flexures, which appear pro-
nounced in H. typicus (Marek et  al. 2015) but are  relatively less evident  in 
Ichthyosaurus cf. communis (McGowan 1973). Although this difference could be 
due to the distinct cast-making method employed in the reconstruction of the two 
endocasts, it may also result from the different ontogenetic stages of these speci-
mens. The flexed endocast in the juvenile H. typicus is consistent with the early 
ontogenetic stage of brain development reported in extant archosaurs (e.g. Jirak and 
Janacek 2017; Beyrand et al. 2019; Lessner and Holliday 2020), in which strongly 
flexed brains become more tubular and straight during ontogeny. Additionally, 
retaining the curved endocast in adult ichthyopterygian could be indicative of pae-
domorphism within the evolution of their skulls, associated with the enlarged orbit 
and reduced cranial ossification seen in, for example, Ophthalmosaurus icenicus 
(Moon and Kirton 2016).

 Sauropterygia

Comparison of sauropterygian endocasts reveals that the pronounced sigmoidal 
shape characterizing the endocast of the placodontoid Placodus gigas (Neenan and 
Scheyer 2012) is markedly less expressed in the cyamodontoid Parahenodus atan-
censis (de Miguel Chaves et al. 2020) or in nothosaurs and plesiosaurs (Edinger 
1921; Carpenter 1997; Gómez Pérez 2008; Voeten et  al. 2018a; Allemand et  al. 
2019). As pronounced brain flexure generally characterizes the early ontogenetic 
stages of brain development (e.g. crocodylians, Jirak and Janacek 2017; Beyrand 
et al. 2019; Lessner and Holliday 2020), differences in the degrees of flexure across 
sauropterygian endocasts may capture the influence of heterochronic evolution. 
Nevertheless, the highly flexed brain in Placodus may also reflect specific spatial 
constraints imposed by its specialized skull morphology. As such, the pronounced 
cephalic flexure observed in Placodus is accommodated in a particularly high, 
short, and stocky skull that facilitated feeding on hard-shelled mollusks. The subse-
quent reduction of cephalic flexure in Parahenodus, which is less durophagous than 
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Placodus (e.g. Pommery et al. 2021), as well as in eosauropterygians, appears to 
relate to their relative cranial elongation and associated cranial flattening (e.g. 
Voeten et al. 2018a).

Although the exact delimitation of endocranial components is somewhat uncer-
tain in Sauropterygia, several changes in the relative size and the presence or 
absence of endocranial components are noticeable. The relative size of the pineal 
complex shows considerable variability, being very large in the placodontoid 
Placodus gigas, very small in the cyamodontoid Parahenodus atancensis and the 
plesiosaur Libonectes morgani, and of intermediate size in the nothosaurs 
Nothosaurus marchicus and N. mirabilis as well as the pliosaur Acostasaurus pava-
choquensis. Similarly, the sauropterygian pituitary cast may exhibit variable relative 
sizes. Based on the size of the sella turcica, the pituitary was interpreted as large in 
Placodus gigas (Neenan and Scheyer 2012). In plesiosaurians, a distinct pituitary 
protrudes from the ventral surface of the endocast (Gómez Pérez 2008; Otero et al. 
2018; Allemand et al. 2019; O’Gorman et al. 2021) and the proportionally large and 
long sella turcica associated with this structure is also consistent with a well- 
developed pituitary organ. However, the absence of a well-differentiated pituitary 
lobe on the endocasts of Parahenodus atancensis and Nothosaurus marchicus 
(Voeten et al. 2018a; de Miguel Chaves et al. 2020) potentially indicates that this 
structure was underdeveloped in these taxa. On the posterior part of the endocast, 
the cerebellum is not differentiated in placodonts and nothosauroids (Neenan and 
Scheyer 2012; Voeten et al. 2018a; de Miguel Chaves et al. 2020), whereas it forms 
a prominent structure in the elasmosaurids Libonectes morgani (Allemand et  al. 
2019) and Alexandronectes zealandiensis (O’Gorman et al. 2021). As this region is 
only described as “a moderate expansion” in the pliosaurid Acostasaurus pavacho-
quensis (Gómez Pérez 2008:p 90), it is unclear if a large cerebellum is shared by all 
plesiosaurians or only characterizes the family Elasmosauridae. Furthermore, the 
presence of a floccular recess is reported in the pliosauriid Acostasaurus and the 
elasmosaurid Alexandronectes (Gómez Pérez 2008; O’Gorman et al. 2021), whereas 
such a  structure was not detected in the elasmosaurid plesiosaurian Libonectes 
(Carpenter 1997; Allemand et al. 2019), the placodonts Placodus and Parahenodus 
(Neenan and Scheyer 2012; de Miguel Chaves et al. 2020), and the nothosauroids 
N. marchicus and N. mirabilis (Edinger 1921; Voeten et al. 2018a). Although these 
modifications do not converge on a unidirectional trend along sauropterygian evolu-
tionary history, they do capture endocast diversity across in the clade.

3.4.2  Brain-Size Evolution and Encephalization Quotient

In non-avian reptiles, the brain does not completely fill the endocranial cavity (e.g. 
Starck 1979; Jirak and Janacek 2017; Evers et  al. 2019). Therefore, the cranial 
endocast does not capture the morphology of exclusively the brain but rather the 
superficial contours of all associated tissues in direct contact with the internal sur-
face of the braincase, including the meninges, blood vessels, and cerebrospinal 
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fluids (Hopson 1979; Witmer and Ridgely 2009). These structures may account for 
a significant proportion of the endocranial space, importantly governing the degree 
to which the cranial endocast reflects the external brain shape (Witmer et al. 2008). 
A wide range of proportions between brain and endocranial space occur that depend 
on phylogeny (e.g. Kim and Evans 2014) and ontogenetic stage (e.g. Jirak and 
Janacek 2017). The absence of extant ichthyopterygian and sauropterygian repre-
sentatives as well as the uncertain phylogenetic placement and anatomical idiosyn-
crasies of these groups may explain why reliable information on encephalization 
quotient (EQ) is virtually unavailable for these clades.

The only relevant EQ calculated so far has been proposed for Nothosaurus mar-
chicus by Voeten et  al. (2018a). If the studied specimen featured a body length 
(about 650 mm) to body mass ratio comparable with those of Varanus keithhornei 
or a juvenile alligator, its total body mass was estimated to range between 270 and 
306 g (Voeten et al. 2018a). The volume of the complete endocranial cavity, exclud-
ing the poorly defined olfactory tract and olfactory lobes, was inferred to be circa 
810 mm3, which corresponds with a brain mass between 0.4 and 0.8 g, depending 
on whether the brain fills 50% or 100% of the endocranial space. These relations 
converge on a reptilian encephalization quotient (REQ; Hurlburt 1996) between 
0.15 and 0.35, which places Nothosaurus marchicus in the typical range of the rela-
tion between body weight and brain weight followed by extant reptilian taxa (Voeten 
et al. 2018a).

3.4.3  Sensory Evolution in Ichthyopterygia and Sauropterygia

Secondary invasions of the aquatic realm by amniotes are generally accompanied 
by profound reorganizations of their sensory systems (Thewissen and Nummela 
2008). Recent studies into the sensory abilities of extinct taxa mostly employ com-
puted tomography to facilitate non-destructive access to cranial endocasts and 
endosseous labyrinths. Based on the Principal of Proper Mass formulated by Jerison 
(1973), the relative size of different endocast regions inform on the animal’s rela-
tive reliance on corresponding sensory capabilities. Nevertheless, because delimita-
tions between endocranial regions are often lacking, such sensory inferences remain 
scarce for both Ichthyopterygia and Sauropterygia. This complicates the use of size 
as an indicator for the relative importance of a sensor. In addition, the degree to 
which the endocast captures the shape and size of the brain remains unknown for 
both groups but would strongly influence the extent to which endocast proportions 
truly reflect sensory dependencies. The lack of extant ichthyopterygians and saurop-
terygians, as well as their ambiguous phylogenetic bracketing, prevent objective 
corroboration of the morphometric relations between endocranium and brain. 
Although ichthyopterygian and sauropterygian endocasts may provide valuable 
clues towards inferring functional hypotheses, such biological interpretations there-
fore require due caution.
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 Ichthyopterygia

The limited information on ichthyopterygian endocranial anatomies prevents in- 
depth discussion on the evolution of their sensory abilities. Based on the potential 
large size of the olfactory region and optic lobes, McGowan (1973), Kirton (1983), 
and Marek et al. (2015) suggested that both olfaction and vision were well devel-
oped and important senses. Such inferences remain preliminary due to the poor 
delimitation of both brain regions (e.g. position and size of the olfactory bulbs rela-
tive to the olfactory tracts). However, as ichthyosaurs possess the proportionally and 
absolutely largest eyeballs of any vertebrate (Motani et al. 1999), the presence of 
enlarged optic lobes support the primacy of vision in these taxa. Ichthyosaur sen-
sory capabilities and feeding strategies have been inferred from the orbit diameter 
of Ophthalmosaurus by comparing metrics of sensitivity, specifically using the 
f-number (ratio of focal length to aperture diameter; Motani et al. 1999), and resolv-
ing power (ratio of focal length to spacing of receptors in the retina; Humphries and 
Ruxton 2002), in concert with gastric contents. While it has been noted that 
Ophthalmosaurus represents an outlier even among ichthyosaurs regarding its 
extremely large eyes, cooperative adaptation to enable superb light sensitivity and 
visual acuity appears to generally govern the size and morphology of neoichthyo-
saurian eyes (Humphries and Ruxton 2002; Fernández et al. 2005).

The possibly enlarged olfactory system and the inferred enhanced sense of smell 
in ichthyosaurs, however, is somewhat unexpected, as it differs from most second-
arily aquatic mammals and reptiles (e.g. Pihlström 2008). Nevertheless, it is not 
unique as similar enhanced olfaction was also reported in baleen whales (Thewissen 
et al. 2011). McGowan (1973) and Kirton (1983) both hypothesized that, without a 
secondary palate, the narial canals in ichthyosaurs were in direct contact with the 
buccal cavity rather than with the lungs. The external nares must therefore have 
been closed when the animal was submerged, as in crocodylians and cetaceans. 
Bony struts in the narial chamber that may have supported soft tissues used in olfac-
tion have been reported in, for example, Ichthyosaurus, Ophthalmosaurus, and 
Platypterygius (McGowan 1973; Kear 2005; Moon and Kirton 2016). This arrange-
ment could have allowed ichthyosaurs to employ their olfactory system when 
underwater (McGowan 1973), possibly through retained air volumes, for recogniz-
ing conspecifics (such as potential mates), tracking prey, or when evading predators 
(Marek et al. 2015). Additionally, the increasing complexity of the external narial 
opening in Ophthalmosauridae suggests some selective pressure to facilitate respi-
ration as well as salt excretion (Fischer et al. 2014; Campos et al. 2020).

The dorsal surface of the endocast in both Hauffiopteryx typicus and Ichthyosaurus 
cf. communis exhibits a distinct bulge connected to the parietal foramen (also 
referred as pineal foramen; e.g. Chen et al. 2013; Lomax 2017) that is identified as 
the pineal complex. Across vertebrates, this term refers to the parapineal organ (also 
named parietal or pineal eye) and pineal organ (also termed posterior parietal organ, 
pineal gland or epiphysis; e.g. Quay 1979). As these organs may be variably associ-
ated with the parietal foramen (e.g. Smith et al. 2018), the exact internal organiza-
tion of this structure in ichthyosaurs remains unknown. Therefore, the morphological 
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term “pineal complex” is preferred to designate this pineal-parapineal association. 
The parapineal and pineal organs both originated as photosensory organs. During 
vertebrate evolution, the pineal organ transformed into a photosensitive neuroendo-
crine gland (e.g. Quay 1979; Concha and Wilson 2001; Benoit et al. 2016; Smith 
et al. 2018). The vertebrate pineal complex is known to variably influence behavior, 
body temperature regulation, seasonal cycles, regulation of the circadian rhythm, 
and spatial orientation (e.g. Quay 1979; Tosini 1997). The structural persistence of 
a parietal foramen throughout ichthyopterygian evolutionary history advocates sus-
tained dependence on photosensitive functions associated with the pineal complex. 
Both location and morphology of the parietal foramen vary substantially across 
ichthyosaurian diversity, with a general trend from exclusive perforation of the pari-
etals in Early and Middle Triassic ichthyosaurs to a more anterior position situated 
between the parietals and frontals, or only in the frontals, in Euichthyosauria (e.g. 
Massare and Callaway 1990; Druckenmiller and Maxwell 2010; Fischer 2012; 
Lomax et al. 2019). However, the functional and sensory implications of this vari-
ability remain unknown and additional study is required to resolve their coupled 
physiological roles.

Comparisons of ichthyosaur labyrinths across Jurassic and Cretaceous taxa 
resolve surprisingly little modification over 100 million years of evolution 
(McGowan 1973; Kear 2005; Moon and Kirton 2016). Their morphologies, as inter-
preted here, present similarities with other pelagic reptiles such as sea turtles, ple-
siosaurians, and metriorhynchids (Georgi and Sipla 2008; Neenan et al. 2017; Evers 
et al. 2019; Schwab et al. 2020). For example, the thick semicircular canals observed 
in all these taxa seem to indicate shared physical constraints. Conversely, the pos-
sibly dorsoventrally tall and anteroposteriorly short ichthyosaur labyrinth differs 
from the typical morphology hypothesized for aquatic reptiles (Georgi and Sipla 
2008), but require additional verification to further explore its divergent function 
from those generally reported in pelagic taxa (Neenan et al. 2017).

 Sauropterygia

Among sauropterygians, the indistinct optic lobes in Placodus gigas and 
Parahenodus atancensis have been interpreted as indicative for limited dependence 
on visual acuity (de Miguel Chaves et  al. 2020), while their olfactory capacities 
remain unknown. In both Nothosaurus marchicus and Libonectes morgani, the 
hard-to-resolve but potentially large-sized optic lobes coupled with the absence of 
indications for a pronounced development of the vomeronasal, olfactory, or mecha-
nosensitive senses suggest that vision may have formed their primary contactless 
sensor (Voeten et al. 2018a; Allemand et al. 2019). Such relative reliance on vision 
in Eosauropterygia is corroborated by the large size of their dorsally positioned and 
somewhat anteriorly directed orbits, as well as by the potential presence of sclerotic 
rings throughout the entire clade. However, as the mesencephalic cast is known to 
be a poor proxy for the geometry of the corresponding brain region in adult non- 
avian reptiles (e.g. Jirak and Janacek 2017; Evers et al. 2019; Perez-Martinez and 
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Leal 2021), optic lobe sizes in both Nothosaurus and Libonectes may very well be 
over-estimated. Although their preserved geometries may still inform on propor-
tional reliance relative to other sensory systems, direct inferences of visual acuities 
remain challenging.

Based on the length of the olfactory system in Acostasaurus pavachoquensis, 
Gómez Pérez (2008) suggested that both the olfactory and mechanosensitive senses 
were substantially developed in plesiosaurians. Despite previous assertions that 
underwater olfaction and contact-sensory perception optimized for prey detection 
were present in plesiosaurians (Cruickshank et al. 1991; Foffa et al. 2014), such 
inferences remain circumstantial. Comparisons with non-avian reptiles sharing a 
similar organization of the olfactory system (e.g. crocodylians; Jirak and Janacek 
2017) show that the plesiosaurian olfactory system is characterized by exception-
ally long and thin olfactory tracts coupled with proportionally small olfactory bulbs. 
Furthermore, the plesiosaurian rostral chamber suggested to accommodate an olfac-
tory epithelium (Cruickshank et al. 1991) was later proposed to house salt glands 
(Voeten et al. 2018a). These inferences suggest a diminished sense of olfaction. In 
addition, no supportive neurosensory indications for a mechanosensor have yet sur-
faced beyond the intricate neurovascular infrastructure resolved in a plesiosaurian 
rostrum (Foffa et al. 2014). The similar endocasts of A. pavachoquensis and L. mor-
gani provide ambiguous clues that highlight the challenges towards inferring olfac-
tion and visual capacities from endocranial regions that are incomplete, poorly 
defined, or highly derived in Sauropterygia.

Contrary to ichthyosaurs, the sauropterygian pineal complex displays a distinct 
variability in relative size through their evolution. In non-avian reptiles, relative 
pineal size ranges have been correlated with latitude (e.g. Gundy et al. 1975; Ralph 
1975) and thermoregulatory strategy (e.g. Hutchison and Kosh 1974; Ralph et al. 
1979; Labra et al. 2010). However, these correlations are not consistently expressed 
across all studied taxa (see Labra et al. 2010; Connolly 2016), rendering pineal size 
an ambiguous proxy for physiological or ecological affinity. Cretaceous plesiosaurs 
recovered from high paleolatitudes may or may not feature a well-developed pineal 
foramen (Kear et al. 2006; O’Keefe et al. 2017), which challenges a straightforward 
relation between size and function of the pineal complex and latitudinal distribu-
tion. Furthermore, as both Placodus and pistosauroids (including plesiosaurs) pre-
serve osteohistological indicators for elevated growth rate and metabolic 
performance (de Buffrénil and Mazin 1992; Krahl et al. 2013; Klein et al. 2015a; 
Fleischle et al. 2018), relative size reduction of the sauropterygian pineal complex 
cannot be unambiguously correlated with an increase in metabolic rate. Changes in 
the size of the pineal complex in Sauropterygia remain poorly understood. Although 
these likely capture shifts in photoreceptive strategies, additional study of morphol-
ogy and physiological function of the reptilian pineal complex is required to conclu-
sively interpret such diversity.

The relative size of the pituitary organ, as inferred directly from endocasts and 
sellae turcicae, is highly variable among Sauropterygia. The pituitary organ is an 
endocrine gland associated with the production of multiple hormones serving vari-
ous purposes in reproductive cycles, growth, fluid balance, skin pigmentation, and 
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secondary gland control (e.g. Edinger 1942; Heller 1942, 1950; Saint Girons 1970; 
Butler and Hodos 2005). The size of the pituitary organ has been correlated with 
gigantism in sauropods (e.g. Edinger 1942; Balanoff et al. 2010), whereas in croco-
dylomorphs, enlargement and increased activity of the structure may aid in prevent-
ing dehydration in marine environments (e.g. Pierce et  al. 2017; Schwab et  al. 
2021). Among studied Sauropterygia, such correlations remain inconclusive and 
incapable of explaining why the proportionally largest pituitary organ is encoun-
tered in Placodus gigas. In crocodylians and turtles, the sella turcica houses an 
enlarged venous sinus (“cavernous sinus;” of Saint Girons 1970; Porter et al. 2016), 
whereas in lepidosaurs, the lateral periphery of the sella turcica around the crista 
trabecularis can serve as the origin for important oculomotor musculature (Säve- 
Söderbergh 1946). As the sella turcica in Placodus may not exclusively enclose the 
pituitary organ, its apparent large size may not reflect the size of the pituitary organ.

The cerebellar casts of both Libonectes morgani and Alexandronectes zealandi-
ensis constitute conspicuous components of their respective endocasts (Allemand 
et al. 2019; O’Gorman et al. 2021). The cerebellar domain forms a prominent and 
well-differentiated bulge in the two elasmosaurid plesiosaurians, notwithstanding 
that cerebellar dimensions, as reconstructed from endocasts, may also (partially) 
involve the venous system overlying the cerebellum (e.g. Aurboonyawat et  al. 
2008). Since the cerebellum is understood to play a significant role in maintaining 
postural equilibrium and controlling locomotory behavior (Thach and Bastian 2004; 
Butler and Hodos 2005), its large size in Libonectes and Alexandronectes may 
reflect the substantial cognitive requirements associated with extreme neck elonga-
tion in certain plesiosauromorph morphotypes and/or with plesiosaurian modes of 
paraxial locomotion (e.g. Carpenter et al. 2010; Liu et al. 2015). Such hypotheses 
require further testing against cerebellar morphologies of short-necked pliosaurids, 
such as that of Acostasaurus pavachoquensis, which remains mostly unknown.

A floccular recess (or fossa) is reported in both the pliosaurid Acostasaurus 
pavachoquensis and the elasmosaurid Alexandronectes zealandiensis (Gómez Pérez 
2008; O’Gorman et al. 2021). The floccular recess houses the floccular lobe of the 
cerebellum that, via the vestibulocular and vestibulocollic reflexes, aids in coordina-
tion of extrinsic muscles of the eyes, retinal adjustment and coordination of eye- 
neck movements for image stabilization (e.g. Walsh et  al. 2013). Although the 
general functions of the floccular lobe are well established, the relation between the 
size of the floccular recess and ecology and behavior across vertebrates is not clear 
(Walsh et al. 2013) and correlations were found in birds only (feeding categories 
and activity pattern; Ferreira-Cardoso et  al. 2017). Irrespective of their size, the 
endocast expressions of the floccular recesses in Acostasaurus and Alexandronectes 
endocasts may nevertheless correlate with elevated visual processing capacity, ocu-
lomotor performance, and higher reliance on image stabilization. Such correlations 
are intuitively consistent with the active, agile and high-speed predation inferred for 
the short-neck pliosaurid Acostasaurus. Conversely, such correlations appear less 
consistent with the ecomorphology of the long-neck elasmosaurid Alexandronectes 
suggested to have been an ambush-predator specialized for cruising at low to inter-
mediate speeds (Carpenter et  al. 2010). Although vision likely also represents a 
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crucial sense in ambush predation (e.g. Shine 2005; Nagloo et al. 2016) and may 
explain the presence of a distinct floccular recess in Alexandronectes, the absence of 
such a structure in the endocast of the elasmosaurid Libonectes morgani (Carpenter 
1997; Allemand et  al. 2019) questions casts doubt on its distribution and this 
interpretation.

The bony labyrinth of Sauropterygia experienced distinct transformations along 
its evolutionary history. Placodonts, pachypleurosaurs, nothosaurs, and basal pisto-
saurs have dorsoventrally compact, anteroposteriorly elongate labyrinths with grac-
ile semicircular canals, resembling the generalized reptilian morphology, whereas 
plesiosaurs feature compact, bulbous labyrinths with stout semicircular canals 
(Neenan et  al. 2017). Neenan et  al. (2017) concluded that this shift in labyrinth 
shape coincides with the transition from nearshore to pelagic environments and the 
acquisition of the unique four-flipped underwater flight locomotion that character-
izes plesiosaurs. However, similarly compact and bulbous labyrinths have been 
observed in aquatic taxa that do not feature plesiosaur-like locomotory strategies 
(e.g. metriorhynchids; Schwab et al. 2020) and even in highly terrestrial testudines 
(e.g. Indotestudo elongata; Evers et al. 2019), which confuses such ecological cor-
relations. Neenan et al. (2017) also reported differences in the relative anteroposte-
rior length of the sauropterygian labyrinth. Bottom-walking placodonts feature 
proportionally longer labyrinths than actively swimming eosauropterygians, and 
short-necked plesiosaurians (i.e. pliosauromorphs) have particularly small laby-
rinths relative to head size. Contrary to labyrinth shape, changes in relative labyrinth 
length appear to not conservatively capture the transition from nearshore to pelagic 
environments, as corresponding shifts have not been documented between notho-
saurs, basal pistosaurs, and long-necked plesiosaurians (Neenan et al. 2017). This 
proxy may, however, have recorded transitions in aquatic foraging strategy, for 
example, from habitual piscivory across early plesiosaurs to obligate megacarnivory 
in derived pliosauromorphs. As important components of the equilibrioceptive sys-
tem, bony labyrinths contribute to gaze stabilization by detecting angular accelera-
tions of the head and driving vestibuloocular and vestibulocollic reflexes (Spoor and 
Zonneveld 1998). Pliosauromorphs were adapted for high-speed maneuverability 
while pursuing and capturing large prey, which was likely subdued and processed 
using forceful agitation or twist-rolling movements (e.g. Taylor and Cruickshank 
1993; McHenry 2009; Carpenter et  al. 2010). Their reduced labyrinth sizes may 
reflect attenuated sensory sensitivity to prevent sensory overstimulation during vig-
orous head movements that cannot be stabilized with their short necks.

3.5  Future Directions: Outstanding Questions 
and Perspectives

The recent embracement of computed tomography in paleoneurology has consider-
ably improved accessibility to, and the availability of, endocranial anatomies of 
Ichthyopterygia and Sauropterygia. Nevertheless, this is limited to only a few 
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species and therefore hardly captures their full diversity. Since extensive endocra-
nial explorations of Ichthyosauromorpha have thus far remained restricted to 
Neoichthyosauria, comparative information from Triassic ichthyosaurs is virtually 
absent. Well-preserved specimens from Early and Middle Triassic representatives, 
such as Chaohusaurus, Mixosaurus, and Guizhouichthyosaurus (Motani 1999b; 
Shang et al. 2012; Zhou et al. 2017), would be suitable candidates for CT visualiza-
tion towards resolving endocranial morphologies associated with both basal- and 
intermediate-grade body plans. Additionally, as different ecologies have been sug-
gested for the large, ram-feeder Guizhouichthyosaurus (Motani et al. 2013; Jiang 
et al. 2020) and the smaller, (diversely) durophagous Chaohusaurus and Mixosaurus 
(Motani 2005b; Zhou et al. 2017), the consideration of such taxa would grant insight 
into endocranial heterogeneity across this niche disparity.

The presently known endocranial diversity of Sauropterygia discontinuously 
samples the ecological gradient from near-shore bottom foraging to a gamut of agile 
pelagic lifestyles. Evaluation of additional taxa along this ecomorphological range, 
for example through the nothosauroids Simosaurus gaillardoti (de Miguel Chaves 
et  al. 2018a) and Lariosaurus xingyiensis (Lin et  al. 2017), the basal pistosaur 
Yunguisaurus liae (Zhao et al. 2008) and the pliosaur Rhomaleosaurus cramptoni 
(Smith and Dyke 2008), would produce a valuable comparative library to facilitate 
exploration of key sauropterygian endocranial modifications. This evolutionary gra-
dient appropriately spans gradual colonization of increasingly pelagic environ-
ments, the progressive acquisition of the “four-limb paddling” mode of locomotion, 
and shifts towards predation on larger and more mobile prey. The endocasts in some 
of these key fossil taxa are  notoriously challenging to access with conventional 
computed tomographic techniques because specimens remain embedded in litholo-
gies with comparable radiodensities to the contained skeletal elements, are perme-
ated with abundant metallic inclusions, or are crushed flat. However, solutions 
tailored to imaging flat fossils (e.g. Voeten et al. 2018b) and post-processing proto-
cols for alleviating the adverse effects of metallic inclusions (e.g. Cau et  al. 
2017)  may  aid in overcoming these challenges. Finally, the use of synchrotron 
microtomography could help in improving data contrast and resolve fine-scaled fea-
tures (e.g. Voeten et al. 2018a; Miedema et al. 2020).

Ecological associations including ichthyopterygians alongside sauropterygians 
and other marine reptile groups are regularly reported (e.g. Kear et al. 2018; Lazo 
et al. 2018; Vincent et al. 2020), with some even involving members of both their 
respective apex predator guilds (e.g. Bardet et al. 2016). The coexistence of such 
presumed ecological competitors raises questions on their mutual interactions 
regarding niche partitioning versus competitive exclusion. Investigations of these 
exchanges have thus far focused on paleoecological inferences from external mor-
phological characters, most notably dentition (e.g. Massare 1987; Foffa et al. 2018; 
Reeves et al. 2020). However, neurosensory specializations identified through com-
parative endocranial mapping could importantly supplement the insights gained 
from skeletal morphology (e.g. Schwab et al. 2020), functional analysis (e.g. Ballell 
et al. 2019), and habitat distribution towards reconstructing extinct ecological com-
munities and, ultimately, ecosystems (e.g. Reeves et al. 2020). Sensory inferences 
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for both Ichthyopterygia and Sauropterygia remain challenging because the delimi-
tation of endocranial components is often ambiguous. It is therefore crucial to 
understand the spatial relationships between the brain, its subregions, and the skull 
of extant non-avian reptiles in detail. In addition, the position, size, and shape of the 
different structures surrounding the brain in the cranial cavity of these taxa (such as 
the venous sinus and endolymphatic sac) need to be mapped and examined to better 
resolve their impact on endocast morphology (e.g. Werneburg et  al. 2021). 
Establishing standardized landmarks that optimally capture the location and extent 
of each individual brain compartment could shed more light on the functional and 
comparative significance of ichthyopterygian and sauropterygian endocasts. Insights 
gleaned from additional studies correlating endocranial morphologies in extant 
non-avian reptiles with their functions to functional and ecological implications will 
aid in calibrating the endocast interpretations of these fossil taxa.

In-depth assessment of the phylogenetic signals contained in endocranial mor-
phology (e.g. Macrini et al. 2006, 2007; Corfield et al. 2015; Allemand et al. 2017b) 
may prove instrumental in resolving uncertain relationships within Ichthyopterygia 
and Sauropterygia (e.g. Benson et al. 2012; Neenan et al. 2015; Moon 2019; Zverkov 
and Jacobs 2020). Although endocranial characters are still underrepresented in 
phylogenetic studies, such markers may serve to expand or refine character state 
matrices. Secondarily aquatic adaptation of Mesozoic reptiles often involves skele-
tal paedomorphism (e.g. Araújo et al. 2015b; Motani et al. 2015b; Moon and Kirton 
2016) and may contribute a puzzling interplay of heterochronic effects (e.g. the 
skull of Nothosaurus marchicus; Voeten et al. 2018a) that render the unambiguous 
recognition of skeletal maturity and reliable phylogenetic indicators particularly 
challenging. Better insight into the influence of ontogeny on endocast morphologies 
is therefore imperative to reliably discern ontogeny-dependent and taxon-specific 
endocranial characters. Furthermore, because the relations of Ichthyopterygia and 
Sauropterygia within Diapsida remain to be conclusively resolved, the assessment 
of early representatives (such as the ichthyosauromorph Hupehsuchus [Wu et al. 
2016] and the placodontiform Palatodonta [Neenan et al. 2013]), relative to candi-
date outgroups presumably conserving their ancestral condition (e.g., 
Eusaurosphargis [Scheyer et  al. 2017] or Claudiosaurus [Carroll 1981] for 
Sauropterygia) could help to resolve their deeper Paleozoic origins and changes in 
endocranial anatomy associated with the broader transition from terrestrial to 
aquatic life.

3.6  Conclusions

Secondary adaptation to the aquatic realm involves some of the most remarkable 
transformations in tetrapod evolution. As historical recorders of neuroanatomical 
evolution, cranial endocasts disclose valuable information about the central nervous 
systems during these eye-catching chapters in the history of life. Although 
Sauropterygia played an integral role during the establishment and early 
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development of paleoneurology as a field, the potential of in-depth assessment and 
comparison of ichthyopterygian and sauropterygian endocranial features has only 
recently begun to be realized and remains overshadowed by the wealth of neurosen-
sory research into other extinct diapsids.

We reviewed the present knowledge on endocranial configurations of both 
Ichthyopterygia and Sauropterygia with an emphasis on the anatomical and neuro-
sensory modifications associated with their return to, and subsequent colonization 
of, aquatic environments. While the paucity of insight across the paleoneurology of 
ichthyosaurs has thus far prevented detailed reconstruction of gradual endocranial 
changes along their evolutionary history, comparisons with plesiosaurians neverthe-
less inform on their distinctive endocranial organizations in broadly comparable 
pelagic ecologies. The diverse endocranial arrangements observed in Sauropterygia 
reflect the ecomorphological flexibility of the clade that ranges from near-shore bot-
tom foraging to agile pelagic cruising. Particular ecological innovations and devel-
opments that drove trophic, locomotory, and metabolic diversification in 
Sauropterygia can be traced through progressive modifications of the relative size, 
shape, and proportions of the endocranial vault, endosseous labyrinths, and periph-
eral neurosensory infrastructures.

The endocranial anatomy observed in ichthyopterygians and sauropterygians 
suggests that their colonization of the aquatic realm was facilitated by distinct sen-
sory adaptations. Although neurosensory inferences informed by endocranial archi-
tectures should continue to reserve an appropriate degree of caution, further 
exploration and contextualization of this neurosensory diversity will help to: (1) 
identify conservative structures that recorded evolutionary ancestries; (2) recognize 
the trophic, locomotory, and sensory adaptations that accompanied rapid invasion of 
aquatic niches; and (3) resolve the key specializations that drove progressive habitat 
partitioning.
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Chapter 4
Contrasting Brains and Bones: 
Neuroanatomical Evolution of Turtles 
(Testudinata)

Gabriel S. Ferreira, Ingmar Werneburg, Stephan Lautenschlager, 
and Serjoscha W. Evers

4.1  Systematic and Phylogenetic Context

The phylogenetic position of turtles among amniotes has been a contentious matter 
for the past century. Molecular data almost entirely point to an archosaur affinity 
(e.g. Crawford et al. 2012; Wang et al. 2013), whereas morphology-based phyloge-
netic analyses including fossil material yield conflicting results. Many earlier stud-
ies recovered Testudinata (sensu Joyce et al. 2021a; i.e. all extant turtles plus their 
relatives with a fully developed shell) in various positions within Amniota (see Sues 
2019 for a summary). However, recent analyses find support for a diapsid affinity of 
turtles (Laurin and Piñeiro 2017; Li et al. 2018; Schoch and Sues 2018). Independent 
of the position of Testudinata within Amniota, turtle in-group relations based on 
molecular data are stabilizing (e.g. Pereira et al. 2017; Thomson et al. 2021). All 
analyses agree upon a basal dichotomy between Pleurodira (side-necked turtles) 
and Cryptodira (hidden-necked turtles). Crown-pleurodiran turtles are divided into 
Chelidae and Pelomedusoides (which includes Pelomedusidae, Podocnemididae 
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and extinct clades; Gaffney et  al. 2006; Ferreira et  al. 2018a). The relationship 
among crown-cryptodiran lineages has been subjected to incongruences, particu-
larly regarding the position of Trionychia (summarized by Crawford et al. 2015). 
However, all recent studies (Crawford et  al. 2015; Pereira et  al. 2017; Thomson 
et al. 2021) find Trionychia as the sister to Durocryptodira (all other cryptodires), 
which itself is formed by Americhelydia (Chelonioidea and 
Chelydridae+Kinosternoidea) and Testudinoidea (Emydidae+Platysternon mega-
cephalum, and Geoemydidae+Testudinidae) (Fig. 4.1).

In contrast, the position of some extinct lineages is still highly disputed. Recent 
analyses agree regarding the stem-ward shift of some extinct species and clades 
previously classified as stem-pleurodires (e.g. Proterochersis robusta) or stem-
cryptodires (e.g. Kayentachelys aprix, Paracryptodira, Meiolaniformes), which 
expanded the stem-lineage diversity prior to the divergence of Testudines (Joyce 
2007). Likewise, most recent studies generally agree on the position of those fossils, 
with some exceptions (summarized by Evers and Benson 2019). Those include 
most notably Thalassochelydia, Protostegidae, Xinjiangchelyidae, Macrobaenidae 
and Sinemydidae, which float around the stem or crown of Testudines and/or 
Cryptodira. Here, we adopt one of the latest and most comprehensive phylogenetic 
analyses of the group (Sterli et al. 2018) as the framework (Fig. 4.1) for the analyses 
and discussions developed below. Throughout the text, we refer to non-Testudines 
testudinates as “early-diverging” taxa (see Fig. 4.1).

Fig. 4.1 A simplified phylogenetic tree representing the relations between the turtle lineages 
addressed in this chapter and digitally rendered braincase endocasts of representative taxa. “Early- 
diverging taxa” are herein defined as all Testudinata clades not belonging to Testudines, unless 
specifically noted
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4.2  Historical Background

4.2.1  Summary of Neuroanatomical Research History

Turtles are extant animals in which neurological structures and blood vessels can be 
studied directly by means of wet dissection (e.g. neurological structures sensu 
stricto: Shiino 1912; Soliman 1964; Wyneken 2001; blood vessels: Shindo 1914; 
McDowell et al. 1961; Albrecht 1967, 1976), and often neurological and circulatory 
details were provided in monographic treatments of single species (e.g. Bojanus 
1819–21; Nick 1912; Ogushi 1913). More recently, digital dissection of stained 
tomographic data can document neuroanatomy and blood vessels in 3D (e.g. Evers 
et al. 2019b). Studies on the soft tissues of extant turtles provide a framework for 
understanding related paleontological data, i.e. the endocasts of braincases, nerve 
passages, and blood canals—a framework that is lacking for many fossil reptile 
groups (see Chap. 2 and 3 of this volume). On the other hand, neurological struc-
tures and particularly blood vessels even of extant turtles are often studied in the 
context of their cranial cavities and digital endocasts produced from them (e.g. 
Hermanson et al. 2020; Rollot et al. 2021a; Martín-Jiménez and Pérez-García 2021). 
This is partly because endocasts enable direct comparisons with fossil data, and 
partly because the methodological procedure of scanning dry skulls is easier than 
both the digital or traditional dissection of wet specimens. As the evolution of neu-
rological structures can only be truly understood when integrating fossils, the fol-
lowing historical section summarizes the research history of endocasts or 
endocast-soft tissue comparisons for turtles. Although a clear distinction between 
‘neuroanatomical’ data (meaning actual soft tissues) and ‘endocranial anatomy of 
the neurocranium’ (including information from endocasts) could be made for tur-
tles, we use the term ‘neuroanatomy’ more fluently as an umbrella term throughout 
this contribution (for example including blood circulation structures, and pertaining 
to endocast as well as soft tissue features), as is commonly done in the palaeonto-
logical literature.

The first endocranial study to include a turtle coincides with the earliest investi-
gations in paleoneuroanatomy: Tilly Edinger’s (1929) “Die fossilen Gehirne”, 
which figures and discusses an endocranial cast of a turtle (Chelonia mydas: 
Chelonioidea). However, only six additional publications from 1929 to 2013—
based either on latex endocasts (Zangerl 1960), on fossilized natural casts (Gaffney 
and Zangerl 1968; Gaffney 1977, 1982), or on dissections and comparisons of the 
bones surrounding the endocranial cavity (Edinger 1934; Wyneken 2001)—pro-
vided but a glimpse into the general patterns of neuroanatomical variation in 
the group.

The past decade, influenced by access to computed tomography, saw a renewed 
interest in turtle neuroanatomy, including more comprehensive studies (e.g. Paulina- 
Carabajal et al. 2017; Lautenschlager et al. 2018; Werneburg et al. 2021a, b), which 
tripled the number of studied taxa. Although species level coverage for neuroana-
tomical data in turtles is still low, most of the main clades of Testudines are 
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represented by endocranial studies. Extinct taxa, on the other hand, are less well-
sampled, but the increased interest in this topic is leading to a growing number of 
analyses on crown turtles (Gaffney and Zangerl 1968; Gaffney 1977, 1982; Paulina-
Carabajal et  al. 2013, 2017, 2019; Ferreira et  al. 2018b; Evers et  al. 2019b; 
Hermanson et  al. 2020; Martín-Jiménez and Pérez-García 2021) and fossil stem 
turtles (Lautenschlager et  al. 2018; Martín-Jiménez et  al. 2021; Pérez-García 
et al. 2021).

Besides brain endocasts, the inner ear is the sensory organ that received most 
research attention. Some anatomical dissections of related structures exist (e.g. 
Zangerl 1960; Baird 1974; Gaffney 1979, 1982; Brichta et al. 1988), and digital 
endosseous labyrinths of individual species are frequently reported in the literature 
(Paulina-Carabajal et  al. 2013, 2019; Mautner et  al. 2017; Ferreira et  al. 2018b; 
Lautenschlager et al. 2018; Evers et al. 2020, 2021; Hermanson et al. 2020; Joyce 
et al. 2021b; Martín-Jiménez et al. 2021; Martín-Jiménez and Pérez-García 2021; 
Pérez-García et al. 2021). Comparative assessments or shape analyses are rare and 
with limited taxon sampling (Georgi and Sipla 2008; Walsh et al. 2009; Neenan 
et al. 2017; Paulina-Carabajal et al. 2017; Evers et al. 2019b). Those studies mostly 
focused on the vestibular part of the labyrinth, specifically labyrinth size or semicir-
cular canal shape. Only one publication broadly analyzed morphological aspects 
related to middle ear structures which likely affect hearing (Foth et  al. 2019). A 
handful of publications analyzed and discussed the olfactory structures in turtles 
(e.g. Parsons 1959a, 1970; Paulina-Carabajal et al. 2013, 2017, 2019; Lautenschlager 
et al. 2018; Yamaguchi et al. 2021).

4.2.2  Problematics

The general observation that the brains of reptiles do not completely fill the endo-
cranial cavity (Hopson 1979) questions the accuracy of endocasts as representatives 
of soft tissue neuroanatomy, and thus as adequate proxies for sensory evolution. 
Despite this, only a couple of taxon-specific analyses have assessed this issue in 
turtles (Evers et al. 2019b). In addition, no information has so far been published on 
the ontogeny of turtle brains and endocasts. Although aspects of comparative neu-
roanatomy were assessed in a few studies (e.g. brain endocasts: Lautenschlager 
et al. 2018; labyrinth endocasts: Evers et al. 2019b), analytical studies performing 
statistical hypothesis tests on form-function relationships of neuroanatomical struc-
tures are conspicuously absent for turtles. For example, the habitat diversity of 
Testudinata provides research opportunities to study how sensory structures adapt to 
different environments, but few analyses ventured toward this direction (e.g. Willis 
et al. 2013; Foth et al. 2019). Fossil neuroanatomy coverage is greatly uneven, even 
though turtle skulls are common in the fossil record. Some studies (Evers et  al. 
2019a; Hermanson et al. 2020) used characters about brain and/or inner ear endo-
casts in phylogenetic analyses, but their impact has not yet been addressed in detail.
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Although the scope of this contribution does not allow addressing all of these 
issues, we provide some novel data and analyses herein to inspire future work on the 
outstanding research questions on turtle neuroanatomy. We briefly outline our sam-
pling and methodology below, but analytical details are given in the respective sec-
tions that discuss the results. Specimen data and general measurements on which 
our analyses are based are given in Table 4.1.

We expanded the segmentation models for Trachemys scripta (Emysternia) of 
Evers et al. (2019b) and use this taxon as our model species to illustrate brain shape, 
nerve passages, blood circulation, and labyrinth shape of turtles. The respective 3D 
models are available on MorphoSource (Supplementary Table 4.S1; Ferreira 2021), 
and scan details are given in Evers et al. (2019b). In addition, we segmented 3D 
model pairs of the brains and endocasts of twelve turtle species (Table 4.1), as well 
as four additional pairs of endosseous and membranous labyrinths, from stained 
micro-CT scans. Phosphotungstic acid (PTA) staining of specimens followed the 
procedure of Metscher (2009), and tomography data were acquired using a SkyScan/
Bruker 1173 at the Department of Paleontology in Vienna. Scans were checked for 
signs of soft tissue shrinkage, and only those with low degrees of shrinkage were 
processed. Digital models and respective CT scans with scanning parameters are 
deposited on MorphoSource or MorphoMuseuM (for detailed information on data 
availability see Supplementary Table 4.S1 at the GitHub repository: Ferreira 2021). 
We assess brain tissue–endocast shape correspondence over our sample with linear 
measurements (detailed below; Sect. 4.3.1.3). Eight of our twelve brain-endocast 
pair specimens are identified as juveniles (Table 4.1) based on considerable differ-
ences in skull length in comparison to known adult skull sizes. Although our PTA 
data do not represent true ontogenetic series, brain-endocast pairs of juvenile turtles 
show systematic differences to those of adults across taxonomy, which allowed us 
to propose gross ontogenetic shape trends for turtle brains and braincases (Sect. 
4.3.1.4). These trends can be verified for endocasts based on differently sized speci-
mens of the same species and/or sister species (Table 4.1). The phylogenetically 
closely related emydid turtles Emys orbicularis (juvenile specimen) and Trachemys 
scripta (adult specimen) were additionally contrasted for a tentative ontogenetic 
assessment of brain tissue. This is justified if ontogenetic trends among turtle brain 
development are similar among closely related species, a reasonable assumption we 
made herein. Juvenile–adult endocast comparisons provide morphological cues for 
rough ontogenetic assessments (juvenile vs. adult) also for fossils. To assess endo-
cast shape disparity (Sect. 4.3.1.5), we combined our novel model data with previ-
ously published turtle endocasts (including fossils) to produce a geometric 
morphometric dataset (deposited at GitHub repository: Ferreira 2021), whereby 
shape was quantified using 300 equally spaced semilandmarks outlining endocasts 
in dorsal view in tpsDIG2 (Rohlf 2006). We conducted Generalized Procrustes 
Analysis (GPA; Gower 1975) followed by Principal Component Analysis (PCA) in 
R using the package geomorph (Adams et al. 2021) on a dataset of 47 endocasts 
including juveniles (Sect. 4.3.1.4), and a reduced dataset of 39 specimens excluding 
our eight juveniles (Sect. 4.3.1.5). In addition to these analyses that largely explore 
shape aspects of brains and endocasts, we also used phylogenetic regressions of 
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Table 4.1 New specimens with volumetric measurements and ratios discussed in the text

Taxon Specimen
Box 
[cm3]

Ecv 
[cm3]

Brv 
[cm3]

Br/
Ec OR

Early-diverging Annemys sp. IVPP-V-18106 25.10 1.15 – – 0.73
Eubaena 
cephalica

DMNH-96004 110.85 3.22 – – 0.73

Naomichelys 
speciosa

FMNH-PR-273 767.64 9.81 – – 0.76

Proganochelys 
quenstedti

MB-1910452 1096.20 8.17 – – 1.02
SMNS-16980 244.44 3.79 – – 0.83

Xinjiangchelys 
radiplicatoides

IVPP-V-9539 51.30 1.51 – – 0.82

Chelidae Chelodina 
reimanni

ZMB-49659 12.96 0.76 – – 0.51

Emydura 
subglobosa

PIMUZ-2009.37 13.13 1.56 – – 0.50
GPIT-PV-122906*˟ 1.02 0.14 0.09 0.65 0.53

Chelonioidea Caretta caretta NHMUK-19403151 50.03 2.59 – – 0.73
GPIT-PV-122905*˟ 2.11 0.18 0.13 0.71 0.59

Chelonia mydas ZMB-37416MS 611.52 7.08 – – 0.75
Rhinochelys 
pulchriceps

CAMSMB-55775 4.71 0.23 – – 0.84

Chelydroidea Chelydra 
serpentina

UFRVP-1 271.24 7.35 – – 0.39
YPM VZ-14442*˟ 1.52 0.16 0.06 0.38 0.57

Kinosternon 
subrubrum

FMNH-211711 7.53 0.38 – – 0.54
YPM VZ-10089˟ 2.76 0.25 0.14 0.55 0.51

Macrochelys 
temminckii

GPITRE-10801 631.68 9.58 – – 0.46

Pelomedusoides Pelusios niger SMNS-4625*˟ 3.49 1.12 0.71 0.64 0.52
Podocnemis 
erythrocephala

SMNS-6063*˟ 0.71 0.15 0.11 0.74 0.40

Podocnemis 
unifilis

SMF-55470 47.84 1.73 – – 0.69

Testudinoidea Emys orbicularis SMF-1987 8.34 1.46 – – 0.51
SMNS-11390*˟ 0.88 0.15 0.11 0.76 0.61

Cuora 
amboinensis

NHMUK-69421454 11.33 0.80 – – 0.43
SMNS-48672*˟ 0.65 0.11 0.09 0.79 0.38

Gopherus 
berlandieri

AMNH-73816 13.27 0.97 – – 0.68

Kinixys belliana AMNH-10028 6.84 0.62 – – 0.60
Malacochersus 
tornieri

SMF-58702 11.76 1.36 – – 0.60

Platysternon 
megacephalum

YPM VZ-12559˟ 13.94 0.58 0.25 0.43 0.50
SMF-69684 69.30 0.90 – – 0.61

Trachemys 
scripta

MS 000376944 1.43 0.74 0.52

Rhinoclemmys 
funerea

YPM-12174 11.45 1.06 – – 0.42

Testudo graeca YPM-14342 5.85 0.54 – – 0.69
Testudo 
hermanni

AMNH-134518 – – 0.71
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Table 4.1 (continued)

Taxon Specimen
Box 
[cm3]

Ecv 
[cm3]

Brv 
[cm3]

Br/
Ec OR

Thalassochelydia Sandownia 
harrisi

MIWG-3480 97.06 3.52 – – 0.90

Trionychia Apalone spinifera FMNH-22178 75.36 3.03 – – 0.50
YPM VZ-12970*˟ 4.44 0.61 0.36 0.59 0.48

Carettochelys 
insculpta

USNM-327690˟ 20.12 2.00 0.65 0.32 0.56

Pelodiscus 
sinensis

GPIT-PV-122907 31.86 0.71 – – 0.39

Specimens marked with a * are considered juveniles (i.e., very small or hatchling), and with a ˟ 
were stained with contrast enhancement prior to CT scan (see Ferreira et al. 2020)
Measurements abbreviations: Box box volume, Ecv braincase endocast volume, Brv brain tissue 
volume, Br/Ec brain/endocast volume ratio, OR olfactory ratio
Institutional abbreviations: AMNH American Museum of Natural History, USA, CAMSMB 
Sedgwick Museum of Earth Sciences, UK, DMNH Denver Museum of Nature and Science, USA, 
FMNH Field Museum of Natural History, USA, GPIT Paläontologische Sammlung der Universität 
Tübingen, Germany, IVPP Institute of Vertebrate Paleontology and Paleoanthropology, China, MB 
Museum für Naturkunde Berlin, Germany, MIWG Museum of Isle of Wight Geology, UK, MS 
MorphoSource digital collection, http://morphosource.org, NHMUK Natural History Museum, 
UK, PIMUZ Laboratory collection of Paläontologisches Institut und Museum der Universität 
Zürich, Switzerland, SMF Senckenberg Museum Frankfurt, Germany, SMNS Staatliches Museum 
für Naturkunde Stuttgart, Germany, USNM United States National Museum, USA, YPM Yale 
Peabody Museum, USA, ZMB Zoologisches Museum Berlin, Germany, UFRVP Université de 
Fribourg, Switzerland, YPM Yale Peabody Museum of Natural History, New Haven, USA

volumetric brain–endocast pairs using gls function of nlme R package (Pinheiro 
et al. 2021), to show that endocast size is a sufficiently good proxy for brain size in 
turtles (Sect. 4.4.1). This justifies our evolutionary analysis of relative brain size 
using 27 endocast volumes of extant and extinct fossils and ancestral state recon-
structions (fastAnc function of R package phytools; Revell 2012) presented in 
Sect. 4.4.1.

4.3  Overview of General and Comparative Anatomy

4.3.1  Characterization of Neuroanatomical Structures

 Brain Morphology of Turtles

Turtle brain shape has been described for only a few species based on dissections 
(e.g. Bojanus 1819–21; Shiino 1912; Ogushi 1913; Wyneken 2001), or digital brain 
models (Evers et al. 2019b). Here, we present additional digital brain models of four 
adult or subadult cryptodiran turtles to give a gross assessment of variation in brain 
shape across clades (Fig.  4.2). The general brain morphology of the pond turtle 
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Trachemys scripta (Fig. 4.2a) was described previously (Evers et al. 2019b), so that 
we limit ourselves to comparative statements.

The adult turtle brain is tubular and similar in structure and morphology to brains 
of other non-avian reptiles, although our (albeit small) sample suggests less brain 
shape variation for at least cryptodiran turtles than is seen in squamates (Macrì et al. 
2019). Unlike crocodilians (Lessner and Holliday 2020) or squamates (Macrì et al. 
2019), turtles have virtually no olfactory tracts, and the olfactory bulbs are located 
immediately anterior to the cerebrum (Fig.  4.2). However, an elongate olfactory 
nerve can be traced anteriorly through the sulcus olfactorius underlying the frontals, 
extending into the nasal cavity (Fig. 4.2). The anteroventral parts of the olfactory 
bulbs anteriorly extend beyond the ossified (secondary) braincase walls formed by 
the parietals mainly, as the anterior neurocranium remains unossified in turtles 
(ossified  orbitosphenoids and laterosphenoids are absent). However, our stained 
micro-MRI scan of Trachemys scripta (see Evers et  al. 2019b for scan details) 
shows that some of the cartilaginous chondrocranium is retained into adulthood 
(Fig. 4.3). The chondrocranial cartilage of T. scripta includes the planum suprasep-
tale, which caps the sulcus olfactorius ventrally. Ventrally confluent with it is a 
median, vertical interorbital septum. Posteroventrally, the pila metoptica forms the 
posterior margin of the optic (CN II) foramen. More posterior chondrocranial ele-
ments, such as the taenia medialis or the pila antotica are not formed as cartilage but 
seem to have been replaced by dural membrane.

The large ovoid cerebral hemispheres of turtles show the greatest amount of 
variation in our sample. In Platysternon megacephalum (Emysternia), the cerebral 
hemispheres are relatively small and diverge little from the midline with their pos-
terior section (Fig.  4.2d). This divergence is much larger in Trachemys scripta 
(Fig.  4.2a). Apalone spinifera (Trionychia) shows extremely enlarged cerebral 
hemispheres in comparison to the other turtles for which we have data (Fig. 4.2c). 
This is coincident with it being a small specimen (26.3 mm skull length) and prob-
ably the relatively youngest of the adults in our sample (see section 4.3.1.4 for a 
discussion on ontogenetic changes). The pineal gland ascends dorsally from the 
midline and between the cerebrum anteriorly, and the optic lobes posteriorly 
(Fig. 4.2b). Although the pineal gland is present in all turtles, its weak contrast did 
not allow consistent segmentation across our sample. The optic lobes of turtles are 
well rounded, tightly spaced across the midline, smaller than in most squamates 
(Macrì et al. 2019), but generally comparable to those of crocodylians (Lessner and 
Holliday 2020). Pontine and cephalic flexures, as well as the morphology of the 
cerebellum or medulla oblongata show little variation among adult turtles, even in 
taxa whose endocasts possess more marked flexures (e.g. cheloniids; Wyneken 
2001). All turtles have prominent optic stalks on the anteroventral side of the fore-
brain, which give off the optic nerves (CN II) anteriorly and which are connected to 
the hypophysis (=pituitary) via the infundibulum (Fig. 4.2).
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Fig. 4.2 Comparison of adult/subadult brain shapes of four turtle species in dorsal (top) and left 
lateral (bottom) view in each panel, respectively. (a), the emydid Trachemys scripta (MS 
000376944); (b), the kinosternid Kinosternon subrubrum (YPM VZ-10089); (c), the trionychid 
Apalone spinifera (YPM VZ-12970); (d), the platysternid Platysternon megacephalum  (YPM 
VZ-12559) 

 Cranial Nerves of Turtles

Although several pieces of historical literature discuss individual cranial nerves of 
turtles, comprehensive descriptions and illustrations are rare. The best available 
resources are the dissection-based studies of cranial nerves of Emys orbicularis 
(Emysternia) by Bojanus (1819-21), Clemmys guttata (Emysternia) by Shiino 
(1912), Pelodisucs sinensis (Trionyx japonicus; Trionychia) by Ogushi (1913), 
Eretmochelys imbricata (Chelonioidea) and Chelydra serpentina (Chelydridae) by 
Soliman (1964), and the digitally dissected cranial nerves of Trachemys scripta 
(Emydidae) by Evers et al. (2019b). Here, we expand the digital segmentations of 
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Fig. 4.3 Anterior brain region, chondrocranial sphenoid cartilage, parabasisphenoid, and optic 
nerve of Trachemys scripta (MS 000376944). (a), ventral view. (b), left lateral view. (c), dorsal 
view, with brain tissue rendered semi-transparent. Abbreviations: cer cerebral hemisphere, clp 
clinoid process, foa foramen for a small ophthalmic artery, hyp hypophysis, I olfactory nerve, II 
optic nerve, inf infundibulum, ios interorbital septum, olb olfactory bulb, opf opic nerve foramen, 
ops optic stalk, pbsp parabasisphnoid, pmo pila metoptica, ps planum supraseptale, rbs rostrum 
basisphenoidale, st sella turcica
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Evers et  al. (2019b) by including details of the facial nerve and separating each 
cranial nerve for a better individual appreciation of these structures (Fig. 4.4). Our 
observations for T. scripta and literature comparisons (Shiino 1912; Ogushi 1913; 
Soliman 1964) suggest that there is overall little variation in the proximal sections 
(herein: closer to the brain than to innervated structures) of the cranial nerves of 
turtles (as observed also from endocasts and/or osteology; Gaffney 1979; 
Lautenschlager et al. 2018); but that more variation is apparent along the more distal 
portions of the nerves, particularly for CN V2 (maxillary branch of the trigeminal 
nerve) related to differing jaw adductor musculature anatomy (Poglayen-Neuwall 
1953, Werneburg 2011).

The olfactory nerve (CN I) of Trachemys scripta originates anteriorly from the 
olfactory bulbs (Fig. 4.4). The right and left nerves lie against one another in the 
median sulcus olfactorius, which is always formed by the frontal bones but may 
have contributions from the parietals or prefrontals among different turtle species. 
The sulcus olfactorius of T. scripta is ventrally closed by the cartilaginous planum 
supraseptale (Fig. 4.3). As in other turtles, the optic nerve (CN II) is the thickest 
among the cranial nerves in T. scripta (Fig. 4.4). It emerges from the optic stalk of 
the anteroventral brain surface dorsal to the infundibulum, takes a sharp lateral turn 
through the optic foramen, which is encased in chondrocranial cartilage, and then 
continues forward to the eyeball. The oculomotor nerve (CN III) originates on the 
ventral surface of the midbrain near the midline (Fig. 4.4a), from where it diverges 
laterally to the internal surface of the dura mater that surrounds the brain. From 
there, it extends anteriorly in close association with the ophthalmic nerve (see 
below), which lies against the outer surface of the dura but within the bony brain-
case. Although the optic nerve (CN II) exits the brain cavity through the sphenoid 
cartilages, no such cartilaginous foramen for the oculomotor nerve (CN III) is evi-
dent in T. scripta. Instead, the oculomotor nerve (CN III) exits through openings in 
the membranous dura which surrounds the brain and is attached to the sphenoid 
cartilages. Both types of ‘foramina’ (i.e. CN II in cartilage and CN III in dura mater) 
cannot be reconstructed from macerated specimens or fossils (with the noteworthy 
exception of Proganochelys, which ancestrally retains the laterosphenoid Bhullar 
and Bever 2009; Werneburg and Yaryhin 2019). The trochlear nerve (CN IV) 
emerges from the lateral brain surface between the optic lobe anteriorly and cerebel-
lum posteriorly (Fig. 4.4b). It extends anteroventrally into the cavum epiptericum, 
i.e. the space between the basisphenoid and secondary braincase wall in which the 
trigeminal ganglion is positioned. Evers et al. (2019b) reported the trochlear nerve 
to extend anteriorly with the ophthalmic and oculomotor nerves, but the course of 
the trochlear nerve lies slightly dorsally to the aforementioned (Fig. 4.4b, c). The 
trigeminal nerve (CN V; Fig. 4.4) has a short and thick stem that extends from the 
lateral brain surface in the pons-medulla oblongata region anterolaterally into the 
cavum epiptericum, where it forms the trigeminal ganglion. The anteriorly directed 
ophthalmic nerve (CN V1) lies intracranially, i.e. medial to the external wall of the 
braincase as formed by the descending process of the parietal, as also reported for 
other turtles (Ogushi 1913; Soliman 1964), and extends along the outer dura surface 
forward. The ophthalmic nerve has several anterior divisions and subbranches, but 
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Fig. 4.4 3D renderings of the brain and major cranial nerves in Trachemys scripta (MS 
000376944). (a), ventral view. (b), left lateral view. (c), dorsal view with brain mass rendered 
semi-transparent. Abbreviations: I olfactory nerve, II optic nerve, III oculomotor nerve, IV, troch-
lear nerve, V1 ophthalmic branch of trigeminal nerve, V2 maxillary branch of trigeminal nerve, V3 
mandibular branch of trigeminal nerve, VI abducens nerve, VIIhyomandibular hyomandibular branch of 
facial nerve, VIIvidian vidian branch of facial nerve, VIII vestibulochoclear nerve, IX glossopharyn-
geal nerve, X–XI accessorio-vagus nerve (see text), XII hypoglossal nerve, lab membranous 
labyrinth
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only the thickest branch leading to the nasal cavity is shown here (Fig. 4.4). The 
other two principal rami of the trigeminal nerve, the maxillary (CN V2) and man-
dibular (CN V3) nerves exit the cavum epiptericum laterally through the trigeminal 
foramen (in turtles formed principally by the parietal and pterygoid), which can be 
readily identified in the crania of most extant and fossil turtles (see Evers et  al. 
2019b for further discussions on the trigeminal nerve). The abducens nerve (CN VI) 
of T. scripta originates on the ventral surface of the medulla oblongata in a more 
medial position than the trigeminal nerve (CN V) but more laterally than the oculo-
motor nerve (CN III) (Fig. 4.4a). Abducens foramina and canals are easily identified 
in the basisphenoids of turtles. The facial nerve (CN VII) and vestibulocochlear 
nerve (CN VIII) of T. scripta emerge together from the lateral brain surface at the 
same level but slightly posterior to the trigeminal nerve (Fig. 4.4a, c). In turtle brain-
cases, this origin is usually documented by a large fossa on the medial surface of the 
prootic bone, the fossa acustico-facialis (Gaffney 1979). Whereas the vestibuloco-
chlear nerve forms a ganglion in this fossa from which its separate rami emerge (see 
Evers et al. 2019b, for details of labyrinth innervation), the facial nerve of T. scripta 
extends laterally through a canal in the prootic that drains into the canalis caverno-
sus. Here, the facial nerve enters a small geniculate ganglion from which two promi-
nent rami emerge (Fig. 4.4a). Posteriorly, the hyomandibular branch of the facial 
nerve extends along the lateral head vein before it gives off further branches (not 
shown in Fig. 4.4). The anterior, vidian branch of the facial nerve exits the canalis 
cavernosus ventrally through a small canal that leads to the carotid arterial canal 
system at the level of the bifurcation of the internal carotid artery. The vidian nerve 
extends shortly alongside the palatine artery, before entering its own vidian canal 
that extends anterolaterally and opens near the foramen palatinum posterius, through 
which the vidian nerve passes. Rollot et  al. (2021a) recently described variation 
regarding the facial nerve canal system, which, particularly for the vidian branch, 
shows higher variation than canals associated with other nerves in turtles. The glos-
sopharyngeal nerve (CN IX) of T. scripta originates just posterior to the facial and 
vestibulocochlear nerves (Fig.  4.4a) and takes the path apomorphic for turtles 
(Rieppel 1985) through the cavum labyrinthicum via a series of foramina in the 
opisthotic (Gaffney 1972, 1979). Its subordinate branches that diverge in the cavum 
acustico-jugulare were not segmented here for T. scripta. As reported for other tur-
tles (Shiino 1912; Ogushi 1913; Soliman 1964), the vagus nerve (CN X) and acces-
sory nerves (CN XI) of T. scripta form a tightly intertwined unit (i.e. accessorio-vagus 
nerve of Shiino 1912), which could not be separated digitally (see Evers et  al. 
2019a, b). These nerves originate on the same level of the CN VII–IX, but some-
what posterior to the glossopharyngeal nerve (Fig. 4.4). CN X–XI pass through a 
large aperture, the embryonic metotic fissure of reptiles (Rieppel 1985), which in 
turtles is usually called the anterior jugular foramen in adults (as the jugular vein 
also passes through this opening; Gaffney 1972, 1979). As already reported by 
Evers et  al. (2019b) and in agreement with other turtles (e.g. Soliman 1964), 
T. scripta has two separate rami of the hypoglossal nerve (CN XII), which pass from 
the ventral surface of the posterior interface between medulla oblongata and spinal 
cord through canals in the exoccipital into the cervical region (Fig. 4.4a).
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 Braincase Endocast Morphology of Turtles and Correspondence of Brain 
and Endocast Shape

The endocast of the braincase of turtles is difficult to segment coherently because 
the anterior chondrocranial cartilages do not ossify (see above, and Fig. 4.3), leav-
ing no clear anterior delimitation for the braincase endocast (e.g. Paulina-Carabajal 
et al. 2013; Evers et al. 2019b). This is important to note, because differences in 
interpreting this anterior region may affect volumetric assessments of turtle endo-
casts. Turtle braincase endocasts are characterized by a narrow anterior portion rep-
resenting the endocast of the sulcus olfactorius, a transversely broad cerebral region, 
and a transversely constricted optic and cerebellar region that makes room for the 
semicircular canal system laterally (Fig. 4.5) (Edinger 1929; Zangerl 1960; Gaffney 
and Zangerl 1968; Gaffney 1977, 1982; Paulina-Carabajal et al. 2013; Lautenschlager 
et  al. 2018; Martín-Jiménez and Pérez-García 2021; Werneburg et  al. 2021a). 
Cranial flexures differ between species, whereby taxa with high-domed, macroce-
phalic skulls seem to have stronger cranial flexures (e.g. Ferreira et  al. 2018b). 
However, flexures are generally moderate to weak, contributing to a relatively tubu-
lar endocast shape (Fig. 4.5). Ventrally, the endocast of the pituitary fossa is usually 
clear in endocasts, but most other specific brain regions are poorly demarked in 
turtle endocasts (Fig. 4.5).

Even though the endocasts of mammals and birds are good predictors of brain 
shape (Balanoff et al. 2016), it is generally believed that reptile brains fill only about 
50% of the cavity (Hopson 1979), with the rest occupied by dural venous sinuses 
and cerebrospinal fluid (Witmer et  al. 2008). However, this assertion has been 
poorly evaluated empirically. The correspondence between brain tissue and endo-
cast in reptiles varies extensively between taxa and over ontogeny (Allemand et al. 
2017 and references therein). Among squamates the brain can occupy 35–97% of 
the endocast volume (Kim and Evans 2014). This evaluation is important because if 
the braincase of reptiles is indeed a poor predictor of neuroanatomy, then there is 
only weak support for ecological and behavioral inferences derived from endocasts.

Our comparisons of adult brain-tissue-to-braincase-endocasts largely confirm 
previous observations (Edinger 1929; Zangerl 1960; Wyneken 2001; Paulina- 
Carabajal et al. 2013; Mautner et al. 2017; Evers et al. 2019b) that endocast shape 
poorly reflects brain shape in turtles (Fig. 4.5). Large sub- and epidural spaces sur-
round the turtle brain (Fig. 4.5b, d), and most brain regions are poorly demarcated 
in the endocasts (Lautenschlager et al. 2018; Evers et al. 2019b; Fig. 4.5a, c). The 
best correspondence is seen in the cerebral hemispheres: the extent of the cerebrum 
can be approximated from dorsal and lateral views of braincase endocasts. The 
olfactory bulbs are also relatively well represented in the endocasts. On the other 
hand, the mid- and hindbrain are inadequately reflected. Large gaps surround the 
optic lobes and the cerebellum, notably on their dorsal and ventral aspects. The 
width of the optic lobes is not well imprinted in the endocast either, similarly to the 
medulla oblongata and cerebellar regions. A curious morphological feature that is 
often identified in the braincase endocasts of extant and fossil turtles is a small cen-
tral protuberance or ridge posterior to the cerebral area of the endocast, called the 
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Fig. 4.5 Comparison of braincase endocast shape for three turtles (adult Trachemys scripta: MS 
000376944; adult Platysternon megacephalum: YPM VZ-12559; subadult Apalone spinifera: 
YPM VZ-12970) for which we had brain and braincase data. (a), endocasts in left lateral view. (b), 
brains and transparent endocasts in left lateral view, showing dural spaces surrounding brain. (c), 
endocasts in dorsal view. (d), brains in dorsal view. Red arrow heads show regions of particularly 
poor brain-braincase shape correspondence. Green arrow heads show regions of close correspon-
dence. Black arrows show brain tissue that extends out of the space commonly segmented in turtle 
endocasts, highlighting the poor endocast-brain correspondence along the anterior, unossified sur-
faces of the braincase

“cartilaginous rider” (Gaffney and Zangerl 1968). Our soft tissue segmentations 
confirm recent assessments (Werneburg et al. 2021a) that the rider has no neurovas-
cular correlate (contra, for instance, Paulina-Carabajal et al. 2013; Deantoni et al. 
2015), and that this feature is an endocast of the cartilaginous anterior imprint of the 
chondrocranial tectum synoticum, which posteriorly ossifies as the supraoccipital.

To (a) test if brain tissue and braincase endocasts correspond well for a taxo-
nomically broad sample of turtles, and to (b) test the influence of ontogeny on this 
correspondence, we compared brain tissues and endocasts from eleven turtles (see 
Supplementary Table  4.S2 on the GitHub repository: Ferreira 2021) in multiple 
ways. The visual comparisons of two adult and one subadult turtle presented above 
(Fig. 4.5) indicate a mixed correspondence depending on brain/endocast region, as 
well as a possible ontogenetic trend to poorer correspondence with increasing matu-
rity. We furthermore scrutinized overall correspondence by volumetric compari-
sons, and specific correspondence with linear measurements (explained graphically 
in Fig. 4.6) for three adult and eight juvenile turtles. Volumetric correspondence is 
particularly relevant for inferring overall brain sizes from endocasts, a common 
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endeavor in the literature for researching brain size evolution. Specific linear mea-
surement comparisons on the other hand may provide additional insights, particu-
larly when correspondence levels vary across brain/endocast regions. Although our 
specimens represent different species, we interpret size-dependent discrepancies as 
an ontogenetic trend across our observations. This is justified in two ways: the 
trends that we interpret from cross-species brain–endocast pairs mirror ‘true’ onto-
genetic trends for endocasts of differently sized turtles of the same species (see Sect. 
4.4.1); and comparisons with different amniote groups show that our identified 
shape and size trends for turtles reflect the strong ontogenetic endocast and brain 
changes occurring in squamates (Kim and Evans 2014) and crocodiles (Jirak and 
Janacek 2017).

Our volumetric comparisons indicate that brain to endocast size correspondence 
is weaker among adult turtles (43–55%; Table  4.1, Fig.  4.6) than in juveniles 
(59%–79%) with the exception of a juvenile Chelydra serpentina (YPM VZ-14442; 
Table 4.1, taxon 3 in Fig. 4.6), in which the brain fills only 38% of the endocranial 
cavity (but this is not mirrored in linear measurements, see below). Volumetric data 
for turtle endocasts are tricky due to the poor bony constraints on the anterior brain-
case side, which can easily cause volumetric deviations and which could explain the 
unexpected low values retrieved for C. serpentina here. Thus, we only interpret 
these data in the sense of a gross trend that with increasing ontogenetic maturity, the 
braincase becomes a poorer reflection of brain volumes. Despite this weak allome-
tric trend (slope = 0.91, isometry expectation of 1; see Sect. 4.4.1), there is a clear 
correlation between brain volume and endocast volume across different species 
(R2 = 0.97; p < 0.001; see Sect. 4.4.1), which may justify the use of endocast volu-
metric data as a proxy for brain size in turtles.

Our linear measurement comparisons (Supplementary Table 4.S2 on the GitHub 
repository: Ferreira 2021 and Fig. 4.6) confirm the notion that brain-endocast cor-
respondence is higher in juveniles, but also demonstrate that tissue-bone correspon-
dence varies according to brain region. Across most measurements, the adult 
specimens of our sample, Platysternon megacephalum, Kinosternon subrubrum 
(Kinosternoidea) and Trachemys scripta, show the highest dissimilarity between 
brain tissue and braincase endocast: their endocast measurements consistently over-
estimate brain size (Fig. 4.6a), confirming our observations from volumetric data. 
Figure 4.6 also shows that the orbital region and the height of the olfactory bulbs 
have a stronger ontogenetic discrepancy than measurements from anterior brain 
regions: adult brains (blue circles to the left of the graph’s x-axis) fill a considerably 
smaller proportion of the endocast than in juveniles (red diamonds to the right). 
Measurements for the cerebral hemispheres as well as the width of the olfactory 
bulbs conversely show less spread in values, and adult turtles do not perform con-
siderably worse than juvenile turtles. Although Chelydra serpentina (YPM 
VZ-14442) was an outlier in terms of extremely poor volumetric brain–endocast 
correspondence for a juvenile specimen, linear measurement comparisons of this 
specimen do not support this observation (taxon number 3 in Fig. 4.6). This indi-
cates that the volumetric discrepancies result from areas of the brain/endocast not 
sampled by measurements (including the possibility of inconsistently segmented 
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Fig. 4.6 Quantitative brain tissue and braincase endocast comparison based on volumetric and 
linear measurements. Graph (a) shows proportion of braincase filled by the brain (x-axis) for each 
measurement (y-axis) and eleven specimens indicated by numbers, with juvenile specimens indi-
cated by red diamonds and adult specimens indicated by blue circles. The size of the points indi-
cate their absolute size. 3D models of Emydura subglobosa (GPIT-PV-122906) braincase endocast 
(b) and brain tissue (c) shows the position of each linear measurement. Abbreviations: H- height, 
W- width, -CH cerebral hemispheres, -OB olfactory bulbs, -OR optic region. Specimen key for 
graph: (1) Apalone spinifera (YPM VZ-12970); (2) Caretta caretta (GPIT-PV-122905); (3) 
Chelydra serpentina (YPM VZ-14442); (4) Cuora amboinensis (SMNS 4867-2); (5) Emydura sub-
globosa (GPIT-PV-122906); (6) Emys orbicularis (SMNS 11390); (7) Kinosternon subrubrum 
(YPM VZ-10089); (8) Pelusios niger (SMNS 4625); (9) Platysternon megacephalum (YPM 
R-12559); (10) Podocnemis erythrocephala (SMNS 6063); (11) Trachemys scripta (MS 
000376944)
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endocast models along the poorly delimited anterior side) and highlights the merits 
of using different metrics for brain–endocast comparisons.

In summary, we propose that the endocasts of juvenile or young adult turtles are 
acceptable predictors of brain anatomy, but those of older individuals are not. Thus, 
the current evidence does not give much support for correlations of endocast shape 
and ecological/behavioral traits in adult turtles, except for the forebrain, i.e. olfac-
tory bulbs and cerebral hemispheres, which are relatively well represented in the 
models. We suggest future studies should use paleoneuroanatomical evidence cau-
tiously in conjunction with other sources of data (e.g. nasal cavity volume, endosse-
ous labyrinth morphology) to infer paleobiology.

 Ontogeny of the Turtle Brain and Endocast

There are few published accounts on the juvenile brain morphology of turtles, or on 
ontogenetic changes in brain morphology (Werneburg and Maier 2019). Here, we 
examined brains of eight juvenile turtles using digital dissections of stained micro-
 CT scans, and show models for a hatchling Emys orbicularis as an example. A 
comprehensive assessment of anatomical variation among juvenile brains of a large 
sample of species is beyond the scope of this contribution, and we focus our brief 
description on features that appear to be ubiquitous for juvenile turtle brains. 
Although we do not have data for an ontogenetic series of brains of a single species, 
we contrast the juvenile brain morphology of E. orbicularis with that of an adult 
emydid Trachemys scripta (Fig. 4.7), the phylogenetically nearest adult turtle for 
which we have data available, highlighting several features that appear to undergo 
ontogenetic change.

The brain of the juvenile Emys orbicularis is anteroposteriorly short, mediolater-
ally broad, and dorsoventrally high in comparison to adult turtle brains, including 
Trachemys scripta (Fig. 4.7). The midbrain of juvenile turtles is strongly vertically 
oriented, leading to strongly angled pontine flexure (4  in Fig. 4.7a) and strongly 
ventrally convex pons–medulla elongata area (3 in Fig. 4.7a). Ontogenetic elonga-
tion of the brain leads to a more horizontal orientation of the midbrain, a reduction 
of the embryonic brain flexures, and an overall more tube-like brain shape 
(Fig. 4.7b). In the midbrain, the optic lobes are proportionally large in juvenile tur-
tles (2 in Fig. 4.7a) but become ventrally retracted and anterolaterally covered by 
the cerebral hemisphere in adults (Fig. 4.7b), presumably as a consequence of both 
cerebrum growth and brain elongation. In the forebrain, olfactory bulbs and cerebral 
hemispheres are originally not well differentiated from one another (1 in Fig. 4.7a) 
but become clearly demarcated by a coronal groove that circumscribes their bound-
ary in adults (Fig. 4.7b).

These general ontogenetic shape changes are also reflected in the endocasts of 
the braincase (Figs. 4.7b, d and 4.8). When endocasts of juvenile turtles are included 
in our geometric morphometric dataset of (dorsal) brain outlines (N = 47, of which 
eight are juveniles and 39 are adults) and analyzed with GPA and PCA, juveniles 
and adults are separated along the first PC axis (accounting for 68.5% of total 
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Fig. 4.7 Gross ontogenetic trends in postnatal turtle brain ontogeny. Early juvenile (hatchling) 
brain and braincase endocast of Emys orbicularis (SMNS 11390) in left column, adult brain and 
braincase endocast of Trachemys scripta (MS 000376944) in right column. (a), dorsal view of 
brains; (b), dorsal view of endocasts; (c), left lateral view of brains; (d), left lateral view of endo-
casts. 1–4 denote major areas of ontogenetic shape change as described in the text. (1), delimitation 
of olfactory lobe and cerebral hemisphere; (2), relative size of optic lobe; (3), pons-medulla oblon-
gata area; (4), pontine flexure. Note 1:2 scale between left and right column

variation) (Fig. 4.8a). All juvenile specimens have extreme positive PC1 values and 
are characterized by more compact and rounder endocasts, with well-developed 
cerebral hemispheres and olfactory bulbs relative to the hindbrain regions. The adult 
specimens have much lower PC1 values, with more elongated endocasts. These 
ontogenetic changes (relative volume reduction, relative braincase elongation and 
decreased width along cerebrum) are particularly evident from juvenile-adult 
specimen- pairs of the same species (or closely related, e.g., Podocnemis erythro-
cephala and P. unifilis, Pelomedusoides; Fig. 4.8a). PC2 accounts for much less of 
total shape variation (9.5%), highlighting the relative importance of ontogeny 

4 Contrasting Brains and Bones: Neuroanatomical Evolution of Turtles (Testudinata)



98

displayed along PC1. PC2 is associated with the relative position of the cerebral 
hemispheres and olfactory bulbs, either more anteriorly (positive values) or posteri-
orly (negative values) on the endocast.

 Variation in Adult Braincase Endocast Morphology

To examine possible shape differences between phylogenetic groups we conducted 
a GPA and PCA on our dorsal outline landmark dataset excluding juveniles (N = 39). 
The results show a less predominant PC1 (49.1% of total variation)—although 
accounting for similar shape variation to that of the PCA including juveniles—and 
a more important PC2 (15.3%), which mostly explains changes on the olfactory 
bulb and nerve width and on the relative elongation of the mid- and hindbrain 
regions (Fig. 4.8b). Similar to the results by Lautenschlager et al. (2018) based on 
lateral outlines of endocasts, we found no significant morphospace separation 
between distinct clades or ecological groups and instead extensive overlap between 
groups. Nevertheless, early diverging taxa (Fig. 4.1) are more predominant on posi-
tive PC2 values, consistent with their less differentiated cerebral hemispheres and 
near-equal width along the entire endocast (Lautenschlager et al. 2018), but they 
overlap with a significant portion of the morphospace of crown-clades (Fig. 4.8b). 
Still, no Testudines extend into extremely positive PC2 values, indicating that a 
change to more defined and enlarged cerebral hemispheres and overall less elon-
gated endocasts might have occurred on the transition to Testudines. This is remi-
niscent of the ontogenetic changes discussed above, suggesting a possible 

Fig. 4.8 (a), first PCA morphospace of braincase endocast shape (300 Procrustes-aligned evenly 
spaced landmarks on the dorsal view) on all complete dataset (N = 47), with datapoints colored by 
age class. (b), second PCA morphospace of braincase endocast shape based on the reduced dataset 
(N = 39), excluding juvenile specimens. Datapoints and convex hulls are colored by taxonomy
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paedomorphic change in this region of the turtle skull. Although our analyses sup-
plement those of Lautenschlager et al. (2018), future studies should analyze more 
complete ontogenetic series of extant taxa, a larger sample of early-diverging fossil 
turtles, and 3D shapes of endocasts. Especially 3D geometric morphometric 
approaches may capture variational features that are not included in our dataset. For 
example, our shape dataset includes no information about the nasal capsules, the 
endocasts of which also show variation in turtles. Paulina-Carabajal et al. (2017) 
computed relative olfactory bulb diameter (= OR, olfactory ratio) and nasal cavity 
volumes for three meiolaniid turtles, five testudinids and one geoemydid, and sug-
gested that terrestrial turtles tend to have higher ORs and larger nasal cavities in 
comparison to aquatic species. Nasal cavity volume relative to total endocast vol-
ume has also been used to support interpretations of ecological adaptations for 
Proganochelys quenstedtii (Lautenschlager et al. 2018) and Naomichelys speciosa 
(Perichelydia; Paulina-Carabajal et al. 2019) as terrestrial turtles (see sect. 4.4.2.4), 
but these hypotheses require testing in a comparative statistical framework.

4.3.2  Spaces Associated with Cranial Blood Supply

A characteristic feature of the anatomically modern skull of crown turtles is a tight 
fusion between the palatoquadrate and the basicranium primitively along the ptery-
goid and basisphenoid, with various contributions from other bones such as the 
quadrate or prootic in some crown turtles, particularly pleurodires (Gaffney 1979; 
Werneburg and Maier 2019). This region of the skull is traversed by major blood 
vessels in amniotes (Müller et al. 2011), which become encased in bony canals dur-
ing the evolution of the akinetic turtle cranium (e.g. Gaffney 1979). The carotid 
canals and their respective foramina have been intensely studied primarily for phy-
logenetic purposes (Gaffney 1975; Gaffney and Meylan 1988; Jamniczky 2008; 
Sterli and de la Fuente 2010; Rabi et al. 2013; Evers and Benson 2019; Hermanson 
et al. 2020; Rollot et al. 2021a). We direct the reader to Rollot et al. (2021a) for the 
latest revision of nomenclature and discussion of canals, foramina and associated 
structures.

 Evolution of the Blood Canal System in Turtles

Early stem turtles such as Proganochelys quenstedtii, in which the basicranial joint, 
the cranioquadrate space, and the interpterygoid vacuity are retained (Gaffney 
1990), show that the plesiomorphic condition of turtles is similar to that of other 
amniotes (Müller et al. 2011), in that they lack distinct canals for the cranial arteries 
and veins except for a canal for the cerebral artery, which traverses the basisphenoid 
(Gaffney 1990). The subsequent evolutionary encasing of blood vessels in bone is 
documented by fossil turtles. The lateral head vein is encased in the canalis caver-
nosus even in early diverging turtles more crownwards than Proganochelys, such as 
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the mesochelyids Kayentachelys aprix (Sterli and Joyce 2007), Condorchelys anti-
qua (Sterli and de la Fuente 2010) and Eileanchelys waldmanni (Anquetin 2010). 
These turtles also show an ossified canalis stapedio-temporalis for the stapedial 
artery. With the closure of the interpterygoid vacuity in perichelydians (Joyce 2017), 
the palatine artery becomes encased in a bony canal, which is for instance docu-
mented in Mongolochelys efremovi and Kallokibotion bajazidi (Sterli et al. 2010; 
Rabi et al. 2013; Martín-Jiménez et al. 2021). Subsequently, the course of the inter-
nal carotid artery, as well as its splitting point into cerebral and palatine arteries 
becomes encased in bone. However, the exact sequence of this closure is not well 
understood, primarily due to phylogenetic uncertainties (e.g. Joyce 2007; Evers and 
Benson 2019), and requires further research. Most fossil turtle clades which are 
frequently (but not consistently) found along the upper part of the turtle stem, such 
as sinemydids, xinjiangchelyids, and thalassochelydians (Fig. 4.1) have their poste-
rior section of the internal carotid artery embedded in bone (Rabi et al. 2013; Evers 
and Joyce 2021), whereas the arterial split into palatine and cerebral artery is 
exposed in a fenestra caroticus (sensu Rabi et al. 2013). This possibly indicates that 
the closure followed a “posterior-section-first” pattern according to which the pos-
terior section of the internal carotid artery closes before more anterior sections 
became encased (Rollot et  al. 2021a). The arterial pattern of several clades, for 
instance in thalassochelydians (Raselli and Anquetin 2019; Evers and Joyce 2021) 
and paracryptodires (Rollot et  al. 2018; Evers et  al. 2020; Rollot et  al. 2021b), 
shows considerable variation, which further complicates understanding the evolu-
tion of the carotid canal system. Some paracryptodires seem to have secondarily lost 
the palatine artery (Lipka et al. 2006; Rollot et al. 2018; Evers et al. 2020), and the 
repeated reduction of this artery has also been demonstrated for extant clades 
(Albrecht 1967; Rollot et al. 2021a). Notably, a palatine artery loss is observed in 
pleurodires, carettochelyids and testudinids (Joyce et al. 2018; Rollot et al. 2021a). 
The tight spatial association of parts of the vidian branch of the facial nerve with the 
internal carotid artery have sometimes led researchers to incorrect canal identifica-
tions (e.g. Sterli et al. 2010; Hermanson et al. 2020). Besides using dissection data 
(e.g. Albrecht 1967, 1976), digital segmentation of contrast-enhancing stained CT 
or MRI scans allow the unequivocal identification of canals of extant turtles based 
on tracing the neurovascular tissue through their canals.

 Digital Dissection of Major Cranial Blood Vessels in Trachemys scripta

We use the Trachemys scripta scan to show the main arteries, the facial nerve, and 
the lateral head vein (Fig.  4.9). Despite variation in the blood supply system of 
extant turtles (see Albrecht 1967, 1976; Rollot et al. 2021a), particularly regarding 
the reduction of the palatine artery, the relative importance of the stapedial vs. pala-
tine vs. cerebral arteries for supplying the facial region of the skull, and the origin 
of the mandibular artery, the carotid system of T. scripta serves as a good exemplar 
species for the generalized pattern described for turtles in the literature (e.g. 
Gaffney 1979).
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In Trachemys scripta, the common carotid artery splits extracranially into the 
internal carotid and the stapedial arteries (Fig. 4.9b). The stapedial artery enters the 
skull via the fenestra postotica, joins the course of the lateral head vein in the cavum 
acustico-jugulare, where it gives off the mandibular artery before entering the stape-
dial canal dorsally (Fig.  4.9a). The stapedial artery exits dorsally into the upper 
temporal fossa via the foramen stapedio-temporale, where it bifurcates into the pos-
teriorly directed cervical artery, and the anteriorly directed orbital branch of the 
stapedial artery (Fig. 4.9a). In T. scripta, this anterior branch lies against the outer 
wall of the braincase and bifurcates upon entering the orbital fossa into a supra- and 
infraorbital artery. The mandibular artery follows the course of the lateral head vein 
through the canalis cavernosus and exits the skull laterally through the trigeminal 
foramen (Fig.  4.9a, b), together with the maxillomandibular branches of the tri-
geminal nerve. The internal carotid artery enters the skull via the foramen posterius 
canalis carotici interni and splits intracranially into the laterally directed palatine 
artery and the medially directed cerebral artery (Fig. 4.9b). Within the sella turcica, 
the cerebral artery develops a medial branch that anastomoses with the respective 
branch of the artery of the opposite skull side. From this network, a central branch 
supplies the hypophysis of the brain (Fig. 4.9b). Another, more lateral branch of the 
cerebral artery traverses around the hypophysis, where it splits into several subordi-
nate branches that supply various regions of the brain. The palatine artery is antero-
medially directed, and right and left arteries converge medially and anteriorly to the 
basisphenoid after exiting their anterior foramina (Fig. 4.9b).

4.4  Brain Evolution and Paleobiologic Inferences Based 
on Endocast Morphology

4.4.1  Brain-Size Evolution

The shape of the braincase endocast is not a good predictor of brain shape in turtles 
(see above), but its volume might still be informative on brain size. Despite the 
variation in the filling of the endocranial cavity by the brain (Table 4.1), the total 
volume of the endocast is highly correlated to the volume of the brain tissue in tur-
tles as indicated by phylogenetic generalized least squares (pGLS; Grafen 1989) 
regression analysis of brain volume ~  endocast volume (R2  =  0.97, p  =  <0.001, 
lambda = −0.56). This result provides support for analyses of brain size evolution 
in turtles using endocast volumetric measurements as a reliable proxy. The slope of 
the regression (slope = 0.92; SE = 0.08) indicates weak negative allometry (i.e., 
larger turtles have proportionally smaller brains in comparison to braincases) based 
on an isometric expectation of 1. However, as our data includes juveniles and adults 
of several species, further data is required to disentangle ontogenetic and evolution-
ary allometry for turtle brain-endocast relationships. In addition, a pGLS regression 
between endocast and box volumes (the smallest virtual digital cube to contain the 
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Fig. 4.9 3D rendering of brain, major cranial arteries, lateral head vein and the facial nerve (CN 
VII) of Trachemys scripta (MS 000376944). (a), left lateral view. (b), ventral view. Abbreviations: 
cca common carotid artery, cer-ana anastomosing region of cerebral artery, cera cerebral artery, 
cerva cervical artery, gg geniculate ganglion of the facial nerve, ica internal carotid artery, lhv 
lateral head vein, mda mandibular artery, pala palatine artery, sta stapedial artery, staorb orbital 
branch of stapedial artery (subdivides anteriorly into infra- and supraorbital arteries), VIIhyomandibular 
hyomandibular branch of the facial nerve, VIIstem nerve stem of facial nerve, VIIvidian vidian branch 
of facial nerve

whole skull) shows a high correlation between endocast volume and skull size 
(slope = 0.64, SE = 0.05, p < 0.001, R2 = 0.83, lambda = 0.46), suggesting that 
braincase size has a negative allometric relationship with skull size (i.e. turtles with 
larger skulls have proportionally smaller endocast volumes).

There is currently no published encephalization quotient (EQ) data specifically 
for turtles (although it has been done for reptiles; Jerison 1973; Hurlburt 1996) and 
only a few studies examined broad patterns of brain size evolution in turtles. Van 
Dongen (1998) and Northcutt (2013) used regressions of brain to total body weight 
to explore relative brain size in various reptiles, and turtles were shown to have the 
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lowest values in the group (together with snakes; Van Dongen 1998). This has been 
explained by the “simple locomotion, and a passive protection against predators” 
characteristic of turtles, thought to be correlated with smaller brains (Van Dongen 
1998). However, those early studies included small samples—only seven species, 
all cryptodires—and turtles in fact engage in a greater array of locomotion and feed-
ing behaviors than commonly appreciated (see, for instance, Bonin et al. 2006 or 
Pritchard 1984).

Paulina-Carabajal et al. (2017) investigated the evolution of volumetric measure-
ments obtained from digital endocasts of turtles, nasal capsule size and the olfactory 
ratio. Lautenschlager et al. (2018) compared the endocast volume relative to body 
size of eleven turtles, in a first attempt to analyze relative brain size evolution. Here, 
we present an expanded analysis to explore this trait in turtles, using a larger sample 
and ancestral state reconstructions (fastAnc function of R package phytools; Revell 
2012). We extracted endocast volumes of 27 (19 extant and eight extinct) taxa span-
ning the whole Testudinata tree, only using adult specimens (Fig. 4.1). The log- 
transformed endocast volume was divided by the log-transformed skull box volume 
(length x width x height) to estimate the brain size relative to body size. We chose 
box volume to avoid introducing errors deriving from distinct dimensionalities. We 
then performed a Maximum Likelihood ancestral states estimate using the endocast/
box volume ratio and a large Testudinata tree (from B. Farina, unpublished results) 
pruned to our taxon sample.

The earliest nodes and taxa (e.g., Proganochelys quenstedtii and Naomichelys 
speciosa) have the smallest relative brain sizes in our sample (Fig. 4.10, Testudinata 
node). Relative brain size then successively increases until reaching larger ancestral 
values at the Testudines node (in agreement with Lautenschlager et al. 2018). Stem-
turtles close to the crown, such as Annemys sp. (Xinjiangchelyidae) and Plesiochelys 
etalloni (Thalassochelydia), already possess moderate relative brain sizes, with 
similar values to those estimated for the Cryptodira and Pleurodira nodes, showing 
relative brain size increases predated the origin of crown turtles. When these results 
are paired with shape evolution from PCA analyses (Fig. 4.8b), this suggests that 
turtle brains evolved larger sizes relative to their skulls in conjunction with shape 
changes towards rounder and less elongated endocasts with more prominent cere-
bral hemispheres. As evolutionary brain shape changes mirror those happening dur-
ing ontogeny (Figs. 4.7 and 4.8a), it is possible that such paedomorphic (shape) 
changes resulted in relative brain size increases, given that paedomorphic changes 
have also been proposed to be related to larger brains in other groups (e.g. Bhullar 
et al. 2016). This also supports the hypothesis of Sterli et al. (2018) that paedomor-
phic changes may have played a major role during the early evolution of turtles.

For crown turtles (Testudines), our results suggest at least three episodes of rela-
tive brain size increase: in Chelidae, Carettochelyidae and Testudinoidea; and four 
decreasing episodes: in Chelydridae, Cheloniidae, Trionychidae, and the branch 
leading to Platysternon megacephalum (Fig. 4.10). Although these episodes could 
be an artifact of our small sample size and non-random selection of taxa, we do not 
think this is the case in Testudinoidea, which was relatively well-sampled and in 
which taxa consistently presented high values (Fig. 4.10). It is unknown how (and 
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Fig. 4.10 Relative brain size evolution in Testudinata. Maximum-likelihood ancestral estimate 
mapping of log-transformed endocast/box volume ratio for a sample of adult crown and stem- 
turtles. Warmer and colder colors indicate, larger and smaller relative brain sizes, respectively. 
Colored triangles highlight potential episodes of significant brain size changes numbered accord-
ingly: (1), Testudinoidea; (2), Carettochelyinae; (3), Chelidae; (4), Platysternidae; (5), Chelydridae; 
(6), Cheloniidae; (7), Trionychia

if) relative brain size is correlated with general or specific ecological and behavioral 
characters in turtles, but it is noteworthy that relatively high levels of social cogni-
tion have been identified for tortoises (Wilkinson et al. 2010). Shifts to relatively 
smaller brains in our data are associated with larger heads—Trionychia being the 
exception: chelydrids, cheloniids and Pl. megacephalum are all macrocephalic tur-
tles with short necks, with limited or no ability of head retraction (Werneburg et al. 
2015). This might reflect the choice of head box volume as an allometric correction 
variable, biasing the results in macrocephalic turtles, but it is reasonable to assume 
the brain size is proportional to body size and not simply to head size. Future studies 
should consider this and use a different variable, for example a proxy for total body 
size (e.g. carapace length).
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4.4.2  Sensory Evolution

 Vestibular Sense

The membranous ducts of the vestibular organ are contained in bony canals and 
cavities—the endosseous labyrinth—that can be studied from skeletal remains, 
including fossils. In all turtles, the prootic, opisthotic, and supraoccipital jointly 
form the endosseous labyrinth (Gaffney 1979). The endosseous labyrinths of turtles 
are known from a variety of different extant species (Georgi and Sipla 2008; Paulina- 
Carabajal et al. 2017; Lautenschlager et al. 2018; Evers et al. 2019b), which have 
primarily been documented as comparative data in studies of fossil turtles. 
Labyrinths are known for many extinct turtle groups, including Triassic stem-turtles 
(Lautenschlager et al. 2018), meiolaniforms (Paulina-Carabajal et al. 2017), thalas-
sochelydians (Paulina-Carabajal et  al. 2013; Evers et  al. 2020), paracryptodires, 
helochelydrids and Kallokibotion (Paulina-Carabajal et  al. 2019; Martín-Jiménez 
et al. 2021; Evers et al. 2021), protostegids (Evers et al. 2019b), and various fossil 
pelomedusoids (Ferreira et al. 2018b; Hermanson et al. 2020; Joyce et al. 2021b; 
Martín-Jiménez and Pérez-García 2021).

All turtles share a similar endosseous labyrinth morphology (Fig. 4.11). Turtle 
labyrinths are low dorsoventrally and broad anteroposteriorly in comparison with 
mammals (e.g. Ekdale 2013) or birds (e.g. Benson et al. 2017) and closer in their 
aspect ratio to labyrinths of crocodylians and lepidosaurs (e.g. Walsh et al. 2009). 
However, at least for the crocodylian labyrinth, shape similarities to other reptiles 
including turtles are the result of convergence rather than plesiomorphic retention of 
a ‘reptilian’ labyrinth shape (Bronzati et al. 2021). As in crocodylians and rhyncho-
cephalians, the anterior and posterior semicircular canals of turtles are roughly sym-
metrical, giving a low pyramidal outline of the labyrinth in lateral view (Fig. 4.11b). 
The semicircular canals of turtles are generally thick and robust, and very unlike the 
delicate canals seen in most mammals, birds, or squamates. All turtles have a sec-
ondary common crus (Fig. 4.11c), which masks parts of the course of the lateral and 
posterior semicircular ducts as can be seen from membranous to endosseous laby-
rinth comparison of Trachemys scripta (Evers et al. 2019b), and which we confirm 
here with additional comparisons in Apalone spinifera and Platysternon megaceph-
alum (Fig. 4.11h–m). The ampullae of the semicircular canals are rarely discernible 
from turtle endosseous labyrinths, and there is no osteologically traceable cochlear 
duct (Fig. 4.11), unlike in most other vertebrates (e.g. Walsh et al. 2009).

In general, the morphology of the endosseous labyrinth of turtles is a particularly 
poor representation of the membranous labyrinth in comparison to most other gna-
thostomes (Evers et al. 2019b). As it is the membranous labyrinth that determines 
the functionality and sensitivity of the vestibular organ (e.g. Wilson and Melvill 
Jones 1979; Rabbitt et  al. 2004), it is difficult to make functional predictions or 
paleoecological inferences based on the shape of the endosseous labyrinth from 
single taxon studies. Evers et al. (2019b) suggested using a landmarking protocol 
that reconstructs the approximate endolymph flow path of turtle inner ears to 
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Fig. 4.11 (a), digital transparent rendering of the cranium of Emys orbicularis (SMF 1987a) and 
endosseous labyrinth to scale in left lateral view. (b–d), details of endosseous labyrinth morphol-
ogy of Emys orbicularis (SMF 1987a) in lateral (b), posterior (c), and dorsal (d) views. (e–m), 
comparisons of endosseous (e, h, k) and membranous (g, j, m) left labyrinths and spatial associa-
tions between both (f,i, l) in lateral view. (e–g), Trachemys scripta (MS 000376944). (h–j), 
Apalone spinifera (YPM VZ-12970). (k–m), Platysternon megacephalum (YPM VZ-12559). 
Abbreviations: aam/lam/pam anterior/lateral/posterior ampulla, asc/lsc/psc anterior/lateral/poste-
rior semicircular canal, asd/lsd/psd anterior/lateral/posterior semicircular duct, cc common crus, 
co cochlear duct, fpl fenestra perilymphatica, fov fenestra ovalis, IX glossopharyngeal nerve, lab 
endosseous labyrinth, scc secondary common crus, vs vestibule

mitigate the weak shape correspondence of endosseous labyrinths with the membra-
nous ducts. Contrary to protocols landmarking external features of the endosseous 
labyrinth endocasts (e.g. Hanson et al. 2021), such a concept captures shape aspects 
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related to the functionality of the labyrinth organ more directly, and was recently 
implemented by Bronzati et al. (2021). Although turtle labyrinth shape has not yet 
been quantitatively analyzed in an ecomorphological context, some possible func-
tional signal has been identified qualitatively. Particularly, Neenan et  al. (2017) 
noticed that chelonioid sea turtles and pelagic sauropterygians have increased thick-
ness of the semicircular canals, which has since also been observed for metriorhyn-
chosaurs (Schwab et  al. 2020). Evers et  al. (2019b) corroborated the principal 
observations of Neenan et al. (2017) for chelonioids, finding extreme canal thick-
ness in the leatherback sea turtle Dermochelys coricea (Chelonioidea), but noticed 
that some non-marine turtle clades also show thicker semicircular canals, e.g. the 
exclusively terrestrial Testudinidae. Thus, a marine lifestyle cannot be the only 
explanation for increased canal thickness. Given that the ecomorphological signal 
of the labyrinth is surprisingly low for archosaurs (Bronzati et al. 2021) and birds 
(Benson et al. 2017), turtle labyrinth shape should be interpreted with caution until 
comparative ecomorphological studies have been conducted for the group.

 Hearing

Hearing is thought to be a less important sense than vision or chemoreception in 
turtles (Thewissen and Nummela 2008), once thought to be “the silent group” 
(Campbell and Evans 1972). Until recently little was known about the role of sound 
production and perception in the group, although some studies investigated vocal-
ization in terrestrial turtles (reviewed in Giles et al. 2009). Varied types and degrees 
of vocalization have now been reported in sea (e.g. Mrosovsky 1972; Ferrara et al. 
2014a, b) and freshwater turtles (e.g. Ferrara et al. 2017). Even pleurodires, once 
thought not to vocalize at all (Galeotti et al. 2005), are now known to exhibit incred-
ibly rich vocalization repertoires (Giles et  al. 2009; Ferrara et  al. 2013, 2014c). 
Vocalization capacity does not necessarily equate to similar ranges of hearing sen-
sibility, as has been shown for birds (Konishi 1970), but if a variety of calls and 
sounds are used in association with social behaviors (Ferrara et al. 2014b, c), it is 
expected that hearing plays a more relevant role in turtles than previously thought.

The turtle middle and inner ears have been described in great detail elsewhere 
(e.g. Hetherington 2008; Foth et al. 2019), hence we will simply outline their most 
important morphological features here. Impedance-matching hearing in turtles 
evolved independently from other amniotes (Sobral et al. 2016), but it displays its 
common features: a tympanum, an air-filled middle ear cavity and an osseous ele-
ment (columella) that transfers vibrations to the inner ear. In all extant turtles, the 
middle ear cavity is compartmentalized to a lateral, funnel-shaped cavum tympani 
of the quadrate that embraces the tympanic membrane, and a medial pericapsular 
recess. This space functions as a re-entrant fluid system and constitutes the pressure 
relief mechanism in turtles, which lack a fenestra pseudorotunda (Sobral et al. 2016; 
Foth et al. 2019). The ossicular chain consists of a thin, rod-like bony columella and 
a cartilaginous extracolumella. The columella broadens medially forming the stape-
dial footplate, which articulates with the oval window. Laterally it passes into the 
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cavum tympani through the incisura columella auris (Gaffney 1979) and contacts 
the extracolumella that, in turn, contacts the tympanic membrane. The membrane is 
covered by layers of connective tissue and skin in turtles (Wever 1978), being much 
thicker in comparison to most tetrapods (Hetherington 2008). Inside the inner ear, 
the hair cells of the basilar papilla are also distributed on the limbic cells in turtles, 
instead of exclusively on the basilar membrane as in other reptiles (Wever 1978). 
This condition is similar to that of amphibians, in which it has been hypothesized to 
be related to underwater hearing (Hetherington 2008).

Some adaptations in the hearing system of turtles have been recognized for some 
time, such as the presence of fatty tissue in the middle ear of sea turtles (Ridgway 
et al. 1969; Lenhardt et al. 1985) and the variation in the convergence ratio of the 
tympanic membrane and oval window areas, as well as the presence of otoliths in 
the inner ears of the fossorial gopher tortoises (Bramble 1982), as well as many 
other species of various clades (SWE, personal observation). Also, the volume of 
the middle ear cavity correlates with a gradient of strongly aquatic-terrestrial habits 
in turtles (Foth et al. 2019). Chelonioids, for example, have a reduced antrum post-
oticum (even more reduced by the presence of fatty tissue) in comparison to most 
less aquatic turtles (Gaffney 1979). Moreover, aquatic turtles can vocalize both in 
air and underwater (e.g. Ferrara et al. 2013) and recent studies even suggest turtles 
overall hear slightly better in air than under water (e.g. Zeyl and Johnston 2015). 
The earliest stem turtles likely did not possess a complete impedance-matching ear 
and it is unclear in which environment this innovation has evolved in the lineage. 
The columella of Proganochelys quenstedtii is stout and articulated with the quad-
rate instead of a tympanic membrane (Gaffney 1990; Lautenschlager et al. 2018). 
The earliest turtle to show all osteological traits of the modern turtle ear is the 
Middle Jurassic Eileanchelys waldmani (Foth et al. 2019). Finally, physiological 
data on turtle hearing are currently insufficient to derive strong correlations between 
function and middle ear morphology in the group (Foth et al. 2019).

 Vision

Turtles are in general diurnal reptiles that are thought to heavily rely on their visual 
senses (Northmore and Granda 1991; Schuyler et  al. 2014). Experiments on sea 
turtles have shown that they are relatively limited in using chemical cues to find 
food and always prefer visual signs instead (Constantino and Salmon 2003; 
Southwood et al. 2007). Turtles, in general, possess a well-developed visual appara-
tus, having tetrachromatic vision (except in trionychids; Emerling 2017), with three 
types of photopigments aided by four classes of oil droplets, which act as cut-off 
filters enhancing discrimination of colors (Vorobyev 2003). Indeed, the most com-
plex cone system ever studied in vertebrates is that of Trachemys scripta (Loew and 
Govardovskii 2001). Sea turtles are also able to select prey based on their color 
(usually avoiding blueish objects; Schuyler et  al. 2014) and detect transparent 
plankton using UV sensitive photoreceptors (Wyneken et al. 2013).
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Although most extant turtles inhabit aquatic environments, Northmore and 
Granda (1991) showed that both the freshwater Trachemys scripta and the marine 
Chelonia mydas possess emmetropic (i.e. no refractive error or de-focus) eyes in 
aerial medium, becoming hyperopic underwater. As such, they need to accommo-
date their eyes underwater to focus on images. This is usually accomplished by 
deforming the lens using ciliary body and iris muscles (but Brudenall et al. 2008 
suggested a different mechanism for Dermochelys coriacea; Wyneken et al. 2013). 
The overall shape of the eye and lenses also seem to differ among freshwater and 
sea turtles: in the freshwater Pseudemys scripta the lenses are flat and the cornea 
rounded, the cornea being the refraction structure, whereas in sea turtles, the lenses 
are spherical and possess refractive power and the straighter corneas work more as 
a barrier from the external environment (Northmore and Granda, 1991; Wyneken 
et al. 2013). Marine turtles also present a shift towards shorter wavelengths (blue), 
accomplished by chromophores derived from vitamin A1 (instead of A2; Emerling 
2017). All those observations were done on a rather small sample of turtles, restricted 
to sea turtles, the emydid Pseudemys scripta and two trionychid species (Northmore 
and Granda 1991; Wyneken et al. 2013; Emerling 2017). To our knowledge, the 
vision system of pleurodires and most cryptodiran lineages has never been ana-
lyzed, so generalizations made from the previously cited studies should be consid-
ered with caution.

The parietal (or pineal) eye, a portion of the epithalamus commonly exposed 
dorsally on the skull roof of reptiles, is absent in turtles. It is a conspicuous trait in 
squamates, and functions as a photoreceptive organ aiding in thermoregulation 
through the modulation of melatonin secretion (Eakin 1973). Turtles have lost the 
pineal eye early in their evolution, considering that it is absent in all candidate 
proto-turtles (Li et al. 2008, 2018; Schoch and Sues 2018), except Eunotosaurus 
africanus (Bever et al. 2015). The visual system can be studied in fossils, for exam-
ple by assessing orbit size and diverticula evolution. Turtles—as most reptiles—
possess small eyes relative to body size (Howland et al. 2004), but there is extensive 
variation in orbit sizes in the group, with early turtles (such as Proganochelys quen-
stedtii) and chelonioids seemingly having larger orbits than most freshwater taxa. 
Further, pockets in the postorbital septum found in some marine pleurodires 
(Gaffney et al. 2006, 2011) have been associated with salt glands (Ferreira et al. 
2015), as have reduced decending processes of the parietal in protostegids (Hirayama 
1998). Such glands are found in modern sea turtles (Wyneken 2001), which also 
show reduced ossification of the interorbital region. However, short anterior brain-
case walls also exist in some terrestrial species (Joyce 2007), so that this condition 
should perhaps not be seen as an unambiguous indication for the presence of 
salt glands.
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 Olfaction

The nasal cavity of turtles, as in other tetrapods, is roughly subdivided into three 
main areas (Parsons 1959a): the anterior vestibulum, which connects the remainder 
of the nasal cavity to the external nares (= apertura narium externa; Gaffney 1979); 
the cavum nasi proprium, the intermediate main chamber; and the posterior connec-
tion to the choanae, the nasopharyngeal duct. The borders between those regions are 
usually not well defined externally, but the epithelia in each of them show clear 
specializations (Parsons 1959b).

The vestibulum and the nasopharyngeal duct of turtles are simple tubular struc-
tures connecting the external nares and the choanae, respectively, to the proper nasal 
cavity (Parsons 1959a, 1970). They are not sensorial organs as they are covered only 
by epidermal-like epithelium (Parsons 1959a, 1967), thus mainly functioning as air 
passages through the nasal organ. In some turtles, such as trionychians and the che-
lid Chelus fimbriatus, the vestibulum forms an anterior projection of soft-tissue that 
extends beyond the bony nostrils. In some of those this proboscis functions as a 
snorkel (e.g. Chelus fimbriatus and Dogania subplana; Bonin et al. 2006), but in 
most species, its function is unclear. It seems, however, that in all these taxa the 
ventral margin of the apertura narium externa is considerably projected in relation 
to its dorsal edges (Gaffney 1979), providing support for the elongation of the soft- 
tissue structure. The elongation of the vestibulum can thus be inferred from this 
osteological correlate. The anterior elongation of the vestibulum can also be 
achieved by expansion of both its floor and roof, as is the case of the extinct turtles 
Naomichelys speciosa and meiolaniids, and in some testudinids, such as Gopherus 
berlandieri (Paulina-Carabajal et al. 2017, 2019), as well as in Macrochelys tem-
minckii and Platysternon megacephalum (Lautenschlager et al. 2018). In these taxa, 
the vestibulum is easily distinguishable from the cavum nasi proprium by a con-
striction on the endocast (Paulina-Carabajal et al. 2017, 2019; Lautenschlager et al. 
2018), but a proboscis is not present. In either case, expanded vestibula might relate 
to enlarged external nasal glands, which develop on the posterior portion of this 
region (Parsons 1970); alternatively, they can represent an adaptation to life in arid 
conditions, restricting sand particles from reaching the inner nasal cavity (Parsons 
1959a). The nasopharyngeal duct also varies considerably in length, depending on 
the position of the choanae. It is particularly long in taxa which develop a hard sec-
ondary palate, e.g., Caretta caretta (Jones et al. 2012; Yamaguchi et al. 2021). The 
endocast of the nasopharyngeal duct might exhibit laterally divergent or convergent 
chambers (Lautenschlager et al. 2018).

The cavum nasi proprium is the olfactory sensitive region in the nasal organ. The 
entire inner surface of the cavum is covered by sensorial epithelium (Parsons 
1959b). Its dorsal portion, which is coated by Bowman’s glands, is the olfactory 
region sensu stricto (Parsons 1967). The olfactory region in turtles usually develops 
two (Chelonioidea; Parsons 1967; Yamaguchi et al. 2021) or one (all other known 
turtles; Parsons 1967) sac-like chambers, but, unlike amphibians (except Caudata; 
Parsons 1959a) and all other amniotes, they never develop conchae, i.e. wall infold-
ings (Parsons 1959a, 1967). In some turtles, especially in trionychids, some 
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ridges—named “Muschelwulst”—develop on the walls of the olfactory region, 
however those are typically low and not as elaborate as the conchae in other amni-
otes (Parsons 1967). A particularly well-developed ridge partially separates the 
olfactory and the intermediate region, i.e. the ventral half of the cavum nasi pro-
prium, whose epithelium, called vomeronasal epithelium, lacks Bowman’s glands. 
When the vomeronasal epithelium is restricted to ventromedial pockets, it is called 
Jacobson’s or vomeronasal organ, found in many other amniotes (Parsons 1959b, 
1967). The vomeronasal epithelium is always present in turtles, but they generally 
lack any ventromedial pockets, with the curious exception of cheloniids in which a 
single or a pair of pockets forms (Parsons 1959a, 1967; Yamaguchi et al. 2021). 
However, since the vomeronasal epithelium is not restricted to those pockets in sea 
turtles (Saito et al. 2000), they are not termed vomeronasal organs. Similar ventral 
pockets have been identified and tentatively associated with the vomeronasal sys-
tem in some fossil turtles, notably protostegids (Evers et al. 2019a). How similar 
these pockets in sea turtles are to the true vomeronasal organs of other amniotes is 
currently unclear.

Two metrics have been used to investigate quantitatively the olfactory sense in 
turtles (and in other taxa; Zelenitsky et al. 2009, 2011) using endocasts: the olfac-
tory ratio (OR) i.e. the ratio between olfactory bulb and cerebral hemisphere maxi-
mum diameters (Bang and Cobb 1968; Bang and Wenzel 1985), and the volume of 
the nasal cavity relative to total (nasal cavity and brain) endocast volume (Paulina- 
Carabajal et al. 2013, 2017; Lautenschlager et al. 2018). Among extant taxa, the 
terrestrial testudinids have the largest relative nasal cavities and highest ORs, while 
the early diverging Proganochelys quenstedtii (Lautenschlager et al. 2018) and mei-
olaniids (Paulina-Carabajal et  al. 2017) show the highest values among all 
Testudinata. These data point to a greater reliance on olfaction in testudinids in 
comparison to other modern turtles, and suggests a more terrestrial lifestyle in those 
fossils, agreeing with previous paleobiological inferences (Sterli 2015; Joyce 2017). 
It is important to note, though, that there are no available data supporting a correla-
tion between the size of the nasal cavity and olfactory acuity, contrary to the well-
established relation with OR values (Zelenitsky et  al. 2009). Nevertheless, 
considering that sensory epithelium covers the cavum nasi proprium, larger cavities 
will surely result in larger sensorial surfaces. Hence, we agree with Paulina- 
Carabajal et al. (2017) that the size of the nasal cavity can be used together with OR 
values to indicate olfactory acuity.

Both the OR and the relative size of the nasal cavity carry methodological and 
biological caveats. First, as recognized by Lautenschlager et al. (2018), the high OR 
value found in P. quenstedtii is likely not entirely related to larger olfactory bulbs, 
but also to its underdeveloped cerebral hemispheres. The nasal cavity volume might 
as a ratio reflect proportional changes in the brain endocasts instead of actual larger 
nasal cavities. Further, even though the cavum nasi proprium is the actual chemical 
sensory organ (Parsons 1959a), in many animals it serves additional functions, such 
as thermoregulation and sound production (Parsons 1959a, 1970; Bourke et  al. 
2014). Thus, nasal cavity volume alone might be misleading when investigating 
paleobiology. Nevertheless, because turtles lack nasal conchae (Parsons 1959a, 
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1967), expanding the total volume of the nasal cavity might be the best strategy for 
increasing the area of olfactory acuity. Future studies should tackle the relation 
between the size of this structure and both life habits and olfactory capabilities in 
turtles to explore potential ecomorphological trends.

4.5  Future Directions

Our summary of turtle neuroanatomical information highlights numerous known-
ledge gaps and areas requiring further investigations. There is a lack of physiologi-
cal studies on sensory perception and such studies are necessary as they form the 
basis for morphofunctional inferences. Using contrast-enhancing stained CT or 
MRI protocols to analyze extant species and increase documentation of fossils over 
the entire tree should be one focus for turtle anatomy specialists. Overinterpretation 
of individual morphology should be avoided and based on rigorous form-function 
analyses in a statistical framework including large sample sizes, which are currently 
rare. Turtles present a great case-study of ecomorphology due to their uncommonly 
rich fossil record and multiple habitat transitions during their evolution. Our func-
tional understanding of morphological structures related to sensory evolution, such 
as the relative size of the nasal cavity and olfactory bulb, and the structures of the 
middle and inner ear, can greatly benefit from future studies using an ecomorpho-
logical approach. Even though endosseous endocasts do not seem like good predic-
tors of soft tissue anatomy in the group, potential correlations between those and the 
varied ecologies of turtles might yield valuable evolutionary conclusions. On the 
other hand, our positive results for the relation between the relative volume of endo-
casts and soft tissue structures should stimulate further research on size evolution of 
neuroanatomical structures. Particularly interesting are the great changes observed 
between juvenile and adult turtles. More data on ontogenetic series are also needed 
to further explore potential heterochronic and allometric relations of neurological 
structures and the skull in turtles.

4.6  Concluding Remarks

Although the increased availability of digital tools and methods fuels progress in 
neuroanatomical research on turtles, the topic remains underexplored. Most studies 
on turtle neuroanatomy are reports of fossil or extant neuroanatomical structures of 
individual species, and taxonomically more comprehensive studies often lack an 
explicit phylogenetic comparative framework in which ecomorphological hypothe-
ses could be tested – instead, most ecological inferences that are drawn from turtle 
neuroanatomical structures are based on anecdotal correlations of form and ecol-
ogy. For instance, the relationships between specific semicircular canal diameters 
and degrees of aquatic ecology including untested correlations of thick canals with 
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diving ecology are sometimes invoked – to name but one example. In addition, most 
studies have so far relatively uncritically assumed that the endosseous cavities of 
dry skulls or fossils are faithful representations of the organs they hold. With this 
contribution, we have specifically highlighted caveats regarding this practice, and 
found mixed results for brain-braincase and membranous-endosseous labyrinth 
comparisons. Turtles as extant reptiles offer the chance to more regularly use actual 
soft tissue anatomy to inform paleoneurological studies, even if only to be cautious 
about overinterpreting structures from braincases that may not be mirrored in 
soft tissue organs. In this regard, turtles may even be insightful for distantly related 
reptile groups that lack extant representatives, including ichthyosauriforms, saurop-
terygians, or even clades of early archosauriforms. What is also needed is a good 
understanding of the ecology and biology of extant turtles, without which paleon-
tologists cannot establish a solid framework for understanding extinct animals. 
Exciting findings have emerged recently, showing for example that vocalization 
(and probably hearing as well) is far more important to turtle biology than previ-
ously thought. Currently, the evolution of neuroanatomical structures including the 
arterial circulation system are better understood than their ecomorphology. 
Neuroanatomical characters are increasingly used in phylogenies, but character 
construction is difficult due to the necessity to discretize often continuous observa-
tions. The use of continuous characters as well as assessing the impact of current 
approaches to neuroanatomical characters could be research topics worth exploring. 
Our novel data reveal extensive ontogenetic changes on the brains and endocasts of 
extant turtles and suggest that similar transformations may have occurred during the 
evolutionary transitions of Testudines, indicating that evo-devo approaches may 
provide interesting insights in the future.

A critical point for the future of the field is the deposition of scan and model data 
in online repositories. Currently, the practice for this varies between research 
groups, but the wide availability of data will be instrumental for future ‘big data’ 
approaches and comparative anatomical analyses. In addition to the hesitation of 
individual researchers to deposit data, the matter is complicated by a spectrum of 
institutional policies varying from the requirement of online deposition of data 
without download restrictions to the physical retention of data at museums without 
the possibility of online deposition or the permission to share data directly. For old 
scans that have been passed on through several researchers, permissions are some-
times unclear, further complicating the issue. Whenever possible, we ask and rec-
ommend colleagues to deposit the data for open use, as the community tremendously 
benefits from this practice.
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Chapter 5
A Look in to the Neurocranium of Living 
and Extinct Lepidosauria

Ariana Paulina-Carabajal, Paulina Jiménez-Huidobro, 
Laura Natalia Triviño, Edward L. Stanley, Hussam Zaher, and Juan D. Daza

5.1  Introduction

Lepidosauria Haeckel, 1866 is traditionally defined as the crown-clade comprising 
the most recent common ancestor of Sphenodon and Squamata and all its descen-
dants. This includes the extant orders Rhynchocephalia (including Sphenodontia) 
and Squamata and their extinct forms (Gauthier et al. 1988). Lepidosaurs are very 
contrasting in terms of diversity and biogeography (Evans 1984; Evans and Jones 
2010) and include reptiles commonly known as tuatara, lizards, amphisbaenians, 
and snakes (Fig.  5.1). Lepidosauria diversified through the Mesozoic, and many 
groups survived the K-Pg extinction event. Estimates of molecular divergence place 
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Fig. 5.1 Simplified phylogeny of lepidosaurs based on morphological and molecular data. The 
topology is highly congruent with several published combined analyses (Wiens et  al. 2010; 
Longrich et al. 2012; Wiens et al. 2012; Reeder et al. 2015; Burbrink et al. 2020; Zaher and Smith 
2020). Main differences between studies rely on the position of wildcard fossil groups, and the way 
that characters are treated (See also Bolet et al. 2021). Only the position of mosasaurs and polyg-
lyphanodonts among fossil groups are indicated. For some major clades, a silhouette of a limbed 
and limbless representative is included

the most common ancestor of crown-Lepidosauria during the Early Triassic, at 
approximately 242 Mya, whereas the divergence of the clade Squamata would have 
been during the Early Jurassic, finding the most recent common ancestor of crown- 
Squamates around 193 Mya (Longrich et al. 2012; Jones et al. 2013; but see Simões 
et  al. 2018 for older dates). These two groups show different evolutionary rates 
through their history, which has been suggested to account for their current diversi-
fication (Hay et al. 2008; Herrera-Flores et al. 2021).

The braincase anatomy and particularly the endocranial morphology of both 
extant and extinct representatives of Lepidosauria have been in general poorly 
explored. Most fossil forms –as the living ones– are small sized, and the preserva-
tion of delicate skull remains such as the braincase, is rare, except in special condi-
tions (i.e. Fossil Lagerstätte, amber embedded). Thus, the endocranial morphology 
and its diversification within the group remains poorly known when compared to 
other sauropsids. In fact, there are only a few studies based on natural or artificial 
cranial endocasts of representatives of Lepidosauria.

5.1.1  The Osseous Braincase

The skull of living lepidosaur representatives has been largely studied in terms of 
hard and soft tissue anatomy and functional morphology (e.g. Schwenk 2000; Evans 
2008; Cundall and Irish 2008). However, our knowledge on the osteology of the 
skull, particularly the braincase proper (sensu Säve-Söderbergh 1947), is still poorly 
documented. Here, we follow the definition of Säve-Söderbergh (1947) and recog-
nize the braincase proper as the part of the orbito-temporal region that is mostly 
ossified to enclose mainly the hindbrain, the middle and inner ear, but not the sep-
tum interorbitale and pituitary region (except in snakes where the septum is absent 
and the pituitary organ is completely enclosed in the braincase, see below). The 
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braincase is typically formed ventrally by the unpaired parasphenoid, basisphenoid, 
and basioccipital, laterally by the paired prootics, opisthotics, and exoccipitals, and 
dorsally by the unpaired supraoccipital. In derived alethinophidian snakes, a mem-
brane bone – the ophidiosphenoid (laterosphenoid of older authors) – fuses to the 
lateral surface of the prootic, separating the maxillary and mandibular branches of 
the trigeminal nerve (CN V).

The braincase has been described in detail in Sphenodontidae (e.g. Wyeth 1924; 
Säve-Söderbergh 1947; Pratt 1948; Evans 2008; Jones 2008), Dibamidae (Rieppel 
1984a), and in a limited number of representatives of the higher groups Gekkota 
(Kluge 1962; Rieppel 1984b; Conrad and Norell 2006; Daza et al. 2008; Daza and 
Bauer 2015; Bauer et  al. 2018), Scinciformata (Rieppel 1981; Paluh and Bauer 
2017; Stepanova and Bauer 2021), Laterata (Jollie 1960; Montero and Gans 1999; 
Hernández Morales et al. 2018; Holovacs et al. 2019), and Toxicofera (e.g. Säve- 
Söderbergh 1947; McDowell and Bogert 1954; Oelrich 1956; Rieppel and Zaher 
2000; Bever et al. 2005; Conrad and Norell 2008; Cundall and Irish 2008; Conrad 
and Daza 2015; Paluh and Bauer 2017). Within that latter group, special attention 
was traditionally given to the highly specialized braincase of snakes (Rieppel 1979a, 
b; Zaher et al. 2009, 2022a, b; Olori 2010; Olori and Bell 2012; Yi and Norell 2015; 
Garberoglio et al. 2019), while broader detailed comparative studies among squa-
mates remain sparse (e.g. McDowell and Bogert 1954 Evans 2008).

5.1.2  The Brain and Cranial Nerves

The anatomy of the brain in Squamata has been studied in several groups. In fact, 
there is a complete volume dedicated to “behavior and neurology of lizards” 
(Greenberg and MacLean 1978), in addition to three complete volumes of Neurology 
that reviewed the anatomy of reptiles, including many squamates (Gans et al. 1979a, 
b, 1992). Detailed anatomical preparations and histological sections are available 
for many groups, including the tuatara and lizards (Versluys 1898; Wyeth 1924; 
Shute and Bellairs 1953; Underwood 1957; Northcutt 1978), blind snakes (Haas 
1964), and in some cases using modern approaches, models of the brain have been 
generated in living species (Hoops et al. 2018; Hoops et al. 2021; Perez-Martinez 
and Leal 2021), and even in early embryological sequences (Griffing et al. 2019).

In this chapter, an overview of the knowledge on the poorly explored lepidosaur 
paleoneurology is provided, together with the braincase and brain morphology of 
living representatives studied using Micro-CT and diceCT data, which are novel 
technologies that are facilitating the study of internal structures. Descriptions and 
comparisons include key fossil taxa as well as living representatives of all major 
groups. This revision, however, is not intended to be exhaustive, as some early 
reviews have done a more detailed evaluation of the skull of lepidosaurs (e.g. 
McDowell and Bogert 1954; Estes 1983; Cundall and Irish 2008; Evans 2008). 
Instead, an overview of the osteological and neuroanatomical characters that are 
diagnosable on both fossil and extant groups is presented, showing the relationship 
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between the soft tissues and the endocranial cavity. The authors hope that research-
ers interested in the field of comparative neuroanatomy in both living and extinct 
species, will find in this chapter a basic and useful read.

5.2  Phylogeny and Diversity of Lepidosauria

5.2.1  Early Diverging Lepidosaurian Lineages

Lepidosaur stem lineages are represented by a few Triassic and Jurassic forms, 
including Paliguana whitei, Marmoretta oxoniensis, Sophineta cracoviensis, and 
Fraxinisaura rozynekae, which preserve braincase elements (Renesto and Bernardi 
2014; Schoch and Sues 2018; Sobral et al. 2020; Ford et al. 2021; Griffiths et al. 
2021). Some of these early diverging lepidosaurs are alternatively recovered as 
stem-squamates (e.g. Megachirella wachtleri), illustrating our limited knowledge 
on the early diversification of the group (Simões et al. 2018; Sobral et al. 2020; Ford 
et al. 2021). With some exceptions, known stem-lepidosaurs are mainly small-sized 
animals, which probably narrowed down their chances of fossilization, resulting in 
a poor documentation of the earliest stages of lepidosaurian history.

5.2.2  Rhynchocephalia Günter, 1867

Rhynchocephalia, the sister-group to Squamata, represents a lineage of lepidosau-
rian lizard-like reptiles with a long-standing and diversified fossil record, but repre-
sented nowadays by only one surviving species: Sphenodon punctatus (commonly 
known as the tuatara) (Fig. 5.1). The fossil record of rhynchocephalians has a deep 
evolutionary history and can be traced back to the Middle Triassic, around 240 Mya 
(Jones et  al. 2013). Rhynchocephalian diversity expanded considerably along the 
Mesozoic, particularly during the Late Triassic and Early Jurassic. During the 
Cretaceous, squamate diversification began to overtake rhynchocephalian species 
richness (Sues and Reisz 1995; Apesteguía 2008; Albino 2011; Meloro and Jones 
2012; Jones et al. 2013; Herrera-Flores et al. 2021). The Early Jurassic Gephyrosaurus 
bridensis and Late Triassic Diphydontosaurus avonis represent the earliest diverging 
definitive rhynchocephalians (Evans 1980; Whiteside 1986; Bever and Norell 2017).

5.2.3  Squamata Oppel, 1811

Squamata is a diverse group of reptiles commonly known as lizards (amphisbae-
nians included) and snakes. Today, this group is the most morphologically and eco-
logically diverse reptile clade, being represented by more than 11,431 living species 
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(Uetz et al. 2022), which occupy a vast array of ecological niches and exhibit unique 
behavioral features (Greene 1997; Pianka and Vitt 2003; Vitt and Caldwell 2013; 
Pough et al. 2016; Hoops et al. 2018; Sues 2019).

Recent large-scale phylogenetic hypotheses for Squamata that combined mor-
phological and molecular datasets (Pyron 2017; Reeder et al. 2015) resulted in very 
similar general topologies with four, mainly molecular, major clades (Vidal and 
Hedges 2005; Burbrink et  al. 2020)  – Gekkota, Scincomorpha, Laterata, and 
Toxicofera – encompassing all known extant families, except for the enigmatic leg-
less Dibamidae that was either retrieved as the sister-group of the Gekkota or as the 
sister-group of the larger clade Unidentata (composed by scincomorphs, lateratans, 
and toxicoferans; Vidal and Hedges 2005) along the base of the squamate tree. 
Another region of instability in the total-evidence squamate tree remains between 
toxicoferan main clades, which include crown anguiformes, iguanians, snakes, and 
the extinct mosasaurians (Pyron 2017; Reeder et al. 2015; Zaher and Smith 2020; 
Zaher et al. 2022a). Additionally, polyglyphanodontids were alternatively retrieved 
as lateratans or nested within toxicoferans as the sister-group of iguanians (Reeder 
et  al. 2015). The phylogenetic affinities of dibamids, snakes, mosasaurians, and 
polyglyphanodontids remain, understandably, as major standing problems to be 
solved in squamate phylogenetics (Simões and Pyron 2021). For the sake of sim-
plicity in this chapter, we synthesized these conflicting points in a tree topology that 
is largely congruent with recent large-scale combined analyses (Fig. 5.1).

The first undisputed squamates are from the Middle Jurassic, but are known only 
from fragmentary skull elements (Evans 1998). A number of Triassic to Early and 
Middle Cretaceous forms, including here the genera Eichstaettisaurus, Hongshanxi, 
Hoyalacerta, Huehuecuetzpali, Liushusaurus, Megachirella, Oculudentavis, 
Scandensia, and Yabeinosaurus, have been assigned to both stem- and crown- 
squamatan positions, and are considered of uncertain phylogenetic affinities within 
Lepidosauria (Evans and Jones 2010, 2022; Simões et al. 2018; Ford et al. 2021; 
Griffiths et al. 2021). Among these, the Early Triassic Megachirella wachtleri, Early 
Jurassic Eichstaettisaurus schroederi, and Early Cretaceous Huehuecuetzpali mix-
tecus are more commonly retrieved as stem-squamates in recent phylogenetic anal-
yses (e.g., Simões et al. 2018; Sobral et al. 2020; Ford et al. 2021). All three species 
exhibit partially preserved braincases.

Contrary to the scarcity of stem-squamate lineages, the fossil record of crown- 
squamates is abundant and diversified, with a substantial global expansion occur-
ring throughout the Early and Middle Cretaceous, when the first modern families 
are recorded (Evans and Jones 2010; Evans 2022). Although the fossil record of 
squamates improves in the Cretaceous and Cenozoic, delicate structures like the 
braincase complex are often poorly preserved. However, a significant number of 
exceptions are known in most of the major lineages (e.g. Dorsetisaurus purbecken-
sis, Gobiderma pulchrum, several species of mosasaurs). Additionally, at least three 
localities in the world (Myanmar: Mid-Cretaceous, European Baltic Region: 
Eocene, and Dominican Republic: Miocene) have squamates preserved in amber, 
which includes several three dimensional, and fully articulated skeletons, including 
in some cases soft tissue (Daza et al. 2016; Chou and Xing 2020). However, in some 
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of the most complete studies, despite the quality of the preservation, the braincase 
is rarely depicted in detail or illustrated separately (Estes 1983; Gao and Norell 
2000). Up to date, there are few studies where the braincase has been described or 
illustrated (e.g. Borsuk-Białynicka 1990; Conrad and Norell 2006). On the other 
hand, endocasts of the inner ear of a variety of fossil squamates have recently 
become common practice with the application of CT scan data (e.g. Conrad and 
Daza 2015; Yi and Norell 2015; Palci et al. 2017; Čerňanský et al. 2022).

 The Extinct Mosasauria

This clade includes dolichosaurs and mosasauroids, but since there is no paleoneu-
rological studies in dolichosaurs so far, this chapter will refer only to the latter. 
Mosasauroidea sensu Bell Jr (1997) includes the small to medium size 
Aigialosauridae and the derived Mosasauridae divided into 6 subfamilies from 
which only Halisaurinae, Plioplatecarpinae, and Tylosaurinae were described as 
fully aquatic forms (Bardet et al. 2003; Bell and Polcyn 2005; Polcyn and Bell Jr 
2005; Makádi et  al. 2012; Palci et  al. 2013, Polcyn et  al. 2014). The extinct 
Mosasauroidea was a diverse and globally distributed clade of squamates that 
invaded aquatic environments during the Late Cretaceous, becoming extinct during 
the K-Pg mass extinction (Russell 1967; Bell Jr 1997; Grigoriev et  al. 2009; 
Caldwell 1999, 2012; Bardet et al. 2014). Mosasauroid lizards were a highly evolved 
and specialized group becoming fully aquatic in terms of anatomy, ecology, and life 
history (Motani 2009; Caldwell 2012; Jiménez-Huidobro 2016; Jiménez-Huidobro 
et al. 2017). Historically they have been considered derived varanoids (Camp 1923; 
Russell 1967; Carroll and deBraga 1992; deBraga and Carroll 1993; Conrad 2008; 
Wiens et al. 2010), recently Gauthier et al. (2012) recovered them as the sister group 
of Scleroglossa, whereas new phylogenies based on large-scale combined morpho-
logical and molecular data recovered mosasauroids either as the sister group of 
Serpentes (Reeder et al. 2015; Simões et al. 2018, 2020) or nested within stem clade 
Anguimorpha (Zaher and Smith 2020; Zaher et al. 2022a). The earliest analysis of 
the mosasauroid neurology was made for Platecarpus tympaniticus and Clidastes 
“tortor” by Camp (1942), followed by a description of the braincase of North 
American mosasauroids and the analysis of their sensory functions published by 
Russell (1967), and subsequently the description of the braincase of Platecarpus 
and the skull roof of Tylosaurus (Rieppel and Zaher 2000). More recently, the use 
of CT scans provided the first three-dimensional casts of the endosseous labyrinths 
of Plioplatecarpus peckensis and Tethysaurus nopcsai (Cuthbertson et  al. 2015; 
Allemand 2017).
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5.3  Lepidosaur Braincase Diversity and the Fossil Record

5.3.1  Braincase of Stem-Lepidosaurians

The skull of Paliguana whitei, from the Early Triassic of South Africa (Broom 
1903), preserves only the left prootic and right exoccipital (Ford et al. 2021: fig. 
S10). The prootic lacks a crista prootica and alar process, and has a shallow incisura 
prootica, resembling the plesiomorphic condition present in the Late Permian diap-
sid Youngina (Evans 1987; Gardner et al. 2010; Ford et al. 2021). According to Ford 
et al. (2021) the exoccipital was not fused to the opisthotic or the basioccipital, and 
contributed along with the supraoccipital and basioccipital to the margin of the fora-
men magnum. Marmoretta oxoniensis, known from the Middle Jurassic of England 
(Evans 1991), is represented by several specimens that together preserve the epi-
pterygoid, parabasisphenoid, basioccipital, and exoccipital (Evans 1991; Griffiths 
et al. 2021).

The fossil lepidosaur Taytalura alcoberi from the Triassic has been described as 
a basal lepidosauromorph (Martínez et al. 2021), and despite the fragmentary nature 
of this fossil, several important features are discernable including a left stapes artic-
ulated on the fenestra ovalis, paroccipital process, basipterygoid process, cultriform 
process, hypophyseal fossa, dorsum sella, clinoid process, sphenoccipital tubercle, 
a possible orbitosphenoid with a clear foramen (CN IV?), and the two epiptery-
goids, and a deep incisura prootica for CN V (Martínez et al. 2021). It is unclear if 
the metotic fissure is divided, although there seems to be no indication of the lateral 
aperture of the recessus scalae tympani (LARST).

5.3.2  Braincase of Rhynchocephalia

Basal lepidosaurs and Sphenodon share a primitive braincase condition character-
ized by an undivided metotic fissure (Figs. 5.2 and 5.3), therefore the lateral com-
pensatory window seen in Squamates as a discrete opening (the LARST), 
corresponds to the lower part of the metotic fissure (Susan Evans, personal com-
munication), which remains as an unossified vestibular eminence (that allows com-
pensatory movement in the perilymph, and closes after the establishment of the 
compensatory window), and an internal carotid artery and palatine nerve running in 
an open groove (the vidian canal is closed in squamates) (Evans 2008). Few other 
fossil lepidosaurian braincases have been described in detail, including illustrations 
of cranial nerve foramina and endocranial cavities.
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Fig. 5.2 Lepidosaurian braincase proper in posterolateral view: (a) Sphenodon punctatus (UF 
Herp 11978) presents undivided metotic fissure (green area); (b) Gekko gecko (UF Herp 72672), 
and (c) Anolis olssoni (YPM HERR.003101) both exhibiting divided condition of the metotic fis-
sure with a superior portion for the CNs X and XII (red), and a ventral portion for the lateral 
aperture of the recessus scalae tympani (yellow); and (d) the blindsnake Liotyphlops bondensis 
armandoi (CPZ-UV 7289) showing a modified braincase, where the lateral aperture of the recessus 
scalae tympani is closed

 Endocranial Features of Stem-Rhynchocephalia

There are no published studies on the paleoneurology of any extinct rhynchocepha-
lian so far. Partial regions of the braincase, and/or cranial neurovascular foramina 
have been described or illustrated for a few number of taxa, including the early 
rhynchocephalian Gephyrosaurus bridensis, and the sphenodontians Clevosaurus 
sp. Diphydontosaurus avonis, Planocephalosaurus robinsonae, and Kaikaifilusaurus 
calvoi (Evans 1980; Fraser 1982; Whiteside 1986; Apesteguía 2008).

In extinct sphenodontian taxa, a pineal foramen is present in the skull roof (the 
foramen is completely bounded by the parietal in basal forms, Apesteguía 2008), 
while orbitosphenoids and laterosphenoids do not ossify. In Diphydontosaurus avo-
nis an olfactory tract space on the ventral surface is bounded by a well-developed 
crista cranii, and in Gephyrosaurus the ventral aspect of the frontals indicates 
slightly laterally projected cerebral hemispheres, wide transverse space for the 
olfactory tracts and divergent olfactory bulbs. As in Sphenodon (e.g. Gower and 
Weber 1998), in Diphydontosaurus there is a large metotic foramen (probably for 
the glossopharyngeal nerve) and two foramina for CN XII (also two foramina in the 
exoccipital of Gephyrosaurus). There is a medullary eminence (a median ridge) on 
the floor of the endocranial cavity of Diphydontosaurus, a trait that is also present 
in the basicrania of Gephyrosaurus and Kaikaifilusaurs. In Diphydontosaurus the 
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Fig. 5.3 Braincase of Sphenodon punctatus (FMNH-R11115) in anterior (a), lateral (b), posterior 
(c), and dorsal (d) views. Anatomical parts follow largely Evans (2008), but in some cases the 
names have been changed

paired internal carotid foramina are noticeable and there are no vidian canals on the 
parasphenoid. Only CNs V and VII were described for Clevosaurus sp., together 
with the internal carotid arteries that enter separately in the pituitary fossa. In a 
recent study, the braincase of a specimen from the Late Triassic of Britain was virtu-
ally reconstructed using CT scans, but no endocranial traits nor cranial nerves were 
described (Chambi-Trowell et al. 2019).

Based on this available braincase information, a hypothetical rhynchocephalian 
endocast would not have accurately reflected the surface morphology of the brain, 
as in the living relative Sphenodon. The dorsal surface of the endocast would prob-
ably show evidence of the presence of a pineal foramen, together with the dorsal 
surface of the forebrain (olfactory bulbs and tracts), although there are no clear 
impressions on the ventral surface of parietals and frontals in Kaikaifilusaurus 
(Apesteguía 2008) and Sphenodon. There would be a single large passage for all 
branches of CN V, as they leave the endocranial cavity through a single foramen, 
and also for CNs IX-XI, which leave the endocranial cavity through the metotic 
foramen. There is a variable number of branches of CN XII as Ross et al. (1999) 
described three hypoglossal foramina in the braincase of Sphenodon, whereas 
Gower and Weber (1998) described two. The floor of the endocranial cavity bears a 
median medullar eminence that turns in a ventral longitudinal cleft on the medulla 
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oblongata. This trait is observed in living Sphenodon (Ross et al. 1999), the Triassic 
Diphydontosaurus, and the Cretaceous Kaikaifilusaurus, being probably a synapo-
morphy of Rhynchocephalia. Interestingly, the dorsal surface of the basisphenoid in 
Kaikaifilusaurus is wrinkled (Apesteguía 2008), a character not described in other 
related taxa, that may reflect some aspect related to the ventral longitudinal 
venous sinus.

5.3.3  Squamata

The embryonic squamate braincase can be diagnosed by the fusion of the exoccipi-
tal and opisthotic, forming a composite otooccipital at hatchling, and the presence 
of a metotic fissure subdivided into the lateral aperture of the recessus scalae tym-
pani anteroventrally (occipital recess in Oelrich 1956) and posterodorsally by a 
space where the foramen for the vagus nerve (CN X) and the foramina for the hypo-
glossal nerve (CN XII) are located (Säve-Söderbergh 1947; Kamal 1971; Bellairs 
and Kamal 1981; Rieppel 1993; Montero et al. 1999; Fig. 5.2). An otooccipital is 
present in all squamates, except in dibamids where the exoccipital and opisthotic 
bones remain separate in the juveniles, eventually fusing in later stages (Greer 1985; 
Rieppel 1984a, b). Similarly, the opisthotic and exoccipital are separate in the juve-
niles of Sphenodon, fusing posteriorly in the adults (Sienbenrock 1893; Evans 
2008). A fully divided metotic fissure is present in the earliest known squamate 
braincase remains from the Early Cretaceous, but is absent in Sphenodon and all 
fossil rhynchocephalians (Evans 2016; Ross et al. 1999). Although similarly subdi-
vided with an anterior recessus scalae tympani separated from the vagus and hypo-
glossal nerves, developmental observations show that the divided metotic fissure in 
lizards and snakes follows different developmental pathways (Kamal 1971; Bellairs 
and Kamal 1981; Rieppel 1993). Paleoneurological studies on non-marine lizards 
are limited to a few publications involving a highly fragmentary braincase (Cruzado-
Caballero et al. 2019), and an unpublished preliminary study (García 2021). In this 
regard, detailed descriptions of braincases –and particularly endocranial cavities– in 
extinct (and also extant) forms are scarce. There are a few studies of cranial endo-
casts of fossils, including the enigmatic lizard Oculudentavis (Xing et  al. 2020), 
Cretaceous mosasauroids (Camp 1942; Russell 1967; Rieppel and Zaher 2000; 
Georgi and Sipla 2008; Cuthbertson et  al. 2015; Allemand 2017), a Cretaceous 
snake (Zaher and Scanferla 2012; Yi and Norell 2015; Triviño et al. 2018), and two 
Cenozoic lizards (Cruzado-Caballero et al. 2019; García et al. 2021), the two latter 
corresponding to highly fragmented or preliminarily studied specimens. In recent 
publications, aspects of the inner ear anatomy within a sample of extinct and living 
snakes were analyzed through digital 3D reconstructions based on CT scans (Yi and 
Norell 2013, 2015; Conrad and Daza 2015; Palci et al. 2017; Čerňanský et al. 2022). 
Study of cranial endocasts have the potential to produce new sources of informa-
tion, which can be relevant for highly debated topics such as the origin of snakes 
(Allemand et  al. 2017). All squamates share a braincase character, the metotic 
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fissure subdivided by the contact of the basal plate and otic capsule (Gauthier 
et al. 2012).

 Braincase of Stem-Squamata

Megachirella wachtleri preserves the braincase, but in both the photographs and the 
3D model of the skull, there is not enough detail to describe the foramina and fen-
estrations, or the individual elements, however the braincase was described as hav-
ing a well-developed alar process of the prootic (Simões et al. 2018). Additionally, 
on the published 3D models this fossil had a large paroccipital process, a single 
(undivided) occipital condyle, short basipterygoid processes, and a ventral ridge in 
the basioccipital.

The fossil Huehuecuetzpalli mixtecus is also frequently recovered as a stem 
squamate, unfortunately the preservation of the braincase is limited, and not many 
details are available in the description. However, it has been described as having a 
short supraoccipital, well developed paroccipital processes (lateral process of the 
opisthotic), a small “C” shaped exoccipital, a robust stapes similar to that of 
Sphenodon and differing from the slender condition in Squamata (although this 
structure is highly variable among squamates; Weber 1978; Sánchez-Martínez et al. 
2021), and an alar process of the prootic contacting the columnar epipterygoid 
(Reynoso 1998).

The enigmatic fossil Oculudentavis, known by two fully articulated and three 
dimensional specimens embedded in amber has been recovered in a basal position, 
either as sister to Scandensia ciervensis, sister to Dibamia, or mosasaurs (Bolet 
et al. 2021). Although this fossil is very complete, its affinities are still uncertain, 
possibly caused by its unique morphology. However, several features are known 
from its braincase, and serve to diagnose this taxon, including a vaulted braincase, 
well-developed crista prootica, short alar process, slender basipterygoid processes 
(not expanded distally in a O. khaungrae), short basisphenoid, enclosed vidian 
canals opening posteriorly within the basisphenoid, robust parasphenoid rostrum, 
short supraoccipital, visible processus ascendens, and short paroccipital processes 
(Bolet et al. 2021). In its original description as a dinosaur, a model of the endocast 
was included where the authors inferred a prominent cerebrum (although not a clear 
optic lobe as in birds) and part of the olfactory tracts (Xing et al. 2020).

 Braincase of Dibamidae

Dibamids (Fig. 5.4) have been consistently recovered as an early branching squa-
mate group, or as sister to Gekkota. They have some distinctive characters of the 
braincase such as the lack of an optic foramen and crista prootica (the latter shared 
with amphisbaenians), and the presence of ophidiosphenoid (= laterosphenoid or 
pleurosphenoid) a character shared with amphisbaenians and snakes (Gauthier et al. 
2012) that seems to be convergent among those groups.
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Fig. 5.4 Braincase of Dibamus novaeguineae (CAS-SU-26872) in anterior (a), posterior (b), dor-
sal (c), ventral (d), and lateral (e) views. Anatomical parts follow largely Rieppel (1984a, b), but in 
some cases the names have been changed

 Braincase of Gekkonomorpha

The braincase of gekkonomorph lizards has two main contrasting morphologies: in 
limbed gekkotans the braincase is wide, while in limb-attenuated pygopods the 
braincase becomes narrow and elongated (Kluge 1976) (Fig.  5.5). Virtually, all 
limbed crown gekkotans have the incisura prootica (CN V) medially closed into a 
bony canal (Evans 2008), also called foramen prootico (Daza et al. 2013). The fora-
men prootico forms a bony enclosure of the trigeminal nerve, and it is lost only in 
some members of the Indopacific gecko group (e.g. Gekko, Luperosaurus, 
Ptychozoon), although the distribution of this character is uncertain since the tax-
onomy of Gekko s.l. is under major changes (Wood et al. 2020a, b). Some species 
of the genus Gekko might have the enclosure (e.g. G. vittatus), and some not (e.g. 
G. gecko) (See also Daza et  al. 2015). The bony enclosure is also lost in the 
Pygopodidae (reversed to the widespread condition of squamates, considering the 
current hypothesis of relationships). Limbed gekkonomorphs are also distinct by 
having a well-developed crista prootica, this trait is very reduced in pygopodids, 
probably due to their narrowed skull when compared with limbed gekkotans.
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Fig. 5.5 Braincases of two fossil gekkonomorphs: (a–c) Norellius nyctisaurops (AMNH FR 
21444); and (d–f) an undescribed fossil embedded in Burmese amber (JZC Bu1802). Notice the 
different enclosure for the trigeminal nerve, and the low processus ascendens

One clear distinct feature of gekkotans from early gekkonomorphs is the lack of 
a pineal foramen, visible in Norellius and in Eichstaettisaurus but absent in the 
crown group and Gobekko (Borsuk-Białynicka 1990; Daza et  al. 2013). Another 
character is the lack of the processus ascendens of the supratemporal (Bellairs and 
Kamal 1981; Rieppel 1984b; Estes et al. 1988; Daza et al. 2013). Gekkotans and 
some iguanians also develop extracranial calcified endolymphatic sacs (Kluge 
1967; Bauer 1989; Gamble et al. 2012; Laver et al. 2020). These structures, although 
hard to preserve in fossils, are visible in amber inclusions (Fig. 5.3).

Perhaps the best preserved braincases in any fossil geckos are the gekkonomorph 
Norellius nyctisaurops (Conrad and Norell 2006; Conrad and Daza 2015; Fig. 5.3a–
c), and the braincase of an undescribed gecko in amber from Myanmar (Daza et al. 
2016; Fig. 5.3d–f). In all gekkotans, the orbitosphenoid is cartilaginous.

There are four braincase characters that differentiate geckos from other lepido-
saurs, including: a crista prootica present and sometimes prominent and extending 
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Fig. 5.6 Braincase of two extant scincoideans (cordylids): (a–d) Chamaesaura anguina (UF- 
H- 27589); and (e–h) Smaug giganteus (UF-119459). Notice the deep flanges on the hypophyseal 
fossa, large dorsal crest, sphenoccipital tubercle and LARST opening

onto basipterygoid process and forming an open or closed canal (similar in some 
iguanians), a trigeminal foramen enclosed by bone (foramen prootico, lost in some 
forms), and medial aperture of the recessus scalae tympani divided into anterior and 
posterior openings (not present in some genera, e.g. Gonatodes) (Gauthier 
et al. 2012).
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 Braincase of Scinciformata

Scinciformata includes the families Scincidae, Gerrhosauridae, Cordylidae, and 
Xantusiidae. The braincase morphology is modified in limb-reduced and first head 
burrowing species (Fig. 5.6), where the braincase is narrowed to the point that in 
some species the medial wall of the otic capsule contact each other in the midline 
(as in Typhlacontias gracilis, Stepanova and Bauer 2021). The braincase also devel-
ops a lateral closure by an increased contact between the parietal ventrolateral 
flange and the alar process of the prootic (Rieppel 1981). Several characters from 
the braincase have been used to diagnose each one of the scinciformatan clades 
(Evans 2008); however, these show a large amount of variation, making it difficult 
to characterize their braincase. Scinciformatans in general have ossified orbitosphe-
noids, well-developed alar process and crista prootica, a prominent sphenoccipital 
tubercle, the paroccipital process with a recess for the quadrate, a large lateral open-
ing for the recessus scalae tympani, sometimes a small supratrigeminal process, and 
sometimes a well-defined processus ascendens and a dorsal crest on the supraoc-
cipital (Evans 2008; Fig. 5.4). The clinoid process, also known as the alar process of 
the sphenoid, is enlarged and it contacts the inferior process of the prootic. One 
character in some scinciformatans, such as cordylids and xantusiids, is the presence 
of a supraoccipital crest (Gauthier et al. 2012).

Several fossils have been recovered as stem-scinciformatan, including 
Parmeosaurus, Paramacellodus, Myrmecodaptria, Carusia, Eoxanta, 
Hymenosaurus, Globaura, Ardeosaurus, and Retinosaurus. Some of these preserve 
braincase remains, such as Paramacellodus presenting a short and broad braincase, 
with short and thick paroccipital process and a kidney-shaped occipital condyle 
(Evans and Chure 1998). The braincase of Myrmecodaptria (IMG 3/95) has a poorly 
preserved braincase, limited to a portion of the parabasisphenoid including the 
basipterygoid processes, part of the basioccipital, and the occipital condyle. The 
braincase floor is narrow and elongated, and although originally discussed as pos-
sibly related to Gekkota (Gao and Norell 2000), the authors pointed out that the 
occipital condyle was not bipartite as in limbed geckos (Gardiner 1982). The prootic 
is also described as extending onto the basipterygoids to cover the recessus vena 
jugularis, perhaps describing the clinoid process and the lateral head vein below. 
Additionally, a prominent processus ascendens was also described. The braincase of 
Carusia is preserved in several specimens (Borsuk-Białynicka 1985; Borsuk- 
Bialynicka 1987; Gao and Norell 1998), exhibiting a hexagonal supraoccipital, a 
prominent processus ascendens, a well-developed recess for the lateral head vein, 
well developed crista prootica, and two foramina open into the recessus vena jugu-
laris: one posterior to the vidian canal, and the facial foramen. A prominent sphen-
occipital tubercle, and a small hypoglossal foramen, opening close to the 
LARST. Perhaps one of the best-preserved articulated skulls and braincases is the 
one of the amber embedded scinciformatan Retinosaurus, which has been found to 
be a stem-xantusiid (Čerňanský et al. 2022). The preservation of this delicate struc-
ture allowed also to produce an endocast of the inner ear. Retinosaurus has a well- 
developed alar process, crista prootica, a marked grove for the lateral head vein on 
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Fig. 5.7 Braincase of lateratans: (a–d) the gymnophthalmid Cercosaura ocellata (YMP HERR 
016695); and (e–h) the amphisbaenid Amphisbaena plumbea (MCZ 15914)

the dorsal surface of the basipterygoid process, and a large LARST (Čerňanský 
et  al. 2022). The dorsal surface of the supraoccipital does not have a processus 
ascendens.
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 Braincase of Laterata

Laterata is also a diverse clade (Fig.  5.7), containing the Teioidea (Teiidae, 
Gymnophthalmidae, and Alopoglossidae) and Lacertibaenia (Lacertidae, and the 
amphisbaenians, Bipedidae, Rhineuridae, Blanidae, Cadeidae, Trogonophidae, and 
Amphisbaenidae). There are detailed descriptions of the skull of many of their 
members, including extant species (Jollie 1960; Bell et  al. 2003; Montero et  al. 
2004; Montero and Gans 2008; Guerra and Montero 2009; Roscito and Rodrigues 
2010; Hernández Morales et al. 2018; Holovacs et al. 2019). Laterata has experi-
enced limb reduction and first head burrowers in both main groups, resulting in very 
contrasting morphologies, e.g. the lateral closure of the skull in sand swimmers 
such as Calyptommatus (Gymnopthalmide, Roscito and Rodrigues 2010; Holovacs 
et al. 2019) and the Amphisbaenia (Montero and Gans 1999, 2008), where the skull 
is closed by an enlarged descensus parietalis process in the former, and by an 
extended contact between the parietal and the anterior part of the braincase in the 
latter. Given the morphological disparity in this group, it is hard to characterize their 
braincase, to the point that comparisons with amphisbaenians become complicated. 
This is also exacerbated by the terminology used for some elements that are likely 
to be homologous or largely equivalent, but that when proposed, amphisbaenians 
were considered a separate group of reptiles, and these terms have been traditionally 
maintained (Fig. 5.7). A good example is the element that caps the sphenoccipital 
tubercle reinterpreted as the basicranial sesamoid (Montero et al. 2017), or the tabu-
losphenoid of amphisbaenians, which includes the orbitosphenoid and other ele-
ments of dermal origin (Montero and Gans 1999; Montero pers. comm.). Likewise, 
the anterolateral process of the fused otico-occipital complex of amphisbaenians 
corresponds, or at least, closes the braincase laterally in a similar way to the prootic 
alar process. Considering how extremely modified are amphisbaenians, it is difficult 
to describe a putative synapomorphy from the braincase, for example all the limbed 
members of Laterata have an orbitosphenoid that is either bi or tri-radiated, but in 
Amphisbaenia the element that includes the orbitosphenoid (i.e. tabulosphenoid) is 
unpaired and has a unique flattened morphology. Likewise, all limbed forms have an 
alar process, and a crista prootica. Likewise, the crista tuberalis is strong and located 
behind the LARST.  Evans (2008) described an interesting basicranial character 
referring to a pit in front of the posterior ampullary prominence, where the epibran-
chial 2 will meet the skull. Such character deserves a more detailed revision, 
although present in all revised gymnophthalmids, alopoglossids, and in small teiids, 
and it seems to be affected by size (Evans, personal communication). Another brain-
case character described for gymnophthalmids and teiids (and most likely alopo-
glossids as well) is the participation of the prootic in the margin of the medial 
aperture of the recessus scalae tympani (Bell et al. 2003; Gauthier et al. 2012).

Despite the extreme transformation of amphisbaenians, shared characters with 
most of the limbed forms are: the presence of a prominent sphenoccipital tubercle 
(capped or not by the basicranial sesamoid), a tendency to reduce the size, or at least 
the thickness of the basipterygoid process, and a parabasisphenoid rostrum with a 
broad base. Many members also show very globular braincases in the occipital area, 
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especially in small forms (e.g. gymnophthalmids, alopoglossids and amphisbae-
nians). Unique amphisbaenian characters include the origin of temporal muscles 
spread onto braincase dorsally (an homoplastic condition also present in snakes), 
optic foramen enclosed entirely within the tabulosphenoid, and perilymphatic fora-
men facing posteriorly (Gauthier et al. 2012).

Some of the most remarkable Laterata fossils with well-preserved braincases 
include the teiids Dracaena uruguaianensis (Hsiou 2007; Quadros et al. 2018) and 
Callopistes bicuspidatus (Brizuela and Albino 2017), several rhineurid amphisbae-
nians (Berman 1973, 1976, 1977; Kearney et al. 2005; Stocker and Kirk 2016), a 
blanid amphisbaenian (Bolet et al. 2014), and a number of transitional fossils that 
have been proposed as early stages in the evolution of amphisbaenians (Wu et al. 
1993; Müller et al. 2011), although the phylogenetic placement of one of them has 
been challenged (i.e. Sineoamphisbaena; Kearney 2003; Conrad 2008).

The braincase of amphisbaenians is completely ossified, as in snakes, providing 
a complete cast of the endocranial cavity. However, in the fossil record there is a 
lack of detailed knowledge of the braincase anatomy of this clade in general, and 
although certain taxa have complete skulls (e.g. Berman 1976), the cranial neuro-
vascular foramina have never been described nor illustrated, neither are the endo-
cranial aspects. The amphisbaenians Spathorhynchus fossorium and Rhineura 
hatcherii from the early Cenozoic of USA are some of the few fossil taxa studied 
using micro-CT scans (Kearney et  al. 2005; Muller et  al. 2016). However, skull 
descriptions do not include the braincase. On the other hand, studies by Maisano 
et al. (2005) that were also based on micro-CT scans, provided detailed descriptions 
of the braincase and cranial foramina of the extant species Diplometopon zarudnyi. 
The endocranial cavity is in general anteriorly heart-shaped (indicating that the 
cerebral hemispheres are well differentiated, at least laterally), and almost com-
pletely enclosed by the frontals, whereas posteriorly the shape of the cranial cavity 
becomes more circular. The gasserian foramen (for CN V) opens between the pari-
etal temporal lamina and the parabasisphenoid, followed by CN VII, which is 
bounded by the prootic. The fenestra ovalis opens ventrolateral into the jugular 
recess. The vestibular eminence on each side protrudes well into the endocranial 
cavity. The bony labyrinth (inner ear) has an ovoid statolithic mass that extends 
posteriorly to fill roughly half of the vestibule (Maisano et al. 2005).

Some aspects of sensory biology were made regarding the sculpturing on the 
snout of R. hatcherii formed by perforating canals, which responds to an unprece-
dented degree of cutaneous peripheral innervation (by means of the trigeminal 
nerve), not observed in living representatives (Maisano et al. 2005). In turn, S. fos-
sorium has a reinforced orbital rim that suggests selection against the loss of a 
functional eye, indicating an ecology potentially different from modern taxa and a 
more complex history for the cranial traits traditionally linked to fossoriality.
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Fig. 5.8 Braincase of two extant toxicoferans: (a–c) the dactylodid Anolis carolinensis (UF- 
H- 102367); and (d–f) the chameleonid Chameleo calypratus (UF-H-191369)

 Braincase of Toxicofera

This group comprises a large diversity of forms, including the extant clades 
Anguimorpha (Anguidae, Helodermatidae, Lanthanotidae, Shinisauridae, 
Varanidae, Xenosauridae, plus certain extinct forms [e.g. Palaeovaranidae]), Iguania 
(Acrodonta: Agamidae, Chamaeleonidae; Pleurodonta: Corytophanidae, 
Crotaphytidae, Dactyloidae, Hoplocercidae, Iguanidae, Leiocephalidae, 
Leiosauridae, Liolaemidae, Opluridae, Phrynosomatidae, Polychrotidae, 
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Fig. 5.9 Braincase of two extant toxicoferans: (a–c) the typhlopid Indotyphlops braminus 
(UF-Herp-29433); and (d–f) the colubrid Nerodia sipedon (UF-Herp-177819)

Tropiduridae), Serpentes, and the extinct Mosasauroidea and Polyglyphanodonta 
(Figs.  5.8 and 5.9). Comparisons in braincase anatomy are difficult because of 
highly divergent forms such as chameleons and snakes. Braincase characters unique 
to this group are hard to identify, however, the limbed forms usually have a well- 
developed sphenoccipital tubercle, and occipital recess  – the occipital recess is 
reduced in Anguidae and Varanidae, and sometimes associated with an enlarged 
fenestra ovalis; a well-developed inferior process, a deep incisura prootica, and an 
enlarged crista tuberalis that makes the vagus foramen shift to the posterior part of 
the skull (Rieppel 1980; Conrad and Norell 2008; Evans 2008; Conrad et al. 2011). 
There are highly detailed descriptions of the braincase in toxicoferans, including 
isolated bones of living groups: Anguidae (Conrad and Norell 2008), Iguanidae 
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(Oelrich 1956; Evans 2008), Lanthonothidae (McDowell and Bogert 1954), 
Shinisauridae (Bever et al. 2005), and Varanidae (Säve-Söderbergh 1947; Conrad 
et al. 2008), among others. Studies of fossil taxa include the polyglyphanodontid 
Macrocephalosaurus chulsanensis (Sulimski 1975), the monstersaurian Gobiderma 
pulchrum, the anguids Melanosaurus maximus, Helodermoides tuberculatus, and 
Pseudopus laurillardi (Range and Bailon 2005; Conrad and Norell 2008; Klembara 
et al. 2010), the varanid Saniwa ensidens and Varanus marathonensis (Conrad et al. 
2012; Smith et al. 2018; Villa et al. 2018), the palaeovaranid Paranecrosaurus feisti 
(Smith and Habersetzer 2021), and the iguanian Geiseltaliellus maarius 
(Smith 2009).

 Braincase of Extinct Snakes and Available Endocranial Features

The braincase morphology of snakes departs from other toxicoferans by their highly 
specialized nature (Bellairs and Kamal 1981; McDowell 2008; Cundall and Irish 
2008). Additionally, snakes are also characterized by having elongated and mainly 
limbless bodies, but several limbed forms were recovered from Cretaceous rocks, 
including the four-limbed Early Cretaceous Tetrapodophis amplectus (Martill et al. 
2015; Zaher and Smith 2020; Zaher et  al. 2022a) and the hind-limbed Late 
Cretaceous Najash rionegrina, Pachyrhachis problematicus, Haasiophis terrasanc-
tus, and Eupodophis descouensi (Haas 1979, 1980a, b; Rage and Escuillié 2000; 
Tchernov et al. 2000; Apesteguía and Zaher 2006). Although not preserved in any 
of the known specimens so far, similarly well-developed hindlimbs were most likely 
present in the Late Cretaceous Dinilysia patagonica and Sanajeh indicus. Including 
snakes, limb reduction and body elongation has occurred in all major squamate 
groups except in the Iguania – squamate reptiles show a large spectrum of serpenti-
form groups ranging from fully limbed to complete limblessness (Camaiti 
et al. 2021).

Snakes probably diverged from their closest lizard ancestors at some point in the 
Jurassic (Zheng and Wiens 2016; Pyron 2017; Burbrink et al. 2020). The earliest 
informative articulated specimens are only known from the latest Early Cretaceous 
(Cuny et al. 1990). Despite their strongly ossified braincase, only a few Cretaceous 
snakes preserved their skull and braincase anatomy, the group being predominantly 
represented by isolated vertebrae throughout the Mesozoic. Well-preserved brain-
cases are known in the stem snakes Tetrapodophis amplectus from the Early 
Cretaceous of Brazil, Dinilysia patagonica and Najash rionegrina from the Late 
Cretaceous of Argentina, and Sanajeh indicus from the Late Cretaceous of India 
(Estes et al. 1970; Apesteguía and Zaher 2006; Zaher et al. 2009; Wilson et al. 2010; 
Zaher and Scanferla 2012; Martill et al. 2015; Garberoglio et al. 2019; Zaher et al. 
2022a), and in the more derived crown alethinophidians Pachyrhachis problemati-
cus, Haasiophis terrasanctus, and Eupodophis descouensi from the Cenomanian of 
the Middle East (Haas 1979, 1980a, b; Rage and Escuillié 2000; Tchernov et al. 
2000; Rieppel and head 2004; Garberoglio et al. 2019; Zaher et al. 2022b). Recently, 
a small number of poorly preserved Middle Jurassic and Early Cretaceous 
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squamates collectively referred to as ‘parviraptorids’ were re-interpreted as stem 
snakes (Caldwell et al. 2015). Although ‘parviraptorids’ would appear to fill a sig-
nificant gap in the fossil record of snakes, their affinities and complex taxonomic 
history are still in dispute (Conrad 2008; Panciroli et al. 2020).

Among the known Cenozoic snakes with a well-preserved braincase, the 
Australian “madtsoiids” Wonambi naracoortensis and Yurlunggur camfieldensis 
gained relevance in the debate on the origin of snakes (Scanlon and Lee 2000; 
Rieppel et al. 2002; Scanlon 2003, 2005, 2006). Their phylogenetic position as early 
diverging snakes has been controversial (Rieppel et al. 2002), and recent studies are 
supporting a more derived position as stem alethinophidians (Zaher and Smith 
2020; Zaher et al. 2022a). Other relevant Cenozoic fossil snakes with described and 
figured braincases include the alethinophidians Kataria anisodonta, Archaeophis 
proavus, Archaeophis turkmenicus, Crythiosaurus mongoliensis (Janensch 1906; 
Gilmore 1943; Tatarinov 1988; Scanferla et al. 2013), the constrictores Messelophis 
variatus, Rieppelophis ermannorum, Boavus idelmanni, Eoconstrictor fischeri, 
Messelopython freyi, Palaeopython schaali (Hoffstetter and Rage 1977; Scanferla 
et al. 2016; Scanferla and Smith 2020a, b; Georgalis et al. 2021; Smith and Scanferla 
2021), and a small number of colubroideans (Szyndlar 1985, 1988, 1991; Szyndlar 
and Zarova 1990; Rage 1976).

In contrast to fossil snakes, the braincase of extant snakes have been studied 
extensively, including a wealth of available embryological and anatomical works 
that offer a robust body of evidence (see Underwood 1967; Bellairs and Kamal 
1981; McDowell 2008; Cundall and Irish 2008; Werneburg and Sánchez-Villagra 
2015 for a detailed review of the literature). Several braincase characters are unique 
to extant snakes, including a nuchal crest of the supraoccipital extending laterally, 
alar process short or absent, crista tuberalis and crista prootica proeminent and com-
bined to surround the stapedial footplate and the LARST, crista interfenestralis 
reduced, maxillary branch of the trigeminal nerve passing between the palatine and 
the prefrontal, parietal roofing the vidian canal, trabeculae cranii platybasic, sella 
turcica recessed below a high dorsum sellae posteriorly, basipterygoid process 
(when present) lacking a synovial palatobasal articulation, CN IX exits posteriorly 
via the vagus (=jugular) foramen, the LARST is small, and the exoccipital parts of 
the otooccipital contact each other above the foramen magnum (Gauthier et al. 2012).

Tetrapodophis and Sanajeh retain a complete rod-like and gracile upper temporal 
bar formed by the postorbital and squamosal, absent in all other known snakes 
(Zaher et al. 2022a). Sanajeh also retains a multipartite suspensorium that is inter-
mediate between lizards and snakes, with an otooccipital contacting the quadrate 
laterally and below the expanded supratemporal. Within crown Serpentes, the sus-
pensorium reduces independently in scolecophidians and alethinophidians, being 
lost independently in scolecophidians and uropeltids (with the quadrate articulating 
directly with the braincase wall) or reducing significantly in alethinophidians where 
the supratemporal takes the role as the only suspensorial element of the braincase 
(Zaher et al. 2022a). The stapedial footplate in stem snakes Dinilysia, Najash, and 
Sanajeh is expanded, being much larger than the condition known to occur in crown 
Serpentes, including Yurlunggur, Wonambi, and pachyophiids (Zaher et al. 2022b). 
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The crista circum fenestralis is also characteristically reduced (low) in these snakes 
with an expanded stapedial footplate. A shallow sella turcica with a low dorsum 
sellae characterizes Dinilysia, Najash, scolecophidians, Yurlunggur, Wonambi, 
Anilius, and uropeltoids, while a deep sella turcica recessed below a well-defined 
dorsum sellae is uniformly present in pachyophiids and all other crown alethino-
phidians (Rieppel 1979a, b; Rieppel et al. 2009; Zaher et al. 2022b). In Dinilysia, 
Najash, and Sanajeh, the basipterygoid process fits into a socket or deep recess in 
the pterygoid, suggesting that a synovial palatobasal articulation was present in 
these forms. In all other snakes (including pachyophiids, Wonambi and Yurlunggur) 
this synovial joint is absent and the basipterygoid process, when present, contacts a 
flat surface on the pterygoid where it attaches via tendinous tissues (Zaher et al. 
2022a). The trigeminal foramen is markedly larger than other cranial foramina in 
Dinilysia, Najash, Sanajeh, Wonambi, Yurlunggur, and pachyophiids, resulting 
from the anteroposterior extension of the braincase and lateral enclosure of the 
braincase wall by the parietal and frontals. Scolecophidians also have a single open-
ing for the trigeminal nerve, but it is much smaller and fails to form a deep notch on 
the prootic. In crown alethinophidians, the maxillary (CN V2) and mandibular (CN 
V3) branches are separated by the presence of an ophidiosphenoid (=laterosphe-
noid), which forms as a membrane bone.

As for other lepidosaurian groups, the paleoneurology of snakes has been poorly 
explored. The endocranial anatomy of Dinilysia patagonica was described by Zaher 
and Scanferla (2012) as part of a more inclusive analysis of the skull, but the first 
paleoneurological study for an extinct snake was made by Triviño et  al. (2018), 
based on a natural endocast. More recently, the inner ear morphology of Yurlunggur 
and Wonambi were analyzed based on CT-scan data (Palci et  al. 2017, 2018). 
According to Evans (2016) the ear region of both madtsoiids shows a derived condi-
tion when compared to Dinilysia. Differently from Dinilysia and Najash, both 
Wonambi and Yurlunggur possess a distinct juxtastapedial recess delimited by a 
well-developed crista circumfenestralis (Zaher et  al. 2009; Zaher and Scanferla 
2012; Evans 2016).

In Dinilysia the basioccipital extends ventrally to the accessory process of the 
crista interfenestralis to form a well-developed lizard-like spheno-occipital tuber-
cle. An expanded spheno-occipital tubercle is absent in pachyophiids, Wonambi and 
all extant snakes. It is not preserved in Sanajeh and Najash. In Wonambi, the inter-
nal (posterior) opening for CN VI is posterior to the pituitary pit, whereas the exter-
nal (anterior) opening is just dorsal to the anterior vidian canal, being the latter 
probably the case in Dinilysia as well (Scanlon 2005). There is a single foramen for 
CN VII, whereas in living snakes the two branches of the facial nerve either exit 
through separate foramina or one of the branches penetrates the interior of the vid-
ian canal as probably in Dinilysia (Estes et al. 1970; Zaher and Scanferla 2012). In 
Wonambi the fenestra ovalis is observed on the lateral side of the braincase, and the 
jugular foramen (for CN X) opens anterolateral to the two hypoglossal (CN XII) 
foramina. Apart from the largest and most conservative features, identification of 
vascular and nervous foramina in fossil snakes must be somewhat speculative due 
to the lack of direct evidence of soft tissues (osteological correlates).
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5.4  Overview of General Comparative Neuroanatomy

5.4.1  Characterization of the Reptilian Central 
Nervous System

The reptilian central nervous system is in general relatively simple anatomically and 
most living lepidosaurians have “tubular brain”, meaning that the forebrain, mid-
brain, and hindbrain are linearly or horizontally aligned. Cerebral hemispheres are 
in general relatively small and have smooth surfaces (Goldby and Gamble 1957; 
Wyneken 2007). The forebrain or procencephalon is the most anterior part of the 
brain, related mainly with the senses of smell and taste, and to sensory-motor inte-
gration. It subdivides in telencephalon and diencephalon, comprising the olfactory 
apparatus (olfactory bulbs and tracts), cerebral hemispheres, pineal complex and 
pituitary. The midbrain or mesencephalon relates with visual processing and neuro-
endocrine regulation, and this region of the brain is formed by the Tectum (optic 
lobes). The hindbrain or rhombencephalon relates with hearing and balance, and is 
subdivided in metencephalon and myelencephalon, comprising the cerebellum and 
medulla oblongata (Romer 1956; Nieuwenhuys 1998; Butler and Hodos 
2005; Wyneken 2007; Bruce 2009). Compared to the forebrain regions, the mid-
brain and hindbrain leave less osteological correlates on the endocranial cavity. 
Plus, in many cases there are large longitudinal venous sinuses obscuring the brain 
surfaces (e.g. Porter and Witmer 2015). Regarding the evolutionary pattern, the 
brain size increment along the evolution of amniotes is not uniform for all the 
regions of the brain and responds, mainly, to a forebrain increment. The pallium of 
the telencephalon experiences hypertrophy particularly in snakes and some lizards 
(Bruce 2006; Güntürkün et al. 2020).

The cranial nerves (CNs) are highly conservative among Lepidosauria, in terms 
of their topography, origins, and endings (Diaz and Trainor 2019). They have been 
largely studied particularly in lizards, but also in snakes, and in the single represen-
tative of the Rhynchocephalia whose CNs were first illustrated by Dendy in 1909 
(Watkinson 1906; Willard 1915; Oelrich 1956; Barbas-Henry 1988; Islam and 
Ashiq 1972; Auen and Langebartel 1977; Dakrory 2011a, b). Sphenodon and lizards 
have 12 pairs of cranial nerves besides the terminal nerve (CN 0), although in the 
former, CNs VI and VIII share the same root (Dendy 1909). Snake nerves are in 
general similar to those of lizards, but exhibit the following modifications: the olfac-
tory nerve (and epithelium) is more extensive, there is a pterygoid division of the 
trigeminal nerve (V4) (innervating the muscles of the upper jaw series of bones), the 
spinal accessory (CN XI) is absent (due the cucullaris muscle is not present in this 
group) and CNs III, IV, V1, and VI combine forming the ocular trunk, whereas CNs 
IX-XII form a common cervical trunk (Auen and Langebartel 1977; Young 1987; 
Diaz and Trainor 2019). Further cranial nerve specializations among some families 
of snakes include sensory pits innervated by CN V that can detect infrared radiation 
(Güntürkün et al. 2020). In this regard, Scanferla and Smith (2020a, b) provided the 
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Fig. 5.10 Sphenodon punctatus (FMNH-R11115), sagittal cutaway of the brain in situ based on 
diceCT specimen. The region of the braincase proper that covers the brain was rendered as trans-
parent to indicate the spatial position of the brain with respect to the endocranial cavity. Althought 
the small size of the brain can be result of shrinkage due to formaline fixation and ethanol storage, 
the position of the brain is particularly different to squamates, the optic tectum and is completely 
anterior to the prootic and the position of trigeminal ganglium is very anterior to the incisura pro-
otica. The pituitary gland also is placed very anterior to the braincase. Olfactory bulbs are very 
long and narrow, keeping a constant width along its way

first evidence for the early presence of specialized organs to detect infrared radia-
tion in the Paleogene Messel fossil booids.

5.4.2  Brain Morphology of Sphenodon

The braincase anatomy and neural soft tissues of Sphenodon punctatus had been 
largely explored, indicating a relatively modest pallial specialization for this taxon 
(e.g., Gisi 1808; Dendy 1909, 1910; O’Donoghue 1920; Christensen 1927; Platel 
1976, 1989; Bruce 2009; Jones et  al. 2011; among many others). Although not 
described, illustrations of the brain anatomy were made by Dendy (1909) accompa-
nying his work on intracranial vascular descriptions and re-drawn by Diaz and 
Trainor (2019). The brain of Sphenodon is simple and tubular, and the olfactory 
tracts are anteroposteriorly elongated as in most lizards (Starck 1979; Fig. 5.10). 
The cerebral hemispheres are oval, and the optic lobes are rounded and pronounced. 
Between cerebral hemispheres and optic lobes, a well-defined pineal complex proj-
ects dorsally, with the infundibular stalk projecting posteroventrally and ending in a 
slightly swallowed pituitary. These studies allowed to determine that there is a sub-
stantial space between the brain and the endocranial walls of the braincases. The 
BEC index is of 0.5, and opposite to that observed in most lacertids, the 
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encephalization index in the Tuatara is low (Dendy 1910; Platel 1989; Wyneken 
2007; Balanoff and Bever 2017).

5.4.3  Brain Morphology of the Squamata

 Brain Morphology of Lizards

The generalized lizard brain is also simple and tubular, and relatively small in pro-
portion to the body size. The olfactory structure (olfactory lobes) is well- 
differentiated into relatively large olfactory bulbs and tracts. These structures are 
however relatively small, and even some lizards are microsmatic, i.e. a poorly devel-
oped sense of smell. The cerebral hemispheres are oval and smooth, and are sepa-
rated medially from each other by an interhemispheric fissure. The diencephalon is 
a small protuberance between the cerebrum and the midbrain (optic tectum), and the 
optic lobes are oval and dorsally located. The epiphysial apparatus possess an ante-
rior parietal body and a posterior pineal body, and the pineal eye is present. The 
cerebellum is poorly developed, and particularly the legless condition among liz-
ards is expressed by a reduction of cerebellar volume (Platel 1976). The medulla 
oblongata is not overlapped by the cerebellum, and its roof is thin and vascular.

In most lizards the anteroventral part of the braincase remains cartilaginous pre-
venting a complete cast of the endocranial cavity. There are both early and recent 
studies focused on the external surface morphology of the lizard brain in certain 
taxa (e.g. Shanklin 1930; Goldby 1934; Armstrong et al. 1953; Butler and Northcutt 
1973; Northcutt 1978; Smeets et al. 1986; Hoops et al. 2018, 2021). However, only 
recently the lizard and amphisbaenid brain-to-endocranial cavity relationship has 
been studied, hand in hand with the use of micro-CT scans (Starck 1979; Allemand 
2017; Allemand et al. 2017; Macri et al. 2019; Güntürkün et al. 2020).

The Dibamid Brain In the dibamid Dibamus novaeguineae (CAS-SU-26872, 
Fig. 5.11a), the brain shows the typical modified morphology of the head first bur-
rowers, where this structure is wedge shaped and occupies most of the endocranial 
cavity. The medulla oblongata is sigmoidal in shape, and together with the optic 
tectum reduces the space for the cerebellum into a narrow space where this organ is 
squeezed. The braincase proper encloses for the most part the hindbrain (medulla 
oblongata, a very reduced cerebellum, and the optic tectum). The trigeminal gan-
glion lies entirely outside of the braincase and branches into the mandibular and the 
maxillary branches. The parietal bones enclose most of the cerebral hemispheres, 
while the frontals enclose both olfactory tract and bulb. The braincase extends ante-
riorly to reach almost the same level of the anterior border of the parietals, and 
provides an osseous ventral support for the medulla, optic tectum and cerebral 
hemispheres.

A. Paulina-Carabajal et al.



149

Fig. 5.11 Sagittal cutaway of the brain in situ based on diceCT specimens of representatives of 
Dibamidae (a–c), Scinciformata (d–f), Laterata (g–j). Dibamidae: (a) Dibamus novaeguineae 
(CAS-SU-26872); Gekkota: (b) the eublepharid Coleonyx elegans (UF-Herp-11258); (c) the pygo-
pod Lialis buronsis (UF-Herp-43419 2). Scinciformata: (d) the gerrhosaurid Gerrhosaurus fla-
vigularis (UF-Herp-63112); (e) the scincids Plestiodon reynaldsi (UF-Herp-14628-1), and f, 
Scincella lateralis (UF-Herp-189710). Laterata: (g) the gymnophtalmid Gymnopthalmus specio-
sus (UF-Herp-188822); (h) the teiid Ameiva ameiva; (i) the lacertid Lacerta agilis (UF-Herp-91747); 
and (j) the amphisbaenian Amphisbaena manni (UF-Herp-66308)
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The Gekkotan Brain In gekkotans, the hindbrain is organized in a very straight 
fashion, leaving an ampler space for the cerebellum; in the two gekkotans illustrated 
here (Fig. 5.11b–c), the brain doesn’t occupy the entire endocranial space of the 
braincase proper (although this is seen in extremely modified forms such as 
Sphaerodactylus (Perez-Martinez and Leal 2021). The olfactory tracts become nar-
rowed in both gekkotans, being transformed into two stalks along the frontal bone. 
This is clearly an effect of the interorbital constriction, influenced by the large size 
of the eye. In gekkotans the braincase does not extend anteriorly to the level of the 
frontal or the anterior border of the parietals (except in some Aprasia and 
Ophidiocephalus), therefore, the osseous ventral support ends at the level of the 
pituitary. In both gekkotans, the lateral closure of the braincase reaches the level of 
the optic tectum by an anterior extension of the crista alaris. The trigeminal gan-
glion is located more medially in the braincase than in Dibamus, being just outside 
of the foramen prootico in Coleonyx, and at the incisura prootica in Lialis.

The Scinciformatan Brain In scinciformatans (Fig.  5.11d–f), we see the same 
contrasting pattern between a limbed form such as Gerrhosaurus flavigularis, com-
pared to a limb reduced, body elongated form, such as the sand swimmer Plestiodon 
reynoldsi. In the limbed form, the eyes are prominent, causing a constriction of the 
olfactory tracts at the interorbital area along the frontal bone, just as in gekkotans, 
although in the gekkotan Lialis which is also limb reduced and body elongated, the 
eyes are not reduced with the constriction also present. In Lialis, the lack of eye 
reduction is due to their terrestrial habitat preferences and foraging activities as 
predators. Despite the similar wedge shaped brain in both Plestiodon and Dibamus, 
there are still differences, such as a flat dorsal surface of the brain and a wider brain-
case space for the cerebellum in the former compared to the latter. As a comparison, 
in the limbed Scincella lateralis, the braincase proper is proportionally larger than 
in Gerrhosaurus flavigularis, creating more space to fit a larger brain as it has been 
demonstrated for geckos (Perez-Martinez and Leal 2021).

The Lateratan Brain In lateratans the brain exhibits a great variation, even though 
the dorsal surface of the brain is usually flat (as in Plestiodon) and the brain tends to 
be wedge shaped (Fig. 5.11g–j). However, in larger forms such as Ameiva, the olfac-
tory tracts are constricted along the interorbital section of the frontal, preventing the 
wedge shape of the forebrain. On the other hand, even in small lateratans such as 
Gymnophthalmus, the eye socket medial wall is marked onto the lateral sides of the 
olfactory tracts without constricting it. In Gymnophthalmus the eyes are relatively 
large, where the lack of constriction of the olfactory tract can be inferred by the 
position of the orbits. Another noticeable variation in Ameiva is the position of the 
cerebral hemispheres, almost completely covering the optic tectum, placing the 
cerebral hemisphere/ optic tectum fissure into a nearly horizontal orientation. The 
braincase proper is also shortened in Ameiva, leaving the optic tectum completely 
outside the bony enclosure. The extremely modified brain of Amphisbaena, has the 
most wedge shaped among the species illustrated. The Amphisbaena brain is similar 
to Dibamus, although the transition from the cerebral hemispheres to the olfactory 
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Fig. 5.12 Sagittal cutaway of the brain in situ based on diceCT specimens representatives of 
Toxicofera: (a) the agamid Agama agama (UF-Herp-180711); (b) the chamaeleonid 
(UF-Herp-191369); (c) the dactylodid Anolis carolinensis (UF-Herp-102367); (d) the hoplocercid 
Enyalioides oshaugnessy (UF-Herp-191439); (e) the helodermatid Heloderma horridum 
(UF-Herp-42033); and (f) the shinisaurid Shinosaurus crocodilurus (UF-Herp-45615). The region 
of the braincase proper that covers the brain was rendered as transparent to indicate the spatial 
position of the brain within the endocranial cavity

lobe is more gradual in Amphisbaena. Both Dibamus and Amphisbaena show some 
trend towards the reduction of the cerebellum, in part due to the sigmoidal shape of 
the medulla oblongata.

The Toxicoferan Brain The brain in toxicoferans is highly variable (Fig. 5.12 and 
5.13). The olfactory tracts are very reduced in Iguanians (Fig. 5.12a–d), which is 
correlated with their reduced vomeronasal organ. Chameleons show the extreme of 
variation, with a very reduced brain, and almost nonexistent olfactory bulbs. The 
olfactory bulb is more developed in toxicoferans that rely more on chemoreception 
(e.g. anguimorphs and snakes).
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Fig. 5.13 Sagittal cutaway of the brain in situ based on diceCT specimens representatives of 
Serpentes: (a) the typhlopid Indotyphlops braminus (UF-Herp-29433); (b) the tropidophiid 
Tropidophus haetianus (UF-Herp-59679); (c) the boid Eryx conicus (UF-Herp-66735); (d) the 
acrochordid Acrochordus granulatus (UF-Herp-87078); (e) the colubrid Nerodia sipedon 
(UF-Herp-177819). The region of the braincase proper that covers the brain was rendered as trans-
parent to indicate the spatial in position of the brain within the endocranial cavity

 Endocranial Casts in Lizards

The only cranial endocasts of living lizards were made for varanid species by 
Allemand (2017). In those, the distinction between the olfactory bulbs and the 
olfactory tracts is difficult to establish, and the length of the olfactory structure 
(olfactory bulbs and tracts) is about two thirds of the endocast. Although all lizards 
share a basic pattern of brain organization, the morphological variation is associated 
with changes in the length and curvature of both olfactory tracts and medulla oblon-
gata, and the arrangement and relative development of cerebral hemispheres, optic 
tectum, and cerebellum (Macri et al. 2019). This morphological brain divergence 
between species has been related not only to morphology, but to differences in ecol-
ogy and behavior. For example, in diurnal lizards the optic tectum is larger, whereas 
the size of the cerebellum relates to the type of locomotion, being larger in quadru-
pedal lizards and smaller in limbless ones (Hoops et  al. 2018; and references 
therein). Also, quadrupedal lizards exhibit thin and elongated olfactory tracts and 
bulbs (except for two species of chameleons with stunted olfactory tracts), and 
antero-posteriorly compressed and laterally expanded cerebral hemispheres (Macri 
et al. 2019).
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 Brain Morphology of Snakes

The anatomy of the snake brain is relatively simple, with its elements (or regions) 
disposed linearly. In dorsal view, the lobes are consecutive and have a decreasing 
size, whereas in lateral view they are located one behind another, except for the 
anterior part of the hindbrain that is ventral to the midbrain. Snakes are less different 
among themselves than lizards, having a brain with laterally compressed optic tec-
tum and compact forebrain showing stout olfactory bulbs and tracts, as well as 
ventro- laterally expanded cerebral hemispheres, being the derived Caenophidia the 
most telencephalized clade within snakes (Platel 1975; Macri et  al. 2019). 
Blindsnakes (Fig. 5.13a–e) show a notable reduction of the optic tectum, with a 
brain dominated by the cerebral hemispheres. Although blindsnakes develop a simi-
lar wedge shaped brain as in other head first burrowers (e.g. amphisbaenians, diba-
mids), in other groups the optic tectum is more prominent.

Although compared to other lepidosaurs the brain of living snakes occupies most 
of the endocranial space, the endocranial cavity can still have small empty spaces 
(subdural and epidural spaces) between the bones and the brain (Wyneken 2007). 
As a result, the endocranial cavity of snakes offers a faithful copy of the surface of 
the brain, similar to that obtained in mammals, providing more accurate information 
about their sensory abilities (Starck 1979; Nieuwenhuys 1998; Olori 2010; Olori 
and Bell 2012; Allemand et al. 2017). For example, studies on the main olfactory 
path and vomeronasal system suggest that snakes live in an olfactory world, as the 
olfactory system constitutes a major part of the brain (Güntürkün et al. 2017; and 
references therein).

Recent works focusing on the brain-to-endocranial cavity relationship in living 
snakes are a useful comparative tool for paleoneurology because they allow to 
determine how closely the soft tissues are reflected in an endocast. In the snake 
cranial endocast there are well developed olfactory bulbs separated medially by a 
longitudinal groove, cerebral hemispheres that comprise the widest region of the 
endocast (exhibiting sometimes an interhemispheric fissure, and often not differen-
tiated posteriorly from the optic tectum), the pituitary is a small bulge on the ventral 
side of the endocast, and the medulla oblongata narrows lateromedially at the inner 
ear region (the cerebellum is not observed in the endocast). The venous system may 
obscure some regions, particularly the hindbrain. Although the relationship between 
the brain and the endocast is currently being tested in living snakes, the link between 
sensory abilities and endocasts has not been investigated in detail (Allemand 
et al. 2017).
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5.5  Paleoneurology

5.5.1  Sources of Data for Paleoneurology and Limitation 
for the Study

The paleoneurological studies in reptiles have a long history. Early studies started at 
the end of 1800s with the discovery of natural endocasts and/or the confection of 
physical artificial endocasts of certain taxa (pterosaurs, dinosaurs, and crocodyli-
ans). More recently, digital cranial endocasts based on non-invasive techniques such 
as Computed Tomography (CT) are now widely used in the field of comparative 
neuroanatomy, providing a useful tool for the approximation of the morphology of 
the brain and associated soft tissues.

Considering the caveat of different size between the hindbrain and forebrain in 
relation with the proportions of the endocast (Watanabe et al. 2019), the latter offers 
an approximation to the overall shape of the brain in extinct forms. Osteological 
correlations of brain tissues and endocranial vascular elements are the main sources 
of data for paleoneurological studies, together with a knowledge of the gross anat-
omy of living related forms. Under the lack of such studies in many representatives 
of Lepidosauria, information from braincase descriptions, and particularly of the 
endocranial cavity, may provide useful data. Particularly useful are impressions left 
on the ventral surface of the skull roof (commonly found isolated in the fossil 
record) and the floor of the endocranial cavity (basicranium, also commonly found 
isolated), and the preserved cranial nerve foramina. Thus, impressions of the olfac-
tory tracts, olfactory bulbs and cerebral hemispheres may be found on the ventral 
side of frontals and parietals, whereas impressions of cerebellum, medulla oblon-
gata and roots of CNs V-XII can be observed in the remaining ossified regions of the 
braincase. The osteological correlates are the base-line to work in the field of paleo-
neurology. All available information about the non-preserved brains relies then on 
surface information provided by the endocasts. Furthermore, differential develop-
ment of brain regions, insights on senses, behavior, and lifestyle can be gained 
through anatomical comparisons with extant relatives, and using methods of infer-
ence, such as the Extant Phylogenetic Bracketing (Witmer 1995).

Limitations in the Study of Endocranial Casts One limitation is that in many 
lepidosaurs, large part of the braincase (the anterior region) remains cartilaginous 
(Starck 1979), thus preventing the complete cast of the endocranial cavity because 
the physical boundaries are difficult to determine, except in snakes, amphisbae-
nians, and some fossorial forms which have completely ossified braincases. The 
available information on brain morphology relies on surface information provided 
by the cranial endocasts. But, how reliable an endocast can be? In terms of brain 
size, there are striking differences among vertebrates. In average, reptiles have rela-
tive brain sizes 6-10 times smaller than in birds and mammals, ranging from 0.03 g 
in small lizards, more than 0.5 g in Sphenodon, and 1.1 g in varanid species 
(Northcutt 2002, 2013; Güntürkün et al. 2017). The brain size alone may not be 
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enough data to predict cognitive capabilities of a given taxon, but the analysis of this 
measure allows insights in the evolution of the nervous system through comparative 
anatomy studies, and estimates of Encephalization Quotient (a measure of the 
“intelligence” of the animal based on the ratio between brain and body size; Jerison 
1973), among others. However, one of the main problems facing the study of endo-
cranial casts is that in many reptiles the brain does not completely fill the endocra-
nial cavity. The differential relationship between the brain and the occupied space 
within the endocranial cavity was named brain-to-endocranial cavity index (BEC) 
by Balanoff et al. (2016). This index varies among vertebrates with direct implica-
tions for the study of endocasts, where high values indicate endocasts that reflect 
brain volume and morphology with higher fidelity, while low values are associated 
with more cylindrical endocasts with less resemblance to the actual brain (Hopson 
1979; Witmer et al. 2008; Balanoff and Bever 2020).

Cranial Endocast and the Brain-to-Endocranial Ratio in Living Forms In the 
field of paleoneurology, it has been historically assumed by specialists on different 
groups that in most adult non-avian sauropsids (except snakes, amphisbaenians and 
some other head first burrower lizards) the brains did not fill the endocranial cavity 
(e.g. Hopson 1979; Starck 1979; Nieuwenhuys 1998). This hypothesis was based on 
early studies of two living taxa, Sphenodon and Iguana, which exhibited a 50% fill-
ing (or a 0.5 BEC index) of the endocranial cavity (Dendy 1910; Allemand et al. 
2017). However, more recent comparative studies on extant squamates showed that 
living lizards exhibit a wider range of brain-to-endocranial cavity proportions than 
previously thought (Hurlburt et  al. 2013; Kim and Evans 2014; Allemand et  al. 
2017; Macri et al. 2019). The lowest BEC index reported was found in Gekko gecko 
(0.35), whereas the brain nearly fills the endocranial cavity in Callopistes maculatus 
(0.97), suggesting that in some squamates the cranial endocasts may approximately 
reflect the surface morphology of the brain with certain degree of accuracy 
(Allemand et al. 2017). These estimates have to be considered carefully, for  example, 
in archosaurs it has been demonstrated that the size of certain regions of the brain 
(e.g. hindbrain) are considerably smaller than the potential braincase space, there-
fore this has to be considered in paleoneurological studies (Watanabe et al. 2019). It 
has also been noted that the differences in BEC index may be affected by size, being 
higher in extremely miniaturized species of geckos when compared with non- 
miniaturized species (Perez-Martinez and Leal 2021).

Fortunately for paleontologists, cranial endocasts of living snakes have been 
made and analyzed comparatively (e.g. Olori 2010; Allemand et al. 2017). These 
cranial endocasts, performed in a wide number of living snakes (43 species), indi-
cate that snake endocasts show size variability in olfactory bulb, optic tectum, and 
pituitary gland (Allemand 2017; Allemand et al. 2017). The general snake cranial 
endocast morphology recognizes the forebrain (olfactory bulbs, olfactory tracts, 
cerebral hemispheres, and pituitary gland), midbrain (optic tectum), and hindbrain 
(medulla oblongata). There is a wide range of cranial endocast shapes (character-
ized by different relative proportions of visible structures) from stout to elongated 
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and gracile, or elongate and wide cranial endocasts, which are associated with the 
different niches occupied by the group. For example, ecological trends related to 
certain snake cranial endocast morphologies include reduced optic tectum and pitu-
itary gland in fossorial species, cerebral hemispheres poorly projected laterally in 
both marine and fossorial species, and well developed cerebral hemispheres and 
optic tectum in arboreal and terrestrial species (Allemand et al. 2017).

Although studies on brain endocasts of living lepidosaurs are yet rare, CT scans 
and Magnetic Resonance Imaging have been used to visualize soft tissues (brain, 
inner ear, blood vessels, early ontogenetic stages) of several lizard and snake spe-
cies (e.g. Anderson et al. 2000; Porter and Witmer 2015; Hoops et al. 2018; Macri 
et al. 2019; Strong et al. 2020). Everything points to the fact that in the absence of 
early paleoneurology studies in most extinct lepidosaurian groups, the future of the 
paleoneurology of this group will be highly improved by the use of CT scans and 
particularly micro-CT scans. Another technique involves the use of iodine as a con-
trast reagent combined with CT scans of diceCT. This technique allows the visual-
ization of brains in situ, which here we use to demonstrate the high morphological 
disparity among squamates. In this chapter we show several examples of lepidosaur 
brains (Figs. 5.11, 5.12 and 5.13), but this variation needs to be assessed elsewhere 
in more detail. Just looking at the few forms illustrated in this chapter indicates that 
this is a promising field in anatomical and systematic studies.

5.5.2  Paleoneurology of Snakes and Mosasauroids: Cranial 
Endocasts and Other Sources of Information

 Paleoneuroanatomy of Dinilysia patagonica

The specimen MLP 79-II-27-1 (Fig.  5.14a–c) corresponds to a partial skull that 
preserves a natural cranial endocast, described in detail by Triviño et al. (2018). The 
fractured skull bones reveal part of the cerebral hemispheres and optic lobes dor-
sally, and the pituitary and part of the medulla oblongata ventrally.

The posterior region of the cerebral hemispheres is poorly expanded laterally, 
and there is no visible fissura interhemispherica to medially divide them. 
Posteromedially, there are paired median protuberances identified here as the optic 
lobes, whereas the cerebellum remained covered by bone (contra Triviño et  al. 
2018). Ventrally, the only observed structure of the forebrain is the pituitary, a rela-
tively large and oval protuberance, ventrally aligned to the trigeminal nerve. The 
anterior body of this gland is covered by vascular vessels of small diameter, whereas 
larger diameter cerebral branches of the internal carotid artery are observed posteri-
orly, entering the pituitary fossa. At the anterior region of the hindbrain, the vestibu-
lar eminences are large and strongly protrude into the endocranial cavity, reaching 
the midline and practically excluding the dorsal surface of the endocast.

Cranial Nerves The trigeminal ganglion is external and the nerve is composed by 
four branches with motor and sensitive components: the ophthalmic branch (CN V1) 
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Fig. 5.14 Natural cranial endocast of Dinilysia patagonica (MLP 79-II-27-1) in dorsal (a), right 
lateral (b) views. (c), detail of pituitary gland in ventral views. (d), dorsal view of the brain of the 
blind snake Indotyphlops braminus (UF-Herp-29433) showing comparable structures to Dinilysia

that runs towards the anterior part of the skull passing above the eye; the maxillary 
branch (CN V2) that runs anteriorly through the superior mandible innervating the 
skin, teeth and thermoreceptor structures (as in Boidae and Viperidae); the man-
dibular branch (CN V3) that descends from the ganglion to the inferior mandible 
innervating the abductor musculature; and lastly the pterygoid branch (CN V4, only 
described by Auen and Langebartel 1977 as a motor component innervating the 
muscles of the upper jaw) that exits the ganglion ventrally to enter –together with 
the palatine branch of the facial nerve–to the posterior foramen of the vidian canal. 
The abducens nerve (CN VI) runs near the pituitary, and the facial nerve (CN VII) 
has a dorsal branch (hyomandibular, CN VIIy) that runs lateroventrally to the exter-
nal side of the cast, and a ventral branch (CN VIIp) that runs towards the posterior 
foramen of the vidian canal innervating the ventral region of the mandible (gustative 
glands). From the medulla oblongata emerge the roots of the CNs V-VII and the 
posterior CNs IX, X and XII (see Triviño et al. 2018).

Blood Vessels The endocranial cast of D. patagonica also preserves casts of the 
vasculature. The blood vessels run along the dorsal surface of the brain, along the 
midline (dorsal longitudinal sinus) and spits into posterior cerebral veins, which 
leave the braincase through the jugular foramen. Above the inner ear (vestibule) 
there are small canals that run towards the median region of the brain. Such vessels 
converge into the dorsal longitudinal venous sinus. The internal carotid artery 
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reaches the pituitary. The blood vessels related to the ventral circulatory system are 
behind the pituitary gland. The cast of the internal carotid arteries are confluent with 
the most anterior part of the pituitary gland.

Burrowing or Not? The lifestyle of D. patagonica has been a subject of debate 
since its discovery (e.g. Albino and Caldwell 2003; Triviño et al. 2018; Palci et al. 
2017). Endocranial traits such as poorly developed optic lobes (yet visible in the 
endocast) and markedly expanded vestibule in the inner ear, plus the relative large 
size of the skull, suggest a fossorial or semifossorial mode of life for this snake. 
This, meaning Dinilysia was partly a surface-active snake that spent some time 
below non-consolidate ground. Although the morphology of the inner ear (markedly 
expanded vestibule and slender semicircular canals) is present in extreme living fos-
sorial snakes (Yi and Norell 2015), it has been found also in subfossorial and semi-
aquatic snakes (Palci et  al. 2017). Recent integrative analysis of the relationship 
between the sensory ecology and endocranial shape in living snakes have dem-
ostrated that size is the main driver of endocranial shape, and that endocranial mor-
phology alone is not sufficient to predict activity period without a phylogenetic 
context (Segall et al. 2021).

 Paleoneuroanatomy of Mosasauroidea

Almost all formal studies on paleoneurology of mosasauroids have been made for 
Plioplatecarpinae and Tethysaurinae taxa (Georgi and Sipla 2008; Cuthbertson et al. 
2015; Allemand 2017; Yi and Norell 2018). Most of the data of mosasauroid endo-
casts refer to derived fully aquatic mosasauroids, such as Clidastes, Platecarpus, 
and Plioplatecarpus, with the exception of Tethysaurus nopcsai, considered basal 
within “Russellosaurina” (Bardet et al. 2003; Houssaye and Bardet 2013). Therefore, 
there is no information on how the neuroanatomy varies phylogenetically at the 
level of Mosasauroidea (mosasaurids + aigialosaurids) nor Mosasauria 
(Mosasauroidea + dolichosaurs).

Cranial endocasts are known for Platecarpus, Clidastes and Tethysaurus (Camp 
1942; Allemand 2017). Different regions of the brain are nearly horizontally aligned, 
although a slight curvature gives a soft S-shape to the endocast in lateral view 
(Fig. 5.15). The olfactory bulbs are elongated, oval and poorly divergent from the 
midline, whereas the olfactory tract is markedly narrow and long. In the basal mosa-
sauroid Tethysaurus nopcsai and in Platecarpus the olfactory bulbs are almost the 
same length as the olfactory tracts, whereas in Clidastes the olfactory bulbs are 
longer than the olfactory tracts. As noticed by Allemand (2017), the olfactory bulbs 
and tracts in Tethysaurus are similar in length to the mosasaurine Clidastes figured 
by Camp (1942), while in Platecarpus they seem to be relatively shorter. Impressions 
of the olfactory bulbs, olfactory tracts and cerebrum are in general visible in the 
ventral surface of the isolated frontals, although there is no clear delimitation for the 
cerebrum (Russell 1967 contra Camp’s statement,1942). The cerebral hemispheres 
are laterally expanded; however, there is not a clear differentiation from the 
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Fig. 5.15 Mosasaur brain. (a) Intertreted mosasaur brain anatomy based on endocasts; (b) 
Platecarpus ictericus showing the in situ brain. Brain and skull illustrations based on Russell 
(1967) and the estimated endocranial space modified from M.  Everhart’s Ocean of Kansas 
Paleontology website: http://oceansofkansas.com/

cerebellum. The optic lobes are ventrally displaced and can be observed at the level 
of the pituitary gland in lateral view. In Tethysaurus, the pituitary gland is well 
developed compared to Platecarpus (Camp 1942; Allemand 2017). A rounded pro-
tuberance on the dorsal surface of the endocast at the level of the parietal, corre-
sponds to the cast of the pineal foramen. In Tethysaurus the pineal organ is relatively 
small based on the size of the parietal foramen, as in Clidastes, Tylosaurus, and 
Mosasaurus (Allemand 2017). However, Halisaurinae and Plioplatecarpinae spe-
cies present a larger parietal foramen (Bardet et  al. 2005; Konishi and Caldwell 
2011; Páramo- Fonseca 2013; Konishi et al. 2015), suggesting the presence of a rela-
tively larger pineal organ (Fig. 5.15). The position and size of the pineal foramen 
varies among Mosasauroidea. It is moderate in size and located at the midline of the 
parietal table in the yaguarasaurines (Páramo-Fonseca 2000; Polcyn and Bell Jr 
2005), and large and bounded by the parietal in Halisaurinae and in Plioplatecarpus 
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houzeaui (Bardet et al. 2005; Páramo-Fonseca 2013; Konishi et al. 2015). Whereas 
in the tylosaurine Tylosaurus proriger the foramen can be fully located in the pari-
etal or at the frontoparietal suture, being a variable character at intraspecific level 
(Jiménez-Huidobro and Caldwell 2016). The medulla oblongata is short and the 
dorsal surface is medially constricted indicating the development of the medullary 
eminence.

The cranial nerves and blood vessels were described by Russell (1967), Rieppel 
and Zaher (2000), Cuthbertson et al. (2015), and Allemand (2017). In the plioplate-
carpine Platecarpus sp. and Plioplatecarpus peckensis, the basisphenoid bears a 
groove dorsal to the basipterygoid process that corresponds to the vidian canal, 
which runs anteroposteriorly indicating the path of the internal carotid artery 
(Russell 1967; Cuthbertson et al. 2015). In P. peckensis, there is a pair of foramina 
and a single foramen in the floor of the dorsum sellae that bifurcates ventral within 
the vidian canal, more likely to transmit the cerebral branch of the carotid artery to 
the brain cavity into the ventral region of the orbit (Russell 1967; Cuthbertson et al. 
2015; Allemand 2017). Posteriorly, a pair of foramina appear anterior to the fora-
men magnum, identified as the basilar artery, which would run along the basioccipi-
tal and basisphenoid (Russell 1967; Cuthbertson et al. 2015).

The passages for the optic nerve are large in diameter, long and anteriorly diver-
gent. Endocranially, the foramina lateral to the dorsum sellae -as shown in P. peck-
ensis and a reconstruction of Clidastes -, correspond to the abducens nerve that 
projects anteriorly and exits through foramina within the pituitary fossa (Russell 
1967; Cuthbertson et al. 2015). There is a single foramen for the facial nerve, and 
two foramina for the vestibulocochlear nerve, as in Tethysaurus nopcsai. The opis-
thotic forms the posterior margin of the fenestra vestibuli, and ventral to it, a large 
foramen rotundum carries the perilymphatic sac (Bahl 1937; Russell 1967; 
Cuthbertson et al. 2015). The metotic foramen serves as a path for the vagus and 
accessory nerves (Allemand 2017), contrary to Cuthbertson et  al. (2015) and 
Rieppel and Zaher (2000), who suggested that the foramen houses both glossopha-
ryngeal and vagus nerves. According to Allemand (2017), the glossopharyngeal 
nerve is located posterior to the inner ear region of the endocast. Three posterior 
foramina have been identified for transmitting branches of the hypoglossal nerve.

 Inner Ear of Extant and Extinct Lepidosaurians

The lepidosaurian inner ear consists of bony and membranous labyrinths differenti-
ated in two main anatomically and functionally regions: the vestibular and lagenar 
systems. The vestibular system consists of three semicircular ducts -with the associ-
ate ampullae- that detect angular acceleration, and the vestibule (containing the sac-
cule, utricle, and otolith organs) that detects linear accelerations (e.g. Retzius 1881). 
The lagena is in charge of sound perception, innervated by branches of the stato-
acoustic nerve that project from the lagena to the auditory tectum. In general, rep-
tiles hear in low frequencies being capable of detecting seismic vibrations (Liem 
et al. 2000). Vibrations of the footplate are transmitted to the sensory epithelium via 
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a fluid system consisting on the perilymphatic cistern juxtaposed to the oval win-
dow, the perilymphatic duct, the perilymphatic sac, and the perilymphatic diverticu-
lum in contact with the medial surface of the basilar membrane (Peterson 1966). 
Osteological correlates comprise external features of the otic capsule (size of the 
fenestra vestibule, position and size of the periotic foramen, presence of crests that 
may indicate the extent of a lateral compensatory window), and the endosseous 
labyrinth formed by the lagena ventrally, and the vestibular apparatus dorsally 
(Evans 2016).

Variation of Inner Ear Morphology Among Lepidosaurs The inner ear of 
Sphenodon punctatus was described and illustrated by Wyeth (1920). The three 
semicircular canals are slender and subtriangular, with an asc slightly larger than 
the psc and well differentiated anterior and posterior ampullae. The vestibule (sac-
culus) is not expanded. The vestibular apparatus in S. punctatus resembles that of 
other reptiles, although the lagena resembles that of turtles, with an oval basilar 
membrane, -a trait considered primitive (Schmidt 1964)-, with the auditory papilla 
located near its medial edge (having 225 hair cells in each inner ear). The fenestra 
pseudorotunda is absent, and the fluids inside the lagena mobilize using a reentrant 
fluid circuit, as in turtles, snakes, and amphisbaenians (Gans and Wever 1976). The 
aerial and vibratory sensitivity functions indicate a range of good sensitivity in the 
low frequencies for this group.

The general squamate inner ear is characterized by markedly low semicircular 
canals, short crus commune, somehow swollen ampullae, relatively large vestibule 
(sacculum), large oval window, and short lagena. The comparative gross anatomy of 
the lizard inner ear has been largely studied (Schmidt 1964 and references therein). 
The labyrinth is generally a conservative structure with the sacculum and the lagena 
showing the greatest variation among the studied families (e.g. Schmidt 1964; 
Boistel et al. 2011; Evans 2016; Palci et al. 2017). Compared to other squamates, 
snakes have shallower and less rounded semicircular canals (Boistel et al. 2011). 
The statistical analysis by Yi and Norell (2015) suggested that large and spherical 
vestibuli correspond to burrowing forms, including the extinct snake Dinilysia. 
However, a later analysis suggested that within squamates, in ecologically general-
ized (terrestrial) forms, the three semicircular canals are similar in size and the sac-
culus is small, in arboreal forms the anterior semicircular canal is larger, and aquatic 
forms tend to resemble generalist forms (Palci et al. 2017). Interestingly, although 
the small sacculus is present in generalized and aquatic forms, a large spherical sac-
culus is not unique to fossorial squamates, being present in some semi-aquatic 
forms as well. Additionally, some typical borrowers such as scolecophidian snakes, 
lack an enlarged sacculus (Palci et al. 2017). This implies a new interpretation of the 
life-style of Dinilysia, considered by some authors as a borrowing snake (e.g. Yi and 
Norell 2015). Another analysis, suggests that the size of the semicircular canals 
does not differ either among squamates with different life-styles (Boistel et  al. 
2011), indicating a difficulty in associating certain labyrinth traits with ecological 
behaviors.
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Among extinct snakes, the inner morphology is known in Dinilysia from a natu-
ral endocast (Triviño et al. 2018), and in Yurlunggur and Wonambi based on CT 
scans (Palci et al. 2017, 2018). The vestibular apparatus of Dinilysia is character-
ized by a markedly enlarged spherical vestibule, surrounded by markedly thin and 
delicate semicircular canals. The inner ear of Yurlunggur is complete and exhibits 
an enlarged vestibule and relatively robust semicircular canals than those observed 
in Dinilysia. The fenestra ovalis is circular and large while the lagena is short, a 
morphology that resembles that of both semiaquatic and semifossorial snakes (Palci 
et al. 2017, 2018). In turn, the inner ear of Wonambi is incomplete and paleoecologi-
cal inferences are difficult to make. The preserved anatomy, however, differs from 
that of Yurlunggur having a relatively smaller vestibule and fenestra ovalis, which 
suggests a more generalistic ecology for this taxon (Palci et al. 2018). Dinilysia, on 
the other hand, exhibits a vestibular morphology characterized by a notably enlarged 
spherical sacculus that is highly similar to that of some living burrowing squamates. 
Semi aquatic snakes (Myron) and some fossorial forms (Xenopeltis, Cylindrophis, 
Teretrurus) tend to have relatively larger sacculus. However, not all fossorial or 
semifossorial snakes have an expanded sacculus, and thus such morphology cannot 
be attributed to an exclusively burrowing ecology (Palci et al. 2017 contra Yi and 
Norell 2015). The large fenestra ovalis is present in the generalist snake Naja sia-
mensis, but absent in scolecophidian snakes (burrowers).

As discussed by Evans (2016) there has been relatively little work on mosasau-
roid inner ear, and most of them correspond to conference abstracts (Caldwell et al. 
2007; Polcyn 2008, 2010; Yi et al. 2012) rather than peer reviewed publications. 
Therefore, cranial elements will be used to discuss the possible paleoneurology of 
mosasauroids in a comparative approach. Russell (1967) described the inner ear of 
this group as similar to that of Varanus, although recent data based on CT scans 
showed that is not the case, as derived mosasauroids have slender and rounded 
semicircular canals compared to other squamates (Georgi 2008; Cuthbertson et al. 
2015; Yi and Norell 2018). In Platecarpus and Tylosaurus nepaeolicus, the asc is 
oval, shorter than in Varanus; however, there is no statistical support for the reduced 
size of the otic region (Yi and Norell 2018). The same condition is found in 
Tethysaurus nopcsai (Allemand 2017) and Plioplatecarpus peckensis (Cuthbertson 
et al. 2015), where their asc is shorter than in Varanus. In P. peckensis the semicir-
cular canals are strongly arched. The posterior ampulla in both Tylosaurus and 
Tethysaurus is almost leveled with the lsc, whereas in Platecarpus, unlikely, they 
are in different planes (Georgi 2008; Georgi and Sipla 2008; Allemand 2017). The 
ampulla of Tethysaurus is poorly expanded compared to other squamates. In P. peck-
ensis the lagena appears to be relatively long (Cuthbertson et al. 2015), while is rela-
tively shorter in Tethysaurus (Allemand 2017). Unfortunately, there is no available 
data on the inner ear of neither aigalosaurids nor dolichosaurids.
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Fig. 5.16 Distribution of some braincase characters in a simplified lepidosaur phylogeny. 
Characters included are the less homoplasic. (0) Closed canal for the carotid artery and paltine 
nerve. (1) Divided metoptic fissure. (2) Lack of optic canal. (3) Foramen prootico. (4) Procesus 
ascendens. (5) Orbitosphenoid: (+) cartilaginous, (+’) ossified. (6) Crista prootica large. (7) 
Divided MARST. (8) Ophidiospenoid. (9) Paired supraoccipitals. (10) Frontal and parietal contscts 
the parabasisphenoid, enclosing the braincase. (11) Supratemporal expanded on the lateral surface 
of the otoccipital. (12) Crista circumfenestralis. (13) Reduction of loss of the paroccipital process. 
(14) Loss of the synovisl joint between the basipterygopid process and the pterygoid. (15) Medial 
parietal pillars projected medially in the braincase. (16) Laterosphenoid. (17) Tabulosphenoid. (18) 
Orbitosphenoid bi or tri-radiated. (19) Relatively small basipterigoid process. (20) parabasisphe-
noid rostrum with broad base. (21) Enlarged crista tuberalis, shifting the vagus foramen posteri-
orly. (+) indicates presence and (−) Absence of that character

5.6  Future Directions and Conclusions

Cranial endocasts provide an overview of the general morphology of the soft tissues 
and their relationship to the endocranial cavity. These anatomical data allow a better 
understanding on the possible ecological adaptations associated to determinate 
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neurological features, and provide insights on the senses, the behavior, and ulti-
mately on the lifestyle of extinct taxa (Balanoff et al. 2016). In the particular case of 
the Lepidosauromorpha, the field of comparative neuroanatomy has benefited from 
the use of non-invasive techniques such as micro-CT scans, which are improving 
the study of braincase and endocranial cavities in fossil skulls (Fig. 5.16). There is 
also an expanding interest in digital data to visualize endocranial casts in both 
extinct and extant taxa (Balanoff et al. 2016). The available neuroanatomical infor-
mation for extinct lepidosaurs is, however, quite poor. The braincase and neuroana-
tomical information reviewed here looks forward to providing a baseline tool for 
future paleoneurological studies. Up to day, few integrative studies have been made 
exploring multiple approaches to study brain evolution, the potential relationship 
between endocranial (brain) morphology and sensory-related ecology, locomotor 
specialization, etc. (e.g. Macri et al. 2019; Segall et al. 2021). There are yet impor-
tant gaps regarding brain anatomy during the evolutionary history of lepidosauro-
mophs, and future investigations and research are needed to reach a better 
understanding and recognizing diverse endocranial arrangements, or in other words, 
which brain areas have evolved in each group, and what kind of specializations they 
reflect in terms of ecological niches, adaptations to different habitats, etc.

5.7  Conclusions

A low number of publications has been made on the paleoneurology of the clade 
Lepidosauromorpha. The dealing with brain endocasts of extant representatives of 
rhynchocephalians and squamates is poor, preventing further understanding of vari-
ability, insight on senses, behavior etc. As a result, the amount of paleoneurological 
data is yet limited to few non-closely related taxa, and there is a general lack of 
understanding of brain evolution and sensory perception (so far only hearing has 
been relatively more explored in this manner). Studies based on CT scans of the 
skull of extinct forms are still largely missing for Lepidosauromorpha as a whole, 
particularly the early forms. Non-invasive techniques, such as Micro-CT scan, are 
now widely used in the field of comparative neuroanatomy, allowing to visualize 
endocranial features that represent an amount of unexplored phylogenetic data 
(Balanoff et  al. 2016; Allemand et  al. 2017). As we have seen in this review, 
Micro-CT scans have been used recently to assess brain anatomy in living lepido-
saurian taxa, and it is probably a matter of time for paleontologists to start using this 
technique to analyze well preserved braincases.
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6.1  Systematic and Phylogenetic Context

Archosauriformes is a group of diapsids distributed around all Pangea that consist 
of very heterogeneous forms of reptiles including the clade Archosauria, the ruling 
reptiles, which are represented by the crocodylian (Pseudosuchia) and avian 
(Avemetatarsalia) lineages. Non-archosaurian archosauriforms are recorded only in 
the Triassic Period, being the first continental forms recorded after the massive 
Permo-Triassic mass extinction (P-Tr, ~252 Ma) (Benton 1984, 1985). They include 
a vast range of animals with wide and flat skulls adapted to amphibious life habits 
as well as narrow and tall ones related to terrestrial habits. The small-bodied (1–2 m) 
proterochampsians present two general morphotypes, one with deeply ornamented 
flat skulls, markedly triangular in dorsal view (Proterochampsa, Doswelliidae) and 
resembling the shape of an extant crocodylian skull and the other with taller and 
narrow skulls (Rhadinosuchinae) ornamented by ridges. Doswelliids are found in 
Middle-Late Triassic continental deposits of the northern hemisphere (USA, 
Germany, China), whereas proterochampsids are restricted to South America 
(Argentina, Brazil) (Trotteyn and Ezcurra 2020; Wynd et al. 2019). Some smaller 
semiaquatic archosauriforms are grouped in Proterosuchidae, which are sprawling 
animals of medium body size (3.5–4 m) with no osteoderms and a bizarre cranial 
anatomy characterized by an anteroventrally expanded snout with numerous diverg-
ing premaxillary teeth in mature forms (Ezcurra and Butler 2015). Proterosuchids 
are found in Late Permian-Early Triassic outcrops of Russia, China, South Africa, 
India, and probably Brazil and Uruguay (De-Oliveira et  al. 2022;  Ezcurra et  al. 
2021; Ezcurra 2016). On the other hand, the more terrestrial forms include some 
large hypercarnivorous predators from the Early-Middle Triassic such as erythrosu-
chids, which reach up to 5 m long, have proportionally large skulls and robust skel-
etons but no osteoderms. They are recorded in Russia, China, South Africa, and 
probably South America (Gower 2003; Ezcurra 2016; Butler et al. 2019). Lastly, 
euparkeriids are relatively small-sized archosauriforms from the Early-Middle 
Triassic of South Africa, China, Russia, and Poland. They are generalized terrestrial 
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carnivorous forms with relatively deep and narrow skulls and paired paramedian 
osteoderms (Ewer 1965; Sookias et al. 2020).

The crown group Archosauria experienced a huge radiation during the Middle 
Triassic, which is represented by an enormous diversity of pseudosuchians and 
some of the first avemetatarsalians. Pseudosuchians dominated the continental envi-
ronments during the Triassic and exhibited an impressive diversity of body forms, 
sizes, and life habits (Pradelli et al. 2022). During this time, they are usually divided 
into the following clades: Phytosauria, Aetosauria, Ornithosuchidae, Erpetosuchidae, 
Gracilisuchidae, Poposauroidea, and Loricata (Fig. 6.1). However, some of the rela-
tionships between these groups are still debated.

In some of the latest phylogenetic schemes (Nesbitt 2011 and subsequent modi-
fications; Ezcurra et al. 2017), phytosaurs are recognized either as the basal-most 
group within Pseudosuchia or as the immediate sister group of Archosauria. They 
are recovered mainly from the Late Triassic deposits of most continents, except 
Australia, Antarctica, and South America, with a putative record from the Riograndia 
Assemblage Zone from Brazil (Kischlat and Lucas 2003; Schultz et al. 2020) and a 
Middle Triassic representative from China. Phytosaurs are sprawling quadrupedal 
animals with large bodies covered with multiple diamond-shaped osteoderms 

Fig. 6.1 Simplified cladogram showing the main groups of Triassic archosauriforms and pseudo-
suchians. (Based on Nesbitt 2011; Stocker et al. 2016; and Ezcurra et al. 2017)
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(arranged in two paramedian rows) and characteristic proportionally large and lon-
girostrine skulls with non-terminal nares.

Ornithosuchids are recovered as either the basal-most group of Pseudosuchians 
(Nesbitt 2011; Marsh et al. 2020) or closely related to erpetosuchids and aetosaurs 
within Suchia (Ezcurra et al. 2017; Müller et al. 2020). They are registered in Late 
Triassic continental deposits of Scotland, Argentina, and Brazil. Ornithosuchids are 
quadrupedal to facultative bipedal reptiles with carnivorous or scavenger feeding 
habits and with bizarre cranial anatomy (anteroventrally expanded snout, large dia-
stema between premaxilla and maxilla, short lower jaw) and a unique “crocodile- 
reverse” ankle joint.

Aetosaurs are a distinctive group recovered from Late Triassic outcrops of most 
continents, except Australia and Antarctica. Currently they are considered the sister 
group of erpetosuchids+ornithosuchids (Ezcurra et  al. 2017) or grouped with 
Revueltosaurus and Acaenosuchus as sister of Erpetosuchidae (Marsh et al. 2020). 
Aetosaurs are quadrupedal, heavily armoured animals with small tapering skulls, 
edentulous anterior lower jaws, and extensively ornamented osteoderms forming 
the dorsal, lateral, ventral, and appendicular armor.

Erpetosuchids are a recently reevaluated group whose phylogenetic affinities are 
now better understood thanks to new abundant findings. They are registered from 
Middle-Late Triassic continental outcrops of Scotland, Germany, Tanzania, USA, 
Brazil, and Argentina (Ezcurra et al. 2017; Nesbitt et al. 2017). They are closely 
related to aetosaurs as well as ornithosuchids, depending on the phylogenetic analy-
sis. Erpetosuchids are characterized by a heavily ornamented skull with the tooth 
row restricted to the anterior half of the maxilla, and thick ornamented paramedian 
and lateral dorsal rows of osteoderms as well as ventral and appendicular ones.

Gracilisuchids are small, gracile, terrestrial carnivorous pseudosuchians (~50 cm 
total length) found only in the Late Triassic continental beds of Argentina and the 
Middle-Late Triassic of China. Their phylogenetic affinities have been long debated 
but they are currently considered as the sister group of Paracrocodylomorpha (Butler 
et al. 2014; Lecuona et al. 2017).

Poposauroids are one of the most unique groups of pseudosuchians, being 
recorded in Middle-Late Triassic outcrops of Europe, Asia, North and South 
America, and Africa. They are nested within Paracrocodylomorpha, sister to 
Loricata, but their internal relationships are still debated because several of their 
representatives are very incomplete. Poposauroids are characterized by having four 
to five sacral vertebrae and lacking osteoderms. They include very diverse taxa with 
sizes ranging from 2-4 m, bipeds to quadrupeds, and strange adaptations like sail- 
backs or edentulous beaks (Nesbitt 2003, 2007; Butler et  al. 2011; Schachner 
et al. 2020).

Non-crocodylomorph loricatans have been historically grouped as Rauisuchidae 
and Prestosuchidae within “Thecodontia”, later on classified as the poorly defined 
“Rauisuchia”, and their phylogenetic relationships have been strongly argued (Reig 
1961; Parrish 1993; Gower 2000; Nesbitt et al. 2013a; Desojo et al. 2020). They are 
recorded from Middle-Late Triassic beds worldwide, except in Australia and 
Antarctica, and include the largest short-necked, quadrupedal, hypercarnivorous 
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predators within Pseudosuchia at the beginning of the Mesozoic, reaching sizes of 
7–8 m long.

The skull has been extensively modified in each of the archosauriform groups 
previously mentioned allowing the filling of the continental niches available after 
the P-Tr mass extinction. Since the skull is the structure that contains and protects 
the encephalon and sensorial organs, the study of the endocranial spaces will reflect 
the morphology of the soft tissues contained within them. Therefore, the under-
standing of the braincase and the endocranial casts (endocast) of these animals will 
allow us to better comprehend their capabilities, their behavior, and the adaptations 
that they required when filling their ecological roles. Through the study of the endo-
cranial anatomy of these reptiles we can take a look at how these structures evolved 
through time from the earliest archosauriforms that radiated in the Triassic to the 
modern crocodiles we see nowadays.

6.2  Historical Background

Some of the first studies showing the endocranial morphology of stem-archosaurs 
and pseudosuchians were published by the end of the nineteenth century and begin-
ning of the twentieth century (Edinger 1975) mainly focused on the Late Triassic 
continental phytosaurs from the US.  By that time, the endocranial cavities were 
studied either by the serial sectioning of a skull (which involved partial or complete 
destruction of the specimen), through natural endocasts exposed by the erosion of 
the cranial bones, or by developing artificial endocasts when filling these cavities 
with different materials and extracting them (e.g. plaster, gutta percha, latex). The 
physical artificial endocast of “Belodon” (=Machaeroprosopus buceros) was 
described by Cope (1887, 1888) triggering the subsequent works on other species of 
phytosaurs from Germany and the US such as Mesorhinus fraasi (=Mesorhinosuchus) 
(Jaekel 1910), Leptosuchus (Case 1928, 1929; Gregory 1951), Pseudopalatus 
(=Machaeroprosopus) pristinus (Mehl 1928; Camp 1930), Brachysuchus megalo-
don (Case 1929), and Machaeroprosopus (=Smilosuchus) gregorii (Camp 1930; 
Goldby and Gamble 1957). Moreover, the first endocast of an aetosaur, 
Desmatosuchus “haplocerus” (=D. spurensis), was described by Case (1921) 
amongst these pioneering studies of early archosaurs (Fig. 6.2).

By mid-twentieth century, after the World War II, the revision of some South 
African non-avemetatarsalian archosauriforms included the descriptions of the cra-
nial anatomy of Erythrosuchus africanus, “Chasmatosaurus” (=Proterosuchus fer-
gusi), “Vjushkovia” triplicostata (=Garjainia prima), and Euparkeria (Brink 1955; 
Ewer 1965), as well as the Scottish aetosaur Stagonolepis robertsoni (Walker 1961). 
These studies had interesting details of their neuroanatomy, although no endocra-
nial casts were included at that time. On the other hand, the exhaustive revision on 
Indian phytosaurs performed by Chatterjee (1978) not only included the detailed 
description of the braincase of Parasuchus hislopi but also provided the first artifi-
cial endocast for this species.
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Fig. 6.2 First pseudosuchian endocasts published (modified from Edinger 1929). Endocast of the 
aetosaur Desmatosuchus spurensis in (a), dorsal, b), ventral, and (c), lateral view. (d), Endocast of 
the phytosaur Leptosuchus in lateral view. Endocast of the phytosaur “Belodon buceros” 
(=Machaeroprosopus) in (e), lateral and (f), dorsal. Abbreviations: CN I-XII cranial nerves I-XII, 
ep. epiphysis, hyp. hypophysis, * “problematic protuberances”

The main integrative work in reptilian paleoneurology was carried out by Hopson 
(1979) as a contribution to the ninth volume of the book Biology of the Reptilia 
(Gans et al. 1979). In this chapter, Hopson considers several topics on the evolution, 
size, and problematics of the brain of fossil reptiles and addresses a comparative 
study of the brain in these groups. Within pseudosuchian archosaurs, he highlights 
the endocast descriptions of the aetosaur Desmatosuchus and several phytosaurs 
(e.g. Machaeroprosopus, “Belodon”, “Leptosuchus”) making some reinterpreta-
tions of their encephalon and cranial nerves and considering them as “unspecial-
ized” forms similar to crocodylians and carnosaurian dinosaurs.

Groundbreaking works on cladistics helped establish the phylogenetic frame-
work of stem and crown archosaurs (Gauthier and Padian 1985; Benton and Clark 
1988; Sereno 1991; Sereno and Arcucci 1990), opening a clearer pathway for fur-
ther studies on different macroevolutionary aspects of this lineage (Fig.  6.1). 
Paleoneurology was one of these aspects, and, in this new context, an important 
increase in the study of archosauriform neuroanatomy was boosted by Gower and 
colleagues. They provided numerous contributions, such as the detailed studies on 
the braincases of Erythrosuchus africanus, “Vjushkovia’‘triplicostata, Xilousuchus 
sapingensis, Eupakeria broomi, Stagonolepis robertsoni, Batrachotomus kupferzel-
lensis, and Arizonasaurus babbitti (Gower and Sennikov 1996a, b; Gower 1997, 
2002; Gower and Weber 1998; Gower and Walker 2002; Gower and Nesbitt 2006).

This was the stepping stone for paleoneurology of non-dinosaurian archosauri-
forms that had yet to be benefitted by the development of digital endocasts through 
the incorporation of modern techniques in this discipline (X-ray imaging, computed 
tomography, microCT, Neutron scanning). In addition, many researchers special-
ized in the field of paleoneurology, which further contributed to its development and 
expansion.
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6.2.1  Problematics

The study of the brain of fossil archosauriforms carries the main problem seen in 
living reptiles concerning the correlation between the different regions of the brain 
and the endocranial cavity through different ontogenetic stages (Watanabe et  al. 
2019). In extant crocodylians, turtles, and squamates the brain does not fill the entire 
endocranial space, occupying only 50–70% of it, unlike in birds and mammals 
where the brain fills almost the entire endocranial cavity (95%) (Jerison 1973; 
Hopson 1979). For this reason, the structures identified on endocasts of fossil rep-
tiles need to be addressed with care considering that the tissues surrounding the 
brain, such as the meninges and venous sinuses, can occupy an important portion of 
the endocranial spaces, and the brain-to-endocranial cavity correlation index must 
be taken into consideration (BEC index) (Jerison 1969; Hopson 1979; Balanoff 
et al. 2013; Evers et al. 2019).

The changes seen associated with the ontogeny of living reptiles also need to be 
considered when studying fossil endocasts because the morphology of the brain and 
the proportion it occupies within the endocranial cavity is drastically modified from 
embryos to adults (Jirak and Janacek 2017; Watanabe et al. 2019; Hu et al. 2020). 
In hatchling and juvenile crocodiles, the brain is relatively larger but anteroposteri-
orly shorter than in adults. The flexures between brain regions are more pronounced 
in embryos and juveniles than in adults, and for that reason the relative position of 
the cranial nerves is strongly modified during ontogeny (Evans et al. 2009; Jirak and 
Janacek 2017, Lessner and Holliday 2020). Therefore, if the ontogenetic stage of 
the specimens studied can affect the interpretations in living forms, in fossils it may 
be more difficult to determine the ontogenetic stage if we are dealing with fragmen-
tary or incomplete specimens.

One of the main questions in paleontology concerns the paleobiology of extinct 
forms. In this regard, we intend to recognize if there is a correlation between the 
endocranial morphology and the paleoecological roles that are proposed for extinct 
animals based on other sources of information (osteology, histology, taphonomy, 
etc.). Traditionally, the ecological roles of extinct animals were inferred through the 
sedimentary environment in which they were found in combination with their gen-
eral morphology and phylogenetic context (e.g. Bonaparte 1984). Paleoneurology 
allows us to test these hypotheses in order to better understand the paleobiology, 
paleoecology, and macroevolution of extinct animals.

The last decades have witnessed more detailed reanalysis of known specimens, 
as well as the discovery of more complete ones, providing crucial information about 
the neurocranial region, which was previously poorly understood (Gower and 
Sennikov 1996b; Gower and Nesbitt 2006; Gower and Walker 2002; Gower 2002; 
Trotteyn and Haro 2011, 2012; Mastrantonio et al. 2013; Sobral et al. 2016; Stocker 
et al. 2016; Nesbitt et al. 2017, 2020). However, this still is a low number of paleo-
neurological studies of Triassic archosauriforms compared to the diversity of known 
species, which might be a reflection of the low percentage of preserved braincases 
over the total amount of nominal species for these groups (Fig. 6.3a). Only 20% of 
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Fig. 6.3 (a), Histogram showing the number of nominal species of Triassic archosauriforms and 
pseudosuchians currently known (blue), the species with preserved neurocranial elements (red), 
and the number of species that have been studied from paleoneurological perspectives (yellow). 
(b), Pie chart showing the total percentage of Triassic archosauriform and pseudosuchian species 
with paleoneurological studies done and (c), detail indicating the representation of each group 
within those studies

the Triassic archosauriform and psedosuchian species known to date have been 
studied through paleoneurological analysis, providing novel information about the 
soft tissues and sensorial organs of extinct species (Fig. 6.3b).

Fortunately, previously inaccessible aspects of the skull (e.g. unprepared speci-
mens, tiny and/or articulated skulls, taphonomically distorted specimens) are now 
available thanks to the application of modern technologies such as computed tomog-
raphies (Fig. 6.4). This new information together with clearer taxonomic and phy-
logenetic schemes is contributing to expand the paleoneurological knowledge of 
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Fig. 6.4 Computed tomography applied to the fossil skull of the basal phytosaur Wannia scur-
riensis (TTUP-00539) and digital reconstructions of the skull and its soft tissues (modified from 
Lessner and Stocker 2017). (a), Dorsal view of the skull, (b), anterolateral view of CT scan of 
skull, (c), anterolateral view of transparent skull, and (d), anterolateral view of endocast (brain, 
inner ear, and sinuses). Snout section: Premaxillary cavity in red; airway in blue; antorbital sinus 
in green; neurovascular canal in yellow. Braincase section: Encephalon in blue, cranial nerves in 
yellow, labyrinth in pink, internal carotid arteries in red. Scale bar = 5 cm

archosauriforms and pseudosuchians and will hopefully allow us in the future to 
recognize macroevolutionary patterns in archosauriforms.

6.3  Overview of General and Comparative Anatomy

6.3.1  Non-archosaurian Archosauriforms

 Proterosuchidae

The first study of the endocranial anatomy of Proterosuchus fergusi, recently pub-
lished by Brown et al. (2020), was based on endocranial reconstructions and also 
discussed its life habits. That study presents the first assessment of the braincase and 
inner ear of P. fergusi. The endocranial cast of Proterosuchus fergusi is similar to 
that of extant crocodylians. The olfactory bulbs are slightly laterally expanded, and 
rostrally taper into two separate elements. The reconstructed forebrain is bulbous 
and horizontal, and the midbrain is anteroventrally directed. The hindbrain is medio-
laterally narrow and expands ventrally more than the other parts of braincase. The 
flocular lobes are relatively small and do not expand through the anterior semicircu-
lar canal. The carotid canal is divided in two channels that extend away from each 
other laterally, and extends ventrally from the braincase. A small ventrally-oriented 
trochlear nerve canal (CN IV) and three branches of the trigeminal nerve canal (CN 
V) were reconstructed. The vestibular portion of the endosseous labyrinths of the 
inner ear has a pyramidal shape. The anterior semicircular canal and the posterior 
semicircular canal are relatively equal in proportions. The lagena is less ventrally 
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extended than in other archosauriform reconstructions (Witmer et al. 2008; Leahey 
et al. 2015; Lautenschlager and Butler 2016; Brusatte et al. 2016; Pierce et al. 2017), 
and the fenestra vestibuli extends posterolaterally away from the labyrinth.

 Erythrosuchidae

Partial physical endocasts of Erythrosuchus africanus and Garjainia prima (= 
“Vjushkovia triplicostata”) were developed and described by Gower and Sennikov 
(1996a). Both endocasts of Erythrosuchus africanus and Garjainia prima represent 
the middle and posterior region of the encephalon, part of the inner ear, and the exits 
for the cranial nerves V to XII. The position of CN II to IV were also recognized by 
Gower and Sennikov (1996a) based on additional disarticulated material and these 
were indicated in their brain reconstructions. These endocasts are described as 
being relatively low and broad and having subequal cerebral and pontine flexures of 
approximately 135°. A large floccular lobe is located anterior to the anterior semi-
circular canal of the labyrinth and is anteriorly surrounded by the middle cerebral 
vein, which runs vertically and curves posteroventrally to exit together with the tri-
geminal nerve (CN V). The abducens nerve (CN VI) exits anterolaterally, from a 
location ventromedial to the facial nerve (CN VII), which is located anterior to the 
inner ear, at the level of the fenestra ovalis. The metotic foramen is a single, wide, 
slit-like opening, just posterior to the fenestra ovalis, and CN XII exits through a 
single foramen as well, but slightly more ventrally located in Garjainia prima than 
in Erythrosuchus africanus. Concerning the inner ear, only part of the horizontal 
semicircular canal and common crus were identified by Gower and Sennikov 
(1996a). The anterior and posterior ampullae are undifferentiated in Erythrosuchus 
africanus, whereas these cannot be identified in Garjainia prima. However, the 
lagena (or pseudolagena) is identified in the latter as a ventrally directed projection 
that originates from the fenestra ovalis.

Few other erythrosuchid braincases are known that offer some information about 
the shape of their brain. The braincase of Guchengosuchus shiguaiensis has the 
impression of the dorsal surface of the brain, olfactory tracts and bulbs (Butler et al. 
2019) and part of the lateral surface. A deep auricular recess/floccular fossa is 
apparently divided by an anterodorsally oriented ridge, differing from other eryth-
rosuchids. The other endocranial features recognized in Guchengosuchus shiguaien-
sis (CN V, VII, IX-XI) do not differ from those seen in Erythrosuchus africanus. 
Gower and Sennikov (1996b) described the braincase of Fugusuchus hejiapanensis 
indicating a morphology congruent with that of Garjainia (=“Vjushkovia”), but the 
better preservation of the ventral surface of the braincase of Fugusuchus allowed a 
clear identification of the foramina for the cerebral branch of the internal carotids. 
These are located on the ventral surface of the basisphenoid, between the posterior 
ends of the basipterygoid processes.

M. B. von Baczko et al.



189

 Protopyknosia

Known only from partial cranial material, the protopyknosians Triopticus primus 
Stocker et al. 2016 and Kranosaura kuttyi Nesbitt et al. 2021 both preserve at least 
partial endocranial casts. These archosauriforms are characterized by their bizarre 
endocranial morphology, which includes a deep and wide pit (?= pineal foramen) 
extending from the posterodorsal surface of the skull through the skull roof to pos-
sibly contact and connect with the dorsal surface of the brain endocast. In Triopticus, 
the brain endocast, reconstructed neurovasculature, and endosseous labyrinths are 
well preserved overall due to hypermineralization of the braincase (Stocker et al. 
2016). The overall structure of the brain endocast is relatively consistent with other 
non-archosaurian archosauriforms with some exceptions. The endocast is elongate 
with little midbrain flexure. Anteriorly, the forebrain preserves distinct cerebral 
hemispheres separated by a median interhemispheric sulcus. The olfactory tracts 
(CN I) are narrow with well-demarcated olfactory bulbs. In the midbrain, the optic 
lobes are not well-defined between the cerebrum and cerebellum, though the trunks 
of the optic tracts (CN II) are relatively large. There are prominent floccular lobes 
on the cerebellum that differ from the condition in any other non-archosaurian 
archosauriform and even from most early-diverging archosaurs. The labyrinths pre-
serve unusually long canals for a non-archosaur archosauriform that are similar to 
those of some theropod dinosaurs (Bronzati et al. 2021), along with well-formed 
ampullae and elongate lagenae.

 Euparkeriidae

The braincase of Euparkeria was described for the first time by Ewer (1965), based 
on the holotype (SAM-PK-5867) and two other specimens (SAM-PK-7696; UMZC 
T.692). Subsequently, Cruickshank (1970) redescribed the specimen SAM-PK-7696 
after further acid preparation. On the basis of the same isolated specimen 
(SAM-PK-7696), Evans (1986) in her treatment compared the Eupakeria braincase 
with that of Prolacerta broomi. After a further mechanical preparation of the holo-
type and SAM-PK-7696, Welman (1995) figured both and compared the braincase 
of Euparkeria with that of birds, dinosaurs, and crocodiles. Gower and Weber 
(1998) redescribed exhaustively the specimen UMZC T.692 of Euparkeria and 
refuted the previous hypothesis (Welman 1995) that linked this taxon to birds to the 
exclusion of other archosaurs.

Building on the work of Gower and Weber (1998), Sobral et al. (2016) docu-
mented new information using CT information of UMZC T.692, SAM-PK-5867 
(holotype), SAM-PK-6047A, and the isolated braincase SAM-PK-7696. The inner 
ear of Euparkeria shows relatively elongated semicircular canals, especially the 
anterior semicircular canal. The floccular fossa is much smaller in Euparkeria than 
in modern birds, but larger than in Youngina (Sobral et al. 2016). The metotic fora-
men and fenestra ovalis of Euparkeria are more enlarged than in Captorhinus 
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(Heaton 1979), Youngina (Evans 1987), or Prolacerta (Evans 1986), and there is 
further differentiation of a ventral region, which is a pressure-relief structure.

On the revaluation of Euparkeriidae carried out by Sookias et  al. (2014), 
Dorosuchus neoetus was described with details on the braincase, which was origi-
nally studied by Sennikov (1989). Sookias et al. (2014) focused on phylogeny, so 
their work had no paleoneurological inferences, but a description of the braincase 
was presented by the authors. The paratype of Dorosuchus neoetus (PIN 1579/62) 
is a mostly complete but damaged braincase including the basioccipital, supraoc-
cipital, otooccipitals, prootics, parabasisphenoid, and stapes. The osteology of the 
basioccipital, opisthotic, and supraoccipital were described, but without paleoneu-
rological features. The paleoneurological features include a matrix-infilled pit on 
the anterodorsal surface of the exoccipital, ventral to the base of the paroccipital 
process, which may be the foramen for the hypoglossal nerve (CN XII). The prootic 
forms the posterior part of a large oval foramen for the trigeminal nerve. A groove 
located anterodorsally to the crista prootica holds the exit of the facial nerve, with 
the hyomandibular branch, and the palatine branch. Although the exit for the abdu-
cens nerve (CN VI) was not described, the authors recognized that the surface 
expected to hold the external foramina for the abducens nerve is anteroventrally 
directed. The floccular recess is recognized on the internal surface of the prootic, 
which is a subcircular depressed area measuring one-third of the height of the lateral 
wall of the braincase. The foramen for the entrance of the cerebral branch of the 
internal carotid artery can be seen in posterior view on each side, posterior to the 
base of the basipterygoid process. On the lateral surface of the parabasisphenoid is 
a large fossa; no foramina are present in this fossa. This shows that the cerebral 
branch of the internal carotid artery entered the braincase in a posteroventral posi-
tion (not laterally, as in archosaurs). The mentioned fossa connects dorsally with the 
ventral end of the groove for the palatal branch of the facial nerve. The preserved 
stapes is a thin cylinder of bone that increases gradually towards its distal end, 
which has a shaft diameter of 20% of the dorsoventral width of the fenestra ovalis.

 Vanclavea and Litorosuchus

The non-archosaurian archosauriforms, Vancleavea campi and Litorosuchus som-
nii, represent some of the best supported cases of a semi-aquatic lifestyle early in 
Archosauriformes. Vancleavea is known by several specimens across a range of 
nearly 20  million years of the Late Triassic, but the most complete endocranial 
material currently known was described by Nesbitt et al. (2009) for the specimen 
GR 138. Though well-preserved and nearly complete, GR 138 was preserved as a 
mediolaterally compressed and twisted skeleton, causing only parts of the braincase 
to be observed in lateral view. Attempts to μCT scan the skull of GR 138 have 
resulted in unusable scan data because of hematite and barite within the bones, 
which are very reflective minerals that are detrimental to the contrast of the images 
obtained; thus, no endocast currently exists for Vancleavea. A similar flattened pres-
ervation affects the Middle Triassic sister taxon to Vancleavea, Litorosuchus (Li 
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et al. 2016). From the braincase elements themselves, the passage of cranial nerve 
V through the prootic appears to have been through a nearly closed notch in 
Vancleavea (identified as the ‘trigeminal foramen’ by Nesbitt et al. 2009), though 
compression has displaced some skull elements. It is unclear whether Vancleavea 
had one or two exits for CN XII, but there is at least one foramen visible on the 
lateral side of the exoccipital; CN XII exits through two foramina in Litorosuchus.

 Doswelliidae

The braincase anatomy of Doswellia is known and was described in detail (Weems 
1980; Dilkes and Sues 2009; Sues et al. 2013), but the endocast is not known yet. 
The known skull remains of this taxon consist of the postorobital portion, and it is 
crushed dorsoventrally. The skull of Doswellia is dorsoventrally flat, and it has no 
infratemporal fenestrae. A relevant character is the stapes preserved lying within an 
otic notch in the quadrates, which have a slender configuration, similar to sauropsids.

 Proterochampsidae

There is little information on the braincase and endocranial morphology of this 
group. The braincases of Pseudochampsa ischigualastensis and Proterochampsa 
barrionuevoi from the Ischigualasto Formation were described in detail by Trotteyn 
and Haro (2011, 2012). Particularly, the skull of Pseudochampsa ischigualastensis 
(PVSJ 567), originally described as Chanaresuchus ischigualastensis (Trotteyn and 
Haro 2012; Trotteyn and Ezcurra 2014), is fairly complete but presents some degree 
of dorsoventral deformation and anterior displacement, exposing the posterior end 
of the endocranial cavity in dorsal view. This exposed region was occupied by the 
hindbrain. The anterior section, corresponding to the ventral part of the forebrain, 
was virtually reconstructed.

The inner ear and partial endocast of Chanaresuchus bonapartei (MCZ 4037) 
was briefly mentioned and illustrated by Stocker et al. (2016), showing a dorsoven-
trally flattened labyrinth with an anterior semicircular canal apparently larger than 
the posterior one, and a lagena that is almost equivalent in height to the labyrinth. 
The preserved portion of the endocast lacks a floccular fossa, but has a large exit for 
the metotic foramen, and a single internal passage for cranial nerve XII that bifur-
cates. Moreover, the endocasts of Pseudochampsa ischigualastensis and 
Tropidosuchus romeri from the Chañares Formation were described by Trotteyn and 
Paulina-Carabajal (2016).

The complete skull of Tropidosuchus romeri (PVL 4601) was scanned and stud-
ied; it presents some deformation, but it does not affect the braincase. The braincase 
is almost complete, missing the laterosphenoids, and the sutures between the brain-
case bones are difficult to observe. A partial cranial endocast was digitally rendered, 
and the forebrain was reconstructed based on the impressions left on the ventral 
surface of the frontals by the cerebral hemispheres, the olfactory tracts, and 
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olfactory bulbs. The general shape of the endocast is sub-horizontal and slightly 
sigmoidal in lateral view, as in extant crocodylians (e.g. Witmer et al. 2008; Bona 
and Paulina-Carabajal 2013). Among the endocasts known for proterochampsids, 
Tropidosuchus romeri is the one studied in more detail, with endocranial characters 
described, and presenting the most complete reconstruction.

The general morphology of the endocast of P. ischigualastensis and T. romeri 
suggest the presence of a large vascular sinuses, making the observation of any 
brain characters difficult. As in most archosaurs, a large dorsal longitudinal venous 
sinus covered the cerebellum, optic tectum, and brain stem, preventing observation 
of their morphology (Sedlmayr 2002; Witmer et al. 2008). However, the medullary 
section, hypophysis, cerebral hemispheres, and olfactory tracts and bulbs could be 
described. The Reptilian Encephalization Quotient (REQ) was calculated for 
Tropidosuchus romeri resulting in a range of 0.34–0.9, which is similar to the lower 
values of the living crocodylian Alligator mississippiensis (Hurlburt et al. 2013). 
The olfactory ratio of Tropidosuchus romeri is approximately 57.7%. When this 
ratio is plotted as a function of body mass (see Zelenitsky et al. 2009), it is similar 
to that of Alligator, which has an olfactory ratio significantly higher than those pre-
dicted for theropods of similar body mass (Zelenitsky et  al. 2009). Additionally, 
when compared with other living crocodylians, non-avian dinosaurs (e.g. Zelenitsky 
et al. 2009; Lautenschlager et al. 2012; Paulina-Carabajal et al. 2016), and living 
and extinct birds (Zelenitsky et  al. 2011; Tambussi et  al. 2015), it appears that 
Tropidosuchus romeri had a great reliance on olfaction. The values of both olfactory 
ratio and REQ in Tropidosuchus romeri are similar to living crocodylians, support-
ing a predator status for this taxon.

6.3.2  Pseudosuchian Archosaurs

 Phytosauria

Phytosaurs have a long history of endocranial research, beginning nearly 150 years 
ago with a plaster reconstruction of the endocast of Machaeroprosopus buceros 
(Cope 1888). These taxa share general external morphological similarities to extant 
crocodylians, which led to assumptions of ecological and biological similarity that 
were not well tested until more recent and thorough examinations of their endo-
casts. Much of the focus in those historical studies was on derived phytosaurs (Case 
1928; Mehl 1928; Camp 1930; also Holloway et al. 2013). More recent work has 
added to the evolutionary context of phytosaur endocranial anatomy with examina-
tions of the endocasts of the early-branching phytosaurs Parasuchus hislopi 
(Chatterjee 1978; Stocker et al. 2016), Parasuchus angustifrons and Ebrachosuchus 
neukami (Lautenschlager and Butler 2016), and Wannia scurriensis (Lessner and 
Stocker 2017). The incorporation of computed tomography and μCT allowed addi-
tional insights not just into the structure and shape of the phytosaur brain, but also 
semicircular canals and the extensive paranasal sinuses (Holloway et  al. 2013; 
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Lautenschlager and Butler 2016; Lessner and Stocker 2017). These digital endo-
casts are still rare for phytosaur specimens because of taphonomic distortion of 
many phytosaur skulls and an overall skull size that is often incompatible with the 
field of view in a μCT scanner. However, multiple braincases of phytosaurs exist in 
collections and broader sampling of endocranial anatomy is still needed for 
this group.

The phytosaurian encephalon is anteroposteriorly elongate and mediolaterally 
narrow; the encephalon in more derived phytosaurian taxa tends to be more gracile 
and horizontally oriented than in early-branching phytosaurs (Lautenschlager and 
Butler 2016; Lessner and Stocker 2017). The elongate olfactory tract extends ante-
riorly from the main body of the encephalon, ending anteriorly in rounded olfactory 
bulbs when complete (Lautenschlager and Butler 2016). This olfactory tract is 
straighter in early-branching phytosaurs and appears dorsally curved in lateral view 
in more derived phytosaurs. Dorsally, a dural peak is present in the pineal region, 
which may be the result of a dural venous sinus, a paratympanic sinus, or an enlarged 
pineal body; no pineal foramen is present in any known phytosaur. The hypophysis 
in phytosaurs is generally large, but appears largest in the early branching taxa 
Wannia, Parasuchus, and Ebrachosuchus (Lessner and Stocker 2017); 
Machaeroprosopus mccauleyi appears to lack a hypophysis (Holloway et al. 2013). 
The internal carotid arteries extend posteroventrally from the ventralmost point of 
the hypophysis and exit the braincase ventrolaterally from the basisphenoid tubera. 
All phytosaurs appear to have both cephalic and pontine flexures, though the degree 
of flexure is smaller in more derived phytosaurs. Small floccular lobes are present. 
The optic tract (CN II) exits through a single foramen formed by the laterosphe-
noids. The trigeminal nerve (CN V) extends many small accessory nerve branches 
to the alveoli, facial region, and mandible, similar to the branching in extant croco-
dylians. These nerve endings are associated with small randomly distributed exter-
nal pits concentrated at the anterior portions of the dentaries and premaxillae.

The endosseous labyrinths in phytosaurs (when reconstructed) tend to have lon-
ger anterior semicircular canals, with the three canals oriented at roughly right 
angles to one another (Holloway et  al. 2013; Lautenschlager and Butler 2016; 
Stocker et al. 2016; Lessner and Stocker 2017). The lagenae are generally elongate, 
as in extant crocodylians (Lessner and Stocker 2017).

 Aetosauria

The endocasts of only two aetosaurs are currently known based on natural and arti-
ficial moulds. The first aetosaurian endocast of one of the largest and most charac-
teristic species of the group was published by Case (1921). This was an artificial 
physical endocast of the holotype of Desmatosuchus spurensis (Desmatosuchus 
“haplocerus” at that time) representing only the encephalon and surrounding soft 
tissues. On the other hand, the first natural endocast of an aetosaur was recently 
described for Neoaetosauroides engaeus (von Baczko et al. 2018) which includes 
the cast of the encephalon, surrounding soft tissues, and inner ear. This is 
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complemented by the digital endocast of the best-preserved skull (PVL 5698) and 
the natural endocast of the olfactory region of a third skull (PVL 4363).

Two different morphologies were recognized within aetosaurs. Desmatosuchus 
spurensis has short and wide olfactory tracts and rounded olfactory bulbs, whereas 
Neoaetosauroides engaeus has elongated and narrow tracts and elliptic olfactory 
bulbs. The inner ear of Neoaetosauroides also differs from that of Desmatosuchus 
as figured by Stocker et al. (2016) and von Baczko et al. (2021). The inner ear of the 
former has a dorsoventrally high endosseous labyrinth and a short lagena; further-
more, the anterior and posterior semicircular canals have similar curvatures, con-
trasting with those of Desmatosuchus spurensis that are different in size. Moreover, 
the endosseous labyrinth of the latter is wider than high, and the lagena is propor-
tionally longer than in Neoaetosauroides engaeus. New digital endocasts of 
Desmatosuchus spurensis and Desmatosuchus smalli have been recently published 
by von Baczko et al. (2021), showing a more complete encephalon for Desmatosuchus 
than that previously published by Case (1921). A remarkable feature recognized in 
these new models is a dorsal midline structure between the cerebral hemispheres 
and optic lobes. The interpretation of this dorsal projection has been argued by pre-
vious authors (Case 1921; Edinger 1929; Hopson 1979) but von Baczko et al. (2021) 
suggest it corresponds to the dorsal dural venous sinus system because it has clear 
characteristics indicating a vascular origin (diploic veins). This interpretation would 
not be in conflict with the presence of an epiphysis (Case 1921; Edinger 1929) and 
the presence of both structures could be true.

The natural marks left by the encephalon on the ventral surface of the skull roof 
can also be seen in Stagonolepis olenkae (ZPAL AbIII/466/17). On this surface the 
area occupied by the cerebral hemispheres, olfactory bulbs and tracts can be recog-
nized as well as some spaces occupied by the dorsal longitudinal venous sinus. The 
olfactory tract is wide, resembling that of Desmatosuchus spurensis. Several other 
braincases of aetosaurs have been published to date (e.g. Stenomyti huangae: Small 
and Martz 2013; Longosuchus meadei: Parrish 1994; Paratypothorax coccinarum: 
Schoch and Desojo 2016; Scutarx deltatylus: Parker 2016; Aetosauroides scagliai: 
Paes Neto et al. 2021) but their endocranial anatomy still awaits to be studied.

 Ornithosuchidae

The cranial endocast of ornithosuchids is currently known for the digital reconstruc-
tion of Riojasuchus tenuisceps (von Baczko and Desojo 2016) (Los Colorados 
Formation, Argentina) and a partial natural endocast of Venaticosuchus rusconii 
(Ischigualasto Formation, Argentina). The general morphology of the encephalon of 
Riojasuchus tenuisceps (PVL 3827) is tall and sigmoid. The forebrain almost triples 
its width from the anterior edge to the widest region of the cerebral hemispheres, 
and these are slightly longer than wide. The angle between the anterior and mid-
brain is approximately 130°. Few cranial nerves (CN) can be recognized on the 
endocast of Riojasuchus tenuisceps. The olfactory tracts (CN I) on the anterior end 
of the forebrain are short, the trigeminal nerve (CN V) exits through a single 
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foramen, which implies that the branches of this nerve diverge outside the brain-
case. The hypophysis can be identified projecting posteroventrally from the ventral 
region of the anterior brain.

Recently, a partial natural cranial endocast has been found in association with the 
skull of Venaticosuchus rusconii (PVL 2578) and represents part of the brain and 
the right inner ear (Fig. 6.5a–d). The partial endocast corresponds to the middle and 
posterior brain, from the level of the cephalic flexure up to the posterior end of the 
brain. The cephalic flexure cannot be measured because of the incompleteness of 
the endocast, but the pontine flexure is approximately 140°, as in Riojasuchus tenui-
sceps. The anterior portion of the dorsal surface of the endocast has a transversal 
ridge that would correspond to the suture of the frontals and parietals. The dorsal 
surface of the posterior region of the endocast has two smooth longitudinal lines 
that probably correspond to the medial margins of the exoccipitals, which do not 
contact each other as in Riojasuchus tenuisceps (von Baczko and Desojo 2016). The 
posterior end which corresponds to the foramen magnum is oval, being 1.75 times 
wider than tall, and resembling the condition of Riojasuchus tenuisceps (von Baczko 
and Desojo 2016). A large subtriangular exit for the trigeminal nerve (CN V) can be 
recognized on the anteroventral margin of the middle brain, anterior to the laby-
rinth. A transversal ridge that corresponds to the ventral margin of the metotic fora-
men (CN IX-XI) is located posterior to the labyrinth. The midbrain is strongly 
constricted where the endosseous labyrinth is located, and no projection corre-
sponding to the flocculus can be recognized anterior to this area as in R. tenusiceps. 
The endosseous labyrinth is preserved within the partially eroded prootics and opis-
thotics that are attached to the cranial endocast. The anterior and posterior semicir-
cular canals are exposed through the broken surface of the otic bones and form an 
angle of approximately 90° with each other.

 Erpetosuchidae

The endocast of Parringtonia gracilis from the Middle Triassic of Tanzania was 
described in detail by Nesbitt et al. (2017) based on a growth series of three brain-
cases, one of which (NMT RB426) was well-enough preserved to present a descrip-
tion of the encephalon, endosseous labyrinths, and cranial nerve trunks. This taxon 
was hypothesized to support a high degree of conservation and homoplasy in brain-
case anatomy and brain architecture among pseudosuchians. The encephalon is 
anteroposteriorly elongate, with a cephalic flexure similar to that of phytosaurs, 
aetosaurs, and Riojasuchus (e.g. Case 1921, 1928; von Baczko and Desojo 2016; 
Nesbitt et  al. 2017). The long olfactory tracts and rounded bulbs with a medial 
dividing sulcus were reconstructed based on their dorsal surface impressions into 
the ventral surface of the frontals; these tracts may have had their lengths elongated 
by displacement of the laterosphenoids. No hypophysis was reconstructed. A slight 
dural peak is present at the apex of the midbrain flexure. No flocculus is obvious in 
the hindbrain region. A small, laterally-opening foramen in the ventral ramus of the 
opisthotic was identified as the perilymphatic foramen. The internal carotids enter 
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Fig. 6.5 Natural endocranial cast of the ornithosuchid Venaticosuchus rusconii (PVL 2578) in (a), 
right, (b), left, (c), dorsal, and (d), ventral views. Fragmentary skull roof of the erpetosuchid 
Tarjadia ruthae (MCZ 9319) in (e-f), dorsal and (g), ventral views. Abbreviations: a.ls articular 
surface for laterosphenoid, asc anterior semicircular canal, ceh cerebral hemispheres, CN cranial 
nerve foramina, fr frontal, m.exo medial margin of the exoccipitals, ot olfactory tract, pa parietal, 
pof postfrontal, pr prootic, psc posterior semicircular canal, s.fr-pa suture between frontal and 
parietal, so supraoccipital, stfo supratemporal fossa. Scale bars = 1 cm
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the endocranial space ventrally unlike in other pseudosuchians. Cranial nerve V 
passes through an undivided trigeminal foramen formed by the prootic and lateros-
phenoid. Cranial Nerve VI exits through the parabasisphenoid. Two crests (Crest 1 
and Crest 2 of Nesbitt et al. 2017) confine the hyomandibular path of CN VII, simi-
lar to the condition in Revueltosaurus callenderi (Parker et al. 2021) and aetosaurs 
(Gower and Walker 2002). The hypoglossal nerve (CN XII) exits through two 
foramina on each side. The endosseous labyrinths show that the semicircular canals 
were all roughly the same length, and the anterior and posterior canals were dorso-
ventrally squat.

Archeopelta arborensis from the Middle-Late Triassic of Brazil was described 
by Desojo et al. (2011), who referred it together with Tarjadia ruthae to Doswellidae. 
However, more recent studies recover both species within Erpetosuchidae (Ezcurra 
et al. 2017). The poorly preserved occipital region of the braincase of Archeopelta 
was described, including the identification of several cranial foramina (V-VII, 
IX-XII). A single exit was recognized for CN XII between the exoccipital and para-
basisphenoid. Ezcurra et al. (2017) reinterpreted the putative foramina for CN VI as 
the exit for the cephalic branch of the internal carotid arteries located on the ventral 
surface of the parabasisphenoid at base of the basipterygoid process. However, due 
to the poor preservation of the specimen no endocast was reconstructed.

The fragmentary holotype and MCZ referred specimen of Tarjadia ruthae, 
including a partial braincase, were described by Arcucci and Marsicano (1998), and 
some endocranial features such as the olfactory tracts and bulbs are mentioned. 
However, considering the new specimens currently available (Ezcurra et al. 2017) 
and after restudying by firsthand the referred specimen MCZ 9319 we reinterpret 
some of those features. For instance, the groove on the ventral surface of the frontal 
described as “olfactory channel” appears to correspond to the olfactory tract and the 
posterior depression at the suture of the frontal and parietal originally identified as 
“housing the olfactory bulbs” would correspond to the cerebral hemispheres 
(Fig. 6.5e–g). This interpretation is in accordance with the elongated cranial endo-
cast described for Parringtonia gracilis (Nesbitt et al. 2017). The unpublished endo-
cast of a new and more complete specimen of Tarjadia ruthae (CRILAR PV 478) is 
being studied by some of the authors (BvB, JBD, MJT) and also supports these new 
interpretations.

 Gracilisuchidae

A partial artificial endocast from the holotype of Gracilisuchus stipanicicorum 
PULR 08 was made, but few anatomical structures can be identified because it cor-
responds to the posterodorsal surface of the endocranial cavity. Unfortunately, a 
medical CT scan from the same type material did not allow the reconstruction of the 
encephalon because of its poor preservation and small size; only gross neurocranial 
features could be interpreted (e.g. skull roof, paroccipital processes, basipterygoid 
processes, cultriform process).
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On the other hand, a microtomography of the referred specimen MCZ 4117 was 
performed, but its detailed description is still pending. Stocker et al. (2016) figured 
the inner ear (semicircular canals and vestibule) and middle and posterior encepha-
lon of this specimen; the anterior semicircular canal has a markedly larger curvature 
radius than the posterior one, and a moderately developed flocculus can be recog-
nized. The exit for the transversooccipital veins can also be identified, but the lagena 
could not be reconstructed. Fabbri et al. (2017) only illustrated a preliminary digital 
reconstruction of the brain of the same specimen, but without the labyrinth. It is 
possible to recognize a low, elongated encephalon with low cephalic and pontine 
flexures, long and narrow olfactory tracts, and elliptic olfactory bulbs.

 Poposauroidea

A physical artificial endocast of the encephalon of Shuvosaurus inexpectatus was 
carried out by Lehane (2005) as part of his unpublished Master’s thesis and later 
figured by Holloway et al. (2013). Unfortunately, the endocast was only illustrated 
with hypothesized drawings, in which some regions of the encephalon are complete, 
but the actual braincases of Shuvosaurus did not preserve the corresponding part of 
the braincase.

The moulds left by the encephalon on the braincases of the holotype and referred 
specimen of Shuvosaurus inexpectatus (TTUP 9280 and 9282) exhibit well 
expanded cerebral hemispheres and marked floccular lobes. The ventral surface of 
the hypophyseal fossa is very shallow on the basisphenoid, so the extension of the 
hypophysis is not clear. A single large passage can be recognized for the trigeminal 
nerve (CN V); the metotic foramen (CN IX-XI) is large but cannot be separated 
from the opening for the fenestra ovalis because the region is slightly damaged 
(TTUP 9280). Considering the structure of the braincase of Shuvosaurus inexpecta-
tus, the fenestra ovalis does not seem to be subdivided, and the element separating 
it from the metotic foramen probably corresponded to the ventral process of the 
opisthotic. Cranial nerve XII appears to have two internal foramina but a single 
external foramen on TTUP 9280 and 9282. The dorsal region of the midbrain that 
Lehane (2005) identified as a triangular-shaped cerebellum would more likely be 
occupied by the dorsal longitudinal venous sinus as well as the meninges which 
represent a large portion of the endocranial cavity in reptiles, unlike avian archosaurs.

The braincase and complete skull of Effigia okeeffeae was described and CT 
scanned by Nesbitt (2007), but no endocranial reconstruction was made – probably 
because the skull is partially crushed. Nevertheless, several structures correspond-
ing to the encephalon were identified, such as the foramina for cranial nerves V, VII, 
and VIII on a disarticulated prootic. A putative small but deep hypophyseal fossa 
was identified on the dorsal surface of the basisphenoid, although it seems to be a 
continuation of the dorsal groove of the cultriform process. The exit for the cerebral 
branch of the internal carotids is on the lateral surface of the same element. Part of 
the floccular (= auricular) fossa can be recognized on the medial surface of the 
prootic.
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Additionally, Gower and Nesbitt (2006) described a beautifully preserved brain-
case of Arizonasaurus babbitti, but no endocast was reconstructed. A remarkable 
feature present in this species is that the exits for the cerebral branches of the inter-
nal carotids are located on the ventral surface of the parabasisphenoid, resembling 
the condition of erpetosuchids and non-archosaurian archosauriforms and differing 
from most pseudosuchians, in which these exits are lateral.

 Non-crocodylomorph Loricata

Little is known about the endocast morphology of non-crocodylomorph loricatans. 
Just the endocast of the prestosuchid Prestosuchus chiniquensis was published by 
Mastrantonio et al. (2019), and the posterior region of the endocast and partial inner 
ear of the rauisuchid Postosuchus kirkpatricki was figured by Stocker et al. (2016).

The digital endocast of Prestosuchus chiniquensis (UFRGS-PV-0629-T) is high 
and sigmoid with strong flexures. It has large olfactory bulbs, although they are not 
as large as illustrated by Mastrantonio et al. (2019). In that reconstruction, the ante-
rior half of the supposed olfactory bulbs actually corresponds to the nasal cavity 
proper, according to Fonseca et al. (2020). The olfactory tracts are narrow and lon-
ger than the cerebral hemispheres, being almost as long as the rest of the encepha-
lon. Unfortunately, few cranial nerves were identified on the endocast of Prestosuchus 
chiniquensis. The olfactory tract, representing CN I, was mistakenly described as 
CN II by Mastrantonio et al. (2019). The trigeminal nerve (CN V) exhibits a single 
exit as in most pseudosuchians and non-archosaurian archosauriforms, and the 
hypoglossal nerve (CN XII) also appears to have a single internal and external pas-
sage in Prestosuchus chiniquensis. The general morphology of this endocast resem-
bles that of theropod dinosaurs and contrasts with pseudosuchian living forms, the 
crocodylians. The inner ear of Prestosuchus has not been studied yet, but that of 
Postosuchus was illustrated by Stocker et al. (2016). The labyrinth of Postosuchus 
kirkpatricki is proportionally high and has asymmetrical anterior and posterior 
semicircular canals, with the anterior canal being almost twice the height of the 
posterior one. A moderately developed floccular lobe can be recognized through the 
anterior semicircular canal and appears to be smaller than that of Triopticus (Stocker 
et al. 2016). In his unpublished master’s thesis, Weinbaum (2002) mentioned the 
development of an artificial endocast, but clarified that its description could not be 
included in said contribution. He only highlighted the similarity between the brain 
of Postosuchus and that of living crocodiles, and the presence of an enlarged hind-
brain that probably explained its terrestrial habit and upright posture.

Few other well-preserved braincases of non-crocodylomorph loricatans were 
published describing their external morphology, namely Batrachotomus kupferzel-
lensis, Heptasuchus clarki, Postosuchus kirkpatricki, and Saurosuchus galilei 
(Alcober 2000; Gower 2002; Weinbaum 2011; Nesbitt et al. 2020). However, the 
endocranial cavity of the last two are currently being studied by some of the authors 
(BvB, JBD) and will soon provide new information about the endocranial anatomy 
of this group.
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6.4  Brain Evolution and Paleobiological Inferences

In general terms, the cranial endocasts of non-archosaurian archosauriforms 
(Fig. 6.6), derived phytosaurs, erpetosuchids, and crocodylomorphs are elongated, 
narrow, and share a more horizontal organization, with low cephalic and pontine 
flexures (e.g. Triopticus primus, Tropidosuchus romeri, Erythrosuchus africanus, 
Garjainia prima [=“V. triplicostata”], Machaeroprosopus pristinus, Parringtonia 
gracilis, Alligator mississippiensis, Caiman yacare) (Gower and Sennikov 1996a; 
Lautenschlager and Butler 2016; Nesbitt et al. 2017; Lessner and Stocker 2017). 
Other pseudosuchians such as aetosaurs, ornithosuchids, gracilisuchids, basal lori-
catans, and poposauroids have slightly more pronounced flexures; however, they do 
not reach the marked flexures seen in the verticalized, robust endocasts of avemeta-
tarsalian archosaurs (Lehane 2005; von Baczko and Desojo 2016; Stocker et  al. 
2016; Lessner and Stocker 2017; von Baczko et al. 2018; Mastrantonio et al. 2019).

The Reptile Encephalization Quotient (Hurlburt 1996) is a measurement that was 
not frequently considered among the literature of Triassic archosauriforms and 
pseudosuchians. A higher quotient is linked to a better capacity for processing and 
integrating neurosensorial information and responding to environmental stimuli. 
The REQ was only calculated for Tropidosuchus romeri considering ratios of 37% 
and 50% of the endocranial volume since the brain does not fill the entire cavity 
(Hopson 1979). The calculations resulted in a range of minimum and maximum 
REQs for the proterochampsid Tropidosuchus romeri of 0.34–0.9, which overlaps 

Fig. 6.6 Comparison of the cranial endocasts of selected archosauriforms and pseudosuchians 
and their phylogenetic relationships (based on Stocker et al. 2016; Ezcurra et al. 2017; Wynd et al. 
2019). Abbreviations: Ar Archosauria, Arf Archosauriformes, Euc Eucrocopoda, Pr 
Proterochampsia, Ps Pseudosuchia, Su Suchia. Encephalon in blue, cranial nerves in yellow, laby-
rinth in pink, cerebral branch of internal carotids in red

M. B. von Baczko et al.



201

the lower range of REQs calculated for the living crocodile Alligator 
mississippiensis.

6.4.1  Sensory Evolution

The head posture in fossil reptiles has been inferred by orienting the lateral semicir-
cular canal (LSC) of the endosseous labyrinth horizontal as in most living tetrapods 
(de Beer 1947), although some studies disagree with the use of the LSC as reference 
system. These studies documented a misalignment of the LSC and Earth horizontal 
and instead suggested aligning the ventral surface of the braincase to the horizontal 
plane (Hullar 2006; Taylor et al. 2009; Marugán-Lobón et al. 2013). Despite this 
debate, the horizontal LSC was still used to infer an anterodorsally inclined alert 
posture of the head for Proterosuchus fergusi (Brown et al. 2020) and for phytosaurs 
(Holloway et al. 2013; Lessner and Stocker 2017) as an adaptation to aquatic life 
habits. This would allow them to keep the nares and orbits over the waterline while 
the rest of the head and body remains hidden underwater. On the other hand, the 
head posture inferred for other terrestrial archosauriforms such as Triopticus primus 
and the aetosaurs Neoaetosauroides engaeus, Desmatosuchus spurensis, and 
D. smalli resulted in an anteroventral inclination of the head (Stocker et al. 2016; 
von Baczko et al. 2018, 2021) better adapted for terrestrial habits and potentially 
revealing behavioral aspects such as agonistic behavior.

Locomotor agility has been inferred through the development of the flocculus 
and the semicircular canals of the labyrinth, which are involved in coordinating the 
movements of the eyes and head to stabilize gaze and equilibrium (Voogd and Wylie 
2004; Witmer et al. 2003, 2008; Georgi and Sipla 2008). The flocculus is very vari-
able among archosauriforms and pseudosuchian archosaurs. A moderately devel-
oped flocculus is present in the archosauriforms Triopticus and Euparkeria, some 
phytosaurs, Gracilisuchus, Shuvosaurus, and basal loricatans (Postosuchus, 
Batrachotomus). But in other archosauriforms such as Proterosuchus, Erythrosuchus, 
Tropidosuchus, possibly Chanaresuchus, and aetosaurs (Desmatosuchus, 
Neoaetosauroides) the floccular fossa is very shallow and almost absent. A larger 
development of the flocculus might be expected in active predators because of the 
need to stabilize gaze after quick movements; however, this is not evidenced in the 
earliest forms such as Proterosuchus and Erythrosuchus.

The geometry of the semicircular canals has been proposed to be linked to cer-
tain locomotor habits. Particularly, in the case of non-avemetatarsalian archosauri-
forms, high labyrinths have been related to erect limb posture or/and bipedal gait, 
whereas low and wide labyrinths have been associated to aquatic habits (Witmer 
et al. 2003; Georgi and Sipla 2008; Hanson et al. 2021). Dorsoventrally low aspect 
ratios of the semicircular canals have been associated with aquatic habits as evi-
denced in phytosaurs, thalattosuchians, living crocodylians, and other reptiles like 
some aquatic turtles (Georgi and Sipla 2008; Schwab et al. 2020). However, other 
studies have recognized that, within Archosauromorpha and Pseudosuchia, there is 
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no significant correlation between the aquatic adaptation and low aspect ratios of 
semicircular canals or even the increase in diameter of the endosseous canals 
(Bronzati et al. 2021). Furthermore, early pseudosuchians show a remarkable dis-
parity in the geometry of the labyrinth and for that reason the morphology seen in 
living crocodiles cannot be interpreted as the plesiomorphic reptilian condition.

The olfactory acuity of some archosauriforms has been inferred by calculating 
their olfactory ratio (OR) and comparing it to that of modern relatives or analogues 
(Zelenitsky et al. 2009). The olfactory ratio of Proterosuchus fergusi is similar to 
that of living crocodiles, which are considered to have a well-developed sense of 
smell, whereas that of Tropidosuchus romeri is slightly lower than Alligator missis-
sippiensis (Brown et al. 2020; Trotteyn and Paulina-Carabajal 2016). Some works 
on pseudosuchian archosaurs mentioned the similarity in shape and relative size of 
their olfactory bulbs and those of living crocodiles, therefore assuming similar 
olfactory capacities; however, they did not quantitatively compare their ORs 
(Lautenschlager and Butler 2016; Lessner and Stocker 2017; von Baczko et al. 2018).

The estimation of visual acuity is a pending issue for Triassic archosauriforms 
and pseudosuchians because very few specimens have preserved sclerotic rings, 
which could provide information on optical function. Sclerotic rings are known in 
few pseudosuchians such as Gracilisuchus stipanicicorum (Lecuona 2013; Lecuona 
et al. 2020) and Quianosuchus admixtus (Li et al. 2006), but no estimations of their 
visual acuity have been made. Despite the presence of some small bony elements in 
the orbit of aetosaurs, no sclerotic rings are present in these pseudosuchians as dis-
cussed by several authors (Walker 1961; Desojo and Báez 2007; Schoch 2007; 
Nesbitt et al. 2013b). 

Sclerotic rings are registered in the non-archosaurian archosauriforms Euparkeria 
capensis and Proterosuchus fergusi (=P. “vanhoepni”), from which scotopic and 
mesopic vision have been tentatively proposed, respectively (Schmitz and Motani 
2011). This implies that they were better adapted to dim light environments. 
However, because they were found in high latitudes near the polar circle, they prob-
ably experienced extended periods of daylight or darkness depending on the season. 
For that reason, it is uncertain if this inference can be properly supported.

Hearing sensitivity has been estimated considering the length of the lagena 
(=cochlear duct) in several archosauriforms and pseudosuchians (Sobral et al. 2016; 
Brown et al. 2020). These studies recognized that the plesiomorphic condition seen 
in the most basal archosauriforms, such as Proterosuchus fergusi, is the presence of 
a very short lagena, which in turn suggests an acoustic estimation near the lowest 
values known for modern crocodylians. Since sociality and vocality are strongly 
linked, the low auditory ranges of P. fergusi, and therefore low complexity in vocal-
ization, might also be an indicative that it lived in small groups or even in solitary 
(Brown et al. 2020).

An increase in the length of the lagena can be recognized crownwards in other 
archosauriforms and in most archosaurs. A moderately elongate lagena can be iden-
tified in the archosauriforms Euparkeria capensis, Triopticus primus, and 
Chañaresuchus bonapartei, in phytosaurs (Wannia, Ebrachosuchus, Parasuchus), 
and in aetosaurs (Neoaetosauroides, Desmatosuchus), but not in the erpetosuchid 
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Parringtonia gracilis, whose lagena is remarkably shorter than that of extant croco-
dylians. In some particular cases, the lagena has a secondary tendency towards its 
reduction as is the case of some aquatic pseudosuchians like thalattosuchians croco-
dylomorphs and some living crocodiles (Schwab et al. 2020). The elongation of the 
lagena in these groups is related to an extension of their hearing range to high- 
frequencies and therefore a probable improved hearing ability and better pitch dis-
crimination (Gleich and Manley 2000; Gleich et al. 2005).

6.5  Future Directions

As shown in the previous sections, paleoneurology of extinct Triassic archosauri-
forms and pseudosuchians is a flourishing area, though it still needs to be explored 
in more detail because at least the 80% of the known species of these groups have 
not been studied from a paleoneurological approach (Fig. 6.3b). Very few quantita-
tive analyses have been made about the sensorial capacities of archosauriforms and 
pseudosuchians, which might be a consequence of the poor knowledge about these 
groups. Currently, a wide range of specimens with well-preserved braincases are 
available and new technologies applied to paleontology are allowing us the study of 
their internal structures, however their paleoneurological aspects remain unexplored 
(e.g. aetosaurs, loricatans, erpetosuchids) (Fig. 6.3a).

Their study will be essential in order to properly recognize the neuroanatomical 
diversity within groups as well as possible macroevolutionary trends concerning the 
brain and sensorial organs of these extinct reptiles. A further step in this area should 
be the quantification of the sensorial capacities, such as olfaction, vision, hearing, 
and encephalization, in order to draw paleobiological interpretations about extinct 
lifeforms and understand how they behaved and which role they occupied in the 
Triassic continental communities. The information obtained from these studies will 
be crucial to identify evolutionary patterns that occurred through the Triassic, when 
the rise of the major lineages of modern reptiles took place.

6.6  Concluding Remarks

This chapter presents an updated review of reptilian paleoneurology particularly 
focused on early extinct archosauriforms and pseudosuchians. We include the 
descriptions of known endocranial casts of the major clades as well as the paleobio-
logical interpretations that can be inferred from them.

Moreover, we present the description of the first natural endocast of Venaticosuchus 
rusconii, an ornithosuchid from the Ischigualasto Formation (Carnian, Late Triassic) 
of Argentina. The paleoneurology of this group was previously known only from 
the digital endocast of Riojasuchus tenuisceps (von Baczko and Desojo 2016), 
therefore this new information expands the knowledge for this group.
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We provide a brief reinterpretation of the endocranial features of Shuvosaurus 
inexpectatus, a peculiar poposauroid from the Dockum Group (Norian, Late 
Triassic), USA, described by Lehane (2005) in his unpublished Master’s thesis. 
Based on firsthand observation of the holotype and referred specimen, we recognize 
some differences from the original description that sheds light on the poorly under-
stood neuroanatomy of poposauroids.

Modern studies are including certain paleoneurological features (e.g. shape of 
encephalon or labyrinth) in a wide range of analysis concerning morphological dis-
parity of Archosauriformes (e.g. Fabbri et  al. 2017; Brown et  al. 2020; Bronzati 
et al. 2021; Hanson et al. 2021). However, many of the specimens included in those 
studies were not described in detail from a paleoneurological perspective and con-
sidered only partial information about the endocranial morphology. This supports 
the need for more detailed and complete descriptions of the endocranial anatomy of 
archosauriforms and pseudosuchians, which will allow us to explore more in depth 
their paleoneurology and sensorial biology, currently known from very scarce 
examples.
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Anatomical Abbreviations

ana anterior ampulla
asc anterior semicircular canal
bo basioccipital
bs basisphenoid
cb cerebellum
cc crus communis
cer cerebral hemispheres
cf. cerebellar flocculus
cCQ cranioquadrate canal
cInt integumentary canal
cMa mandibular canal
CN I olfactory nerve
CN II optic nerve
CN III oculomotor nerve
CN IV trochlear nerve
CN IX glossopharyngeal nerve
CN V trigeminal nerve
CN Vso supraorbital division of trigeminal nerve
CN Vty tympanic division of trigeminal nerve
CN V1 ophthalmic division of trigeminal nerve
CN V2 maxillary division of trigeminal nerve
CN V3 mandibular division of trigeminal nerve
CN VI abducens nerve
CN VII facial nerve
CN VIIhy hyomandibular ramus of facial nerve
CN VIIpal palatine ramus of facial nerve
CN VIII vestibulocochlear nerve
CN VIIIch cochlear ramus of vestibulocochlear nerve
CN VIIIv vestibular ramus of vestibulocochlear nerve
CN IX glossopharyngeal nerve
CN X vagus nerve
CN XI accessory nerve
CN XII hypoglossal nerve
CN XII1 anterior division of hypoglossal nerve
CN XII2 posterior division of hypoglossal nerve
edr edentulous region
eo exoccipital
faCA foramen for carotid artery
fCNII foramen for CN II
fCNIII foramen for CN III
fCNIV foramen for CN IV
fCNIX,X foramen for CN IX and X
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fCNIX,X,XI foramen for CN IX, CN X and XI
fCNV foramen for CN V
fCNV1 ophthalmic foramen
fCNV2,3 maxillomandibular foramen
fCNVI foramen for CN VI
fCNVII foramen for CN VII
fCNVIIIch foramen for cochlear ramus of CN VIII
fCNVIIIv foramen for vestibular ramus of CN VIII
fInt integumentary foramina
fMag foramen magnum
fMCV foramen for middle cerebral vein
fMe Meckelian fossa
foCNV trigeminal fossa
fr frontal
gCNV trigeminal ganglion
gS sympathetic ganglion
it intertympanicum diverticulum
la laterosphenoid
laa lateral ampulla
lg lagena
lsc lateral semicircular canal
mo medulla oblongata
ob olfactory bulb
ol optic lobe
orb orbite
ot olfactory tract
pa parietal
pf pituitary or hypophyseal fossa
pi pituitary or hypophyseal gland
poa posterior ampulla
pr prootic
pt. pterygoid
psc posterior semicircular canal
so supraoccipital
vd vestibular depression
ve vestibule
vs venous sinus

Institutional Abbreviations

AMNH FARB American Museum of Natural History, Fossil Amphibians, 
Reptiles, and Birds Collection, New York, USA
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BP Evolutionary Studies Institute (formerly Bernard Price Institute 
for Palaeontological Research), University of the Witwatersrand, 
Johannesburg, South Africa

BRLSI Bath Royal Literary and Scientific Institute, Bath, UK
CMC Chinchilla Museum Collection, Queensland, Australia
CMNH Cleveland Museum of Natural History, Cleveland, USA
CNRST-SUNY Centre National de la Recherche Scientifique et Technologique, 

Mali-Stony Brook Universtiy, New York, USA
CPPLIP Centro de Pesquisas Paleontológicas Llewellyn Ivor Price, 

Peirópolis, Brazil
DVZ M Department of Vertebrate Zoology, Morphological Collection, 

Saint Petersburg State University, Saint Peterburg, Russia
FEF-PV Fernandópolis Educational Foundation, São Paulo, Brazil
FMNH Field Museum Natural History, Illionis, USA
FUP University of Brasília, Campus Planaltina, Federal 

District, Brazil
IFSP-VTP Federal Institute of Education, Science and Technology of São 

Paulo, Brazil
HUE Museo de Paleontología de Castilla-La Mancha, Lo Hueco 

Collection, Cuenca, Spain
IVPP V Institute of Vertebrate Paleontology and Paleoanthropology, 

Beijing, People’s Republic of China
LACM Natural History Museum of Los Angeles County, Los 

Angeles, USA
LPP Institut de Paléoprimatologie, Paléontologie, Humaine 

Évolution et Paléoenvironnements, Université de Poitiers, 
Poitiers, France

LPRP Laboratório de Paleontologia de Ribeirão Preto, Universidade 
de São Paulo, São Paulo, Brazil

MACN-He Museo Argentino de Ciencias Naturales “Bernardino 
Rivadavia,” Herpetology Collection, Buenos Aires, Argentina

MCD Museu de la Conca Dellà, Lleida, Spain
MCZ Museum of Comparative Zoology, Cambridge, USA
MDA Museo del Desierto de Atacama, Antofagasta, Chile
MLP Museo de La Plata, La Plata, Argentina
MNA Museum of Northern Arizona, Arizona, USA
MNHN Muséum National d’Histoire Naturelle, Paris, France
MNN Musée National du Niger, Niamey, Republic of Niger
MOZ-PV Museo Provincial de Ciencias Naturales “Prof. Dr. Juan 

A.  Olsacher,” Vertebrate Paleontology Collection, Zapala, 
Argentina

MPEF-PV Museo Paleontológico Egidio Feruglio, Vertebrate Paleontology 
Collection, Chubut, Argentina

MUVC University of Missouri Vertebrate Collection, Columbia, 
Missouri, USA
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MZB Museu Zoolὸgic de Barcelona, Barcelona, Spain
NHMUK PV OR Natural History Museum, London, UK
OUVC Ohio University Vertebrate Collection, Ohio, USA
PVL Instituto Miguel Lillo, Tucumán, Argentina
QMF Queensland Museum, Brisbane, Australia
ROM Royal Ontario Museum, Toronto, Canada
RRBP Rukwa Rift Basin Project, Tanzanian Antiquities Unit, Dar es 

Salaam, Tanzania
SAM PK Iziko South African Museum, Cape Town, South Africa
SMC Sedgwick Museum, Cambridge, UK
SNSB-BSPG Staatliche Naturwissenschaftliche Sammlungen Bayerns- 

Bayerische Staatssammlung für Paläontologie und Geologie, 
Munich, Germany

STUS Sala de las Tortugas ‘Emiliano Jiménez’ de la Universidad de 
Salamanca, Salamanca, Spain

TMM Texas Memorial Museum, Austin, Texas, USA
UA Université d’Antananarivo, Antananarivo, Madagascar
UF University of Florida, Florida Museum of Natural History, 

Florida, USA
UFRGS-PV-Z Laboratório de Paleontologia de Vertebrados, Universidade 

Federal do Rio Grande do Sul, Zoological Collection, Porto 
Alegre, Brazil

UMZC University Museum of Zoology, Cambridge, UK
UNM University of New Mexico, New Mexico, USA
UOMNH University of Oregon Museum of Natural and Cultural History, 

Eugene, USA
ZIN Zoological Institute, Russian Academy of Sciences, Saint 

Peterburg, Russia
ZMMU MSU R Zoological Museum of Moscov State University, Moscov, Russia

7.1  Phylogenetic Context and Introduction 
to Paleoneurology of Crocodylomorpha

Crocodylomorpha is an intriguing clade of archosauriforms recorded worldwide 
(except Antarctica) since the Late Triassic, which explored all environments, 
excluding the aerial. They survived the great Triassic-Jurassic and Cretaceous- 
Paleocene extinctions, diversifying during the Mesozoic and Cenozoic (e.g. Nesbitt 
2011; Bronzati et  al. 2015; Wilberg et  al. 2019). Living crocodylomorphs (i.e. 
crown-group Crocodylia) are continental predators with amphibious habits; how-
ever, the group is ancestrally terrestrial and filled a wide variety of ecological niches 
in the past (e.g. Grigg and Kirshner 2015). Extinct crocodylomorphs include pelagic 
taxa (e.g. thalattosuchians as Cricosaurus araucanensis), small terrestrial 
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carnivores (e.g. protosuchids as Protosuchus richardsoni), herbivores (e.g. notosu-
chians as Simosuchus clarki) or omnivores (e.g. notosuchians as Araripesuchus 
gomesii, Notosuchus terrestris), and even large terrestrial predators (e.g. sebecosu-
chians as Baurusuchus pachecoi, Sebecus icaeorhinus), with a great diversity of 
body morphotypes (e.g. Ősi 2013; Godoy et al. 2019; Wilberg et al. 2019; Fig. 7.1). 
It is worth mentioning that the phylogenetic position of thalattosuchians is contro-
versial (e.g. immediately outside Crocodyliformes, Wilberg 2015a, b; as sister taxon 
of Mesoeucrocodylia, Larsson and Sues 2007; or within Neosuchia, Pol and 
Gasparini 2009; Bronzati et al. 2012, 2015; Montefeltro et al. 2013; Pol et al. 2014; 
Turner 2015; Fig. 7.1), so their neuroanatomy was described in an independent sec-
tion in this chapter. Within Thalattosuchia, Pelagosaurus typus is particularly inter-
esting since its phylogenetic relationships are controversial, having teleosauroid 
(e.g. Wilberg 2015b) and metriorhynchid apomorphies (e.g. Buffetaut 1980; Young 
et  al. 2013; Wilberg 2015a). Furthermore, in some analyzes, Pelagosaurus is 
hypothesized as a basal (e.g. Mueller-Töwe 2005) or incertae sedis (e.g. Pierce and 
Benton 2006) Thalattosuchia.

Paleoneurology is the study of the brain and associated organs of extinct verte-
brates based on their cranial endocasts (e.g. Hopson 1979; Wharton 2002), being a 
powerful tool when interpreting the lifestyle of an organism (Hopson 1977; Hurlburt 
1996; Wharton 2002; Franzosa 2004; Witmer et al. 2008). The first paleoneurologi-
cal studies in Crocodylomorpha date back to the late 1800s and were based mainly 
on natural cranial endocast and/or sectioned braincases of thalattosuchian and eusu-
chian taxa, such as Teleosaurus cadomensis (formerly T. eucephalus; Eudes- 
Deslongchamps 1863; Seeley 1880; Koken 1887; Wilberg 2015a), Pelagosaurus 
typus (formerly Teleosaurus temporalis; Eudes-Deslongchamps 1863; Koken 
1887), Proexochokefalos heberti (formerly Steneosaurus heberti; Morel de Glasville 
1876), Thoracosaurus isorhynchus (formerly Gavialis macrorhynchus; Lemoine 
1883–1884), Pholidosaurus meyeri (Koken 1887; Edinger 1938; Hopson 1979), 
and Goniopholis spp. (Koken 1887; Edinger 1938). Descriptions based on latex 
cranial endocasts were published for early crocodylomorphs (Walker 1990) and 
extinct mesoeucrocodylians such as Charitomenosuchus leedsi (formerly 
Steneosaurus pictaviensis, a thalattosuchian Teleosauroidea; Wharton 2000), 
Sebecus icaeorhinus and Wargosuchus australis (a sebecosuchian Notosuchia; 
Colbert 1946; Martinelli and Pais 2008) and Caiman gasparinae (a eusuchian 
Crocodylia; Bona and Paulina-Carabajal 2013). In the last 20 years, the advent of 
new non-invasive imaging technologies (as Axial Computed Tomography, Magnetic 
Resonance, X-ray Micro-CT, High-Resolution Computed Tomography, Synchrotron 
Computer Tomography), allowed more detailed neuroanatomical approaches and a 
resurgence of paleoneurology as a discipline (Walsh and Knoll 2011). Now there is 
important information available on extinct crocodylomorph neuroanatomy based on 
3D digital cranial endocasts, as is the case of the non-crocodyliform crocodylo-
morph Almadasuchus figarii (Leardi et al. 2020), the notosuchians Araripesuchus 
wegeneri, Anatosuchus minor (Sereno and Larsson 2009), Simosuchus clarki (Kley 
et  al. 2010), Rukwasuchus yajabalijekundu (Sertich and O’Connor 2014), 
Baurusuchus (Dumont Jr et  al. 2020), and Campinasuchus dinizi (Fonseca et  al. 
2020), the thalattosuchians ‘Metriorhynchus’ cf. ‘M.’ westermanni (Fernández 
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Fig. 7.1 Phylogenetic relationships of extant and fossil crocodylomorphs used in this study (based 
in Larsson and Sues 2007; Pol et al. 2013, 2014; Wilberg 2015a, b; Narváez et al. 2016; Young 
et al. 2016; Ristevski et al. 2021). Only showing taxa for which there are paleoneurological or 
neuroanatomical studies published. Numerical references: (1) Crocodylomorpha, (2) 
Crocodyliformes, (3) Mesoeucrocodylia, (4) Notosuchia, (5) Uruguaysuchidae, (6) Peirosauridae, 
(7) Sebecosuchia, (8) Baurusuchidae, (9) Neosuchia, (10) Thalattosuchia, (11) Teleosauroidea, 
(12) Metriorhynchoidea, (13) Eusuchia, (14) Crocodylia, (15) Gavialoidea, (16) Crocodyloidea, 
(17) Alligatoroidea. Dotted line indicates the alternate position of Thalattosuchia (sister clade of 
Crocodyliformes or sister clade of Mesoeucrocodylia). Color references: taxa with terrestrial 
(orange), semi-aquatic (green) or pelagic (light blue) habitats. Silhouettes based in the artworks of 
Ceri Thomas, Deverson da Silva, Dmitry Bogdanov, Felipe Alves Elias, Jeff Martz, Lucille Betti- 
Nash and Nobu Tamura
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et  al. 2011), Plagiophthalmosuchus cf. gracilirostris (formerly Steneosaurus cf. 
gracilirostris; Brusatte et  al. 2016), Pelagosaurus typus (Pierce et  al. 2017), 
Macrospondylus bollensis (formerly Steneosaurus bollensis; Wilberg et al. 2021) 
and Cricosaurus araucanensis (Herrera et al. 2018), the neosuchians Rhabdognathus 
aslerensis (Erb and Turner 2021), Allodaposuchus hulki (Blanco et  al. 2015), 
Mourasuchus nativus (Bona et al. 2013), Gryposuchus neogaeus (Bona et al. 2017), 
Lohuecosuchus megadontos (Serrano-Martínez et al. 2018), Diplocynodon tormis 
(Serrano-Martínez et al. 2019) and Agaresuchus fontisensis (Serrano-Martínez et al. 
2020). For a summary of the different crocodylomorph taxa whose descriptions 
were published or mentioned in comparative paleoneurological studies, see 
Table 7.1.

Knowledge of the neuroanatomy (soft tissues) and their osteological correlates 
(cranial endocasts) of living crocodylians is crucial for accurate paleoneurological 
and paleobiological interpretations (Hopson 1979; Fig. 7.2). The endocranial cavity 
of living species has been described from cranial endocasts in Gavialis gangeticus 
(Owen 1850; Wharton 2000; Bona et al. 2017; Pierce et al. 2017), Crocodylus acu-
tus (Owen 1850; Colbert 1946; Jirak and Janacek 2017), Cr. johnstoni (Witmer 
et al. 2008), Cr. niloticus (Eudes-Deslongchamps 1863; Koken 1887; Edinger 1938; 
Jirak and Janacek 2017; Beyrand et al. 2019), Cr. moreletii (Franzosa 2004), Cr. 
siamensis (Kawabe et al. 2009), Alligator mississippiensis (Lemoine 1883–1884; 
Koken 1887; Edinger 1938; Colbert 1946; Romer 1956; Witmer and Ridgely 2008; 
Sereno and Larsson 2009; George and Holliday 2013; Dufeau and Witmer 2015; 
Fabbri et  al. 2017; Watanabe et  al. 2019; Hu et  al. 2020; Lessner and Holliday 
2020), Caiman crocodilus (Hopson 1979; Brusatte et al. 2016; Jirak and Janacek 
2017; Beyrand et al. 2019), Ca. yacare (Bona and Paulina-Carabajal 2013; Paulina- 
Carabajal et  al. 2016), and Paleosuchus trigonatus (Balanoff and Bever 2017). 
Among living crocodylians, Alligator mississippiensis received the most attention 
as it has been frequently used as a comparative model for neuroanatomical studies 
of extinct archosaurs (e.g. Koken 1887; Edinger 1938; Witmer and Ridgely 2008; 
Holliday and Witmer 2009; Dufeau 2011; George and Holliday 2013; Hurlburt et al. 
2013; Dufeau and Witmer 2015; Porter et al. 2016; Fabbri et al. 2017; Watanabe 
et al. 2019; Hu et al. 2020; Lessner and Holliday 2020).

In this contribution, we present an updated view of the cranial paleoneuroanat-
omy of Crocodylomorpha, describing the general morphology of the encephalon, 
cranial nerves, inner ear and principal cephalic blood vessels (e.g. cerebral carotid 
artery and venous sinuses-based on their osteological correlates) of the main groups 
within this clade: non-crocodyliform crocodylomorphs, thalattosuchians, notosu-
chian and neosuchian mesoeucrocodylians. Finally, we also discuss the paleobio-
logical implications of the morphological patterns present in these groups. 
Definitions of major taxa of crocodylomorphs where considered as follows: 
Crocodylomorpha (“sphenodontians” and crocodyliforms; Clark 1986), 
Crocodyliformes (Protosuchus richardsoni, Crocodylus niloticus, and all descen-
dants of their common ancestor; Sereno et  al. 2001; following Clark 1986), 
Mesoeucrocodylia (all crocodyliforms more closely related to Crocodylus niloticus 
than to Protosuchus richardsoni; Sereno et  al. 2001; following Whetstone and 
Whybrow 1983, Benton and Clark 1988), Notosuchia (all crocodyliforms more 

F. Barrios et al.



221

(continued)

Table 7.1 Background of publications on studies of Crocodylomorpha neuroanatomy, indicating 
habits and types of cranial endocast of taxa

Taxon Specimens Habitat Provenance

Cranial 
endocast, brain 
or sectioned 
braincase References

Sphenosuchus acutus SAM PK 
3014

Terrestrial Early Jurassic 
of South 
Africa

Natural cranial 
endocast

Walker (1990)

Almadasuchus figarii MPEF-V 
3838

Terrestrial Oxfordian of 
Argentina

Digital cranial 
endocast

Leardi et al. (2020)

Eopneumatosuchus 
colberti

MNA V2460 Terrestrial Early Jurassic 
of United 
States

Digital cranial 
endocast

Dufeau (2011)

Sebecus icaeorhinus AMNH 3160 Terrestrial Eocene of 
Argentina

Latex cranial 
endocast

Colbert (1946), 
Hopson (1979)

Aphaurosuchus 
escharafacies

LPRP 0697 Terrestrial Coniacian-
Campanian of 
Brazil

Sectioned 
braincase

Darlim et al. (2021)

Baurusuchus sp. IFSP-VTP/
PALEO-
0002, 0003; 
FEF-
PV-R-1/9; 
FUP-Pv 
000020, 
000021

Terrestrial Campanian-
Maastrichtian 
of Brazil

Digital cranial 
endocast

Dumont et al. (2020)

Campinasuchus dinizi CPPLIP 
1360

Terrestrial Turonian-
Santonian of 
Brazil

Digital cranial 
endocast

Fonseca et al. (2020)

Wargosuchus australis MOZ-PV 
6134

Terrestrial Santonian of 
Argentina

Latex cranial 
endocast

Martinelli and Pais 
(2008) and Fonseca 
et al. (2020)

Araripesuchus 
wegeneri

MNN 
GAD18

Terrestrial Aptian-Albian 
of Niger

Digital cranial 
endocast

Sereno and Larsson 
(2009)

Anatosuchus minor MNN 
GAD19

Terrestrial Aptian-Albian 
of Niger

Digital cranial 
endocast

Sereno and Larsson 
(2009)

Simosuchus clarki UA 8679 Terrestrial Maastrichtian 
of Madagascar

Digital cranial 
endocast

Kley et al. (2010)

Hamadasuchus rebouli ROM 52560, 
54511

Terrestrial Aptian-
Cenomanian 
of Morocco

Digital cranial 
endocast

Dufeau (2011) and 
George and Holliday 
(2013)

Rukwasuchus 
yajabalijekundu

RRBP 08630 Terrestrial Aptian-
Cenomanian 
of Tanzania

Digital cranial 
endocast

Sertich and 
O’Connor (2014)

Uberabasuchus 
terrificus

CPPLIP 
1360

Terrestrial Maastrichtian 
of Brazil

Digital cranial 
endocast

Fonseca et al. (2020)

Pelagosaurus typus BRLSI 
M1413 
NHMUK OR 
32599

Semi-
aquatic

Toarcian of 
England

Sectioned 
braincase 
Digital cranial 
endocast

Eudes-
Deslongchamps 
(1863), Koken 
(1887), Dufeau 
(2011), Pierce et al. 
(2017) and Neenan 
et al. (2017)

Proexochokefalos 
heberti

MNHN.F 
unnumbered

Semi-
aquatic

Callovian of 
France

Natural cranial 
endocast

Morel de Glasville 
(1876)

Charitomenosuchus 
leedsi

LPP.M 35 Semi-
aquatic

Callovian of 
France

Latex cranial 
endocast

Wharton (2000)
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Table 7.1 (continued)

(continued)

Taxon Specimens Habitat Provenance

Cranial 
endocast, brain 
or sectioned 
braincase References

Plagiophthalmosuchus 
cf. gracilirostris

NHMUK PV 
OR 3395

Semi-
aquatic

Toarcian of 
England

Digital cranial 
endocast

Brusatte et al. (2016)

Macrospondylus 
bollensis

SNSB-BSPG 
1984 I258 
MCZ 
VPRA-1063

Semi-
aquatic

Toarcian of 
Germany

Digital cranial 
endocast

Herrera et al. (2018) 
and Wilberg et al. 
(2021)

Teleosaurus 
cadomensis

SMC J35177 
MNHN AC 
8746

Semi-
aquatic

Bathonian of 
France

Sectioned 
braincase

Eudes-
Deslongchamps 
(1863), Seeley 
(1880), Koken 
(1887), Jouve 
(2009), and Wilberg 
(2015a)

Cricosaurus 
araucanensis

MLP 
72-IV-7-1 
MOZ-PV 
7201 
MOZ-PV 
7261

Pelagic Tithonian of 
Argentina

Digital cranial 
endocast 
Natural cranial 
endocast

Herrera et al. (2013), 
Herrera et al. (2018) 
and Herrera (2015)

Thalattosuchus 
superciliosus

MNHN 
1870-133

Pelagic Callovian-
Oxfordian of 
France

Sectioned 
braincase 
Natural cranial 
endocast

Wenz (1968)

‘Metriorhynchus’ cf. 
‘M.’ brachyrhynchus

NHMUK PV 
OR 32617

Pelagic Callovian-
Oxfordian of 
France

Digital cranial 
endocast

Schwab et al. (2021)

‘Metriorhynchus’ cf. 
‘M.’ westermanni

MDA 2 Pelagic Oxfordian of 
Chile

Digital cranial 
endocast

Fernández et al. 
(2011) and Herrera 
et al. (2018)

Dakosaurus cf. 
andiniensis

MOZ-PV 
089

Pelagic Late 
Tithonian-
early 
Berriasian of 
Argentina

Natural cranial 
endocast

Herrera (2015) and 
Herrera and Vennari 
(2014)

Zoneait nargorum UOMNH 
F39539

Pelagic Aalenian-
Bajocian of 
United States

Natural cranial 
endocast

Wilberg (2015b)

Pholidosaurus meyeri Unnumbered Semi-
aquatic

Berriasian of 
Germany

Natural cranial 
endocast

Koken (1887), 
Edinger (1938) and 
Hopson (1979)

Pholidosaurus 
schaumburgensis

Unnumbered Semi-
aquatic

Berriasian of 
Germany

Natural cranial 
endocast

Koken (1887) and 
Edinger (1938)

cf. Rhabdognathus CNRST-
SUNY-190

Semi-
aquatic

Maastrichtian-
Paleocene of 
Mali

Digital cranial 
endocast

George and Holliday 
(2013)

Rhabdognathus 
aslerensis

AMNH 
FARB 33354

Semi-
aquatic

Maastrichtian-
Paleocene of 
Mali

Digital cranial 
endocast

Erb and Turner 
(2021)

Goniopholis sp. Unnumbered Semi-
aquatic

Berriasian of 
England

Natural cranial 
endocast

Koken (1887) and 
Edinger (1938)

Eutretauranosuchus 
delfsi

CMNH 8028 Semi-
aquatic

Kimmeridgian 
of United 
States

Digital cranial 
endocast

Smith (2008) and 
Dufeau (2011)
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Table 7.1 (continued)

(continued)

Taxon Specimens Habitat Provenance

Cranial 
endocast, brain 
or sectioned 
braincase References

Aegisuchus witmeri ROM 54530 Semi-
aquatic

Cenomanian 
of Morocco

Digital cranial 
endocast

Holliday and 
Gardner (2012)

Allodaposuchus hulki MCD 5139 Semi-
aquatic

Maastrichtian 
of Spain

Digital cranial 
endocast

Blanco et al. (2015)

Lohuecosuchus 
megadontos

HUE-04498 Semi-
aquatic

Campanian-
Maastrichtian 
of Spain

Digital cranial 
endocast

Serrano-Martínez 
et al. (2018)

Agaresuchus 
fontisensis

HUE-02502 Semi-
aquatic

Campanian-
Maastrichtian 
of Spain

Digital cranial 
endocast

Serrano-Martínez 
et al. (2020)

Thoracosaurus 
isorhynchus

Unnumbered Semi-
aquatic

Maastrichtian 
of Spain

Natural cranial 
endocast

Lemoine 
(1883–1884)

Gavialis gangeticus TMM 
M5490 
AMNH 
R81802 
MLP 602 UF 
118998 
UMZC 
R5792 ZIN 
7249

Semi-
aquatic

Recent of 
India

Sectioned 
braincase Latex 
cranial 
endocast 
Digital cranial 
endocast

Owen (1850), Koken 
(1887), Wharton 
(2000), Dufeau 
(2011), Gold et al. 
(2014), Pierce et al. 
(2017), Bona et al. 
(2017), Serrano-
Martínez et al. 
(2018, 2019), and 
Kuzmin et al. (2021)

Gryposuchus neogaeus MLP 
68-IX-5-1

Semi-
aquatic

Miocene of 
Argentina

Digital cranial 
endocast

Bona et al. (2017)

Maomingosuchus 
petrolica

IVPP V2303 Semi-
aquatic

Eocene of 
China

Natural cranial 
endocast

Yeh (1958)

Gunggamarandu 
maunala

QMF14.547 Semi-
aquatic

Pliocene-
Pleistocene of 
Australia

Digital cranial 
endocast

Ristevski et al. 
(2021)

Tomistoma schlegelii TMM 
M-6342 
ZMMU 
MSU 
R-13859 
ZMMU 
MSU R-9296

Semi-
aquatic

Recent of 
Asian 
Southeastern

Sectioned 
braincase 
Digital cranial 
endocast

Serrano-Martínez et 
al. (2018, 2019) and 
Kuzmin et al. (2021)

Paludirex vicenti CMC2019-
010-5

Semi-
aquatic

Pliocene-
Pleistocene of 
Australia

Digital cranial 
endocast

Ristevski et al. 
(2020)

Crocodylus niloticus Several 
specimens

Semi-
aquatic

Recent of 
Africa

Sectioned 
braincase 
Digital cranial 
endocast

Eudes-
Deslongchamps 
(1863), Koken 
(1887), Edinger 
(1938), George and 
Holliday (2013), 
Jirak and Janacek 
(2017), Beyrand 
et al. (2019) and 
Serrano- Martínez 
et al. (2018, 2019)

Crocodylus acutus Several 
specimens

Semi-
aquatic

Recent of 
America

Sectioned 
braincase Latex 
cranial 
endocast 
Digital cranial 
endocast

Owen (1850), 
Colbert (1946), Gold 
et al. (2014), Jirak 
and Janacek (2017), 
and Neenan et al. 
(2017)
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(continued)

Table 7.1 (continued)

Taxon Specimens Habitat Provenance

Cranial 
endocast, brain 
or sectioned 
braincase References

Crocodylus johnstoni OUVC 
10425

Semi-
aquatic

Recent of 
Australia

Digital cranial 
endocast

Witmer et al. (2008) 
and George and 
Holliday (2013)

Crocodylus moreletii TMM 
M-4980

Semi-
aquatic

Recent of 
Central 
America

Digital cranial 
endocast

Franzosa (2004)

Crocodylus siamensis Unnumered Semi-
aquatic

Recent of 
Asian 
Southeastern

Digital cranial 
endocast

Kawabe et al. (2009)

Crocodylus porosus Unnumered Semi-
aquatic

Recent of 
Australia

Sectioned 
braincase

Kundrát et al. (2018)

Crocodylus 
novaeguineae

DVZ M9/13 Semi-
aquatic

Recent of New 
Guinea

Sectioned 
braincase

Kuzmin et al. (2021)

Osteolaemus tetraspis MZB 
2006-0039 
DVZ M7/13

Semi-
aquatic

Recent of 
Africa

Digital cranial 
endocast

Serrano-Martínez et 
al. (2018, 2019) and 
Kuzmin et al. (2021)

Mecistops cataphractus DVZ M6/13 Semi-
aquatic

Recent of 
Africa

Sectioned 
braincase

Kuzmin et al. (2021)

Diplocynodon tormis STUS-344 Semi-
aquatic

Eocene of 
Spain

Digital cranial 
endocast

Serrano-Martínez 
et al. (2019)

Leidyosuchus? UNM B-401 
A

Semi-
aquatic

Paleocene of 
United States

Natural cranial 
endocast

Storrs et al. (1983)

Leidyosuchus 
canadensis

ROM 1903 Semi-
aquatic

Campanian of 
Canada

Digital cranial 
endocast

George and Holliday 
(2013)

Alligator 
mississippiensis

Several 
specimens

Semi-
aquatic

Recent of 
United States

BrainSectioned 
braincase Latex 
cranial 
endocast 
Digital cranial 
endocast

Rabl-Rückhard 
(1878), Lemoine 
(1883–1884), Koken 
(1887), Edinger 
(1938), Colbert 
(1946), Romer 
(1956), Chiasson 
(1962), Brochu 
(1999), Witmer and 
Ridgely (2008), 
Sereno and Larsson 
(2009), George and 
Holliday (2013), 
Hurlburt et al. 
(2013), Dufeau and 
Witmer (2015), 
Fabbri et al. (2017), 
Kundrát et al. 
(2018), Serrano-
Martínez et al. 
(2018, 2019), 
Watanabe et al. 
(2019), Hu et al. 
(2020), Lessner and 
Holliday (2020), and 
Kuzmin et al. (2021)
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Table 7.1 (continued)

Taxon Specimens Habitat Provenance

Cranial 
endocast, brain 
or sectioned 
braincase References

Alligator sinensis DVZ M 2/13, 
3/13

Semi-
aquatic

Recent of 
China

Sectioned 
braincase

Iordansky (1973) 
and Kuzmin et al. 
(2021)

Paleosuchus 
palpebrosus

FMNH 
69869

Semi-
aquatic

Recent of 
South America

Sectioned 
braincase 
Digital cranial 
endocast

Eudes-
Deslongchamps 
(1863), Koken 
(1887) and Dufeau 
(2011)

Paleosuchus trigonatus AMNH 
137175

Semi-
aquatic

Recent of 
South America

Digital cranial 
endocast

Balanoff and Bever 
(2017)

Mourasuchus nativus MLP 
73-IV-15-9

Semi-
aquatic

Miocene of 
South America

Digital cranial 
endocast

Bona et al. (2013)

Caiman crocodilus FMNH 
73711

Semi-
aquatic

Recent of 
America

Digital cranial 
endocast

Brusatte et al. 
(2016), Jirak and 
Janacek (2017), 
Beyrand et al. 
(2019), Serrano-
Martínez et al. 
(2018, 2019), and 
Kuzmin et al. (2021)

Caiman gasparinae MLP 
73-IV-15-1

Semi-
aquatic

Miocene of 
South America

Latex cranial 
endocast

Bona and 
Paulina-Carabajal 
(2013)

Caiman yacare MLP 603 
MACN-He 
43694 
ZMMU 
MSU R-6967

Semi-
aquatic

Recent of 
South America

Sectioned 
braincase Latex 
cranial 
endocast 
Digital cranial 
endocast

Bona and 
Paulina-Carabajal 
(2013), von Baczko 
et al. (2018), and 
Kuzmin et al. (2021)

Melanosuchus niger UFRGS-PV 
003-Z

Semi-
aquatic

Recent of 
South America

Digital cranial 
endocast

George and Holliday 
(2013) and Fonseca 
et al. (2020)

closely related to Notosuchus terrestris than to Crocodylus niloticus; Sereno et al. 
2001; following Pol et al. 2014), and Neosuchia (all crocodyliforms more closely 
related to Crocodylus niloticus than to Notosuchus terrestris; Sereno et al. 2001; 
following Benton and Clark 1988).

7.2  Overview of General and Comparative Anatomy

7.2.1  Neuroanatomy of Extant Crocodylians

 Brain

As in other amniotes, the brain of living crocodylians is anatomically (and function-
ally) initially divided into three principal parts: the prosencephalon or forebrain, the 
mesencephalon or midbrain and the rhombencephalon or hindbrain (e.g. Romer 
1956; Vaage 1969; Hopson 1979; Vieira et al. 2010; Figs. 7.2 and 7.3). In advanced 
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Fig. 7.2 Main sources of neuroanatomical information for paleoneurological studies, for exam-
ple, Caiman yacare [a, b (MLP 603); c (MACN-He 43,694)] and Alligator mississippiensis (d, e). 
a, sectioned braincase; b, latex cranial endocast; c, digital cranial endocast. Brain in dorsal view (d) 
and ventral view (e); modified from Romer (1956). Scale bar in a = 1 cm

ontogenetic stages the prosencephalon becomes differentiated into a telencephalon 
or cerebral hemispheres (=cerebrum), and a less developed and posterior diencepha-
lon (Fig. 7.2d). In living crocodylians as Caiman crocodilus, Alligator mississippi-
ensis and Crocodylus niloticus, the brain and the cranial endocast become 
morphologically transformed during post-hatching ontogeny (e.g. Hopson 1979; 
Chentanez et al. 1983; George and Holliday 2013; Ngwenya et al. 2013; Jirak and 
Janacek 2017; Kundrát et al. 2018; Watanabe et al. 2019; Hu et al. 2020). As in 
other non-avian reptiles, the brain of adult crocodylians does not completely fill the 
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Fig. 7.3 Sagittal slices through the heads of Alligator mississippiensis, perinatal (a) and juvenile 
(b) individuals; modified from Watanabe et al. (2019, fig 1). Graphic interpretation, brain, and 
cranial endocast. Angle between forebrain and midbrain (α), angle between midbrain and hind-
brain (β). Scale bar = 1 cm

endocranial cavity, contrary to what occurs in earliest post-hatching ontogenetic 
stages where the brain occupies nearly the 95% of the endocranial space (e.g. 
Hopson 1979; Hurlburt and Waldorf 2002; Jirak and Janacek 2017; Hu et al. 2020; 
Fig. 7.3). Jirak and Janacek (2017) reported that the brain changes its general shape 
through the ontogeny, going from an S-shaped configuration in early post-hatched 
juveniles to a more linearly organized brain in grown individuals (Table 7.2). This 
contrasts with the cranial endocast that elongates and expands interstitially through-
out ontogeny. As a result, more mature (and larger) crocodylian specimens show 
higher values of cranial endocast volume/brain volume than that of immature (and 
smaller) specimens, where the brain occupies approximately 29% of cranial endo-
cast volume in largest forms. These authors also find that during ontogeny, the high-
est proportion of brain tissue to cranial endocast volume is in the prosencephalon, 
followed by the rhombencephalon, as it was confirmed in later contributions by 
other authors (i.e. Watanabe et al. 2019; Hu et al. 2020). Thus, the larger the relative 
size of the crocodylian endocranial cavity, the less informative it is regarding the 
morphology and volume of the brain, especially for the rhombencephalon (Fig. 7.3). 
Despite this, the cranial endocast of adult crocodylians reflects the general shape 
and relative size of some parts of the brain (i.e., distinction and proportions between 
forebrain, midbrain and hindbrain, the angles between these regions, the lateral 
shape of the cerebral hemispheres, the olfactory bulbs and tracts, the pituitary gland, 
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and in some cases, it is also possible to recognize the optic lobes of the mesence-
phalic tectum and flocculi of the cerebellum). Therefore, qualitative and quantita-
tive morphological features of these cranial endocast structures are often used in 
comparative paleoneurology (e.g. Rogers 1998; Larsson et al. 2000; Franzosa 2004; 
Witmer and Ridgely 2008; Witmer et al. 2008; George and Holliday 2013; Fig. 7.2b, 
c). Considering this, the neuroanatomy of the extinct forms described in this chapter 
is based on anatomical inferences of the cranial endocast made from the osseous 
correlates of soft organs and tissues. In this way, in the following sections, we 

Table 7.2 Comparison of cranial endocast measurements of crocodylomorphs taxa

Taxa
Forebrain-midbrain 
angle

Midbrain-hindbrain 
angle Source

Almadasuchus figarii 161° 170° Leardi et al. (2020)
Araripesuchus wegeneri 157° 160° Sereno and Larsson 

(2009)
Anatosuchus minor 157° 162° Sereno and Larsson 

(2009)
Rukwasuchus 
yajabalijekundu

149° 155° Sertich and O’Connor 
(2014)

Simosuchus clarki 142° 165° Kley et al. (2010)
Baurusuchus sp. 160° 163° Dumont et al. (2020)
Campinasuchus dinizi 161° 163° Fonseca et al. (2020)
Sebecus icaeorhinus 150° 160° Colbert (1946)
Steneosaurus bollensis 175° 170° Brusatte et al. (2016)
Pelagosaurus typus 160° 160° Pierce et al. (2017)
Cricosaurus 
araucanensis

166° 162° Herrera et al. (2018)

Pholidosaurus meyeri 143° 150° Edinger (1938)
Rhabdognathus 
aslerensis

158° 152° Erb and Turner (2021)

Goniopholis sp. 140° 161° Edinger (1938)
Agaresuchus fontisensis 156° 151° Serrano-Martínez et al. 

(2020)
Thoracosaurus 
isorhynchus

159° 165° Lemoine (1883–1884)

Gavialis gangeticus 147° 158° Pierce et al. (2017)
Tomistoma schlegelii 148° 147° This study
Crocodylus niloticus 149° 159° This study
Osteolaemus tetraspis 132° 149° This study
Leidyosuchus sp. 153° 150° Storrs et al. (1983)
Diplocynodon tormis 145° 142° Serrano-Martínez et al. 

(2019)
Alligator mississippiensis 131° 146° Witmer and Ridgley 

(2008)
Caiman yacare 126° 143° This study
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described the cast of the pituitary, olfactory tracts, cerebral hemispheres, etc. as the 
soft structures itself.

The principal anatomical features of the forebrain of living crocodylians are 
rather accurately represented in the cranial endocast (i.e. internal surfaces of pari-
etal posterodorsally, frontal anterodorsally, laterosphenoids, laterally and basisphe-
noid, ventrally; Fig. 7.2a). The dural envelope surrounding the forebrain is relatively 
thin and the bony walls of the braincase lie close to the cerebral hemispheres, olfac-
tory tracts and bulbs (Hopson 1979). The anterior forebrain of crocodylians is later-
ally expanded into a pair of cerebral hemispheres (Fig. 7.2d, e). As in other amniotes, 
both lateral hemispheres are medially separated by a deep cleft that is invaded by 
the dura and contains vascular structures like the longitudinal venous sinus and 
arteries, which run across the cleft it forward to the nasal cavity (the slight midline 
elevation reflected in several cranial endocasts at this level may correspond to these 
vascular elements; Hopson 1979, fig 2B, C). In living crocodylians, cerebral hemi-
spheres are sub-spherical structures (but see comparisons below) enclosed by the 
medial surface of the laterosphenoid (Fig. 7.2a) that represent the transversely wid-
est sector of the brain (Fig. 7.2d). As in other non-avian reptiles, excluding turtles, 
the olfactory neurons located at the anterior nuclei of the dorsal ventricular ridge of 
the telencephalic pallium project anteriorly from the cerebral hemispheres into a 
pair of olfactory tracts, each of them anteriorly expanded in an olfactory bulb 
(Billings et al. 2020; Fig. 7.2d). The olfactory tracts lie in the cavum supraseptale at 
the dorsal edge of the interorbital septum and are dorsally covered by the frontal 
(Starck 1979; Fig. 7.2a). As a consequence, the anteroposterior extension and shape 
of the tracts reflect the overall extension and morphology of the orbital region of the 
skull (which also grows allometrically during ontogeny). The relative size of the 
olfactory bulb is positively correlated with the magnitude of the olfactory system 
(Starck 1979) and its measurement is taken into account when estimating the olfac-
tory acuity of an individual (Zelenitsky et al. 2009). The crocodylian diencephalon 
is macro-anatomically similar to other reptiles. The pineal complex (= parietal eye 
and more deeply situated pineal gland) present in several reptiles is absent as a dis-
crete organ in crocodylians (e.g. Quay 1979; Starck 1979; Firth et al. 2010; Witmer 
2018; Billings et al. 2020; however see Colbert 1946 and Hopson 1979 for a differ-
ent point of view). As in other gnathostomes, the ventral aspect of the crocodylian 
diencephalon, the hypothalamus, is ventrally evaginated, forming the optic chiasm 
and tracts (from here on cranial nerves II or CN II) and the odd and posterior neu-
rohypophysis, which projects ventrally by an infundibulum into the hypophyseal 
fossa (Fig. 7.2e). Together with the adenohypophysis (the anterior part of the gland 
that is formed from the embryonic stomodeum) the neurohypophysis forms the 
hypophysis (pituitary gland), which almost fills the hypophyseal fossa (Girons 
1970). Part of the anterodistal portion of the hypophyseal fossa is also occupied by 
blood vessels (branches of the cerebral carotid arteries and cavernous sinus; Porter 
et al. 2016). This fossa is excavated in the basisphenoid (Fig. 7.2a) and its volume 
indicates the approximate maximum volume of the hypophysis during the ani-
mal’s life.
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The anatomical features and volume of the remaining parts of the brain of living 
crocodylians (i.e., mesencephalon and rhombencephalon) are lesser evidenced in 
the cranial endocast (e.g. Hopson 1979; Watanabe et al. 2019; Figs. 7.2b, c and 7.3). 
The dural covering of the mid- and hindbrain is generally much thicker. In addition, 
the interstitial space between the cranial endocast and the posterior portion of the 
midbrain and the entire hindbrain is occupied by vascular structures like the large 
longitudinal venous sinus and its principal branches, which obscures the underlying 
brain morphology (e.g. Hopson 1979; Porter et  al. 2016). In crocodylians, as in 
other living reptiles, the mesencephalon consists of a roof containing the optic tec-
tum and auditive torus semicircularis nuclei, and a floor that contains the rostral 
tegmentum (Senn 1979; Billings et  al. 2020). The most conspicuous anatomical 
structures of the mesencephalon of almost all vertebrates are the optic lobes, which 
are a pair of dorsolateral projections of the optic tectum (Figs.  7.2d and 7.3). 
Although in living crocodiles, these are conspicuous sub-spherical structures 
located posterior to the cerebrum, they do not leave evidence of their size or shape 
on the cranial endocast (Fig. 7.2b, c). Nevertheless, the position of the optic tectum 
is indicated in the cranial endocast by the lateral constriction and drop in height of 
the cranial endocast caudal to the cerebral region (Hopson 1979; Hu et al. 2020; 
Figs. 7.2b, c and 7.3).

As in other vertebrates, the hindbrain comprises the cerebellum (=metencepha-
lon) and the medulla oblongata (=myelencephalon) (Fig. 7.2d, e). The rhomben-
cephalon is higher than wide, being laterally strangled by the development of the 
inner ear labyrinth. The medulla oblongata is more sharply confined and its posteri-
ormost diameter is almost equal to the diameter of the occipital spinal cord (Figs.7.2 
and 7.3). Hopson (1979) describes that in caimans, the cerebellum is narrower but 
almost equal in height to the optic tectum. However, the cranial endocast posterior 
to the optic tectum provides more information about the morphology of the venous 
sinuses and its branches than it does about the cerebellum. The cerebellar flocculus 
is slightly laterally developed, leaving a smooth bony imprint or recess on the 
medial surface of the prootic, just anterior to the vestibular eminence, and pos-
terodorsally to the foramen for CN V (e.g., Alligator mississippiensis, Caiman 
yacare, Fig 7.2a).

 Inner Ear

As in other gnathostomes, the crocodylian inner ear consists of an internal membra-
nous layer surrounded by bony labyrinths which are anatomically and functionally 
differentiated into two main distinct portions: one, the vestibular apparatus, formed 
by three semicircular canals (anterior, posterior and lateral; from here on ASC, PSC 
and LSC, respectively) ventrally connected by an utriculus which also communi-
cates with a sacculus; and a posteroventrally projected and tubular lagena (Wever 
1978; Manley 2016; Fig. 7.4). The vestibular apparatus and lagena are innervated by 
the vestibular and cochlear divisions of the vestibulocochlear nerve (CN VIII), 
respectively (Baird 1970; Wever 1978). Whereas the vestibular apparatus is linked 
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with equilibrium, spatial position and linear accelerations (utriculus, sacculus and 
ampullae at the base of each semicircular canal) and angular acceleration (semicir-
cular canals), the lagena is responsible for sound perceptions (e.g. Liem et al. 2000; 
Georgi 2008). The general aspect of the endosseous labyrinth is similar within cro-
codylian species, with a triangular vestibular sector (with ASC and PSC forming 
angles near to 90° in dorsal view) and a relatively elongated lagena (Gleich and 
Manley 2000; Fig.  7.4). As in other archosaurs, the vertical semicircular canals 
(ASC and PSC) vary in height, ASC being the larger (e.g. Georgi 2008; Witmer 
et al. 2008).

 Cranial Nerves of Crocodylomorphs

The cranial nerves of vertebrates (which in amniotes are the terminal nerve or CN 0 
and the CNs I - XII) are quite conserved through evolution and often maintain con-
sistent paths to their targets despite occasional, significant lineage-specific neuro-
cranial element shifts (Hopson 1979). This conservation of the neurological system 
facilitates relatively accurate identifications of the foramina and pathways of the 
nerves and their branches when near the bony surfaces of the skull, including those 
of crocodylomorphs (Lessner and Holliday 2020; Kuzmin et al. 2021). Recently, the 
combination of contrast-enhanced CT imaging (Holliday et al. 2013; Gignac et al. 
2016; Lessner and Holliday 2020; Lessner 2020) enabled morphologists to better 
trace the cranial nerves through the skull and its soft tissues of alligators and other 
crocodylians, offering a more clear resolution of pathways and anatomical relation-
ships of structures. These data (Figs. 7.2 and 7.5) now serve as a rich template for 

Fig. 7.4. Digital cranial endocast of the left inner ear of Caiman yacare (MACN-He 43694), 
showing the main components. The images are surface renderings of CT scan data. The skull is 
transparent revealing the location and size of the inner ear. Scale bar = 2 cm
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reconstructing the paths of nerves in the skulls of extinct crocodylomorphs (Figs. 7.6, 
7.7 and 7.8).

7.2.2  Comparative Anatomy of Crocodylomorph Brain 
and Inner Ear

 Non-crocodyliform Crocodylomorphs and Basal Crocodyliforms

Brain The knowledge of the brain of non-crocodyliform crocodylomorphs is lim-
ited to an almost complete cranial endocast of Almadasuchus figarii (MPEF-V 
3838; Leardi et al. 2020) that partially preserves the olfactory bulbs, and a partial 
natural cranial endocast of Sphenosuchus acutus (SAM PK 3014; Walker 1990) that 
preserves the hindbrain. This limited number of specimens with known cranial 
endocasts contrasts with the absolute lack of published evidence in non- 
mesoeucrocodylian crocodyliforms. As a consequence, there is a gap in information 
and a lack of understanding of the major changes that might have happened in the 
brain during the initial diversification of crocodyliforms at the Late Triassic- Early 
Jurassic (Martínez et al. 2019; Leardi et al. 2020).

One taxon worthy of mention is Eopneumatosuchus colberti (Crompton and 
Smith 1980), whose cranial endocast has been reconstructed by Dufeau (2011, fig 
1.5). This digital reconstruction is figured only in dorsolateral view and it is par-
tially obscured by the dorsal pneumatic diverticula, which are present in most non- 
thalattosuchian crocodyliforms, allowing only clear observation of the olfactory 
bulbs (Dufeau and Witmer 2015; Leardi et al. 2020). Eopneumatosuchus has been 
classically considered a basal crocodyliform (Crompton and Smith 1980; Clark 
1986; Benton and Clark 1988) and a formal redescription of this taxon has not been 
published to date. However, in recent phylogenetic analyses, it has been recovered, 
with low support values, within Mesoeucrocodylia, as the sister taxon of thalattosu-
chians (Ristevski et al. 2018; Johnson et al. 2020). Thus, comparisons among stem 
crocodyliforms including Eopneumatosuchus should be handled with caution.

The cranial endocast of Almadasuchus is tubular, as in other pseudosuchian 
archosaurs (Lautenschlager and Butler 2016; Pierce et  al. 2017), and unlike the 
more sigmoidal cranial endocast of living crocodylians, non-avian dinosaurs and 
birds (e.g. Witmer et al. 2008; Bronzati et al. 2017; Fig. 7.9). This cylindrical shape 
of the cranial endocast is a result of low angles between the forebrain, midbrain and 
hindbrain, that in Almadasuchus present similar values as in thalattosuchians (161° 
and 170°, respectively; see Table 7.2). However, unlike thalattosuchians, where the 
dorsal border of the cranial endocast is basically straight (e.g. Cricosaurus, 
Macrospondylus, Plagiophthalmosuchus), in Almadasuchus it is slightly convex 
and resembles a series of waves. This is the result of dorsoventral inflexions located 
at the transition between the olfactory tract and the cerebral hemispheres, and at the 
level of the boundaries between midbrain and hindbrain (this last one probably 
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Fig. 7.5 Cranial anatomy 
and 3D models of cranial 
nerves of Alligator 
mississippiensis (MUVC 
AL31) modified from 
Lessner and Holliday 
(2020). (a), left medial 
view; (b), caudal view; (c), 
left lateral view with deep 
structures; (d), left lateral 
view with more superficial 
structures. Scale 
bar = 2 cm
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Fig. 7.6 Braincase anatomy and foramina of cranial nerves: Alligator mississippiensis (a; MUVC 
AL623) in left medial (b), caudal (c) and left lateral (d) views; and Hamadasuchus rebouli (e; 
ROM 52620) in left medial (f), caudal (g) and left lateral (h) views. Scale bar = 2 cm (a) and 
5 cm (e)

related to the shape and size of the dorsal longitudinal venous sinus), as in most 
crocodyliforms (Fig.  7.9). The dorsal shape of the cranial endocast of 
Eopneumatosuchus is unknown, but in Sphenosuchus, the preserved midbrain- 
hindbrain shows a more marked pontine flexure (angle between midbrain and hind-
brain) and a more dorsally convex dorsal surface of the hindbrain (Walker 1990, fig 
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Fig. 7.7 Braincase anatomy and foramina of cranial nerves: Longosuchus meadi (a; TMM 
31185-84B) in left lateral and caudal views; Almadasuchus figarii (b; MPEF-PV 3838) in right 
lateral and caudal views; and Aegisuchus witmeri (c; ROM 54530) in left lateral view and caudal 
views. Scale bar = 2 cm

46). In lateral view, this morphology of the cranial endocast contrasts with that of 
Almadasuchus; and is similar to several extinct and extant mesoeucrocodylians (e.g. 
Araripesuchus, Simosuchus, Sebecus, Goniopholis, Leidyosuchus, and living 
Gavialis, Alligator, Crocodylus and Caiman; Fig. 7.9).
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Fig. 7.8 Mandibles and 
endocasts of mandibular 
canals of (a) Alligator 
mississippiensis (MUVC 
AL31) in left lateral and 
ventral views; (b) 
Araripesuchus gomesii 
(AMNH 24450) in left 
lateral view; (c) 
Macelognathus vagans 
(LACM 5572/150148) in 
left lateral view; and (d) 
Longosuchus meadi (TMM 
31185-84B) in left lateral 
view. Scale bar = 1 cm
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Fig. 7.9 Phylogenetic relationships of the crocodylomorph taxa with respective cranial endocast 
published, in lateral (a) and dorsal (b) views. Phylogenetic relationships are based in Pol et al. 
(2013, 2014) and Narváez et al. (2016). The cranial endocasts are scaled in their anteroposterior 
length. For Araripesuchus wegeneri and Anatosuchus minor, the olfactory tract and bulbs were 
reconstructed from unpublished data. Numerical references: (1) Crocodylomorpha, (2) 
Crocodyliformes, (3) Notosuchia, (4) Sebecosuchia, (5) Neosuchia, (6) Thalattosuchia, (7) 
Eusuchia and (8) Crocodylia

The forebrain of Almadasuchus is partially complete as the olfactory bulbs are 
not entirely preserved (Fig. 7.9). The olfactory bulbs are undivided medially (by 
bone) as in most crocodylomorphs except for Eopneumatosuchus, the 
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thalattosuchian Pelagosaurus (Pierce et al. 2017) and the notosuchians Simosuchus 
(Kley et al. 2010), Rukwasuchus (Sertich and O’Connor 2014) and Baurusuchus 
(Dumont Jr et al. 2020). Unlike most mesoeucrocodylians (e.g. Simosuchus, Sebecus 
icaeorhinus, Cricosaurus araucanensis, Macrospondylus bollensis, Alligator mis-
sissippiensis) and similar to other non-crocodylomorphs pseudosuchians (e.g. aet-
osaurs as Desmatosuchus, von Baczko et al. 2021), the olfactory tracts are markedly 
anteroposteriorly short and almost as mediolaterally wide as the olfactory bulbs, 
which are also slightly narrower than the cerebral hemispheres. The cerebral hemi-
spheres of Almadasuchus are moderately laterally expanded, contrasting with 
mesoeucrocodylian crocodyliforms including thalattosuchians (e.g. Pelagosaurus, 
Macrospondylus, Plagiophthalmosuchus, Araripesuchus, Simosuchus, Gavialis, 
Alligator, Crocodylus and Caiman; Table 7.2). As in most crocodylomorphs, the 
interhemispheric fissure of Almadasuchus is obscured by the dorsal dural longitudi-
nal venous sinus (e.g. Hopson 1979; Witmer et al. 2008; Kley et al. 2010). Ventral 
to the cerebral hemispheres, the cranial endocast of the hypophyseal fossa is antero-
posteriorly longer than its mediolateral width. This anteroposterior enlargement of 
the pituitary cast probably reflects the anteroposterior enlargement of the gland, 
similar to that observed in thalattosuchians (e.g. Pelagosaurus, Pierce et al. 2017; 
Macrospondylus bollensis, Cricosaurus araucanensis, Herrera et al. 2018) and con-
trasts with the anteroposteriorly shorter pituitary casts of other crocodylomorphs 
(Fig.  7.9). As in other crocodylomorphs, the cerebral carotid arteries canals in 
Almadasuchus reach the hypophyseal fossa via the carotid pillars that enclose these 
arteries where they pierce the basisphenoid (Walker 1990). The cerebral carotid 
arteries branch from the internal carotid arteries immediately before they enter the 
braincase through the internal carotid foramen (Porter et  al. 2016), which in 
Almadasuchus pierce each otoccipital near to the otoccipital-basioccipital suture at 
the neck of the occipital condyle. This most posterior placement of the carotid fora-
men is a derived condition within Crocodylomorpha, shared with hallopodids + 
crocodyliforms and absent in more basal forms of the clade and other pseudosuchi-
ans (i.e. Pol et al. 2013; Leardi et al. 2017, 2020).

In lateral view, the cranial endocast of Almadasuchus is expanded at the level of 
the cerebellum, being dorso-ventrally higher than the cerebral hemispheres due to 
the marked dorsal development of the longitudinal venous sinus, which also forms 
an abrupt step at the transition between the cerebellum and the medulla oblongata 
as in other crocodyliform cranial endocasts (Fig. 7.9). A well-developed cerebellar 
flocculus can be identified in the hindbrain of the Almadasuchus.

Inner Ear The inner ear anatomy of basal crocodylomorphs is better documented 
than that of the brain. Despite the bony labyrinth of Almadasuchus (Leardi et al. 
2020), recent anatomical information of the inner ear shows a greater morphologi-
cal diversity among non-crocodyliform crocodylomorphs and early crocodyliforms 
(e.g. Junggarsuchus sloani, Protosuchus haughtoni, and the conflictive 
Eopneumatosuchus colberti; Schwab et al. 2020). Macelognathus vagans (LACM 
5572/150148) also preserves a partial left bony labyrinth (Leardi et al. 2017; but a 
description of the inner ear was not published nor figured). Junggarsuchus and 
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Almadasuchus are closely related to crocodyliforms (Leardi et al. 2017) and present 
marked morphological differences in their inner ears. This disparity prevents the 
interpretation of the primitive condition of the inner ear in basal Crocodyliformes. 
Major morphological differences among the inner ear of these species are in the 
vestibule and the lagena. Junggarsuchus (IVPP V 14010) has a relatively narrow 
vestibule, with a more marked constriction at the beginning of the lagena, similar to 
the condition seen in crocodyliforms (e.g. Protosuchus haughtoni BP/1/4770). On 
the other hand, Almadasuchus shows a more inflated (lateromedially expanded) 
vestibule with a robust crus commune. This condition resembles that of 
Eopneumatosuchus and some thalattosuchians (Schwab et al. 2020, fig 2). Another 
important difference between Almadasuchus and Junggarsuchus is the relative 
length of the lagena, which in the last species is dorsoventrally longer than the ves-
tibular system. In contrast, in Almadasuchus the lagena seems to be shorter, a condi-
tion similar to Eopneumatosuchus and thalattosuchians (Fig.  7.10). However, in 
Almadasuchus, Eopneumatosucuhus and Junggarsuchus, the lagena is straight in 
lateral view, contrasting strongly with the anteriorly concave lagenae of crocodyli-
forms, including thalattosuchians (Schwab et al. 2020, fig 2; Dumont Jr et al. 2020, 
fig 9). Besides the mentioned differences, Junggarsuchus and Almadasuchus show 
an inner ear similar to other non-crocodylomorph pseudosuchians (see 
Lautenschlager and Butler 2016), with a dorsoventrally low vestibular apparatus 
and an ASC that is dorsoventrally higher but anteroposteriorly longer than the PSC 
(Leardi et al. 2020; Schwab et al. 2020). The ASC and PSC are narrow, unlike the 
derived condition present in most metriorhynchids in which the diameter of the tube 
of those canals are relatively larger in cross section (Schwab et al. 2020). The lateral 
semicircular canal (LSC) is only known in Junggarsuchus.

 Thalattosuchia (Teleosauroidea and Metriorhynchoidea)

Brain Because they have very subtle flexures, thalattosuchian cranial endocasts 
are in general almost tubular (Fig. 7.9 and Table 7.2). The cerebral hemispheres are 
bulbous structures that project laterally but not to the same extent observed in noto-
suchians and modern crocodylians. The optic lobes are visible as subtle swellings 
just posterior to the cerebral region, as in young specimens of Caiman crocodilus 
and Alligator mississippiensis (Hopson 1979; Dufeau and Witmer 2015; Jirak and 
Janacek 2017). The pituitary is relatively small, anteroposteriorly long and dorso-
ventrally low, except in Pelagosaurus typus (BRLSI M1413), Plagiophthalmosuchus 
cf. gracilirostris (NHMUK PV OR 33095) and Macrospondylus bollensis (MCZ 
VPRA-1063), which have an enlarged gland (Brusatte et al. 2016; Pierce et al. 2017; 
Wilberg et  al. 2021). Whereas in ‘Metriorhynchus’ cf. ‘M.’ brachyrhynchus 
(NHMUK PV OR 32617) the pituitary is more bulbous and rounded compared to 
other thalattosuchians (Schwab et al. 2021). Paired channels extending anteriorly 
from the pituitary may have housed the orbital artery (Brusatte et al. 2016; Pierce 
et  al. 2017; Herrera et  al. 2018); a condition shared with the dyrosaurid 
Rhabdognathus aslerensis (AMNH FARB 33354; Erb and Turner 2021). Among 
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Fig. 7.10 Phylogenetic relationships of the crocodylomorph taxa with respective cranial endocast 
of inner ear publicated, in lateral view. Phylogenetic relationships are based in Pol et al. (2013, 
2014). The inner ear are scaled in anteroposteriorly width and horizontally leveled with the 
LSC. For Simosuchus clarki, the lagena was reconstructed from Baurusuchus (sensu Dumont Jr 
et al. 2020). In all cases, the ASC is to the left. Numerical references: (1) Crocodylomorpha, (2) 
Crocodyliformes, (3) Mesoeucrocodylia, (4) Notosuchia, (5) Neosuchia, (6) Thalattosuchia, (7) 
Crocodylia

thalattosuchians, the anteroposterior length of the cranial endocast -excluding olfac-
tory tracts and bulbs- is variable. In teleosauroids -as well as in Pholidosaurus, 
Rhabdognathus and most mesoeucrocodylians-, the cranial endocast is relatively 
more elongated anteroposteriorly than in metriorhynchoids (Fig. 7.9). The midbrain 
is particularly anteroposteriorly elongated in teleosauroids (as Macrospondylus, 
Plagiophthalmosuchus) and Pelagosaurus.

In the case of teleosauroid thalattosuchians, the best studied cranial endocast cor-
responds to that of Macrospondylus bollensis, from the Toarcian (SNSB-BSPG 
1984 I258 by Herrera et al. 2018; MCZ VPRA-1063 by Wilberg et al. 2021), in 
which many regions of the brain were hypothesized, including the cerebral hemi-
spheres, pituitary and most of the cranial nerves. Another studied species is 
Plagiophtahlmosuchus cf. gracilirostris (NHMUK PV OR 3395), from the Early 
Jurassic (Brusatte et al. 2016). Only in Macrospondylus bollensis (MCZ VPRA-1063) 
the anterior region of the forebrain is known (olfactory apparatus), which accounts 
for about half of the total length of the cranial endocast (Wilberg et al. 2021). In all 
cases, the preserved portion of the cranial endocasts is long and narrow, similar in 
shape to other teleosauroids (e.g. a latex cranial endocast of Charitomenosuchus 
leedsi, LPP.M 35 by Wharton 2000, and those taxa with visible endocranial cavity 
in cross-section; Owen 1842; Seeley 1880; Wilberg 2015a), and metriorhynchoids 
(such as Cricosaurus araucanensis; Fernández et  al. 2011; Herrera et  al. 2013, 
2018; Herrera and Vennari 2014).

Within Metriorhynchoidea, taxa with studied cranial endocasts -most of them 
missing the olfactory tracts and bulbs- include Cricosaurus araucanensis (MLP 
72-IV-7-1; Herrera et  al. 2013, 2018; Herrera 2015), Dakosaurus cf. andiniensis 
(MOZ-PV 089; Herrera 2015; Herrera and Vennari 2014), Thalattosuchus supercil-
iosus (formerly Metriorhynchus superciliosus; MNHN 1870-133; Wenz 1968), 
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‘Metriorhynchus’ cf. westermanni (MDA 2; Fernández et al. 2011), ‘Metriorhynchus’ 
cf. ‘M.’ brachyrhynchus (NHMUK PV OR 32617; Schwab et al. 2021), and Zoneait 
nargorum (UOMNH F39539; Wilberg 2015b) (Table  7.1). ‘Metriorhynchus’ cf. 
‘M.’ brachyrhynchus is unique in having a pronounced flexure at the forebrain/mid-
brain region, a trait that seems to be present -but less pronounced- in C. araucanen-
sis (Schwab et al. 2021; Table 7.2). In C. araucanensis (MLP 72-IV-7-1) the cranial 
endocast is complete (Herrera et al. 2018). It is anteroposteriorly elongated, narrow 
and almost straight in lateral view, with the dorsal border of the medulla oblongata 
level with the olfactory tract (Fig.  7.9). The olfactory tracts are long and form 
approximately half of the total length of the cranial endocast, −related to the relative 
length of the orbital region- as in other longirostrine crocodyliforms with enlarged 
orbits (e.g. dyrosaurids and gavialoids; Pierce et al. 2017; Bona et al. 2017; Erb and 
Turner 2021). The olfactory tracts widen anteriorly, forming relatively reduced 
olfactory bulbs when compared to the width of the cerebral hemispheres (Fig. 7.9).

The cephalic vasculature of thalattosuchians (e.g. orbital artery, carotid artery, 
caudal middle cerebral vein, cavernous sinus) is enlarged relative to most crocody-
lomorphs (e.g. Herrera et  al. 2018; Schwab et  al. 2021; Wilberg et  al. 2021). 
Contrasting with teleosauroids, in which the particulary enlarged carotid canals are 
not included by bone as they pass through the pharynghotympanic sinus, in metrio-
rhynchoids as C. araucanensis and ‘M.’cf. ‘M.’brachyrhynchus these canals are 
fully ossified and can be completely reconstructed (Herrera et  al. 2018; Wilberg 
et al. 2021). The left and right carotid passages converge at the distal end of the 
pituitary, as in other mesoeucrocodylians. The cranial endocast of Pelagosaurus 
typus was fully described and presented features shared between teleosauroids and 
metriorhynchoids (Pierce et al. 2017).

Inner Ear The thalattosuchian inner ear morphology is reminiscent of other 
aquatic crocodyliforms (e.g. semi-aquatic neosuchians, including modern croco-
diles), although living representatives have dorsoventrally taller semicircular canals 
(Georgi and Sipla 2008; Brusatte et al. 2016; Pierce et al. 2017; Herrera et al. 2018; 
Schwab et al. 2020; Fig. 7.10). However, important differences are observed in the 
thalattosuchian vestibular apparatus, which is relatively low and triangular, with 
semicircular canals and crus commune of similar diameter, and an anterior semicir-
cular canal slightly larger than the posterior one. In teleosauroids and Pelagosaurus 
there are no great differences in the morphology of the labyrinth compared to living 
crocodylians. The pelagic metriorhynchoids in particular (more derived forms such 
as Cricosaurus) have developed a strongly dorsoventrally short labyrinth, with an 
anterior semicircular canal that is not particularly larger than the posterior one, and 
semicircular canals and crus commune, which are markedly more robust and thick 
in cross section than those of their semi-aquatic living relatives (Schwab et  al. 
2020, 2021).

7 An Overview on the Crocodylomorpha Cranial Neuroanatomy: Variability…



242

 Notosuchia (Uruguaysuchidae, Peirosauridae and Sebecosuchia)

Brain Cranial endocasts for Notosuchia are known for a handful of taxa (Fig. 7.9 
and Table 7.1). Notosuchians that received the most attention so far are from Africa: 
the uruguaysuchids Araripesuchus wegeneri and Anatosuchus minor (MNN GAD19 
and MNN GAD18, respectively; Sereno and Larsson 2009), the bizarre taxon 
Simosuchus clarki (UA 8679; Kley et al. 2010), and the peirosaurid Rukwasuchus 
yajabalijekundu (RRBP 08630; Sertich and O’Connor 2014). Available descrip-
tions of cranial endocasts of South American notosuchians are those of the sebeco-
suchian Baurusuchus sp. (IFSP-VTP/PALEO-0002, IFSP-VTP/PALEO-0003, 
FEF-PV-R-1/9, FUP-Pv 000020, FUP-Pv 000021; Dumont Jr et  al. 2020), 
Campinasuchus dinizi (CPPLIP 1360; Fonseca et al. 2020), Sebecus icaeorhinus 
(AMNH 3160; Colbert 1946) and Wargosuchus australis (MOZ-PV 6134, a partial 
cranial endocast; Martinelli and Pais 2008) whereas cranial endocasts of the peiro-
saurids Uberabasuchus terrificus (CPPLIP 1360; Fonseca et al. 2020, fig 10C, D) 
and Hamadasuchus rebouli (ROM 52560; Dufeau 2011; George and Holliday 2013, 
fig 2A) were figured but not formally described.

The cranial endocast of Notosuchia presents the same general morphology of 
other extinct and living crocodylomorphs, except for the variation of the angles 
between the brain regions and other particularities mentioned below (Fig. 7.9). It is 
characterized by being anteroposteriorly elongated, with a sigmoidal shape (slightly 
sub-horizontal), and angles between fore- and midbrain, and mid and hindbrain of 
142°–161° and 155°–165° respectively (see Table 7.2).

The olfactory bulbs are prominent, oval in outline and lateromedially expanded 
(Barrios 2015; Barrios et al. 2016; Fernández-Dumont et al. 2017a, b; Fonseca et al. 
2020; Dumont Jr et  al. 2020; Fig.  7.9). The length of the olfactory tracts varies 
among notosuchian species in terms of its anteroposterior extension and anteroven-
tral inclination. They are shorter in Simosuchus, and longer in Rukwasuchus, 
Baurusuchus, Campinasuchus and Sebecus, which are also shorter-snouted and 
longer-snouted forms, respectively (Colbert 1946; Kley et  al. 2010; Sertich and 
O’Connor 2014; Barrios 2015; Barrios et al. 2016; Dumont Jr et al. 2020; Fonseca 
et al. 2020; Fig. 7.9). In most known notosuchians, as in the peirosaurid Rukwasuchus 
and the baurusuchid Campinasuchus, the olfactory tracts are subhorizontally dis-
posed (with the skull oriented according to the palate horizontally disposed), con-
trary to Simosuchus that presents anteroventrally inclined tracts (e.g. Barrios 2015). 
This latter condition is also present in some derived eusuchians such as Alligator 
and Caiman (Fig. 7.9).

In small-sized notosuchians, as Araripesuchus, Anatosuchus and Simosuchus, 
the cerebral hemispheres are relatively lateromedially expanded (Sereno and 
Larsson 2009; Kley et al. 2010), contrasting with the morphology present in large- 
sized notosuchians as Rukwasuchus, Baurusuchus, Campinasuchus, and Sebecus, 
which have lateromedially narrower cerebral hemispheres (Fig. 7.9 and Table 7.2). 
The cerebral hemispheres in Araripesuchus, Anatosuchus and Simosuchus are simi-
larly lateromedially expanded than juvenile living crocodylians (e.g. Hopson 1979; 
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Jirak and Janacek 2017; Hu et al. 2020). In lateral view, the cerebral hemispheres 
are particularly dorsoventrally low in baurusuchids (such as Baurusuchus, 
Campinasuchus) and in Araripesuchus (Fig. 7.9). In Araripesuchus and Simosuchus 
the pituitary is relatively enlarged, contrasting with larger notosuchians 
(Rukwasuchus, Sebecus, Baurusuchus and Campinasuchus), in which this gland is 
smaller; however, the influence of the cavernous sinus on the pituitary cast in all 
these specie is not ruled out.

The midbrain of notosuchians presents some degree of variation in terms of its 
anteroposterior length as well as in its lateromedial extent (Fig. 7.9). Araripesuchus, 
Anatosuchus and Simosuchus have a well lateromedially expanded but slightly 
anteroposteriorly elongated optic tectum. The lateromedially expanded optic tectum 
in these small-sized notosuchians is reminiscent of the condition observed in juve-
nile living crocodilians (e.g. Hopson 1979; Jirak and Janacek 2017; Hu et al. 2020; 
Barrios 2021). Larger sized notosuchians, as Rukwasuchus, Baurusuchus and 
Sebecus, have a lesser lateromedially expanded, but anteroposteriorly longer, mid-
brain (e.g. Barrios et al. 2017; Dumont Jr et al. 2020; Barrios 2021). The anteropos-
teriorly elongated midbrain of large notosuchians is similar to the stem 
crocodylomorph Almadasuchus (Leardi et al. 2020).

As in most eusuchians, the hindbrain varies among notosuchians in terms of its 
dorsoventral development (Fig. 7.9). In this region of the brain, the dorsal longitu-
dinal venous sinus is largest in Araripesuchus, Rukwasuchus, Sebecus and 
Campinasuchus than in Simosuchus and Baurusuchus (Sereno and Larsson 2009; 
Kley et al. 2010; Sertich and O’Connor 2014; Barrios et al. 2016; Dumont Jr et al. 
2020). The ventral longitudinal venous sinus is more developed in Anatosuchus, 
Simosuchus, Rukwasuchus, and Sebecus, contrary to the condition seen in 
Baurusuchus and Campinasuchus (e.g. Kley et al. 2010; Fonseca et al. 2020). The 
flocculus is more prominent in Araripesuchus, Anatosuchus and Rukwasuchus than 
in any other Crocodyliformes, similar to Almadasuchus (Sertich and O’Connor 
2014; Barrios et al. 2016; Leardi et al. 2020). Unlike other crocodylomorphs, in 
notosuchians the depression for the otic capsule in the cranial endocast is more 
posteriorlly placed, probably related to the anteroposterior elongation of the mid-
brain (Kley et al. 2010; Fonseca et al. 2020; Dumont Jr et al. 2020; Barrios 2021).

The carotid canal is difficult to identify and segment in most studied notosuchi-
ans. It is partially reconstructed in Baurusuchus (Dumont Jr et al. 2020, fig 5B, D) 
posterior to the pituitary gland. In the basicranium of notosuchians, the foramen for 
the internal carotid artery perforates the otoccipital in a dorsal position (lateral to the 
occipital condyle), very close to the metotic foramen (CNs IX, X, XI) or with the 
metotic foramen contents within a fossa (Barrios et al. 2018). This last condition 
contrasts with that observed in other mesoeucrocodylians (e.g. Crocodylia) in which 
the carotid foramen is more ventral with respect to the metotic foramen (e.g. 
Brochu 1999).

Inner Ear The inner ear is poorly known for most Notosuchia (e.g. Barrios 2021). 
The inner ear of Baurusuchus (FUP-Pv 000021) has been completely described by 
Dumont Jr et  al. (2020), and a partial description of the preserved semicircular 
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canals is known for Simosuchus (Kley et al. 2010). In notosuchians, the vestibular 
apparatus formed by the semicircular canals is located more dorsal than in aquatic 
neosuchians (e.g. Rhabdognathus, Gavialis,) and thalattosuchians (e.g. 
Pelagosaurus, Plagiophthalmosuchus, Macrospondylus, ‘Metriorhynchus’, 
Cricosaurus), in which the semicircular canals have more elliptical contours 
(Fig. 7.10). In Simosuchus and Baurusuchus, the ASC is markedly more dorsal than 
the PSC, probably related to the relatively prominent cerebellar flocculus in these 
species (see below). In Baurusuchus, the lagena is dorsoventrally high (as in ter-
restrial non- mesoeucrocodylian crocodylomorphs such as Junggarsuchus and 
Protosuchus) and gently medially curved (as Protosuchus and living crocodylians), 
contrary to the dorsoventrally low lagena present in other crocodylomorphs (e.g. 
Schwab et al. 2020, fig 2; Fig. 7.10).

 Early Eusuchians and Crocodylia

Brain The general morphology of the cranial endocast of early eusuchians and 
extinct Crocodylia is similar to that of living forms, in which the body size seems to 
constrain the general shape of the brain (e.g. Hu et al. 2020; Serrano-Martínez et al. 
2020). Thus, the cranial endocast of larger non-crocodylian eusuchians as 
Lohuecosuchus megadontos (HUE-04498; Serrano-Martínez et al. 2018) presents a 
less sigmoidal shape than smallest forms as Agaresuchus fontisensis (HUE-02502; 
Serrano-Martínez et al. 2020; Fig. 7.9). This is also seen in the huge extinct caiman 
Caiman gasparinae (MLP 73-IV-15–1; Bona and Paulina-Carabajal 2013), which 
shows a more linear arrangement of the brain regions than in extant Caiman yacare 
and Ca. latirostris, similar to the largest Crocodylus species (e.g. Cr. niloticus; 
Fig.  7.9) and the extinct tomistomine Gunggamarandu maunala (QMF14.547; 
Ristevski et  al. 2021). Among gavialoids, the cranial endocast of the large 
Thoracosaurus isorhynchus (Lemoine 1883–1884, pl. 4, fig 7; Table 7.1) is also 
more sub-horizontal than the smaller extant Gavialis gangeticus (e.g. Wharton 
2000; Bona et al. 2017; Pierce et al. 2017). However, it should be mentioned that 
some large but probably young specimens of fossil caimanines such as Mourasuchus 
nativus (MLP 73-IV-15-9) present a cranial endocast that is more sigmoidal than 
expected (Bona et al. 2013, fig 5; see discussion below). It is interesting to note that 
cranial endocasts of small crocodylian species as Paleosuchus trigonatus (Balanoff 
and Bever 2017, fig 4A) and Osteolaemus tetraspis (Serrano-Martínez et al. 2019, 
fig 5) are sigmoidal and robust with relatively large hypophysis (Fig. 7.9), resem-
bling the general shape of living juvenile crocodylians endocasts (e.g. Jirak and 
Janacek 2017; Watanabe et al. 2019; Hu et al. 2020; Table 7.2).

The olfactory tracts in crocodyliforms closely related to Eusuchia, as Goniopholis, 
are particularly transversely broad and relatively short (similar to Almadasuchus) 
when compared to eusuchians (Fig. 7.9). Within this clade, the olfactory tracts vary 
in shape, but they are always reconstructed as relatively narrow and elongated, espe-
cially in longirostrine forms (as Gavialis gangeticus; Bona et al. 2017; Pierce et al. 
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2017). Among living forms, which have more accurate cranial endocasts than 
extinct forms, the olfactory bulbs are transversally narrow in the more aquatic form 
Gavialis gangeticus compared to other crocodylians (Fig. 7.9).

As in living crocodiles, the maximum width of the endocranial cavity of early 
eusuchians and extinct Crocodylia is at the cerebral hemispheres (e.g. Hopson 1979; 
Table  7.2). Goniopholis (Edinger 1938, fig 2), non-crocodylian eusuchians, and 
probably crocodylians as crocodyloids, gavialoids and some basal alligatoroids as 
Leidyosuchus (UNM B-401 A; Storrs et  al. 1983), present cerebral hemispheres 
with more elongated anterior surfaces in dorsal view (Fig. 7.9) contrasting with the 
apparently derived morphology shared by globidontian alligatoroids (e.g. 
Diplocynodon tormis STUS-344, Alligator, Caiman). Globidontians are repre-
sented by sub-spherical lateral cerebral hemispheres with symmetrical anterior and 
posterior surfaces (Bona and Paulina-Carabajal 2013; Serrano-Martínez et al. 2019). 
The large caiman Caiman gasparinae preserves vascular impressions on the ventral 
surface of the frontal, suggesting that the cerebral hemispheres filled most of the 
cavity (Evans 2005), a feature not evident in extant smaller Caiman species (Ca. 
yacare and Ca. latirostris).

In almost all fossil Eusuchia, the hindbrain portion is the most commonly pre-
served region of the cranial endocast (e.g. Allodaposuchus hulki MCD 5139, 
Gryposuchus neogaeus MLP 68-IX-5-1, Mourasuchus nativus MLP 73-IV-15-9, 
Leidyosuchus UNM B-401 A; Storrs et al. 1983; Bona et al. 2013, 2017; Blanco 
et al. 2015). In general, there is no evident impression of the cerebellar flocculus on 
the preserved section of the prootic.

Although the brain seems to be morphologically conservative in Eusuchia, there 
is some disparity in the cranial endocast shape, mainly due to the relative size of the 
pituitary and the development and arrangement of the principal blood vessels. 
Within Crocodylia, the pituitary fossa is apparently larger in smaller taxa as 
Osteolaemus tetraspis (Serrano-Martínez et al. 2019, fig 5; Fig. 7.9) and Paleosuchus 
trigonatus (Balanoff and Bever 2017, fig 4) as occurs in early ontogenetic stages of 
living forms (Hu et al. 2020). However, Bona et al. (2017) mentioned that in gavia-
loids (e.g. Thoracosaurus isorhynchus, Gryposuchus neogaeus, and Gavialis gan-
geticus), the pituitary fossa is relatively larger than in caimans.

The volume and extension of intracranial venous sinuses inferred from the cra-
nial endocast shape are variable within Crocodylia. In some huge caimans (e.g. Ca. 
gasparinae; Bona and Paulina-Carabajal 2013, fig 5), there is no evidence of a large 
dorsal longitudinal sinus, as in Cr. johnstoni (Witmer et al. 2008) and Gunggamarandu 
maunala (Ristevski et al. 2021, fig 3). However, in other caimanines as Mourasuchus 
nativus (Bona et al. 2013, fig 5), the cranial endocast seems to be dominated by 
large dural and venous sinuses that obscure the main dorsal anatomical structures of 
the posterior forebrain, midbrain and hindbrain, as in many other eusuchians (e.g. 
Agaresuchus, Alligator, Diplocynodon, Osteolaemus, extant Caiman; Serrano- 
Martínez et al. 2019, 2020; Fig. 7.9) and other non-avian archosaurs (e.g. Witmer 
et  al. 2008; Witmer and Ridgely 2008). This is also true for gavialoids, such as 
Gryposuchus neogaeus (Bona et al. 2017). Bona et al. (2017) described the ventral 
longitudinal venous sinus in gavialoids as Gryposuchus neogaeus, Gavialis 
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gangeticus and Thoracosaurus isorhynchus, concluding that it is also well devel-
oped and shows the same morphological pattern in the three species, being ovoidal-
shaped in ventral view just posterior to the pituitary (Lemoine 1883–1884, pl. 4, fig 
6; Bona et al. 2017, fig 6B, 7B). This feature of the posteroventral cranial endocast 
is also present in other eusuchians (e.g., Agaresuchus, Diplocynodon, Osteolaemus, 
Caiman, Alligator) and other non-eusuchian crocodylomorphs (Fig. 7.9).

As in other crocodylomorphs, in fossil eusuchians, the anterior limits of the optic 
lobes -at the cerebral hemisphere and optic tectum constriction-, is often obscured 
in the cranial endocast probably by the enlargement of the transverse venous sinus 
(Hopson 1979; Witmer et al. 2008; Porter et al. 2016). In almost all living crocodyl-
ians, except some species as Cr. johnstoni (Witmer et al. 2008), the optic lobes dis-
play no marked separation from the cerebral hemispheres as seen in other eusuchian 
cranial endocasts (Bona and Paulina-Carabajal 2013; Fig.  7.9). The intracranial 
branches of the internal carotid artery in Eusuchia (i.e. the cerebral carotid artery 
and its derivations; Porter et  al. 2016) do not run endosseously throughout their 
entire trajectory. In Eusuchia, there is a variation in the trajectories of the basiesphe-
noidal carotid canals, just before entering the pituitary fossa (Bona et al. 2017). The 
widespread plesiomorphic condition within this group is the presence of anteriorly 
convergent carotid canals, contrary to the apomorphic condition seen in Crocodylus 
spp., in which both canals become parallel before entering at the hypophyseal fossa 
(e.g. Cr. johnstoni, Cr. niloticus; Witmer et al. 2008, fig 6.3; Barrios 2021, fig 2.15B).

Inner Ear Endosseous labyrinths in extinct Eusuchia are similar to living forms, 
with a triangular vestibular apparatus and relatively elongated lagena (Fig. 7.10). 
However, in gavialoids as Gryposuchus neogaeus and Gavialis gangeticus, the 
lagena is shorter, suggesting a reminiscent of the condition observed in marine cro-
codylomorphs (i.e. thalattosuchians) (e.g. Bona et  al. 2017; Pierce et  al. 2017; 
Schwab et al. 2020). The vertical semicircular canals are more dorsoventrally com-
pressed in longirostrine forms as gavialoids, Tomistoma schlegelii, Gunggamarandu 
maunala and Mourasuchus nativus, in which the ASC is also less differentiated in 
size than the PSC.

7.2.3  Cranial Nerves of Crocodylomorphs

Olfactory Nerve (CN I) The first cranial nerve emerges as a tuft of short nerves 
from the olfactory bulbs (Figs. 7.2 and 7.5). The nerves pierce the dura and mem-
branous septum between the endocranial cavity and the ethmoidal region of the 
nasal cavity near the mid-sagittal plane (Lessner and Holliday 2020). Although the 
olfactory tracts and bulbs leave distinct and identifiable osteological correlates in 
the ventral surface of the frontals, nasals and ethmoids -if present-, the olfactory 
nerves do not. Living crocodylians have a keen olfactory sense (Weldon and 
Ferguson 1993), but their extinct relatives seem to have a variable sense of smell 
given the variety of sizes of olfactory bulbs found in the clade (Erb and Turner 2021 
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and references therein). Because this region of the skull rarely if ever ossifies in the 
lineage (as the cribriform plate does in mammals), little is known about the anatomy 
of the olfactory nerves proper. In this regard, recent data on the Paleocene dyrosaur 
Rhabdognathus aslerensis revealed a perforated bony laminae that envelopes the 
olfactory bulbs, suggesting an increased surface for olfaction (Erb and Turner 2021).

Optic (CN II), Oculomotor (CN III) and Trochlear (CN IV) Nerves The sec-
ond, third, and fourth cranial nerves emerge from the brain and all pass through a 
variable number of ossified passages bounded by the orbitosphenoid -if present-, 
and laterosphenoid to innervate the retina (CN II), and the extraocular muscles (CNs 
III, IV) respectively (Lessner and Holliday 2020; Kuzmin et al. 2021; Figs. 7.2 and 
7.5). Because this region of the skull is often unmineralized, unprepared or dam-
aged due to its fragility, descriptions of these foramina are rarer than other nerves, 
although imaging methods help increasing the number of descriptions. The optic 
nerve emerges from the optic chiasm in the encephalic cavity and enters the orbit 
dorsal to the hypophyseal fossa in the basisphenoid, through a large single foramen 
along the medial edge of the laterosphenoid. In crocodylomorphs, this foramen is 
located along the ventral edge of the laterosphenoid near the contact with the basi-
sphenoid (Fig. 7.2a). In the Early Triassic archosauriform Proterosuchus there is a 
gap for the oculomotor nerve between the medially positioned ‘slender’ process, 
likely the ossified pila metoptica or orbitosphenoid, and more lateral body of the 
laterosphenoid (Clark et al. 1993). The optic foramen is not typically preserved in 
crocodylomorphs, though aetosaurs appear to have partially mineralized orbito-
sphenoids (e.g. Longosuchus; Fig. 7.7a) and thus preserve a clear optic foramen. In 
crocodyliforms, the foramen for the oculomotor nerve pierces the wall of the ventral 
edge of the laterosphenoid just lateral to the optic nerve foramen, as in the thalat-
tosuchian Pelagosaurus (NHMUK PV OR 32599) and the notosuchians 
Araripesuchus (AMNH 24450) and Simosuchus (UA 8679) (Holliday and Witmer 
2009). The trochlear nerve foramen pierces the laterosphenoid dorsolateral to the 
oculomotor nerve and medial to the ophthalmic foramen or canal as a slit in 
Sphenosuchus (Walker 1990) or foramen in Almadasuchus (Leardi et  al. 2020; 
Fig. 7.7b) and crocodyliforms (Fig. 7.6).

Trigeminal Nerve (CN V) The fifth cranial nerve is responsible for conveying 
somatosensory information from most of the head rostral to the jaw joints and the 
brain, as well as transmitting motor innervation to the adductor musculature (Soares 
2002; Holliday and Witmer 2009; Leitch and Catania 2012; George and Holliday 
2013). The large nerve emerges from the midbrain as a bundle of sensory roots to 
enter the trigeminal ganglion, which resides in the trigeminal fossa (Figs. 7.2 and 
7.5). The trigeminal fossa is typically a relatively large spherical to cone-shaped 
space bounded by the laterosphenoid rostrally, the basisphenoid ventrally and the 
prootic caudally, and opens laterally, particularly in non-crocodyliform crocodylo-
morphs (as Almadasuchus; Leardi et  al. 2020). As the quadrate and pterygoid 
become sutured to the braincase in the more derived lineages of sphenosuchians and 
crocodyliforms, these elements also share some of the lateral edges of the trigemi-
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nal fossa as well as the foramina for the divisions (Holliday and Witmer 2009). 
Laterally the trigeminal ganglion divides into the three main branches of the tri-
geminal nerve: the ophthalmic, maxillary, and mandibular divisions. A similar pat-
tern of separated exits for different ramii of the trigeminal nerve is also seen in 
braincase walls of other amniotes such as birds, turtles and mammals, which also 
have an increase in ossification in the lateral wall of the braincase.

Because the lateral wall of the crocodylomorph and crocodyliform braincase is 
the intersection between the orbit, adductor chamber, ear and throat, and is quite 
robustly ossified, the bony surfaces possess many osteological correlates of mus-
cles, neurovasculature, and other soft tissues (e.g. Holliday and Witmer 2007, 2009). 
Proximally, several of the branches of the trigeminal divisions and related vascula-
ture leave distinct foramina and grooves on the walls of the lateral braincase. This 
bony information enables relatively accurate inferences of the paths of the trigemi-
nal nerve. In most crocodylomorphs, the trigeminal foramen is bilobate (e.g. 
Holliday and Witmer 2009; Bona and Desojo 2011; Barrios et  al. 2018; Herrera 
et  al. 2018), except in the thalattosuchian Macrospondylus bollensis (divided by 
prootic; Wilberg et al. 2021) and the eusuchian Mourasuchus nativus (divided by 
quadrate; Bona et al. 2013). The ophthalmic division passes rostrally from the tri-
geminal fossa and leaves a groove on the ventrolateral surface of the laterosphenoid 
in most crocodylomorphs before following the caudal surface of the orbital wall 
where its path diverges from the surface of the bone. The nerve continues rostrally 
to innervate the sclera of the eye, orbital walls, medial portions of the nasal cavity, 
integumentary surface of the premaxilla and nostrils, though not to the narial mus-
cles, which are innervated by sympathetic nerves (Lessner and Holliday 2020). 
Ventral to the ophthalmic groove on the laterosphenoid, there is often a set of small 
grooves for the neurovasculature of the cavum epitericum and the motor branch to 
the levator bulbi muscle in the floor of the orbit (Holliday and Witmer 2009) as well 
as the depressor auriculae inferioris muscle of the external ear (Shute and Bellairs 
1955). When present, as in some thalattosuchians (such as Pelagosaurus), notosu-
chians (such as Simosuchus, Araripesuchus and Hamadasuchus), and non- eusuchian 
crocodyliforms (such as Sarcosuchus, Rhabdognathus), the epipterygoid separates 
the adductor chamber from the cavum epitericum and thus also separates the maxil-
lary and mandibular nerves from contacting the lateral wall of the braincase 
(Holliday and Witmer 2009; Fernández-Dumont et al. 2020). In more derived neo-
suchians, the epipterygoid appears to persist as an isolated element in contact with 
the body of the laterosphenoid, exposing the ophthalmic groove laterally, such as in 
Hylaeochampsa (NHMUK R177) and Aegisuchus (ROM 54530; Holliday and 
Gardner 2012; Fig. 7.7c). Within Eusuchia, a descending process of the laterosphe-
noid, the lateral bridge, extends ventrally to again cover the ophthalmic groove and 
cavum epitericum medially and is often laterally marked by a groove left by the 
maxillary nerve. Finally, in some specimens of crocodylians, further ossification of 
the laterosphenoid and quadrate can further enclose the maxillary and mandibular 
nerves, sealing off the maxillomandibular foramen and instead forming separate 
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foramina for each nerve (Holliday and Witmer 2009) as in the extinct caimanine 
Mourasuchus (Bona et al. 2013).

Upon diverging from the laterosphenoid, the maxillary division passes rostrally 
between the eyeball and pterygoideus dorsalis muscle in the orbit to enter the max-
illa and innervates the lateral portions of the nasal cavity, maxillary teeth and skin 
of most of the rostrum (Lessner and Holliday 2020). The mandibular nerve passes 
ventrolaterally to enter the Meckelian fossa of the dentary and emits branches to the 
tongue, oral cavity, mandibular teeth, and integument (Fig. 7.8). All three divisions 
of the trigeminal nerve ultimately emerge from bones of the face to innervate the 
integument leaving an array of characteristic foramina that form the basis for the 
sensory array for the densely packed mechanoreceptors on the rostrum of crocodyl-
ians (Leitch and Catania 2012; George and Holliday 2013; Fig. 7.8).

Abducens Nerve (CN VI) In early crocodylomorphs and all crocodyliforms, the 
sixth cranial nerve emerges from the ventral surface of the medulla oblongata and 
characteristically transmits through a canal in the dorsal part of the basisphenoid 
across the dorsum sellae to emerge through small foramina in the exposed rostro-
dorsal surface of the basisphenoid lateral to the pituitary fossa (Kuzmin et al. 2021; 
Figs. 7.2, 7.5, 7.6 and 7.7). The abducens nerve innervates the lateral rectus muscle 
of the orbit, but also the pyramidalis muscle of the nictitating membrane (Lessner 
and Holliday 2020).

Facial Nerve (CN VII) The seventh cranial nerve emerges from the encephalic 
cavity through a foramen in the prootic (Kuzmin et al. 2021; Figs. 7.2 and 7.5). This 
exit is obscured in crocodyliforms as the quadrate has covered over the region (e.g. 
Crompton and Smith 1980; Clark 1986; Leardi et al. 2020). The nerve splits into 
two primary branches, the palatine ramus and hyomandibular ramus (Fig. 7.2). The 
palatine ramus passes rostrally along the lateral surface of the prootic and basisphe-
noid into the palatine-maxillary suture (Lessner and Holliday 2020), where it rami-
fies throughout the rostrum providing parasympathetic innervation of soft tissues. 
The hyomandibular ramus passes caudolaterally past the prootic-opisthotic suture 
to enter a canal along the margin of the suture of the quadrate and otoccipital. It then 
passes ventrally, innervating the depressor mandibulae muscle, the superior auricu-
lar muscles (Shute and Bellairs 1955) and ultimately the constrictor colli profundus 
muscle of the throat while also giving off the chorda tympani nerve to the tongue.

Vestibulocochlear Nerve (CN VIII) The eighth cranial nerve is quite short as it 
passes only from the medulla to the inner ear through the prootic, just caudal to the 
foramen for the facial nerve, extending vestibular divisions and a cochlear branch 
through individual, or shared foramina to the semicircular canals and lagena 
(Lessner and Holliday 2020; Kuzmin et al. 2021; Figs. 7.2 and 7.5). These struc-
tures are described elsewhere in the chapter.

Glossopharyngeal (CN IX), Vagus (CN X), and Accessory (CN XI) Nerves The 
ninth, tenth, and eleventh cranial nerves share a passage through the skull and thus 
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are discussed together (Kuzmin et al. 2021; Figs. 7.2 and 7.5). The glossopharyn-
geal nerve (CN IX) transmits sensory information from the tongue, pharynx, and 
middle ear, and motor information to the hyobranchial musculature. The vagus 
nerve (CN X) transmits sensory information from the larynx, motor information to 
muscles of the pharynx and larynx, and parasympathetic information to the thorax 
and abdomen (Lessner and Holliday 2020). The accessory nerve (CN XI) transmits 
motor information to shoulder musculature. CN XI originates in the cervical region, 
enters the skull through the foramen magnum, and joins the vagus nerve before exit-
ing the skull with CNs IX and CN X (Benninger and McNeil 2010).

In extant crocodylians, CNs IX, X, and XI exit the skull through the metotic fora-
men (sensu Bellairs and Shute 1953; jugular foramen sensu de Beer 1937; vagus 
foramen sensu Iordansky 1973), which is present on the paroccipital process of the 
otoccipital (appearing at the junction of the ossification centres of the opisthotic and 
exoccipital in crocodylian embryos). Internally, the metotic foramen is an extension 
of the posterior opening of the subdivided metotic fissure, a relict of the homony-
mous embryonic metotic fissure (de Beer 1937; Fernández-Blanco 2018) which is a 
gap between the cartilaginous otic capsule and chondrocranium basicranium (Gower 
and Weber 1998; also named metotic foramen by Kuzmin et al. 2021). This ana-
tomical arrangement is a consequence of the development and fusion of several 
structures in the posterolateral skull. In crocodylians, the metotic foramen results 
from the fusion of the metotic cartilage with the subcapsular process and the ante-
rior and posterior juxtaotic lamina (membranous bone). The anterior juxtaotic lam-
ina (outgrowth of the basal [=parachordal] plate) fuses with the posterior juxtaotic 
lamina (outgrowth of the occipital arch [=pila occipitalis]) to form the posteroven-
tral wall of the metotic fissure (Klembara 2005). The internal boundaries of this 
canal form through ontogeny as the subcapsular process extends from the lateral 
surface of the occipital arch (exoccipital), just dorsal to the foramina for the branches 
of CN XII (Shiino 1914). The subcapsular process forms the floor of the anterior 
metotic fissure (=fenestra rotunda, fenestra pseudorotunda, foramen cochleare, 
apertura lateralis scalae tympani) and the roof of the posterior metotic fissure (de 
Beer 1937; Rieppel 1985; Gower and Weber 1998).

Leardi et al. (2017) noted two conditions within Suchia that ultimately must stem 
from various extents of this developmental process. The metotic foramen is present 
on the ventrolateral surface of the paroccipital process in Almadasuchus, thalattosu-
chians, and other crocodyliforms, whereas basal crocodylomorphs have no distinct 
foramen. In the basal taxa, the CNs IX, X, and XI exit through the metotic fissure, 
which extends (along the opisthotic-exoccipital junction) from the braincase inter-
nally to the ventrolateral region of the skull, externally (Walker 1990). Walker 
(1990) noted a partial ossification of the subcapsular process in Sphenosuchus and, 
therefore, incomplete division of the metotic fissure. In this case, CN X and CN XI, 
along with the posterior cerebral vein, pass through the more posterodorsal aspect 
of the metotic fissure and CN IX along with the perilymphatic duct pass through the 
anteroventral aspect (Walker 1990). The subcapsular process is more extensive in 
more-derived crocodylomorphs (Busbey and Gow 1984; see Leardi et  al. 2017, 
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character 105 for a complete list), and therefore these taxa exhibit a unique metotic 
foramen for passage of CNs IX, X and XI. Thus, the extent of subcapsular and jux-
taotic laminae ossification, the degree of closure of the metotic fissure, and the pres-
ence of a metotic foramen are useful characters in determining phylogenetic position 
in crocodylomorphs.

Hypoglossal Nerve (CN XII) The hypoglossal nerve (CN XII) carries motor 
information to the tongue musculature. The hypoglossal nerve exits the skull 
through one, two, or three foramina in the otoccipital near the foramen magnum. 
However, in most crocodylomorphs, there are two foramina for the divisions of the 
CN XII (e.g. Clark 1986). The foramina are located medial to the internal carotid 
foramen and posterior to the metotic fissure (Figs. 7.2 and 7.5). Foramina are not 
always symmetrical in number (e.g. Sphenosuchus; Walker 1990). In the case of 
multiple foramina, the anterior foramen tends to be smaller in diameter than the 
posterior foramina (e.g. Sphenosuchus, Dibothrosuchus; Walker 1990; Ruebenstahl 
2019). Though CN XII foramen size has not been investigated across pseudosuchi-
ans, it may be indicative of innervation to the tongue and provide insight into the 
proposed reduction of tongue mobility through crocodyliforms (Li and Clarke 2015).

7.3  Paleobiological Implications 
of Crocodyliform Neuroanatomy

The knowledge of the entire anatomy and physiology of extinct forms is crucial to 
elaborate accurate hypotheses related to lifestyle. Together with postcranial anat-
omy, dentition, and osteohistology, neuroanatomical data is another source of evi-
dence to infer paleobiology.. There has been a recent proliferation of published data 
on neuroanatomy of Pseudosuchia, especially for crocodylomorphs (e.g. Brusatte 
et al. 2016; Pierce et al. 2017; Herrera et al. 2018; Leardi et al. 2020; Dumont Jr 
et al. 2020; Darlim et al. 2021; Erb and Turner 2021), and associations have been 
proposed between certain anatomical patterns (brain, cranial nerves and sense 
organs) and adaptations to terrestrial and aquatic habitats (e.g. Montefeltro et al. 
2016; Neenan et al. 2017; Fonseca et al. 2020; Dumont Jr et al. 2020; Schwab et al. 
2020; Barrios 2021; Bronzati et al. 2021). For example, prominent olfactory bulbs 
seem to relate to the terrestrial habitats inferred for notosuchians (as Baurusuchus, 
Simosuchus, Rukwasuchus), and therefore represent the ancestral condition present 
in basal crocodylomorphs (as Almadasuchus) and several non-crocodyliform pseu-
dosuchians (e.g. Parasuchus angustifrons, Ebranchosuchus neukami, 
Laustenschlager and Butler 2016; Prestosuchus chiniquensis, Mastrantonio et  al. 
2019) (Fig. 7.9). Larger olfactory bulbs are also linked to greater olfactory acuity in 
terrestrial environments (e.g. Martinelli and Pais 2008; Zelenitsky et  al. 2009; 
Fonseca et al. 2020). However, it should be taken into account that all these olfactive 
estimations should consider the correlation between the olfactory ratio and body 
size (see Zelenitsky et  al. 2009; Dumont Jr et  al. 2020). The elongation of the 

7 An Overview on the Crocodylomorpha Cranial Neuroanatomy: Variability…



252

olfactory tracts is linked with the anteroposterior extension of the orbital region of 
the skull (expressed by the length of the frontal) and not with the length of the snout 
(e.g. Starck 1979; Barrios 2021). However, the anteroposterior length of the ros-
trum, reflected by the elongation of nasals, maxilla and or premaxilla (e.g. Wilberg 
2015a), may influence somatosensation over olfactory acuity (e.g. Soares 2002).

When considering Thalattosuchia as crocodyliforms, we observed that within 
Crocodylomorpha the cast of the cerebral hemisphere expands laterally near the 
node Crocodyliformes (Fig. 7.9 and Table 7.2), contrasting with the narrower cere-
brum observed in non-crocodyliform pseudosuchians (as Almadasuchus; see 
above). Relatively larger cerebral hemispheres indicate larger encephalization 
(sensu Jerison 1973), which is necessary for the processing of environmental infor-
mation (e.g. foraging for food, escape from predators), and the development of 
more complex responses (Jerison 1977; Rogers 1999; Franzosa 2004; Witmer et al. 
2008). It is worth mentioning that encephalization is negatively correlated with 
body size in living crocodylians, and it decreases with age (e.g. Jirak and Janacek 
2017; Hu et al. 2020; Watanabe et al. 2019).

Prominent optic lobes endocasts in crocodylomorphs (such as notosuchians 
Araripesuchus, Anatosuchus, Simosuchus, and probably Baurusuchus) would cor-
relate with greater visual capacity, which is also related to the greater relative size 
of the orbits observed in those groups (e.g. Schmitz and Motani 2011). In saurop-
sids, the development of the midbrain tectum is hypothesized to correspond to with 
a more adjusted perception of space (visual and auditory field and proprioception; 
Walls 1942; Ulinski et al. 1992) regarding a major animal activity. Even more, the 
major development of the optic tectum may indicate great dependence on the sense 
of vision to find food, detect danger, defend territory, and select a sexual partner 
(e.g. Shimizu et al. 2009). This higher dependence on the sense of sight would be 
also expressed as an increment in motor integrating centers at the cerebellum, and 
therefore a larger cerebellar flocculus, as visual stimuli need higher degrees of pro-
cessing in the brain (e.g. Jerison 1973; Franzosa 2004; Witmer et al. 2008). A rela-
tively larger cerebellar flocculus endocast, as is observed in the early crocodylomorphs 
(e.g. Almadasuchus and Sphenosuchus) and notosuchians (e.g. Simosuchus and 
Rukwasuchus), could be related to complex movements of the head in more active 
animals (e.g. Franzosa 2004; Witmer et al. 2008; Walsh et al. 2013; von Backzo 
et al. 2015; Trotteyn et al. 2015; Ferreira-Cardoso et al. 2017). Also, in Simosuchus 
and Baurusuchus the ASC is markedly higher than the PSC, a trait that seems to 
correlate with the prominent cerebellar flocculus and optic tectum endocasts in 
these species (see above), which in turn relates to the coordination of eye and head 
movements during gaze pursuit (e.g. Highstein 1998; Belton and McCrea 2000; 
Cox and Jeffery 2010).

As with all robust paleobiological inferences, size and pathways of the cranial 
nerves must rely on anatomical data from extant forms as well as data from the fos-
sil record. To date, little attention has been paid to the size or number of the purely 
sensory nerves and their osteological correlates like the olfactory nerve (CN I) and 
optic nerve (CN II), which may offer details on olfaction or vision. This situation is 
more likely an artifact of preservation, as the bony passages of these nerves are in 
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general not preserved in the crocodylomorph fossil record. Similarly, it remains to 
be determined how biologically informative the size and reconstructed pathways of 
purely motor (e.g. CNs III, IV, VI, XII) or mixed (e.g. CNs VII, IX, X) cranial 
nerves are. On the other hand, the trigeminal nerve (CN V) has received significant 
attention, both because of the bony preservation of key parts -including the ganglion 
and facial branches-, as well as its clear correlation with somatosensation and the 
derived sense of face touch in living crocodylians (e.g. Soares 2002; Leitch and 
Catania 2012; Lessner and Holliday 2021). In extant species, as well as in closely 
related extinct neosuchians (see above), the number and density of trigeminal nerve- 
sourced rostral foramina are greater for these aquatic (continental or marine-pelagic) 
and semi-aquatic crocodyliforms. These foramina have been hypothesized to serve 
as proxies for facial somatosensation (Soares 2002), but their morphological pat-
terns and distribution remain to be thoroughly tested. Regardless, George and 
Holliday (2013) found that the volume of the trigeminal fossa (a proxy for the size 
of the trigeminal ganglion) as well as the diameter of the maxillomandibular fora-
men (a proxy for nerve size), both relative to brain volume, showed an increase in 
size along the line to living crocodylians supporting a relationship between the sizes 
of nerve tissues, their osteological correlates and a derived sense of face touch. 
Moreover, putatively terrestrial crocodyliforms, such as protosuchids (e.g. 
Protosuchus MCZ 6727), as well as notosuchians (e.g. Simosuchus, Kley et  al. 
2010; Notosuchus, Barrios et al. 2018; Hamadasuchus ROM 52620; Aphaurosuchus 
LPRP 0697; Fig.  7.6e), possess very small trigeminal foramina -with relatively 
small trigeminal fossae-, further suggesting derived somatosensation evolved later 
in the clade than previously proposed by Soares (2002) or that the increase somato-
sensation evolved multiple times within crocodylomorphs, for example in 
Thalattosuchia and Crocodylia (George and Holliday 2013; Barrios 2021).

Recently, new CT scan-derived volumetric approaches have been employed to 
better characterize the morphology and distribution of trigeminal nerve-related 
structures (Lessner 2020), as well as those related to other cranial nerves (Lessner 
and Holliday 2020), revealing informative new approaches in crocodylomorph neu-
rology (Figs. 7.5, 7.6, 7.7 and 7.8). For example, compared to the richly, dendriti-
cally branching array of nerves in Alligator, there are rather limited branches of the 
neurovascular canal in the dentary of the putatively terrestrial notosuchian 
Araripesuchus gomesii (AMNH 24450; Fig. 7.8b) and in the wide and anteriorly 
edentulous dentary of the non-crocodyliform crocodylomorph Macelognathus 
(LACM 4684/133772; Fig.  7.8c). Interestingly, the dentary of the aetosaur 
Longosuchus (TMM 31185-84B; Fig.  7.8d) shares a similar morphology with 
Macelognathus but possesses a lateral branch of the mandibular canal that radiates 
in a stellate pattern rather than the dense, dendritic array of canals found in croco-
dylians (Fig. 7.8a).

Regarding the sense of hearing, the dorsoventral extension of the lagena repre-
sents the areal surface of sensory epithelium (i.e. basilar papilla), and therefore 
serves as a proxy for hearing capability (Gleich and Manley 2000; Gleich et  al. 
2005; Walsh et al. 2009). The dorsoventral extension of the lagena of extinct and 
living crocodylomorphs is relatively variable (Schwab et al. 2020; Fig. 7.10). The 
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early crocodyliform Protosuchus (Schwab et al. 2020, fig 2) and the notosuchian 
Baurusuchus (Dumont Jr et al. 2020, fig 9), both putatively terrestrial, have consid-
erably elongated lagenae -particularly the former- contrasting with the shorter lage-
nae found in aquatic forms, specifically in pelagic thalattosuchians (e.g. Neenan 
et al. 2017; Schwab et al. 2020). Furthermore, in Protosuchus and Baurusuchus, the 
lagena is bent anterior and medially as an incipient pseudo-cochlea (considering the 
mammalian cochlea; Manley 2000). This condition may indicate greater hearing 
acuity in these terrestrial forms. In thalattosuchians, the dorsoventral shortening of 
the vestibular apparatus, together with the more robust semicircular canals, have 
been related to aquatic environments and a higher buoyancy capacity based on the 
similar shape to living deep ocean animals where buoyancy is more important than 
in semi-aquatic forms (e.g. Georgi and Sipla 2008; Schwab et  al. 2020). These 
authors proposed that there is a link between the shape of the semicircular canals 
and the initial phases of aquatic adaptation in crocodyliforms, and further modifica-
tions associated with a pelagic lifestyle. Although this hypothesis is consistent with 
what was observed for other terrestrial archosaurs (Fig. 7.10), Bronzati et al. (2021) 
found that this specific hypothesis was not supported, although as they did not test 
aquatic adaptation nor included pelagic taxa in the analyses, their work is not con-
trary to Schwab et al. (2020). More studies on the anatomy of the inner ear but also 
considering the general morphology of the skull in crocodylomorphs are necessary. 
For its part, Montefeltro et al. (2016) studied the anatomy of the outer ear (meatal 
chamber) in crocodyliforms and their implications in the auditory function, suggest-
ing that airborne hearing played an important role in the origin of Crocodyliformes 
and evolution of its lineage.

7.4  Final Remarks

The neuroanatomy of Crocodylomorpha seems to have changed very little in the 
last 60 million years. However, and despite the few information on extinct forms, 
some transformations can be observed near relevant nodes of this clade (e.g. non- 
crocodyliform crocodylomorphs, thalattosuchians, eusuchian mesoeucrocodylians) 
some of them that could be related to general lifestyles (terrestrial vs aquatic), espe-
cially those referred to sense organs and linked brain parts. Within crocodylo-
morphs, the cranial endocast general shape seems to be dominated by body size and 
development in volume and position of the cephalic vasculature (e.g. venous sinuses, 
internal carotids and its main branches as the cerebral arteries; Hopson 1979; 
Witmer et al. 2008; Hu et al. 2020).

Unfortunately, the anatomical evidence for the brain of early crocodylomorphs, 
including basal crocodyliforms, is practically null and is biased to a few taxa such 
as Almadasuchus, which appears to have several apomorphic features in its cranial 
endocast (Leardi et  al. 2020). Despite this, an endocast with lateromedially nar-
rower cerebral hemispheres and a relatively large pituitary gland (hypophyseal 
fossa) could be the plesiomorphic condition for Crocodylomorpha (Fig.  7.9 and 
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Table 7.2). The slight lateral extension of the cerebral hemispheres probably changes 
near the node Crocodyliformes, to a notable more laterally expanded telencephalon, 
generally oval in outline, with the longest margin facing anteriorly (as occurring in 
early ontogenetic stages of living crocodylians; Watanabe et al. 2019). This condi-
tion of a cranial endocast with relatively laterally expanded cerebral hemispheres is 
mainly observed in the notosuchians Simosuchus and uruguaysuchids (e.g. 
Araripesuchus, Anatosuchus), and the dwarf crocodylian Osteolaemus (Fig. 7.9). 
Conversely, dyrosaurids (e.g., Rhabdognathus) and thalattosuchians (e.g. 
‘Metriorhynchus’, Cricosaurus) have cranial endocast with a less lateral expansion 
of the cerebral hemispheres (Table 7.2), condition that could be interpreted as rever-
sals, especially when thalattosuchians are considered within Crocodyliformes. In 
addition, some non-crocodylian eusuchians (e.g. Goniopholis) and crocodylians 
(e.g. Leidyosuchus, Gavialis, Osteolaemus) present more oval lateral hemispheres 
with more elongated anterior surfaces (as it is observed in dorsal view, Fig. 7.9), 
contrasting with the apparently derived morphology shared by globidontian alliga-
toroids (e.g. Diplocynodon, Alligator, Caiman) which present subspherical lateral 
hemispheres, with symmetrical anterior and posterior surfaces (e.g. Bona and 
Paulina-Carabajal 2013).

As observed in large crocodylomorphs, the cranial endocast is almost tubular. 
During the ontogeny of living crocodylians, the outline of the brain changes as size 
increases, from sigmoidal to more tubular (e.g. Jirak and Janacek 2017; Watanabe 
et al. 2019; Hu et al. 2020). As a result, more mature and larger animals have a more 
anteroposteriorly linearly disposed encephalon. This condition is observed in large 
fossil caimans (Caiman gasparinae) and thalattosuchians (e.g. Cricosaurus). 
However, in some huge extinct amphibious crocodylians such as the caimanine 
Mourasuchus nativus, the cranial endocast maintains a sigmoidal disposition in 
grown forms (Bona et al. 2013). This should be handled with care as this pedomor-
phic trait of the cranial endocast of Mourasuchus is one of the several peculiar cra-
niomandibular features that this bizarre taxon has (e.g. Bona et al. 2013; Cidade 
et  al. 2019) and markedly contrasts with the morphology seen in other closely 
related caimanines. Pedomorphic morphotypes of the cranial endocast can be also 
observed in adult “dwarf” forms of living crocodiles such as Osteolaemus tetraspis 
and Paleosuchus trigonatus (Balanoff and Bever 2017, fig 5; Serrano-Martínez 
et al. 2019, fig 5).

In addition to the angles between the forebrain, midbrain, and hindbrain, the 
dorsal and ventral outline of the brain in Crocodylomorpha varies from wavy to 
almost straight, according to the development of the venous sinuses that drain the 
cerebral cavity (e.g. Hopson 1979; Witmer et al. 2008; Porter et al. 2016; Fig. 7.9). 
Regarding the cranial vasculature, an important anatomical condition shared by 
most crocodylomorphs is that the internal carotids enter the skull more posteriorly 
than other pseudosuchians. The position of the internal carotid foramen for the pas-
sage of the cerebral carotid artery (sensu Porter et al. 2016) is placed on the occipital 
surface of the skull, and is a derived condition within Crocodylomorpha, shared 
with hallopodids + crocodyliforms and absent in more basal forms of the clade and 
other pseudosuchians (e.g. Benton and Clark 1988; Pol et al. 2013; Leardi et al. 
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2017, 2020). Although inside the braincase the arterial pattern of branching and 
pathways is similar among crocodylomorphs. In Eusuchia, a variation in the trajec-
tories of the basiesphenoidal carotid canals, just before their opening in the pituitary 
fossa, is observed (e.g. Witmer et al. 2008; Bona et al. 2017). Finally, it should be 
mentioned that despite the practically absence of brain flexures (Table 7.2), thalat-
tosuchian and dyrosaurid neuroanatomy include a well-developed cephalic vascular 
system with caudal middle cerebral vein and orbital artery, and an enlarged internal 
carotid artery in the former (e.g. Brusatte et al. 2016; Pierce et al. 2017; Herrera 
et al. 2018; Erb and Turner 2021; Wilberg et al. 2021). Also, the relatively large 
pituitary in thalattosuchians has been correlated with water regulation and with the 
hypertrophy of the cavernous sinus (Schwab et al. 2021; Wilberg et al. 2021).

The general morphology of early pseudosuchian inner ear is retained in most 
Crocodylomorpha; however, some differences were recognized. In non- 
crocodyliform crocodylomorphs (except Almadasuchus), early crocodyliforms, and 
notosuchians, the vestibular portion is relatively high with the ASC more dorsally 
projected than the PSC, contrasting with the morphology of most mesoeucrocodyl-
ians including thalattosuchians if they are considered within the clade (Fig. 7.10). 
Despite this, vertical semicircular canals (ASC and PSC) seem to be more unequally 
sized in more aquatic mesoeucrocodylians (i.e. thalattosuchians, gavialoids). As 
observed in non-crocodylomorph pseudosuchians (e.g. Stocker et al. 2016) and in 
non-crocodyliform crocodylomorphs, the condition of the inner ear of notosuchians 
coincides with that expected for terrestrial forms (Schwab et al. 2020). With respect 
to the ventral portion of the vestibule, the lagena is relatively dorsoventrally elon-
gated (except Almadasuchus and aquatic crocodylomorphs).

We conclude that there is a gap in information on neuroanatomy of the non- 
crocodyliform crocodylomorphs and early crocodyliforms (e.g. protosuchids), 
which is key to understanding the major changes that might have happened in the 
brain during the initial diversification of crocodyliforms at the Late Triassic-Early 
Jurassic, and understanding the basal condition for mesoeucrocodylians. Information 
on the neuroanatomy of various groups of Mesoeucrocodylia is poorly sampled or 
absent, in both notosuchians (e.g. sphagesaurids, peirosaurids, sebecosuchians) and 
neosuchians (e.g. pholidosaurids, dyrosaurids, atoposaurids, planocraniids), and 
necessary for a better understanding of the neurological novelties within 
Crocodyliformes and their implications in the evolutionary occupation of terrestrial 
and aquatic habitats. Morphogeometric studies are also needed to analyze shape 
variation in a more exhaustive way as well as quantitative studies on sensory capaci-
ties of extinct forms (i.e. olfactory, visual, hearing).
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Chapter 8
Paleoneurology of Non-avian Dinosaurs: 
An Overview

Ariana Paulina-Carabajal, Mario Bronzati, and Penélope Cruzado-Caballero

8.1  Phylogenetic Context

Dinosaurs are reptile members of the clade Archosauria, which has living represen-
tatives in birds (descendants of theropod dinosaurs known as ‘avian dinosaurs’) and 
crocodylians. The clade Dinosauria Owen 1842, is a diverse group originated prob-
ably during the Early to Middle Triassic, around 243–231 million years ago, with 
the oldest dinosaur skeletons known from Carnian rocks of South America (e.g. 
Brusatte et al. 2010b; Benton 2004; Langer et al. 2010). Rapidly after their appear-
ance, non-avian dinosaurs (hereafter ‘dinosaurs’) become the dominant vertebrates 
in all terrestrial ecosystems worldwide probably by the end of the Triassic to the 
Early Jurassic -about 210 million years (My) ago- when major clades were diversi-
fied (Brusatte 2012). The group (except for the avian theropods) became extinct at 
the end of the Cretaceous, approximately 65 My ago.

Dinosaurs were tiny to extremely large bodied bipedal and quadrupedal animals 
that occupied a wide range of continental niches, developing a wide spectrum of 
dietary, sensory and habitat adaptations. Traditionally, the clade Dinosauria was 
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broadly divided into Saurischia and Ornithischia on the basis of a single character-
istic: the configuration of the hip (pelvis) structure (Seeley 1887). The dinosaur 
pelvis consists of three bones: ilium, ischium, and pubis. Saurischia were those 
dinosaurs with a more lizard-like hip, while Ornithischia had a more bird-like hip 
with the pubis pointing backwards and parallel to the ischium (living birds ironi-
cally descending from the lizard-like hip clade, Saurischia). The most recent phylo-
genetic definition (Langer et al. 2020) states that Dinosauria consists of the smallest 
clade containing Iguanodon bernissartensis Boulenger in Bedden 1881 
(Ornithischia/Euornithopoda), Megalosaurus bucklandii Mantell 1827 (Theropoda/
Megalosauroidea), and Cetiosaurus oxoniensis Philips 1871 (Sauropodomorpha) 
(Fig. 8.1). A recent phylogenetic analysis revived the term used by Huxley (1870) 
to refer to the ‘bird-footed’ dinosaurs: the clade Ornithoscelida. This hypothesis 
places theropods more closely related to the ornithischians than to Sauropodomorpha 
(see Baron et al. 2017), and has been questioned by many researchers (e.g. Langer 
et al. 2017). We follow here the traditional classification of Dinosauria.

8.1.1  Saurischia Seeley 1887

Saurischia comprises birds and all dinosaurs more closely related to them than to 
the ornithischians. The latest phylogenetic definition of Saurischia states that is the 
largest clade containing Allosaurus fragilis Marsh 1877 (Theropoda/Carnosauria) 
and Camarasaurus supremus Cope 1877 (Sauropodomorpha), but not Stegosaurus 
stenops Marsh 1887 (Ornithischia/Stegosauridae; Gauthier et al. 2020). In the most 
classic definitions, the clade includes sauropodomorphs and theropods 
(Eusaurischia), two main groups of dinosaurs that split early during the Mesozoic, 
probably during the Carnian (Late Triassic), about 230 My ago. Additional sauris-
chians from South and North America such as herrerasaurids and Tawa hallae, have 
either being considered as theropods or as non-eusaurischians in different phyloge-
netic studies (e.g. see Ezcurra 2010; Langer 2014; and discussion therein). All of the 
oldest known dinosaurs are saurischians, and they were small sized, bipedal and 
probably carnivorous animals (Cabreira et al. 2016). Fossils of sauropodomorphs, 
theropods and ornithopods have been found in every continent, including Antarctica 
(e.g. Hammer and Hickerson 1994; Cerda et al. 2011).

 Theropoda Marsh 1881

This clade includes dinosaurs closest to birds than to sauropodomorphs and ornith-
ischians, characterized by pneumatized bones. The latest phylogenetic definition 
states that this group is largest clade containing Allosaurus fragilis Marsh 1877 
(Theropoda) but neither Plateosaurus engelhardti Meyer 1837 (Sauropodomorpha) 
nor Heterodontosaurus tucki Crompton and Charig 1962 (Ornithischia). The oldest 
neotheropods are known from the early Norian (Late Triassic) of North America, 
whereas the rest of the Triassic species were found in South America, Europe and 
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Fig. 8.1 Simplified calibrated cladogram of Dinosauria. The circles indicate the following nodes 
and clades: (1), Ornithischia; (2), Saurischia; (3), Tyerophora; (4), Neornithischia; (5), Cerapoda; 
(6), Marginocephalia; (7), Sauropodomorpha (the term “Prosauropoda” is here used to refer to the 
paraphyletic assemblage of taxa known as prosauropods); (8), Eusauropoda; (9), Neosauropoda; 
(10), Macronaria; (11), Theropoda (note that the inclusion of Herrerasauridae within this clade 
have been largely discussed, being also proposed as a basal Saurischia); (12), Neotheropoda; (13), 
Averostra; (14), Tetanurae; (15), Maniraptora. (Based on Sampson 2011)
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India (e.g. Nesbitt and Ezcurra 2015). Theropods radiate in two main lineages, 
Ceratosauria and Tetanurae, the last being the most diverse group of saurischians 
(e.g. Carrano et al. 2012; Ezcurra 2010). Primitively, theropods were bipedal non- 
specialized faunivorous  dinosaurs. Later during the Mesozoic, they developed, 
however, different skull morphological features which can be related to dietary 
adaptations to insectivory (e.g. alvarezsauridae; Senter 2005; Holtz Jr 2018), 
piscivory (e.g. spinosaurids; Charig and Milner 1997; Sereno et al. 1998), and her-
bivory (e.g. therizinosaurs; Lautenschlager 2014). The largest members among the-
ropods were found in Cretaceous formations, represented by spinosaurids, 
carcharodontosaurids and tyrannosaurids. These taxa could reach 14–9 m in length, 
and could weigh 10–20 tons, a marked phenotypic divergence from the 10–30 kg 
Triassic ancestors (e.g. Benson et al. 2014, 2018). Non-avian theropods (from now 
on ‘theropods’ in this chapter) disappear along with other dinosaurs during the 
Cretaceous-Paleogene extinction.

 Sauropodomorpha von Huene 1932

Sauropodomorpha is defined as the largest clade containing Saltasaurus loricatus 
Bonaparte and Powell 1980 (Sauropodomorpha) but not Allosaurus fragilis Marsh 
1877 (Theropoda), and Iguanodon bernissartensis Boulenger in Beneden 1881 
(Ornithischia) (Fabbri et al. 2020). This group includes the largest animals to ever 
walk on Earth, the gigantic sauropods. They might represent the best example of a 
dinosaur that most people have in their mind: a quadrupedal animal with a long neck, 
long tail, and a relatively small skull (Rauhut et al. 2011). The biggest of these ani-
mals could reach 35–40 m in length and 60–95 tons in weight (e.g. Carballido et al. 
2017; Benson et al. 2018). The fossil record indicates that sauropods were the most 
abundant large herbivorous animals during the Late Jurassic (around 150 My) until 
the Cretaceous/Paleogene extinction (Upchurch et al. 2004). During the last twenty-
five years, an incredible diversity of sauropodomorphs were discovered from Late 
Triassic (c. 235-230 My) rocks from Brazil and Argentina. These represent not only 
the oldest sauropodomorphs, but actually the oldest dinosaurs to ever live. Unlike 
their gigantic relatives, the first sauropodomorphs were small animals, around c. 
1.5 m in length and weighing less than 20 kg (Sereno 1999; Benson et al. 2017), and 
with either a faunivorous or omnivorous diet (Cabreira et al. 2016; Bronzati et al. 
2017). Despite the extreme differences between sauropods and the first Triassic sau-
ropodomorphs, the evolution of the conspicuous sauropod body plan can be traced in 
the fossil record. Anatomical modifications of the skeleton occurred in an apparently 
stepwise fashion, as evidenced by the Late Triassic and Early Jurassic fossil record 
of an assemblage of taxa classically known as ‘prosauropods’, which include all 
non-sauropodan sauropodomorphs with the exception of the oldest South American 
taxa (Bronzati 2017). There is not a consensual phylogenetic definition for Sauropoda 
Marsh 1878 (Peyre de Fabregues et al. 2015). One popular definition of Sauropoda 
considers the clade to comprise most inclusive group containing Vulcanodon, 
Eusauropoda and all their descendants (Salgado et al. 1997), whereas another defini-
tion regards the clade as including all sauropodomorphs more closely related to 
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Saltasaurus than to Melanorosaurus (Yates 2007). There are no paleoneurology 
studies on basal eusauropods yet. The main groups within Neosauropoda include 
Diplodocoidea (Rebbachisaurida, Dicraeosaurida and Diplodocidae) and 
Macronaria (Camarasaurus and Titanosauriformes).

8.1.2  Ornithischia Seeley 1888

The latest phylogenetic definition states that Ornithischia is the largest clade con-
taining Iguanodon bernissartensis Boulenger in Beneden 1881 but not Allosaurus 
fragilis Marsh 1877a, and Camarasaurus supremus Cope 1877, this being a 
maximum- clade definition (Madzia et al. 2021). The ornithischian group includes a 
great variety of clades that have in common an ‘opisthopubic’ pelvis, the presence 
of a palpebral bone, reduction or full closure of the antorbital fenestra, a predentary- 
which is an unpaired scoop-shaped bone located in the front of the lower jaws-, lack 
of premaxillary teeth, and a jaw articulation lower than the level of the teeth (prob-
ably important for braincase form and crucial for the advanced masticatory adapta-
tions in this group) (Butler et  al. 2008;  Fastovsky and Weishampel 2016; and 
references therein). This group has a global distribution and is divided in two sub-
orders: Thyreophora with the infraorders Stegosauria and Ankylosauria, and 
Neornithischia that includes Cerapoda, with the clades Marginocephalia (subdi-
vided into the infraorders Pachycephalosauria and Ceratopsia), and Ornithopoda 
(see Weishampel et al. 2004; Fig. 8.1). The evolutionary history told by the fossil 
record shows that during more than 130 My ornithischian dinosaurs developed great 
taxonomic diversity. The different groups exhibit morphological disparity particu-
larly in their cranial characteristics, accompanying the development of a complex 
chewing apparatus that reached its maximum efficiency in the hadrosaurid clade 
(Fastovsky and Weishampel 2016; Madzia et al. 2021).

The moment when the ornithischian clade appeared is not clear, but seems to 
have happened during the late Triassic (e.g. Desojo et al. 2020; Müller and Garcia 
2020) or the earliest Jurassic (Baron 2019), and they became extinct during the 
Cretaceous/Paleogene extinction along with most other groups of saurischian dino-
saurs (Weishampel et  al. 2004). Basal ornithischians have a poor fossil record, 
obscuring our knowledge about their origins and phylogenetic relationships with 
saurischian and silesaurid dinosaurs (see references in Dieudonné et  al. 2020). 
During the last decade, new phylogenies have been proposed, but the interrelation-
ships between the basal forms remain poorly resolved (Dieudonné et  al. 2020; 
Madzia et al. 2021).

 Thyreophora Nopcsa 1915

This clade is defined as the group containing Ankylosaurus magniventris Brown 
1908 and Stegosaurus stenops Marsh 1887, but not Iguanodon bernissartensis 
Boulenger in Beneden 1881 and Triceratops horridus Marsh 1889 (see Madzia 
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et al. 2021). The clade radiated in two main lineages, Ankylosauria and Stegosauria, 
which were small to mid-body sized animals that may have reached a maximum 
length of about 10 m in some species, and become extinct at the end of the Cretaceous 
(Norman et al. 2004b; Weishampel et al. 2004). Stegosaurs and ankylosaurs were 
herbivorous dinosaurs with dorsal dermal armor. Their basal forms were bipedal but 
the derived Cretaceous forms were quadrupedal and exhibited a complex chewing 
mechanism (Breeden III et al. 2021). The most basal thyreophorans are from the 
Hettangian-Sinemurian (Early Jurassic) of North America, and have an extremely 
poor fossil record. Ankylosaurs are known from the Middle Jurassic and are quadru-
pedal herbivorous dinosaurs with an armor of osteoderms and smaller ossicles cov-
ering the entire body from the head to the tail, with the presence in the most derived 
ankylosaurid family of a heavy club-tail (Vickaryous et al. 2004; Arbour and Currie 
2016). In turn, stegosaurs are quadrupedal animals with two rows of bony plates and 
spines extending from the neck to the end of the tail (Galton and Upchurch 2004; 
Arbour and Currie 2016).

 Neornithischia Cooper 1985

Neornithischia is defined as the group containing Iguanodon bernissartensis 
Boulenger in Beneden 1881 and Triceratops horridus Marsh 1889, but not 
Ankylosaurus magniventris Brown 1908 and Stegosaurus stenops Marsh 1887 
(Madzia et al. 2021). The fossil record of this clade extends from the Middle Jurassic 
to the end of the Cretaceous, with a worldwide distribution, and included Ceratopsia, 
Pachycephalosauria and Iguanodontia (Boyd 2015; Dieudonné et al. 2020).

Basal ornithischians were small to mid-sized bipedal animals, which lack the 
osteological ornamentation (e.g. Triceratops horns) typical of more derived groups 
(Norman et al. 2004a). Members of this group were bipedal and quadrupedal her-
bivorous dinosaurs that became very common during the Cretaceous, particularly in 
the Northern Hemisphere (Fastovsky and Weishampel 2016)

8.2  Historical Background

8.2.1  Brief Summary of the History 
of Dinosaur Paleoneurology

 Brains vs. Spinal Cord

The focus of this review will be on the Central Nervous System (CNS) of dinosaurs, 
but particularly in the morphology and function of the brain, mainly because it is the 
most informative structure. In comparison, aspects on the anatomy of the spinal 
cord morphology have been poorly documented, with the earliest studies corre-
sponding mostly to sauropod sacral casts made for Apatosaurus and Camarasaurus 
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by Marsh (1896), and Barosaurus and Dicraeosaurus by Janensch (1939), followed 
by fewer studies based on the ornithopod Camptosaurus (Marsh 1896) and the 
stegosaurs Stegosaurus (Marsh 1881) and Kentrosaurus (Janensch 1939). In both 
sauropods and ornithischians (but particularly in stegosaurs), the sacral casts exhib-
ited expansions, which led to the old idea of the presence of a ‘sacral brain’ or a 
‘second brain’ in these groups (e.g. Marsh 1881; Lull 1917). However, posterior 
calculations of the Spinal Quotient, which estimates the enlargement of the spinal 
cord at the inter-limb level, did not supported at the end the presence of a ‘sacral 
brain’ in dinosaurs (Giffin 1990; see Buchholtz 2012 for a broader historical review 
of this topic). Most recent analyses focused on the expanded neural canals observed 
in caudal vertebrae of certain groups of sauropods. These dilatations are now inter-
preted as osteological correlates of expansions of the spinal cord, in this case, 
related with a high degree of innervation necessary for the large muscle groups of 
the pelvis and tail in these giant dinosaurs (Atterholt and Wedel 2019; Wedel 
et al. 2021).

Other tangentially related aspects to paleoneurology, such as the sensory biology 
in dinosaurs (e.g. vision, olfaction or hearing, among others) have been explored in 
other recent works (e.g. Rogers 2005; Ali et al. 2008; Zelenitsky et al. 2009, 2011; 
Schmitz and Motani 2011; Brusatte 2012; Choiniere et al. 2021; Paulina-Carabajal 
et al. in press) and will not be expanded here.

 Early Studies and Current State of Knowledge of Dinosaur Paleoneurology

Dinosaur paleoneurology has a long history that goes back to more than 150 years 
ago. It was during the late 1800s when John W. Hulke made the first description of 
a dinosaur endocranial cavity, identifying impressions left by different regions of 
the brain on the internal surfaces of the braincase bones (Hulke 1871; Fig. 8.2a). 
This braincase belonged to Iguanodon, an ornithopod dinosaur, which was reana-
lyzed more than 20 years later by Andrews (1897), using this time a physical endo-
cast. But this was not the first endocast ever created for a dinosaur. It was Othniel 
C. Marsh, the pioneer of dinosaur paleoneurology (see Edinger 1975 for a complete 
list of his work), who published the first dinosaur brain-cast in 1880 (Fig. 8.2b), 
comparing it with a living crocodile brain. Marsh described and illustrated the endo-
cranial cavities and cranial endocasts of at least eight species of dinosaurs, includ-
ing sauropods (e.g. Camarasaurus, Diplodocus), theropods (e.g. Ceratosaurus), 
thyreophorans (e.g. Stegosaurus), marginocephalians (e.g. Triceratops) and orni-
thopods (e.g. Camptosaurus, Hadrosaurus) from North America (Marsh 1880, 
1881, 1884a, b, 1889, 1890, 1891, 1893, 1894, 1896; Table 8.1). Other early studies 
that followed Marsh’s work included aspects of the endocranial anatomy of the 
sauropods Camarasaurus (Fig. 8.2e), Dicraeosaurus, Giraffatitan (=Brachiosaurus) 
and Tornieria (=Barosaurus), the ornithischians Edmontosaurus and Kentrosaurus, 
and the theropods Tyrannosaurus (Fig. 8.2d) and “Stenonychosaurus” (=Troodon?), 
among others (e.g. Bürckhardt 1892; Osborn 1912; Brown 1914; Lambe 1920; 
Hennig 1925; Janensch 1935–1936; Lull and Wright 1942; Osborn and Mook 1921; 
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Fig. 8.2 Earliest described dinosaur endocranial cavities and endocasts in left lateral views. (a), 
Iguanodon endocranial cavity (from Hulke 1871); (b), oldest dinosaur endocast, Stegosaurus 
(from Marsh 1880); (c), sacral endocast of a sauropod (from Marsh 1896); (d), Tyrannosaurus 
sagittally sectioned braincase showing the cranial endocast inside (from Osborn 1912); (e), 
Camarasaurus sagittally sectioned braincase showing features of the endocranial cavity (from 
Osborn and Mook 1921). Not to scale

Ostrom 1961; Russell 1969; Table 8.1). The studies of cranial endocasts continued 
more or less sporadically during the first half of the twentieth century, but it was the 
outstanding work of Ottilie ‘Tilly’ Edinger (known today as the ‘mother’ of paleo-
neurology), Harry J.  Jerison (who developed the Encephalization Quotient as a 
method to assess relative brain size in vertebrates), and James A. Hopson (author of 
the chapter “Paleoneurology” for the book The Reptilia, Gans 1979) that created the 
bases of this science (see Jerison 1973; Hopson 1979; Buchholtz and Seyfarth 2001; 
and Buchholtz 2012 for a detailed historical review).

Up to today the endocranial anatomy –based mainly on three dimensional endo-
cast descriptions– of nearly 150 taxa at genus or species level have been described 
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Table 8.1 List of dinosaur taxa with known endocranial anatomy

Taxon Age Proc Cast ie Source

ORNITISCHIA
Ornithopoda
Amurosaurus riabinini K As A – Saveliev et al. (2012) and Lauters et al. (2013)
Arenysaurus ardevoli K Eu D ✔ Cruzado Caballero et al. (2015)
Bactrosaurus johnstoni K As A – Langston Jr (1960)
Batyrosaurus 
rozhdestvenskyi

K As A ✔ Godefroit et al. (2012)

Camptosaurus sp. J NA A – Marsh (1896)
Corythosaurus sp. K NA D ✔ Ostrom (1961), Evans (2006), Evans et al. 

(2009)
Dryosaurus altus J NA A ✔ Galton (1989)
Dysalotosaurus 
lettowvorbecki

J Af AD ✔ Galton (1989), Lautenschlager and Hübner 
(2013*)

Edmontosaurus 
annectens

K NA Lull and Wright (1942) (=Anatosaurus)

Edmontosaurus regalis. K NA A ✔ Lambe (1920), Ostrom (1961)
Edmontosaurus sp. K NA A – Brown (1914) (=Trachodon, Anatosaurus in 

Ostrom (1961) and Lambe (1920)
Gryposaurus notabilis K NA A – Ostrom (1961) (=Kritosaurus), Hopson (1979)
Hadrosaurus agilis K NA A – Marsh (1893, 1896) (=Claosaurus)
Hypacrosaurus 
altispinus

K NA D ✔ Evans et al. (2009)

Hypsilophodon foxii K Eu A ✔ Galton (1989)
Iguanodon 
bernissartensis

K Eu+ D – Lauters et al. (2012)

Iguanodon sp. K Eu+ A ✔ Hulke (1871), Andrews (1897), Norman and 
Weishampel (1990), Norman et al. (2004a)

Iguanodontidae indet. K Eu+ N – Serrano–Brañas et al. (2006), Brasier et al. 
(2016)

Kritosaurus notabilis K NA A – Hopson (1979)
Lambeosaurus sp. K NA D ✔ Evans et al. (2009)
Leaellysaura 
amicagraphica

K Au N – Rich and Rich (1989), Galton (1989)

Lophorhothon atopus K NA A ✔ Langston Jr (1960)
Mantellisaurus 
atherfieldensis

K Eu D – Lauters et al. (2012)

Parasaurolophus sp. K NA D ✔ Farke et al. (2013)
Proa valdearinnoensis K Eu D ✔ Knoll et al. (2021)
Secernosaurus koerneri K SA D ✔ Becerra et al. (2018)
Sirindhorna khoratensis K As D – Shibata et al. (2016) (abstract)
Tenontosaurus tilletti K NA AD ✔ Thomas (2015), Galton (1989)
Thescelosaurus 
neglectus

K NA A ✔ Galton (1989)

(continued)
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Table 8.1 (continued)

Taxon Age Proc Cast ie Source

Tsintaosaurus 
spinorhinus

K As A – Young (1958)

Zephyrosaurus schaffi K NA A ✔ Galton (1989)
Ankylosauria
Bissektipelta archibaldi K As A – Alifanov and Saveliev (2019), Kuzmin et al. 

(2020)
Cedarpelta 
bibleyhallorum

K NA A – Carpenter et al. (2001)

Euoplocephalus tutus K NA AD ✔ Coombs (1978), Hopson (1979), Miyashita 
et al. (2011)

Hungarosaurus tormai K Eu A – Ösi et al. (2014)
Kunbarrasaurus ieversi K Au D ✔ Leahey et al. (2015)
nodosaurid indet K As A – Hawakaya et al. (2005)
Panoplosaurus minus K NA D – Witmer and Ridgely (2008a)
Pawpawsaurus 
campbelli

K NA D ✔ Paulina-Carabajal et al. (2016b)

Polacanthus foxii K Eu A – Norman and Faiers (1996)
Silvisaurus condrayi K NA N? – Eaton (1960)
Struthiosaurus 
austriacus

K Eu A – Pereda-Suberbiola and Galton (1994)

Struthiosaurus 
transylvanicus

K Eu A – Nopcsa (1929), Pereda-Suberbiola and Galton 
(1994)

Talarurus plicatospineus K As D – Kurzanov and Tumanova (1978),  
Paulina- Carabajal et al. (2018b)

Tarchia gigantea K As D ✔ Tumanova (1987), Paulina-Carabajal et al. 
(2018b)

Stegosauria
Kentrosaurus 
aethiopicus

J Af A ✔ Hennig (1925), Galton (1988, 2001)

Stegosaurus armatus J NA A – Gilmore (1914)
Stegosaurus stenops J NA A ✔ Marsh (in Ostrom and McIntosh 1966), 

Galton (2001), Leahey et al. (2015)
Stegosaurus ungulatus J NA A – Marsh (1880, 1890, 1881, 1891, 1896), 

Galton (2001)
Ceratopsia
Anchiceratops ornatus K NA N/A ✔ Brown (1914), Hopson (1979)
Auroraceratops K As D – Zhang et al. (2019)
Pachyrhinosaurus 
canadensis

K NA A – Langston Jr (1975)

Pachyrhinosaurus 
lakustai

K NA D ✔ Witmer and Ridgely (2008b)

Pachyrhinosaurus 
perotorum

K NA D ✔ Tykoski and Fiorillo (2012)

Protoceratops grangeri K As A ✔ Brown and Schlaikjer (1940), Hopson (1979)

(continued)
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Table 8.1 (continued)

Taxon Age Proc Cast ie Source

Psittacosaurus amitabha K As D ✔ Napoli et al. (2019)
Psittacosaurus 
lujiatunensis

K As D ✔ Zhou et al. (2007), Bullar et al. (2019), 
King (2021)

Triceratops horridus K NA A – Marsh (1889, 1890, 1891, 1896), Hay (1909), 
Forster (1996)

Triceratops prorsus K NA A – Marsh (1896)
Triceratops sp. K NA D ✔ Sakagami and Kawabe (2020)
Pachycephalosauria
Gravitholus albertae K NA A – Giffin (1989) (=Setegoceras?)
Pachycephalosaurus 
wyomingensis

K NA A ✔ Brown and Schlaikjer (1943) (=P. grangeri), 
Hopson (1979), Giffin (1989)

Sphaerotholus 
edmontonensis

K NA D ✔ Bourke et al. (2014) (suppl info at WitmerLab 
site)

Stegoceras validus K NA AD ✔ Lambe (1918), Maryanska and Osmólska 
(1974), Hopson (1979), Giffin (1989), Bourke 
et al. (2014)

Stenotholus kohleri K NA A – Giffin et al. (1987), Giffin (1989)
SAURISCHIA –
Gnathovorax cabreira T SA D ✔ Pacheco et al. (2019)
Basal 
Sauropodomorpha
Buriolestes schultzi T SA D ✔ Müller et al. (2021)
Macrocollum itaquii T SA D ✔ Müller et al. (2021)
Massospondylus 
carinatus

J Af D ✔ Sereno et al. (2007)

Plateosaurus sp. T Eu AD ✔ Galton (1985), Bronzati et al. (2017*)
Saturnalia tupiniquim T SA D ✔ Bronzati et al. (2017)
Thecodontosaurus 
antiquus

T SA D ✔ Ballell et al. (2021), King (2021)

Riojasaurid indet. T SA D ✔ Paulina-Carabajal et al. (2019a) (abstract)
Eusauropoda
Amargasaurus cazaui K SA D ✔ Paulina-Carabajal et al. (2014)
Antarctosaurus 
wichmannianus

K SA D ✔ von Huene and Matley (1933), Paulina- 
Carabajal (2012)

Apatosaurus ajax J NA D – Balanoff et al. (2010)
“Barosaurus africanus” J Af A – Janensch (1935–1936) (=Tornieria)
Bonatitan reigi K SA D ✔ Paulina-Carabajal (2012)
Camarasaurus grandis J NA AD ✔ Marsh (1880), Osborn and Mook (1921), Zheng 

(1996), Chatterjee and Zheng (2005);Witmer 
et al. (2008*), Knoll et al. (2015a, b*)

Cetiosaurus cf. J Eu AD ✔ von Huene (1906), Galton and Knoll (2006), 
Bronzati et al. (2017*)

Diamantisaurus 
matildae

K Au D ✔ Poropat et al. (2016)

(continued)
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Table 8.1 (continued)

Taxon Age Proc Cast ie Source

Dicraeosaurus 
hansemanii

J Af A – Janensch (1935–1936)

Diplodocus longus J NA AD ✔ Marsh (1884a), (1896), Osborn (1912), Hopson 
(1979), Witmer et al. (2008)*

Europasaurus hogeri J Eu – – Schmitt et al. (2015) (abstract)
Galeamopus pabsti J NA D ✔ Franzosa (2004) (=Diplodcus hayi)
Giraffatitan brancai J Af D ✔ Janensch (1935–1936), Clarke (2005), Knoll 

and Schwarz-Wings (2009) (=Brachiosaurus)
Jainosaurus 
septentrionalis

K Eu AD ✔ von Huene and Matley (1933), Wilson et al. 
(2009), Knoll et al. (2012*)

Limaysaurus tessonei K SA D ✔ Paulina-Carabajal and Calvo (2021)
Lohuecotitan 
pandafilandi

K Eu D ✔ Knoll et al. (2013, 2019) (=Ampelosaurus)

Malawisaurus dixeyi K Af D ✔ Andrzejewski et al. (2019)
Narambuenatitan K SA D ✔ Paulina-Carabajal et al. (2020)
Nigersaurus taqueti K Af D ✔ Sereno et al. (2007)
Saltasaurus loricatus K SA A – Powell (2003), Paulina-Carabajal (2012)
Sarmientosaurus 
musacchioi

K SA D ✔ Martínez et al. (2016)

Shunosaurus lii J As A Zheng (1996), Chatterjee and Zheng (2002)
Spinophorosaurus 
nigrensis

J Af D ✔ Knoll et al. (2012)

Suuwassea emilieae J NA – – Knoll et al. 2015a, b (abstract)
Dicraeosauidae indet. K SA N – Paulina-Carabajal et al. (2018a)
Rebbachisauridae indet. K SA A ✔ Paulina-Carabajal et al. (2016a)
Titanosauria indet K D ✔ Sues et al. (2015)
Titanosauria indet K SA A ✔ Paulina-Carabajal et al. (2008)
Titanosauria indet. K Eu D ✔ Knoll et al. (2015a, b)
Titanosauria indet. K SA A ✔ Paulina-Carabajal (2012), Paulina-Carabajal 

and Salgado (2007)
Titanosauria indet. K Eu D ✔ Knoll et al. (2019)
Theropoda
Acrocanthosaurus 
atokensis

K NA D ✔ Franzosa (2004), Franzosa and Rowe (2005)

Ajancingenia yanshini K As A – Osmólska (2004) (= Ingenia)
Alioramus altai K As D ✔ Bever et al. (2013)
Allosaurus fragilis J NA AD ✔ Hopson (1979) (natural), Rogers (1999) 

(digital)*, Franzosa (2004)
Arcovenator escotae K Eu D – Beyrand et al. (2019)
Aucasaurus garridoi K SA D ✔ Paulina-Carabajal and Succar (2015)
Bambiraptor feinbergi K NA D – Burnham (2004)
Bistahieversor sealeyi K NA D ✔ Mckeown et al. (2020)
Byronosaurus jaffei K As D – Franzosa (2004)
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Table 8.1 (continued)

Taxon Age Proc Cast ie Source

Carcharodontosaurus K NA A ✔ Stromer (1931), Larsson (2001)
Carnotaurus sastrei K NA D ✔ Cerroni and Paulina-Carabajal (2019)
Ceratonykus oculatus K As N – Alifanov and Barsbold (2009), Alifanov and 

Saveliev (2011)
Ceratosaurus nasicronis J NA D ✔ Marsh (1884b), Franzosa (2004), Sanders and 

Smith (2005)
Citipati osmolskae K As D ✔ Franzosa (2004), Balanoff et al. (2013, 2018)
Conchoraptor gracilis K As D – Kundrát (2007), Balanoff et al. (2014)
Daspletosaurus sp. K NA D ✔ Paulina-Carabajal et al. (2021)
Daspletosaurus torosus K NA D ✔ Paulina-Carabajal et al. (2021)
Deinonychus 
antirrhopus

K NA D ✔ Witmer and Ridgely (2009)

Dilong paradoxus K As D ✔ Kundrát et al. (2018)
Dromiceiomimus 
brevitertius

K NA A – Russell (1972), Hopson (1979)

Erlikosaurus andrewsi K As D ✔ Lautenschlager et al. (2012)
Falcarius utahensis K NA D ✔ Lautenschlager et al. (2012)
Fukuivenator paradoxus K As D ✔ Azuma et al. (2016) (only inner ear)
Giganotosaurus carolinii K SA AD ✔ Paulina-Carabajal and Canale (2010); 

Paulina-Carabajal and Nieto (2019)
Gorgosaurus libratus K NA D ✔ Witmer and Ridgely (2009)
Halszkaraptor escuillei K As D – Beyrand et al. (2019)
Incisivosaurus gauthieri K As D ✔ Balanoff et al. (2009)
Indosaurus matleyi K As A – von Huene and Matley (1933)
Itemirus medullaris K As EC – Kurzanov (1976)
Irritator challengeri K SA D ✔ Schade et al. (2020)
Khaan mckennai K As D – Balanoff et al. (2018)
Llukalkan aliocranianus K SA D ✔ Gianechini et al. (2021)
Majungasaurus 
crenatissimus

K Af D ✔ Sampson and Witmer (2007)

Megapnosaurus 
rhodesiensis

J Af A – Raath (1977) (=Syntarsus)

Megaraptor 
namunhuaiquii

K SA D ✔ Paulina-Carabajal and Porfiri (2018) (abstract)

Murusraptor 
barrosaensis

K SA D ✔ Paulina-Carabajal and Currie (2017)

Nanotyrannus sp. K SA D ✔ Witmer and Ridgely (2010)
Niebla antiqua K SA D ✔ Aranciaga Rolando et al. (2020)
Nothronychus mckinleyi K NA D ✔ Lautenschlager et al. (2012), Smith et al. (2018)
Ornithomimus 
edmontonicus

K NA D ✔ Tahara and Larsson (2011) (only inner ear)

Saurornitholestes 
lanstoni

K NA A – Cast (TMP 85.07.4) at Royal Tyrrel Museum 
analyzed in Zelenitsky et al. (2009)

Sinosaurus triassicus J As D ✔ Xing et al. (2014)

(continued)
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Table 8.1 (continued)

Taxon Age Proc Cast ie Source

Sinraptor dongi J As D ✔ Paulina-Carabajal and Currie (2012)
Struthiomimus altus K NA D ✔ Witmer and Ridgely (2009)
Tarbosaurus bataar K As A – Maleev (1965), Saveliev and Alifanov (2007)
Timurlengia euotica K As D ✔ Brusatte et al. (2016)
Troodon formosus K NA A – Hopson (1979), Jerison (2004)
Troodon inequalis K NA A – Russell (1969) (=Stenonychosaurus, 

Latenivenatrix)
Tyrannosaurus rex K NA AD ✔ Osborn (1912); Brochu (2000*), Witmer et al. 

(2008*), Witmer and Ridgely (2009*)
Velociraptor K As D ✔ King et al. (2020)
Viavenator exxoni K SA D ✔ Paulina-Carabajal et al. (2018a, b)
Yaverlandia bitholus K Eu A – Hopson (1979)
Zanabazar junior K As D – Norell et al. (2009), Franzosa (2004) 

(=Mongolodon), Balanoff et al. (2018)
Zupaysaurus rougieri T SA D ✔ Paulina-Carabajal et al. (2019b)
Abelisauridae indet. K SA D ✔ Méndez et al. (2021) (MAU-Pv-Ll-582)
Theropoda indet. J Eu D – Knoll (1997), Knoll et al. (1999)
Troodontid indet. K As D – Balanoff and Bever (2017) (IGM 100/1126)
Troodontid indet. K As D – Franzosa (2004) (IGM 100/1005)

Modified and actualized from Burch et al. (in press)
Abbreviations: A artificial (any casting material), Af Africa, As Asia, Au Australia, D digital, Eu 
Europe, ie inner ear, J Jurassic, K Cretaceous, N natural, NA North America, Proc precedence, SA 
South America, T Triassic, *digital version of the same taxon/specimen

or illustrated (see Table 8.1). Notably, more than 60% of the publications made dur-
ing the period 1871–2021 correspond to studies conducted only in the last 20 years, 
hand-in-hand with the use of non-invasive technologies such as X-ray Computed 
Tomography. Of this sample, the largest number of studied specimens and taxa cor-
respond to saurischian dinosaurs (almost 60%), whereas among ornithischians the 
largest number of studied specimens correspond to ornithopod dinosaurs (almost 
20%) (Fig. 8.3a). The latter observation is likely related to the fact of hadrosaurids 
were extremely abundant in the Late Cretaceous, having a highly rich record of 
ontogenetic series, mummified remains, eggs and ichnites, and including complete 
braincases (see Lull and Wright 1942; Horner, Weishampel and Forster 2004).

Although the general characteristics of the brain morphology of representatives 
of all major clades of dinosaurs is known at least at a family level, the larger number 
of studies correspond to Cretaceous taxa (80%), whereas the early forms remain 
understudied (Fig. 8.3b). In this regard, the Jurassic taxa represent around 15% of 
the sample, including principally saurischian dinosaurs (such as the eusauropods 
Apatosaurus, Barosaurus, Camarasaurus, Cetiosaurus, Dicraeosaurus, 
Giraffatitan, Shunosaurus, Spinophorosaurus, and the theropods Allosaurus, 
Ceratosaurus, Megapnosaurus, Sinosaurus, and Sinraptor), whereas Ornithischia is 
represented by the ornithopods Dryosaurus and Dysalotosaurus and the stegosaurs 
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Fig. 8.3 Pie-charts showing the number of studied dinosaur endocasts by (a), taxonomic groups; 
and (b), by periods of time represented by the specimens of the sample

Kentrosaurus and Stegosaurus (Table 8.1). The Triassic studied taxa in turn repre-
sent less than 5% of the known dinosaur cranial endocasts (Table 8.1 and Fig. 8.3b). 
Except for the sauropodomorph Plateosaurus, for which details on the brain anat-
omy were already published in the 1980’s (Galton 1985), data on all other Triassic 
species including the sauropodomorphs Buriolestes, Thecodontosaurus, Saturnalia, 
an indeterminate riojasaurid from Argentina, and the basal theropod Zupaysaurus, 
became available only recently, all of them studied using CT scans (Bronzati et al. 
2017; Paulina-Carabajal et  al. 2019a, b; Ballell et  al. 2021; Müller et  al. 2021; 
Table 8.1). The anatomical data from these early forms was really important from 
an evolutionary point of view, shedding some light on the primitive dinosaur neuro-
anatomical morphology and the possible evolutionary trajectory along the history of 
the group.

8.2.2  Non-invasive Techniques and Paleoneurology

The use of non-invasive techniques certainly improved the field of dinosaur paleo-
neurology greatly, marking a landmark in the methodology for obtaining internal 
anatomical data (e.g. Witmer et al. 2008; Balanoff and Bever 2017; Balanoff et al. 
2016b). In particular, X-ray computed tomography allows the observation of inter-
nal features with minimal manipulation of the sample, and the virtual extraction of 
structures through the rendering of digital three-dimensional models (Fig.  8.4). 
Also, this technique allows digital visualization of endocranial cavities, not only the 
brain cavity but also neurovascular passages, endosseous labyrinth and cranial 
pneumatic recesses, regardless of whether the braincase articulates with, or is cov-
ered by other skull bones, or if it is still encased by sediment. The digital technique 
has become such a useful tool that artificial physical endocast production has been 
minimized drastically nowadays, being replaced by 3D impressions of the available 
models for instance in online repositories.
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Fig. 8.4 Skull and braincase of Gasparinisaura cincosaltensis. In the 3D models the skull bones 
were rendered semitransparent to allow the observation of the braincase, which can virtually 
“extracted” for study (After Paulina-Carabajal et al. 2017 and Paulina-Carabajal, Dieudonné and 
Cruzado-Caballero in prep.; the photograph of the holotype specimen was courtesy of J. Meso). 
Not to scale

The first published dinosaur paleoneurology studies based on CT scans were 
made in the late 1990’s for Allosaurus and an indeterminate theropod from France, 
by Rogers (1998) and Knoll et  al. (1999) respectively. The digital studies of 
Tyrannosaurus were published right after by Brochu (2000), followed in the next 
years by few dinosaur publications in which CT scan data was used to visualize both 
the braincase (and cranial nerve foramina) and the endocranial structures (e.g. Coria 
and Currie 2002; Ebner and Salgado 2003; Burnham 2004; Franzosa 2004). The 
boom of the studies based on CT scans (X-ray or neutron tomography) really started, 
however, after the first decade of the twenty-first century, and continues to expand 
(e.g. Witmer et al. 2008; Balanoff and Bever 2017; Balanoff et al. 2016b; Watanabe 
et al. 2019; Dumoncel et al. 2020; Table 8.1).

8.2.3  Problems for the Study of Dinosaur ‘Brains’

Vertebrate brains and cranial peripheral nerves pretty much never fossilize, except 
under exceptional circumstances, as for example the Cenozoic tadpole cranial soft 
tissues –eyes and peripheral nerves– preserved in slabs (e.g. Báez and Púgener 
2003) and retinal traces in Devonian fishes (Davidson and Trewin 2005). And even 
then, those soft tissues might be difficult to identify without complementary micro-
scopic or chemical analyses (e.g. Knoll and Kawabe 2020 and references therein). 
Among dinosaurs, possible part of brain-related tissue was identified in an iguan-
odontian natural endocast (Brasier et al. 2016), and cranial nerve fibers were identi-
fied inside a nerve passage on a Triceratops occipital condyle (Armitage 2021). 
However, in most cases, paleoneurological studies have been based on cranial endo-
casts because they are considered to be representations or approximations of the 
actual brain external morphology (e.g. Edinger 1929; Hopson 1979; Iwaniuk and 
Nelson 2002; Buchholtz 2012).

The problem of determining how much of the endocranial cavity is occupied by 
neural tissue is strongly influenced by the fact that certain regions of the reptilian 
brain fill the endocranial cavity more completely than others. In terms of regional 
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fit, olfactory bulbs, cerebrum and probably the pituitary are brain structures that fill 
better the endocranial space, whereas the optic tectum, cerebellum and medulla 
oblongata tend to leave poor osteological correlates across dinosaurs. In most non- 
avian dinosaurs there is a reduction in the correspondence between the brain and its 
endocast, except in smaller derived –and more encephalized– theropods and orni-
thopods (Witmer et al. 2008; Watanabe et al. 2019; Balanoff and Bever 2020). Thus, 
this ‘regional fit’ influences what we can tell about dinosaur paleoneurology by 
using Jerison’s Principle of Proper Mass (see below). For instance, the fidelity 
between the dorsal brain surface and endocranial surface of the skull roof is for 
example pretty good in smaller theropods, but quite poor in the larger ones (e.g. 
Tyrannosaurus). Also, there’s a fair amount of fidelity of the dorsal brain surface in 
some ornithopods to the extent that there is a degree of overlap between them and 
derived theropods (e.g. Rich and Rich 1989; Evans 2005; Knoll et al. 2021).

There are two main factors influencing the relative brain size and its relationship 
with the endocranial cavity: (1) a genuine selective increase in neural tissue mass 
(neural capacity) that has the brain competing with other cranial structures for space 
due to increases in processing capacity; and (2) the body size, which is another 
highly adaptive –and correlated– variable, where body size is outstripping brain size 
increase in larger taxa (the converse being body size reduction resulting in a ‘tight’ 
brain to brain cavity fit) (e.g. Smaers et  al. 2012; Hurlburt et  al. 2013; Walsh 
et al. 2009).

In other words, the accuracy of the cranial endocast as a source of neural infor-
mation depends on the brain-endocranium relationship in each species, which in 
turn depends on different anatomical and evolutive factors (taxonomic group, onto-
genetic stage and body size; Giffin 1989; Hurlburt et al. 2013). In this regard, the 
first paleobiological inferences based on cranial endocast anatomy were nearly 
speculations. But nowadays paleontologists look for, and use, testable evidence 
within a phylogenetic framework in order to make paleobiological inferences on 
dinosaur brain evolution and sensory biology (e.g. Hopson 1977; Witmer 1995; 
Witmer et al. 2008; Balanoff et al. 2014; Watanabe et al. 2019). These kind of stud-
ies rely, however, on indirect sources of data including the knowledge of extant 
reptile biology, and the osteological correlates –which are impressions left by a soft 
tissue on the surface of the bones–observed in both extinct and living representa-
tives (Witmer 1995). Thus, the method known as Extant Phylogenetic Bracketing 
(Witmer 1995) allows paleontologists to infer presence/absence of soft tissue struc-
tures –in this case brain structures–using the mentioned osteological correlates.

In paleoneurology, important osteological correlates are the impressions of the 
different main regions and structures of the brain left on the surface of the endocra-
nial cavity (Fig. 8.5a). The best way to visualize such morphology is through using 
3D models (physical or digital) of the endocranial space, usually referred to as cra-
nial endocasts. Dinosaur natural cranial endocasts are extremely rare in the fossil 
record (e.g. Hopson 1979; Rich and Rich 1989; Rogers 1998; Galton 2001; Serrano- 
Brañas et al. 2006; Jerison 2004; Brasier et al. 2016; Paulina-Carabajal et al. 2018a; 
Table 8.1), which is the reason early studies were based on the direct observation of 
the endocranial cavity. This was possible through natural fractures in the braincase, 
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Fig. 8.5 Brain regions. (a), Scheme of embryonic differentiated regions of the vertebrate brain. 
(b), Relative development of brain regions in living crocodiles; and (c), birds. (d), Scheme of mod-
eled brain parts within a theropod dinosaur endocast using the GABRA method (see Morhardt 
2016; Morhardt et al. 2018) (a–c), based on Northcutt 2002; (d), line drawing besed on Morhardt 
2016, illustration publicated online (2017) at https://www.earthtouchnews.com/discoveries/fos-
sils/theres- a- lot- to- learn- about- dinosaur- brains/)

but also through sagittally sectioning complete skulls and braincases, a practice pos-
sible only if several specimens were available for study as is the case of Diplodocus, 
Triceratops, some hadrosaurids, and Tyrannosaurus (e.g. Osborn 1912; Lull 1933; 
Forster 1996; Brochu 2000). The sagittal section is quite informative because allows 
observation of all the three brain regions at the same time, and the study of such 
structures using photography or creation of wax models (Figs. 8.2d, e and 8.6a). 
Artificial cranial endocasts can be made using casting material –if sediment is not 
present in the endocranial cavity– or using CT scans, in which case the endocast 
model is digital. As mentioned, digital models are now the most common type of 
endocasts used by scientists (Table 8.1).
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Fig. 8.6 Brain to endocranial cavity relationship. (a), Photograph of sagittally sectioned skull and 
brain of Caiman sp.; (b), line-drawing showing the brain-endocranium relationship in a living 
reptile, and (c), detail of olfactory nerves (CNI) running into the olfactory bulbs. (d), Detail of the 
ossified ethmoidal complex in the theropod Abelisaurus, showing horizontal grooves inside the 
olfactory bulb cavity left probably by olfactory nerves. (a, b), modified from Burch et al. in press; 
(d), from Paulina-Carabajal 2015. (Photo of Caiman courtesy of J. Desojo and P. Bona (Museo de 
La Plata))

8.2.4  Cranial Endocast Reliability

As mentioned above, cranial endocasts are the most important sources of data for 
the study of vertebrate brain evolution. However, endocasts can be good proxies for 
assessment of brain morphology in certain groups, such as mammals and birds, but 
not in most reptiles where the endocasts are not faithful copies of the unpreserved 
soft tissues (e.g. Iwaniuk and Nelson 2002; Balanoff et al. 2016a,b; Balanoff and 
Bever 2017; Morhardt et al. 2018; Watanabe et al. 2019; Dumoncel et al. 2020). 
This is the outcome of different factors, such as the development of large dorsal and 
ventral longitudinal venous sinuses or the presence of thick meninges, which sepa-
rate the brain from the endocranial surface, obscuring the structures below (see 
Edinger 1951; Hopson 1979; Franzosa 2004; Evans 2005; Witmer et al. 2008; Porter 
et al. 2016; Balanoff and Bever 2017). Variation in endocast shape among the main 
clades of dinosaurs mostly results from the above-mentioned brain-endocranial 
relationship, plus the differential development of brain regions, a phenomenon that 
takes place particularly in the forebrain (see Larsson et  al. 2000; Balanoff et  al. 
2010; Buchholtz 2012). The latter is also observed throughout the evolution of 
amniotes where there is a brain size increment that responds, mainly, to increases in 
forebrain size (Bruce 2006; Güntürkün et al. 2020). Finally, another source of dino-
saur brain shape variation can result from flexion of the main axis (e.g. Balanoff 
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et  al. 2014), although this is far less notable than that observed in the dinosaur 
descendants, the birds.

The recognition of brain structures is important also to the field of sense biology. 
Inferring of sensory adaptations is possible by means of Jerison’s Principle of 
Proper Mass (PPM), which states that the size of a neural structure reflects its pro-
cessing capacity and the relative importance of the specific processing tasks taking 
place within the structure (Jerison 1973). As such, the shape and size of certain 
brain structures (e.g. the optic or olfactory lobes), may be correlated with specific 
sensory capabilities (Jerison 1973; Wylie et al. 2015). For instance, an animal rely-
ing on vision would be expected to have larger optic lobes, whereas an animal rely-
ing more on olfaction would be expected to have larger olfactory lobes. Obtaining 
evidence on sensory biology in extant taxa helps to support hypotheses about the 
behavior in extinct animals (e.g. Zelenitsky et al. 2009; Brusatte 2012; Lautenschlager 
et  al. 2012; Paulina-Carabajal et  al. in press, and references therein). However, 
while the PPM approach to endocast analysis makes logical sense, it largely ignores 
the role of interconnections between brain regions, and its reliability has been ques-
tioned (see Striedter 2005 for discussion).

Paleoneurologists and vertebrate anatomists have made attempts to determine 
indicators of brain morphology, and how much of an endocast corresponds to neural 
anatomy (brain-endocast fidelity; Morhardt et  al. 2012; Balanoff et  al. 2013). In 
order to do this, it is evident that modern comparative methods (and knowledge of 
the conservative evolutionary pattern of the vertebrate brain) are essential to infer 
the general layout and function of the dinosaur brain (Jerison 1973; Hopson 1979, 
1980; Butler and Hodos 2005; Balanoff and Bever 2017). Based on actualistic stud-
ies, nearly two dozen osteological correlates, which serve as informative anatomical 
landmarks and support a brain design typical of other vertebrates, can be identified 
in a dinosaur endocast (e.g. Hurlburt 1996; Witmer and Ridgely 2009; Balanoff 
et al. 2016b; Morhardt 2016; Morhardt et al. 2018; Watanabe et al. 2019). Thus, 
allowing an accurate interpretation of the location and relative size of the modeled 
brain regions (Morhardt et al. 2018; Fig. 8.5d).

8.2.5  Brain to Endocranial Cavity Ratio

As mentioned, one of the main problems with the study of cranial endocasts in 
extinct dinosaurs is that the brain does not completely fill the endocranial cavity 
(Fig. 8.6a, b). This particularity of the reptilian brain has been known since early 
anatomical studies, such as that of the lepidosaur Sphenodon, which exhibits a 50% 
filling of the endocranial cavity (e.g. Dendy 1910; Hopson 1979; Starck 1979). 
Based on that single study, there was for a long time a generalized assumption that 
in most adult dinosaurs the brains filled the same amount of endocranial space (e.g. 
Edinger 1951; Hopson 1979). More recent comparative neuroanatomy studies have 
shown that squamates (e.g. snakes, amphisbaenians and many lizards) actually have 
a wide range of brain-endocranial cavity proportions, some of which approach 90% 
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(e.g. Olori 2010; Hurlburt et  al. 2013; Allemand et  al. 2017; Macri et  al. 2019). 
Among dinosaurs, derived theropods and some ornithopods have endocasts exhibit-
ing features interpreted as indicators of a large percentage of cavity filling. These 
can be brain structures (such as a fissura interhemispherica separating cerebral 
hemispheres medially, optic lobes, or the cerebellum) or vascular structures (such as 
impressions of blood vessels on the bones enclosing the forebrain that indicates a 
thin dura mater) (Osmólska 2004; Evans 2005).

The variation of the ratio between the brain and the occupied space within the 
endocranial cavity in different dinosaurs has direct implications for the study of 
their endocasts. Balanoff et al. (2016a) referred to this differential relationship as 
the brain-to-endocranial cavity index (BEC index). Sphenodon therefore has a BEC 
index of 0.5. Higher BEC values indicate that the endocast reflects with more fidel-
ity the brain morphology (size and shape), whereas low values are typical of more 
tubular endocasts that show less resemblance to the brain proper because there is a 
reduction of the correspondence between endocast and brain (Hopson 1979; Witmer 
et al. 2008; Balanoff et al. 2016a; Balanoff and Bever 2020).

8.2.6  Ontogeny

There are few studies regarding ontogenetic and developmental patterns in dinosaur 
brains, basically due limitations in the fossil record. In fact, when we talk about 
dinosaur paleoneurology, in most species the brains are known from a single studied 
specimen. Moreover, most studied braincases belong to adult or subadult individu-
als, and there is little information on juvenile dinosaurs except for a few exceptions 
(e.g. Lautenschlager and Hübner 2013; Bullar et  al. 2019). This is, however, an 
interesting approach to the study of the relationship between the brain and the endo-
cranial cavity: Do juvenile dinosaur brains fill the endocranial cavity better than the 
adult ones, or vice versa? Do they both, juvenile and adults, share the same brain 
architecture –and therefore– endocast morphology? So far, the brain-to-endocranial 
relationship has been studied in a few clades of dinosaurs with juvenile representa-
tives, including ornithopods, ceratopsians and tyrannosaurids with interesting 
results (e.g. Evans et al. 2009; Bever et al. 2011; Lautenschlager and Hübner 2013; 
Romick 2013; Beyrand et  al. 2019; Bullar et  al. 2019). These studies showed a 
marked morphological variation between juvenile and adult cranial endocasts, plus 
a higher degree of endocranial occupation in juveniles of some groups (e.g. lambeo-
saurines, Evans et  al. 2009). Differences in size and shape in ontogenetic stages 
indicate changes in the endocranial anatomy that were influenced by growth and 
other developmental factors, and in living crocodiles these changes are more marked 
during the embryonic period than after hatchling (e.g. Jirak and Janacek 2017). 
Such changes in the brain occurring during the ontogenic stages may have been 
related to changes in function (e.g. relative reliance on olfaction, respiration) 
although these aspects require further exploration (Ngwenya et al. 2013; Beyrand 
et al. 2019; Hu et al. 2021). On the other hand, the degree to which an endocast of a 

8 Paleoneurology of Non-avian Dinosaurs: An Overview



288

particular taxon is brain-like may also influence assessments of the ontogenetic 
stage of the individual. For instance, the ‘brain-like’ endocast of Nannotyrannus 
may represent evidence for that taxon being a juvenile Tyrannosaurus (Witmer and 
Ridgely 2010; Hurlburt et al. 2013).

8.3  Overview of General and Comparative Brain Anatomy

8.3.1  The Reptilian Central Nervous System

The vertebrate brain is an organ formed of several functional regions whose patterns 
of location of processing centers, and sensory and motor signal transmissions are 
highly conservative, somehow facilitating their study and comparisons among non- 
related groups. In living reptiles, the brain is in general anatomically simple, with 
the three main embryonic subdivisions –the forebrain, midbrain and hindbrain– 
aligned in sequence, resulting in more or less ‘tubular’ brains (e.g. Romer 1956; 
Wyneken 2007; Fig. 8.5b).

The forebrain or prosencephalon is the most anterior part of the brain (Fig. 8.5a–
c). This region subdivides into the telencephalon (comprising the olfactory appara-
tus, the cerebral hemispheres, and Cranial Nerve (CN) I), and the diencephalon 
(comprising pineal complex, pituitary gland, the optic chiasm, and CN II). Although 
foramina in the skull roof of some sauropodomorph dinosaurs had been referred to 
as ‘pineal’ structures, is now more widely accepted that those endocranial spaces 
(externally opened or not) included extensive dural sinuses or were casts of open 
skull sutures (see Harris 2006; Witmer et al. 2008; Balanoff et al. 2014). The loss of 
the pineal complex in dinosaurs has been related to endothermy (Benton 1979). The 
hypothalamus forms the optic chiasm and the neurohypophysis, housed –together 
with the adenohypophysis and blood vessels– within the pituitary fossa.

The midbrain or mesencephalon deals with visual processing and neuroendo-
crine regulation. This region of the brain comprises the optic lobes (generally well 
developed in reptiles), tegmentum (ventral part of the midbrain) and CNs III and 
IV. The paired optic lobes are expressed just posterior to the cerebrum, and are the 
most conspicuous structure in this region, whose size is related –among other vari-
ables– with visual stimuli (Wyneken 2007). In most reptile endocranial cavities the 
optic lobes are not large enough to leave visible osteological correlates.

The hindbrain or rhombencephalon is associated with the senses of hearing and 
balance. This region of the brain subdivides into the metencephalon (cerebellum), 
and the myelencephalon (medulla oblongata, CNs V–XII) (Fig. 8.5a). The cerebel-
lum has a role in balance and equilibrium, integrating touch, proprioception, vision, 
hearing and motor input. The size of the cerebellar region varies among species, and 
particularly with locomotor behavior, tending to be smaller in cursorial species and 
larger in aquatic and arboreal species (Romer 1956; Nieuwenhuys et  al. 1998; 
Wyneken 2007; Bruce 2009). However, the cerebellum is often not a recognizable 
structure in a dinosaur endocast, except for the paired cerebellar flocculi when they 
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are large enough to leave an osteological correlate on the anterior wall of the ves-
tibular eminence. The medulla oblongata is easily discernible in the endocast 
because most of the posterior cranial nerves emerge from it, having in this sense an 
organization similar to that in birds and mammals.

8.3.2  Characterization of Cranial Endocast Morphology 
in Dinosaurs

 Generalized Dinosaur Endocast

Forebrain The forebrain structures that can be observed in a dinosaur cranial 
endocast correspond to the olfactory bulbs, olfactory tracts, cerebral hemispheres, 
and pituitary gland. The anatomy, number, and spatial distribution of the cranial 
nerves in dinosaurs differ little from those of other reptiles (Franzosa 2004; Witmer 
et al. 2008).

The olfactory nerve (CN I) is often indicated in illustrations of braincases and/or 
endocasts, although in those cases the highlighted areas correspond more precisely 
to the olfactory tracts or the olfactory bulbs. Actual impressions of the olfactory 
nerves may be recognized on the internal walls of the ossified ethmoidal complex, 
which are the bones enclosing the cavity that houses the olfactory bulbs (see Ali 
et al. 2008: Fig 3; Fig. 8.6c). The median septum (mesethmoid?) which separates 
medially both olfactory bulbs may exhibit horizontal grooves that represent impres-
sions left by the olfactory nerves, as observed in the ethmoidal complex of tyran-
nosaurids and abelisaurids, among others (e.g. Ali et al. 2008; Figs. 8.5d and 8.6b).

The optic tracts (CN II) are in general paired short passages, large in diameter, 
that may leave the endocranial cavity through a single or separate foramina (this 
depending on the degree of ossification of the orbitosphenoids). Casts of these large 
single or paired -but markedly short- passages can be found on the ventromedial 
surface of the endocast. The optic chiasm corresponds to the area where the axonic 
fibers of the right and left optic nerves partially intersect, continuing along the con-
tralateral tract and in some cases leaving an osteological correlate. It is observed as 
a rounded median bulge bearing left and right CN II passages (and separating them 
from the surface of the endocast), on the ventral side of the forebrain in some titano-
saur sauropods (Paulina-Carabajal 2012, 2015), ankylosaurs (Miyashita et al. 2011), 
some ceratopsians (e.g. Forster 1996), and lambeosaurines (Evans et  al. 2009; 
Cruzado-Caballero et al. 2015).

The olfactory bulbs are oval structures that may be parallel or divergent from the 
midline. Most endocasts comprise more space within the endocranium for the olfac-
tory structures (olfactory region of the nasal cavity) than that occupied by the bulbs 
themselves (e.g. see for instance the first and last reconstructions for Tyrannosaurus, 
Brochu 2000; Witmer and Ridgely 2009), which is the reason why a careful look for 
the true osteological correlates is needed. This is particularly necessary if 
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calculation of the Olfactory Ratio (Zelenitsky et al. 2009; see below) is intended. 
The conservative condition among archosaurs consists of relatively anteroposteri-
orly elongated olfactory tracts, a disposition that typically accompanies the interor-
bital septum in tropibasic skulls, and it clearly differentiated from the olfactory 
bulbs anteriorly and the cerebral hemispheres posteriorly by strong constrictions. 
This configuration is observed in non-maniraptoran theropods and basal sauropodo-
morphs (prosauropods), whereas most ornithischians (such as ornithopods, ceratop-
sians and pachycephalosaurs) still exhibit this condition but with relatively shorter 
and broader olfactory tracts. Markedly short olfactory tracts –often accompanied by 
relatively smaller olfactory bulbs– characterize the endocasts of derived sauropods, 
hadrosaurids, ankylosaurs and stegosaurs (Fig. 8.9). The Olfactory Ratio (OR, the 
ratio of the greatest diameter of the olfactory bulb to the greatest diameter of the 
cerebral hemisphere) is a value used to infer olfactory acuity (which is the capacity 
to distinguish between two odors) and behavioral traits through a quantitative 
approach and using the body size as a variable in the equation. Because of this, the 
OR is not an indicator of olfactory acuity by itself (Zelenitsky et al. 2009, 2011), 
although the measurement can be used as a comparative variable. Such analyzes 
have found a positive correlation between olfactory ratio and body size, indicating 
that the OR increases with body size. Among theropods there was no relative 
increase or decrease of olfactory acuity during the evolution of the clade, and olfac-
tory bulbs larger than the predicted values were found only in tyrannosaurids and 
dromaeosaurids (Zelenitsky et al. 2009). Something similar is observed among sau-
ropodomorphs, where ORs range from low to high (suggesting specialized olfactory 
capabilities), but being above the confidence interval of predicted values only in 
basal sauropodomorphs and Camarasaurus (Müller 2021). Beyond this, little infor-
mation is available on the olfactory acuity for other groups of dinosaurs (Paulina- 
Carabajal et al. in press).

The widest section of the dinosaur endocast is at the cerebral hemispheres. These 
are paired laterodorsal expansions which appear separated dorsomedially by a sagit-
tal groove (the fissura interhemispherica) only in derived maniraptorans (e.g. drom-
aeosaurids, troodontids, and birds). In the cranial endocasts of hadrosaurids, some 
sub-adult coelurosaurs (e.g. tyrannosaurids), and oviraptorosaurs, the cerebrum 
may bear impressions of small blood vessels (Fig.  8.7c, d). This vasculature 
(observed as impressions on the internal surfaces of the frontals and/or the lateros-
phenoids) indicates a thin dura mater, and thus, a close resemblance between the 
actual brain and its endocast (e.g. Brochu 2003; Osmólska 2004; Evans 2005). Such 
impressions, unfortunately, are better preserved and observable in physical artificial 
endocasts than in the virtual ones created using medical CT scans (e.g. Paulina- 
Carabajal et  al. 2021) due to poor resolution in medical equipment. In the most 
other dinosaur groups, the surface morphology of the brain is often obscured by 
dorsal longitudinal venous sinuses, resulting in smooth endocasts (Witmer et  al. 
2008; Porter et al. 2016; Porter and Witmer 2020).

The cast of the pituitary fossa comprises the glandular (adenohypophysis) and 
the neural (neurohypophysis) parts of the pituitary, plus an important blood supply 
nourished principally by the cerebral branch of the internal carotid arteries. In most 
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Fig. 8.7 Endocranial osteological correlates of brain structures and blood vessels. (a), ceratopsian 
basicranium in anterior view. The anterior wall of the pituitary fossa is missing exposing the dor-
sum sellae and the foramina for CN VI (above) and the internal carotid artery (below). (b), eth-
moidal elements of the theropod Sinraptor in left lateral view showing grooves and passages 
within the cavity enclosing the olfactory bulbs, for CN I and probably other blood vessels. (c) and 
(d), floccular recesses in the endocranial cavity of the theropods Daspletosaurus (c) and Troodon 
(d). (e), impressions (grooves) of blood vessels in the ventral surface of an hadrosaurid frontal; (f), 
blood vessels on the lateroventral side of the cerebrum in a tyrannosaurid endocast (b, modified 
from Paulina-Carabajal and Currie 2012, c–f after Paulina-Carabajal 2015)
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cases it is not possible to differentiate the two portions of the pituitary (except per-
haps in some titanosaurs, Paulina-Carabajal 2012), and researchers refer to the 
entire cast as the ‘pituitary gland’. All dinosaur endocasts, from primitive to derived 
forms have a well-defined pituitary gland, in contrast to the smaller, less distinct 
bulges on the ventral surface of the endocasts of other reptiles, such as turtles and 
crocodiles. The pituitary is a ventral bulbous projection that connects dorsally to the 
main body of the cranial endocast through the infundibular stalk (Fig. 8.9b). Early 
theropods (i.e. Zupaysaurus, Megapnosaurus, and Sinosaurus) have a proportion-
ally large and ventrally projected bulbose pituitary, a condition also present in the 
Triassic sauropodomorph Plateosaurus (but apparently not in Buriolestes which 
seems to have had a relatively smaller pituitary), and also in Jurassic basal ornithis-
chians such as Dysalotosaurus and Stegosaurus (e.g. Galton 1985; Lautenschlager 
and Hübner 2013; Paulina-Carabajal et al. 2019a, b). This suggests that the presence 
of a relatively large and well-differentiated pituitary may represent a plesiomorphic 
trait among dinosaurs. By comparison, ceratosaurian and tetanuran theropods 
exhibit relatively smaller pituitaries, suggesting a reduction in the relative pituitary 
size occurred near or at the Averostra clade (following the definition of Ezcurra and 
Cuny 2007). In other words, the relatively small Megapnosaurus (ca. 2.5 m total 
length) has a pituitary that is proportionally larger than that of much larger thero-
pods such as Allosaurus and Acrocanthosaurus (ca. 9–12 m total length) (Paulina- 
Carabajal et  al. 2019b). Nonetheless, it is possible that a correlation is present 
between the absolute size of the pituitary and body size, as found in other amniotes 
(Edinger 1942). Sauropod cranial endocasts (and to a lesser extent those of ankylo-
saurs as well) exhibit hypertrophy of the pituitary gland, which in these endocasts is 
a posteroventrally oriented elongated finger-shaped projection. The reasons behind 
the striking enlargement of this structure have been debated for a long time (e.g. 
Edinger 1942; Balanoff et al. 2010; Miyashita et al. 2011; Paulina-Carabajal 2012; 
Paulina-Carabajal et al. 2018b). As mentioned above, possible explanations involve 
a simple positive allometric relationship of the pituitary gland with a large body size 
(e.g. Edinger 1942). However, various aspects of sauropod biology and selection 
pressure have been analyzed to understand the evolution of gigantism in sauropods, 
which resulted from a unique historical interaction of primitive and derived traits 
(see Sander et al. 2011; Sander 2013 and references therein). Other explanations for 
the enlargement of the pituitary lie in the continuous growth potential of these rep-
tiles that was probably enhanced by this gland (e.g. Griebeler and Werner 2011), 
and also in the possible relationship with a reproductive strategy consisting of large 
egg production (hundreds per year) per individual (e.g. Sander et al. 2008; Werner 
and Griebeler 2013; García et al. 2015; and discussions and references therein).

Midbrain The midbrain is in general the least recognizable region in most dino-
saur endocasts. Observed structures of the optic tectum correspond to the optic 
lobes, plus the oculomotor (CN III) and trochlear (CN IV) nerves. Cranial Nerves 
III and IV are usually very close to each other conservatively enclosed between the 
orbitosphenoid and laterosphenoid in the braincase either through separate foram-
ina or a single foramen. Cranial Nerve III innervates four of the six extraocular 
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muscles of the eye and its passage is in general larger in size than CN IV, also 
because the exit foramen may house vascular elements as well. It locates in general 
ventrally to the CN IV, which is smaller in diameter and often dorsal to CN II.

The optic lobes are not observed in most dinosaur cranial endocasts. Among 
saurischians, these structures are recognizable in derived theropods such as mani-
raptorans. The evolutionary pattern in the avialan lineage (accompanied by a high 
degree of encephalization) shows a tendency towards an increase in the size of the 
optic lobes and a lateroventral migration. In Saurornitholestes the optic lobes are 
differentiated but still posterior to the cerebral hemispheres whereas in the drom-
aeosaurid Bambiraptor and the oviraptorosaur Conchoraptor the optic lobes have 
migrated lateroventrally, although they are yet observed in dorsal view (Burnham 
2004; Balanoff et al. 2014) (Fig. 8.8b). Among ornithischians, optic lobes have only 
been described in the natural endocast of the Early Cretaceous basal ornithopod 
Leaellynasaura. In this Australian taxon, the relative increase in optic lobes has 
been interpreted as adapting to the decreased daylight at high latitudes (Rich and 
Rich 1989; Rich et al 2002). However, the brains of other closely related but lower 

Fig. 8.8 Photographs of a derived troodontid theropod skull roof (TMP 79.8.1) and its endocast. 
(a), brain osteological correlates in the ventral surface of the skull roof; and (b), physical cranial 
endocast in dorsal view. (The specimen -hosted at the Royal Tyrrell Museum collections, in 
Canada- was described by Russell in 1969 as Stenonychosaurus; later the taxon was synonymized 
to Troodon, and more recently to Latenivenatrix)
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Fig. 8.9 Scheme of dinosaur comparative cranial endocast morphology. (a), Theropoda; (b), 
Sauropoda; and (c), Ornithischia. Line-drawings based on a, Tyrannosaurus (Witmer and Ridgely 
2009), b, Diplodocus (Balanoff et al. 2010) and c, Stegosaurus (Leahey et al. 2015). Not to scale
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latitude species need to be studied before the distribution of this feature can be bet-
ter understood and its paleobiological implications tested.

Hindbrain Typical hindbrain structures recognized in dinosaur endocasts are the 
cerebellum, the medulla oblongata, and the trigeminal (CN V), abducens (CN VI), 
vestibulocochlear (CN VIII), glossopharyngeal (CN IX), vagus (CN X), accessory 
(CN XI) and hypoglossal (CN XII) cranial nerves (Franzosa 2004).

The cerebellum is not clearly distinguished in most dinosaur endocasts, except in 
derived theropods where it appears as a discrete dorsal prominence –which can be 
small or large– posteromedial to the cerebral hemispheres (e.g. oviraptorosaurs, 
dromaeosaurs). The paired cerebellar flocculi are posterolateral finger-like projec-
tions that, if large enough, leave an impression (called floccular recess) on the ante-
rior wall of the vestibular eminence on both sides of the endocranial cavity. Smaller 
flocculi are barely detectable bulges on the endocasts, whereas well-defined flocculi 
can be finger-like or tongue-like structures projected well past the area of the ante-
rior semicircular canal of the inner ear. Well-defined cerebellar flocculi are charac-
teristic of basal saurischians and all theropod endocasts, with a tendency towards 
the enlargement in volume and diameter within the lineage of the maniraptorans 
(e.g. Lautenschlager et al. 2012; Bever et al. 2013; Balanoff et al. 2014; King et al. 
2020; Paulina-Carabajal et al. 2021). Among sauropodomorphs, the cerebellar floc-
culi are typically present in all ‘prosauropods’ studied so far, whereas markedly 
reduced flocculi or floccular recesses (‘auricular recess’ in older works) have been 
described in Giraffatitan, Dicraeosaurus and rebbachisaurids (e.g. Janensch 
1935–1936; Sereno et al. 2007; Knoll and Schwarz-Wings 2009; Paulina-Carabajal 
et al. 2014, 2016a). The cerebellar flocculi, together with the semicircular canals of 
the inner ear, have a major role in the control of visual gaze stabilization through 
compensatory head and neck movements via the Vestibulo-Ocular Reflex (Witmer 
et al. 2003; Walsh et al. 2013). Since the largest floccular processes are in flying 
reptiles (such as pterosaurs and birds) these structures were first correlated with the 
complex coordination of head-neck movements needed during the flight (e.g. 
Witmer et al. 2003). Thus, the presence of flocculus in theropods –and its apparent 
absence in most sauropods– was first related to bipedalism, the reason why bipedal 
ornithischians were expected to have an enlarged flocculus. However, this structure 
it is absent in most ornithischian clades and has been found only in a few taxa 
including the basal dryosaurid Dysalotosaurus (Galton 1989; Lautenschlager and 
Hübner 2013), and the quadrupedal ankylosaurs of the ankylosaurids family 
(Miyashita et  al. 2011; Paulina-Carabajal et  al. 2016b, 2018b), and stegosaurs 
(Galton 1988, 2001), making the paleobiological inferences of this structure, con-
troversial at least. Recent works focused on bird brain evolution and the origins of 
flight assumed a positive relationship between floccular size and aerial maneuver-
ability. However, the size of the floccular process has not been found to be a reliable 
indicator of locomotor behavior in vertebrates (Walsh et al. 2013; Ferreira-Cardozo 
et al. 2017). We are far from understanding the morphological variation, function, 
and distribution of this interesting brain feature among dinosaurs, particularly in the 
quadrupedal ones (see Sect. 8.3.2.3 for a possible explanation). Beyond this, there 
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is no doubt that the flocculus is at least a useful anatomical landmark for compara-
tive neuroanatomy.

The medulla oblongata represents the posteroventral part of the endocast, from 
which the roots of the posterior cranial nerves emerge. The main transverse and 
longitudinal venous sinuses can be traced in this region of the endocast as well (e.g. 
Witmer et al. 2008; Witmer and Ridgely 2009; Porter et al. 2016). This section is 
one the most conspicuous regions of the hindbrain. It is easily recognizable as it 
forms the floor of the endocast from the infundibulum anteriorly to the foramen 
magnum posteriorly, and because the roots of cranial nerves V-XII emerge from it, 
more or less aligned one behind the other. The ventral surface may be flat or convex, 
and smooth or presenting a median sulcus (in this case the osteological correlate is 
the medial eminence on the floor of the endocranial cavity or the basilar artery). On 
the lateral sides of the endocast, transverse venous sinuses can be identified 
(see below)

In most dinosaurs, the trigeminal nerve (CN V) emerges from the medulla oblon-
gata and the ophthalmic (V1), maxillary (V2) and mandibular (V3) branches leave 
the endocranial cavity together through an internal single foramen, anterior to the 
vestibular eminence. Externally in the braincase, the three branches may exit 
together (indicating that the Gasserian ganglion is extracranial) and in this case the 
cast of the passage must be indicated simply as ‘CN V’. In other cases, the ophthal-
mic branch separates from the maxillo-mandibular branches and as a result two 
passages (V1, V2–3) will be observed in the endocast. There are few documented 
cases of three separated branches (and foramina), for instance as in therizinosaurs 
(e.g. Lautenschlager et al. 2012). The trigeminal is one of the few nerves that can be 
traced peripherally. The maxillary and mandibular branches leave osteological cor-
relates (they are actually neurovascular canals) along the dorsal and ventral jaws 
respectively, as in living crocodylians (George and Holliday 2013). The degree of 
branching and size (diameter) of these nerves, together with the accompanying vas-
culature, have been related to a facial sensory system in certain carnivorous dino-
saurs (Ibrahim et  al. 2014; Barker et  al. 2017; Carr et  al. 2017; Kawabe and 
Hattori 2021).

The passages for the abducens nerve (CN VI) are the only ones emerging from 
the ventral surface of the medulla oblongata, a feature that makes them easily rec-
ognizable in any endocast. Right and left passages project anteroventrally passing 
lateral to the pituitary fossa or entering it, a character that is extremely variable 
among and within dinosaur groups.

The facial nerve (CN VII) is in general small in diameter and posterior to CN 
V. It is usually a short passage, except in the sauropod Limaysaurus, which has such 
elongate passage that the external opening locates posteroventral in the braincase, 
behind the crista prootica. In most dinosaurs the palatine (VIIp) and hyomandibular 
(VIIh) branches of this nerve leave the endocranial cavity through a single passage 
and separate externally, leaving in some cases osteological correlates (grooves) on 
the prootic bone indicating the posterodorsal and ventral routes of each one respec-
tively. The endocranial separation of these branches is rare, and has been described 
in only a few dinosaurs including the theropods Acrocanthosaurus (Franzosa and 
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Rowe 2005), Alioramus (Bever et al. 2013) and Shaochilong (Brusatte et al. 2010a), 
the sauropodomorph Efraasia (Bronzati and Rauhut 2017),  and the sauropod 
Cetiosaurus (Galton and Knoll 2006). The size of this nerve –measured from the 
diameter of the cranial foramen– has been used as evidence against the presence of 
a proboscis in sauropods (Knoll et al. 2006), although the muscles forming the pro-
boscis in elephants are not homologous to the muscles in the snouts of reptiles.

The vestibulocochlear nerve (CN VIII) is in general of small diameter, and as a 
result is rarely recreated in physical or virtual endocasts. The branches of this nerve 
leave the endocranial cavity and pass through the wall of the vestibular eminence to 
reach the vestibular region of the inner ear.

The glossopharyngeal (CN IX), vagus (CN X) and accessory (CN XI) cranial 
nerves may leave the endocranial cavity together with the internal jugular vein 
through a single foramen, called in this case the metotic foramen. Where this is the 
case, the cast of this passage is one of the largest in any endocast, similar in diameter 
to CN V. However, these nerves can also leave the endocranial cavity independently, 
in which case the nomenclature of the external foramina in the braincase changes 
and the interpretations of these separate foramina may be controversial (e.g. 
Sampson and Witmer 2007; see Gower and Weber 1998 for a discussion of these 
terms among reptiles).

Lastly, the hypoglossal nerve (CN XII) is the most posterior in the endocast, hav-
ing a variate number of passages depending on the group. For example, in sauro-
pods and ornithischians (particularly ankylosaurs and ceratopsians) there is a 
tendency towards the reduction of the number of external cranial foramina (1–2) for 
this nerve, but is highly variable among theropods, where one or two foramina are 
observed in general, but four foramina are observed in Troodon (e.g. Currie and 
Zhao 1993; Paulina-Carabajal 2015: fig. 7.3). There is also variability in the number 
of foramina for CN XII between the left and right sides of the same braincase in 
some coelurosaurs (P. J. Currie, Pers. Comm.), suggesting a degree of plasticity of 
this character, often used in phylogenies.

Bood Vessels Except for the cerebral branch of the internal carotid artery, which 
has a clearly visible passage on each side of the endocast, and few veins that leave 
osteological correlates in the braincase, the drainage of most of the blood of dorsal 
and ventral venous sinuses is through the foramen magnum and also through some 
of the larger cranial foramina, such as CNs III, V, and the metotic foramen (for CNs 
IX–XI and the internal jugular vein) (e.g. Witmer et al. 2008; Porter et al. 2016; 
Porter and Witmer 2020). In some cases, it is possible to identify separate passages 
for blood vessels in an endocast, and the most commonly found are the orbitocere-
bral vein, the rostral middle cerebral vein and the caudal middle cerebral vein, all 
which are part of the mid-cerebral vein system (Witmer and Ridgely 2009; Porter 
et al. 2016; Porter and Witmer 2020).

The cerebral branch of the carotid artery enters the basicranium though the vid-
ian canal on its way to the pituitary fossa, with the largest carotid foramina observed 
in ornithischian dinosaurs (e.g. ceratopsians, stegosaurs and ankylosaurs). Left and 
right arteries may penetrate the posterior wall of the fossa separately (e.g. 
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prosauropods, sauropods, some theropods such as Abelisaurus and Dromaeosaurus, 
and most ornithischians including ankylosaurs, ceratopsians, and hadrosaurs, 
among others; Fig. 8.7a), or they may merge and enter the fossa via a single canal 
(e.g. theropods such as Piatnitzkysaurus, Giganotosaurus, tyrannosaurids and 
troodontids). This artery supplies endocranial tissues, and it is also an important 
blood supply to the nasal region, although recent studies suggest that in larger dino-
saurs the cerebral internal carotid supplied mostly only the brain except perhaps in 
ankylosaurs (e.g. Porter and Witmer 2020; Porter et al. 2016). In their recent work, 
Porter and Witmer (2020) produced the most comprehensive comparative and quan-
titative analysis of the osteological correlates for blood supply in the craniofacial 
region of the skull of dinosaurs. Regarding the cerebral carotid artery, they found 
that the use of blood vessels in different sites of thermal exchange determines dif-
ferent thermoregulatory strategies, which in dinosaurs seem to be similar to those in 
living reptiles.

Inside the pituitary fossa small sphenopalatine arteries branch off the internal 
carotid artery (Sedlmayr 2002; Porter et al. 2016). When the anterior wall of the 
pituitary fossa is ossified these blood vessels exit anteriorly through foramina iden-
tified in theropods (e.g. Majungasaurus, Sampson and Witmer 2007), sauropods 
(e.g. Bonatitan, Paulina-Carabajal 2012), and many ceratopsians (e.g. 
Pachyrhinosaurus, Witmer and Ridgely 2008b and references therein).

The basilar artery is single median artery formed by merging of the paired 
branches of the caudal encephalic arteries, which extend caudomedially across the 
dorsum sellae, continuing through the foramen magnum as the ventral spinal artery 
(Rahmat and Gillard 2014; Porter et al. 2016). Some endocasts bear a rod-like elon-
gate median protuberance on the ventral surface of the medulla oblongata, which 
seems to be a cast of this artery. In many dinosaur basicrania there is a median 
groove on the dorsal surface of the neck of the occipital condyle that has been iden-
tified also as an impression of the basilar artery (e.g. Rauhut 2003; Paulina-Carabajal 
2015), although a similar groove is produced by the odontoid process in birds (inci-
sura mediana condyli; Baumel and Witmer 1993). Another striking feature in some 
dinosaur basicrania is a median passage connecting the floor of the endocranial 
cavity (just behind the dorsum sellae) with the pituitary fossa. This passage has been 
identified in basal saurpodomorphs (Plateosaurus) and sauropods such as Bonatitan, 
Limaysaurus, Giraffatitan, Malawisaurus, Narambuenatitan, and Spinophorosaurus 
(Janensch 1935–1936; Galton 1985; García et al. 2008; Knoll and Schwarz-Wings 
2009; Knoll et al. 2012; Paulina-Carabajal 2012; Sues et al. 2015; Andrzejewski 
et al. 2019; Paulina-Carabajal and Calvo 2021; Paulina-Carabajal et al. 2020 and 
references therein) as a possible basilar artery, which in this case would remain 
enclosed in bone. Other authors suggested a venous origin for this structure (Sues 
et al. 2015).

The orbitocerebral vein has a small diameter (Fig. 8.9b, c). It usually traverses 
the laterosphenoid-orbitosphenoid region, dorsally to CNs III and IV and near the 
contact with the frontal bone. In the absence of a foramen this vein probably leaves 
the endocranial cavity together with the passage for the trochlear nerve (CN IV) 
(e.g. Janensch 1935–1936; Knoll and Schwarz-Wings 2009). In some cases, there is 
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a larger opening in this region of the braincase, called epiotic fenestra (an unossifed 
region of the braincase wall?) used probably for by CNs and blood vessels. This 
fenestra is present in the rebbachisaurid Nigersaurus and the dicraeosaurid 
Dicraeosaurus (Janensch 1935–1936; Sereno et al. 2007), although is not present in 
the south American representatives of those clades (Paulina-Carabajal et  al. 
2014, 2016a).

The dorsal longitudinal venous sinus (= superior sagittal venous sinus) and the 
occipital dural sinus are encephalic structures in the midline of the dorsal surface of 
the brain that drain blood from the endocranial cavity (e.g. Witmer et  al. 2008; 
Porter et al. 2016). When these sinuses are large in volume, they produce dorsal 
protuberances within the endocranial cavity, which on the endocasts correspond to 
the dorsal expansions (= dural peaks) observed in many dinosaur endocasts. 
Enlarged sinuses, together with a thick dura mater, are factors that obscure the sur-
face anatomy of the brain structures. Among sauropods the largest dural expansions 
are present in diplodocoid sauropods such as Diplodocus or dicraeosaurids, whereas 
markedly thinner sinuses characterize rebbachisaurids and most titanosaurids (e.g. 
Sereno et al. 2007; Paulina-Carabajal 2012; Knoll et al. 2012; Paulina-Carabajal 
and Calvo 2021). Theropods have in general well-developed dural expansions 
obscuring principally the mid- and hindbrain (e.g. Zupaysaurus, Majungasaurus, 
Tyrannosaurus), although derived maniraptorans exhibit reduction of both dorsal 
sinus and dura mater (e.g. Osmólska 2004). Among ornithischians the dorsal longi-
tudinal sinus does not form markedly enlarged dural expansions. The venous sinuses 
are large enough to obscure the surface of the brain except in Leaellynasaura and 
hadrosaurs, which exhibit optic lobes or signals of thin dura mater (blood vessels 
over the cerebral hemispheres) respectively (Rich and Rich 1989; Evans 2005; 
Fig. 8.7e, f). The dorsal longitudinal sinus connects with a transverse sinus, con-
necting the middle cerebral vein system (rostral middle cerebral vein and dorsal 
middle cerebral veins may have exit foramina on the lateral wall of the braincase, 
whereas the caudal middle cerebral vein exits posteriorly through foramina on the 
occipital wall of the braincase).

The rostral middle cerebral vein is small in diameter and exits the endocranial 
cavity through a small foramen in the lateral wall of the braincase (the laterosphe-
noid) near the contact with the skull roof. The dorsal head vein foramen is more 
dorsal and leads into the supratemporal fossa. In braincases lacking these two 
foramina the rostral middle cerebral vein and the dorsal vein extend ventrally and 
use the trigeminal foramen to leave the endocranial cavity (e.g. Rauhut 2003; 
Sampson and Witmer 2007; Witmer and Ridgely 2009). In this case, a transversal 
vertical sinus can leave an osteological correlate, which is observed on the lateral 
surface of the endocast as an elongated vertical bulge or ridge that ends at the base 
of CN V.  This vertical ridge is more clearly observed in sauropods such as 
Diplodocus, Limaysaurus, Sphinophorosaurus and some titanosaurs (e.g. Witmer 
et al. 2008; Knoll et al. 2012; Martínez et al. 2016; Paulina-Carabajal and Calvo 
2021). In theropods the vertical ridge is a more discrete bulge connecting the rostral 
middle cerebral vein with the root of the trigeminal nerve, often converging with the 
base of the cerebellar flocculus (e.g. Allosaurus, Tyrannosaurus). In this regard, the 
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8-shaped floccular recess in Aucasaurus and Daspletosaurus (Paulina-Carabajal 
2015) suggests that while the ventral and larger recess hosted the neural tissue, the 
smaller dorsal section of the recess enclosed blood vessels supplying the flocculus 
of the cerebellum (Fig. 8.7c).

The caudal middle cerebral vein (= vena capitis dorsalis, dorsal head vein, in 
work prior to Sampson and Witmer 2007) is observed in the most posterodorsalt 
region of the endocast (Sedlmayr 2002; Witmer et al. 2008). These paired passages 
drain blood from the posterior region of the dorsal longitudinal venous sinus, and 
the exit foramina for these veins are enclosed between the supraoccipital and the 
parietal, being easily recognizable at the occipital region of the skull.

 The Cranial Endocast of Theropoda

The most complete Triassic theropod cranial endocast is that of the neotheropod 
Zupaysaurus rougieri from the Norian of South America (Fig. 8.10). A partial endo-
cast has been described for the putative theropod Gnathovorax (Pacheco et al. 2019), 
an herrerasaurus, but the braincase and endocranial anatomy of other Triassic taxa 
is poorly known because of the lack of well-preserved material, or because the 
specimens remain incompletely studied (Paulina-Carabajal 2019a, b and references 
therein). Zupaysaurus has a relatively anteroposteriorly short but dorsoventrally tall 
endocast, as a result of marked angles between the forebrain, midbrain and hind-
brain (‘cerebral’ and ‘pontine’ flexures in many works, although the terminology 
corresponds more correctly to embryonic stages of the brain), elongate olfactory 
tracts and bulbs and well-defined flocculi and pituitary. This general morphology is 
shared with another early dinosaurs, such as basal sauropodomorphs (‘prosauro-
pods’ such as Plateosaurus), the early saurischian Herrerasaurus (Romick 2013: 
fig 7) and early Jurassic neotheropods. So far, the next oldest neotheropod with a 
described endocranial cavity is the Early Jurassic Megapnosaurus (=Coelophysis) 
rhodesiensis from Africa, followed by the basal tetanuran Sinosaurus triassicus 
from Asia, the allosauroids Sinraptor dongi and Allosaurus fragilis (from Asia and 
USA respectively), and the ceratosaur Ceratosaurus nasicornis from USA (Raath 
1977; Rogers 1998; Sanders and Smith 2005; Paulina-Carabajal and Currie 2012; 
Xing et al. 2014). As mentioned, Megapnosaurus and Sinosaurus have endocasts 
with marked flexures, whereas basal allosauroids and ceratosaurs exhibit a more 
sub-horizontal endocast, meaning forebrain, midbrain and hindbrain have relatively 
less marked angles. The amount of available information on early forms is, how-
ever, poor and as a result, the early evolution of the endocranium of Neotheropoda 
is only beginning to be understood. On the other hand, the largest sample of studied 
theropod cranial endocasts correspond to Cretaceous taxa, representing all main 
groups of Theropoda (e.g. abelisaurids, allosauroids, coelurosaurians) (Table  8.1 
and Fig. 8.3a).

Basal neotheropods and most non-coelurosaur theropods have in general terms 
anteroposteriorly long and narrow cranial endocasts (in dorsal view the lateral 
expansion of the cerebral hemisphere does not overpass the lateral semicircular 
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Fig. 8.10 Simplified cladogram of Theropoda showing the phylogenetic relationships of selected 
taxa and their endocasts. (line-drawings of endocasts based on: Zupaysaurus (Paulina-Carabajal 
et  al. 2019b); Majungasaurus (Sampson and Witmer 2007), Allosaurus, Tyrannosaurus, 
Deinonychus and Archaeopteryx (Witmer and Ridgely 2009), Acrocanthosaurus (Franzosa and 
Rowe 2005), Giganotosaurus (Paulina-Carabajal and Canale 2010) and Sinraptor (Paulina- 
Carabajal and Currie 2012). Not to scale

canal of the inner), which is a conservative trait shared with other basal saurischi-
ans. The angles between forebrain, midbrain and hindbrain are in general wide, 
resulting in sigmoidal endocasts in lateral view, with the forebrain and hindbrain 
approximately horizontal and parallel to each other, and the midbrain obliquely 
angled between them as in Zupaysaurus, Megapnosaurus, ceratosaurs, Sinraptor 
and carcharodontosaurids (although the midbrain is more or less vertical in 
Acrocanthosaurus) (e.g. Larsson et al. 2000; Franzosa and Rowe 2005; Sanders and 
Smith 2005; Paulina-Carabajal et al. 2019b). In these endocasts, the venous sinuses 
largely obscure the details of the brain surface.

The olfactory apparatus, formed by olfactory bulbs and olfactory tracts, is elon-
gated, with the most robust and transversely wide olfactory tracts observed in 
abelisaurids, carcharodontosaurids and tyrannosaurids (e.g. Brochu 2000; Larsson 
2001; Sampson and Witmer 2007; Paulina-Carabajal and Canale 2010, Agnolín 
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et al. 2022). The olfactory ratio (OR) however, is around 50% in most Ceratosauria 
and Allosaurus, around 56–58% in Viavenator and Carcharodontosauridae, and 
around 70% in Tyrannosauridae, while the value drops drastically in maniraptorans 
(28–35%) and Avialae (17%), which have relatively shorter olfactory tracts and 
smaller olfactory bulbs (Zelenitsky et al. 2009; Paulina-Carabajal and Filippi 2018). 
The ORs of theropods have been analyzed in order to infer the olfactory acuity, 
possible olfactory capacities and its implications for certain behaviors (Zelenitsky 
et al. 2009, 2011). The resulting phylogenetic trend in olfaction within Theropoda 
suggests that tyrannosaurids were the only group with a markedly specialized olfac-
tory acuity. In this regard, along the evolutionary history of Theropoda there was a 
notable tendency towards the reduction of the olfactory bulb size and therefore, 
olfactory acuity (a trend not quite observed in sauropods and ornithischians).

The cerebral hemispheres are discernible as transversely expanded protuber-
ances, which however, have no clear boundaries with other structures (such as optic 
lobes, cerebellum) in the endocasts of most theropods, except in derived manirap-
torans (Fig. 8.8b). It was among the latter group (dromaeosaurids and troodontids) 
that a marked encephalization began, particularly due the enlargement of the cere-
brum. This trend continued through the avialan linage, through the derived ovirap-
torosaur brains (which shared endocranial traits with birds), to the highly 
encephalized brain (relative to body-size) and cerebrum (relative to total brain 
volume) observed in living birds (e.g. Larsson et al. 2000; Kundrát 2007; Balanoff 
et  al. 2014). This long evolutionary history –leading to the high encephalization 
seen in living birds–indicates that most basal theropods had relative cerebral vol-
umes and total brain volumes similar to those of living reptiles, whereas an increase 
of near 50% of total endocast volume occurred at Coelurosauria, produced in part 
by a disproportionate enlargement of the cerebrum (e.g. Larsson et al. 2000; Knoll 
and Kawabe 2020; and references therein).

The cerebellar flocculus is already present and relatively well-developed in the 
endocasts of Triassic basal saurischians such as Herrerasaurus (Romick 2013; 
Paulina-Carabajal pers. obs), Gnathovorax (Pacheco et al. 2019), and the neothero-
pod Zupaysaurus (Paulina-Carabajal et  al. 2019b). Ceratosaurs, tetanurans and 
basal Coelurosauria exhibit elongated flocculi (the structure varies from finger- 
shaped to blade-shaped morphologies) extended deep within the area of the anterior 
semicircular canal of the inner ear. In some theropods such as abelisaurids and the 
tyrannosaurid Daspletosaurus, the floccular recess is 8-shaped suggesting that the 
space was occupied not only by the neural tissue, but also by blood vessels (Paulina- 
Carabajal 2015; Paulina-Carabajal et al. 2021; Fig. 8.7c). On the other hand, derived–and 
smaller sized– maniraptoran theropods have relatively larger flocculi, which occupy 
a larger volume between the anterior and posterior semicircular canals (e.g. 
Troodon). The relative size of the flocculus correlates negatively with body size, 
meaning the structure is relatively larger in smaller theropods and most derived 
coelurosaurs. Walsh et al. (2013) suggested that the flocculus expression may be a 
result of expansion of the uvula nodulus (the structure involved with the nodding 
motion of walking birds) deep inside the cerebellum, in which case this –and not the 
flocculus– could have been the real link to bipedalism in early theropods. However, 
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a quantitative analysis of the floccular volume relative to brain size and body size 
has not been done yet for the complete clade Theropoda, nor for the complete 
Dinosauria.

More derived and smaller non-avian theropods such as maniraptorans (dromaeo-
saurids, troodontids, and particularly oviraptorosaurs) exhibit gradually more glo-
bose endocasts, with markedly shorter olfactory tracts, smaller olfactory bulbs, and 
markedly expanded cerebral hemispheres, which may be separated by a median 
groove as observed for example in Bambiraptor feinbergi and Conchoraptor graci-
lis (Burnham 2004; Kundrát 2007) (Figs. 8.7 and 8.10). A reduced olfactory appa-
ratus, characterized by short olfactory bulbs and tracts is a shared feature of 
maniraptorans (in living birds an outgrowth of the cerebral hemispheres is covering 
the olfactory bulbs, which are then not visible in the endocasts). The extreme reduc-
tion, however, characterizes oviraptorosaurs and Aves, in which olfactory bulbs and 
tracts make up less than 0.5% of the total endocranial volume (Balanoff et al. 2014). 
Larger and visible optic lobes are located posteroventrally resembling the disposi-
tion observed in avian theropods and in pterosaurs, both groups with dominance of 
the sense of vision (e.g. Witmer et al. 2003; Stevens 2006; Kundrát 2007; Witmer 
and Ridgely 2009: fig.4; Buchholtz 2012; Balanoff et al. 2013, 2014, 2018). In these 
derived forms, the cerebellum is also observed but no cerebellar foliation has been 
reported, being probably obscured by dorsal venous sinuses (e.g. Kundrát 2007). 
The increase in encephalization index during non-avian theropod evolution has 
been largely explored by scientists, particularly for those interested in bird brain 
evolution. Now we know that the increased volume of the whole brain in early avian 
evolution largely relates to the enlargement of the midbrain and the cerebellum, two 
regions involved with visual perception and motor control abilities respectively: 
However, the largest brains observed in living birds today were molded by the strik-
ingly increase of the telencephalon (e.g. Butler and Hodos 2005; Walsh et al. 2013; 
Wylie et al. 2015; Early et al. 2020).

 The Endocast of Sauropodomorpha

After the first sauropod endocranial descriptions made by Marsh (e.g. 1980, 1984a), 
cranial endocasts of sauropod dinosaurs were described based on Late Jurassic 
specimens from the Morrison Formation in the USA (Osborn 1912) and the 
Tendaguru Beds in Tanzania (Janensch 1935–1936) (Table 8.1). Since then, a great 
quantity of studies on the neuroanatomy of sauropods has been published (e.g. 
Chatterjee and Zheng 2002; Sereno et al. 2007; Knoll and Schwarz-Wings 2009; 
Knoll et al. 2012, 2013, 2019; Balanoff et al. 2010; Paulina-Carabajal 2012; Paulina- 
Carabajal et al. 2008, 2014, 2016a, 2020; Table 8.1 and Fig. 8.11). Unlike the sce-
nario in sauropods, endocasts of non-sauropodan sauropodomorphs are relatively 
scarce. In the last century, the only descriptive work of the endocast of a non- 
sauropodan taxa was that of Plateosaurus (Galton 1985). Yet, whereas the endo-
casts of other non-sauropodan sauropodomorphs have been used for comparative 
purposes in studies dealing with the evolution of neuroanatomy in dinosaurs during 
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Fig. 8.11 Simplified cladogram of Sauropodomorpha showing the phylogenetic relationships of 
selected taxa and their endocasts (based on Balanoff et al. 2010). Endocasts were redrawn from: 
Camarasaurus, Massospondylus, Nigersaurus and Diplodocus (Sereno et al. 2007), Shunosaurus 
and (Chatterjee and Zheng 2002), Dicraeosaurus (based on photo kindly granted by F. Knoll), 
Apatosaurus (Balanoff et  al. 2010), Sarmientosaurus (Martínez et  al. 2016), and Bonatitan 
(Paulina-Carabajal 2012). Not to scale

the last two decades (e.g. Sereno et al. 2007; Knoll et al. 2012), it is only in the last 
five years that detailed descriptions of the brain and inner ear anatomy of non- 
sauropodan representatives became available (Bronzati et al. 2017; Chapelle and 
Choiniere 2018; Ballell et al. 2021; Müller et al. 2021; Table 8.1).

It would not be misleading to affirm that our knowledge of the neuroanatomy of 
sauropodomorph dinosaurs is still behind of that on their postcranial skeleton. 
However, the information provided by the studies on non-sauropodan taxa allows us 
to trace some major modifications on the neuroanatomy of sauropodomorphs. 
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Endocasts of the endocranial cavity are known for more than 25 specimens of sau-
ropods (Table 8.1 and Fig. 8.9b). Thus, while we can certainly point out more than 
a handful of differences among them, some similarities are also present. Generally, 
it is difficult to discern the different regions of the brain in endocasts of sauropod 
dinosaurs (there are however some exceptions, as for example Ampelosaurus – see 
Knoll et al. 2013). This is an indication that the brain of sauropods did not fill the 
whole endocranial cavity, a feature that to a certain degree hampers the collection of 
accurate models of the brain of sauropods with all its subdivisions (Witmer 
et al. 2008).

As mentioned above, the flocculus of the cerebellum is present in the endocasts 
of sauropodomorphs usually known as ‘prosauropods’, but is absent in most sauro-
pods. The osteological correlate of this cerebellar structure has been reported in all 
studied Triassic sauropodomorphs so far (e.g. Galton 1985; Bronzati et al. 2017, 
2019; Ballell et  al. 2021; Müller et  al. 2021), whereas a comparatively reduced 
structure has been reported in the sauropods Giraffatitan (Janensch 1935–1936; 
Knoll and Schwarz-Wings 2009), the rebbachisaurids Nigersaurus and an indeter-
minate taxon from Argentina (Sereno et al. 2007; Paulina-Carabajal et al. 2016a), 
and the dicraeosaurid Dicraeosaurus (the ‘fossa subarcuata’ was mentioned by 
Janensch 1935–1936). Derived sauropods such as titanosaurids, are characterized 
by an absolute absence of a floccular recess in their braincases, and this suggests 
that the presence of large flocculi in sauropodomorphs is the retention of a primitive 
condition among saurischians. The evolution of the floccular lobe of the cerebellum 
in Sauropodomorpha has been recently analyzed in a series of papers (Bronzati 
et al. 2017; Ballell. et al. 2021; Müller et al. 2021), but there remain important gaps 
in the fossil record, particularly for non-eusauropodan endocranial anatomy. The 
markedly reduced floccular lobe of sauropods was firstly associated with their quad-
ripedalism, which requires less balance coordination than in a bipedal type of loco-
motion (see Chatterjee and Zheng, 2002; Paulina-Carabajal 2012). However, 
facultative bipedal sauropodomorphs such as Plateosaurus also exhibit a reduced 
floccular lobe, and a different explanation for the reduction of this structure in 
Sauropodomorpha was recently presented in Bronzati et al. (2017). The floccular 
lobe is well-developed in taxa such as Buriolestes, Saturnalia and Thecodontosaurus. 
The diet of these three early sauropodomorphs has been inferred as faunivorous 
and/or omnivorous (see Cabreira et al. 2016; Ballell et al. 2021). Although the tooth 
morphology of Plateosaurus is also compatible with an omnivorous diet (Barrett 
and Upchurch 2007), some of its anatomical features, including a large body size, 
indicate that the diet of this animal was more plant based than that of the smaller 
omnivores such as Saturnalia and Thecodontosaurus. Thus, basal sauropodomorphs 
with larger floccular lobes correspond to those with a diet solely based and/or par-
tially complemented by predation of other animals. In this context, Bronzati et al. 
(2017) argued that the reduction of the floccular lobe is congruent with a shift in the 
diet and feeding behavior of sauropodomorphs, given that an herbivorous diet does 
not require the same level of control and refinement of the movements of neck and 
head, nor the same degree of gaze stabilization as that of a predatory behavior. 
However, quantitative analyses of the floccular size in birds did not show a direct 
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relationship between a feeding behavior (in this case a predatory behavior) and 
larger floccular volumes, suggesting that this variable is not independent of other 
categories, such as could be the activity pattern (e.g. nocturnal vs diurnal) (see 
Walsh et al. 2013; Ferreira-Cardozo et al. 2017). Regarding dinosaurs, this hypoth-
esis needs to be tested using a more comprehensive sample of sauropods and other 
dinosaurs with cerebellar flocculi, analyzing this feature throughout the evolution-
ary history of ornithischians and theropods as well.

In all sauropod endocasts known so far, the cerebellar region of the endocast 
does not exhibit any distinct protuberance, contrary to some derived theropods (e.g. 
Lautenschlager et al. 2012) and early sauropodomorphs (see below). One feature 
that is however, easily discernible in many sauropod endocasts is the presence of 
dural expansions (=dural peak) posterior to the cerebral region on the dorsal surface 
of the endocast (Witmer et al. 2008). These casts correspond to part of the intricate 
venous systems of the endocranial cavity of sauropods, which were connected to 
vascular systems of different regions of the skull (e.g. Witmer et al. 2008; Knoll 
et al. 2015a, b). Particularly large dorsal expansions, connecting to the dorsal sur-
face of the skull roof through openings are present in dicraeosaurids, probably 
related to a thermoregulation function (Janensch 1935–1936; Paulina-Carabajal 
et al. 2014)

An enlarged ventrally-projected pituitary is a remarkable feature of the endocast 
of sauropods (Fig. 8.9b). The dorsoventral height of the gland is usually around half 
or the same as the height of the portion of the endocast dorsal to it. In some titano-
saurs however, the height of the pituitary even surpasses that of the rest of the endo-
cast (see Knoll et al. 2019 and references therein). Although the pituitary fossa was 
certainly filled with other soft tissues, the presence of a large pituitary gland in 
sauropods is expected as it has a relationship of positive allometry with body size 
(Edinger 1942). Excluding the pituitary, the rest of the brain endocast of sauropods 
usually exhibits a sigmoid shape in lateral view, a result of the presence of promi-
nent flexures between forebrain, midbrain and hindbrain (called ‘cerebral and pon-
tine’ flexures by other authors, although these are embryological terms) (Balanoff 
et al. 2010). Another characteristic that is also common to all sauropods, despite 
some variation, is the presence of a short olfactory tract and small olfactory bulbs.

There is a single passage for all branches of trigeminal nerve in most sauropods, 
but a separated V1 (ophthalmic branch) is present in Camarasaurus (Zheng 1996; 
Paulina-Carabajal 2015). The most significant variation within Sauropoda might be 
that regarding the hypoglossal nerve (XII), with different specimens exhibiting 
either one or two foramina associated with the passage of this cranial nerve (see 
Balanoff et al. 2010). Within the more inclusive group Sauropodomorpha, another 
variation corresponds to the path for CNs IX-XI. Sauropods exhibit a single aper-
ture on the lateral wall of the braincase between the fenestra ovalis anteriorly and 
the foramina for the hypoglossal nerve posteriorly, the metotic foramen, which 
likely corresponds to the path of CNs IX, X, and XI – this is different from the con-
dition in most non-sauropod sauropodomorphs, which exhibit an additional fora-
men for CN X (see discussion below).

A. Paulina-Carabajal et al.



307

In relation to the neuroanatomy of sauropods, the endocast of the early sau-
ropodomorph Buriolestes schultzi lies on the other side of the spectrum of morpho-
logical variation (Müller et al. 2021). So far, Buriolestes is the only non-sauropodan 
sauropodomorph for which the whole endocast including hind-, mid- and forebrain, 
as well as the inner ear, could be reconstructed. This taxon possesses a brain mor-
phology that is mostly similar to the plesiomorphic condition of archosaurs. The 
endocast of Buriolestes do not exhibit flexures as marked as that of other sauropods. 
As a result, the endocast is less sigmoid in lateral view than in sauropods. Anteriorly, 
Buriolestes exhibits an elongated olfactory tract, with an anteroposterior length cor-
responding to around one third of the total length of its endocast. Another well- 
developed structure in the brain of Buriolestes is the floccular lobe of the cerebellum, 
which projects laterally within the space between the semicircular canals of the 
inner ear. On the other hand, the pituitary is reduced in size when compared to 
sauropods.

 The Cranial Endocast of Ornithischia

The first described dinosaur endocranial cavity belonged to Iguanodon (Hulke 
1871; Fig. 8.2a), but it appears the first endocast described came from a Stegosaurus 
(Marsh 1880; Fig. 8.2b). Unlike saurischians, more than a half of the known ornith-
ischian brains were studied using physical endocasts. They are known for represen-
tatives of all main clades including Ornithopoda, Thyreophora (Ankylosauria and 
Stegosauria), and Marginocephalia (Ceratopsia and Pachycephalosauria), with 
stegosaurians and pachycephalosaurians remaining the less explored group in terms 
of number of studied taxa (Table 8.1 and Fig 8.12). Contrarily, the ornithopods are 
best known group due to their excellent fossil record, particularly of hadrosaurids 
(see Lull and Wright 1942; Horner et al. 2004 for reviews).

Most ornithischians have anteroposteriorly extended and transversely narrow 
endocasts, differing from that of many non-avian theropods in having relatively 
shorter olfactory apparatus, as observed in iguanodontians (Dryosauridae, 
Iguanodon), stegosaurs, and ceratopsians (although not particularly in basal repre-
sentatives such as psittacosaurs which have markedly elongated olfactory bulbs), 
and/or expanded cerebral hemispheres, as observed in hadrosaurids. On the other 
hand, ankylosaurs, and to some degree pachycephalosaurs, have short and trans-
versely wide and bulbous endocasts that are more reminiscent of the morphology 
present in derived sauropods (Figs. 8.12 and 8.13d, g).

The pattern of angle flexures between forebrain, midbrain and hindbrain is 
equally angular in practically the entire clade except in iguanodontids and hadro-
saurids (Giffin 1989). The variation in the pattern of angle flexion seems to depend 
on the absolute size of the skull and the relative size of the eye, and thus, the small-
est taxa tend to have more sigmoidal endocasts (e.g. pachycephalosaurs, psittaco-
saurs, basal iguanodontians) than the largest forms, and the same variation is 
observed between juvenile and adult individuals of the same genus (e.g. Giffin 

8 Paleoneurology of Non-avian Dinosaurs: An Overview



308

Fig. 8.12 Simplified cladogram of Ornithischia showing the phylogenetic relationships of selected 
taxa and their endocasts. Endocasts were redrawn from: Pachyrhinosaurus (Witmer and Ridgely 
2008b), Pachycephalosaurus (Giffin 1989), Hypacrosaurus (Evans et al. 2009), Dysalotosaurus 
(Lautenschlager and Hübner 2013), Stegosaurus (Leahey et al. 2015), Euoplocephalus (Ösi et al. 
2014). Not to scale

1989; Lautenschlager et al. 2012; Bullar et al. 2019), following a similar pattern as 
that observed in living birds (Walsh and Milner 2011).

There is a high variability on visible forebrain structures among ornithischian 
clades. The olfactory tracts are relatively anteroposteriorly elongated in basal and 
derived ceratopsians (Forster 1996; Zhou et al. 2007), but are shorter and the olfac-
tory bulbs are just in front the cerebral hemispheres in hadrosaurids (Evans et al. 
2009; Becerra et al. 2018), and ankylosaurs (e.g. Miyashita et al. 2011; Ősi et al. 
2014; Paulina-Carabajal et  al. 2016b, 2018b), with an intermediate situation 
observed in stegosaurs and pachycephalosaurs (Giffin 1989; Galton 2001; Bourke 
et al. 2014). The olfactory system in hadrosaurids constitutes between 3% and 7% 
of the endocranial volume, something similar to the sauropod Nigersaurus (Evans 
et al. 2009). This is, relatively smaller than in other dinosaurs including ceratopsians 
and theropods. However, more comprehensive analyses of olfactory bulb size ratio 
and olfactory acuity among ornithischians have not yet been done.

The cerebral hemispheres are well-defined in most clades, being separated from 
the olfactory tract by a conspicuous constriction. The cerebrum however, is not 
markedly laterally expanded in most groups, except in hadrosaurids where a dense 
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net of blood vessels suggests that this region of the endocast reflects the actual shape 
of the cerebral hemispheres (Osmólska 2004; Evans 2005; Witmer et al. 2008). In 
all ornithischians, the endocasts constrict markedly posterior to the cerebrum, main-
taining a constant narrow width along the medulla. This post-cerebral region (hind-
brain) is similar to most other dinosaurs in the lack of detailed morphology due the 
presence of a large longitudinal sinus, thus suggesting that it was not closely related 
to the endocranial wall (Evans 2005). The floccular lobes are so small and superfi-
cial in ornithischians that they are not distinguished in most endocasts: So far, this 
structure has been reported in primitive iguanodontians of the dryosaurid family 
(Dryosaurus: Galton 1989; Lautenschlager and Hübner 2013), small ornithopods of 
the thescelosaurid family (Dysalotosaurus and Hypsilophodon: Galton 1989), in 
ankylosaurids –but not in nodosaurids– (Miyashita et al. 2011; Paulina-Carabajal 
et al. 2016b, 2018b), and in stegosaurs (Galton 1988, 2001). Within the latter group 
the flocculus is however not reconstructed in the digital rendering of Stegosaurus 
stenops made by Leahey et al. (2015), whereas the floccular recess is absent in the 
endocranial cavity of the specimen YPM 1853 (S. ungulatus at Yale Peabody 
Museum, APC pers. obs) suggesting some degree of intra and interspecific variation 
for the genus Stegosaurus.

Most of the data about ornithischian paleoneurology comes from derived 
Cretaceous forms, whereas Jurassic taxa are represented by a few basal ornithopods 
and stegosaurs (Table 8.1). Also, most of the data is from taxa from the Northern 
Hemisphere, whereas the endocranial anatomy of taxa from the Southern 
Hemisphere remains poorly explored, with only three studied species: Secernosaurus 
australis from South America (Becerra et al. 2018), the stegosaurid Kentrosaurus 
aethiopicus from Africa (Hennig 1925; Galton 1988, 2001), and the thyreophoran 
Kunbarrasaurus ieversi from Australia (Leahey et al. 2015).

Ornithopoda Ornithopods are the better studied group with around 30 species 
with known neuroanatomy, although the Jurassic representatives remain yet poor 
compared to the Cretaceous forms (Table  8.1). According to Hopson (1979) the 
forebrain-midbrain flexion in iguanodontids and hadrosaurids is considerably 
reduced and the midbrain-hindbrain flexion is practically eliminated, resulting in a 
more or less straight endocranial cavity. Ornithopod endocasts characterize by 
transversely expanded cerebral hemispheres that are faithful copies of the soft tis-
sues, as the blood vessels indicate (Evans 2005), whereas in the Early Cretaceous 
Leallenysaura is possible to observe the optic lobes in dorsal view (Rich and Rich 
1989). Particularly in lambeosaurines the cerebral hemispheres are strikingly large, 
globose and broad, surpassing the 40–50% of the total endocranial volume –without 
the olfactory system– (Evans et al. 2009; Cruzado-Caballero et al. 2015). The rela-
tive large brain size in some ornithopods (e.g Proa) represents a degree of encepha-
lization compatible –or even larger– with theropods, suggesting a trend towards 
increased relative brain size during ornithopod evolution with (see Knoll et al. 2021 
and references therein).

Thyreophora (Ankylosauria and Stegosauria) Ankylosaurs were among the 
least explored clades. Although nearly a dozen of species have been studied, all taxa 
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represent Cretaceous forms, and the current understanding of their evolution remain 
unclear (e.g Nopcsa 1929; Pereda-Suberbiola and Galton 1994; Carpenter et  al. 
2001; Witmer and Ridgely 2008a; Ösi et  al. 2014; Leahey et  al. 2015; Paulina-
Carabajal et al. 2016b, 2018b; Table 8.1). Most ankylosaurs share an anteroposteri-
orly short endocast with globose forebrain and large pituitary and internal carotid 
arteries (Fig. 8.12). Relatively large olfactory bulbs have been also described for the 
ankylosaurs Bissektipelta (Kuzmin et al. 2020), Euoplocephalus (Miyashita et al. 
2011) and Tarchia (Paulina-Carabajal et  al. 2018b), suggesting a better sense of 
smell in ankylosaurids than in nodosaurids, although the nodosaurids Hungarosaurus 
and Struthiosaurus (Ősi et al. 2014) have relatively large olfactory bulbs as well. 
The Olfactory Ratios vary from 44% in nodosaurids to 52% in ankylosaurids 
(Paulina-Carabajal et al. 2016b). The flocculus of cerebellum is absent in all studied 
nodosaurids so far, but has been identified in some ankylosaurids, suggesting a dif-
ferentiated brain pattern between these families (Paulina-Carabajal et al. 2018b).

Stegosaurian endocasts are among the first ones being studied, but only four or 
five Jurassic species have known neuroanatomy so far (e.g. Marsh 1880; Gilmore 
1914; Galton 1988, 2001; Table  8.1). Stegosaurs have tubular, long and narrow 
endocasts with low flexures and large venous sinuses obscuring the shape of the 
brain. They exhibit low brain to body mass ratios, and the lowest calculated REQs 
among dinosaurs (e.g Hopson 1979; Figs. 8.12 and 8.14).

Marginocephalia (Ceratopsia and Pachycephalosauria) The first ceraptopsian 
endocast was estudied by Marsh (1889) and quite some time later the first pachy-
cephalosaurian endocast was made (Brown and Schlaikjer 1940), although a well- 
described and illustrated endocranial cavity showing the shape of the cerebrum and 
olfactory bulbas was made by Lambe in 1918. The group remains poorly studied 
compared to other dinsoaurs, and today cranial endocasts of less than ten species of 
ceratopsians (e.g. Marsh 1896; Langston Jr 1975; Forster 1996; Tykoski and Fiorillo 
2012; Napoli et al. 2019; Zhang et al. 2019) and about five valid species of pachy-
cephalosaurians (e.g. Maryanska and Osmólska 1974; Hopson 1979; Giffin et al. 
1987; Giffin 1989) have been studied (Table 8.1).

Among ceratopsians the olfactory bulbs are relatively larger in basal (e.g. 
Auroraceratops, Psittacsoaurus; Zhou et al. 2007; Napoli et al. 2019; Zhang et al. 
2019) than in more derived forms (e.g. Pachyrhinosaurus; Witmer and Ridgely 
2008b), although these lobes are relatively large compared to other dinosaurs, sug-
gesting a well-developed sense of smell for the group in general. The cerebral hemi-
spheres are poorly expanded and the dorsal venous sinus obscures other brain 
structures (e.g. Forster 1996). A well-differentiated pituitary connected with strik-
ingly large passages for the cerebral internal carotid arteries characterize the cera-
topsian endocast (e.g. Zhou et  al. 2007; Witmer and Ridgely 2008a, b; Zhang 
et al. 2019).

Pachycephalosaurs have simple and more or less tubular endocasts, although 
exhibit a more globose cerebrum and a marked sigmoidal shape than ceratopsians, 
probably responding to the differential position of the head in these bipedal 
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Fig. 8.13 Line drawings of the skull and brain (blue color) of main groups of dinosaurs in dorsal 
view. (a), Ceratopsia; (b), basal Sauropodomorpha; (c), hadrosauridae; (d), Ankylosauria; (e), 
Stegosauria; (f), non-maniraptoran Theropoda; (g), Sauropoda; (h), Oviraptorosauria. (a, c, e, g, 
redrawn from Marsh 1896; b, after Bronzati et al. 2019; d, after Paulina-Carabajal et al. 2016b; f, 
after Cerroni and Paulina-Carabajal 2019; h, after Balanoff and Norell 2012 and Kundrát 2007). 
Not to scale

dinosaurs, and to a reorganization of the skull bones to head butting behavior (e.g. 
Giffin 1989; Hopson 1979; Bourke et al. 2014). As in ceratopsians, the olfactory 
bulbs are relatively large, and the olfactory tracts are short but well defined, suggest-
ing an acute sense of smell in this group (Giffin 1989). The cerebral hemispheres are 
laterally expanded (surpassing the olfactory bulbs width) and giving the endocast a 
convex shape dorsally (Fig. 8.12). One of the most complete endocasts is that of 
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Fig. 8.14 Dinosaur (Reptile) Encephalization Quotient (REQ/EQ). Graphic showing the mean 
EQ and REQ (with asterisc) calculated for certain dinosaur taxa. Abbreviations: A allosauroidea, 
C Ceratosauria, CA Caenagnathoidea, CE ceratopsia, D Diploducus, H hadrosaurid, I iguanodon-
tids, N Nigersaurus, OR ornithomimosauria, PO Polacanthus, ST Stegosauria, TR troodontidae, 
TY, tyrannosauroidea. (Sources of data: Hopson 1979; Franzosa 2004; Witmer et al. 2008; Zhou 
et al. 2007; Evans et al. 2009; Lauters et al. 2012; Hurlburt et al. 2013)
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Pachycephalosaurus (Brown and Schlaikjer 1943). It has the anterior margins of 
each cerebral hemisphere not rounded but pointed, a shape resulting from the pres-
ence of dorsal venous sinuses, as in the living Alligator (Witmer et al. 2008). The 
infundibulum is robust and the pituitary is relatively larger than that reconstructed 
for Stegoceras (Bourke et al. 2014).

8.4  Evolutionary Patterns in Dinosaur Neuroanatomy

8.4.1  Encephalization Quotient

Since the beginning of paleoneurological science, there have been attempts to cor-
relate brain size with ‘intelligence’ or neuronal capacity, and now it is widely 
accepted that the analysis of brain size provides insights into different aspects of the 
nervous system (e.g. Jerison 1969, 1973; Hopson 1977, 1979, 1980; Larsson et al. 
2000; Iwaniuk and Nelson 2002; Buchholtz 2012; Hurlburt et al. 2013; Morhardt 
2016; Balanoff and Bever 2017; Dumoncel et al. 2020). However, cognitive charac-
ters of a given taxon may not be predicted from the brain size only, and there is also 
no easy or reliable way to measure brain size (or determine the development of 
certain regions of the brain) from an endocast. Also, brain size alone may not be 
sufficient data to predict cognitive capabilities in a given animal, although the anal-
ysis of this measure may help to understand the evolution of the central nervous 
system through comparative studies. Jerison (1973) developed an equation called 
Encephalization Quotient (EQ) to investigate the allometric relation between the 
brain and body size. This equation, which was modified by Hurlburt (1996) as the 
Reptile EQ to adjust the regression to the reptilian lineage, represents an individu-
al’s actual brain size divided by the expected brain size for its particular body size, 
calculated in turn using an allometric relationship derived from a large extant sam-
ple (e.g. Jerison 1973; Evans et al. 2009). Hurlburt et al. (2013) made the first mea-
surements of dinosaur relative brain size using REQ, and also estimated the dinosaur 
relative brain and cerebrum size by calculating the cerebrum: a cerebrocast ratio. 
The cerebrum fills the braincase more completely than other parts of the brain in 
living reptiles and many groups of dinosaurs, becoming the most recognizable fea-
ture in any endocast (Hopson 1977; Larsson et al. 2000). The REQ is then a useful 
tool to determine relative brain size and compare it with the same data for taxa of 
different body sizes. However, it should be used with caution because quantifying 
the ‘intelligence’ of a dinosaur is fraught with uncertainties, and many aspects 
should be considered: (1) there is no direct correlation between a larger brain and a 
greater intelligence, (2) dinosaur endocasts are poor models of the brain in general, 
and 3) corrections need to be done in order to estimate the most accurate brain size 
(e.g. Hurlburt et al. 2013), and also body size, since mass estimates in dinosaurs in 
general are questionable. Furthermore, different authors have obtained a wide range 
of brain volume and body size values even for a single taxon or specimen, and with 
body size estimates based on different formulas (see Christiansen and Fariña 2004; 
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Benson et al. 2014, 2018; Campione and Evans 2020). The influence of such mea-
surement variations has not been comprehensively analyzed among dinosaurs yet. 
These uncertainties in the calculation of the base data (body size and brain volume) 
in extinct taxa do not prevent the REQ from being a useful comparative metric 
(Evans et al. 2009).

Among dinosaurs, some ornithischians have REQs in the same range as coeluro-
saur theropods (e.g. the iguanodont Proa valdearinnoensis), whereas sauropods 
(but not sauropodomorphs) and marginocephalians exhibit the lowest values 
(Hopson 1977; Buchholtz 1997; Evans et  al. 2009; Lautenschlager et  al. 2012; 
Hurlburt et al. 2013; Knoll et al. 2021; Fig. 8.14). Within theropods, the analyses 
made using calculated REQs indicate that the brain becomes larger in derived 
groups, with dromaeosaurids and troodontids having the highest values. In the coe-
lurosaurian lineage it has been suggested that most of the enlargement occurred 
within the forebrain, particularly in the relative cerebrum size (Larsson et al. 2000; 
Brusatte 2012). The mean values for most theropod taxa are, however, only slightly 
larger than in living crocodilians, except for certain small maniraptoriforms 
(Bambiraptor, Ornithomimus, Troodon) and particularly oviraptorosaurs which 
have an index that falls within the range of extant birds (and outside that of the non- 
avian dinosaurs) (Hurlburt et al. 2013; Balanoff et al. 2014). As mentioned above, 
high values within the range of living birds were found also in some ornithopods, 
and recent work on the paleoneurology of ornithischian dinosaurs showed a trend 
towards the increment of relative brain size during ornithopod evolution from the 
late Jurassic onwards (Knoll et al. 2021 and references therein). The high EQ/REQ 
values found in Cretaceous relatively large forms such as Proa, suggest that an 
increasing encephalization was fostered not only in theropods but also in parallel in 
the shorter-lived lineage of ornithopods (Knoll et al. 2021; Fig. 8.14).

Among non-sauropodan sauropodomorph taxa, an encephalization quotient can 
only be calculated for Buriolestes schultzi, and its REQ is higher than that of all 
sauropods for which this metric can be calculated, although is not higher than that 
in non-coelurosaur theropods (Müller et al. 2021). It is thus certainly tempting to 
consider the giant sauropods as slow-moving animals (although this was already 
suspected from their extremely large bodies), given that brain size has previously 
been proposed as a proxy for intelligence and agility (Jerison 1973). Therefore, 
there is nothing extraordinary in the fact that sauropods have relatively small brains, 
as the relation between brain and body sizes is of negative allometry (Hopson 1979). 
Furthermore, factors such as the number of cortical neurons and conduction veloc-
ity are better indicators of information-processing capacity, and hence better prox-
ies for intelligence (Roth and Dicke 2005). However, it is interesting that even 
Buriolestes has a REQ value smaller than that of all other theropods for which the 
value is known (Müller et al. 2021). It is not possible to establish if the REQ of 
Buriolestes is the retention of an ancestral trait or if it corresponds to a derived fea-
ture of sauropodomorphs when compared to other dinosaurs. Apart from Buriolestes, 
so far REQ values could only be calculated for Jurassic and Cretaceous dinosaurs.
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8.4.2  Brain Architecture and Evolution

Comparative neuroanatomists have long recognized the intimate connection 
between the development of the brain and evolution, and the degree of encephaliza-
tion across vertebrates (e.g. Watanabe et al. 2021 and references therein). The ple-
siomorphic condition for reptiles is an elongate brain whose neuroanatomical 
regions are arranged almost linearly whereas birds exhibit a derived neuroanatomy 
with expanded cerebrum and cerebellum and displacement of the optic tectum ven-
trolaterally (Hopson 1979; Butler and Hodos 2005; Balanoff and Bever 2017). This 
plesiomorphic architecture of the reptile brain is conserved among dinosaurs, where 
a linear arrangement of the main brain regions is observed in all basal forms, includ-
ing most ornithischians, sauropodomorphs and early theropods (Balanoff and Bever 
2017; and references therein).

The derived transformation that resulted in the modern S-shaped brain in avian 
theropods does not appear in the dinosaurian fossil record until deep within the his-
tory of theropods, at the origins of the clade Maniraptora and prior to the origins of 
the avian crown clade (Balanoff and Bever 2017). Some closely-related non- avian 
theropods, such as oviraptorosaurs and troodontids, exhibit allometric trends in 
brain-to-body size similar to that in some living avian theropods (Balanoff et al. 
2013; Watanabe et al. 2021). Recent work suggests that the evolution of each region 
of the brain occurs under a mosaic brain evolution mode (Balanoff et al. 2016b). 
During the transformation from the plesiomorphic linear brain into the derived sinu-
soidal brain, cerebral hyperinflation was the primary driver of encephalization and 
it was probably correlated with transformations of the maniraptoran cranial mor-
phology such as expansion of the cranial vault, enlargement of the orbits, and short-
ening of the craniofacial region (Balanoff and Bever 2017 and references therein). 
Volumetric evidence indicating pulses of cerebral expansion occurring among non- 
avialan maniraptoran dinosaurs suggests that an ancestrally more modular brain 
allowed for increasingly encephalized brains and globular cerebra to evolve prior to, 
and even after, the origin of Avialae (Balanoff et  al. 2013; Ksepka et  al. 2020; 
Watanabe et al. 2021).

Despite the fact that sauropods have no living representatives, a similar pattern is 
observed in the lineage with the basal sauropodomorph Buriolestes schultzi exhibit-
ing a more anteroposteriorly elongated endocast whereas derived forms (e.g. titano-
saurs) exhibit a more sigmoid shape in lateral view. Buriolestes is usually recovered 
as the sister group of all other sauropodomorphs in phylogenetic analyses of the 
group (see e.g. Müller et al. 2021). Thus, given its phylogenetic position and the 
presence of traits in its endocast that are mostly similar to those of other early dino-
saurs, it is safe to consider the neuroanatomy of Buriolestes as very close to the 
ancestral morphology for Sauropodomorpha as a whole. As mentioned above, brain 
shape is highly correlated with the morphology of the skull roof in reptiles (Fabbri 
et al. 2017), and this also seems to hold true for sauropodomorph dinosaurs. One of 
the most distinctive features of sauropods is the presence of an anteroposteriorly 
short skull, with the length usually accounting for less than 50% of the length of the 
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femur. On the other hand, the oldest sauropodomorphs such as Buriolestes had pro-
portionally longer skulls, with skull length accounting for more than 70% of the 
femoral length. The reduction of the skull in sauropods is mostly notable in the 
temporal region, where the braincase is located (Bronzati et  al. 2018). Thus, the 
reduction of the anteroposterior length of the endocast in sauropods, with the 
accompanying reduction of the olfactory tract, and the appearance of more marked 
flexures, is more likely to be correlated with skull length reduction and verticaliza-
tion of the occipital plate, rather than possessing any ecological significance.

8.5  Future Directions and Conclusions

Most research on dinosaur paleoneurology has focused on the neuroanatomy of the 
taxon under study only, and there are considerably fewer studies that go further 
towards a descriptive analysis in order to understand ontogenetic changes (e.g. 
Lautenschlager and Hübner 2013), evolutionary patterns (e.g. Witmer and Ridgely 
2009; Balanoff et al. 2010; Lauters et al. 2012; Lautenschlager et al. 2012) or docu-
menting neuroanatomical transformations of the modular brain in deep time (e.g. 
Balanoff and Bever 2017), in specific clades.

Most likely the fossil record will eventually provide information that will fill the 
gaps in our understanding of dinosaur endocranial anatomy and ontogeny. However, 
some authors have stated that the major constraints facing research in paleoneurol-
ogy center on the accuracy and reliability of the correlation between the endocast 
morphology and the complexity and modularity of the actual brain (Balanoff and 
Bever 2017). Although the quantitative relationship between the osteological cor-
relates (landmarks) and the neuroanatomy require verification in a broader sample 
of lineages, the approach appears useful in tracing the modular nature of the brain 
in deep time (Balanoff et al. 2013, 2015; Balanoff and Bever 2017). Futures studies 
that may improve our understanding of the pattern of neurosensory evolution in 
dinosaurs include the addition of unknown taxa (filling gaps in the phylogeny), 
more exhaustive integrative morphological analyses, seeking correlations between 
diversity radiations and evolutionary brain changes through the Mesozoic (do they 
occur in different lineages at the same time?), advances in the field of sensory biol-
ogy and behavior, etc.

Finally, as pointed out by Balanoff and Bever (2017), the analysis of volume 
remains an important aspect of endocast vs brain comparative studies, however the 
complexity of the brain in terms of structure and function, will be always exceed the 
information we can obtain from the available structures in an endocast. No matter 
how far paleoneurology and sensory biology have progressed, we must keep in 
mind that it remains a challenge to obtain reliable information about behavior in 
modern relatives such as crocodilians and birds (e.g. Vergne et al. 2009).

Final Remarks Dinosaur paleoneurology is a growing discipline that seeks to 
understand the evolutionary pattern of the central nervous system in these extinct 
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animals, hand-in-hand with the field of comparative neurology of their living rela-
tives. Today, the cranial endocast morphology of most dinosaur families is known, 
and hypotheses about the evolutionary pattern of their brains (particularly in the 
lineages leading into the flying dinosaurs) and senses (dealing especially with the 
senses commonly known as sight, smell, hearing and touch) have been proposed. 
Poorly explored aspects often hinge on lack of data in the fossil record, which par-
ticularly impedes our understanding of ontogenetic changes, inter- and intra-species 
morphological variation, and possible ecological adaptations and lifestyle. The 
arrival of non-invasive technologies, such as X-ray computed tomography or neu-
tron micro-tomography, are increasing enormously the number of studied taxa, 
including those groups with smaller body sizes. In this sense, the improved knowl-
edge of dinosaur brain anatomy and sensory systems is allowing, for the first time 
in many groups, more comprehensive analysis of the morphological data provided 
by the endocasts using quantitative methods. Thus, the trends and future directions 
in dinosaur paleoneurology will be oriented towards the analysis of macroevolu-
tionary and morphofunctional patterns, but also to the field of sensory perception, 
seeking for adaptive signals and paleobiological implications on behavior and occu-
pation of ecological niches, among others.
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Chapter 9
Anatomy and Evolution of Avian Brain 
and Senses: What Endocasts Can Tell Us

Federico J. Degrange, Julieta Carril, Ricardo S. De Mendoza, 
María M. Demmel Ferreira, and Claudia P. Tambussi

9.1  Systematic and Phylogenetic Context

Birds represent the most speciose and diverse group of terrestrial vertebrates. 
Nowadays, birds exhibit a great disparity regarding body shapes, body masses and 
behaviors, and they have conquered all present environments Brad Harris’ character 
from the 2011 movie ‘The Big Year’ said “Who doesn’t love birds? … they’re beau-
tiful, and they fly, and they’re capable of incredible things!”. As highlighted by 
Harris’ quote, birds’ most noticeable feature is the ability to fly (or the ability to fly 
that their ancestors used to have). This fact was possible due to the evolution of 
feathers and other features related to sustained flight like the pneumatic bones, air 
sacs and even cranial kinesis (Zweers et al. 1997). The theropod-Bird transition was 
characterized by a reduction of body-size (Lee et al. 2014), which facilitated the 
evolution of other features such as the enhancement of flight and paedomorphic 
skulls, which in turn, enabled the development of large eyes and brain (Bhullar et al. 
2012, 2016). Nevertheless, most of the features that characterize birds and their 
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ability to fly have been acquired in the non-avian theropods, implying that “there is 
no sharp line demarcating bird and non-bird, the distinction has become entirely 
arbitrary” (Witmer 2002: p 6).

It is worth mentioning here that the colloquial term “bird” refers to the clade 
Aves (in the sense of Chiappe 1997 contra Avialae in the sense of Gauthier 1986). 
Aves are maniraptoran theropod dinosaurs (or in a more encompassing sense, birds 
are dinosaurs), and together with Deinonychosauria, they constitute the group 
known as Paraves (Balanoff et  al. 2013; Xu et  al. 2011). Until recently, the first 
known bird was Archaeopteryx from the Upper Jurassic of Solnhofen, Germany, 
which was capable of performing active flight based on short-distance flapping 
(Voeten et  al. 2018). However, its phylogenetic relation to birds has been chal-
lenged, alleging that Archaeopteryx is a non-avian dinosaur more closely related to 
Deinonychosauria, and flight may be a convergence between this last group and 
Aves (Xu et al. 2011). To add more controversy, more recently Archaeopteryx has 
been placed back into Aves (Lee and Worthy 2012; Field et al. 2018; Torres et al. 
2021). By the Cretaceous, the most diverse and widespread birds were the 
Enantiornithes, a group with predominantly arboreal lifestyle (O’Connor et  al. 
2011). Other fossil birds registered in the Cretaceous period belonged to the 
Ornithuromorpha, a clade that included the iconic Ichthyornis (Field et al. 2018) 
and the aquatic Hesperornis (Bell and Chiappe 2016), among others. Modern birds, 
Neornithes (Aves in the sense of Gauthier 1986), appeared in the Upper Cretaceous 
(Clarke et al. 2005, 2006; Ksepka et al. 2017; Field et al. 2020). By the K-Pg extinc-
tion event most arboreal-dwelling birds became extinct. Only the ground-dwelling 
birds survived and diversified giving origin to the remaining groups of Neornithes, 
a radiation that occurred in the early Cenozoic (Field et al. 2018).

Neornithes are divided into two large groups based on the morphology of their 
palate: Paleognathae and Neognathae (Mindell and Brown 2005). Paleognathae 
includes the Tinamiformes (also known as inambues) and the ratites, a group of 
birds not capable of flying that includes kiwis, large and cursorial birds like rheas, 
cassowaries, emus, ostriches, and the gigantic extinct moas. Neognathae includes 
Galloanserae and Neoaves. Galloanserae includes landfowl and waterfowl, and 
Neoaves includes the remaining groups of birds whose phylogenetic relationships 
are still debated. Recent phylogenetic analyses based on molecular data (e.g. Prum 
et al. 2015) show that Neoaves comprises at least five large groups: (1) the Strisores, 
that includes the insectivorous nightjars, hyper-aerial birds such as swifts, and birds 
with extreme feeding adaptations to nectarivory such as hummingbirds; (2) 
Columbaves that includes arboreal birds such as turacos, large flying migrant birds 
such as bustards, and doves, (3) Gruiformes, that includes cranes, rails and trumpet-
ers; (4) Aequorlitornithes, a group that includes birds mainly associated with aquatic 
environments, including extreme divers such as penguins, soaring sustained flyers 
such as petrels and albatrosses and the diverse Charadriiformes, among others; and 
(5) Inopinaves. This last group is the most diverse of all birds, including raptors, 
toucans, woodpeckers, seriemas, parrots, and the songbirds (i.e. Passeriformes) 
which is the largest order of birds, comprising ~60% of extant species (Barker 2014; 
Barker et al. 2004).
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9.2  Historical Background

The evolutionary history of the avian brain is so far relatively poorly understood, 
despite the fact that the first mention of a fossil brain dates back almost two centu-
ries. While some debate still remains over correlations between anatomy and func-
tion, brain morphology has been linked to a wide array of cognitive and behavioural 
capacities and sensory and motor abilities observed in Neornithes, such as tool use, 
sociability, complex vocalization, parental care and locomotion (Bennet and Harvey 
1985; Ebinger 1995; Lefebvre et al. 2004).

As in other vertebrates, the avian brain shows a degree of modularity (Watanabe 
et al. 2021). Although there is no consensus about the degree of functional modular-
ity in the brain, most researchers agree that some functional areas can be deter-
mined, some of which are purely dedicated to sensory processing, motor control 
and/or cognition (e.g. eminentia sagittalis to stereopsis or three-dimensional vision, 
Iwaniuk and Wylie 2006; Iwaniuk et  al. 2008). As a consequence, we generally 
assume that the increase in a given region is correlated with an increase in the com-
plexity of its functions. This is known as Jerison’s Principle of Proper Mass (Jerison 
1973), which states that the relative size of a brain structure correlates with an 
increase in either the number or the size of neurons present and, hence, with the 
relative importance of the information processed by that structure.

A very particular aspect of birds, shared only with mammals and the extinct 
pterosaurs, is that the brain nearly fills the brain or intracranial cavity (Iwaniuk and 
Nelson 2002; Witmer et al. 2003), resulting in a high brain-to-endocranial cavity 
correlation index (BEC index; Balanoff et al. 2016a). The two meninges are very 
thin, causing the brain’s surface and its vascularization to be printed on the intracra-
nial bone wall. From the natural (e.g., sediment) or artificial filling (with latex or by 
medical or design software) of the brain cavity, it is possible to obtain an endocra-
nium cast: the endocast. Thus, the study of the endocast provides direct evidence of 
the surface morphology of the brain (Iwaniuk and Nelson 2002; Striedter 2005; 
Balanoff et al. 2016a; Watanabe et al. 2019). Early anatomical studies of the brain 
in fossil birds were based on rare natural endocasts, or on plaster casts of the endo-
cranial cavity (Edinger 1928). However, the latter technique is partially or totally 
destructive. Modern studies are principally based on CT scan data that allow virtual 
reconstructions of the brain endocast and sensory organs accurately through 3D 
imaging techniques. Indeed, the study of 3D models generated from CT scans 
opened a range of research possibilities, and avian paleoneurology found through 
the incorporation of 3D modelling a new impulse from 2000 forward (Knoll and 
Kawabe 2020). This methodology presents obvious advantages: materials usually 
do not need treatment (beyond the possible removal of matrix and sediment in fos-
sils) before entering the scanner, no deterioration occurs during the scan, and the 
results allow the reconstruction of high-quality 3D models from both paleontologi-
cal and neontological specimens (Milner and Walsh 2009; Balanoff et al. 2016a; 
Tambussi et  al. 2014, 2017). The datasets obtained by CT scans are in theory 
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permanent and easily portable, facilitating the comparison and study of the 3D mod-
els obtained, which are easily manipulated, sectioned and redescribed.

To combine neuroanatomical studies of extant and fossil animals occasionally 
seems challenging. Many studies of extant birds use histological techniques, and 
thus are not directly comparable with data from fossils. In contrast, most paleoneu-
rological studies look to explain the main transformations of the brain in the differ-
ent lineages of birds. These paleoneurological studies use the endocast as a proxy of 
the external brain morphology. At the present state, it is undeniable that the endocast 
is a faithful reflection of the morphology and volume of the brain in adult birds 
(Iwaniuk and Nelson 2002; Watanabe et  al. 2019; Early et  al. 2020a). Dissected 
fresh material has confirmed the similarity between the actual brain and the virtual 
endocast (Fig.  9.1; Ksepka et  al. 2012; Tambussi et  al. 2015; Carril et  al. 2016; 
Degrange et  al. 2018). However, extensive pneumatization and the dural venous 
system may interfere with this relationship (Balanoff and Bever 2017). For instance, 
the presence and number of cerebellar folia can be obscured by the presence of the 
occipital sinus in the endocast of some birds. Reconstruction techniques and best 
practices to reconstruct a bird endocast can be found in Balanoff et al. (2016a).

The present chapter deals with broad patterns of brain and sense organ morphol-
ogy and evolution taking imaging technology as a starting point. Except when 
noted, endocasts are hereafter referred to as brain models or simply brains. It has to 
be pointed out that only recently, avian brain terminology has been updated (Reiner 
et al. 2004a, b). However, there is also still the need for an updated terminology for 
the endocast. For descriptions of endocasts, the osteological nomenclature proposed 
by Baumel and Witmer (1993) is used (see Table 9.1), and anatomical terminology 
for the central nervous system follows Breazile and Kuenzel (1993) and Jarvis 
et al. (2005).

9.3  The Bauplan of the Avian Brain

The brain of any vertebrate can be divided into the forebrain, midbrain and hind-
brain. In birds (and also in mammals) the forebrain is notably enlarged (Reiner et al. 
2005). The shape and volume of these regions vary greatly among the different 
lineages of modern birds or Neornithes.

The dorsal surface of the avian forebrain (also call prosencephalon) is smooth, 
without the grooves that characterize the brain of most mammals. It is constituted 
by the telencephalon and diencephalon. A pair of characteristic dorsal structures 
called eminentiae sagittales (or wulsts) mark the dorsal surface of the telencepha-
lon. They are separated from one another by a fissura interhemispherica, and sepa-
rated from the lateral surface of the rest of the telencephalon by a furrow called the 
vallecula. The eminentiae sagittales can vary in shape, size and position. They can 
be located rostrally in the telencephalon as in Strigiformes and Caprimulgiformes or 
caudally as in Psittaciformes, corresponding respectively to types A and B 
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Fig. 9.1 Comparison of the (a) actual brain and (b) digital endocast of the monk parakeet 
Myiopsitta monachus (Psittaciformes) in lateral (top row), dorsal (middle row) and ventral (lower 
row) views. Scale = 1 cm. (Drawing by FJD)

according to the classification proposed by Stingelin (1957). In some other taxa, 
such as penguins, they occupy an intermediate position (Tambussi et al. 2015).
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Table 9.1 Encephalic and sense organs terminology of Baumel et al. (1993), their most frequent 
vernacular names and abbreviations used in this work

Terminology Vernacular Names Abbreviations

Ampulla ossea anterior Anterior ampulla AA
Ampulla ossea lateralis Lateral ampulla La
Ampulla ossea posterior Posterior ampulla Pa
Anastomosis intercarotica Intercarotid anastomosis Ia
Arteria carotis cerebralis Carotids Ca
Auricula cerebelli Flocculus Fl
Auris interna Inner ear
Bulbus olfactorius Olfactory bulbs Bo
Canalis semicircularis anterior Anterior/rostral semicircular canal Asc
Canalis semicircularis lateralis Horizontal/lateral semicircular canal Hsc
Canalis semicircularis posterior Caudal/posterior semicircular canal Psc
Cavum cranii Cranial cavity
Cavum tympanicum Middle ear region
Cerebellum Cerebellum Ce
Chiasma opticum Optic quiasm Co
Cochlea Cochlea Dc
Crus communis Crus communis Cc
Diencephalon Diencephalon Di
Ductus semicircularis anterior Anterior semicircular ductus
Ductus semicircularis lateralis Lateral semicircular ductus
Ductus semicircularis posterior Posterior semicircular ductus
Endolympha Endolymphatic fluid
Epitellium corneae exernum Cornea Co
Eminentia sagittalis Sagittal eminetia or wulst Es
Encephalon Brain/endocast
Fenestra cochlearis Cochlear fenestra Fco
Fenestra vestibularis Vestibular fenestra Fv
Fissura cerebeli Cerebelar fissure Fic
Fissura interhemisferica Interhemispheric fissure Fi
Flocculus (cerebellum) Flocculus Fl
Folia cerebeli Cerebellar folia Fc
Glandula pinealis Pineal gland
Hemispherium telencephali Cerebral hemispheres Ht
Humor aquosus Aqueous humor
Humor vitreum Vitreous humor V
Hypophysis Hypophysis Hy
Iris Iris i
Labyrinthus membranaceous Membranous labyrinth
Labyrinthus osseous Bony labyrinth
Labyrinthus vestibularis Vestibular labyrinth
Lentis Lens L

(continued)
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Table 9.1 (continued)

Terminology Vernacular Names Abbreviations

Medulla oblongata Medulla Mo
Medulla spinalis Spinal cord
Mesencephalon Mesencephalon/midbrain Ms
Metencephalon Metencephalon Mt
Myelencephalon Myelencephalon My
Nervi craniales Cranial nerves NI-XII

Oculi fovea Fovea Fo
Organum olfactorium Olfactory organ
Ossiculae sclerae Scleral ossicles Os
Pars cochlearis (inner ear) Cochlea
Pars vestibularis (inner ear) Vestibulus
Perylimpha Perilymphatic fluid
Prosencephalon Forebrain
Pupilla Pupil
Retina Retina Re
Pecten oculi Pecten Pe
Rhombencephalon Hindbrain
Sclera Sclera Sc
Sinus sagittalis dorsalis Dorsal sagittal sinus
Sinus transversus Transversal sinus
Systema nervosum Centrale Central nervous system
Tectum mesencephali Optic lobe Tm
Tectum opticum Optic tectum
Telencephalon Telencephalum/cerebrum Te
Tuber ventromediale Ventromedial tuberosity Tvm
Organum visum Eye
Vallecula telencephali Valllecula V
Vena cerebralis dorsorostralis Dorsorostral cerebral vena Vcd
Vena cerebralis media Medial cerebral vena Vcm
Vena occipitalis externa Occipital vena externa Voe

The forebrain is mostly involved in higher-level processing of sensory informa-
tion, cognition, and memory. The eminentiae are related to visual and somatosen-
sory inputs (Wild 2009). This is because the underlying soft-tissue structure, the 
hyperpallium, is part of the thalamofugal visual pathway linked to contour percep-
tion, distance discrimination, and spatial orientation among others (Güntürkün and 
Hahmann 1999; Shimizu and Bowers 1999). Early et al. (2020b) demonstrated that 
there is a very high correlation between the volume of the hyperpallium and the 
surface of the eminentia sagittalis expressed in the endocast. So, the size of the 
eminentia sagittalis can be used with confidence as an expression of the visual capa-
bilities of a bird. Moreover, the eminentiae are very conspicuous in birds with strong 
visual specializations, such as owls and nightjars (Iwaniuk and Wylie 2006). In the 
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ventral and more rostral region of the telencephalon are the olfactory bulbs. They 
are paired structures (always small compared to reptiles) of variable size in the dif-
ferent birds. In seabirds and scavengers, for instance, they are larger compared to 
most other birds (Walsh and Milner 2011a). According to Cobb (1959), the bulbs 
can be discriminated in two types: the one-lobe type, in which the olfactory bulbs 
are a single mid-line structure (e.g. Suliformes); and the biantennary type, in which 
the bulbs are double (e.g. Procellariiformes). Rostrally to these bulbs extends the 
first pair of cranial nerves, the olfactory nerve (I).

The diencephalon is also part of the circuit of visual pathways; the tectofugal and 
thalamofugal pathways involved in visual input and processing. The pineal gland is 
very small, located on the dorso-caudal surface of the forebrain. The hypophysis 
(pituitary) has a variable shape and development, projecting ventrally between the 
caudal region of the optic chiasm and the rostral region of the hindbrain. The cranial 
nerves II (optic) leave the rostral portion of the diencephalon and branch before or 
after leaving the endocranial cavity. By crossing each other at the base of the brain, 
they form the optic chiasm projecting to various centers in the diencephalon and 
midbrain (Martin et al. 2007).

A paired tectum mesencephali (optic lobes) can be observed projecting laterally 
in the midbrain. However, due to the lateral expansion of the telencephalon, these 
lobes are occluded dorsally. The optic lobes receive visual information from the 
retina as part of the tectofugal visual pathway, considered the main visual pathway 
as it is involved in discrimination of brightness, colors and patterns. The optic lobe 
size is also influenced by the size of an underlying tissue, the nucleus lentiformis 
mesencephali, involved in the combination of fast and slow eye movement responses 
(optokinetic reflex). Eye and head movements help stabilize the image on the retina 
and, therefore, contribute to visual-spatial resolution (Schmid and Wildsoet 1998). 
The cranial nerve III (oculomotor) originates from this region of the brain, project-
ing rostrally towards the orbit, while cranial nerve IV (trochlear) originates from the 
ventro-lateral portion of the midbrain.

The hindbrain is constituted by the cerebellum and the medulla oblongata. In 
general terms, the hindbrain is in charge of motor control. Its autonomous centers 
also regulate heartbeat, respiration, and digestion and act as a bridge between the 
brain and the peripheral nervous system. The cerebellum is located caudally to the 
two telencephalic hemispheres (which hide part of the cerebellum) and dorsally to 
the medulla. Its most outstanding structures are the flocculi that project from their 
lateral walls through the arch of the anterior semicircular canal of the labyrinth of 
the inner ear. However, this extension is variable among Neornithes, being longest 
in seabirds and shortest in songbirds, parrots and woodpeckers. Cerebellar folia 
usually number eleven, and can be very well marked (e.g. Psittaciformes) or diffi-
cult to observe (e.g. Sphenisciformes) in the endocast. Iwaniuk et al. (2006a) stated 
that the differences in the degree of foliation (and folia size) among Neornithes are 
influenced by phylogeny. However, it is worth mentioning that the development of 
the occipital dural sinus may hide the cerebellar folia in the endocast.

According to Boire and Baron (1994) and Iwaniuk et al. (2006a, b), the size of 
the cerebellum may be related to flight abilities. However, an enlarged cerebellum 
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has been observed in aquatic birds and this has been related to tail and hindlimbs 
control. The flocculi play an important role in gaze stabilization through the 
vestibulo- ocular reflex (i.e. coordination of the eye movements with movements of 
the head, neck and body), and tend to be enlarged in taxa that rely on quick move-
ments of the head (Witmer et al. 2003). Although estimating the size of the flocculi 
from the endocast can lead to errors due to the relationship between vascular and 
neuronal tissue (Walsh et al. 2013a), it is known that the size is related to the feeding 
strategy and nocturnality (see also Ferreira-Cardosa et al. 2017).

The medulla oblongata (or myelencephalon) is typically located ventrally to the 
cerebellum, and less frequently rostroventrally to it. It acts as a bridge between the 
rostral brain regions with the spinal cord and peripheral nerves. It contains nuclei 
related to heartbeat, digestion and respiration. Most nerves (V to XII) exit the brain 
from the medulla, either from the rostroventral portion (VI), lateral (V and VII), 
ventrocaudolateral (IX to XI) or ventral (XII).

9.4  Avian Brain Disparity

Bird brains exhibit a high variation in shape and size (Fig. 9.2). This variation is 
affected by multiple factors including the position of the brain within the skull 
(Dubbeldam 1989). Even the size of the eye has been correlated with brain mor-
phology (Kawabe et al. 2013a). Also, the shape of the brain is, to some extent, a 
correlate of the relative size of specific regions such as those of the telencephalon, 
cerebellum, or midbrain optic lobes (Early et al. 2020b). In most birds, the main 
brain axis is at an angle with the axis of the spinal cord, so that in lateral view, a 
flexion is observed. Furthermore, the main axis of the brain and that of the beak can 
also be aligned (e.g. Phalacrocorax spp.) or in a strong angle (e.g. Spheniscus spp.) 
(Dubbeldam 1989; Marugán-Lobón and Buscalioni 2006; Walsh and Milner 2011a). 
In some birds, the telencephalon and the cerebellum are aligned (e.g., loons, cormo-
rants). But in most birds, the cerebellum is located ventral to the telencephalon such 
that in dorsal view, the cerebellum is hidden totally or partially by the telencepha-
lon. Most of this flexing occurs within the region of the mesencephalon (Pearson 
1972), with a strong angle often developed between the long axis of the telencepha-
lon and with the brain as a whole (Dubbeldam 1989). These types of brains are 
called orthoencephalic and airencephalic respectively (Duijm 1951; Marugán- 
Lobón and Buscalioni 2006).

Iwaniuk and Hurd (2005) proposed the distinction of brain types of birds (i.e. 
cerebrotypes) based on the relative development of the regions as a whole, in an 
attempt to address two issues: first, that the development of a particular area may not 
be independent and may be correlated with other areas; and second, that the consti-
tution of the brain is the product of the selective pressure of multiple factors in addi-
tion to the phylogenetic constraints. Using principal component and cluster analyses 
with 67 bird species, Iwaniuk and Hurd (2005) recognized five cerebrotypes associ-
ated with different environments. However, the cerebrotypes do not group species 
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Fig. 9.2 Neornithes brain disparity (endocasts displayed in lateral view) mapped onto a simplified 
phylogeny taken from Prum et al. (2015). Not to scale

with similar development (e.g. precocial or altricial) nor with phylogenetically 
related species. As the same authors assume, in some cases the segregation is not 
conclusive, but it is a first step towards future multivariate analyzes with more spe-
cies that could reveal more reliable relationships.

Bird brains are characterized by the increase of the size of the telencephalon, the 
cerebellum and the optic lobes, although features such as the degree of encephaliza-
tion, the expansion of the telencephalon, the development of the eminentia sagitta-
lis, or the total volume can be highly variable. The size or expansion relationships 
between the different regions of the brain as a whole is the result of an increment in 
neuronal packing which, in turn, is due to a greater preponderance in the functions 
performed by a certain regions (Striedter and Charvet 2008). In other words, the 
shape and size of the brain reflect some aspect of what a bird ‘does’ and therefore 
reflects its cognitive and sensory capacities, and possibly its ecology and behavior 
(Iwaniuk and Hurd 2005; Iwaniuk et al. 2004; Walsh and Milner 2011a).
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Brain shape seems to be relatively consistent within clades (Fig. 9.2; Stingelin 
1957) suggesting that the form of the brain may be phylogenetically constrained, 
although some variation may be observed (e.g., Pelecaniformes, see Kawabe et al. 
2014; Psittaciformes, see Carril et al. 2016). However, little is known yet about how 
and how much the size and morphological variation observed in the birds’ brain 
would be related to ethological, phylogenetic and/or life history aspects.

9.5  Cranial Nerves

Birds have twelve cranial nerves (Bubien-Waluszewska 1981), the four most rostral 
departing from the fore- and midbrain (the description of the nerves I to IV were 
made in Sect. 9.3), while the other eight leave the brain from the lateral and ventral 
surface of the hindbrain. The cranial nerve V (trigeminal) has two main branches: 
V1 conducts sensory input on the eye, meanwhile the V2–3 branches (the most con-
spicuous) are subdivided into two main sub-branches, the maxillary and mandibu-
lar, which receive information from the beak and carry motor impulses to its 
muscles. Cranial nerve VI (abducens) leaves the medulla ventrally, in the most cra-
nial part, carrying motor impulses to the muscles of the eye. Cranial nerve VII 
(facial) has motor and sensory functions such as taste. This nerve innervates facial 
musculature, but since in birds the facial musculature is practically absent, the 
development of cranial nerve VII is poor. Cranial nerve VIII (vestibulocochlearis) is 
exclusively involved in sensory functions such as audition, and equilibrium and 
acceleration, through the cochlear duct, ampullae and semicircular canals. Cranial 
nerve IX (glossopharyngeal) retransmits motor and sensory impulses such as taste. 
It generally shares an output with cranial nerves X (vagus) and XI (accessorius) on 
the lateral surface of the medulla. Cranial nerve X conducts sensory and motor 
impulses that regulate autonomic functions, mainly in the heart, digestive tract, and 
lungs. Cranial nerve XI carries motor impulses to the neck muscles. Finally, cranial 
nerve XII (hypoglossus) carries motor impulses to the tongue, trachea, syrinx (avian 
voice box), and some rostral cervical muscles.

9.6  Brain Vascularization

Paired carotid arteries run through the neck, extending laterally and dividing into 
two branches, the internal and external carotids, supplying arterial blood to the brain 
(Baumel 1993). The internal carotids run rostromedially through two bony carotid 
canals and transversely to the long axis of the skull, before contacting dorsally the 
distal portion of the hypophysis (Aslan et al. 2006; Porter and Witmer 2016). In 
most birds at this level, an intercarotid anastomosis is established through a trans-
verse vessel that connects the right and left arteries. The anastomosis allows arterial 
blood to diffuse bilaterally to both hemispheres (Verduzco Mendoza et al. 2009). 
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Part of the literature affirms that it is functionally equivalent to the mammalian 
Circle of Willis (Baumel 1993) that helps blood flow from both the rostral and cau-
dal regions of the brain.

Following Baumel and Gerchman (1968) and Pettit et al. (1981) four types of 
different shapes of the intercarotid anastomosis are recognized: the I-type has an 
elongated middle vessel formed by the merging of both internal carotids, the H-type 
has a long transverse anastomosis connecting the internal carotids, the X-type has a 
side-to-side anastomosis of the internal carotids, and the XH-type has a short trans-
verse anastomosis of the internal carotids, being an intermediate state between the 
H- and X-types. The functional implications of these different types of anastomoses 
are still unknown, and at the moment it seems that there is no phylogenetic signal, 
especially at lower taxonomic levels, where it may be lost due to homoplasy. To give 
an example, the Magellanic penguin Spheniscus magellanicus has an anastomosis 
of type X or ‘side to side’ anastomosis, while the chinstrap penguin Pygoscelis ant-
arcticus has type H (Tambussi et al. 2015). Also, phylogenetically distant taxa such 
as Gallus (Baumel 1981; Campos et al. 1995), the ostrich (Nazer and Campos 2011) 
or the Sparrowhawk (Ozudogru et al. 2016) have type H.

It is important to mention that in most birds, the bony carotid canals provide pas-
sage for the arteria carotis cerebralis and frequently also conduct the vena carotis 
cerebralis. Clearly, the cast of these conduits cannot discern between the arteria and 
the vena, so caution must be taken when describing the ‘carotids’ based on endocasts.

9.7  Brain Size

Brain size has become a measure for predicting cognitive, behavioral, sensory and 
motor abilities of vertebrates (Jerison 1973; Lefebvre et al. 2004; Lefebvre and Sol 
2008; Corfield et al. 2008; Iwaniuk 2017). Although now controversial, the classical 
method used to estimate cognitive abilities is the encephalization coefficient (EQ) 
proposed by Jerison (1973). EQ is the ratio of the actual and expected brain size 
expressed by the volumetric measure (VEC, expressed in cm3) of an animal of a 
given body size (MC, expressed in grams). For birds the equation is as follows:

 EQ VEC MC= / . .0 137 0 568

 
Species with endocranial volumes larger than expected for their body mass will 

have EQ >1, while species with endocranial volumes smaller than expected for their 
body mass will have EQ values <1. Bird body masses can be obtained easily from 
collection data or bibliography (e.g., Dunning 2008) or by direct measurements. In 
the case of fossils, the mass can be estimated based on postcranial elements (see for 
example Campbell and Marcus 1992; Field et al. 2013) or from the virtual brain 
itself. Therefore, brain volume and body mass are highly variable depending on the 
applied method and, consequently, the analysis and comparison of the encephaliza-
tion coefficients should be taken with caution.
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Brain size varies mainly with body mass (Fig. 9.3), and this variation can be 
described through an allometric function (e.g. Ksepka et al. 2020). However, the 
way that the brain volume can be measured or estimated depends on the nature of 
the specimen. Iwaniuk and Nelson (2002) proposed the lead shot method in which 
the skull is filled with lead shot through the occipital foramen, then removed and 
weighed. Brain volume is calculated by dividing the total mass of lead shot by its 
density (11.4 g/ml), and the brain mass can be calculated by multiplying the volume 
obtained by the density of the brain, assumed to be the same as that of the nervous 
tissue (1.036 g/ml following Edinger 1995). Kawabe et al. (2009, 2013b) proposed 
a simple regression method in which the maximum brain width measured in the 
endocast is regressed against brain volume. Picasso et al. (2010) compared these 
three methods of volume estimation for different post-hatching stages of the greater 
rhea (Rhea americana). They concluded that indirect methods proved to be effective 
and constitute an alternative tool to direct measurements, which could be affected 
by post-mortem dehydration and rehydration of the nervous system in formalin or 
alcohol fixation solutions (Healy and Rowe 2007). The linear method of Kawabe 
et al. (2009), subsequently tested by Kawabe et al. (2013b) also proved to be a good 
estimator of brain volume. However, the values obtained by the lead shot method 
following the methodology of Iwaniuk and Nelson (2002) and by Iwaniuk et  al. 
(2004, 2005) were lower than those obtained from 3D models, and in all cases very 
heterogeneous. Nowadays, the most common method used is the volume measure-
ment from virtual endocasts (Balanoff et al. 2016a). It is well known that in adult 
birds, the brain occupies more than 90% of the cranial cavity; therefore, the volume 

Fig. 9.3 Regression analyses between endocranial volume (mm3) and body mass (g) in Neornithes. 
The red line represents the corrected phylogenetically regression line (pgls; y = 0.5845 x + 1.9306, 
using Prum et al. 2015 phylogenetic proposal); meanwhile the blue line represents the regression 
without phylogenetic correction (OLS model; y  =  0.5 x  +  2.3103). (Data taken from Walsh 
et al. 2013a)
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of this cavity is a good estimate of the brain volume. However, in chicks (and in 
other adult archosaurs) the brain occupies only 60% of the endocranial cavity 
(Watanabe et al. 2019) so this approach is not applicable for these cases.

An increase in brain size is necessarily associated with an increase in the meta-
bolic cost that is required for its maintenance and activity. In birds, there is an addi-
tional energy cost related to the parents’ prolonged investment in taking care of the 
offspring, mainly in altricial species. It is generally accepted that precocial develop-
ment is strongly associated with relatively small brains while the opposite occurs in 
birds with altricial development. Flight ability has also long been accepted as limit-
ing brain size growth, while secondary loss flight removes this restriction. Some 
recent work points out the opposite and strictly flightless land birds have relatively 
smaller brains (Bennett and Harvey 1985; Iwaniuk and Nelson 2002). However, 
Iwaniuk et al. (2004) found that there is no correlation between the evolution of a 
relatively smaller brain and the secondary loss of flight. In other words, flightless 
birds generally do not have brain volumes noticeably different from those of flying 
species (Balanoff et al. 2016b). The current scenario is becoming increasingly com-
plex and, apparently, more than one variable would be acting in this regard. For 
example, a study on brain size and climatic variables applied to parrots 
(Psittaciformes) states that relatively larger brains are favored in climatically vari-
able environments (Sol et al. 2002, 2005). If this applies to all birds, species with 
brains of relatively larger sizes would be expected to tolerate better environments 
with a higher degree of environmental uncertainty (Marino 2005; Schuck-Paim 
et al. 2008). This complicates comparisons between different groups of birds as it is 
difficult to distinguish the effect of phylogenetic constraints from the effect of size, 
as well as from the environmental effect.

In a recent work based on endocast models, Carril et  al. (2016) found (as 
expected) a positive correlation between body size and brain mass (r2  =  0.92; 
p < 0.05) in Psittaciformes. EQ values obtained in 14 Neotropical parrot species 
suggested that these birds have higher brain volumes than expected for their body 
sizes, and reaffirms the idea that Psittaciformes have brains of greater relative sizes 
than others birds (Iwaniuk et al. 2005). As other authors argue, the relatively large 
brain sizes of Psittaciformes are potentially related to their advanced cognitive abili-
ties (Carril et al. 2016), which include learning and vocal communication (Iwaniuk 
and Hurd 2005; Iwaniuk et al. 2005), a situation similar to that observed in crows 
(Passeriformes; Corvidae). However, it is important to point out here that brain vol-
ume alone can give a false or erroneous idea of cognition, since in Neornithes vol-
ume (and EQ) and neuronal packing/density are highly variable. Parrots and crows 
have high and similar EQs, but the neuronal density is superior (up to 30%) in the 
telencephalon of the crows (Olkowicz et al. 2016), which points to different cogni-
tive capacities.
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9.8  Senses

In this section, three of the main senses of birds are explored: vision, olfaction and 
hearing (Fig. 9.4). However, it is worth mention that birds have other senses that 
have been little investigated or are poorly understood.

Taste reception occurs in the beak and tongue, and is relayed to the brain through 
nerves VII and IX. It seems that this sense was not of prime importance during avian 
evolutionary history (Walsh and Milner 2011a) and, although some few cases, like 
the sandpipers and hummingbirds rely heavily on taste, this probably could be a 
trophic adaptation. In particular, sandpipers also rely on another sense poorly stud-
ied in birds: touch. Several corpuscles are located in small pits in the bill tip, allow-
ing detection of prey buried in the sand using the trigeminal system (Gutiérrez-Ibáñez 
et al. 2009). A similar sense seems to be important in the nocturnal Kiwi (Apteryx 
spp.) that search for food on the floor during darkness. Early et al. (2018) state that 

Fig. 9.4 Main avian senses. (a) schematic drawing of the inner ear showing differences between 
the membrane and osseous labyrinth, (b) 3D model of the inner ear of Haliaeetus leucocephalus 
(Accipitriformes), (c) Simplified structure of the avian eye (modified from Walsh and Milner 
2011a), (d–e) olfactory bulb dimensions (after to Zelenitsky et al. 2009, 2011) indicated by the 
black arrow in the endocast of (d) Milvago chimango (Falconiformes) in right lateral and ventro-
lateral views, and (e) Cathartes aura (Cathartiformes) in ventrolateral and right lateral views. Not 
to scale. Drawing by FJD
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most birds have pits and foramina in their beaks, so the generalizations about their 
functions are very speculative. Magnetoreception is another sense that has received 
attention only recently. It seems that the ophthalmic branch of the trigeminal nerve 
(V1) and the mesencephalon are involved in feeling and processing of this input 
(Heyers et al. 2010; Wiltschko and Wiltschko 2019). Some birds, such as pigeons, 
have the ability to ‘see’ Earth’s magnetic field (Maeda et al. 2008; Wiltschko and 
Wiltschko 2019).

9.8.1  Inner Ear

The inner ear is a complex sensory organ, responsible for hearing and balance but 
also for space perception (Whitfield and Hammond 2007; Rabbitt et al. 2010). Here, 
its anatomy will be treated briefly and we will emphasize the functions associated 
with each structure.

The inner ear has ducts and cavities, known as the membranous labyrinth, 
through which endolymphatic fluid runs. It is enclosed within a bone cavity filled 
with perilymphatic fluid (Magariños et  al. 2012) known as the bony labyrinth. 
Because this cavity is very thin, the bony labyrinth accompanies the shape of the 
membranous labyrinth (Fig. 9.4a). Thus, it is possible to build molds of the bony 
labyrinth to indirectly assess the anatomical characteristics of the membranous lab-
yrinth (Fig. 9.4b; Witmer et al. 2008). From these data it is possible to explore its 
relationship with different capacities such as hearing, posture and locomotion 
(Walsh et al. 2009; Degrange et al. 2015), being of special relevance in the field of 
paleobiology.

The inner ear can be subdivided into two main parts (Walsh et al. 2009): the pars 
vestibularis and the pars cochlearis. The pars vestibularis is capable of perceiving 
linear and angular acceleration and changes in the position of the head. In combina-
tion with visual and somatosensory signals, it facilitates a wide range of automatic 
behaviors including stabilization of posture and coordination of body movement (de 
Beer 1947; Spoor et al. 2002; Sipla 2007; Cox and Jeffery 2010).

The pars vestibularis is formed by the three semicircular canals: the rostral and 
posterior canals inclined vertically, and the lateral canal inclined horizontally. The 
rostral canal is the longest of the three canals. Vertical canals control the adjustment 
of angular changes of the head within the longitudinal and medial axes of the skull 
(Cox and Jeffrey 2010).

. It is assumed that the horizontal canal is associated with the sensitivity in the 
horizontal rotation of the head in such a way that, the longer it is, the greater the 
sensitivity. Moreover, the horizontal canal is usually aligned parallel or subparallel 
to the substrate plane during the alert position (Lebedkin 1924; de Beer 1947; Hullar 
2006), giving information about the posture of the head (Duijm 1951). However, 
this assumption has been recently challenged, based on the premise that birds pos-
sess a range of horizontal canal orientations of ~50° in the alert posture (Marugán- 
Lobón et al. 2013). Although it has been shown that the orientation of the horizontal 
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canal is case-specific in mammals (Billet et  al. 2012), this aspect needs further 
investigation among birds.

Both the position of the canals and their relative lengths provide information 
about the lifestyle of an animal, and they have been effectively applied in paleobio-
logical studies (Hadžiselimović and Savković 1964; Milner and Walsh 2009; Walsh 
and Milner 2011b; Degrange et al. 2015; Tambussi et al. 2015). Shape and disposi-
tion of the canals have proven informative about flying capabilities. In general 
terms, the canals tend to be longer and thinner in good flyers than in other birds, and 
the most skilful flyers (e.g., Falco) tend also to have the rostral semicircular canals 
skewed medially. There are some exceptions and, therefore, inferences must be 
taken with caution.

In the pars cochlearis, the area most related to hearing, the cochlea, shows fairly 
uniform characteristics in all birds and, in general terms, the length increases rela-
tively with decreasing body size (Schwartzkopff 1955). It is a ventrocranial elon-
gated and medially curved finger-like tube that encloses the papilla basilaris 
(homologous to the mammalian organ of Corti). The papilla basilaris is made of 
ciliated sensory cells in a mosaic arrangement. The shape of these cells is an impor-
tant factor in terms of hearing sensitivity, and they usually show a gradient in terms 
of width and length (Corfield et al. 2012). The function of the pars cochlearis is to 
convert the pressure levels of the middle ear into electrical impulses that are trans-
mitted to the brain via the auditory nerve, in a process in which the perilymphatic 
fluid is also involved.

Because there is a correlation between the length of this papilla basilaris and the 
cochlea, it is possible to estimate hearing capacity by knowing the length of the 
cochlea (Gleich et al. 2005; Walsh et al. 2009). This finding is of singular impor-
tance for application to extinct or endangered species where access to the study of 
the papilla basilaris is difficult or impossible. This allowed subsequent authors to 
calculate hearing capabilities in fossil birds (e.g. Walsh et  al. 2009; Walsh and 
Milner 2011b; Degrange et al. 2015; Tambussi et al. 2015) and relate these hearing 
capabilities to different behaviors. For example, estimation for hearing capacities in 
the extinct Llallawavis scagliai gave lower and upper ranges of 380.53 and 4229.63 
respectively and a mean hearing sensitivity (~2300 Hz) below the average of living 
birds (Degrange et al. 2015).

Birds’ best hearing frequency is between 1000 to 5000 Hz, but the greater sensi-
tivity is between 2000 and 3000 (Schwartzkopff 1955; Dooling 2002). Some birds 
have larger ranges (owls) and others hear very low frequencies (emu, pigeons). The 
sound, produced by the syrinx is also used for echolocation in at least 16 living spe-
cies (e.g., owls and oilbirds). To date, no apparent anatomical specializations in the 
auditory system or in higher processing centers of the encephalon have been found 
(Brinkløv et al. 2013).
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9.8.2  Vision

Birds are well known to have large eyes and, indisputably, vision is their primary 
sense. Most of the things perceived during flight are visual or highly supplemented 
by vision. Thus, of all the senses, vision is the most important for a safe flight 
(Perrins 1990; Davies and Green 1994;Gill 2007; Martin and Osorio 2008). 
Obviously, visually related behaviours are not restricted to flight: perception of 
motion and orientation, but also to food detection and apprehension, prey capture 
and predator avoidance, group cohesion and mate selection are also related.

Two main functional divisions are recognized for the eye: its function as an 
image capture system and as a place where image processing begins. These state-
ments lead to discussions about how variations in the form and structure of visual 
systems can be interpreted for some particular habits. This is a field of knowledge 
that is still full of gaps. It is not the objective of this section to focus on the anatomi-
cal and structural characteristics of the eye. We will make a brief summary of the 
main aspects and refer readers to the work of Hall and Ross (2007), Hall (2008) and 
Martin and Osorio (2008 and literature cited therein).

The lens and cornea are the main refractive structures of the eye of any verte-
brate. In birds, there is an additional bone structure, the sclerotic ring (ossiculae 
sclerae), which houses a part of the eye that is not contained in the orbit (Fig. 9.4c; 
Hall 2008). The ossiculae sclerae is a series of bone segments that form a ring, vari-
able in shape, size, number, curvature and overlap, and may or may not be fused 
(Lemmrich 1931; Curtis and Miller 1938; Bertelli et al. 2010). The number of ossi-
cles is 12 to 16 in charadriiforms and gruiforms (Curtis and Miller 1938; Bertelli 
et al. 2010), between 12 and 14 in Phalacrocoracidae, and between 11 and 12 in 
Columbidae, Cuculidae, Trochilidae and some Psittacidae (Lemmrich 1931; Curtis 
and Miller 1938; Wartheit et al. 1989).

The cavity with the lens is filled by the vitreous humor and opens to the most 
external cavity through the pupil. The pupil, which is under control of the iris, is 
always round in birds, except in the skimmers (Rynchopidae) which is like a slit 
reminiscent of that of some mammals and reptiles (Walls 1942; Zusi and Bridge 
1981; Martin and Osorio 2008). The external cavity is filled with the aqueous 
humor. The pupil size and its control by the iris is the mechanism to adjust the levels 
of illumination of the retina, which size varies from more than a centimeter to the 
size of a pinhole (Martin and Osorio 2008). A notable property of the avian eye is 
that the accommodation is not only achieved by the lens but also by the cornea 
(Martin and Osorio 2008).

The retina is a layer of photosensitive tissue that covers the back of the eyeball, 
near the optic nerve. There is an intraocular, pigmented vascular structure called the 
pecten (pecten oculi) that nourishes the avascular retina (Kiama et al. 2001; Gültiken 
et al. 2012). The sector with the highest resolution of the retina is the fovea. Most 
birds have a single fovea, and only a few have two (e.g. hawks, seriemas, Wood 
1917; Bringmann 2019). Modern birds have rods and five cone types (single and 
double cones) of photoreceptors while modern mammals have rods and two cone 
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types (Lamb et al. 2007; Baden and Osorio 2019; Seifert et al. 2020). The photore-
ceptors have different pigments allowing birds to capture different parts of the light 
spectrum. Single cones are related to chromatic reception and double cones with 
achromatic luminance reception. Rods have been shown to be inactive during the 
daylight, so the preponderance of some photoreceptors over others would give an 
idea of the preference of habits of the animal. Birds are probably tetrachromatic 
(Baden and Osorio 2019) and are sensitive to ultraviolet-A (UV, 350–400 nm spec-
trum), a condition that has evolved independently several times (Martin and Osorio 
2008) and markedly separates them from mammals. This is possible because its 
ocular medium is transparent to UV and allows transmission of UV light to the reti-
nal cones and the presence of a photoreceptor with maximum sensitivity for short 
wavelengths such as those seen in the UV spectrum (Toomey et al. 2016).

There is a wide variation of eye size, but they are indisputably large and can 
occupy up to 50% of the cranial volume (Seifert et  al. 2020). As expected, the 
increase in eye size comes with a metabolic cost as the number of receptors and the 
eyeball mass (which is a large liquid-filled chamber) also increase (Martin and 
Osorio 2008). The size of the eye is positively correlated with the size of the eye- 
socket (Hall 2008; Schmitz 2009). An interesting observation is that there is a fixed 
relationship between brain and eye masses, and it is 0.68 (Brooke et  al. 1999). 
Schmitz (2009) designed methods to estimate the dimensions of the soft tissues of 
the eyeball from the scleral ring and the dimensions of the orbit measured in the 
skull. These dimensions are highly correlated with visual capabilities (see above). It 
is widely accepted that the image resolution capacity is also related to the size of the 
eye. Bigger eyes and large pupils are optically better because they admit more light 
that stimulate the retina and increase spatial resolution (Land and Nilsson 2002; 
Lisney et al. 2020). The size of the eye and the cornea (which in turn limits the size 
of the pupil) is correlated with the activity of the bird. For example, the size ratio of 
the cornea and the eye is 0.7 or higher in nocturnal birds such as owls, kiwis and 
nightjars; it is less than 0.6 in diurnal raptors, passerines, gulls and parrots; and it is 
intermediate in crepuscular birds like some shorebirds, flamingos and ducks (Lisney 
et al. 2020 and literature cited therein).

A relationship between the size of the eye and the time of day in which the birds 
carry out their activity can be established, but not so clearly with the feeding strat-
egy (Garamszegi et  al. 2002). For example, passerines that begin to sing at the 
beginning of daylight have comparatively large eyes (Thomas et al. 2002) but, con-
versely, shorebirds with large eyes feed at night (Thomas et al. 2006). Both diurnal 
and nocturnal raptors have large eyes (Garamszegi et al. 2002). The diameter of the 
cornea is greater than the axial length of the eye in nocturnal birds, while in diurnal 
birds the relationship is the opposite. The first case would be related to the need to 
increase sensitivity to light, and the second would be correlated with greater visual 
acuity (Hall 2008).

Some examples about relationships between axial length of the eye and habits 
are: 39 mm in the ostriches, 29 mm in the tawny owls (Strix aluco) and 33 mm in 
the mountain eagle (Aquila audax). The latter has the highest known visual resolu-
tion (Reymond 1985): seven times higher than that estimated for the ostrich (Martin 
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and Osorio 2008). According to Boire et al. (2001), this condition would be associ-
ated with a high sensitivity to light of ostriches but to a high resolution in diurnal 
vision of eagles. Eye shape, corneal and pupil dimensions and habit relationships 
should be explored more thoroughly to be used as predictors.

The avian orbit orientation is directly related to the visual field that describes 
“the three-dimensional space about the head within which a bird can receive visual 
information at any one instant” (Martin 2007:548). The position of the eyes in the 
skull differs between the different species, and this probably has consequences for 
the visual information and the responses that are triggered by it. The visual field 
classification proposed by Martin (2007) includes three main types. Assuming that 
each type is determined primarily by feeding strategies, and secondarily by chick 
feeding requirements, the position of the beak is decisive. In type 1 (e.g. ostriches, 
penguins, albatross, some eagles) the beak is in the centre and there is a narrow 
binocular zone of maximum 20 or 30°, in type 2 (e.g. mallards) the beak is outside 
or at the margin of the visual field and the binocular zone is about 10° or less, and 
in type 3 (e.g. owls, band-winged nightjar) the binocular zone is huge (about 50°) 
and the tip of the beak below the lower periphery (Martin 2007; Salazar et al. 2019). 
Nevertheless, it is important to state here that birds with large movements of the eye 
are capable of modifying their visual field configuration, and that eye movements 
are highly variable among species.

Visual fields can be measured directly in vivo (Martin 2007) or indirectly from 
the volume of the eminentia sagittalis of the brain (Iwaniuk et al. 2008) or bony 
markers on the skull. Cerio and Witmer (2020) proposed a new methodology called 
virtual ophthalmoscopy methodology (VO) that allows comparison of schematic 
eyeballs and in-silico visual fields. It is a very promising field especially for its 
potential application in fossils. Visual abilities were estimated in the 3.3 million- 
year- old fossil of Llallawavis scagliai, known from a magnificent fossil specimen 
that preserved the entire sclerotic ring. L. scagliai would have had a binocular field 
of view between 18 and 38 degrees wide. Also, the tip of this phorusrhacid’s beak 
would have fallen directly into this binocular field, consistent with an animal that 
was using its beak to acquire food, a key perceptual challenge for birds (Cerio et al. 
2018, 2019).

9.8.3  Olfaction

Olfaction is not of great importance in most birds (Walsh and Milner 2011a; 
Zelenitsky et al. 2011) since the olfactory bulbs are commonly very small compared 
to other vertebrates (Bang and Cobb 1968; Clark et al. 1993; Zelenitsky et al. 2011). 
However, in some species, the dependence on vision decreases in favor of smell 
(Potier et al. 2019; Hogan et al. 2020). Now, it is known that birds rely on this sense 
for behaviors like navigation and mating (Roper 1999; Nevitt 2000). Petrels and 
albatrosses (Procellariiformes), new world vultures (Cathartidae) and kiwis 
(Apterygidae) are birds with relatively good olfaction capacities. As more and more 
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is known about the anatomy of the brain in birds, the size and form of the olfactory 
bulbs is shown to be variable in the crown-group. It has been proposed that in tetra-
pods, the size of the olfactory bulbs (which connect to the olfactory nerve) and the 
olfactory capacity are correlated. Bang and Cobb (1968) designed a simple method 
to obtain an olfactory ratio that gives an idea of the olfaction capacity (Cobb 1959; 
Hieronymus 2008). This ratio expresses the relationship between the length of the 
olfactory bulb (Fig. 9.4d, e) with the maximum length of the telencephalic hemi-
spheres expressed as a percentage. In the endocast, the length of the olfactory bulb 
can be measured as it is delimited by the most cranial constriction of the endocra-
nium (rostral to the exit of the bulbs into the nasal cavity) and caudally by a ridge 
located between the fossa of the olfactory bulb and the most rostral brain cavity 
(Balanoff et  al. 2013). Consequently, this method can be applied in fossils 
(Zelenitsky et al. 2009, 2011) or museum specimens without compromising their 
condition (Iwaniuk et al. 2020).

It is important to mention here that innervation and soft tissue of the conchae 
nasales play an important role in olfaction (Pearson 1972). Thus, the size of the 
olfactory lobes may not always provide reliable inferences about this sense and 
must be taken with caution. Another problem with the methodology proposed by 
Zelenitsky and collaborators (2009) is that the volume of the lobes is not taken 
exactly into account and some birds have short but voluminous lobes (e.g. some 
Procellariiformes). The ratio in these taxa may result smaller giving an erroneous 
inference about smelling capacity.

9.9  The Non-avian Theropod – Aves Brain 
and Senses Transition

One of the main features that have been stated to characterize the avian brain is its 
enlarged size compared to that of their theropod ancestors. In many vertebrates, 
such as fishes and amphibians, as well as in the early stages of brain development, 
the three forebrain, midbrain, and hindbrain (prosencephalon, mesencephalon and 
rhombencephalon respectively) areas are more or less equal in size. In birds and 
mammals, the forebrain becomes much larger than the other parts, and the midbrain 
becomes very small.

Early birds and theropods have similar brain size (Ksepka et  al. 2020). 
Archaeopteryx’s brain is actually more similar to non-avian maniraptorans (Balanoff 
et al. 2013) and some avian-like structures such as the eminentia sagittalis identified 
in Archaeopteryx (Fig. 9.5a) have proven to be artifacts (Walsh et al. 2016; Beyrand 
et al. 2019). Bird brains are more ‘packed’ than those of their theropod ancestors 
(i.e. the shape is more sigmoidal), a condition accentuated in Neornithes. This pack-
ing means that the gap between the cerebellum and the telencephalon is smaller 
through the overlap of the cerebellum onto the cerebrum. Orbit size may have 
shaped the brain in extant birds (Kawabe et  al. 2013a), with larger orbits 
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Fig. 9.5 Endocasts of Mesozoic birds. (a–b) Archaeopteryx lithographica NHMUK PAL PV OR 
37001. (a) original in dorsal view, (b) restored in dorsal, ventral and lateral views. (c) Cerebavis 
cenomanica PIN 5028/2 in dorsal, ventral and lateral views. Scale = 5 mm

representing retention of a paedomorphic feature within Maniraptora (Bhullar et al. 
2012). However, early stages of avian brain evolution remain unclear since there are 
no records of complete Cretaceous bird brains, mostly based on the fact that 
Cretaceous bird skulls are scarce or commonly found crushed or flattened. Little is 
known about brain morphology in basal Ornithurae, except for recent studies of the 
endocranial cavity of the Cretaceous Ichthyornis showing that the brain was quite 
similar to that observed in modern birds, even sharing the presence of eminentiae 
sagittales (Torres et al. 2021).
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In Aves, the enlargement of the brain has been traditionally related to the ability 
to fly (e.g. Dominguez Alonso et al. 2004). However, modern studies reveal that the 
enlarged brain of birds does not relate with their flight capabilities but is an exapta-
tion (Balanoff et al. 2013, 2016b, 2018; Balanoff and Bever 2017; Beyrand et al. 
2019). While Ksepka et al. (2020) state that there are no substantial volume changes 
of the brain in the transition from non-avian Paraves to birds, and that this ‘larger 
brain’ could be the result of selection for smaller body sizes in neoavians after the 
K-Pg extinction; Torres et al. (2021) state the exact opposite, linking avian survivor-
ship to the K-Pg extinction to sensory differences related to shifts in brain size 
and shape.

As previously stated, the modern bird brain is characterized by the enlargement 
of the regions related to visual inputs. Undoubtedly, the eminentiae sagittales repre-
sent key structures in the evolution of birds (Walsh and Milner 2011a, b). In the late 
Jurassic Archaeopteryx (Dominguez Alonso et  al. 2004), in Enantiornithes 
(Kurochkin et  al. 2006) and in some Late Cretaceous Ornithurinae (Walsh et  al. 
2016), the eminentiae sagittales are not evident. There is certain evidence that they 
were present in the Cretaceous Ornithurae Ichthyornis (Torres et al. 2021), the early 
Paleocene anseriforms (Tambussi et al. 2019; Degrange et al. 2018), in the lower 
Eocene Halcyornis, Odontopteryx and Prophaeton (Milner and Walsh 2009; Walsh 
and Milner 2011b), in some early Miocene-European Pliocene birds (Mlikovsky 
1980, 1981, 1988) and in a late Miocene (9.0 to 6.8 Ma) accipitriform from Patagonia 
(Picasso et al. 2009).

During avian evolution, the optic lobes have undergone an enlargement and a 
ventrolateral displacement, probably as a result of the telencephalic expansion. 
Also, the cerebellum expands both laterally and rostrally, coming into contact with 
the telencephalon (Torres et al. 2021). A fourth structure that became enlarged in 
avian evolution, as in mammals, is the medulla oblongata (or ‘brainstem’). This 
increase may be related to the increasing number of tracts that connect the telen-
cephalon with the cerebellum passing through the medulla.

Unfortunately, little is known about the evolution of the inner ear in birds. Inner 
ear morphology has been reconstructed in a few key fossil taxa including 
Archaeopteryx, Enaliornis barretti (figured but not described by Walsh et al. 2013b) 
and Cerebavis cenomanica (Walsh et al. 2016). Compared to theropods, the inner 
ear of birds is characterized by having a more developed cochlear duct, a shorter 
crus communis, and the posterior semicircular canal extends ventrally below the 
level of the lateral semicircular canal. In birds, a double perilymphatic communica-
tion develops (Gray 1908): the lateral canal communicates not only with the poste-
rior canal but also with the rostral canal.

It seems that birds have similar hearing capabilities since the Cretaceous and 
even the Jurassic (Domínguez Alonso et al. 2004). According to Walsh et al. (2009), 
Archaeopteryx had a hearing range from 600 to 3400 Hz, which is quite similar to 
that of Dromaius novaehollandiae (Manley et al. 1997). The pars vestibularis of 
Archaeopteryx seems to be quite similar to that observed in modern birds 
(Domínguez Alonso et  al. 2004), so its spatial perception and auditory abilities 
probably were similar to those observed in modern birds.
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Enlargement of the eye may be also accompanied by a reduction of olfactory 
bulbs. The reduction of the olfactory system is observed in the lineage of Maniraptora. 
Olfactory bulb size in Mesozoic birds is smaller than those of non-avian theropods, 
while in Cerebavis (Fig. 9.5b) seems to be larger than in Archaeopteryx, although 
they seem small as in most birds when compared with the rest of the brain. 
Archaeopteryx possesses smaller olfactory bulbs than early maniraptorans but larger 
than most crown birds, reflecting its transitional development. This is consistent 
with the hypothesis that basal birds relied more upon the sense of smell (Zelenitsky 
et al. 2011). Olfactory bulb reduction appears to occur later in the evolution of more 
derived birds. On one hand, Apteryx retains large olfactory bulbs, however a reduc-
tion is observed in more derived groups (e.g., Struthioniformes) among palaeog-
naths. On the other hand, the most basal forms of Neognathae retain comparatively 
large bulbs (e.g. Degrange et al. 2018) when compared to more derived Neoaves 
such as Telluraves (e.g. Demmel Ferreira et al. 2021) and even, among Neoaves, it 
seems that basal taxa retain larger bulbs (e.g. Tambussi et  al. 2015). This would 
demonstrate that the reduction of olfactory bulbs has occurred in a convergent way 
between Palaeognathae and Neognathae (Zelenitsky et al. 2011).

9.10  Concluding Remarks

While a part of the evolutionary history of the bird brain remains unresolved, bird 
diversification appears to have been marked by an increase in visual abilities and a 
decrease in sense of smell. Both capacities are reflected in the degree of develop-
ment of the brain structures responsible for managing that particular sensory input. 
Similarly, more complex cognitive abilities would be accompanied by larger rela-
tive brain sizes in certain neornithine clades, such as parrots and songbirds. How 
can we not marvel at the intelligence exhibited by a crow carrying a walnut to a 
street so when a car crushes it, it becomes easier to access the nutritional content? 
How can we not be surprised when we see a grey parrot learning how to use a key 
to open a door?

Birds exhibit a wide range of niche occupation and dissimilar behaviors. This 
diversity seems to be reflected in the great disparity of brain structures. Although it 
is possible to identify widely varying degrees of encephalization, as well as modu-
larity of functions, the functional interpretation of such differences is still specula-
tive among birds. This places birds as an excellent subject for studying the correlation 
between brain, behavior and cognition.

The last few decades have brought important breakthroughs in the understanding 
of several features of the avian brain, while at the same time it has highlighted the 
increasing necessity for more descriptive and functional information. The picture of 
the evolution of avian brain and senses presented here shows that further investiga-
tion is needed, from improved availability of open-source visualization software, to 
increases in the number of brain and inner ear models in open databases, as well as 
a wider sample of living and extant species belonging to different families, orders 
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and lifestyle habits. Brain development in wild birds is also an unexplored field that 
would represent a great breakthrough. Complementing morphological studies of 3D 
virtual brain models with histology and establishing how the surface characteristics 
of the endocast correlate with different aspects of brain tissues would represent a 
great advance that will allow the study of micro- and macroevolutionary patterns in 
brain evolution.
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Chapter 10
Evolution of the Mammalian Neurosensory 
System: Fossil Evidence and Major Events

Timothy B. Rowe

Anatomical Abbreviations Used in the Figures

Ali Alisphenoid
Alv Alveoli for the dentition
Ang Angular
Art Articular
Bs Basisphenoid
c Lower canine
C Upper canine
Cb Cerebellum
choa Choana
cr cheek tooth crown
cve Cavum epipterycum
D cond Condylar process of dentary
D cor Coronoid process of dentary
D ctx Dorsal cortex (endocast)
Den Dentary
D ang Angular process of dentary
D ram Dentary ramus
Ec Ectopterygoid
Eoc Exoccipital
Et 1-5 Ethmoid turbinals 1-5
F ann Annular fissure
F mag Foramen magnum
Fr Frontal
Fv Fenestra vestibuli
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Hyp Hypophysis (endocast)
i 1-4 Lower incisors
I 1-3 Upper incisors
iam Internal auditory meatus (endocast)
II Cranial nerve II (endocast)
Ju Jugal
Lac Lacrimal
m 1-3 Lower molars
M 1-3 Upper molars
Max Maxilla
Mt Maxilloturbinal
Nas Nasal
Ncx Neocortex
Nt Nasoturbinal
Ob Olfactory bulb
Ocx Olfactory (piriform) cortex
Opl Optic lobes (endocast)
p 1-5 Lower premolars
P 1-2 Upper premolars
Pa Parietal
Pal Palatine
Pet Petrosal
Pin Pineal body (endocast)
Pfl Paraflocculus (endocast)
Pmx Premaxilla
Prom Promontorium of petrosal
Pt Pterygoid
Qu Quadrate
Re lam Reflected lamina of angular (=ectotympanic)
Rf Rhinal fissure
rt tooth root
Smx Septomaxilla
Soc Supraoccipital
Spc Spinal cord (endocast)
Sq Squamosal
sss Superior sagittal sinus (endocast)
Sv Sinus venosus
V Cranial nerve V (endocast)
Vo Vomer
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10.1  Phylogenetic Context

One of the central features in pan-mammalian evolution is enlargement of the brain 
relative to body size (encephalization) and emergence of the unique mammalian 
neocortex (Rowe 1996a; Rowe et al. 2011). This chapter focuses on what can be 
inferred about pan-mammalian neurosensory evolution, beginning with divergence 
of the mammalian total clade from the ancestral amniote, and culminating in the 
origin of crown clade Mammalia (Fig. 10.1). It attempts to summarize contempo-
rary answers to basic questions articulated by Northcutt (2001): what happened, 
when did it happen, how did it happen, and why did it happen?

The following discussion employs conventions recommended by PhyloCode 
(Cantino and de Queiroz 2020), as illustrated in practice in its companion volume 
Phylonyms (de Queiroz et al. 2020) to designate particular subsets in a hierarchy of 
clades that includes Mammalia and its closest extinct relatives (Fig.  10.2). The 
Phylogenetic System is rankless and all taxonomic names, including known para-
phyla, are italicized. The name Mammalia is used in reference to the ‘crown clade’ 
(Rowe 1988, 2020a, b; de Queiroz and Gauthier 1990, 1992, 1994; de Queiroz 
1994). Fossil taxa more closely related to Mammalia than to other living taxa, that 

Fig. 10.1 Phylogeny of the major clades of Pan-Mammalia discussed here distributed across the 
geological time scale. (Modified after Rowe 2020a)
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Fig. 10.2 Categories of clades and groups employed under the Phylogenetic System of taxonomic 
nomenclature. (Modified from de Queiroz 2007)

lie outside its crown clade, are considered to be members of the mammalian ‘stem’ 
or the paraphyletic extinct mammalian ‘stem-group’ while also belonging to the 
monophyletic ‘total clade’ of Mammalia. The ‘pan-clade’ naming convention 
attaches the prefix Pan- (for all) to the crown clade name to reflect its total clade 
(Rowe 2004; de Queiroz 2007). Pan-Mammalia (Rowe 2020c) is the total clade of 
Mammalia (Rowe 2020a), and the name Pan-Reptilia designates the total clade of 
Reptilia. Together Pan-Reptilia and Pan-Mammalia and their last common ancestor 
comprise the crown clade Amniota. A characterization of the ancestral amniote is 
where our discussion begins.

The discussion below is based on a series of phylogenetic and developmental 
analyses, using increasingly sophisticated taxon/character matrices and imaging 
instruments that are detailed elsewhere (Gauthier et al. 1988a, b, 1989; Donoghue 
et al. 1989; Rowe 1988, 1993; Rowe et al. 1995, 2005; Rubidge and Sidor 2001; 
Kielan-Jaworowska et al. 2004; Meng et al. 2006; Ji et al. 2006; Rowe et al. 2011; 
Kirk et al. 2014; Rowe and Shepherd 2016; Rowe 2020a).

T. B. Rowe



369

10.2  Historical Background

Evidence from the fossil record has enjoyed a remarkable resurgence from digital 
endocasts thanks to computed tomography (e.g. Rowe et al. 1995; Macrini 2006; 
Balanoff et al. 2016; Balanoff and Bever 2020) and similar non-destructive digital 
imaging technologies, as well as a flurry of new discoveries of fossils lying along 
the mammalian stem and in basal positions within the crown clade. Data from the 
fossil record is augmented and extended far beyond what endocasts alone provide 
by comparative studies on genome, ontogeny, and mature organization of neurosen-
sory systems of living amniotes, using what Witmer (1995) termed the ‘extant phy-
logenetic bracket’ – a realm that is enjoying its own renaissance.

A basic tenet of vertebrate paleoneurology is that in order to function properly 
the central nervous system and many peripheral sensory organs require rigid arma-
tures that are provided mostly by the skeleton and associated connective tissues 
(Rowe and Shepherd 2016; Rowe 2020a). For example, early development of the 
brain is driven by a combination of tissue growth and a growing volume of cerebro-
spinal fluid in the ventricular cavities. In effect the ventricles become an expanding 
hydrostatic reservoir that places considerable loads on the connective tissues sur-
rounding the brain and sensory organs in early ontogeny. Proper intraventricular 
pressure is required to drive normal brain expansion and normal skull formation. 
Epigenetic plasticity of the skull during ontogeny is highly responsive to the 
mechanical force regime imposed by the developing brain (reviewed in Rowe 
1996b; Weisbecker et al. 2021). Similar epigenetic responses occur as the develop-
ing olfactory epithelium induces ossification of the bony turbinals (or turbinates) of 
the ethmoid bone (Rowe et al. 2005; Rowe and Shepherd 2016), and in other sys-
tems discussed below.

An integrative approach is used here to infer ancestral states of the neurosensory 
system in Amniota based on its two living clades, Mammalia and Reptilia, and their 
fossil records. This ancestral character state reconstruction helps to identify the evo-
lution of novel morphological characters and character states preceding the origin 
of Mammalia. Patterns of successive correlated transformations identify potential 
driving factors behind the evolution of mammalian neurosensory systems that 
extend into genetic and epigenetic controls of development. We will see support for 
the idea that elaboration of peripheral sensory arrays, including olfactory receptors, 
teeth, and hair, influenced central organization with a cascade of new inputs. 
Through epigenetic population matching (Katz and Lasek 1978; Krubitzer and Kaas 
2005; Streidter 2005) or some other mechanism, peripheral innovations were impor-
tant drivers in central reorganization and successive increases in encephalization 
(Rowe and Shepherd 2016; Shepherd and Rowe 2017; Rowe 2020a).

A corollary is that peripheral sensory structures are not independent; they are 
parts of larger, integrated neurosensory systems. Generations of paleontologists 
have speculated on whether certain extinct stem-mammals had evolved whiskers, 
turbinals, endothermy, etc. (Broom 1932; Brink 1957; Crompton et al. 1978). These 
studies launched the exciting field of ‘paleobiology’ but hypotheses about soft 
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structures, physiology, and behavior in extinct taxa are often difficult to test. 
However, in cases where the neurosensory system is implicated or directly involved, 
tying hypothesized peripheral sensory structures into the larger systems of which 
they are a part can serve as a test. For example, as detailed below, expression of the 
huge olfactory receptor (OR) gene family in mammals induces growth of the expan-
sive olfactory receptor epithelium, which in turn induces ossification of its scaffold 
of turbinals. The expanded number of olfactory neuron axons induces expansion of 
the olfactory bulb, whose axons in turn induce expansion of the olfactory (piriform) 
cortex. Hence, hypotheses that an unpreserved system of cartilaginous turbinals was 
present in early stem-mammal (e.g. Hillenius 1992, 1994) implicitly predict corre-
sponding expansion of olfactory bulb and olfactory cortex that leave corresponding 
impressions in bones surrounding the endocranial cavity. The hypothesis of carti-
laginous nasal turbinals in stem-mammals can be corroborated or falsified by evi-
dence from the braincase and endocasts of the other components of the system.

Additional insights can be gained from Günter Wagner’s (2014) conceptualiza-
tion of two basic types of morphological innovation or novelty in animal evolution. 
Type I novelties involve the origin of a novel ‘character identity’, and as examples 
Wagner cites the vertebrate head and the insect wing. The emergence of Type I 
innovations is not predicted by conventional Darwinian natural selection, and 
instead Wagner recognizes a special role for cascading effects of gene duplication 
and new gene regulatory networks. Pan-mammalian history reveals effects by the 
brain on skull morphogenesis from inferred gene duplications, particularly in the 
olfactory receptor sub-genome (Niimura 2012), and in genes regulating the radial 
units of cortical organization (Rakic 1988, 2000, 2007, 2009).

Type II innovations involve the origin of novel ‘character-states’ and as exam-
ples Wagner cites emergence of the tetrapod limb from paired fins, and the emer-
gence of feathers from epidermal scales. In an added level of complexity, Wagner 
also identifies novel ‘variational modality’ in systems of repeated structures. We 
will see evidence of Type II innovations and transformations of variational modality 
in regionalization of the tetrapod vertebral column, differentiation and accelerated 
evolution in the occlusal dentition and inferred elaboration of olfactory receptors in 
cynodonts, each with its own special relationship to the neurosensory system.

Finally, the contours of pan-mammal history raise the provocative question of 
whether the mammalian neocortex, and possibly the masticatory apparatus, qualify 
as Type I innovations. The heuristic value of asking this question lies in the intricate 
dissection necessary for such a determination, and may be more informative than 
arriving at a final answer by advancing our understanding of the remarkable balance 
between individuation of novel character identities, new character states, and trans-
formed variational modalities, with their functional integration into individual 
organisms and clades (Fig. 10.3).

Jerison’s (1973) innovative ‘encephalization quotients’ (EQs) are commonly 
used to quantify the relationships between brain (or endocast) size and body size, 
but caveats should be acknowledged. Different authors have used different land-
marks in fossils to delimit the floor and sides of the anterior half of the endocranial 
cavity where a bony enclosure is lacking, leading to different endocast 
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Fig. 10.3 Detailed phylogeny of major clades of Pan-Mammalia with nodes numbered for conve-
nient reference to the text. Quotations (“ ”) denote parphyla or potential paraphyla; crosses denote 
extinct taxa

reconstructions for individual specimens (Kemp 2009). Estimates of body size have 
uncertainties that are difficult to calibrate. Different formulas are available to 
describe the brain-body size relationship, including Jerison (1973), Eisenberg 
(1981), Manger (2006) and Hurlburt et  al. (2013). Different assumptions apply 
when estimating how much of the endocranial volume was actually filled by brain 
vs. vascular structures and meninges (Balanoff et  al. 2016; Balanoff and Bever 
2020). Surprisingly, neuronal cell sizes and densities, generally assumed to be con-
stant across mammalian taxa, are now known to vary in different amniote and mam-
malian sub clades (Herculano-Houzel et al. 2014). Even today it is rare for authors 
to document skeletal features in fossils that offer an indication of maturity at time of 
death, leading to spurious comparisons of EQs in juveniles and adults. In the con-
text of the present review, the most significant caveat is that the oldest taxa dis-
cussed below had such tiny brains and unossified braincases that few attempts at 
reconstructing endocasts have been made (Fig. 10.4; Cope 1886; Baur and Case 
1899; Case 1907; Romer and Edinger 1942). Small differences in EQ are probably 
meaningful only towards crown Mammalia. I assume these issues do not affect the 
broad trends discussed below.
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Fig. 10.4 Endocast of the stem amniote Diadectes (see Fig. 10.3) (From Cope 1886). Edinger 
(1975: 34) notes that this reconstruction “is not the endocast of one cranium, but a composite; that 
is, Cope’s introductory sentences stating that observations were made on a part of one skull, and a 
few other characters derived from two other skulls, apply also to the “brain” specimen.” (1) Dorsal 
view of endocast. (2) Left lateral view of endocast. (3) Posterior view of endocast. (4) Ventral view 
of semicircular canals. (5) Anterior view of semicircular canal. (6) Ventral view of semicircular 
canals. Abbreviations (from Cope)
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Fig. 10.4 (continued) Figures 1, 2 and 3 cast of cranial cavity, natural size. As the basicranial axis 
is lost, the inferior outline posteriorly is provisional only. Figure 1, from above. Figure 2, from the 
left side. Figure 3, from behind
The letters signify as follows: m. medulla, cb. cerebellum, opl. optic lobe, ep. epiphysis, ppe. pos-
terior process of epiphysis, If. lateral foramen, h. region of cerebral hemispheres, v. cast of vesti-
bule, hap. do. of orifice of horizontal anteroposterior semicircular canal, vt. do. of vertical 
transverse canal, oc. do of os commune of vertical anteroposterior and vertical transverse canals, 
aa. do. of anterior ampulla, V. cast of foramen of fifth pair of nerves
Figures 4, 5 and 6 diagrams of the semicircular canals, natural size. Figure  4, interior view. 
Figure 5, anterior view. Figure 6, inferior view

Fig. 10.5 Limnoscelis paludis – a stem-amniote that is very close to crown Amniota (see Fig. 10.3). 
(From Rowe 2020a)

10.3  The Ancestral Amniote

Pan-Reptilia (including birds) and Pan-Mammalia diverged from the ancestral 
amniote (Figs. 10.1 and 10.2) during the early Carboniferous, between 340 and 322 
million years ago (Didier and Laurin 2020). The latest census of Amniota includes 
6399 extant mammal species (Burgin et  al. 2018), and more than 20,000 extant 
reptile species, a number that could rise by 5000–10,000 more, depending on ongo-
ing reassessments of avian subspecies (Barrowclough et  al. 2016). The ancestral 
amniote was a small predatory quadruped, about a half-meter in length, nearly half 
of which was the tail. The Carboniferous Limnoscelis paludis (Fig. 10.5) is either a 
basal amniote or a close relative on the amniote stem (Gauthier et al. 1988a), and 
provides an informative comparison for understanding subsequent amniote history. 
Early amniote fossils are generally found in deposits formed by what were then 
circumequitorial forests along rivers and deltas. The early terrestrial ecosystem 
would seem bizarre from today’s vantage point, consisting mostly of predatory tet-
rapods who preyed on each other, and on non-vertebrates that were intermediates to 
the base of the food pyramid (Olson 1966).

10.3.1  The Amniote Skeleton

Whereas aquatic vertebrates are in effect neutrally buoyant, those who successfully 
moved onto land faced the effects of gravity and this underlies many skeletal inno-
vations in basal amniotes. Because kinetic energy scales to the fifth power of linear 
dimension (McMahon and Bonner 1983), gravitational challenges increase 
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exponentially with increase in body size. This probably explains why the first amni-
otes were small, and how similar strategies in strengthening the skeleton enabled 
different amniote clades to independently evolve large body sizes (Romer 1956, 
1966). Amniotes initiated a trend towards simplification of the skeleton by consoli-
dating primitively compound structures into single stronger elements (Sidor 2001). 
This occurred through ontogenetic re-patterning of regions of the skeleton in which 
primitively separate ossification centers failed to differentiate and a single element 
grew in their place, or where separate bones differentiated earlier in ontogeny and 
quickly fused.

Amniotes abandoned a larval stage and functional gills, and ventilation was 
achieved through two different systems. The first probably began in stem tetrapods, 
who co-opted the former pharyngeal skeleton into a branchial pump as lungs became 
the main site of metabolic gas exchange. The former gill arches were modified 
through reductions in their numbers, and in the number of elements per arch 
(Goodrich 1930). Some of these bones would later be co-opted to augment mobility 
of a fleshy tongue and unique swallowing behaviors (Crompton and Parker 1978; 
Crompton et  al. 2018), and in both stem-mammals and stem-reptiles some were 
independently co-opted into an impedance matching middle ear (Gauthier et  al. 
1988a; Clack 2012; Kitazawa et al. 2015). The second system involved a musculo-
skeletal system in the trunk in which hinged ribs and intercostal muscles acted to 
move the ribs away from the body center, expanding the cavity surrounding the 
lungs for aspirational breathing (Janis and Keller 2001; Brainerd 2015). This second 
system probably originated in support of the branchial pump, which gradually gave 
way to rib-driven aspirational breathing. This system arose in stem-amniotes and 
had probably become the dominant of the two systems in early amniotes and stem- 
mammals (Janis and Keller 2001; Brainerd and Owerkowicz 2006).

Like their aquatic ancestors, the first amniotes were macro-predators, but life on 
land entailed profound change in how they fed (Lemberg et al. 2021). The ancestral 
mode of gape-and-suck feeding worked in a water column, but terrestrial feeding 
entailed precise movements of the jaws, head, and neck, as the amniote mouth 
became a finely tuned prehensile device for biting and seizing prey items (Romer 
1956, 1966). Swallowing also posed a new problem. Amniotes initially solved it 
with a fleshy tongue and by using inertial swallowing, i.e., by lunging the head and 
mouth forward against the inertia of a subdued, stationary prey item (Heiss et al. 
2018). This implies new levels of coordination between vision and actions of the 
jaws, head and neck. Many such innovations imply neurosensory elaboration that 
can only be inferred, but nevertheless paint a more vivid picture of evolving neuro-
sensory capacity.

Along with rib-driven aspirational breathing, the amniote craniovertebral joint 
reflects continuation of a new variational modality begun in early tetrapods involv-
ing increased regionalization of the axial skeleton. The amniote skull articulated 
with two specialized vertebrae  – the ‘atlas-axis complex’  - that enhanced stable 
mobility of the head on a longer neck. A primitive neck enabling the head to be 
raised can be traced into early stem-tetrapods (Gauthier et al. 1988b, 1989). Early 
amniotes further modified this joint to facilitate prey capture and inertial 
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swallowing. It also raised the head somewhat, broadening sensory horizons and 
directional sensory perception. A design requirement of the craniovertebral joint is 
to ensure the spinal cord is not stretched or kinked by extended head movements 
(Jenkins Jr. 1969, 1971; Kemp 2005). At many points in pan-mammalian history, 
subtle skeletal modifications balanced seemingly conflicting demands of increased 
head and neck mobility against increases in diameter of the spinal cord that accom-
panied encephalization and peripheral sensory elaboration (Rowe et  al. 2011; 
Rowe 2020a).

The limbs in early amniotes and stem-mammals were a bit longer than in the first 
tetrapods, but they were still very short and widely sprawled to the sides of the body. 
Fossil trackways are wide, showing a short stride, and they must have been quite 
slow (Romer and Price 1940). The pectoral girdle and forelimbs were heavily built 
and pulled the body forward by rotating a propeller-shaped humerus at the shoulder. 
The hindlimb was comparatively short and weakly developed, but strong femoral 
retractor muscles originating from the base of the tail provided thrust. Alternating 
lateral undulation of the axial skeleton augmented by the pull-push forces of the 
limbs also contributed thrust (Romer 1956; Kemp 2005; Hopson 2015). However, 
asymmetrical axial undulation precluded symmetrical, bilateral expansion of the 
ribs and must have limited aspirational breathing, and considerably limited meta-
bolic scope during locomotion (Carrier 1987). Some consider the earliest stem- 
mammals to have been sit-and-wait ambush predators (Hopson 2015).

Compared to their descendants, early amniotes were limited in speed, agility, and 
gait. They could walk and probably still swim, but it is doubtful they could run, and 
any locomotion at speed was metabolically limited to short bursts (Carrier 1987). 
From such an ancestor, running, galloping, jumping, hopping, climbing, gliding, 
diving, and flying would eventually emerge in pan-mammals, but not without pro-
found skeletal modifications and corresponding neurosensory elaboration (Rowe 
2020a). The importance of feeding and locomotion in pan-mammal evolution has 
long been emphasized by paleontologists (e.g. Goodrich 1930; Romer 1966; 
Gauthier et al. 1988a). Paleoneurology can now begin to identify correlative neuro-
sensory transformations in response to questions about what, when, how, and why 
the mammalian neurosensory system evolved (Northcutt 2001).

10.3.2  Peripheral Sensory System

Many characteristics of the amniote neurosensory system can be explained by a 
commitment to terrestrial life that altered acuity and balance between individual 
sensory modalities. For example the lateral line system was present in vertebrates 
ancestrally to detect electrical impulses transmitted through water, as well as water 
temperature, chemistry, and turbulence (Rowe 2004). But these signals are not per-
ceptible in air, and in amniotes this entire system was quickly lost; early stem- 
amniote fossils are recognizable by the absence of lateral line canals on their skulls 
(Gauthier et al. 1988b, 1989). In contrast, the amniote visual system underwent a 
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vast adaptive radiation in response to a greater diversity of reflective objects on land 
than in water (Walls 1942). So too, the amniote olfactory system adapted to a more 
diverse and rapidly changing chemical environment encountered in terrestrial eco-
systems (Rowe et al. 2011) and olfactory receptor genes became the fastest evolving 
gene family in tetrapods (Yohe et al. 2020) and especially pan-mammals.

 Olfactory system

Amniotes inherited a dual olfactory system consisting of the main olfactory system 
and the vomeronasal system (accessory olfactory system) (Farbman 1992), that are 
encoded by separate gene subfamilies (Niimura and Nei 2005, 2006; Niimura 
2009). The amniote olfactory system was profoundly transformed as the medium of 
ventilation and metabolic gas exchange moved from water to air, and it diversified 
further among the different amniote clades. The following discussion is exclusive to 
mammals, where genetic and ontogenetic paths are best-known. The vomeronasal 
system is absent in aquatic mammals, some bats, and platyrhine and anthropoid 
primates (Bertmar 1981; Bhatnagar and Meisami 1998), but the dual system is pres-
ent in monotremes, marsupials, as was the case in mammals ancestrally and across 
the mammalian stem-group.

Differentiation of the main olfactory and vomeronasal systems is induced as a 
single pair of ectodermal olfactory placodes at the rostral extremity of the neural 
plate invaginates to contact the rostral end of the developing forebrain (Farbman 
1988, 1990; Schlosser 2010, 2017). This contact initiates differentiation and growth 
of separate main olfactory and vomeronasal epithelia, which together carpet the 
inner walls of the placode. Once induced, the main olfactory and vomeronasal sys-
tems follow separate ontogenetic trajectories, but their divergent synaptic pathways 
eventually converge in the accessory olfactory bulb (Farbman 1992).

Shortly thereafter, olfactory neurons (OSNs) differentiate in the olfactory epithe-
lium, whose axons induce differentiation of glomeruli in the presumptive olfactory 
bulb (Figs.  10.6 and 10.7); once contact is made, the expression of a particular 
olfactory gene is induced, and the expression of other OR genes is suppressed (Chen 
and Shepherd 2005; Shepherd et al. 2021). Axonal projections from the olfactory 
bulb in turn induce differentiation of the olfactory cortex (Schlosser 2010; Shepherd 
et al. 2021). Lying between the olfactory bulb and olfactory cortex is the accessory 
olfactory bulb; it is probably induced by main olfactory bulb projections and/or 
vomeronasal receptor axons, but direct evidence is lacking. The rostral position of 
the olfactory placodes may explain why olfaction is the only peripheral sensory 
system that projects directly to the telencephalon, whereas the other cranial sensory 
placodes are positioned lateral or caudal to the presumptive diencephalon and fol-
low different pathways to the telencephalon via the thalamus (Schlosser 2010, 2017; 
Shepherd et al. 2021).

In aquatic non-tetrapod vertebrates, both the main olfactory receptors, vomero-
nasal receptors, and the associated terminal nerve (cranial nerve 0) are sensitive to 
odorant molecules suspended in the water column. In early stem-tetrapods, what 
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Fig. 10.6 Circuitry schematic of brain of modern opossum (Didelphis) brain showing (a) sensory 
inputs and (b) motor outputs. (Modified after Rowe et al. 2011). See anatomical abbreviations

formerly were diffusely distributed vomeronasal receptors became organized into 
an encapsulated vomeronasal organ on the floor of the nasal capsule (Rowe 2004; 
Rowe et al. 2005). Its receptors are activated primarily by pheromones and other 
large molecules that are not carried far by air (Baxi et  al. 2006; Streidter and 
Northcutt 2020). Its axons and those from the terminal nerve make their first syn-
apse in the accessory olfactory bulb, where they induce formation of glomeruli that 
are independent from those of the main olfactory system (Demski 1993; Demski 
and Schwanzel-Fukuda 1987). Whereas both olfactory systems are important in 
stem-mammal evolution, unequivocal evidence of transformations in the vomerona-
sal organ have yet to be recognized in stem-mammal fossils, and our focus now 
turns to the main olfactory system, which mediates conscious odor perception 
(Shepherd et al. 2021).

Genes that once coded receptors activated by waterborne molecules were either 
lost or transformed into new gene families that encode odorant receptors activated 
by volatile airborne odorants. A great breakthrough in understanding olfactory orga-
nization was made by Buck and Axel (1991) in identifying the genes that encode 
olfactory receptors (ORs), and the finding that each gene codes a receptor that is 
narrowly tuned to a single odorant molecule, or a narrow family of molecules. Then 
came the discovery that most vertebrates, including reptiles, have ~100 OR genes, 
but that the ancestral mammal was inferred to have had ~1200 OR genes based on 
comparisons among living species (Niimura and Nei 2005, 2006; Niimura 2012; 
Niimura et  al. 2014; Zhou et  al. 2021). The discovery that several derived turtle 
clades have expanded OR genomes (Wang et al. 2013) does not affect the estimated 
number for amniotes ancestrally, and underscores that the OR genome is the most 
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Fig. 10.7 Skull of mature Monodelphis domestica, reconstructed in 3D from computed tomogra-
phy, in cut-away sagittal (a) and horizontal (b) views. The endocranial cavity was rendered solid 
beige to show the endocast of the brain in relation to the various bones of the skull, which were 
individually segmented and colored using VGStudio Max 2.0 software. (Modified after Rowe et al. 
2011). See anatomical abbreviations

rapidly evolving subfamily in the tetrapod genome (Yohe et al. 2020). During the 
evolution of stem-mammals, therefore, a series of OR gene duplications must have 
increased their numbers by an order of magnitude beyond the numbers inferred 
present in the ancestral amniote. This was probably a result of multiple tandem gene 
duplications that led the OR genome to become the largest and most rapidly evolv-
ing subfamily in the mammalian genome; this must have occurred by or before the 
origin of Mammalia (Young et al. 2010; Yohe et al. 2020).

With the origin of Amniota, airflow through the nasal chamber became tied to 
two distinct functions. Each function is supported by a primary ‘choncha’ or epithe-
lial fold, supported by a low ridge of cartilage protruding into the lumen from the 
lateral wall of the nasal capsule (Parsons 1967; Gauthier et al. 1988a). The anterior 
choncha supports mucociliary respiratory epithelium, while the posterior concha 
supports olfactory epithelium. In Mammalia, (Fig.  10.7) both conchae evolved 
hypertrophied epithelia supported by elaborate skeletons of paper-thin filigreed 
scrolls, arbors, and plates of bone known as turbinals (or turbinates), as olfactory 
and respiratory functions elaborated (Taylor 1977; Rowe et  al. 2005; Crompton 
et al. 2017a).
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 Visual System

There are far more reflective surfaces on land, less light scatter or absorption in air, 
and more light energy in air than in water (Walls 1942). The ancestral amniote 
entered a world of new visual information and is inferred to have been diurnal with 
a retina rich in cones compared to rods (Walls 1942). It may have traded light sen-
sitivity for a marked increase in visual acuity and sharp resolving power because 
predaceous vertebrates generally require sharp vision to pursue and capture prey, 
and animals that feed on small objects like insects must be able to resolve them, 
which is best achieved in a cone-rich eye (Walls 1942). Most genomic accounts sug-
gest the ancestral amniote had tetrachromatic vision (e.g. Streidter and Northcutt 
2020). However, the recent discovery that the Tuatara (Sphenodon) has all five of 
the visual opsin genes found in vertebrates ancestrally (Gemmell et al. 2020), is 
consistent with the view that the ancestral amniote may have had pentachromatic 
color vision based on visual pigments of the RhA/Rh1, RhB/Rh2, SWS1, SWS2, 
and LWS opsin gene families (Collin 2010). Diurnal vision probably led the other 
senses in the ancestral amniote and in early stem-mammals. However, the RhB/Rh2 
opsin genes are absent in Mammalia and must have been lost in its stem group. 
Further reductions in opsin genes occurred in different clades within Mammalia, 
and dichromatic crepuscular to nocturnal behaviors in monotremes (Davies et al. 
2007; Ashwell 2013) and therians (Ashwell 2010) probably evolved independently 
(Walls 1942; Collin 2010; Gemmell et al. 2020).

 Auditory System

The sensitivity and resolving power of hearing in the ancestral amniote and early 
pan-mammals must have diminished in the transition to airborne acoustic informa-
tion. Still, the ancestral amniote and its living descendants conserved basic func-
tions of hearing involving frequency discrimination, signal to noise ratio 
enhancement, and sound localization. They also conserved the plesiomorphic trans-
mission pathway involving transduction of acoustic information by sensory hair 
cells of the inner ear, which in amniotes involved a basilar papilla and membrane 
(Streidter and Northcutt 2020), and from there via the auditory nerve to brainstem 
auditory neurons (Carr and Soares 2002, 2009; Carr and Christiansen-Dalsgaard 
2016). The fossil record indicates that an impedance matching middle ear evolved 
independently in amphibians, stem-reptiles, and stem-mammals (Gauthier et  al. 
1988a, b, 1989). In each clade, the middle ear has its own distinct anatomical orga-
nization and neural mechanisms for sound localization (Carr and Soares 2009). 
However, in each case, the middle ear develops from elements of the first and/or 
second branchial arches. Each clade also introduced a tympanic membrane con-
nected via a lever system of bone and/or cartilage that matched airborne sound 
impedance to the fluid-filled inner ear (Grothe et al. 2005, 2010). Terrestrial hearing 
was probably limited at first to low frequency vibrations from the ground via the 
jaws and branchial arches as early amniotes rested their heads on the ground. This 
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may explain the independent derivation of impedance matching middle ears from 
components of the branchial arches.

 Peripheral Somatosensory System

Bony scales were lost from the skin in stem amniotes, and in their place are tiny 
epidermal condensations – body placodes – induced by neural crest cells that would 
eventually evolve into mammalian hair and reptilian scales and feathers. Amniote 
body placodes share common spatial expression of placode molecular markers such 
as Shh, Ctnnb1, and Edar, as well as conserved localized signaling in the dermis 
underlying the placode by Bmp4, corroborating shared common ancestry (Di-Pöi 
and Milinkovitch 2016). The appearance of placode-induced epidermal structures 
began an amazing diversification of integumentary specializations to prevent water 
loss, protect the skin from solar radiation, enhance sensory perception over the body 
surface and in the space around it, insulate the body, assist locomotion, provide 
camouflage, and attract mates. At some late point in stem-mammal history, hair fol-
licles would evolve from body placodes and deliver a deluge of new peripheral 
information to the brain (Fig. 10.8). Exceptional preservation of a Jurassic stem- 
mammal indicates that fur evolved before the origin of crown Mammalia (below).

Fig. 10.8 Diagram of a 
hair follicle and its 
innervation (Modified after 
Rowe et al. 2011)
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 The Ancestral Amniote Brain

So little of the endocranial cavity is enclosed by bone that much speculation attends 
any attempt to reconstruct a basal amniote endocast. Most relevant fossils are badly 
crushed or incomplete and their state of preservation often defeats CT scanning. As 
a result, few attempts have been made to reconstruct individual endocasts in a basal 
or stem-amniote (Fig.  10.4; Cope 1886; Case 1907; Romer and Edinger 1942). 
Nevertheless, general conclusions can be assembled from fossils and from com-
parative development of extant amniotes. Anteriorly, the orbitosphenoid formed a 
thin, Y-shaped ossification that cupped the forebrain from beneath. When preserved, 
the orbitosphenoid indicates a long narrow forebrain positioned close to the skull 
roof (Crompton et al. 2017b). The olfactory bulbs were probably closely appressed 
against the anterior telencephalon, as in extant lissamphibians and turtles (Gauthier 
et al. 1988a), and in all the later stem-mammal fossils from which endocasts can be 
extracted (e.g. Macrini 2006; Kemp 2009; Benoit et al. 2016, 2017). Whereas an 
interhemispheric sulcus divides the cerebral hemispheres in all extant vertebrates, 
there is no evidence of an interhemispheric ridge along the inferior side of the pari-
etal. This suggests the brain was not strongly inflated in early development and did 
not exert the profound effect on cranial morphogenesis it would eventually have in 
some of the later stem-mammals (below). The floor and rear parts of the braincase 
were ossified and surrounded a cerebellum that was twice as wide as the forebrain. 
A large pineal stalk was present, and the midbrain was exposed dorsally between 
the telencephalon and cerebellum (Fig. 10.4).

Telencephalon Comparative and developmental anatomy in extant amniotes indi-
cate the telencephalon in the ancestral amniote consisted of four basic divisions that 
surrounded the ventricle. The olfactory (piriform) cortex was positioned laterally, 
the hippocampus formed the medial wall, the telencephalic roof or dorsal pallium 
formed the dorsal cortex, and the basal ganglia differentiated in the telencephalic 
floor. The three cortical areas – dorsal cortex, olfactory cortex and hippocampus – in 
non-mammalian amniotes (except archosaurs; Briscoe and Ragsdale 2018) have a 
three-layer construction, consisting of a middle layer of pyramidal neuron bodies 
and interneurons with an underlying layer of axons and an overlying layer of den-
drites of the pyramidal cells and interneurons (Shepherd and Rowe 2017).

The principal cells in the amniote forebrain are pyramidal cells (Shepherd 2011). 
This cell type is present in amphibians but lacks basal dendrites, whereas in amni-
otes the basal dendrites are not only present but have become extensively branched 
and interconnected in a vast synaptic web (Streidter 2005; Shepherd 2011). 
Pyramidal cells are present in the forebrains of all reptiles except crocodilians and 
birds, where they were secondarily transformed or lost (Streidter 2005). The amni-
ote cortex surrounded a ventricular zone throughout its extent, and a subventricular 
zone in its lateral regions from which neurogenesis occurred in an inside-out pattern 
(Marín and Rubenstein 2001). Neurogenesis proceeded throughout much of ontog-
eny, and established the basic neurogenerative pattern that gave a degree of radial 
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and columnar organization to the forebrain that was carried to the extreme in 
Mammalia (Rakic 1988, 2000, 2007, 2009).

In its basic circuitry, the olfactory cortex has a similar neural organization in 
turtles and lizards (Ulinski 1983; Haberly 1985; Bruce 2007, 2009; Bruce and 
Braford Jr 2009) and in monotremes (Ashwell 2013), marsupials and placentals 
(Ashwell 2010; Shepherd 2011), supporting the inference that this organization was 
present in amniotes ancestrally. Olfactory receptors deliver signals to the olfactory 
bulb where they form an ‘odor image’. The unique degree of elaboration in mam-
mals involves a chain of more than 20 separate microcircuits (Shepherd et al. 2021). 
The ‘odor image’ is passed to the olfactory cortex which transforms it into a higher 
level representation known as an ‘odor object’ with content addressable memory. 
The ‘odor object’ is passed to the dorsal cortex (or to neocortex in Mammalia) for 
further associative processing (Shepherd 1991; Wilson and Stevenson 2006). 
Anatomical and physiological studies in the hippocampus have shown that across 
amniotes the neurons and circuits are similar to those in the olfactory cortex, with 
similar long association fibers and interconnections for excitation and inhibition 
(Connors and Kriegstein 1986; Haberly 2001). In these regards, the intrinsic orga-
nization of olfactory cortex and hippocampus are similar to higher association corti-
cal areas, for example the face area of inferotemporal cortex (Haberly 1985; 
Shepherd and Rowe 2017). There is a close similarity between the intrinsic organi-
zation of the hippocampus and the olfactory cortex in terms of layering of inputs on 
the apical dendrites and long association fibers (Neville and Haberly 2004). Since 
inputs to the hippocampus consist exclusively of central sites in the limbic regions, 
it is clear that the three-layered hippocampus was devoted to higher order process-
ing such as learning and memory from the very start of amniote evolution (Rowe 
and Shepherd 2016; Shepherd and Rowe 2017). In this view, the three-layer dorsal 
cortex of the ancestral amniote, from which six-layer mammalian neocortex 
evolved, was not a ‘simple’ cortex for low-level processing, but rather had an orga-
nization that subserved high-level association functions analogous to those in olfac-
tory cortex and hippocampus (Rowe and Shepherd 2016; Shepherd and Rowe 2017; 
Shepherd et al. 2021).

Thalamus The thalamus switches circuits passing in both directions from the dor-
sal cortex to the rest of the body. Compared to other tetrapods, amniotes have an 
expanded and highly differentiated thalamus (Butler 1994; Butler and Hodos 2005; 
Nieuwenhuys et al. 1998; Streidter and Northcutt 2020). It took on a new level of 
complex organization in amniotes, one that was further elaborated during stem- 
mammalian history in association with the emergence of neocortex. Amniotes have 
an elaborated dorsal thalamus that is larger and contains many more individual cell 
masses or nuclei than anamniotes (Butler 1994; Butler and Hodos 2005; 
Nieuwenhuys et  al. 1998). Highly characteristic of amniotes is differentiation of 
discrete specialized nuclei that function as a complex of way-stations for visual, 
auditory, and somatosensory inputs interposed between the environmental sensory 
world and dorsal cortex (Butler 1994; Butler and Hodos 2005).
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Hypothalamus The amniote hypothalamus differs from anamniotes in receiving 
input from those regions with responsibility to memory and the resonance of experi-
ence (Butler 1994; Butler and Hodos 2005). Many functions of the hypothalamus 
are tied to light, to the daily cycle of light from dawn to dusk; the influence of light 
on the hypothalamus extends to seasonal variability, to the shorter winter days and 
longer summer days. This is consistent with evidence that the ancestral amniote was 
diurnal with tetrachromatic or pentachromatic color vision (above). The hypothala-
mus also regulates water balance by directing kidney function – a crucial process in 
terrestrial vertebrates. The hypothalamus also controls the production of hormones 
involved in reproductive physiology, involving the movement of ova in the oviduct, 
contractions of muscles of the reproductive organs, and many behaviors involved in 
courtship. Finally, the suprachiasmatic nucleus of the hypothalamus is an autono-
mous circadian pacemaker. Thus, circadian cycles and seasonality were influential 
in early amniote and stem-mammal behaviors (Butler and Hodos 2005).

Spinal Cord The spinal cord is segmented at multiple levels of organization. Each 
segment forms dorsal (afferent) and ventral (efferent) spinal nerves that correspond 
in the neck and trunk to the numbers of vertebral segments. The amniote spinal cord 
is thicker than anamniotes and extends through the entire length of the dorsal verte-
bral column, and in Mammalia for a variable distance into the tail. It has more dif-
ferent types of cells than anamniotes, and many of these secondary neurons send 
axons across the midline to the contralateral side for left-right coordination of 
movement (Butler 1994; Nieuwenhuys et  al. 1998). A distinct lateral column of 
motor neurons provides innervation to the limbs; and there are now expanded cervi-
cal enlargements (segments 7 – 10) and lumbosacral enlargements (segments 19 – 
22) that represent the initial integrating centers of the brachial and sacral plexi, 
which innervate muscle complexes during locomotion and control reflexive action 
in the limbs. Their size is correlated with the lengths of the corresponding extremi-
ties (Nieuwenhuys et al. 1998). Another innovation was the aggregation of spinal 
neurons into discrete ‘motor pools’ that innervate single muscles, probably allowing 
them to be controlled independently (Streidter and Northcutt 2020). Additionally, 
the autonomic neuronal groups (i.e. ‘fright and flight reflexes’) of the brainstem and 
spinal cord were highly developed, indicating that the spinal cord was performing 
more internal decision-making processes that are independent of the brain 
(Streidter 2005).

In summary, compared to the first stem-tetrapods the ancestral amniote neuro-
sensory system enjoyed an increase in numbers of genes, more neuronal types, and 
more complex pyramidal cells with greater interconnectivity, faster rates of neuron 
proliferation that produced a larger forebrain, and elaboration in complexity and 
computing power on the new world of terrestrial information amniotes had entered. 
It controlled more highly coordinated body movements using a more complex mus-
cular system. While abandoning the lateral line system, it began a trend to integrate 
peripheral information from more acute visual and airborne olfactory systems. This 
underscores that three-layer dorsal cortex of amniotes ancestrally operated at the 
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level of higher order associations underlying analysis, discrimination, learning, and 
memory (Rowe and Shepherd 2016; Shepherd and Rowe 2017), and a remarkable 
capacity for detailed analysis of their environment (Nieuwenhuys et al. 1998). Basal 
amniotes were probably more introspective and reflective of experience, using a 
more highly developed sense of memory as a guide to action (Butler 1994; Butler 
and Hodos 2005).

Such was the general organization of the skeleton and neurosensory system in 
the ancestral amniote. From such an ancestor, we now turn to the fossil record of 
stem-mammals and the major events in neurosensory evolution culminating with 
the origin of Mammalia.

10.4  Early Pan-Mammalian History

Pan-Mammalia diverged onto its own evolutionary trajectory in the Early 
Carboniferous, 340 – 322 million years ago (Didier and Laurin 2020). In most (pre- 
Phylocode) literature Pan-Mammalia (Rowe 2020c) is referred to by the name 
‘Synapsida’ which is used as a synonym for both the paraphyletic stem-group of 
mammals (e.g. Romer 1956, 1966), and for the total clade of Mammalia (e.g. 
Gauthier et al. 1988a; Laurin and Reisz 2020). I use the name for an apomorphy- 
based clade stemming from the fist pan-mammal possessing the synapsid arch 
(Fig. 10.3, node 1) (Rowe 2020c). The early fossil record of stem-mammals is con-
fined to what were then circumequatorial belts of Pangaea in the Carboniferous and 
Early Permian. They include several extinct side-branches, including Varanopidae, 
Caseasauria, Ophiacodontidae, Edaphosauridae, Haptodontidae, and 
Sphenacodontidae (Fig. 10.3, nodes 1–3; Fig. 10.9) that were long clustered in the 
paraphylum ‘Pelycosuaria’ (e.g. Romer and Price, 1940; Olson 1959). Beginning in 
the late nineteenth century, ‘pelycosaurs’ were recognized as representing the most 
primitive ‘grade’ of evolution involved in the distant ancestry of Mammalia (Rowe 
2020a, b), and became known in the vernacular as “mammal-like reptiles”. It was 
their retention of numerous plesiomorphic amniote characters that persuaded virtu-
ally all paleontologists to classify them in what was then conceptualized as ‘para-
phylum Reptilia’ which was considered ancestral to all the living amniote clades.

The endocranial skeleton in early stem-mammals differs little from stem- 
amniotes and offers few details on brain size and shape. The endocranial cavity is 
open anteriorly, the forebrain enclosed laterally and ventrally by the (rarely- 
preserved) orbitosphenoid bone, and only posterior to the hypophysis is the endo-
cranial cavity fully enclosed by bone. The forebrain was a featureless narrow 
cylinder, and there is no evidence of the interhemispheric sulcus (although it must 
have been present in life). Comparisons to the lepidosaur Sphenodon are closer than 
to any living mammal, and indeed these early endocasts only obscured the true 
relationships of early stem-mammals (e.g. Baur and Case 1899).

Subtle skeleton changes in early stem-mammals with implied neurosensory 
effects are detailed elsewhere (Rowe and Shepherd 2016; Rowe 2020a). Suffice it 
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Fig. 10.9 Skulls and skeletons of ‘pelycosaur-grade’ Early Permian stem-mammals: (a) 
Ophiacodon, (b) Casea, (c) Edaphosaurus, and (d) Dimetrodon. Drawn to same lengths. (Modified 
after Rowe 2020a)

here to highlight the main diagnostic feature of Pan-Mammalia currently known, 
viz. the single temporal fenestra, bounded below by the homolog of the mammalian 
zygomatic arch (Gauthier et al. 1988a; Laurin and Reisz 2020; Rowe 2020c). The 
single fenestra and underlying arch comprise the ‘synapsid condition’ (Fig. 10.9), 
which allowed mandibular adductor musculature room to flex and expand outwards 
as the jaws snapped together without compressing the brain and blood vessels that 
lie deep to the adductor muscles. This exemplifies the epigenetic balancing act by 
the developing skull in supporting both the brain and masticatory system.

The ancestral amniote had small external nostrils that were directed laterally, and 
the internal nostrils (choanae) formed small openings near the front of the palate 
(Fig. 10.10). The space between nostril and choana allowed only a small nasal cap-
sule and olfactory epithelium. However, in early stem-mammals the choana were 
considerably elongated, indicating a larger nasal capsule and expanded olfactory 
epithelium, beginning a trend in which enhanced olfaction would eventually become 
a major driver of pan-mammalian evolution (below).
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Fig. 10.10 Stages in the evolution of mammalian secondary palate and the ortho-retronasal olfac-
tion duality. (a) Eusthenopteron, a stem-tetrapod; (b) Seymouria, a stem amniote; (c) Dimetrodon, 
a basal synapsid; (d) Syodon, a more advanced non-cynodontian synapsid; (e) Procynosuchus, the 
basal-most cynodont with an incipient secondary palate; (f) Thrinaxodon, an early cynodont with 
a complete secondary palate; (g) Kayentatherium, a basal mammaliamorph with a complex denti-
tion; (h) Morganucodon, a basal mammaliaform, with secondary palate extending to back of tooth 
row; (i) Didelphis, with secondary extending behind tooth row. (From Rowe and Shepherd 2016). 
See anatomical abbreviations

At maturity, most of the early stem-mammals had longer faces than other early 
amniotes, with more than half of the skull lying in front of the orbits, and a jaw 
articulation displaced to a level behind the occiput that further widened jaw gape. 
The mouth was lined with a long row of sharp, recurved teeth that were replaced 
continuously throughout life. Most early stem-mammals had a faster and more pow-
erful bite than other early amniotes. Locomotor evolution involved increased power 
and speed, with the two sacral ribs attaching to the ilium at a level above the acetab-
ulum, lowering the hip joint beneath the vertebral column and conveying slightly 
greater stride and lunge capability (Romer and Price 1940; Romer 1956). Some of 
these taxa, sphenacodontines in particular (Fig. 10.9, top), were the apex predators 
of the Late Carboniferous and Early Permian (Romer and Price 1940; Romer 1956; 
Kemp 2005). Indirectly, this implies a greater measure of neural velocity in percep-
tion and response to their environmental interactions.

From the start, stem-mammal orbits were large and opened laterally or dorsolat-
erally, and they held relatively large, mobile eyeballs. The bones enclosing the orbit 
would undergo multiple evolutionary transformations that redirected the orbits 
frontally, expanding their fields of stereoscopic vision, and probably altering the 
range of eyeball movements (Walls 1942; Romer 1956; Kemp 2005; Rowe 2020a).
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An auditory innovation arising in Sphenacodontia (Fig. 10.3, node 3) is a notch 
in the angular bone at the back of the jaw that freed a thin ‘reflected lamina’ that 
enclosed a narrow air space against the jaw. The ‘reflected lamina’ is the distant 
transformational homolog of the mammalian ectotympanic, which supports the 
tympanic membrane. Whether the notch above the reflected lamina held a func-
tional tympanum at this stage is unknown; the delicate reflected lamina itself may 
have functioned as a crude tympanum. Its significance in audition is clear only in 
retrospect and its overall mature size and form were unlike any auditory element in 
living mammals. It probably responded only to loud, low frequency sound, and the 
sacculus of the inner ear occupied only a shallow depression in the floor of the otic 
capsule (Olson 1944; Romer and Price 1940; Romer 1956).

Diurnal vision, followed distantly by olfaction, were the leading sensory modali-
ties for much of early stem-mammalian history. Successive subtle changes in the 
craniovertebral joint and neck raised the head above the body (Jenkins Jr. 1969), and 
early pan-mammals surveyed broader information horizons than other early 
amniotes.

10.4.1  Node 4: Therapsida

Therapsida (Rowe 2020d) (Fig. 10.3, node 4) is the clade stemming from the last 
common ancestor Mammalia shares with the mid-Permian Biarmosuchia, and all its 
descendants. In its traditional conceptualization as an extinct paraphylum or ‘grade 
of evolution’, Therapsida included only the extinct side branches Biarmosuchia, 
Deinocephalia, Gorgonopsia, Dicynodontia, Therocephalia, and a paraphyletic 
Cynodontia that excluded Mammalia (Fig. 10.11). Kemp (2006) summarized the 
features separating early Therapsida from more basal stem-mammals: “It has 
always been recognized that therapsids are in a general way more ‘advanced’, or 
‘progressive’ in their biology than their pelycosaurian forebears”. Whether viewed 
as a grade or a clade, therapsids “... had evolved a higher rate of food assimilation 
and of ventilatory capacity, a more agile, faster, more energetic mode of locomo-
tion, more elaborate and therefore more sensitive olfaction and hearing, and an 
increased growth rate” (Kemp 2006:1237).

The face in basal therapsids presents an increasingly anterior or frontal axis of 
attention and activity, and bilateral directional coordination of visual and olfactory 
fields. The nostrils were redirected anterolaterally, enhancing stereoscopic direc-
tional perception of olfactory cues that are important in many mammals (Louis et al. 
2008; Catania 2013; Catania and Catania 2015). The choanae are further elongated 
(Fig.  10.10d) over the condition of the basal-most stem-mammals (Sidor 2003), 
indicating further expansion of the nasal capsule and olfactory epithelium. The tren-
chant upper canine is longer than in ‘pelycosaurian grade’ stem-mammals and sepa-
rates specialized enlarged incisors from unicuspid, recurved postcanine teeth. Early 
therapsids were increasingly specialized in apprehending and dismembering prey 
with a bite from their canines and incisors (Gauthier et  al. 1988a; Kemp 2005, 
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Fig. 10.11 Skulls and skeletons of Late Permian basal therapsids. (a) Titanophoneus, (b) 
Moschops, and (c) Lycaenops, drawn to the same lengths. (Modified after Rowe 2020a)

2006). The orbits are more frontal in orientation, with an increased field of binocu-
lar stereoscopic vision focused in front of the nose and mouth, a characteristic of 
terrestrial mammalian predators (Walls 1942).

An important new character state in basal therapsids involved their mode of tooth 
implantation. In the ‘pelycosaur-grade’ stem-mammals, the teeth had shallow 
implantation and were ankylosed to the jaws. In early therapsids the roots were 
elongated and held in deep alveoli by the periodontal ligament or ‘gomphosis’ 
(Osborn 1984; Gaengler and Metzler 1992; Rowe 1993, 2020a; Kemp 2005; 
LeBlanc et al. 2018). The roots and innervated periodontal ligament signal a new 
role for neural crest cells in the head that would eventually have a profound impact 
on mammalian neurosensory systems at multiple levels of organization (Hall 2009). 
Initially, the dental gomphosis provided a cushion to resist the compressive and 
shear forces associated with biting (LeBlanc et  al. 2018). It would eventually 
become highly innervated and a key innovation in the evolution of an occlusal denti-
tion and food mastication (see Cynodontia, below).

In the mandible, the reflected lamina of the angular is deeply incised along its 
dorsal margin, and probably now functioned as a tympanum. However, it remained 
attached to the mandible along with several other bones in the sound transduction 
pathway, and any transmitted vibrations had to cross the craniomandibular joint to 
reach the inner ear. Bones of the middle ear chain had a new measure of individual 
movement but the sacculus remained little more than a shallow depression 
(Olson 1944).
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An important visual characteristic of living mammals that must have evolved 
along the mammalian stem involves their manner of eye movement. While the ori-
gin of this behavior cannot be pin-pointed, it is expeditious to mention it here. 
Gordon Walls describes it as follows: “in the matter of eye movements, mammals 
are at once set off from all other vertebrates by the fact that whenever voluntary 
movements are possible at all, the two eyes are never independent but are always 
conjugated. This universal conjugation is associated with the fact that mammals 
(whales, rabbits, and some others excepted) examine things only binocularly – even 
the bats, small rodents, insectivores, and other nose- or ear-minded nocturnal forms 
whose eyes never move even reflexively. Where the eyes are placed laterally as in 
the rabbits, there usually is no area centralis, let alone a fovea, and there are no 
spontaneous movements at all. But even the rabbits have the gyroscopic reflex eye 
movement, including the optomotor reaction. These compensatory movements in 
mammals are always most extensive in the plane of greatest biological usefulness, 
which usually means horizontal. The voluntary eye movements of mammals are 
really best correlated with visual acuity, which, it so happens, does go pretty well 
with intelligence in this group of vertebrates” (Walls 1942: 310–311).

The early therapsid neck became longer and more flexible, increasing mobility 
of the head and expanding horizons of the special senses. Basal therapsids had six 
cervical vertebrae, but soon settled on the seven cervicals almost invariably present 
in mammals. The mammalian vestibular system helps direct muscles of the neck 
that are responsible for reflexive compensatory movements of the head and eyes that 
keep a stereo visual image stable and in focus as the head is otherwise jostled in 
walking and running (Walls 1942). Maintenance of these reflexes may explain the 
invariance in number of cervical vertebrae in mammals. We can only speculate that 
this vestibular feedback traces to early therapsids.

A surprising claim reported that the basal therapsid Kawingasaurus fossilis has 
an endocast with an EQ that overlaps with the lower range of crown Mammalia and 
preserves evidence of a ‘neocortex-like structure’ (Laaß and Kaestner 2017). 
Kawingasaurus is a member of the extinct Permo-Triassic stem-mammal side 
branch Dicynodontia, and is interested within its highly specialized fossorial clade 
Cistecephalidae (Cluver 1978). The labeled CT imagery that accompanied this 
report reveals a fundamental misinterpretation of the bones of the braincase. For 
example, the structure identified as the ethmoid (Laaß and Kaestner 2017, figs. 
2a,b,c,e) is actually the orbitosphenoid, and demonstrates unequivocally a narrow 
cylindrical forebrain just as in other dicynodonts (e.g. Cluver 1971) and basal the-
rapsids (Rowe et al. 1995; Benoit et al. 2016; Crompton et al. 2018).

In basal Therapsida the vertebral column became more robust and regionalized, 
and the limbs were longer with the elbows turned back and the knees turned for-
ward. This marks a significant shift from the sprawling sigmoid vertebral propul-
sion of basal stem-mammals, toward more strident parasagittal gait with limbs 
playing a more forceful role in  locomotion, enhanced aspirational breathing, and 
enhanced metabolic scope. This implies greater activity levels and more sustained 
high levels of neurosensory activity. Whether the earliest stem-mammals could run 
is doubtful, but basal therapsids almost certainly could, implying neurosensory 
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elaboration that sets them apart. Unexpected shape variation was recently docu-
mented in endocasts of some early extinct therapsid side branches (Benoit et  al. 
2016); however, none has obvious bearing on neurosensory events on the direct path 
to the origin of Mammalia.

10.4.2  Node 9: Cynodontia

Cynodontia (Rowe 2020e) (Fig. 10.3, node 9) arose in the Late Permian ~230 mil-
lion years ago, and today it includes the 6399 species of extant mammals (Burgin 
et al. 2018), plus many extinct Mesozoic and Cenozoic side branches. Many unique 
features of the mammalian skeleton and neurosensory system trace to the first cyn-
odonts, as well as the first of several successive reductions in body size that effected 
shifts in ecology and life history strategy with profound neurosensory 
consequences.

Early cynodonts (Fig. 10.12) manifest the first episode in pan-mammalian his-
tory in which the braincase became more fully ossified than in earlier stem- 
mammals. EQs are slightly higher in basal cynodonts (Benoit et  al. 2016), and 
innovations in brain evolution can be qualitatively appreciated in modifications of 
the osteocranium in its epigenetic responsiveness to brain development (Rowe 
1996a, b; Fabbri et al. 2017). The posterolateral braincase walls became more fully 
ossified by ventral sheets from the frontal and parietal, and an anterior lamina from 
the prootic. Most important was the ‘newly formed’ alisphenoid bone. Long thought 
to be an expanded epipterygoid, it arose as a compound element joining the embry-
onic ala temporalis (footplate) of the epipterygoid with a new, membranous ossifi-
cation induced within the spheno-obturator membrane (Presley 1981; Gauthier 
et  al. 1988a). The alisphenoid is thus a compound element. Its ‘new’ portion is 
induced by expansion of the caudolateral pole of the olfactory cortex in most living 
mammals (Rowe 1996a, b; Rowe and Shepherd 2016). Given the ontogenetic inter-
dependencies of the different components of the olfactory system (above) this event 
may reflect the onset of expression of a larger set of OR genes.

In cynodonts a secondary palate appeared, separating the nasopharyngeal pas-
sageway from the oral cavity, and displacing the choana to the back of the mouth 
(Fig. 10.10e). It forms as shelves of the maxillae and palatines grow toward the 
midline and fuse together to provide a bony floor beneath the nasal capsule and 
nasopharyngeal passageway, and a bony roof over the oral cavity. An occlusal denti-
tion arose at the same time (Crompton 1963, 1972, 1989; Kemp 2005; Rowe and 
Shepherd 2016). The new ability to masticate food items yielded faster, enriched 
caloric return, enabling higher activity levels. Mastication occurs at the posterior 
(distal) part of the tooth row, where the mandibular adductor musculature was reor-
ganized to exert its greatest force. We may infer that the tongue also took on a new 
role using the secondary palate as a substrate against which to move food within the 
oral cavity toward the teeth for mastication (Crompton and Parker 1978). Oral 
breakdown of food prior to swallowing also enabled more thorough inspection and 
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Fig. 10.12 Skulls and skeletons of Triassic basal cynodonts. (Bottom) Thrinaxodon; (Middle) 
Kayentatherium and its clutch of perinates; (Top) Morganucodon. Note the differentiation of tho-
racic and lumbar vertebrae, indicating presence of the diaphragm. (a, c modified after Rowe 2020a)

analysis of food items, and the ability to extract and process new kinds of informa-
tion from food.

Early cynodont postcanine teeth had ‘triconodont’ crowns in which there are 
generally three principal cups aligned longitudinally, with the middle cusp the tall-
est, and with a row of smaller cuspules on a narrow shelf at the base of the inner 
surface (Crompton 1963; Rowe 2020e; Rowe et  al. 1995). Along the rear of the 
postcanine tooth row, the outer (buccal) surfaces of lower teeth occluded against the 
inner (lingual) surfaces of the upper teeth and produced irregular wear facets that 
are evidence of crown-to-crown occlusion (Fig. 10.13). A small degree of jaw rota-
tion and a mobile symphysis facilitated occlusion, which was irregular at first, but 
eventually became intricately patterned. The rate of tooth replacement in early cyn-
odonts was greatly reduced (Hopson 1971; Osborn and Crompton 1978). This initi-
ated a new ‘variational modality’ involving unprecedented diversification of 
postcanine crown structure, function, and development that eventually enabled cyn-
odonts to pierce, slice, dice, shred, and grind their food in ever more complex and 
efficient ways (Rowe and Shepherd 2016; Rowe 2020a). Up to this point, stem- 
mammal teeth were not subject to much variation, but in cynodonts almost every 
species has cheek teeth with its own diagnostic crown structure.
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Fig. 10.13 CT cross-section through the snout of the early Triassic cynodont Thrinaxodon, show-
ing the deep implantation of postcanine teeth (Therapsida) as well as the occlusal relationship 
between upper and lower teeth (Cynodontia) on the right. (a) lateral view of skull (reconstructed 
from CT slices using VGStudio Max) showing slice plane (b), a coronal slice throught the snout. 
See anatomical abbreviations

The cynodont dentition eventually assembled into a new peripheral sensory array 
of considerable anatomical and neural complexity (Fig. 10.14), thanks in large part 
the ‘gomphosis’ mode of tooth implantation inherited from more basal therapsids, 
and to greatly reduced rates of postcanine replacement (Hopson 1971; Osborn and 
Crompton 1978). Ontogenetic malleability of the periodontal ligament enabled 
tooth crowns to establish precise occlusal relationships during eruption (Ten-Cate 
1969, 1997). The cynodont periodontal ligament eventually became richly inner-
vated, affording a considerable degree of learning and memory about food items 
during mastication. Recordings from single nerve fibers demonstrated that human 
periodontal receptors adapt slowly to maintained tooth loads (Trulsson 2006; 
Trulsson et  al. 2010). Most receptors are broadly tuned to the direction of force 
application, and about half respond to forces applied to adjacent teeth. Information 
about the magnitude of tooth loads is made available in the mean firing rate response 
of periodontal receptors, and they precisely record intensity and spatiotemporal 
aspects of forces applied to a tooth. These mechanoreceptors are particularly impor-
tant when biting and chewing because they efficiently encode tooth loading during 
intraoral food manipulation and are involved in jaw motor control and memory 
(Trulsson 2006; Trulsson et al. 2010).

In Mammalia, signals from periodontal mechanoreceptors project to separate 
oral fields of the primary somatosensory cortex (Remple et al. 2003; Kaas et  al. 
2006; Iyengar et al. 2007; Trulsson et al. 2010; Hlusko et al. 2011). Periodontal 
receptors encode information about the teeth stimulated and provide a detailed orga-
nizational map that adds representation of the dentition to the classic neocortical 
sensory animunculus (Kubo et al. 2008). There is also strong evidence for bilateral 
representation of the teeth into the primary sensory cortex coming directly from the 
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Fig. 10.14 Mature skull of Monodelphis reconstructed from CT data, with the bones of the skull 
rendered translucent, and the dentition opaque, to show the relationship of the dental array to 
the skull

thalamus or via transcallosal projections (Kaas et  al. 2006; Iyengar et  al. 2007; 
Habre-Hallage et al. 2014). Projections from the somatosensory oral cavity inte-
grate cutaneous stimuli and movements of the tongue and jaws that are important 
for mastication and for the ability to recognize and discriminate the form of objects 
by using intraoral or perioral sensors. In the tongue, 80% or more of neurons are 
tactile, and 2–10% are taste receptors (Iyengar et al. 2007). The connections between 
the somatosensory representation of the teeth and tongue and adjoining motor and 
premotor representations of the oral cavity and jaw may help to coordinate motor 
control in chewing and swallowing (Iyengar et al. 2007), which becomes increas-
ingly complex in the latest stem-mammals and Mammalia (Crompton 1989; 
Crompton et al. 2018).

Mastication plus a secondary palate liberated an entirely new class of odors and 
scents from food as it was chewed and broken down, and with this new behavior a 
new duality was introduced into the main olfactory system, known as ‘ortho- 
retronasal olfaction’ (Fig.  10.15) (Rowe and Shepherd 2016; Rowe 2020a). The 
primitive behavior of inhaling external environmental odorant molecules through 
the naris into the mouth, known as ‘orthonasal’ olfaction, was inherited from early 
stem-tetrapods. They were the first vertebrates in which the nasal capsule had both 
an external opening, the naris (nostril), and the internal naris or choana which 
opened through its floor into the roof of the mouth (Jarvik 1942). The counterpart to 
orthonasal smell is ‘retronasal’ smell, in which air exhaled from the lungs carries an 
entirely new information domain of odor molecules liberated through the break-
down of food by chewing, saliva, and actions of the tongue. These molecules pass 
forward from the caudal part of the oropharynx and via the choana they cross the 
main olfactory epithelium before being expelled through the nares. Orthonasal 
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Fig. 10.15 Diagrammatic representation of orthonasal and retronasal olfactory modes in a dog 
and human. (Modified from Rowe and Shepherd 2016)

smell, retronasal smell, taste, and somatosensory signals from the lips, gums, 
cheeks, tongue and teeth passed along different pathways, but all eventually evolved 
convergence onto individual neurons in the neocortical area known as the orbito-
frontal cortex that integrate the complex multisensory amalgam called ‘flavor’ 
(Shepherd 2004, 2006, 2012; De Araujo et al. 2003; Small et al. 2007; Rolls and 
Grabenhorst 2008; Rowe and Shepherd 2016; Rowe 2020a). The beginnings of this 
elaborate network trace to the first cynodonts, and its fullest measure of integration 
occurred as the orbitofrontal region of the neocortex emerged in Mammalia (below).

Also apomorphic of Cynodontia is the ‘double occipital condyle’ formed by the 
right and left exoccipitals positioned at the ventrolateral edges of the foramen mag-
num. This double articulation expanded the range of stable excursion of the head 
without impairing passage of an enlarged spinal cord through the foramen magnum 
(Jenkins Jr. 1969, 1971). The ventrolateral position of the condyles and orientation 
of the semicircular canals (Berlin et al. 2013; Ekdale 2016) also suggest that the 
head was habitually held at a tilt with the nose toward the ground.

Separate thoracic and lumbar regions were differentiated such that ribs that 
encircle the thorax persist anteriorly, while the posterior three to five ribs form 
attenuated processes that fuse to their respective neural arches (i.e. lumbar ribs). 
Differentiation of separate thoracic and lumbar regions (Fig.  10.12) marks more 
symmetrical axial movement during locomotion, and the development of a muscu-
lar diaphragm, separating the thoracic and abdominal cavities, and a far more com-
plete decoupling of aspirational breathing from locomotion. The vacuum-chamber 
or bellows-like tidal diaphragmatic ventilation of Mammalia allows ventilation 
while moving or at rest, and a sustained supply of oxygen to the brain for greater 
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activity levels (Jenkins Jr. 1971; Gauthier et al. 1988a; Hirasawa and Kuratani 2013; 
Brainerd 2015). We may speculate that it brought the onset of new olfactory- 
mediated behaviors such as territorial scent-marking, the rapid sniffing behavior 
that drives scent tracking (Rowe and Shepherd 2016) and, more speculatively, 
reproductive behaviors related to parental care of the young.

10.4.3  Node 11 (Unnamed)

Node 11 is the unnamed clade stemming from the last common ancestor that 
Mammalia shares with Diademodon (Fig. 10.3, node 11). It is diagnosed by further 
elaboration of the molariform (postcanine) tooth roots, in which each cheek tooth 
crown has an ‘incipiently divided’ root. That is, there were two separate root canals, 
each conveying its own dental nerve to the pulp cavity, but a web of bone still con-
nected the roots. This ‘incipient’ division of the roots occurred in Early and Middle 
Triassic cynodonts, and suggests they were mining more information in the differ-
ential loading of individual tooth crowns in mastication of different food types.

10.4.4  Node 12: Probainognathia

Probainognathia designates the clade stemming from the last common ancestor 
shared by the mid-Triassic Probainognathus and Mammalia (Fig. 10.3, node 12). 
EQ values in basal probainognathians are about the same as in more basal cyn-
odonts (Quiroga 1979, 1980, 1984, Macrini 2006; Rowe et al. 2011; Benoit et al. 
2016). However, EQ values fail to reveal what may be deeper insights into brain 
evolution based on other features of the endocasts (Wallace 2018).

In early probainognathians (Fig. 10.16) the endocast is more ‘brain-like’ than 
before, in that it is robustly ‘inflated’ against the braincase walls and embossed into 
them more vivid details of its external shape. Basal probainognathian endocasts 
convey the general impression of a much more strongly inflated brain very tightly 
packaged within a container whose proportions are constrained by competing func-
tions of the skull such as supporting the masticatory system, in the type of relation-
ship demonstrated by Weisbecker et al. (2021) in living and fossil marsupials. We 
may speculate that this is a time in stem-mammal evolution when the increased 
numbers and tighter packing of telencephalic neurons progressed, foreshadowing 
the cellular architecture that became characteristic of mammalian neocortex 
(Rubenstein and Rakic 1999; Rakic 2000, 2007, 2009; Molnár and Butler 2002; 
Shepherd and Rowe 2017).

The olfactory bulbs are larger and more distinctly separated by an encircling 
annular fissure from the rostral end of the cerebral hemispheres. The caudolateral 
poles of the olfactory (piriform) cortex diverge laterally to a greater degree than in 
basal cynodonts, and are now approximately as wide as the cerebellum. The 
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Fig. 10.16 Reconstructed skull of the Triassic cynodont Probainognathus (a) in lateral view, and 
(b) reconstructed dorsal view of its endocast. Note that the dentary and squamosal are in very close 
approximation. (a: Modified after Romer 1970; b: Modified after Quiroga 1980). See anatomical 
abbreviations

forebrain was still long and narrow, but for the first time the interhemispheric sulcus 
is clearly visible on the endocast, and the cerebral hemispheres are convex and high- 
domed. Basal probainognathians retain the plesiomorphic absence of an osseous 
enclosure around the lateral and ventral surfaces of the olfactory bulb and the cere-
brum behind the orbitosphenoid (Crompton et al. 2017b), and there remains a mea-
sure of subjectivity in reconstructing the complete endocast (Kemp 2009). To be 
clear, early probainognathians retained primitive endocasts when compared to even 
the least-encephalized mammal. But from enlarged olfactory bulbs and olfactory 
cortex, and doming of the dorsal cortex, it seems likely that another increase in 
expression of duplicated olfactory receptor genes had begun, that olfaction was 
exerting a far more dominant influence than ever before, and perhaps a new thresh-
old in organization not revealed by the uncertainties in EQ estimates had been 
crossed. In any event, probainognathian cynodonts with approximately this general 
state of cerebral organization underwent a significant diversification during the 
Triassic.

The bones of the jaw lying behind the tooth-bearing dentary are considerably 
reduced, marking the onset of their negative allometric growth with respect to the 
skull and mandible (Rowe 1996a, b), and their increasing individuation as compo-
nents of the auditory chain of the middle ear in a trend toward higher-frequency 
sound sensitivity.
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10.4.5  Node 14: Mammaliamorpha

Mammaliamorpha (Rowe 1988, 2020f) is the clade stemming from the most recent 
common ancestor Mammalia shares with the extinct side branch Tritylodontidae 
(Fig.  10.3, Node 14, Fig  10.10g) (Kemp 1983; Rowe 1988). Mammaliamorpha 
arose ~230 million years ago, diversified into a number of extinct side branches 
across Pangea in the Late Triassic thru Middle Jurassic. There are several extinct 
Triassic to Early Jurassic side branches that may lie just within or just outside of 
Mammaliamorpha, but all share endocasts comparable in most respects to more 
basal probainognathians (Quiroga 1979, 1980, 1984; Benoit et al. 2016; Rodrigues 
et al. 2013, 2014, 2019; Wallace 2018; Hoffmann et al. 2019; Pavanatto et al. 2019). 
These include several taxa referred to as ‘brasilodonts’ (Bonaparte et  al. 2005, 
2013), a group of uncertain monophyly, Trithelodontidae (Martinelli and Rougier 
2007; Sidor and Hancox 2006), and Pseudotherium argentinus (Wallace et al. 2019).

Further reduction in body size may have arisen in basal mammaliamorphs (the 
last common ancestor of Mammaliaformes unequivocally very small; Rowe 1988, 
1993, 2020a; Rowe and Shepherd 2016). The most basal tritylodontid is probably 
Oligokyphus (Clark and Hopson 1985), and its shrew-sized body is about the same 
size as Morganucodon and other early mammaliaforms (Fig. 10.17). Miniaturization 
was attained in part by accelerated maturation of the skeleton at smaller and smaller 
sizes (Koyabu et al. 2014; Hoffman and Rowe 2018). Numerous descendant clades 
secondarily attained large body sizes, but most mammaliamorphs remained tiny 
from the Late Triassic until after the origin of crown Mammalia. Miniaturized mam-
maliamorphs encountered greater spatial and environmental heterogeneity than 
their larger ancestors. Entry into new microhabitats promoted dietary diversifica-
tion, where new food items such as seeds, grains, fungi, small fruiting bodies, and 
small invertebrates were available for the first time, altering activity patterns and life 
history strategies (Harvey et al. 1980; Eisenberg 1990; Mace et al. 1981; Hayden 
et  al. 2010). The mammaliamorph postcanine teeth now have two or more fully 
divided roots, each with its own dental canal and nerve, and molariform crowns 
occluded in complex patterns. Molariform teeth were not replaced, and their perma-
nence potentially enabled the subtle textural information from different kinds of 

Fig. 10.17 Skeletons drawn to scale of Lycaenops (a Late Permian basal therapsid), Thrinaxodon 
(an Early Triassic basal cynodont), and Morganucodon (a late Triassic basal mammaliaform) 
showing the reduction in body sizes towards miniaturization. (From: Rowe and Shepherd 2016)
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food to be learned and remembered to an increasing degree. Miniaturization 
involved greater excursion of the limbs and increased agility moving over complex 
three-dimensional habitats, implying muscle spindles and joint proprioceptors that 
were recording more information produced by the greater ranges of movement than 
before. Agile scampering and climbing were now added to the locomotion reper-
toire of the mammalian stem group (Kemp 1983, 1988, 2005; Rowe and Shepherd 
2016; Rowe 2020a).

Early mammaliamorph endocasts are generally similar to basal probainognathi-
ans. However, the pineal stalk was covered by rapid ontogenetic expansion of the 
cerebral hemispheres over the midbrain to contact the cerebellum, and the pineal 
foramen closed. Forebrain expansion may be reflected in ossification of the orbital 
wall by joined sheets of the frontal and palatine bones (Rowe 1988). The cerebellum 
has a distinguishable vermis and left and right cerebellar hemispheres bulge on 
either side (Wallace 2018), but this is probably more a consequence of packaging 
(Weisbecker et al. 2021) than functional differentiation. In basal mammaliamorphs, 
the internal auditory meatus is walled medially with separate foramina for the ves-
tibular and cochlear nerves (Kemp 1983; Rowe 1988), and the cochlea underwent a 
first pulse in elongation, in some cases also curving over an arc of about 70° and 
suggesting greater sensitivity to a wider range of high frequencies (Luo et al. 2001, 
2004; Kielan-Jaworowska et al. 2004; Rodrigues et al. 2013, 2019; Wallace et al. 
2019). The angular is now nearly circular, and almost certainly held a tympanic 
membrane although it was still anchored to the mandible.

A μCT study of the stem-mammaliamorph Brasilitherium (Rodrigues et  al. 
2014) reported small ossifications in the nasal capsule that were interpreted as pri-
mordia of the nasoturbinal and the first ethmoturbinal, which support olfactory epi-
thelium (Rowe et  al. 2005). The posterior nasal septum is partly ossified and 
contributes to an ossified mesethmoid, which also supports olfactory epithelium in 
mammals. In addition, the nasal cavity expanded posteriorly forming a distinctive 
ethmoidal recess separated ventrally from the nasopharyngeal duct by an ossified 
lamina terminalis. Similar structures were reported in the nasal chamber of the 
closely related mammaliamorph Pseudotherium (Wallace et al. 2019), and possibly 
in tritylodonts (Kielan-Jaworowska et al. 2004). A primitive, relatively simple skel-
eton of ossified turbinals in fossils near the mammalian crown should not be surpris-
ing. However, in these two cases, the ossifications are very small and are not 
co-ossified to the wall of the nasal chamber, and other discernible features of the 
olfactory system leave uncertainty about their identity. Wallace (2018) pointed out 
that the reconstructed olfactory bulb in Brasilitherium seems excessively large and 
there is no corresponding expansion of the olfactory cortex. In her study of 
Pseudotherium, Wallace reconstructed a more conservative flat floor beneath the 
preserved impressions of the olfactory bulb, reducing endocranial volume by 15%, 
which placed it within the range of other basal mammaliamorphs. Applying a simi-
lar correction to Brasilitherium reduces its endocranial volume into the same clus-
ter. In either case, we may be seeing another incremental increase in expression of 
OR genes.

T. B. Rowe



399

Paleontologists have long speculated about whether there may have been an 
extensive network of cartilaginous turbinals in non-mammalian therapsids (e.g. 
Brink 1957; Hillenius 1992, 1994; Crompton et al. 2017b). As noted, olfactory gene 
expression initiates cascading ontogenetic interdependencies of olfactory epithe-
lium surface area, ethmoid turbinal surface area, total area of foramina in the cribri-
form plate, olfactory bulb size, and olfactory cortex size. The individual components 
of the olfactory system offer general proxies for the system as a whole (Bird et al. 
2018; Garrett and Steiper 2014; Hayden et al. 2010; Pihlström et al. 2005; Rowe 
et al. 2005; Rowe and Shepherd 2016; Schlosser 2010). However, it is important to 
recognize that turbinals do not exist as separate parts independent of the rest of the 
olfactory system. The recent data from endocasts suggests that the degree of olfac-
tory development in basal cynodonts and early mammaliamorphs was still insuffi-
cient to induce an extensive scaffold of rigid support that approaches the degree in 
Mammalia, and the olfactory bulb and olfactory cortex remained relatively small. 
Moreover, at no time in mammalian ontogeny is there a free-standing extensive 
network of cartilaginous turbinals in any known mammal (Rowe et  al. 2005). 
Nothing within the ‘extant phylogenetic bracket’ offers support for the hypothesis 
of an expansive network of cartilaginous turbinals in any stem-mammal. 
Nevertheless, as imaging technologies improve and larger samples of fossils are 
scanned, more compelling evidence may yet materialize to document intermediate 
states in the evolution of an ossified scaffold in late stem-mammals.

In another study based on μCT, Benoit et al. (2016) reported in tritylodontids that 
the maxillary canal carried the “true” infraorbital nerve and that it supplied vibrissae 
and a mobile rhinarium. These claims are doubtful because evidence of the other 
parts of the system to which they communicate is absent. Whiskers and the rhinar-
ium are both parts of the cutaneous field of the trigeminus that develops in mammals 
in close association with the differentiation of complex facial muscles and a system 
of intricate circuitry with corresponding representations in the somatosensory area 
of neocortex, and outputs to the motor cortex (Huber 1930; Grant et  al. 2013). 
Moreover, whiskers are not universally present in therian mammals (Catania and 
Catania 2015), and ancestral state reconstruction suggests that they evolved inde-
pendently as many as seven times among therians (Muchlinski et al. 2020) and were 
never present in monotremes (Huber 1930). Whiskers and the rhinarium are inevi-
tably linked to large numbers of efferent nerve axons, a much thicker infraorbital 
nerve and an considerably enlarged infraorbital foramen (Muchlinski 2008; 
Muchlinski et  al. 2020). No such enlargement occurs in the “infraorbital canal” 
illustrated by Benoit et al. (2016). Presence of a mobile rhinarium can probably be 
dismissed in all stem-mammals because they retain the ossified internasal (prenasal) 
process of the premaxilla (Rowe 1988, 1993). This process was lost in mammals 
ancestrally, and a rhinarium seems to have appeared for the first time in therian or 
stem-therian mammals, along with fully differentiated facial muscles (Huber 1930) 
associated with a wide repertoire of learned orofacial motor skills (below). 
Developmental evidence suggests that monotreme facial musculature was apomor-
phically derived from the ancestral amniote sphincter coli and platysma muscles, 
and that a limited degree of facial muscle differentiation probably reflects the 
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ancestral state for mammals (Huber 1930; Lightoller 1942). In light of the discovery 
that a pelt of modern aspect was present in basal mammaliaforms (below), it is con-
ceivable (if speculative) that a primitive cover of innervated hair was present in 
basal mammaliamorphs. However, the sophisticated cortical barrels that map sensa-
tions from whiskers, and other neocortical areas that map sensory stimuli from 
whiskers, rhinarium, and their associated facial musculature requires cortical com-
puting power for which there is no evidence at this point in stem-mammal evolution.

10.4.6  Node 15: Mammaliaformes

Mammaliaformes is the clade stemming from the last common ancestor that 
Mammalia shares with Morganucodonta (Rowe 1988, 2020g) (Fig. 10.3, Node 15). 
It arose by ~210 million years ago, diversified into a number of extinct side branches 
across Pangea in the Late Triassic thru Middle Jurassic, and Mammalia arose within 
it by ~170 million years ago. The most striking feature of early mammaliaforms is 
that their brains had almost doubled in relative size compared to basal mammalia-
morphs, and the endocast is strongly ‘inflated’ and now looks very much like a 
mammalian brain (Figs. 10.18 and 10.19). Using the Eisenberg (1981) equation, the 
EQ of non-mammaliaform cynodonts was found to range from ~0.16 to 0.23, 
whereas the EQ of Morganucodon is ~0.32, reflecting an increase of 30–50% over 
basal cynodonts (Rowe et al. 2011). The olfactory bulb and olfactory cortex are by 
far the regions of greatest expansion. A deep annular fissure encircles the olfactory 
tract, marking a distinctive external division of the brain between the inflated olfac-
tory bulbs and the cortex. The cerebellum is also enlarged, implying expansion of 
the basal nuclei, thalamus, and medulla.

The dentition evolved a more complex occlusal pattern. The diphyodont pattern 
of tooth postcanine tooth replacement characteristic of mammals seems unequivo-
cally established at this point in stem-mammal phylogeny, if not arising earlier in 
basal mammaliamorphs (Cifelli et al. 1996; Luo et al. 2004). The evolution of non- 
replacing molars marks a landmark in dental function, learning, and memory. 
Trulsson et al. (2010) compared the responses to tooth stimulation with those pro-
duced by identical vibrotactile stimulation of fingers. The results suggest that the 
periodontal ligament mechanoreceptors in living mammals play a significant role in 
specifying forces used to hold and manipulate food between teeth, and in these 
respects the masticatory system appears analogous to fine finger-control mecha-
nisms used during precision manipulation of small objects. Their fMRI studies 
revealed activations in posterior insular cortex, leading them to speculate that the 
dentition, via the periodontal ligament mechanoreceptors, are involved in an impor-
tant aspect of the feeling of body ownership (Trulsson 2006; Trulsson et al. 2010).

A pelt of modern aspect, with guard hairs and velus underfur, was discovered in 
the exceptionally preserved Castorocauda lutrasimilis (Ji et  al. 2006), a late- 
surviving non-mammalian member of Mammaliaformes from the Middle Jurassic 
(~165  million years old) of China. Hair follicles have been called ‘dynamic 
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Fig. 10.18 3D reconstructions of the skull and endocast of Morganucodon, based on high- 
resolution CT imagery, using false colors to show the bone (tan) and matrix (red). Skull (a1) and 
endocast (a2) in dorsal view; (b1, b2) ventral view; (c1, c2) right lateral view; (d1, d2) left lateral 
view; and (e) and skull in occipital view. (Modified from Rowe et  al. 2011). See anatomical 
abbreviations

miniorgans’ owing to their complex patterns of gene expression and complex 
mesenchymal- epithelial interactions during development, complex innervation 
(Fig. 10.8), and the many functions they serve, including thermoregulation, physical 
protection, sensory activity, and social interactions. Hair follicles have large projec-
tions to the primary somatosensory area of the neocortex (Fig.  10.6) (Schneider 
et al. 2009). In mammals, guard hairs are equipped with at least three different kinds 
of mechanoreceptors that induce the somatotopic sensory maps on the outer layer of 
neocortex (Sengel 1976; Zelená 1994; Rowe et al. 2011), and each is associated 
with its own arrector pili musculature and sebaceous glands. In living mammals 
with small brains (e.g. Monodelphis, Didelphis), the small neocortex is dominated 
by a single primary somatosensory area that maps sensation from mechanoreceptors 
in the skin, hair follicles, muscle spindles, and joint receptors. Its conscious compo-
nent involves body surface monitoring and tactile exploration of the immediate 
environment. A parallel, underlying neocortical motor map is represented in pyra-
midal neurons whose axons form the corticospinal (pyramidal) tract that projects 
directly to the spinal column to program and execute skilled movements requiring 
precise control of distal musculature. An enlarged foramen magnum in basal mam-
maliaforms (Figs.  10.18 and 10.19) indicates a thicker spinal cord, possibly an 
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Fig. 10.19 3D reconstructions of the skull and endocast of Hadrocodium, based on high- resolution 
CT imagery, using false colors to show the bone (tan) and matrix (red). Skull (a1) and endocast 
(a2) in dorsal view; (b1, b2) ventral view; (c1, c2) right lateral view; (d1, d2) left lateral view; and 
(e) and skull in occipital view. (Modified from Rowe et al. 2011). See anatomical abbreviations

indication that the corticospinal tract had emerged (Rowe et al. 2011; Shepherd and 
Rowe 2017).

The cochlea in early mammaliaforms, including Hadrocodium (below) is similar 
to basal mammaliamorphs, curving over about 70°. However, it still lacks the bony 
lamina which supports the basilar membrane (Graybeal et  al. 1989; Kielan- 
Jaworowska et al. 2004; Luo et al. 2012), and was far less sensitive than the inner 
ears in Mammalia.

10.4.7  Node 16: Unnamed

The Early Jurassic fossil Hadrocodium wui (Luo et al. 2001), known from a single 
skull (Figs. 10.19), from the Early Jurassic of China (~190 Ma), is either the closest 
extinct sister taxon to crown clade Mammalia (Rowe et al. 2011; Luo et al. 2015) 
(Fig. 10.3, Node 16), or the oldest fossil lying just inside the crown (Rowe et al. 
2008). Despite its tiny size, CT scans showed no evidence of un-erupted replace-
ment teeth, suggesting it was mature at time of death. Hadrocodium preserves 
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another pulse in encephalization that raised its EQ to ~0.5, a level within the range 
of crown mammals (Rowe et al. 2011). This reflects a further increase in relative 
size of olfactory bulbs and olfactory cortex. Its cerebellum also expanded to such a 
degree that the occipital plate bulges backwards, where it enclosed a relatively large 
foramen magnum and thick spinal cord, and possible evidence that the corticospinal 
tract had emerged.

10.4.8  Node 17: Mammalia

Far more justifiable inferences can be made regarding the ancestral species of 
Mammalia because we have two major living sister lineages to compare, and thus 
their most recent common ancestor lies within the ‘extant phylogenetic bracket’ 
(Rowe 1988, 2020b; Witmer 1995). The fossil record indicates that Monotremata 
(Rowe et al. 2020) and Theria had diverged by or before the Middle Jurassic, ~170 
million years ago (Rowe 1988, 2020a). Perhaps the most remarkable feature in all 
of pan-mammalian history is the emergence of six-layer neocortex from the three- 
layer dorsal cortex of amniotes ancestrally, and with it arose the uniquely diverse 
cognitive and behavioral abilities of mammals (Harris and Shepherd 2015; Rowe 
and Shepherd 2016; Shepherd and Rowe 2017; Rowe 2020a).

The rhinal fissure is an anatomical boundary between dorsal neocortex and lat-
eral olfactory cortex that is clear in histological samples, and when visible in endo-
casts it demarcates the two regions. However, in small mammals the meninges are 
sufficiently thick that they often prevent the inner wall of the parietal from forming 
a ridge that enters the fissure; the rhinal fissure can be present in life, but not repre-
sented in an endocast. In other words, there is no unambiguous anatomical marker 
for neocortex in endocasts from stem-mammals and many crown mammals. 
However, histological studies of brains in monotremes (Ashwell 2013) and therians 
(Ashwell 2010) indicate neocortex is present in both, and its inferred presence in 
mammals ancestrally is unequivocal.

As noted, the three layer dorsal cortex of basal amniotes functions as an associa-
tive network of higher level functions and, over the course of stem-mammal evolu-
tion, six-layer neocortex emerged as a further elaboration of this network that 
enhanced computationally more demanding functions involving multidimensional 
perceptions, memory, planning, and execution (Shepherd and Rowe 2017). The 
extinct taxa Morganucodon and Hadrocodium closely approached and then over-
lapped the lower range of EQ in Mammalia (Fig. 10.20); if neocortex emerged prior 
to the origin of crown Mammalia, it was more likely present in basal Mammaliaformes 
than in more distant stem-mammals.

The computational power of neocortex derives in part from its subdivisions 
within and across layers into functionally distinct and specialized regions knowns as 
‘fields’ or ‘areas’, and independent elaboration in numbers of neocortical areas is 
characteristic of different mammalian clades in association with independent evolu-
tionary increases in encephalization (Kaas 2009, 2020). The outputs from cortical 
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Fig. 10.20 Patterns of brain evolution in phylogeny of basal Triassic cynodonts and selected 
crown Mammalia. Encephalization Quotient (EQ) is shown as a histogram, and selected endocasts 
are scaled to EQ. (From Rowe et al. 2011)

areas provide input to other cortical areas where computational functions are reiter-
ated. The increased numbers of cortical areas increase the numbers of computations 
that are possible, resulting in more sophisticated computations overall (Kaas 2009, 
2020; Krubitzer and Hunt 2009). Reconstructing the number and types of areas 
present in the ancestral mammal is problematic in that most studies have focused on 
a few model species, and appropriate comparisons between monotremes and theri-
ans are limited. That said, estimates are that the ancestral mammal probably had 
~20 neocortical areas, including a primary (S1) and secondary (S2) somatosensory 
areas, and possibly three or four others; primary (V1) and secondary (V2) visual 
areas, and perhaps one or two others; a primary auditory area (A1), and possibly a 
second area; a primary motor area (M1); and other areas of limbic, orbitofrontal, 
and endorhinal cortex (Kaas 2009, 2020; Krubitzer and Hunt 2009; Molnár et al. 
2014). The general trend is for larger brains to have more cortical areas, and as 
many as 200 areas have been tentatively identified in humans (Kaas 2013).
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At the cellular level, the pyramidal neuron populations are greatly expanded 
compared to other tetrapods, and their cell bodies are densely packed in the six- 
layered neocortex (e.g. Kaas 2009; Molnár et al. 2009). Moreover, during the course 
of pan-mammalian evolution the basic pyramidal cell present in the ancestral amni-
ote diversified into four main types that lie at different layers in the six-layered 
neocortex (Shepherd and Rowe 2017). Migration of neuron precursors along radial 
glial columns generate its columnar organization and increased neocortical thick-
ness (Rakic 1988, 2000, 2007, 2009). Neocortical organization is broadly similar 
between cortical areas and between species, leading to the idea of a ‘canonical 
microcircuit’ that employs a similar computational strategy to process multiple 
types of information (Shepherd 2011; Harris and Shepherd 2015). As the OR 
genome increased by more than an order of magnitude over the ancestral amniote, 
and the repertoire of perceptible odorants increased exponentially, the number of 
microcircuits in the olfactory bulb and olfactory cortex increased correspondingly 
(Shepherd et al. 2021). The expanded numbers of nuclei in the dorsal thalamus of 
amniotes (Butler and Hodos 2005; Nieuwenhuys et al. 1998) was carried to extreme 
degrees in mammals in association with the proliferation of specialized neocorti-
cal areas.

In the three-layer dorsal cortex of basal amniotes, peripheral afferent projections 
to the dorsal and olfactory cortex coursed over the outer layer, while efferents pro-
jected from the inner layer to other parts of the brain and body. In mammalian neo-
cortex, peripheral afferents may reach multiple layers of neocortex, efferents may 
be intratelencephalic projections, corticothalamic projections, or corticospinal pro-
jections, effecting a fundamental reorganization of connectivity to, from, and within 
the primitive three-layer dorsal dorsal cortex (Shepherd 2011; Shepherd and Rowe 
2017). In all amniotes, projections from the dorsal cortex innervate the basal ganglia 
and brainstem, but in mammals (possibly originating in basal Mammaliaformes), 
neocortical projections can pass directly into the spinal cord as well, forming the 
unique corticospinal (pyramidal) tract. The uniqueness of neocortex involves not 
only the elaboration of inherited associative networks, but also new connections 
through the corticospinal tract that give higher neocortical functions direct access to 
virtually the entire neuraxis (Shepherd and Rowe 2017).

 Ossified Ethmoid Complex

Ossification of an elaborate skeleton of ethmoid turbinals occurred by or before the 
origin of Mammalia. Its beginnings probably extend to early mammaliamorphs or 
even more basal cynodonts, but so far the evidence in fossils remains open to inter-
pretation (above). The turbinal skeleton in Mammalia afforded a 10-fold or greater 
increase in the surface area of olfactory epithelium that could be deployed inside the 
nasal cavity (Rowe et al. 2005). The ethmoid turbinals coalesce around the olfactory 
nerve fascicles to form the bony cribriform plate, a compound structure that sepa-
rates the olfactory recess from the cavum cranii. The turbinals grow rostrally from 
the cribriform plate as the olfactory epithelium matures, and their mature geometry 
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is highly variable among mammals (Rowe et al. 2005; Macrini 2012, 2014). Also 
ossifying in the nose is the maxillary turbinal (Fig. 10.7), which increases the epi-
thelial surface area by nearly an order of magnitude that is involved in regulating 
respiratory moisture and heat exchange, (Taylor 1977; Van Valkenburgh et al. 2004; 
Rowe et al. 2005; Green et al. 2012).

 The Mammalian Middle Ear

An extraordinary morphogenic consequence of the expanded olfactory cortex in 
Mammalia is that the auditory chain was disrupted during ontogeny, and those ossi-
cles directly involved in the auditory chain were detached from their ancestral and 
embryonic position on the mandible, relocated a short distance behind the mandi-
ble, and suspended exclusively from beneath the braincase during early ontogeny as 
the brain grows in circumference (Rowe 1996a, b). The result is that the middle ear 
was more sensitive and receptive to an extended range of high frequency sound. 
This left the dentary as the sole element of the mandible in mature Mammalia. Other 
mechanisms have been hypothesized, and whether detachment is a unique autapo-
morphy of Mammalia, or Mammalia plus Hadrocodium, or if it represents wide 
spread convergent evolution among stem-mammals is controversial (Rowe 1988, 
1996a, b; Wang et  al. 2001; Bever et  al. 2005; Luo 2007; Ji et  al. 2006; Meng 
et al. 2006).

Suspension of the middle ear from beneath the cranium offered the mammalian 
middle ear enhanced sensitivity, and possibly also an extended range of high fre-
quency sound perception. In Mammalia, the cochlea added a bony lamina which 
supports the basilar membrane and two distinct types of hair cells. Inner hair cells 
located along the central axis of the cochlea carried efferent signals to cochlear 
nuclei, as before. But outer hair cells receive efferents from the brain that are thought 
to amplify sound induced vibrations of the basilar membrane, and in the rodent in 
which it was first reported, at least, this make the inner hair cells more responsive to 
sound by a factor of ~100 times (Ren et al. 2011; Streidter and Northcutt 2020). It 
is doubtful that this degree of amplification was present in the ancestral mammal, 
since its cochlea was still short, and it surely became a more potent factor in therian 
mammals that have a long coiled cochlea.

 Orofacial Motor Skills

Cynodont mastication eventually became linked to a complex of novel orofacial 
muscles and behaviors involving diverse orofacial motor skills including learned 
orofacial movements in suckling, chewing, and swallowing (Crompton et al. 2018). 
Such behaviors were long attributed to brain stem circuits, but it is now apparent 
from anatomical, electrophysiological imaging, and behavioral studies of the facial 
sensorimotor cortex in mammals that the face primary motor cortex and the face 
primary somatosensory cortex make important contributions to the control of these 
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learned movements (Avivi-Arber et al. 2011). Hence, the new function of mastica-
tion would eventually be reflected in a large neocortical presence, but these were 
much later developments that arose within Mammalia and carried to their extreme 
in therians (Rowe 2020a).

 Spinal Cord

A double-occipital condyle arose in basal Cynodontia, and in Mammalia the con-
dyles expanded to surround the entire ventral half of the foramen magnum. 
Correspondingly, the mammalian atlas, or first vertebra, is highly distinctive in 
forming a bony ring through ontogenetic fusion of the three separate ossification 
centers (centrum, right & left neural arches) that had remained separate throughout 
life in all stem-mammals. The limbs and girdles develop secondary ossification cen-
ters, the most obvious of which are the cartilaginous epiphyses of the long bones. 
Sesamoid bones form in tendons of the flexor muscles of the hands and feet, and in 
the hindlimb a single large sesamoid forms the patella (Rowe 1988, 1993). These 
modifications correlate with increased thickness and regionalization of the spinal 
cord, owing in part to the advent of the corticospinal tract, and to increased agility 
to which the sesamoid bones may contribute.

 Nocturnality

A popular interpretation is that early mammals and mammaliaforms were nocturnal 
(e.g. Kermack and Kermack 1984). There is no evidence in extant mammals of 
RhB/Rh2 opsin genes, which must have been lost somewhere along the mammalian 
stem. Further reductions in opsin genes occurred in different clades within crown 
Mammalia, where the SWS1 opsin gene became dysfunctional in monotremates, 
while the SWS2 opsin gene was lost in therians (Collin 2010, Jacobs 2009, 2013; 
Wakefield et al. 2008). Thus, as Walls (1942) surmised, the ancestral mammal may 
have been diurnal with trichromatic vision, and that dichromatic crepuscular to noc-
turnal behaviors in monotremes and therians evolved independently (with a gene 
duplication restoring trichromatic vision to some primates). The sclerotic ossicles 
were also lost in Mammalia (or perhaps Mammaliaformes) ancestrally, allowing the 
eyeball to become nearly spherical (Walls 1942).

10.5  Discussion

The poorly ossified braincase in basal ‘pelycosaur-grade’ stem-mammals offers 
little direct evidence of neurosensory organization beyond what can be inferred 
about the ancestral amniote brain. Diversification in feeding and minor advances 
in locomotion were the major trends in evolution. Inferred neurosensory elaboration 
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in a few of these taxa, particularly the sphenacodontines, included slightly greater 
frontality of the orbits, consistent with their inferred role as apex predators. Most 
show elongation of the choana, suggesting increased size of the olfactory capsule 
and its olfactory epithelium. In Wagner’s (2014) terms these all qualify as novel 
character states (Type II innovations).

With the origin of Therapsida, the novel tooth implantation via long roots held in 
deep alveoli by an innervated periodontal ligament would eventually become a key 
innovation in evolution of the cynodont masticatory system. Formation of tooth 
roots and the periodontal ligament marked a new role for neural crest cells in pan- 
mammalian evolution that eventually had far-reaching neurosensory and morpho-
genic consequences for stem-mammals.

Increased individuation of regions in the vertebral column occurred in the atlas- 
axis complex, establishment of seven cervical vertebrae in the neck, and in a shift 
toward parasagittal movement of the dorsal vertebrae and ribs that may have begun 
the process of decoupling aspirational breathing from locomotion. Inferences of 
increased aerobic ventilation and metabolic scope, more agile locomotion, and pre-
sumed higher levels of activity are consistent with these anatomical transforma-
tions, and with expanded geographic distribution of early therapsids.

Most of the innovations seen in basal therapsids can be categorized as new varia-
tional modalities in systems of repeated parts. At this point in stem-mammal history, 
they probably fit best into Wagner’s category of Type II innovations. In retrospect, 
however, they foreshadow the later individuation of Type I novelties as the dentition 
took on a new character identity as an integrated sensory array involved in the novel 
function of mastication.

Digital endocasts of early therapsids (Benoit et  al. 2017) provide the earliest 
models for comparison to later stem-mammals, but at present there is little direct 
evidence of how they differed from the most basal (pelycosaur grade) stem- 
mammals. Compared with their living descendants, early therapsids possessed low- 
resolution olfaction, weak hearing, coarse tactile sensitivity, poorly refined motor 
coordination, and sensory-motor integration that commanded little cerebral terri-
tory. Vision may have been their leading sensory modality.

The origin of Cynodontia signals onset of integration in previously distinct ana-
tomical systems and sensory inputs that were recruited into the masticatory system. 
The new functions of occlusion and mastication involved further specialization of 
established incisor, canine, and postcanine regions, and in the complexity and diver-
sity of functions that different parts of the dentition could now perform. A new 
variational modality ensued in which virtually every species evolved a unique crown 
structure, whereas rates of tooth replacement slowed (Rowe and Shepherd 2016; 
Rowe 2020a, e). This was correlated with the appearance of the secondary palate 
and separation of oral and nasopharyngeal passageways, and initiation of the com-
pound sense of ‘ortho-retronasal olfaction’, which combines with sensory informa-
tion from the tongue, lips, and cheeks that converges on single neurons in the 
orbitofrontal region of neocortex. Ossification of the alisphenoid was initiated by 
expansion of the caudolateral pole of the olfactory cortex, implying elaboration of 
the olfactory system that was probably induced, ultimately, by expression of a larger 
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number of olfactory receptor genes. The ontogenetic interdependencies that connect 
the various parts of the olfactory system were probably inherited from the ancestral 
amniote, but in cynodonts olfaction became sufficiently elaborated to induce visible 
changes in cranial morphogenesis.

Further individuation of regions of the axial skeleton occurred and, if not from 
the start, they later gained a surprising degree of integration with the olfactory and 
masticatory system. The double occipital condyle gave the skull a new kind of artic-
ulation to the atlas-axis complex and neck, providing a greater degree of stable 
dorsoventral and lateral movement by the head and neck and probably refined direc-
tional scent detection. At the same time, differentiation of distinct thoracic and lum-
bar regions indicate the onset of diaphragmatic ventilation, and more complete 
decoupling of aspirational breathing and sniffing from locomotion.

Basal cynodonts had begun to forge new functional linkages between biting, 
chewing, swallowing, sniffing and breathing, orthonasal and retronasal olfaction, 
taste, flavor and, more speculatively, territorial scent marking, scent-tracking, and 
odorant-moderated reproductive behaviors. The cynodont dentition eventually 
became individuated into a unique functional unit and sensory array that would 
eventually project to a large neocortical territory worthy of consideration as a Type 
1 novelty. Diversification of the masticatory system became a major feature of cyn-
odont evolution, including major clades within Mammalia. The neural implications 
are largely unexplored, but it is already clear that the cynodont masticatory system 
produced a rising tide of new kinds of peripheral information to the brain that imply 
linkages in the dorsal cortex for the first time of multiple previously independent 
sensory systems.

With the origin of Mammaliaformes (or possibly earlier, in basal 
Mammaliamorpha) miniaturization of adult body size occurred. For most of its Late 
Triassic, Jurassic and Cretaceous history, pan-mammals were mostly shrew-sized 
animals; a few reached the size of domestic cats, but it was not until the Cenozoic 
that huge body sizes evolved in crown Mammalia. Miniaturization corresponded 
with increased precision movements and agility of the skeleton, as well as the vol-
ume and kinds of internal information passing between the brain and the musculo-
skeletal system. Indirect evidence of further encephalization is reflected in 
ossification of the orbital walls. Ossification of rear parts of the nasal capsule and 
possible ossified primordia of the ethmoid skeleton suggest expression of another 
increase in OR genes. The brain in basal Mammaliaformes more than doubled in 
relative size. Most of this volume increase occurred in the olfactory bulb and olfac-
tory cortex, and in all likelihood their projection to an emerging orbitofrontal region 
in the dorsal cortex. This probably reflects the largest increase in numbers of 
expressed olfactory receptor genes yet to occur in stem-mammal history. A pelt of 
modern aspect was also present. Induced by many thousands of body placodes, the 
‘dynamic miniorgans’ (Schneider et al. 2009) that body hair represents must have 
provided a flood of new peripheral information to dorsal cortex; in Mammalia it has 
a large presence in somatosensory areas of neocortex. Moreover, from this point 
onwards the brain as a whole entered a new variational modality in which indepen-
dent evolutionary increases in encephalization characterize many clades within 
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Mammalia (Fig.  10.20). Instances of secondary reduction in encephalization are 
rare (Macrini et al. 2006; Kruska 2007; Castiglione et al. 2021).

The discovery of fur in a Jurassic mammaliaform has additional implications for 
understanding mammalian neurosensory evolution. During ontogeny in mammals, 
hair performs first as a tactile organ and only later does it insulate as underfur thick-
ens and matures (Zelená 1994; Schneider et al. 2009). Body temperature in newborn 
mammals is initially regulated by their mothers. This sequence implies that parental 
care and endothermy may have been present in Mammaliaformes ancestrally. 
Endothermy may have been an evolutionary consequence of mammaliaform 
encephalization because a large brain operates properly only within narrow thermal 
tolerances, and it is metabolically the most expensive organ to maintain. However, 
metabolism is under hormonal control that does not command large cerebral 
regions; thus endothermy did not itself drive encephalization (Rowe et al. 2011).

Reproductive strategies may also have been reorganized in basal Mammaliaformes. 
Fossil evidence was recently discovered of a large clutch of perinates in the Early 
Jurassic tritylodontid Kayentatherium wellesi (Fig. 10.12b) with a presumed mater-
nal skeleton (Hoffman and Rowe 2018). The single clutch comprises at least 38 
individuals, well outside the range of litter sizes documented in extant mammals. 
This confirms that production of high numbers of offspring represents the ancestral 
condition for amniotes and also constrains the timing of a reduction in clutch size 
along the mammalian stem to a late point in stem-mammalian history. Tritylodontids 
diverged from the mammalian stem just before the pulse of brain expansion that 
occurred with the origin of Mammaliaformes (Rowe et al. 2011). The association of 
a high number of offspring and largely isometric cranial growth in Kayentatherium 
is consistent with a scenario in which increased encephalization, and attendant 
shifts in metabolism and cranial allometry, drove later changes to reproductive strat-
egy and smaller clutch sizes (Hoffman and Rowe 2018). This was in place in 
Mammalia ancestrally, but may trace to the origin of Mammaliaformes.

With the origin of Mammalia, we enter the phylogenetic bracket of extant mono-
tremes and therians, which allows a much larger number of justifiable inferences 
regarding novelties arising in (or before) the last common ancestor of the crown 
clade. Neocortex, including the corticospinal tract, was undoubtedly present in the 
ancestral mammal, and the profound integration of the ancestrally distinct struc-
tures and systems that neocortex now integrates diagnoses it as a Type I novelty. As 
we have seen, many of the individual components of the larger system integrated by 
neocortex can be traced into the mammalian stem-group, to their roots as more-or- 
less discrete anatomical and functional elements, with plesiomorphic varriational 
modalities. With such a rich fossil record of intermediate forms all along the mam-
malian stem, it is doubtful that a precise point of emergence of neocortex as a Type 
I novelty is susceptible to strict definition, and exactly where along the mammalian 
stem one draws this somewhat arbitrary boundary depends on one’s research inter-
ests and goals (Wagner 2014).

The emergence of neocortex, lying as it does at the integral core of mammalian 
brain organization, was a central theme in stem-mammal evolution and the origin of 
Mammalia.
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Olfaction, and its integration with other sensory modalities in the orbitoprefron-
tal region of neocortex, was a central driver in neocortical evolution (Shepherd and 
Rowe 2017). Olfactory genes form the largest and most rapidly evolving subfamily 
in the vertebrate (Niimura 2009, 2012), tetrapod (Yohe et al. 2020), and mammalian 
(Young et al. 2010) genomes. This reflects the selective importance of responding to 
ever-changing chemical environments that mammals exploited to a degree exceed-
ing other vertebrates. Gene duplication is the primary mechanism of OR gene 
increases throughout vertebrate history (Bargmann 2006; Niimura 2012; Wagner 
2014). In the transition from water onto land, the pace of olfactory receptor gene 
evolution accelerated into what has been called ‘evolutionary overdrive’ (Yohe et al. 
2020), as tetrapods adapted to the more diverse and rapidly changing chemical envi-
ronment encountered in terrestrial ecosystems. Mammalia carried this trend to its 
greatest extreme, as measured by the relative size of the mammalian olfactory 
genome, the complexity of microcircuitry in the mammalian olfactory pathway 
(Shepherd et al. 2021), and at gross anatomical levels in the size and complexity of 
epithelial and skeletal structures induced in an ontogenetic cascade that follows 
olfactory gene expression. The rapid rate of OR pseudogenation observed in many 
mammalian clades (Young et al. 2010; Niimura 2012) is further evidence of rapid 
OR evolution, and further emphasizes the rapidity of change in chemical environ-
ments successfully occupied by early mammals. As Aboitiz and Montiel (2015) 
comment: “our hypothesis has common ground with those proposed by Lynch 
(1986), Rowe et al. (2011) and Rowe and Shepherd (2016) that olfactory systems 
were key in early mammalian evolution. Here we add to these hypotheses the role 
of the emergent isocortex [neocortex] as a multimodal interface in the olfactory- 
hippocampal axis for behavioral navigation”.

The evolving ontogeny of mammalian neocortex proceeded as a surging flood of 
new peripheral information ascended to the brain (Rowe and Shepherd 2016; Rowe 
2020a). Whether through connectional invasions and epigenetic population match-
ing (Katz and Lasek 1978; Krubitzer and Kaas 2005; Streidter 2005), or some other 
developmental mechanism, hypertrophy of peripheral sensory arrays involving 
olfaction, dentition, musculoskeletal system, and elaborate integument produced 
cascading influences on central organization that are so distinctive of mammalian 
neocortex today. Early mammaliaformes and many early members of crown 
Mammalia immersed themselves in a wealth of new information in microhabitats 
dominated to an unprecedented degree by scents, odors, and smells. Their unsur-
passed abilities to perceive and process olfactory information and to diversify and 
exploit the fast-changing chemical environments they faced throughout much of 
their history is one of the keys to understanding the major features of pan-mammal 
evolution.
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Chapter 11
Evolution of the Brain and Sensory 
Structures in Metatherians

Thomas E. Macrini, Michael Leary, and Vera Weisbecker

11.1  Marsupial Origins, Diversity, 
and Phylogenetic Relationships

11.1.1  Marsupial Biogeography

The marsupials are a clade of mammals comprising around 375 (Voss and Jansa 
2021) mostly South American and Australian living species and their most recent 
ancestor. “Marsupialia” is a “crown clade”, a term applied to a group of living spe-
cies and their last common ancestor. Marsupialia is embedded in the larger “stem 
clade” of Metatherians, which includes mammals that are more closely related to 
living marsupials than to other species but do not share the common ancestor with 
extant species (Williamson et al. 2014). We note this here because “Marsupialia” 
and “Metatheria” are sometimes erroneously used interchangeably (see Weisbecker 
and Beck 2015).

Although marsupials are a Southern Hemisphere radiation, probably originating 
in South America (e.g. Eldridge et al. 2019), their metatherian origins are probably 
in Laurasia (the northern-hemisphere supercontinent including North America, 
Europe, and Asia). The location of the earliest metatherians within Laurasia is 
unknown because of a large gap in the fossil record (Bi et al. 2018; Eldridge et al. 
2019), but is generally estimated to have occurred between 125 and 160 million 
years ago (Eldridge et al. 2019).
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Laurasian metatherians of the Late Cretaceous spread across North America, 
Europe, Asia and even Africa before going extinct in the Miocene. While they 
appear to have been very diverse and morphologically disparate locally (Williamson 
et al. 2014; Maga and Beck 2017), their early diversity is difficult to assess because 
of a poor fossil record (Bennett et al. 2018). Metatherians, including the ancestor of 
marsupials, are thought to have entered South America around the K-PG boundary 
and probably evolved exclusively in Gondwana (the southern-hemisphere super-
continent including South America, Antarctica, and Australia; reviewed in (Voss 
and Jansa 2021)). Sadly, we only have a few tantalising cues as to how marsupials 
radiated across Gondwana, owing to difficulties of obtaining fossils from Antarctica 
(Gelfo et al. 2019). However, by the late Cretaceous, Gondwana had all but broken 
apart and South America was probably fully isolated from the remainder of 
Antarctica (Reguero and Goin 2021). This deep separation is also reflected in the 
split of living marsupials into two major groups, the American Ameridelphia and 
the mostly Australian Australidelphia. There is a single Australidelphian in South 
America, the Monito del Monte (Dromiciops gliroides); the ongoing debate as to 
how this can be explained (Nilsson et al. 2010; Eldridge et al. 2019) serves to remind 
us of how little we know of the radiation events of marsupials in Gondwana.

South American and Australian marsupials separately re-entered the northern 
hemisphere in two relatively recent events. Marsupials migrated to North America 
roughly 2.8 million years ago as part of the Great American Biotic Interchange, a 
biogeographically momentous meeting of the northern and southern American sub-
continents. Most of these species stayed in the very south of the North American 
subcontinent, although the Virginia opossum has famously become widely distrib-
uted in North America even in very recent times (Voss and Jansa 2021). The Asian 
distribution of marsupials is restricted to New Guinea east of Wallace’s line. The 
relationship between Australian and New Guinean marsupial faunas is complicated 
and marred by a lack of understanding on past connectivity. However, it was prob-
ably marked by multiple migration events of diverse antiquity since the Miocene 
(Mitchell et al. 2014).

11.1.2  Marsupial Diversity

Living marsupials are far less taxonomically diverse than placentals, with the most 
recent tally standing at 375 species (Voss and Jansa 2021) compared to over 5000 
extant species of placentals (Wilson and Reeder 2005). Marsupial species are dis-
tributed in seven orders of very variable size and ecology (see Fig. 11.1).

The two main radiations of Australidelphia and Ameridelphia differ drastically 
in their diversity. Ameridelphians include seven species of Paucituberculata, or 
shrew opossums. These are unusual in having procumbent lower incisors like the 
unrelated diprotodontian marsupials, giving rise to much debate as to how dipro-
todonty relates to marsupial phylogenetic relationships (summarized in Weisbecker 
and Beck 2015). The other living ameridelphian order is the diverse Didelphimorphia, 
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Fig. 11.1 Phylogeny of living marsupial orders of major diprotodontian clades, including species 
numbers of extant species from Voss and Jansa (2021). Species in bold are extinct. The time scale 
for most species is derived from the phylogeny used in Weisbecker et al. (2021), with addition of 
timing for the Metatherians incertae sedis and Thylacosmilus species from Eldridge et al. (2019)

or opossums, which occupy a variety of ecological niches particularly in Southern 
and Central America (Voss and Jansa 2021). Didelphimorphians also include the 
only semi-aquatic marsupial, the Yapok or water opossum. Australidelphians 
include the South American Dromiciops gliroides (see above) but all other 
Australidelphians are Australian. They include the carnivorous/insectivorous 
Dasyuromorphia, which contain many small insectivores but also large iconic spe-
cies such as the Tasmanian devil and tiger; the omnivorous Peramelemorphia, or 
bilbies and bandicoots; the Notoryctemorphia, with two highly derived, eyeless 
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species of burrowing marsupial mole; and the large and diverse order of 
Diprotodontia, encompassing kangaroos, wombats, koalas, and possums.

While today’s marsupials are ecologically quite diverse, the fossil record holds 
several extinct morphologically and ecologically unusual forms. These include the 
enigmatic, carnivorous marsupial sabretooth tiger Thylacosmilus ferox from the 
South American Pliocene; the probably hopping (Abello and Candela 2020) argyro-
lagids that survived in South America until the Pliocene; and the large-bodied 
Australian vombatiform megafaunal radiation, which include wombat relatives 
such as the ferocious Thylacoleo carnifex (or “marsupial lion”), and the biggest- 
ever marsupial, the roughly 3-ton (Wroe et al. 2004) Diprotodon optatum.

11.1.3  Are Marsupials Representative of a Small-Brained, 
Primitive Mammalian Ancestor?

The relevance of marsupials in research on mammalian brain evolution has long 
been diminished by the prejudice that marsupials represent a less advanced stage of 
mammalian evolution compared to placentals. This prejudice goes back to Charles 
Darwin and even before (reviewed in Weisbecker 2015)). Ironically, the chief rea-
son for the assumption of marsupial “primitiveness” turned out to be a developmen-
tal trajectory that in fact seems to be highly derived (Weisbecker 2011). Marsupial 
mammals are born after very short gestation times, and at minute sizes (between a 
rice grain and a jelly bean). The tiny marsupial neonates all need to actively move 
towards the pouch and attach to the teat unaided (Gemmell et  al. 2002). This is 
reflected in well-developed neonatal forelimb (Weisbecker et  al. 2008) and jaw 
(Sánchez-Villagra et al. 2008) bones, whereas hind limbs (Weisbecker et al. 2008) 
and the brain (Smith 2006) develop more slowly and mostly postnatally. It is cur-
rently debated whether this developmental peculiarity reduces the ability of the 
marsupial limb and skull to evolve into the same level of morphological disparity 
(Bennett and Goswami 2013; Sánchez-Villagra 2013; Garland et al. 2017; Martín- 
Serra and Benson 2020; Fabre et al. 2021; Pevsner et al. 2022).

Since the dawn of western research into marsupial biology, the development of 
marsupials was singled out as the reason for supposed anatomical and cognitive 
inferiority (Owen and Carlisle 1834). This was later compounded by Portman’s 
widely-cited work on bird brain size (Portman 1947), which associated a bird’s 
evolutionary “niveau” (“level”) with the maturity of hatchlings. This interpretation 
influenced Fabiola Müller’s (Müller 1969) conclusion that the immature neonates of 
the marsupials would also result in a lower evolutionary stage of their brains. 
Müller’s argumentation was a major factor in the persistent stereotype (e.g. by 
Lillegraven et al. 1987) that the marsupial brain was unable to reach the same level 
of brain size relative to body mass (“encephalization”) compared to placental mam-
mals. It probably also did not help that most mid-late twentieth century studies on 
marsupial brain anatomy were on Didelphis virginiana, the Virginia opossum (see 
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Fig. 11.2 Log endocranial volume vs log body mass in 194 species of marsupials, including 18 
extinct species (the coloration corresponds with the phylogeny in Fig. 11.1). “Metatherian” desig-
nates three metatherians “incertae sedis” (Eldridge et  al. 2019). Endocranial volume and body 
mass data for the fossil specimens are presented in Table 11.1

Johnson 2012 for a comprehensive bibliography on the marsupial central nervous 
system). As the only marsupial in the USA, the Virginia opossum was probably the 
most available marsupial until its gradual replacement by the more easily bred rela-
tive, the gray short-tailed opossum (Monodelphis domestica; Saunders et al. 1989; 
Macrini 2004). D. virginiana is among the smaller-brained marsupials for their 
body mass (Fig. 11.2; Pirlot 1981; Nelson and Stephan 1982), which would have 
further served to prejudice “western” science against marsupial mammals as 
a whole.

The idea that marsupials reflect ancestral mammalian brain organization survives 
in the more recent literature (but see Dos Santos et al. 2017). However, the adult 
marsupial brain appears fundamentally similar to placentals (for a summary of ana-
tomical differences see Sect. 11.4.4), for example in the contexts of relative brain 
size (Weisbecker and Goswami 2010; Smaers et al. 2021), histological structure and 
development (Ashwell 2010c, 2015; Johnson 2012; Ashwell and Shulruf 2016; 
Suárez et  al. 2018; Jyothilakshmi et  al. 2020), and cellular scaling (Dos Santos 
et al. 2017).
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Table 11.1 Endocranial volume (ECV) and body mass data for fossil crown marsupials and stem 
marsupials based on data from the literature

Species Clade ECV
Body 
Mass ECV reference

Body mass 
reference

Balbaroo nalima Diprotodontia 9400 29.257 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Barinya wangala Dasyuromorphia 445 2.941 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Borhyaena 
tuberata

Sparassodonta 23,000 34.324 Weisbecker 
et al. (2021)

Argot (2003)

Ekaltadeta ima Diprotodontia 11,100 34.845 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Galadi speciosus Peramelemorphia 929 3.687 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Nimbacinus 
dicksoni

Dasyuromorphia 5500 17.022 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Nimbadon 
lavarackorum

Diprotodontia 54,800 57.245 Weisbecker 
et al. (2021)

Black et al. 
(2012)

Silvabestius 
johnnilandi

Diprotodontia 46,960 62.733 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Simosthenurus 
occidentalis

Diprotodontia 115,000 114.331 Weisbecker 
et al. (2021)

Turney et al. 
(2008)

Thylacoleo carnifex Diprotodontia 108,000 133.105 Weisbecker 
et al. (2021)

Wroe et al. 
(1999)

Yalkaparidon 
coheni

Yalkaparidontia 160 2.729 Weisbecker 
et al. (2021)

Travouillon et al. 
(2009)

Zygomaturus 
trilobus

Diprotodontia 589,000 376.859 Weisbecker 
et al. (2021)

Sharp (2016)

Herpetotherium 
fugax

Metatherian 38b 0.397 Horovitz et al. 
(2008)

Unpublisheda

Pucadelphys 
andinus

Metatherian 49b 0.311 Macrini et al. 
(2007a)

Macrini et al. 
(2007a)

Andinodelphys 
cochabambensis

Metatherian 205b 0.758 de Muizon and 
Ladevèze 
(2020)

de Muizon and 
Ladevèze (2020)

Thylacosmilus 
atrox

Sparassodonta 9702 40 Quiroga and 
Dozo (1988)

Quiroga and 
Dozo (1988)

Thylacosmilus 
atrox

Sparassodonta 13,117 50 Quiroga and 
Dozo (1988)

Quiroga and 
Dozo (1988)

Thylatheridium 
cristatum

Didelphimorphia 297 3 Dozo (1989) Dozo (1989)

ECV data are presented in cm3 and body mass data in g. aBody mass of Herpetotherium fugax was 
estimated using the skull length of MB.Ma.50671 of 29.44 mm (Horovitz et al. 2008) and Myers’ 
(2001) equation. bNote that the ECVs of the three metatherians are potentially underestimates, and 
should not be used without this caveat in quantitative analysis

Acknowledging this fundamental comparability of marsupial and placental 
brains is important because it emphasizes the role of marsupial brain evolution as a 
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useful contrast to the more widely studied placental mammals. Marsupials are also 
a particularly tractable group because they are a phylogenetically very well-resolved, 
ecologically diverse radiation of mammals on which most standard hypotheses of 
sensorimotor or cognitive association of neuroanatomy can be tested 
(Weisbecker 2015).

11.2  Historical Background

11.2.1  The Record of Endocranial Morphology and any Other 
Paleoneurological Approaches in the Group 
Under Study

The paleoneurological record for Metatheria is rather sparse considering the lon-
gevity and fossil record of the group. However, natural and artificial endocasts from 
some South American species have been described. For example, two endocasts of 
Thylacosmilus atrox (Sparassodonta) from skulls from the Pliocene of Argentina 
were described by Quiroga and Dozo (1988). Dozo (1994) expanded the description 
of the endocasts of Thylacosmilus atrox and provided a description of the cranial 
endocast of Borhyaena tuberata (Sparassodonta) from the Miocene of Argentina.

The relatively recent use of high-resolution X-ray computed tomography (CT) 
has allowed for the study of the cranial cavities of additional stem marsupials (non- 
marsupial metatherians), and therefore, has advanced studies of the paleoneurology 
of Metatheria. Pucadelphys andinus, a Paleocene stem marsupial from Bolivia, is 
well represented by multiple skulls and postcranial elements (de Muizon 1992, 
1998; Marshall and de Muizon 1995; Marshall and Sigogneau-Russell 1995). A 
digital cranial endocast was extracted from a CT scan of one of the skulls of 
Pucadelphys and described in comparison to extant marsupial cranial endocasts 
(Macrini et al. 2007a). A digital brain endocast was recently described for another 
early Paleocene stem marsupial from Bolivia, Andinodelphys cochabambensis (de 
Muizon and Ladevèze 2020).

Digital cranial endocasts were generated from CT images of a skull of 
Herpetotherium fugax from the White River Formation (Early Oligocene) of 
Wyoming (Sánchez-Villagra et al. 2007; Horovitz et al. 2008). The exact phyloge-
netic position of Herpetotherium is unclear with some analyses finding this taxon to 
be a stem marsupial just outside of the crown group (e.g. Sánchez-Villagra et al. 
2007; Horovitz et al. 2009; Ladevèze et al. 2020), whereas others place it within 
crown Marsupialia (Wilson et al. 2016).

Relatively few descriptions of cranial endocasts of fossil crown marsupials were 
published prior to the 1970s (see Edinger 1975 for a list), to the point that Jerison 
(1973) largely skips over the group in his book. However, some fossils such as 
Thylacoleo carnifex, the marsupial lion, received attention in the literature with a 
description of an artificial cranial endocast (Woods 1956 and citations within). 
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More recently, Haight and Murray (1981) examined a latex cranial endocast of the 
Early Miocene marsupial Wynyardia bassiana from Tasmania and compared it to 
the external brain anatomy of extant marsupials. Cranial endocasts from two 
Miocene didelphids from Argentina (Thylatheridium cristatum and Thylophorops 
chapalmalensis) were described by Dozo (1989). Two natural limestone cranial 
endocasts of macropodoids from the early Eocene Riversleigh locality in northwest-
ern Queensland were described by Kear (2003). One specimen was attributed to the 
kangaroo Balbaroo, and the other was found in isolation and cannot be confidently 
identified (Kear 2003).

Many studies of cranial endocasts of crown marsupials have relied heavily on 
extant taxa (e.g. Macrini et al. 2007a, b, c; Ashwell 2008; Weisbecker et al. 2021). 
Recently a study including two of us (V.W. and T.M.) Weisbecker et al. (2021) ana-
lyzed brain shape evolution in 57 species of marsupials including 45 extant species 
and 12 fossils.

Aside from endocasts, a wealth of potential information particularly on the loco-
motion and phylogenetic relationships (e.g. Schmelzle et al. 2007; Macrini et al. 
2013) of metatherians can be gained from several reconstructions of the inner ear. 
Although no complete description of the inner ear of Pucadelphys has been pub-
lished, reference is made to this region of the skull in the literature (de Muizon et al. 
2018; de Muizon and Ladevèze 2020; Ladeveze et al. 2020). However, the digital 
inner ear endocasts were recently described for the sparassodont Allqokirus austra-
lis (de Muizon et  al. 2018) and Andinodelphys cochabambensis (de Muizon and 
Ladevèze 2020), both from the Paleocene of Tiupampa, Bolivia. The digital inner 
ear endocasts were also described from CT images of a skull of Herpetotherium 
fugax (Sánchez-Villagra et al. 2007; Horovitz et al. 2008), and the inner ears of the 
European herpetotheriids (Peratherium and Amphiperatherium) were also recently 
described (Selva and Ladevèze 2017; Ladevèze et  al. 2020). The inner ear of 
Necrolectes patagonensis, a possible metatherian from the Miocene of Argentina 
was described by Ladevèze et al. (2008); however, a more recent study suggests that 
Necrolectes belongs to a non-therian mammalian lineage, rather than a metatherian 
(Rougier et  al. 2012). Digital endocasts of the inner ears of the sparassodonts 
Thylacosmilus atrox, Borhyaena tuberata, and Sipalocyon gracilis were recently 
reconstructed from CT imagery (Forasiepi et al. 2019).

Relatively few inner ear studies of fossil crown marsupials have been published, 
but see the description of the inner ear and petrosal morphology of Mimoperadectes 
houdei from early Eocene aged rocks of the Clark Fork Basin of Wyoming (Horovitz 
et al. 2009). M. houdei is considered a crown marsupial based on multiple phyloge-
netic analyses (Horovitz et al. 2009; Wilson et al. 2016). Similarly, Meng and Fox 
(1995) described the internal anatomy of isolated petrosal bones from the Bug 
Creek Anthills locality of Montana (Late Cretaceous) and reconstruct the inner ear 
anatomy based on radiography and scanning electron microscopy. A comparative 
study of marsupial bony labyrinths included the inner ear endocasts of Diprotodon, 
Thylacoleo, and a number of extant diprotodontians (Alloing-Séguier et al. 2013). 
Another study included a digital endocast of the inner ear of Palaeothentes lemoi-
nei, a paucituberculatan marsupial from the Early Miocene of Patagonia (Forasiepi 
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et al. 2014). Studies of the inner ears of extant species are more common (Sánchez- 
Villagra and Schmelzle 2007; Schmelzle et  al. 2007; Ekdale 2010; Berlin et  al. 
2013; Ashwell and Shulruf 2014). These reveal some evidence that inner ear mor-
phology is associated with the locomotor mode of marsupials, but due to space 
constraints of this chapter, we will not go into much detail about the anatomy, evolu-
tion, and functionality of the inner ears of marsupials.

11.2.2  Problematics

While diverse separate aspects of marsupial brain anatomy have been studied in the 
past (see summary in Ashwell 2008), there has not been a comprehensive study of 
the comparative anatomy of the brain or central nervous system of marsupials. This 
would be an important contribution for coding morphological variation of the ner-
vous system of marsupials into phylogenetic analyses of the group, as well as under-
standing the ecological and sensory motor correlates of anatomical variation.

Another glaring gap in our knowledge of the paleoneurology of marsupials is 
due to the lack of a temporally continuous record from fossil marsupials of Australia, 
with famous and rich faunas such as the Riversleigh locality yielding fossils from 
discrete but widely spaced time periods (but see Kear 2003). Digital cranial endo-
casts were recently extracted from CT data from some additional marsupial fossils 
(Weisbecker et al. 2021), but anatomical descriptions have not been published for 
these taxa. There is future work to be done in this area.

This review provides a summary and synthesis of previously published paleo-
neurological studies of marsupials and their closest extinct relatives (non-marsupial 
metatherians). We contribute a comprehensive dataset of endocranial volume and 
body masses for fossil and extant marsupials and non-marsupial metatherians.

11.3  Overview of General and Comparative Anatomy

11.3.1  Endocast Morphology

Unlike most other amniotes except birds, the mammalian brain resides in a fully 
ossified brain cavity so that the endocast is often easily reconstructed from 
CT-scanned fossils. This makes it easy to distinguish the overall shape of the brain, 
and identify broad divisions of the main brain regions - olfactory bulb, cerebrum, 
cerebellum, and brain stem as well as homologous sulci on the cerebrum (e.g. 
Macrini et al. 2007a, b, c; Weisbecker et al. 2021). However, the endocast of mam-
mals is characterized not just by the brain; nerves, meninges, ganglia, veins and 
their sinuses, and arteries are also variably imprinted into the bones of the cranial 
vault. Compared to the brain of birds, which is tightly packed into the skull, the 
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outline of the mammalian brain is therefore not always easily apparent. For studies 
of phylogeny, this can be an asset because the course and topology of blood vessels 
and sinuses and nerves can provide important phylogenetic information. However, 
the fact that endocasts do not purely reflect the shape of the brain poses difficulties 
for the functional interpretation of endocast shape.

Although no comprehensive comparative studies of marsupial cranial endocasts 
or gross brain anatomy have been published, as previously mentioned, there are 
several studies dealing with specific marsupial groups and stem marsupials. Below 
we provide an anatomical description of the cranial endocast of a didelphid marsu-
pial (Caluromys philander), which shows the relevant endocast traits very clearly, 
and make comparisons with endocasts from other marsupial groups based on pub-
lished descriptions.

The skull of an adult Caluromys philander, the bare-tailed woolly opossum, 
(AMNH 95526) was CT scanned at the University of Texas High-Resolution X-Ray 
Computed Tomography Facility in Austin, TX. Details about the CT scanning of 
this specimen are provided by Macrini (2014). Digital segmentation and volume 
measurement of the cranial endocast were done using Amira (ver. 6; Thermo Fisher 
Scientific 2017) by M.  L. following protocols described by Macrini (2009). 
Anatomical labels on Fig. 11.3 identify the names of brain and other soft tissue 
structures represented by the corresponding space on the endocast. This labelling 
convention is used to conserve space, but with the understanding that the actual soft 
tissue structures are not represented on an endocast.

In general, the cranial endocast of Caluromys philander (Fig. 11.3) more closely 
resembles the shape and form of an adult Monodelphis domestica, the gray short- 
tailed opossum, than that of Didelphis virginiana, the Virginia opossum (Macrini 
et al. 2007c). However, the cranial flexure reflected in the endocast of C. philander 
is more similar to that of D. virginiana (Macrini et al. 2007c). The endocranial vol-
ume (EV) for AMNH 95526 is 3.267 ml, a value that is intermediate between the 
EVs for adult M. domestica and D. virginiana (Macrini et al. 2007a, c). Compared 
to the endocasts from fossil taxa examined here (Figs. 11.4, 11.5, and 11.6), the 
endocast of Caluromys superficially resembles those of Barinya wangala and 
Galadi speciosus.

Forebrain In dorsal view, the endocast of Caluromys philander is pear-shaped 
with the cerebral hemisphere casts expanding more laterally than the cerebellar 
space, including the parafloccular lobes (Fig. 11.3). This form is similar to what is 
seen in the adult endocasts of Monodelphis domestica but unlike that of endocast of 
Didelphis virginiana, in which the parafloccular lobes extend well lateral of the 
cerebral hemispheres (Macrini et al. 2007c). A well-defined circular fissure sepa-
rates the large olfactory bulbs from the rest of the brain similar to what is seen on 
endocasts of other didelphids, as well as all of the fossil taxa shown in Fig. 11.4, and 
other mammals. The median sulcus is clearly represented on the dorsal surface of 
the endocast of C. philander, as is the case for M. domestica (Macrini et al. 2007c), 
and it separates the lissencephalic cerebral hemisphere casts (Fig. 11.3). Casts of the 
transverse sinuses and prootic veins extend around the posterior border of the cer-
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Fig. 11.3 Digital cranial endocast of Caluromys philander, the bare-tailed woolly opossum, 
(AMNH 95526) shown in (a), left lateral, (b), dorsal, and (c), ventral views. Scale bar equals 
5 mm. See Macrini (2014) for details about the CT scanning of this specimen. Digital segmenta-
tion of the cranial endocast was done using Amira following protocols described by Macrini (2009)
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Fig. 11.4 Dorsal views of cranial endocasts from select fossil marsupials. Endocast data were 
previously published by Weisbecker et al. (2021). All scale bars equal 5 mm. (a). Balbaroo nalima 
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ebellar hemispheres of C. philander similar to what is seen in endocasts of M. domes-
tica and D. virginiana (Macrini et al. 2007c). The rhinal fissure is seen in lateral 
view on the endocasts of C. philander (Fig. 11.3) and D. virginiana, but not in the 
smaller-brained didelphid M. domestica (Macrini et al. 2007c). The piriform cortex 
of the cerebrum is seen bulging in lateral view of the endocast of C. philander 
(Fig. 11.3), but similar to the rhinal fissure, the piriform lobe cannot be seen in lat-
eral view in M. domestica (Macrini et al. 2007c).

On the ventral surface of the forebrain region of the endocast of Caluromys phi-
lander there is a grove between the right and left casts of the sphenorbital fissure 
canals (Fig. 11.3). Monodelphis domestica also shows this grove on its endocast but 
not as well defined as in C. philander (Fig. 11.3) or Didelphis virginiana (Macrini 
et al. 2007c). The hypophyseal fossa is not as well defined as in M. domestica or 
D. virginiana (Macrini et al. 2007c). The piriform lobes of the cerebrum bulge ven-
trally on the endocast of C. philander unlike what is seen in the other two didelphids 
(Macrini et al. 2007c). Finally, within the piriform cortex an indentation caused by 
the alisphenoid tympanic process is present on the endocasts of C. philander and 
M. domestica, but not in D. virginiana (Macrini et al. 2007c).

Midbrain/Hindbrain As in other didelphids and mammals, the cerebral hemi-
spheres are expanded posteriorly to cover the dorsal surface of the midbrain 
(Fig. 11.3). The cerebral expansion combined with the prominent transverse sinuses 
completely obscures the tectum (e.g. superior and inferior colliculi) of the midbrain 
from being represented on the endocast of Caluromys philander (Fig.  11.3). 
Likewise, the tegmentum of the midbrain is not visible on the ventral surface of the 
endocast of C. philander as is the case in other marsupial and mammal endocasts.

The cerebellum is well represented on the endocast of Caluromys philander pos-
terior to the cerebral hemispheres. Casts of the vermis, cerebellar hemispheres, and 
the paraflocculi of the cerebellum are well differentiated in dorsal and lateral views 
of the endocast (Fig. 11.3). The shape of the parafloccular casts of C. philander is 
more similar to that of Monodelphis domestica, but significantly different from the 
paraflocculi of Didelphis virginiana (Macrini et al. 2007c). The lobus anterior of the 
cerebellum is not visible on the dorsal surface of the endocast of C. philander, simi-
lar to the condition in M. domestica and in contrast to D. virginiana, in which this 
structure is visible on the endocast (Macrini et al. 2007c). The posteroventral sur-
face of the endocast of C. philander preserves the hindbrain but there is no visible 
differentiation into brain structures such as the pons or medulla oblongata (Fig. 11.3). 
However, casts of various openings in the skull for transmission of cranial nerves 
are represented on the ventral hindbrain endocast. The internal acoustic meatus 

Fig. 11.4 (continued) (QMF31408), (b). Barinya wangala (QMF36295), (c). Borhyaena tuberata 
(YPMPU15120), (d). Ekaltadeta ima (QMF12436), (e). Galadi speciosus (QMF23393), (f). 
Nimbacinus dicksoni (QMF36357), (g). Nimbadon lavarackorum (QMF42677), (h). Silvabestius 
johnnilandi (QMF30504), (i). Simosthenurus occidentalis (SAMP1668), (j). Thylacoleo carnifex 
(SAM280507), (k). Yalkaparidon coheni (QMF13008), (l). Zygomaturus trilobus 
(QVM1992_GFV73)
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Fig. 11.5 Left lateral views of cranial endocasts from select fossil marsupials. Endocast data were 
previously published by Weisbecker et al. (2021). All scale bars equal 5 mm. (a). Balbaroo nalima 
(QMF31408), (b). Barinya wangala (QMF36295), (c). Borhyaena tuberata (YPMPU15120), (d). 
Ekaltadeta ima (QMF12436), (e). Galadi speciosus (QMF23393), (f). Nimbacinus dicksoni 
(QMF36357), (g). Nimbadon lavarackorum (QMF42677), (h). Silvabestius johnnilandi 
(QMF30504), (i). Simosthenurus occidentalis (SAMP1668), (j). Thylacoleo carnifex 
(SAM280507), (k). Yalkaparidon coheni (QMF13008), (l). Zygomaturus trilobus 
(QVM1992_GFV73)
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Fig. 11.6 Ventral views of cranial endocasts from select fossil marsupials. Endocast data were 
previously published by Weisbecker et al. (2021). All scale bars equal 5 mm. (a). Balbaroo nalima 
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allows passage of cranial nerves VII and VIII, the jugular foramen provides passage 
of cranial nerves IX, X, and XI, and the hypoglossal foramina (two per side) provide 
passage for cranial nerve XII (Fig. 11.3). All of these openings are also seen on the 
ventral hindbrain surface of endocasts of M. domestica and D. virginiana (Macrini 
et al. 2007c).

Comparative Anatomy Descriptions of the cranial endocasts of the stem marsupi-
als Pucadelphys andinus (Macrini et  al. 2007a), Andinodelphys cochabambensis 
(de Muizon and Ladevèze 2020), and Herpetotheium fugax (Horovitz et al. 2008) 
suggest that the ancestral metatherian had a very “didelphid-like” brain with 
 lissencephalic cerebral hemispheres, a small isocortex, large olfactory bulbs, large 
paraflocculi of the cerebellum, and large cerebellar hemispheres (Figs. 11.3, 11.4, 
11.5, and 11.6). The transverse sinuses are well-represented on the dorsal surface of 
the cranial endocasts of these taxa and contribute to covering the dorsal surface of 
the midbrain along with the dura mater. Similarly, Barinya wangala, Galadi specio-
sus, and Yalkaparidon coheni show the transverse sinuses on their endocasts 
(Fig. 11.4). Cranial endocasts of didelphids also typically do not preserve the rhinal 
fissure marking the ventral border of the isocortex, although this seems to be brain 
size- dependent (Dozo 1989; Macrini et al. 2007a, c; Fig. 11.3). The cranial endo-
casts of some non-diprotodontians such as Dasyurus hallucatus, the Northern quoll, 
have lissencephalic endocasts with large olfactory bulbs similar to didelphids but 
show more expansion of the isocortex of the cerebral hemispheres (Macrini 2006). 
The koala, Phascolarctos cinereus, has relatively small cerebral hemispheres, a 
smooth brain and corresponding lissencephalic endocast (Haight and Nelson 1987; 
Macrini 2006), and the cranial cavity includes expansive cisterns and dural sinuses 
(de Miguel and Henneberg 1998; Taylor et al. 2006).

Other Australian marsupials such as macropodids, Sarcophilus harrisii, the 
Tasmanian Devil, and Thylacoleo carnifex, the marsupial lion, however, show 
extensive gyrification of the cerebral hemispheres on their endocasts (Woods 1956; 
Haight and Murray 1981; Kear 2003; Macrini 2006; Figs. 11.4 and 11.5). Similarly, 
the South American Dromiciops gliroides, the monito del monte, shows substantial 
gyrification and encephalization of the brain and corresponding endocast (Macrini 
2006; Macrini et al. 2007a; Rowe et al. 2011) as do the endocasts of the extinct 
sparassodonts Thylacosmilus atrox and Borhyaena tuberata (Quiroga and Dozo 
1988; Dozo 1994). Gyrification of the brain has occurred independently in multiple 
lineages of marsupials and stem marsupials, likely as a function of brain size and 
packaging within the cranial cavity (Macrini et  al. 2007a; Mota and Herculano- 
Houzel 2015; Weisbecker et al. 2021).

Fig. 11.6 (continued) (QMF31408), (b). Barinya wangala (QMF36295), (c). Borhyaena tuberata 
(YPMPU15120), (d). Ekaltadeta ima (QMF12436), (e). Galadi speciosus (QMF23393), (f). 
Nimbacinus dicksoni (QMF36357), (g). Nimbadon lavarackorum (QMF42677), (h). Silvabestius 
johnnilandi (QMF30504), (i). Simosthenurus occidentalis (SAMP1668), (j). Thylacoleo carnifex 
(SAM280507), (k). Yalkaparidon coheni (QMF13008), (l). Zygomaturus trilobus 
(QVM1992_GFV73)
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11.3.2  Spaces Associated with Cranial Blood Supply

Similar to other mammals, marsupial cranial endocasts show a number of vascular 
structures that occupy the cranial cavity such as dural sinuses (e.g. superior sagittal 
sinus, transverse sinus, sigmoid sinus, prootic sinus) and cisterns, which are 
expanded subarachnoid spaces filled with cerebrospinal fluid (Butler and Hodos 
1996; Macrini et al. 2007a, c). The superior sagittal, transverse, sigmoid, and pro-
otic sinuses are visible on cranial endocasts of extant didelphids (Macrini et  al. 
2007c). Similarly, the superior sagittal and transverse sinuses are visible on the 
cranial endocasts of the fossil didelphids Thylatheridium cristatum and Thylophorops 
chapalmalensis (Dozo 1989). Dural sinuses are also visible on endocasts of 
Wynyardia bassiana (Haight and Murray 1981) and on fossil macropodoids (Kear 
2003). The transverse and prootic sinuses are visible on the endocast of the metathe-
rian Herpetotherium fugax (Horovitz et al. 2008) and the transverse sinus is visible 
on the endocast of Andinodelphys cochabambensis (de Muizon and Ladevèze 2020).

The cranial cavity of Phascolarctos cinereus, the koala, houses particularly large 
cisterns around the medulla oblongata (Taylor et al. 2006). The koala is notorious 
among marsupials for having a brain that poorly fills the cranial cavity (Haight and 
Nelson 1987). Although the koala is not as poorly encephalized as originally 
reported by Haight and Nelson (1987), the brain does not completely fill the cranial 
cavity during life even when the voluminous brain ventricles and cisterns are filled 
with cerebrospinal fluid (de Miguel and Henneberg 1998; Taylor et al. 2006).

11.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

11.4.1  Morphological Brain Diversity

 Endocasts and Phylogenetic Traits

Cranial endocasts provide the best direct evidence for studying the form and exter-
nal morphology of the brains of extinct taxa. Previous studies of various groups of 
mammals have suggested that there is phylogenetic signal in anatomical differences 
in cranial endocasts (e.g. Macrini et  al. 2007b; Perini et  al. 2022; Weisbecker 
et al. 2021).

The brain of the ancestral marsupial was reconstructed by Horovitz et al. (2008) 
based on an analysis of the endocasts of Herpetotherium cf. fugax, Pucadelphys 
andinus, and a handful of extant taxa (also see Macrini et al. 2007a). The hypotheti-
cal ancestor of crown Marsupialia possessed relatively large olfactory bulbs that are 
posteriorly separated from the rest of the brain by a deep circular fissure, lissence-
phalic cerebral hemispheres that combined are wider than long, no rhinal fissure on 
the endocast, the vermis of the cerebellum being longer than wide, and relatively 
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large, broad, and rounded paraflocculi. All of these character states are pleisomor-
phic for Theria (Macrini et al. 2007b).

The digital cranial endocast of Andinodelphys cochabambensis was described by 
de Muizon and Ladevèze (2020) and compared to those of Pucadelphys and endo-
casts of some extant marsupials (Macrini et al. 2007a). The endocast of Andinodelphys 
shows a number of similarities to those of Pucadelphys and extant didelphids such 
as Didelphis virginiana and Monodelphis domestica. However, the phylogenetic 
analysis by de Muizon and Ladevèze (2020) did not include data directly related to 
cranial endocasts, highlighting the need for a more comprehensive comparative 
analysis of metatherian endocasts with the goal of coding variation into phyloge-
netic characters.

A comparison of the gross anatomy of extant marsupial brains with the cranial 
endocast of Wynyardia bassiana placed species into three types (Haight and Murray 
1981). One group including the Australian marsupials Isoodon obesulus (brown 
bandicoot), Antechinus swainsonii (dusky antechinus), Dasyurus viverrinus (tiger 
cat), and Sarcophilus harrisii (Tasmanian Devil), shows brain morphology that 
most closely resembles that of non-diprotodontian and stem marsupials. This iso-
cortex hemispheres of the cerebrum are trapezoid-shaped when viewed above, the 
brain is straight with little or no dorsoventral flexion, and the olfactory bulbs are 
large compared to those of diprotodonts (Haight and Murray 1981). A second 
grouping includes diprotodont marsupials including Petaurus breviceps (sugar 
glider), Trichosurus vulpecula (brush-tailed possum), Phalanger maculatus (spot-
ted cuscus), Vombatus ursinus (common wombat), Thylacoleo carnifex (marsupial 
lion), and Wynyardia bassiana, but excluding macropodids. The isocortex hemi-
spheres of the cerebrum of this group is more ovoid in shape when viewed dorsally 
because of lateral expansion of the parietofrontal region of the brain, the brain is 
slightly flexed dorsoventrally when viewed laterally, and the olfactory bulbs and the 
rest of the “rhinencephalon” are relatively small (Haight and Murray 1981). 
Wynyardia bassiana shows similarities with the external morphology of the extant 
phalangerid, Trichosurus vulpecula. The third group of marsupials, the macropo-
dids, includes Potorous tridactylus (rat kangaroo), Thylogale billardierii (Tasmanian 
pademelon), and Macropus giganteus (grey kangaroo). The macropodid brains pos-
sess a sulcus β, which separates the parietofrontal lobe from the temporal lobe of the 
cerebrum, the isocortical hemispheres of macropodoids are generally triangular in 
dorsal outline, and the brains show significant anteroposterior flexion in lateral view 
due to depression of rostral parts of the skull relative to the braincase (Haight and 
Murray 1981; Kear 2003). A fourth type of external brain anatomy was identified by 
Ashwell (2010a) for notoryctids, the extant marsupial moles, which have brains 
with exaggerated olfactory bulbs, no dorsoventral flexion of the forebrain, and a 
cerebellum that is not well differentiated. A more recent analysis suggests that there 
is moderate phylogenetic signal in brain shape of marsupials (Weisbecker et al. 2021)
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 Functional and/or Behavioral Interpretations of Endocast Morphology

The chief interest of endocasts in palaeoneurology lies in the fact that they reflect 
the morphology of the brain, and are often the only soft-tissue inference that can be 
made from a fossil. It is therefore an intuitive expectation that adaptations relating 
to brain function might also be inferred from endocast morphology. Much of this 
work has been done in the context of Euarchontoglires and particularly primates 
(e.g. Silcox et al. this book, Chap. 12). However, aside from the studies of endocast 
sizes outlined below, relatively few studies have assessed how the mammalian brain 
evolves across longer time spans, diverse ecologies, and large body mass ranges. In 
such a broad context, little is known about how the brain and surrounding soft tis-
sues interact with the hard tissue of the cranial vault to give rise to endocast shape 
(Weisbecker et al. 2021). Investigations in this field are complex because the brain 
and its surroundings do not adapt like the more tractable musculo-skeletal system of 
mammals, whose biomechanical function is relatively clear. Instead, a truly bewil-
dering diversity of factors that can, and probably do, impact endocast shape without 
any relevance to interpretations of brain function at all. At the level of neuronal wir-
ing, the mammalian brain is likely subject to internal tensions that give it a basic 
shape (Koser et al. 2016). However, brains are probably very flexible in their shape 
development: during the growth of an individual, the brain appears to mold itself to 
the endocranial space it “finds” (Toro 2012; Budday et al. 2015). Brain shape is also 
not always static during an individual’s lifetime: different parts of the brain appear 
to grow and shrink seasonally in shrews and mustelids (Dechmann et al. 2017). In 
addition, the requirement for mammalian skulls to be highly adapted to food acqui-
sition and housing of the sensory organs means that either the skull or the brain must 
accommodate the other. Lastly, accommodation of the brain into the skull posits a 
special challenge for mammals because it is so large relative to body size. The dor-
sal cranial vault may have adapted to evolutionary brain enlargement through a 
heterochronic delay of ossification (Koyabu et  al. 2014). However, even within 
mammals, there are substantial differences in how much the brain contributes to 
skull evolution because the brain of nearly all mammals scales negatively with body 
mass (Jerison 1973; Smaers et al. 2021). This means that smaller mammals have a 
substantially greater contribution of the brain to their skull space (e.g. larger endo-
cranial cavity relative to skull size) than larger species even when they have the 
same relative brain size (or an encephalization of 1), leading to the expectation that 
brain shape could be allometric.

All of the factors noted above – developmental and evolutionary flexibility of 
brain tissue, functional adaptation of the skull, and size-related issues of brain 
accommodation – could plausibly impact the evolution of endocranial shape with-
out revealing anything about sensorimotor or cognitive abilities of the brain itself. 
Separating these factors from “true” functional signal of the brain represents a 
major challenge, which is only just starting to be approached thanks to the increas-
ing speed of digital data acquisition (Bruner 2018).

The diversity of ecology, wide range of body masses, and good phylogenetic 
resolution make the marsupial clade an excellent group to test how endocast 
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morphology may aid interpretation of sensorimotor or cognitive abilities of fossil 
mammals (Pirlot 1981; Macrini et al. 2007c; Todorov et al. 2021; Weisbecker et al. 
2021). This was recently assessed in a study including two of us (V.W. and T.M.; 
Weisbecker et  al. 2021), focusing on 3D geometric morphometrics of endocast 
shape and its association with virtual dissections of the endocasts into its main four 
components (olfactory bulb, cerebrum, cerebellum, and brain stem). The results 
showed substantial phylogenetic signal that was congruent with the phylogenetic 
divisions of external brain morphology identified by others (see above; Haight and 
Murray 1981). However, contrary to expectations of allometry and locomotor sig-
nal, endocast shape could not be associated with absolute or relative endocranial 
volume or ecology. Even the specialized locomotor types of the gliding possums or 
hopping kangaroos were not associated with endocast shape, even though this was 
expected based on their cranial re-arrangement and sensorimotor adaptations (Russo 
and Kirk 2013; Bertrand et  al. 2019). Furthermore, the information contained in 
endocast 3D shape does not capture the proportions of the externally discernable 
divisions of the brain (olfactory bulb, cerebrum, cerebellum, and brain stem), and 
also gives no structural information on neocortical grey or white matter volume.

Unexpectedly, the brain shapes of marsupials primarily fall out along a strikingly 
clear pattern of variation where brain shapes ranged from elongate and nearly tubu-
lar to compressed and angled (Compare shapes in Figs. 11.3, 11.4, 11.5, and 11.6). 
This range of shape also encompassed extinct species, with particularly varied 
endocast shapes among the vombatiforms. Intriguingly, this variation is very similar 
to the pattern of “spatial packing”, postulated as a way of accommodating the 
increasingly large brains of primates into the skull (Ross and Henneberg 1995; 
Lieberman et al. 2008; Bastir et al. 2011). The hypothesis of “spatial packing” sug-
gests that larger brains can fit into a limited space in the cranial cavity by evolving 
flexure at the base and a round overall shape. The data for marsupial brains raise the 
exciting possibility that “spatial packing” patterns in the primate skull reflect a more 
global tendency of the brain to vary along the axis of global elongation found in 
marsupials.

We still have a long way to go in explaining why the marsupial brain displays this 
pattern of elongation because there seems so little functional significance to the 
distribution of this shape variation. It might be either resulting from a constraint on 
brain shape, or simply encompass all shapes that are required to fit the brain into a 
diversity of cranial contexts. However, the latter seems more likely because we also 
found substantial variation in endocast shapes among individuals of the same spe-
cies, and some very unusual forms superimposed over the main variation (Figs. 11.3, 
11.4, 11.5, and 11.6 for some examples). This suggests that flexibility of shape (as 
discussed above) is an important property of the marsupial brain, which would also 
explain why neural adaptation is unlikely to be strongly expressed on the endocast.
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11.4.2  Brain-Size Evolution and Encephalization Quotient

Encephalization quotients (EQs) or comparisons of brain size relative to body size 
in closely related taxa (Jerison 1973) have been widely used to assess brain size 
evolution in vertebrates. However, EQs have also been frequently criticized (e.g. 
Deacon 1990; Striedter 2005) because of the variable ways they are calculated (e.g. 
Jerison 1973, Eisenberg 1981), because of questions around their biological signifi-
cance, and because different mammalian clades clearly show substantial differences 
in slope and intercept, making a one-fits-all calculation of EQs fairly meaningless 
(Smaers et al. 2021). In this chapter we compiled endocranial volume and estimated 
body mass data on fossil marsupials and non-marsupial metatherians based on pre-
viously published studies (Table 11.1). Figure 11.2 shows a log-log plot of these 
data (see interpretation below), but readers are, of course, able to freely analyze 
these data in different ways (e.g. EQ analyses) if they so choose.

 Marsupial Brain Size and Behavioral Correlates

In terms of brain size, the relatively uniform reproduction of marsupials and their 
mostly postnatal brain development may be an important advantage in refining the 
many different hypotheses of how brain sizes can be used to interpret behavioral, 
ecological, or reproductive traits. Reproductive and developmental traits, particu-
larly the maturity of neonates, are noted for their associations with brain size in 
placentals (Bennett and Harvey 1985; Martin 1996; Barton and Capellini 2011). 
However, many of these are also strongly associated with particular behaviors 
thought to select for larger brain sizes, such that there is a risk of confounding selec-
tion versus constraint of a behavioral trait (Weisbecker and Goswami 2011; Todorov 
et al. 2021). Marsupials all have extremely altricial (immature) offspring, and their 
maternal investment into the brain is nearly entirely through lactation. This should 
reduce the number of confounding correlations between behavior, reproduction, 
and brain size (Weisbecker and Goswami 2011; Todorov et al. 2021). Indeed, test-
ing a number of behavioral and reproductive hypotheses of brain size evolution 
revealed no evidence that relative brain size was a useful indicator of particular 
behaviors, ecological traits, or metabolic activity (measured as basal or field meta-
bolic rate; Todorov et al. 2021). However, relative brain size tended to be smaller in 
marsupials with smaller litters (Weisbecker and Goswami 2010; Todorov et al. 2021).

The lack of association between metabolic rate and marsupial brain size is coun-
ter to the long-standing suggestion that brain tissue should require elevated meta-
bolic rates because it is metabolically expensive (Armstrong 1983; for a synopsis, 
see Isler and van Schaik 2009). It is possible that placental mammals have this 
association because their long gestation and placentation allows the offspring to 
benefit from higher maternal metabolic rates (Capellini et al. 2010), which is not 
possible during the short marsupial placentation (Weisbecker and Goswami 2010, 
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2011). Regardless, inferring metabolic capacity of extinct mammals based on rela-
tive brain sizes is probably not appropriate, at least for studies involving therians.

Despite the lack of a clear association of brain size with metabolic rates at the 
level of living mammals, it seems very likely that the large increase of brain sizes 
that occurred between early synapsid amniotes and mammals is related to increases 
in metabolic rates (among other factors; see Rowe et  al. 2011, Rowe this book, 
Chap. 10). The premise of the association between BMR and brain size – that brains 
are a particularly energy-hungry tissue  – is definitely correct (Magistretti et  al. 
2015). In addition, the largest relative brain sizes appear in birds and mammals, 
whose metabolic rates have soared relative to other amniotes (White et al. 2006). 
The transition of mammals and birds from their reptile-like amniote ancestors 
involved metabolic changes at far greater scales than what is observed within both 
mammals and birds. The appearance of substantially increased brain sizes is there-
fore likely to be tied to increases in metabolic rate of a magnitude that is not observ-
able among living species.

It is somewhat frustrating that there are no dependable behavioral predictors of 
mammalian brain size that could be used to interpret fossil behavior. However, 
endocranial volumes may relate to reproductive and/or life history constraints. 
Litter size in particular is regularly associated with brain size (summarized in 
Todorov et al. 2021), as is longevity in at least some mammals (Pontzer et al. 2014; 
DeCasien et al. 2018). Cautious interpretation of relative endocranial volumes in 
this context might add to interpretation of basic life history variables, particularly in 
combination with evidence from parts of the body.

With regards to the diversity of endocranial volume across Marsupialia, a com-
pilation of available endocast data (Todorov et al. 2021) for living species and as per 
Table 11.1 for extinct species, reveals that overall, fossil marsupials and the metathe-
rians do not deviate substantially from the overall distribution of brain versus body 
mass relationships among marsupials (Fig. 11.2). It is moreover notable that D. vir-
giniana and D. marsupialis are both quite small-brained for their size compared to 
similarly sized marsupials. This is important because Didelphidae have been con-
sidered an early-diverging group of marsupials in a variety of contexts, with the 
presumption that they show plesiomorphic traits (Dooley et al. 2013; Bhullar et al. 
2019). In the older literature, this included suggestions that their brain size is small 
because they represent a small-brained “ancestral” state (Pirlot 1981; Nelson and 
Stephan 1982). However, the genus Didelphis is not relatively smaller-brained than 
many diprotodontians and particularly the peramelemorphians, which both belong 
to much later-diverging and anatomically derived clades (see Fig. 11.1). By con-
trast, representatives of some of the oldest divergences  – the Australidelphian 
Dromiciops and the Paucituberculata (shrew opossums) – both have notably larger 
relative brain sizes than diverse similarly sized marsupials (Fig. 11.2). An associa-
tion between antiquity of divergence of the clade and small brain size can, therefore, 
not be made for living marsupials.

In contrast to the relatively even distribution of ECV/body mass scaling in living 
species, the three very old (Paleocene and Oligocene) metatherians incertae sedis 
stand out as being clearly much smaller-brained relative to their estimated body 
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mass (Fig. 11.2). This is an intriguing result because it would support Jerison’s sug-
gestion that “generally, the early mammals were less encephalized than their 
descendants” (Jerison 1979), which has been mirrored in the literature (Rowe 1996; 
Kielan-Jaworowska et al. 2004; Rowe et al. 2011). However, all three specimens of 
these early metatherians are severely crushed, so that their ECVs may well be sub-
stantial under-estimates; in addition, the relatively fragmentary nature of the fossils 
makes it difficult to establish a reliable measure of body mass. These data, while 
compiled here (Table  11.1), should be re-visited before they can be included in 
quantitative comparative analyses.

11.4.3  Sensory Evolution: Vision, Somatosensory System, 
Auditory System, Vestibular Sense, Olfaction

Because many marsupial and stem marsupial endocasts are lissencephalic (e.g. 
Macrini et al. 2007a, b, c; Horovitz et al. 2008; Weisbecker et al. 2021), there are no 
reliable landmarks on endocasts to properly delimit sensory regions of the brain 
with the exception of the olfactory bulbs. Therefore, much of the discussion below 
is based on what is known about the brains of extant marsupials, particularly didel-
phids (e.g. Brunjes et al. 1992; Aitkin et al. 1997; Huffman et al. 1999; Catania et al. 
2000; Frost et  al. 2000; Kahn et  al. 2000), and Australian marsupials (Ashwell 
2010b). Because the inner ears of extant and fossil metatherians have been studied 
in a number of taxa (e.g. Meng and Fox 1995; Sánchez-Villagra and Schmelzle 
2007; Schmelzle et al. 2007; Ladevèze et al. 2008; Ekdale 2010; Berlin et al. 2013; 
Ashwell and Shulruf 2014), more can be discussed about the evolution of vestibular 
sense and hearing.

The visual systems of marsupials vary from those of placental mammals in a few 
ways. The retinae of marsupials possess oil droplets and double celled-cones similar 
to extant reptiles but unlike those of placental mammals (Beazley et al. 2010). These 
features are advantageous for diurnal vision. Some Australian marsupials possess 
trichromatic color vision, which is only found in Primates among placental mam-
mals (Beazley et  al. 2010). Also, ultraviolet-sensitive (UVS) shortwave sensitive 
pigments are found in a number of marsupial species such as Tarsipes rostratus, the 
honey possum; Sminthopsis crassicaudata, the fat-tailed dunnart; Monodelphis 
domestica, the gray short-tailed opossum; and Didelphis aurita, the big-eared opos-
sum, whereas only a subset of rodents contain UVS pigments among placental 
mammals (Beazley et al. 2010).

Generally speaking, the somatosensory system of marsupials resembles that of 
placental mammals, particularly the trigeminal pathway to the vibrissae, the most 
widely studied facet of this system (Marotte et al. 2010). Much of the work on the 
somatosensory portions of the trigeminal pathway are based on studies of Macropus 
eugenii, the tammar wallaby (Marotte et al. 2010).
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The auditory system of marsupials was reviewed by Aitkin and Shepherd (2010). 
The auditory neurobiology of didelphids (Monodelphis domestica and Didelphis 
virginiana) has been studied in the greatest detail (Aitkin and Shepherd 2010). The 
auditory pathways have only been studied in a few species such as Trichosurus 
vulpecula, the brush-tailed possum, and Dasyurus hallucatus, the northern quoll 
(Aitkin and Shepherd 2010). Based on these few studies, the auditory systems of 
marsupials show many similarities with those of placental mammals.

The inner ear (cochlea, utriculus, sacculus, semicircular ducts) and the corre-
sponding bony labyrinth of the petrosal bone has been studied in a larger number of 
species of marsupials. The cochlea in marsupials shows coiling similar to placental 
mammals, with the degree of coiling being variable between species (Gray 1908). 
In general, the anatomy of the cochlea of marsupials is similar to that of placental 
mammals (Aitkin and Shepherd 2010).

A study of ontogenetic variation of the bony labyrinth in Monodelphis domes-
tica, the gray short-tailed opossum, examined individuals as young as 27 days post-
natal (when the inner ear chambers have ossified) up to sexually mature adults 
(Ekdale 2010). Many of the inner ear measurements examined by Ekdale (2010) did 
not show a correlation with age, and in general, adult dimensions of inner ear struc-
tures such as the arcs of the semicircular canal and degree of coiling of the cochlea 
are achieved before the inner ear is functional.

As in all vertebrates, the ampullae of the semicircular canals are involved in 
detection of angular acceleration of the head. Historically, the canonical model of 
the semicircular canals suggested that ipsilateral canals of the inner ear are orthogo-
nal with respect to one another, corresponding left and right canal pairs show angle 
symmetry, and contralateral synergistic canals are coplanar (i.e. they occupy paral-
lel planes; Berlin et al. 2013). In a study including the inner ears of a number of 
extant mammals including several marsupial species, Berlin et al. (2013) found that 
the canonical model was invalid for nearly all species examined.

The olfactory system in mammals includes the olfactory epithelium, found on 
the ossified turbinals of the ethmoid bone and other surfaces of the nasal cavity; the 
olfactory nerve fibers, which pass through the cribriform plate to synapse with the 
mitral neurons in the main olfactory bulb (MOB); and the olfactory tract (mitral 
neuron axons), which extends from the MOB to the piriform cortex and other 
regions of the telencephalon (Butler and Hodos 1996; Ashwell 2010a). The acces-
sory component of the olfactory system includes the vomeronasal organ of the nasal 
cavity, which projects to the accessory olfactory bulb of the brain via the terminal 
nerve. The main olfactory system is involved with detection and processing of air-
borne odorant molecules, whereas the accessory olfactory system processes 
pheromones.

Aspects of the olfactory system of the brain have only been studied in a handful 
of marsupial species (Ashwell 2010a). However, the olfactory bulb is highly vari-
able in volume across species (Weisbecker et  al. 2021), thus making it a likely 
candidate for ecological associations that are less easy to be made using whole brain 
volumes. Similarly, the olfactory components of the nasal cavity, especially the 
nasal skeleton, have been studied in multiple species of marsupials (e.g. Paulli 
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1900; Toeplitz 1920; Denison and Terry 1921; Osgood 1921; Wood Jones 1949; 
Kratzing 1978, 1982, 1984; Sánchez-Villagra 2001; Rowe et  al. 2005; Macrini 
2012, 2014). However, for the most part the components of the olfactory system in 
the nasal cavity (turbinals and olfactory epithelium) have not been studied inte-
grated with the components of the brain (olfactory bulbs, olfactory track, olfactory 
pathways in the brain). Regardless, olfactory bulb volume is highly variable among 
marsupials; it explains most of the main variation in a principal components analy-
sis of marsupial brain partition volumes (Weisbecker et al. 2021). It therefore seems 
important to study the association of olfactory bulb volume with ecological traits in 
extant marsupials and extrapolate the insights to extinct species.

11.4.4  Brain Anatomy in Marsupials Versus Placentals

As mentioned previously, the central nervous system of marsupials shows some 
limited anatomical differences with the CNS of placental and monotreme mammals 
(Ashwell 2010b). Most of these features are internally located within the brain or 
cranial cavity and unfortunately do not touch the external anatomy of the brain; 
therefore, these features are not represented on cranial endocasts. Therefore, these 
features cannot be assessed on fossil taxa, but nonetheless these characters are dis-
cussed below based on extant marsupials. In particular, marsupials lack the corpus 
callosum, a derived forebrain commissure between the cerebral hemispheres that is 
found in placental mammals (Ashwell 2010b), although marsupials do share a basic 
interhemispheric connectome with placentals (Suárez et  al. 2018). Diprotodonts 
have a derived fiber bundle (fasciculus aberrans) that extends from the internal cap-
sule of each inferior cerebral hemisphere to the anterior commissure (Ashwell 
2010b). The fibers of the dorsal lateral olfactory tract in most marsupials and mono-
tremes pass under the accessory olfactory formation unlike many placental mam-
mals in which these fibers pass through the accessory olfactory formation 
(Ashwell 2010b).

Despite the overall anatomical similarity between marsupials and placentals, 
marsupials display a heterochronic delay of brain development relative to placentals 
(Smith 2006) and limited data suggest that it is possible that their neurogenetic 
development is more variable than that of placentals (Darlington et al. 1999). Lastly, 
in terms of blood supply, marsupials differ in the arterial blood supply to the brain 
(Johnson 2012; Ashwell and Shulruf 2016), such that the arterioles of the central 
nervous system of marsupials terminate in individual capillary loops that do not 
form free capillary anastomoses with venules as in other mammals (Johnson et al. 
1982a, b). This is considered a derived condition for marsupials.

In monotremes and marsupials, cranial nerve VII (facial nerve) exits the brain-
stem dorsal to the sensory nuclei of cranial nerve V (trigeminal nerve). In contrast, 
the facial nerve passes either through the trigeminal nuclei or completely ventral to 
them  in placentals (Ashwell 2010b). Finally, the accessory nucleus (IOV) of the 
inferior olivary nuclear complex of the medulla oblongata lies ventral and lateral in 
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monotremes and marsupials but the IOV is found medially in many placental mam-
mals (Ashwell 2010b).

11.5  Future Directions: Outstanding Questions 
and Perspectives

Marsupials are an excellent radiation for testing hypotheses of mammalian brain 
evolution, which necessitates a good understanding of the brain morphology in 
extinct species. However, marsupial fossils are understudied in nearly every modal-
ity of data. Whereas we now have a good selection of data points for fossil species 
across the marsupial tree of life (Fig. 11.1; phylogeny), better and more reliable 
sampling particularly from lower parts of the tree is necessary for improving the 
robustness of models of brain size evolution within the clade. It is clear from this 
compilation that there is a need for a comprehensive comparative study of brain and 
cranial endocast morphology in marsupials and their closest extinct relatives. 
Similarly, there is a need for a similar study for the inner ear and bony labyrinth of 
metatherians, including both crown and stem marsupials. Such studies would allow 
for proper integration of neurological character data into phylogenetic analyses of 
metatherians.

Analyses of brain shape reveal that the marsupial brain displays a pattern of 
elongation in some taxa whereas others have compressed and rounded brains, but 
that the main variation within this pattern is not associated with either volume or 
surface areas of parts of the brain (Weisbecker et  al. 2021). Whereas this is an 
intriguing, and possibly generalizable, pattern, there seems to be little functional 
significance to its distribution among species. The drivers of marsupial and mam-
malian brain shape are therefore still to be determined. It will also be important to 
understand if studies on endocast surface areas can improve our understanding of 
how the shape of the brain and its volumes and surfaces interact, because these 
variables seem to contain very different types of information (Weisbecker 
et al. 2021).

The complexity of the olfactory system of mammals sets us apart from other 
vertebrates (Kielan-Jaworowska et  al. 2004; Rowe et  al. 2005) and is perhaps a 
contributing factor to increased encephalization in this clade (Rowe et al. 2011). 
However, the olfactory system of marsupials, and mammals in general, has not been 
studied as a whole such that the components of the olfactory system in the nasal 
cavity (turbinals and olfactory epithelium) have not been examined in integration 
with the components of the brain (olfactory bulbs, olfactory track, olfactory path-
ways in the brain). Therefore, work needs to be done in examining relationships 
between olfactory bulb size and olfactory epithelial size (or its proxy on bony turbi-
nals) and measuring olfactory receptor neuron numbers and density in extant spe-
cies. Having an understanding of these parameters and their relationships to bony 
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correlates (e.g. turbinals and ethmoidal cavity in the braincase) in extant species 
will allow for extrapolation to the fossil record.

11.6  Concluding Remarks

Prior to the 1970s, relatively few descriptions of cranial endocasts of fossil crown 
marsupials and stem marsupials were published (see Jerison 1973; Edinger 1975). 
However, with the increased discovery of new fossil marsupial taxa from the Eocene 
Riversleigh locality in northwestern Queensland, including natural cranial endo-
casts (e.g. Kear 2003), our knowledge of the paleoneurology of the group has 
increased. Similarly, subsequent descriptions of natural cranial endocasts of 
metatherians from South America (e.g. Quiroga and Dozo 1988; Dozo 1989, 1994) 
have added to the knowledge of the paleoneurology of marsupials and their closest 
extinct relatives.

Additionally, the increased use of high-resolution X-ray computed tomography 
to image rare and unique fossil skulls of crown and stem marsupials (e.g. Macrini 
et al. 2007a, Horovitz et al. 2008; de Muizon and Ladevèze 2020) has provided a 
better picture of the evolution of brain in basal marsupials. In particular, descrip-
tions of the digital cranial endocasts of the stem marsupials Pucadelphys andinus 
(Macrini et al. 2007a), Andinodelphys cochabambensis (de Muizon and Ladevèze 
2020), and Herpetotheium fugax (Horovitz et al. 2008) suggest that the ancestral 
metatherian had a brain that closely resembled the brains of didelphids (e.g. 
Caluromys philander, Fig. 11.3).

Access to CT scans of marsupial skulls has also allowed for extraction of digital 
cranial endocasts from a range of crown marsupial taxa, both extant and fossil. 
These digital endocasts have made it possible to study the evolution of endocast 
(and the corresponding brain) shape variation in marsupials (Weisbecker et al. 2021) 
and has provided a rich dataset of endocranial volumes to study the evolution of 
brain size in fossil marsupials and their closest relatives (Table 11.1). A comparison 
between brain size and body size in fossil and extant metatherians shows a tightly 
constrained allometric relationship between the two variables (Fig.  11.2). Only 
three metatherians outside of crown Marsupialia fall substantially below other taxa. 
Within the crown, variation in relative brain size is not correlated with the timing of 
divergence of clades of marsupials, such that some of the earliest diverging clades 
such as Microbiotheriidae and Paucituberculata have larger relative brain sizes than 
similarly sized marsupials, whereas some didelphids do not show smaller relative 
brain size compared to later-diverging and anatomically derived Australasian clades 
(Fig. 11.2). It is also possible to deduce from the available datasets and anatomical 
descriptions that there is a significant range of variation in not only brain shape, but 
the degree of gyrification in various marsupial groups reflecting brain size differ-
ences and spatial packing within limited space in the braincase.

Despite these advances in the study of paleoneurology of marsupials, above we 
identified some areas for future work. In particular, a comprehensive comparison for 
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cranial endocast morphology in marsupials and stem marsupials is needed to allow 
for integration of neurological character into phylogenetic analyses to uncover phy-
logenetic signal within this anatomical system.
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12.1  Systematic and Phylogenetic Context

This chapter focuses on the early phases of brain evolution in the order Primates, 
with only a brief discussion (Sect. 12.6) of evolutionary events occurring higher in 
the primate tree. Therefore, this section is largely focused on the taxa (and taxo-
nomic framework) most relevant to that perspective.
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12.1.1  The Phylogenetic Position of Primates 
Within Mammalia

Identifying the mammalian orders most closely related to Primates is central to 
providing a context for studying primate brain evolution, particularly when consid-
ering the earliest phases of this process. Historically there were two main hypothe-
ses about the closest relatives to Primates. First, an ancestry among “insectivores” 
(i.e. shrews, moles, hedgehogs, desmans, solenodons, and historically golden moles 
and tenrecs [now considered afrotheres]) has long been posited for the order (e.g. 
Simpson 1945; McKenna 1966; Szalay 1975). In particular, the general dental simi-
larities with erinaceomorphs (i.e. hedgehogs) suggested to some workers that pri-
mates may have arisen from among this group or shared a common ancestor with it 
(see discussion in MacPhee et al. 1988). With respect to the evolution of the brain, 
this suggested link formed part of the basis for comparisons between living “insec-
tivores” and Primates in the classic compilation of volumetric data by Stephan and 
colleagues (Stephan et al. 1970, 1981). These authors also posited that extant insec-
tivores formed a good general model for the primitive form of the brain, and in 
particular identified a subset of taxa (shrews and hedgehogs) as showing what they 
inferred to be relatively primitive cerebral patterns. This dataset formed the basis for 
a series of publications focusing on the evolution of different regions of the brain 
(Stephan 1972), such as the neocortex (e.g. Frahm et al. 1982), in a framework that 
was explicitly rooted in “insectivores” as models for what was primitive for 
Primates. These works played a central role in framing ideas about early transitions 
in the size and form of the brain around the origin of the order (see for example 
Martin 1990).

Second, the alternative perspective, dating back to Gregory (1910), was that 
Primates were most closely related to treeshrews (Scandentia), elephant shrews 
(Macroscelididae), colugos (Dermoptera) and bats (Chiroptera), with these various 
orders being grouped with Primates in Archonta. Unpopular for several decades 
after its proposal, this idea was re-vivified starting in the 1970s, based on a version 
of Archonta that excluded elephant shrews (e.g. McKenna 1975; Szalay 1977). 
Although treeshrews (often as putative primitive primates) were included in early 
discussions of the evolution of the brain in Primates (e.g. Elliot Smith 1902; Le 
Gros Clark 1945; Stephan et al. 1970, 1981; Martin 1973), a perspective that con-
sidered Archonta as the critical comparative context rather than “Insectivora” 
was absent.

Molecular analyses of mammalian inter-ordinal relationships have led to a broad- 
based consensus about which taxa should be considered Primates’ closest kin 
(Fig.  12.1). There is strong support for a modified version of Archonta (i.e. 
Euarchonta Waddell et al. 1999) that includes Primates, Scandentia, and Dermoptera, 
but not Chiroptera. Within Euarchonta there is some lingering debate about which 
order(s) is the sister taxon of Primates, with there being analyses supporting all pos-
sible resolutions (i.e. Dermoptera, e.g. Janečka et  al. 2007; Scandentia, e.g., Liu 
et al. 2009; or Sundatheria [Dermoptera + Scandentia], e.g. O’Leary et al. 2013). 
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Fig. 12.1 Hypothesis of relationships for members of Euarchontoglires discussed in this chapter, 
based largely on Silcox et  al. (2010b). Dermoptera has been positioned as the sister taxon to 
Primates based on Mason et al. (2016)

Recent genomic analyses seem to support a resolution to this debate, with 
Dermoptera being Primates’ sister group (Mason et al. 2016; Zhang et al. 2019). 
The closest relatives of Euarchonta are not “insectivores” but rather rodents, rabbits 
and pikas (i.e. Glires [Rodentia + Lagomorpha]), a relationship recognized by the 
supraordinal name Euarchontoglires (Murphy et al. 2001). “Insectivora” as histori-
cally conceptualized is no longer considered to be a valid grouping; instead, sup-
posed “insectivores” are thought to be spread between two broadly divergent 
supraordinal groups, the endemic African Afrotheria (Stanhope et al. 1998) and the 
more northerly evolving Laurasiatheria (Murphy et al. 2001). Hedgehogs in particu-
lar are included in Eulipotyphla, which is part of Laurasiatheria, and as such are 
more closely related to bats, carnivores, and ungulates than they are to Primates 
(Murphy et al. 2001).

Although this phylogenetic framework is broadly agreed upon, lingering effects 
of the history of considering “insectivores” as relevant to establishing what is primi-
tive for Primates remain, with analyses as recent as 2016 (e.g. Ni et al. 2016) still 
including hedgehogs as outgroups to Euarchonta, rather than members of Glires 
(see also Beaudet and Gilissen 2018). This is also true for considerations of brain 
evolution (e.g. Gingerich and Gunnell 2005), so that even in our own work (Silcox 
et al. 2009b, 2010a), “insectivores” were used as proxies for what is primitive in 
Primates, in the absence of better available options.

With respect to the paleoneurological record, part of the challenge with studying 
the early evolution of the brain in Primates is that there are no fossil crania of 
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Scandentia or Dermoptera that are complete enough to produce an endocast for the 
purposes of comparison. As noted above, data from living treeshrews have been 
incorporated, to some degree, into discussions of primate brain evolution, and there 
exist very detailed histological descriptions of the modern treeshrew brain in a small 
selection of species (e.g. Tupaia glis, Tigges and Shantha 1969; Tupaia belangeri, 
Zhou and Ni 2016), as well as a database of endocasts for a greater diversity of 
extant forms (San Martin-Flores et al. 2018). However, based on comparisons to 
early primates, modern treeshrews make a poor proxy for a primitive stage of pri-
mate brain evolution, likely as a result of parallel increases in some areas of the 
brain (e.g., the neocortex; San Martin-Flores et al. 2018). Dermopterans, who have 
encephalization quotients (EQ) that are low relative to those of living Primates 
(Gingerich and Gunnell 2005), nonetheless have gyrencephalic brains that are very 
different from what would be expected for a primitive primate (San Martin-Flores 
et al. 2019).

From a paleoneurological perspective, this makes the endocasts of fossil Glires 
very relevant to studying primitive states in Primates, as the only extant group of 
non-primate euarchontoglirans for which well-preserved fossil crania are known. 
Meng et al. (2003) published natural endocasts of the primitive member of Glires 
Rhombomylus turpanensis, although unfortunately they did not provide any quanti-
tative data. There is a growing record of endocasts for fossil rodents (e.g. Dechaseaux 
1958; Dozo 1997a, b; Dozo et al. 2004; Bertrand and Silcox 2016; Bertrand et al. 
2016, 2017, 2018, 2019a; Ferreira et al. 2020), including some fairly primitive taxa 
(i.e ischyromyids; see Bertrand and Silcox, Chap. 16, this book). Less well known 
is the form of the brain in extinct members of Lagomorpha, with Cope (1884) pro-
viding a few details about a natural endocast of Paleolagus, but otherwise only a few 
natural endocasts for relatively recent specimens being available (Edinger 1929; 
Sych 1967; Czyżewska 1985). More recently, virtual endocasts for extant lago-
morphs and one virtual endocast for a more basal member of that order (Megalagus 
turgidus; López-Torres et al. 2020) have been described. Although still limited, the 
record that is available for Rodentia and Lagomorpha does help to frame primitive 
states for Primates, as discussed below.

Also, potentially relevant to assessing the primitive form of the brain in Primates 
are extinct groups that have been inferred to be members of Euarchontoglires (e.g. 
Apatemyidae [Silcox et al. 2010b], Anagalidae [Meng 2004], Mixodectidae [Szalay 
and Lucas 1996; Sargis et al. 2018]). Of these, the Apatemyidae is notable because 
virtual endocasts have been published for two species (see discussion below; von 
Koenigswald et  al. 2009; Silcox et  al. 2011). Apatemyids were arboreal animals 
(von Koenigswald 1990; von Koenigswald et al. 2005) sharing some features in the 
postcranium with euarchontans (Bloch et al. 2004), and with similarities to plesi-
adapiforms in the presence of enlarged, procumbent upper and lower incisors (e.g. 
see Silcox et al. 2010b: fig 2). An analysis based on craniodental traits grouped them 
within Euarchontoglires, with weak support tying them to Rhombomylus (Silcox 
et al. 2010b). As such, they have been suggested to be relevant to the larger context 
of euarchontogliran brain evolution (Silcox et al. 2011).
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12.1.2  Taxonomy and Phylogeny of Primates

For extant primates, there is a broad-based consensus on the major framework for 
relationships within the order (e.g. Springer et  al. 2012; Fleagle 2013). The first 
major division into suborders is between Strepsirrhini (lorises, lemurs and galagos) 
and Haplorhini (tarsiers, monkeys, apes and humans). Within Haplorhini, tarsiers 
are considered the most basally divergent group; their behavioral and morphologi-
cal similarities with some strepsirrhines (e.g., nocturnal activity period; vertical 
clinging and leaping locomotion; faunivorous diet etc.) had traditionally caused 
them to be allied with strepsirrhines in Prosimii (engendering the term “prosimian”, 
which is still in broad usage), but those similarities are now thought to be primitive 
or convergent. The group that includes all non-tarsiiform haplorhines is variously 
referred to as Anthropoidea or Simiiformes. It is divided into Platyrrhini 
(Panamerican monkeys) and Catarrhini (apes and humans [Hominoidea] and 
Afroeurasian monkeys [Cercopithecoidea]).

Although this phylogenetic and taxonomic framework is nearly universally 
accepted for living primates, fitting fossil taxa into the picture is not always straight-
forward, particularly for primitive species. The oldest potential primates are part of 
a radiation of over 140 species in 11 families that are generally referred to as plesi-
adapiforms (Silcox et al. 2017a). The first plesiadapiforms appear not long after the 
non-avian dinosaurs went extinct, in the early Paleocene (Fox and Scott 2011; 
Wilson Mantilla et al. 2021), whereas the latest occurring plesiadapiforms are late 
Eocene in age (Kihm and Tornow 2014). In the intervening >27 million years, mem-
bers of the group evolved an impressive diversity of adaptations, although all known 
species have enlarged upper and lower central incisors and all species known from 
postcranial material were non-leaping arborealists. The primate status of plesiadapi-
forms continues to be a matter of debate. Whereas they share similarities to living 
primates in aspects of the dentition (e.g., low-crowned, bunodont molars with broad 
talonid basins) and in adaptations of the postcranium for arboreality, plesiadapi-
forms lack some traits that have traditionally been considered important to identify-
ing primates, such as the postorbital bar. In recent years, the continuation of the 
debate stems in part from the challenge of choosing between the results of cladistic 
analyses based on larger matrices that were not designed with plesiadapiform char-
acter states in mind (e.g. Ni et al. 2016), and smaller matrices that were more explic-
itly tailored to the problem of sorting out events near the base of the primate tree 
(e.g. Bloch et al. 2007; Silcox 2008; Silcox et al. 2010b; Chester et al. 2017, 2019; 
see discussion in Silcox et al. 2017a). In the current paper we consider plesiadapi-
forms to be stem primates—so members of the order, but without a particular tie to 
any modern groups (Fig. 12.1). It is worth noting, however, that even analyses that 
come to a divergent conclusion about their primate status still finds that they are 
members of Euarchonta (e.g. Ni et al. 2016). As such, they are relevant to assessing 
primitive states for Primates whether or not they are classified as such. Within this 
framework it is useful to make a distinction between Plesiadapiformes, as a likely 
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paraphyletic array of stem primate families, and Euprimates Hoffstetter, 1977, as 
(probable) crown primates (Fig. 12.1).

The other two groups that are particularly critical for studying early brain evolu-
tion in Primates are Adapoidea and Omomyoidea, extinct euprimate superfamilies 
that both appear in the earliest Eocene (approx. 56 mya; Ni et al. 2004; Smith et al. 
2006; Beard 2008; Rose et al. 2011, 2012). Most workers would agree that omomy-
oids are probably related to tarsiiforms, or at least are haplorhines (e.g. Ni et al. 
2016), but relationships of adapoids are more controversial, with various authors 
putting them on different sides of the haplorhine/strepsirrhine split (e.g. Gingerich 
et al. 2010; Williams et al. 2010). The consensus leans towards considering them 
strepsirrhines, in part because that is where they fall out in all large scale cladistic 
analyses (e.g. Ni et al. 2016; Seiffert et al. 2018). However, it is worth noting that 
they lack traits such as the toothcomb that are often thought to be distinctive of 
strepsirrhines (e.g. Fleagle 2013), implying that they are at best stem strepsirrhines. 
With respect to the paleoneurological record, adapoids and omomyoids are criti-
cally important, because there are no endocasts of early crown strepsirrhines (the 
oldest being the natural endocast of the Miocene lorisiform Komba; Le Gros Clark 
and Thomas 1952; Simpson 1967), or other early, non-anthropoid haplorhines, but 
there is a burgeoning record of endocasts for adapoids and omomyoids.

12.2  Historical Background

12.2.1  The Record of Endocranial Morphology and Any Other 
Paleoneurological Approaches in the Group 
Under Study

There is a long history of study for endocasts of fossil primates, likely motivated by 
an interest in situating the exceptionally large brains of humans in a broader evolu-
tionary context. The discussion below is divided into “Pre-CT” and “Post-CT” 
because the widespread availability of high-resolution X-ray computed tomography 
has re-framed the type of data that can be extracted from fossil primate crania.

 Pre-CT

Discussion of the paleoneurology of early primates extends back to at least 1884, 
when Cope (1884, 1885) provided some brief commentary on the apparent form of 
the brain from the cranium of “Anaptomorphus” (now considered Tetonius) homun-
culus. Critical references in the early study of primate endocasts include Neumayer 
(1906), Gregory (1920), Le Gros Clark (1945), Hürzeler (1948), Piveteau (1958), 
Hofer (1962), Gazin (1965), Hofer and Wilson (1967), Radinsky (1967, 1970, 1974, 
1975, 1977, 1982), Szalay (1969), Jerison (1973, 1979), Gingerich (1976), Gingerich 
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and Martin (1981), Gurche (1982), Martin (1990), and Gingerich and Gunnell 
(2005). Gurche (1982) published a useful summary of the state of knowledge known 
at the time for endocranial data of early primates, which includes consideration of 
most of the data available pre-CT. Although he deemed the sample available at that 
point to be “disappointingly small” (p. 227), he nonetheless provided a compilation 
of volume estimates for six species: the adapoids Smilodectes gracilis, Adapis 
parisiensis, and Notharctus tenebrosus; the omomyoids Necrolemur antiquus and 
Tetonius homunculus; and the taxonomically controversial Rooneyia viejaensis 
(often considered an omomyoid, but see Rosenberger et al. 2008). Prior to 1982, 
there were also published estimates of endocranial volume for the plesiadapiform 
Plesiadapis tricuspidens (Gingerich 1976; Radinsky 1977) that Gurche did not 
include, presumably because they were based on “the external appearance of 
crushed skulls” (p. 235). Of the specimens available in 1982, the most complete are 
attributed to the adapoids Smilodectes gracilis, known from a fairly complete natu-
ral endocast (USNM 23276; but missing the olfactory bulbs) published with excel-
lent illustrations by Gazin (1965); and Adapis parisiensis, known from two 
endocasts, and for which direct estimates of volume could be calculated using both 
glass beads and mustard seed (Le Gros Clark 1945; Martin 1973, 1980; Gingerich 
and Martin 1981). While not discussed in any detail by Gurche (1982), there was 
also a partial latex endocast published for the microsyopid plesiadapiform 
Megadelphus lundeliusi (AMNH 55284) by Szalay (1969; see also Radinsky 1977), 
although he did not provide any associated quantitative data. All the other endocra-
nial data had to be gleaned from partial natural endocasts still partly or largely 
entombed in the crania or estimated from external cranial dimensions.

The interpretation of the data from this array of specimens was the focus of a 
historic debate in the literature between Leonard Radinsky and Harry Jerison 
(Radinsky 1970, 1977, 1982; Jerison 1973, 1979). Key areas of disagreement 
included (1) varying estimates of the endocranial capacity for the euprimate speci-
mens; (2) differing interpretations about what the available data for Plesiadapis 
could tell us about the very earliest phases of primate brain evolution (i.e., with 
respect to the size of the brain and the degree to which it could be considered “sphe-
roidal” like a primate’s); (3) differences of opinion over how to assess relative brain 
size (i.e. based on varying body mass estimators, and the use of different proxies for 
body mass such as foramen magnum dimensions); and (4) divergent views about the 
appropriate comparative context (i.e., modern primates vs. contemporary fossil 
taxa). Ultimately, the central difference of opinion between these authors was 
whether or not the evidence was adequate to assert that “encephalization was prob-
ably a characteristic adaptation in the order Primates from the earliest times,” 
(Jerison 1979: 615), with Radinsky (1977, 1982) disagreeing with this perspective. 
Gurche’s (1982) reassessment of the relevant data (including his own set of volume 
estimates) concluded, that, apart from Rooneyia, the Eocene euprimates had small 
brains relative to those of modern prosimians, with the adapoids in particular being 
notably less encephalized.

From Gurche’s (1982) summary to the beginning of the CT era, additional data 
for only three early Tertiary fossil primate species were added to the picture: the 
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adapoids Leptadapis magnus and Pronycticebus gaudryi (Martin 1990; note that the 
endocast referred to as “Adapis magnus” by Piveteau, 1958, actually pertains to 
A. parisiensis [Gingerich and Martin 1981]), and the plesiadapiform Plesiadapis 
cookei (Gingerich and Gunnell 2005). The latter was extremely revelatory with 
respect to the earlier arguments about the size and form of the brain in Plesiadapis. 
Gingerich and Gunnell (2005) made an estimate of cranial capacity using a full- 
scale model based on a partial natural endocast, and on dimensions drawn from a 
fairly completely preserved skull roof. Although the dorsoventral depth had to be 
approximated from “comparison with a range of endocasts of similar living mam-
mals” (p. 188), this calculation is nonetheless much better constrained than earlier 
attempts to estimate the form and volume of the brain in the closely related species 
P. tricuspidens (Gingerich 1976; Radinsky 1977; Jerison 1979). The endocranial 
volume measured was much, much smaller than estimated for the similarly sized 
P. tricuspidens (i.e. 5 cc for P. cookei compared to estimates of 18.6 cc [Gingerich 
1976]; 12–17 cc [Radinsky 1977]; and 16.6 cc [Martin 1990] for P. tricuspidens), 
and the shape of the endocast was far from spheroidal (Gingerich and Gunnell 2005: 
fig. 3). An excellent estimate of body mass can also be made for this specimen (UM 
87990) because it is associated with much of a skeleton (Gingerich and Gunnell 
2005; Boyer and Gingerich 2019). The ultimate message from these analyses is that 
P. cookei had a brain that was relatively very small compared to living primates and 
living dermopterans, and actually within the range of variation for Paleocene archaic 
ungulates. These data provided a first suggestion that Jerison’s generalization about 
encephalization being an ancient trait for Primates may not hold for “the first evolu-
tionary radiation of primates” (Radinsky 1982: p. 34).

 Post-CT

The small size and fragility of the cranium in most primitive primates limited the 
data available from traditional approaches.  The increasing availability of high- 
resolution X-ray CT data has begun to revolutionize our understanding of their 
endocranial anatomy, particularly with respect to gathering accurate quantitative 
data. Virtual endocasts have been published for plesiadapiforms from three families: 
Plesiadapidae, Paromomyidae, and Microsyopidae (Fig. 12.2; Silcox et al. 2009b, 
2010a; Orliac et al. 2014; White et al. 2016). With respect to adapoids and omomy-
oids, virtual endocasts have been published for many of the same species whose 
significance was debated by Radinsky, Jerison, and Gurche, including Smilodectes 
gracilis, Adapis parisiensis, Notharctus tenebrosus, Rooneyia viejaensis, and 
Necrolemur antiquus (Fig. 12.3; Kirk et al. 2014; Harrington et al. 2016, 2020); 
notably Harrington et al. (2016) were able to provide endocasts for multiple speci-
mens of N. tenebrosus (N = 3) and S. gracilis (N = 4), including a subadult specimen 
of S. gracilis (UM 32773 [=MPM 2612]), allowing for some first glimpses into 
intraspecific variation and ontogenetic change. Ramdarshan and Orliac (2016) pro-
vided a substantively complete endocast for the omomyoid Microchoerus erinaceus, 
a close relative of N. antiquus.
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Fig. 12.2 Virtual endocasts of fossil stem primates from the families Paromomyidae (Ignacius 
graybulllianus, USNM 421608), Microsyopidae (Microsyops annectens, UW 12362), and 
Plesiadapidae (Plesiadapis tricuspidens, MNHN CR 125) in lateral, dorsal, and ventral views. 
Endocasts originally published in Silcox et al. (2009b, 2010a) and Orliac et al. (2014)

For the taxa now known from virtual endocasts, it is possible to assess the previ-
ously made estimates of volume (see Gurche 1982: table 2; Martin 1990: table 
8.12), with the assumption being that the virtual estimate is likely to be more accu-
rate than estimates based on external dimensions or water displacement of “restored” 
endocasts (Gurche 1982: p. 228; Table 12.1). For Adapis parisiensis, the volume 
estimate made by Martin (1973) using mustard seed is a very close match to the 
volume calculated for the virtual endocast (8.8 cc; Harrington et al. 2016) for the 
same specimen, higher than Gurche’s (1982) estimate (8.31  cc), and lower than 
estimates calculated by Jerison and Radinsky using double integration methods 
(9.00 cc, 9.40 cc). Harrington et al. (2016) did not create virtual endocasts for the 
same specimens previously assessed for S. gracilis and N. tenebrosus, but in general 
their range of estimates is lower than those produced by other methods (i.e. range of 
7.44–8.63 cc for S. gracilis vs. 9.12–9.95 cc [Gurche 1982]; range of 7.38–8.06 cc 

12 Early Evolution of the Brain in Primates and Their Close Kin



466

Fig. 12.3 Virtual endocasts of fossil euprimates from the superfamilies Omomyoidea (Necrolemur 
antiquus, MaPhQ 289 [Montauban 9]; Microchoerus erinaceus, UM-PR 1771) and Adapoidea 
(Notharctus tenebrosus, AMNH 127167; Smilodectes gracilis, UM 32773; Adapis parisiensis, 
NHM M 1345). Rooneyia viejaensis (TMM 40688-7) is of somewhat ambiguous systematic affili-
ation, but is often included in the Omomyoidea. Endocasts in dorsal, ventral, and lateral views. 
Endocasts originally published in Kirk et al. (2014), Harrington et al. (2016, 2020), and Ramdarshan 
and Orliac (2016)
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for N. tenebrosus vs. 10.43  cc [Gurche 1982]). Previous estimates for the only 
known cranium of R. viejaensis were close to the volume calculated from the virtual 
endocast, with Gurche (1982) actually being the closest (7.234 cc [Kirk et al. 2014] 
compared to 7.5 cc [Radinsky 1977]; 7.0 cc [Jerison 1979]; 7.38 cc [Gurche 1982]). 
Gurche (1982) also provided the endocranial volume estimate (2.65 cc) for N. anti-
quus that is closest to the value calculated from the digital endocast of the Montauban 
9 cranium (MaPhQ 289; 2.36 cc [Harrington et al. 2020]), and markedly lower than 
estimates made by Radinsky (1977; 4.35  cc) and Jerison (1973, 1979, 4.20  cc,) 
although as Harrington et al. (2020) note, those estimates depended on composite 
illustrations that were based in part on other specimens (see Harrington et al. 2020: 
fig. 1). Bearing out the prediction made by Gingerich and Gunnell (2005), the esti-
mate of cranial capacity for P. tricuspidens based on the virtual endocast (5.21 cc; 
corrected for deformation [Orliac et al. 2014]) is much lower than previous esti-
mates for that taxon (18.6 cc [Gingerich 1976]; 12–17 cc [Radinsky 1977]; 16.6 cc 
[Martin 1990]), resulting in EQ estimates that overlap with that calculated for 
P. cookei.

The virtual endocasts currently available therefore address the first two issues 
that drove the Jerison-Radinsky debate. First, virtual endocasts provide direct mea-
sures of volume, so they do not depend on differing methods for estimation. 
Incomplete or damaged specimens do still require some additional interpretation—
for example, the volume for the “undeformed” endocast of P. tricuspidens calcu-
lated by Orliac et al. (2014) is still likely a bit low, because they used the endocast 
of Ignacius graybullianus published by Silcox et al. (2009b) as their model, which 
comes from a skull that is also slightly pancaked. Nonetheless, these estimates come 
with fewer assumptions than (for example) those based on the double integration 
method, which models the brain as a cylinder (Jerison 1973). Second, we now have 
better data not only for Plesiadapis, but for several taxa (Ignacius graybullianus, 
Microsyops annectens) from the primate stem, all of which make clear that early 
primate brains retained a lot of primitive features (see discussion below).

12.2.2  Problematics

The other two issues in the Jerison-Radinsky debate remain sources of differing 
opinions. The best way to make comparisons of relative brain size continues to be 
an issue, although Martin (1990) provided a compelling argument that foramen 
magnum area is a poor proxy to use for body mass because of its lack of indepen-
dence from brain size. The approach most recent authors have taken (e.g. Silcox 
et al. 2009b, 2010a; Orliac et al. 2014; Ramdarshan and Orliac 2016) has been to 
calculate multiple body mass estimates using equations based on different sample 
populations and measurements, and correspondingly provide a range of EQ esti-
mates. Kirk et  al. (2014) did not go even that far, giving no estimate of EQ for 
Rooneyia (but see Harrington et al. 2016 and Table 12.S1). Differences of opinion 
about how to best control for body mass led to a critique (Gilbert and Jungers 2017) 
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of one of the conclusions of the Harrington et al. (2016) analysis, specifically that 
changes in the organization of the brain in early euprimates preceded significant 
brain size increase. Gilbert and Jungers (2017) raised many valid concerns over the 
use of the encephalization quotient to consider relative brain size in that context. 
However, their approach of making narrow allometric comparisons (i.e. between 
taxa of like inferred body mass) was flawed in largely relying on body mass esti-
mates for diverse taxa based on cranial length, which is problematic since plesi-
adapiform crania are less flexed, and have longer snouts, than euprimate crania 
(Bloch and Silcox 2006: fig. 28; Silcox et al. 2009a). As such, their inferences are 
confounded by the different scaling relationships of plesiadapiform and euprimate 
crania. This problem makes it difficult to assess whether their conclusion that rela-
tive brain size was notably smaller in plesiadapiforms than in early euprimates is a 
true signal, or a by-product of that difference (see further discussion in Sect. 12.4.2). 
Simply put, there is no ideal way to account for body mass in discussions of relative 
brain size, which means that debates about these questions are likely to continue.

The final issue in the Jerison-Radinsky debate was the appropriate comparative 
context in which to view the endocranial data for euprimates. In making compari-
sons, it is important to be clear on which question one is asking. Although differing 
body mass estimates make the situation somewhat murky (i.e. see discussions in 
Kirk et al. 2014; Ramdarshan and Orliac 2016), it does seem as though early Tertiary 
euprimates likely had somewhat smaller brains than living euprimates (Gurche 
1982; Silcox et al. 2009b, 2010a; Harrington et al. 2016, 2020; Gilbert and Jungers 
2017), with Rooneyia potentially being an exception to this generalization (Kirk 
et al. 2014: fig. 5; note that Necrolemur also appears to be an exception in that fig-
ure, but the endocranial volume estimate used was probably too high [Harrington 
et al. 2020]). Jerison (1973) suggested that there is a temporal effect on brain size, 
a hypothesis supported for Primates in a recent analysis by Bertrand et al. (2019a: 
fig. 17c) who found a significant (but rather weak) relationship between EQ esti-
mates and geological time (p < 0.05; r2 = 0.507; Bertrand et al. 2019a: table S11). 
However, this perspective does not provide an answer to two questions that are criti-
cal to establishing whether or not “encephalization was…a characteristic adaptation 
in the order Primates from the earliest times” (Jerison 1979, p. 615).

First, it does not answer the question of whether primates were encephalized 
relative to other mammals from the early Tertiary. Radinsky (1982) made compari-
sons between ranges of EQ values he had calculated (Radinsky 1978) for archaic 
carnivores and ungulates and concluded that contemporaneous primates were not 
exceptional; as noted above, Gingerich and Gunnell (2005) reached the same con-
clusion for Plesiadapis cookei. However, subsequent analyses using a slightly 
expanded archaic sample (e.g., Silcox et al. 2009b, 2010a; Bertrand et al. 2019a) 
reached a divergent conclusion, with primates generally (including plesiadapiforms) 
having relative brain sizes that are typically a bit higher than found in other “archaic” 
groups. There are many ways those analyses could be improved. In particular, they 
are still heavily dependent on Radinsky’s (1978) endocranial volume estimates, 
which were calculated using double integration. As the database of virtual endocasts 
expands, it would be preferable to use a sample of endocranial volume estimates 
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that are not so model dependent. Second, it would be beneficial to incorporate a 
phylogenetic factor (alongside a temporal one) into the analysis, rather than treating 
all non-primates as an undifferentiated mass (see discussion in Sect. 12.4.4).

The approach of formulating comparisons to other “archaic” mammals still does 
not answer the question of whether or not the earliest primates had larger (or differ-
ently organized) brains compared to their ancestors. The Radinsky (1978) sample 
that is central to such analyses is made up of carnivores and ungulates, which are 
only distantly related to Primates. As such, this sample does not provide the appro-
priate context to consider this question. With the expanded sample of closer primate 
relatives (i.e. rodents, lagomorphs, and apatemyids) available, it is starting to be 
possible to address this question (see Sect. 12.4.2).

12.3  Overview of General and Comparative Anatomy

12.3.1  Characterization of Cranial Endocast Morphology

 Plesiadapiformes

There are reasonably complete endocasts published for four species of plesiadapi-
forms, in three famlies: Paromomyidae (Ignacius graybullianus: USNM 421608, 
Silcox et al. 2009b; UF 26000, Boyer et al. 2011; Long et al. 2015); Microsyopidae 
(Microsyops annectens: UW 12362, UW 14559, Silcox et  al. 2010a); and 
Plesiadapidae (Plesiadapis cookei: UM87990, Gingerich and Gunnell 2005; Orliac 
et al. 2014; Plesiadapis tricuspidens: MNHN CR 125, Orliac et al. 2014; Kristjanson 
et al. 2016) (Fig. 12.2). Endocasts for two other species have been mentioned in 
abstracts, but have not yet been published in detail (Niptomomys cf. N. doreenae: 
USNM 530198, White et al. 2016; Carpolestes simpsoni: USNM 482354; Silcox 
et al. 2017b); discussion of these specimens here is limited to what was included in 
the abstracts. As noted above, Szalay (1969) published a partial latex endocast for 
the microsyopid Megadelphus lundeliusi (AMNH 55284; see also Radinsky 1977). 
He did not provide any quantitative data. One of us (MTS) located the remnants of 
the endocast in the AMNH collection, but unfortunately it is degraded beyond use-
fulness. Szalay (1969), Silcox et al. (2010a), and Chester et al. (2019) also provided 
some endocranial details from partial cranial specimens of Microsyops annectens 
(AMNH 12595), Microsyops sp. cf. M. elegans (UM 99843) and Torrejonia wilsoni 
(NMMNH P-54500) respectively.

All the plesiadapiform endocasts that have been published show some basic 
points of similarity (Fig.  12.2). All have pedunculated olfactory bulbs separated 
from the rostral end of the cerebrum by a well demarcated circular fissure (Fig. 12.4a, 
b) implying that there was no overlap of the cerebrum onto the olfactory bulbs. The 
volume of the olfactory bulbs relative to the endocast as a whole is around 5% 
(Table 12.1) for P. tricuspidens, M. annectens, and I. graybullianus. Orliac et al. 
(2014) produced a partial virtual endocast of P. cookei, which yielded a somewhat 
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Fig. 12.4 Virtual endocast of Ignacius graybullianus (USNM 421608) in (a) left lateral, (b) dorsal 
and (c) ventral views, labelled with key structures discussed in the text. Endocast originally pub-
lished in Silcox et al. (2009b). Scale = 5 mm

Fig. 12.5 Endocasts for early primates and members of closely related groups in dorsal view. (a) 
lagomorph Megalagus turgidus (FMNH UC 1642); (b) rodent Paramys delicatus (AMNH 12506); 
(c) apatemyid Labidolemur kayi (composite endocast based on USNM 530208 [purple] and 
USNM 530221 [teal]); (d) plesiadapiform Ignacius graybullianus (USNM 421608); (e) euprimate 
Adapis parisiensis (NHM M 1345). Endocasts originally published in Silcox et al. (2009b, 2011), 
Harrington et al. (2016), Bertrand et al. (2016), and López-Torres et al. (2020)

higher (7.8%) estimate of relative olfactory bulb size. However, this value is likely 
inflated as much of the ventral aspect of the endocast caudal to the olfactory bulbs 
is missing (see Orliac et al. 2014: fig. S2). In contrast, White et al. (2016) found that 
the olfactory bulbs in Niptomomys cf. N. doreenae were relatively somewhat larger 
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(8.61%); in this case the estimate (made from the more complete side of the endo-
cast) likely represents a real difference from the other plesiadapiforms. Whether this 
large size is interpreted as primitive or derived depends on the taxa used for com-
parison. Early rodents (i.e. Paramys copei, 6.05%; Paramys delicatus, 4.75%; 
Bertrand et  al. 2016; Fig.  12.5b) and an early lagomorph (Megalagus turgidus 
3.96%; López-Torres et al. 2020; Fig. 12.5a) have olfactory bulbs that are smaller 
than reconstructed for Niptomomys cf. N. doreenae, which suggests that Niptomomys 
may have been specialized rather than exhibiting the primitive condition. However, 
the large olfactory bulbs of the basal apatemyid Labidolemur kayi (~12–15%; 
Silcox et al. 2011; Fig. 12.5c) send a contrary message.

In terms of the cerebrum, all plesiadapiforms are similar in having a narrow ros-
tral end (suggesting small frontal lobes) and a caudal extent that does not fully cover 
the midbrain (Figs.  12.2 and 12.4a, b). There is some variation in the degree of 
exposure of the colliculi: in I. graybullianus (Fig.  12.4b; Silcox et  al. 2009b), 
Plesiadapis cookei (Gingerich and Gunnell 2005), P. tricuspidens (Orliac et  al. 
2014), and Carpolestes simpsoni (Silcox et al. 2017b) a pair of colliculi (presum-
ably the caudal or inferior colliculi) are exposed. The inner surface of the cranium 
of the palaechthonid plesiadapiform (Torrejonia wilsoni; Chester et al. 2019: fig. 3) 
also shows indentations for exposed colliculi. Within Microsyopidae there is some 
variability. A pair of colliculi are exposed in Niptomomys cf. N. doreenae (White 
et al. 2016), Microsyops sp. cf. M. elegans (Silcox et al. 2010a), and one specimen 
of Microsyops annectens (UW 14559; Silcox et al. 2010a). However, in the other 
known specimen of M. annectens (UW 12362) and in Megadelphus lundeliusi (see 
Szalay 1969: pl. 41) the colliculi are not exposed; although there is a small patch of 
midbrain visible, and it appears as though the transverse sinus is roofing the mid-
brain rather than the cerebrum (Szalay 1969; Silcox et al. 2010a). This contrast may 
relate to some small expansion of the cerebrum within the Microsyopidae, perhaps 
associated with more visual processing (Silcox et al. 2010a), because the taxa in 
which the colliculi are not consistently exposed are later occurring. Edinger (1964) 
made the point that exposure of the midbrain on the endocast is not necessarily 
primitive—it could also result from expansion of the colliculi for functional rea-
sons. Interestingly, newborn Tupaia actually exhibit exposed rostral (superior) col-
liculi (Tigges and Shantha 1969), which is likely a reflection of the fact that the 
relevant part of the brain is very expanded in treeshrews (Kaas 2002). With respect 
to plesiadapiforms, however, midbrain exposure seems likely to be primitive, based 
on comparison to a range of relevant outgroups. The colliculi are exposed in the 
apatemyid L. kayi (Silcox et al. 2011; Fig. 12.5c), and there is very broad midbrain 
exposure in Rhombomylus turpanensis (Meng et  al. 2003: fig. 51). Among early 
rodents, all the ischyromyids show some degree of midbrain exposure, with a cou-
ple of species showing clearly exposed colliculi (Bertrand et al. 2019a: table S14). 
The endocast of Megalagus turgidus does not exhibit exposed colliculi but does 
have a small patch of exposed midbrain (López-Torres et al. 2020; Fig. 12.5a). In 
sum, then, it appears likely that the exposure of the midbrain is primitive for plesi-
adapiforms, and likely characterized the common ancestor of Euarchontoglires.
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No plesiadapiforms known from adequate material possess a Sylvian sulcus, or 
a well-defined temporal pole, which means that the ventral aspect of the cerebrum 
is nearly in line with, or ventral to, the brain stem (Fig. 12.4a). The same is also true 
in L. kayi, R. turpanensis, M. turgidus, and in early rodents (Meng et  al. 2003; 
Silcox et  al. 2011; Bertrand et  al. 2016, 2019a; López-Torres et  al. 2020). 
Interestingly tupaiid treeshrews actually have fairly well-defined temporal poles 
(e.g. see Le Gros Clark 1924: fig. 1), and some modern sciurids also develop a simi-
lar morphology, with at least one species (Rhinosciurus laticaudatus) even exhibit-
ing a Sylvian sulcus (Bertrand et al. 2017: fig. 5). The fact that the temporal lobe is 
relatively small in the most basal living treeshrew, Ptilocercus lowii (e.g. see Le 
Gros Clark 1926: fig. 17), and in the fossil sciurid Cedromus wilsoni (Bertrand et al. 
2017) suggests that the primitive state for Euarchontoglires is likely to be a poorly 
defined temporal pole, and suggest that the superficial similarity between euprimate 
(see below) and treeshrew endocasts in this feature arose independently.

The larger plesiadapiforms (M. cf. elegans, M. lundeliusi, M. annectens, P. tri-
cuspidens, P. cookei) all possess a lateral (=coronolateral, longitudinal, marginal) 
sulcus that runs approximately parallel to the superior sagittal sinus (Silcox et al. 
2010a; Orliac et al. 2014; Fig. 12.2). The absence of this sulcus in the smaller plesi-
adapiforms (e.g., Ignacius graybullianus; Silcox et  al. 2009b, 2010a; Fig.  12.4) 
likely relates to the fact that their endocranial volumes are less than 5 cc, the cut-off 
point below which brains typically fail to exhibit neocortical sulci (Macrini et al. 
2007). There is some variability in the presence of the lateral sulcus in other fossil 
euarchontoglirans (Silcox et  al. 2011; Bertrand et  al. 2016, 2019a; López-Torres 
et al. 2020), but this likely reflects variation in size rather than being informative 
about primitive states. Similarly, modern dermopterans have a lateral sulcus 
(Gingerich and Gunnell 2005: fig. 5) but modern treeshrews do not (Le Gros Clark 
1924, 1926), which is probably a matter of their differing cranial capacities.

The location of the rhinal sulcus (=fissure; ventral edge of the neocortex) has 
been interpreted as corresponding to the orbitotemporal canal (=sinus canal) in 
plesiadapiforms that preserve the relevant region (Silcox et al. 2009b, 2010a; Orliac 
et al. 2014); these features are associated in modern lemuriforms (Martin 1990) and 
at least some rodents (Bertrand and Silcox 2016; Bertrand et al. 2016, 2017, 2018, 
2019a). The orbitotemporal canal is located approximately two-thirds of the way 
down the lateral side of the cerebrum in M. annectens; the position was likely simi-
lar in I. graybullianus (Fig. 12.4a; see also Long et al. 2015: fig. 3F) and possibly 
P. tricuspidens, although compression in the latter makes its position difficult to 
discern. As noted by Silcox et al. (2010a) and Orliac et al. (2014), the indentation 
identified as the rhinal fissure on the reconstructed endocast of P. cookei by 
Gingerich and Gunnell (2005) is likely to be too far ventral. Instead, P. cookei may 
have been like M. annectens, and possibly M. lundeliusi, in having an additional 
faint neocortical sulcus (?suprasylvian; Silcox et al. 2010a). The significance of the 
position of the rhinal sulcus is discussed further below (Sect. 12.4.4).

The morphology of the cerebellum in I. graybullianus and M. annectens is simi-
lar. In both cases there is a well demarcated vermis separated from the lateral lobes 
by paramedian fissures (Silcox et al. 2009b, 2010a; Figs. 12.2 and 12.4b). There is 
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no clear evidence of a fissura prima. The petrosal lobules (often referred to as the 
paraflocculi) are well-rounded and connect to the rest of the cerebellum with a short 
stem. In both cases the cerebellum accounts for between a quarter and a third of the 
total length of the endocast. It is difficult to form more refined quantitative compari-
sons about the cerebellum, since it is challenging to separate it from other parts of 
the brain in endocasts. However, based on the relative length of the cerebellum, it 
could be interpreted as making up a smaller proportion of the brain in Plesiadapis 
than in other plesiadapiforms, because it only accounts for about 17% of the total 
length of the endocast in P. tricuspidens (Orliac et al. 2014). Damage to the relevant 
specimen makes the precise position of the front of the cerebellum a matter of inter-
pretation, so it would be beneficial to be able to assess this in another specimen 
(unfortunately the full length of the endocast is not preserved for P. cookei). The 
petrosal lobules are also quite distinctive in shape in P. tricuspidens compared to 
I. graybullianus and M. annectens, being more elongate and cylindrical, and less 
globular (Fig. 12.2), a contrast Orliac et al. (2014: p. 3) argue is real based on the 
“perfect preservation of both petrosals” in P. tricuspidens.

 Adapoids and Omomyoids

This discussion will focus on species for which three-dimensional endocasts are 
available (i.e., the adapoids Smilodectes gracilis, Adapis parisiensis, and Notharctus 
tenebrosus; the omomyoids Microchoerus erinaceus and Necrolemur antiquus; and 
Rooneyia viejaensis; Gazin 1965; Gingerich and Martin 1981; Kirk et  al. 2014; 
Harrington et al. 2016, 2020; Ramdarshan and Orliac 2016) (Fig. 12.3) with addi-
tional details from specimens known only from natural endocasts that are partially 
visible through breaks in the cranium (see Gurche 1982: fig. 6) as warranted. As 
noted above there are endocranial volume estimates that have been calculated for 
the adapoids Pronycticebus gaudryi and Leptadapis magnus (Martin 1990), but 
these species are not yet known from published endocasts.

The adapoids and omomyoids known from endocasts are similar to plesiadapi-
forms in having pedunculated olfactory bulbs separated from the cerebrum by a 
distinct (if narrow) circular fissure (Figs. 12.3 and 12.5). The volume of the olfac-
tory bulbs relative to the overall endocranial volume is typically lower in euprimates 
than in plesiadapiforms. For specimens with volumes directly measured from CT 
data the range of variation is 0.94% (Rooneyia viejaensis; Kirk et al. 2014) – 2.40% 
(Adapis parisiensis; Harrington et al. 2016). Estimates for taxa not yet known from 
virtual endocasts extend this range (i.e., 3.4% for Tetonius homunculus; Gurche 
1982; Ramdarshan and Orliac 2016). These values generally lie within the range of 
variation observed for living strepsirrhines (0.39%–3.38%; Stephan et  al. 1981; 
Kirk et al. 2014), but above the value for Tarsius sp. (0.53%; Stephan et al. 1981; 
Kirk et al. 2014). Although the contrast between plesiadapiforms and euprimates 
could be interpreted as evidence for reduced importance in the sense of smell 
through evolutionary time, it is worth noting that the distinction mostly disappears 
when the size of the olfactory bulbs is assessed against body mass rather than 
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endocranial volume (i.e., see Harrington et al. 2016: fig. 12). Therefore, the differ-
ence in relative size may relate more to increases in other parts of the brain than to 
decreases in the size of the olfactory apparatus, a point Martin (1990) also made 
with respect to the relative size of the olfactory bulbs in living strepsirrhines com-
pared to non- primates (see Martin 1990: fig. 8.16; see also Heritage 2014).

The presence of a clear circular fissure on the endocast is a contrast with the situ-
ation in living euprimates, in which the cerebrum typically overlaps at least some-
what onto the olfactory bulbs. Alongside the relatively narrow rostral end of the 
cerebrum evident in adapoids and omomyoids (Fig. 12.3), this lack of overlap could 
signal a lesser development of the frontal lobes in primitive euprimates relative to 
extant species (Radinsky 1970; Jerison 1973; Kirk et al. 2014), although actually 
quantifying the relative size of this part of the brain is not possible (Jerison 2007). 
In contrast to plesiadapiforms, however, the cerebrum has a well-defined temporal 
pole in all euprimates known from endocasts. Associated with this, most fossil 
euprimate taxa have a fairly well distinguished Sylvian sulcus, which is a trait that 
has long been considered a distinctive feature of the primate brain (Elliot Smith 
1902; although as noted above, this feature does occasionally develop in other 
groups; Bertrand et al. 2017). The sole exception to this generality among fossil 
euprimates is Smilodectes gracilis, which is variable in the presence of the Sylvian 
sulcus (Gazin 1965; Harrington et al. 2016; it is also only weakly expressed in a 
specimen of N. tenebrosus, AMNH 127167). The importance of this variable pres-
ence is somewhat ambiguous because it could reflect obscuring by dural vessels or 
thick meningeal tissues rather than a real absence from the brain (see discussion in 
Harrington et al. 2016). In any case, the expansion of the cerebrum (so that in lateral 
view the temporal pole extends ventrally beyond the level of the ventral border of 
the brain stem; Fig. 12.3) is a distinct difference from plesiadapiforms (Figs. 12.2 
and 12.4a), suggestive of expansions to the temporal lobe.

In all the fossil euprimates known from endocasts that preserve the relevant area, 
the orbitotemporal canal (and therefore presumably the rhinal fissure) is located 
near the ventral extent of the temporal lobe (Fig. 12.3), in a position that is farther 
ventral than observed in the plesiadapiforms that preserve this feature, and similar 
to some small-bodied modern strepsirrhines (e.g., Microcebus; Kirk et al. 2014: fig. 
4). As discussed below, this contrast is likely associated with a relative expansion of 
the neocortex at the euprimate node. Expansion of the cerebrum distally is also 
likely associated with increased neocorticalization, so that there is no exposure of 
the midbrain on the surface of the endocast (Fig. 12.3), unlike in plesiadapiforms 
(Fig. 12.2). This contrast suggests, therefore, some expansion of the occipital lobe 
with the evolution of Euprimates.

As in the plesiadapiforms, the larger taxa (Adapis parisiensis, Smilodectes graci-
lis, Notharctus tenebrosus; Gazin 1965; Gingerich and Martin 1981; Gurche 1982; 
Harrington et al. 2016) among the adapoids and omomyoids have a well-defined 
lateral sulcus running approximately parallel to the superior sagittal sinus, but this 
feature is missing from the smaller forms (Rooneyia viejaensis, Tetonius homuncu-
lus, Necrolemur antiquus Radinsky 1970; Kirk et al. 2014; Ramdarshan and Orliac 
2016; Harrington et  al. 2020; Fig.  12.3). A lateral sulcus has been identified in 
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Microchoerus erinaceus (Ramdarshan and Orliac 2016; Fig. 12.3), which is some-
what surprising because that species’ endocranial volume is 4.26 cc, and so below 
the 5  cc boundary that is typically associated with lissencephaly (Macrini et  al. 
2007). Endocasts of S. gracilis and N. tenebrosus are variable in the expression of a 
faint dorsolateral sulcus in the region between the lateral sulcus and the orbitotem-
poral canal (e.g., see Harrington et al. 2016: fig. 5F), which has been referred to as 
a possible suprasylvian sulcus (Gurche 1982; Harrington et al. 2016); the position 
is similar to the faint ?suprasylvian sulcus evident in the plesiadapiform M. annec-
tens (and also possibly M. lundeliusi and P. cookei; Silcox et al. 2010a). The expres-
sion of this feature varies not only among specimens, but even within particular 
specimens (e.g., it is better defined on the left size of AMNH 127167 [N. tenebro-
sus] than it is on the right; see Harrington et al. 2016: fig. 5). A shallow sulcus near 
the anteroventral border of the temporal lobe was identified in Microchoerus eri-
naceus (i.e., “temporal sulcus” of Ramdarshan and Orliac 2016: fig. 3C). 
Interestingly, a faint sulcus in a very similar position was identified in two speci-
mens (Montauban 9 [MaPhQ 289] and BMM 4490) of N. antiquus by Gurche 
(1982; fig. 6f, g); he likened it to the postsylvian sulcus of Tarsius, which would be 
interesting in light of the historical tie suggested between those taxa (Rosenberger 
1985). However, this feature is not evident on the virtual endocast of Montauban 9 
(Harrington et al. 2020).

In general, it would be fair to say that early euprimate brains are characterized by 
the usual presence of the Sylvian sulcus, with evidence of independent development 
of additional subtle sulci, starting with the longitudinal sulcus, as brains start to 
increase in size. The pair of sulci on the relatively small brain of M. erinaceus stands 
out as notable, although it is unclear if this pattern represents a part of any kind of 
larger evolutionary picture.

All early euprimates known from endocasts (Fig. 12.3) share a basically similar 
morphology of the cerebellum with the plesiadapiforms Ignacius graybullianus and 
Microsyops annectens (Figs. 12.2 and 12.4). There is a clear division, by way of 
paramedian fissures, between the vermis and the lateral lobes, and the petrosal lob-
ule is globular and attached to the rest of the cerebellum by a short stem. It is diffi-
cult to formulate any quantitative comparisons about the cerebellum from the 
endocranial evidence, because in early euprimates there are varying degrees of cov-
erage of this part of the brain by the cerebrum (not covered in S. gracilis, N. tenebro-
sus, A. parisiensis; partly covered in N. antiquus, T. homunculus, N. antiquus, 
M. erinaceus, R. viejaensis; Harrington et al. 2016, 2020; Fig. 12.3). The relative 
length of the cerebellum on the ventral surface of the endocast likely has more to do 
with the degree of flexion of the cranium than with the actual size of the cerebellum. 
So, for example, the cerebellum appears very short in dorsal view in R. viejaensis 
(Kirk et al. 2014: fig. 3A) and much longer in A. parisiensis (Harrington et al. 2016: 
fig. 9B), but this is likely because the cranium of R. viejaensis is much more strongly 
flexed (with a cranial base angle of 176° compared to 187° in A. parisiensis; 
Harrington et al. 2020: table 1). Gurche (1982) provided an equation for calculating 
relative cerebellar size, but because it is based on brain mass, it is not possible to use 
it to consider cerebellar size as independent from overall brain size. For this reason, 
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unfortunately data from the endocasts of early primates cannot currently contribute 
to debates about the relative importance of the cerebellum in primate evolutionary 
history (e.g. Barton 2012).

12.3.2  Spaces Associated with Cranial Blood Supply

Endocasts of early primates possess casts of several spaces associated with arterial 
blood supply and venous drainage of the brain and cranium. Generally, the brains of 
fossil and extant haplorhine primates (including omomyoids), fossil anthropoids, 
most adapoids, and some plesiadapiforms (e.g., Microsyops annectens) are thought 
to be supplied by the vertebral artery and the promontorial branch of the internal 
carotid artery, whereas extant strepsirrhines, subfossil lemurs, some adapoids (e.g., 
Adapis parisiensis) and some plesiadapiforms (e.g., Ignacius graybullianus) are 
believed to have had non-patent (i.e., non-functional and/or absent) promontorial 
arteries (Bugge 1974, Conroy and Wible 1978; MacPhee and Cartmill 1986, Boyer 
et al. 2016). Among extant strepsirrhines with non-patent promontorial arteries, sev-
eral groups (e.g., cheirogaleids and lorisiforms) supplement their encephalic blood 
supply via branches of the ascending pharyngeal artery, which stems from the exter-
nal carotid arteries (Cartmill 1975; MacPhee and Cartmill 1986). There is some 
ambiguity in the pattern of evolution of internal carotid arterial reduction in strepsir-
rhine evolution, driven in part by variation among adapoids (e.g., the promontorial 
artery was involuted in Adapis parisiensis but not in its close relative Leptadapis), 
which indicates that there must have been some measure of homoplasy in this trait 
(Boyer et al. 2016).

The impressions of grooves, which presumably marked the paths of the promon-
torial arteries, are observed caudal or lateral to the cast of the hypophyseal fossa on 
the ventral surface of the endocasts of several species. These species include the 
plesiadapiform Microsyops annectens (Silcox et  al. 2010a), the omomyoid 
Necrolemur antiquus (Harrington et al. 2020) and the adapoids Notharctus tenebro-
sus (Harrington et al. 2016) and Smilodectes gracilis (Gazin 1965; Harrington et al. 
2016). These species are consistent with those identified by Boyer et al. (2016) to 
have likely had patent promontorial arteries (i.e., that supplied the brain), on the 
basis of the area of the ossified promontorial canal relative to brain size.

Inferring arterial blood supply to the brain from endocasts is limited in species 
which do not have patent promontorial arteries. The vertebral arteries enter the 
endocranial space through the foramen magnum and do not leave a cast of their 
course on endocasts. In addition, branches of the ascending pharyngeal arteries sup-
plying the brain enter the endocranium via a foramen lacerum medium (Cartmill 
1975; Conroy and Packer 1981; MacPhee and Cartmill 1986), which may also pass 
other structures and thus may not be correlated to the presence of the artery.

Far more numerous than the traces of arterial features on the endocast are the 
impressions of venous features. Chief among these are venous sinus spaces enclosed 
by folds in the dura mater. In mammals, the superior sagittal sinus, which forms at 
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the apex of the falx cerebri, drains into the transverse sinus (Fig. 12.4b; sometimes 
referred to as the lateral sinus, e.g., Gazin 1965 and Gingerich and Martin 1981) in 
the edge of tentorum cerebelli before continuing to the sigmoid sinus. In turn, the 
sigmoid sinus (Fig. 12.4b), as well as the inferior petrosal sinus on the ventral sur-
face of the brain, empties into the internal jugular vein in the jugular foramen, which 
is one major path for blood exiting the endocranial cavity (Butler 1967; Wible 
1990). Primitively for eutherian mammals, the transverse sinus is also continuous 
with a sinus variably called the petrosquamous or capsuloparietal emissary vein, 
which drains into the postglenoid vein exiting the endocranial cavity via the post-
glenoid foramen (Wible 1990; Wible and Zeller 1994). In treeshrews, the capsulo-
parietal emissary vein is also continuous anteriorly with the cranio-orbital sinus, 
which travels along the cranio-orbital canal to the orbits (Wible 2011; Wible and 
Zeller 1994). Hence, the capsuloemissary vein, cranio-orbital sinus, and postgle-
noid vein share a confluence in treeshrews. With a few exceptions, endocasts of 
plesiadapiforms and early euprimates preserve features which suggest they shared 
the above-described general primitive pattern of endocranial venous drainage 
(Fig. 12.4).

The impression of the superior sagittal sinus is prominent on the dorsal surface 
of many early fossil primate endocasts, particularly on the surface of the caudal half 
of the cerebrum (Fig. 12.4b). Macrini et al. (2007) suggested that the absence of a 
cast of the superior sagittal sinus may indicate a relatively deep position of this sinus 
within the meninges in life. This could suggest that in certain endocasts where the 
superior sagittal sinus is more prominent caudally (e.g., as seen in adapoids; 
Harrington et al. 2016; Fig. 12.3), that the sinus was deeper within the meninges 
surrounding the rostral half of the brain, and/or perhaps became more salient as it 
collected blood from more contributing veins caudally.

The cast of the confluence of the superior sagittal sinus and transverse sinuses 
are also well-preserved on the dorsal surface of early primate endocasts (Fig. 12.4b). 
The sigmoid sinus typically courses caudal to the petrosal lobules (Fig. 12.4b) but 
were either absent or not well-preserved on the endocasts of P. tricuspidens, M. eri-
naceus, and N. antiquus (Orliac et al. 2014; Ramdarshan and Orliac 2016; Harrington 
et al. 2020). On the ventral surface, bilateral casts of the inferior petrosal sinus have 
been identified on endocasts of early primates with the exception of P. tricuspidens 
and I. graybullianus (Orliac et al. 2014; Silcox et al. 2009b).

The portion of the petrosquamous sinus/capsuloparietal emissary vein connect-
ing the transverse sinus to the postglenoid foramen (Fig. 12.4c) is evidently com-
pletely enclosed by bone in many plesiadapiforms, adapoids, and omomyoids, 
although this condition was not observed on the virtual endocast of P. tricuspidens 
or N. antiquus (Harrington et al. 2016, 2020; Orliac et al. 2014; Ramdarshan and 
Orliac 2016; Silcox et al. 2009b, 2010a). A distinct cast of the canal for the postgle-
noid vein and the orbitotemporal canal are also visible on virtual endocasts of early 
primates, except in that of N. antiquus (MaPhQ 289), for which it could not be dis-
cerned from a CT scan whether a definitive orbitotemporal canal was present 
(Harrington et al. 2020). It does not seem likely that this canal was entirely absent 
in Necrolemur, as M. erinaceus, which does possess a bilateral cast of the 
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orbitotemporal canals on its endocast, and has been hypothesized to be a direct 
descendent of N. antiquus (Minwer-Barakat et al. 2017). Thus, it is unlikely that this 
primitive endocranial feature was lost in Necrolemur, then regained in Microchoerus; 
the more likely alternative is that its absence on the endocast is a product of 
preservation.

12.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

12.4.1  Morphological Brain Diversity

As detailed above, we now have some understanding of the form of the brain both 
in stem primates, and in early euprimates, and can reach some tentative conclusions 
about directions in evolutionary change occurring near the base of the primate tree. 
Plesiadapiforms can be inferred to have had quite primitive looking brains, sharing 
fundamental similarities with endocasts that have been reconstructed for early fossil 
rodents (i.e., ischyromyids; Bertrand and Silcox 2016; Bertrand et al. 2016, 2019a) 
and for a stem lagomorph (López-Torres et al. 2020). In particular, like the endo-
casts in those taxa, they have fairly large, pedunculated olfactory bulbs, have a cere-
brum that does not overlap onto the circular fissure or entirely cover the midbrain, 
and lack a Sylvian fissure and a clearly demarcated temporal pole (Fig. 12.5). As in 
early rodents and Megalagus, larger plesiadapiforms develop a lateral sulcus, with 
their brains otherwise being basically lissencephalic (with the exception of the very 
shallow ?suprasylvian sulcus of M. annectens and possibly M. lundeliusi and 
P. cookei). As noted above, there is some ambiguity in the direction of evolutionary 
change in the relative size of the olfactory bulbs based on the conflicting signal from 
rodents and lagomorphs on one hand, and the apatemyid Labidolemur kayi on the 
other. So perhaps the basal primate node was associated with some decrease in the 
relative size of these bulbs (but perhaps not; see also Heritage 2014). In all, there are 
few clear indications of special similarities in the brain between plesiadapiforms 
and euprimates. One possible exception to this was highlighted by Orliac et  al. 
(2014: p. 1), who suggested that, in spite of being at the low end of the known varia-
tion in plesiadapiforms for both EQ and relative neocortical size, P. tricuspidens 
was similar to euprimates in having a “…domed neocortex and downwardly shifted 
olfactory-bulb axis”, differing in this way from Ignacius graybullianus and 
Microsyops annectens. Phylogenetic analyses (e.g. Bloch et al. 2007; Silcox et al. 
2010b; Chester et al. 2019) suggest that plesiadapids are more closely related to 
euprimates than paromomyids and microsyopids are. This shift could represent 
some re-organization of the brain in stem primates, prior to any kind of significant 
expansion in the relative size of the brain overall, or of the neocortex specifically. 
However, that conclusion is based on a very heavily pancaked specimen, so this 
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inference merits testing in other plesiadapoid specimens (i.e., including carpolestids 
or saxonellids).

What is more certain is that there was a quite significant re-organization of the 
brain associated with the euprimate node, with all euprimates showing evidence of 
expansion in the temporal and occipital lobes (associated with the development of a 
Sylvian sulcus and strong temporal pole, and coverage of the midbrain) compared 
to plesiadapiforms. The more ventral position of the rhinal fissure suggests expan-
sion of the neocortex (see Sect. 12.4.4). The relative size of the olfactory bulbs is 
lower, but this may represent stasis, where in other regions were expanding, rather 
than an actual decrease in their absolute size. In all, early euprimates have brains 
that are similar in morphology in many ways to extant small strepsirrhines, differing 
predominantly in an inferred lesser development of the frontal lobes. Whether this 
reorganization was associated with a significant increase in overall size is a matter 
of some debate (Harrington et al. 2016; Gilbert and Jungers 2017; see discussion 
above and in Sect. 12.4.2), but as noted above, if an increase did occur, it did not 
lead to relative brain sizes that were comparable to living primates in most cases.

12.4.2  Brain-Size Evolution and Encephalization Quotient

As detailed above, the availability of quantitative data on encephalization for both 
plesiadapiforms and early euprimates has increased significantly in the last 15 years 
(Gingerich and Gunnell 2005; Silcox et al. 2009b, 2010a; Kirk et al. 2014; Orliac 
et al. 2014; Harrington et al. 2016, 2020; Ramdarshan and Orliac 2016; Table 12.1). 
This information allows us to explore quantitatively the question of when increases 
in encephalization occurred in early primate evolution, placing this question within 
the updated evolutionary framework of Euarchontoglires. Quantitative encephaliza-
tion data for fossil primates is also extensive for higher nodes of the tree, including 
anthropoids (Martin 1993; Begun and Kordos 2004; Bush et al. 2004a,b; Holloway 
et al. 2004; Guy et al. 2005; Nargolwalla et al. 2005; Falk 2007; Harvati and Frost 
2007; Simons et al. 2007; Weston and Lister 2009; White et al. 2009; Kay et al. 
2012; Gonzales et al. 2015; Ni et al. 2019) and crown strepsirrhines (Ryan et al. 
2008). Therefore, the encephalization data collected from fossil primates, combined 
with the brain and body mass data that exist for a great diversity of living primates 
(Table 12.S1), allows us to comprehensively probe this question through the means 
of ancestral state reconstruction analyses. Taxa for which endocranial volume esti-
mates were made from external measurements of the cranium were generally 
excluded from this analysis.

To accurately reconstruct deep nodes in the primate tree, such as those of the 
ancestral euprimate or the ancestral primate, it is necessary to include the same type 
of quantitative information for other euarchontoglirans. Previous attempts at recon-
structing the ancestral euprimate relative brain size (Montgomery et  al. 2010; 
Steiper and Seiffert 2012) used a sample exclusively made up of primates without 
putting them in an euarchontogliran context. Boddy et al. (2012) reconstructed the 
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ancestral euprimate EQ using a mammalian tree that included Scandentia, Rodentia 
and Lagomorpha (but not Dermoptera), but that did not include fossils. Fortunately, 
recent work in the last decade has provided relevant data for dermopterans (San 
Martin-Flores et  al. 2019), scandentians (San Martin-Flores et  al. 2018), fossil 
rodents (Bertrand and Silcox 2016; Bertrand et al. 2016, 2017, 2018, 2019a; Ferreira 
et al. 2020), fossil lagomorphs (López-Torres et al. 2020), and apatemyids (Silcox 
et al. 2011), allowing for an examination of change in brain size on the primate (and 
euarchontogliran) tree that at least partially overcomes the limitations of previous 
studies.

The taxa for which there are estimates of endocranial volume and body mass 
available (Table 12.S1) were assembled into a supertree based on Kobayashi (1995), 
Takai et al. (2008), Silcox et al. (2010b), Roberts et al. (2011), Springer et al. (2012), 
Gudde et al. (2013), Baab et al. (2014), Martins Jr. et al. (2015), Strait et al. (2015), 
Ni et al. (2016, 2019), Byrne et al. (2018), Mongle et al. (2019), and Bertrand et al. 
(2021). This tree was used as the basis for an analysis of ancestral states for EQ in 
Mesquite 3.2 (Maddison and Maddison 2017) under parsimony (i.e., using the 
Analysis:Tree Trace All Characters Parsimony Ancestral States option). We per-
formed the analysis using estimates of EQ based on both Jerison’s (1973) and 
Eisenberg’s (1981) equations, and for topologies that support both Sundatheria (i.e., 
treeshrews and colugos as sister taxa) and Primatomorpha (i.e., primates and colu-
gos as sister taxa). Figures 12.6 and 12.S1 were made with the software FigTree and 
depict the results of the analysis using Jerison’s (1973) equation and the topology 
that supports Primatomorpha, while Table 12.2 includes reconstructed values for 
key nodes from all 4 analyses.Our results suggest that there is a marked increase in 
EQ from the ancestral primate to the ancestral euprimate nodes (Table  12.2, 
Fig. 12.6). Using Jerison’s (1973) EQ, the ancestral primate would have had an EQ 
of 0.41 and the ancestral euprimate an EQ of 0.68; using Eisenberg’s (1981) EQ, 
they would have had EQs of 0.57 and 0.92, respectively. These results are obtained 
using a phylogeny of Euarchontoglires that supports Primatomorpha (i.e., a mono-
phyletic clade that includes Primates and Dermoptera; Janečka et al. 2007). There is 
a negligible change in these numbers if we use instead a phylogeny that supports 
Sundatheria; the ancestral primate node decreases its reconstructed EQs by only 
0.01 (Table 12.2). Given these results, the ancestral primate is inferred to have been 
similarly encephalized to plesiadapiforms, dermopterans, ischyromyid rodents, and 
apatemyids, but also to adapoids. The ancestral euprimate would have had a higher 
EQ, more similar to those of omomyoids. There are additional increases associated 
with the lineages leading to Strepsirrhini and Haplorhini, and further increases 
within those clades, highlighting the rampant parallelism that was clearly a charac-
teristic of the evolution of brain size in Primates (Table 12.2; see discussion below).

Although one interpretation of this pattern could be that the strepsirrhine-like 
brain organization that is observed in early euprimates (Kirk et al. 2014; Harrington 
et  al. 2016, 2020; Ramdarshan and Orliac 2016) was associated with a notable 
increase in encephalization, the fact that all the adapoids in our sample (Table 12.
S1) have EQs that are notably below the value inferred for the ancestral euprimate 
complicates this interpretation. As it stands, in our analysis a reversal to a lower EQ 
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Fig. 12.6 Visualization of the ancestral state reconstruction analysis on a supertree representing a 
hypothesis of relationships among Euarchontoglires (see Sect. 12.4.2). Colors represent values of 
Jerison’s (1973) encephalization quotient (EQ), with colder colours showing lower EQ values and 
warmer colours showing higher EQ values: 0.1–0.5, purple; 0.5–0.9, dark blue; 0.9–1.3, medium 
blue; 1.3–1.7, light blue; 1.7–2.1, dark green; 2.1–2.5, light green, 2.5–2.9, yellow; 2.9–3.5, 
orange; 3.5–3.9, light red; over 3.9, dark red. Fossils marked with a red dot. The analysis was 
performed in Mesquite 3.2 (Maddison and Maddison 2017) using parsimony. Combined clado-
gram from Kobayashi (1995), Takai et  al. (2008), Silcox et  al. (2010b), Roberts et  al. (2011), 
Springer et al. (2012), Gudde et al. (2013), Baab et al. (2014), Martins Jr. et al. (2015), Strait et al. 
(2015), Ni et al. (2016, 2019), Byrne et al. (2018), Mongle et al. (2019), and Bertrand et al. (2021). 
The current tree supports Primatomorpha. For a more detailed tree, see Fig. 12.S1. Node names 
and associated ancestral state reconstruction values are given in Table 12.2

is reconstructed as having occurred in adapoids. This is one possibility, but it is also 
worth considering whether or not this pattern is a product of the ancestral state 
reconstruction methodology, and of this particular topology. Specifically, the loca-
tion of the middle Eocene Rooneyia (with an EQ in the range of living strepsir-
rhines) at the base of the tarsiiform clade in this topology is driving up the 
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Table 12.2 Encephalization quotients for critical nodes reconstructed based on the analysis 
detailed in Sect. 12.4.2 and figured in Figs. 12.6 and 12.S1

Node 
number

Tree supporting 
Primatomorpha Tree supporting Sundatheria
Jerison’s 
(1973) EQ

Eisenberg’s 
(1981) EQ

Jerison’s 
(1973) EQ

Eisenberg’s 
(1981) EQ

1 Ancestral 
euarchontogliran

0.39 0.58 0.34 0.50

2 Ancestral 
euarchontan

0.56 0.87 0.44 0.65

3 Ancestral primate 0.41 0.57 0.40 0.56
4 Ancestral euprimate 0.68 0.92 0.68 0.92
5 Ancestral 

strepsirrhine
0.77 1.02 0.77 1.02

6 Ancestral crown 
strepsirrhine

1.10 1.47 1.10 1.47

7 Ancestral haplorhine 0.80 1.10 0.80 1.10
8 Ancestral anthropoid 0.80 1.05 0.80 1.05
9 Ancestral crown 

anthropoid
0.90 1.15 0.90 1.15

10 Ancestral platyrrhine 0.99 1.3 0.99 1.3
11 Ancestral crown 

platyrrhine
1.54 1.97 1.54 1.97

12 Ancestral catarrhine 0.92 1.10 0.92 1.10
13 Ancestral crown 

catarrhine
1.53 1.73 1.53 1.73

14 Ancestral 
cercopithecoid

1.29 1.49 1.29 1.48

15 Ancestral 
cercopithecine

1.77 2.08 1.77 2.08

16 Ancestral colobine 1.48 1.71 1.48 1.71
17 Ancestral hominoid 1.97 2.20 1.97 2.20

See Table 12.S1 for data upon which this analysis was based

reconstructed primitive euprimate value. It is questionable whether the endocast of 
Rooneyia viejaensis is a good representative of what is primitive for that clade, in 
light of its specialized morphology and the late age of this species (Rosenberger 
et al. 2008; Kirk et al. 2014). These ambiguities mean that the differing interpreta-
tions of Harrington et  al. (2016) and Gilbert and Jungers (2017) about whether 
shape changes preceded size increases in the earliest phases of euprimate evolution 
remain in contention. Endocranial data for more basal members of the tarsiiform 
clade (i.e., older and/or more primitive omomyoids) would likely help to resolve 
this issue.

The reconstructed EQ value for the ancestral euarchontan is actually higher than 
that of the ancestral primate, but lower than that of the ancestral euprimate 
(Table 12.2). Whereas it is possible that the primate lineage suffered a decrease in 
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EQ at its basalmost node, it is important to acknowledge that the most closely 
related taxa (Dermoptera and Scandentia) are solely composed of extant species, 
since no fossil colugo or treeshrew crania have been recovered. The offset between 
the estimates for the ancestral euarchontan and the ancestral euarchontogliran 
(Table 12.2) may also reflect this issue, since all of the included members of Glires 
are fossil taxa. Extant treeshrews are particularly encephalized and they certainly 
have an important impact on the reconstruction of the basal euarchontan node. 
However, it can be concluded that there is no clear evidence for an increase in rela-
tive brain size at the basal primate node; as such, our analysis supports Radinsky’s 
perspective that the most ancient primates were not necessarily encephalized over 
their mammalian contemporaries in the historical debate (see Sect. 12.2).

Extant strepsirrhines show the lowest EQ values among modern primates. Here 
we have considered adapoids as stem strepsirrhines; as noted above they have very 
low EQs (particularly Notharctus and Adapis, Harrington et al. 2016). This proba-
bly explains the low EQ inferred for the ancestral strepsirrhine. Among living strep-
sirrhines, there are a few reversals in EQ that stand out. Lepilemurids seem to have 
particularly low EQs compared to other lemuriforms. Lepilemurids are highly foli-
vorous but have also been observed to practice caecotrophy (i.e., the reingestion of 
soft faeces or caecotrophs, Hladik 1978), which serves to improve the absorption of 
vitamins and microbial proteins (Hirakawa 2001). It is possible that the suboptimal 
absorption of nutrients from plant material in lepilemurids serves as a limiting fac-
tor in brain development. Another reversal among lemuriforms pertains to 
Cheirogaleus. This might be explained by strong seasonal variation in body mass in 
dwarf lemurs. Cheirogaleus is unusual among primates in storing large amounts of 
fat subcutaneously during the rainy season to prepare for a long period of torpor 
during the winter months, which makes their body mass increase up to 50% 
(Lemelin and Schmitt 2004). However, the sources we used for Cheirogaleus’ body 
mass (Stephan et al. 1981; Boddy et al. 2012) do not report what time of the year 
they were taken, so it is hard to tell if this is the true reason behind the low EQ in 
this genus. The high degree of variation in body mass throughout the year will none-
theless impact the calculation of the EQ in that genus, with Cheirogaleus having its 
highest EQ after finishing torpor and its lowest before starting it, which is a good 
example of why EQ is a problematic tool to measure intelligence.

There is a consistent association in our analysis between lower EQ values and 
folivory (see also DeCasien et al. 2017). A prime example is the clear dichotomy in 
EQ trends between the cercopithecine and the colobine radiations (Table  12.2). 
There are a couple of explanations, not necessarily mutually exclusive, for this pat-
tern. The Expensive-Tissue Hypothesis (Aiello and Wheeler 1995) suggests that the 
metabolic requirements of relatively large brains are offset by a corresponding 
reduction of the gut. Colobines, which are largely folivorous cercopithecoids, have 
stomachs that differ from any other primate and resemble those of ungulates, with a 
pseudoruminant anterior fermentation area in a large multichambered stomach 
(Fleagle 2013). Another possible explanation is that folivores depend on food that is 
more easily accessible and more predictable in time and space than that of frugivo-
res. Consequently, folivores may not experience the types of cognitive demands for 
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efficient exploitation of their food supply encountered by primates in other dietary 
categories (Clutton-Brock and Harvey 1980). This pattern is also observed in other 
areas of the primate tree: gorillas compared to other great apes, alouattines com-
pared to atelines, Avahi compared to other indriids, and lepilemurids compared to 
other lemuriforms.

Finally, there are a few lineages that show evidence of increased EQ that are 
worth mentioning. The hominin lineage, of course, stands out for clustering the 
highest EQs in the tree. Other groups with high EQ compared to their close relatives 
are cebines and aye-ayes. Cebinae groups together some of the most encephalized 
platyrrhines, which may have some relationship to the use of tools by cebines for a 
variety of purposes. For example, they are known to use stones to crack nuts, sticks 
to strike a conspecific or push objects, or leaves to be used as a cup, making them 
more proficient in tool use than most other non-ape anthropoids (Visalberghi 1990; 
Phillips 1998). The aye-aye (Daubentonia madagascariensis) is one of the most 
encephalized strepsirrhines. Aye-ayes evolved a context-specific form of manual 
extractive foraging involving a long, thin third digit for extracting grubs from within 
tree bark. This type of convergent evolution with other primates who practice 
omnivorous extractive foraging (i.e., cebines, chimpanzees and humans) may poten-
tially be related to the observed parallel increase in encephalization in these lineages 
(Gibson 1986; Kaufman et al. 2006; Parker 2015). However, aye-ayes do not achieve 
the same level of sensorimotor cognition and comprehension of tool use as their 
anthropoid relatives do (Sterling and Povinelli 1999).

12.4.3  Sensory Evolution: Vestibular Sense, Vision, Hearing, 
Olfaction, Taste, etc.

As the brain is where sensory input is processed into actionable information, the 
evolution of the primate brain from a sensory perspective has become the subject of 
extensive research. Exploration into the connection between sensory adaptation and 
brain evolution operates on Jerison’s (1973) Principle of Proper Mass, which ties 
the size of a brain structure to the information processing requirements of its func-
tion. This principle therefore suggests that an adaptation requiring an increase in the 
information sent to certain neural tissues will result in an increase in the size of 
those tissues. This principle serves as the foundation for interpreting size changes in 
the brain overall, and in specific neuroanatomical structures. Whereas much research 
into the sensory specialization of the primate brain has focused on smaller, more 
functionally specific brain regions (e.g. the striate cortex and the parvocellular and 
magnocellular layers of the lateral geniculate nucleus; Barton 1998), comparable 
analyses are largely not possible in endocast analyses as endocasts cannot provide 
information about internal structures. Consequently, only structures which can be 
measured accurately on the surface of the endocast are discussed here. Traditionally, 
these brain regions have included the neocortex, responsible for processing visual, 
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auditory, somatosensory, motor, sensorimotor, and prefrontal sensory information 
(Kaas 2012); and the olfactory bulbs, responsible for processing olfactory informa-
tion (Heritage 2014).

As one of the defining features of primate sensory adaptation (Silcox et al. 2007), 
specializations of the visual system have been thoroughly examined in the primate 
brain. Often, visual specializations are cited as a driving force behind primate 
encephalization and the expansion of the neocortex (Barton 1996, 1998; Kirk 2006) 
as a large portion of the neocortex is devoted to processing visual information, most 
notably in diurnal anthropoids (Felleman and Van Essen 1991; van Essen et  al. 
1992). To this end, several analyses have focused on the scaling relationship between 
visually demanding ecological behaviors and the size of the neocortex within extant 
haplorhines and strepsirrhines (Barton 1996, 1998). Overall, these analyses indicate 
that haplorhines have significantly larger neocortices relative to the size of the rest 
of the brain, compared to strepsirrhines, and neocortex size is correlated with eco-
logical behaviors including social group size, diet, and activity pattern (Barton 
1996; DeCasien et al. 2017; DeCasien and Higham 2019). Among extant primates, 
diurnal frugivorous anthropoids living in large groups exhibit the highest degree of 
cortical expansion (Barton 1996; DeCasien and Higham 2019). It has been sug-
gested that this scaling relationship is the product of the increased visual demands 
of primate communication and/or visually oriented foraging behaviors (Barton 
1996, 1998, 2000).

However, the neocortex is also responsible for functions outside of vision (Joffe 
and Dunbar 1997). Analyses into more functionally specific visual structures, 
including the striate cortex and the lateral geniculate nucleus, identify similar scal-
ing relationships associated with activity pattern, diet, and social group size (Barton 
1998; DeCasien and Higham 2019). But, only a small portion of the variation in 
total neocortex size can be attributed to expansion of these visual structures (lateral 
geniculate nucleus: r2 = ~ 0.18; p = 0.014 and striate cortex: r2 = ~ 0.14; p = 0.03, 
Barton 1998). Given the diversity of sensory functions the neocortex performs, it is 
somewhat problematic to use neocortical expansion as an indicator for specializa-
tion in a single sensory modality. Nevertheless, researchers have examined the size 
and shape of the neocortex in connection with other ecological factors to help 
explain variation between closely related fossils. For example, caudal expansion of 
the neocortex, where the striate visual cortex is located, in later occurring micro-
syopids compared to other stem primates may indicate greater visual specialization 
among these taxa (Silcox et al. 2010a). Similarly, the lack of midbrain exposure in 
early fossil euprimates may be related to expansion of the neocortex related to 
improvements to visual processing (Harrington et al. 2016).

Brain size has also been examined in relation to the total amount of visual input. 
Kirk (2006) examined the relationship between total endocranial volume and optic 
foramen area, as the latter is strongly correlated with the size of the optic nerve and 
the number of ganglion cells in the retina (Kay and Kirk 2000; Kirk and Kay 2004). 
Body mass-controlled analysis of the relationship between these two variables in a 
large sample of extant primates indicated that visual input is significantly correlated 
with brain size, as relative orbital foramen area accounts for 43% (p < 0.0001) of the 
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variation found in relative endocranial volume (Kirk 2006). Furthermore, anthro-
poids were found to have relatively larger optic foramina, indicative of increased 
visual input, and correspondingly larger brains compared to strepsirrhines regard-
less of ecology. The same analysis was performed on six fossil euprimates: three 
late Eocene adapoids Adapis parisiensis, Leptadapis sp., Pronycticebus gaudryi; a 
late Eocene omomyoid, Necrolemur antiquus; the early Oligocene stem anthropoid, 
Parapithecus (=Simonsius) grangeri; and Rooneyia viejaensis (see discussions 
above about its taxonomic position). The three adapoids, A. parisiensis, Leptadapis 
sp., and P. gaudryi, fell outside of the extant primate distribution, having relatively 
small orbital foramen areas associated with relatively small endocranial volumes 
(Kirk 2006). The haplorhines, N. antiquus and P. grangeri, along with R. viejaensis, 
plot within the distribution of extant primates (Kirk 2006). These results were inter-
preted to reflect a grade-shift in brain size between haplorhines and strepsirrhines 
that was linked to the amount of visual input to the brain. This point may relate to 
the ambiguities discussed above about when EQ increased on primate evolution 
(see Sect. 12.4.2)—specifically the increase inferred as pertaining to the primitive 
euprimate may be a primarily haplorhine event. These results are also consistent 
with other research which indicates that haplorhines, specifically anthropoids, are 
visually specialized as they possess greater degrees of orbital convergence (Ross 
1995), greater visual acuity (Kirk and Kay 2004), and in some cases, trichromatic 
vision (Regan et al. 2001). However, it is worth noting that this conclusion depends 
in part on an estimate of endocranial capacity in N. antiquus that has since been re- 
assessed (Harrington et al. 2020).

Extant primates have long been considered to have a poor sense of smell (micros-
matic), an idea that can be traced back to Elliot-Smith (1927) who suggested that 
olfaction would have been less important to primates than to other mammals because 
of their arboreal niche. Whether or not extant primates are microsmatic has been 
and continues to be discussed from genetic, behavioral, and anatomical perspectives 
(Smith et al. 2007). Concerning neuroanatomy, numerous studies have identified a 
clear grade-shift in the size of the olfactory bulbs relative to brain size between 
haplorhines and strepsirrhines, with haplorhines having significantly smaller olfac-
tory bulbs (Stephan et al. 1981; Baron et al. 1983; Barton et al. 1995; Barton 2006; 
Heritage 2014; DeCasien and Higham 2019). A recent study modelling olfactory 
bulb evolution using extinct and extant taxa found evidence that the size of the 
olfactory bulbs (relative to the rest of the brain and absolute size) decreased in hap-
lorhines and increased within the strepsirrhines (Heritage 2014).

The distinct difference in relative size of the olfactory bulbs between haplorhines 
and strepsirrhines is hypothesized to reflect differences in sensory specialization 
related to ecology in the two clades (Barton 2006; Heritage 2014). Ecological anal-
yses suggest that the size of the olfactory bulbs (relative to the medulla, Barton 
2006; and to the rest of the brain, Barton et al. 1995; DeCasien and Higham 2019) 
are significantly influenced by diet and activity pattern. Additionally, a negative cor-
relation exists between visual and olfactory structures such that taxa with large 
olfactory structures tend to have smaller visual structures and vice versa depending 
on ecological condition. Specifically, nocturnal frugivores have larger olfactory 
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structures and smaller visual structures while diurnal frugivores have larger visual 
structures and smaller olfactory structures (Barton et  al. 1995; DeCasien and 
Higham 2019). Activity pattern may have played a major role in the variation of 
olfactory and visual structures between the two suborders as extant haplorhines are 
almost exclusively diurnal, and likely ancestrally diurnal (Kay et al. 1997; Ross and 
Kirk 2007) compared to the more variable activity patterns observed in extant strep-
sirrhines (Ankel-Simons and Rasmussen 2008).

Endocranial analysis of Paleocene and Eocene stem primates Plesiadapis cookei 
(Gingerich and Gunnell 2005), Plesiadapis tricuspidens (Orliac et  al. 2014), 
Ignacius graybullianus (Silcox et  al. 2009b), and Microsyops annectens (Silcox 
et al. 2010a) indicate that the size of the olfactory bulbs relative to endocranial vol-
ume are larger than in extinct and extant euprimates, but smaller than early eutheri-
ans (Kielan-Jaworowska 1984; Kielan-Jaworowska and Trofimov 1986) and 
apatemyids (Silcox et  al. 2010b), and similar in size to fossil rodents and lago-
morphs (Bertrand et al. 2016, 2017, 2018, 2019a; Bertrand and Silcox 2016; López- 
Torres et al. 2020; see Sect. 12.3.1). As noted above, of the plesiadapiforms only 
one taxon diverges from this pattern. The Early Eocene Niptomomys cf. N. doreenae 
(White et al. 2016), possesses larger olfactory bulbs (relative to endocranial vol-
ume) than other plesiadapiforms and stem rodents, and smaller olfactory bulbs than 
early apatemyids, suggesting it was more specialized for olfaction than other plesi-
adapiforms and stem rodents, but not compared to apatemyids (Silcox et al. 2011; 
Fig. 12.5c). Analyses of I. graybullianus and M. annectens found that the size of the 
olfactory bulbs relative to body mass, as opposed to endocranial volume, fell within 
the range of extant strepsirrhines (Silcox et al. 2010a). This result suggests that the 
size of the olfactory bulbs may have been relatively stable from the primate stem 
through the early evolution of euprimates and ultimately in the common ancestor of 
strepsirrhines, although they accounted for a smaller percentage of the brain 
(Harrington et  al. 2016). However, it is unclear whether stem primates showed 
reduction in the relative size of the olfactory bulbs relative to the ancestral condition 
given the conflicting signals about the primitive states from apatemyids and mem-
bers of Glires. As the expansion seen in the rest of the euprimate brain is often 
attributed to visual specialization (Barton 1998; DeCasien and Higham 2019), the 
proportionally large olfactory bulbs in stem primates (i.e., plesiadapiforms) suggest 
they relied more on olfactory signals than their extant relatives (Silcox et al. 2009b, 
2010a; Orliac at el. 2014).

Among early euprimates (i.e., adapoids and omomyoids), the smallest olfactory 
bulbs relative to endocranial volume are found in the omomyoid Microchoerus eri-
naceus (Ramdarshan and Orliac 2016; Table 12.1), which could suggest that the 
grade shift in the relative size of the olfactory bulbs observed in extant strepsirrhines 
and haplorhines may have occurred early in the diversification of the two clades. 
However, the olfactory bulbs of M. erinaceus’ close relative, Necrolemur antiquus, 
are more similar in relative size to adapoids (Harrington et al. 2020; Table 12.1), 
making it less clear that the shift has an ancient origin. The onset of the apparent 
grade shift in relative olfactory bulb size that differentiates extant strepsirrhines and 
haplorhines is not clearly evident even in stem anthropoids. The olfactory bulbs of 
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the stem anthropoid, P. grangeri, are large relative to both brain volume and body 
mass, within the range of extant strepsirrhines (Bush et al. 2004b). Similarly, early 
catarrhines (Victoriapithecus and Aegyptopithecus) possess relatively large olfac-
tory bulbs, also within the range of extant strepsirrhines (Gonzales et al. 2015). In 
contrast, the earliest stem platyrrhine known from an endocast, Chilecebus carras-
coensis, has small olfactory bulbs, smaller than the average for extant haplorhines 
(Ni et al. 2019). This suggests that the extreme reduction in the size of the olfactory 
bulbs in extant catarrhines and platyrrhines occurred independently (Heritage 2014; 
Gonzales et al. 2015; Ni et al. 2019) and not at the base of Anthropoidea, which is a 
powerful example of the importance of the fossil record to establishing the evolu-
tionary context of evolutionary changes.

It is also unclear when or how the trade-off between visual and olfactory struc-
tures, observed particularly among anthropoids, occurred. For example, the stem 
anthropoid P. grangeri had large olfactory bulbs for a euprimate (Bush et al. 2004b) 
and large optic foramen areas and endocranial volume (Kirk 2006), which suggests 
it both retained the apparatus for strong olfactory abilities while also possessing 
adaptations for higher acuity vision. Phylogenetically controlled regressions of total 
visual input to the brain (measured using optic foramen area and orbit size) and 
olfactory bulb size relative to body mass in a sample of extant and fossil euprimates, 
including P. grangeri, Aegyptopithecus, and C. carrascoensis, failed to identify a 
significant correlation between the two, indicating that changes in olfactory and 
visual structures occurred independent of one another (Ni et al. 2019). Again, the 
inclusion of fossils re-frames conventional stories of evolutionary change within 
Primates.

Endocranial reconstructions of the inner ear, and particularly the semicircular 
canals, have also been used to investigate the connection between ecology and sen-
sory capability in early Tertiary primates (Silcox et  al. 2009a; Ryan et  al. 2012; 
Bernardi and Couette 2017). The three arcs (anterior, lateral, and posterior) of the 
semicircular canals help detect the angle and velocity of an animal’s head move-
ments. This information, alongside visual, proprioceptive, and otolithic informa-
tion, is used to control body movements and stabilize gaze, functions suggested to 
be especially important for fast moving and arboreal animals (Spoor and Zonneveld 
1998). The potential relationship between locomotor behavior and the semicircular 
canals was examined in a large sample of primates and mammals by Spoor et al. 
(2007). Multiple regression of average canal radius against body mass and locomo-
tor agility indicated that fast, more agile species tend to have larger semicircular 
canals relative to body mass. Within primates, taxa with the smallest semicircular 
canals included slow quadrupedal arborealists (i.e., lorises) and large bodied great 
apes whereas taxa with the largest semicircular canals included specialized leapers 
(i.e., tarsiers and galagos) and acrobatic brachiators (i.e., gibbon).

Analysis of stem primates of the families Micromomyidae, Paromomyidae, 
Plesiadapidae, Carpolestidae, and Microsyopidae; adapoids of the families Adapidae 
and Notharctidae; and omomyoids of the families Omomyidae and Microchoeridae, 
found that the agility estimates from the semicircular canals were largely consistent 
with the reconstructions of locomotor behavior derived from postcrania (Silcox 
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et al. 2009a; Bernardi and Couette 2017). Stem primates, adapids, and the primitive 
notharctid Cantius nuniensis had smaller semicircular canal radii relative to body 
mass, and therefore, were relatively slow-moving animals, a conclusion that is sup-
ported by postcranial material (when available) which suggests they were not spe-
cialized leapers. Omomyids and most notharctids, whose postcrania indicate 
occasional leaping, had relatively larger semicircular canals, similar to extant 
galagids, which engage in some leaping but are mostly arboreal quadrupeds. These 
analyses were unable to identify fine scale distinctions between locomotor behav-
iors within the stem primates (Silcox et al. 2009a), which reflects the ability of this 
method to only speak to relatively coarse differences in locomotor type. Ryan et al. 
(2012) assessed semicircular canal size and agility in anthropoids, reconstructing 
early anthropoids and catarrhines as being relatively slow moving, whereas early 
platyrrhines were more agile compared to earlier forms.

It is worth acknowledging that these analyses rest on a scale of agility scores that 
was generated entirely subjectively (Spoor et  al. 2007). A much more rigorous, 
quantitative approach was taken by Malinzak et al. (2012), who took actual 3D vec-
tor measurements from a sample of primates while they were locomoting. These 
authors found that rotational head speed was more strongly correlated with the 
angles of the three semicircular canals (and how closely they approach orthogonal-
ity) than with their size. Unfortunately attempts to apply these methods to predic-
tions of locomotion for fossil euarchontoglirans have failed to produce results that 
are consistent with what is known from postcranial data (Bernardi and Couette 
2017; Bhagat et al. 2020), perhaps because the sample of modern animals was fairly 
narrow in scope (11 species, all strepsirrhines). Certainly, more data of this type 
would enhance our ability to probe the limits of semicircular canal data for inferring 
aspects of behavior in fossil taxa.

In recent years, several analyses have attempted to expand the scope of the data 
that can be used to examine fossil endocasts, and help understand the sensory sig-
nificance of endocranial variation, by using geometric morphometrics and landmark 
based analyses (e.g., Pereira-Pedro and Bruner 2018). Notably, some of these stud-
ies have used sulci to delimit functionally specific brain regions in phylogenetically 
constrained groups (Kobayashi et  al. 2018; Pereira-Pedro et  al. 2019, 2020). 
Whereas this new method will be useful for analysis of recent fossil primates, its 
application to phylogenetically diverse groups with significant variation in sulcal 
anatomy, groups which contain fossils whose sulcal configuration is not well known, 
or lissencephalic species, has not been investigated in any fully published work (but 
see Makedonska et  al. 2008; Allen 2014; Lang et  al. 2019). Regardless, as this 
method continues to develop, there may be more information which can be gained 
from currently under-investigated aspects of sensory neuroanatomy in fossil pri-
mates, specifically related to taste, touch, and hearing. As new specimens emerge, 
and these new methods are developed, we will be able to expand and refine our 
understanding of primate sensory neuroanatomy.
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12.4.4  Evolution, Form and Function of Derived 
Brain Structures

In addition to providing new perspectives on old questions, 3D data make it possible 
to ask a new range of questions based on the ability to more accurately quantify 
volumes for individual parts of the endocast, such as the olfactory bulbs (see Sect. 
12.4.3) or petrosal lobules (Lang et al. 2018, 2022), as well as providing measures 
of surface areas. With respect to the latter, Jerison (2012) developed a method for 
measuring the relative size of the neocortical surface using laser scans of physical 
endocasts. He found a relationship between the degree of neocorticalization and 
time, with fossil euprimates standing out as always having larger relative neocorti-
ces than their contemporaries (Jerison 2012: fig. 6). Long et al. (2015) further elabo-
rated on this method using X-ray CT data, and added values calculated from 
endocasts of plesiadapiforms (see also Orliac et al. 2014; Harrington et al. 2016; 
Ramdarshan and Orliac 2016). Although they found that Jerison’s conclusion was 
supported for euprimates, plesiadapiforms were inferred to be more like contempo-
rary fossil non- primates in their degree of neocorticalization.

There was an issue with the dataset used by Long et  al. (2015), however—it 
lacked any other euarchontoglirans. As such, it does not directly answer the ques-
tion of whether or not there were shifts in relative neocortical surface area at the 
primate (vs. euprimate) node. Unfortunately, the endocast of Labidolemur kayi is 
not well enough preserved to indicate the location of the rhinal fissure. However, 
data on neocorticalization are available for the stem lagomorph Megalagus turgidus 
(López-Torres et al. 2020) and for various early rodents (i.e., ischyromyids; Bertrand 
and Silcox 2016; Bertrand et al. 2016, 2019a; Bertrand and Silcox this book). If the 
comparison is limited to the oldest and some of the most basal rodents for which 
there are quantitative data (i.e., members of the genus Paramys) and to Megalagus 
(as the only stem lagomorph for which there are data), then it does appear that early 
primates may have been slightly neocorticalized relative to primitive members of 
Glires (i.e., see Bertrand et al. 2016: fig. 6). However, if the comparative frame is 
expanded to include a broader range of ischyromyids, then the contrast is less clear, 
with their range of variation in the neocortical ratio overlapping the range known for 
plesiadapiforms (Bertrand et al. 2019a; see also López-Torres et al. 2020: fig. 4b). 
It would be helpful if quantitative data were available for a basal taxon that was not 
already a rodent or a lagomorph. Unfortunately, the known natural endocasts of 
Rhombomylus turpanensis (as the best-known candidate for this position) do not 
preserve the rhinal fissure (Meng et al. 2003; contrary to the impression provided by 
Orliac et al. 2014: fig 4). There are several nicely preserved crania of R. turpanensis 
(i.e., see Meng et al. 2003: fig. 26) so perhaps this issue might be solved by the 
CT-scanning and digital extraction of an endocast from one or more of them.
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12.5  Future Directions: Outstanding Questions 
and Perspectives

There are three main directions that the study of early primate brain evolution using 
endocasts are likely to take in the coming years. The first relates to the comparative 
context for studying changes near the base of the primate tree. A lot of progress has 
been made in expanding the dataset relevant to assessing plesiomorphic states in 
Primates and Euprimates. This includes the first virtual endocasts for plesiadapi-
forms (Silcox et al. 2009b, 2010a; Orliac et al. 2014), which allow for high quality 
quantitative data to be captured and compared to the data from fossil and living 
euprimates. Also, very important has been the expansion of our knowledge of fossil 
members of primates’ close relatives (Silcox et al. 2011; Bertrand and Silcox 2016; 
Bertrand et al. 2016, 2019a, b; López-Torres et al. 2020). However, there remain 
critical holes in this sample. There are endocasts of plesiadapiforms that have not 
yet been published in full (Niptomomys cf. N. doreenae [White et  al. 2016]; 
Carpolestes simpsoni [Silcox et  al. 2017b]; Ignacius graybullianus [Boyer et  al. 
2011; Long et al. 2015]; Plesiadapis tricuspidens [Kristjanson et al. 2016]). But 
even when these specimens are published, it will still be the case that all plesiadapi-
form endocasts are known from relatively derived members of their respective fami-
lies, and from branches several nodes from the base of the primate tree. It would be 
a tremendous boon to add a more basal plesiadapiform (e.g. a pugatoriid or palaech-
thonid) to the sample, beyond the very limited information that can be gleaned from 
Torrejonia wilsoni (Chester et al. 2019: fig. 3). Additional data for early Euprimates 
would also be beneficial. Extracting virtual endocasts from specimens that have 
already been studied in the context of early primate brain evolution (e.g., Leptadapis 
magnus, Pronycticebus gaudryi, Tetonius homunculus) would be an obvious first 
step. There is also an abstract published that mentions endocranial data for several 
additional specimens of European adapoids (Makedonska et  al. 2008), but that 
study has never been published in full. However, even with these additions we 
would still be lacking endocranial data for the most basal adapoids and omomyoids 
(i.e., Teilhardina, Cantius, Donrussellia), which would be beneficial to character-
izing the primitive states for these groups. As noted above, data for early omomy-
oids would be particularly valuable for assessing the timing of changes in relative 
brain size near the base of the primate tree. There are some cranial specimens known 
for some of these genera, which may be able to provide at least select endocranial 
details (e.g. Rose et al. 1999; Ni et al. 2004).

Beyond primates, it would be beneficial to have additional data for early mem-
bers of Euarchontoglires. As discussed above, Rhombomylus turpanensis is one 
obvious candidate for this, and additional data for apatemyids would also be of 
interest (e.g., quantitative data for the endocast of the derived apatemyid Carcinella 
sigei; von Koenigswald et al. 2009). But probably even more exciting would be data 
for other fossil groups of Euarchontoglires, which could add additional perspectives 
on primitive states for that group (e.g., mixodectids, anagalids). Finally, having data 
for more than a single stem lagomorph would be crucial, particularly since 
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Megalagus turgidus is early Oligocene in age (López-Torres et al. 2020), and so 
notably more recent than the primate taxa under discussion here. Obviously, the 
situation is much better for early rodents (Bertrand and Silcox 2016; Bertrand et al. 
2016, 2019a), with both a larger number of endocasts, and a greater temporal depth, 
extending back to the early Eocene. However, the oldest endocast for which good 
quantitative data are available is from Wa7 (Wasatchan North American Land 
Mammal Age 7, ~52.4–50.1 mya; Bertrand et al. 2016; note that there is an endocast 
for a specimen from Wa6 [Notoparamys costilloi] but it is too compressed to pro-
vide good quality quantitative data; Bertrand et al. 2019a), which is several million 
years after Rodentia entered North America at the start of the Clarkforkian (Rose 
1981, 2006; Korth 1994) and so certainly well separated in time from the origin of 
the order. In sum, further understanding the primitive context of primate evolution 
requires not only a better sample for early primates, but also for relevant out-
group taxa.

Second, future work will likely enhance our knowledge of intraspecific variation 
in fossil primate taxa. The best samples currently known are for adapoids, although 
the maximum sample size for any one taxon is only N = 5 for Smilodectes gracilis 
(Gazin 1965; Harrington et  al. 2016), of which one (UM 32773) is subadult. 
Nonetheless, it would be of value to study this sample through the lens of intraspe-
cific shape variation. Apart from the North American notharctid adapoids, the best 
candidates for understanding variation in closely related taxa are probably the large 
bodied European adapoids, known from numerous three-dimensionally preserved 
crania (e.g., Godinot and Couette 2008; Makedonska et al. 2008). A complication to 
such studies is the confounding effect of body mass, in light of the divergent esti-
mates from different equations (e.g., see Harrington et al. 2016). The ideal situation 
is for the cranial specimen from which the endocast is extracted to be associated 
with postcranial material, allowing for a completely independent body mass esti-
mate, but there are only a very few instances in which this is the case (e.g., 
Plesiadapis cookei [Gingerich and Gunnell 2005; Boyer and Gingerich 2019]; one 
specimen of Smilodectes gracilis [USNM V 17994; Harrington et al. 2016]).

Third, and finally, much of the discussion about endocranial variation in early 
Primates has focused on size, so an area of future growth is to expand our under-
standing of variation in shape. There have been some analyses mentioned in 
abstracts or unpublished theses that have looked at shape variation using geometric 
morphometric methods (e.g., Makedonska et  al. 2008; Allen 2014; Lang et  al. 
2019), but these studies have not yet been published in full. A critical element in the 
interpretation of such analyses is the degree to which differences in shape can be 
interpreted with respect to function. Although there is obviously a very large litera-
ture on functional aspects of the brain in Primates, integrating the details of this 
literature with the data that can be observed or measured from an endocast is an 
ongoing challenge. For example, studies of function in the cerebral cortex that 
require the brain to be flattened for examination can be difficult to translate into the 
three-dimensional surface of an endocast. Application of new 3D imaging tech-
niques such as DICE-CT may help in successfully integrating functional data with 
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the type of shape data available for endocasts, permitting more direct inferences to 
be made about differences among endocasts from fossil taxa.

12.6  Concluding Remarks/Final Considerations

The last 15 years have seen a renaissance in the study of endocranial morphology in 
early primates, largely spurred by the growing availability of high-resolution X-ray 
CT scanners. The endocasts that have emerged for early primates have confirmed 
some historical perspectives, answered some questions, but also spurred some new 
research directions. In spite of their areas of disagreement, Jerison and Radinsky did 
agree on some major elements of the interpretation of the pre-CT record of early 
euprimate endocasts, including the evidence for likely expansion of the temporal 
and occipital lobes and development of the Sylvian sulcus, and the presence of a 
less developed frontal lobe than in living primates. As discussed in Sect. 12.2.1, 
some of the elements that fueled their debates have effectively been answered by the 
data made available by CT. It is no longer necessary to rely on methods that make 
major assumptions about the shape of the brain to derive an estimate of volume. And 
we now have some good quality quantitative data for the first radiation of fossil 
primates, which show that the distinctively primate-like traits of euprimates actually 
do not characterize the first members of the order. However, as discussed in Sects. 
12.2.2 and 12.4.2, the appropriate context for looking at relative brain size continues 
to be problematic, and more data are needed to help interpret the patterns seen in the 
endocasts we do have.

Although this chapter has by necessity focused mainly on the record of early 
primates and euprimates, there is also a burgeoning record of virtual endocasts for 
later non-hominid primates (e.g., Bush et  al. 2004a,b; Simons et  al. 2007; Ryan 
et al. 2008; Kay et al. 2012; Allen 2014; Gonzales et al. 2015; Beaudet et al. 2016; 
Ni et al. 2019). A few generalities about the broader picture of primate brain evolu-
tion are emerging from these studies, which have relevance to the interpretation of 
the earlier fossils. As discussed above, there is growing evidence for rampant paral-
lelism in brain size evolution among lineages of fossil primates (Sect. 12.4.2, 
Table 12.2 and Fig. 12.6; see also Allen 2014; Gonzales et al. 2015; Ni et al. 2019). 
It is worth noting these parallel expansions make analyses of primate brain size 
evolution that do not integrate fossils quite problematic. Such analyses generally 
assume the process of brain size change will follow the most parsimonious or likely 
path over the entirety of the 65+ million years of primate evolution. The fossil 
record suggests that it does not.

There is also evidence from a few points in the primate tree that changes in form 
precede changes in size (Allen 2014; Gonzales et al. 2015; Ni et al. 2019). So, for 
example, the endocast of the stem cercopithecoid Victoriapithecus had already 
evolved the pattern of gyrification characteristic of cercopithecoids, but at a small 
endocranial volume (Gonzales et al. 2015). This finding parallels the conclusion of 
Harrington et  al. (2016) that the major structural changes associated with the 
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euprimate node preceded significant relative change in brain size, although as noted 
above this conclusion was critiqued by Gilbert and Jungers (2017). In our opinion, 
we cannot reach an unambiguous answer on this point with the currently available 
fossil record (see discussion in Sect. 12.4.2).

Interpreting these patterns in an adaptive context poses a final challenge to our 
understanding of brain evolution. There are various factors that have been identified 
as critical to the process of brain evolution in the order including the evolution of 
visual processing (Barton 1998; Kirk 2006), the importance of social behavior 
(Dunbar 1998; Dunbar and Schultz 2007), the necessity of processing complex 
information from the arboreal environment (Falk 2007), and the impact of variation 
in diet (Harvey et al. 1980; DeCasien et al. 2017). The paleoneurological data have 
provided some possible insights into these competing influences on primate 
encephalization. In particular, the fact that plesiadapiforms, who were arboreal, 
exhibit plesiomorphic endocranial features suggests that moving into the trees did 
not have a marked impact on the form or size of the brain (Silcox et  al. 2009b, 
2010a). In contrast, improvements associated with visual processing were likely 
critical to at least some major transformations in the primate brain (Kirk 2006; 
Silcox et al. 2009b, 2010a). Studying the impact of other factors, such as diet, in a 
context that includes data from fossil primates has the potential to enrich our under-
standing of the reasons behind change over the course of primate brain evolution.
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Chapter 13
Paleoneurology of Artiodactyla, 
an Overview of the Evolution 
of the Artiodactyl Brain

Maeva J. Orliac, Jacob Maugoust, Ana Balcarcel, and Emmanuel Gilissen

13.1  Systematic and Phylogenetic Context

The name “artiodactyl” (Owen 1848) comes from the ancient Greek άρτιος, pair, 
and δάκτυλος, finger, and unites ungulate mammals that have an even number of 
digits and paraxonian limbs (i.e. the axis of the limb is between digits III and IV; 
Thewissen and Hussain 1990; Luckett and Hong 1998). They are generally charac-
terized by a “double pulley” astragalus with a distal trochlea and a large articular 
surface for the cuboid (Schaeffer 1947; Thewissen and Hussain 1990; Martinez and 
Sudre 1995; Rose 1996; Luckett and Hong 1998; Thewissen and Madar 1999; 
Geisler 2001; Gingerich et al. 2001; Thewissen et al. 2001; Geisler et al. 2007), and 
a trilobed lower deciduous fourth premolar (e.g. Luckett and Hong 1998; Geisler 
et al. 2007).

Behind the name “artiodactyl” lies one of the greatest mammalian evolutionary 
successes. Indeed, artiodactyls occupy today the second rank in terms of family 
diversity after rodents, and rank third in terms of generic and specific diversity 
(Burgin et al. 2018), overtaken there by chiropterans.
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Artiodactyla today encompass five major crown groups: the tylopods (Tylopoda 
Illiger 1811), the suoids (Suoidea Gray 1821 sensu Gentry and Hooker 1988), the 
ruminants (Ruminantia Scopoli 1777), the hippopotamoids (Hippopotamoidea 
Gray 1821 sensu Gentry and Hooker 1988), and the cetaceans (Cetacea Brisson 1762).

Artiodactyls appeared quite abruptly in the fossil record ca. 55.8 Ma ago in the 
Holarctic, followed by an intense adaptive radiation in the early-middle Eocene 
(50–45 Ma; Theodor et al. 2007; Rose et al. 2012; Boivin et al. 2018). Past generic 
diversity is at least seven times larger than today’s, with more than 40 extinct fami-
lies and nearly 950 fossil genera recognized (Janis et al. 1998; Uhen 1998; Williams 
1998; Uhen 2007; Prothero and Foss 2007; Gingerich 2010; Marx et al. 2016).

Despite a major breakthrough in Artiodactyla phylogenetic relationships made 
through molecular analyses, that is, the identification of the close affinities between 
hippopotamids and cetaceans (e.g. Miyamoto and Goodmann 1986; Irwin et  al. 
1991; Montgelard et al. 1997; Hassanin et al. 2012), basal relationships of the group 
remain largely unresolved and the origin of modern clades is still problematic when 
morphological characters are considered (e.g. O’Leary and Gatesy 2008; Geisler 
and Theodor 2009). According to most recent phylogenetic analyses, Tylopoda 
would be the first modern artiodactyl group to differentiate, followed by Suoidea; 
Ruminantia shares a close relationship with the Cetancodonta clade gathering hip-
pos and cetaceans (Arnason et al. 2000, 2002; Hassanin et al. 2012; Gatesy et al. 
2013). Total-evidence analyses, combining morphological and molecular charac-
ters, have been performed in the 2000s in order to enhance resolution of the early 
radiation and clarify the relatioship of extinct artiodactyl groups relative to modern 
ones, although with unsuccessful results (e.g. Geisler and Uhen 2005; O’Leary and 
Gatesy 2008; Geisler and Theodor 2009; Spaulding et al. 2009). Since 2009, no new 
comprehensive contribution to artiodactyl phylogeny based on morphological char-
acters including all four modern families and fossils has been published, and major 
questions remain about the placement of extinct taxa in the artiodactyl phylogenetic 
tree. The huge diversity of artiodactyls is perceptible in their brain pattern. Modern 
representatives show a wide array of brain morphologies (Fig.  13.1), including 
some of the biggest and most convoluted mammalian brains (Welker 1990) in those 
of delphinid cetaceans (e.g. Tursiops truncatus), where brain size expressed as a 
function of the body mass (‘encephalization quotient = EQ’, Jerison 1970) ranks 
second after that of humans (Marino 1998, 2002).

13.2  Historical Background

It is worth noting that the first definition of the endocranial cast was provided by 
Cuvier (1822) after an observation based on a natural endocast of an artiodactyl, 
Anoplotherium commune, from Montmatre gypsum. He wrote: “… it was moulded 
in the cavity of the skull; and as this cavity itself in the living animal was moulded 
on the brain, the clay necessarily represents the true shape of the latter…” Like 
many other mammalian groups, the first descriptions of artiodactyl endocranial 
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Fig. 13.1 Phylogenetic relationships and general neocortical pattern of modern artiodactyl groups. 
Suprasylvia and connected sulci (coronal and ansate sulci) are highlighted in red. Not to scale

casts mainly date from the second half of the nineteenth century and are based on 
natural endocasts. Among them are included those of European cainotheriids 
(Gratiolet 1859) and ruminants (Gaudry 1873), North American oreodontids (Leidy 
1869; Bruce 1883), and North African archaeocete whales (Gervais 1871). 
Descriptions of these endocranial features are directly related to the discovery and 
scientific exploitation of major fossil outcrops that yielded abundant and well- 
preserved remains in a taphonomic context that allowed for natural preservation of 
casts of the endocranial cavity. Thus, the historical knowledge of endocranial anat-
omy is much contrasted depending on the taxonomic group and the geological 
period considered.

The brain of modern artiodactyls is remarkable by the expansion and by the fold-
ing of the neopallium. Modern artiodactyl groups are all highly gyrencephalic 
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(Kazu et al. 2014) and differ in their neocortical pattern (Fig. 13.1), and most of the 
early works on fossil artiodactyl endocranial casts pay special attention to the fold-
ings of the neopallium and their identification. Detailed identification of the differ-
ent sulci of the neopallium of artiodactyls was established during the end of the 
nineteenth century (Krueg 1878) and the first half of the twentieth century based on 
the study of embryologic/ontogenetic series by Anthony and Grzybowski (1931, 
1934, 1936) for suids (Sus scrofa) and domestic bovids (sheep Ovis aries, and cow 
Bos taurus), and by Friant (1937, 1940) for hippopotamids. The study of artiodactyl 
endocasts during the nineteenth and twentieth centuries can be divided into two 
approaches: qualitative studies focusing on anatomy from the second half of nine-
teenth century until the 1970s (see for instance the chapter of Dechaseaux 1961 in 
the “Traité de Paléontologie” tome 6 of Piveteau for a remarkable summary of the 
knowledge of artiodactyl endocasts in the 1960s), and quantitative focusing on the 
increase of brain size through time that mainly developed in the 1980s (e.g., Jerison 
1970, 1973; Radinsky 1987). Most of these observations were performed in a sys-
tematic framework separating artiodactyls in two categories on the basis of tooth 
morphology: Bunodontia (pigs, hippos and extinct relatives) and Selenodontia 
(ruminants – including camelids – and extinct relatives). The lack of a clear phylo-
genetic context (or basically the lack of phylogenetic concepts for earliest works) 
has limited the scope of the thorough, highly detailed, first observations performed 
on artiodactyl endocasts (see next Sect. 13.2.1).

Endocranial studies did not progress much until the democratization of CT-scan 
investigations due to the small number of natural endocranial casts available (and 
the limitation of their taxonomic attribution if not associated with dental remains) 
and to the often destructive nature of preparation of plaster/silicone endocasts. Yet 
descriptions of fossil artiodactyl endocasts based on virtual intracranial investiga-
tions and 3D reconstructions of the internal mould of the cranial cavity remain 
scarce and are only available for early representatives of the group (Oreodontoidea, 
Macrini 2009; Diacodexis, Orliac and Gilissen 2012), for early Hippopotamoidea 
(Thiery and Ducrocq 2015), for Cetacea and their closest relative (Raoellidae, 
Orliac and Thewissen 2021; Remingtonocetidae, Bajpai et al. 2011; crown Cetacea, 
Marino et  al. 2003; Racicot and Rowe 2014; Boessenecker et  al. 2017), and for 
crown Ruminantia (Cervidae, Fontoura et al. 2020).

13.2.1  Documentation of Artiodactyl Endocasts 
in the Fossil Record

 Endocranial Morphology of Extinct Artiodactyla Clades

The Endocast of Diacodexis, Earliest Artiodactyla The oldest known artiodactyl 
endocasts described in the literature belong to the genus Diacodexis and originate 
from the Early Eocene of North America (Diacodexis ilicis, earliest Wasatchian, ca. 
55 Ma; Orliac and Gilissen 2012, 3D reconstruction of the virtual endocast) and 
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from the early Middle Eocene of Pakistan (Diacodexis pakistanensis, ca. 48 Ma; 
Sigogneau-Russell and Russell 1983, partial composite reconstruction based on 
nine skull fragments). The presence of a simple neopalleal pattern in Diacodexis, 
shared by other early artiodactyls, allowed for proposing a reconstruction of the 
ancestral neopalleal pattern for Artiodactyla.

Endemic European Artiodactyls (EEA) Several extinct artiodactyl genera and 
families (including Cebochoeridae, Mixtotheridae, Robiacinidae, Cainotheriidae, 
Choeropotamidae, Anoplotheriidae, Xiphodontidae, and Amphimerycidae) are geo-
graphically restricted to Europe. They derive from several endemic radiations that 
took place during the late early and middle Eocene when Europe was geographi-
cally isolated from other land masses in a general context of high sea level (Prothero 
1994). Phylogenetic relationships among the basal families of artiodactyls remain 
unclear and greatly differ between analyses (e.g. Geisler et  al. 2007; Luccisano 
et al. 2020; Weppe et al. 2020a, b). Endocasts of European endemic artiodactyls 
were among the first mammalian endocasts to be studied (Cuvier 1822; Gratiolet 
1859). Most of them have been described based on exceptionally well-preserved 
fossil material from the early Miocene lacustrine deposits of Saint-Gérand-le-Puy 
(Allier department, France), and from Paleogene karstic infillings from the Quercy 
Phosphorite Formation (Southwestern France). Among the first taxa described were 
the cainotheriids, considered then to be early ruminant representatives (Gratiolet 
1859; Milne-Edwards 1864; Gervais 1973; Hürzeler 1936). The endocast of 
Cainotherium was extensively studied by Anthony and Friant (1938) who con-
cluded that it represented the primitive pattern of the ruminant brain. Dechaseaux 
(1961, 1968, 1969a, b, 1970, 1973) described then in great detail the endocranial 
casts of a variety of European endemic artiodactyls (Tapirulus, Mouillacitherium, 
Cebochoerus, Dichobune, Dacrytherium, Cainotherium, Oxacron, Diplobune, 
Amphimeryx, Pseudamphimeryx, Mixtotherium), and the general trends in neocorti-
cal fissuration patterns in Artiodactyla. These works from the second half of the 
twentieth century benefitted from the identification of cortical patterns established 
by Anthony and Grzybowski (1931, 1934, 1936) and from the sharp reflections on 
external brain features by the works of Friant (1937, 1939, 1940), together with a 
more integrative evolutionary context (e.g. Dobzhansky 1937; Mayr 1942; Huxley 
1942; Simpson 1944; Stebbins Jr 1950).

Oreodontoidea Among the earliest works on artiodactyl endocranial casts are 
the studies on oreodontoids from North America. Oreodontoidea include two 
families, Agriochoeridae and Merycoidodontidae, they include a wide variety of 
subfamilies documented from the middle Eocene to the middle Miocene. The 
phylogenetic relationships of, and within, Oreodontoidea are still unclear (Ludtke 
2007; Stevens and Steven 2007). Natural endocasts of multiple oreodontoid taxa 
are particularly well described in the literature of the second half of the nine-
teenth century and the first half of the twentieth (Gratiolet 1859; Leidy 1869; 
Bruce 1883; Scott 1899; Moodie 1916, 1922; Black 1920; Thorpe 1931, 1937; 
Friant 1939, 1948). Most of these natural endocasts came from the Oligocene 
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White River fauna of the Western U.S. (Scott and Jepsen 1940), and the Eocene 
of West Texas (Wilson 1971). Among the taxa described or mentioned are the 
agriochoerid Protoreodon (Macrini 2009) and the merycoidodontids 
Merycoidodon (Gratiolet 1859; Bruce 1883; Black 1920; Friant 1948; Leidy 
1869), Eporeodon (Marsh 1886; Thorpe 1931), Merycochoerus (Moodie 1915, 
1922), Promerycochoerus (Thorpe 1931), and Leptauchenia (originally described 
as Cyclopidius Cope 1878; Prothero and Sanchez 2008). Among these descriptive 
works, the incredible preservation of a specimen and the thorough description of 
the smallest details of its brain allowed Black (1920: Fig. 23–24) to propose a 
restoration of the “Oreodon” brain (in fact rather derived Merycoidodon species) 
with unrivalled precision. Black noticed the strikingly complex cerebellum con-
trasting with the small and relatively simply arranged neopallium and questioned, 
as early as the beginning of the twentieth century, the possible independent evolu-
tion of these parts of the brain. Black (1920) and Moodie (1916, 1922) noticed the 
association of ruminant and “suilline” characters in merycoidodontid brains and 
qualified them as “pig-like ruminants.” Oreodontid brain features were then dis-
cussed in a wider comparative frame by Friant (1939) and Dechaseaux (1961, 
1969a). More recently, the endocranial cast of Bathygenys reevesi was described 
by Macrini (2009) based on μCT-scan data, together with a general discussion 
about morphological diversity within Merycoidodontidae.

 Endocasts of Modern Artiodactyl Groups

Tylopoda The evolution of brain morphology in Tylopoda is documented mainly 
by camelids from the Eocene to the Miocene; whose origin is the Holarctic zone of 
North America. In geochronological order, the camelid brain is represented by 
endocasts of Protylopus (Eocene), Eotylopus (Eocene), Poebrotherium (early and 
late Oligocene), and lastly, Protolabis (late Miocene) and Procamelus (late 
Miocene). As the earliest known member of Camelidae, the brain of Protylopus (ca. 
40 Ma) is considered the precursor to the modern camelid brain. The Oligocene 
camelid brain is known from two specimens: Poebrotherium wilsoni of the early 
Oligocene, and the relatively larger Poebrotherium labiatum in the late Oligocene 
(Bruce 1883; Cope 1886; Jerison 1971). Edinger (1966) briefly described the basic 
pattern of evolution from these earlier forms to the late Miocene, the latter stage 
represented by two endocasts of Procamelus. The smaller of the two, first recog-
nized as Procamelus occidentalis (see Cope 1877a, b), was later re-assigned to the 
genus Protolabis (Jerison 1971). The larger endocast, which remains as Procamelus, 
was referred to as a late Pliocene form by many researchers (Edinger 1966; Jerison 
1971; Repérant 1971a, b; Kruska 1982). Recent investigations have clarified, as 
previously considered by Jerison (1971), that this is actually a Miocene Procamelus 
(ca. 12–10 Ma) (Balcarcel et al. unpublished data). The major trends in neocortical 
evolution, spanning the Eocene to late Miocene, were described by Repérant (1970, 
1971a). Recently, newly described endocasts including that of Camelops hesternus 
(artificial), a giant camelid, and one of what is likely a “Palaeolama” (natural), 
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highlight the degree of brain complexity reached during the Pleistocene (Balcarcel 
et al. unpublished data).

Suoidea The external features of the brain of Sus scrofa, the domestic pig, are well 
known and described in detail (e.g., Saikali et al. 2010), including its developmental 
aspects (Krueg 1878; Anthony and Grzybowski 1931). This is not the case for other 
modern suid genera, which have only been partly documented (Anthony and 
Grzybowski 1931). The external morphology of the brain of modern Tayassuidae is 
also described in very few works (Krueg 1878; Allanson 1971; Saraiva 2017). To 
our knowledge, there is no documentation of a fossil suoid endocast in the literature.

Ruminantia The general morphology of the brain of ruminant artiodactyls and the 
evolution of brain features has been described and discussed by Friant (1939), and 
subsequently augmented by Dechaseaux (1961). These works largely build on the 
studies of embryologic/ontogenetic series in domestic bovids (sheep Ovis aries, and 
cow Bos taurus) by Anthony and Grzybowski (1934, 1936). Several endocranial casts 
(natural or plaster) of fossil ruminants from the Quaternary and the Neogene are 
described and figured in the literature, and the morphological features are generally 
described in great detail. Among the first descriptions are those of Gazella deperdita 
(Bovidae), described Gaudry (1873) from the late Miocene deposits of Mont Luberon 
(France), and Samotherium (Giraffidae), described by Black (1915) from the late 
Miocene of the Samos Island. The endocranial morphology of extinct Bovidae was 
further documented by natural and silicone endocasts of the Plio- Pleistocene insular 
bovid Myotragus (Dechaseaux 1961: Fig.  16, 1962; Köhler and Moyà-Solà 2004; 
Palombo et al. 2008) and of the Pliocene ovine Megalovis (Dechaseaux 1961). The 
endocast of the cervoid Palaeomerycidae Aletomeryx was described from the late 
Miocene of Nebraska (Lull 1920; Friant 1939; Dechaseaux 1961) and the endocranial 
morphology of the fossil stem Cervidae Dicrocerus and Megaceros is known from the 
middle Miocene and the Pliocene of France (Dechaseaux 1961). More recently the 
small Candiacervus from the Plio-Pleistocene of the Mediterranean islands (Angelelli 
1980; Palombo et al. 2008), and the late Pleistocene Antifer ensenadensis from south-
ern Brazil (Fontoura et al. 2020) further documented the brain morphology of extinct 
cervids. The earliest ruminant endocranial casts described in the litterature are, to our 
knowledge, that of Dremotherium (unknown family) and Amphitragulus? (unknown 
family) from the late Oligocene-early Miocene deposits of Saint-Gérand-le-Puy 
(Sigogneau 1968; Dechaseaux 1961, 1969a, b).

Hippopotamoidea A first illustration and very brief mention of a fossil hippopota-
mid endocast (artificial) was made by Friant (1940: Fig. 4). To our knowledge, stud-
ies of fossil Hippopotamidae endocasts in the literature are limited to Hippopotamus 
protamphibius from the Pleistocene of Ethiopia (uncertain locality from Omo val-
ley), H. madagascariensis and H. lemerlei from the?late Pleistocene to Holocene of 
Madagascar, and H. minor from the Pleistocene of Cyprus (Anthony 1948). The 
latter notice the thickness of the dura mater preventing access to most of the cerebel-
lar structures, and the presence of a large “K lobe”, characteristic of the brain of 
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Hippopotaminae (see Sect. 13.3.1.3). This work on natural and artificial plaster 
endocasts was then integrated by Dechaseaux (1961) in her discussions of  adaptation 
to amphibiosis in hippopotamuses. The fossil record of Hippopotamidae only goes 
back to the Oligocene (ca. 30 Ma, Lihoreau et al. 2015) whereas hippopotamoids 
(i.e. “Anthracotheriidae”) appear in the fossil record in Asia during the middle 
Eocene (Lihoreau and Ducrocq 2007). The endocranial morphology of 
Hippopotamoidea is still poorly documented. Only two “anthracotheriid” taxa are 
described in the literature, a representative of the Microbunodontinae Microbunodon 
minimum and of a more derived Botriodontinae Merycopotamus medioximus 
(Thiery and Ducrocq 2015). Description of the endocast of M. minimum (late 
Oligocene from La Milloque, France) relies on a virtual reconstruction of the endo-
cranial cavity of a well-preserved specimen, allowing a precise description of the 
external brain features of this small-sized animal. The external features of the brain 
of M. medioximus are only partly documented from a partial natural cranial endo-
cast from Potwar Plateau, Pakistan, dated from the late Miocene (Lihoreau et al. 
2004). Given the scarcity of available data, the evolutionary history of brain features 
of hippopotamoids remains widely undocumented.

Cetacea The first descriptions of cetacean endocasts are, to our knowledge, by 
Gervais who described plaster endocasts of extant Mysticeti (Gervais 1871), a partial 
braincase referred to the Eocene basilosaurid Zeuglodon cetoides (Watchita river, 
Louisiana, U.S.), and one of the Miocene delphinid Glyphidelphis sulcatus (Hérault, 
France, now referred to as Schizodelphis sulcatus) (Gervais 1874). Natural endocra-
nial casts of basilosaurids, fully aquatic archaeocetes sister taxa to Neoceti, have been 
described based on Dorudon by Smith (1903), Andrews (1906), and Stromer (1903), 
and Dart (1923) who provided an extensive description of Zeuglodontidae endocasts. 
These works on basilosaurids were integrated with those of Edinger (1955) and 
Dechaseaux (1961). Following the concerns of Marples (1949) about the interpreta-
tion of fossil cetacean endocasts, Breathnach (1955) revised the brain/endocast shape 
correspondence for a sample of modern cetaceans and concluded that regarding the 
cerebellar region of odontocetes and the brain of mysticetes in general, the endocra-
nial cast is “little less than a poor and misleading caricature” (Breathnach 1955: 541). 
The earliest evolutionary history of the cetacean brain is only partly documented back 
to the early middle Eocene by early diverging, non-fully aquatic archaeocetes, pakice-
tids (Nummela et  al. 2006; Kishida et  al. 2015), protocetids (Indocetus sp., cf. 
I. ramani, Bajpai et al. 1996), and remingtonocetids (Bajpai et al. 2011; Kishida et al. 
2015). The endocranial morphology of Indohyus belonging to the Raoellidae, the sis-
ter taxon to Cetacea, recently provided some additional insights into the onset of 
cetacean brain characteristics (Orliac and Thewissen 2021). The endocranial mor-
phology of Neoceti, the clade gathering modern cetaceans, is still partially docu-
mented relative to their diversity. Odontocetes are the best documented and include 
records of Xenorophidae (Albertocetus from early Oligocene, South Carolina, 
Boessenecker et  al. 2017, and Xenorophus from late Oligocene North Carolina, 
Marino et al. 2003), Eurhinodelphinidae (Xiphiacetus sp. described as Eurhinodelphis 
morrisi by Marino et al. 2003, Middle Miocene of Maryland), Eoplatanistidae (Pilleri 
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and Gihr 1982, from Italy, originally referred to Schizodelphis, transferred to 
Eoplatanista by Muizon 1988), Delphinidae (Globicephalinae Boessenecker et  al. 
2015), Phocoenidae (Racicot and Rowe 2014), and several records of indeterminate 
odontocetes. These include “Squalodon” from the Oligocene of New Zealand 
(Marples 1949; specimen C.34.7; see Fordyce 1978 for systematic reassessment), 
“Prosqualodon davidi” by Dart (1923) from the Miocene of Tasmania, and a speci-
men from the middle Miocene of Poland (Stefaniak 1993, originally referred to as 
Delphinidae indet.). Bisconti et al. (2020) recently restudied the natural endocast of an 
early Miocene Odontocete from Piedmont, Italy, previously studied by Dal Piaz 
(1905), Parona (1923) and Pilleri and Gihr (1982). Natural endocasts of extinct mys-
ticetes are very scantily documented in the fossil record, which is, to our knowledge, 
limited to the cetotherids Cetotherium (Strobel 1881:pl1, Fig.  2) and Imerocetus 
(Mchedlidze 1988), to Pinocetus polonicus (middle Miocene of Poland; Czyżewska 
1988, originally placed in the Cetotheriidae but recently found outside this clade by 
Marx et al. 2019), to the Llanocetidae Llanocetus denticrenatus (Mitchell 1989) from 
the latest Eocene of Seymour Island (see Fordyce and Marx 2018 for familial refer-
ral), and to Willungacetus from the early Oligocene of South Australia (Pledge 2005, 
placed in Mysticeti indet. by Fitzgerald 2010). Few endocasts of extant cetaceans are 
also available in the literature, via physical endocasts (e.g. Balaenoptera rostrate, 
Balaena mysticetes, Megaptera novaeangliae by Gervais 1871; sperm-whale Physeter 
microcephalus by Flower 1867; foetal fin- whale, common porpoise Phocaena pho-
caena by Breathnach 1955; Balaenoptera musculus by Dechaseaux 1961), or digital 
reconstructions (e.g. Phocoenidae by Racicot and Colbert 2013; narwhal Monodon 
monoceros and beluga Delphinapterus leucas by Racicot et al. 2018).

13.2.2  Problematics

As exposed above, endocasts of artiodactyls have been actively described and stud-
ied from the second half of the nineteenth century to the 1970s. These works widely 
take place outside the frame of phylogenetic concerns, or in a paradigm mainly 
splitting Artiodactyla in two/three groups based on their dental morphology (buno-
dont/selenodont/bunoselenodont), and, naturally, separating cetaceans from artio-
dactyls. The phylogenetic context has drastically evolved since the end of the 
twentieth and the beginning of the twenty-first centuries, and the relationships 
between modern artiodactyl groups are now pretty consensual. Integrating Cetacea 
within a broader definition for Artiodactyla is now necessary, as is the clarification 
of the evolutionary history of brain structures within this new phylogenetic context. 
In the meantime, phylogenetic relationships at the order scale including fossil taxa 
remains highly debated and no consensus has yet been reached today. Major artio-
dactyl groups can be differentiated by their endocast morphology (Dechaseaux 
1969a, b; Macrini 2009), and inclusion of endocranial characters will certainly 
bring a source of relevant characters to define clades and clarify basal relationships 
within Artiodactyla. Gathering an increasing corpus of data for artiodactyl 
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endocasts is now crucial to address these evolutionary issues. Indeed, documenta-
tion of endocranial morphology of the various artiodactyl groups remains scant 
compared to their amazing diversity. Most data regarding endocranial morphology 
of artiodactyls derives from natural and artificial endocasts and the number of avail-
able virtual models remains limited so that quantitative parameters such as relative 
volume of the different components (e.g. olfactory bulb, cerebrum, and cerebellum) 
or relative neocortical surface cannot currently be discussed at the order scale, ham-
pering a quantitative assessment of brain evolution in the group.

Among major questions that are currently investigated is to what extent ecologi-
cal specialisation has shaped the neocortical pattern and different components of the 
artiodactyl brain. The general overview of published endocasts suggests a compli-
cated pattern of evolutionary history of the different structures with decoupling of 
evolutionary stages between cerebrum and cerebellum; each clade shows a mosaic 
pattern of derived and plesiomorphic features that has to be put in perspective with 
both the history and the ecology of taxa. Artiodactyla therefore appears to be a per-
fect group for a case study of brain evolution and its associated drivers because of 
their broad temporal and spatial repartition, and their incredible diversity within 
mammals, including a wide aray of body masses and ecological specialisations (e.g. 
terrestrial and aquatic).

Domestication is also a crucial aspect of the evolution of the artiodactyl brain. 
Artiodactyls comprise an impressive proportion of today’s domestic livestock, 
including suids, camelids, and a wide variety of ruminants (cervids, bovids). Each 
group represents a model for exploring morphological changes to the brain in cor-
relation with the domestic niche: selection for tameness, environmental and dietary 
alterations, and life cycle changes (Zeder 2012). Brain size differences have already 
been noted between many wild and domestic mammals, particularly in artiodactyls 
(Kruska 1988), but neuroanatomical differences are less known. This is currently an 
area of great scientific interest, as behavioral and cognitive abilities are increasingly 
being inferred from brain morphology (e.g. Balcarcel et al. 2021; Hecht et al. 2019).

In this chapter, we provide a first step to discussing brain morphology and evolu-
tionary history at the Artiodactyla scale, including Cetacea, based on a first compi-
lation of available data and including recent, yet still very scant, 3D models deriving 
from μCT-scan acquisitions.

13.3  Overview of General and Comparative Anatomy

13.3.1  Characterization of Cranial Endocast Morphology

 Overview of Modern Artiodactyl Brain Morphology, Primary 
Identification of Structures

Modern Artiodactyla are characterized by an important extension of their neopallium 
that covers most of the cerebral surface and extends posteriorly over the midbrain, 
partially hiding the cerebellum. If terrestrial groups mostly differ by the sulcal 

M. J. Orliac et al.



517

pattern of their neopallium, Cetacea stand as an exception with a highly morphologi-
cally divergent brain, with, among others, drastic reduction or lack of olfactory bulbs, 
very strong telencephalic flexure, and special cortical characteristics (i.e. simple cor-
tical organization, Glezer et al. 1988; Morgane et al. 1988; Glezer et al. 1988, 1993; 
Raghanti et al. 2019). Due to these unique features, Cetacea have always been stud-
ied outside the Artiodactyla framework. The literature relating to the study of gyren-
cephaly abounds with diverse and often contradictory nomenclatures. We principally 
use here the revised nomenclature of Repérant (1971b), mainly built on the work of 
Smith (1902) and Anthony and Grzybowski (1930) and based on various homology 
criteria (topographical, morphological, anatomical, histological, ontological, phylo-
genetic). We add here some other support to homology based on the morphological 
intermediate criteria as defined by Repérant (1971b). The main neocortical sulci of 
Artiodactyla observed on endocasts (i.e. exposed on the external aspect of the brain) 
are, from the rhinal fissure on the ventral margin of the neopallium (delimiting the 
paleopallium from the neopallium, Smith 1902) to the interhemispheric fissure (at 
the sagittal plane): the ectosylvia, the suprasylvia, the coronal and the lateral 
(Figs. 13.1 and 13.2). The cruciate and the splenial sulci, originating from the inter-
nal aspect of the neopallium at the interhemispheric fissure, are also exposed on the 
dorsal surface of the hemispheres in some taxa (see Sect. 13.3.1.3). There are also 
typical secondary grooves: the diagonal sulcus (“sillon γ” of Anthony and Grzybowski 
1931, 1934, 1936; Friant 1939; Anthony 1961; Dechaseaux 1961), the arcuate sulcus 
(“sillon α” of Friant 1952 – observed in Camelidae), and the oblique sulcus (“sillon 
β” of Anthony and Grzybowski 1936; Friant 1939; Sigogneau 1959; Anthony 1961; 
Dechaseaux 1961, 1969a, b, 1973). In all modern artiodactyls, the pseudosylvia, 
observed in gyrencephalic mammal groups such as carnivorans (Smith 1902) is very 
small or lacking (Repérant 1971b). If the homology of the various artiodactyl sulci 
has been discussed based on the primitive carnivoran pattern (as exemplified by the 
dog; e.g. Krueg 1878; Smith 1902), it has never been discussed at the Artiodactyla 
scale based on a global comparison of extant and extinct taxa.

A hallmark of the complexity of the brain of artiodactyls is the operculization, 
often incomplete, of the central area (the region delimited by the rhinals, the supra-
sylvia and the presylvia sulci) of the neopallium. It consists of an invagination of a 
more or less large surface of neopallium, localized between the rhinal and the ecto-
sylvia and recognized as the gyrus arcuatus I (yellow area on Fig. 13.3) based on 
topographical similarities with the carnivoran neocortical pattern (see Repérant 
1971b for considerations on homologies). The sylvian complex resulting from this 
operculization has various orientation depending of artiodactyl clades (Fig. 13.3).

Modern representatives show different patterns, recognizable from each other, 
and with different degrees of operculization (Fig. 13.3). It is, for example, almost 
complete to complete in suoids (Anthony and Grzybowski 1931), while the gyrus 
arcuatus I remains variously exposed in hippopotamids (Friant 1939, 1940), came-
lids (Repérant 1971b), cetaceans (Hof and Van der Gucht 2007; Knopf et al. 2016), 
and ruminants (Anthony and Grzybowski 1934, 1936; Friant 1939). Operculization 
is related to the expansion of the surface of the neopallium, the part of the brain 
dedicated to higher cognitive functions. As such, this phenomenon has been central 
to the study of artiodactyl endocasts and to the evolutionary history of their brains. 
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Fig. 13.2 Dorsal (a) and lateral (b) views of the right cerebral hemisphere of the domestic pig (Sus 
scrofa) illustrating the sulcal nomenclature used in this chapter. Arrow points anteriorwards. 
Abbreviations: an ansate sulcus, Co coronal sulcus, Cr cruciate sulcus, di diagonal sulcus, ES 
ectosylvia, IF interhemispheric fissure, La lateral sulcus, Ob oblique sulcus, PS presylvia, Rh rhi-
nal fissure, SC sylvian complex, SS suprasylvia, SSa suprasylvia anterior, SSp suprasylvia poste-
rior. The interhemispheric and the rhinale fissures are in dotted lines

The endocranial cast only gives access to the external structures of the brain, provid-
ing no clues as to the internal folds of the neopallium. This partial access to the 
morphology of the brain sometimes makes it difficult to identify first steps of oper-
culization based on extinct taxa.

Most works on the brain cavity of artiodactyls have focused mainly on the mor-
phology of the neopallium, while studies on the cerebellum are scarce. Modern 
artiodactyls exhibit a complicated cerebellum with highly convoluted and folded 
vermis and hemispheres (e.g. Suidae, domestic pig Sus scrofa, Saikali et al. 2010; 
Hippopotamidae, common hippopotamus Hippopotamus amphibius, Garrod 1880; 
Camelidae, Repérant 1971b), but most of these delicate foldings are generally not 
visible on endocasts. Given the particular attention devoted to the study of the artio-
dactyl neopallium in the literature and the paucity of data available concerning the 
cerebellum, this chapter focuses essentially on the former.

 Endocranial Morphology of Extinct Artiodactyla Clades

Earliest Artiodactyls/Primitive Pattern The endocranial morphology of earliest 
artiodactyls is documented by the early and early middle Eocene Diacodexis 
(Sigogneau-Russell and Russell 1983; Orliac and Gilissen 2012), Homacodon 
(Fig. 13.4a–c; Orliac 2022) and Helohyus (Fig. 13.4d–f; Orliac 2022).
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Fig. 13.3 Lateral left view of the cerebral hemisphere of crown Artiodactyla, compared to the 
primitive pattern (highlighted in central position), showing the operculization of the central terri-
tory of the neopallium (yellow, gyrus I). Abbreviations: ar arched sulcus, Co coronal, Cr Cruciate, 
di diagonal, eL ectolateral, L lateral, ob oblic, PS presylvia, SS suprasylvia; I-III refers to the neo-
palleal gyri. The sylvian complex, sulci resulting from the operculization, is highlighted in red, 
diagonal and oblique sulci are highlighted in pink, arcuate is highlighted in orange; yellow, gyrus 
I; blue, gyrus III; gray sanded area and gray corresponds to the central area

Olfactory Bulbs These are only documented from the specimen of Diacodexis ili-
cis (Orliac and Gilissen 2012) and from fragmentary specimens of Diacodexis paki-
stanensis (Sigogneau-Russell and Russell 1983). This genus exhibits very large 
olfactory bulbs (13% of the total endocast volume), so far the largest observed in 
Artiodactyla (Table 13.1).

Cerebral Hemispheres In Diacodexis, Homacodon and Helohyus, the extension of 
the neopallium on the surface of the cerebral hemispheres is reduced (43–44% of 
the surface of the cerebral hemisphere) and the paleopallium is visible in dorsal 
view. The ventral extension is weak and the caudal part of the cerebrum does not 
abut the cerebellum, letting a wide portion of the midbrain dorsally exposed 
(Fig. 13.4a–f). Their groove pattern is very simple with two deep sulci, the suprasyl-
via and the lateral sulcus (closer to the interhemispheric fissure), converging in their 
anterior-most part and delimiting an almond-shape gyrus III. A small groove inter-
preted as the presylvia is also observed merging to the anterior segment of the rhinal 
fissure in the anterior most portion of the neopallium. The pyriform lobes are large. 
Diacodexis and Homacodon also show large olfactory tubercles. The lateral aspect 
of Helohyus endocast cannot be described due to deformations (Fig. 13.4f).
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It is worth to note that in earliest artiodactyls the orbitotemporal canal lies ventral 
to the rhinal fissure and is not a hallmark of the paleopallium/neopallium limit like 
it is the case in Primates (Microsyopidae, Silcox et al. 2010; although in some cases 
it is suggested dorsally, Proprimates, Gingerich and Gunnell 2005) and rodents 
(Ischyromyidae, Bertrand and Silcox 2016).

Midbrain Exposure The midbrain is widely exposed in Diacodexis, Homacodon 
and Helohyus. Midbrain exposure is observed in few other early artiodactyls 
(Figs. 13.4 and 13.5), but it is clearly wider in early and middle Eocene taxa (see 
also Indohyus).

Cerebellum Fine morphological details of the cerebellum are not visible on the 
endocasts, but all three taxa show a rather wide vermis compared to paramedian 
lobes. On Diacodexis (Orliac and Gilissen 2012) and Helohyus (Fig. 13.4d–f), the 
fissure prima can be identified on the dorsal aspect of the vermis, its position makes 
the paleocerebellum (lobus rostralis) widely exposed on the anterior part of the 
vermis. The lobus caudalis bears few fissures, and the fissure secunda is identifiable 
as a deep groove on the vermis endocast.

Endemic European Artiodactyls (EEA) Endocranial casts of EEA are docu-
mented from the late Eocene until the late Oligocene, most of them known from 
Quercy localities or from Saint-Gérand-le-Puy and described by Dechaseaux (1961, 
1969a, b, 1973). They show a wide array of morphologies reflecting the radiation of 
the group in the “Island Europe” context.

Olfactory Bulbs Cebochoerus, Dichobune, Mouillacitherium as well as 
Anoplotherium present a rather similar relative size of the olfactory bulb with values 
comprised between 5.7 and 7.5% (Table 13.1). These values are smaller than what 
is observed in Diacodexis (13.8%). Among EEA, the cainotherid Caenomeryx 
exhibits the smallest olfactory bulbs, representing less than 4% of the total volume 
of the endocast (Table 13.1). In all these taxa, olfactory bulbs are joined on most of 
their length and separated from the anterior margin of the neopallium by a short 
circular fissure.

Cerebral Hemispheres The EEA show a great disparity of neocortical folding pat-
tern, with a very simple pattern (two sulci delimiting the almond shapes gyrus) 
observed in Cebochoeridae (Dechaseaux 1969a: Fig. 13) and in Mouillacitherium 
(Figs.  13.4g–i; Orliac 2022), and more complicated ones found in other groups 
documented. The dichobunoid Dichobune shows a slightly more complex pattern, 
with a long presylvia widely visible on the dorsal aspect and three accessory sulci 
notching the gyrus III (entolaterals, Figs. 13.4j–l; Orliac 2022). Cainotheriidae also 
present additional sulci, with a long coronal sulcus linked to both the lateral sulcus 
and the suprasylvia, and a diagonal sulcus, sometimes branched. The cainotheriids 
taxa analized Caenomeryx filholi (Fig. 13.4m–o; Orliac 2022), and Cainotherium 
(Anthony and Friant 1938; Friant 1939; Dechaseaux 1969a: Fig. 12) shows a small 
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Fig. 13.4 Endocast morphology of extinct artiodactyl clades. a-c, Homacodon vagans (AMNH 
12695); d-f,?Helohyus (AMNH 13079); g-i, Mouillacitherium elegans (UM ACQ 6625); j-l, 
Dichobune leporina (MNHN.F.QU16586); m-o, Caenomeryx filholi (UM PDS 2570); p-r, 
Anoplotherium sp. (3D surface of plaster cast illustrated by Dechaseaux 1969a, b: Fig. 6); s-t, 
Leptauchenia sp. (AMNH 45508); v-x, Agriochoerus sp. (AMNH 95330). 3D models are available 
in Orliac (2022). Illustrations in dorsal (a, d, g, j, m, p, s, v), ventral (b, e, h, k, n, q, t, w), and lateral 
(c, f, i, l, o, r, u, x) views. Scale bars = 1 cm

sulcus linking the rhinal fissure, here interpreted as a pseudosylvia, and most prob-
ably had partial operculization of the central area, highlighted by the pathway of the 
midle meningeal artery, partly hidden by the gyrus II (Dechaseaux 1961, 1969a; 
Fig. 13.4o). Anoplotherioidea exhibit another type of folding pattern. The dacry-
therid Dacrytherium (Dechaseau 1969a: Fig. 2) is very close to the cainotherioid 
plan, with elongated lateral sulcus, suprasylvia and coronal sulcus, and also a small 
oblique sulcus. Anoplotheriidae exhibit more elongated, parallel sulci, and a coro-
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Fig. 13.5 Endocast morphology of crown artiodactyl clades: a-f (top line), Suoidea; g-l (middle 
line), Ruminantia; m-r (bottom line), Hippopotamoidea with a-c, Palaeochoerus sp. 
(MHNT_2014_0_3075); d-f, Tajassu pecari (UM V79); g-i, Leptomeryx sp. (AMNH 53596); j-l, 
Moschiola memmina (UM V68); m-o, Microbunodon minimum (UP LM1967MA300); p-r, 
Choeropsis liberiensis (MRAC RG 35715). Illustrations in dorsal (a, d, g, j, m, p), ventral (b, e, h, 
k, n, q), and lateral (c, f, i, l, o, r) views. Scale bars = 1 cm

nal sulcus preferentially linked to the lateral sulcus. Anoplotherium presents a com-
plex folding pattern of the neopallium with additional ramifications (Fig. 13.4p, r); 
an additional sulcus located anterior to the coronal sulcus (“sulcus γ” of Dechaseaux 
1969a) would correspond to a diagonal sulcus according to the nomenclature of 
Repérant (1971b). Anoplotherium shows a clear operculization of the central area, 
with a deep sylvian complex. The oblique sulcus is sinuous and ramified. The exten-
sion of the neopallium on the surface of the cerebral hemispheres of Dichobune and 
Mouillacitherium is similar to Diacodexis and Homacodon (ca. 43%, see Table 13.1), 
but the paleopallium is not visible in dorsal view for the former (Fig. 13.4g, j). The 
relative sizes of the neopallium of the Oligocene taxa Caenomeryx and Anoplotherium 
is larger than that of other EEA and exceeds 60% (see Table 13.1).

Midbrain Exposure Midbrain exposure varies greatly depending on taxa. Although 
the exposure is smaller than in early Eocene taxa, the midbrain is exposed in 
Cebochoerus and colliculi are even visible (Dechaseaux 1969a: Fig. 13). Despite a 
relatively simple folding pattern and general weak extension of the neopallium, the 
midbrain exposure is small in Dichobune (Fig.  13.4g) and Mouillacitherium 
(Fig.  13.4j), Tapirulus (Dechaseaux 1969a, b: Fig.  12) and Mixtotherium 
(Dechaseaux 1973: Fig. 3), smaller than in Diacodexis, Homacodon and Helohyus. 
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The midbrain is not exposed in Cainotheriidae (Caenomeryx; Fig.  13.4m) and 
Anoplotheriidae (Anoplotherium; Fig. 13.4p).

Cerebellum Just like in other groups, the cerebellum of EEA has received little 
attention in the literature. They differ by the folding pattern, size and shape of their 
vermis (Fig. 13.4). Compared to the size of the cerebrum, the cerebellum is rela-
tively large in Anoplotherioidea where the anterior extension of the vermis reaches 
that of the cerebellar hemispheres (Dechaseaux 1969a, b: Figs. 2,6,10; Fig. 13.4p). 
It is relatively smaller in other EEA taxa such as cainotheriids, Mouillacitherium or 
Dichobune. In these taxa, the cerebellar hemispheres extend anteriorly to the ante-
rior margin of the vermis, like in early Eocene taxa (Fig. 13.4g, j, m).

Oreodontoidea Endocranial casts of oreodontoids are best illustrated in the litera-
ture by the late Eocene oreodontine Bathygenys reevesi (Macrini 2009), and by 
natural endocasts of the early Oligocene merycoidodontine Merycoidodon culbert-
soni (Leidy 1869:pl. 14, Fig. 11; Black 1920: Fig. 18: specimen IV; Moodie 1922: 
Fig. 22) and middle Eocene Merycoidodon gracilis (Dechaseaux 1961: Fig. 10). We 
complete here the picture with 3D models of the leptauchenine merycoidodontid 
Leptauchenia sp. from Washington County, South Dakota (AMNH-FAM 45508; 
Fig. 13.4s–u) and of the agriochoerid Agriochoerus sp. from Sage Creeck, Chadron 
Mont. (AMNH- FAM-95330, Late Eocene; Fig. 13.4v–x) (see Orliac and Gilissen 
2012: Fig. 3).

Olfactory Bulbs Olfactory bulbs are proportionally smaller than in early artiodac-
tyls described above (values comprised 3.2–5.5%, Table 13.1), but larger than in 
crown Artiodactyla. Unfortunately, most of the oreodontoid specimens are natural 
endocasts and the volume of the olfactory bulbs is not provided in their original 
description.

Cerebral Hemispheres Oreodontoids described in the literature present different 
degrees of neopallium sulcal complexity, from few sulci arranged in a rectilinear 
disposition, without ramifications, to complex, ramified, sulci and an operculization 
of the central area. The simplest pattern illustrated is described in Bathygenys which 
only presents a suprasylvia prolonged by a coronal sulcus, and a lateral sulcus 
delimiting a gyrus III (Macrini 2009: Fig. 3). A more complex pattern is observed 
in Merycoidodon culbertsoni and Miniochoerus gracilis from the middle Oligocene. 
An ectolateral sulcus divides the gyrus III in Mi. gracilis (Dechaseaux 1961: 
Fig.  10). Me. culbertsoni (Black 1920: Fig.  18) presents several ramifications 
branching on the suprasylvia, including a small sulcus x, originating from the supra-
sylvia and joining the interhemispheric cleft, and an oblique sulcus located on the 
lateral margin, posterior to the sylvian complex. We agree with the conclusions of 
Friant (1939, 1948) and Dechaseaux (1961) that the gyrus I is operculized in those 
species. Yet, there is no indication of operculization of the central area in Bathygenys 
(see Macrini 2009). A noticeable variability of the neocortical pattern has been 
described in the literature in Merycoidon and Bathygenys (Macrini 2009). The vir-
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tual endocranial cast of Leptauchenia reveals a rather simple cortical pattern with 
two main sulci, a long oblique suprasylvia/coronal and a small lateral sulcus delim-
iting a closed gyrus III, and two accessory sulci, an oblic and a diagonal (Fig. 13.4s–
u). There is no indication of operculization. The endocranial morphology of 
Agriochoeridae is here documented by Agriochoerus (Fig.  13.4v–x). It shows a 
simple sulcal pattern with only a suprasylvia, a coronal sulcus and a lateral sulcus 
delimiting a closed gyrus III, without accessory sulcus. It is worth noting that in this 
taxon, the coronal sulcus is in line with the lateral sulcus and not with the suprasyl-
via. The extension of the neopallium on the surface of the cerebral hemispheres in 
Leptauchenia and Agriochoerus is more important than in Diacodexis and 
Homacodon and exceeds 50% (Table 13.1). The pyriform lobes and the olfactory 
tubercles are proportionally smaller in oreodontids than in Diacodexis (Orliac and 
Gilissen 2012: Figs. 1c and 2d) and Homocadon (Fig. 13.4a).

Midbrain Exposure The posterior development of the neopallium and the trans-
verse sinus cover the midbrain in oreodontoid endocasts.

Cerebellum All oreodontoid taxa show a wide vermis compared to the cerebellar 
hemispheres. Black (1920: Figs. 9 and 10) illustrated an incredibly well preserved 
cerebellum of an oreodont from middle Oligocene of the White River group, South 
Dakota. The different lobules and crura can be identified in great detail. The fissura 
prima lies rather anteriorly, especially compared to Bathygenys, and the exposition 
of the lobus rostralis on the anterior part of the vermis is reduced compared to 
Diacodexis and Helohyus. Details of the vermis structures cannot be observed on 
the endocasts of Leptauchenia and Agriochoerus (see Fig. 13.4).

The endocranial casts of oreodontoids show a diversity of shape and folding pat-
tern. Our sample is restricted to the Late Eocene/Early Oligocene and it would be 
very interesting to document endocranial casts of all Merycoidodontidae subfami-
lies and more recent taxa.

 Endocranial Morphology of Crown Artiodactyla Clades

Tylopoda Endocranial casts of the Camelidae are known from the late Eocene to 
the late Pleistocene. At least one endocast is known from each epoch in this times-
pan, allowing the observation of a tremendous brain size increase in this lineage 
(Edinger 1966; Jerison 1971, 2007). Basic qualitative descriptions for this group 
were made by Edinger (1966).

Olfactory Bulbs Descriptions of relative sizes of different brain regions, particu-
larly of the anterior region and olfactory bulbs, are largely lacking for this group. 
These structures are missing from the known Protylopus endocast. However, if its 
brain proportions parallel those of Oligocene camelids, olfactory bulbs would have 
been about 8 mm in length (Edinger 1966).
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Cerebral Hemispheres Detailed descriptions of gyrification patterns across multi-
ple fossil taxa and modern camelids were made by Repérant (1970, 1971a, b). The 
late Eocene Protylopus brain is more complex than that of earliest artiodactyls and 
bears three longitudinal sulci: a corono-suprasylvian sulcus prolonged medially by 
a short ansate sulcus, a lateral sulcus and an entolateral sulcus (Repérant 1971a). By 
the Oligocene, in Poebrotherium, the suprasylvian sulcus moved toward the midline 
and developed a descending branch at its anterior end. Lateral and entolateral sulci 
get close to the sagittal plane as new sulci, ectolateral and the sylvian complex, 
began to form and move dorsally from the lateral edges of the brain. At this time, the 
presylvian sulcus is faintly visible in the anterior brain, and the appearance of sulcus 
“oblique 1” begins to define the oblique posterior brain. Operculization is observed 
in Poebrotherium where a long ectosylvia and a short sylvian complex occur 
(Repérant 1971a: Fig. 2). More sulci developed by the early Pliocene in Procamelus, 
when we observe the greatest expansion of the forebrain. The suprasylvian becomes 
more complex as its anterior portion couples with the ansate and coronal sulci, 
forming a branching pattern. All longitudinal sulci continue to move closer to the 
sagittal plane, as outer sulci develop further, and the rhinal fissure has moved further 
down the lateral edges of the brain (Repérant 1971a). Operculization is more 
extended. The main distinction in camelid brain evolution is the pattern of gradual 
introversion of posterior longitudinal sulci into the sagittal plane, and simultaneous 
eversion of sulci from the frontal region (Repérant 1971a).

Cerebellum Enlargement of the cerebral hemispheres was paralleled by enlarge-
ment of the cerebellum, whereas the vermis becomes less dominant (Edinger 1966). 
Fine details of cerebellar surface anatomy are scarce in this clade.

Suoidea As mentioned above there is, to our knowledge, no endocast of fossil 
suoid described in the literature. We document here the endocranial cast of 
Palaeochoerus sp. from an unknown locality in Quercy, France (ancient collections 
from the Museum d’Histoire Naturelle of Toulouse; MHNT PAL2014.0.3075.1; 
Fig. 13.5a–c). Given the biochronological repartition of this taxon in Quercy, it is 
most likely of late Oligocene age. Phylogenetic analyses (Orliac et al. 2010; Orliac 
2012) support a basal position of Palaeochoeridae, before the split between Suidae 
and Tayassuidae.

Olfactory Bulbs The palaeochoerid specimen consists of a partial braincase and 
unfortunately does not preserve the olfactory bulbs. The small portion preserved 
indicated that they were of decent size, separated from the cerebral hemispheres by 
a short circular fissure.

Cerebral Hemispheres The neopallium sulcal complexity of Palaeochoerus sp. 
already strongly recalls that of modern suoids (Fig. 13.5a–c). The lateral sulcus is 
rather short and close to the interhemispheric fissure, the suprasylvia is prolonged 
anteriorly by an anterior branch and medially by an ansate sulcus that joins a long 
coronal sulcus. The later extends anteriorly and bifurcates in its anterior-most por-
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tion. On the lateral aspect of the neopallium, there is a clear sylvian complex that 
forms an open area, letting part of the gyrus I be exposed. There is a short deep 
oblique sulcus. Contrary to the domestic pig, Sus scrofa, there is no trace of a cruci-
ate sulcus (we follow here the identification of Anthony and Grzybowski 1931, and 
Barone and Bortolami 2004, that the anterior most sulcus in Sus scrofa is the ante-
rior prolongation of the splenial; for alternative interpretation see Krueg 1878). The 
neopalleal pattern of Palaeochoerus is closer to that of Tayassuidae that do not seem 
to present a dorsal exposure of the anterior portion of the splenial sulcus (Saraiva 
2017: Figs. 2, 5). The neopallium is widely expanded on the cerebral hemispshere 
and covers 55% of it, a slightly inferior value compared to Tayassu (Table 13.1).

There are wide, salient, olfactory tubercles on the Palaeochoerus endocast 
(Fig.  13.5b–c), just like in modern representatives of the group (Saraiva 2017: 
Fig. 4; Barone and Bortolami 2004:pl.158).

Midbrain Exposure and Cerebellum In Palaeochoerus, the midbrain is not exposed 
dorsally and the posterior expansion of the neopallium covers the anteriormost part 
of the vermis and the paramedian lobes. It is also the case in modern Tayassuidae 
(Tayassu pecari, Saraiva 2017: Fig. 7) and Suidae (Sus scrofa domesticus, Saikali 
et al. 2010). The vermis of Palaeochoerus is wide relative to the paramedian lobes, 
and its subdivisions are impossible to identify; the shape of the paramedian lobes is 
masked by the sinuses surrounding the petrosal region. In modern suoids, the ver-
mis appears smaller than the paramedian lobes (Barone and Bortolami 2004:pl.113; 
Saraiva 2017).

Knowledge of the endocranial morphology of Suoidea remains highly limited, 
even for modern taxa. The general morphology of the brain of Palaeochoerus indi-
cates an advanced stage of neopalleal expansion (Fig. 13.5a, c), as soon as the lower 
Oligocene, even if it is less convoluted than that of modern suoids. Its pattern is 
closer to Tayassuidae than to Suidae.

Ruminantia Compared to their great specific diversity, documentation of rumi-
nant endocasts remains limited, especially for Paleogene times. We briefly describe 
and illustrate here the endocast of Leptomeryx sp. (AMNH 53596; Fig. 13.5g–i) 
from the Early Oligocene of South Dakota (Brule Formation, Orellan stage). In 
addition, we report the endocast of the Early Pleistocene cervid Antifer ensenaden-
sis (Fontoura et al. 2020).

Olfactory Bulbs The endocast of Leptomeryx, earliest Ruminantia from our sample 
(early Oligocene) presents large olfactory bulbs (Fig. 13.5g–i) compared to modern 
representatives of the group (Table 13.1). The olfactory bulb chamber, or ethmoidal 
fossa, is globular and the two bulbs are closely apposed on their whole length. The 
endocasts of Dremotherium (Sigogneau 1968: Fig. 16–18) and of Amphitragulus? 
(Sigogneau 1968: Fig.  28–29) from the late Oligocene-early Miocene of Saint-
Gérand-le-Puy show less globular, divergent olfactory bulb chambers. Unfortunately, 
3D models of these specimens are not available yet, and the olfactory bulb chamber 
volume cannot be measured. Regarding olfactory bulb chamber morphology, 
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Leptomeryx is closer to modern tragulids (e.g. Moschiola memmina Fig. 13.5j–l), 
than to extant or extinct bovids or cervids (for illustrations of the latter see Palombo 
et al. 2008: Figs. 7–9, 11). The endocast of the cervoid Palaeomerycidae Aletomeryx 
from the late Miocene of Nebraska (Lull 1920) does not preserve the olfactory bulbs 
portion. As for Dremotherium and Amphitragulus?, the endocast of the late Miocene 
giraffid Samotherium (Black 1915) also presents set apart, rather slender olfactory 
bulb chambers. The olfactory lobes of Antifer ensenadensis are strongly separated, 
similar to those of the current cervid species with which they are compared 
(Mazama, Blastocerus, Ozoterus; Fontoura et al. 2020).

Cerebral Hemispheres Modern Ruminantia show a wide panel of neopalleal pat-
tern from rather simple patterns like in Tragulidae (e.g. Moschiola memmina 
Fig. 13.5j–l; Hyaemoschus aquaticus Friant 1939: Fig. 21), to complex, highly con-
voluted neopallium (e.g. Giraffidae, Bovidae, Cervidae, Friant 1940; Palombo et al. 
2008; Graïc et al. 2017). The gyrification pattern has been demonstrated to be rele-
vant at a systematic level, between families (Palombo et  al. 2008) and within 
(Oboussier 1979). Regarding the main neopalleal sulci, the early Oligocene 
Leptomeryx shows the simplest pattern with a small, faint, lateral sulcus, and a long 
suprasylvia prolonged by an anteriorly extended coronal sulcus. A short cruciate 
and a short oblique sulci are also present, as well as a short presylvia (Fig. 13.5g–i). 
On the lateral aspect, the rhinal fissure lies fairly high and shows a marked inflexion 
between the pre- and postsylvia; however, no pseudosylvia, the hallmark of an 
incipient operculization, is visible. The simple pattern observed in Leptomeryx is 
close to that of modern tragulids (Moschiola memmina, Fig. 13.5j–l) that also show 
a very faint lateral sulcus and a long suprasylvia anteriorly prolonged by the coronal 
sulcus. However, tragulids show a long dorsal exposure of the splenial sulcus and a 
clear operculization of the central area with a marked sylvian complex. The neopal-
leal pattern of the late Oligocene/early Miocene Amphitragulus? (Sigogneau 1968: 
Fig. 28–29) is slightly more complex than that of Leptomeryx and shows a long 
anterior suprasylvia and a diagonal sulcus; pathway of the middle cerebral artery 
indicates that some part of the ventral margin of the neopallium is operculized. The 
pattern of Dremotherium (Sigogneau 1968: Fig.  16–18), of similar age, is even 
more complex, with more ramifications and elongation of the diagonal and oblique 
sulci. Operculization is also more important and the sylvian complex is visible as a 
deep depression on the surface of the endocast. A complex pattern is also observed 
in the late Miocene palaeomerycidae Aletomeryx (Lull 1920: Fig.  6) where the 
ansate also seems to be present. Highly complex, branched, neopalleal pattern are 
observed in late Miocene and plio-pleistocene Bovidae, Giraffidae and Cervidae.

The neopallium of Leptomeryx covers ca. 56% of the cerebral hemisphere; this 
value is slightly inferior to that of the modern tragulid Moschiola (Table 13.1). The 
olfactory tubercles are not salient on ruminant endocasts.

Midbrain Exposure and Cerebellum The midbrain is not exposed in ruminant 
endocasts documented so far. In Leptomeryx the posterior extension of the neopal-
lium abuts the cerebellum and most probably covers part of the paramedian lobes. 
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The vermis is slender and posterior divisions are visible on the endocast (Fig. 13.5g- 
i). The vermis is also slender in Amphitragulus? (Sigogneau 1968: Fig.  28) and 
Dremotherium (Sigogneau 1968: Fig. 16). In bovids and cervids, the paramedian 
lobes seem to be smaller in dorsal view, the vermis looking relatively wider in 
these taxa.

Hippopotamoidea As mentioned above the number of endocasts of fossil hippo-
potamoids described in the literature remains very limited. Recent data about two 
phylogenetically distant taxa, the Microbunodontinae Microbunodon minimum and 
the Bothriodontinae Merycopotamus medioximus shed some light on important 
steps in their brain evolution (Thiery and Ducrocq 2015). Again, most of the discus-
sions is focused on the evolution of the neopallium. Regarding modern hippopota-
mines, some morphological specificities of their endocast are related to modifications 
of their skull for semiaquatic habits. Indeed, focus has been made on the angle 
between the two optic nerves (Fig. 13.5q), considered as an indicator of laterally 
projected, dorsally protruding eyes related to amphibiosis (Anthony 1948; 
Dechaseaux 1961). Documentation of hippopotamoid endocasts remains very frag-
mentary and nothing is known prior to the late Oligocene.

Olfactory Bulbs Hippopotaminae present among the smallest relative size of the 
olfactory bulb chamber of our artiodactyl sample (2–3%; Table 13.1). Compared to 
other Artiodactyla, olfactory bulbs of modern hippopotamines are separated along 
their entire length (e.g. pygmy hippopotamus, Choeropsis liberiensis, Fig. 13.5p–r). 
Despite deformations of the fossil specimens, the olfactory bulbs of Microbunodon 
are obviously proportionally larger than that of modern and subfossil hippopota-
mines (Fig. 13.5m–o).

Cerebral Hemispheres The neopallium of modern hippopotamines is extended on 
a very large portion of the cerebral hemisphere (Table 13.1). It shows a complex 
folding pattern (Garrod 1880; Anthony 1948; Pilleri 1962; Butti et al. 2014), with a 
partial operculization of the gyrus I.  Identification of the cortical foldings in 
Choeropsis liberiensis differs slightly depending on the authors (see Friant 1940; 
Pilleri 1962; Butti et al. 2014). Friant (1940) describes a rather linear organisation 
of the sulci, and characterizes modern hippos by the presence of a “K lobe” corre-
sponding to a special folding induced by a bifid sylvian complex (Friant 1940: 
Fig. 2). Instead, Butti et al. (2014) highlight a pattern similar to cetaceans, with a 
concentric organization of the three main gyri of the lateral aspect (suprasylvian 
gyrus, ectosylvian gyrus, and perisylvian gyrus) around an almost vertical Sylvian 
fissure (Butti et al. 2014: 675). Organization of the foldings relative of the Sylvian 
fissure in Choeropsis rather seems to be close to that of H. amphibius and we follow 
here the interpretation of Friant (1940) that main foldings have a mostly longitudi-
nal organization. Our observations indicate that the recording of neopalleal struc-
ture on endocasts is quite blunt in C. liberiensis (Fig. 13.5p) and H. madagascariensis 
due to meninges thickness and sulci only leaving faint depressions (see Friant 
1940:pl4, Figs. 4–5). The rhinal fissure is only distinct in its posterior part and the 
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cleft visible anterior to the rhinal angle corresponds to the pseudosylvia (Fig. 13.5r). 
Neopalleal structures are almost completely obscured in H. amphibius. A complex 
neopalleal pattern is retrieved on the natural endocast of the “advanced bothriodon-
tine” Merycopotamus medioximus with the potential presence of a “K lobe” (Thiery 
and Ducrocq 2015). The partial preservation of the specimen, however, does not 
allow for precise description. The microbunodontine Microbunodon minimum, phy-
logenetically more distant from modern hippopotamines than is Merycopotamus, 
shows a much simpler pattern with only two main elongated parallel sulci: a long 
lateral sulcus and a long corono-sylvia (Thiery and Ducrocq 2015: Fig.  2; 
Fig. 13.5m–o). Anterior to the coronal sulcus, joining the interhemispheric fissure is 
a small cruciate sulcus, and, on the lateral aspect, the neopallium shows a shallow 
oblique sulcus. The specimen is damaged at the level of the rhinic angle making the 
presence of a Sylvian complex uncertain, the presence of a K lobe seems most 
unlikely. There is no apparent olfactory tubercles on hippopotamoid endocasts 
(Fig. 13.5n–o; q–r), even though modern hippopotamines do present large tubercles 
on the ventral aspect of actual brains (Pilleri 1962: Figs. 2, 4).

Midbrain Exposure and Cerebellum The packing of the posterior part of the cra-
nium in modern hippos drastically impacts the braincase; besides, the presence of 
wide sinuses dorsal to the cerebellum completely hides the dorsal aspect of the lat-
ter. In modern hippopotamuses, the anterior part of the cerebellum is covered dor-
sally by the posterior extension of the cerebrum (e.g. Garrod 1880: Fig. 2; Butti 
et al. 2014: Fig. 1). The late Oligocene Microbunodon minimum shows no midbrain 
exposure (Fig. 13.5m). Its vermis is salient and protrudes dorsally above the level of 
the cerebrum (Fig. 13.5o). The cerebellum is not preserved in Merycopotamus and 
cannot be described.

Cetacea Endocranial morphology of cetaceans is only partly documented back to 
late Eocene. However, correspondence between the brain size and shape and the 
endocranial cast is not complete due to the presence of extensive adnexa.

Olfactory Bulbs The brain of modern cetaceans is characterized by a great reduc-
tion of the olfactory apparatus (e.g. Edinger 1955; Pihlström 2008; Godfrey et al. 
2013; Berta et al. 2014; Kishida et al. 2015), and modifications of the olfactory tract 
occur in the earliest phase of cetaceans’ history (e.g. Orliac and Thewissen 2021). 
An elongation of the olfactory tract has been described in archaeocetes (Pakicetidae, 
Kishida et al. 2015; Remingtonocetidae, Bajpai et al. 2011; Basilosauridae, Edinger 
1955; Uhen 2004; Godfrey et  al. 2013) and in raoellids (Orliac and Thewissen 
2021). Regarding Neoceti, early mysticetes present massive, elongated, olfactory 
peduncles (Llanocetus, Mitchell 1989); these peduncles and associated ethmoidal 
chambers are still present, though relatively small in modern representatives of the 
group (e.g. Balaena mysticetus, Duffield et al. 1992; Balaenoptera acutorostrata, 
Godfrey et al. 2013; Megaptera novaeangliae, Hof and Van der Gucht 2007). In 
early foetal stages of odontocetes, the olfactory bulbs, nerve, and tracts are present, 
but these structures then degenerate and are completely absent from mature odonto-
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cete brains (Ridgway 1988; e.g. Platanista, Kamiya and Pirlot 1980). The olfactory 
apparatus is present in archaic odontocetes and has been described in Oligocene 
taxa (Simocetus, Fordyce 2002; USNM 299482, Fig. 5E, platanistoid odontocete, 
Hoch 2000, Figs. 6–7), in the early Miocene prosqualodontid Prosqualodon davidi 
(Flynn 1948), and in the Miocene Squalodon sp. (Dart 1923).

Cerebral Hemispheres Increased neocortical size and complexity is one of the hall-
marks of the modern cetacean brain (Marino et al. 2000, 2004, 2007), however, the 
presence of endocranial vascular networks and other adnexa makes it impossible to 
access the neopalleal pattern of most fossil cetaceans, as evidenced by basilosaurids 
in which the pattern could not be described (Pilleri 1991). In protocetids and rem-
ingtonocetids, the extension of the retia is limited; three faint oblique sulci have 
been mentioned on a natural endocranial cast of the protocetid Indocetus (Bajpai 
et al. 1996) and a faint one, close to the cerebral midline, is visible on the 3D recon-
struction of the endocast of Remingtonocetus harudiensis (Bajpai et  al. 2011: 
Fig. 7). The raoellid Indohyus, sister taxon to the Cetacea clade, shows a very sim-
ple neocortical pattern, limited to two major sulci (suprasylvia and lateral sulcus) 
plus a small coronal sulcus (Orliac and Thewissen 2021). This pattern is similar to 
the primitive neocortical pattern retrieved in Eocene terrestrial artiodactyls (see 
Orliac and Gilissen 2012). Endocasts of extant and extinct Neoceti mainly give 
access to the overall shape of the cerebral hemispheres and to the cranial vascula-
ture. Some major neocortical sulci might be observed too, such as the Sylvian fis-
sure, and sulci in the anterior portion (Pilleri 1991; Racicot and Colbert 2013; 
Bisconti et al. 2020), however, the groove pattern cannot be described nor compared 
with accuracy. The brain-stem flexure is highly pronounced in the modern represen-
tatives of Cetacea (Kruger 1966), and they show a concentric organization of the 
three main gyri of the lateral side of the cortex (suprasylvian gyrus, ectosylvian 
gyrus, and perisylvian gyrus) around an almost vertical Sylvian fissure. As far as we 
know, this organization, potentialy linked to the higly derived conformation of the 
cranium of crown cetaceans, is not documented in the earliest archaeocetes (e.g. 
Dart 1923; Bajpai et al. 1996; Bajpai et al. 2011).

Midbrain Exposure and Cerebellum In modern cetaceans, the caudal extension of 
the neopallium covers a large part of the cerebellum, both in mysticetes (e.g. 
Balaena, Raghanti et al. 2019: Fig. 1B) and in odontocetes (e.g. Stenella, Kamiya 
and Pirlot 1974:pl.1; Platanista, Kamiya and Pirlot 1980: Fig.  10D). Regarding 
extinct taxa, the midbrain area is impossible to visualize on endocasts of Neoceti 
and basilosaurids because of the presence of endocranial vascular networks and 
other adnexa. In archaeocetes, Indocetus (Bajpai et  al. 1996: Fig.  1C) and 
Remingtonocetus (Bajpai et al. 2011: Fig. 7) have a posteriorly expended neopal-
lium that most probably covers the midbrain and abuts the cerebellum. Compared to 
archaeocetes, Indohyus indirae has a much limited extension of the neopallium and 
a wide midbrain exposure (Orliac and Thewissen 2021: Fig. 2), greater than in mid-
dle and late Eocene endemic European artiodactyls (e.g. Dichobune, Cebochoerus, 
Dechaseaux 1961, 1969a; Orliac and Gilissen 2012; Fig.  13.4j–k), and Eocene 
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North American taxa (e.g. Agriochoerus, Bathygenys, Whitmore 1953; Macrini 
2009; Orliac and Gilissen 2012; and Leptauchenia Fig. 13.4s–u). The brain of mod-
ern Cetacea shows a small and narrow vermis compared to the two voluminous, 
highly convoluted, cerebellar hemispheres (e.g. Ries and Langworthy 1937; Pilleri 
1966a, b; Hanson et al. 2013; Bisconti et al. 2020). Regarding archaeocete endo-
casts, most of the surface of the cerebellum of basilosaurids is covered with a large 
rete mirabile (e.g. Breathnach 1955; Pilleri 1991; Geisler and Luo 1998; Uhen 
2004), making it impossible to accurately observe the relative size of the vermis. 
The endocasts of Indocetus (Bajpai et al. 1996) and Remingtonocetus (Bajpai et al. 
2011) show no major shift in the proportions of the different elements of the cere-
bellum compared to other artiodactyl groups, with a wide vermis relative to the 
plausible representation of the cerebellar hemispheres. Indohyus has a relatively 
large vermis compared to its cerebellar hemispheres (Orliac and Thewissen 2021: 
Fig.  2), as in earliest artiodactyls, Diacodexis (Orliac and Gilissen 2012) or 
Dichobune (Fig. 13.4j).

13.3.2  Space Associated with Cranial Blood Vessels

Mentions of cranial blood vessels in fossil artiodactyls are mostly based on descrip-
tions of the external aspect of the basicranium or on petrosal morphology (e.g. 
Coombs and Coombs 1982; O’Leary 2010). Works describing endocasts of terres-
trial artiodactyls based on intracranial investigations and μCT-scan data 
(Merycoidontidae, Macrini 2009; early artiodactyls, Orliac and Gilissen 2012; 
Hippopotamoidea, Thiery and Ducrocq 2015) do not include detailed descriptions 
of cranial blood supply beyond mention of the orbito-temporal canal. Studies on 
endocasts of crown cetacean and their relatives do focus more on circulatory casts 
and sinuses (e.g. Racicot and Rowe 2014; Bajpai et al. 2011; Orliac and Thewissen 
2021), mainly in relation with the presence and extension of the retia mirabilia 
(“wonderful net”, Slijper 1936; Ridgway et al. 2016).

Modern artiodactyls indeed present a selective brain cooling system (Baker and 
Hayward 1967) enabling them to lower their brain temperature below their body 
temperature. This system is mediated by the carotid rete, a subdural arterial mesh-
work that anatomically and functionally replaces the internal carotid artery (O’Brien 
2018). It lies on the basisphenoid roof, slightly posterior to the hypophyseal fossa 
(O’Brien 2015: Fig. 1; O’Brien and Bourke 2015). The arterial meshwork of the 
carotid rete is housed within the venous cavernous sinus, a large pool of venous 
blood that drains from the sphenoparietal and frontal regions of the cerebrum and 
from the nasal area of the face (O’Brien 2017) and that receives blood that has been 
evaporatively cooled by the nasal turbinates. This contact between cooled venous 
blood and the high surface area of the arterial rete enables rapid heat exchange and 
cooling of the arterial blood destined for the brain. Nearly all modern artiodactyls 
possess a carotid rete and perform selective brain cooling. However, major arteries 
supplying the rete are derived from different embryonic aortic arches in the different 
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artiodactyl families (for review see O’Brien 2018). The results of O’Brien (2020) 
based on ancestral character reconstructions support that this pattern of variation 
results from independent evolutionary processes and suggest that different modern 
artiodactyls groups developed a carotid rete convergently. Unfortunately, presence 
of a carotid rete cannot be determined using endocasts for most artiodactyls, and the 
presence of a carotid rete is mostly correlated with the absence of major correlates 
for the internal carotid artery (O’Brien and Bourke 2015). Bony correlates therefore 
mostly imply the petrosal morphology or the region close to the petrosal and are 
best seen on bony material than on endocasts.

The intracranial retia of modern cetaceans greatly differ from that of other artio-
dactyl groups by their size and position: (i) the rostral arterial rete is more extensive 
(e.g. McFarland 1979; Vogl and Fisher 1981), (ii) there is a caudal endocranial arte-
rial and venous rete mirabile (in mysticetes only; Breathnach 1955; Pilleri 1991; 
Melnikov 1997), and (iii) there are various retia in the basicranium and thus a high 
vascularization of the pneumatic sinuses around the petrosal and the ectotympanic 
bulla (Fraser and Purves 1960). The presence of these retia widely masks the exter-
nal morphology of the brain, and therefore greatly impacts the shape of the endo-
casts of modern cetaceans and in basilosaurids (i.e. Pelagiceti; see Sect. 13.3.1.3). 
The presence and extension of retia is variable in non-basilosaurid archaeocetes: the 
protocetid Indocetus sp. presents a venous rete, dorsal to the cerebellum, and a cau-
dal rete, medial and dorsomedial to the petrosal (Bajpai et al. 1996:fig. lA), whereas 
in the remingtonocetids Dalanistes ahmedi (Gingerich et  al. 1995) and 
Remingtonocetus harudiensis (Bajpai et  al. 2011), a rete also probably fills the 
region dorsomedial to the petrosals, but there is little evidence of the presence of 
caudal or rostral rete. The raoellid Indohyus indirae has no extensive rostral or lat-
eral retia mirabilia, but an intraosseous space dorsal to the cerebellum might have 
housed a network of diploic veins and arteries (Orliac and Thewissen 2021: 
Figs.  3–4) that might represent the first steps of an incipient caudal venous rete 
mirabile.

13.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

Artiodactyls follow the same broad lines of evolution of the brain as other gyrence-
phalic mammals, with general increase of the relative size of the brain, and of the 
size and complexity of the neopallium, from the early Eocene to modern times. Yet, 
despite a decent number of endocasts description in the literature, the picture of 
brain evolution at the Artiodactyla scale remains limited and major gaps remain to 
be filled regarding the earliest history of modern groups such as Suoidea, 
Hippotamoidea and Cetacea. Besides, quantitative data remain very scanty and the 
trends described in the following paragraphs are built on a very limited sample and 
only provide a very first step to understand brain evolution at the Artiodactyla scale.
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13.4.1  Morphological Brain Diversity: General Picture 
of Brain Evolution in Artiodactyla

 Olfactory Bulbs

Still very few data are available regarding the relative size of the olfactory bulbs in 
Artiodactyla, or in mammal in general. The data collected for terrestrial artiodactyls 
(Table 13.1) based on 3D models suggest a general trend toward a reduction of rela-
tive olfactory bulb size through time at the Artiodactyla scale (Fig.  13.6a). 
Morphologically speaking, the earliest artiodactyls show bulbous olfactory cham-
bers, joined on most of their length (Figs. 13.4 and 13.7). The shape of the olfactory 
chamber is quadrangular in modern taxa and they are separated on most of their 
length in most extant representatives of modern groups (Figs. 13.5 and 13.7). In the 
latter, the olfactory chambers appear anteroposteriorly compressed and a large por-
tion of their surface corresponds to the cribriform plate and bears imprints of the 
foramina for olfactory nerves.

Cetacea show progressive lengthening of the olfactory tract and concurrent 
reduction of the relative size of the olfactory bulb chamber. Indeed, the nose of 
cetaceans underwent great modifications as a result of their adaptation to obligate 
aquatic lifestyle. The raoellid Indohyus shows an elongated olfactory tract, with nar-
row olfactory bulbs and peduncles (Orliac and Thewissen 2021). An elongation of 
the olfactory tract has also been described in archaeocetes, Pakicetidae (Kishida 
et al. 2015), Remingtonocetidae (Bajpai et al. 2011), and Basilosauridae (Edinger 
1955). This narrowing and lengthening of the olfactory tract might be directly 
related to modifications of the intertemporal region in early cetaceans and relatives 
and has been proposed as a synapomorphy of the clade (Orliac and Thewissen 2021: 
Fig. 5). These authors also suggest that the modification of the postorbital morphol-
ogy and the concurrent elongation of the olfactory tract would primarily originate 
from modifications of the masticatory apparatus, related to specialized diet. Neoceti 
exhibit a reduction of the major olfactory structures (ethmoturbinates, cribriform 
plate and maxilloturbinates) including olfactory bulbs, with further reductions and 
subsequent losses within Odontoceti (Berta et al. 2014).

 Neopallium Size and Complexity

The representation of a global picture of artiodactyl brain evolution in a rough phy-
logenetic and temporal context shows that the size of the neopallium relative to 
other components of the brain shows an increase with time in Artiodactyla in gen-
eral and within all artiodactyl clades (Table 13.1 and Fig. 13.7). The expansion of 
the neopallium surface can notably be appreciated through (i) its posterior extend, 
(ii) its lateral extent and the location of the rhinal fissure on the lateral aspect of the 
endocast, (iii) the operculization of the central area and the invagination of the 
external part with increasing neopalleal surface.
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Earliest artiodactyls from the early Eocene show the smallest neopallium surface 
relative to the surface of the cerebral hemisphere (Table 13.1 and Fig. 13.6b), and a 
concurrent wide midbrain exposure (Fig. 13.7). Indohyus indirae from the middle 
Eocene also shows a widely exposed midbrain and concurrent small neocortex 
expansion (Orliac and Thewissen 2021), and some middle Eocene European 
endemic taxa also show small midbrain exposure (Figs. 13.6b and 13.7). All artio-
dactyls from the Oligocene and on, have extended neopallium and no midbrain 
exposure. The area of the neopallium relative to the total surface of the cerebral 
hemisphere shows a trend to increase with time (Table 13.1 and Fig. 13.6b), with the 
lowest values retrieved in Early Eocene and middle/Late Eocene taxa, and highest 
values observed for modern taxa. Yet, relatively high values are also found in 
endemic European Paleogene taxa (Fig.  13.6b) such as the large bodied 
Anoplotherium (Anoplotheriidae; body mass estimate = 150 kg, Hooker 2007) and 
the small Caenomeryx (Cainotheriidae, body mass estimate = 1.5 kg) highlighting 
that the picture will get more complicated as the data available increase and that 
independent tempos are to be expected in the various artiodactyl clades. Besides, as 
soon as operculization occurs, the external surface of the neopallium is necessarily 
an underestimation of the total neopalleal surface, which tempers the relevance of 
direct comparisons of values.

Earliest artiodactyls exhibit a very simple sulcal pattern of the neopallium with 
only two sulci, the suprasylvia and the lateral sulcus, converging in their anterior- 
most part and delimiting an almond-shape gyrus III + presylvia. This simplest pat-
tern, found in early Eocene diacodexeids, homacodontids, and helohyids, is also 
observed in some middle/late Eocene endemic European taxa (“Dichobunoidea” 
with Mouillacitherium Fig.  13.4g, Amphimerycidae with Pseudamphimeryx, 
Amphimeryx, Dechaseaux 1969a: Fig.  17). A slightly more complicated pattern 
with the addition of a coronal sulcus occurs in middle/late Eocene taxa such as early 
oreodontoids, some endemic European taxa (Tapirulus, Orliac and Gilissen 2012; 
Cebochoerus, Dechaseaux 1969a, b: Fig.  13), and the raoellid Indohyus. Small 
additional sulci such as ectolaterals (Dichobune Fig. 13.4j), diagonal sulcus and/or 
oblique sulcus (Leptauchenia Fig. 13.4j; Dacrytherium Dechaseaux 1969a: Fig. 2) 
also occur in middle/late Eocene taxa. Anoplotheriidae, which include the largest of 
endemic European taxa, Anoplotherium, present, as soon as the late Eocene, a rather 
complex and extended neopallium with: (i) a longitudinal organization of the coro-
nolateral sulcus and suprasylvia and additional sulci, (ii) the presence of a sylvian 
complex, hallmark of an operculization. A growing cortical complexity and diver-
sity is observed in the different artiodactyl clades in the Oligocene, with branched 
patterns resulting from ramification of the main sulci and from the extension of the 
anterior part of the suprasylvia (suoids, oreodontids, ruminants, camelids), of the 
ansate sulcus (suoids, oreodontids, camelids), and of the oblique sulcus (cainotheri-
ids, suoids, oreodontids, ruminants, camelids). Dorsal exposure of the cruciate and 
splenial sulci is variously present in ruminants, suids and hippopotamoids. Camelids, 
on the contrary, experience gradual introversion of posterior longitudinal sulci into 
the sagittal plane, and simultaneous eversion of sulci from the frontal region 
(Repérant 1971a). The presence of a small neopallium and very simple neopalleal 
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pattern in raoellids, sister taxon to Cetacea and therefore lying very high in the 
Artiodactyla tree, implies that a simple pattern was most probably present at the 
base of all modern groups and that neopallium complexity arose independently in 
the different crown clades of artiodactyls. This is consistent with the differences in 
neopalleal patterns observed today. The overview of neopalleal pattern in 
Artiodactyla through time highlights their diversity and the relevance of a neocorti-
cal pattern blueprint for phylogenetic and taxonomic purpose. The same is true for 
neopalleal extension and concurrent operculization of part of the central territory. 
Based on the available sample, operculization seems to be present in all artiodactyl 
taxa from the Oligocene onward. But the extension of the neopallium in the various 
artiodactyl clades did not imply the same areas, and operculization occurred inde-
pendently in all crown clades and in major extinct clades. This is highlighted by the 
variety of operculization patterns observed, with the Sylvian complex following the 
rhinal margin plan only (Cainotheriidae), forming an open triangle on the rhinal 
(Anoplotheriidae), not connecting the rhinal (Hippopotaminae), or with the anterior 
ectosylvia pointing anteriorly (e.g. ruminants), or posteriorly (e.g. suines).

13.4.2  Brain-Size Evolution and Encephalization Quotient

Encephalization corresponds to the increase in brain size beyond that expected from 
the allometric brain-body relation (see Jerison 1970, 1973 and 1982 for historical 
reviews). It is often determined by calculating the residual value for a given species 
relative to the allometric regression line (Jerison 1985). Specifically, the encephali-
zation quotient (EQ, Jerison 1970) has been defined as the ratio of the observed 
brain mass over the expected brain mass for a given body mass. The EQ is therefore 
rather straightforward to interpret; if a species/specimen has a greater brain mass 
than expected, the ratio is above 1, and if not, the ratio is under 1.

Before going further, a point must be raised. In a large brain a high quotient of 
encephalization might correspond to the addition of many grams of brain tissue (and 
a correspondingly large number of brain cells), whereas in a small brain the same 
quotient of encephalization would correspond to the addition of a comparatively 
small amount of brain tissue. When comparing species, brain size is often consid-
ered as proportional to neural information processing capacity, and the evolution of 
encephalization as the evolution of an increase in information processing capacity. 
It would therefore appear that large brains require more tissue than small brains to 
achieve the same increase in information processing capability. This paradox, raised 
by H. B. Barlow in Jerison (1985) has not yet been answered satisfactorily and must 
be kept in mind when interpreting trends in brain size evolution.

The main challenge in calculating the EQ is to estimate the expected brain mass, 
which is commonly calculated by an allometric formula with defined parameters. 
The general allometry formula Y = aXb can be used to calculate an expected brain 
mass (Y) for a given body mass (X). As a power function, this relationship can be 
illustrated by plotting the logarithm of the measurement against the logarithm of the 
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Fig. 13.6 Proportions of olfactory bulbs volume (a) and neopallium area (b) through time, gener-
ated on the basis of the data in Table  13.1. Colors: light blue, Diacodexis; orange, European 
Endemic artiodactyls; gray, Oreodontoidea; green, Ruminantia; dark blue, Hippopotamidae; yel-
low, Suoidea. Asterisks (*) indicate operculized taxa. Time periods abbreviations: EE early Eocene, 
M/LE middle /late Eocene, O Oligocene, MI Miocene, IV + M quaternary plus modern. Taxa 
abbreviations: A Anoplotherium sp., Ag Agriochoerus sp., Br Bathygenys reevesi, C Cebochoerus 
sp., Cf Caenomeryx filholi, Cl Choeropsis liberiensis, Di Diacodexis ilicis, Dl Dichobune leporina, 
Ha Hippopotamus amphibius, Hm Hippopotamus madagascariensis, Hv Homacodon vagans, L 
Leptauchenia sp., Le Leptomeryx sp., Me Mouillacitherium elegans, Mc Moschus chrysogaster, M 
Microbunodon minimum, Mm Moschiola memmina, P Palaeochoerus sp., Ss Sus scrofa, Tp 
Tayassu pecari, Ts Tragelaphus scriptus

size, thus transforming the previous equation into a linear relationship: log(Y) = b 
log(X) + log(a).

Authors have used various values for the parameters a and b, and at various 
scales: some at the class level (e.g. Mammalia, Jerison 1970; Eisenberg and Wilson 
1978), others at the order scale (e.g. rodents, Pilleri et al. 1984; primates, Martin 
1990). The parameters used are assumed to represent the group of interest (i.e. that 
they do not vary much within this group); the relevance of parameters a and b there-
fore depends of the group of interest, and may not be relevant/suitable to another 
group or scale.

More precise and complex methods often deal with phylogenetic comparative 
methods (PCM; Cornwell and Nakagawa 2017) but these require a well-supported 
phylogenetic context. The phylogenetic relationships within Artiodactyla are still 
debated and if the relationships between crown groups are rather consensual on 
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Fig. 13.7 Morphology, phylogenetic relationships and temporal distribution of artiodactyl endo-
casts and brains. Endocasts and brains are figured in dorsal view, anterior tip (olfactory bulbs) 
pointing upwards. Taxa: 1, Diacodexis ilicis (AMNH 16141), 2, Homacodon vagans (AMNH 
12695); 3,?Helohyus (AMNH 13079), 4, Dichobune leporina (MNHN QU16586), 5, 
Mouillacitherium elegans (UM ACQ 6625); 6, Anoplotherium sp. (3D surface of plaster cast illus-
trated by Dechaseaux 1969a, b: Fig. 6); 7, Caenomeryx filholi (UM PDS 2570); 8, Bathygenys sp. 
(after Macrini 2009: Fig. 1); 9, Agriochoerus sp. (AMNH 95330); 10, Leptauchenia sp. (AMNH 
45508); 11, Merycoidodon culbertsoni (after Black 1920: Fig. 18); 12, Protylopus (after Edinger 
1966: Fig. 1 and Repérant 1971a: Fig. 1); 13, Poebrotherium (after Repérant 1971a: Fig. 1); 14, 
Procamelus (after Edinger 1966: Fig.  3 and Repérant 1971a: Fig.  1); 15, Lama glama (after 
Repérant 1971b:pl.VIID); 16, Palaeochoerus sp. (MHNT_2014_0_3075); 17, Tajassu pecari (UM 
V79); 18, Sus scrofa (after Anthony and Grzybowski 1931); 19, Leptomeryx sp. (AMNH 53596); 
20, Dremotherium feignouxi (after Sigogneau 1968); 21, Moschiola memmina (UM V68); 22, 
Moschus chrysogaster (UM N401); 23, Microbunodon minimum (UP LM1967MA300); 24, 
Choeropsis liberiensis (after Pilleri 1962: Fig.  1); 25, Indohyus indirae (NM RR 207); 26, 
Remingtonocetus harudiensis (after Bajpai et al. 2011: Fig. 6); 27, Xenorophus sp. (after Marino 
et al. 2003: Fig. 6C); 28, Tursiops truncatus (after Morgane et al. 1990: Fig. 2); 29, Balaena mys-
ticetus (after Duffield et al. 1992: Fig. 7B, and Raghanti et al. 2019: Fig. 1C). Color code: light 
orange, cerebellum; turquoise, midbrain exposure; violet, olfactory bulbs and peduncles; neopal-
leal sulci: blue, lateral; orange, coronal; yellow, suprasylvia (+ anterior suprasylvia and ansate for 
some taxa); green, cruciate; purple, splenial; pink, oblique and diagonal. Turning arrows indicate 
operculization. Abbreviations: Ce Cetacea, EA endemic artiodactyls, Hi Hippopotamoidea, Or 
Oreodontoidea, Ru Ruminantia, Su Suoidea, Ty Tylopoda. Phylogenetic relationships are based on 
Hassanin et al. (2012) for crown groups branching, fossil taxa relationships rely on Thewissen 
et al. (2007) for Cetacea, Geisler et al. (2007) for Tylopoda, Métais and Vislobokava (2007) for 
Ruminantia, Orliac (2012) for Suoidea, Oreodontoidea and endemic European taxa are here con-
sidered as monophyletic groups, relationships within endemic European taxa rely on Weppe et al. 
(2020a). Not to scale

molecular grounds (Hassanin et al. 2012), the position of extinct taxa is still highly 
disputed (e.g. Geisler and Theodor 2009). This lack of a clear/robust phylogenetic 
framework deprives us of the use of phylogenetic comparative methods on residuals 
at the artiodactylan scale. We therefore use here the EQ to provide (limited) state- 
of- the-art of the data.
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 Brain Size in Artiodactyla

To accurately describe the evolution of brain size through time within Artiodactyla, 
we define and use an empirical EQ formula based on a sample of 113 extant artio-
dactyl species. Figure  13.8a shows a plot of log (brain mass) against log (body 
mass) with the regression line based on extant species only. The equation for the 
regression is 0.6008x  – 1.1278. The expected brain mass equation is thus 
0.3237(body mass)0.6008 and the corresponding EQ formula for Artiodactyla 
(EQartio) is as follows: observed brain mass / 0.3237(body mass)0.6008. The previous 
scaling exponents of Jerison (1970) and of Eisenberg and Wilson (1978) for 
Mammalia are, respectively, 0.667 and 0.74, which are slightly higher than the scal-
ing exponent of 0.6008 proposed here for artiodactyls. With a lower slope value, a 
negative allometry between brain and body mass in artiodactyls is thus clear in our 
study compared to previous works at the Mammalia scale. A striking fact about 
artiodactylans relative brain size (Fig. 13.8a) is the duality between Cetacea and 
non-cetacean artiodactyls. Indeed, convex hulls for both groups of extant species do 
not overlap, and both extant and fossil cetaceans are generally above the regression 
line of Artiodactyla, while non-cetaceans are below this line. We therefore calcu-
lated two separate EQ formulas, one for non-cetacean artiodactyls with 
EQnoncet = observed brain mass / 0.3405(body mass)0.5603, and one for cetacean 
artiodactyls with EQcet = observed brain mass / 16.0007(body mass)0.3490. Linear 
models of log(brain mass) relative to log(body mass) for extant species of non- 
Cetacea and Cetacea reveal a correlation between log(brain mass) and log(body 
mass) (p < 2.2 × 10−16) and a difference between both groups (p < 2.2 × 10−16 in both 
tests). Additionally, there is a difference between the slopes of each group over time 
(p  =  6.053  ×  10−7 in a t-test of slope comparisons), highlighting a difference in 
allometry equations between each group (Fig. 13.8a). In a comparable analysis (but 
using phylogenetic generalized least squares  - GLS  - regressions), Smaers et  al. 
(2021) also found a lower encephalization slope for cetaceans and a higher encepha-
lization intercept for cetaceans (both odontocetes and delphinids compared to ferun-
gulates). Brain/body mass allometry is more negative in Cetacea (scaling exponent 
of 0.3490) than in other artiodactyls (scaling exponent of 0.5603, closer to that of 
the whole order, 0.6008). This does not imply a lower encephalization (their EQ is 
greater than other artiodactyls, as is their EQ variation; Fig. 13.8b), but may rather 
results from a massive increase in body mass for this clade (see Montgomery et al. 
2013; Fig. 13.8a) and/or may simply reflect the greater homogeneity of Cetacea 
when compared to other artiodactyls.

Encephalization differences between cetaceans and non-cetacean artiodactyls is 
even clearer in a temporal framework (Fig. 13.8b). In both groups, there is a signifi-
cant linear increase in EQ through time until the present (p  =  9.401  ×  10−4 and 
R2 = 0.13 in cetaceans, p < 2.2 × 10−16 and R2 = 0.58 in non-cetacean artiodactyls). 
Cetaceans EQ appears to increase particularily between late Eocene and Oligocene, 
while the EQ increase in non-cetacean artiodactyls seems to only start in the 
Oligocene. Moreover, residuals of both regressions are not homoscedastic 
(p  =  0.00305  in cetaceans and p  =  0.01022  in non-cetacean artiodactyls for 
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Breusch- Pagan tests) and their variance increases through time (p = 2.669 × 10−3 in 
cetaceans and p = 9.956 × 10−3 in non-cetacean artiodactyls for linear models). This 
highlights two differing and diachronic patterns of EQ increase for cetacean and 
non-cetacean artiodactyls during the Cenozoic.

 Brain Size in Non-cetacean Artiodactyls

Figure 13.8c illustrates the evolution of EQ in non-cetacean artiodactyls over time, 
based on the non-cetacean artiodactyl equation. There is a significant difference 
between EQ values of Paleogene (Eocene-Oligocene), and Neogene (Miocene- 
Pliocene) and Quaternary non-cetacean artiodactyls (p < 2.2 × 10−16 in a t-test). 
There are no significant differences between Paleogene modalities in EQ 
(p = 0.7104 in an ANOVA, p = 0.4122 in a Kruskal-Wallis test, p = 0.4212 in a linear 
model), translating a stasis in EQ values during Paleogene times, while there is an 
increase in EQ values from the Oligocene onward supported by differences between 
each time section (p = 1.546 × 10−12 in an ANOVA, p = 1.384 × 10−8 in a Kruskal- 
Wallis test, 1.538 × 10−13 in a linear model). There also seems to be an increase in 
EQ variation during the Neogene and Quaternary, but this is not confirmed by linear 
models based on squared residuals of each linear model against time (p = 0.1775 in 
ANOVA and p  =  0.5652  in Kruskal-Wallis test for Paleogene, p  =  0.1258 and 
p  =  0.0461 since Oligocene). The Oligocene Epoch corresponds to the massive 
appearance of artiodactyl crown groups in the fossil record (except for Cetacea) that 
progressively replaced stem artiodactyl lineages. Considering EQ variation over 
time within crown groups, Ruminantia is the only crown group that indubitably 
shows an increase in EQ (p = 2.4 × 10−4 in an ANOVA, p = 0.0053 in a Kruskal- 
Wallis test, p = 4 × 10−5 in a linear model). EQ increase for Suoidea and Tylopoda, 
as illustrated in Fig. 13.8c by the median line, is statistically not as well supported 
as in Ruminantia. Tylopoda shows significant increase according to ANOVA and 
linear models (p = 0.0032 and p = 2.7 × 10−4), while Suoidea do not (p = 0.0918). 
By contrast, Kruskal-Wallis test results are in conflict: Suoidea are significant 
(p = 0.0455), and Tylopoda are not (p = 0.0687). Hippopotamoidea EQ seems to 
remain constant over time (p = 0.1896 in ANOVA and linear model, p = 0.1213 in a 
Kruskal-Wallis test). However, EQ increase over time in non-cetacean artiodactyl 
crown groups (Fig. 13.8c) is based on unbalanced fossil records and has to be inter-
preted with caution. Further documentation of extinct taxa may change the picture.

 Brain Size in Cetacea

Studies relative to brain size evolution in cetaceans describe two major encephaliza-
tion pulses related to two major events: the onset of odontocetes near the Eocene- 
Oligocene boundary, and within odontocetes, the differentiation of Delphinoidea 
(15 Ma; e.g., Marino et  al. 2004). Regarding the trends accompanying the early 
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steps of their evolutionary history, which comprises the transition to a fully aquatic 
environment, Marino et al. (2004) concluded that there was no significant increase 
in brain size during archaeocete evolution, ruling out the hypothesis of a correlation 
between relative brain size increase and aquatic habitats. These conclusions were 
challenged by Gingerich (2015), based on revised and more robust body mass esti-
mates for archaeocetes but with a smaller sample, who concluded that the relative 
size of the brain in archaeocetes had doubled between the middle and late Eocene.

Figure 13.8d illustrates EQ variation over time for Archaeoceti, Mysticeti, non- 
delphinoid Odontoceti, and Delphinoidea, using the EQcet equation. It shows the 
general EQ increase during the Cenozoic for Cetacea (p  =  3.604  ×  10−4 in an 
ANOVA, p = 3.489 × 10−6 and R2 = 0.24 in a linear model) and crown cetaceans 
(Neoceti; p = 1.503 × 10−3 in an ANOVA, p = 4.983 × 10−4 and R2 = 0.15 in a linear 
model). In the literature, scaling patterns for these groups are based on other (less 
specific) formulas or other statistical treatment (e.g. Marino et al. 2004; Montgomery 
et al. 2013; Gingerich 2015; Serio et al. 2019; McCurry et al. 2021; Smaers et al. 
2021). Some results are nonetheless congruent in an increase of cetacean relative 
brain size (see Serio et  al. 2019 and McCurry et  al. 2021). It also shows an EQ 
increase over time in Archaeoceti (p = 0.01939 in an ANOVA, p = 7.693 × 10−3 and 
R2 = 0.91 in a linear model), as supported by Gingerich (2015), but contra Marino 
et al. (2004), and indicates a very early pulse of encephalization during cetacean 
evolutionary history. Regression parameters of archaeocetes and neocetes are not 
significantly different (t-test; p = 0.2603 for slope, p = 0.6329 for intercept), indicat-
ing no special pulse at the onset of Neoceti. Similarly, the encephalization pulse 
corresponding to the differentiation of odontocetes near the Eocene-Oligocene 
boundary is not supported here because the t-tests of the archaeocetes vs. odonto-
cete and neocetes vs. odontocete regression paramaters as a whole are not signifi-
cant (p = 0.1190 and p = 0.3859, and p = 0.7173 and p = 0.5672 for slope and 
intercept of each comparison). An EQ increase over time is nevertheless observed in 
odontocetes as a whole (p = 4.127 × 10−4 in an ANOVA, p = 1.417 × 10−4 and 
R2 = 0.19 in a linear model).

The differentiation of Delphinoidea (at ca. 15 Ma) is assumed to coincide with 
an encephalization pulse at the onset of this superfamily (Marino et al. 2004). In our 
analyses, Delphinoids and non-delphinoid odontocetes are normally distributed 
groups regarding their EQ (p = 0.1561 and p = 0.075 in Shapiro-Wilk tests respec-
tively), which has not increased over time (p = 0.05785 and p = 0.3098 in linear 
models respectively). The EQ however differ in their means (p = 1.334 × 10−6 in a 
bilateral t-test, mean EQs are 1.23 and 0.71 respectively) and variance 
(p = 9.775 × 10−5 in a bilateral F-test, EQ variances are 0.23 and 0.05 respectively). 
Even though EQ did not increased over time in each odontocete subgroup, delphi-
noids have a general higher EQ together with a larger EQ range (as seen in 
Fig. 13.8d). The hypothesis of the initial encephalization pulse at the onset of del-
phinoids is thus supported, and the increase of EQ over time described at the 
Odontoceti scale (since Oligocene) might reflect that EQ pulse (since the Miocene). 
The more thorough analyses of Serio et al. (2019) found the high relative brain mass 
of odontocetes to be plesiomorphic, meeting partially our results: they found a high 
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Fig. 13.8 Encephalization within Artiodactyla. (a) log brain mass vs log body mass plot in 
Artiodactyla; empty circles indicate extant taxa, full circles indicate fossil taxa; lines indicate 
regression lines of extant groups; convex hulls group extant taxa. (b) evolution of encephalization 
through time in Artiodactyla using the EQ artio; bold central line is the median, thin lateral lines 
are the quartiles. (c) evolution of encephalization through time in non-cetacean artiodactyls using 
the corresponding EQ formula; colored lines are the median in each non-cetacean crown group; 
values above the boxes indicate the total number of taxa for the corresponding time section. (d) 
evolution of encephalization through time in cetacean artiodactyls using the corresponding EQ 
formula; interquartile range is represented by a semi-transparent range in non-mysticete cetaceans 
and by a segment in mysticetes (due to the absence of fossil values in this group); values above the 
boxes indicate the total number of taxa for the corresponding time section. Brain and body data for 
extant non-cetaceans artiodactyls are from Perez-Barberia et  al. (2007), Schultz and Dunbar 
(2010), and Weston and Lister (2009), for fossil non-cetaceans artiodactyls from Jerison (1973), 
Orliac and Gilissen (2012), Lyras (2018), Thiery and Ducrocq (2015), Radinsky (1978), Berthet 
(2003), Macrini (2009), Janis (1982), Schultz (2009), and Köhler and Moyà-Solà (2004); data for 
cetacean mainly come from Marino et  al. (2004), and Gingerich (2015). Detailed information 
about EQ dataset are provided in Supplementary Information

relative brain mass at the onset of odontocetes (as found here), but without increase 
since (as also found by McCurry et al. 2021). Smaers et al. (2021), using phyloge-
netic GLS regressions, also found that encephalization increases in mean at the 
onsets of odontocetes (both body and brain size decreasing, the former faster than 
the latter), but tightens in variance (variance of brain size diminishing faster than do 
that of body size). They also found, concurrently to our results, another encephali-
zation increase at the onset of delphinids, both in mean (with decreasing body size 
and increasing brain size) and in variance (variance of brain size increasing faster 
than do that of body size). Finally, within Neoceti, EQ values of extant mysticetes 
do not differ from those of Oligocene odontocetes (p  =  0.8594  in a t-test and 
p = 0.8438 in a Mann-Whitney test). Of the two clades, the odontocetes are particu-
larly diverse and more frequently documented in the fossil record than mysticetes. 
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Assuming that Oligocene odontocetes are the closest estimates for ancestral EQ 
values in Neoceti would imply that EQ did not change during mysticete evolution. 
As a corollary, non-delphinoid odontocetes and extant mysticetes do not differ in 
EQ. Based on an EQ formula built solely on cetacean artiodactyls, there would only 
be two EQ increases/pulses in Cetacean history: a first one during archaeocete evo-
lutionary history (in agreement with Gingerich 2015) and a second one at the onset 
of delphinoids (in agreement with Marino et al. 2004).

13.5  Future Directions: Outstanding Questions 
and Perspectives

A long tradition of paleoneurological studies in artiodactyls, based both on rich fos-
sil documentation and solid neontological foundations, provides a substantial body 
of data to discuss the evolutionary history of brain structures in artiodactyls. μCT- 
scan imagery techniques now allow for a detailed investigation of all endocranial 
structures as well as for quantitative studies of the evolution of the brain compo-
nents. Yet, the number of these studies remains small and entire sections of 
Artiodactyla brain history remain undocumented, particularly concerning modern 
crown groups, especially Hippopotamoidea and Suoidea. Increasing the documen-
tation of extinct and present-day species endocasts, both for qualitative and quanti-
tative perspectives, is now crucial to complete the picture of artiodactyl brain 
evolutionary history and fully exploit this promising source of data for phylogenetic 
and palaeoecological reconstructions.

The nomenclature used to describe the artiodactyl neopallium is largely based on 
the resemblance between the sulcal pattern of present-day artiodactyls and that of 
the dog, but it is clear that the first artiodactyls have a very different pattern and that 
the recognition of the different cortical areas is only partially applicable. This is all 
the more difficult for large clades without extant representatives because (i) follow-
ing the placement of the sulci during ontogeny is impossible or highly improbable 
(mainly used to formulate homologies between crown groups), and (ii) some pat-
terns have no equivalent in modern artiodactyls, which themselves most probably 
have convergent complex patterns. Increasing the documentation of endocasts mor-
phology of extinct representatives of crown artiodactyl clades is necessary to refine 
homology hypotheses. Finally, the study of the brain of artiodactyls has so far been 
largely synonymous with the study of their neopallium, but the cerebellum also 
shows great variation in form and structure and its study will allow for comparing 
cerebrum and cerebellum evolutionary trajectories.

Regarding quantitative prospects, quantitative works focused on the size of the 
brain as a whole, notably through EQ calculation, to discuss cognitive abilities 
(Jerison 1973), or habitat predation intensity (Jerison 1973), or to question the 
impact of socialization (Schultz and Dunbar 2010; Pérez-Barbería et  al. 2007), 
domestication (e.g. Ballarin et  al. 2016; Minervini et  al. 2016), or differential 
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locomotor faculties (Pilleri et al. 1984) on brain size would be needed. Consideration 
of other quantitative data such as olfactory bulb size, cerebellum size, or neopalleal 
surface will allow for addressing questions relating to species abilities that could be 
put into perspective with their ecology. Again, the constitution of a large database 
on modern taxa endocranial casts is necessary to be able to exploit further the data 
collected on fossils.

13.6  Concluding Remarks

We provide here a very first glance into artiodactyl brain evolutionary history, 
including Cetacea. The diversity highlighted in this first overview of the external 
morphology of the brain at the scale of Artiodactyla underlines the potentiality of a 
“neopalleal blueprint” and its relevance at the systematic and phylogenetic level. 
The inclusion of endocast characters to taxon-character matrices will certainly bring 
a promising new phylogenetic signal. Yet, our understanding of the setting up of 
neopallium folding in the different artiodactyl groups is still very partial and at this 
point, the poor resolution of the phylogenetic relationships at the base of the artio-
dactyl tree, and small number of endocast of extinct representatives of moderns 
clades limit our understanding of brain evolution at the order scale. A better resolu-
tion of the phylogenetic relationships of Artiodactyla and a substantial increase of 
quantitative and qualitative data for extinct members of crown clades are now 
needed in order to take advantage of the increasing quality of data extracted from 
endocasts and to further exploit endocasts for paleobiological inferences.
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Chapter 14
Evolution of the Brain and Sensory 
Structures in Sirenia

Thomas E. Macrini and Johanset Orihuela

14.1  Sirenian Biogeography, Fossil Record, 
and Phylogenetic Context

Sirenians or sea cows are large-bodied, aquatic mammals with paddle-like pectoral 
flippers, no hindlimbs, and a horizontal tail fluke (Berta et al. 2006). Sirenia com-
prises three extant species of manatees (Trichechidae) and one species of dugong 
(Dugongidae; Berta et al. 2006). Today, Dugong dugong is distributed in the Indian 
and Pacific Oceans and bordering landmasses (Husar 1978a), and the species of 
Trichechus manatees are found in the New World Atlantic Ocean, the Amazon 
Basin, and along the Atlantic coast of West Africa as well as some west African riv-
ers (Husar 1977, 1978b, c). Hydrodamalis gigas, Steller’s sea cow, is a recently 
extinct species of large dugong that lived in the northern Pacific (Berta et al. 2006).

Although there are only a handful of extant species within Sirenia, the fossil 
record for the group is diverse with dozens of species of dugongs and manatees 
extending back to the early Eocene (~50  million years ago; e.g. Simpson 1932; 
Savage 1976; Domning 1982, 1988, 1989a, b, 1990, 1997, 2005; Domning et al. 
1982; Savage et al. 1994; Domning and Aguilera 2008, Vélez-Juarbe and Domning 
2014a, b, 2015). Fossil sirenians are distributed globally, including deposits from 
the North Atlantic and Pacific, Caribbean, Indian Ocean, Mediterranean, western 
Europe, U.S., and South America (Berta et  al. 2006). Basal sirenians such as 
Pezosiren portelli from the middle Eocene of Jamaica and Sobrarbesiren cardieli 
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from the Eocene of Spain clearly possessed well-developed limbs, indicating the 
ability to freely walk on land (Domning 2001; Díaz-Berenguer et al. 2020).

Pezosiren portelli, Prorastomus sirenoides, and other transitional fossil sirenians 
(Savage et al. 1994; Domning 2001) support the alignment of the group with ele-
phants and desmostylids in the group Tethytheria (e.g. Domning et  al. 1986). 
However, subsequent studies suggested that desmostylids might not belong to 
Afrotheria, and therefore, might not be closely aligned with Sirenia (e.g. Cooper 
et al. 2014). More recently, Tethytheria and additional placental groups were recov-
ered within the clade Afrotheria (Springer et al. 1997, 2015; Murphy et al. 2001a, b, 
2021), a group that includes Afrosoricida (e.g. tenrecs, golden moles), Macroscelidea 
(elephant shrews), Tubulidentata (aardvarks), Proboscidea (elephants), Sirenia, and 
Hyracoidea (hyraxes). Within Afrotheria, Sirenia forms the clade Paenungulata with 
Hyracoidea and Proboscidea.

Sirenian monophyly is well supported by morphological synapomorphies 
(Domning 1994), including the following: (1) external nares retracted and enlarged, 
reaching to or beyond the level of the anterior margin of the orbit; (2) premaxilla 
contacts the frontal; (3) sagittal crest absent; (4) five premolars, or secondarily 
reduced from the condition by loss of anterior premolars; (5) mastoid inflated and 
exposed through occipital fenestra; (6) ectotympanic inflated and drop-like; (7) 
pachyostosis and osteosclerosis present in the skeleton. Traditionally, phylogenetic 
analyses of Sirenia found that Trichechidae, including the extant Trichechus and 
closely related fossil taxa, is monophyletic, whereas Dugongidae is paraphyletic 
(Domning 1994). A recent phylogenetic analysis by Vélez-Juarbe and Wood (2019) 
included new phylogenetic definitions of sirenian clades. Sirenia was defined as the 
crown group comprising Trichechidae and a monophyletic Dugongidae (e.g. 
Fig. 14.1; Vélez-Juarbe and Wood 2019). Some fossil sirenians such as Prorastomus, 
Pezosiren, and the paraphyletic Eotheriodes fell on the stem to Sirenia within the 
more inclusive Pan-Sirenia group (Fig. 14.1), and we refer to these taxa as “stem 
sirenians.” We follow the phylogenetic definitions of Vélez-Juarbe and Wood (2019) 
in this chapter.

14.2  Historical Background

14.2.1  The Record of Endocranial Morphology and Any Other 
Paleoneurological Approaches to Sirenia

The first known published description of the brain of a sirenian came from Steller 
(1751) who described a freshly killed manatee from Bering Island, presumably 
Hydrodamalis gigas. Since then, multiple other descriptions of the brains of extant 
sirenians and the cranial endocasts of fossil taxa were published (see Edinger 1975 
for a list of publications prior to 1966). The number of paleoneurological studies of 
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Fig. 14.1 Sirenian phylogeny and dorsal views of endocasts. Phylogenetic relationships based on 
Vélez-Juarbe and Wood (2019). The geological time scale is redrawn from Cohen et al. (2013) and 
modified from Vélez-Juarbe and Domning (2014a). See Fig. 14.2 caption for sources of endocasts

sirenians is small relative to the length of the evolutionary history of the group, 
going back to the Eocene.

Some of the most important paleoneurological studies include a description of 
the endocast of Eotheroides (=Eosiren and Eotherium) by Andrews (1906; 
Fig. 14.2). Subsequently, Edinger (1933) described new material from endocasts of 
pan-sirenians from Egypt and central Europe. In a later publication, Edinger (1939) 
added to the description of the cranial endocast of Protosiren fraasi based on addi-
tional fossil material (Fig.  14.2). More recently, a natural cranial endocast of 
Metaxytherium sp. from the Lower Miocene of Spain was described by Pilleri 
(1990; Fig. 14.2). Also, cranial endocasts of different species of Hydrodamalis were 
described and compared by Furusawa (2004). A natural endocast of Rytiodus heali, 
a dugongine from the Miocene of Libya, was described by Domning and Sorbi 
(2011; Fig. 14.2).

Additional recent studies of cranial endocasts of sirenians have relied on X-ray 
computed tomography (CT) imaging of skulls to extract digital endocasts. Computed 
tomography imagery of the holotype skull of Protosiren fraasi provided more 
details about the endocranial cavity of this taxon (Gingerich et al. 1994). The digital 

14 Evolution of the Brain and Sensory Structures in Sirenia



560

Fig. 14.2 Dorsal views of cranial endocasts of sirenians. Trichechus manatus (scan endocast) is is 
an artificial, digial endocast drawn from specimen in https://brains.anatomy.msu.edu/museum/
Manatee/index.html. Second Trichechus manatus endocast is redrawn from Edinger (1933). 
Hydrodamalis giga (endocast) is redrawn from Edinger (1933) and Furusawa (2004). Prorastomus 
sirenoides is redrawn from Benoit et al. (2013b), Kaupitherium grueli is redrawn from Furusawa 
(2004) and Edinger (1933) (= as Halitherium schinzi). Hydrodamalis spissa and Dusisiren jordani 
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cranial endocast of Prorastomus sirenoides, the basalmost stem sirenian (Fig. 14.1) 
from the Eocene of Jamaica, was reconstructed by Benoit et al. (2013b). The first 
cranial endocasts of early Miocene dugongs from the West Indies were described by 
Orihuela et al. (2019; Fig. 14.2). Descriptions in that paper were based on both digi-
tal and natural cranial endocasts. The cranial endocast of Dioplotherium cf. allisoni 
from the middle Miocene of South America was recently described by Kerber and 
Moraes-Santos (2021; Fig. 14.2).

The bony labyrinth endocasts of fossil sirenians have been studied in only a 
couple of taxa. Digital endocasts of the bony labyrinth were extracted from CT 
imagery of the skull of Prorastomus and an isolated sirenian petrosal bone from the 
Eocene of Tunisia (Benoit et al. 2013a). Comparative data are available from the 
extant Trichechus and Dugong (Benoit et al. 2013a; Ekdale 2013).

14.2.2  Problematics

As mentioned above the paleoneurological record for Sirenia is sparse despite the 
group’s long evolutionary history. More complete skulls of various fossil taxa are 
needed to get a better picture of the paleoneurology of the group. For what is known, 
there is a need for the incorporation of comparative data on the paleoneurology of 
Sirenia into phylogenetic characters. Previous work by Furusawa (2004) and 
Orihuela et al. (2019) provide a stepping stone. Furusawa (2004) examined phylo-
genetic characters of endocasts within Hydrodamalinae, whereas Orihuela et  al. 
(2019) analyzed 17 endocast characters among 15 fossil and extant sirenian taxa.

14.3  Overview of General and Comparative Anatomy

14.3.1  Cranial Endocast Morphology

Cranial endocasts, or endocranial casts, are three-dimensional representations of the 
space inside the cranial cavity or braincase of vertebrates. The cranial endocasts of 
mammals tend to mostly fill the endocranial cavity (e.g. Jerison 1973; Macrini et al. 
2007b) and so provide a fair representation of the external anatomy, shape, and 
volume of the corresponding brain. However, other soft tissue structures such as the 
meninges, blood vessels, dural sinuses, cisterns, and cranial nerves fill portions of 

Fig. 14.2 (continued) are redrawn from Furusawa (2004). Metaxytherium sp. cf. medium and 
Metaxytherium sp. endocasts are redrawn from Pilleri (1989, 1990). Dugonginae (incertae sedis, 
Cuba) is redrawn from Orihuela et al. (2019). Eotheroides aegyptiacum is redrawn from Owen 
(1875) and Edinger (1933). Protosiren fraasi is redrawn from Gingerich et al. (1994). Rytiodus 
heali is redrawn from Domning and Sorbi (2011). Diplotherium cf. allisoni from Kerber and 
Moraes-Santos (2021). Olfactory bulbs are colored in red, the cerebrum is blue, and the cerebellum 
is green. Not to scale
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Fig. 14.3 Dorsal (a), anterior (b), ventral (c), posterior (d), left lateral (e), and right lateral views 
(f) of a digital cranial endocast extracted from a skull of Trichechus senegalensis (AMNH 53939). 
This figure is modified from Fig. 9 of Orihuela et al. (2019). See Macrini (2006) for details about 
CT scanning and how the endocast was extracted

the cranial cavity (Butler and Hodos 1996) and can obscure portions of the brain, 
such that they are not represented on the corresponding cranial endocast (Macrini 
et al. 2007a, b).
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Below we describe a cranial endocast of Trichechus senegalensis, the African 
manatee (Fig. 14.3), and make comparisons with the brain of other extant sirenians. 
We chose to include this description for an extant taxon because there is no com-
plete published description of the cranial endocast of Trichechus, but there are nota-
bly multiple descriptions of the gross anatomy of the brain of manatees (e.g. Reep 
and O’Shea 1990) and dugongs (e.g. Pirlot and Kamiya 1985). Given that paleoneu-
rology is grounded in what is known from extant taxa for which we can compare 
brains directly with endocasts of the same species, the anatomical description that 
follows below is relevant and warranted in this chapter on the paleoneurology of 
Sirenia.

This particular description is based on the skull of an adult, female T. senegalen-
sis (AMNH 53939) that was imaged at the University of Texas High-Resolution 
X-ray Computed Tomography Facility in Austin, TX. Details about the CT scanning 
and extraction of the digital endocast of this specimen are provided by Macrini 
(2006). This same endocast was figured in Orihuela et al. (2019).

Forebrain The dominant feature of the forebrain region of the endocast of T. sen-
egalensis is the large and lissencephalic (smooth) cerebral hemisphere, which is 
consistent with the condition of the brains of manatees (Reep and O’Shea 1990) and 
dugongs (Pirlot and Kamiya 1985). The most pronounced sulci of the brain, such as 
the rhinal fissure, median sulcus, and Sylvian fissure, are represented on the cranial 
endocast (Fig. 14.3). The rhinal fissure, as in other mammals (Jerison 1991), marks 
the ventral boundary of the isocortex (or neocortex), the median sulcus divides the 
right and left cerebral hemispheres, and the Sylvian fissure separates the frontal and 
temporal lobes of the cerebrum. The parietal lobes of the cerebrum are also clearly 
separated from the rest of the cerebrum by the Sylvian sulcus (Fig. 14.3). In dorsal 
view, each cerebral hemisphere has the shape of a cashew nut, with an indentation 
on the lateral face representing the position of the Sylvian sulcus (Fig. 14.3a), which 
is a deep lateral fissure on the brain of Trichechus manatus (Reep and O’Shea 1990). 
The structure of the Sylvian fissure on the endocast of T. senegalensis is similar to 
what is seen on the brain of Dugong dugong (Pirlot and Kamiya 1985). The cerebral 
hemispheres on the endocast are roughly as long (rostrocaudal direction) as wide 
(Fig. 14.3a).

In anterior and ventral views, the much reduced olfactory bulb casts are visible 
(Figs. 14.1c and 14.3b). The corresponding cribriform plate of the skull is reduced 
or non-existent as are the bony turbinals of the nasal cavity. The olfactory bulbs are 
widely separated due to the robust crista galli of the skull as is the case in some fos-
sil taxa (e.g. Gingerich et al. 1994). Casts of the olfactory tracts are visible on the 
ventral side of the endocast as is the case with the actual brain of T. manatus (Reep 
and O’Shea 1990). Similarly, the reduced olfactory bulbs and olfactory tracts are 
visible on the brain of Dugong dugong (Pirlot and Kamiya 1985).

The hypophyseal fossa is prominent in the middle of the ventral side of the endo-
cast, although it is rather shallow. The right and left cava epipterica are widely sepa-
rated at the level of the sphenorbital fissure. These openings transmit cranial nerves 
II, III, IV, V1, and VI as is the case for many other mammals. Casts of many other 
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openings for cranial nerves such as the foramen ovale for cranial nerve V3 are not 
visible on this endocast. There is no clear indication of a separate optic foramen for 
cranial nerve II on the endocast.

Midbrain and Hindbrain The dorsal midbrain (tectum) is not visible on the cra-
nial endocast due to the posterior expansion of the cerebral hemispheres. The cast 
of the transverse sinus also overlies the position of the superior and inferior colliculi 
and obscures those structures from view on the endocast.

Although the cast of the cerebellum is visible in dorsal view on the endocast of 
Trichechus (Fig. 14.3a), details of this region of the brain (see Pirlot and Kamiya 
1985, and Reep and O’Shea 1990), such as the cerebellar hemispheres, paraflocculi, 
and vermis are not clearly distinguishable on the endocast. The petrosal bones are 
missing from this skull, preventing the paraflocculi and internal acoustic meati from 
being represented on this endocast (Figs. 14.1e, f). The medulla oblongata is visible 
on the ventral side of the endocast but the pons is not (Fig. 14.3c).

Comparative Anatomy In general, sirenian endocasts have lissencephalic cere-
bral hemispheres, a reduced olfactory system (e.g., reduced or absent olfactory 
nerve and bulbs), reduced optic nerves, presence of a large trigeminal nerve and 
associated components, and thick meninges of the central nervous system (Benoit 
et al. 2013b; Kerber and Moraes-Santos 2021). Below we provided some details 
about a few fossil taxa that were previously described. Comparisons are made with 
the digital endocast of Trichechus senegalensis (Fig. 14.3) that was described above.

A natural cranial endocast of Metaxytherium sp. from the Lower Miocene of 
Cerro Gordo, Almeria, Spain (Fig. 14.2; Pilleri 1990), shows a more rectangular- 
shaped forebrain, with a less dorsally bulging cerebrum and a more flattened cere-
bellar region similar to other dugongid endocasts (e.g. Orihuela et al. 2019). The 
endocast of Metaxytherium has lissencephalic cerebral hemispheres, relatively large 
olfactory bulbs (much larger than those of T. senegalensis, Fig.  14.3), a large 
hypophyseal fossa, and large trigeminal nerve tracks (Pilleri 1990). Hydrodamalis 
gigas and H. spissa both have spherical olfactory bulbs and relatively large olfac-
tory nerves compared to other sirenians (Fig. 14.2; Furusawa 2004). The olfactory 
bulbs of Dioplotherium allisoni, a dugongine from the middle Miocene of Brazil, 
are small but are elongated and clearly defined on the endocast (Kerber and Moraes- 
Santos 2021). In contrast, the olfactory bulbs of the Miocene dugongine Rytiodus 
heali are large and oval (Domning and Sorbi 2011), and similarly the olfactory 
bulbs of Prorastomus are large (Fig. 14.4; Benoit et al. 2013b).

The skull of the holotype of Protosiren fraasi from the Mokattam Limestone 
(Middle Eocene) of Cairo, Egypt (Fig. 14.2), was imaged using computed tomogra-
phy (CT) and observations of the endocranial cavity were made by Gingerich et al. 
(1994) and compared to the descriptions of natural endocasts of the same species by 
Edinger (1933, 1939) and a natural endocast of Eotheroides aegyptiacum described 
by Owen (1875; Fig.  14.2). Gingerich et  al. (1994) confirmed that P. fraasi and 
E. aegyptiacum are separate species, and the endocasts of the two species overlap in 
multiple measurements, with that of P. fraasi being 23% larger. The olfactory bulbs 
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Fig. 14.4 Dorsal (a), ventral (b), and lateral (c) views of the cranial endocast of Prorastomus 
sirenoides (BMNH 44897) that was extracted from CT imagery by Benoit et al. (2013b)

of P. fraasi are small and widely separated by the crista galli (Edinger 1933; 
Gingerich et al. 1994), as is the case in other fossil sirenians (e.g. Orihuela et al. 
2019; Kerber and Moraes-Santos 2021) and extant manatees (Fig. 14.3).

Computed tomography images of the skull of Protosiren fraasi show a narrow 
(2 mm diameter) optic canal, providing evidence for a separate optic foramen in at 
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least some sirenians (e.g. Owen 1875; Gingerich et al. 1994; Furusawa 2004). Due 
to its small size (e.g. P. fraasi; Edinger 1939), and in some cases close proximity to 
the casts of the trigeminal nerve paths (e.g. Halitherium schinzii and Dusisiren jor-
dani; Furusawa 2004), the optic nerve is difficult to trace on sirenian endocasts. The 
optic nerve and optic foramen are not visible on endocasts of extant T. senegalensis 
(Fig. 14.3c), and some fossil taxa (e.g. Fig. 14.2; Benoit et al. 2013b; Orihuela et al. 
2019). Hydrodamalis gigas and H. spissa both have optic nerves that are located 
dorsal to the trigeminal nerve (Furusawa 2004). The optic nerves of Dioplotherium 
allisoni are long and thin (Kerber and Moraes-Santos 2021).

The CT study of the skull of P. fraasi also confirmed that an osseous tentorium 
separating the cerebrum and cerebellum, and a median sagittal bony flax cerebri 
dividing the right and left cerebral hemispheres are well developed (Gingerich et al. 
1994). A median sagittal bony flax cerebri is also present in E. aegyptiacum (Owen 
1875; Gingerich et al. 1994).

Casts of the trigeminal nerve tracts and cavum epiptericum are large in all known 
sirenian endocasts (e.g. Owen 1875; Edinger 1933, 1939; Gingerich et  al. 1994; 
Furusawa 2004; Benoit et  al. 2013b; Orihuela et  al. 2019; Kerber and Moraes- 
Santos 2021). The corresponding sphenorbital fissure and mandibular canals of the 
skulls in fossil and extant sirenians tend to be wide for the passage of branches of 
the trigeminal nerve.

14.3.2  Spaces Associated with Cranial Blood Supply

Casts of the transverse sinus are visible on the endocasts of fossil dugong from the 
Miocene of Cuba (Orihuela et al. 2019) and in Trichechus senegalensis (Fig. 14.3). 
Computed tomography images of the skull of Protosiren fraasi indicate the pres-
ence of a superior sagittal sinus (or “longitudinal dorsal sagittal venous sinus”) 
located near the roof of the skull, anteriorly. The sinus becomes buried in the dura 
mater posteriorly, and therefore, disappears from dorsal view on the endocast 
(Gingerich et al. 1994).

In at least some fossil sirenians, the brain stem (e.g. pons and medulla oblongata) 
is not represented on the ventral surface of the endocast (e.g. Edinger 1939; Orihuela 
et al. 2019). This suggests that thick meninges and/or large cisterns, (i.e. expansive 
subarachnoid spaces that are filled with cerebrospinal fluid in life), prevented them 
from being represented on the endocast. Orihuela et al. (2019) examined character 
#8 of Macrini et al. (2007a) pertaining to whether a cast of the superior sagittal sinus 
or the median sulcus was not visible on endocasts (0), visible but very shallow (1), 
or visible and deep (2). This was listed as character #10 in the Orihuela et al. (2019) 
matrix. Hydrodamalis cuestae, H. spissa, Protosiren fraasi, Rytiodus heali, and 
Prorastamus sirenoides showed character state 1, whereas all other taxa in the 
matrix were scored as character state 2 (Orihuela et al. 2019). No taxa in this matrix 
were scored with character state 0, but this character state has been observed in 
other mammals (Macrini et al. 2007a).
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14.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

14.4.1  Morphological Brain Diversity

As noted previously by several authors, cranial endocasts provide the only direct 
evidence of brain morphology and evolution in extinct taxa. Earlier comparative and 
phylogenetic studies of different groups of mammals have incorporated endocranial 
characters in their matrices (e.g. Macrini et al. 2007a; Perini et al. 2022), but only 
two studies dealt exclusively with sirenians (Furusawa 2004; Orihuela et al. 2019). 
Furusawa (2004) included four endocast characters in a matrix containing 31 total 
morphological characters scored for eight total taxa including members of 
Hydrodamalinae and one outgroup taxon. Subsequently, Orihuela et  al. (2019) 
examined 17 endocast characters on 15 taxa including both fossil and extant sireni-
ans. The taxa examined included MNHNCu. P71.005310-11, an early Miocene 
dugongid from western Cuba; Metaxytherium sp. C.  Gordo; Metaxytherium sp.; 
Dugong dugon; Kaupitherium sp.; Dusisiren jordani; Hydrodamalis cuestae; 
H. spissa; H. gigas; Trichechus manatus; T. senegalensis; Protosiren fraasi; Rytiodus 
heali; Eotheroides aegyptiacum; and Prorastomus sirenoides. Below we review 
some of the phylogenetic characters from these two studies that show some signal 
within the context of sirenian evolution, but we recognize that there is further work 
to be done in this area. We discuss these characters within the context of shape 
change in the cranial endocasts of sirenians.

Stem sirenians (e.g. Prorastomus and Protosiren) have cylindrically-shaped 
endocasts (when viewed dorsally) that show some posterior expansion near the 
boundary between the cerebrum and cerebellum (Figs. 14.1, 14.2 and 14.4). Crown 
sirenians show expansion of the cerebrum, particularly the frontal and transverse 
lobes. Orihuela et al. (2019) examined whether swelling of the frontal lobe of the 
cerebrum is absent (0), or present anterior to the Sylvian fissure (1). This swelling 
was not visible on the endocasts of Prorastomus, Metaxytherium sp., or the hydro-
damalines examined by Furusawa (2004), which includes Dusisiren jordani, 
Hydrodamalis cuestae, H. spissa, and H. giga. All the taxa examined by Orihuela 
et al. (2019) were scored as character state 1. This character state distribution sug-
gests that the swelling of the frontal lobe of the cerebrum anterior to the Sylvian 
fissure was derived in stem sirenians (exclusive of Prorastomus), and was second-
arily lost in the clade containing Metaxytherium and Hydrodamalinae (Fig. 14.1). 
Trichechids show expanded parietal lobes of the cerebrum that are separated by the 
Sylvian sulcus (Fig. 14.3).

The olfactory bulbs of the stem sirenia Prorastomus are reportedly large 
(Fig. 14.4; Benoit et al. 2013b), whereas those of Protosiren are described as small 
(Edinger 1933; Gingerich et al. 1994). Crown sirenians generally have small olfac-
tory bulbs with exceptions being Metaxytherium (Pilleri 1990) and the dugongine 
Rytiodus heali (Domning and Sorbi 2011). It is evident that there is a need to 
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quantify the size of the olfactory bulbs of stem and crown sirenians to better under-
stand the evolution of the olfactory bulb size in this clade.

Orihuela et  al. (2019) examined character #21 of Furusawa (2004) about the 
shape of the olfactory bulbs (character #1 in the Orihuela et al. matrix) but using a 
larger taxonomic sample. In addition to Hydrodamalis spissa and H. gigas showing 
character state 1 (circular or spherical shaped olfactory bulbs) as documented by 
Furusawa (2004), Trichechus senegalensis, and potentially Protosiren fraasi and 
Rytiodus heali also have this character state. All of the other taxa examined by 
Orihuela et al. (2019) were scored as character state 0: olfactory bulbs are elongated 
and compressed laterally with an elliptical outline.

Orihuela et al. (2019) also examined the position of the inferior sulcus on endo-
casts, a structure that is inferred to result from a robust crista galli of the ethmoid 
(Edinger 1939; Gingerich et al. 1994). Character #8 of Orihuela et al. (2019) exam-
ined the extent of the inferior sulcus as being either (0) anterior to the trigeminal 
nerve cast, or (1) reaching its vertices. This character was scored as (0) for 
Metaxytherium, Rytiodus, and MNHNCu. P71.005310–11, an early Miocene 
dugongid from western Cuba that was described by Orihuela et al. (2019). Prosiren 
and Prorastomus were scored as unknown for this character and all other taxa exam-
ined by Orihuela et al. (2019) were scored as having character state 1.

Perhaps the one of the most diagnostic of characters pertains to the depth of the 
transverse sulcus, which separates the cerebellum from the cerebrum (character #14 
of Orihuela et  al. 2019). In the stem sirenians Protosiren and Prorastomus, the 
transverse sulcus is shallow, whereas in the stem sirenian Eotheroides, and all crown 
sirenians, this sulcus is deep (Fig. 14.2).

14.4.2  Brain-Size Evolution and Encephalization Quotient

The evolution of brain size in sirenians has historically been examined using 
encephalization quotients (EQs), as has been done in other vertebrate groups 
(Jerison 1973). We summarize some of the most significant analyses of EQ in 
Sirenia below, while also recognizing the drawbacks and criticisms of this method-
ology (e.g. Deacon 1990; Striedter 2005, and see discussions in the  Metatheria 
chapter of this book).

Estimating body size in fossil taxa has always been contentious as estimates 
using different skeletal parameters can vary greatly (Damuth and MacFadden 1990). 
In general, body mass estimates from postcranial elements tend to be the most real-
istic (Damuth and MacFadden 1990). However, the weight-bearing limb elements 
that are typically used to estimate body mass in terrestrial vertebrates are absent in 
obligatory aquatic mammals, and so the axial skeleton must be used for body mass 
estimation in these taxa (Sarko et al. 2010). Because many fossil taxa lack complete 
vertebral columns, measures of the skull are typically used to estimate body mass. 
Particularly for sirenians, the condylobasal length of the skull is usually considered 
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a more accurate predictor of body size in extant Florida manatees and dugongs 
compared to occipital condyle width and foramen magnum width (Sarko et al. 2010).

Endocranial volume (EV) can be accurately measured from CT images of skulls. 
However, sirenians and tethytherians, in general, have particularly thick meninges 
covering the brain (Benoit et al. 2013b), suggesting that the EV in these taxa is an 
overestimate of their brain size. Benoit (2015) provided a method to correct this 
issue and to provide more realistic estimates of brain size in fossil tethytherians.

The most comprehensive analysis of encephalization quotients for sirenians was 
published by Kerber and Moraes-Santos (2021). Endocranial volumes of sirenians 
were obtained from the literature and brain sizes were calculated following Benoit 
(2015), and body masses were estimated for fossil taxa following Sarko et  al. 
(2010). Kerber and Moraes-Santos (2021) applied ancestral character state recon-
struction for EQ using a phylogeny for sirenian relationships and found an EQ value 
of 0.27 ancestrally for Pan-Sirenia, 0.29 for crown Sirenia, 0.32 for Dugongidae and 
a slight increase to 0.36 for Dugonginae. The ancestral reconstruction for 
Trichechidae was the highest with an EQ of 0.42.

O’Shea and Reep (1990) recognized that sirenians have particularly low EQs 
compared to other marine mammals such as cetaceans or pinnipeds, despite show-
ing life-history, ecological, and behavioral traits that are more consistent with large- 
brained species. It was suggested that the low-quality food diet and low metabolic 
rates of sirenians may account for their relatively small brain size, and that natural 
selection favored an increase in body size without a comparative increase in brain 
size (O’Shea and Reep 1990).

Compared to other members of Afrotheria, sirenians show a decrease in EQ, as 
is the case in some other afrotherian groups such as Tubulidentata, Bibymalagasia, 
and Tenrecoidea (Benoit et al. 2013b). The reduction of EQ in these different afroth-
erian clades seems to have occurred independently.

In this chapter, we include data on the endocranial volume and estimated body 
mass in fossil and extant sirenians (Table 14.1) that were previously compiled by 
Kerber and Moraes-Santos (2021). Figure 14.5 shows a log-log plot of the endocra-
nial volume and body mass data in Table 14.1. The data plot tightly without any 
significant outliers, though Prorastomus sirenoides does plot slightly below the oth-
ers, suggesting that it had a relatively small brain for its body size compared to other 
sirenians. Hydrodamalis gigas has the largest estimated body mass and endocranial 
volume of the taxa sampled, however, it does not deviate from the other taxa plot-
ted here.

In general, these results suggest that brain and body mass evolved nearly iso-
metrically in sirenians and thus, that there was little or no selection towards higher 
EQ (or higher body mass) in sirenians. This is quite unlike other marine mammals 
(i.e. pinnipeds and cetaceans), which belong to the “over 700-gram quartet” 
described by Manger et al. (2013). This is, in fact, unlike the trend observed in most 
mammalian lineages, including those of the closest relatives of sirenians—the pro-
boscideans and embrithopods (Manger et al. 2013).
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Table 14.1 Endocranial volume (ECV), brain mass, and body mass data for extinct and extant 
sirenians

Taxa
ECV 
(cm3)

Brain mass 
(g)

Body Mass 
(g)

EQ Jerison 
(1973)

EQ Manger 
(2006)

Dioplotherium cf. 
allisoni

413.4 377.13 802,000 0.36 0.34

Dugong dugon 422 385 251,000 0.81 0.82
Trichechus manatus 396 361.13 756,000 0.37 0.35
Trichechus inunguis 277.5 252.13 363,000 0.41 0.41
Trichechus 
senegalensis

409 373.09 460,000 0.52 0.51

Trichechus 
senegalensis

374 341.36 460,000 0.48 0.47

Hydrodamalis gigas 1225 1123.53 6,738,250 0.26 0.21
Hydrodamalis gigas 1150 1054.55 6,738,250 0.25 0.20
Hydrodamalis gigas 1110 1017.77 6,738,250 0.24 0.19
Hydrodamalis gigas 1650 1514.38 6,738,250 0.35 0.29
Metaxytherium sp. 500 476.78 1,303,400 0.33 0.30
Protosiren fraasi 185 167.08 542,000 0.21 0.20
Prorastomus 
sirenoides

86.9 76.87 98,156 0.30 0.32

Dungongidae indet. 
Cuba

551.7 486.80 ? ? ?

“EQ Jerison (1973)” was calculated using the equation of Jerison (1973), and “EQ Manger (2006)” 
was calculated using the equation of Manger (2006). Note: brain mass, rather than ECV, was used 
to calculate EQ’s. Data and EQ values are from Table 2 of Kerber and Moraes-Santos (2021), 
except for “Dungongidae indet. Cuba,” which is from Orihuela et al. (2019); brain mass for this 
specimen was estimated following Kerber and Moraes-Santos (2021)

14.4.3  Sensory Evolution: Vision, Vestibular Sense, Hearing, 
Mechanoreception, Olfaction

Vision Extant manatees have small eyes and a correspondingly thin optic nerve 
(Moore et al. 2021). The cranial endocast of Dioplotherium cf. allisoni (Kerber and 
Moraes-Santos 2021) shows a narrow optic canal. However, the cranial endocasts of 
Miocene dugongs from Cuba (Orihuela et al. 2019) do not clearly show the optic 
canals and so the optic nerve size cannot be estimated.

Vestibular Sense The inner ears of sirenians show that manatees and dugongs 
have semicircular canals with small arcs of curvature (Spoor 2018; Moore et  al. 
2021). This is consistent with the fact that sirenians typically do not make quick 
head movements and that they have a reduced range of motion due to fused and 
reduced number of cervical vertebrae (Spoor 2018; Moore et al. 2021). Noticeably, 
the semicircular canal radii of Prorastomus and a fossil sirenian from the Eocene of 
Tunisia (based on an isolated petrosal) also show small arcs of curvature even 
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Fig. 14.5 Log endocranial volume vs log body mass in 10 species of sirenians, including six 
extinct species. Endocranial volume and body mass data for specimens used for this plot are pre-
sented in Table 14.1

though these basal taxa were likely not fully aquatic (Savage et al. 1994; Benoit 
et al. 2013a).

Hearing Sirenians have no pinnae, a small external auditory meatus, and a rela-
tively large middle ear cavity and tympanic membrane (Moore et al. 2021). Their 
middle ear ossicles are reportedly the densest of any mammal, being even denser 
than the petrosal bone (Moore et al. 2021). The vocalizations of Florida manatees 
were recorded between 0.5 and 25 kHz, and manatees reportedly have good hearing 
at 5–20 kHz, although their hearing range is wider (Moore et al. 2021).

The cochlea of Trichechus completes just over 1.1 turns (407°; Ekdale 2013), 
whereas that of Dugong shows nearly 1.5 turns (514°; Benoit et al. 2013a). Among 
fossil sirenians, the bony labyrinth endocast of Prorastomus has just over 1.5 
cochlear turns (550°) and an isolated fossil sirenian petrosal from the Eocene of 
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Tunisia shows 2.5 cochlear turns (900°; Benoit et al. 2013a). This might suggest that 
the more terrestrial basal sirenians had a wider range of hearing than extant taxa.

Mechanoreception Sirenians have vibrissae covering their face and postcranial 
regions, with the densest concentration being the facial vibrissae (Moore et  al. 
2021). Facial vibrissae consist of bristles, hair, and bristle-like hair, with the bristles 
being the stiffest and thickest and the hair being similar to the postcranial vibrissae 
(Moore et al. 2021). The facial vibrissae are innervated by the trigeminal sensory 
system, which is large in sirenians as reflected by the large sphenorbital fissure and 
rostral trigeminal canal (Kerber and Moraes-Santos 2021). Postcranial vibrissae in 
sirenians serve a mechanoreceptor function and are, in fact, the only type of hair 
found on sirenians body (Moore et al. 2021).

Olfaction Although extant sirenians (e.g., Trichechus) lack bony turbinals, a crib-
riform plate, and have reduced olfactory bulbs, some fossil taxa show differences in 
these structures. As mentioned above, Prorastomus has large olfactory bulbs accord-
ing to Benoit et al. (2013b). The holotype of Protosiren fraasi preserves turbinals 
and a cribriform plate (Gingerich et al. 1994). A natural endocast of Eotheroides 
aegyptiacum (originally figured by Owen 1875) shows preservation of fairly large 
olfactory bulbs (Gingerich et  al. 1994). Similarly, Miocene dugongs from Cuba 
(Orihuela et al. 2019) and Dioplotherium cf. allisoni (Kerber and Moraes-Santos 
2021) show very reduced olfactory bulbs on their cranial endocasts.

14.4.4  Evolution and Form of Sirenian Brain Compared 
to Close Mammalian Relatives

An analysis of cranial endocasts in fossil and extant taxa, and extant brain morphol-
ogy was used to reconstruct the endocranial morphology of the most recent com-
mon ancestor of Afrotheria (Benoit et  al. 2013b). The ancestral condition of the 
afrotherian brain was reconstructed as having a straight (or linear) arrangement of 
the brain parts, absence of midbrain exposure on the dorsal surface, presence of 
three sulci on the neopallium (praesylvia, suprasylvia, and sulcus lateralis), absence 
of the intercalary (splenial) sulcus, a ventral expansion of the neopallium such that 
it covers 50% of the lateral face of the brain, and absence of parafloccular lobes of 
the cerebellum (Benoit et al. 2013b).

The ancestral brain condition for Tethytheria, a group that includes Proboscidea 
and Sirenia, included the presence of very thick meninges and significant anteropos-
terior flexion resulting in the non-linear organization of the components of the brain 
(Benoit et al. 2013b). The thickness of meninges in members of Tethytheria obscures 
the sulcal pattern on the surface of the brain, making the cranial endocasts lissence-
phalic (Benoit et al. 2013b). The brains of extant elephants are highly gyrencephalic 
despite the smoothness of their endocasts, however, the brains of sirenians, despite 
showing some shallow sulci, are largely considered to be lissencephalic (Benoit 
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et al. 2013b). The endocast of the stem sirenian Prorastomus also differs from the 
tethytherian condition as it shows little endocranial flexion with the brain compo-
nents being linearly arranged, and it shows a lateral sulcus on the cerebral 
hemispheres.

So, in general, the lissencephalic condition, linear arrangement of brain compo-
nents, and low relative brain size of sirenians seem to be the result of a reversal 
rather than a retention of the ancestral conditions for Afrotheria.

14.5  Future Directions: Outstanding Questions 
and Perspectives

As is the case with many mammalian groups, there is a need to incorporate com-
parative data on sirenian endocasts into phylogenetic analyses. Furusawa (2004) 
and Orihuela et al. (2019) provide the only published analyses that directly include 
endocast characters of sirenians. However, the study by Furusawa (2004) examined 
only Hydrodamalinae. The analysis by Orihuela et al. (2019) included a broader 
taxonomic sampling, however, subsequent studies have described new sirenian 
endocast material that needs to be accounted for, too (e.g. Kerber and Moraes- 
Santos 2021). Additionally, many of the characters used by Orihuela et al. (2019) 
show phylogenetic variations at broad taxonomic levels but little variation among 
sirenians and appear to have little phylogenetic utility. There is certainly work to be 
done to develop an endocast character matrix that is more specific for capturing 
taxonomic variation for sirenians.

Also, bony labyrinth endocasts have been described for only a couple of fossil 
sirenians (Benoit et al. 2013a). There is work to be done to extract digital endocasts 
from complete petrosals of fossil sirenian and pan-sirenian taxa to better understand 
the functionality of the inner ear for hearing and balance in fossil taxa.

Furthermore, despite the extensive fossil record for Sirenia and Pan-Sirenia, rela-
tively few taxa have complete skulls or preserved endocast material that can be 
studied. Considering the vast majority of sirenian diversity is represented by extinct 
species, sampling bias certainly affects our understanding of the paleoneurology of 
the group. Hopefully, future fossil discoveries will increase this dataset and provide 
a more complete picture of the sirenian paleoneurology.

Additionally, relatively little work has been done on the paleoneurology of 
Desmostylia, the purported sister taxon of Sirenia. Such data would be helpful for 
polarizing characters related to the paleoneurology of Sirenia.

Finally, there has yet to be a rigorous, quantitative study on shape change in the 
cranial endocasts of sirenians, similar to what has been done in marsupials (see 
Weisbecker et al. 2021; Chap. 11, this volume). Certainly there is not as much brain 
shape diversity in sirenians as in marsupials, but nonetheless such a study would be 
informative for gaining a more complete picture of the evolution of the brain in 
Sirenia.
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14.6  Concluding Remarks

Despite the limitations of the fossil record mentioned above, computed tomography 
has allowed for expanded sampling of the paleonenurology of sirenians and pan- 
sirenians over the last three decades. Recent comparative studies of sirenian cranial 
endocasts have provided a better understanding of the evolution of the brain and 
brain size in this group (e.g. Orihuela et al. 2019; Kerber and Moraes-Santos 2021). 
In contrast to other afrotherians, sirenians have lissencephalic brains whose compo-
nents are linearly arranged and small relative brain sizes. Sirenian brains are char-
acterized by lissencephalic cerebral hemispheres, a reduced olfactory system, the 
reduction of the optic nerves, presence of an enlarged trigeminal nerve and associ-
ated components, and thickened meninges (Benoit et al. 2013b; Kerber and Moraes- 
Santos 2021).

Accessible data are still scarce though, and efforts will have to be made to code 
the paleoneurological differences between sirenian taxa. Similarly, there is work to 
be done on the comparative anatomy of the inner ear of sirenians as few anatomical 
studies of this system have been published for fossil sirenians.
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15.1  Historical Review and Current Data on the Variations 
of the Endocranial Cast Across Proboscidean Phylogeny

15.1.1  Introduction

Extant elephants are known for displaying a wide array of complex behaviors, 
equalling, if not surpassing, that of many primates, including such features as a 
detailed long-term memory storage and retrieval, behavioral adaptability, self- 
awareness, mourning of the dead, sophisticated problem-solving abilities, and the 
ability to modify their environment and to manufacture tools with their trunk (see 
Cozzi et al. 2001; Shoshani et al. 2006; Hart et al. 2008 for reviews). In addition, 
they are the shortest sleepers of all mammals studied to date (Gravett et al. 2017). 
As such, studying the brain of elephants to understand how it produces the array of 
complex behavioral repertoires observed has a long-standing fascination.

In the past two decades, many detailed studies have been conducted on various 
aspects of the neuroanatomy of extant elephants (e.g. Cozzi et al. 2001; Kupsky 
et al. 2001; Shoshani et al. 2006; Hart et al. 2008; Manger et al. 2009, 2010, 2012; 
Hakeem et al. 2009; Pettigrew et al. 2010; Bianchi et al. 2011; Jacobs et al. 2011; 
Ngwenya et al. 2011; Maseko et al. 2012, 2013a, b; Herculano-Houzel et al. 2014; 
Stoeger and Manger 2014; Patzke et  al. 2014; Kharlamova et  al. 2015, 2016; 
Limacher-Burrell et  al. 2018). Unfortunately, the paucity of extant proboscidean 
species, the three species belonging to the sole extant family Elephantidae, limits 
comparative neuroanatomical analyses related to variations in behavioral reper-
toires (Byrne and Bates 2007). The paleoneurology of extinct species, although 
limited to the study of the shape and size of the endocranial casts, in part compen-
sates for this lack of extant diversity, as almost 200 extinct species of proboscideans 
are known across the Cenozoic fossil record (Shoshani and Tassy 2005; Sanders 
et al. 2010; Shauer 2010). Earlier studies describing endocranial casts of probosci-
deans have been based on the rather rare natural casts of the braincase (e.g. 
Simionescu and Morosan 1937; Bever et al. 2008), on artificial casts of the brain-
case made with the least fragile fossil skulls (e.g. Andrews 1906; Dechaseaux 1958; 
Jerison 1973), or on sections of fossil skulls (e.g. Warren 1855; Boule and Thevenin 
1920) (Fig. 15.1). Unfortunately, the former two types of material are quite uncom-
mon because the extensive sinuses that comprise the majority of the volume of the 
proboscidean skull make it almost impossible for the tabula interna to withstand the 
natural or artificial processes that generate an endocranial cast. Sectioning fossil 
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skulls, being destructive, has never been routinely performed. Recently, micro- 
computed tomography X-ray (CT-scan) has become common in paleontology labo-
ratories, and palaeoneurological studies can now be conducted more easily and 
without risk of damage to the fossils (Benoit et al. 2013b). Nevertheless, the cost of 
a CT scan and the large size and weight of most fossil proboscidean skulls remain 
two major obstacles to the study of proboscidean palaeoneurology.

Here we aim to provide a comprehensive review of published data on the endo-
cranial anatomy of extinct proboscideans, summarizing the research undertaken 
over the past two hundred years aimed at increasing our knowledge of proboscidean 
brain evolution, bringing the number of species for which data are available from 
three (Shoshani et al. 2006) to twenty species (Table 15.1; the classification and 
phylogeny of fossil species follows Sanders et al. (2010), Shauer (2010), and Fisher 
(2018)). This chapter highlights some major aspects of the paleoneurological his-
tory of the proboscidean endocranial cast, i.e. endocranial capacity, endocast mor-
phology, and cortical gyrification.

Akin to humans, elephants are large-brained terrestrial mammals that originated 
in Africa and dispersed out of the African continent to populate most major land-
masses, making them one of the best analogs to humans for tracing the evolution of 
brain size and behavioral complexity (Roca and O’Brien 2005; Goodman et  al. 
2009; Jebb and Hiller 2018). For example, paedomorphic scaling of brain size 
occurring during the evolution of insular dwarfing in elephants has stimulated the 
debate on whether Homo floresiensis should be considered a dwarf human species 
or a pathological case (Weber et al. 2005; Weston and Lister 2009). In addition, 
proboscidean brain size increased under an herbivorous diet, which also offers a 
unique opportunity to test whether an enlarged brain requires high-quality food to 
evolve (Finlay et al. 2001). Understanding how the elephantine brain evolved during 
the Cenozoic, therefore, has implications beyond proboscidean palaeoneurology 
alone as it may directly echo our own origin and evolution.

15.2  Evolution of Endocranial Capacity

15.2.1  The Tools to Study the Evolution of Brain Size 
in Extinct Proboscideans

To estimate the mass or volume of the brain in a fossil proboscidean is a difficult 
task, primarily because the endocranial volume comprises the volume of the brain 
and that of meninges that encapsulate it (Manger et al. 2009). Discrepancies sur-
round the estimation of brain volume based on differing concepts of the meningeal 
thickness in proboscideans. For example, Osborn (1931, 1936, 1942) estimated that 
the meninges could represent as much as 20% of the endocranial capacity in recent 
species. This is consistent with the observations made by Kharlamova et al. (2016, 

15 Paleoneurology of the Proboscidea (Mammalia, Afrotheria): Insights from Their…
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Fig. 15.1 Endocranial casts of Moeritherium lyonsi (NHM-UK M9116), Palaeoloxodon falconeri 
(MGG RSAL 47), Mammut americanum (LACM-M40977), Zygolophodon (Mammut) borsoni 
(MCFFM-CLB-1), Stegodon insignis (MNHN-A952) and Mammuthus primigenius (No number, 
from Naslavcea, Moldova, see Simionescu and Morosan 1937) in dorsal and lateral views. Scale 
bar is the same size for all proboscideans except Moeritherium lyonsi. The endocasts of Mammut 
americanum and Palaeoloxodon falconeri are mirrored for comparison

2021) in the juvenile mammoth Yuka, in which the dura mater occupied 18.56% of 
the endocranial volume. In contrast, the dura mater was proposed to constitute only 
11% of the total mass of the tissue filling the endocranial space in extant elephants 
according to Shoshani et al. (2006). Benoit (2015) and Kharlamova et al. (2016) 
independently proposed a systematic method to estimate meningeal thickness in 
extinct proboscidean species. It is based on a regression using data on brain and 
endocast volume primarily from Rohrs and Ebinger (2001). The equation proposed 
by Benoit (2015) is the most commonly used (Lyras 2018; Benoit et al. 2019), as it 
includes more data. The derived regression is:
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 Brain volume endocast volume� �0 8877 2 9408. .�  

The resulting estimates of meningeal volume indicate that the meninges occupy, on 
average, 14% of the endocranial space in proboscideans (Benoit 2015). Historically, 
the specific gravity of endocranial tissues in proboscideans was considered to be the 
same as that of water (e.g. Jerison 1973; but see Lyras 2018). Accordingly, these 
authors consider that brain mass is essentially equal to the calculated brain volume. 
More recently, brain tissue has been considered to be denser than water, with a spe-
cific gravity of 1.036 (Stephan et al. 1970; Palombo and Giovinazzo 2005; Benoit 
2015; Benoit et  al. 2019; Kharlamova et  al. 2016), which is the approach taken 
herein (Table 15.1). In this case, brain mass equals 1.036 times brain volume; how-
ever, this assumption has been criticized by Lyras (2018) who argues that the spe-
cific gravity of the brain has been found to range from 1.027 to 1.100 g.cm3.

The resulting brain mass can be compared using the encephalization quotient 
(EQ) (Jerison 1973), a ratio between the observed brain mass (or volume) of an 
animal and the expected brain mass (or volume) of an animal of the same body mass 
(these expected values are calculated using a regression of known brain mass to 
body mass data across mammalian species). Mammals with a brain larger than 
expected have an EQ above 1, whereas mammals with a brain smaller than expected 
have a value below 1. Many methods of calculating EQs exist, but those of Jerison 
(1973) and Manger (2006) have been the most commonly used to compare encepha-
lization across proboscideans (Jerison 1973; Palombo and Giovinazzo 2005; 
Shoshani et al. 2006; Benoit et al. 2013b, 2019; Benoit 2015; Lyras 2018). They are 
expressed as follow:

 
Jerison s EQ Brain mass Body mass’ // .� � � � ��0 12 2 3

 

 
Manger s EQ Brain mass Body mass’ ./ .� � � � ��0 0535 0 7294

 

Manger’s EQ is similar to, but preferred over Eisenberg’s EQ (Eisenberg 1981) as it 
includes more species to calculate the regression, and excludes outliers such as pri-
mates and cetaceans (Manger 2006).

15.2.2  Patterns of Encephalization Evolution in Proboscideans

The brains of extant elephants are the largest in absolute size amongst terrestrial 
animals (Shoshani et al. 2006; Manger et al. 2013; Herculano-Houzel et al. 2014). 
On average, the EQs of extant elephants range between 1 and 2, with an average of 
1.88 for Jerison’s EQ (Shoshani et al. 2006) and 1.51 for Manger’s EQ (Benoit et al. 
2019). Though not markedly different from that of an animal of similar body mass 
(Manger et al. 2013), modern proboscideans usually have a larger brain than pre-
dicted (Jerison 1973; Shoshani et al. 2006; Benoit et al. 2013b, 2019; Benoit 2015). 
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This implies that both absolute and relative brain size increased sometime during 
the phylogenetic history of elephants, and thus effort has been made to understand 
the causal factors and evolutionary timing of the enlarged brain in proboscideans 
(Jerison 1973; Shoshani et al. 2006; Benoit et al. 2013b, 2019; Benoit 2015; Jebb 
and Hiller 2018).

The geologically earliest endocranial cast of a proboscidean belongs to the ‘ple-
sielephantiform’ Moeritherium lyonsi and dates from the late Eocene (~40–35 Ma) 
of the Fayum (Egypt; Andrews 1906; Jerison 1973; Fig. 15.1). Its endocast volume 
was estimated as 240 cm3 by Jerison (1973) using the water displacement method 
for determining endocast volume on the cast of the braincase made by Andrews 
(1906). Jerison’s and Manger’s EQs of Moeritherium provide an estimate of 0.2 
(Table 15.1), an EQ that is an order of magnitude smaller than the EQ of extant 
elephants. Similar low EQ values have also been reported in the hyracoid Seggeurius 
and the sirenian Prorastomus (Table 15.1), two early Eocene Paenungulata, and the 
closest relatives of proboscideans (Benoit et al. 2013b, 2016). As a consequence, 
Jerison (1973), Benoit et  al. (2013b), Manger et  al. (2013), and Benoit (2015) 
hypothesized that a small relative and absolute brain size is the primitive condition 
for Proboscidea. This has since been supported by Benoit et al. (2019), who used 
ancestral character state reconstruction based on maximum likelihood to recon-
struct that the last common ancestor of Proboscidea most likely had a Manger’s EQ 
of 0.24 (Fig. 15.2). The relatively small size of the brain cavity compared to the 
skull in Phosphatherium and Numidotherium, two basal ‘plesielephantiforms’ from 
the Early Eocene of North Africa (−56 to −48 Ma) depicted by Gheerbrant et al. 
(2005) and Benoit et  al. (2013b: appendix B), also support this conclusion 
(Fig. 15.2a). Unfortunately, the endocast of Moeritherium remains the only com-
plete one currently known for a ‘plesielephantiform’.

All other fossil proboscidean endocasts described, and for which endocranial 
capacity has been estimated, belong to the Elephantiformes (Table 15.1). The basal-
most elephantiform, and only non-elephantimorph elephantiform taxon for which 
the endocranial capacity has been estimated is Palaeomastodon beadnelli, from the 
Oligocene of Egypt (Benoit et al. 2019). As early as 1917, Larger (1917: p.397) 
reported a personal communication from Andrews who hypothesized that 
Palaeomastodon and Moeritherium would have shared a similar brain size, roughly 
equivalent to that of a tapir (about 200 g according to Pérez-Barbería and Gordon 
2005). Given that Palaeomastodon is the basal-most Elephantiformes (Gheerbrant 
and Tassy 2009; Fisher 2018), and that the Elephantimorpha have long been known 
for having high EQ values (Jerison 1973), this would imply that the endocranial 
volume likely did not increase prior to the origin of the Elephantimorpha (or, less 
parsimoniously, convergently in the Mammutida and Elephantoidea). The endocra-
nial capacity of Palaeomastodon was measured for the first time by Benoit et al. 
(2019) using double graphic integration on a drawing of the reconstructed endocast, 
a method for which the accuracy has been validated by Radinsky (1977, p.48). The 
Palaeomastodon brain has a volume of approximately 771 cm3, which is almost 
four times as large as that of Moeritherium, but since the estimated body mass of 
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Fig. 15.2 The evolution of endocast shape in dorsal and lateral views in proboscideans. Redraw 
after: (a) Gheerbrant et al. 2005, (b) Andrews 1921 (c) Benoit et al. 2019, (d) Marsh 1873, (e) 
Jerison 1973, (f) Warren 1855, (g) Schlesinger 1922, (h) Boule and Thevenin 1920, (i) Dechaseaux 
1958, (j) Palombo and Giovinazzo 2005, (k) Simionescu and Morosan 1937, (l) Kubacska 1944, 
(m) Bever et al. 2008, (n) Elliot Smith 1902, (o) Osborn 1931, (p) Accordi and Palombo 1971. 
Abbreviations: Cb, cerebellum; EQ, reconstructed ancestral Manger’s encephalization quotient 
after Benoit et al. 2019; Fr frontal lobe, Ob olfactory bulb, Ps pseudosylvia, Sp spinal cord, Tp 
temporal lobe, V trigeminal nerve. Drawings not to scale
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Palaeomastodon is three times larger than Moeritherium, the resulting EQs are 
quite similar (about 0.3, Table 15.1). Accordingly, the ancestral Manger’s EQ for the 
Elephantiformes clade is 0.31 (Benoit et al. 2019), which is similar to that seen in 
basal proboscideans and other Eocene paenungulates (Table 15.1). Encephalization 
was thus relatively stable, and brain mass seems to have co-varied tightly with body 
mass, in Palaeogene proboscideans, as hypothesized by Manger et  al. (2013), 
although the endocast of some noticeably large-bodied non-elephantimorph taxa 
such as the deinotheriids and Barytherium still need to be studied in detail to con-
firm this trend (Benoit et al. 2019). In this respect, the exposed braincase of a speci-
men of Deinotherium bosazi from the National Museums of Kenya (KNM-ER 
1087) measuring about 14 cm across, and that shows no sign of expanded temporal 
lobes would support this prediction (J.B. Pers. Obs.).

The Elephantimorpha most likely originated during the late Oligocene 
(~28–24 Ma) according to both molecular dating techniques (Rohland et al. 2007; 
Palkopoulou et al. 2018) and the fossil record (Gheerbrant and Tassy 2009; Sanders 
et al. 2010; Shauer 2010); however, no data on endocranial volume is known for 
elephantimorphs prior to the late Miocene (Benoit 2015; Benoit et al. 2019). Benoit 
(2015) was the first to hypothesize that the EQ increased beyond the value of 1 in 
the Elephantimorpha, although crucial supportive data for elephantiforms was miss-
ing. Building upon Benoit’s (2015) work, Benoit et al. (2019) showed that the rela-
tive brain size (calculated using Manger’s EQ) doubled in the last common ancestor 
of Elephantimorpha compared to the primitive paenungulate-like condition, reach-
ing a value of 0.73 (Fig. 15.2).

This value is close to that reconstructed for the last common ancestor of the 
Mammutida by Benoit et  al. (2019), which is 0.64 (Fig.  15.2). The Mammutida 
include the largest species in the dataset, Zygolophodon borsoni, from the Pliocene 
of Moldova, for which body mass is estimated to 16 tons (Larramendi 2015). The 
endocranial size of Zygolophodon was acquired through digitization of an artificial 
endocast using photogrammetry (Benoit et al. 2019). It is noteworthy that despite its 
large body mass, both Jerison’s and Manger’s EQs of Zygolophodon (0.62 and 0.50 
respectively) are only about 30% lower than the EQs of the two Pleistocene Mammut 
americanum, which have body masses about half of that of Zygolophodon 
(Table 15.1). This illustrates that the evolution of encephalization in proboscideans 
is strongly tied to phylogeny, even compared to the effect of body mass (Benoit 
et al. 2019).

The other major clade of the Elephantimorpha is the Elephantoidea (Fig. 15.2). 
Benoit et al. (2019) additionally found that another steep increase in relative brain 
size occurred in the more derived Elephantoidea, for which the Manger’s EQ of the 
last common ancestor was reconstructed as equalling 1.09 (Fig. 15.2). Jerison’s and 
Manger’s EQs appear to stabilize at this phylogenetic level, as the EQ values of the 
basal-most elephantoid, the late Miocene Stegodon insignis (1.85 and 1.69 respec-
tively) are comparable to those in later, more derived, Elephantidae (on average 1.75 
and 1.58 respectively) (Benoit et al. 2019).
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15.2.3  The Effect of Insular Dwarfism on Brain Size

A pervasive pattern exhibited across island mammals worldwide is the general trend 
for gigantism in smaller-bodied species and dwarfism in larger-bodied species, a 
trend coined ‘the Island Rule’ by Van Valen (1973) and subsequent authors. A major 
factor in evolution under insular conditions is the ecological release from mamma-
lian competitors and predators resulting in dwarfism in insular representatives of 
large-bodied taxa (Lomolino et al. 2012, 2013). Elephants provide some of the most 
spectacular cases of body size decrease under insular conditions. For example, the 
Middle Pleistocene elephant Palaeoloxodon falconeri from Spinagallo Cave (Sicily) 
evolved a body mass reduction to just 2% of the size (body mass) of its mainland 
ancestor P. antiquus (Lomolino et al. 2012, 2013). More than 20 extinct species of 
dwarf proboscidians are known from 17 islands worldwide (Herridge and Lister 
2012; van der Geer et al. 2016). Nevertheless, available data for their brain is limited 
to just three Palaeoloxodon species: P.aff. mnaidriensis (late Middle Pleistocene of 
Sicily), P. tiliensis (Late Pleistocene of Tilos) and P. falconeri (early Middle 
Pleistocene of Sicily) (Accordi and Palombo 1971; Benoit 2015; Larramendi 2015; 
Larramendi and Palombo 2015; Lyras 2018; Benoit et  al. 2019) (Fig.  15.3). Of 

Fig. 15.3 Endocranial casts of Palaeoloxodon antiquus (AMNH 22634), Palaeoloxodon aff. 
mnaidriensis (MGG skull), Palaeoloxodon tiliensis (adult, AMPG T189/96; juvenile, AMPG T 
nn), and Palaeoloxodon falconeri (MGG RSAL 47). Scale bar = 10 cm
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these, a detailed description of the endocranial morphology has been published only 
for P. falconeri (Accordi and Palombo 1971).

A major challenge in estimating the relative brain size of insular proboscideans 
is to accurately predict their body size relative to that of their direct mainland ances-
tor. This applies especially to P. falconeri, the smallest of all insular elephants, given 
the magnitude of its dwarfing. As a result, the EQ estimates of P. falconeri range 
from 3.75 (Lyras 2018), 3.94 (Larramendi and Palombo 2015), 4.30 (Palombo and 
Giovinazzo 2005), 5.22 (Benoit et al. 2019), up to even 7.08 (Benoit 2015). This 
wide range is due to differences that exist in the literature between individual esti-
mates of the body masses of dwarf elephants in general. The body mass of insular 
Palaeoloxodon species has been estimated using skeletal scaling relationships (Roth 
1990; Palombo and Giovinazzo 2005; Lomolino et al. 2012, 2013; van der Geer 
et al. 2014, 2016) or volumetric reconstructions (Larramendi and Palombo 2015; 
Romano et al. 2019). Prediction regressions are hampered by two main issues: (1) 
many dwarf elephants, such as those of Sicily and Tilos, were considerably smaller 
than the smallest mature individuals of the extant species; and (2) the small-sized 
living relatives of elephants have significantly different body proportions compared 
to the island forms. Roth (1990) developed prediction equations after examining the 
relationship between lengths of long limb bones and body masses in 33 mammalian 
species ranging from mice to African elephants. Thus, in the absence of small-sized 
living relatives with similar physical proportions, she used a reference dataset of 
«all» mammals. Using the length of long limb bones Roth (1990) estimated the 
body mass of P. falconeri to 60–90  kg. Christiansen (2004) and Palombo and 
Giovinazzo (2005) restricted their datasets to elephants only. Palombo and 
Giovinazzo (2005) used regressions that predict body mass from pad circumfer-
ences and shoulder height. Their calculations for P. falconeri range between 51.1 kg 
and 141.1 kg. Christiansen (2004) on the other hand developed prediction equations 
using the skeletal measurements from seven Asian elephant individuals of known 
body mass and thus restricted his dataset to elephants only. His equations were used 
by Lomolino et al. (2013), who estimated the body mass of P. falconeri to be 189 kg, 
of P. tiliensis to be 727 kg, and that of P. aff. mnaidriensis to be 1380 kg. Instead of 
using individual bones, Larramendi and Palombo (2015) and Romano et al. (2019) 
used composite skeletal mounts and applied volumetric approaches. Their estimates 
for the body mass of P. falconeri range from 150 to 304.5 kg.

Using the mass estimations of Lomolino et al. (2013) the Manger EQ rises from 
1.14  in P. antiquus to 2.45–2.48  in P. aff. mnaidriensis, 2.76  in P. tiliensis, and 
4.42 in P. falconeri (Table 15.1). Although the brain of insular dwarfs is larger than 
predicted for a mammal of their size, their brain is smaller than what is predicted by 
the allometric trend of continental Elephantidae (Lyras 2018). Furthermore, their 
brains are smaller than what the static and late ontogenetic allometries of modern 
elephants predict (Fig. 15.4). This is particularly evident for the smallest Sicilian 
dwarf, P. falconeri.

Different values of EQ arise when alternative body mass estimations are taken 
into consideration, but in all cases, there is a progressive increase of EQ with 
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Fig. 15.4 Allometric relationships of the brain and body weight in the genus Palaeoloxodon (from 
Lyras 2018). (a) Plot of brain weight versus body weight and regressions of intra-specific scaling 
in continental Elephantidae (blue line) and “all” mammals excluding Cetacea and Primates (from 
Manger 2006) (gray line). (b) comparison of the skull and endocranial cast of Palaeoloxodon 
antiquus, Palaeoloxodon aff. mnaidriensis, and Palaeoloxodon falconeri to scale (Scale bar 
= 30 cm)

reduced body mass (Fig. 15.4). It appears that the larger the difference in body mass 
between the insular and its mainland ancestral species, the more their EQ differs.

The brains of the dwarf elephants of Sicily and Tilos are not simply scaled-down 
models of their mainland relative, P. antiquus. Their cerebellum is relatively smaller; 
there is a relative reduction of the temporal lobes; the frontal lobe is more massive; 
the olfactory bulbs are placed more caudally (Fig. 15.3). These changes seem to be 
gradual and are most pronounced in P. falconeri, the smallest species. Some of these 
changes might be related to ‘packaging’ problems. In insular dwarfs, the brain is 
contained in a much smaller space than in the continental forms. The relatively mas-
sive frontal lobe of P. falconeri could thus be just the result of tighter packing. A 
similar phenomenon has been observed in some small-sized dog breeds, which also 
have massive and downward rotated frontal lobes (Seiferle 1966; Radinsky 1973). 
The position of the olfactory bulbs is related to changes in the position of the respi-
ratory axis. In P. falconeri, the skull’s center of gravity is shifted anteriorly (van der 
Geer et  al. 2018). This has an impact on the orientation of the respiratory axis, 
which is more horizontal in P. falconeri than in P. antiquus (Palombo and Giovinazzo 
2005). The reduction of the temporal lobes could be the result of a spatial constraint 
in the postnatal development of the lobe. The relative size of the temporal lobe of 
modern elephants increases during ontogenetic development (Shoshani et al. 2006). 
The temporal lobes of P. falconeri resemble those of juvenile P. tiliensis. Although 
the two species are not phylogenetically related, this resemblance is in line with 
previous suggestions that the relatively large brain of P. falconeri (for an average 
mammal of that size) is the result of heterochrony (Palombo and Giovinazzo 2005). 
An alternative explanation is that the small temporal lobes of P. falconeri are the 
result of allometric scaling. The morphology of the skull in insular elephants is, to 
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a significant extent, a function of size (van der Geer et  al. 2018). Therefore, the 
morphology of the brain in dwarf elephants could be the result of their smaller size.

15.2.4  Why Did Elephantimorpha Evolve an Enlarged Brain?

Many hypotheses have been proposed in the literature to account for the origin and 
evolution of the absolutely and relatively larger brains in elephants, and these can be 
divided into four categories.

The first category is composed of hypotheses that aimed to find a correlation 
between brain size and a given life-history trait. Many life-history traits correlate 
with brain size in mammals, such as longevity, sexual maturation, body mass, or 
metabolic rate (Jerison 1973; Martin 1981; Hofman 1993; González-Lagos et al. 
2010; Weisbecker and Goswami 2011; DeCasien et al. 2018). According to Manger 
et al. (2013), brain size in proboscideans scales almost normally with their body 
mass (except for P. falconeri), which implies that a large brain would have co-
evolved with large body size since the Paleogene in proboscideans. This is only 
partly supported by the study of Benoit et al. (2019), who found a significant cor-
relation between brain and body mass variations in proboscideans, but also found 
that brain size increased faster than body size in the last common ancestors of 
Elephantimorpha and Elephantoidea, resulting in two pulses of increase in both 
absolute and relative brain size. Pérez-Barbería and Gordon (2005) also pointed out 
a positive correlation between large brain mass and gestation length in paenungu-
lates, artiodactyls, and perissodactyls, an interesting point given that elephants have 
the longest gestation period of all mammals (two years) (Shoshani and Tassy 1996), 
but yet impossible to address due to deficiencies in the fossil record.

The second category of hypotheses proposed to explain brain enlargement in 
proboscideans are those related to the ‘social brain’ hypothesis. Pérez-Barbería and 
Gordon (2005), and Shultz and Dunbar (2006) suggested that life in herds and group 
size are highly correlated with brain enlargement in paenungulates, artiodactyls, 
and perissodactyls. In support of this hypothesis, they argue that gregariousness 
would represent a gain of fitness primarily because it provides defence against pred-
ators. The corollary is an increase in social complexity that positively selects for 
larger brains in order to manage social interactions that require rapid and elaborate 
responses (Pérez-Barbería and Gordon 2005; Shultz and Dunbar 2006). Indeed, 
elephants share tight social bonds (Hart et al. 2008) and gregariousness is docu-
mented in the fossil record of Elephantimorpha (presumably in Stegotetrabelodon) 
as early as the Late Miocene, by footprints indicating that a family of 13 individuals 
(which is about the average for extant elephants) lived as a herd (Bibi et al. 2012). 
Elephants are known for possessing long-term social memory that involves: (i) 
chemical memory (e.g. recognition of other individuals using chemosensory char-
acteristics of their urine), which is proposed to correlate to the enlargement of the 
hippocampus (Hakeem et al. 2005; Hart et al. 2008; Shultz and Dunbar 2006; but 
see Kupsky et al. 2001; Patzke et al. 2014 who demonstrated that the hippocampus 
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of elephants is not enlarged beyond what one would expect for a 5-kg mammalian 
brain); and (ii) acoustic memory (it has been reported that elephants can discrimi-
nate the calls of more than hundred individuals [Hart et al. 2008]), which could also 
be linked to the seemingly large, but unverified, size of their temporal lobe (Shoshani 
et al. 2006).

The third category of hypotheses are the adaptationist hypotheses. They are 
based on the fact that brain tissue is metabolically expensive, and natural selection 
usually does not maintain such costly tissue without any adaptive functions (Shultz 
and Dunbar 2006). Accordingly, Jerison (1973: p. 8–9) has formulated his principle 
of proper mass: “the mass of neural tissue controlling a particular function is appro-
priate to the amount of information processing involved in performing the function. 
This implies that in comparisons among species the importance of a function in the 
life of each species will be reflected by the absolute amount of neural tissue for that 
function in each species.” This principle has been applied to elephants by Shoshani 
et al. (2006) who associated their brain size with proposed extensive memory capac-
ities and intelligence, such as the capacity to use tools, the ability to ‘think’ and 
consciousness. The fitness benefit of long-term memory has been emphasized by 
many authors as it is thought to help matriarchs to recall the location of water holes 
during dry seasons (Hart et al. 2008; Benoit et al. 2019). Lister (2013) also proposed 
that behavioral accommodation has preceded morphological adaptation to a grazing 
diet (i.e. increase in teeth hypsodonty and lamellar number) in proboscideans during 
the late Miocene (~7 Ma). It seems, however, unlikely that this triggered an increase 
in brain size since: (i) no pulse of absolute or relative brain enlargement is docu-
mented in late Miocene proboscideans (Benoit et al. 2019); and (ii) because Pérez-
Barbería and Gordon (2005) found no indisputable correlation between diet and 
brain size in paenungulates, artiodactyls, and perissodactyls.

Finally, it has been hypothesized that absolute and relative brain enlargement in 
proboscideans may reflect an increase in intelligence and/or behavioral flexibility to 
cope with some major environmental, climatic and biogeographic changes that 
occurred in Africa between the end of the Oligocene and the beginning of the 
Miocene (Benoit 2015; Benoit et al. 2019). Benoit et al. (2019) noted two pulses of 
relative increase in brain size that roughly coincide with increased aridity, rapid 
temperature changes, and megafauna dispersal events in and out of Africa. According 
to Kappelman et al. (2003), competition with the continuous influx of artiodactyls 
and perissodactyls from Asia since the Late Eocene perhaps contributed to the frag-
mentation of proboscidean populations and increased the selective pressure on pro-
boscideans, which then underwent a period of rapid adaptive radiation. Whether the 
arrival of these newcomers influenced the evolution of the cognitive capacities of 
endemic fauna still remains to be tested quantitatively as this hypothesis relies heav-
ily on the apparent coincidence of variations in relative brain size and environmen-
tal changes pointed out by Benoit et al. (2019).
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15.3  Evolution of Brain Morphology

15.3.1  Neuroanatomy of Modern Elephants

The extant elephants possess the largest terrestrial brains coupled with the largest 
terrestrial bodies. Despite these large brains, until recently very little was known 
about the structure, and through inference, functional capacities of the elephant 
brain. A 2001 review of the neuroanatomical data available for the elephant brain 
(Cozzi et al. 2001) demonstrated that only 52 scientific papers had been published 
that were specifically dedicated to structural aspects of the elephant brain, and that 20 
of these were written in the nineteenth century. It was concluded by Cozzi et  al. 
(2001, p.255) that the lack of interest in the elephant brain is: “…probably due to the 
feeling that no ‘front line’ discovery can be derived from these studies…”, and a lack 
of interest in support for such studies from funding agencies. Since the publication of 
this review, a number of detailed studies of the elephant brain have been published 
(e.g. Kupsky et  al. 2001; Shoshani et  al. 2006; Manger et  al. 2009, 2010, 2012; 
Hakeem et al. 2009; Pettigrew et al. 2010; Ngwenya et al. 2011; Maseko et al. 2011, 
2012, 2013a,b; Herculano-Houzel et  al. 2014; Stoeger and Manger 2014; Patzke 
et al. 2014; Limacher-Burrell et al. 2018), the majority on the brain of the African 
elephant (Manger et al. 2009), with these studies providing a great deal more infor-
mation regarding the structure and potential functional capacities of the elephant 
central nervous system. Rather than provide an exhaustive review of this work, here 
we examine five central themes of elephant neuroanatomy, and their associated pro-
posed behavioral parallels, that are of most interest in terms of understanding the 
extant elephants, and contextualizing studies of the evolution of the proboscidean 
brain. The five aspects of interest to be discussed here include: (1) the cerebral cor-
tex, due to the reported behavioral complexity and flexibility of extant elephants 
(Hart et al. 2008); (2) the hippocampal formation, due to the near-mythical status 
assigned to the memory of elephants (Patzke et al. 2014); (3) the olfactory system, 
due to the large olfactory sensory range of the elephants (Ngwenya et  al. 2011; 
Niimura et al. 2014); (4) the cerebellum, due to its potential association with control 
of the trunk (Maseko et al. 2012, 2013a); and (5) the production and reception of 
infrasound, due to the central involvement of the somatosensory, auditory and motor 
systems in this aspect of elephant communication (Maseko et al. 2013b; Stoeger and 
Manger 2014). Many of these features potentially brought about changes in the shape 
and size of the proboscidean brain throughout their evolutionary history, and there-
fore are important to our interpretation of fossil proboscidean endocasts and what the 
variations observed may indicate regarding the evolution of brain and behavior.

The cerebral cortex is an important structure because this is where the most com-
plex processing of neural information occurs. Although debunked, for many years it 
was believed that brains with cerebral cortices that were more highly fissured and 
folded (gyrencephalic) reflected greater cognitive capacities of the species in which 
these features were present. The cerebral cortex of the extant elephant appears, at a 
superficial glance to be highly gyrencephalic, but when measured systematically 
and compared to other mammals, while clearly having many gyri and sulci, the 
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elephant brain is no more gyrencephalic than one would expect for a mammal brain 
weighing 5 kg (Manger et al. 2012). A similar conclusion can be reached regarding 
the cerebral cortex of the extinct woolly mammoth (Kharlamova et al. 2015, 2016). 
The cerebral cortex of the African elephant has a mass that approaches 3 kg (includ-
ing both grey and white matter, 1.4 kg of grey matter alone), and contains approxi-
mately 5.59 × 109 neurons, approximately 1/3 of the neurons found in the human 
cerebral cortex, and less than the approximately 9 × 109 cortical neurons observed 
in the cerebral cortex of great apes (Herculano-Houzel et al. 2014). Thus, despite 
having a cerebral cortical mass far greater than apes, including humans, the number 
of neurons is far lower. However, there is evidence of regional variation in cortical 
structure and neuronal density (Herculano-Houzel et al. 2014), and evidence for the 
presence of very large, complexly organized neurons that rival the most complex 
neurons observed in the cerebral cortex of humans (Jacobs et  al. 2011, 2016a). 
Thus, there are mixed lines of evidence regarding the level of complexity of infor-
mation processing in the elephant cerebral cortex, some that hint at high levels of 
complexity, and some that hint at lower levels of complexity. It is only with further 
study that greater certainty regarding the level of complexity of the cerebral cortex 
of the elephant can be attained and how this may relate to their observable behav-
iors. In addition, it must be noted that the surface of the cerebral cortex is covered 
by thick meninges, in places being up to 15 mm thick (Shoshani et al. 2006; Manger 
et al. 2009), which effectively obscures the impression of the pattern of gyri sulci on 
the inner surface of the cortical mantle, making it very difficult to infer structural or 
regional variation of the cerebral cortex over proboscidean evolutionary history 
through the examination of fossil endocasts. It is only through the examination of 
large-scale structural units of the cortex, such as cortical lobes, that any hints regard-
ing the evolutionary history of the elephant cerebral cortex can be gleaned. In this 
sense, the temporal (see below), occipital and frontal lobes are the most salient 
features of the elephant cerebral hemisphere for palaeoneurological analysis.

The apparently extraordinary capacities of the elephant memory system are a 
feature of their behavior that has been dramatically exaggerated by the field of evo-
lutionary psychology, leading to misrepresentations of the size and complexity of 
the hippocampal formation (the central structure that functions to form and recall 
memories) in the extant elephants (Hakeem et al. 2005). Indeed, when placed in an 
appropriate context, the elephant hippocampal formation, having a volume of 
10.84 cm3, is very close to the size that one would expect for a mammal with an 
approximately 5-kg brain (Patzke et al. 2014, 2015). The general structure of the 
hippocampal formation of the elephant is quite similar to that observed in other 
mammals, with one exception – the molecular layer of the dentate gyrus appears to 
have double the number of sublamina observed in other mammalian species (Patzke 
et al. 2014), although the effect this may have on the formation and recall of memo-
ries is unclear. At present it is best to be pragmatic about elephant memory capaci-
ties, assuming that the quality, quantity, and clarity of memories stored within the 
elephant brain parallel the needs of a long-lived terrestrial mammal. In this sense, 
“enlargement” of the hippocampal formation, putatively leading to an enlargement 
of the temporal lobe in which it is found, is an unlikely scenario leading to 
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variations in the shape and size of the fossil proboscidean endocast and can be 
excluded from palaeoneurological analyses as a factor in the evolution of the shape 
of the brain in fossil proboscideans.

The olfactory bulbs of the extant elephant are large in size, with a combined mass 
of almost 42 g, and 908.37 million neurons (Herculano-Houzel et al. 2014). Within 
the olfactory bulbs of the elephant, the typically mammalian layered organization is 
observed, although the glomerular layer expresses a honey-combed appearance 
compared to the mono-layered appearance observed in other mammals (Ngwenya 
et al. 2011). This large size and complexity of the glomerular layer are clearly asso-
ciated with the presence of up to 2000 active olfactory receptor genes in the ele-
phants (Niimura et al. 2014). These observations indicate that the sense of smell is 
a crucial aspect of the life history of the elephant. While there is a distinct and 
functional vomeronasal organ in the elephant (Johnson and Rasmussen 2002), inter-
estingly, the accessory olfactory bulb, part of the pathway that processes informa-
tion acquired through the vomeronasal organ for the odorous detection of 
pheromones, is absent in the elephant olfactory bulb (Ngwenya et al. 2011), as are 
the more central nuclei of the brain that are known to process accessory olfactory 
odorant information (Limacher-Burrell et al. 2018). This would indicate that phero-
mones are not detected as odorants by the elephants, but rather as tactile sensations 
(presumably via the trigeminal nerve), which may be of great importance in under-
standing the effects of pheromones on elephant behavior (Limacher-Burrell et al. 
2018). Despite these microstructural intricacies, it is clear that the large size and 
anteroventral location of the elephant olfactory bulbs create important skeletal 
markers in the study of fossil endocasts and the evolution of behavioral repertoires 
associated with olfaction in the proboscideans.

The cerebellum of the elephant, with a volume of approximately 925 ml, is rela-
tively the largest cerebellum of all mammals studied to date (Maseko et al. 2012). 
The African elephant cerebellum is composed of 250.71 × 109 neurons (Herculano-
Houzel et al. 2014), and these neurons are far more complex, in terms of dendritic 
length and branching complexity, than observed in other mammalian species 
(Maseko et al. 2013a). As the cerebellum functions to control the force, extent, and 
duration of muscular contractions, this large volume and enormous population of 
complex neurons appear to be related to the control of the intricate musculature of 
the trunk and perhaps the production of the varied elephantine vocalizations. In this 
sense, understanding when in proboscidean evolutionary history the cerebellum 
obtained its large proportions is likely to provide circumstantial evidence regarding 
the evolution of the trunk and vocal communication systems in this lineage.

The last aspect of the extant elephant brain, and possibly that most amenable to 
elucidation through the examination of the fossil endocasts, involves the production 
and reception of infrasonic and other vocalizations. Indeed, for both the production 
and reception of vocalizations by the elephants there are numerous specific neural 
specializations (Maseko et al. 2013a; Stoeger and Manger 2014), but the majority of 
these specializations are unlikely to be reflected in fossil endocasts. It is well-known 
that across mammals the temporal lobe is involved in the processing of the auditory 
sense, and it is reasonable to assume that the temporal lobe of the elephant plays a 
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similar role. It is also known that the temporal lobe of the elephant appears to be 
expanded, thus creating a very specific signature that can be readily observed in the 
fossil endocasts. It would be reasonable to assume, given the specializations of the 
auditory system, especially in the dorsal thalamus where a unique nucleus ideally 
situated to process infrasonic sound is found within the medial geniculate body 
(Maseko et al. 2013b), that the expansion of the temporal lobe of the elephant was 
driven by the need for greater cortical processing of auditory information (Shoshani 
et al. 2006). This expanded temporal lobe may be responsible for the extraction of 
the semantic content of elephant vocalizations and the integration of seismic and 
air-borne infrasonic vocalizations for the localization of the source of infrasound 
(Maseko et al. 2013a; Stoeger and Manger 2014). Given this potentially vital role of 
the cerebral cortex forming the temporal lobe, the expansion of the temporal lobe in 
the evolutionary history of the proboscideans is likely to be an important marker of 
the timing when the auditory sense became very prominent, likely reflecting the 
evolution of the production, reception, and use of infrasonic vocalizations.

This survey of the extant elephant brain, while mostly derived from studies of the 
African elephant brain, has indicated that the evolution of morphological and behav-
iorally important aspects of the elephant brain that may be elucidated through the 
study of fossils include: (1) The lobes of the cerebral hemisphere, most specifically 
the temporal lobe, but also the frontal and occipital lobes; (2) the olfactory bulbs; (3) 
and the cerebellum. This survey also indicates that inferences regarding the patterns 
of sulci and gyri of the cerebral cortex and the relationship between the expansion 
of the temporal lobe and the hippocampal formation are not likely to contribute to 
changes in the shape of the endocast during proboscidean evolution. Using this 
more focused approach we re-evaluate the evolution of the proboscidean endocast.

15.3.2  Morphology of the Endocranial Cast 
in Stem Proboscideans

The endocast of modern elephants reflects their highly derived neuroanatomy. It is 
characterized by: (i) its rostrally prominent and flexed frontal lobe; (ii) its laterally 
and ventrally protruding temporal lobe; (iii) the unclearly defined occipital lobe; 
and (iv) its large cerebellum (Fig. 15.2i). In stem proboscideans, the endocast was 
very different. In Moeritherium, the endocranial cast has been investigated by 
numerous authors (primarily Andrews (1906) and Jerison (1973), but see Edinger 
(1975) for a complete list of workers). Unlike in modern elephants, the brain is 
rather linearly arranged as the olfactory bulbs are completely exposed dorsally 
(Fig. 15.1). A linearly arranged endocast is a primitive feature for proboscideans as 
it is also found in basal paenungulates such as early sirenians and hyracoids (Benoit 
et  al. 2013b). The dorsal surface of the hemispheres is however slightly more 
rounded and protruding dorsally in Moeritherium than in other Paleogene paenun-
gulates (Benoit et al. 2013b) (Fig. 15.1), which foreshadows the flexed condition of 
the hemisphere in more derived species. The cerebellum is dorsally exposed in 
Moeritherium and contributes to about one-third of the dorsal and lateral surface of 
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the endocast, which suggests that it was already enlarged as in modern proboscide-
ans (Fig. 15.1). There are no visible dorsal delineating features of the occipital lobe 
in Moeritherium, though this cortical region might be obscured by the presence of 
the superior sagittal sinus (Fig. 15.1). The neopallium is smooth as in all Tethytheria 
(Benoit et al. 2013b). The temporal lobes appear large, but do not protrude laterally 
and ventrally to the extent that they do in the Elephantimorpha (Fig. 15.1). Friant 
(1951, 1954) noted that the lengthened and rather primitive aspect of the endocast 
of Moeritherium appears reminiscent to that of the brain of a twelve-month-old 
fetus of Loxodonta africana.

Comparative anatomy, isotopic analyses, ancestral molecular sequence recon-
struction, and other data of various types have given substantial support to the 
hypothesis that Moeritherium was a semi-aquatic mammal (e.g. Osborn 1936; 
Clementz et al. 2008; Liu et al. 2008; Mirceta et al. 2013). Noticeably, adaptation to 
a semi-aquatic life history is known to dramatically affect brain function and mor-
phology as it increases corticalization and decreases the size of olfactory bulbs (pri-
marily because the sense of smell is less efficient underwater) (Bauchot and Stephan 
1968; Pirlot and Kamiya 1985). This brings into question whether the endocranial 
morphology of Moeritherium is truly representative of the typical stem probosci-
dean condition, or if it autapomorphically reflects its adaptation to a semiaquatic 
lifestyle. In this respect, Matsumoto and Andrews (1923) noted that the endocast of 
Moeritherium looks like that of a terrestrial mammal as its volume is comparatively 
small (as stated above, its EQs reflect the primitive condition for Paenungulata, 
Table 15.1) and its olfactory bulbs are large and pedunculated. These features are in 
sharp contrast with what would be expected from a brain affected by adaptation to 
a semi-aquatic environment, which indicates that the endocast of Moeritherium is a 
reliable estimate of the primitive condition in Proboscidea. To test this assertion, 
more work will have to be done on other “plesielephantiform” taxa. Unfortunately, 
as stated above, Moeritherium is the only specimen sufficiently documented to date. 
In Phosphatherium, one of the basal-most proboscideans, the exposed braincase has 
not been studied in detail. The brain cavity is described as globular and two times 
smaller than the rostrum of the skull (~50 mm in length) (Gheerbrant et al. 2005). 
The cerebral cavity in Numidotherium, as illustrated by Benoit et al. (2013c), is too 
badly crushed to give any reliable indication of endocast morphology.

15.3.3  Morphology of the Endocranial Cast 
in Elephantiformes

 Evolution of the Temporal Lobe

Descriptions of the evolution of the temporal lobe in fossil proboscideans are scarce. 
In Elephantimorpha, a deep pseudosylvian sulcus marks the anterior limit of the 
temporal lobe, which protrudes laterally and appears almost vertical in lateral view 
(Fig. 15.1d–p) (Elliot Smith 1902). This gives the temporal lobe of Elephantimorpha 
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a hypertrophied appearance in dorsal view (Fig. 15.1d–p), even compared to that of 
Primates (Shoshani et al. 2006).

The temporal lobe in the basal elephantiform Palaeomastodon beadnelli (as 
reconstructed in Benoit et al. [2019], based on the exposed braincase of specimen 
NHM-UK PV M 8464), does not protrude laterally to the same extent as in more 
derived Elephantimorpha. This condition is similar to that observed in Moeritherium 
(and seemingly Deinotherium and Phosphatherium), and the temporal lobe is simi-
larly ill-defined in other basal paenungulates such as sirenians, embrithopods, and 
hyracoids (Andrews 1906; Edinger 1960; Benoit et al. 2013b). These observations 
indicate that an unspecialized temporal lobe is most likely the plesiomorphic condi-
tion for proboscideans (Benoit et al. 2013b).

The temporal lobe is especially prominent in the largest taxa for which complete 
endocasts are known, Zygolophodon borsoni (16-ton body mass) and Mammuthus 
meridionalis (11-ton body mass) (Fig.  15.1; Benoit et  al. 2019). In contrast, the 
endocast of the dwarf P. falconeri appears globular with rather blunt, weakly demar-
cated temporal lobes (Accordi and Palombo 1971; Palombo and Giovinazzo 2005). 
These observations indicate that the dimensions of the temporal lobe may vary in 
concert with body and/or brain size rather than to a particular function, which would 
be consistent with the appearance of an enlarged temporal lobe in Elephantimorpha. 
In Choerolophodon and Gomphotherium, the shape of the temporal lobe and the 
whole cerebral hemisphere seems to slightly differ from that in other Elephantimorpha 
according to Gervais (1872) and Schlesinger (1922), but these authors have also 
emphasized the poor state of preservation of their specimens.

The temporal lobe is involved in the processing of auditory stimuli, which is 
noteworthy given that the auditory capabilities of proboscideans and their acoustic 
environment have dramatically changed in elephantimorphs (Shoshani 1998; 
Shoshani et al. 2006; Benoit et al. 2013b; but see Sect. 15.3.1). In elephants, social 
communications are transmitted by infrasonic vocalizations (15–25 Hz) and foot-
stomping to produce seismic waves (10–40  Hz) (Langbauer 2000; O’Connell-
Rodwell 2007). The necessity to maintain communication and recognition within 
and between herds may have placed a major selective pressure leading to temporal 
lobe enlargement in elephantimorphs (Benoit 2015; Benoit et al. 2019). Bolstering 
this possibility is the fossil evidence that suggests that the morphological adapta-
tions to produce infrasonic vocalization (inferred from muscle scars on fossil hyoid 
bones of mammoths, mammutids, and gomphotheres) and to perceive infrasonic 
calls (wide interaural distance, enlarged middle ear ossicles, absence of a secondary 
bony lamina on the bony labyrinth) were both present in the last common ancestor 
of the Elephantimorpha (Meng et al. 1997; Shoshani 1998; Shoshani et al. 2001; 
Shoshani and Tassy 2005; Benoit et al. 2013b; see Sect. 15.2.3).

 Frontal Lobes and Olfactory Bulbs

According to Edinger (1960), proboscideans retain the ‘ancestral sausage shape’ of 
the frontal lobe encountered in their close relatives the extinct tethytheres 
Arsinoitherium, desmostylians, extant and extinct sirenians (Andrews 1906; Edinger 
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1975) and Mesozoic mammals (Edinger 1964; Kielan-Jaworowska 1986). 
Nevertheless, the frontal lobe of elephants does not appear so primitive according to 
Maccagno (1962), Shoshani et al. (2006), and Bever et al. (2008) who argue that the 
evolution of the proboscidean frontal lobe is characterized by a progressive ventral 
bending of its anterior-most part that ultimately results in the covering of the olfac-
tory bulbs in dorsal view (Fig. 15.2). A similar pattern of ventral bending and flex-
ion of the frontal lobe is observed during ontogeny in extant elephants (Friant 1957; 
van der Merwe et al. 1995). On the one hand, a ventral flexion of the frontal lobe 
leading to the covering of the olfactory bulbs in dorsal view is present in most 
Elephantidae (Fig. 15.2), the most extreme example being observed in the dwarf 
elephant of Sicily, in which the olfactory bulbs are oriented ventrally (Accordi and 
Palombo 1971) (Fig. 15.3). Stegodon insignis (Stegodontiidae, the sister group to 
the Elephantidae) from the Miocene of the Himalayas displays a morphology simi-
lar to that of extant elephantids, with short and large olfactory bulbs completely 
covered by the flexed frontal lobe (Fig. 15.1). Some noticeable exceptions among 
elephantids are worth mentioning. The specimen of Paleoloxodon antiquus depicted 
by Osborn (1931, 1942) displays a small dorsal exposure of olfactory bulbs anteri-
orly, whereas in specimen MPUR sn1 from Pian dell’Olmo the olfactory bulbs are 
not exposed at all in dorsal view (Maccagno 1962; Accordi and Palombo 1971; 
Palombo and Giovinazzo 2005). The endocast of an Asian elephant depicted by 
Elliot Smith (1902: figs. 175, 177), also appears to have the olfactory bulbs exposed 
dorsally, whereas that shown by Dechaseaux (1958: fig. 4) does not (Fig. 15.2n). 
Finally, the olfactory bulbs are partially visible in the dorsal view of the endocast of 
Mammuthus meridionalis (Dechaseaux 1958), but not in M. columbii (Bever et al. 
2008) and M. primigenius (Simionescu and Morosan 1937) (Fig. 15.2i, k, m).

On the other hand, the olfactory bulbs are indisputably exposed in the dorsal 
view of the Moeritherium endocast (Jerison 1973; Shoshani et al. 2006; Bever et al. 
2008) (Fig.  15.1). These observations would concur with Maccagno (1962), 
Shoshani et  al. (2006) and Bever et  al. (2008), that the frontal lobe increasingly 
flexes from basal to derived proboscideans, but the condition and polarity of this 
character in basal elephantiforms are far from clear. In Palaeomastodon, the olfac-
tory bulbs were not clearly reconstructed (Benoit et  al. 2019, SI 1) (Fig. 15.2c). 
Among the Mammutida, the anterior tips of the olfactory bulbs are partially visible 
in dorsal view in Zygolophodon borsoni (Benoit et al. 2019, SI 1), but there is much 
debate about their appearance in Mammut americanum. According to Jerison 
(1973), Shoshani et al. (2006) and Bever et al. (2008) the olfactory bulbs should be 
readily apparent in the dorsal view of the endocast in M. americanum, but Warren 
(1855: plate 17), Marsh (1873: fig. 74), Andrews (1906: fig. 42), and Edinger (1960: 
fig. 2d), depicted specimens in which the olfactory bulbs are not visible in dorsal 
view (Fig. 15.2d, e, b). Our own observations of specimen PV OR 40977 indicate 
that its olfactory bulbs are only partially visible when examining the specimen from 
the dorsal aspect. The extent to which the olfactory bulbs lie below the frontal lobe 
is also unclear among “mastodonts”. According to Gervais (1872), the endocast of 
a juvenile Gomphotherium angustidens from Sansan (France) has large and anteri-
orly protruding olfactory bulbs. Two other gomphotheres, Cuvieronius and 
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Stegomastodon, also possess a rather non-flexed brain cavity at the level of the fron-
tal lobe (Boule and Thevenin 1920) (Fig. 15.2h). In contrast, the olfactory bulbs in 
Choerolophodon pentelici are oriented ventrally (Fig.  15.2g), though the frontal 
lobe does not appear significantly flexed (Schlesinger 1922).

It is important to note that the uncertainty surrounding the polarity of this char-
acter in basal elephantiformes and the discrepancies between previous observations 
might be due to differences in the orientation of the braincase/endocast. A 
braincase/endocast tilted upward anteriorly is more likely to expose the olfactory 
bulbs, as in the Cuvieronius and Stegomastodon specimens described in Boule and 
Thevenin (1920) (Fig. 15.2h). As a consequence, the state of exposure of the olfac-
tory bulbs in dorsal views of the endocasts may have been affected by the orienta-
tion of the specimens depicted by the original authors (a parameter that cannot be 
controlled) instead of the actual state of this character. Even though this does not 
invalidate that a ventral flexion of the frontal lobe occurred during proboscidean 
evolution, further observations are necessary to better understand when and how 
this phenomenon occurred.

 The Cerebellum and Evolution of the Trunk

The cerebellum is readily visible in dorsal views of the endocranial cast in all extant 
and extinct proboscideans, but the occipital lobe is ill-defined (Fig.  15.1). This 
greatly differs from the condition seen in humans, in which the occipital lobe is well 
developed and overlies the cerebellum in dorsal view (Jerison 1973; Holloway 
2013; Beaudet et al. 2019). In this regard, Shoshani et al. (2006) indicated that as the 
occipital lobe is the center of vision, vision is not an elaborated sense in elephants 
(but see Pettigrew et al. 2010; Maseko et al. 2013a, b). The cerebellum of extant 
elephants is proportionately and absolutely the largest of all mammals examined to 
date (Maseko et al. 2012). The large size of the cerebellum likely plays an important 
role in the coordination of pharyngeal muscles for vocalizations and complex 
motions of the proboscis (Shoshani et al. 2006; Maseko et al. 2012). The proboscis 
alone represents 150,000 muscle bundles capable of lifting 350 kg, whereas its fin-
ger-like tips can achieve extremely delicate actions such as shelling peanuts or mak-
ing tools (Shoshani 1998). As a consequence, it has been proposed that cerebellum 
size would have co-evolved with the development of the proboscis (Maseko 
et al. 2012).

Although a rich fossil record chronicles the evolutionary history of Proboscidea, 
the evolution of their most defining feature, the trunk (or proboscis) is not well 
documented as soft tissues do not readily preserve (Shoshani 1998). Historically, 
authors made use of osteological correlates to estimate the presence and dimensions 
of the proboscis such as the size of the infraorbital foramen (for the infraorbital 
ramus of the maxillary branch of the trigeminal nerve), retraction of the osseous 
naris, and length of the mandibular symphysis and other osteological proxies 
(Osborn 1936, 1942; Wall 1980; Witmer et al. 1999; Knoll et al. 2006; Muchlinski 
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2008, 2010; Crumpton and Thompson 2013; Nabavizadeh 2015; Nabavizadeh and 
Reidenberg 2019).

The trigeminal nerve is one of the largest nerves in proboscideans as it is respon-
sible for mostly providing tactile sensation to the face, narial area, trunk, and denti-
tion of the upper (V1, V2) and lower jaws (V3), as well as carrying out some motor 
functions to the lower jaw (Boas 1908; Shoshani 1982; Rodella et  al. 2012; 
Higashiyama and Kuratani 2014; Nabavizadeh and Reidenberg 2019). The infraor-
bital ramus of the maxillary branch (V2) of the trigeminal nerve innervates the fol-
licles of the sensory hairs and skin of the elephant trunk (Osborn 1936, 1942; Wall 
1980; Witmer et al. 1999; Knoll et al. 2006; Muchlinski 2008, 2010; Crumpton and 
Thompson 2013; Nabavizadeh 2015; Nabavizadeh and Reidenberg 2019). It passes 
through a bony tunnel through the maxilla called the infraorbital canal, which opens 
caudally within the orbit (maxillary foramen) and rostrally on the lateral aspect of 
the maxilla (infraorbital foramen) (Muchlinski 2008; Crumpton and Thompson 
2013; Benoit et al. 2019). The dimensions of the infraorbital foramen are directly 
correlated to the number of nerve fibers passing through the infraorbital canal in 
mammals (Muchlinski 2008, 2010). As the proboscis developed during probosci-
dean evolution, it is thus inferred that the size of the infraorbital foramen on fossil-
ized skulls would reflect the increasing innervation of the “growing” trunk (Andrews 
1904; Osborn 1936, 1942). To the best of our knowledge, no quantitative approach 
to tracing the evolution of the dimensions of the proboscidean infraorbital foramen 
has been undertaken, and only qualitative accounts are available.

It is noteworthy that even the basal-most “Plesielephantiformes”, such as 
Eritherium, Phosphatherium, and Numidotherium (Mahboubi et  al. 1984; 
Gheerbrant et al. 2005; Gheerbrant 2009; Gheerbrant et al. 2012), already present 
with a relatively large infraorbital foramen, surrounded by a deep infraorbital fossa 
(or canine fossa) for the attachment of a presumably well-developed levator alae 
nasi muscle (Boas 1908; Shoshani 1982). This strongly suggests that a mobile and 
prehensile upper lip was already present in the basal-most proboscideans and is 
likely a plesiomorphic feature of the Tethytheria (Gheerbrant et al. 2005) (Fig. 15.5). 
Deinotheriidae and Elephantiformes, including the basal elephantiform 
Palaeomastodon, possess a very large infraorbital foramen, comparable to that of 
modern elephants (Andrews 1904; Osborn 1936, 1942; Sanders et  al. 2010), 
although some variations exist and remain to be fully explored, like in Gomphotherium 
angustidens, which exhibits a condition where the infraorbital canal is divided into 
a small dorsal foramen and a relatively larger ventral one (Tassy 2013). In general, 
the infraorbital canal is long and runs horizontally in basal “plesielephantiforms”, 
but becomes relatively short and more obliquely oriented in deinotherids and ele-
phantiforms as the rostrum shortens and the external nares are retracted (Andrews 
1904; Osborn 1936, 1942; Sanders et al. 2010) (Fig. 15.5).

The proboscis, molars, and tusks weigh altogether hundreds of kilograms 
(Shoshani and Eisenberg 1982; Larramendi 2015) contributing 5–10% of the total 
body mass in modern elephants. The proboscideans skull, therefore developed a 
highly pneumatized skull and deep insertions for the nuchal ligaments to 
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Fig. 15.5 Reconstruction of the proboscis in (a) Numidotherium koholense, (b) Palaeomastodon 
beadnelli, (c) Deinotherium giganteum, and (d) Mammuthus primigenius (after Osborn 1936, 
1942; Scheele 1955; Markov and Spassov 2001). Abbreviations: i1 first lower incisor, i2 second 
lower incisor, I2 second upper incisor, Ioc infraorbital canal. The white arrow indicates the nar-
ial opening

compensate for the cranial extra weight (Andrews 1904; Osborn 1936, 1942; van 
der Merwe et al. 1995; Shoshani and Tassy 1996; Sanders et al. 2010). Eritherium, 
Phosphatherium, and Moeritherium show little signs of cranial pneumatization, 
whereas Numidotherium and Barytherium do (Mahboubi et al. 1984; Delmer 2005; 
Gheerbrant et al. 2005; Gheerbrant 2009; Gheerbrant and Tassy 2009; Gheerbrant 
et al. 2012; Benoit et al. 2013c), which makes it difficult to point out the exact origin 
of a pneumatized skull among “plesielephantiforms”. It is nevertheless likely that 
Moeritherium secondarily lost its cranial pneumaticity as an adaptation to a semi-
aquatic lifestyle (Matsumoto and Andrews 1923; Tassy 1981). The deinotherids, 
Palaeomastodon, and more derived elephantiformes all share the presence of cra-
nial pneumaticity and deep nuchal fossae for ligamentous attachment (Andrews 
1904; Osborn 1936, 1942; Shoshani and Tassy 1996; Sanders et al. 2010).

Due to the evolution of the proboscis, the proboscidean skull changed in overall 
gross morphology to accommodate attachments of the heavy labial and nasal 
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musculature needed to operate the massive trunk, i.e. the nares became increasingly 
large and retracted, the snout shortened and the premaxilla became wider (Andrews 
1904; Osborn 1936, 1942; Shoshani 1998; Gheerbrant and Tassy 2009). The earliest 
proboscidean to display an enlarged narial opening is Numidotherium koholense, 
whereas the first hints of narial retraction appear with Barytherium and Moeritherium 
(Andrews 1906; Mahboubi et al. 1984; Delmer 2005; Sanders et al. 2010). These 
anatomical changes are consistent with a gradual increase in size of the pre-existing 
mobile upper lip. Among early proboscideans, the deinotheriid Deinotherium 
achieved some of the widest premaxilla and largest nasal opening (Andrews 1921; 
Harris 1973; Sanders et al. 2010), although as it retains a relatively long and flexible 
neck and limbs, and shallow facial muscle attachments, it is traditionally recon-
structed with a wide but short tapir-like trunk (Markov and Spassov 2001; 
Larramendi 2015).

Andrews (1904) and subsequent authors (e.g., Nabavizadeh 2015; Nabavizadeh 
and Reidenberg 2019) hypothesized that the onset of a very long mandibular sym-
physis in basal elephantiforms (i.e. Palaeomastodon, Mammutida, Gomphotheriinae, 
Choerolophodontinae, Amebelodontinae and other “gomphotheres”) and deinother-
ids accompanied the evolution of the proboscis. The proboscis would occlude with 
the symphysis to enhance trophic activities and food processing, and as such the 
growth of the trunk would parallel the lengthening of the symphysis throughout 
phylogeny (Nabavizadeh 2015). This initial lengthening is coupled with the forma-
tion of tusk-like upper and shovel-shaped lower incisors (Andrews 1904; Noubhani 
et al. 2008; Nabavizadeh 2015). The maximum length of the mandibular symphysis 
is reached in Choerolophodontinae, and Amebelodontinae indicating that a trunk 
comparable to that in modern elephants was present as early as the middle Miocene, 
and is followed by the convergent, secondary reduction of the symphysis in the late 
Miocene and Pliocene in the Mammutida and Stegodontidae (modern elephant 
ancestors) while the proboscis remained stable (Andrews 1904; Osborn 1936, 1942; 
Van der Made 2010; Tassy 2013; Nabavizadeh 2015) (Fig. 15.5). The convergent 
loss of lower tusks may be correlated to the decrease of global temperature and 
humidity in the upper Miocene and Pliocene as the presence of four tusks would 
enhance heat loss (Mothé et al. 2016).

Based on the retraction of the narial opening, length of the mandibular symphy-
sis, enlargement of the infraorbital foramen, and other cranial adaptations, it is most 
likely that basal “plesielephantiforms” had a prehensile upper lip (Fig. 15.5). The 
facial and narial musculature eventually evolved into a large and mobile proboscis 
in the last common ancestor of the Deinotheriidae and Elephantiformes in the late 
Eocene (Andrews 1904; Osborn 1936, 1942; Nabavizadeh 2015).

The presence of a prehensile upper lip would account for the relatively large 
cerebellum of Moeritherium which makes up about one-third of the total length of 
the endocast in dorsal view (Fig. 15.1). The endocasts of all known Elephantiformes 
display an enlarged cerebellum comparable to that in modern elephants (Benoit 
2015; Benoit et al. 2019) (Fig. 15.2). In the rare occasion when it is preserved and 
depicted, the cast of the trigeminal nerve is correspondingly large on the endocra-
nial cast of elephantiforms (Andrews 1906; Dechaseaux 1958; Palombo and 
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Giovinazzo 2005; Shoshani et al. 2006). Though the cerebellar morphology of dei-
notherids is unknown, the size of the foramen rotundum indicates that the trigeminal 
nerve was relatively large (Andrews 1921; Harris 1973).

 Cortical Sulcation and Gyrification

One of the most striking features of the elephantine brain surface anatomy is the 
extent to which the cerebral cortex is fissured and folded, termed gyrencephaly 
(Cozzi et al. 2001; Shoshani et al. 2006). It has been shown that, broadly across 
mammalian species, the larger the brain (in absolute size), the more gyrencephalic 
the cerebral cortex (Manger et al. 2012). It should be noted that the extent of gyren-
cephaly of the elephant brain is what would be considered typical for a mammal 
with a brain mass of 5 kg (Manger et al. 2012). Nevertheless, the endocranial cast 
of proboscideans, including fossils, is surprisingly lissencephalic (smooth; 
Figs.  15.1, 15.2 and 15.3; Andrews 1906; Simionescu and Morosan 1937; 
Dechaseaux 1958; Palombo and Giovinazzo 2005; Benoit et  al. 2013b). This is 
likely due to the thickness of the meninges (which comprise meningeal vessels, the 
pia mater, the arachnoid, and the dura mater) that encapsulate the brain and obfus-
cate the cortical gyral and sulcal patterns (Osborn 1931; Dechaseaux 1962; Manger 
et al. 2009). The functional significance of this thick layer of meninges and menin-
geal vessels in elephants include mechanical protection, blood supply and drainage, 
thermoregulation (through a possible rete mirabile formed by meningeal arteries), a 
housing of stem cells in case of injury, and as a ‘vascular hydraulic skeleton’ through 
blood pressure (Shoshani et al. 2006; Bruner et al. 2011; Decimo et al. 2012). The 
thickness of meninges in extant elephants ranges between five and fifteen millime-
ters, depending on the location sampled (Shoshani et al. 2006; Manger et al. 2009), 
and this thickness obscures the cortical sulci on the endocranial cast (Figs. 15.1, 
15.2 and 15.3). Meningeal thickness co-varies with brain size (Edinger 1948; Benoit 
2015; Kharlamova et al. 2016) and as such, a smooth endocast is often found in 
mammals with large absolute brain size, such as humans, cetaceans, proboscideans, 
ground sloths, Arsinoitherium, Elasmotherium, and Paraceratherium (Andrews 
1906; Granger et al. 1936; Dechaseaux 1958; Milne-Edwards 1868; Gervais 1872; 
Jerison 1973). It may be hypothesized that the smaller brained proboscideans (e.g. 
Phosphatherium and Eritherium) (Gheerbrant et al. 2005; Gheerbrant 2009) may 
have had a visibly gyrencephalic endocast, although a visibly lissencephalic condi-
tion appears to be the most likely primitive condition (Benoit et  al. 2013b). The 
endocast of Moeritherium lyonsi is lissencephalic (Jerison 1973). The Sirenia, 
which are the closest living relatives of elephants (Poulakakis and Stamatakis 2010; 
Kuntner et al. 2011) have, since the early Eocene, been observed to have visibly 
lissencephalic endocasts (Ronald et  al. 1978; O’Shea and Reep 1990; Furusawa 
2004; Benoit et al. 2013b; Orihuela et al. 2019). The brains and endocasts of the 
extant Sirenia are also lissencephalic for the most part (O’Shea and Reep 1990). A 
visibly lissencephalic endocast is also found in Arsinoitheirum and Desmostylus 
(Andrews 1906; Edinger 1963, 1975), two extinct representatives of the orders 
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Embrithopoda and Desmostylia respectively, which also belong to the Tethytheria 
along with the sirenians and the proboscideans (Novacek and Wyss 1987; Seiffert 
2007a; Asher 2007). As such, addressing the precise evolution of the gyral and sul-
cal pattern in extinct proboscideans is not tenable, except in the case of the well-
preserved frozen brain tissue in Mammuthus primigenius (Kharlamova et al. 2016).

For more than 150 years, biologists and palaeobiologists have investigated the 
cranial cavity of frozen woolly mammoths from Siberia in order to study the soft 
brain tissue of this extinct species. As early as 1846 and 1904, Gleboff (1846) and 
Salensky (1904) respectively investigated the fleshy brain of Mammuthus primige-
nius, but they did not find anything more than a heavily decayed substance in place 
of the brain. Nonetheless, they could distinguish a distinct dura mater. Gleboff even 
depicted some identifiable neural cells that remained intact (Gleboff 1846: 111–119, 
plate VII). About one hundred years later, Kreps et al. (1979, 1981) recorded the 
presence of a large variety of lipids in the brain of various specimens of Mammuthus 
primigenius and again later, Vereschagin (1981, 1999) and Maschenko et al. (2013) 
provided the first descriptions of partly preserved neural tissues from a variety of 
frozen calves. Fisher et al. (2014) briefly described the first endocast of a well-pre-
served Mammuthus primigenius neonate, although endocasts of adult specimens 
had been known for a long time already (Simionescu and Morosan 1937; Kubacska 
1944). Lastly, a very well-preserved brain of a juvenile M. primigenius has been 
thoroughly described (Kharlamova et al. 2015, 2016). The analysis of this approxi-
mately ten-year-old specimen, nicknamed Yuka, shows that the overall external 
morphology of the brain, including the sulcal pattern, is quite comparable to that of 
extant elephants. As in extant elephants, the whole brain surface is densely sulcated, 
the temporal lobe is disproportionally large and laterally expanded, the cerebellum 
is large, with a narrow vermis, and is widely exposed dorsally. This represents the 
first time that the anatomy of the true brain of an extinct species is described 
(Kharlamova et al. 2015, 2016).

15.4  Evolution of the Bony Labyrinth, Hearing, and Balance

15.4.1  Historical Review

The first detailed study of the ear region and bony labyrinth of an elephant dates 
back to 300 years ago (Blair 1710a, b, 1717). A hundred years later, the labyrinth of 
an elephant was described again by Fick (1844) and Hyrtl (1845). These early stud-
ies were completed by Watson (1874), Buck (1888, 1890), Richards (1890), and 
Eales (1926) who described several aspects of soft tissue anatomy, osteology, and 
ontogeny of the ear region and petrosal of the African and Asian elephants.

The study by Claudius (1865) of the bony labyrinth of Deinotherium giganteum 
was the first known attempt to describe the bony labyrinth of an extinct member of 
the Proboscidea (Fig. 15.6c). Apart from this, the bony labyrinth of extinct probos-
cideans has only been investigated in recent years. A natural endocast of the cochlear 
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canal of Moeritherium from the Eocene of Libya was briefly described by Tassy 
(1981) (Fig. 15.6b). A more complete study of a natural cast of the cochlear canal 
of Numidotherium from El Kohol (Algeria) (Fig. 15.6a) suggested that they were 
not adapted to low-frequency hearing (Court 1992), which was later confirmed by 
the CT-assisted study and digital reconstruction of a more complete bony labyrinth 
of N. koholense (Benoit et al. 2013c). The petrosal of Moeritherium was described 
in detail for the first time by Court (1994) as displaying an undivided perilymphatic 
foramen which demonstrated that this genus was more derived than Numidotherium. 
In 2013, Tassy provided the first detailed description of the petrosal of Gomphotherium 

Fig. 15.6 The bony labyrinth of the Proboscidea. (a) natural cast of the cochlear canal of 
Numidotherium studied by Court (1992), (b) natural cast of the partial bony labyrinth of 
Moeritherium redrawn after Tassy (1981), (c) the bony labyrinth of Deinotherium in lateral and 
anterior views redrawn after Claudius (1865), (d) the bony labyrinth of an indeterminate elephan-
timorph redrawn after Ekdale (2011), (e–i) the bony labyrinth of Elephas maximus MNHN.
ZM.AC.1904-273 in lateral (e), ventral (f), anterior (g), posterior (h), and dorsal (i) views, (j) lat-
eral view of the bony labyrinths of MNHN.ZM.AC.2008-71 and CEB130168, (k) ventral view of 
the bony labyrinth of MNHN.ZM.AC.2008-71, (l) anterior view of the bony labyrinth of MNHN.
ZM.AC.2008-81, (m) dorsal view of the bony labyrinths MNHN.ZM.AC.1956-194 and MNHN.
ZM.AC.1957-465, illustrating the variability of the bony labyrinth in modern elephants. 
Abbreviations: a.a. anterior ampulla, a.c. anterior semicircular canal, a.v. aquaeductus vestibuli, 
c.c. crus commune, co cochlear canal, f.v. fenestra vestibuli, he helicotrema, l.a. lateral ampulla, 
l.c. lateral semicircular canal, mo modiolus (apical lacuna), p.a. posterior ampulla, p.c. posterior 
semicircular canal, p.f. perilymphatic foramen. Scale bar = 1 cm
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angustidens. The development and increasing use of CT-scanning techniques paved 
the way for further study of extinct proboscideans, starting with the dwarf elephant 
Palaeoloxodon tiliensis (Provatidis et al. 2011), although these authors did not focus 
their study on the ear region. The first thorough CT study and 3D reconstruction of 
the bony labyrinth of an extinct proboscidean were performed by Ekdale (2011) on 
an isolated petrosal (presumably Mammuthus or Mammut) from Texas (Fig. 15.6d). 
The bony labyrinths of Numidotherium and Arsinoitherium studied by Benoit et al. 
(2013c) later evidenced the convergent evolution of low-frequency hearing in ele-
phantiforms and embrithopods. Further studies of the basal “plesielephantiforms” 
Eritherium and Phosphatherium later refined the understanding of early probosci-
dean labyrinthine evolution (Schmitt and Gheerbrant 2016).

As is evident from this historical review, only a handful of proboscidean bony 
labyrinths has been described and published. The main objective of this work is thus 
to provide the first comprehensive description of morphological variations and evo-
lution of the bony labyrinth in modern elephants, including Elephas maximus, 
Loxodonta cyclotis, and L. africana and 14 genera of extinct proboscideans 
(Eritherium azzouzorum, Phosphatherium escuilliei, Numidotherium koholense, 
Moeritherium lyonsi, M. cf. lyonsi, M. trigodon, Prodeinotherium bavaricum, 
Deinotherium giganteum, Mammut americanum, Gomphotherium angustidens, 
Cuvieronius sp., Stegomastodon sp., Platybelodon grangeri, Anancus arvernensis, 
Stegodon orientalis, and Palaeoloxodon antiquus) using published data, CT scan-
ning, manual segmentation, 3D reconstructions, and measurements (see details in 
the Online Supplementary Material). This increases the number of proboscidean 
taxa for which the bony labyrinth is documented from six (including Ekdale’s 
(2011) unidentified elephantimorph and Claudius’ (1865) Deinotherium) to seven-
teen. The petrosal and bony labyrinth of Palaeoloxodon tiliensis were described too 
recently to be considered here, but their morphology is almost identical to that of 
modern elephants (Liakopoulou et al. 2021).

15.4.2  Bony Labyrinth Anatomy of Extant Elephants

The petrosal and bony labyrinth of modern elephants show no clear distinctive fea-
tures between genera or species (Tables 15.2 and 15.3). In general, the semicircular 
canals of extant elephants appear stocky and thick compared to other mammals 
(Fig. 15.6e–i). They are flattened in cross-section, a feature previously observed in 
Arsinoitherium (Benoit et al. 2013c). In general, the semicircular canals appear flat-
ter in Loxodonta. The average semicircular canals thickness ratio tends to be higher 
in Elephas than in Loxodonta, but this character strongly varies intraspecifically 
(see Table 15.2). The angles between semicircular canals show great variability but 
usually, the most acute angle is between the anterior and lateral semicircular canals, 
whereas the most obtuse angle is between the posterior and lateral canals 
(Table  15.2). The ampullae of the canals are poorly defined, as the distinction 
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Table 15.3 Measurements of the cochlear canal of extant elephants

Specimens
Number of 
turns

Coiling 
(°)

Length 
(mm)

Aspect 
ratio

Radii ratio (Manoussaki 
et al. 2008)

Elephas 1904-273 2.375 855 74.13 0.38 7.16
Elephas 1941-209 2.375 855 80.46 0.38 6.18
Elephas 2008-81 2.375 855 80.28 0.43 6.88
Elephas CEB 150009 2.25 810 73.11 0.36 5.95
Loxodonta sp 1932-523 2.25 810 77.13 0.41 6.82
Loxodonta sp 2008-71 
(average)

1.81 653 67.92 0.32 6.90

   Left ear 2.00 720 73.61 0.34 6.33
   Right ear 1.625 585 62.18 0.30 7.47
Loxodonta africana 
1861-53

2.375 855 71.54 0.45 7.38

Loxodonta africana 
CEB130168

2 720 70.84 0.37 6.50

Loxodonta cyclotis 
1950-728

2.25 810 69.16 0.40 8.47

Loxodonta cyclotis 
1956-194

2.625 945 74.16 0.40 8.85

Loxodonta cyclotis 
1957-465

2.625 945 79.03 0.44 5.35

Loxodonta cyclotis 
1961-69

2.625 945 81.55 0.44 8.23

between a canal and the swelling of the corresponding ampulla is poorly marked, 
unlike in most mammals (Fig. 15.6e–i). In both genera, the anterior semicircular 
canal is oval in anterior view (Fig. 15.6g) and the posterior one is circular in poste-
rior view (Fig. 15.6h). Compared to other mammals, the lateral canal appears shorter 
and smaller than the two vertical canals (Fig. 15.6i). Unlike the vertical canals, the 
shape of the lateral semicircular canal in dorsal view varies greatly, from oval to 
almost circular between specimens of the same species. The lateral canal is also the 
one that shows the most variation in deviation from planarity (Fig. 15.6j), whereas 
the anterior and posterior canals do not undulate. The average values of the radii of 
curvature are similar between Elephas and Loxodonta (respectively 5.4  mm and 
5.7  mm for the anterior canal, 5.2  mm and 5.3  mm for the posterior canal and 
3.6 mm and 3.5 mm for the lateral canal on average). In general, the radii in Elephas 
are less variable than in Loxodonta (Table 15.2). In both genera, the anterior canal 
is consistently larger than the posterior one in terms of radii of curvature and length 
(Table 15.2). The dorsal apex of the anterior canal projects higher than that of the 
posterior canal (Fig. 15.6e, j). The point of entry of the lateral canal into the vesti-
bule is located low and close to the posterior ampulla, but there is usually no sec-
ondary common crus (Fig. 15.6e, j), except a short one in two specimens of Elephas 
(MNHN.AC.ZM.1904-273 and 2008-81) and one of Loxodonta (MNHN.
AC.ZM.2008-71). The crus commune is usually stocky in elephants but may appear 
slightly more elongated and slender in some specimens of Loxodonta. Many 
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specimens exhibit bumps and ridges on their crus commune (Fig. 15.6g, h, l) that 
seem to occur randomly. They may represent ossification scars or grooves that con-
tained blood vessels in life (although this last hypothesis seems unlikely as speci-
men CEB150009 shows no blood vessels preserved in this area). Similar ridges are 
also present in some extinct proboscideans and Arsinoitherium (Benoit et al. 2013c).

The stapedial ratio varies greatly in elephants from a rather rounded fenestra 
vestibuli (1.53) to a rather oval one (1.83). This is consistent with the extreme values 
that Ekdale (2011) found in a large sample of Pleistocene elephantimorphs (1.4 to 
2.1). On the cochlear canal, the secondary bony lamina (lamina secundaria) is 
absent in both genera (Fig. 15.6g, h). This is interpreted as an adaptation to low-
frequency hearing since the absence of a secondary bony lamina widens the basilar 
membrane, making it less stiff and therefore more sensitive to low frequencies 
(Court 1992; Ketten 1992; Meng et al. 1997). Elephants are known to have the low-
est low-frequency hearing limit of all extant terrestrial mammals (17Hz at 60dB in 
Elephas, Manoussaki et al. 2008), which aligns well with the infrasound they can 
produce by both vocalization (20Hz) and foot-drumming (10 to 40Hz) (Payne et al. 
1986; Poole et al. 1988, 2005; O’Connell-Rodwell et al. 2001, 2007; Günther et al. 
2004; O’Connell-Rodwell 2007; Nair et al. 2009; Stoeger et al. 2011; Stoeger and 
Manger 2014). The radii ratio of the cochlear canal (the quotient between the radius 
of the basal turn over that of the apical turn) is between 5.35 and 8.85, which is 
consistent with low-frequency hearing (Manoussaki et al. 2008). The average rela-
tive volume of the cochlear canal is the same between Elephas and Loxodonta 
(respectively 47.7% and 47.0%). Viewed in profile, the cochlear canal appears pla-
nispiral (Fig 15.6g) and both genera share the same mean aspect ratios (0.39). The 
aspect ratio of the cochlear canal varies within species but remains between 0.30 
and 0.45 (Table 15.3).

The number of turns of the cochlea is not a constant feature in extant elephants 
as it varies from less than two to almost three full turns (Table 15.3 and Fig. 15.6f, 
j, k); it varies less in Elephas than in Loxodonta (Table 15.3). Noticeably, specimen 
MNHN.ZM.AC.2008-71 displays the smallest number of turns in the right ear 
(1.625 turns, 585°), but two turns (720°) in the left ear (Table 15.3). In contrast, the 
relative volume of the cochlear canal seems to be quite conservative in extant ele-
phants as it varies mostly around 50% of the total volume of the bony labyrinth 
(except in specimens MNHN.ZM.AC.1956-194 and MNHN.ZM.AC.1957-465, in 
which it is 39.5% and 43.4% respectively, Table 15.3).

15.4.3  Evolution of the Ear Region and Bony Labyrinth 
in Proboscidea

To reconstruct the evolutionary history of the bony labyrinth in Proboscidea, we 
mapped ear region characters on a phylogenetic tree of proboscideans (Fig. 15.7). 
The consensus tree used to map the characters is a synthesis of Tassy (1994), 
Shoshani and Tassy (1996), Shoshani (1998), and Fisher (2018). The character 
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matrix, originally designed for phylogenetic analysis at the scale of the superorder 
Afrotheria (Schmitt 2016), includes 12 petrosal characters and 20 bony labyrinth 
characters (Online Supplementary Material).

 Basal Proboscideans

The ear region morphotype of extant elephants was not acquired at the evolutionary 
root of the Proboscidea clade, but gradually during the evolutionary history of the 
Proboscidea (Fig.  15.7). Compared to modern proboscideans, Eritherium and 
Phosphatherium display a primitively slender and unspecialized vestibular mor-
phology common to basal Paenungulata (Gheerbrant et al. 2014; Benoit et al. 2013a, 
2016; Schmitt and Gheerbrant 2016), i.e. the outline of their semicircular canals 
form a circle, their cross-section is round, the lateral semicircular canal is long, the 
anterior semicircular canal does not project dorsally, the ampullae are well defined, 
the crus commune is slender (Table 15.4), and a secondary common crus (crus com-
mune secundaria) is present (Figs. 15.8, 15.9, 15.10, 15.11 and 15.12). The second-
ary common crus is short in Eritherium, but is longer in Phosphatherium, 
Numidotherium, and is likely present and short in Moeritherium (Figs. 15.8, 15.9, 
15.10, 15.11 and 15.12). The presence of a secondary common crus is generally 
considered plesiomorphic for Eutheria (Ekdale 2013) and Afrotheria (Benoit et al. 
2013a, 2015). However, a secondary common crus is absent and the lateral canal 
enters the posterior ampulla in the oldest and basal-most paenungulate Ocepeia 
daouiensis (Gheerbrant et al. 2014) and the basal hyracoid Seggeurius (Benoit et al. 
2016) (a condition also found in Mammut, Palaeoloxodon, Platybelodon and some 
specimens of Loxodonta among more derived proboscideans, Figs.  15.8, 15.9, 
15.10, 15.11 and 15.12), which makes the polarity of this character uncertain for 
paenungulates. Since a secondary common crus is consistently present in the basal-
most proboscideans as well as in basal sirenians (Benoit et al. 2013a), it appears 
reasonable to consider its presence plesiomorphic for Proboscidea.

Eritherium exhibits the most slender semicircular canals (thickness ratio of 1.08, 
Table 15.5), whereas the canals in Phosphatherium and Numidotherium are slightly 
thicker (thickness ratio of 2.24 and 2.16 respectively), but still relatively more slen-
der than in Prodeinotherium (thickness ratio of 2.82) and the Elephantimorpha 
(thickness ratio around or 3.00 and up to 4.86). It appears that the semicircular 
canals of proboscideans were primitively thin and became progressively thicker 
during their evolutionary history. This is supported by comparisons with Ocepeia 
(Gheerbrant et  al. 2014), the early sirenians Prorastomus and that from Chambi 
(Benoit et al. 2013a), the basal hyracoid Seggeurius (Benoit et al. 2016) and the 
basal embrithopod Stylolophus (Gheerbrant et al. 2021), which all exhibit slender 
semicircular canals. Additionally, Eritherium, Phosphatherium, and Numidotherium 
display well-defined and bulbous ampullae, which contrasts with the poorly defined 
ampullae of more derived proboscideans (Figs. 15.8, 15.9, 15.10, 15.11 and 15.12). 
The condition in Moeritherium is unclear from the CT scan (Figs. 15.8, 15.9, 15.10, 
15.11 and 15.12d), but judging from Tassy’s (1981) figure, the ampullae appear 
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Fig. 15.7 Summary of the principal evolutionary changes of the ear region of the Proboscidea. 
Only taxa studied in this work are represented. Clades: (A) Tethytheria, (B) Proboscidea, (C, D, E, 
F) Unnamed clades, (G) Elephantimorpha, (H) Elephantida, (I, J, K, L) Unnamed clades (M) 
Elephantidae, (N) Elephantini, (O) Unnamed clade, (P) Mammuthus genus. Phylogeny and time 
range after Tassy (1994), Shoshani and Tassy (1996), Shoshani (1998), Shauer (2010), and 
Fisher (2018)

poorly defined, as in more derived proboscideans (Fig. 15.7). In basal paenungu-
lates such as Ocepeia (Gheerbrant et  al. 2014), Seggeurius (Benoit et  al. 2016), 
Prorastomus and the sirenian from Chambi (Benoit et al. 2013a), and Arsinoitherium 
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(Benoit et al. 2013c), the ampullae are well defined too, which indicates that the 
condition in Eritherium, Phosphatherium, and Numidotherium is plesiomorphic.

The fenestra cochleae and cochlear aqueduct are separated in Eritherium, as in 
Phosphatherium, and Numidotherium (Figs. 15.8 and 15.10). On the cochlear canal, 
there is a well-defined secondary bony lamina that expands on the ¾ turn of the 
cochlear canal in Eritherium and the ½ turn in Phosphatherim (Figs.  15.10 and 
15.11a, b). The cochlear canal makes two full turns in Eritherium (Table 15.4; not 
preserved in Phosphatherium). The basal turn of the cochlear canal is especially 
thick in Phosphatherium (Fig. 15.10b), resulting in a high cochlear volume (69% of 
the bony labyrinth volume). This is similar to Ocepeia, in which the cochlear canal 
represents about two-thirds of the total volume of the bony labyrinth (Table 15.4). 
In contrast, Eritherium and every other proboscidean have a vestibular canal con-
tributing about 50% of the labyrinthine volume or less (Table 15.4), which suggests 
that the condition in Phosphatherium might be autapomorphic. An apical lacuna for 
the modiolus is present in most “plesielephantiformes”, except Deinotherium 
(Claudius 1865) and one specimen of Numidotherium (Court 1992) (Fig. 15.9). This 
character may be considered plesiomorphic for proboscideans given its presence in 
Ocepeia (Gheerbrant et al. 2014); however, it is very variable in modern elephants, 
which prevents any definitive conclusion.

The cochlear aspect ratio is remarkably low in Eritherium (0.35, Table 15.4), 
which indicates a rather flat cochlea. A cochlear canal with a high aspect ratio (>0.6, 
character 26) seems to be plesiomorphic for Paenungulata. The “condylarthran” 
Ocepeia, and the basal sirenian from Chambi both have a rather high aspect ratio 
(0.72 and 0.67 respectively) (Benoit et al. 2013a; Gheerbrant et al. 2014). In con-
trast, the aspect ratio is consistently low (always inferior to 0.6) in all studied pro-
boscideans preserving a complete cochlear canal (Table 15.4). A rather flat cochlear 
canal may thus constitute a synapomorphy of the Proboscidea; however, it should be 
noted that the basal hyracoid Seggeurius (Benoit et al. 2016) and the basal sirenian 
Prorastomus (Benoit et al. 2013a) both have low cochlear aspect ratios (0.48 and 
0.34 respectively). This casts some doubts about the polarity of this character and, 
in addition to the plesiomorphic aspect of the bony labyrinth of Eritherium, sug-
gests that the origin of proboscideans may not have been accompanied by any 
unambiguous inner ear synapomorphies (Fig. 15.7).

While Eritherium exhibits a generalized morphology similar to more basal 
Paenungulata, Phosphatherium already displays a few proboscidean features: in the 
unnamed node C (Fig.  15.7) the crista falciformis becomes thinner and deeply 
embedded in the external auditory meatus (character 9) as in Numidotherium and 
more derived taxa (node D) (Court 1994; Benoit et al. 2013c), and the subarcuate 
fossa (character 1) becomes less deep before becoming shallow or absent at node E 
(Fig. 15.7). This last character change may seem surprising, as a shallow subarcuate 
fossa has long been recognized as a derived feature shared by Paenungulata 
(Novacek and Wyss 1986). Nevertheless, recent findings of a deep subarcuate fossa 
in Eritherium and the basal paenungulate Ocepeia (Gheerbrant et al. 2014; Schmitt 
and Gheerbrant 2016), and that of a moderately deep one in the hyracoid Seggeurius, 
the basal sirenian from Chambi and Phosphatherium (Gheerbrant et al. 2005; Benoit 
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Fig. 15.8 3D reconstructions of the bony labyrinths of fossil proboscideans in lateral view. (a) 
Eritherium azzouzorum (MNHN-PM88), (b) Phosphatherium escuilliei (MNHN.F PM17), (c) 
Numidotherium koholense (UM-UM-UOK5, mirrored), (d) Moeritherium sp. (68436, mirrored), 
(e) Prodeinotherium bavaricum (MNHN 2013.01108E), (f) Mammut americanum (AMNH- 
FM14293A, mirrored), (g) Mammut americanum (AMNH-FM14293B), (h) Gomphotherium 
angustidens (MNHN CBar coll. V2, mirrored), (i) Gomphotherium angustidens (MNHN.F.SEP38,
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Fig. 15.8 (continued) mirrored), (j) Gomphotherium angustidens (MNHN.F.SEP38), (k) 
Cuvieronius sp. (FM103247, mirrored), (l) Stegomastodon sp. (FM21807, mirrored), (m) 
Platybelodon grangeri (MNHN 26564-824+), (n) Anancus arvernensis (NMNHS.FM2991A), (o) 
Anancus arvernensis (NMNHS.FM2991B), (p) Anancus arvernensis (NMNHS.FM2991C, mir-
rored), (q) Anancus arvernensis (NMNHS.FM2991D, mirrored), (r) Anancus arvernensis 
(NMNHS.FM2991E, mirrored), (s) Anancus arvernensis (NMNHS.FM2991F, mirrored), (t) 
Anancus arvernensis (NMNHS.FM2991G), (u) Stegodon orientalis (FM18632), (v) Mammuthus 
primigenius (MNHN.F.1904-12), (w) Mammuthus columbi (FM144658), (x) Mammuthus columbi 
(FM144658, mirrored), (y) Palaeoloxodon antiquus (M82706, mirrored). Scale bar = 1  cm. 
Abbreviations: a.a anterior ampulla, a.c. anterior semicircular canal, a.v. aquaeductus vestibuli, aq 
aquaeductus cochleae, c.c. crus commune, c.c.r. crus commune ridge, c.c.s. crus commune 
secundaria, co cochlear canal, f.c. fenestra cochleae, f.v. fenestra vestibuli, l.a. lateral ampulla, l.c. 
lateral semicircular canal, p.a. posterior ampulla, p.c. posterior semicircular canal, p.f. perilym-
phatic foramen

et al. 2013c, 2016) now makes the presence of a rather deep subarcuate fossa the 
plesiomorphic condition at the root of the Proboscidea clade without ambiguity.

In Numidotherium and more derived species (Clade D), the subarcuate fossa is 
lost (character 1) and the posterior semicircular canal defines a more oval space 
(character 18, although this character is quite variable). The petrosal of 
Numidotherium is unique as its pars cochlearis is excavated by a transpromontory 
sulcus (Court and Jaeger 1991; Benoit et al. 2013c) for the internal carotid artery 
(van der Klaauw 1931; Wible 1986). A transpromontorial (or lateral) course of the 
internal carotid artery is considered primitive for Placentalia (Wible 1986), whereas 
the derived condition (a medial or perbullar course) is documented or reconstructed 
based on the absence of a transpromontory sulcus in every other extant and extinct 
proboscidean, sirenian and hyracoid currently known, including Eritherium and 
Phosphatherium (Blair 1717; van der Klaauw 1931; Wible 1986; Fischer 1990, 
1992; Court 1990, 1994; Court and Jaeger 1991; Gheerbrant et al. 2005; Ekdale 
2011; Benoit et al. 2013a, 2015, 2016; Tassy 2013). Ocepeia and Numidotherium 
are the only known paenungulates in which a transpromontory sulcus is present 
(Court and Jaeger 1991; Benoit et al. 2013c; Gheerbrant et al. 2014), suggesting that 
this feature is not homologous in the two taxa and better interpreted as a homoplasy.

In Moeritherium and more derived proboscideans (node E) the anterior semicir-
cular canal becomes more oval (Fig. 15.10d) (character 17). As stated above, the 
semicircular canals (particularly the anterior one) were all rounded in Eritherium 
and Phosphatherium (Fig. 15.10a–c), as well as in Ocepeia (Gheerbrant et al. 2014), 
the fossil hyracoid Seggeurius (Benoit et al. 2016), embrithopods (Arsinoitherium 
and Stylolophus; Benoit et al. 2013c; Gheerbrant et al. 2021), and Prorastomus and 
the sirenian from Chambi (Benoit et al. 2013a). Moeritherium, the Deinotheriidae, 
and more derived proboscideans also differ from more basal “plesielephantiforms” 
by the flattening of the semicircular canals in cross-section (character 21), the 
poorly defined ampullae (character 13), the loss of the lamina secundaria (character 
28), and the fusion of the aquaeductus cochleae and the fenestra cochleae to form 
the perilymphatic canal (character 3). The paedomorphic retention of a single peri-
lymphatic foramen during ontogeny instead of separated fenestra cochleae and 
aquaeductus cochleae is a derived feature encountered in extant elephants and sire-
nians (Fischer 1990). Such a single perilymphatic foramen is present in Moeritherium 
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Fig. 15.9 3D reconstructions of the bony labyrinths of fossil proboscideans in ventral view. (a) 
Eritherium azzouzorum (MNHN-PM88), (b) Phosphatherium escuilliei (MNHN.F PM17), (c) 
Numidotherium koholense (UM-UOK5, mirrored), (d) Moeritherium sp. (68436, mirrored), (e) 
Prodeinotherium bavaricum (MNHN 2013.01108E), (f) Mammut americanum (AMNH- 
FM14293A, mirrored), (g) Gomphotherium angustidens (MNHN CBar coll. V2, mirrored), (h) 
Gomphotherium angustidens (MNHN.F.SEP38, mirrored), (i) Gomphotherium angustidens 
(MNHN.F.SEP38), (j) Stegomastodon sp. (FM21807, mirrored), (k) Platybelodon grangeri 
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(Court 1994), Prodeinotherium, and all elephantimorphs studied here (Figs. 15.8, 
15.9, 15.10, 15.11 and 15.12), as well as in the embrithopod Arsinoitherium and was 
previously considered a synapomorphy of the clade Tethytheria (Fischer 1990; 
Court and Jaeger 1991). In contrast, the basal “plesielephantiforms” Eritherium, 
Phosphatherium, and Numidotherium, the basal sirenians Prorastomus and the 
unidentified specimen from Chambi all display a cochlear fenestra separated from 
the aqueduct (Court and Jaeger 1991; Benoit et al. 2013a, c; Schmitt and Gheerbrant 
2016). As the separated condition is plesiomorphic for placental mammals (Court 
and Jaeger 1991; Ekdale 2011), the single perilymphatic foramen condition most 
likely evolved in a convergent manner in derived Proboscidea, Embrithopoda and 
Sirenia (Court 1990; Court and Jaeger 1991; Benoit et  al. 2013a, c). Court and 
Jaeger (1991) hypothesized that it could be the result of independent adaptations to 
low-frequency hearing in Proboscidea and Sirenia (see below).

 The Evolution of Low-Frequency Hearing

Both elephants (Manoussaki et al. 2008) and sirenians (Ketten et al. 1992; Gaspard 
et al. 2012) exhibit adaptations allowing low-frequency hearing; however, low-fre-
quency hearing might not be primitive for paenungulates as Ocepeia, hyracoids, 
Prorastomus, the basal embrithopod Stylolophus, and basal proboscideans all pos-
sess a secondary bony lamina (or lamina secundaria) that narrows and stiffens the 
basilar membrane at the base of the cochlear canal, making it more sensitive to high 
frequencies (West 1985; Court 1992; Ketten 1992; Meng et al. 1997; Benoit et al. 
2013a, 2016; Gheerbrant et al. 2014; Schmitt and Gheerbrant 2016; Ekdale 2016). 
Numidotherium differs from other “plesielephantiforms” by its lower number of 
cochlear turns. Most proboscideans display a cochlear canal making a least two full 
turns (Table 15.4) but those of the two specimens of Numidotherium examined here 
only complete 1.5 and 1.62 turns. The cochlear canal of the specimen described by 
Court (1992) also completes 1.5 turns (Fig.  15.6a). Thus, although this feature 
appears extremely variable in modern elephants, it seems stable in Numidotherium. 
As the basilar membrane becomes wider in the apical turns of the cochlea, it 
becomes more sensitive to low-frequency sounds (West 1985; Ketten et al. 1992). 
The low number of turns of the cochlear canal in Numidotherium might then reflect 
poorly developed low-frequency hearing. This is supported by the presence of a 

Fig. 15.9 (continued) (MNHN 26564-824+), (l) Anancus arvernensis (NMNHS.FM2991A), (m) 
Anancus arvernensis (NMNHS.FM2991C, mirrored), (n) Anancus arvernensis (NMNHS.
FM2991D, mirrored), (o) Anancus arvernensis (NMNHS.FM2991E, mirrored), (p) Anancus 
arvernensis (NMNHS.FM2991F, mirrored), (q) Anancus arvernensis (NMNHS.FM2991G), (r) 
Stegodon orientalis (FM18632), (s) Mammuthus primigenius (MNHN.F.1904-12). Scale bar = 
1 cm. Abbreviations: a.a anterior ampulla, a.c. anterior semicircular canal, a.v. aquaeductus ves-
tibuli, aq aquaeductus cochleae, c.c. crus commune, c.c.r. crus commune ridge, c.c.s. crus com-
mune secundaria, co cochlear canal, f.c. fenestra cochleae, f.v. fenestra vestibuli, l.a. lateral 
ampulla, l.c. lateral semicircular canal, p.a. posterior ampulla, p.c. posterior semicircular canal, p.f. 
perilymphatic foramen
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Fig. 15.10 3D reconstructions of the bony labyrinths of fossil proboscideans in anterior view. (a) 
Eritherium azzouzorum (MNHN-PM88), (b) Phosphatherium escuilliei (MNHN.F PM17), (c) 
Numidotherium koholense (UM-UOK5, mirrored), (d) Moeritherium sp. (68436, mirrored), (e) 
Prodeinotherium bavaricum (MNHN 2013.01108E), (f) Mammut americanum (AMNH- 
FM14293A, mirrored), (g) Mammut americanum (AMNH-FM14293B), (h) Gomphotherium 
angustidens (MNHN CBar coll. V2, mirrored), (i) Gomphotherium angustidens (MNHN.F.SEP38, 
mirrored), (j) Gomphotherium angustidens (MNHN.F.SEP38), (k) Cuvieronius sp. (FM103247, 

J. Benoit et al.



623

secondary bony lamina in Numidotherium (Court 1992). The secondary bony lam-
ina is present in the cochlear canal of most mammals (Ekdale 2013, 2016), but it is 
absent in all the proboscideans studied herein except Eritherium, Phosphatherium, 
and Numidotherium (Figs. 15.10, 15.11). In Phosphatherium, it is extremely shal-
low and in Numidotherium it has only been observed in the specimen described by 
Court (1992); its absence in the specimens studied here may be explained by the 
resolution of the CT scan, preservation, or a genuine intraspecific variability. Its 
absence in proboscideans more derived than Numidotherium (Node E), modern 
sirenians (Ketten et al. 1992; Benoit et al. 2013a; Ekdale 2013) and Arsinoitherium 
is interpreted as a secondary loss due to adaptation to low-frequency hearing (Benoit 
et al. 2013c). This is supported by our measurements of the radii ratio in probosci-
deans, which indicates that even though Moeritherium had lost the secondary bony 
lamina, its radii ratio remains quite low, which is indicative of poorly developed, or 
non-specialized, low-frequency hearing according to Manoussaki et al. (2008). A 
relatively small radii ratio is likely plesiomorphic for the Proboscidea as it is also 
present in Ocepeia (Table 15.4) and most hyracoids (Benoit et al. 2016). A radii 
ratio within the range of variation observed in modern elephants is only seen in 
deinotheriids and elephantimorphs (Table 15.4), suggesting a lag between the loss 
of the secondary bony lamina and the change in cochlear geometry, and possibly a 
gradual adaptation to more specialized low-frequency hearing across the Eocene 
and Oligocene. A more recent evolution of the capacity for low-frequency hearing 
in proboscideans is consistent with the works by Shoshani (1998) and Meng et al. 
(1997) who studied the middle ear, hyoid apparatus and interaural distance in 
Mammut, Gomphotherium, Stegodon, Palaeoloxodon, and Mammuthus, and con-
cluded that the ability to hear and produce infrasonic calls likely evolved in the last 
common ancestor of Elephantimorpha.

 Deinotheriidae and Elephantimorpha

The bony labyrinth and ear region become essentially elephant-like in the last com-
mon ancestor of the Deinotheriidae and Elephantimorpha (Node F, Fig. 15.7), con-
current with the presence of most of the defining features of modern elephants. This 

Fig. 15.10 (continued) mirrored), (l) Stegomastodon sp. (FM21807, mirrored), (m) Platybelodon 
grangeri (MNHN 26564-824+), (n) Anancus arvernensis (NMNHS.FM2991A), (o) Anancus 
arvernensis (NMNHS.FM2991B), (p) Anancus arvernensis (NMNHS.FM2991C, mirrored), (q) 
Anancus arvernensis (NMNHS.FM2991D, mirrored), (r) Anancus arvernensis (NMNHS.
FM2991E, mirrored), (s) Anancus arvernensis (NMNHS.FM2991F, mirrored), (t) Anancus 
arvernensis (NMNHS.FM2991G), (u) Stegodon orientalis (FM18632), (v) Mammuthus primige-
nius (MNHN.F.1904-12), (w) Mammuthus columbi (FM144658), (x) Mammuthus columbi 
(FM144658, mirrored), (y) Palaeoloxodon antiquus (M82706, mirrored). Scale bar = 1  cm. 
Abbreviations: a.a. anterior ampulla, a.c. anterior semicircular canal, a.c.r. anterior semicircular 
canal ridge, a.v. aquaeductus vestibuli, aq aquaeductus cochleae, c.c. crus commune, c.c.s. crus 
commune secundaria, co cochlear cana, f.c. fenestra cochleae, i.a.v. insertion of the aquaeductus 
vestibuli, l.a. lateral ampulla, l.c. lateral semicircular canal, l.s. lamina secundaria, p.a. posterior 
ampulla, p.c. posterior semicircular canal, p.f. perilymphatic foramen
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Fig. 15.11 3D reconstructions of the bony labyrinths of fossil proboscideans in posterior view. (a) 
Eritherium azzouzorum (MNHN-PM88), (b) Phosphatherium escuilliei (MNHN.F PM17), (c) 
Numidotherium koholense (UM-UOK5, mirrored), (d) Moeritherium sp. (68436, mirrored), (e) 
Prodeinotherium bavaricum (MNHN 2013.01108E), (f) Mammut americanum (AMNH- 
FM14293A, mirrored), (g) Mammut americanum (AMNH-FM14293B), (h) Gomphotherium 
angustidens (MNHN CBar coll. V2, mirrored), (i) Gomphotherium angustidens (MNHN.F.SEP38, 
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is reflected distinctly in the vestibular morphology, as the studied proboscideans 
belonging to this clade have lost the secondary common crus (character 24) and 
exhibit a short and stocky common crus (character 15). A short lateral semicircular 
canal (character 23) and thickened semicircular canals (character 22) may also have 
evolved in this clade or the next one (node G) as these characters appear to be pres-
ent in the Deinotherium giganteum specimen figured by Claudius (1865) (Fig. 15.6d) 
but not in Prodeinotherium (Figs. 15.8, 15.9, 15.10, 15.11 and 15.12e). The more 
elephant-like aspect of the vestibular morphology of Claudius’s Deinotherium com-
pared to Prodeinotherium (if not due to an artistic license or misidentification) may 
be due to the difference in body mass between these two taxa (up to ten tons accord-
ing to Larramendi (2015)). The presence of thickened semicircular canals, a stocky 
common crus, and a shortened lateral semicircular canal is commonly encountered 
in many large tetrapods such as Arsinoitherium (Benoit et al. 2013c), Hippopotamus 
(Hyrtl 1845), the giant subfossil lemur Megaladapis (Walker et al. 2008), the giant 
wombat Diprotodon (Alloing-Séguier et al. 2013), and many sauropod dinosaurs 
(Witmer et al. 2008; Knoll et al. 2012). The exact allometric relationship and pos-
sible functional significance of the more robust aspect of the vestibule in these taxa 
have not yet been investigated. If not synapomorphic, characters 22 and 23 may thus 
be the result of a convergent evolution toward a more robust morphology of the 
vestibular apparatus due to an increase in body mass.

Clade F is also marked by a change in the position of the internal auditory meatus, 
which becomes more anteriorly oriented, whereas it was dorsally positioned in 
basal proboscideans (character 2). This reorientation affects the bony labyrinth as it 
results in a more obtuse angle between the basal turn of the cochlear canal and the 
vestibule in Prodeinotherium and more derived species (Table 15.4). As such, the 
basal turn of the cochlear canal is aligned with the ampullary limb of the anterior 
semicircular canal in anterior view, whereas it is not in more basal proboscideans 
(Fig. 15.10). The vestibulocochlear angle increases even further in node L (charac-
ter 31), which includes Anancus and the Elephantidae (Table 15.4).

The Deinotheriidae nevertheless retain some noticeable plesiomorphies, such as 
the absence of a dorsal extension of the anterior canal (character 19). The apices of 

Fig. 15.11 (continued) mirrored), (j) Gomphotherium angustidens (MNHN.F.SEP38), (k) 
Cuvieronius sp. (FM103247, mirrored), (l) Stegomastodon sp. (FM21807, mirrored), (m) 
Platybelodon grangeri (MNHN 26564-824+), (n) Anancus arvernensis (NMNHS.FM2991A), (o) 
Anancus arvernensis (NMNHS.FM2991B), (p) Anancus arvernensis (NMNHS.FM2991C, mir-
rored), (q) Anancus arvernensis (NMNHS.FM2991D, mirrored), (r) Anancus arvernensis 
(NMNHS.FM2991E, mirrored), (s) Anancus arvernensis (NMNHS.FM2991F, mirrored), (t) 
Anancus arvernensis (NMNHS.FM2991G), (u) Stegodon orientalis (FM18632), (v) Mammuthus 
primigenius (MNHN.F.1904-12), (w) Mammuthus columbi (FM144658), (x) Mammuthus columbi 
(FM144658, mirrored), (y) Palaeoloxodon antiquus (M82706, mirrored). Scale bar = 1  cm. 
Abbreviations: a.a. anterior ampulla, a.c. anterior semicircular canal, a.v. aquaeductus vestibuli, 
aq aquaeductus cochleae, c.c. crus commune, co cochlear canal, f.c. fenestra cochleae, i.a.v. inser-
tion of the aquaeductus vestibuli, l.a. lateral ampulla, l.c. lateral semicircular canal, l.s. lamina 
secundaria, p.a. posterior ampulla, p.c. posterior semicircular canal, p.c.r. posterior semicircular 
canal ridge, p.f. perilymphatic foramen
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Fig. 15.12 3D reconstructions of the bony labyrinths of fossil proboscideans in dorsal view. (a) 
Eritherium azzouzorum (MNHN -PM88), (b) Phosphatherium escuilliei (MNHN.F PM17), (c) 
Numidotherium koholense (UM-UOK5, mirrored), (d) Moeritherium sp. (68436, mirrored), (e) 
Prodeinotherium bavaricum (MNHN 2013.01108E), (f) Mammut americanum (AMNH- 
FM14293A, mirrored), (g) Mammut americanum (AMNH-FM14293B), (h) Gomphotherium 
angustidens (MNHN CBar coll. V2, mirrored), (i) Gomphotherium angustidens (MNHN.F.SEP38, 
mirrored), (j) Gomphotherium angustidens (MNHN.F.SEP38), (k) Cuvieronius sp. (FM103247, 
mirrored), (l) Stegomastodon sp. (FM21807, mirrored), (m) Platybelodon grangeri (MNHN 
26564-824+), (n) Anancus arvernensis (NMNHS.FM2991A), (o) Anancus arvernensis (NMNHS.
FM2991B), (p) Anancus arvernensis (NMNHS.FM2991C, mirrored), (q) Anancus arvernensis 
(NMNHS.FM2991D, mirrored), (r) Anancus arvernensis (NMNHS.FM2991E, mirrored), (s) 
Anancus arvernensis (NMNHS.FM2991F, mirrored), (t) Anancus arvernensis (NMNHS.
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these two vertical semicircular canals reach the same height in Phosphatherium, 
Numidotherium, Moeritherium, and Prodeinotherium (the condition could not be 
evaluated from Claudius’s figures of Deinotherium) (Fig. 15.1c). In contrast, the 
anterior canal apex always extends higher than the posterior one in more derived 
proboscidean taxa, except for Stegomastodon (Fig. 15.8). The relative dorsal exten-
sion is variable, from slightly higher (as in Anancus, Fig. 15.10n–q) to much higher 
(as in e.g. Mammuthus columbi, Fig. 15.8w, x).

The bony labyrinth morphology remains quite conservative among the 
Elephantimorpha (node G) as the differences observed between taxa do not depart 
significantly from the intraspecific variability observed in modern species (Tables 
15.2, 15.3, 15.4 and 15.5). Gomphotherium stands out in this respect, as its crus 
commune is extremely large at its base and progressively tapers dorsally, forming a 
conical shape in lateral view (Fig.  15.8h, i, j). In Prodeinotherium, Anancus, 
Cuvieronius, Gomphotherium, Mammuthus, and Stegodon the lateral canal is com-
pletely separated from the posterior canal and ampulla (character 20) and enters the 
vestibule in a higher position than in the Elephantidae Loxodonta, Elephas, 
Mammuthus and Palaeoloxodon (Figs. 15.8, 15.9, 15.10, 15.11 and 15.12), in which 
the point of insertion of the lateral canal into the vestibule migrates back toward the 
posterior ampulla (node M). This character may constitute a synapomorphy of the 
Elephantidae (Fig. 15.7).

15.5  Final Considerations

The ear region is a key anatomical complex useful for anatomical, evolutionary, and 
functional studies. Its peculiar but poorly known morphology in proboscideans 
deserves further investigation. The petrosal of extant elephants is solidly fused to 
the skull and therefore difficult to access. While this region has already been 
described in the past, many previous studies failed to provide most of the anatomi-
cal details taken into account in recent studies of the petrosal and bony labyrinth of 
extant and extinct mammals. This study is the first comprehensive attempt to docu-
ment the morphological diversity of the ear region and bony labyrinth of extant and 
extinct proboscideans using CT scanning. We found no feature that could discrimi-
nate between the bony labyrinths of the three extant elephant species. The bony 
labyrinth is described in sixteen extinct genera, covering most major proboscidean 
groups. We show that the modern morphotype evolved gradually in 

Fig. 15.12 (continued) FM2991G), (u) Stegodon orientalis (FM18632), (v) Mammuthus primige-
nius (MNHN.F.1904-12), (w) Mammuthus columbi (FM144658), (x) Mammuthus columbi 
(FM144658, mirrored), (y) Palaeoloxodon antiquus (M82706, mirrored). Scale bar = 1  cm. 
Abbreviations: a.a. anterior ampulla, a.c. anterior semicircular canal, a.v. aquaeductus vestibuli, 
aq aquaeductus cochleae, c.c. crus commune, co cochlear canal, f.c. fenestra cochleae, l.a. lateral 
ampulla, l.c. lateral semicircular canal, l.s. lamina secundaria, p.a. posterior ampulla, p.c. poste-
rior semicircular canal
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“plesielephantiforms” to become essentially elephant-like during the Oligocene, in 
the clade that includes deinotheriids and elephantiforms.

Although more data on the bony labyrinth of Palaeomastodon and the endocra-
nial cast of deinotheriids would be necessary to confirm this trend, it is noteworthy 
that both the bony labyrinth and braincase morphology underwent an evolutionary 
limp toward an essentially elephant-like condition simultaneously around the late 
Eocene - Early Oligocene. This suggests that the brain and inner ear coevolved in 
the common ancestors of elephantiforms and deinotheriids (Fig. 15.13). Examples 
of brain-ear region coevolution are not uncommon in mammals (e.g. Rowe 1996; 
Sánchez-Villagra 2002). It has been proposed that complex social interactions may 
result in brain size increase in paenungulates, artiodactyls, and perissodactyls 
(Pérez-Barbería and Gordon 2005; Shultz and Dunbar 2006). Such social bonds are 
supported by long-term memory of chemical scents and sounds of relatives in ele-
phants (Payne et al. 1986; Poole et al. 1988, 2005; O’Connell-Rodwell et al. 2001, 
2007; Günther et al. 2004; O’Connell-Rodwell 2007; Hart et al. 2008). As the over-
all African climate became dryer in the Oligocene, droughts became more frequent 
and pockets of more humid environments (e.g., in Egypt and equatorial Africa) 
became more isolated (Boureau et al. 1983; Zachos et al. 2001; Kappelman et al. 
2003; Bobe 2006; Seiffert 2007b; Feakins and Demenocal 2010; Mudelsee et al. 
2014; Jacobs et al. 2016b; de Vries et al. 2021). We here speculate that the necessity 
to locate and remember the location of widely spaced sources of water and maintain 
social communication despite this distance using infrasonic vocalizations and foot 
drumming might have fuelled the coevolution of brain and inner ear morphology 
(Poole et al. 1988, 2005; Langbauer 2000; O’Connell-Rodwell et al. 2001, 2007; 
Günther et al. 2004; O’Connell-Rodwell 2007; Hart et al. 2008). Low-frequency 
sounds propagate long distances as seismic waves (O’Connell-Rodwell 2007), and 
modern elephants use these seismic waves as alarms, to locate mates and to main-
tain intra- and intergroup cohesion (Poole et al. 1988; Langbauer 2000; Günther 
et al. 2004; O’Connell-Rodwell et al. 2007). Elephants may even be able to locate 
places where rain falls and underground water reservoirs using infrasounds (Arnason 
et al. 2002; Garstang et al. 2014). A tight correlation between the onset of low-fre-
quency hearing and the increase in drought frequency is supported by studies of the 
hyoid apparatus (Shoshani 1998; Shoshani et al. 2001; Meng et al. 1997), which 
show that the ability to store water in a pharyngeal pouch and that of producing 
infrasonic calls are correlated and were already present in the last common ancestor 
of the Elephantimorpha. The possible evolutionary origin of the trunk in elephanti-
forms, an organ essential to infrasound vocalizations and filling up the pharyngeal 
pouch (Shoshani 1998; Shoshani et  al. 2001; Meng et  al. 1997), concurrently 
involved an increase in the size of the cerebellum to coordinate its movements 
(Maseko et al. 2012). The presence of a trunk also aided drinking and smelling at 
ground level as proboscideans evolved a larger body size, taller shoulder height and 
a shorter neck in the Oligocene (Larramendi 2015). As explained earlier in this 
chapter, a larger body mass is correlated to changes in the encephalization quotient 
(Manger et al. 2013) and the morphology of the bony labyrinth (thickening of the 
semicircular canals and common crus, reduced lateral canal). Low-frequency sound 
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production and hearing are also more likely to evolve in larger species (e.g. rhinos 
and hippos) as large absolute body size increases the size of vocal organs and inter-
aural distance (von Muggenthaler and Reinhart 2003; Barklow 2004a, b; Policht 
et al. 2008; Benoit et al. 2013c; Mourlam and Orliac 2017; Shoshani et al. 2001). It 
is noteworthy that low-frequency hearing may also be an adaptation to underwater 
hearing (Barklow 2004a, b; Mourlam and Orliac 2017), while the earliest probosci-
dean for which the loss of the lamina secundaria is documented coincidently is 
Moeritherium, a species that has long been reconstructed as semiaquatic (Osborn 
1936; Clementz et al. 2008; Liu et al. 2008). Finally, herbivores living in open habi-
tats have more chance to be grazers, and thus to display higher body mass, as a large 
body consumes less energy per unit of mass than a small one, and can accommodate 
a larger gut that improves digestion of coarse, comparatively nutrient deficient, 
grass (Peters 1983; Christiansen 2004; Franzen, 2010; Sander et  al. 2011). 
Incidentally, living in an open habitat also increases the probability to live in large 
social and hierarchized groups, which in turn correlates with an increase in encepha-
lization (Pérez-Barbería and Gordon 2005). As such, it is possible that a dryer cli-
mate in Africa during the Oligocene had long-term cascading and self-reinforcing 
effects on body mass, encephalization, and bony-labyrinth morphology (Fig. 15.13). 
This hypothesis will have to be tested when more data become available, particu-
larly from key late Eocene and Oligocene taxa such as early Elephantiformes, 
Deinotheriidae and other “Plesielephantiformes” for which reasonably small, yet 
highly relevant material could be CT scanned, such as specimen AMNH 13468 of 
the basal elephantiform Phiomia serridens and specimen Dt1008-1 of the “plesiele-
phantiform” Barytherium grave (Andrews 1906; Sanders et  al. 2010; Jaeger 
et al. 2012).

Fig. 15.13 Palaeoenvironmental context of proboscidean brain, inner ear and other related char-
acters co-evolution. δ18O curve and climatic events after Zachos et al. (2001). Abbreviations: EQ: 
encephalization quotient, ION infraorbital nerve, SCC semicircular canals
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Chapter 16
Brain Evolution in Fossil Rodents: 
A Starting Point

Ornella C. Bertrand and Mary T. Silcox

16.1  Systematic and Phylogenetic Context

The clade Glires is composed of Rodentia and Lagomorpha (rabbits) and has been 
recovered in molecular (e.g. Murphy et al. 2001a; Huchon et al. 2002; Poux et al. 
2006) and morphological (e.g. Chuan-Kuei et al. 1987; Meng et al. 2003; Marivaux 
et  al. 2004; Meng 2004) analyses. In a broader context, Glires and Euarchonta 
(Primates, Scandentia, Dermoptera) are sister-clades belonging to Euarchontoglires 
(Murphy et al. 2001b).

Today, rodents encompass more than 2500 species, representing 40% of mam-
malian diversity (Burgin et al. 2018). The monophyly of rodents is well-supported 
and has only rarely been contested (e.g., Graur et al. 1991). In contrast, the internal 
relationships of rodents have been disputed throughout the last century since 
Tullberg’s first classification in 1899 (Tullberg 1899). Rodents used to be divided 
into two groups, Sciurognathi and Hystricognathi, based on the angular process 
position compared to the incisor plane. This hypothesis remained popular among 
rodentologists for decades (e.g. Lavocat 1973; Luckett and Hartenberger 1985; 
McKenna and Bell 1997; Nowak 1999; Wilson and Reeder 2005) because it helped 
to reconcile molecular and morphological results, at least for extant hystricognath 
rodents, for which it is well-supported by both types of data (e.g. Bugge 1985; 
Marivaux et al. 2004; Huchon et al. 2000). Another hypothesis surfaced, based on 
distinct muscle attachment configurations of the masticatory apparatus, leading to 
the recognition of three groups: Sciuromorpha, Hystricomorpha and Myomorpha 
(e.g. Simpson 1945). The issue with this classification was that some groups could 
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not be included in any of the three categories, including Aplodontidae (i.e. mountain 
beavers), which display a fourth state known as Protrogomorphy that was consid-
ered the plesiomorphic condition for rodents (Wood 1955).

Based on molecular data, Rodentia is now divided into three distinct groups: the 
Squirrel-related clade (squirrels, mountain beavers, dormice), Ctenohystrica 
(African porcupines, gundis, chinchillas, pacas) and the mouse-related clade which 
includes Myodonta (rats and mice), Castorimorpha (beavers, kangaroo rats) and 
Anomaluromorpha (scaly-tailed squirrels, springhares; Huchon et al. 1999; Douzery 
et al. 2003; Blanga-Kanfi et al. 2009; Meredith et al. 2011; Fabre et al. 2015). There 
are still major aspects of rodent phylogeny that are under intense debate. First, the 
relationships within the mouse-related clade are still not resolved, so the relation-
ships among its three members remain unclear (Blanga-Kanfi et  al. 2009; Fabre 
et al. 2013; Fabre et al. 2015). Second, and most important in the context of this 
chapter, any of the three major rodent clades could potentially be considered the 
most basal. The Squirrel-related clade has been recovered the most often  as the 
sister taxon to Ctenohystrica plus the mouse-related clade (e.g. Huchon et al. 2000; 
Douzery et al. 2003; Blanga-Kanfi et al. 2009) but the two other combinations have 
been found as well (e.g. Montgelard et al. 2008; Meredith et al. 2011).

With respect to the origins of the group from fossil taxa, based solely on morpho-
logical data Luckett and Hartenberger (1985) viewed modern rodents emerging 
from two groups, one from Asian ctenodactyloids and one from North American 
and Eurasian ischyromyoids. Wible et al. (2005) recovered Ctenohystrica (Huchon 
et al. 2000) as sister-clade to a North American and Eurasian clade (Ischyromyidae, 
Sciuravidae, and Theridomyidae).

In this chapter, we will focus specifically on the Squirrel-related clade and its 
closest fossil relatives, Ischyromyidae; and on South American caviomorph rodents, 
because virtual endocasts for extant and extinct species have been studied for these 
groups. The Squirrel-related clade is composed of Gliridae and Sciuroidea (includ-
ing Sciuridae and Aplodontidae as sister-clades). This grouping was found using 
molecular (Blanga-Kanfi et al. 2009; Churakov et al. 2010; Fabre et al. 2012) and 
morphological data (Meng 1990; Korth and Emry 1991; Korth 1994). Aplodontidae 
is represented by a single species today, the mountain beaver Aplodontia rufa. 
However, this family was very diverse in the past and was distributed across the 
Holarctic region, with cranio-dental material of fossil aplodontids being recovered 
in North America, Europe and Asia (e.g. Rensberger 1981, 1983; Hopkins 2008; 
Vianey-Liaud et al. 2013). In total, the known fossil record for this family encom-
passes 27 genera and more than 100 species (Hopkins 2008). Sciuridae is the sec-
ond most diverse family of extant rodents today with 58 genera in 285 species 
(Burgin et  al. 2018). Members of this family are native to all continents except 
Australia and Antarctica (Mercer and Roth 2003). The fossil record of Sciuridae 
extends to the late Eocene and fossils have mainly been recovered in North America 
and Europe (Emry and Thorington 1982; Thorington et  al. 2012). Gliridae (dor-
mice) includes nine extant genera and 26 species (Holden 2005). The glirid fossil 
record is almost entirely from Europe and the oldest occurrence for the group is 
dated from the early Eocene (Rose 2006).
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Ischyromyidae includes the oldest rodents recovered to date (Late Paleocene) 
and extends to the Late Oligocene; Ctenodactyloidea is also known from very early 
specimens, coming from the early Eocene of Asia (Wible et  al. 2005; Dawson 
2015). Ischyromyidae is considered to be either at the base of Rodentia (Matthew 
1910; Wilson 1949; Wood 1962) or the ancestor to Sciuridae and Castoridae 
(Hartenberger 1980; Dawson et  al. 1984; Korth 1984, 1994; Flynn et  al. 1986). 
Fossil ischyromyids have been recovered from North America (late Paleocene to 
early Oligocene), Europe (early to late Eocene), and East Asia (early Oligocene; 
Anderson 2008) and classified into four different subfamilies: Paramyinae, 
Ischyromyinae, Reithroparamyinae, and Ailuravinae (Korth 1994). In phylogenetic 
analyses Ischyromyidae was found to be polyphyletic (Meng 1990; Marivaux et al. 
2004), but these studies used only a handful of species; no study to date has incor-
porated taxa belonging to all four subfamilies in the same analysis. Potential syn-
apomorphies for Ischyromyidae include (1) large portion of the mastoid separates 
the bulla from the back of the skull, and (2) the stapedial muscle only located inside 
the bulla and does not extend outside of it (Lavocat and Parent 1985). One aspect 
common to different studies is that Paramyinae (and more specifically the genus 
Paramys) has repeatedly been found near the base of Rodentia (Meng 1990; Meng 
et al. 2003; Wible 2005; O’Leary et al. 2013). A debate persists regarding the rela-
tionships among the four subfamilies. Paramyinae and Reithroparamyinae might be 
more closely related to one another than either is to Ischyromyinae (Wood 1962; 
Asher et al. 2019); however, another phylogenetic analysis found no evidence of a 
strong relationship between Paramyinae and Reithroparamyinae (Meng 1990). 
Meng’s (1990) phylogenetic analysis, using the anatomy of the ear region, sug-
gested that Reithroparamyinae was the closest fossil relative to the Squirrel-related 
clade. Previous studies have considered Ischyromyinae to be the most derived sub-
family based on craniodental features (Korth 1994), and that the ischyromyine 
Ischyromys was sister-clade to Sciuroidea, with Gliridae as outgroup (Asher et al. 
2019). Under that hypothesis of relationships, Ischyromyinae would be part of the 
Squirrel-related clade and Ischyromyidae would be polyphyletic (Fig.  16.1a, b). 
Ailuravinae represents a distinct subfamily found mainly in Europe (Michaux 1968; 
Wood 1976; Dawson 2003) and its relationship to the other ischyromyids is unclear.

Caviomorpha is one of the most successful groups of rodents today and is com-
posed of four superfamilies, 11 families and more than 244 extant species (Fig. 16.1c; 
Huchon and Douzery 2001; Upham and Patterson 2015). Caviidae and Chinchillidae 
include the largest rodents that ever lived, including the largest living rodent, the 
capybara, and the extinct Pliocene Josephoartigasia monesi, which is the largest 
rodent known (Ferreira et al. 2020; Rinderknecht and Blanco 2008). Their closest 
relatives are Hystricidae and Phiomorpha from Africa and Asia (Upham and 
Patterson 2015). At a higher taxonomic level, Ctenohystrica includes these groups 
and Ctenodactylomorphi (Ctenodactylidae + Diatomyidae; Fabre et  al. 2012; 
Upham and Patterson 2015; Patterson and Upham 2014). Caviomorpha are endemic 
to South America, but their ancestors immigrated from Africa probably during the 
Eocene (Antoine et al. 2012; Vucetich et al. 2015) via one or more crossings of the 
South Atlantic, which would have been ~1000–1500 km wide (Houle 1999). Fossil 
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Fig. 16.1 Cladograms representing the relationships of the taxa discussed in the text. (Hopkins 
2008; Korth and Emry 1991; Mercer and Roth 2003). For Ischyromyidae: (a), Topology based on 
Meng (1990) and Asher et al. (2019) and (b), alternative topology based on Asher et al. (2019). The 
symbol † indicates extinct taxa. (c), Cladogram for Ctenohystrica including Caviomorpha follow-
ing different studies (Fabre et al. 2012; Patterson and Upham 2014; Upham and Patterson 2015; 
Kerber et al. 2017; Pérez et al. 2017; Rasia and Candela 2019)

caviomorphs have been recovered from Argentina, Peru, Chile, Bolivia, and Brazil 
(Bertrand et al. 2012).

In this chapter we limit our discussion of extant species to those that have been 
studied from endocasts, since they are known from data that is directly comparable 
to that which can be collected from fossils. Additionally, we note that a full consid-
eration of the brain in living rodents is beyond the scope of this chapter, especially 
considering the amount of work that has been done on mouse and rat brains and 
other rodent animal models.

16.2  Historical Background

16.2.1  The Record of Endocranial Morphology and Any Other 
Paleoneurological Approaches in the Group 
Under Study

Before the widespread use of X-ray Computed Tomographic (CT) data, only a lim-
ited number of partial natural endocasts had been published (see Table 16.1). No 
quantitative data were produced for any of the published natural endocasts of 
rodents except encephalization quotient values for Dolicavia minuscula (Dozo 
1997a). Outside rodents, the publication of natural endocasts for the primitive 
gliroid mammal Rhombomylus turpanensis (Meng et al. 2003) provides a starting 
point for thinking about the early stages of rodent brain evolution. The authors 
described R. turpanensis as having a small and unconvoluted cerebrum and 
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Table 16.1 Natural endocasts of fossil rodents

Family/Suborder Specimen Catalogue # Epoch Locality Reference

Ischyromyidae Reithroparamys 
sciuroides

YPM VPPU 
011555

Eocene North 
America

Scott and 
Osborn (1887) 
and Wood 
(1962)

Ischyromyidae Pseudotomus hians AMNH 5025 Eocene North 
America

Scott and 
Osborn (1887, 
1890) and 
Wood (1962)

Ischyromyidae Ischyromys sp. – Oligocene North 
America

Scott et al. 
(1937)

Cylindrodontidae Pseudocylindrodon 
texanus

TMM 
40840-1

Eocene North 
America

Wood (1974)

Pseudosciuridae Adelomys vaillanti – Eocene Europe Dechaseaux 
(1958)

Theridomyindae Trechomys 
bonduellii

– Eocene Europe Dechaseaux 
(1958)

Castoridae Trogontherium 
boisvilletti

– Pliocene Europe Dechaseaux 
(1958)

Phiomorpha Paraphiomys – Miocene Africa Lavocat (1973)
Caviomorpha Hypsosteiromys sp. MPEF-PV 

6029
Miocene South 

America
Dozo et al. 
(2004)

Caviomorpha Cephalomyidae 
indet.

MACN CH 
909

Miocene South 
America

Dozo (1997b)

Caviomorpha Dolicavia minuscula MMP 386-S Miocene South 
America

Dozo (1997a)

Caviomorpha Metacaremys 
primitiva comb. nov.

PVSJ-LT104 Miocene South 
America

Piñero et al. 
(2021)

cerebellum, broadly exposed midbrain, and large olfactory bulbs compared to 
rodents (Fig. 16.2e). However, no measurements were recorded from the endocast 
for R. turpanensis.

In recent years, virtual endocasts of fossil ischyromyid and sciuroid rodents were 
produced (Fig. 16.2a–d, f–g). More specifically, data were generated for 11 species 
of ischyromyid rodents including several Eocene genera (Paramys, Pseudotomus, 
Notoparamys, Rapamys, Reithroparamys) and species of the Oligocene genus 
Ischyromys typus (Table  16.2; Bertrand and Silcox 2016; Bertrand et  al. 2016a, 
2019). For Sciuridae, virtual endocasts of extant squirrels, the Oligocene squirrels 
Cedromus wilsoni and Protosciurus cf. rachelae were reconstructed (Bertrand et al. 
2017, 2018) and for Aplodontidae, endocasts of the extant Aplodontia rufa, the 
Oligocene Prosciurus relictus and Mesogaulus paniensis were produced (Bertrand 
et al. 2018). Finally, a recent study described virtual endocasts of nine extant and 
two extinct South American caviomorphs: Neoepiblema acreensis and Neoreomys 
australis belonging to the  two clades Chinchilloidea and Cavioidea, respectively 
(Ferreira et  al. 2020). Some quantitative data were provided for all the recently 
published virtual endocasts including endocranial, olfactory bulb and petrosal 
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Fig. 16.2 Variation in midbrain exposure in specimens described in the text. Virtual endocasts of 
(a), Rapamys atramontis (AMNH128704) (Bertrand et al. 2019, (b), Reithroparamys delicatissi-
mus (AMNH 12561) (Bertrand et  al. 2021), (c), Ischyromys typus (AMNH: FAM 144836) 
(Bertrand and Silcox 2016), (d), Rhinosciurus laticaudatus (USNM 488511) (Bertrand et  al. 
2017); (e), Natural endocast of Rhombomylus turpanensis (IVPP V5286) (Modified from Meng 
et  al. 2003); Virtual endocasts of (f), Protosciurus cf. rachelae (YPM 14737) (Bertrand et  al. 
2018), (g), Mesogaulus paniensis (AMNH F:AM 65511) (Bertrand et al. 2018); (h), Drawing of 
the natural endocast of Dolicavia minuscula (MMP 386-S). (Modified from Dozo 1997a). Scale 
equals 10 mm

lobule volumes. However, data for the neocortex have only been generated for 
Sciuroidea and Ischyromyidae.

16.2.2  Problematics

Before the CT scan era, descriptions and comparisons of rodent endocasts were 
extremely limited and no attempts at quantifying the size of the brain of fossil 
rodents was made until the very end of the twentieth century (Dozo 1997a). 
Unfortunately, attempts to acquire quantitative data for natural endocasts has been 
hampered by challenges in locating and identifying material described in historical 
references. One natural endocast of the Oligocene Ischyromys described and illus-
trated by Scott et al. (1937) was of interest, for example, because it shows exposed 
caudal colliculi. One of the authors (OCB) tried to find this natural endocast, but 
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was unable to locate it, in part because no catalogue number was given. A partial 
natural endocast of Reithroparamys sciuroides (YPM VPPU 011555 = Leptotomus 
sciuroides) was mentioned by Scott and Osborn (1887) and Scott and Osborn 
(1890). The authors described the olfactory bulbs but interestingly, when YPM 
VPPU 011555 was borrowed for CT scanning by OCB, the olfactory bulbs were not 
attached to the rest of the endocast, and in fact, were still enclosed inside the cra-
nium. It is unclear if another specimen belonging to the same species was available 
to the original authors.

Despite the increased number of virtual endocasts generated for rodents, the cur-
rent sample is limited to three groups: Ischyromyidae, the Squirrel-related clade and 
Caviomorpha. It is challenging to relate sciuroid/ischyromyid data to the cavio-
morph data. Also challenging is the lack of endocranial data for the earliest rodents, 
which is currently limited to Ischyromyidae. Crania pertaining to the Eocene cteno-
dactyloid rodents Exmus mini (Wible et al. 2005), and Cocomys lingchaensis (Li 
et  al. 1989) are known and the analysis of their endocranial structures could be 
extremely useful for establishing what features are primitive for rodents. 
Additionally, as mentioned above, there is the lack of quantitative data for the 
gliroid R. turpanensis (Meng et al. 2003), the only extinct taxon closely related to 
rodents (besides other fossil Euarchontoglires such as lagomorphs and primates [see 
Silcox et  al. this volume]) with endocranial material known. Another gliroid, 
Matutinia nitidulus (Ting et al. 2002), is known from cranial remains, but has yet to 
be CT scanned.

Beyond gathering additional endocranial data, a better resolved  phylogenetic 
context is crucial to make hypotheses about brain evolution. As previously men-
tioned, the phylogenetic relationships among Ischyromyidae and with other orders 
is still under debate and a robust phylogeny is currently lacking for the group. Also, 
among the main modern divisions of Rodentia it remains unclear which is the most 
basal for the order. Although  the Squirrel-related clade has been recovered most 
often in this position, there is still some measure of support for the two other hypoth-
eses. Mapping the evolution of the brain, or any other biological aspects of 
rodent evolution, will remain challenging until we better understand the deep nodes 
of the rodent phylogeny.

16.3  Overview of General and Comparative Anatomy

16.3.1  Characterization of Cranial Endocast Morphology

 Ischyromyidae

For ischyromyid rodents, endocasts have been generated for three subfamilies: 
Paramyinae (Notoparamys costilloi, Pseudotomus [Ps. horribilis, Ps. hians, Ps. 
oweni, and Ps. petersoni], and Paramys [Pa. delicatus and Pa. copei; Bertrand et al. 
2016a, 2019]); Reithroparamyinae (Rapamys atramontis [two specimens] and 
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Reithroparamys [Re. delicatissimus and R. sciuroides; Bertrand et al. 2019]); and 
Ischyromyinae (Ischyromys typus [Bertrand and Silcox 2016; see Table 16.2]).

Ischyromyid endocasts are similar in terms of overall organization and all dis-
play pedunculated olfactory bulbs, which are separated from the cerebrum by a 
marked circular fissure, suggesting that there was no overlap between these two 
endocranial regions (e.g. Bertrand et al. 2019). The position of the olfactory bulbs 
within the cranium varies among ischyromyid rodents. The olfactory bulbs are 
located above the M2  in Paramyinae (Paramys, Pseudotomus and Notoparamys; 
Fig. 16.3g), whereas in Reithroparamyinae (Reithroparamys and Rapamys) and the 
ischyromyine I. typus, they are located above the M1 (Bertrand and Silcox 2016; 
Bertrand et al. 2016a, 2019). The olfactory bulb volume ratio ranges from 3.2% in 
I. typus to 6.1% in Pa. copei. Generally, members of Paramyinae have relatively 
larger olfactory bulbs (4.1–6.1%, values for Paramys and Pseudotomus) compared 
to members of Reithroparamyinae (3.2–3.8%, Rapamys and Reithroparamys) and 
Ischyromyinae (3.2–3.7%, I. typus).

In terms of the cerebrum, the rostral region does not overlap with the circular 
fissure, which suggests that the frontal lobes were not very well developed. The 
caudal region of the cerebrum also shows limited expansion, and never overlaps 
onto the cerebellum. As a result, the midbrain is always visible in the dorsal view of 
fossil ischyromyid rodents, as in Pa. delicatus (Fig. 16.3a). Variation exists in the 
degree of midbrain coverage; for example, the inferior colliculi are visible in 
Reithroparamyinae (Ra. atramontis, Re. delicatissimus and Re. sciuroides; 
Fig. 16.2a, b) and in the ischyromyine I. typus (Bertrand and Silcox 2016; Bertrand 
et  al. 2019; Fig.  16.2c), whereas in Paramyinae (Paramys, Pseudotomus, and 

Fig. 16.3 General endocranial anatomy for the rodent described in the text; (a, c, e, g), Paramys 
delicatus (AMNH 12506) (Bertrand et al. 2016a); (b, d, f, h), Cedromus wilsoni (USNM 256584) 
(Bertrand et al. 2017). (a) and (b), dorsal; (c) and (d), ventral; (e) and (f), lateral views; (g) and (h), 
lateral views of the endocasts inside translucent crania. Scales equal 10 mm
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Notoparamys), the midbrain is partially exposed with no visible colliculi (Bertrand 
et al. 2016a, 2019; Fig. 16.3a). Although limited preservation can sometimes pre-
vent the identification of the colliculi (e.g., as may possibly be the case for 
Rhombomylus, with its broad expanse of exposed midbrain), in the case of 
Paramyinae, the close approximation of the transverse sinuses and rostral extent of 
the cerebellum in those specimens in which the colliculi are not observed means 
that there would not have been adequate space on the surface of the brain for such 
exposure.

Regarding the presence of sulci on the surface of the cerebrum (Fig. 16.3a), the 
majority of Ischyromyidae sampled display lateral sulci and only N. costilloi and 
Reithroparamyinae (Re. delicatissimus, R. sciuroides and Ra. atramontis) are com-
pletely lissencephalic (Bertrand et al. 2019). The development of neocortical sulci 
appears to be related to the size of the brain, with brains below 5 cc typically being 
lissencephalic in mammals (Macrini et al. 2007). For rodents, both gyrencephalic 
and lissencephalic brains are found in an interval of brain masses between 3 and 
30 cc (Pilleri et al. 1984). All sampled ischyromyids have an endocranial volume 
between 5 and 12  cc. The lissencephalic Rapamys atramontis (6–7  cc) has an 
approximately equivalent endocranial volume compared to I. typus (5–7 cc), which 
displays lateral sulci, showing that there is some variation independent of simple 
size in which taxa exhibit neocortical sulci. In euarchontoglirans, the presence of 
the orbitotemporal canal has been used as a landmark to identify the location of the 
rhinal fissure, which separates the neocortex from the paleocortex (Martin 1990; 
Bertrand et al. 2019). The orbitotemporal canal is visible in all Ischyromyidae sam-
pled, although it is very narrow in I. typus compared to other taxa such as in Pa. deli-
catus (Fig.  16.3e). The position of the orbitotemporal canal varies among 
Ischyromyidae but it is approximately two-thirds of the way down the lateral side of 
the cerebrum except in Pseudotomus for which it appears to be more dorsally posi-
tioned (Bertrand et al. 2019). The orbitotemporal canal is always dorsal to the tem-
poral fossa when the latter is visible in lateral view (see Ps. horribilis, Ps. hians and 
I. typus, AMNH F: AM 144638; Bertrand et al. 2019). The relative neocortical sur-
face area varies among Ischyromyidae. Paramyinae (18–22%), and Re. delicatissi-
mus (17.3%) include some of the lowest neocortical surface area ratios, whereas 
I. typus (20–23%) and Ra. atramontis (23%) are in the upper range of variation for 
Ischyromyidae (Bertrand et al. 2021).

The morphology of the cerebellum is overall similar among Ischyromyidae, with 
the presence in dorsal view of a centrally positioned vermis separated from the lat-
eral cerebellar lobes by the paramedian fissures. The petrosal lobules (=parafloc-
culi) are globular in shape and attached to the rest of the cerebellum by a short stem. 
The cerebellum represents about one-fifth to one-quarter of the total length of the 
endocast in ischyromyid rodents. Quantifying the volume of the entire cerebellum 
is challenging as the boundaries of this part of the brain are not easily identifiable 
on endocasts (Bertrand and Silcox 2016). However, relative size of the petrosal 
lobules has been quantified; they represent 0.6% in the paramyine Ps. petersoni, 
which has the lowest petrosal lobule volume ratio, whereas the reithroparamyine 
Ra. atramontis (AMNH 128704) and Re. delicatissimus display the highest ratios 
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(2.1% and 2.3% respectively; Bertrand et al. 2016a, 2019, 2021). Finally, the fossa 
for the pituitary gland is visible on the surface of all endocasts of Ischyromyidae 
except in Ra. atramontis for which the fossa is not visible despite high quality pres-
ervation (Bertrand et al. 2016a, 2019).

 Sciuroidea

Virtual endocasts of several fossil members of Sciuroidea have been published 
including three squirrel specimens: the cedromurine C. wilsoni, the sciurine Prot. 
cf. rachelae (two specimens), and three aplodontid species: the prosciurines Pros. 
relictus and Pros. aff. saskatchewaensis and the mesogauline M. paniensis (Bertrand 
et al. 2018; Table 16.2). Additionally, virtual endocasts of extant Sciuroidea have 
been published (Bertrand et al. 2017, 2018, 2021).

There is more variation among the members of this group compared to 
Ischyromyidae. However, they all display pedunculated olfactory bulbs, which are 
separated from the cerebrum by the circular fissure. In extant and fossil squirrels, 
and in the aplodontid Prosciurus, the circular fissure in narrower compared to the 
aplodontids M. paniensis and A. rufa (Bertrand et al. 2017, 2018). The position of 
the olfactory bulbs is similar in all fossil Sciuroidea, in which they are located above 
the P4 (Fig.  16.3h). In extant squirrels, they are positioned either above the P4, 
P4-P3 or the diastema, differing from the conditions found in Ischyromyidae (above 
M1-M2) and in A. rufa (above M1). In terms of size, the olfactory bulb volume ratio 
represents 3.0% in the squirrel C. wilsoni and 3.7% to 4.8% in the squirrel Prot. cf. 
rachelae, whereas it corresponds to 3.6% and 3.3% in the aplodontids Pros. relictus 
and M. paniensis respectively (Bertrand et  al. 2018). The olfactory bulb volume 
ratios of extant Sciuroidea overlap with extinct relatives, ranging from 1.64% 
to 4.73%.

The rostral region of the cerebrum covers at least a portion of the circular fissure 
in lateral view in extant and extinct squirrels C. wilsoni (Fig. 16.3f), Prot. cf. rach-
elae, and in the aplodontid Pros. relictus. The opposite pattern is visible in A. rufa 
and M. paniensis in which the circular fissure is quite broad (Fig. 16.2g), suggesting 
that the frontal lobes are not very well developed in these taxa. The caudal region of 
the cerebrum varies among fossil Sciuroidea, with more expansion visible in Prot. 
cf. rachelae, C. wilsoni and Pros. aff. saskatchewaensis compared to Ischyromyidae 
as the midbrain is more visible in the latter taxa (Figs. 16.2f and 16.3b). In extant 
Sciuroidea and in Mesogaulus paniensis, the midbrain is not visible, suggesting 
expansion of the cerebrum (Bertrand et al. 2017, 2018; Fig. 16.2d, g).

In contrast to Ischyromyidae, fossil Sciuroidea, A. rufa, and the majority of 
extant squirrels lack sulci on the surface of the cerebrum, which may relate to their 
low endocranial volume, being between 0.9 and 9.7 cc (Bertrand et al. 2017, 2018). 
However, some extant squirrels display neocortical sulci despite their low endocra-
nial volume, such as Rhinosciurus laticaudatus (4.4 cc) and Callosciurus sp. (7.0cc). 
The flying squirrels Aeromys tephromelas and Petaurista petaurista with high endo-
cranial volumes (11.5 and 12.3  cc respectively) exhibit lateral sulci, while the 
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Callosciurinae R. laticaudatus displays a sylvian sulcus (Fig.  16.2d). A sylvian 
fossa is present in C. wilsoni and in the majority of extant squirrels (Bertrand et al. 
2017; Fig. 16.3d), but is absent in other fossil Sciuroidea and in A. rufa (Bertrand 
et al. 2018). The orbitotemporal canal is clearly visible and broad in most extant 
squirrels, the fossil squirrels C. wilsoni and Prot. cf. rachelae, and in the aplodontid 
Pros. relictus, whereas its presence is hardly distinguishable in some extant flying 
squirrels, M. paniensis and A. rufa (Bertrand et  al. 2018; Bertrand et  al. 2017; 
Fig. 16.3f). The position of the orbitotemporal canal is approximately three-quarters 
of the way down the lateral side of the cerebrum in all fossil Sciuroidea except in 
M. paniensis and A. rufa in which it appears more dorsally located (Bertrand et al. 
2018). In extant squirrels, the position of the orbitotemporal canal is variable, some-
times being similar to C. wilsoni, but it can also be as far as ventral as the ventral 
extent of the lateral side of the cerebrum (i.e. Ratufa affinis and Protoxerus stangeri; 
Bertrand et al. 2017). The orbitotemporal canal is ventral to the temporal fossa in all 
extant and fossil Sciuroidea (Fig. 16.3f) except in M. paniensis, which shows the 
opposite pattern and is therefore similar to the ischyromyid condition. The temporal 
fossa is absent in the extant A. rufa (Bertrand et al. 2018). The neocortical surface 
area ratio is between 30 and 32% in the fossil squirrels C. wilsoni and Prot. cf. rach-
elae, which is higher than in the aplodontids Pros. relictus (29.7%), M. paniensis 
(26.8%) and A. rufa (27.1%; Bertrand et al. 2018, 2021). In extant squirrels, the 
neocortical surface area ratio is higher, being from 33% to 38% (Bertrand et al. 2021).

The morphology of the cerebellum is overall similar to that seen in Ischyromyidae. 
However, some variation can be noted, such as the vermis being better demarcated 
in C. wilsoni, Prot. cf. rachelae, Pros. relictus, and extant squirrels compared to 
M. paniensis and A. rufa, in which the paramedian fissures are not clearly visible. 
The petrosal lobules show the same configuration as in Ischyromyidae; however, 
they are relatively larger in C. wilsoni, Prot. cf. rachelae and Pros. relictus. Relative 
to the overall endocranial volume the petrosal lobules represent 3.2% in C. wilsoni, 
3.0–3.3% in Prot. cf. rachelae and 3.4% in Pros. relictus. In contrast, M. paniensis 
has relatively smaller petrosal lobules compared to other fossil Sciuroidea (1.3%). 
Extant squirrels have a lower petrosal lobule ratio ranging from 0.9% to 2.3%, while 
A. rufa has an even lower ratio of 0.8%. The cerebellum represents about one-fifth 
of the total length of the endocast in fossil Sciuroidea and A. rufa, and one-fifth to 
one-seventh in extant squirrels, which is less than in Ischyromyidae. Cerebellar fis-
sures are visible in both fossil squirrels C. wilsoni and Prot. cf. rachelae, and many 
extant squirrels (e.g. Callosciurinae and Ratufinae), but are absent in fossil 
Aplodontidae (Bertrand et  al. 2017, 2018; Fig.  16.3b). Finally, the fossa for the 
pituitary gland is clearly visible on the endocranial surface of the fossil M. paniensis 
and in a few extant squirrels (Ratufa affinis, Sciurus carolinensis) but  less 
well demarcated in A. rufa. Despite relatively good preservation, this area is not 
visible in other sciuroids (Bertrand et al. 2017, 2018).
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 Caviomorpha

Limited endocranial material has been published on caviomorph rodents. Two vir-
tual endocasts of fossil caviomorphs have recently been analyzed: the chinchilloid 
Neoe. acreensis and the cavioid Neor. australis (Ferreira et al. 2020). A few other 
natural endocasts have also been described: the erethizontoid Hypsosteiromys sp., 
the chinchilloid Cephalomyidae indet., the cavioid Dolicavia minuscula, and 
Metacaremys primitiva comb. nov. (Fig. 16.3h; Dozo 1997a, b; Dozo et al. 2004; 
Piñero et al. 2021). Additionally, 14 virtual endocasts of extant caviomorph rodents 
have been published (Ferreira et al. 2020; Piñero et al. 2021 but see also, Ferreira 
et al. 2022).

Most extant caviomorph specimens, the chinchilloid Neoe. acreensis, and the 
cavioid Neor. australis display pedunculated olfactory bulbs, which are separated 
from the cerebrum by the circular fissure. In the cavioid D. minuscula, the chinchil-
loid Cephalomyidae indet., the erethizontoid Hypsosteiromys sp. and in the extant 
Coendou spinosus, the olfactory bulbs appear to be directly connected to the cere-
brum and there is no clearly demarcated olfactory tract. The olfactory bulb volume 
for Neor. australis represents 3.3% of the total endocranial volume and ratios for 
extant taxa range from 1.5% to 3.6% (based on the volumes provided in Ferreira 
et al. (2020). The olfactory bulbs are not preserved in Metacaremys primitiva comb. 
nov. and quantitative data on the olfactory bulbs were not obtained for extant 
Octodontidae, Abrocoma, and Echimyidae (Piñero et al. 2021).

The rostral region of the cerebrum covers the circular fissure in the cavioid 
D. minuscula (Fig. 16.2h) and to a lesser degree in the chinchilloid Neoe. acreensis 
and the cavioid Neor. australis (Ferreira et al. 2020). In contrast, the circular fissure 
is uncovered in extant caviomorphs. The caudal region of the cerebrum appears to 
be expanded, as the midbrain is covered in all extinct and extant caviomorph endo-
casts under study, except perhaps in the chinchilloid Cephalomyidae indet. in which 
the midbrain might be exposed (ambiguous [likely as a result of preservation] based 
on the drawing from Dozo 1997b) and Metacaremys primitiva comb. nov. in which 
the midbrain presence cannot be assessed because of limited preservation of the 
area (Piñero et al. 2021).

Sulci are present on the cerebral surface of caviomorph endocasts. Lateral and 
suprasylvian sulci are visible on the endocast of the chinchilloid Neoe. acreensis 
and the cavioid D. minuscula and in the extant Lagostomus maximus, Dinomys 
branickii, and Hydrochoerus hydrochaeris (Dozo 1997a; Ferreira et  al. 2020). 
Lateral sulci are visible in Octomys mimax, Abrocoma cinerea, Euryzygomatomys 
spinosus, and Kannabateomys amblyonyx (see Fig.  2  in Piñero et  al. 2021). 
Additionally, a pseudosylvian sulcus is visible in D. minuscula (Dozo 1997a). 
Despite its high endocranial volume (12.6 cc), the cavioid Neor. australis is lissen-
cephalic, similar to its close relative the smaller extant Cavia porcellus (4.5 cc). 
Interestingly, the endocast of D. minuscula displays more sulci than Neoe. acreensis 
in spite of the former being much smaller (5.7 cc vs. 47.2 cc). The erethizontoid 
Coendou spinosus appears to display some sulci but they cannot be easily identified. 
Other extant caviomorphs, Dasyprocta sp., Lagostomus maximus, Chinchilla 
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lanigera, Dinomys branickii, Myocastor coypus, H.  hydrochaeris and Phyllomys 
dasythrix, all display a lateral sulcus and have endocranial volumes ranging from 
2.6 and 94.8 cc. This suggests that the presence of sulci might not be correlated to 
endocranial volume in caviomorphs. The orbitotemporal canal is not visible on any 
of the extinct and extant caviomorph endocasts and no quantification of the neocor-
tex has been attempted for these specimens.

The vermis is separated from the lateral lobes of the cerebellum by the parame-
dian fissure visible on the endocast of extant caviomorphs, the cavioid Neor. austra-
lis and D. minuscula, the octodontoid Metacaremys primitiva comb. nov. and in the 
chinchilloid Cephalomyidae indet. The cavioid Cavia porcellus is the exception as 
it does not display a clear paramedian fissure on its endocast (Ferreira et al. 2020). 
The cerebellum is not well enough preserved in Neoe. acreensis nor in Hypsosteiromys 
sp. to make any comparisons (Dozo et al. 2004). The petrosal lobules are present in 
all extant caviomorphs (except Coendou spinosus) and the cavioid Neor. australis 
but their size was not estimated (Ferreira et  al. 2020; Piñero et  al. 2021). These 
structures are not visible on the natural endocast of Metacaremys primitiva comb. 
nov. because of limited preservation (Piñero et al. 2021). Petrosal lobule volumes 
were measured for six caviomorphs including one fossil, the octodontoid 
Prospaniomys priscus (Arnaudo et al. 2020). The cerebellum represents about one- 
quarter to one-third of the total length of the endocast in Neor. australis, Cavia 
porcellus, Chinchilla lanigera and Cephalomyidae indet, whereas it is less than 
one-quarter in Neoe. acreensis, D. minuscula, and other extant taxa. Linear mea-
surements were not provided for the endocasts described in Piñero et al. (2021). 
Cerebellar fissures are present in D. minuscula (Dozo 1997a), Chinchilla lanigera 
and Phyllomys dasythrix (see supplementary figures from Ferreira et al. 2020) and 
also in Metacaremys primitiva comb. nov. and extant Octodontidae, Abrocoma, and 
Echimyidae (See Fig. 2 in Piñero et al. 2021). The fossa for the pituitary gland is 
visible in nearly all extant taxa, Neor. australis and Neoe. acreensis (Ferreira et al. 
2020) but not always well demarcated on the endocranial surface. The fossa is not 
visible (despite good preservation) in extant Octodontidae, Abrocoma, and 
Echimyidae (See Fig. 2 in Piñero et al. 2021). Because of lack of preservation, it is 
unclear if the fossa was present in Metacaremys primitiva comb. nov. (See Fig. 2 in 
Piñero et al. 2021).

16.3.2  Spaces Associated with Cranial Nerves 
and Blood Supply

Various casts of the openings for the cranial nerves are present and similarly posi-
tioned on the ventral surface of the endocasts of the sampled specimens (Fig. 16.3). 
The optic foramina, through which the optic nerves (II) exit, are positioned rostro- 
ventrally. The passageway for the trigeminal nerve (V) and its three branches are 
located behind the optic foramina. The maxillary nerve V2 exits through the 
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foramen rotundum, whereas the ophthalmic V1 exits through the sphenorbital fis-
sure with the ophthalmic veins and cranial nerves III (oculomotor), IV (trochlear), 
and VI (abducens) in all taxa except for I. typus, M. paniensis, Pros. relictus, Neor. 
australis, N. acreensis and extant caviomorphs. In those taxa, the foramen rotundum 
cannot be distinguished from the sphenorbital fissure and is presumably absent 
(Fig. 16.3d; see supplementary figures in Ferreira et al. 2020; Piñero et al. 2021). 
The foramen rotundum and sphenorbital fissure are conjoined but represent distinct 
openings in almost all other Sciuroidea and Ischyromyidae specimens that preserve 
this region (Wahlert 1974; Bertrand et al. 2017, 2018; Ferreira et al. 2020), as is the 
primitive condition for eutherians (Novacek 1986). In A. rufa, the foramen rotun-
dum is separated from the sphenorbital fissure (Bertrand et al. 2018). The mandibu-
lar nerve (V3) would have passed through both the foramen ovale and foramen ovale 
accessorius in Ra. atramontis, I. typus, Pros. relictus, Prot. cf. rachelae, and C. wil-
soni. In contrast, M. paniensis, A. rufa and the genera Paramys and Pseudotomus 
lack this configuration, so V3 would have passed through the foramen ovale only 
(Wahlert 1974; Bertrand et al. 2018, 2019). Both conditions are present in extant 
squirrels (see supplementary table from Bertrand et al. 2018). In all rodents sam-
pled, two foramina transmit two branches of the mandibular nerve (V3): the masse-
teric and the buccinator nerves (Fig. 16.3c; Wahlert 1974), except for I. typus in 
which distinct foramina for these nerves are absent (Bertrand and Silcox 2016; 
Bertrand et al. 2018). The foramina for the masseteric and buccinator nerves remain 
separated in all Ischyromyidae, M. paniensis, and A. rufa. The passageways for 
these nerves are confluent in Pros. relictus, Prot. cf. rachelae, C. wilsoni and in all 
extant squirrels except Heliosciurus rufobrachium and Pteromys volans in which 
the passage for each branch remains separated from one another and lead to two 
separate foramina (Bertrand et al. 2017, 2018). The condition for the configuration 
of V3 and associated branches is uncertain for extant and fossil caviomorphs. The 
masseteric and buccinator branch casts appear absent in all caviomorphs (see 
Ferreira et al. 2020; Piñero et al. 2021). Caudal to these foramina, casts of the inter-
nal auditory meatus, with passageways for cranial nerves VII (facial) and VIII (ves-
tibulocochlear), are located rostro-ventral to the petrosal lobules in all specimens 
(Fig. 16.3d). The cast of the jugular foramen, which corresponds to the passageway 
of the internal jugular vein and cranial nerves IX (glossopharyngeal), X (vagus), XI 
(accessory), is positioned ventral to the caudal end of the petrosal lobules in all taxa. 
One hypoglossal foramen, through which passed the hypoglossal nerve (XII), is 
present on each side of the brainstem in all sampled specimens (Fig.  16.3d). In 
I. typus, Ps. oweni, A. rufa and several extant squirrels, two pairs of foramina are 
present (Bertrand et al. 2016a, 2018, 2019). Based on the published virtual endo-
casts of extinct and extant caviomorph rodents, it is unclear if one or more foramina 
are present on each side.

The intracranial dural sinus system of the rodents sampled is typical of therian 
mammals (Wible and Rougier 2000). With regards to the venous system, the supe-
rior sagittal sinus is visible and continuous with the transverse and sigmoid sinuses, 
which then connect with the jugular foramina in specimens that preserve those 
structures. The cast for the internal jugular vein is also continuous with the cast of 

16 Brain Evolution in Fossil Rodents: A Starting Point



660

the inferior petrosal sinus in all specimens (Bertrand et al. 2018; Fig. 16.3c, d). The 
postglenoid foramen transmits the postglenoid vein that branches off the external 
jugular vein (Novacek 1986; Meng et al. 2003) and is positioned dorsally from the 
casts of the internal auditory meatus in all taxa (Fig. 16.3b). The condition for this 
feature is not known for extinct and extant caviomorphs and was not studied by 
Ferreira et al. (2020) or Piñero et al. (2021).

Regarding the arterial system, a trace of the passage for the main internal carotid 
artery is visible on the ventral surface of the endocast near the proximal part of the 
inferior petrosal sinus of Paramys, Pseudotomus and Rapamys but is not preserved 
in Ischyromys, Reithroparamyinae and extant and extinct Sciuroidea (Fig. 16.3c). 
The stapedial artery, a branch of the internal carotid artery (Bugge 1985), enters the 
endocranial cavity through the stapedial foramen (Wible and Shelley 2020) in 
rodents and the distal stapedial artery cast can be traced (see terminology in Wible 
and Shelley 2020) in almost all Ischyromyidae and Sciuroidea (Fig. 16.3f). This 
cast is not visible despite good preservation of the area in I. typus, M. paniensis, 
A. rufa, and two extant flying squirrels Pteromyscus pulverulentus and Petinomys 
setosus (Bertrand and Silcox 2016; Bertrand et al. 2018, 2019). The distal stapedial 
artery and the facial nerve (VII) appear to have occupied a common canal for a short 
distance in fossil Sciuroidea, several extant squirrels and Ischyromyidae except for 
Paramys in which they remained separated (Bertrand et al. 2016a; Wible and Shelley 
2020). Some extant squirrels show another condition in which the passage of the 
stapedial artery and the facial nerve are separated by a thin plate of bone (Bertrand 
et al. 2017). The distal stapedial artery divides into the ramus superior and ramus 
inferior in rodents (Wible and Shelley 2020). The presence of a branch of the ramus 
superior, the ramus temporalis, is a primitive feature for eutherians (Wible 1987). 
All extant and extinct rodents sampled have at least one ramus temporalis with the 
exception of I. typus, Prot. cf. rachelae, A. rufa and three extant squirrels (Petinomys 
setosus, Tamias minimus, and Protoxerus stangeri) for which this vessel is absent 
(Bertrand and Silcox 2016; Bertrand et  al. 2017). Paramys, Pseudotomus and 
M. paniensis have two rami temporales whereas the remaining taxa only have one 
on each side (Bertrand et al. 2018; Fig. 16.3e). The condition for the internal carotid 
artery system has not been studied using endocasts of caviomorph rodents.

16.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

16.4.1  Morphological Brain Diversity

Based on the knowledge that we have gathered from the various endocasts, we can 
start making some inferences about brain evolution from early ischyromyid rodents 
to more derived Sciuroidea. Because of the limited amount of available material for 
Caviomorpha, we will not make morphological evolutionary deductions. The 
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endocasts of Ischyromyidae share likely ancestral features also present in other fos-
sil members of Euarchontoglires such as the gliroid R. turpanensis, plesiadapiform 
primates, apatemyids and stem lagomorphs (Meng et al. 2003; Silcox et al. 2009, 
2010, 2011; López-Torres et al. 2020). All these taxa have pedunculated olfactory 
bulbs, a circular fissure not covered by the frontal lobes, and a midbrain not covered 
by the caudal region of the cerebrum. These features were presumably present in the 
ancestor of Euarchontoglires as they are also visible in other early members of the 
group (see Silcox et al. this volume).

The tectum of the midbrain (dorsal part) consists of the tectal lamina, which 
consists of the superior and inferior colliculi. The superior colliculi play a role in 
visual reflexes and the inferior colliculi in acoustic reflexes (Christensen and Evans 
1979). The presence of visible colliculi in the midbrain area might be related to 
preservation but could also be due to other factors. The exposure of the inferior col-
liculi in Reithroparamyinae could represent a primitive condition, associated with a 
short cerebrum that simply does not cover these structures. However, it is worth 
noting that Paramyinae do not have visible colliculi but do have a midbrain that is 
exposed between the cerebrum and cerebellum (Bertrand et  al. 2019). Edinger 
(1964) cautioned against viewing exposed inferior colliculi as a primitive trait in 
mammals and suggested that ‘extensive’ midbrain exposure (with visible inferior 
colliculi) could be a derived feature linked to increase in auditory acuity. The 
Oligocene I. typus variably exhibits exposed inferior colliculi, which may reflect a 
lack of expansion of the neocortex but could alternatively be associated with 
enlargement of these structures. A parallel conclusion could be drawn for the supe-
rior colliculi (possibly visible in one specimen of Ra. atramontis; Bertrand et al. 
2019), which are associated with visual reflexes (Christensen and Evans 1979).

There are fundamental morphological changes occurring from basal 
Ischyromyidae to more derived Sciuroidea. Ischyromyidae exhibit olfactory bulbs 
that are above the M2 and M1, whereas in extant and extinct sciuroids they are 
above the P4, P4/P3 and/or the diastema (Bertrand et al. 2018). These differences 
might stem from changes in the proportions of the cranium among Ischyromyidae 
and Sciuroidea, suggesting that the endocranial cavity is proportionally becoming 
bigger compared to the rest of the cranium in Sciuroidea. Additionally, the rostrum 
may have also shortened in the transition from Ischyromyidae to Sciuroidea. In 
contrast to Ischyromyidae, the frontal lobes and caudal region of the cerebrum cover 
the circular fissure and midbrain respectively at least partially in fossil sciuroids. 
The position of the orbitotemporal canal is also more ventral, located below the 
temporal fossa, in extant and extinct Sciuroidea compared to Ischyromyidae, sug-
gesting an overall expansion of the neocortex. The Miocene aplodontid M. panien-
sis and extant A. rufa display a different pattern and in some ways more closely 
resemble ischyromyid rodents in having an uncovered circular fissure and an orbi-
totemporal canal positioned dorsal to the temporal fossa. This would suggest a 
reduction in the size of the neocortex.

Parallel fissures on the cerebellum are only visible on the surface of the endocast 
of extant and extinct squirrels (Fig.  16.3b) and are absent in Ischyromyidae and 
Aplodontidae, suggesting an increase in the complexity of this region in the 
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Sciuridae. An increase in cerebellar complexity (i.e., more fissures) leads to infor-
mation being processed faster and an increase in functional specialization (Sillitoe 
et al. 2005). The cerebellum is partly responsible for eye and head movements as 
well as balance, posture and limb control (Cerminara and Apps 2011). Therefore, 
these functions may have been enhanced in early squirrels. Alternatively, the 
absence of these fissures could be due to preservation.

16.4.2  Brain-Size Evolution and Encephalization Quotient

Quantitative volumetric data on extant and extinct rodent endocasts have been pub-
lished for Ischyromyidae, Sciuroidea and Caviomorpha. To make meaningful com-
parisons among brain volumes of different species, it is necessary to take body mass 
into consideration (Fig. 16.4a). The encephalization quotient (EQ), has been used 
for decades for this specific purpose. However, it has become clear that the original 
equation conceived by Jerison (1973) might be problematic due to the low sample 
size upon which it was based. Indeed, some recent work showed that phylogeny has 

Fig. 16.4 Relationship 
between brain and body 
mass for Sciuridae, 
Aplodontidae and 
Ischyromyidae, and 
encephalization quotients 
for Ischyromyidae, 
Sciuridae and 
Aplodontidae. (a), 
bivariate plot of log10 
(endocranial volume) vs 
log10 (body mass). The 
regression line corresponds 
to extant Sciuridae; (b), 
boxplot of EQs based on 
Pilleri et al.’s (1984) 
equation. Volumes are in 
mm3 and body mass in 
grams. Data used for 
generating the plots are 
presented in Appendix 1
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an impact on the scaling of the brain relative to body size (Burger et al. 2019), sug-
gesting that an ordinally specific equation might be more appropriate for compari-
sons within an order. Pilleri et al. (1984) created an equation specifically designed 
for rodents, which is therefore more appropriate for examining relative brain size 
variation within our sample than the original Jerison (1973) equation. As mentioned 
above, body mass is part of the equation that determines EQ; therefore, its estima-
tion will have a great impact on the results for fossil taxa. Equations based on cra-
nial dimensions have been produced for rodents using a sample of 203 specimens 
from all three clades (Bertrand et al. 2016b). The advantage of using cranial dimen-
sions is that the body mass estimate derives from the specimen for which the EQ is 
to be determined. The best estimator of body mass in rodents appears to be cranial 
length (r2 = 0.96) and so that variable was used to obtain EQs for the majority of 
Ischyromyidae and Sciuroidea (e.g. Bertrand et al. 2016a, 2017, 2019). When cra-
nial length was not available, cheek-tooth area was used instead (r2 = 0.94; Bertrand 
et al. 2016b).

An increase in EQ through time has been shown to occur in several mammalian 
orders (Jerison 1973; Radinsky 1976; Gurche 1982; Silcox et al. 2010; Orliac and 
Gilissen 2012; Yao et al. 2012) but recent studies on rodent brain evolution have 
suggested that this pattern was not consistently present in Rodentia (i.e. some older 
specimens have higher EQs than some younger specimens; Bertrand and Silcox 
2016; Bertrand et al. 2016a, 2017). For example, the early Eocene Pa. copei had a 
higher EQ compared to the late middle Eocene Ps. petersoni. A regression showing 
EQ through time using Ischyromyidae, C. wilsoni and extant members of the 
Squirrel-related clade, revealed a weak, but statistically significant relationship 
between EQ and time (r2 = 0.22; Bertrand et al. 2019). This analysis was based on a 
very limited sample and this issue should be reassessed with fossil members of all 
rodent groups.

Pilleri et al. (1984) obtained the EQ for 269 rodents from all rodent clades except 
Anomaluromorpha and found a relationship between ecological parameters and 
EQ. For example, members of the Squirrel-related clade with a low EQ are usually 
terrestrial, gregarious and/or nocturnal animals, whereas those with a high EQ are 
arboreal, solitary and/or diurnal. More generally, rodents with higher EQ are arbo-
real, taxa with medium EQ are terrestrial or semiaquatic, whereas fossorial species 
have a lower EQ (Pilleri et al. 1984). Other studies have made a similar conclusion 
that EQ may vary as a function of locomotion in extant rodents (e.g. Mace et al. 
1981; Roth and Thorington 1982; Meier 1983; Bertrand et al. 2021).

So far, there are some indications that EQ varies with locomotion in fossil taxa, 
although the interpretation of this signal is complicated by the possible temporal 
effect on brain size. Paramys copei has the highest EQ among fossil ischyromyids, 
which could be related to its scansorial adaptations (Wood 1962; Rose and Chinnery 
2004; Prufrock et al. 2021). Pseudotomus and I. typus have been reconstructed as 
fossorial (Scott et al. 1937; Dunn and Rasmussen 2007) and have EQs lower than 
calculated for the arboreal fossil squirrel C. wilsoni, and extant sampled squirrels 
(Fig. 16.4b). The early and late Oligocene fossil squirrels C. wilsoni and Prot. cf. 
rachelae have higher EQs compared to the early Oligocene fossorial I. typus. No 
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postcrania have been published for C. wilsoni, but its semicircular canals are similar 
in relative size to those of arboreal species, which means that C. wilsoni may have 
lived a comparable lifestyle (Bhagat et al. 2021). Protosciurus cf. rachelae is con-
sidered to be arboreal (Emry and Thorington 1982; Steppan et al. 2004; Korth and 
Samuels 2015; Rocha et al. 2016) and the postcranial elements of Prot. cf. rachelae 
appear to be very similar to those of the fossil Douglassciurus jeffersoni and the 
extant Sciurus, both known for displaying arboreal adaptations (Korth and Samuels 
2015). It is worth noting that the semicircular canals of Prot. cf. rachelae indicate 
that the specimen was as agile as C. wilsoni and Sciurus carolinensis (Bhagat et al. 
2021). This would suggest that high EQ might be related to arboreality in fossil and 
modern squirrels. A similar conclusion was obtained by Bertrand et al. (2021) who 
used the phylogenetic encephalization quotient (PEQ; Ni et  al. 2019) that takes 
phylogenetic relationships into account. The fact that fossil arboreal squirrels have 
not reached the EQ of related modern arboreal taxa could be due to a temporal effect 
on EQ (Fig. 16.4b; Bertrand et al. 2021). Based on these results, EQ is likely to be 
influenced by both temporal and ecological factors.

A different pattern emerges with respect to EQ temporal variation in aplodontids. 
A decrease in relative brain size occurred from Pros. relictus to the later-occurring 
M. paniensis (Bertrand et al. 2018). Results from the semicircular canals show that 
Pros. relictus was very agile and therefore may have been arboreal (Bhagat et al. 
2021). Mesogaulus paniensis has been reconstructed as highly specialized for fos-
sorial life, in contrast to early members of the group showing more squirrel-like 
lifestyles (Hopkins 2005, 2008). The low EQ of M. paniensis could be associated 
with its more fossorial locomotion compared to Pros. relictus (Bertrand et al. 2018). 
Using ancestral state reconstruction (ASR) methods, Bertrand et al. (2021) showed 
that PEQ started to increase at the Sciuroidea node and that this shift may be related 
to arboreality.

A recent study noted that the late Miocene caviomorph Neoe. acreensis exhibited 
a relatively small brain compared to its body size (Ferreira et al. 2020). The authors 
speculated that it could be related to the fact that this species and other giant rodents 
evolved in isolation when South America was separated from the other continents 
(Pascual et al. 1990). During this time, large predators were absent, which may have 
allowed the evolution of large mammals such as rodents with relatively small brains 
(Ferreira et al. 2020), as large brains are expensive to maintain, and high computa-
tional power might not be required in the absence of predators.

16.4.3  Sensory Evolution: Vestibular Sense, Vision, Hearing, 
Olfaction, Taste, etc.

Variation in EQ might be related to proportional changes in different regions of the 
endocast. The relative size of three distinct parts of the endocast can be estimated: 
the olfactory bulb volume, the petrosal lobule volume, and the neocortical surface 
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area. The size of the neocortex and the petrosal lobules have not been systematically 
quantified for any rodent groups other than sciuroids and ischyromyids.

The neocortical surface area ratio is higher in fossil squirrels (Fig. 16.5a), and the 
caudal part of the neocortex where the visual cortex is located (Krubitzer et  al. 
2011) is expanded in the early arboreal sciuroids Pros. aff. saskatchewaensis, C. wil-
soni and Prot. cf. rachelae compared to the fossorial I. typus from the same epoch 
(Bertrand and Silcox 2016; Bertrand et al. 2017, 2018). Only a very short portion of 
the midbrain is visible in fossil Sciuroidea, which would suggest that expansion of 
the cerebrum occurred from Ischyromyidae to Sciuroidea (Bertrand et  al. 2018, 
2019) and that early squirrels and early aplodontids may have had enhanced vision 
compared to their ischyromyid ancestors (Bertrand et  al. 2017, 2018). However, 
Bertrand et  al. (2021) showed that neocortical expansion started before the 

Fig. 16.5 Endocranial changes in Ischyromyidae and Sciuroidea. (a), bivariate plot of log10 (neo-
cortical surface area) vs log10 (endocranial surface area); (b), boxplot of the neocortical surface 
area percentage ratio; (c), bivariate plot of log10 (petrosal lobule volume) vs log10 (endocranial 
volume); (d), boxplot of the petrosal lobule volume percentage ratio. The regression line corre-
sponds to extant Sciuridae. Volumes are in mm3 and surface areas in mm2. Data used for generating 
the plots are in Appendix 1
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Sciuroidea node in their ASR analyses. This would suggest that neocortical expan-
sion could have facilitated the transition to arboreal life in early sciuroid rodents as 
better vision may be critical in the complex 3D environment of the trees (Bertrand 
et  al. 2017). In Aplodontidae, a different pattern emerges with neocortical size 
decreasing through time. A reduction in the relative size of the caudal part of the 
cerebrum, where the visual cortex is located, is apparent in M. paniensis compared 
to Pros. aff. saskatchewaensis, Prot. cf. rachelae, C. wilsoni and modern squirrels. 
This could be the result of a specialization to a more fossorial life as vision might 
be less crucial when living underground rather than in the trees (Fig. 16.5a; Bertrand 
et al. 2018, 2021).

The petrosal lobules play a role in head coordination (vestibulo-ocular reflex) 
and the stabilization of eye position and movement when tracking an object (smooth 
pursuit; Rambold et  al. 2002; Voogd and Wylie 2004; Waespe et  al. 1983). The 
petrosal lobules of Ischyromyidae are smaller compared to those of Oligocene fossil 
Sciuroidea and an expansion in the relative size of these structures may have 
occurred in early Sciuroidea (Fig. 16.5c, d; Bertrand et al. 2017, 2018, 2019). Based 
on the ASR of the petrosal lobule volume ratio, Bertrand et al. (2021) showed a 
similar pattern to the neocortex with an increase occurring before the Sciuroidea 
node, suggesting that petrosal lobule expansion may have had a role in the transition 
to a life in trees, providing advantageous enhanced vision to these early tree dwell-
ers (Bertrand et  al. 2017). In more derived aplodontids, the petrosal lobules 
decreased in relative size (Fig. 16.5c, d), which could be related to becoming fosso-
rial, as less balance and eye movement coordination may be required when living 
underground (Bertrand et al. 2018, 2021). Although this would seem to contradict 
the findings of a recent study, which found a lack of relationship between the size of 
the subarcuate fossa (=petrosal lobule) and locomotion in birds and mammals 
(Ferreira-Cardoso et al. 2017), this analysis was very limited in the number of spe-
cies analyzed per order (e.g. 11 rodents). In another study, it was deduced that the 
relatively small petrosal lobules (=subarcuate fossa) in the octodontid Ctenomys 
could be related to subterranean specialization where high agility and mobility are 
not required. In contrast, the semi-aquatic Myocastor has large petrosal lobules that 
might be associated with the fact that it lives in a more complex environment 
(Arnaudo et al. 2020). A more recent study that limited their sample to Sciuroidea 
found that arboreal and scansorial taxa had larger petrosal lobules compared to fos-
sorial species (Bertrand et al. 2021). Therefore, results suggest that it is possible to 
identify evolutionary changes associated with ecology in the relative size of the 
petrosal lobules when examined in the context of the evolutionary trajectories within 
a particular group.

The volume of the olfactory bulbs has been quantified for Sciuroidea, 
Ischyromyidae and some caviomorph rodents (Bertrand et al. 2017; Bertrand et al. 
2018, 2019; Ferreira et al. 2020). A decrease in the relative size of the olfactory 
bulbs has been observed through time in Ischyromyidae and Sciuroidea (Fig. 16.6a). 
However, this relative decrease is probably a reflection of neocortical expansion 
through time in extant squirrels, suggesting that the olfactory bulb volume may have 
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Fig. 16.6 Relationship 
between the olfactory 
bulbs and endocranial 
volume for Sciuroidea and 
Ischyromyidae. (a), 
boxplot of the olfactory 
bulb percentage ratio; (b), 
bivariate plot of log10 
(olfactory bulb volume) vs 
log10 (endocranial volume). 
The regression line 
corresponds to extant 
Sciuridae. Volumes are in 
mm3. Data used for 
generating the plots are in 
Appendix 1

stayed stable through time but represents a smaller proportion of the brain in extant 
squirrels (Bertrand et al. 2018).

The semicircular canals of the bony labyrinth are located in the petrosal bone and 
surround the petrosal lobules (when present). Previous studies have focused on the 
relationship between the semicircular canal size and locomotor agility because of 
their role in detecting angular acceleration of the head (Spoor and Zonneveld 1995). 
A recent study using a wide range of linear and angular measurements on the semi-
circular canals of extant mammals found that fossorial taxa had a higher vestibular 
sensitivity compared to flying and gliding species. The authors suggested that the 
nervous system of gliding squirrels might be flooded with less sensory information 
to prevent overstimulation of the vestibular system (Pfaff et al. 2015). More recently, 
Bhagat et al. (2021) used the radius of curvature dimensions to investigate the loco-
motor behaviour of fossil sciuroid and ischyromyid rodents. Ischyromyinae 
(Ischyromys) and Paramyinae (Paramys and Pseudotomus) are reconstructed as 
slower compared to Reithroparamyinae (Rapamys and Reithroparamys). The fossil 
squirrels Cedromus, Protosciurus and the early aplodontid rodent Prosciurus have 
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higher agility scores, in the range of extant arboreal squirrels, while the later aplo-
dontid taxon Mesogaulus and the extant Aplodontia have semicircular canal dimen-
sions consistent with slower locomotion. These results are consistent with previous 
work using postcranial data to determine locomotor mode (e.g. Korth and Samuels 
2015; Hopkins 2005; Wood 1962; Rose and Chinnery 2004; Dunn and 
Rasmussen 2007).

Concerning the cochlea, this portion of the inner ear has been identified as less 
coiled in the fossil caviomorph Prospaniomys compared to extant taxa. Arnaudo 
et al. (2020) deduced that it might be because of its Miocene age, suggesting that the 
cochlea may have become more coiled through time in caviomorphs. However, data 
from more fossil taxa will be necessary to test this hypothesis. The length of the 
basilar membrane (=length of the cochlea) has been used to explore the frequency 
hearing range of mammals (West 1985). Two extant taxa, Abrocoma and Ctenomys, 
both have long basilar membranes suggesting enhanced low-frequency hearing that 
might be related to living in arid or underground environments respectively 
(Arnaudo et al. 2020).

Turbinal bones have been used to estimate olfactory, heat and water conservation 
capabilities (Van Valkenburgh et al. 2014). Rodents that feed on worms have a ten-
dency to display larger and more elaborated olfactory turbinates compared to other 
dietary categories (i.e. carnivores and omnivores). Vermivorous species that have 
this olfactory specialization also exhibit a decrease in the size of the respiratory 
turbinates, which may indicate reduced heat and water conservation abilities 
(Martinez et al. 2018). Other mammals show the opposite pattern. Another study 
investigated how the aquatic environment may have influenced the evolution of tur-
binates in small mammals including rodents. The authors confirmed that amphibi-
ous species have reduced olfactory but expanded respiratory turbinates, which 
enable them to more efficiently regulate their temperature during respiration while 
being under water (Martinez et al. 2020).

16.5  Future Directions: Outstanding Questions 
and Perspectives

Many questions remain to be answered about rodent brain evolution. Only a limited 
sample of specimens has been studied so far in comparison to the dazzling diversity 
of living rodents.

A recent study using geometric morphometrics showed that different families of 
rodents (Sciuridae, Aplodontidae, Gliridae, Ischyromyidae) each shared certain 
commonalities in terms of shape, suggesting that phylogeny had an impact on over-
all endocranial morphology in the sampled taxa (Bertrand et al. 2019). The same 
study showed that locomotor behavior may also have impacted endocranial shape. 
Indeed, fossorial aplodontids converged with Ischyromyidae in some aspects of 
endocranial shape (i.e. leading them to occupy a similar position in the 
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phylomorphospace) and were more similar to this group than to their closest rela-
tives, the squirrels. This line of research could be expanded to other rodent clades to 
investigate whether or not these results are characteristic of rodents in general or are 
specific to certain groups.

The relationship between locomotor behavior and different regions of the brain 
has only been explored in Sciuroidea and Ischyromyidae (Bertrand et al. 2018). The 
relative size of different areas of the brain has not been systematically estimated 
when endocasts of rodents have been published. For example, only the volume of 
the olfactory bulbs (and not of the petrosal lobules or the neocortical surface area) 
were reported for caviomorph rodents (Ferreira et al. 2020). In the future, gathering 
these data will be crucial to test the hypotheses emerging from the study of 
Sciuroidea and Ischyromyidae in other groups to see whether these findings can be 
generalized to Rodentia.

Another factor that will need to be investigated is the relationship between diet 
and endocranial size. Hypotheses have been formulated for extant Primates, with 
data supporting the inference that frugivorous species tend to have relatively larger 
brains compared to folivorous taxa (DeCasien et al. 2017), whereas in fossil pri-
mates, frugivores exhibits a higher neocortical ratio than folivores (Long et  al. 
2015). We know virtually nothing about the diet of Ischyromyidae and fossil 
Sciuroidea, or about the presence or absence of an effect of a specific diet on the 
brain evolution of rodents. First and foremost, a modern sample will be required to 
establish the relationship between diet and dental topography in rodents, as has been 
done to deduce the diets of fossil primates (Boyer 2008; Bunn et al. 2011).

Inner ear data have been published for some rodents including some fossils 
(Bhagat et al. 2021), and in particular for the semicircular canals, which provide 
information about the agility of an animal. Quantification of functional aspects of 
the cochlea are lacking and we have no knowledge of the hearing range capacity of 
extinct rodents. Additionally, a previous study has shown that the 3D shape of the 
inner ear may be influenced by phylogeny and ecology in musteloid carnivores 
(Grohé et al. 2016). This hypothesis would be interesting to test considering the 
relationship found between locomotion and brain shape in Ischyromyidae and the 
Squirrel-related clade (Bertrand et al. 2019).

Finally, we still have very little knowledge of the earliest representatives of 
Rodentia in Asia and more taxa should be sampled such as the ctenodactyloid rodent 
E. mini (Wible et al. 2005), and C. lingchaensis (Li et al. 1989) to have a better 
representation of the primitive condition for rodents. Ultimately, a major problem 
that we are facing is the fact that the oldest cranial material available for rodents is 
early Eocene in age; specifically the oldest endocast known currently is for the 
ischyromyid N. costilloi, which is too flattened to obtain any quantitative data 
(Bertrand et al. 2019). Rodents appear in the fossil record during the late Paleocene 
in North America (Dawson 2015) but no three-dimensionally preserved crania have 
been described so far. The study of Paleocene fossil mammals (Napoli et al. 2018; 
Cameron et al. 2019; Bertrand et al. 2020, 2022) outside of Euarchontoglires may 
provide clues to what the condition of the ancestor of Euarchontoglires and other 
crown groups may have been.
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16.6  Concluding Remarks

The hypotheses that researchers could formulate in the 1960’s and 1970’s about fos-
sil rodents from the study of natural endocasts were very limited. In recent years, 
with the increase in availability of CT scanning, virtual endocasts for rodents have 
finally been generated, and this expanded record has improved considerably our 
understanding of the evolution of the brain in this group. The study of the virtual 
endocasts of rodents showed that, as in other early members of Euarchontoglires, 
ischyromyids have a relatively simple endocranial anatomy with relatively large 
olfactory bulbs, uncovered midbrain, and a small neocortex. There is only a weak 
relationship between the encephalization quotient and time in rodents, unlike the 
stronger relationship observed in Primates (Bertrand et  al. 2019). Moreover, the 
encephalization quotient appears to be influenced by different factors including 
ecology, at least in rodents (Pilleri et al. 1984). Through geological time, and from 
Ischyromyidae to more derived early Sciuroidea, the neocortex expanded and the 
proportion of the olfactory bulbs decreased as observed for Primates (Silcox et al. 
2010;  Long et  al. 2015). More importantly, the neocortical and petrosal lobule 
expansion observed in early Sciuroidea could be related to becoming arboreal 
(Bertrand et al. 2018). Specialization for a fossorial lifestyle appears to have influ-
enced endocranial evolution, and fossil aplodontids inferred to have been fossorial 
show a size reduction of the neocortex and petrosal lobules compared to their tree-
dwelling ancestors (Bertrand et al. 2018).

Although these conclusions represent a major step forward in terms of our 
knowledge of brain evolution in Rodentia, the Order has been understudied, even 
though museum collections include a vast number of crania for extant and extinct 
species. Thus, there is considerable potential for future insights into the degree to 
which these conclusions apply more broadly to rodents.

O. C. Bertrand and M. T. Silcox
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Chapter 17
Paleoneurology of Carnivora

George A. Lyras, Alexandra A. E. van der Geer, and Lars Werdelin

Institutional Abbreviations

AMNH American Museum of Natural History, New York, USA
FAM Frick collection, American Museum
FMNH Field Museum of Natural History, Chicago, USA
MNHN Muséum National d’Histoire Naturelle, Paris, France

17.1  Systematic and Phylogenetic Context

The order Carnivora (whose members are here denoted carnivorans) is one of the 
most species-rich mammalian groups of the modern world. Although there is no 
consensus regarding the number of extant species, it can be estimated at more than 
280, to which can be added well over 1000 known fossil species. Confusingly, not 
all members of the Carnivora are carnivores (i.e. animals that require substantial 
amounts of animal protein in their diet), nor are all carnivores members of the 
Carnivora. Among extant species of Carnivora, several, e.g. the giant panda, feed 
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nearly exclusively on plant matter, and conversely, there are groups of animals, such 
as the marsupial Sarcophilus, that are as carnivorous as any extant carnivoran. 
Among fossil groups, one in particular is of importance, the order Hyaenodonta 
(sometimes united with Oxyaenida into the order Creodonta). Herein, we focus 
exclusively on Carnivora, the endocrania of which are by far the better known in the 
fossil record.

Carnivora originated in the early Paleocene, ca 65 million years ago. They diver-
sified rapidly and spread across the Northern Hemisphere in the late Paleocene and 
early Eocene, with a long stem lineage that included widespread taxa such as 
Viverravus and Vulpavus, as well as the sister-taxon to all living carnivorans, 
Quercygale (Wesley-Hunt and Werdelin 2005; Spaulding and Flynn 2012; but see 
Tomiya et al. 2021). These early forms are all small, and larger-sized carnivorans 
did not appear until the mid-early Eocene with the common ancestor of all extant 
carnivorans (Carnivora sensu stricto). This coincided with a separation of Carnivora 
into two major groups, the Caniformia (canids, mustelids, ursids, ailurids, procyo-
nids, mephitids, amphicyonids, odobenids, otariids, phocids) and the Feliformia 
(felids, hyaenids, percrocutids, herpestids, euplerids, prionodontids, viverrids, nan-
diniids, nimravids, barbourofelids). These two groups have had distinct evolution-
ary trajectories, with Caniformia being less carnivorous and primarily distributed in 
North America and Feliformia more carnivorous and primarily distributed in 
Eurasia. It was not until the late Miocene that carnivoran faunas were fully homog-
enized with the dispersal of canids into Eurasia. Therefore, during the majority of 
their evolutionary history, Carnivora in North America and Eurasia existed in very 
different competitive regimes, a circumstance that must have been important to the 
evolution of their cognitive systems. In addition, carnivorans were in competition 
with the Hyaenodonta during the first 40 million years of the Cenozoic, which also 
would have influenced the evolution of their cognitive systems in ways that have yet 
to be explored.

Similar considerations apply to the relationship between carnivorans and their 
prey. This would have been affected by bottom-up forces originating with climate 
change, especially the global cooling following the early Eocene climatic optimum 
some 52 million years ago and the formation of permanent Antarctic ice sheets at 
the end of the Eocene (Wright 2009). Climate change would have affected vegeta-
tion and habitats and these in turn the composition of the herbivore communities, 
which may have been the driver of the gradually increasing brain complexity and 
cognitive abilities of carnivorans during the Paleocene to late Miocene (see below).

17.2  Historical Background

The earliest detailed descriptions of endocranial casts of fossil carnivorans are those 
by the French naturalist Paul Gervais of the Miocene nimravid (‘false saber-toothed 
cat’) Sansanosmilus, attributed to Pseudaelurus quadridentatus (but see Radinsky 
1975a), and a Canis from a Neolithic cave site, both from France (Gervais 1870). A 
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few years later, Gervais (1872) described an endocast of the amphicyonid Cynelos 
rugosidens (as Cephalogale geoffroyi) from the early Miocene of Saint-Gérand-le- 
Puy (France). Since then several authors have provided detailed descriptions of 
endocasts of fossil carnivorans. Roy Moodie, one of the founders of paleopathology, 
described a natural endocast of the Oligocene nimravid Hoplophoneus from the 
Badlands of South Dakota, USA (Moodie 1922). In the same paper, he also described 
artificial endocasts of two Pleistocene species, the dire wolf (Canis dirus) 
(Fig. 17.1a) and the saber-toothed cat Smilodon fatalis, from the tar pits of Rancho 
la Brea in Los Angeles. John Merriam and Chester Stock (1932) also described an 
endocast of Smilodon fatalis, as well as two endocasts of the American lion 
(Panthera atrox). Jean Piveteau (1931, 1950, 1951, 1961, 1962) described endo-
casts of early fossil carnivorans from France, including Eusmilus (1931), Plesictis 
(1950, 1951), Potamotherium (1950, 1951), Pachycynodon (1951), Herpestes 
(1961), Cynelos (1961) and Quercygale (1962). Piveteau (1961) also wrote an over-
view, where he described carnivoran brain evolution as a series of evolutionary 
‘steps’ using several figures of endocasts. Jury Orlov (1948) described the brain of 
Eomellivora ursogulo and Robert Savage (1957) described the brain of 
Potamotherium. Edward Mitchell and Richard Tedford (1973) described natural 
endocasts of the basal pinniped Pinnarctidion bishopi from California (as 
Enaliarctos). Later, Charles Repenning and Tedford (1977) depicted a partly 
exposed natural endocast of the otariid Thalassoleon macnallyae. Czyżewska 
(1981a, b) studied the carnivorans from the early Pliocene site Węże, near Działoszyn 
in Poland, and described natural endocasts of a mustelid and a canid. The latter was 
re-described as Nyctereutes by Ivanoff et al. (2014). Mödden and Wolsan (2000) 
described endocasts of the early procyonid Bavarictis and compared it to endocasts 
of other early carnivorans. Lyras and van der Geer (2003) and Lyras (2009) described 
the external brain morphology of canids from a phylogenetic point of view. Iurino 
et al. (2015) and Lyras et al. (2019) described endocasts of fossil felids. Apart from 
these works, there are several studies that provide comments or brief descriptions of 
endocranial casts from fossil carnivorans. A comprehensive summary of the earlier 
literature is provided by Edinger (1977).

The scientist who most extensively studied the brain anatomy of fossil carniv-
orans is undoubtedly the American paleontologist Leonard Radinsky. He applied an 
improved non-destructive technique to make endocranial casts with latex rubber 
(Radinsky 1968a; Murril and Wallace 1971). Skulls that had their braincase filled 
with relatively soft sediments were cleaned either directly through the foramen 
magnum or through a small window opened for this purpose in the walls of the 
braincase (Fig. 17.1b). When the braincase was filled with hard sediment, he chipped 
away part of the braincase wall to reveal a natural endocast (Fig. 17.1d). Using phy-
logenetic data from other works, he reconstructed the evolutionary history of the 
brain in several carnivoran groups, including otters (Radinsky 1968b), canids 
(Radinsky 1969, 1973a), felids (Radinsky 1969, 1975a) and amphicyonids 
(Radinsky 1980). He also analysed the comparative neuroanatomy of living groups, 
including mustelids and mephitids (Radinsky 1973b) and viverrids (Radinsky 
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Fig. 17.1 Types of endocasts. (a) Plaster endocast of Canis dirus (FMNH PM 394) used by 
Moodie (1922). The brain case was split in two halves that were used as a mould for building the 
plaster brain cast. (b) Skull of Paracynarctus sinclairi (FAM 61009) with a small window opened 
for cleaning the sediment in the braincase. (c) Latex endocast of Paracynarctus sinclairi (FMNH 
PM 58973) made by Radinsky (1973a) from FAM 61009. (d) Skull of Hoplophoneus sp. (AMNH 
460) whose braincase wall has been partly chipped away to reveal a natural endocast. Scale 
bar 1 cm

1975b). He further developed museum kits with endocasts of fossil carnivorans 
(Radinsky 1978b, c).

More recently, the endocranial morphology of fossil carnivorans has been stud-
ied using computed tomography (CT) technology (García et al. [2006, 2007] and 
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Koufos et  al. [2017] on ursine bears; Dong [2008] on the oldest giant panda 
Ailuropoda microta; Vinuesa et al. [2015a, b] and Petrovič et al. [2018] on hyaenids; 
Dong et al. [2007] and Cuff et al. [2016] on felids; Geraads and Spassov [2016] on 
mephitids; Paterson et al. [2020] on mustelids, Moscarella et al. [2020] on canids), 
providing detailed insight into the brain anatomy of these taxa without the need for 
a physical endocast.

17.3  Overview of General and Comparative Anatomy

17.3.1  Characterization of Cranial Endocast Morphology 
of Living Taxa

In lateral aspect the cerebrum of all living carnivorans consists of convolutions 
arranged in concentric arcs around the Sylvian sulcus and progressively increasing 
in length (Fig. 17.2). In dorsal aspect, the lateral gyrus abuts the longitudinal fissure. 
Anteriorly it is continuous with the sigmoid gyrus, a convolution that surrounds the 
cruciate sulcus. The cruciate sulcus is a distinctive carnivoran feature. Nearly all 
extant carnivoran genera display such a sulcus. Exceptions to this are most viver-
rids, the Asiatic linsang Prionodon and the African palm civet Nandinia 
(Radinsky 1975b).

The exact shape and extent of individual gyri differ among taxa. For example, 
Fig. 17.3 demonstrates the differences in the ectosylvian, coronal and sigmoid gyri 
among various living taxa.

The domestic dog and cat have served as experimental models in neuroscience 
for centuries. Consequently, there is a large body of literature on various aspects of 
their neuroanatomy. The literature on wild taxa, on the other hand, is mostly limited 
to their external brain anatomy. Differences in cortical folding patterns distinguish 
various families of extant carnivorans (e.g. Gervais 1870; Krueg 1880; Mivart 1885; 
Klatt 1928; Smith 1933; Davis 1964; Pilleri 1960, Thiede 1966; Atkins 1970; 
England 1973; Radinsky 1973a, b, 1975a, b; Kamiya and Pirlot 1988; Lyras and van 
der Geer 2003; Sienkiewicz et al. 2019). The most important features of the external 
brain anatomy of living carnivorans are briefly described below.

Felidae The brains of living felids are strikingly similar to each other in their exter-
nal morphology. The cerebrum is rather spherical with a well-developed temporal 
region. The Sylvian sulcus extends caudad. In most species the ectosylvian sulcus is 
interrupted dorsally and thus is divided into an anterior and a posterior limb 
(Fig. 17.2a). The coronal sulcus is located rather anteriorly. The overall shape of 
their brain is the same across most members of the family, although most lynx spe-
cies (Lynx) and to a lesser degree the cheetah (Acinonyx), have relatively more glo-
bose brains than other felids (Radinsky 1975a). The two most apparent differences 
among living felid species are the degree of gyrification of the cerebral cortex and 
the protrusion of the olfactory bulbs. Both features are size-related. Although large- 
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Fig. 17.2 Endocasts of modern carnivores to illustrate the sulcal and gyral terminology used in 
this work. (a) Leopardus, (b) Prionodon, (c) Herpestes, (d) Genetta, (e) Canis, (f) Tremarctos. 
Abbreviations: ae anterior ectosylvian sulcus, aeg anterior ectosylvian gyrus, an ansate sulcus, cer 
cerebellum, cg coronal gyrus, co coronal sulcus, col coronolateral sulcus, cr cruciate sulcus, ecl 
ectolateral sulcus, eg ectosylvian gyrus, el endolateral sulcus, elg ectolateral gyrus, es ectosylvian 
sulcus, la lateral sulcus, lf longitudinal fissure, lg lateral gyrus, lo ursine lozenge area, ob olfactory 
bulb, og orbital gyrus, pe posterior ectosylvian sulcus, peg posterior ectosylvian gyrus, pg prorean 
gyrus, poc postcruciate sulcus, pr presylvian sulcus, prc precruciate sulcus, rh rhinal fissure, sg 
sylvian gyrus, ss suprasylvian sulcus, ssg suprasylvian gyrus, Sy Sylvian sulcus. Note that the 
Sylvian sulcus is also called the pseudosylvian fissure. (a) has been redrawn from Radinsky 
(1975a), (c) and (d) from Radinsky (1977), (e) from Lyras (2009) and (f) from Radinsky (1971). 
All endocasts are depicted with the same anteroposterior length
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Fig. 17.3 Anterodorsolateral view of endocranial casts of modern carnivores. Different colors 
mark the extent of the ectosylvian, coronal and sigmoid gyri. (a) Cuon alpinus (FMNH 146298); 
(b) Neofelis nebulosa (FMNH 146480); (c) Otaria flavescens (MNHN); (d) Ailuropoda melano-
leuca (MNHN); (e) Procyon lotor (FMNH 147619); (f) Hyaena hyaena (FMNH 31122); (g) 
Martes pennanti (FMNH 81486); (h) Lutra lutra (FMNH 75863). All endocasts are depicted with 
the same anteroposterior length
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sized species show similar sulcal patterns to small-sized species, they exhibit a 
higher level of gyrification, with numerous additional small gyri separated by small 
sulci, spurs, and dimples (Welker 1990). Small-sized species also have less project-
ing olfactory bulbs (Radinsky 1975a) and their brains tend to be somewhat more 
spherical (Radinsky 1978c). Despite this uniformity, there are some differences. 
According to Radinsky (1975a), the predominant condition among the smaller spe-
cies is that the posterolateral sulcus is continuous with the lateral sulcus, while in 
the larger felids, it usually overlaps the lateral sulcus medially, and divides the lat-
eral gyrus for a variable part of its length. The ectosylvian sulcus is divided into an 
anterior and a posterior limb, although according to Sakai et al. (2016) a single- 
arched ectosylvian sulcus is variably present in lions (Panthera leo) and cougars 
(Puma concolor). The cheetah (Acinonyx jubatus) lacks a postcruciate sulcus.

Prionodontidae This family is represented today by the single genus Prionodon. 
The external brain anatomy of the spotted linsang (Prionodon pardicolor) was 
described by Radinsky (1975b). Its brain has two major sulci, the coronolateral and 
suprasylvian (Fig. 17.2b). It also has a small presylvian sulcus and a small Sylvian 
sulcus. Its cerebellum is widely exposed. Prionodon pardicolor is one of the few 
living carnivorans that lack a cruciate sulcus, a trait that is shared only with viverrids 
(see below).

Viverridae The external brain anatomy of viverrids was described by Radinsky 
(1975b). Many viverrid species lack a cruciate sulcus (Fig. 17.2d). This sulcus, if 
present, tends to extend in an anterolateral direction across the dorsal surface of the 
cerebrum. Most genets (Genetta) are examples of species without a cruciate sulcus. 
Here, the coronal sulci diverge rostrally with incipient ansate or postcruciate sulci 
between them. Some Genetta specimens show what appears to be an incipient 
development of a second sulcus, presumably a posterior ectosylvian sulcus, caudal 
to the Sylvian sulcus. A short cruciate sulcus is present in the aquatic genet (Genetta 
piscivora) despite the fact that its coronal sulcus is less laterally divergent than in 
other Genetta species. Arctictis binturong has two major sulci, the coronolateral and 
the suprasylvian. The cruciate sulcus is absent.

Nandiniidae The brain of the African palm civet, Nandinia binotata (Nandiniidae) 
has been briefly described by Carlsson (1900) and Radinsky (1975b). Its brain is 
similar to that of Arctictis (see above). It differs from the latter in that the coronal 
sulci do not bow out laterally (Radinsky 1975b).

Hyaenidae The cerebrum of living hyaenids is ovate in shape. The temporal lobe 
is not as expanded as it is in felids. The Sylvian gyrus consists of only a posterior 
arm and the ectosylvian gyrus is arcuate to quadrate shape. The lateral gyrus is nar-
row. In the aardwolf (Proteles) the ventral extension of the temporal lobe is limited, 
thus leaving a larger portion of the pyriform lobe exposed. The cruciate sulcus of the 
aardwolf is short. In Hyaena and Crocuta the cruciate sulcus is much wider 
(England 1973).
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Herpestidae The brain of mongooses is characterized by the presence of a cruciate 
sulcus, a short Sylvian sulcus and a short or no presylvian sulcus (Carlsson 1911). 
The orbital gyrus is missing in most species (Radinsky 1975b). The Sylvian sulcus 
ranges from moderately open in most genera to practically closed in Bdeogale. A 
short presylvian sulcus is present in Bdeogale, Ichneumia, Cynictis, Paracynictis 
and some Atilax. The posterolateral sulcus overlaps the lateral sulcus medially in 
most mongooses, which Radinsky (1975b) considered suggestive of a visual spe-
cialization. The postlateral sulcus often extends rostrally as an entolateral sulcus. 
The mongooses with the largest brains (e.g. Atilax, Herpestes urva) also have the 
most complex sulcal pattern with an ansate sulcus, a postcruciate sulcus and a third 
sulcus extending medially from the coronal sulcus between the postcruciate and 
cruciate sulci (Radinsky 1975b).

Eupleridae Radinsky (1975b) described the brain of Malagasy euplerids in much 
detail. The brain of the fossa (Cryptoprocta ferox) has a short, well-developed cruci-
ate sulcus, shared with most carnivorans but not with viverrids, the family to which 
they were originally attributed. It further has a short presylvian sulcus, an open 
Sylvian sulcus and a posterior ectosylvian sulcus. The posterior cerebellar vermis is 
twisted. The brain of the falanouc (Eupleres) has an enlarged orbital gyrus with a 
depression in its anteroventral part. The presylvian sulcus is branched at its medial 
end and, unlike in other carnivorans, it is not connected to the anterior rhinal fissure 
at the lateral end. Variably developed secondary sulci are present in the expanded 
cortex medial to the coronal sulci. A shallow depression, isolated dimples or a short 
transverse sulcus are found instead of a cruciate sulcus. The brain has an open 
Sylvian sulcus and lacks a posterior ectosylvian sulcus. The posterior cerebellar 
vermis is straight.

Canidae Brains of living canids differ from those of living felids in having an 
ectolateral sulcus, a complete rather than divided ectosylvian sulcus, a relatively 
wider and more dorsally expanded prorean gyrus (Fig. 17.2e), a more overlapped 
cerebellum, and differently shaped olfactory bulbs (Radinsky 1969, 1973a). In liv-
ing canids, the neocortical expansion is most marked in the frontal region, with the 
anterior and posterior sigmoid gyri bulging out around the cruciate sulcus and the 
prorean gyrus (Radinsky 1969). Lyras and van der Geer (2003) elaborated on these 
two features and noted the different sulcal patterns formed on the cortex medial to 
the coronal sulci and the shape and relative size of the prorean gyrus.

Procyonidae The overall shape of the cerebrum varies between genera. There is no 
ectolateral gyrus and the Sylvian gyrus is not visible on the external cerebrum 
 surface. In Procyon lotor the sigmoid gyrus, and in particular the posterior arm of 
this gyrus, is greatly expanded (Welker and Seidenstein 1959). In other procyonids 
the sigmoid gyrus is moderately broad (Welker and Campos 1963; Welker 
et al. 1964).
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Ailuridae The family is represented today by the single species, the red panda 
(Ailurus fulgens). Its brain is subspherical in overall shape. The Sylvian sulcus 
forms an inverted U and subdivides the posterior arm of the ectosylvian gyrus 
(England 1973). The posterior sigmoid gyrus is broad and subdivided by subfis-
sures; it does not, however, reach the width and fissuration seen in Procyon (Welker 
and Campos 1963).

Mustelidae In most mustelids only three arcuate gyri are present (England 1973). 
The Sylvian gyrus is always lacking, and in most species the ectolateral gyrus is 
lacking as well. In a few extant mustelid species (such as Eira barbara, Galictis 
vittatus, Martes flavigula) an ectolateral gyrus is present (Radinsky 1973b, 1980). 
The otters have expanded coronal and posterior sigmoid gyri. Lutra and Pteronura 
have an enlarged coronal gyrus with secondary sulci within it. Amblonyx, Aonyx and 
Enhydra have a moderate elaboration of the coronal gyrus but in addition to this, 
there is a major cortical expansion of the lateral part of the posterior sigmoid gyrus 
(Radinsky 1968b).

Mephitidae Mephitis, Mydaus, Conepatus and Spinogale have a relatively unex-
panded neocortex, particularly in the region of the  temporal and occipital lobes 
(Thiede 1966; Radinsky 1973b). The rhinal fissure is high, the Sylvian sulcus is 
short and suprasylvian and lateral sulci are only slightly arched (Radinsky 1973b; 
England 1973).

Ursidae The brain of living bears has been described by several authors (e.g. Krueg 
1880; Klatt 1928; Smith 1933; Davis 1964; Kamiya and Pirlot 1988; Sienkiewicz 
et al. 2019). The cerebrum of modern bears is highly convoluted, with the major 
sulci frequently divided by secondary sulci (Fig. 17.2f). The ectosylvian gyrus cov-
ers the complete Sylvian gyrus and consequently only two arcuate gyri are seen on 
the surface of the cerebral hemispheres: the ectosylvian and the suprasylvian. The 
ectolateral gyrus is positioned as a vertical convolution. The sigmoid gyrus is rather 
broad and there is a well-developed postcruciate sulcus. Anterior to the cruciate 
sulcus there is a precruciate sulcus. The area between the cruciate and the precruci-
ate sulcus is known as the lozenge area. Due to the great development of the sig-
moid gyri, the coronal sulcus is displaced downwards.

Pinnipedia The brain surface of extant pinnipeds is highly convoluted. Their cere-
brum appears complex due to extensive subfissuring. Gyral and sulcal maps of liv-
ing pinnipeds have been published by several authors including England (1973), 
Sawyer et al. (2016) and Turner et al. (2017). The Sylvian gyrus is buried within the 
pseudosylvian fossa. The posterior arm of the ectosylvian gyrus is broader than its 
anterior arm. The coronal sulcus is nearly perpendicular to the ventral border of the 
brain. The sigmoid gyri are located extremely rostrally and the prorean gyrus is 
ventrad in most species. In earless, or true, seals (Phocidae) the coronal sulcus is 
situated far caudally and lies close to the Sylvian sulcus. According to England 
(1973) the coronal sulcus fuses with the median arm of the ectosylvian gyrus. The 
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lateral gyrus is subdivided by one or two longitudinal fissures. In the elephant seal 
(Mirounga angustirostris) the endolateral sulcus runs close to the primary fissure of 
the cerebellum. The walruses (Odobenus, Odobenidae) have rather spherical brains. 
The exposed anterior arm of the ectosylvian gyrus is very narrow, whereas its pos-
terior arm is, on the contrary, very wide. The coronal gyrus contains a number of 
small sulci. The brain of eared seals (Otariidae) is wedged-shaped with a rounded 
posterior end of the cerebrum. The coronal gyrus overlies a larger part of the ante-
rior part of the ectosylvian gyrus. The suprasylvian is oriented almost vertically.

17.3.2  Sensory Evolution

During the evolutionary history of mammals, the cortical areas of the brain evolved 
local elaboration, diversification and better separation, in association with the devel-
opment of specialized functions, as suggested by Uylings and van Eden (1990). 
Comparative studies on extant mammals indicate that the cortex has fewer subdivi-
sions in small-brained mammals with little neocortex. Based on this observation, 
Molnár et al. (2014) hypothesized that the neocortex of early mammals should have 
had a simpler organization as well. Fossils of early carnivorans display a small cere-
bral cortex with limited gyrification (see Sect. 17.4), confirming the idea that the 
early forms had a simpler cortical organization. During the evolutionary history of 
carnivorans a trend towards increasing cortical size and gyrification can be observed 
(Lyras et al. 2016), leading to the complex cortical organization seen in the living 
carnivoran species.

The extant raccoon (Procyon lotor) has an enormously enlarged cortical forepaw 
projection lobule. Its five hand digits are represented on the cerebral cortex on dis-
tinct, separate gyri, with sulci and fissures separating the cortical representation of 
each digit individually. The coatimundi (Nasua narica) has a relatively large 
somatosensory representation of the contralateral rhinarium on the crown of the 
coronal gyrus (Welker and Seidenstein 1959; Welker and Campos 1963). The kin-
kajou (Potos) and the ring-tailed cat (Bassaricyon) seem to lack such somatosen-
sory specializations or obvious correlations between external brain morphology and 
behavior.

Τhe external brain anatomy of otters was studied by Radinsky (1968b). The cor-
onal gyrus is enlarged in all otter genera relative to that of terrestrial mustelids. In 
addition, a major expansion of the lateral part of the posterior sigmoid gyrus on the 
cortex is present in the small-clawed otter (Amblonyx), the clawless otter (Aonyx) 
and the sea otter (Enhydra). To our knowledge, no electrophysiological mapping 
studies exist for otters. However, electrophysiological mapping of the coronal gyrus 
in canids, felids and procyonids (Woolsey 1958; Welker and Seidenstein 1959; 
Welker and Campos 1963; Welker et al. 1964) shows that somatosensory input from 
the head is received by this cortical region. Similarly, that from the forelimb is 
received by the postcruciate gyrus (Woolsey 1958; Welker and Seidenstein 1959; 
Welker and Campos 1963; Welker et al. 1964). Since an unequal expansion of a 
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particular region of the neocortex may indicate a specialization of function, 
Radinsky thus (1968b) concluded that the sulcal patterns of Lutra and Pteronura are 
suggestive of highly developed receptor fields on the head, whereas those of 
Amblonyx, Aonyx and Enhydra suggest greatly increased forelimb sensitivity, in 
addition to mildly increased head sensitivity. The unequal expansion of the somato-
sensory regions of the coronal gyrus may be explained by a similar expansion of the 
number of nerves innervating tactile hairs (vibrissae), or whiskers, as proposed by 
Marshall et al. (2014). Living pinnipeds have distinctive mystacial vibrissae, which 
they use to explore their environment. Hydrodynamic trail following has only been 
shown in the harbour seal (Phoca vitulina) and sea lion (Zalophus californianus) 
(Wieskotten et al. 2010; Gläser et al. 2011). Sea lions and seals have been shown to 
be able use their whiskers to differentiate objects by their size and shape, and to 
perform complex sensorimotor tasks (Dehnhardt et al. 1998; Wieskotten et al. 2011; 
Milne and Grant 2014). Electrophysiological mapping of the cortex of the northern 
fur seal (Callorhinus ursinus) indicated that the projection area of the head occupies 
the greatest part, and within it, the greatest area is occupied by the region of the 
superior labial vibrissae (Ladygina et al. 1985). On the same level, the expanded 
coronal gyrus in some viverrids, specifically Hose’s palm civet (Diplogale hosei) 
and the otter civet (Cynogale bennetti), is also suggestive of increased facial tactile 
sensitivity, likely through an elaboration of whiskers (Radinsky 1975b).

17.3.3  Cellular Composition

Jardim-Messeder et  al. (2017) analyzed the cellular composition of the brain of 
eight carnivoran species (ferret, banded mongoose, raccoon, domestic cat, domestic 
dog, striped hyena, lion, and brown bear). They found that the dog (Canis familia-
ris) and raccoon (Procyon lotor) have significantly higher numbers of neurons in 
their cerebral cortex than the other six carnivoran species studied. They further 
noted that the brain of the brown bear (Ursus arctos), despite being the largest car-
nivoran brain in their sample, had far fewer cortical neurons than expected: about as 
many as the cat and almost 50% fewer than the raccoon. On the other hand, carniv-
orans have the same relationship between the number of non-neuronal cells and 
brain mass as other mammals do.

Jardim-Messeder et  al. (2017) also found that with increasing absolute brain 
size, the thickness of the cerebral cortex of carnivorans increases slower than corti-
cal surface area. In this respect also, the brown bear is a clear outlier, with a cortex 
that is too thin for its surface area when following the general trendline for 
carnivorans.
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17.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

17.4.1  Morphological Brain Diversity Through Time

Most living carnivorans share the same general pattern of neocortical convolutions, 
in particular a pattern of arcuate folds arranged concentrically around the Sylvian 
sulcus and a sigmoid gyrus wrapped around the cruciate sulcus (Fig. 17.3). This 
pattern evolved independently multiple times during the evolutionary history of car-
nivorans (Radinsky 1971). This parallel evolution in unrelated carnivoran lineages 
is probably best explained by constraints on folding patterns inherent to the ances-
tral pattern of thalamocortical connections, as present in the Eocene common ances-
tor of extant carnivorans (Radinsky 1980).

 Eocene Carnivorans

The ancestors of the extant carnivorans are found among archaic, fox-sized mem-
bers of early carnivorans. The endocasts from three species of primitive carnivorans 
(Carnivoramorpha), ranging from Paleocene to Eocene, show a progressive cortical 
expansion. The earliest is Viverravus politus from the Late Paleocene of Wyoming 
(USA) (described as Didymictis by Radinsky 1977). Viverravus politus has a widely 
exposed midbrain, which indicates a low degree of cortical expansion. The second 
is Vulpavus palustris (Fig. 17.4a) from the Eocene of Wyoming (USA). The cere-
bral cortex of this species is more expanded than that of Viverravus. The posterior 
lobe of the cerebrum overlaps the midbrain, but leaves the cerebellum completely 
uncovered. The rhinal sulcus is high and there are two short cortical folds: the coro-
nolateral, which runs almost parallel to the longitudinal fissure, and the suprasyl-
vian, which forms a wide vertical arch on the lateral side of the brain. The third 
endocast is Quercygale angustidens from the Late Eocene of Quercy (France). The 
specimen has been described as Viverravus, Humbertia and Procynodictis (by 
Piveteau 1962; Radinsky 1976, 1977, respectively). Increased expansion of the neo-
cortex relative to the condition seen in Vulpavus is indicated by a greater area of 
contact between the cerebrum and the cerebellum, lengthening and arching of the 
two sulci, mainly the coronolateral, expansion of the cortex in the temporal region 
and expansion of the frontal pole up to the olfactory bulbs. The advanced brain of 
Quercygale is consistent with its hypothesized phylogenetic position. According to 
Wesley-Hunt and Werdelin (2005) and Spaulding and Flynn (2012) (but see Tomiya 
et al. 2021) Quercygale is the most derived of the stem group ‘Miacidae’ and the 
sister taxon to Nimravidae and crown-group Carnivora.

The earliest known endocasts of crown-group Carnivora are two partially 
exposed natural endocasts from the late Eocene of Texas (USA). The first belongs 
to Prohesperocyon wilsoni, which is considered to be the most primitive stem canid 
(Wang 1994). The rhinal sulcus is much lower than in Vulpavus and there are two 
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cortical folds, the coronolateral and the suprasylvian, which are much longer than 
those of Vulpavus. The overlap of the cerebellum by the cerebrum is small, leaving 
almost the entire vermis exposed. The second belongs to Gustafsonia cognita, a 
basal member of Amphicyonidae (Tomiya and Tseng 2016). This partially exposed 
natural endocast suggests that its brain was comparable to that of Prohesperocyon.

 Oligocene Carnivorans

Endocasts from Oligocene canids, amphicyonids, nimravids, ursids and mustelids 
are known from several localities in North America and Europe.

Canidae The first canid, Hesperocyon, appeared in North America during the late 
Eocene – early Oligocene. The genus gave rise to three main evolutionary clades, 
the Hesperocyoninae, Borophaginae (both extinct subfamilies), and Caninae, to 
which all living canids belong. There are several natural endocasts of Hesperocyon 
known from Oligocene localities in the USA. Their anatomy has been described in 
detail by Scott (1895, 1898), Tilney (1931), Scott and Jepsen (1936), Radinsky 
(1969, 1971, 1973a) and Lyras (2009). The endocast of Hesperocyon (Fig. 17.4b, c) 
was in many ways similar to that of the late Eocene carnivorans, including 
Prohesperocyon; for example, its cerebral cortex had only two sulci, the coronolat-
eral and the suprasylvian. Its brain is slightly more globular than that of 
Prohesperocyon. The rhinal sulcus is considerably lower than that of Vulpavus and 
the olfactory bulbs are large and not covered by the cerebral hemispheres.

The Oligocene was a critical period for Canidae, a time during which many new 
forms appeared, and the family reached its maximum species richness. One major 
lineage of Hesperocyoninae is the Mesocyon – Enhydrocyon clade. The lineage is 
characterized by an increasing trend towards hypercarnivory. Endocranial material 
is known from three genera: Mesocyon, Cynodesmus and Enhydrocyon (described 
by Radinsky 1973a and Lyras 2009). Their brains have a more expanded cerebral 
cortex than in Hesperocyon. The brain of Mesocyon is slightly more advanced than 
that of Cynodesmus. An evolutionary advance over Hesperocyon is that Mesocyon 
has a short ectolateral and an ectosylvian sulcus in addition to the coronolateral and 
suprasylvian sulci (Fig.  17.6i, f). Cynodesmus lacks the ectolateral sulcus and 
instead of the ectosylvian sulcus only a series of variable depressions is present. 
However, Cynodesmus does have a presylvian sulcus. The brain of Enhydrocyon has 
four neocortical sulci (coronolateral, suprasylvian, ectosylvian and presylvian). The 
most important difference between Enhydrocyon and its ancestor (Cynodesmus) is 
that its brain has very high frontal lobes, a feature that is related to its short rostrum 
(Lyras 2009).

The oldest Borophaginae had brains similar in size, lobation and fissuration to 
that of Hesperocyon. The brain anatomy of early Borophaginae is known for 
Otarocyon, Archaeocyon and Rhizocyon (described by Radinsky 1973a and Lyras 
2009). The differences between Archaeocyon, Rhizocyon and Hesperocyon are 
small. On the other hand, Otarocyon differs by having a neocortex with very small 

G. A. Lyras et al.



695

Fig. 17.4 Natural endocasts of Eocene and Oligocene carnivoramorphans. (a) Dorsal and (b) 
lateral views of Vulpavus palustris (AMNH 1900); (c) dorsal view of Hesperocyon sp. (AMNH 
9766) and (d) lateral view of Hesperocyon sp. (AMNH 39476); (e) dorsal and (f) lateral views of 
Hoplophoneus sp. (AMNH 460; mirrored from the right side); (g) dorsal and (h) lateral views of 
Daphoenus hartshorianus (AMNH 9757). Abbreviations for sulcal terminology as in Fig. 17.2. 
Scale bar 1 cm
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expansion: the rhinal sulcus is very high, and the coronolateral and suprasylvian 
sulci are very short. The simplicity of its brain stands in sharp contrast to its rather 
derived cranial anatomy (Lyras 2009). The skull of Otarocyon has many derived 
characters and is morphologically similar to the living fennec fox of Africa and 
Arabia (Vulpes zerda) (Wang et al. 1999). Its brain, on the other hand, is not only 
simpler than that of V. zerda, but is the simplest of all borophagines (Lyras 2009).

Amphicyonidae The brains of Oligocene amphicyonids, or bear dogs, are repre-
sented by endocasts of Daphoenus hartshorianus (Fig. 17.4h), known by several 
endocasts in the USA (described by Scott and Jepsen 1936 and Radinsky 1980) and 
Pseudocyonopsis ambiguus from the French Quercy Phosphorites (described as 
Amphicyon ambiguus by de Beaumont in 1964). The brain of Daphoenus had four 
neocortical sulci, a relatively straight coronolateral sulcus, a gently arched suprasyl-
vian sulcus, an ectolateral sulcus and a short endolateral (or posterolateral) sulcus. 
The brain of Pseudocyonopsis is slightly more advanced than that of Daphoenus. It 
has a longer entolateral sulcus, a more arched suprasylvian sulcus, a more strongly 
developed ectosylvian sulcus, a presylvian sulcus and a notch at the junction 
between the anterior and posterior limbs of the rhinal sulcus.

Nimravidae Some of the most specialized predators of the Late Eocene- Oligocene 
were the Nimravidae, sometimes referred to as ‘false saber-toothed cats’. Endocasts 
of Oligocene nimravids (Hoplophoneus and Eusmilus) have been described by sev-
eral authors (e.g. Bruce 1883; Moodie 1922; Piveteau 1931; Radinsky 1969, 1971, 
1975a, 1978c). In both Hoplophoneus and Eusmilus the posterior vermis of the 
cerebellum is straight and the overlap of the cerebellum by the cerebrum is smaller 
than in living felids. There are only three neocortical sulci: the coronolateral, the 
suprasylvian and the ectosylvian (Fig.  17.4e, f). The ectosylvian sulcus is more 
tightly arched in Eusmilus than in Hoplophoneus. The olfactory bulbs are relatively 
small in both genera.

Ursidae An endocast of Phoberogale minor (Quercy, France) was illustrated by 
Radinsky (1971; as Cephalogale minor). The most notable feature of Phoberogale 
is the presence of a well-developed cruciate sulcus (Fig.  17.5a). In contrast, the 
canids, nimravids and amphicyonids of the same geological period had not yet 
evolved a clear cruciate sulcus.

Mustelidae Three early mustelids, Corumictis wolsani (described by Paterson 
et al. 2020), Mustelictis piveteaui and Plesictis branssatensis (described by Mödden 
and Wolsan 2000) also have well-developed cruciate sulci (Fig. 17.5d).

Another Oligocene carnivoran of North America is Palaeogale lagopus, a 
weasel- sized carnivoran of unresolved phylogenetic position (incertae sedis; Baskin 
1998b). Its brain is known from two endocasts, both described by Radinsky (1977). 
Neocortical expansion is less than that of other Oligocene carnivorans: the rhinal 
sulcus is higher, there is no angle between the posterior and anterior rhinal sulcus, 
there is only a short sulcus and the cerebrum only just covers the midbrain.
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 Early and Middle Miocene Carnivorans

Canidae The last surviving member of the Hesperocyoninae is the genus 
Osbornodon. The brain of Osbornodon fricki, the last species, was in terms of exter-
nal brain anatomy far more derived than that of the Oligocene hesperocyonines. In 
addition to the sulci seen in the Oligocene Cynodesmus, it has a large orbital gyrus, 
a small Sylvian sulcus, a complete ectosylvian sulcus and a large cruciate depres-
sion. The rostral parts of the coronolateral sulci bow out laterally, indicating a sepa-
ration between the coronal and lateral parts, and the first appearance of the sigmoid 
gyri (Lyras 2009).

During the Miocene a major diversification of Borophaginae took place. Several 
endocasts of Miocene Borophagine were described in detail by Radinsky (1973a) 
and Lyras (2009). Two early Miocene Borophaginae are Phlaocyon and Desmocyon. 
The brain of the former has three main sulci (coronolateral, ectolateral and ectosyl-
vian). Additionally, the rostral part of the coronolateral gyrus widens and in the 
middle of this area an incipient cruciate sulcus is present. Although this is an 
advanced feature, in this particular case it is unrelated to the cruciate sulcus of the 
other borophagines. Desmocyon, the genus from which all later borophagines 
evolved, has no indication of a cruciate sulcus. Since later borophagines have a 
cruciate sulcus, this structure must have evolved independently twice within the 
subfamily (Lyras 2009). The evolutionary history of later borophagines comprises 
three major paths, the Cynarctina, Aelurodontina and Borophagina. The latter two 
show a tendency to increase in body and brain size over time. The evolution of their 
brain is characterized by the expansion of the occipital and temporal lobes, and of 
the cortex medial to the coronal sulci (Fig. 17.6). The expansion of the cortex of the 
occipital lobe is recognized by a larger overlap of the cerebellum, while that of the 
temporal lobe resulted in an elongation of the Sylvian sulcus. The cortex medial to 
the coronal sulci expanded by arching out of the coronal sulci, and by the develop-
ment of the cruciate and postcruciate sulci. The development of the sigmoid gyri 
took place independently in the two lineages. This area expanded independently 
several times in carnivoran evolution.

Amphicyonidae Several endocasts of three early Miocene Amphicyonidae species 
are known: Adilophontes brachykolos, Mammacyon ferocior (described as 
Daphoenodon superbus and Temnocyon by Radinsky 1980) and Cynelos rugosidens 
(described by Gervais 1872; Edinger 1929; Piveteau 1961; de Beaumont 1962, 1964; 
Radinsky 1980). The brain of Adilophontes brachykolos had an incipient Sylvian 
sulcus and a well-developed ectosylvian sulcus, a relatively long and arched supra-
sylvian sulcus, a presylvian sulcus and an early stage of the expansion of the sig-
moid gyri. The ectolateral sulcus did not contact the suprasylvian sulcus. 
Furthermore, there is a transversely oriented depression within the sigmoid gyrus, 
which according to Radinsky (1980) may represent incipient development of the 
cruciate sulcus. The brain of Mammacyon ferocior was morphologically similar to 
that of Daphoenodon. It had a short sulcus, which probably represented the cruciate 
sulcus. The middle Miocene Cynelos rugosidens had a slightly more advanced brain 
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Fig. 17.5 (a) Dorsal and (b) lateral views of Phoberogale minor (FMNH PM 59026); (c) lateral 
view of Ictitherium viverrinum (AMNH 20696); (d) dorsal view of Plesictis branssatensis (FMNH 
PM 57182); (e) dorsal view of Promartes sp. (FMNH PM 25233); (f) dorsal view of Probassariscus 
matthewi (FMNH PM 57177). Scale bar 2 cm

than Adilophontes. It had more expanded sigmoid and orbital gyri (Radinsky 1980). 
The sigmoid gyrus had variably developed dimples. An endocast from the middle 
Miocene Pliocyon medius from Nebraska (USA) was described by Radinsky (1980). 
Its brain was further advanced over that of the earlier amphicyonids in having a 
more expanded frontal lobe, as indicated by the bowed out coronal sulci, the pres-
ence of an ansate sulcus and a laterally extending cruciate sulcus.

The typical amphicyonid sulcal pattern consists of a long ectolateral that usually 
extended to contact the suprasylvian sulcus, a short sulcus between the caudal ends 
of the ectolateral and suprasylvian sulci, and an ectosylvian sulcus that was an 
unbroken arch and remained unopercularized on the lateral surface of the brain 
(Radinsky 1980).

Mustelidae An early mustelid representative is Promartes, which is known from 
the late Oligocene, but its earliest known endocasts date to the early Miocene. 
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Radinsky (1971) and Mödden and Wolsan (2000) depict such endocasts. The brain 
of Promartes had clearly developed cruciate, postcruciate and Sylvian sulci and a 
slightly less developed endolateral sulcus. Another Miocene mustelid is the lutrine 
Mionictis. The endocast of a Mionictis from the middle Miocene of Texas was 
described by Radinsky (1968b). Its brain, although more primitive than that of mod-
ern otters, already had an expanded coronal gyrus, a feature that is present in all 
modern otters.

Pinnipedia Natural endocasts of a stem pinnipediform, Pinnarctidion bishopi 
(early Miocene, California, USA), were described under the name Enaliarctos 
mealsi by Mitchell and Tedford (1973). Its brain had a well-formed Sylvian sulcus. 
The cruciate sulcus and sigmoid gyrus are located extremely rostrally. The most 
interesting feature of its brain was the large expansion of the coronal gyrus. It is 
broad, nearly vertically oriented and partly overlapping the anterior arm of the ecto-
sylvian gyrus. Although the Pinnarctidion brain was rather convoluted, its gyrifica-
tion was not as high as in later pinnipeds (Lyras et al. 2016).

Procyonidae During the middle Miocene, procyonids appeared in North America 
(Baskin 1998a). One of the earlier forms is Probassariscus. Although important 
neuroanatomical features like the cruciate sulci are present in the brain of 
Probassariscus, its sulcal pattern lacks the complexity seen in the living forms (this 
study, Fig. 17.5f).

Felidae The earliest felids are from the early Oligocene of Europe. Their first rep-
resentative is Proailurus lemanensis (Fig.  17.6m). The brain of these early cats 
resembles that of living viverrids more than that of living felids. It has a signifi-
cantly less expanded neocortex, with undeveloped temporal and frontal lobes, and 
only three main cortical sulci (see descriptions in Radinsky 1975a and Lyras et al. 
2019). The brain of the earliest North American felid (an as yet unnamed felid from 
Ginn Quarry, Nebraska, USA) has many similarities to that of Proailurus (Lyras 
et al. 2019). A later North American felid is the genus Hyperailurictis (Fig. 17.6l). 
Its brain has an even more expanded neocortex, with the rostral part of the corono-
lateral sulci diverging laterally, thus creating a wider space for the cortex medial to 
them (see descriptions in Radinsky 1975a and Lyras et al. 2019). This cortex expan-
sion represents the initial stages of appearance of the cruciate sulcus.

 Late Miocene and Plio-Pleistocene Carnivorans

Canidae At the end of the Miocene Borophaginae diversity dropped even further 
and during the Pliocene Borophagus was the only surviving member of the subfam-
ily. The coronal sulci bow out more in Borophagus than in earlier borophagines. The 
late Miocene to Pleistocene was a period of diversification in Caninae. The brain of 
a late Miocene Leptocyon has a more overlapped cerebellum and a more twisted 
cerebellar vermis than any canid of that time or earlier. Its sulcal pattern is, in 
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Fig. 17.6 Outline of canid and felid brain evolution. (a) Borophagus secundus (FMNH PM 
58954); (b) Vulpes vulpes (FMNH 67413); (c) Cuon alpinus (FMNH 146298); (d) Carpocyon 
webbi (FMNH PM 58964); (e) Paracynarctus sinclairi (FMNH PM 58973); f Mesocyon sp. 
(FMNH PM 58979); (g) Otarocyon cooki (FMNH PM 58987); (h) Leptocyon gregorii (FMNH PM 
58961); (i) Hesperocyon gregarius (FMNH PM 57170); (j) Smilodon fatalis (FMNH PM 12140); 
(k) Panthera tigris (FMNH 39459); (l) Hyperailurictis validus (FMNH PM 58870); (m) Proailurus 
lemanensis (FMNH PM 58876). Abbreviations for sulcal terminology as in Fig.  17.2. Scale 
bar 3 cm
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 general, similar to that of extant Caninae. The most important distinction from later 
Caninae is the very narrow region medial to the coronal sulci (Lyras 2009). The 
major diversification of Caninae started during the late Miocene and Pliocene. 
During this period the evolution of the cerebrum took place mainly in the region 
medial to the coronal sulci, in the form of different sulcal patterns, and in the region 
rostral to the presylvian sulcus, in the shape and relative size of the prorean gyrus. 
One early branch of the Mio-Pliocene Caninae diversification was the fox genus 
Vulpes. Its earliest known species, Vulpes stenognathus, has a brain comparable to 
that of living species of Vulpes. In all living Vulpes species, the coronal sulci form a 
pentagonal outline on the dorsal surface of the cerebrum and the prorean gyrus is 
short. Another outcome of the canid radiation was the dog-like species (Canini). 
The brain of their earliest representative, Eucyon davisi, is more primitive than that 
of Canis and in some respects comparable to that of Vulpes (Lyras and van der Geer 
2003). The prorean gyrus is bilaterally constricted, but it is shorter than in similar- 
sized living Canis. The cerebral hemispheres of all Canis-like species (members of 
Canis, Cuon, Cynotherium, Lycaon and Xenocyon) expand abruptly behind the pre-
sylvian sulcus. The prorean gyrus is long and bilaterally constricted, more so than 
in any other canid group (Fig. 17.6c). Additionally, in these species the sigmoid gyri 
expand very abruptly. This creates an orthogonal or oblong outline of the ansate and 
coronal sulci on the dorsal surface of the cerebrum. The external brain anatomy of 
Cynotherium sardous, the insular dwarf species of Sardinia-Corsica, is comparable 
to that of its mainland relative Xenocyon lycaonoides (Lyras et  al. 2006). 
Furthermore, despite being on an island, it did not undergo brain size reduction as 
many insular species do (Lyras 2018).

Amphicyonidae The external brain anatomy of late Miocene amphicyonids is 
known from endocasts of Amphicyon. Its brain had proportionally longer ectosyl-
vian and suprasylvian sulci, which were more tightly arched, and a narrow lateral 
gyrus than in earlier amphicyonids. The entolateral sulcus was absent. The sigmoid 
gyrus had variably developed dimples, suggesting incipient subdivisions 
(Radinsky 1980).

Barbourofelidae Barbourofelis came to North America during the late Miocene, 
as an immigrant from Eurasia. Barbourofelis, despite its derived craniodental adap-
tations, had a brain that was comparable to that of the Oligocene nimravids, from 
which it may has been descended (Wang et al. 2020). Its brain had relatively narrow 
anterior lobes compared with living felids, and the highest point of the cerebrum is 
situated more caudally (Radinsky 1975a; Lyras et al. 2019).

Mustelidae Brachypsalis is a Miocene mustelid from North America. It is a 
medium- to large-sized mustelid that is phylogenetically related to Promartes (see 
Baskin 1998b). Although its cerebral cortex is rather convoluted, particularly in 
comparison to contemporary Borophaginae, it is less convoluted than the brain of 
living mustelids (Lyras et  al. 2016). The brain of the late Miocene mustelid 

17 Paleoneurology of Carnivora



702

Eomellivora ursogulo has been described by Orlov (1948 as Perunium ursogulo). 
Its brain had all the main gyri seen in modern terrestrial mustelids.

Felidae The felid brain reached its present configuration during the late Miocene. 
An endocranial cast of a late Miocene “Felis” attica (now Pristifelis) from China 
(see description in Radinsky 1975a) already shows the morphology of living, simi-
larly sized felids. Thus, from the late Miocene to the present, the brain of Felinae 
(modern cats with conical canines) has not undergone much change and there are 
only a few differences between the brains of Plio-Pleistocene and living species 
(Radinsky 1975a). A very interesting case is the brain of the Pleistocene saber- 
toothed cat Smilodon. Several Smilodon endocasts are known from Rancho La Brea 
tar pits of California (Radinsky 1975a). Smilodon is one of the most specialized 
carnivorans that ever lived. However, its brain is the least derived of all Pleistocene 
felids: it has very small cerebral hemispheres and a small overlap of the cerebellum. 
Its temporal lobe is considerably smaller than that of modern felids and its frontal 
lobe is compressed rostrally. Interestingly, other saber-toothed felids, like 
Homotherium, had derived brains, comparable to those of living members of the 
family (Radinsky 1975a).

Hyaenidae The brain of the early, small-sized late Miocene hyena Ictitherium 
(Fig. 17.5c) has the basic arrangement of that of modern hyenas including a well- 
developed cruciate sulcus. In the late Miocene Adcrocuta eximia, one of the earliest 
bone-cracking hyaenas, the cruciate sulcus is situated more anteriorly than in extant 
bone-cracking hyenas and more closely approaches the condition of the insectivo-
rous Proteles (Vinuesa et al. 2014). The brain morphology and sulcal pattern of the 
Plio-Pleistocene Pliocrocuta perrieri was similar to modern Hyaena hyaena and 
Parahyaena brunnea (Vinuesa et  al. 2015b). However, Pliocrocuta was less 
encephalized than the highly-social modern Crocuta crocuta and had a relatively 
smaller anterior cerebrum (the part of the cerebrum anterior to the cruciate sulcus) 
than in all extant bone-cracking hyenas (Vinuesa et  al. 2015b). The Pleistocene 
Crocuta spelaea and C. ultima had a lesser development of the anterior brain than 
the modern C. crocuta (Vinuesa et al. 2015a). According to the same authors the 
greater anterior brain development of modern C. crocuta is a derived and recently- 
acquired trait, and the extinct species of Crocuta displayed less developed social 
abilities.

17.4.2  The Evolution of Gyrification in Carnivorans

Gyral folding can enlarge the cortical surface by increasing either the height or the 
number of gyri. These increases must evolve simultaneously, because an increase of 
only the height or only the number of gyri has functional disadvantages (Prothero 
and Sundsten 1984). Cortical features are correlated, due to the way the cerebral 
cortex folds and fissures. For example, gyral length and total cortical surface area 
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are strongly correlated in mammals as a whole, as noted by Elias and Schwartz 
(1971). Similarly, Zilles et al. (1989) observed a correlation between sulcal length 
and degree of folding in primates. Since the relative length of the superficially 
exposed gyri and sulci is correlated with the degree of folding, the evolutionary his-
tory of cortical folding can be followed through simple length measurements (Zilles 
et al. 1989), as was applied to carnivorans by Lyras et al. (2016). They found that 
the relative length of the superficially exposed gyri differs among extant carniv-
orans. Living viverrids as a group have a relatively lower degree of gyrification than 
other carnivorans (Lyras et al. 2016). Extant felids, canids, and mustelids share a 
more or less similar degree of gyrification. Among mustelids, otters have the highest 
values. This agrees with the comparative observations mentioned above, as the cor-
tex of otters has an enlarged somatic sensory area (Radinsky 1968b; Marshall 
et al. 2014).

The reconstruction of the evolutionary history of gyrification using statistical 
tools and ancestral state reconstructions estimated that the first carnivorans should 
have had brains as convoluted as those of the living forms (Lewitus et al. 2014). The 
reconstruction of evolutionary patterns in deep geological time based solely on liv-
ing species may, however, be flawed, as living species may be limited proxies of the 
actual evolutionary history of the clade they belong to (Finarelli and Goswami 
2013). Indeed, Lyras et al. (2016) demonstrated that, in contrast to the estimates of 
Lewitus et al. (2014), the fossil record indicates that contemporary carnivorans have 
significantly more convoluted brains than their early representatives.

Another surface variable that can be measured using endocranial casts is the size 
of the exposed cerebral cortex area. According to Lyras et al. (2016), the relative 
surface area of the outer cortex has increased by approximately 50% from the first 
carnivorans some 40 million years ago to the present day. This trend of increasing 
cortical surface is not limited to carnivorans, but evolved in other mammalian 
groups as well. Hofman (2014) suggests that neocortical expansion was driven by 
an increasing environmental pressure for more complex cognitive abilities. 
Evolutionary time played a crucial role in this process. Overall, as well as within 
each family independently, the cortical surface and the degree of cortical folding 
progressively increased through time. However, this evolution is relatively slow, as 
each family required millions of years of evolution to achieve its present-day con-
figuration of cortical folding (Lyras et al. 2016).

17.4.3  Brain-Size Evolution

Finarelli and Flynn (2009) explored the evolutionary history of encephalization 
across terrestrial carnivorans using a large data set of living and fossil taxa. They 
documented clade-specific evolutionary transformations in encephalization allom-
etries among different carnivoran families. Felidae are significantly larger-brained 
than basal Carnivora. The larger-bodied felids have low encephalization, however, 
comparable to those of basal carnivorans, while the smaller felid taxa exhibit higher 
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encephalization. In Amphicyonidae the larger species exhibit lower encephalization 
as well. In Ursidae, Caninae and Musteloidea, Finarelli and Flynn (2009) noted an 
allometric increase of brain size with increasing body size. They further noted that 
these encephalization increases were independent of each other.

Several authors have presented hypotheses regarding the biological significance 
of brain size in carnivorans. In an early work, Jerison (1970) postulated that at any 
given geological time carnivorans (including creodonts) had relatively larger brains 
than their ungulate contemporaries. Later, Radinsky (1978a) re-evaluated the avail-
able data and concluded that there is no evidence for or against Jerison’s model. 
Recently Smaers et al. (2021) demonstrated that shifts in relative brain size are often 
primarily characterized by marked changes in body size. For example large modern 
pinnipeds attained a low brain to body size ratio because of strong selection for 
larger body size. Thus, according to the same authors, relative brain size may not 
always be a valid proxy of cognition.

Mammalian brain size seems to be correlated to maternal basal metabolic rate 
(Martin 1981). Finarelli (2010) could not find evidence for such a correlation within 
Carnivora, however. Instead, Finarelli (2010) found that taxa with higher encepha-
lization tend to have fewer, larger offspring. This observation demonstrates the 
importance of maternal investment on shaping adult encephalization in their 
offspring.

Another factor previously considered to be important in neural evolution among 
mammalian carnivorans is social complexity. This hypothesis postulates that the 
degree of encephalization should increase with increasing complexity of the intra-
specific social environment. Such a relationship was initially suggested to be pres-
ent in carnivorans by Gittleman (1986). However, Finarelli and Flynn (2009) 
demonstrated that the association of increased encephalization and highly social 
behaviour appears to be restricted to the Canidae among extant Carnivora and can-
not be generalized to the entire order. Similarly, Swanson et al. (2012), who inves-
tigated the importance of social complexity in neural evolution among contemporary 
carnivorans, did not find support for the social brain hypothesis when they exam-
ined overall brain volume. They did, however, identify a positive relationship 
between relative cerebrum volume and sociality. The cerebrum is the only region of 
the brain that might be critical for social cognition. Another study (Benson-Amram 
et al. 2016) investigated the idea that brain size predicts cognitive abilities in carniv-
orans. They examined performance of captive individuals of 39 species from nine 
families housed in zoos and reported that problem-solving capabilities indeed cor-
responded with larger relative brain size.

Other works have focused on within-family comparisons. Sakai et  al. (2016) 
investigated the relationship between relative brain size and regional brain volumes 
and sociality in contemporary felids. They found that sociality does not correspond 
with larger relative brain size, but instead seems to be predicted by anterior cere-
brum volume. They noted however, that the lion, a species with a highly complex 
group structure, has the largest relative anterior brain, while the cheetah, a species 
with solitary females, has the smallest. Similarly, the anterior cerebrum of wolves 
(Canis lupus) is larger than that of coyotes (C. latrans) (Sakai et al. 2018). Arsznov 
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et al. (2010) found that the volume of the anterior cerebrum relative to that of the 
total brain is larger in the spotted hyaena (Crocuta crocuta) than in the other three 
living hyaena species. Furthermore, they found that the volume of the frontal cortex 
in the aardwolf (Proteles cristata), which is the least social living hyaena, is the 
smallest among all living hyaenid species.

17.5  Concluding Remarks

The cerebrum of all living carnivorans in lateral aspect consists of convolutions 
arranged in concentric arcs arranged around the Sylvian sulcus and progressively 
increasing in length. The lateral gyrus abuts the longitudinal fissure in dorsal view, 
whereas anteriorly it is continuous with the sigmoid gyrus, a convolution that sur-
rounds the cruciate sulcus. The cruciate sulcus is a common landmark in living 
carnivorans, except for most viverrids, the African palm civet and the linsang. This 
pattern evolved independently multiple times during the evolutionary history of 
carnivorans.

The evolution of the carnivoran brain follows a general tendency of cortical 
expansion and increased folding, starting from the archaic, fox-sized earliest mem-
bers of the late Paleocene. Contemporary carnivorans have significantly more con-
voluted brains than their early representatives. This expansion followed the same 
general pattern of neocortical convolutions in all carnivoran groups. However, each 
group evolved distinctive sulcal patterns.

The felid brain reached its present configuration already during the late Miocene. 
Extant felids, canids, and mustelids share a similar degree of gyrification. Within 
mustelids, otters have the highest degree of gyrification, in agreement with their 
enlarged somatic sensory area on the cortex. Living viverrids have a relatively lower 
degree of gyrification compared to other carnivorans.
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Chapter 18
Paleoneurology of Extinct Cingulates 
and Insights into Their Inner Ear Anatomy

P. Sebastián Tambusso, Flávio Góis, Jorge Felipe Moura, Chiara Villa, 
and Roberta Veronese do Amaral

18.1  Systematic and Phylogenetic Context

Cingulata is one of the two orders within the Superorder Xenarthra. The classic 
morphological systematic scheme of Cingulata comprises two main clades: 
Dasypodoidea, consisting of living and extinct armadillos, and Glyptodontoidea, a 
monophyletic group that includes the extinct glyptodonts and pampatheres 
(McKenna and Bell 1997). Glyptodonts are one of the most bizarre groups of mam-
mals known. Like all cingulates, they bear a carapace composed of a mosaic of 
dermal scutes, although, unlike the other cingulates, their carapace is immobile. 
There is a complete fusion of thoracic and lumbar vertebrae to form the dorsal tube 
(Lydekker 1894; Gillette and Ray 1981). In addition, the presence of a dermal 
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caudal tube is characteristic of glyptodonts with the exception of the clades 
Propalaehoplophoridae and Glyptodontinae (Fernicola and Porpino 2012); in some 
species (e.g. Doedicurus clavicaudatus), a large tail club is present that may have 
been adapted for antagonistic behavior (Fariña 1995; Alexander et al. 1999; Blanco 
et al. 2009). The singular position of the masticatory apparatus in glyptodonts, in 
which the toothrow extends to or posterior to the mandibular glenoid/jaw joint, is a 
unique feature among mammals (Fariña and Parietti 1983; Fariña 1985, 1988; 
Fariña and Vizcaíno 2001), with the exception of vermilinguan anteaters, in which 
the palate extends posterior to the ear region (Patterson et al. 1992).

The allocation of Pampatheriidae to the classic (but out-of-date) systematic 
groups dasypodoids or glyptodontoids has been controversial historically, as they 
have morphological characters that can be associated with either group. They 
resemble Dasypodoidea in having a carapace divided into three regions (scapular 
buckler, movable bands and pelvic buckler), and in the anatomy of the limbs and 
certain cranial characters (e.g., the length of the snout) (Simpson 1930; Hoffstetter 
1958; Paula Couto 1979). However, they resemble Glyptodontoidea in characters of 
the auditory region (petrosal with a narrow and triangular promontory), cranial 
robustness, the morphology and function of the masticatory apparatus (e.g. the 
ascending ramus of the mandible anteriorly inclined, the elevation of the mandibu-
lar notch well above the dental series and lobate teeth, bilobate in pampatheres and 
trilobate in glyptodonts), and the elevation of the basicranial axis relative to the 
palate (De Iuliis et  al. 2000; Vizcaíno 2009; Góis et  al. 2012, 2015; Góis 2013; 
Fernicola et al. 2017; Gaudin and Lyon 2017). Recent morphological phylogenetic 
analyses placed pampatheres as the sister group of glyptodonts (Gaudin and Wible 
2006; Billet et al. 2011) (Fig. 18.1).

Armadillos comprise approximately 21 extant species, and recent molecular 
analysis (Delsuc et  al. 2012; Gibb et  al. 2016) divide them into two families: 
Dasypodidae with a single extant subfamily (Dasypodinae); and Chlamyphoridae 
with three extant subfamilies (Chlamyphorinae, Euphractinae and Tolypeutinae; but 
see below). According to Gaudin and Lyon (2017) this reordering at the family level 
diversity among cingulates does not adequately reflect the age, morphological dis-
parity, and taxonomic diversity encompassed by cingulates in general, and the 
Chlamyphoridae in particular (see below). In fact, the Dasypodinae, one of the long- 
recognized subfamilies of armadillos (and indeed the smallest subfamily in terms of 
generic level diversity), is being accorded family level status, while the other three 
extant armadillo subfamilies are lumped together into a single, very large, taxo-
nomically, morphologically and ecologically diverse family (Gaudin and Lyon 
2017). Morphological phylogenetic analyses have considered armadillos a paraphy-
letic group and have suggested a close relationship between glyptodonts and the 
armadillo subfamily Euphractinae (Billet et  al. 2011; Gaudin and Wible 2006). 
However, two recent molecular analyses (Delsuc et al. 2016; Mitchell et al. 2016) 
support a close relationship between glyptodonts and a clade composed of the extant 
subfamilies Chlamyphorinae (fairy armadillos) and Tolypeutinae (three-banded, 
naked-tailed and giant armadillos) (Fig.  18.1). Mitchell et  al. (2016) based on a 
complementary morphological analysis with a molecular backbone constraint 
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Fig. 18.1 Non-calibrated phylogeny of Cingulata (Modified from Delsuc et al. 2016 and Cuadrelli 
et  al. 2020). (a) Daypodinae, (b) Euphractinae, (c) Glyptodontinae, (d) Pampatherinae, (e) 
Chlamyphorinae, (f) Tolypeutinae

propose a close relationship with the extant armadillo subfamily Chlamyphorinae, 
which was also supported by a morphological complementary analysis by Delsuc 
et al. (2016). This grouping is surprising since they are among the most derived 
cingulates. Moreover, Pleistocene glyptodonts were generally large-bodied and 
heavily armored, as reflected in the graviportal modifications of the limbs, whereas 
fairy armadillos are the smallest armadillos and are highly adapted for burrowing 
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(Mitchell et al. 2016). So far, there are no molecular data for pampatheres. Therefore, 
it remains to be determined whether their phylogenetic relationships will remain 
based on the morphological characters, or will be modified as happened with glypto-
donts based on the results of molecular analysis.

18.2  Historical Background

18.2.1  The Record of Endocranial Morphology 
of Fossil Cingulates

A considerable number of paleoneurological studies on the South American 
Cenozoic mammal fauna, many of which focused on xenarthrans, were carried out 
in the nineteenth and twentieth centuries (Serres 1865; Gervais 1869; Dechaseaux 
1958; Dozo 1987, 1989, 1994, 1998). These works were based on both natural 
endocranial casts and artificial casts constructed with latex or silicone rubber. Some 
of these historical studies involved glyptodonts as well (Serres 1865; Gervais 1869; 
Dechaseaux 1958, Dozo 1989), but the paleoneurology of the pampatheres was not 
studied until recently.

The first researchers to study the brain of Pleistocene glyptodonts noted that they 
had a lissencephalic condition and that, in absolute terms, this was a small organ 
relative to the body size of these animals (Serres 1865; Gervais 1869). This observa-
tion is even more noticeable when compared with other mammals of similar size, in 
particular, other large xenarthrans. Serres (1865: 458) noted this particular character 
based on an endocranial cast of a specimen of Glyptodon clavipes: “La cavité crâni-
enne offre quelques particularités qu’il peut être intéressant de signaler ici: sa face 
inférieure présente un plan à peu près horizontal. Elle est terminée, à la partie 
antérieure, par deux cavités de taille à peu près à loger une noisette et qui étaient 
remplies par les lobes olfactifs. Plus en arrière, les hémisphères cérébraux mesurent 
environ 55 millimètres de long et 40 millimètres de large en moyenne.” (The cranial 
cavity offers some peculiarities that it may be interesting to point out here: its under-
side presents a more or less horizontal plane. It is terminated, at the anterior part, by 
two cavities of size approximately to lodge a hazelnut and which were filled by the 
olfactory lobes. Further back, the cerebral hemispheres are about 55 millimeters 
long and 40 millimeters wide on average). This characteristic is also mentioned by 
Gervais (1869: 45): “…le cerveau des Glyptodontes … rentre assez bien, sous ce 
rapport, dans le type général des Dasypides [sic], mais il a évidemment les hémi-
sphères de petite dimension eu égard à la taille gigantesque de l’animal.” (…the 
brain of the Glyptodonts… fits quite well, in this respect, in the general type of the 
Dasypids [sic], but it obviously has the hemispheres of small dimension with regard 
to the gigantic size of the animal). Subsequently, he refers to the lissencephalic 
condition of glyptodonts: “Il est également digne de remarque qu’appartenant à 
des mammifères d’aussi grande dimension, le cerveau des Glyptodontes soit aussi 
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pauvre en replis entériformes, et l’on ne saurait douter que ce curieux groupe 
d’Edentés n’ait eu une intelligence plus bornée que le Scélidothérium, le Mylodon 
ou le Mégathérium.” (It is also worth noting that, belonging to mammals of such 
large size, the brain of Glyptodonts is also poor in enteriform folds, and we cannot 
doubt that this curious group of Edentates had a more limited intelligence than 
Scelidotherium, Mylodon or Megatherium).

The doctoral thesis of Dozo (1989) represents the first exhaustive analysis of the 
brain in extant and extinct xenarthrans in order to evaluate their neurological evolu-
tion. Regarding the neocortical morphology of cingulates, her results show that it 
represents the simplest model within xenarthrans, with two primary variants that are 
consistent with the traditional classifications of cingulates: Dasypodoidea and 
Glyptodontoidea, with the Dasypodoidea presenting greater variability in their neo-
cortical patterning, which would coincide with the disparity of the group. It should 
be noted that, although several species of extinct armadillos were included in the 
work of Dozo (1989), there were only two species of glyptodonts: Glyptodon and 
Propalaehoplophorus, and in the latter, the casts were not complete.

More recently, the use of computed tomography (CT) scanning on fossil materi-
als has allowed us to increase our knowledge of xenarthran paleoneurology; from 
CT images is possible to obtain more accurate details of the internal structures, such 
as braincase or inner ear structures. In the case of cingulates, it has been possible to 
qualitatively and quantitatively analyze the brain of Miocene and Pleistocene 
glyptodonts (Tambusso and Fariña 2015a), as well as to describe the brain of a pam-
pathere (Tambusso and Fariña 2015b). The CT scanning method has also allowed 
the access to other structures within the skull such as the anatomy of the ear region 
of xenarthrans, which has been an important source of information for phylogenetic 
analyses (Patterson et al. 1989, 1992; Gaudin 1995, 2004; Gaudin and Wible 2006), 
as well as for some aspects of their paleobiology (Blanco and Rinderknecht 2008, 
2012). This method has provided access to a new set of morphological data not 
otherwise accessible, such as the inner ear bony labyrinth. The inner ear anatomy of 
extant xenarthrans has recently been examined, showing that it is possible to find 
correlations with aspects of their locomotion, as well as with their phylogenetic his-
tory (Billet et al. 2012, 2015; Coutier et al. 2017). In the case of extant cingulates, 
Billet et al. (2015) observe that the morphological study of the bony labyrinth shows 
its morphology is largely congruent with phylogenetic relationships based on 
molecular analyses (Delsuc et al. 2012; Gibb et al. 2016). Studies of the inner ear of 
extinct xenarthrans are limited and had mostly been carried out in folivorans (Billet 
et  al. 2013; Boscaini et  al. 2018) until recently, when Tambusso et  al. (2021) 
described the inner ear anatomy of extinct cingulates (glyptodonts and 
pampatheres).
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18.2.2  Problematics

In their work on the brain of Glossotherium, Boscaini et al. (2018) observed that 
there are many similarities between the endocranial cast of this ground sloth and the 
extant sloth Choloepus, particularly regarding the pattern of sulci and convolutions, 
whereas the extant sloth Bradypus has more similarities with the Miocene sloths 
Hapalops and Eucholoeops. Boscaini et  al. (2020) interpreted these similarities 
based on the phylogenetic scenarios with the best evidence up to that time (Gaudin 
2004), which placed Bradypus as the most basally diverging sloth, and Choloepus 
within the clade Megalonychidae. However, the most recent molecular analyses 
(Delsuc et al. 2019; Presslee et al. 2019) ally Choloepus with the mylodont clade, 
so it would be more closely related to Glossotherium, whereas Bradypus is placed 
within the megatherioid clade, and is therefore possibly more closely related to 
Hapalops and Eucholoeops. These new phylogenetic analyzes are congruent with 
the observations on the endocast morphology of sloths studied by Boscaini 
et al. (2020).

These results show that xenarthran neuromorphology could provide additional 
information on the phylogenetic relationships within this group. Although it does 
not replace the evidence from molecular analyses, they can be a complementary aid 
in clades or taxa where it is not possible to extract genetic material due either to the 
quality of preservation or the (geological) age of the specimen. Therefore, the anal-
ysis of the brain and other endocasts structures (such as the bony labyrinth) of 
extinct cingulates can complement or improve the phylogenetic information 
obtained from other analyses, for example, helping to evaluate whether glyptodonts 
are more closely related to Chlamyphorinae or to another cingulate clade.

This work summarizes the results of these recent investigations on the brain and 
inner ear of fossil cingulates, as well as presenting brain endocast data from two 
new specimens, the glyptodont Glyptodon (ZMK 1-1845-9250) and the pampathere 
Holmesina (LPP-PV-002), providing an overview of the brain endocast diversity 
and evolution in cingulates in general.

18.3  Overview of General and Comparative Anatomy

18.3.1  Characterization of Cranial Endocast Morphology

 Armadillos

Some aspects of the endocranial morphology of extant armadillos deserve further 
attention to compare with and to better assess the brain morphology of fossil cingu-
lates. Extant armadillos show variation in brain morphology among the different 
species, although several characteristics are common to all (Dozo 1989, 1998). The 
olfactory bulbs have a triangular shape, they are very close to each other, and the 
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Fig. 18.2 Digital endocast of extant armadillos: (a) Dasypus in left lateral and dorsal view, (b) 
Chaetophractus in left lateral and dorsal view, (c) Zaedyus in left lateral and dorsal view, (d) 
Euphractus in left lateral and dorsal view, (e) Priodontes in left lateral and dorsal view, (f) 
Cabassous in left lateral and dorsal view, (g) Tolypeutes in left lateral and dorsal view, (h) sche-
matic representation of the endocast of Chlamyphorus in left lateral and dorsal view (Modified 
from Dozo 1989). Abbreviations: arf, anterior rhinal fissure; cblh, cerebellar hemisphere; cer, 
cerebrum; ihs, interhemispheric sulcus; ob, olfactory bulb; otc, ossified tentorium cerebelli; pl, 
pyriform lobe; pms, paramedian sulcus; prf, posterior rhinal fissure; ps, presylvian sulcus; ss, 
suprasylvian sulcus; v, vermis; VII–XII, cranial nerves

olfactory peduncles are covered by the brain, so the bulbs are considered sessile 
(Fig. 18.2). The relative size of the bulbs are quite large occupying close to 10% of 
the total endocranial cast.

The cerebrum presents differences in its shape that largely corresponds to the 
division into two families of extant armadillos (Delsuc et al. 2012; Gibb et al. 2016). 
In Dasypodidae, the cerebrum has an ovoid shape (Fig.  18.2a), while in 
Chlamyphoridae the shape is rather triangular both in dorsal and lateral views 
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(Fig. 18.2b–h). Within Chlamyphoridae, the most notable difference is presented in 
Chlamyphorus (Chlamyphorinae), since the brain has a strong antero-posterior flat-
tening causing the cerebral hemispheres to have a transverse measurement greater 
than the length, as well as the olfactory bulbs and the cerebellum are flattened 
against them (Dozo 1989). All extant armadillos have a rather simple cortical sulcus 
pattern, represented by the suprasylvian sulcus in the temporal lobe and the presyl-
vian sulcus, which extends anterodorsally in the frontal lobe. This sulcus pattern 
exists with some variability in all extant armadillos (Dozo 1989), but it may differ 
in fossil armadillos, as in Utaetus buccatus (from the Eocene) which possesses a 
sulcus that is interpreted as the union of the presylvian and suprasylvian sulci (Dozo 
1998). There is a great development of the piriform lobe, as indicated by a high 
position of the rhinal fissure, which has an anterior and a posterior branch. The cer-
ebellum is separated from the cerebrum by a low posteromedially ossified tentorium 
cerebelli. The cerebellar hemispheres are separated from the vermis by two deep 
paramedian sulci. The cerebellum also shows significant development, comprising 
between 18% and 25% of the total endocranial cast. These cerebellar size values are 
some of the highest values in relation to total size of the brain known among mam-
mals (Clark et al. 2001).

 Glyptodonts

The general outline of the digital endocasts of both Pleistocene and Miocene glypto-
donts is triangular or trapezoidal in dorsal view (Fig. 18.3). The olfactory bulbs are 
large, with an oval cross-sectional shape. Unlike armadillos, the olfactory peduncles 
are not covered by the cerebrum, so they are clearly present in dorsal and lateral 
view. There is some variation among glyptodonts, since Doedicurus has a very short 
peduncle, while in Panochthus it is much more elongated. The olfactory bulbs 
diverge from each other, with Pseudoplohophorus showing the lowest angle at 
37.5°, and Panochthus the highest 73° (measured at the ventral margin of the bulbs).

The shape of the cerebrum is triangular in dorsal view, as in extant Chlamyphorid 
armadillos, although in lateral view, unlike these, it is rather globose. In the genus 
Glyptodon it is possible to observe that in the new specimen analyzed here (ZMK 
1-1845-9250) the cerebral hemispheres are a bit more flattened than the previously 
studied specimens described by Tambusso and Fariña (2015a). Besides this intra-
specific variation, some interspecific variation is also observed (Fig.  18.3) with 
Panochthus showing a slightly more globose shape, being shorter and taller than the 
other glyptodonts. Unlike extant armadillos, in glyptodonts the rhinal fissure is not 
divided into anterior and posterior branches (Dozo 1998), but appears as a continu-
ous groove with a slightly inclined path in the antero-ventral direction that can be 
observed in both lateral and dorsal views (Fig. 18.3). In Panochthus the rhinal fis-
sure is shorter than in other glyptodonts. Ventrally, the rhinal fissure delimits a 
prominent piriform lobe, whose lateral expansion marks the maximum transverse 
width of the brain. As in extant armadillos, the neocortical sulcus pattern of glypto-
donts is not very complex: the suprasylvian sulcus is observed in both lateral and 
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Fig. 18.3 Endocast of (a) Glyptodon in lateral, dorsal, and ventral views, (b) Panochthus in lat-
eral, dorsal and ventral views, (c) Doedicurus in lateral, dorsal and ventral views, (d) 
Pseudoplohophorus, in lateral, dorsal and ventral views. Abbreviations: cblh, cerebellar hemi-
sphere; cer, cerebrum; ls?, lateral sulcus; ob, olfactory bulb; otc, ossified tentorium cerebelli; pl, 
pyriform lobe; rf, rhinal fissure; sls, superior longitudinal sinus; ss, suprasylvian sulcus; trs, trans-
verse sinus; v, vermis; II–XII, cranial nerves. Scale bars: 5 cm

dorsal views, following an oblique path in the postero-dorsal direction above the 
rhinal fissure. In the specimens of Glyptodon and Pseudoplohophorus, the suprasyl-
vian sulcus is located towards the temporal lobe of the cerebral hemispheres, while 
in Doedicurus and most notably in Panochthus it is displaced towards the frontal 
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lobe (Fig. 18.3). In the new specimen of Glyptodon (ZMK 1-1845-9250), a second 
sulcus is evident (Fig.  18.3a), located between the midline and the suprasylvian 
sulcus, and following an anteroposterior path. This sulcus would seem to be present 
in the specimen Mpa 11-04 as well (Tambusso and Fariña 2015a), as both Dozo 
(1989) and Gervais (1869) mention that a depression in the same region could rep-
resent a second sulcus. This second sulcus is not clearly present in the other glypto-
donts, although, in Panochthus there is a small depression in the region that may 
correspond to it. There is no evidence for the presence of a presylvian sulcus in any 
glyptodont endocast.

The cerebellum of glyptodonts is large, with a volume between 26.5% and 30.0% 
of the endocast (Tambusso and Fariña 2015a), a slightly larger proportion than in 
extant armadillos. There is no evidence of an ossified cerebellar tentorium, instead 
a transverse groove is observed in Glyptodon, Pseudoplohophorus and Panochthus 
(less marked in this one). In Doedicurus, a ridge-like structure can be seen above the 
groove that separates the cerebrum from the cerebellum (Fig. 18.3c). The cerebel-
lum is transversally slightly narrower than the brain. Both Serres (1865) and Gervais 
(1869) mention that the maximum width of the cerebellum exceeds that of the brain; 
however, this measurement can be misleading due to the presence of other struc-
tures, such as venous sinuses that create the appearance of a wider cerebellum. 
Tambusso and Fariña (2015a) showed that the maximum width of the cerebellum is 
smaller than the maximum width of the cerebrum in all glyptodonts. The cerebel-
lum maximum length/cerebrum maximum length ratio of glyptodonts is between 
0.39 (Pseudoplohophorus) and 0.44 (Panochthus). This ratio is larger than that of 
extant euphractines (0.24–0.33) and smaller than of dasypodines (0.52–0.55), but is 
comparable to that of tolypeutines (0.44–0.48). The vermis and cerebellar hemi-
spheres are clearly visible. As in extant armadillos, the vermis is more dorsally 
expanded than the cerebellar hemispheres, so that in lateral view it projects consid-
erably over their dorsal surfaces. In Pseudoplohophorus this projection is more 
noticeable than in the other glyptodonts, and similar to that observed in the extant 
giant armadillo Priodontes.

On the ventral surface of the endocast it is possible to observe most of the cranial 
nerves (CN) (Fig. 18.3). The roots and trajectories of these nerves show little varia-
tion between the different species of glyptodonts and they are very similar to that of 
extant armadillos. The most notable differences among glyptodonts are that in 
Panochthus the roots of CN III, IV, V1,2 and VI are oriented more anteroventrally 
compared to the other species. In Doedicurus the root of CN V3 is not so close to 
the preceding roots (III, IV, V1,2 and VI), but attaches instead much further poste-
rior, and in Pseudoplohophorus the internal auditory meatus (for CN VII and VIII) 
occupies a more dorsal position than in Pleistocene glyptodonts. The relative size of 
the roots of CN III, IV, V1-2, VI and V3 are much larger in glyptodonts than that of 
extant armadillos. Lastly, the hypophyseal fossa in glyptodonts is located more 
anteriorly, i.e. closer to the root of CN II, than in armadillos.

Regarding the cranial vasculature, the best represented vessels are the superior 
longitudinal sinus, clearly seen along the entire dorsal median surface of the brain, 
and the transverse sinus, represented by the rounded ridge observed between the 
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brain and cerebellum (although this latter one is not clearly observed in 
Pseudoplohophorus). In Glyptodon, above the pyriform lobes, a large vessel that 
originates in the transverse sinus and has an antero-ventral path could correspond to 
the middle cerebral artery. Part of the path of the internal carotid artery can be dis-
tinguished lateral to the hypophyseal region in Glyptodon and Pseudoplohophorus 
(Fig. 18.3).

Fig. 18.4 Endocast of (a) Holmesina in lateral, dorsal and ventral views, (b) Pampatherium in 
lateral, dorsal and ventral views. Abbreviations: arf, anterior rhinal fissure; cblh, cerebellar hemi-
sphere; cer, cerebrum; ls?, lateral sulcus?; ob, olfactory bulb; otc, ossified tentorium cerebelli; pl, 
pyriform lobe; prf, posterior rhinal fissure; ps, presylvian sulcus; ss, suprasylvian sulcus; v, vermis; 
II–XII, cranial nerves
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 Pampatheres

One of the most notable differences that distinguish pampatheres with glyptodonts 
and armadillos is found in the olfactory bulbs (Fig. 18.4). These are pedunculated, 
large, very elongated in the anteroposterior direction and with the anteriormost ends 
dorsally displaced. They are not divergent from each other as in glyptodonts, and 
remain close to each other along their entire length as in armadillos. The bulbs of 
Pampatherium appear to be thinner than in Holmesina, although this may be the 
result of a better quality in the reconstruction of the endocast of the latter. The olfac-
tory peduncles are relatively short compared to the total size of the bulbs but allow 
a clear separation between them and the brain.

The cerebrum is elongated in an anteroposterior direction. Its maximum trans-
verse width is in the middle region of the endocast, mainly due to the lateral widen-
ing of the paleocortex. In Pampatherium, it is slightly dorsoventrally compressed, 
while in Holmesina it is more globose in lateral view. The rhinal fissure of 
Pampatherium appears to be continuous with a slightly sinuous and anterodorsal 
inclined trajectory. However, in Holmesina the presence of an anterior and posterior 
branch is evident, as in extant armadillos, as well as a presylvian sulcus (Fig. 18.4a). 
The suprasylvian sulcus emerges from the posterior branch of the rhinal fissure. A 
second sulcus with an anteroposterior path is located between the midline and the 
suprasylvian sulcus, similar to that observed in Glyptodon ZMK 1-1845-9250. This 
sulcus is very evident in Holmesina, while in Pampatherium it is observed more 
tenuously.

The cerebellum is a large structure in which it is possible to distinguish the ver-
mis and laterally, separated by two prominent paramedian sulci, the cerebellar 
hemispheres (Fig.  18.4). Unlike glyptodonts, the size of the vermis is not much 
larger than that of the cerebellar hemispheres, resembling armadillos in this respect. 
In Holmesina a deep posteromedially ossified cerebellar tentorium similar to that 
observed in extant armadillos separates the brain and the cerebellum. While in 
Pampatherium, the tentorium appears to span the entire width of the endocast, 
almost completely separating the cerebrum from cerebellum at the dorsal level of 
the endocast. As in glyptodonts the maximum transverse width of the cerebellum is 
slightly less than the maximum width of the brain. However, the cerebellum/cere-
brum length ratio (0.23–0.25) is less than in glyptodonts, and more comparable to 
that of extant euphractines.

The location, size and orientation of the cranial nerves do not differ from the 
general conditions observed in glyptodonts. In ventral view, the greatest difference 
is in the hypophyseal fossa of Holmesina, which is more elongated with a sub trian-
gular shape, than is present in Pampatherium and glyptodonts.
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18.3.2  Inner Ear Endocast Anatomy

The first comprehensive analyses of the inner ear diversity of extant xenarthrans 
demonstrated a strong phylogenetic signal in the morphology of the bony labyrinth 
(Billet et  al. 2012, 2015). In cingulates, the geometric morphometric analysis of 
both the semicircular canals and the cochlea show that Chlamyphorus deviates from 
the pattern present in the rest of the armadillos (Billet et al. 2015). However, the 
analysis of discrete characters from the inner ear show support for the molecular 
results that ally the Chlamyphorinae to the Tolypeutinae, as well as for many tradi-
tional nodes. In fossil xenarthrans, the first studies of the inner ear were carried out 
in the sloths Megatherium and Glossotherium (Billet et  al. 2013; Boscaini et  al. 
2018). Regarding cingulates, Tambusso et al. (2021) conducted the first morpho-
logical description of the bony labyrinth in the glyptodonts Glyptodon, Panochthus, 
Doedicurus and Pseudoplohophorus, and the pampathere Holmesina (Fig. 18.5).

The inner ear of glyptodonts and the pampathere are relatively small compared 
to skull size, as in the fossil sloths Megatherium and Glossotherium (Billet et al. 
2013; Boscaini et al. 2018). Although Tambusso et al. (2021) did not perform a 3D 
geometric morphometric analysis similar to that of Billet et al. (2015) and Boscaini 
et al. (2018), the anatomical and morphometric comparison shows that there is rela-
tively little variation among different glyptodonts, which mainly involves the semi-
circular canals, and more specifically, their size, shape, and the angles among the 
canals. Moreover, Tambusso et al.’s (2021) results also show that the inner ear of 
glyptodonts is largely similar to that of modern armadillos, and in particular, shares 
many similarities with Chlamyphorus. Whereas in the pampathere Holmesina, the 
inner ear is, in some aspects, similar to that of glyptodonts, but it also presents some 
characteristics that more closely resemble that of extant armadillos. The shared 
characters of glyptodonts with Chlamyphorus includes the small size of the semicir-
cular canals (a character also observed in extant sloths, Billet et al. 2015), as well as 
the elongated shape of the lateral semicircular canal (lsc; shared also by tolypeu-
tines, Billet et al. 2015). A rounded shape of the posterior semicircular canal (psc) 
is observed in glyptodonts and Chlamyphorus, whereas in most extant armadillos 
the psc is quite elongated. Both glyptodonts and Chlamyphorus have a reduced 
secondary common crus (the union of the posterior portion of the lsc and the ventral 
portion of the psc, distal to the posterior ampulla, Billet et al. 2015). The cochlea 
also has similarities, such as having fewer than two coils, a characteristic observed 
also in Myrmecophaga and Glossotherium (Billet et al. 2015; Boscaini et al. 2018). 
The secondary bony (basilar) lamina sulcus of the cochlea is indistinct or not 
observable in glyptodonts and Chlamyphorus (a condition also observed in sloths 
and Myrmecophaga, Billet et al. 2015; Boscaini et al. 2018). The cochlea is substan-
tially smaller than in extant armadillos, and presents a large gap between the poorly 
coiled proximal part and the more tightly coiled distal part (Billet et  al. 2015; 
Tambusso et  al. 2021). Holmesina shares with glyptodonts the small size of the 
semicircular canals, the elongated shape of the lsc and the rounded shape of the asc 
(a condition similar to that observed in extant anteaters, Billet et  al. 2015). The 
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Fig. 18.5 Left inner ear of (a) Dasypus, in lateral, posterior, anterior and ventral view, (b) 
Holmesina, in lateral, posterior, anterior and ventral view, (c) Glyptodon, in lateral, posterior, ante-
rior and ventral view, (d) Panochthus, in lateral, posterior, anterior and ventral view, (e) Doedicurus, 
in lateral, posterior, anterior and ventral view, (f) Pseudoplohophorus, in lateral, posterior, anterior 
and ventral view. Abbreviations: asc, anterior semicircular canal; cc, crus commune; coc, cochlea; 
fv, fenestra vestibuli; lsc, lateral semicircular canal; psc, posterior semicircular canal; va, vestibular 
aqueduct
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relative size of the fenestra vestibuli in glyptodonts and Holmesina is slightly 
smaller than that of most extant armadillos (with the exception of tolypeutines) a 
condition shared by sloths and anteaters (Billet et  al. 2015). The cochlea of 
Holmesina also has fewer than two coils. However, the gap between the proximal 
and distal parts is more reduced than in glyptodonts and it is not as tightly coiled as 
in extant armadillos, and as in them, a secondary bony (basilar) lamina sulcus 
appears to be distinct but reduced in extent. A secondary common crus is absent in 
Holmesina, as in Dasypus, and the semicircular canals are thinner than those of 
glyptodonts, more similar to those in most extant armadillos (Billet et al. 2015).

The lateral semicircular canal in glyptodonts is strongly tilted relative to the 
basicranial plane, with a lsc-basisphenoid angle that ranges between 49.8 and 54.1°; 
in Holmesina, this angle is equal to 41.4° (Tambusso et al. 2021). These values are 
higher than those observed for extant armadillos with the exception of Dasypus kap-
pleri and Zaedyus pichiy (Coutier et al. 2017). The observations of Coutier et al. 
(2017) on head posture in living xenarthrans in comparison with the lsc orientation 
shows a good correspondence between the lsc-basisphenoid angle and head posture 
in cingulates. Therefore, the lsc-basisphenoid angles observed for glyptodonts and 
pampatheres imply that they would have held a strong nose-down head posture if 
the lsc were oriented horizontally, as proposed for their rest and/or usual head pos-
ture (Coutier et al. 2017). According to Benoit et al. (2020) this head posture could 
be related to the dietary habits (e.g. grazing ungulates have to keep their head low 
while foraging on grass), which would be in agreement with the grazing diet pro-
posed for most large glyptodonts and pampatheres (Vizcaíno et  al. 2004, 2011). 
Although this snout down head posture also may result from a strong phylogenetic 
correlation, since in most extant Cingulata, which have an insectivorous to omnivo-
rous diet, a snout down posture was also observed (Coutier et al. 2017).

18.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

18.4.1  Morphological Brain Diversity

The endocranial casts of the four genera of Pleistocene glyptodonts examined here 
and in previous publications are fairly similar in their general morphology, and are 
also similar with the first casts analyzed by Serres (1865) and Gervais (1869). Some 
morphological variations can be observed but, as in extant armadillos, many general 
features are held in common among these species. The olfactory bulbs are large 
although, relative to the total volume of the cast, they comprise a somewhat smaller 
proportion than that of extant armadillos (Tambusso and Fariña 2015a). The cere-
bellum constitutes a large portion of the endocranial cast (26–30%) in glyptodonts, 
even larger than in extant armadillos, whereas the cerebrum is less developed than 
in that clade (Tambusso and Fariña 2015a). These results are consistent with the 
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observations made by Gervais (1869) about the small size of the brain of glypto-
donts and their relatively larger cerebellum compared to the cerebrum.

Like extant armadillos, glyptodonts in general possessed a fairly primitive brain. 
As already mentioned, in most specimens analyzed only one neocortical sulcus can 
be distinguished, which, due to its position and orientation, is homologized with the 
suprasylvian sulcus. Gervais (1869: 45) described this sulcus, which according to 
him, delimits the Sylvian convolution in glyptodonts. This author mentions a pos-
sible second oblique sulcus in G. clavipes, and Dozo (1989) mentioned the presence 
of a depression in the cast of Glyptodon that could be homologized with the lateral 
sulcus of sloths. As mentioned before, a second sulcus is clearly observed in the cast 
of Glyptodon ZMK 1-1845-9250 and possibly in Mpa 11-04, which would confirm 
the presence of this sulcus in this genus. It is possible that this sulcus may be present 
in Panochthus, although it is not as clearly marked as in G. clavipes.

The endocranial cast of pampatheres represented by Pampatherium and 
Holmesina shows a combination of both unique characteristics and some others 
shared with glyptodonts and armadillos. The most peculiar feature of their endocast 
is the very antero-posteriorly elongated olfactory bulbs, a feature that is not shared 
by either glyptodonts or armadillos. The presence of a rhinal fissure with an anterior 
and posterior branch and a presylvian sulcus (observed in Holmesina) is shared with 
extant armadillos. Tambusso and Fariña (2015b) only observed the suprasylvian 
sulcus in Pampatherium; however, in the endocast of Holmesina described here, 
besides the presylvian sulcus, it is possible to observe another sulcus that can be 
homologized with the oblique sulcus observed in Glyptodon. This difference in the 
neocortical sulcal pattern between the two pampathere specimens may be due to the 
lower resolution of the computed tomography performed in Pampatherium 
(Tambusso and Fariña 2015b) than the one performed for Holmesina, which could 
have resulted in the lack of an observable presylvian and lateral sulcus in 
Pampatherium.

Dozo (1989) observed the presence of a sulcus located between the midline and 
the suprasylvian sulcus in the endocast of some extant and extinct armadillos 
(Chaetophractus, Euphractus, Scagliatatus, Epipeltephilus, Propalaehoplophorus). 
According to its location and size, this sulcus appears to be homologous with the 
oblique sulcus observed here in Glyptodon and Holmesina. Dozo (1989) named this 
groove “sulcus Z”, and mentions that it could be homologized with the lateral sulcus 
observed in extant and extinct sloths. One difference that glyptodonts exhibit rela-
tive to extant armadillos is a slightly greater development of the frontal region of the 
cerebrum. Dozo (1989) already noted that characteristic in Glyptodon, and attri-
butes it to allometry or to its specialization for a grazing diet. This later hypothesis 
was based on Radinsky (1976) who noted that in ungulates the expansion of the 
frontal region could be related to the development of masticatory specializations. 
Similarly, the greater expansion of the frontal region in glyptodonts would be related 
to their masticatory adaptations for an herbivorous diet including the deepening of 
the maxillae for the hypselenodont dentition (Vizcaíno et al. 2004, 2011). The endo-
cast of pampatheres also shows this frontal expansion. Since their body size is much 
smaller than that of the large Pleistocene glyptodonts, but still much larger than 

P. S. Tambusso et al.



727

most extant armadillos, it can not be ruled out that it is due to an allometric effect. 
Moreover, as this group also presents specializations for a grazing diet (Vizcaíno 
et al. 2004), this hypothesis can not be ruled out either.

18.4.2  Brain-Size Evolution and Encephalization Quotient

The very small brain size relative to body mass of glyptodonts, already observed by 
Gervais (1869), is further substantiated when their encephalization quotient (EQ) is 
compared with those of other mammals. Tambusso and Fariña (2015a, b) evaluated 
the EQ of 796 extant mammals (included in 26 orders) and compared them with that 
of fossil xenarthrans. They showed that glyptodonts and ground sloths have very 
low EQs compared to other mammals. However, significant differences were also 
demonstrated in the allometric relationship of brain volume and body mass in the 
different orders. Due to the differences in the allometric relationship of brain vol-
ume and body mass in the several orders of mammals, the analysis of the EQ of 
extant and fossil cingulates was evaluated using the regression values for the order 
Xenarthra only, resulting in an expected brain volume of Ee = 0.123 m0.606 (Tambusso 
and Fariña 2015a, b). This represents a lower slope compared to the equation for all 
other mammals of 0.751, and lower than most mammal orders with the exception of 
Afrosoricida, Artiodactyla and Cetacea (0.564, 0.585 and 0.516 respectively).

The EQ calculated from the equation for xenarthrans shows that extant and fossil 
cingulates present the lowest values among xenarthrans, with ranges between 0.39 
and 0.94. The only exception is the armadillo Cabassous that has an EQ of 1.44, 
which places it in the range of extant and fossil sloths (Tambusso and Fariña 2015a). 
Within cingulates, Pleistocene glyptodonts have the lowest EQ values (0.39–0.61), 
whereas the Miocene glyptodont Pseudoplohophorus has an EQ in the range of 
extant armadillos (0.84). Pampatheres show EQ values of 0.69 (Pampatherium) and 
0.84 (Holmesina), which are within the range of extant armadillos.

These results are interesting since, within xenarthrans, the Cingulata show a ten-
dency to have smaller than expected brains relative to the entire clade, and this is 
independent of whether they are extant or extinct. Various explanations have been 
offered for variations in relative brain size including the hypothesis that the meta-
bolic rate of individuals may play an important role (Isler and Van Schaik 2006). 
Extant Cingulata and Pilosa are two of the eutherian orders that possess the lowest 
basal metabolic rates (1.83 kJ/h and 2.05 kJ/h on average, respectively), the third 
order being Pholidota (1.81 kJ/h) (McNab 2008). In these mammals the low meta-
bolic rate would be associated mainly with their highly specialized diets (tree leaves, 
insects, termites, ants) as well as the fact that they can be fossorial or arboreal 
(McNab 1986, 2008). However, this alone might not be sufficient to explain the dif-
ferences of relative brain sizes between cingulates and pilosans, both extant and 
fossil. In particular, many of the extinct species (as well as some extant armadillos) 
have not have had specialized diets, being able to be grazers, browsers, frugivors 
and even scavengers (Vizcaíno et al. 2004; Vizcaíno 2009).
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A possible cause for the difference in brain size between Pilosa and Cingulata 
could be the presence of the carapace in cingulates. The carapace imposes certain 
restrictions on the biology and ecology of armored mammals, such as in locomotion 
(Lovegrove 2001) and thermoregulation (Superina and Loughry 2012). On the other 
hand, a possible benefit of the carapace is protection against predators (Superina 
and Loughry 2012). It is possible that cingulates can expend less energy on an 
expensive organ such as the brain, because of a reduced need for vigilance against 
predation that the carapace could allow when running to escape was not an option. 
In glyptodonts, the carapace and the large body size could have been a passive 
defense, and they would not have required high neuronal processing for the devel-
opment of escape or defense strategies against predators. A small relative brain size 
associated with passive defense strategies is also observed in some ornithischian 
dinosaurs, such as the armored ankylosaurs, which had a low EQ in comparison 
with non- armored dinosaurs (except sauropods, Hopson 1977). Likewise, there are 
many convergences between glyptodonts and ankylosaurs, among the most notice-
able of which is the tail club (Alexander et al. 1999; Blanco et al. 2009; Arbour and 
Zanno 2020), and due to the potential tail club’s impact on locomotion, it would be 
possible that this convergence was also reflected in brain size.

The smaller brain size in Pleistocene glyptodonts compared to other cingulates 
could be due to biomechanical constraints. The carapace restricts the development 
of the cervical musculature that supports the skull, as reflected in the fusion of the 
cervical series. An increase in the size of the skull normally accompanies an increase 
in body size; therefore, the allometric scaling of the skull implies a proportionately 
stronger neck musculature to keep it in position. Since the skull weight increases in 
cubed proportions while the muscle strength grows in squared proportions, the neck 
musculature would have to increase in size to a point in which the covering by the 
carapace would restrict its increase. Telescoping the masticatory apparatus under-
neath the braincase reduces the moment arm of the skull (Fariña and Vizcaíno 
2001), and the same holds true for a reduced brain size, perhaps compensating for 
the restricted cervical musculature. Pseudoplohophorus from the Miocene had a 
lower body mass (about 200 kg Tambusso and Fariña 2015a) and a less telescoped 
skull than the large Pleistocene glyptodonts, and its relative brain size (0.84) is the 
largest among the glyptodonts. In pampatheres, the same combination is observed. 
A poorly telescoped skull and lower body mass are accompanied by relative brain 
sizes similar to those of extant armadillos. This possible reduction in brain size in 
large glyptodonts can be observed in the position of the inner ear relative to the 
brain; in Pleistocene glyptodonts the inner ear appears laterally displaced, and sepa-
rated by a gap from the brain, whereas in armadillos, pampatheres and 
Pseudoplohophorus, the inner ear is located very close to the brain. This lateral 
displacement can be compared with the orientation of the vestibular aqueduct, 
which shows clear differences between large glyptodonts in comparison to pampa-
theres and Pseudoplohophorus (Tambusso et al. 2021). In large ground sloths, this 
gap between the ear and the brain does not appear to be present (Boscaini et al. 
2018; Billet et al. 2015). The small size of the brain in glyptodonts could be the 
result of a combination of factors that include life history, low metabolic rate, a 
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passive defense against predators, and the need to reduce skull weight. The relative 
small size of the brain might be also caused by some allometric effects: the large 
contribution of the carapace to cingulate body mass would make them heavier rela-
tive to body length when compared to other mammals, and this in turn could cause 
the EQ to skew lower.

18.4.3  Sensory Evolution: Vestibular Sense

The morphology of the inner ear of fossil cingulates shows that there is relatively 
little variation among glyptodonts. The existing variation is mainly concentrated in 
the semicircular canals, which exhibit a certain degree of difference in their size, 
shape and in the angles between the canals. The morphometric analysis of Tambusso 
et  al. (2021) shows that the inner ear of glyptodonts is largely similar to that of 
modern armadillos, but they have many particular similarities to Chlamyphorus. 
This result is interesting because it is congruent with recent molecular analyses that 
show a close phylogenetic relationship between glyptodonts and the clade formed 
by Chlamyphorinae/Tolypeutinae (Delsuc et al. 2016), as well as in the constrained 
morphological analysis of Mitchell et al. (2016) to the Chlamyphorinae. The inner 
ear of pampatheres, (represented by Holmesina) is very similar to that of glypto-
donts, but it also presents some characteristics that resemble extant armadillos more 
closely, in particular the thinner semicircular canals, the orientation of the vestibular 
aqueduct, the development of the secondary bony (basilar) lamina sulcus, and the 
presence of a reduced gap in the coiled cochlea.

Billet et al. (2015) performed a 3D geometric morphometric analysis on the bony 
labyrinth of the three orders of xenarthrans, that showed a well-defined discrimina-
tion of sloths, anteaters, and armadillos in their morphospace. The only exceptions 
are Chlamyphorus, which is closer to sloths, and Megatherium, which came out 
being closer to armadillos. This pattern is largely similar when only the three semi-
circular canals were analyzed, and, to a lesser extent, when only the cochlea was 
analyzed. Their results shows that Chlamyphorus is separated from the rest of extant 
armadillos mainly by having smaller and less rounded semicircular canals, and an 
irregular and poorly coiled cochlea. The analyses of Billet et  al. (2015) show in 
general that Dasypus and euphractines are well differentiated, while tolypeutines 
have more distinct morphologies.

Tambusso et al. (2021) performed a functional analysis of the bony labyrinth fol-
lowing the methodology of Spoor et al. (2007) and Silcox et al. (2009) in order to 
evaluate the agility levels of extant and fossil cingulates. It should be noted that 
these methodologies have been criticized by several authors (see Boscaini et  al. 
2018) since they could suffer from great uncertainties. Spoor et al. (2007) assigned 
six agility categories (from extra slow to fast) to a large sample of extant mammals 
and evaluated the SC radii of curvature relative to body size, showing that agile 
mammals have relatively larger semicircular canals than slow ones. However, 
according to Malinzak et al. (2012), these a priori agility categories correspond to 
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subjective impressions. Spoor et al. (2007) used the mean SC radii of curvature, 
while Silcox et al. (2009) showed that the lateral SC (lsc) could be a better predictor 
of agility level. However, Billet et al. (2013) and Ruf et al. (2016) demonstrated the 
difficulty of using these later equations for extremely large and small-sized taxa. For 
this reason, the results obtained from these methodologies should be taken with cau-
tion. Tambusso et  al. (2021) analyzed the log10 LSCR (logarithm of lateral SC 
radius) vs. log10 BM (logarithm of body mass) and performed phylogenetic general-
ized linear regressions (PGLS) in order to account for non-independence in biologi-
cal data due to phylogenetic relationship. Also, following Malinzak et al. (2012) and 
Ruf et  al. (2016), they evaluated the variance from 90° (90var) of the ipsilateral 
semicircular canals, that is, the deviations from orthogonality of the canals, which 
are correlated with sensitivity and angular head velocity, and consequently with 
locomotor agility.

The results of Tambusso et  al. (2021) showed a significant correlation of the 
PGLS of log10LSCR vs log110Body Mass, consistent with previous results (Spoor 
et al. 2007). The analysis of the residuals of the lateral SC radius in relation to body 
mass and agility levels shows that xenarthrans’ agility falls in the range of medium 
to extra slow. Taking into account the previous cautions about this methodology, the 
large Pleistocene glyptodonts would fall within the range of slow to medium-slow 
agility levels, along with most extant armadillos and Glossotherium. While 
Holmesina would fall in the range of medium-slow to medium agility levels, along 
with extant anteaters and Megatherium. Among glyptodonts, Glyptodon shows a 
relatively smaller LSC size, which could be explained by the fact that this genus 
does not have a caudal tube like Pseudoplohophorus, Doedicurus and Panochthus. 
These last two genera could have used their tails for defense or antagonistic behav-
ior (Fariña 1995; Alexander et al. 1999, Blanco et al. 2009), which would require 
greater coordination, so this could be reflected in the size of the lsc. Holmesina has 
a relatively large lsc for its body size, which is similar to the condition in the arma-
dillo Priodontes, and the anteaters Tamandua and Myrmecophaga, so it appears 
likely that it had higher levels of agility than glyptodonts.

The log1090var analysis of Tambusso et al. (2021) shows that glyptodonts exhibit 
large variance in the angles of semicircular canals. Pseudoplohophorus and 
Holmesina produce the smallest values, with a log1090var of 2.15 and 2.16, respec-
tively; whereas, the remaining glyptodonts have higher values: Glyptodon, 2.32; 
Panochthus, 2.41; and Doedicurus, 2.55. This range of variance is consistent with 
that observed in most extant cingulates (from 2.12 to 2.49), with the exception of 
Chlamyphorus and Chaetophractus in which the log1090var are considerably lower 
(1.72 and 1.62, respectively).

These functional aspects of the bony labyrinth show that the extinct cingulates 
would have been mostly slow animals, with agility similar to extant armadillos. 
Although it is possible to observe variation among glyptodonts and Holmesina that 
could be related to locomotor habits, intraspecific variation may represent an impor-
tant source of variation, as observed in the extant xenarthrans’ data (Billet et  al. 
2015). The results of Tambusso et al. (2021) represent a first approximation that can 
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be further improved with the inclusion of new specimens and species in future 
research.

18.5  Future Directions: Outstanding Questions 
and Perspectives

It is interesting that both the brain and the inner ear of the pampatheres show char-
acteristics similar to glyptodonts and to extant armadillos, and in some cases, they 
are more similar to the latter. This would be consistent with the old hypothesis that 
pampatheres were not the sister group of the glyptodonts, but rather of some group 
of extinct or extant armadillos (Simpson 1930; Hoffstetter 1958; Paula Couto 1979). 
In such a case, it remains unclear which armadillo clade would be a good candidate 
as a sister group of pampatheres. It should be mentioned that some of the morpho-
logical characters that unite pampatheres most closely with glyptodonts come from 
the masticatory apparatus, and these could be the result of convergence due to simi-
lar adaptations to a grazing diet. A phylogenetic analysis by Tambusso et al. (2021) 
performed on a set of 16 characters defined by Billet et al. (2015) from the inner ear 
of extant and fossil xenarthrans resulted in groupings among the extant species that 
are congruent with the most recent molecular analysis of the armadillo subfamilial 
relationships (Gibb et al. 2016). Although it showed some differences in the species 
relationships within each subfamily. Glyptodonts grouped together with 
Chlamyphorus in a very consistent manner, which is partly congruent with the 
results from molecular phylogenetic analyses (Delsuc et al. 2016; Mitchell et al. 
2016), and differ with the results of other morphological analyses in which all 
groups of cingulates were analyzed (e.g. Gaudin and Wible 2006). Holmesina, 
appeared as the sister taxon of the clade formed by Chlamyphorus and the glypto-
donts, which is partially consistent with previous morphological phylogenies that 
placed it as the sister clade of the glyptodonts. The use of only these characters for 
a cladistics analysis has several limitations: fewer characters than taxa, the approach 
used for their definition in some cases, and the limited coverage regarding the region 
of the skeleton (Billet et al. 2015) which can lead to the phylogenetic inferences not 
being robust. Although this result is not conclusive, it shows that the inner ear mor-
phology could potentially be phylogenetically informative, since it is apparently 
less variable than other character systems. For example, the osteoderms, which have 
been one of the main characters used to evaluate the taxonomy of glyptodonts, pres-
ent variations in the different regions of the carapace of each individual, as well as 
morphological variations at ontogenetic, population and taphonomic levels (Zurita 
et al. 2011; Gillette et al. 2016), which has led to nomenclatural problems and taxo-
nomic overestimates. Furthermore, as mentioned before, the brain endocast of 
Holmesina shows a neocortical sulcal pattern that resembles that of extant armadil-
los, in particular due to the presence of a presylvian sulcus, that is not evident in 
Pampatherium due, most likely, to the low resolution of the CT scans performed on 
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that genus. Considering this, it would be very interesting to encode characters from 
the brain to add to other morphological characters from the ear region and else-
where, in order to analyze their possible implications for systematic relationships.

New molecular analyses have shaken the phylogenetic tree of sloths (Delsuc 
et al. 2019; Presslee et al. 2019), but some signs of these newly proposed relation-
ships had already been observed in their endocast morphology (Boscaini et  al. 
2018). Similarly, the cingulate tree was also shaken by molecular analyses that 
included data from a glyptodont (Delsuc et al. 2016; Mitchell et al. 2016), and, as 
shown by Tambusso et al. (2021), the morphological data of the inner ear might be 
congruent with these new relationships. Therefore, until we have molecular data 
from pampatheres, it would be interesting to re-evaluate their phylogenetic relation-
ships by adding new traits from the inner ear and, if possible, from the brain 
endocast.

The presence of convergent characters between glyptodonts and ankylosaurs 
could be another topic interesting to investigate. As mentioned above, these two 
clades are convergent in terms of being armored and having a tail club, but they also 
present convergences in the morphological evolution of these traits, i.e. the order of 
trait appearance in both clades evolved in a statistical similar pattern (Arbour and 
Zanno 2020). Given the restrictions and advantages that these characteristics confer 
on these clades, it would be interesting to evaluate whether some of the sensory 
systems, the brain and the inner ear, also present convergences.

18.6  Final Considerations

Although the brain of fossil cingulates such as glyptodonts has been known since 
the mid-nineteenth century thanks to the preservation of natural endocranial casts or 
the preparation of artificial casts, recent technological advances have made it pos-
sible to delve deeper into the study of its morphology, and how it relates to the 
evolutionary history and functional aspects of these animals.

In this way, it has been possible to observe some intrageneric variability in the 
endocasts of the genus Glyptodon thanks to the study of several specimens. The 
analysis of genera older and smaller than the giants of the late Pleistocene, such as 
Pseudoplohophorus from the late Miocene, will provide a more complete picture of 
the evolution of the brain in this group of mammals. However, more specimens, as 
well as new species, still need to be analyzed to better understand intraspecific vari-
ation, as well as the evolutionary and functional patterns in this group.

The description of the Holmesina endocast corroborated the observations that 
the brain of pampatheres presents some very important differences from both 
glyptodonts and extant armadillos. However, it also allowed us to observe charac-
teristics that had not been observed in the Pampatherium endocast, such as the pres-
ence of a presylvian sulcus, which is characteristic of extant armadillos but is absent 
in glyptodonts.
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In the case of the inner ear, the functional aspects of the bony labyrinth have 
shown that the extinct cingulates would have been mostly slow animals at least with 
agility similar to that of extant armadillos. The inner ear anatomy of glyptodonts is 
largely similar to that of modern armadillos, particularly with that of Chlamyphorus, 
which is congruent with recent molecular analyses. The inner ear of Holmesina, in 
contrast, presents some characteristics similar to glyptodonts and others more simi-
lar to extant armadillos, as it was the case for their brain anatomy. Therefore, the 
inclusion of traits from the inner ear and brain endocast would be highly interesting 
in any re-evaluation of their phylogenetic relationships.
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Chapter 19
The Endocranial Cavities of Sloths 
(Xenarthra, Folivora): Insights 
from the Brain Endocast, Bony Labyrinth, 
and Cranial Sinuses

Alberto Boscaini, Dawid A. Iurino, Raffaele Sardella, Timothy J. Gaudin, 
and François Pujos

19.1  Systematic and Phylogenetic Context

Xenarthra are composed of Cingulata (armadillos, glyptodonts, and pampatheres), 
and Pilosa, which includes Folivora (sloths) and Vermilingua (anteaters), and 
together constitute an “assemblage unlike anything that evolved elsewhere in the 
world” (Patterson and Pascual 1968: p.  422). Xenarthrans originated in South 
America by at least the early Eocene (Bergqvist et  al. 2004; Gelfo et  al. 2009; 
Gaudin and Croft 2015), but several clades expanded across the entire American 
continent later in the Cenozoic (e.g. Pascual 2006; Woodburne 2010). The earliest 
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record of pilosans is that of Pseudoglyptodon, an enigmatic sloth from the late 
Eocene–early Oligocene of Chile and Argentina (McKenna et al. 2006), whereas the 
earliest undisputable fossil of an anteater is from the late Oligocene–early Miocene 
of the Argentinian Atlantic coast (Carlini et al. 1992). However, it is not until the 
early Miocene that well-preserved, nearly complete pilosan skulls become avail-
able, reflecting the extreme paucity of data on early cranial morphology in the clade 
(Gaudin and Croft 2015).

The three extant anteater genera (i.e. Cyclopes, Myrmecophaga, and Tamandua) 
currently inhabit the tropical forests and open grasslands of Central and South 
America. They are terrestrial/arboreal mammals that display a remarkable set of 
anatomical adaptations to myrmecophagy (Naples 1999; McDonald et  al. 2008). 
Similarly, the fossil record of Vermilingua comprises two undoubted genera (i.e. 
Protamandua and Palaeomyrmidon) and a probable third genus, Neotamandua 
(Gaudin and Branham 1998; Casali et al. 2020), known from cranial remains, all of 
which display the same specialist feeding habits (McDonald et al. 2008; Bargo et al. 
2012). The scanty nature of their fossil record and the lack of detail in several of the 
known fossil skulls (Bargo et al. 2012; Gaudin and Croft 2015) are surely some of 
the main factors that have impeded a paleoneurological exploration of the clade 
Vermilingua. However, this limitation is not present in their sister group, Folivora.

Extant sloths are represented by only two genera, the three-toed Bradypus, and 
the two-toed Choloepus, both restricted to modern tropical rain forests of Central 
and South America (Nowak 1999). They are folivorous, almost exclusively arboreal 
mammals, with distinctive upside-down posture and suspensory behavior (Hayssen 
2010, 2011; Nyakatura 2012). The sloth fossil record is characterized by much 
greater richness, incorporating more than 90 extinct genera from all over the 
American continent, including the West Indies (McKenna and Bell 1997). Not only 
was the taxonomic diversity of extinct Folivora greater than today, but also its mor-
phological disparity. In fact, remarkable variation has been observed in aspects 
ranging from general body size (spanning a few kilograms to 3–4 tons; Raj Pant 
et al. 2014; Toledo et al. 2017) to morphologies associated with differing feeding 
habits (including grazers, browsers, and mixed feeders; Bargo et al. 2006; Bargo 
and Vizcaíno 2008; Pujos et al. 2012) and locomotory modes (including arboreal 
and semiarboreal taxa, facultative bipeds, obligate quadrupeds, and even some 
swimming taxa; Pujos et al. 2012; Amson et al. 2014; Toledo 2016).

Despite the strong similarity in feeding habits and locomotion between Bradypus 
and Choloepus, the diphyletic origin of the two extant sloth genera is almost univer-
sally accepted, although a consensus on their phylogenetic relationships is still far 
from being achieved (e.g. Engelmann 1985; Gaudin 1995, 2004; Clack et al. 2012; 
Slater et  al. 2016; Varela et  al. 2019; Delsuc et  al. 2019; Presslee et  al. 2019). 
Phylogenetic analyses based on osteological characters consider Bradypus the only 
representative of Bradypodidae and the sister taxon to the other main clades (Gaudin 
1995, 2004; Varela et al. 2019). Choloepus is considered the sole living member of 
Megalonychidae and is deeply nested in a group composed of extinct species from 
the Antillean islands (Gaudin 1995, 2004; Varela et al. 2019). The other three major 
extinct sloth clades are the Nothrotheriidae, the Megatheriidae, and the Mylodontidae 
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(e.g. Engelmann 1985; Gaudin 2004; McDonald and De Iuliis 2008). The enigmatic 
Pseudoglyptodon is currently considered the oldest and perhaps most primitive 
sloth – it has not been assigned to any of these groups (Boscaini et al. 2019; Varela 
et al. 2019). In contrast, recent phylogenetic analyses based on ancient DNA and 
collagen sequences recovered Bradypus among the extinct megatherioids and 
Choloepus among the extinct mylodontid sloths (Delsuc et al. 2019; Presslee et al. 
2019). In this revolutionary scenario, the extinct Antillean taxa still constitute a 
monophyletic group (i.e. Megalocnidae), but positioned as the sister clade to all 
other extant and extinct sloths (Delsuc et al. 2019; Presslee et al. 2019).

Giving this context, a reappraisal of folivoran morphology-based phylogenetic 
analyses is an urgent need. At the same time, a further exploration of poorly known 
morphologies, such as the digitally reconstructed skull endocasts of modern and 
fossil taxa, assumes greater importance. In fact, new morphological information has 
the potential not only to reveal hidden phylogenetic signatures, but also to shed new 
light on the paleobiology of extinct sloths and their peculiar adaptations.

19.2  Historical Background

19.2.1  The Record of Endocranial Morphology of Fossil Sloths

The first information on the endocranial anatomy of an extinct folivoran, and the 
corresponding paleobiological inferences, dates back to an 1856 publication of 
Richard Owen (1804–1892) on the giant megatheriine sloth Megatherium america-
num. In this work, the famed British paleontologist noted the extensive cranial 
sinuses and the relatively small size of the brain cavity, which “must have been less, 
by nearly one half, than that of the Elephant”, and suggested that “Megatherium was 
a beast of less intelligence, and with the command of fewer resources, or less varied 
instincts, than the Elephant” (Owen 1856: pp. 574–575).

A few years later, the first solid 3D model of an extinct sloth brain cavity, that of 
the mylodontine Mylodon robustus (= Glossotherium robustum) was produced, pre-
sumably as a plaster cast taken from a naturally or intentionally broken skull, 
although the author does not specify his methodology (Pouchet 1868–1869; 
Fig. 19.1). It appeared, together with those of other extant and extinct xenarthrans, 
in a publication of Charles Henri Georges Pouchet (1833–1894). In this work, the 
French anatomist suggested that the complexity of the brain of this extinct sloth 
appeared to be higher than that of the surviving forms, casting doubt on the “marche 
progressive et ascendante du développement de l’encéphale chez des espèces immé-
diatement dérivées les unes des autres à travers le temps” (progressive and ascend-
ing march of the development of the encephalon in species immediately derived 
from each other over time) (Pouchet 1868–1869: p. 359), an established paradigm 
of the nineteenth century. The same endocast of Glossotherium robustum is also 
described in a second and more comprehensive study by François Luis Paul Gervais 
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Fig. 19.1 First published illustration of a three-dimensional model of an extinct sloth brain endo-
cast (i.e., Glossotherium robustum) and its comparison with the brain endocast of the three-toed 
sloth. (Modified from Pouchet 1868–1869)

(1816–1879). In this extended comparative work, Gervais (1869) figured for the 
first time other solid endocasts from extinct sloths, including those of the giant 
megathere Megatherium americanum and the mylodontid Scelidotherium lepto-
cephalum. Gervais (1869) also identified a general similarity among the brain endo-
casts of extinct and extant sloths, in both their general shape and their convolution 
patterns, providing additional morphological support for the earlier attribution of 
Megatherium americanum to the folivoran clade (Cuvier 1796). At the end of the 
nineteenth century, after the discovery of the iconic “Cueva del Milodón” in south-
ern Patagonia, several works were dedicated to the study of an extinct mylodontid 
sloth found in an exceptional state of preservation. These include a study by the 
British paleontologist Arthur Smith Woodward (1864–1944) who described, in 
Woodward (1900), the plaster cast of the brain cavity of Grypotherium (Neomylodon) 
listai (= Mylodon darwinii).

With the dawn of a new century, comparative paleoneurological studies on extant 
and extinct South American mammals finally commenced in the southern hemi-
sphere. Remarkable efforts were made by the German neurobiologist Christfried 
Jakob (1866–1956; Fig.  19.2a) and the Italian zoologist Clemente Onelli 
(1864–1924; Fig. 19.2b), who both adopted Argentina as their country of vocation 
(Triarhou and del Cerro 2006; Brinkman and Vizcaíno 2014). Their collaboration 
took place in the first decade of the twentieth century and their first results were 
presented in 1910 in two important scientific events held in conjunction with cele-
brations for the centennial of the Argentinian May Revolution (Jakob and Onelli 
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Fig. 19.2 Christfried Jakob (a), Clemente Onelli (b), and the frontispiece of their 1913 atlas on 
the brains of some mammalian species from Argentina (c). (Modified from Triarhou and del Cerro 
2006 and Brinkman and Vizcaíno 2014)

1910; Jakob 1912). Analyzing the convolution pattern of their brains, Jakob (1912) 
noticed a certain similarity between Megatherium and the extant Bradypus, whereas 
the morphology of the large mylodontines Lestodon and Grypotherium (= Mylodon) 
were thought to compare favorably with the living anteater Myrmecophaga and the 
cingulate Dasypus, respectively.
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The neuroanatomical studies of Jakob and Onelli were published in German 
(Jakob and Onelli 1911) and Spanish (Jakob and Onelli 1913). The 1913 Argentinian 
edition of their atlas (Fig.  19.2c) represents the first treatment of this subject in 
South America, combining phylogenetic and ontogenetic approaches (Triarhou and 
del Cerro 2006). They analyzed brains from 40 extant South American mammals, 
including modern cingulates and pilosans, as well as brain endocasts of some extinct 
notoungulates and xenarthrans. Among them, casts of the giant sloths Grypotherium 
(= Mylodon), Megatherium, and Lestodon were figured (Jakob and Onelli 1913).

Soon thereafter, Lull (1915) illustrated a partial reconstruction of the brain endo-
cast of Mylodon harlani (= Paramylodon harlani) from the Pleistocene of North 
America, stressing the striking similarities between its convolutions and those of the 
extant two-toed sloths. A more complete brain endocast of Paramylodon harlani 
was later obtained by Stock (1925), together with those of other extinct taxa, spe-
cifically the stem megatherioid Hapalops sp. and the Pleistocene nothrothere 
Nothrotherium shastense (=Nothrotheriops shastensis) (Stock, 1925: Plate 3). Stock 
(1925) also noted that the pattern of convolutions was more complex in larger sized 
species than in smaller ones.

In the second half of the twentieth century, additional studies on brain endocasts 
of extinct folivorans were conducted by Colette Dechaseaux, with a reappraisal of 
previous studies (Gervais 1869; Jakob and Onelli 1913; Stock 1925) and a re- 
description of some specimens (Dechaseaux 1958, 1962a, b). A few years later, 
Dechaseaux (1971) described a new endocranial cast belonging to the mylodontine 
Oreomylodon wegneri (= Glossotherium wegneri, following De Iuliis et al. 2020) 
from the Pleistocene of Ecuador, and produced the first exhaustive study of the 
endocranial anatomy of an extinct sloth. In this detailed study, she confirmed the 
general conservatism of brain morphology in extant and extinct sloths, but stressed 
some peculiar traits of the early Miocene Hapalops sp. from the Santa Cruz 
Formation of Argentinian Patagonia. This taxon, similar to the extant genus 
Bradypus, exhibits a brain endocast with a less globose aspect and fewer sulci than 
that of other extant and extinct forms (Dechaseaux 1971). A similar morphology is 
also present in other early Miocene specimens from Santa Cruz, such as those of 
Hapalops indifferens and the stem-megalonychid Eucholoeops fronto (Dozo 
1987, 1994).

Currently, a greater worldwide access to new techniques such as CT scanning 
and digital 3D reconstruction has enabled large-scale, non-destructive access to the 
internal cranial features of both extinct and extant vertebrates. This approach allows 
the exploration of brain endocasts in greater detail, but also allows access to other 
cavities within skulls, such as the bony labyrinth and cranial sinuses. These high- 
resolution scans can in some cases also recover important details related to the tra-
jectories of cranial nerves and blood vessels. The applications of these new 
techniques to extant and extinct Folivora started less than a decade ago, and are now 
undergoing a rapid increase (e.g. Billet et al. 2012, 2013, 2015; Coutier et al. 2017; 
Amson et al. 2018; Boscaini et al. 2018, 2020a, b). In these works, the sloth endo-
cranial cavities that have been more intensively analyzed are: (i) the brain cavity and 
cranial nerves, (ii) the bony labyrinth of the inner ear, and (iii) the cranial sinuses. 
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The present study summarizes the main results of these most recent investigations, 
and explores possible future directions of research.

19.3  Overview of General and Comparative Anatomy

19.3.1  Brain Cavity and Cranial Nerves

 Brain Cavity

Like the early brain endocasts produced in the nineteenth century, the first extinct 
sloth species whose neuroanatomy was studied in detail using digital methods was 
Glossotherium robustum (Boscaini et al. 2020a; Fig. 19.3a–c).

The brain endocast of this species was compared to that of the modern arboreal 
forms Bradypus variegatus (Fig. 19.3j–l) and Choloepus hoffmanni (Boscaini et al. 
2020a; Fig. 19.3g–i), and subsequently, to that of another extinct mylodontid sloth, 
the scelidotheriine Catonyx tarijensis (Boscaini et al. 2020b; Fig. 19.3d–f).

In accordance with the first paleoneurological studies of extant and extinct sloths, 
a general resemblance in brain anatomy among folivorans was also evident when 
analyzing digital models (Boscaini et al. 2020a, b; Fig. 3). This similarity applied 
not only to the general shape of the brain, but also to its pattern of convolutions. This 
suggests that the brain morphology of the clade has remained quite conservative 
during the last ~16-million-years, independently of body size variations (e.g. Dozo 
1987, 1994; Boscaini et al. 2020a). However, some important differences have been 
detected among these taxa regarding the anatomy of the olfactory bulbs, cerebral 
hemispheres, and cerebellum.

In dorsal view, the olfactory bulbs are divergent and display a horizontal anterior 
margin in Glossotherium, Catonyx, and Choloepus (Fig. 19.3a, d, g), whereas they 
are closer to each other and pointed at their anterior tip in Bradypus (Fig. 19.3j). The 
ventral margin of the olfactory bulbs is inclined more anterodorsally in 
Glossotherium, Catonyx, and Choloepus (Fig. 19.3b, e, h) in lateral view, whereas 
the margin is almost horizontal in Bradypus (Fig. 19.3k).

The convolution pattern of the cerebral hemispheres is simpler in Bradypus than 
in all the other sloths analyzed (Boscaini et al. 2020a, b). In fact, in dorsal view, only 
the lateral sulcus is observable in Bradypus, running anteroposteriorly along almost 
the entire length of the cerebral hemisphere (Fig. 19.3j). In contrast, Glossotherium, 
Catonyx, and Choloepus also exhibit a detached entolateral sulcus on the dorsal side 
of their brain endocast (Fig. 19.3a, d, g). In these latter genera, the entolateral sulcus 
is shorter and placed more medially than the lateral sulcus (Boscaini et al. 2020a, b). 
Similarly, the convolution pattern in Bradypus is quite peculiar in lateral view, with 
the presence of marked tuberosities at the level of the temporal lobe and the anterior 
portion of the suprasylvian gyrus (Fig. 19.3k). These are less pronounced in other 
sloth taxa (Fig. 19.3b, e, h).

19 The Endocranial Cavities of Sloths (Xenarthra, Folivora): Insights from the Brain…



744

Fig. 19.3 Brain endocasts of Glossotherium robustum (a–c), Catonyx tarijensis (d–f), Choloepus 
hoffmanni (g–i), and Bradypus variegatus (j–l), in dorsal (a, d, g, j), lateral (b, e, h, k), and ventral 
(c, f, i, l) views. Colors indicate: blue, olfactory bulbs; grey, cerebrum; orange, neurovascular con-
nections; turquoise, cerebellum. Scale bars equal 2 cm. (Modified from Boscaini et al. 2020a, b)
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In Glossotherium and Catonyx, the cerebellum is greatly enlarged mediolaterally 
in dorsal view (Fig. 19.3a, d). The cerebellum appears less broad transversely in 
Choloepus (Fig. 19.3g), whereas Bradypus (Fig. 19.3j) shows the narrowest condi-
tion (Boscaini et al. 2020a, b). A well-defined vermis, located in the middle of the 
cerebellar hemispheres in dorsal view, is visible in Glossotherium, Catonyx, and 
Choloepus (Fig. 19.3a, d, g), whereas it is absent in Bradypus (Fig. 19.3j).

 Cranial Nerves

Digital models allow the reconstruction of the trajectories of the main cranial nerves 
emerging from the brain cavity with a consistently higher resolution than previous 
non-digital models (Boscaini et al. 2020a, b). Based on these models, it is evident 
that in the extinct giant sloths Glossotherium and Catonyx, the grooves for the sphe-
norbital fissure, the foramen ovale, and the hypoglossal foramen are relatively larger 
than other foramina transmitting cranial nerves. In contrast, more uniformity in the 
relative size of the nerve-transmitting foramina is observed in Bradypus and 
Choloepus (Boscaini et al. 2020a, b; Fig. 3).

According to the available data, another difference in the organization of the 
cranial nerves ramifications is present. In Bradypus (Fig. 19.3l), the maxillary divi-
sion of the trigeminal nerve (V2) extends into the foramen rotundum independently 
(Boscaini et  al. 2020a). In contrast, in Glossotherium (Fig.  19.3c), Catonyx 
(Fig. 19.3f), and some Choloepus specimens (Fig. 19.3i), both the ophthalmic (V1) 
and maxillary (V2) divisions of the trigeminal nerve pass through the sphenorbital 
fissure (Gaudin 2004, 2011; Boscaini et al. 2020a, b).

19.3.2  Bony Labyrinth

The first digitally reconstructed models of the bony labyrinth in sloths are those of 
the extant sloth genera Bradypus and Choloepus (Billet et al. 2012). These analyses 
demonstrated a peculiar shape for the semicircular canals in extant sloths. The 
canals appear particularly thick and possess a reduced radius of curvature compared 
to those of other xenarthrans and of mammals in general (Billet et al. 2012, 2015; 
Fig. 19.4c, d).

Additionally, the semicircular canals of living sloths show an unusual amount of 
intraspecific variation in their shape, angles, and relative size - this variable configu-
ration is more evident in Bradypus than Choloepus (Billet et al. 2012). The configu-
ration of the semicircular canals in the extinct giant sloths Glossotherium robustum 
(Boscaini et al. 2018; Fig. 19.4a) and Megatherium americanum (Billet et al. 2013; 
Fig. 19.4b) are, like those of anteaters and cingulates, thinner with a larger radius of 
curvature, therefore contrasting with the morphology of the extant sloths. These two 
extinct sloth genera also exhibit a strongly oblique orientation of the lateral semicir-
cular canal relative to the cranial base (Billet et al. 2013; Boscaini et al. 2018), a 
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Fig. 19.4 Lateral view of the bony labyrinth of Glossotherium robustum (a), Megatherium sp. (b), 
Choloepus hoffmanni (c), and Bradypus variegatus (d). Colors indicate: yellow, semicircular 
canals and utricle region; blue, cochlea. Scale bars equal 1 mm. (Modified from Billet et al. 2015; 
Boscaini et al. 2018)

feature also observed in the extinct sloth Pelecyodon (Coutier et al. 2017). In con-
trast, the lateral semicircular canal in Bradypus and Choloepus is weakly inclined 
compared to the ventral surface of the basicranium, a feature that is probably related 
with head posture (Coutier et al. 2017).

Despite a general resemblance between the bony labyrinths of the two extinct 
sloths, some important differences have been detected. For instance, in Glossotherium 
the posterior root of the lateral semicircular canal is located at the level of the 
ampullar entrance of the posterior semicircular canal, whereas in Megatherium it is 
situated more dorsally (Fig. 19.4a, b). Glossotherium and Megatherium also differ 
in the torsion of the lateral semicircular canal, which is much more pronounced in 
the latter than in the former taxon (Boscaini et al. 2018; Fig. 19.4a, b). Moreover, 
Glossotherium and Megatherium differ in the shape and position of their anterior 

A. Boscaini et al.



747

and posterior semicircular canals, the canals being more dorsoventrally elongated 
and oriented at an acute angle to one another in Glossotherium, whereas they are 
more rounded and disposed at an obtuse angle in Megatherium (Billet et al. 2013; 
Boscaini et al. 2018; Fig. 19.4a, b). The differences in the shape and orientation of 
the semicircular canals in Glossotherium and Megatherium are the main reason for 
the similarity of the former to extant anteaters and the latter to extant cingulates 
(Boscaini et al. 2018).

An examination of cochlear morphology reveals a general conservatism in shape 
among xenarthrans, as compared to the variability in shape of the semicircular 
canals (Billet et al. 2015; Fig. 19.4). Only the extinct sloth Glossotherium (Fig.19.4a) 
and the extant anteater Myrmecophaga (Billet et al. 2015; Boscaini et al. 2018) pos-
sess a shorter cochlear canal with less than two complete coils. A cochlear feature 
common to both extant and extinct sloths and the pink fairy armadillo Chlamyphorus 
is the absence of the secondary bony (basilar) lamina sulcus on the cochlear endo-
cast (Billet et al. 2015; Boscaini et al. 2018).

19.3.3  Cranial Sinuses

The first digital models of the paranasal and paratympanic sinuses of extant and 
extinct sloths have also been published recently (Boscaini et al. 2020a, b). As was 
the case for brain endocasts, the digital three-dimensional models of cranial sinuses 
reconstructed so far are those of Glossotherium robustum (Fig. 19.5a–b), Catonyx 
tarijensis (Fig. 19.5c–d), Choloepus hoffmanni (Fig. 19.5e–f), and Bradypus varie-
gatus (Fig. 19.5g–h).

Due to lack of preservation of the nasal cavity region in the fossil specimens, the 
maxillary sinuses/recesses, as well as the anteriormost portions of the frontal 
sinuses, have not yet been properly characterized for all taxa. However, the other 
paranasal sinuses (i.e. the sphenoidal and posterior portions of the frontal sinuses, 
sensu Moore 1981) have been reconstructed for all the previously listed taxa 
(Boscaini et al. 2020a, b). Digital models of the paratympanic cavities of the living 
sloths have also been recovered (Boscaini et al. 2020a).

Among the taxa analyzed, the extant three-toed sloth Bradypus variegatus 
(Fig. 19.5g–h) presents the simplest arrangement of paranasal pneumatization, with 
well-developed and individualized frontal and sphenoidal sinuses (Boscaini et al. 
2020a). More posteriorly, paratympanic pneumatization is also recognizable: the 
epitympanic sinus, which communicates with the tympanic cavity, invades the 
squamosal at the level of the posterior portion of the zygomatic process (Fig. 19.5g–
h). In Bradypus torquatus, an additional pneumatized area, corresponding to the 
pterygoid sinus, is also observed (e.g. Guth 1961; Wetzel 1985).

The two-toed sloth shows a consistently more pneumatized skull (Boscaini et al. 
2020a). When compared to Bradypus variegatus, the frontal and sphenoid bones 
appear more heavily pneumatized in Choloepus hoffmanni. In addition, other ele-
ments are invaded by sinuses, such as the palatine and pterygoid (Fig. 19.5e–f). In 
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Fig. 19.5 Cranial sinuses of Glossotherium robustum (a–b), Catonyx tarijensis (c–d), Choloepus 
hoffmanni (e–f), and Bradypus variegatus (g–h), in lateral (a, c, e, g), and dorsal (b, d, f, h) views. 
Colors indicate: red, paranasal pneumatization; green, paratympanic pneumatization. Scale bars 
equal 2 cm. (Modified from Boscaini et al. 2020a, b)

this way, the sinuses of the cranial vault and base are interconnected in the middle 
cranial region (Boscaini et al. 2020a). Paratympanic pneumatization is also present 
at the base of the zygomatic process of the squamosal (Fig. 19.5e–f), but the epitym-
panic sinus is relatively smaller than that of Bradypus variegatus (Fig. 19.5g–h).
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A similar arrangement of the paranasal sinuses is observed in Catonyx tarijensis, 
in which the pneumatization of the middle cranial area is even more extensive than 
in the two-toed sloth (Boscaini et al. 2020b; Fig. 19.5c–d). As in Choloepus, the 
posterior portion of the frontal sinuses extends partially into the parietal, but unlike 
the living form, it displays much greater ventral development, reaching the anterior-
most portion of the squamosal (Boscaini et al. 2020b; Fig. 19.5c–d).

The extinct mylodontine Glossotherium robustum shows the greatest extent of 
cranial pneumatization described so far among sloths (Boscaini et  al. 2020a; 
Fig. 19.5a–b). In fact, in this species, sinuses invade almost every bone of the brain-
case, even extending into the occipital posteriorly. The only sinus-free areas are 
those in the vicinity of the stylohyal fossa and the foramen magnum (Boscaini et al. 
2020a; Fig. 19.5a–b). Both Catonyx and Glossotherium lack paratympanic pneuma-
tization: the epitympanic sinus observed in Bradypus and Choloepus is absent in 
extinct mylodontid sloths (Gaudin 1995; Fig. 19.5).

19.4  Evolutionary Inferences Based 
on Endocast Morphology

19.4.1  Brain Cavity and Cranial Nerves

 Brain Cavity

The conservative nature of brain endocast morphology among extant and extinct 
sloths was first observed based on solid models by Gervais (1869), and was subse-
quently confirmed in more recent works implementing the same technique (e.g. 
Dechaseaux 1971; Dozo 1987, 1994).

This neuroanatomical uniformity is also recognizable in digital models 
(Fig. 19.3), where a similar brain morphology has been recognized in the small- 
sized suspensory lineages of Choloepus and Bradypus, and giant terrestrial taxa like 
Glossotherium and Catonyx (Boscaini et al. 2020a, b). However, among the taxa 
digitally reconstructed so far, Bradypus (Fig.  19.3j–l) shows the most disparate 
morphology, with distinct differences from other sloths in the pattern of sulci and 
gyri and in the shape of the olfactory bulbs and the cerebellum (Boscaini et  al. 
2020a). Given its body-size and locomotory similarities to the two-toed sloth, these 
peculiar features are probably not related to function, but are more likely indicative 
of a distinct phylogenetic history. In fact, even if morphological and molecular phy-
logenies contrast in several aspects, the diphyletic origin of the two extant lineages 
is commonly accepted (e.g. Gaudin 2004; Delsuc et al. 2019; Presslee et al. 2019). 
The endocranial morphology of sloths appears to be conservative even for those 
taxa which show the most remarkable adaptive changes, such as Thalassocnus (de 
Muizon and McDonald 1995). In this form, which is characterized by several ana-
tomical adaptations to aquatic lifestyle (e.g. Amson et al. 2014, 2015), preliminary 
observations on its brain cavity features did not highlight peculiar characteristics 
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(Amson et al. 2018). In fact, the olfactory bulbs of Thalassocnus, when compared 
to those of the living sloths, do not show the reduction observed in other mammalian 
lineages secondarily adapted to aquatic environments, such as cetaceans (Berta 
et al. 2014), sirenians (Orihuela et al. 2019), aquatic otters, and pinnipeds (Gittleman 
1991; Bininda-Emonds et al. 2001).

Studies dedicated to the correlation between the cerebral convolution pattern of 
sloths and their possible functional aspects are scarce (Goffart 1971; Saraiva and 
Magalhães-Castro 1975). A sensory and motor mapping of the cerebral cortex of the 
living three-toed sloth was conducted by Saraiva and Magalhães-Castro (1975). 
According to this study, the anteriormost portion of the suprasylvian gyrus appears 
to be devoted to the representation of the forelimb, especially to the claws of the 
forepaw. A similar cortical representation of the forelimb was observed in other 
manually dexterous mammals such as raccoons and primates (Welker and 
Seidenstein 1959). This portion of the cortex appears well-developed in all the 
extant and extinct sloth taxa observed so far (Boscaini et al. 2020a, b). The strong 
development of this area results in brain endocasts that are mediolaterally wider in 
dorsal view than those in cingulates (Tambusso and Fariña 2015a, b). This morphol-
ogy may be correlated with a higher degree of specialization achieved by sloths in 
the autopodia, relative to cingulates. In sloths, the use of the forelimb is especially 
important because, during their long evolutionary history, forelimbs were devoted 
to several critical tasks, such as feeding, digging, climbing, swimming, and suspen-
sory arboreal locomotion (e.g. Pujos et al. 2012).

 Cranial Nerves

Variation among sloths in features associated with the cranial nerves are also likely 
attributable to phylogenetic and functional influences. The independent trajectory 
of the maxillary division of the trigeminal nerve (V2) through the foramen rotundum 
is, to date, invariably observed in Bradypus, whereas in Catonyx, Glossotherium, 
and some Choloepus specimens, this nerve branch passes through the sphenorbital 
fissure (Gaudin 2004, 2011; Boscaini et  al. 2020a, b; Fig.  19.3). This is in part 
related to the confluence/separation of the foramen rotundum and the sphenorbital 
fissure observed on the external surface of the skull, thereby constituting a phyloge-
netically informative character (Gaudin 2004: char. 159). In Catonyx and 
Glossotherium (Fig. 19.3a–f), the diameter of the canals for the sphenorbital fissure, 
the foramen ovale, and the hypoglossal foramen are enlarged relative to other nerve- 
transmitting canals, contrasting with the condition in living sloths (Boscaini et al. 
2020a, b). This was probably related to a greater development of the trigeminal and 
hypoglossal nerves in the two extinct mylodontids, reflecting heightened sensory 
input coming from their enlarged rostrum and nasal cavity, as well as the need for 
increased motor output due to their larger tongue and jaw muscles (Boscaini et al. 
2020a). However, minor differences between Catonyx and Glossotherium can be 
also detected in the relative size of the hypoglossal canal (Fig. 19.3a–f). In the for-
mer taxon, the smaller diameter of the hypoglossal canal, coupled with the robust 
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morphology of the hyoid elements, suggest a more limited tongue protrusion than 
in the latter genus. All these characteristics are indicative of different feeding behav-
iors, with scelidotheriines being more browsers/mixed feeders, whereas the mylo-
dontines were predominately grazers (Bargo et al. 2006; Pujos et al. 2012, Boscaini 
et al. 2020b).

19.4.2  Bony Labyrinth

In mammals, the morphology of the bony labyrinth is strongly influenced by both 
phylogeny and function. The vestibule and semicircular canals are associated with 
the sense of balance and equilibrium, whereas the cochlea is strongly linked to the 
sense of hearing (Ekdale 2013, 2016). Among Xenarthra, detailed studies of inner 
ear morphology have been conducted on its extant representatives, with particular 
emphasis on living sloths and with the recent addition of some fossil specimens to 
the dataset (Billet et al. 2012, 2015; Boscaini et al. 2018). These first analyses have 
revealed important characteristics that have the potential to be phylogenetically 
informative (Billet et al. 2015; Boscaini et al. 2018). For example, the absence of 
the secondary bony (basilar) lamina sulcus on the cochlear endocast is a feature 
shared by all the sloth bony labyrinths examined so far (Billet et al. 2015; Boscaini 
et al. 2018).

Among extant xenarthrans, three-dimensional geometric morphometric analyses 
revealed a strong phylogenetic imprint on labyrinthine morphology (Billet et  al. 
2013, 2015; Boscaini et al. 2018). In fact, the general xenarthran morphology of the 
inner ear clusters largely into three well-defined groups, coinciding with the main 
phylogenetic subdivisions (i.e. sloths, anteaters, and cingulates), with the unique 
exception of the pink fairy armadillo, which shows some unusual morphologies 
(Billet et al. 2013, 2015; Boscaini et al. 2018). However, when the bony labyrinths 
of some extinct sloths are taken into consideration, this scenario appears more com-
plicated. In fact, the morphology of the inner ear of Megatherium and Glossotherium 
approaches that of extant armadillos and anteaters, respectively, disrupting the pre-
viously identified phylogenetic pattern (Billet et al. 2015; Boscaini et al. 2018). This 
resemblance appears to be more significantly driven by the morphology of the semi-
circular canals than the cochlea. More precisely, extant cingulates and anteaters, 
together with the extinct Megatherium and Glossotherium, share semicircular canals 
that are longer (i.e. with a larger radius of curvature) than those of the extant sloths 
Bradypus and Choloepus (Fig. 19.4). In other mammals, differences in shape, size, 
and orientation of the semicircular canals have been correlated with body mass and 
agility (Spoor et al. 2007; Silcox et al. 2009) and vestibular sensitivity (Malinzak 
et al. 2012; Berlin et al. 2013). In accordance with these general observations, it is 
highly probable that the paleobiology of the large terrestrial Megatherium and 
Glossotherium, which is doubtless quite distinct from the biology of the smaller, 
suspensory living forms, is primarily responsible for the observed disparity in semi-
circular canal anatomy among sloths (Billet et  al. 2015; Boscaini et  al. 2018). 
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Whether the folivoran semicircular canal morphology is more strongly related to 
differences in body size, agility levels, or locomotor styles will require further study, 
including the addition of new taxa to the geometric morphometric analyses. For the 
time being, the available data is consistent with the hypothesis that the similarities 
in the semicircular canals of extant sloths (Fig. 19.4) are due to convergence, prob-
ably linked to their independent acquisition of slow suspensory arboreal locomotion 
(e.g. Gaudin 2004; Nyakatura 2012).

The association of Megatherium with cingulates and Glossotherium with anteat-
ers, rather than with extant sloths, is also observed in their cochlear morphology, 
even if the signal is consistently weaker than in the semicircular canal dataset 
(Boscaini et  al. 2018). Considering the diverse habitats occupied by extant and 
extinct xenarthrans (from open temperate areas to closed tropical forests, and their 
accompanying differences in sound frequency transmission), particular cochlear 
morphologies may also correlate with environmental factors (Boscaini et al. 2018).

19.4.3  Cranial Sinuses

Similar to the other endocranial regions discussed so far, the cranial pneumatization 
of Folivora, and more generally among Pilosa, displays a strong correlation with 
phylogeny. Among sloth cranial bones, the frontal usually shows the greatest levels 
of pneumatization (Boscaini et al. 2020a, b; Fig. 19.5). Frontal sinuses, however, are 
not present in anteaters (Storch and Habersetzer 1991; Gaudin 2004: char. 174). The 
presence of frontal sinuses is considered a folivoran synapomorphy, albeit with dif-
ferent degrees of expression (Gaudin 2004). Among the extant and extinct sloths 
digitally reconstructed so far, Bradypus possesses the smallest frontal sinuses. The 
sinus in this genus is restricted to the frontal bone, without invading the parietal 
bone posteriorly (Naples 1982; Boscaini et al. 2020a; Fig. 19.5g–h). Conspicuously 
larger frontal sinuses, partially invading the parietals posteriorly, are observed in 
Choloepus (Fig. 19.5e–f) and Catonyx (Fig. 19.5c–d), whereas the greatest degree 
of cranial pneumatization is observed in large-sized mylodontines such as 
Glossotherium (Fig. 19.5a–b) and Paramylodon (Stock 1925; Boscaini et al. 2020a, 
b). These preliminary observations agree with morphology-based phylogenies (e.g. 
Gaudin 2004; Varela et al. 2019) but also fit with the most recent phylogenetic sce-
narios based on molecular evidence (i.e. Delsuc et al. 2019; Presslee et al. 2019). A 
probable functional correlation, i.e. the presence of more extensive sinuses in larger- 
sized taxa to reduce the weight of the head, is likely also at least partly responsible 
for the difference. Indeed, living sloths are remarkably small when compared to 
Glossotherium and Catonyx, and they also show the smallest extent of pneumatiza-
tion. However, despite their size similarity, the level of pneumatization of Choloepus 
(Fig.  19.5e–f) is consistently higher than that of Bradypus (Fig.  19.5g–h). 
Furthermore, paranasal pneumatization in Catonyx (Fig. 19.5c–d) is more reduced 
than in Glossotherium (Fig. 19.5a–b), even though its estimated body mass is some-
what higher (Boscaini et al. 2020b). All this evidence suggests that, in sloths, sinus 
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organization could be driven primarily by phylogeny and only secondarily by body 
size. Similar observations have been reported in other herbivorous mammalian 
clades, such as bovids, which show analogous levels of size disparity (Farke 2010).

Regarding the epitympanic pneumatization, detached epitympanic sinuses have 
been reconstructed for the extant Bradypus and Choloepus (Fig.  19.5e–h). This 
sinus appears to be larger in the three-toed sloth (Fig. 19.5g–h) than in the two-toed 
sloth (Fig. 19.5e–f), again reflecting the strong influence of phylogeny on pneuma-
tization. In fact, epitympanic sinuses are invariably present in anteaters, and are 
therefore considered primitive for Pilosa (Storch and Habersetzer 1991; Gaudin 
1995, 2004). These sinuses were probably secondarily lost in mylodontids, such as 
Glossotherium and Catonyx (Gaudin 1995, 2004; Boscaini et  al. 2020a, b; 
Fig. 19.5a–d). Consequently, the presence of epitympanic sinuses in Choloepus is 
apparently inconsistent with its recent inclusion among mylodontids based on 
molecular data (Delsuc et al. 2019; Presslee et al. 2019).

19.5  Open Problems and Future Directions: Outstanding 
Questions and Perspectives

The first studies of the internal cavities in folivoran skulls date back to the nine-
teenth century, but such studies are currently experiencing a rapid increase. The 
main reason of the proliferation of these studies is the greater worldwide availability 
of CT-scanning facilities, as well as the recent spread of powerful computational 
software and hardware to process the large 3D data files produced by such scans. 
The availability of clinical and micro-CT scans in proximity to fossil collections, 
and the reduction of computational times needed for digital reconstructions, have 
substantially increased the opportunities for applying these non-destructive tech-
niques to fossil sloths. Thus, the decade 2010–2020 marked the beginning of ana-
tomical study on sloth digital endocranial casts, including aspects such as the brain 
cavity, bony labyrinth, and cranial sinuses (e.g. Billet et  al. 2012, 2013, 2015; 
Boscaini et al. 2018, 2020a, b; Amaral et al. 2021).

As stated previously, reconstructions of the morphology of the brain cavity were 
also possible in the past using plaster-silicone casts. However, these methods were 
partially or largely destructive of the fossil material studied, and ultimately retained 
anatomical traits in less detail than modern digital techniques. In contrast, a reliable 
three-dimensional reconstruction of the inner ear and the cranial sinuses has only 
been possible through CT-scanning and digital imaging techniques (e.g. Billet et al. 
2012, 2013, 2015; Boscaini et al. 2018, 2020a, b). The studies published so far rep-
resent a first approach to the reconstruction of the morphologies of the internal cavi-
ties of sloth skulls using digital methods. These analyses served in many cases as 
initial anatomical characterizations, using extant sloths as a comparative frame-
work, and opening the way for the inclusion of extinct taxa (e.g. Billet et al. 2012, 
2015; Boscaini et  al. 2018, 2020a, b). However, considering the high taxonomic 
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richness of extinct sloths, the data published to date is still far from reliably covering 
all the main cranial morphologies associated with the major folivoran clades. 
Broader-scale datasets are now being processed, and their analysis will be the objec-
tive of some of our future studies. A preliminary morphometric study of xenarthran 
brain endocasts, including three extinct sloth genera, was recently conducted by 
Amaral et al. (2021), who confirmed the conservative pattern of xenarthran brain 
anatomy, with lesser influences on morphology probably related to locomotion. 
These first analyses have demonstrated the potential of endocranial information for 
shedding light on important aspects of the evolutionary history of the sloth clade, 
allowing us to outline some preliminary conclusions.

Overall, the morphology of the endocranial structures observed in the extant and 
extinct sloths analyzed so far appear to be more strongly influenced by phylogenetic 
relationships than functional/paleobiological factors. This is true for several fea-
tures pertaining to the brain cavity and cranial nerves (Fig. 19.3), but is also reflected 
in the morphology of the bony labyrinth (Fig. 19.4) and cranial sinuses (Fig. 19.5). 
At the moment, the influence of the phylogeny appears strong, regardless of the 
phylogenetic hypothesis used as a reference for evolutionary relationships. In fact, 
for the taxa reconstructed so far, many anatomical observations agree with phyloge-
netic relationships based on both morphological (e.g. Gaudin 2004; Boscaini et al. 
2019; Varela et al. 2019) and molecular (Delsuc et al., 2019; Presslee et al., 2019) 
characters. However, some features such as the presence/absence of the epitym-
panic sinuses (Fig. 19.5), seem to support morphology-based phylogenies (Gaudin 
2004; Varela et al. 2019). In this sense, the digital endocranial analysis of new taxa 
has the potential to provide useful information for elucidating the relationships 
among extant and extinct sloths.

To a lesser degree, some aspects of cranial pneumatization patterns and the anat-
omy of the bony labyrinth, brain cavity, and cranial nerves, could be correlated with 
biological factors such as body size, locomotory mode, and feeding habits. For 
example, the extent of the sinus development and the size of the semicircular canals 
of the inner ear seem to be related to body size and agility/locomotion, whereas the 
different proportions among cranial nerves could reflect distinct diets. As was the 
case for Catonyx tarijensis, the study of the internal cavities of fossil skulls offers 
new indirect evidence that can provide a useful anatomical basis for paleobiological 
inferences, especially if coupled with observations of external skull traits (Boscaini 
et al. 2020b). Future large-scale studies on endocranial structures in extinct sloths 
may reflect the disparity already observed in their exterior skull surfaces and post-
cranial anatomies, and add information on the diversity of past ecological 
adaptations.

Another important source of morphological diversity in the endocranial cavities 
is intraspecific variation, although this aspect can only be easily evaluated for extant 
taxa. Even though living sloth species only constitute a restricted fraction of the 
total diversity attained by the group (Vizcaíno et al. 2018), they offer the unique 
opportunity to analyze large intraspecific samples for each endocranial structure. To 
date, intraspecific variation has been properly evaluated only for the morphology of 
the bony labyrinth of inner ear, where uncommonly high variability in the form of 
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the semicircular canals, especially in Bradypus, was recorded (Billet et al. 2012). 
This may be correlated with a reduced functional demand for rapid postural adjust-
ments due to the remarkable slow locomotory style of extant sloths (Billet et al. 
2012; Perier et al. 2016). It has been observed that the structure of the mammalian 
inner ear is mostly complete in the early prefetal period, and that its final size is 
achieved before the inner ear is functional (Ekdale 2010; Solntseva 2010). Therefore, 
the morphology of the bony labyrinth does not change much during ontogeny, 
whereas the opposite has been observed for other endocranial areas, such as parana-
sal pneumatization (Farke 2010). For this reason, with the exception of the bony 
labyrinth, comparisons among equivalent ontogenetic stages are necessary for inter-
specific comparisons of endocranial cavities to properly avoid development-related 
transformations.

In the last decade, new technologies constituted an important step for facilitating 
the comprehension of endocranial anatomy in extant and extinct sloths, allowing 
access to previously unknown morphologies in a non-destructive way. These meth-
ods also allow information to be shared easily among scholars based in different 
countries, facilitating collaboration. In fact, the cranial remains of extant and extinct 
sloths are housed in numerous collections, mainly in America and Europe. New col-
laborative efforts and large-scale quantitative studies, such as 3D geometric mor-
phometrics and volumetric calculations, will be essential for revealing evolutionary 
trends in the whole clade and represent promising directions for future research.

19.6  Concluding Remarks

The first studies on the endocranial cavities of extinct sloths date back to the nine-
teenth century, but currently they are rapidly increasing in number thanks to the 
widespread availability of CT-scans and digital technologies. Today, highly detailed 
digital images of endocranial structures in and around the brain cavity, as well as the 
bony labyrinth and cranial sinuses, are relatively easy to reconstruct in a non- 
destructive way. The analyses published in the last decade have focused on the 
extant lineages and a few well-preserved, recently extinct taxa, though an increas-
ingly larger number of fossil specimens are being considered. The first comparisons 
among the taxa reconstructed so far (i.e. Bradypus, Choloepus, Catonyx, 
Glossotherium, and Megatherium) show that the observed morphologies can best be 
explained by phylogeny and only secondarily by paleobiological factors such as 
body size, locomotory modes, and possible feeding habits.

The general form of the brain cavity appears to be conservative among sloths, 
with some peculiar characteristics in the olfactory bulbs, convolution pattern and 
cerebellum observed in Bradypus. In contrast, the morphology of the inner ear, and 
particularly that of the semicircular canals, appears different among the extant 
sloths Bradypus and Choloepus and the extinct giant sloths Glossotherium and 
Megatherium. Also, the pattern of cranial pneumatization appears to be driven pri-
marily by phylogeny, and only secondarily related to body size. In the future, 
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large-scale analyses of the morphology of the brain cavity, inner ear, and cranial 
sinuses can provide valuable, phylogenetically-informative characters and may be 
helpful in resolving the controversial phylogenetic relationships within Folivora. 
These same anatomical regions can also yield important functional insights and 
have the potential for elucidating the remarkable adaptations of extinct sloths.
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Chapter 20
Endocranial Morphology 
and Paleoneurology in Notoungulates: 
Braincast, Auditory Region and Adjacent 
Intracranial Spaces

Gastón Martínez, Thomas E. Macrini, María Teresa Dozo, Bárbara Vera, 
and Javier N. Gelfo

20.1  Systematic and Phylogenetic Context

20.1.1  South American Native Ungulates

The South American native ungulates (SANUs) are extinct mammals that evolved 
within the context of South America geographic isolation, which lasted most of the 
Cenozoic. They include approximately 280 genera grouped into at least five 
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well- accepted major groups: Astrapotheria, Litopterna, Notoungulata, Pyrotheria 
and Xenungulata. Among them, Astrapotheria and Litopterna have been also 
recorded in Antarctica (Gelfo et al. 2019) and, in the case of Notoungulata, some 
toxodontid remains have been reported for Central and North America (Lundelius 
et al. 2013). SANUs ranged from <1 kg to several tons in mass and evolved into a 
variety of primarily herbivorous diets and locomotor adaptations. Many authors 
(Simpson 1934, 1945, 1980; Cifelli 1993; Muizon and Cifelli 2000) suggested 
SANUs descended from one or more groups of Laurasian condylarths (which 
includes the probable ancestors of perissodactyls and artiodactyls), others placed 
them either closer to the uniquely South American xenarthrans (anteaters, armadil-
los and sloths) or to the Afrotherians (e.g. elephants and hyraxes), and others even 
suggested a polyphyletic origin for SANUs (Croft et  al. 2020, and references 
therein).

McKenna (1975) erected the mirorder Meridiungulata to include all the SANUs 
originated from a hypothetic condylarth (didolodont-like) ancestor present in South 
America before the end of the Cretaceous. This interpretation was reformulated by 
Soria (1988), who considered two main lineages derived from an ancestral arcto-
cyonid stock. One of them would be related to the origin of Didolodontidae + 
Litopterna, and the other to the rest of the SANUs. Muizon and Cifelli (2000) ques-
tioned the monophyly of Meridiungulata and proposed, instead, the order 
Panameriungulata to include the North American Mioclaenidae and the South 
American Didolodontidae and Litopterna, which implied a separate origin and no 
close relationships with other SANUs (Astrapotheria, Notoungulata, Pyrotheria and 
Xenungulata). On the other hand, affinities of xenunugulates and pyrotheres with 
Dinocerata (Uintatheriomorpha) were also proposed (Schoch and Lucas 1985).

Alternatively, Astrapotheria, Notoungulata, Pyrotheria, and Xenungulata have 
been linked to Afrotheria based on some controversial interpretations of Agnolín 
and Chimento (2011; but see Billet and Martin 2011; Kramarz and Bond 2014). 
Meanwhile, Notoungulata and Xenungulata, were also included within Afrotheria 
based on a phylogenetic analysis (phenomic and genomic data) performed by 
O’Leary et  al. (2013). In contrast, proteomic derived data placed together 
Macrauchenia patachonica (Litopterna), Toxodon platensis (Notoungulata) and 
Perissodactyla (Buckley 2015). Similar results were obtained by Welker et  al. 
(2015), who proposed the name Panperissodactyla for the clade (Fig.  20.1a). In 
partial agreement, mitogenomic data place Macrauchenia (Litopterna) as the sister 
taxon to crown Perissodactyla, with an estimated divergence time of ~66  Ma 
(Welker et  al. 2015). In a combined phylogenetic analysis (DNA, collagen, and 
morphological data), Thomashuxleya (Notoungulata) was recovered either within 
Afrotheria (if no-constrained maximum parsimony analysis is performed) or within 
Laurasiatheria (stem to Euungulata) if notoungulates + litopterns monophyly is 
forced based on proteomic data (Carrillo and Asher 2017).

A recent study by Avilla and Mothé (2021) dismisses previous molecular phylo-
genetic analyses and, based on morphological data, defined the new clade 
Sudamericungulata, which includes Astrapotheria, Notoungulata, Pyrotheria and 
Xenungulata. According to these authors, this would be a new lineage within 
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Fig. 20.1 Hypothetical evolutionary relationships of South American native ungulates in the con-
text of Eutheria (a), and internal relationships within Notoungulata (b): a phylogenetic hypothesis 
adapted from Croft et al. (2020: fig. 3a), in turn based on Welker et al. (2015); b phylogenetic 
hypothesis simplified from Billet (2011). Abbreviations: Ahyr Archaeohyracidae, Apith 
Archaeopithecidae, Henr Henricosborniidae, Isot Isotemnidae, Nhip Notohippidae, Oldf 
Oldfieldthomasiidae, SANUs South American native ungulates. See text for comments on the posi-
tion of Pyrotherium. Except for Notostylops, silhouettes were taken from PhyloPic (http://www.
phylopic.org/), available under a Creative Commons license (Trigonostylops is slightly modified). 
Silhouette of Notostylops is based on Lorente et al. (2019: fig. 9).

Paenungulata (Afrotheria), sister to Hyracoidea. The paleobiogeographic explana-
tion for this proposal rests in the Atlantogea biogeographic model (see Ezcurra and 
Agnolín 2012), whereas data obtained from bathymetry, radiometric dating of major 
Atlantic hotspot tracks, and plate-motion model do not support the hypothesis of 
complete land bridges between Africa and South America during the Cenozoic (see 
Oliveira et al. 2009).
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20.1.2  Notoungulata

The taxon name Notoungulata was introduced by Roth (1903), who recognized the 
peculiarity of this group by a unique configuration of the temporal region of the 
skull noted in toxodonts (e.g. Toxodon) and typotheres (e.g. “Typotherium”). 
Universally accepted as a natural group, Notoungulata constitute the most success-
ful and diverse group of SANUs with more than 140 genera distributed in about 13 
families, spanning the Paleocene-Holocene time range. Together with Litopterna, 
Notoungulata were the only SANUs that survived beyond the Great American 
Biotic Interchange (GABI) event, with the most recent fossils being found in asso-
ciation with human remains (Croft et al. 2020, and references therein). Only a single 
genus, Mixotoxodon, dispersed from South America and reached the south of North 
America during the Late Pleistocene (Lundelius et al. 2013; Hernández Jasso and 
Piñon 2020).

Cifelli (1993) performed one of the first cladistic analyses of Notoungulata, 
obtaining several synapomorphies for this clade and supporting the monophyly of 
the two traditional suborders, Typotheria (including Archaeohyracidae, 
Archaeopithecidae, Hegetotheriidae, Interatheriidae, Mesotheriidae and 
Oldfieldthomasiidae) and Toxodontia sensu lato (including Homalodotheriidae, 
Isotemnidae, Leontiniidae, Notohippidae, and Toxodontidae). However, no synapo-
morphies were recovered to support “Notioprogonia”, an early diverging lineage 
previously proposed by Simpson (1934) which includes Arctostylopidae, 
Henricosborniidae and Notostylopidae. Later contributions provided new evidence 
for the monophyly of Notoungulata including Notostylopidae and Henricosborniidae 
but leaving Arctostylopidae as a separate order (Cifelli et al. 1989; Missiaen et al. 
2012). The similarities in the auditory region between Notoungulata and Pyrotheria 
(Patterson 1977), particularly between Notostylops and Pyrotherium, led to the 
inclusion of pyrotheres within notoungulates (Fig.  20.1b; Billet 2010, 2011). 
However, a phylogenetic analysis at higher level (Muizon et al. 2015) and the par-
ticularities of the enamel structure in Pyrotherium (Koenigswald et al. 2015) seem 
to reinforce previous hypotheses (Simpson 1978) against the abovementioned 
notoungulate-pyrothere affinity. Subsequently, the traditional concepts of notoun-
gulate families have been challenged during the last decades. Several phylogenetic 
revisions resulted in new hypotheses, such as considering Notopithecidae as a clade 
separated from the Interatheriidae sensu stricto, or the recognition of 
Henricosborniidae, Archaeohyracidae, Oldfieldthomasiidae, Isotemnidae and 
Notohippidae as non-monophyletic assemblages (Fig. 20.1b; Cifelli 1993; Shockey 
1997; Marani 2005; Cerdeño and Vera 2010; Reguero and Prevosti 2010; Billet 
2011; Cerdeño et al. 2012, 2018; García-López and Babot 2015; Vera 2015; García- 
López et al. 2018b; Martínez et al. 2021). In turn, the monophyly of Toxodontidae, 
Homalodotheriidae, Leontiniidae, Hegetotheriidae, Mesotheriidae and 
Interatheriidae Interatheriinae is broadly accepted (Cifelli 1993; Reguero and 
Prevosti 2010; Billet 2011; Shockey et al. 2012; Cerdeño and Vera 2015; Deraco 
and García-López 2016; Vera et  al. 2017, 2019; Seoane and Cerdeño 2019; 
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Hernández del Pino et al. 2019; Bauzá et al. 2019). From here and throughout the 
text, the use of quotation marks indicates non-monophyletic groups.

From a paleobiological standpoint, body masses of notoungulates ranged from 
less than a kilogram to several tons. Among henricosborniids and notostylopids 
shown in Fig. 20.1b (thought to be early diverging representatives, but see Bauzá 
et al. (2020)), Simpsonotus praecursor and S. major (“Henricosborniidae”) would 
have weighed ~1 and ~3–4  kg, respectively, whereas Notostylops murinus 
(Notostylopidae) likely weighed between 5 and 13 kg (Croft 2016; Lorente et al. 
2019; Croft et al. 2020). Morphofunctional indices and interpretations of the skel-
eton of N. murinus indicate locomotor faculties expected for terrestrial (unspecial-
ized), semifossorial or even fossorial animals (Lorente et al. 2019), the latter being 
the ancestral condition hypothesized for notoungulates (Croft and Anderson 2008).

Toxodonts are usually compared to extant hippos or rhinos (in appearance, eco-
logical role, molar crown patterns, etc.), although this assertion only seems to apply 
well for Toxodontidae (Fig.  20.1b). They were medium to very large herbivores 
(their body masses ranged from ~50 to more than 1000 kg (Cassini et al. 2012a, b; 
Elissamburu 2012)) with long and high skulls, high crowned cheek teeth, lateral 
tusk-like incisors and robust skeletons (MacFadden 2005; Croft et al. 2020).

Other toxodonts (e.g. “Isotemnidae”), ranging from ~50 to ~350 kg, were plan-
tigrades (not adapted for agile locomotion), have crouching posture and/or scratch- 
digging capabilities (Shockey and Flynn 2007; Shockey and Anaya 2008; 
Elissamburu 2012; Carrillo and Asher 2017; Croft et al. 2020), whereas others (e.g. 
“Notohippidae”), ranging from ~20 to ~130  kg, were digitigrades or semidigiti-
grades and, at least some representatives (e.g. Eurygenium pacegnum, Rhynchippus 
equinus and R. pumilus) would have been subcursorial generalists (Shockey 1997; 
Elissamburu 2012; Shockey et  al. 2012; Croft et  al. 2020). Some members of 
Leontiniidae and Homalodotheriidae (Fig. 20.1b) developed very large body sizes 
(comparable to that of toxodontids or even larger) and showed quite interesting 
skeletal features, such as the relatively long neck of Scarrittia canquelensis (Chaffee 
1952) and the Neogene Eurasian chalicotheriid-like appearance (forelimbs longer 
than hindlimbs and claws instead of hooves) of Homalodotherium (Scott 1930; 
Riggs 1937; Coombs 1983; Elissamburu 2010) mentioned by Croft et al. (2020).

There were also medium to small representatives (<20 kg), as the early diverging 
toxodonts Puelia sp. (MLP 67-II-27-27) and Pampahippus spp. (Giannini and 
García-López 2014; Deraco and García-López 2016; Croft 2016; García-López 
et al. 2018a; Martínez et al. 2019). From the late Oligocene onward (and following 
the general pattern observed in notoungulates as a whole), toxodonts developed 
hypsodont or hypselodont cheekteeth, probably associated with an increasingly 
abrasive diet (Madden 2015, and references therein; Croft et  al. 2020; Domingo 
et al. 2020; Solórzano and Núñez-Flores 2021).

The other major group within Notoungulata, Typotheria (Fig. 20.1b), occupied 
small- to medium-sized herbivore niches. They included forms that weighed from 
less than 1 kg (e.g. middle Eocene Notopithecidae, see Vera (2015, 2017)) to nearly 
200 kg (e.g. the Pleistocene Mesotheriidae Mesotherium cristatum). Early Paleogene 
representatives (e.g. Notopithecidae and representatives of “Oldfieldthomasidae” 
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included in Fig.  20.1b) showed generalized features such as low-crowned and 
rooted teeth and mostly plantigrade or semidigitigrade posture, which is indicative 
of terrestrial or semifossorial lifestyles and browsing feeding behavior (Croft 1999; 
Bergqvist and Fortes Bastos 2009). In turn, late diverging forms were specialized 
grazers with ever-growing high crowned cheek-teeth and gracile postcranial skele-
tons (Croft 1999; Croft and Anderson 2008; Cassini et al. 2012a; Croft et al. 2020; 
Solórzano and Núñez-Flores 2021).

Based solely on the skull morphology, typotheres are described as rodent-like 
notounugulates, but a wider spectrum of morphotypes is presumed based on the 
post-cranium. Clear-cut examples are the morpho-functional differences observed 
between representatives of Mesotheriidae (which probably resemble extant capyba-
ras) and Interatheriidae (likely comparable to hyraxes), or between any of them and 
some members of Hegetotheriidae, for which a lagomorph-like appareance is 
inferred. As expected, such diversity implies a wide range of locomotor behaviors 
involving cursorial (or functionally cursorial (Croft and Lorente 2021)), fossorial, 
semi-fossorial, occasional digging or arboreal adaptations (Croft 1999; Croft et al. 
2004, 2020; Shockey et al. 2007; Croft and Anderson 2008; Cassini et al. 2012a, b; 
Lorente et al. 2019; Croft and Lorente 2021).

20.2  The Study of Notoungulates Braincast and Auditory 
Region over the Years

20.2.1  Braincast

The first descriptions of notoungulate braincast date back to the nineteenth century 
(Serres 1867; Gervais 1872) and correspond to Mesotherium (Mesotheriidae) and 
Toxodon (Toxodontidae), two well-known representatives of Typotheria and 
Toxodontia, respectively. Since then, and many years before the advent of computed 
tomography X-ray technology, a series of contributions produced valuable data 
based on natural or artificial casts of endocranial cavities of several notoungulates. 
Here, we will mention some classical contributions that followed the first insights of 
Serres and Gervais and laid the foundations for subsequent research.

In 1932, Simpson described the skulls and natural endocasts of Notostylops and 
Oldfieldthomasia, two early diverging notoungulates from the middle Eocene 
(Casamayoran South American Land Mammal age [SALMA]), noting their resem-
blance with the endocast of Mesotherium figured by Gervais (1872). In the case of 
Notostylops, Simpson (1932: 6) described its endocast as “strikingly primitive” and 
similar, to some extent, to condylarths but also to rodents (a rodent-like “primitive” 
notoungulate). A year later, Simpson (1933a) provided new data (e.g. descriptions 
of lateral and ventral surfaces, detail on some lateral vascular elements and cranial 
nerves) and much better illustrations of the endocast of Notostylops, and also made 
useful comparisons with Rhyphodon (“Isotemnidae”) and the archaic ungulate 
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Phenacodus (“Condylarthra”). Although the author recognized differences between 
them (e.g. concerning the olfactory bulbs, cerebellar relative size, piriform lobe 
shape, cortical design, exit of some cranial nerves and vessels; see later in Sect. 
20.4), he mentioned that Notostylops and Phenacodus were remarkably similar, and 
that Rhyphodon showed the same “primitive developmental level” of Notostylops.

Shortly after, Simpson (1933b) described the endocast of two derived typotheres 
(Hegetotherium [Hegetotheriidae] and Protypotherium [Interatheriidae]) and the 
litoptern Tetramerorhinus (Ameghino 1894, sensu Soria 2001) and compared them 
with Notostylops and Phenacodus. According to Simpson, the cranial endocast of 
Hegetotherium was shorter, wider and deeper than that of Notostylops, and he also 
mentioned that it was “advanced” in “effective brain size” (Simpson 1933b: 1), hav-
ing great reduction of the olfactory bulbs, expanded neopallium (which retains its 
triangular contour), and a “more definite and perhaps more complex” convolution 
pattern (Simpson 1933b: 3). No structural differences were mentioned about cranial 
nerves and associated major vascular elements, except for some considerations 
regarding the entocarotid (=internal carotid artery).

Patterson (1934b) described the exit of some cranial nerves of the endocast of 
Trachytherus spegazzinianus (Mesotheriidae). In addition, he discussed similarities 
and differences in the arrangement of the brain and cerebellum between T. spegazzini-
anus, Hegetotherium, Protypotherium and Notostylops. The endocast of 
T. spegazzinianus was previously described by Loomis (1914), who mentioned that 
the large size of the endocast (especially the frontal lobes) and other features were 
“highly specialized” and led him to doubt about a close relationship with the 
“Archaeohyracidae” Archaeohyrax.

Patterson (1937) provided new data for the toxodonts by describing the endo-
casts of Rhynchippus (“Notohippidae”), Adinotherium and Nesodon (Toxodontidae), 
Homalodotherium (Homalodotheriidae), and the typothere Typotheriopsis 
(Mesotheriidae). Although he mentioned a couple of shared features between 
Rhynchippus and Hegetotherium, and between Rhynchippus and Rhyphodon, simi-
larities in the general vascular pattern and the auditory region between Rhynchippus, 
Nesodon and Adinotherium led the author to reinforce his previous proposal of a 
close relationship between “Notohippidae” and Toxodontidae (Patterson 1936). In 
the case of Homalodotherium, Patterson (1937) described the endocast as resem-
bling the morphological “toxodontid-notohippid” pattern in which the olfactory 
bulbs are expanded and widely separated, and also noted similarities in the lateral 
and anterior petrosal venous sinuses. As for the endocast of Typotheriopsis, it was 
described as shallower and slightly less flexed than that of Hegetotherium, with a 
well-developed rhinencephalon and a general morphology closer to other typoth-
eres such as the Mesotheriidae Trachytherus and the Interatheriidae Protypotherium 
and Interatherium.

Dechaseaux (1956, 1958, 1962) provided updated descriptions of the endocasts 
of Pachyrukhos (Hegetotheriidae) and that of the abovementioned Notostylops 
(Notostylopidae), Protypotherium and Mesotherium (typotheres), and Rhynchippus 
and Toxodon (toxodonts), adding interesting comments on the neopallium fissura-
tion. She concluded (mainly based on Mesotherium and Toxodon) that the sulci on 
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the Sylvian region were not homologous to the Sylvian complex or the pseudosyl-
vian sulcus observed in other eutherians. Furthermore, Dechaseaux (1962) con-
cluded that despite Toxodon being a late-diverging notoungulate, it had a primitive 
brain based on its serial disposition of the ventral elements and suggested that the 
well-developed cerebral hemispheres (which would indicate an “evolved” brain) 
could have resulted from the development of the white matter. Regardless of the 
arguments themselves, Dechaseaux (1962) pertinently highlighted how difficult is 
to propose homologies of cranial endocast structures between notoungulates and 
other eutherians.

Radinsky (1981) inferred the location of some neocortical areas in notoungulates 
based on the sulci observed in Hegetotherium and Protypotherium. As noted by the 
author, the general shape of the endocast and the sulcal pattern of these taxa resem-
ble that of some hystricomorph rodents for which cortical mapping studies had been 
previously performed (see Campos and Welker 1976). Even though the location of 
the auditory, primary motor, primary somatic and visual cortices were extrapolated 
(Radinsky 1981: fig. 8), this author mentioned that it was not possible to be sure 
about the homology of the sulci and gyri that delimitate these areas. In this context, 
Radinsky (1981) suggested that if they were homologous, the bulging temporal lobe 
observed in typotheres could indicate an expanded auditory cortex. In agreement, 
Dozo (1997) noted the striking similarities in general shape and location of the sulci 
between the endocasts of Paedotherium insigne (Notoungulata, Hegetotheriidae) 
and Dolicavia minuscula (Rodentia, Caviidae) and provided a comparative descrip-
tion of both species.

20.2.2  Auditory Region

Other endocranial spaces of notoungulates such as the tympanic cavity proper and 
adjacent spaces (e.g. the characteristic epitympanic sinuses and auditory bullae) 
received special attention from Patterson (1932, 1934a, 1936) and Simpson (1936), 
being Patterson’s (1936) and Simpson’s (1936) pivotal contributions in this regard. 
Patterson (1936) thoroughly described the internal structure of the auditory region 
(i.e. middle ear) of several typotheres (Hegetotherium, Interatherium, Pachyrukhos, 
Protypotherium and Pseudotypotherium) and toxodonts (Adinotherium, 
Ancylocoelus, Homalodotherium, Nesodon and Rhynchippus), and recognized some 
traits that seemed to be common to all notoungulates and others that were distinc-
tive of different groups within the order (e.g. Hegetotheriidae, Interatheriidae, 
Mesotheriidae, and Toxodontia).

Simpson (1936) described and figured the auditory region (tympanic cavity, 
auditory bullae and epitympanic sinuses) of Oldfieldthomasia debilitata based on 
external features and parasagittal serial sections of the specimen AMNH FM 28600. 
This method allowed him to identify contacts between bones and tentatively map 
them on the surface of the skull in areas where sutures were not so evident. This 
analysis provided new data on the course of the entocarotid artery (=internal carotid 
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artery [ICA]), the apertures surrounding the auditory bullae, and the periotic. 
Additionally, Simpson (1936: 26) mentioned that the general plan of the endocra-
nial cavity in O. debilitata was identical to that of Notostylops, and made valuable 
comments on vascular elements observed on the internal surface of the skull and 
diploe. Following Patterson and Simpson’s contributions, it was not until the current 
century that the auditory region of notoungulates was actively studied again, 
strongly aided by the application of CT or Micro-CT scanning techniques.

Gabbert (2004) redescribed the basicranium of the Toxodontia based on repre-
sentatives of “Isotemnidae” (Pleurostylodon sp., Periphragnis sp.), “Notohippidae” 
(Puelia sp., Rhynchippus equinus), Leontiniidae (Leontinia gaudryi, Ancylocoelus 
frequens, and Scarrittia canquelensis), Homalodotheriidae (Homalodotherium 
segoviae) and Toxodontidae (Adinotherium spp., Nesodon imbricatus). She focused 
on the auditory bullae (bone composition and surrounding foramina) and concluded 
that the internal crests identified on the bullar wall should not be interpreted as evi-
dence for a compound bullae made of ento- and ectotympanic, as stated by Patterson 
(1934a, 1936) for typotheres and toxodonts. Instead, Gabbert (2004: fig. 14.3) sug-
gested that, at least in toxodonts, the crest could be the medial margin of the ecto-
tympanic that curves on itself due to its own ventromedial inflation during ontogeny. 
As for the ICA (internal carotid artery), she could not find the posterior carotid 
foramen mentioned by Patterson (1936), which led her to challenge Patterson’s 
assertion about an intratympanic course of this artery.

20.2.3  Advances in Recent Years

The advent of CT scanning techniques stimulated new research in almost all the 
aforementioned topics. A series of contributions provided valuable data on the inner 
ear of Notostylops murinus (Macrini et al. 2010) and the typotheres Altitypotherium 
chucalensis (Mesotheriidae), Pachyrukhos moyani (Hegetotheriidae) and Cochilius 
sp. (Interatheriidae) (Macrini et al. 2013). Billet and Muizon (2013) described not 
only the internal but also the external morphology of an early Eocene isolated petro-
sal bone (Notoungulata indet.) and identified imprints of the ICA and the stapedial 
system. MacPhee (2014) provided a thorough revision of the posterior skull of the 
Typotheria based on several representatives of “Oldfieldthomasiidae”, 
Interatheriidae, Mesotheriidae and Hegetotheriidae.

More recently, Fernández-Monescillo et al. (2019) described the brain endocasts 
of the mesotheriids Eutypotherium superans, Plesiotypotherium achirense, 
Trachytherus alloxus, Pseudotypotherium sp. (see comment in Table  20.1) and 
M. cristatum (they also included T. spegazzinianus, although based on a natural 
endocast). MacPhee et al. (2021) provided new data on Cochilius volvens, whereas 
Perini et al. (2022) did the same with Notostylops murinus.

The main endocranial spaces and posterior cranial morphology of toxodonts 
were studied by means of CT scanning in Homalodotherium sp. (Homalodotheriidae), 
Rhynchippus equinus, Eurygenium latirostris, Mendozahippus fierensis 
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Table 20.1 Taxa, specimens and data source

Taxa Specimen(s) and data source

Notoungulata 
indet.

– MNHN-F-BRD 23* (Billet and Muizon 2013)

Notostylopidae Notostylops murinus AMNH FM 28614 (Simpson 1933a)
FMNH-P 13319* (Macrini et al. 2013; Perini et al. 
2022)

Toxodontia indet. – IBIGEO-P 12 (García-López et al. 2018b)
“Isotemnidae”
(Toxodontia)

Rhyphodon sp. AMNH FM 29414 (Simpson 1933a)
Periphragnis sp. MPEF-PV 1026**a

Homalodotheriidae
(Toxodontia)

Homalodotherium sp. FMNH-P 13092 (Patterson 1937), MPM PV 
17490* (Hernández del Pino 2018; MacPhee et al. 
2021)

Leontiniidae
(Toxodontia)

Gualta cuyana MCNAM-PV 3951* (Martínez et al. 2020)
Leontinia gaudryi FMNH-P 13285 (Radinsky 1981)

“Notohippidae”
(Toxodontia)

Rhynchippus equinus FMNH-P 13420 (Patterson 1937), MPEF-PV 
695* (Dozo and Martínez 2016; Martínez et al. 
2016, 2020)

Rhynchippus pumilus MACN-A 52-61* (Martínez 2018)
Eurygenium latirostris UNPSJB-PV 60* (Dozo and Martínez 2016)
Mendozahippus 
fierensis

MCNAM-PV 4004* (Martínez et al. 2020)

Toxodontidae
(Toxodontia)

Nesodon imbricatus MPEF-PV 1323**b

(continued)

(“Notohippidae”) and Gualta cuyana (Leontiniidae) (Dozo and Martínez 2016; 
Martínez et  al. 2016, 2020; MacPhee et  al. 2021). García-López et  al. (2018b) 
described a late middle Eocene Toxodontia indet. with emphasis on the auditory 
region, and Hernández Del Pino (2018) provided 3D digital models (including 
braincast and bony labyrinth reconstructions) of the toxodontids Proadinotherium 
muensteri, Adinotherium ovinum, Nesodon imbricatus, and N. tawaretus. Recently, 
MacPhee and Forasiepi (2022) re-evaluated the cranial pathway of the ICA in 
notoungulates based in representatives of both toxodonts and typotheres. Some of 
these contributions are mentioned in detail throughout the text.

In this context, the aim of this chapter is to provide a brief but updated review of 
the current knowledge about the endocranial spaces in notoungulates with focus on 
contributions of the last two decades, and to add new observations on some taxa 
(Table 20.1). However, it is worth mentioning that classical contributions of the past 
century are still sources of valuable data (measurements, EQs, drawings, etc.), 
which is an indication of how much work needs to be done by means of CT imaging 
techniques, volume rendering, and multidimensional shape analysis.
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Table 20.1 (continued)

Taxa Specimen(s) and data source

Mesotheriidae
(Typotheria)

Trachytherus 
spegazzinianus

UNPSJB-PV 112* (Fernández-Monescillo et al. 
2019)

Trachytherus alloxus MNHN-Bol-V 6355* (Fernández-Monescillo 
et al. 2019)

Eutypotherium 
superans

MACN-A 11079* (Fernández-Monescillo et al. 
2019)

Plesiotypotherium 
achirense

MNHN-Bol-V 12664*, MNHN-Bol-V 8507*, 
MNHN.F.ACH 26* (Fernández-Monescillo et al. 
2019)

Mesotherium 
cristatum

MNHN.F.PAM 2* (Fernández-Monescillo et al. 
2019)

Pseudotypotherium sp. MACN-Pv 2925*c, MACN-Pv 1111*c (Fernández- 
Monescillo et al. 2019)

Altitypotherium 
chucalensis

SGOPV 4100* (Macrini et al. 2013)

Hegetotheriidae
(Typotheria)

Pachyrukhos moyani FMNH-P 13051* (Macrini et al. 2013)

Interatheriidae
(Typotheria)

Cochilius volvens AMNH FM 29651* (MacPhee et al. 2021)
Cochilius sp. SGOPV 3774* (Macrini et al. 2013; Perini et al. 

2022)
*CT or micro CT data previously reported
**CT data first reported in this chapter (CT scanning performed at Instituto de Diagnóstico del Este 
del Chubut, Puerto Madryn, Argentina). Series exported in DICOM format (image resolution of 
512 × 512 pixels). Reslicing, resampling, segmentation and volumetric reconstructions performed 
using 3D Slicer 4.10.2 (Fedorov et al. 2012)
aPixel size of 0.516 mm, interslice spacing of 2.5 mm (resampled to get isotropic voxels)
bPixel size of 0.410 mm, interslice spacing of 1 mm (resampled to get isotropic voxels)
cOriginally referred to M. maendrum, but currently under taxonomic review and considered 
Pseudotypotherium sp. by M. Fernández-Monescillo (pers. comm)
Institutional abbreviations: AMNH FM American Museum of Natural History, Fossil Mammal 
Collection, New  York, USA, FMNH-P Field Museum of Natural History, Paleontological 
Collection, Chicago, USA, IBIGEO-P Colección Paleontología Instituto de Bio y Geociencias del 
Noroeste Argentino, Rosario de Lerma, Argentina, MACN-A -Pv, Museo Argentino de Ciencias 
Naturales Bernardino Rivadavia, Ameghino and Paleovertebrate Collections, respectively, Buenos 
Aires, Argentina, MCNAM-PV Museo de Ciencias Naturales y Antropológicas “J. C. Moyano”, 
Vertebrate Paleontology Collection, Mendoza, Argentina, MNHN-F-BRD -PAM, -ACH, Muséum 
National d’Histoire Naturelle, Brazil, Pampean and Achiri Fossil Collections, respectively, Paris, 
France, MNHN-Bol Museo Nacional de Historia Nacional de Bolivia, La Paz, Bolivia, MPEF-PV 
Museo Paleontológico Egidio Feruglio, Vertebrate Paleontology Collection, Trelew, Argentina, 
MPM-PV Museo Regional Provincial Padre M. Jesús Molina, Vertebrate Paleontology Collection, 
Río Gallegos, Argentina, SGOPV Museo Nacional de Historia Natural de Santiago, Vertebrate 
Paleontology Collection, Santiago, Chile, UNPSJB-PV Repositorio Científico y Didáctico de la 
Facultad de Ciencias Naturales de la Universidad Nacional de la Patagonia San Juan Bosco, 
Comodoro Rivadavia, Argentina
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20.3  Overview of the Endocranial Morphology

20.3.1  Characterization of Notoungulate Braincast

Three major regions can be recognized (and potentially described based on endo-
casts) in a generic mammalian brain: the forebrain (paleocortex and neocortex), the 
midbrain (sometimes dorsally covered by the forebrain), and the hindbrain (cerebel-
lum, pons, and medulla oblongata). Additionally, the cast of the main cranial nerves 
and the hypophyseal region (closely integrated to the brain) are usually distinguish-
able on the midventral surface of the endocasts.

Despite the morphological diversity observed within notoungulates (see Sect. 
20.4.1), the general neocortical gyrification and the position of the orbitotemporal 
canal relative to both the piriform lobes and the rhinal fissure seem to be useful traits 
to tentatively differentiate notoungulates from litopterns and astrapotheres. The 
sulci on the neocortex of notoungulates show a typically well-marked oblique sul-
cus (here interpreted as the suprasylvian sulcus) that separates the frontal lobe from 
the temporal lobe (Figs. 20.2 and 20.3), different from the parallel longitudinal sulci 
observed in litopterns (Radinsky 1981; this book, Chap. 21). Conversely, astrapoth-
eres show almost completely lissencephalic cerebral hemispheres, and only a 
blurred oblique sulcus has been mentioned for Astrapotherium magnum (Radinsky 
1981: fig. 4; MacPhee et al. 2021: fig. 8).

The cast of the orbitotemporal canal (= cranioorbital canal sensu MacPhee et al. 
(2021)) seems to be another relatively noticeable difference. It is very close to (or 
even conceals) the rhinal fissure in notoungulates (Figs. 20.2 and 20.3), whereas it 
is placed very low (relative to the piriform lobes) and well below the rhinal fissure 
in litopterns (Forasiepi et al. 2016: figs. 22, 23; this book, Chap. 21). In astrapoth-
eres, the orbitotemporal canal is visible at mid-height on the piriform lobes, and the 
rhinal fissure appears to be even more dorsally shifted than in litopterns (MacPhee 
et al. 2021: fig. 8).

In contrast, it is not possible to recognize a notoungulate pattern based on the 
midbrain and hindbrain regions. Early diverging representatives generally show a 
more dorsoventrally compressed brain and posteriorly projected hindbrain 
(Fig. 20.2a; Perini et al. 2022: fig 3a), whereas later diverging representatives (espe-
cially toxodonts) show brains with a greater dorsoventral development and less pos-
teriorly projected hindbrain (Table 20.2 and Fig. 20.3a, b). The midbrain seems to 
be dorsally exposed in Notostylops (Simpson 1933a; Radinsky 1981), even though 
the colliculi of the corpora quadrigemina (probably concealed by non- nervous tis-
sue) are not distinguishable (Simpson 1933a; but see Perini et al. 2022). The casts 
of the hypophyseal fossa and main cranial nerves (observed on the midventral sur-
face) also show some differences among notungulates, especially between early and 
late diverging representatives (see Sect. 20.4.1).

At this point, it is worth noting the absence of data on endocasts of other SANUs 
such as Pyrotheria and Xenungulata, which is a major limitation for comparative 
descriptions at high taxonomic levels. No endocasts have been figured or described 
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Fig. 20.2 Drawing and digital rendering of endocasts of Notostylops murinus (AMNH FM 28614, 
adapted from Simpson (1933a: fig. 2)) (a) and Periphragnis sp. (MPEF-PV 1026)(b) in dorsal 
(left), ventral (center) and lateral (right) views. Neocortex and paleocortex colored in blue and 
green, respectively. Lateral view in “a” corresponds to the specular image of the right side. Dashed 
areas in “b” indicate unpreserved surfaces. Asterisk and double asterisk indicate the rostral and 
jugular portions of the basicapsular fenestra respectively. Abbreviations: alc anterior lobe of the 
cerebellum, cb cerebellum, dss dorsal sagittal sinus, frl frontal lobe, hgc hypoglossal canal, hypr 
hypophyseal region, iam internal auditory meatus, lcbl lateral lobe of the cerebellum, ls lateral 
sulcus, mb exp midbrain exposure, ob olfactory bulb, optc optical canal, ot olfactory tubercle, otc 
orbitotemporal canal (=cranioorbital canal), pfl paraflocculus, pl piriform lobe, pmf paramedial 
fissure, rf rhinal fissure, sof sphenorbital fissure, ss sigmoid sinus, ssys suprasylvian sulcus, tmpl 
temporal lobe, ts temporal sinus, ve vermis, vps ventral petrosal sinus. Scale bars = 20 mm

for pyrotheres even though the fossil record includes specimens probably suitable 
for this purpose. Conversely, skull remains of xenungulates, other than mandibular 
and maxillary fragments, are virtually unknown.

Notwithstanding, before focusing on the cranial endocast regions themselves, a 
brief mention of some spaces associated with intracranial blood supply and the 
auditory region is pertinent, either because they are potentially informative for phy-
logenetic porpuses, or because they allow some physiological and morphofunc-
tional inferences. The spaces associated with intracranial blood supply includes not 

20 Endocranial Morphology and Paleoneurology in Notoungulates: Braincast…



774

Fig. 20.3 Digital endocasts of Rhynchippus equinus (MPEF-PV 695) (a), Nesodon imbricatus 
(MPEF-PV 1323) (b), and Pseudotypotherium sp. (MACN-Pv 2925, see comment in Table 20.1) 
(c), in dorsal (left), ventral (center) and lateral (right) views. Neocortex and paleocortex are col-
ored in blue and green, respectively. Dashed areas in “a” indicate unpreserved surfaces. Asterisk 
and double asterisk indicate the rostral and jugular portions of the basicapsular fenestra respec-
tively. Abbreviations: as for Fig. 20.2. Scale bars = 20 mm
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Table 20.2 Cranial endocast measurements for Periphragnis sp. (MPEF-PV 1026) and Nesodon 
imbricatus (MPEF-PV 1323)

Dimension (mm)/ratio Periphragnis sp. Nesodon imbricatus

cbl 13.8 16.3
cbw 31.7 50.7
crh 43.7 81.6
crl 45.4 75.3
crw 45.7 71.2
el 86.2 110.0
el-ob 64.0 93.5
frw 21.4 61.2
hbh 37.5 70.3
obh 15.7 22.0
obl 21.3 17.2
obw 20.4 23.4
pld 34.8 47.6
frw/crw ratio 1/2.24 1/1.16
obw/frw ratio 1/1.05 1/3.56
el-ob/cbl ratio 1/0.21 1/0.17
el-ob/crh ratio 1/0.68 1/0.87
eflex 24° 55°

Abbreviations: cbl maximum length of cerebellar cast, cbw maximum width of cerebellar cast, crh 
maximum height of cerebral cast, crl maximum length of cerebral cast exclusive of olfactory 
bulbs, crw maximum width of cerebral cast, eflex encephalic flexure angle, el maximum length of 
endocast, el-ob maximum length of endocast exclusive of olfactory bulbs, frw maximum width of 
frontal region, hbh maximum height of hindbrain cast, obh maximum height of olfactory bulb 
casts, obl maximum length of olfactory bulb casts, obw maximum combined width of olfactory 
bulb casts, pld maximum distance between ventral edges of piriform lobes. Linear measurements 
expressed in millimeters. See Macrini et al. (2007: fig. 2) and Dozo and Martínez (2016: fig. 2) for 
details on how measurements were taken. See Martínez et al. (2020: table 1) for comparison with 
other toxodonts, and Fernández-Monescillo et al. (2019: table 1) for comparison with typotheres. 
Linear measurements obtained from virtual cranial endocasts in 3D Slicer 4.10.2 (Fedorov 
et al. 2012).

only the main dural venous sinuses, but also some foramina and canals related to the 
internal carotid artery and the stapedial system. The endocranial spaces of the audi-
tory region comprise both the middle ear (tympanic cavity and epitympanic sinuses) 
and the inner ear (bony labyrinth of the petrosal).

20.3.2  Spaces Associated with Intracranial Blood Supply

The cast of main dural venous sinuses are variably distinguishable among the order. 
In some small to medium-sized notoungulates (e.g. typotheres and small toxodonts 
as the “Notohippidae”), the dorsal sagittal sinus is generally recognizable on the 
cranial endocast when viewed dorsally, whereas it is often totally or partially 
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obscured by the meninges in large-sized representatives (e.g. large toxodonts as 
Leontiniidae). As expected for a therian mammal, the sagittal sinus runs dorsally on 
the sagittal plane and is connected to the transverse sinuses (Butler 1967). As its 
name suggests, the transverse sinuses (which generally leave less noticeable 
imprints than the sagittal sinus) run transversally and bifurcate into the temporal 
(anteriorly) and the sigmoid (posteriorly) sinuses (Wible and Zeller 1994).

Enlarged intradiploic spaces related to the transverse sinuses (observed in a vari-
ety of mammals) have been also described for some notoungulates (Cochilius 
[Interatheriidae], Homalodotherium [Holodotheriidae], Nesodon [Toxodontidae], 
and Periphragnis [“Isotemnidae”]) and the astrapothere Trigonostylops (Fig. 20.4; 
MacPhee et al. 2021: figs. 7–9, 16). They are placed in the supraoccipital, parietal, 
and interparietal bones, and are grouped together as “accessory lacunae of the trans-
verse sinuses” (MacPhee et  al. 2021). Among notoungulates, Cochilius, 
Periphragnis, and Nesodon show the typical condition consisting of a series of 
small canals connected to larger networks that lead to the transverse sinuses 
(Fig. 20.4; MacPhee et al. 2021: figs. 9, 16). However, Homalodotherium sp. (MPM 
PV 17490) shows a particular morphology in which accessory lacunae of the trans-
verse sinuses are in the shape of an elaborated structure capping the dorsal surface 
of the cerebellum, highly vermiculated, continuous with sulci for dural sinuses, and 
with large canals extending into the bone (MacPhee et al. 2021: fig. 7). Additionally, 
the presence of a sinus communicans (a transversal canal linked to the sagittal and 
the transverse sinuses) was mentioned for Homalodotherium sp. and Cochilius vol-
vens (MacPhee et al. 2021: figs. 7, 16). In Mendozahippus fierensis [“Notohippidae”], 
there is a thick canal that resembles the sinus communicans (Martínez et al. 2020: 
fig. 9), but further discussion is needed since no connection between this canal and 
the sagittal sinus is clearly distinguishable in the studied specimen 
(MCNAM-PV 4004).

The temporal sinus (=petrosquamus sinus) occupies the petrosquamosal canal, 
between the dorsal edge of the petrosal and the squamosal (Fig. 20.4a–e). In the 
“Notohippidae” M. fierensis (MCNAM-PV 4004) and Rhynchippus equinus 
(MPEF-PV 695), the canal is enclosed and only partially visible when viewed endo-
cranially (Martínez et al. 2016: fig. 11, 2020: fig. 6). In the case of the leontiniid 
Gualta cuyana (MCNAM-PV 3951), the petrosquamosal canal is wider and deeper 
than in other notoungulates, indicating a conspicuous dilatation at level of the tem-
poral sinus or at the junction of the transverse and temporal sinuses (Martínez et al. 
2020: fig. 6). Regardless of their massiveness, paired emissary veins (variable in 
number) branch from the temporal and transverse sinuses in all notoungulates for 
which this region is known. The emissary veins pass (probably together with the 
accompanying arteries) through the temporal foramina (external apertures of the 
parietosquamosal canals) observed on the squamosal, the parietal, and/or the 
parieto- occipital suture (Fig. 20.4a, b, d–f). Anteriorly, the temporal sinus is con-
nected to the cranioorbital sinus (=orbitotemporal vein) and is also linked to the 
external jugular vein by the retroarticular emissary vein (=capsuloparietal emissary 
vein; postglenoid vein), which exits the skull through the retroarticular (=postgle-
noid) canal (Fig. 20.4).
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Fig. 20.4 Digital brain endocast and caudodorsal vasculature of Nesodon imbricatus (a, b), and 
CT-slices at level of the caudal cranium of Nesodon imbricatus (c, d) and Periphragnis sp. (e, f): 
a–d MPEF-PV 1323; e, f MPEF-PV 1026. Abbreviations: ac lac trvs accessory lacunae of the 
transverse sinus, ad aditus, coch cochlea, dpv diploic vein, dss dorsal sagittal sinus, eam external 
auditory meatus, es epitympanic sinus, hgc hypoglossal canal, hr hyoid recess, htyc hypotympanic 
cavity (interior of bullae), iam internal auditory meatus, otc obitotemporal canal (=cranioorbital 
canal), pet petrosal bone, psqc parietosquamosal canal, ptc posttemporal canal, rtc retroarticular 
canal, ss sigmoid sinus, styc stylomastoid canal, trvs transverse sinus, ts temporal sinus, tyc tym-
panic cavity, tycr tympanic crest, vps ventral petrosal sinus. Double asterisk indicates the jugular 
portion of the basicapsular fenestra. Scale bars = 20 mm
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The second main sinus that branches from the transverse sinus is the sigmoid 
sinus, which accommodates between the pars mastoidea of the petrosal and the 
occipital. It joins the ventral petrosal sinus (=inferior petrosal sinus) and empties in 
the internal jugular vein (Figs. 20.2, 20.3, and 20.4). It is well distinguishable in 
some notoungulates (e.g. Homalodotherium (MacPhee et al. 2021: fig. 7), Nesodon 
and seemingly Periphragnis (Figs. 20.2b and 20.3b)), but it is less marked in others 
(e.g., Cochilius (MacPhee et  al. 2021: fig. 9), Notostylops, Rhynchippus, 
Pseudotypotherium (Figs. 20.2a and 20.3a, c), among others). The variable develop-
ment of the sigmoid sinus (and the internal jugular vein) could be related to the 
proportional role of this system in the endocranial venous return in comparison to 
other intracranial routes (as the retroarticular emissary vein) or to an extracranial 
pathway associated to the vertebral venous system (MacPhee et al. 2021).

The course of the internal carotid artery is probably the most debated issue in 
notoungulates. Patterson (1936) suggested that it could be intratympanic (at least in 
toxodonts and some typotheres), which means that the internal carotid artery would 
travel through the tympanic cavity before entering the main endocranial cavity. 
Patterson (1936) based this proposal on the presence of a posterior carotid foramen 
(=caudal carotid foramen) that would transmit the internal carotid artery into the 
tympanic cavity. Although Gabbert (2004) could not corroborate this when describ-
ing the basicranial and auditory region of the Toxodontia, an alleged posterior 
carotid foramen near the jugular area has been reported for Pleurostylodon, 
Homalodotherium, Rhynchippus, Mendozahippus, Gualta, Nesodon and 
Posnaskytherium (Patterson 1932, 1936; Billet and Muizon 2013; Martínez et al. 
2016, 2020), and in the typotheres Oldfieldthomasia, Argyrohyrax, Interatherium 
and Pseudotypotherium (Patterson 1932, 1936; Simpson 1936; Billet and Muizon 
2013). However, MacPhee et al. (2021) and MacPhee and Forasiepi (2022) have 
recently challenged this hypothesis based on their observations on representatives 
of Notoungulata (Cochilius volvens, Hegetotherium mirabile, Homalodotherium 
sp., Mesotherium pachygnathum, Paedotherium bonaerense, Piauhytherium sp., 
Rhynchippus equinus, and Toxodon sp.), Astrapotheria, Litopterna, Perissodactyla, 
and the condylarth Meniscotherium chamense. As part of a thorough revision that 
involved the whole caudodorsal and basicranial vasculature, MacPhee et al. (2021) 
and MacPhee and Forasiepi (2022) reinterpreted the alleged caudal carotid foramen 
observed in some of the abovementioned notoungulates as the canal for the tym-
panic nerve. This possibility, combined with the absence of other indicia (e.g. sulci 
on the promontorium), led MacPhee et al. (2021) to consider that the reported evi-
dence supporting an intratympanic course of the internal carotid artery is inconclu-
sive. In this regard, MacPhee and Forasiepi (2022) proposed an extratympanic 
route, either enclosed within a canal along the basicranial kneel (tentatively cor-
roborated in hegetotheriids and probably also applicable to archaeohyracids) or 
unenclosed (i.e. the internal carotid artery would entered the piriform fenestra 
freely), the later seemingly applicable to most notoungulate clades.

A functional proximal stapedial artery arising from the internal carotid artery (if 
present) was inferred in notoungulates based on a groove and a canal that pierces the 
tegmen tympani of an isolated petrosal (Notoungulata indet. from the Eocene of 
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Brazil; Billet and Muizon 2013: fig. 8). The authors interpreted these structures as 
the passage for the superior ramus of the stapedial artery. A similar condition was 
mentioned for Mendozahippus fierensis (Martínez et al. 2020), but MacPhee et al. 
(2021) and MacPhee and Forasiepi (2022) have recently proposed that such canal 
could be the tympanic aperture of the prootic canal, for a retained lateral head vein 
or remnant prootic sinus.

Finally, the presence of the arteria diploëtica magna (a connection between the 
stapedial system -or remnants- and the occipital artery) is also unresolved in notoun-
gulates. It was explicitly mentioned for the isolated petrosal of the Notoungulata 
indet. described by Billet and Muizon (2013) and for R. equinus and M. fierensis 
(Martínez et al. 2016, 2020) based on the presence of a posttemporal canal/foramen, 
but MacPhee et al. (2021) argued that the sole existence of a posttemporal canal 
should not be interpreted as conclusive evidence of a functional arteria diploëtica 
magna (the canal could transmit the arteria, the vena, or both). In fact, the authors 
considered that the morphology observed in Cochilius (AMNH FM 29651), Toxodon 
(MACN-PV 16615) and Homalodotherium sp. (MPM PV 17490) is suggestive of 
venous circulation only or strongly predominant (MacPhee et al. 2021: table 6).

20.3.3  Spaces Associated with the Middle and Inner Ear

Notoungulates have a highly pneumatized middle ear composed of the tympanic 
cavity proper and well-developed auditory bullae. Externally, the size and form of 
the auditory bullae ranged from ovoid and well inflated to roughly triangular in 
ventral view and moderately inflated. Furthermore, all but a few early representa-
tives of the order possess large paratympanic spaces (the epitympanic sinuses) situ-
ated posterodorsally on the lateral sidewalls of the skull (squamosal).

The tympanic bone forms the floor and ventrolateral wall of the tympanic cavity. 
In notoungulates (as in other groups of mammals), the tympanic is ventrally inflated, 
resulting in well-developed auditory bullae that enlarge the tympanic cavity (e.g. 
Nesodon imbricatus in Fig. 20.4c). Internally, auditory bullae are partially divided 
by bullar septa that seem to vary among different representatives regarding orienta-
tion (vertical vs. horizontal), osteological interpretation (whether or not it implies a 
compound bulla made of ento and ectotympanic), and ontogenetic inferences 
(developmental and bone remodeling processes). Such an intricate issue is beyond 
the scope of this chapter, but see Patterson (1936, 1977), Gabbert (2004), García- 
López (2011), MacPhee (2014) and MacPhee et al. (2021) for details in this regard.

In most notoungulates, the tympanic cavity dorsally communicates with the 
abovementioned epitympanic sinus (thought to be a derivative of the epitympanic 
recess) through the aditus (= foramen pneumaticum; Fig. 20.4c). Based on this com-
munication, a hearing-related function has been proposed for the sinuses. The epi-
tympanic sinus lies more dorsocaudally in the squamosal bone in pachyrukhines 
and mesotheriids (MacPhee et al. 2021). However, some Paleogene notoungulates 
such as Simpsonotus (“Henricosborniidae”) and Colbertia (“Oldfieldthomasiidae”) 
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do not show conspicuous epitympanic sinuses (Pascual et al. 1978; García-López 
2011). As pointed out by MacPhee (2014), no evidence of an aditus is observed in 
the Eocene isolated petrosal (Notoungulata indet.) described by Billet and Muizon 
(2013), suggesting that the epitympanic sinuses as paratympanic spaces would be 
absent in the earliest representatives of the group. An exception is the Eocene 
Toxodontia indet. IBIGEO-P 12, for which prominent epitympanic sinuses con-
nected to the tympanic cavity were described (García-López et al. 2018b).

The inner ear of notoungulates has been exclusively studied based on CT-imagery 
in a relatively limited number of taxa. Throughout the rest of the section, references 
to these taxa are based on Macrini et  al. (2010, 2013) for Notostylops murinus 
(FMNH-P 13319, Notostylopidae), Altitypotherium chucalensis (SGOPV 4100, 
Mesotheriidae), Pachyrukhos moyani (FMNH P13051, Hegetotheriidae) and 
Cochilius sp. (SGOPV 3774, Interatheriidae), and Billet and Muizon (2013) for the 
early Eocene Notoungulata indet. MNHN-F-BRD 23. Additionally, data on 
Cochilius volvens (AMNH-FM 29651) provided by MacPhee et  al. (2021) and 
incipient new observations on the holotype of the toxodont Rhynchippus pumilus 
(MACN-A 52-61, “Notohippidae”) are included.

Notoungulates show the general mammalian pattern in which the cochlear canal 
(housing the membranous cochlea) is placed anteriorly, followed by the vestibule 
(cavity for the membranous sacculus and utriculus) and semicircular canals 
(Figs. 20.5 and 20.6). The cochlear canal occupies most of the total bony labyrinth 
volume, ranging from ~53% to ~70% (reported for Cochilius sp. and P. moyani, 
respectively), with a value of ~66  in the case of N. murinus. The cochlear turns 
ranged from 2.0 (e.g., P. moyani, Cochilius sp., and A. chucalensis) to 2.75 (reported 
for the Notoungulata indet. MNHN-F-BRD 23), whereas the cochlea consists of 
2.25 turns in N. murinus. Interestingly, MacPhee et al. (2021) reported 3.5 cochlear 
turns for Cochilius volvens, a striking difference that needs further discussion. Both 
the primary and secondary osseous spiral laminae are distinguishable in notoungu-
lates if CT-imagery resolution is appropriate (Fig. 20.5a, c).

The fenestra vestibuli (associated to the footplate of the stapes) lies at about the 
vestibulo-cochlear boundary. It varies from roughly rounded to clearly elliptical 
(with the major diameter in an anteroventral to posterodorsal orientation). In 
N. murinus and MNHN-F-BRD 23 (Notoungulata indet.) the stapedial ratio values 
(1.6 and 1.7 respectively) are among the lowest values recorded for a eutherian and 
similar to that of metatherians (Segall 1970). This is not the case of the mesotheriid 
Altitypotherium chucalensis, whose stapedial ratio (2.0) is comparable to that of 
other eutherians (generally >1.8). No values were reported for toxodonts. The 
fenestra cochleae (for the secondary tympanic membrane) lies posterior and slightly 
ventral to the fenestra vestibuli and faces posterolaterally. It is notably larger than 
the fenestra vestibuli in N. murinus and MNHN-F-BRD 23, opposite to the condi-
tion observed in the known typotheres. The cast of the aqueductus cochleae 
(=cochlear canaliculus, canal for the perilymphatic duct that communicates the 
inner ear with the subarachnoid space of the endocranial cavity) was reconstructed 
in MNHN-F-BRD 23, N. murinus and P. moyani (Fig. 20.5a, c; Billet and Muizon 
2013: fig. 5c). The posterior end of the canal extends beyond the posterior 
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Fig. 20.5 Digital renderings of inner ear of distinct notoungulates in lateral (left), medial (center), 
and dorsal (right) views: (a) left inner ear (reversed for comparison) of Notostylops murinus 
(FMNH-P 13319); (b) left inner ear (reversed for comparison) of Altitypotherium chucalensis 
(SGOPV 4100); (c) right inner ear of Pachyrukhos moyani (FMNH-P 13051); (d) right inner ear 
of Cochilius sp. (SGOPV 3774). Abbreviations: aa anterior ampulla, ac aqueductus cochleae, asc 
anterior semicircular canal, av aqueductus vestibuli, cc cochlear canal, crc crus commune, fc fenes-
tra cochleae, fv fenestra vestibuli, la lateral ampulla, lsc lateral semicircular canal, pa posterior 
ampulla, psc posterior semicircular canal, rsp recessus sphericus, utr utricule. Asterisk indicates 
the canal for the nervus ampullaris. Double asterisk indicates the secondary osseous spiral lami-
nae. Capital letters (A, P, D and L) indicate anterior, posterior, dorsal and lateral, respectively. 
Scale bars = 2 mm
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Fig. 20.6 Digital rendering and drawing of the skull and inner ear of Rhynchippus pumilus 
(MACN-A 52-61): (a) skull, partially rendered in transparency to see inner ear endocast in situ; (b) 
right inner ear in lateral (left), medial (center), and dorsal (right) views (drawn from the digital 
rendering shown in (a)). Abbreviations: as for Fig. 20.5. Capital letters (A, P, D and L) indicate 
anterior, posterior, dorsal and lateral, respectively. Scale bars = 20 mm (a) and 2 mm (b)

semicircular canal in N. murinus and MNHN-F-BRD 23, whereas it is less pro-
jected posteriorly in P. moyani.

The vestibule is also easily distinguishable in notoungulates and both the cast of 
the smaller recessus sphericus (which houses the membranous saccule) and the 
larger utricular cavity (for the membranous utricule) are visible in the abovemen-
tioned typotheres and N. murinus. However, in N. murinus the utricular cavity is 
located more anteriorly than in A. chucalensis and P. moyani (Fig. 20.5a–c). The 
cast of a canal for the nervus ampullaris is distinguishable in almost all of the above-
mentioned inner ear endocasts, except for that of Cochilius sp., probably because of 
preservation issues. The CT scan resolution did not allow this feature to be evalu-
ated in R. pumilus. The canal extends from the posterior ampulla to the foramen 
singulare and appears to vary in thickness among taxa (it is thinner than the semicir-
cular canals in A. chucalensis and N. murinus, but roughly equal in P. moyani). In 
MNHN-F-BRD 23 (Notoungulata indet.), FMNH P13319 (N. murinus), SGOPV 
4100 (A. chucalensis) and MACN-A 52-61 (R. pumilus), the cast of the aqueductus 
vestibuli (canal for the endolymphatic duct) is also distinguishable.

The semicircular canals (SCs) are the most conspicuous canals of the pars mas-
toidea. The overall morphology varies from roughly rounded to slightly elliptical 
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arches (Figs. 20.5 and 20.6). In MNHN-F-BRD 23, the anterior, posterior and lat-
eral semicircular canals (ASC, PSC and LSC respectively) are nearly circular, 
whereas in N. murinus both the LSC and (especially) the ASC are elliptical in con-
tour. The opposite condition is observed in A. chucalensis, in which the roundest 
canal is the ACS, followed by the LSC and PSC. In SGOPV 3774 (Cochilius sp.), 
the LSC is the roundest of the three canals (Fig. 20.5d), whereas in R. pumilus the 
same canal is the most elliptical (Fig. 20.6), suggesting that there is not a unique 
pattern in notoungulates. In MNHN-F-BRD 23 and N. murinus (early diverging 
taxa), the SCs stay in their respective planes along their entire course. Conversely, 
the LSC (and sometimes the PSC) undulate or bend in the known typotheres (and 
probably in R. pumilus, although it should be considered with caution due to the 
lack of resolution). Additionally, the PSC (in P. moyani) or both the ASC and PSC 
(in Cochilius sp.) are bowed when viewed dorsally. In the same view, the posterolat-
eralmost point of the PSC slightly exceeds the LSC in SGOPV 3774 (Cochilius sp.).

Each canal abruptly thickens and forms an ampulla at one of their junctions with 
the vestibule (Figs. 20.5 and 20.6), a generalized condition among mammals. In 
MNHN-F-BRD 23 (Notoungulata indet.), the lateral ampulla attaches slightly ven-
tral to the anterior ampulla, whereas in N. murinus, the toxodont R. pumilus (barely 
observed because of CT resolution) and the typotheres A. chucalensis, P. moyani 
and Cochilius sp., the anterior and lateral ampulla attach at approximately the same 
horizontal plane and above that of the posterior ampulla. As expected for mammals, 
the posterior end of the ASC and the anterior end of the PSC join to form the crus 
commune before reaching the vestibule. A secondary crus commune (junction of 
the posterior end of the LSC and PSC) seems to be present in MNHN-F-BRD 23, 
contrary to N. murinus, the typotheres A. chucalensis, P. moyani and Cochilius sp., 
and the toxodont R. pumilus, in which the posterior end of LSC does not join the 
posterior ampulla.

Several of the inner ear characters mentioned above were shown to be phyloge-
netically informative at different taxonomic levels (therians, eutherians and notoun-
gulates). For detailed descriptions and thorough morphological and phylogenetic 
discussions, see Macrini et al. (2010, 2013), Billet and Muizon (2013), Billet et al. 
(2015), and MacPhee et al. (2021).

20.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

20.4.1  Morphological Brain Diversity

General Morphology Pending a comprehensive morphometric analysis to evalu-
ate and quantify the morphological variability within notoungulates, some incipient 
observations are worth mentioning here. We also mention findings from a recent 
phylogenetic analysis of notoungulates that incorporated endocast characters and 
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found the suprasylvian sulcus of the cerebrum to be a synapomorphy of notoungu-
lates (Perini et al. 2022).

One of the most obvious differences is the general brain arrangement and endo-
cast flexure angle. The Notostylops specimen figured by Simpson (1933a: fig. 2) 
shows a low endocast flexure (taken after Macrini et al. (2007: fig. 2)), which results 
in olfactory bulbs, hypophyseal region and foramen magnum roughly aligned 
(Fig. 20.2a). A low endocast flexure is also observed in condylarths (e.g., Simpson 
1933a: fig. 1; Orliac et  al. 2012: fig. 3), some toxodonts (e.g. Mendozahippus, 
Periphragnis and Homalodotherium) and typotheres (e.g. Trachytherus and 
Cochilius) (Figs. 20.2 and 20.3; Fernández-Monescillo et al. 2019: fig. 1; MacPhee 
et al. 2021: fig. 9; Perini et al. 2022: fig. 3). Conversely, the toxodonts Leontinia, 
Gualta, Rhynchippus, Nesodon and Adinotherium, and the typotheres Mesotherium 
and Pseudotypotherium (Table  20.2 and Fig.  20.3; Hernández del Pino 2018; 
Fernández-Monescillo et al. 2019; Martínez et al. 2020; MacPhee et al. 2021) show 
more flexed cranial endocasts (≥30°).

Perini et al. (2022) reported an endocast flexure of 34° for the specimen FMNH-P 
13319 (Notostylops murinus), comparable to the abovementioned toxodonts. 
However, it must be noted that if an endocast is dorsoventrally or anteroposteriorly 
compressed, the endocast flexure angle will probably be distorted. In this context, 
differences in endocast flexure angle between the specimens AMNH FM 28614 
(Simpson 1933a: fig. 2) and FMNH-P 13319 (Perini et al. 2022: fig. 3) could be 
attributed to post mortem deformation, and should not be overrated until further 
comparisons are performed.

A second difference in gross morphology concerns the telencephalic outline in 
dorsal view. Excluding the olfactory bulbs, Notostylops shows a heart-shaped telen-
cephalic contour, which is not observed in later diverging notoungulates. Among 
toxodonts, the early diverging taxa Rhyphodon (Simpson 1933a: fig. 3) and, to a 
lesser extent, Periphragnis (Fig. 20.2b), show a triangular telencephalic contour dif-
ferent from the roughly elliptical or rhomboidal contour observed in the Oligocene 
and Miocene representatives such as Homalodotherium sp. (MacPhee et al. 2021: 
fig. 7), Gualta cuyana (Martínez et al. 2020: fig. 2), Leontinia gaudryi (Radinsky 
1981: fig. 4), Mendozahippus fierensis (Martínez et al. 2020: fig. 2), Rhynchippus 
equinus, Eurygenium latirostris (Dozo and Martínez 2016: fig. 5, 7, respectively) 
and Nesodon sp. (Fig. 20.3b). Furthermore, the Oligocene and Miocene representa-
tives display some variability concerning the anterior curvature of the telencepha-
lon, which is proportionally wider in L. gaudryi, G. cuyana, Homalodotherium sp. 
and Nesodon imbricatus than in R. equinus, M. fierensis or E. latirostris, also 
denoted by the maximum width of the frontal region relative to the maximum width 
of cerebral cast (frw/crw ratio) (Table 20.2; Martínez et al. 2020: table 1). Regarding 
typotheres,  Oldfieldthomasia shows a heart-shaped telencephalic contour that 
resembles Notostylops (Simpson 1932: fig. 5), whereas a roughly triangular contour 
is observed in some later diverging taxa, in which the maximum cerebral width is 
shifted posteriorly when compared to the Oligocene or Miocene toxodonts 
(Fig. 20.3c; Simpson 1933b: fig. 1, 2; Patterson 1937: fig. 80; Radinsky 1981: fig. 
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5; Fernández-Monescillo et al. 2019: fig. 1–4; MacPhee et al. 2021: Cochilius in 
fig. 9).

Neocortical Development Both qualitative and quantitative data show an increase 
in the relative neocortical area through time in notoungulates (Figs.  20.2, 20.3, 
20.7b, and Table 20.3), a process that has occurred independently in several mam-
malian clades (Jerison 1973, 2012; Smaers et al. 2021). In early diverging represen-
tatives such as Notostylops or Rhyphodon (Simpson 1933a: figs. 2–3), the rhinal 
fissure (which represents the limit between the neocortex and paleocortex (Jerison 
1973; Long et al. 2015)) is located relatively high in lateral view (Fig. 20.2). This 
implies a proportionally reduced neocortical surface, differing from the more ven-
tral position observed in later representatives (Fig. 20.3), also measurable by the 
neocortical ratio (NR in Table 20.3).

Furthermore, the pattern of increased gyrification through time observed espe-
cially in Toxodontia also denotes the expansion of the neocortex. In early diverging 
representatives such as Notostylops (Fig. 20.2a) only an oblique sulcus (tentatively 
identified as the suprasylvian sulcus) is distinguishable, which is similar to the con-
dition observed in the Eocene toxodonts Rhyphodon (Simpson 1933a: fig. 3) and 
Periphragnis (Fig. 20.2b). Conversely, lateral sulci (parallel to the median sulcus) 
and additional sulci on both frontal and lateral lobes are recognizable in later diverg-
ing taxa such as the “Notohippidae” Rhynchippus equinus (Dozo and Martínez 
2016: fig. 5), Mendozahippus fierensis, (Martínez et  al. 2020: fig. 2) or the 
Toxodontidae Nesodon imbricatus (Fig. 20.3b). Even though the meninges attenu-
ate imprints of sulci and convolutions in some large taxa as the Leontiniidae Gualta 
cuyana (Martínez et al. 2020: fig. 2) and Leontinia gaudryi (Radinsky 1981: fig. 4), 
the symmetrical bulges and depressions observed on their endocasts suggest an 
underlying neocortical gyrification as complex as in Rhynchippus and 
Mendozahippus. In typotheres (Fig. 20.2c), only the lateral (other than the suprasyl-
vian) sulci are distinguishable in representatives of Mesotheriidae, Interatheriidae, 
and Hegetotheriidae (Simpson 1933b: fig. 1, 2; Patterson 1937: fig. 80; Radinsky 
1981: fig. 3; Fernández-Monescillo et al. 2019: fig. 1–4; MacPhee et al. 2021: see 
Cochilius in fig. 9; but see Dechaseaux 1962).

Rhinencephalon Cast Although hard to quantify in terms of volume, the rhinen-
cephalon (well developed in notoungulates) can be inferred from the position of the 
rhinal fissure, under which conspicuous piriform lobes are distinguishable. This is 
especially noticeable in some early diverging taxa such as Notostylops (Fig. 20.2a), 
Rhyphodon (Simpson 1933a: fig. 3) or Periphragnis (Fig.  20.2b). The olfactory 
bulbs, which receive input from the olfactory epithelium and the vomeronasal organ, 
are invariably well developed and generally separated from the rest of the forebrain 
by thick olfactory peduncles. According to Perini et  al. (2022), the presence of 
olfactory bulbs that are wider than deep would be a synapomorphy of Toxodontidae, 
whereas the divergence of the olfactory bulb from each other near their posterior 
union with the rest of the cerebrum (just anterior to the circular fissure) appears to 
be a synapomorphy of Toxodontia. The especially large and anteriorly projected 
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Fig. 20.7 Scatter plot and best fit line of some dimensions shown in Table 20.3: (a) encephaliza-
tion quotient; (b) neocortical ratio; (c), piriform ratio, (d), olfactory bulb ratio. Abbreviations: Esu 
Eutypotherium superans (MACN-A 11079), Gcu Gualta cuyana (MCNAM-PV 3841), Mcr 
Mesotherium cristatum (MNHN.F.PAM 2), Mfi Mendozahippus fierensis (MCNAM-PV 4004), 
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olfactory bulbs observed in the above-mentioned early diverging taxa are consistent 
with the well-developed piriform lobes of Periphragnis sp. and the high PR (piri-
form ratio) showed in Fig. 20.7c (see below in Sect. 20.4.3). Having especially large 
piriform lobes (i.e. visible in dorsal view of the endocast) is a feature seen in 
Rhyphodon (Simpson 1933a), Cochilius (Perini et al. 2022), Notostylops (Simpson 
1932, 1933a; Perini et al. 2022) (“Isotemnidae”, Interatheriidae and Notostylopidae, 
respectively), and the condylarths Phenacodus (Simpson 1933a) and Hyopsodus 
(Orliac et al. 2012).

Other representatives show relatively smaller (but still well-developed) and/or 
less divergent olfactory bulbs, such as toxodontids (Fig. 20.3c) and Homalodotherium 
(MacPhee et al. 2021: fig. 7). In general, neither the lateral olfactory tract nor the 
olfactory tubercles are clearly distinguishable on the endocasts of notoungulates, 
except for the specimens of Notostylops and Hegetotherium figured by Simpson 
(1933a: fig. 2, b: fig. 1) for which he mentioned the presence of olfactory tubercles.

Midbrain and Cerebellum Contrary to Simpson (1933a) and Radinsky (1981), 
Perini et  al. (2022) stated that there was no dorsal exposure of the midbrain in 
Notostylops murinus (based on the specimen FMNH-P 13319). However, a more 
cautious approach is here preferred until further comparisons are available. Although 
no cast of the corpora quadrigemina are observed neither in Simpson’s (1933a) 
drawings nor in Perini et al.’s (2022) figures, a dorsally exposed midbrain (likely 
obscured by meninges and sinuses) is not dismissed for Notostylops. Our cautious 
position is based on the large separation between the posterior extent of the cerebral 
hemispheres and the anterior lobe of the cerebellum, especially noticeable in the 
specimen AMNH FM 28614 (Fig. 20.2a; Simpson 1933a: fig. 2).

To a lesser extent, a similar condition is observed in the toxodont Rhyphodon 
(Simpson 1933a: fig. 2, 3). Unfortunately, this region is poorly preserved in the 
specimen of Periphragnis sp. examined here (Fig. 20.2b), preventing the assess-
ment of this trait in this taxon closely related to Rhyphodon. Despite these exam-
ples, the derived and prevalent condition in notoungulates is a non-dorsally exposed 
midbrain (Fig. 20.3), as observed in a variety of toxodonts and typotheres (Simpson 
1933b: fig. 1–2; Patterson 1937: fig. 77, 79; Dechaseaux 1962: fig. 1–3; Radinsky 
1981: fig. 3–5; Dozo and Martínez 2016: fig. 4, 5, 8; Fernández-Monescillo et al. 
2019: fig. 1–4; Martínez et al. 2020: fig. 2, 10; MacPhee et al. 2021: fig. 7, 9). This 
scenario is consistent with the abovementioned neocortical expansion and the con-
sequent caudal overlapping of the cerebral hemispheres upon the midbrain, as is the 
case in many other groups of mammals (Macrini et al. 2007; Rowe et al. 2011).

Fig. 20.7 (continued) Nim Nesodon imbricatus (MPEF-PV 1323), Pac 1 Plesiotypotherium achi-
rense (MNHN-Bol-V 12664), Pac 2 Plesiotypotherium achirense (MNHN-Bol-V 8507), Pac 3 
Plesiotypotherium achirense (MNHN.F.ACH 26), Pphg Periphragnis sp. (MPEF-PV 1026), Pse 1 
Pseudotypotherium sp. (MACN-Pv 1111), Pse 2 Pseudotypotherium sp. (MACN-Pv 2925), Tal 
Trachytherus alloxus (MNHN-Bol-V 6355), Tsp Trachytherus spegazzinianus (UNPSJB-PV 112). 
Black dots are the mean value when more than one datum is available for the same time lapse
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The cerebellum is relatively longer in Rhyphodon than in the other notoungulates 
considered here (Fig. 20.2; Simpson 1933a: fig. 2, 3; Perini et al. 2022: fig. 3), even 
considering the aforementioned differences concerning the cranial endocast general 
morphology. In dorsal view, the vermis and the cerebellar hemispheres are distinct 
and separated by weak paramedian fissures (sometimes subtle depressions) in 
Notostylops and Rhyphodon (Fig. 20.2; Simpson 1933a: fig. 2, 3; Perini et al. 2022: 
fig. 3). Conversely, only the vermis is roughly visible in later diverging toxodonts 
and typotheres.

In lateral view, the cast of the paraflocculus (the cerebellar lobe that occupies the 
subarcuate fossa of the petrosal) is distinguishable on most notoungulate cranial 
endocasts (Perini et  al. 2022), with exceptions being Nesodon (Patterson 1937; 
Radinsky 1981), Toxodon (Dechaseaux 1962), and Leontinia (Radinsky 1981). 
Among specimens examined here, we were also unable to identify the paraflaccular 
lobe (at least conspicuously) in Periphragnis sp. (MPEF-PV 1026). Most notoungu-
lates have broad and rounded paraflocculi similar to what is seen in Notostylops 
(Fig. 20.2a; Perini et al. 2022), but some taxa exhibit a cone-shaped paraflocculi, 
such as Hegetotherium (Simpson 1933b), Protypotherium (Simpson 1933b; 
Radinsky 1981), Cochilius (Perini et al. 2022), and Pachyrukhos (Dechaseaux 1962; 
Radinsky 1981; Perini et al. 2022). Having a cone-shaped paraflocculus was pro-
posed as an equivocal synapomorphy for Hegetotheriidae (Perini et al. 2022: char-
acter #15, modified from Macrini et al. (2007: character #16)).

Cranial Nerves and Midventral Surface Several structures of the ventral aspect 
of the braincast such as the hypophyseal region, exit of cranial nerves and medulla 
oblongata are visible in notoungulates. The cast of the hypophyseal fossa (if pres-
ent) is typically placed between or slightly posterior to the cast of the sphenorbital 
fissure, approximately at level of the piriform lobes. In Notostylops, however, the 
cast of the hypophyseal fossa is placed further back (Fig. 20.2a; Simpson 1933a: fig. 
2; Perini et al. 2022: fig. 3), although data about other taxa is required to evaluate 
whether this is a generalized condition for early diverging notoungulates. A large 
and rounded hypophyseal fossa is present in the toxodonts Rhynchippus and 
Nesodon (Fig. 20.3; Patterson 1937: fig. 75; Dozo and Martínez 2016: fig. 5), differ-
ing from the smaller and teardrop-shaped cast observed in Mendozahippus fierensis 
(Martínez et al. 2020: fig. 2). Interestingly, the rostral cerebral artery was tentatively 
identified anterolaterally to the cast of the hypophyseal fossa in Homalodotherium 
(MacPhee et al. 2021: fig. 7). Until then, no imprints of the vasculature surrounding 
the hypophyseal region had been reported. In other toxodonts (e.g. Periphragnis or 
Gualta), the cast of the hypophyseal region cannot be accurately demarcated either 
because there is no hypophyseal fossa or because it is very shallow (Fig. 20.2b; 
Martínez et al. 2020: fig. 5).

Absence of hypophyseal fossa or, if present, shallow and fuzzy, is also observed 
in some typotheres, as in the mesotheriids Plesiotypotherium, Pseudotypotherium 
and Mesotherium, or the hegetotheriid Hegetotherium (Fig. 20.3c; Simpson 1933b: 
fig. 1; Dechaseaux 1962: fig. 8; Fernández-Monescillo et al. 2019: fig. 2–4). In the 
case of Trachytherus spegazzinianus, the cast of a large hypophyseal fossa is 
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distinguishable in the specimen UNPSJB-PV 112 (Fernández-Monescillo et  al. 
2019: fig. 1), and a relatively small but well-marked fossa can be inferred from the 
endocast of Cochilius volvens (MacPhee et al. 2021: fig. 9). An approximately equal 
hypophyseal fossa length and width was proposed as an equivocal synapomorphy 
for Interatheriidae (Perini et al. 2022).

The cast of the sphenorbital fissure (exit of the oculomotor [III], trochlear [IV], 
ophthalmic [V1] and maxillary [V2] branches of the trigeminal nerve, and abducens 
[VI] cranial nerves) is clearly visible anterolaterally (anteriorly in the case of 
Notostylops) to the hypophyseal region (Figs. 20.2 and 20.3) when viewed in ven-
tral view. These paired openings (in the form of thick canals) show an interesting 
variability within notoungulates, concerning thickness, divergence, and separation 
from the sagittal plane. In Notostylops, the sphenorbital canals originate close to 
each other, they run roughly parallel and are relatively thin (Fig. 20.2a; Perini et al. 
2022: fig. 3). In typotheres (e.g. Plesiotypotherium achirense, Pseudotypotherium 
sp., Mesotherium cristatum and Hegetotherium mirabile), the canals originate rela-
tively close to the sagittal plane, but they are markedly convergent (Simpson 1933b: 
fig. 1; Fernández-Monescillo et al. 2019: fig. 2–4). In turn, in some toxodonts (e.g. 
Periphragnis sp., Gualta cuyana, Mendozahippus. fierensis, Rhynchippus equinus, 
Eurygenium latirostris and Nesodon imbricatus), the casts of the sphenorbital canals 
are well separated from each other and converge less abruptly than in the above- 
mentioned typotheres (Figs.  20.2 and 20.3; Patterson 1937: fig. 75; Dozo and 
Martínez 2016: fig. 5; Martínez et al. 2020: fig. 5, 7). Finally, the sphenorbital canals 
originate well separated from each other and run parallel (or even diverge) in 
Homalodotherium, similar, to some extent, to the condition observed in the astrapo-
theres Trigonostylops and Astrapotherium (MacPhee et  al. 2021: fig. 7–8). 
Anteroventrally, the cast of the optic chiasm and the exits of the optic nerves (the 
later only distinguishable in the best-preserved specimens) are generally visible 
(Figs. 20.2 and 20.3).

The pons (a structure of the hindbrain that is posterior to the hypophyseal region) 
is typically not clearly visible on endocasts of mammals. However, the cast of the 
pons is present on the cranial endocasts of Homalodotherium and Rhyphodon 
(Simpson 1933a; Patterson 1937; Perini et al. 2022). Laterally (posterolaterally to 
the hypophyseal region), the cast of the basicapsular fenestra (= sphenotympanic 
fissure sensu Gabbert 2004) is distinguishable (Figs. 20.2 and 20.3). In notoungu-
lates, the rostral area is usually observed in the form of a large opening that trans-
mits several vascular and neural elements, including the mandibular branch of the 
trigeminal nerve (V3). Although a separate foramen ovale has been individualized in 
some representatives (MacPhee 2014: fig. 13; Martínez et al. 2016: fig. 6, 2020: fig. 
8), these interpretations should be taken with caution considering how difficult it is 
to identify subdivisions or incisures on the rostral area of the fenestra (see MacPhee 
et al. (2021) and MacPhee and Forasiepi (2022) for additional details on this regard). 
The cast of the jugular area of the basicapsular fenestra (exit for the glossopharyn-
geal [IX], vagus [X], and spinal accessory [XI] cranial nerves) is observed in most 
of the endocasts (Figs. 20.2 and 20.3). Posteriorly and laterally, the cast of the inter-
nal auditory meatus (passage of the facial [VII] and the vestibulocochlear [VIII] 
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cranial nerves) is well distinguishable in the center of the petrosal imprint. Finally, 
the cast of the hypoglossal foramen (transmitting the hypoglossal [XII] cranial 
nerve) is visible laterally at the base of the medulla oblongata (Figs. 20.2 and 20.3).

20.4.2  Relative Brain Size Evolution: A Challenging Task 
in Notoungulates

Notoungulates are thought to have had relatively small brains in comparison to 
coeval Holarctic mammals that presumably occupied similar ecological niches 
(Jerison 1973; Perini et al. 2022; but see Radinsky 1981). Following the idea that 
predation pressure is positively related to the brain size of the prey (Jerison 1973; 
Shultz and Finlayson 2010), the general smaller relative brain size of notoungulates 
has been explained by the absence of “large-brained” predators during most of the 
Cenozoic in South America (Jerison 1973; Fernández-Monescillo et al. 2019; Perini 
et al. 2022). At less inclusive taxonomic levels, however, only Fernández-Monescillo 
et al. (2019) have proposed relationships between the relative brain size and specific 
ecological traits inferred for representatives of Mesotheriidae. According to the 
authors, mesotheriids would have small brains even in the context of notoungulates 
(but see Perini et al. 2022) and, based on an extrapolation of what is seen in rodents 
(Pilleri et  al. 1984; Bertrand and Silcox 2016; see also Bertrand et  al. 2021), 
Fernández-Monescillo et  al. (2019) attributed this to the probably semifossorial 
lifestyle of the examined taxa.

In parallel to the abovementioned ecomorphological hypothesis, there are meth-
odological issues concerning how the relative brain size is assessed and quantified 
that also need to be discussed. It is well known that the brain size scales allometri-
cally with body size (both ontogenetically and evolutionary) in vertebrates, which 
precludes direct comparisons between taxa by means of simple brains size/body 
size ratios (Burger et al. 2019). Jerison (1970, 1973) modeled this relationship by 
means of an exponential function whose parameters were empirically determined 
based on a variety of living mammals. As a result, he obtained an allometric equa-
tion to find expected brain sizes given a body size. The ratio between the observed 
value (i.e. the measured brain size) and the expected value (according to the body 
size) results in the broadly known encephalization quotient (EQ). Since then, the 
EQ (either following Jerison’s proposal or Eisenberg’s (1981) modified version) 
becomes one of the most employed methods to quantify the encephalization and 
make comparisons between taxa (see below Eqs. 20.1 and 20.2, abbreviations in 
Table 20.3).

 
EQ EV BM Jerison1 0 12 1973

0 67
� � � � �/ .

.

 
(20.1)

 
EQ EV BM Eisenberg2 0 055 1981

0 74
� � � � �/ .

.

 
(20.2)
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Interestingly, the taxonomic sample considered by Jerison (1973) included SANUs. 
He observed that the relative brain sizes obtained for the representatives of the 
group (most of them notoungulates) did not increase over time, unlike what he 
observed in the Holarctic ungulates. However, and contrary to Jerison, Radinsky 
(1981: table 1) found that the relative brain size did increase in both SANUs and 
Holarctic ungulates. As explained by Radinsky, such differences were due to some 
criteria adopted by the authors concerning the body mass (BM) estimation method.

In an attempt to correct some values, Jerison (1973) double the BM estimates 
obtained for those taxa considered robust or “bulky”, which provoked a marked 
drop in their EQs. Conversely, Radinsky (1981) not only dismissed Jerison’s correc-
tion but also estimated BMs by means of an equation derived from a sample of liv-
ing mammals including carnivores. This explains why BM estimates obtained by 
Radinsky (1981) are generally much lower than those provided by other authors 
(see Elissamburu 2012: table 2). It is beyond the scope of this review to discuss 
which of these subjective decisions were the most appropriate or best supported, but 
instead we highlight how important is to consider the BM estimation method if 
comparisons are to be made with previously reported data. In addition, Fernández- 
Monescillo et  al. (2019) mentioned that biases related to intraspecific variation 
would also be of major impact (even more significant than that associated to BM 
estimation methods) and they suggested that EQs based on a single specimen should 
be considered with caution.

Recent contributions have provided the EQs for Notostylops and representatives 
of mesotheriids, interatheriids, hegetotheriids (Typotheria), leontiniids, “notohip-
pids” and toxodontids (Toxodontia) for which BMs were estimated by means of a 
variety of methods (e.g. Dozo and Martínez 2016; Fernández-Monescillo et  al. 
2019: online resource 2; Martínez et al. 2020; Perini et al. 2022). In order to mini-
mize biases associated to BM estimation method, we only considered here taxa 
whose BMs were obtained following Mendoza et al. (2006: table 2, algorithm 4.1), 
plus new data on Periphragnis and Nesodon (Table 20.3). The algorithm 4.1 returns 
ln-transformed BM estimates from a set of ln-transformed cranial measurements 
(muzzle width, palatal width, length of the posterior portion of skull, depth of face 
under the orbit, second upper molar length and second upper molar width). We 
opted for this equation because it has the lowest prediction error (13.5–17.5%) 
among those applicable to our fossil sample considering the measurements required.

Alternative BM predictions based on geometric morphometrics (using the cen-
troid size as the predictor) have been applied in a handful of notoungulates (Cassini 
et al. 2012b), However, these authors reported that BMs based on the centroid size 
were higher and lower, respectively, than those based on dental and craniomandibu-
lar measurements (Cassini et al. 2012b: table 6), which led us not to consider those 
estimates for EQ calculation. It is worth noting that this decision is based exclu-
sively on consistency (i.e. not including estimates obtained by different methods), 
but does not imply preference for a particular BM estimation method.

However, the challenges of assessing the relative brain size in notoungulates are 
not restricted merely to discrepancies in BM estimates. Smaers et al. (2021) evalu-
ated the brain size evolution in several mammalian lineages and found evidence to 
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suggest that brain size/body size allometry should not be assumed equal and stable 
across mammals. Based on the brain size and body size (ln-transformed values) 
from more than 1400 species, they identified 30 different grades of allometry 
(Smaers et al. 2021: table 1, fig. 2), each of them characterized by statistically sig-
nificant differences in the slope and/or the intercept of the phylogenetic general 
least-squares regressions. As pointed out by the authors, comparisons of relative 
brain size (and therefore EQ) would be valid only if they involve groups with simi-
lar regression parameters. In this context, the EQs provided here only allow to con-
clude that the relative brain size (based on deviations from a stable and generalized 
allometric slope) does not show clear trends across our sample of taxa composed of 
Eocene to Pleistocene notoungulates (Table  20.3 and Fig.  20.7a). However, this 
should be considered extremely cautiously given the small sample size, as a result 
of using exclusively Mendoza et al.’s (2006) algorithm 4.1 as BM estimation method.

Recently, and based on EQs and the PEQs (phylogenetic encephalization quo-
tient) Perini et  al. (2022) concluded that both typotheres and toxodonts show an 
increase in EQ (and also PEQ) values if compared with the ancestral condition 
inferred for notoungulates but increases and decreases seem to have occurred inde-
pendently within these groups (Perini et al. 2022: fig. 7). Despite a homogenous 
methodological-based discrepancy between EQ values obtained here and those of 
Perini et al. (2022: table 3), both analyses coincide in that the highest EQ values do 
not correspond to the latest representatives of each lineage, which suggests that the 
straightforward idea of a generalized EQ increase throughout time should not be 
assumed for the whole order (i.e. there is at least partial independence in EQ varia-
tions among clades). However, forthcoming contributions should provide specific 
allometric parameters for notoungulates, which would allow better-supported com-
parisons and more solid inferences about the major forces driving the brain size 
evolution of the group.

20.4.3  Inferred Sensory and Locomotor Capabilities: 
Olfaction, Hearing and Vestibular Sense

Olfactory Capabilities The well-developed olfactory bulbs and piriform lobes 
observed in both early diverging and late diverging notoungulates suggest high reli-
ance on olfaction. Enlarged olfactory bulbs are especially noticeable in Notostylops 
(Notostylopidae) and in the earliest diverging toxodonts considered here (Rhyphodon 
and Periphragnis), which also show large piriform lobes. The olfactory bulbs of 
these taxa are comparable or slightly smaller than that of some condylarths such as 
Chriacus, Meniscotherium, Hyopsodus, Cebochoerus or Alcidedorbignya (Orliac 
et al. 2012: fig. 5; Muizon et al. 2015: fig. 54; Bertrand et al. 2020: fig. 5), a condi-
tion considered “archaic” or plesiomorphic among mammals (Orliac et al. 2012).

Mendozahippus, Rhynchippus and Eurygenium (included within the paraphyletic 
notohippids) also show large olfactory bulbs and piriform lobes. The piriform ratio 
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(PR) is lower in M. fierensis and R. equinus (the data is not available for E. latiros-
tris) than in Periphragnis sp., although the fact that both notohippids and 
Periphragnis sp. have similar olfactory bulb ratio (OBR) suggests that decrease in 
the PR could be explained by the expansion of the neocortex (i.e. increase in necor-
tical ratio [NR]). Conversely, the OBR is lower in N. imbricatus than in the above- 
mentioned taxa, which could indicate less reliance on olfaction (Table  20.3, 
Figs. 20.2, and 20.3, see also NR, PR and OBR in Fig. 20.7b, c, d). The olfactory 
bulbs could not be reconstructed in the leontiniid Gualta cuyana (MCNAM-PV 
3951), but a low PR (the lowest for the late Oligocene representatives) in co- 
occurrence with a low NR is suggestive of less reliance in olfaction. In Leontinia 
gaudryi (based on the specimen FMNH-P 13285 and in data provided by Radinsky 
(1981: fig. 5)), the olfactory bulbs (roughly parallel and rounded in dorsal view) 
seem slightly smaller and less divergent than in coeval toxodonts. In the case of 
Homalodotherium (Patterson 1937: fig. 79; MacPhee et al. 2021: fig. 7), they are 
laterally compressed and do not diverge, although functional implications related to 
these morphological differences are uncertain.

Among typotheres, olfactory bulbs can be entirely appreciated only in 
Hegetotherium (Simpson 1933b: fig. 1), Mesotherium (Dechaseaux 1962: fig. 7), 
Trachytherus (Fernández-Monescillo et  al. 2019: fig. 1), Pseudotypotherium 
(Fig. 20.3c; Fernández-Monescillo et al. 2019: fig. 3 [referred to Mesotherium, but 
later revised]) and Cochilius (MacPhee et al. 2021: fig. 9; Perini et al. 2022: fig. 2), 
although the olfactory bulb ratio (OBR) is only available for Pseudotypotherium 
and Trachytherus (Table 20.3 and Fig. 20.7d). Based on both qualitative and quan-
titative data, a roughly similar olfactory acuity to that of Periphragnis, 
Mendozahippus, Rhynchippus and Eurygenium could be expected for 
Pseudotypotherium sp. In the case of Trachytherus spegazzinianus, the OBR is 
higher than in any other taxa here considered, but the preservation of the specimen 
from which measurements were taken led us to avoid inferences until new data is 
provided. An interesting question also arises from the olfactory tubercles mentioned 
by Simpson (1933b: fig. 1) for Hegetotherium mirabile, which are not present (at 
least conspicuously) in any other typothere. Additional observations are needed to 
confirm its presence (as evidence of a more acute olfaction) in this taxon.

More precise interpretations are not possible without further comprehensive 
approaches. Unlike other regions of the brain, the olfactory bulbs are not (or seem 
less) subjected to the developmental constrain of a conserved neurogenetic schedul-
ing (Carlisle et al. 2017) and their size do not scale to the rest of the brain as predict-
ably as other structures. The olfactory spatial theory proposed by Jacobs (2012), 
according to which the olfactory bulbs of vertebrates would be involved not only in 
odorant discrimination but also (and mainly) in the ability to map odorants in space, 
provides a useful example. The theory integrates (among others) previous ideas that 
relate the olfactory bulb development with other structures of the limbic system 
(especially the hippocampus) (Jacobs 2012), the absolute size of the neocortex 
(Reep et al. 2007) and the home range size (Gittleman 1991). Some of these data 
seem unattainable in fossil taxa, but highlight how complex could be the processes 
underlying the olfactory bulbs developmental pattern.
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Hearing As mentioned in Sect. 20.2, Radinsky (1981) argued that the bulged tem-
poral lobe of notoungulates could reflect the expansion of the auditory cortex. He 
based his argument on the resemblance in gross brain anatomy between some 
typotheres and hystricomorph rodents. Indeed, the location of the auditory cortex 
seems relatively constant among mammals, and the well-developed temporal lobe 
observed in notoungulates could imply the expansion of this cortical area. Radinsky 
(1981) interpreted such condition as consistent with the enlarged and elaborated 
middle ear chamber typical of notoungulates, although this assumption lacks 
morpho- functional support (an elaborated middle ear chamber does not necessary 
imply a complex sensory input).

The well-developed epitympanic sinuses observed in notoungulates could be 
indicative of an enhanced low-frequency audition, although, as mentioned by 
MacPhee (2014), this relationship has yet to be demonstrated. In this regard, some 
data were provided based on the inner ear. Macrini et al. (2013) estimated the low- 
frequency hearing limit (at 60 dB) from the ratio of the cochlear apical and basal 
turns radii (Radius BASE/Radius APICAL) in some notoungulates. Following the meth-
odology proposed by Manoussaki et  al. (2008), Macrini et  al. (2013) estimated 
15 Hz for Notostylops murinus, 92 Hz for Altitypotherium chucalensis, 149 Hz for 
Pachyrukhos moyani, and 84 Hz for Cochilius sp. These results (though lacking 
representatives of important groups such as toxodonts) are consistent with the idea 
that notoungulates would have been capable of hearing low-frequency sounds 
(extremely low in the case of Notostylops). Further research would be desirable to 
assess if low-frequency limit (or any other parameter of the frequency map) co-vary 
with any morphological dimension of the middle ear in mammals.

Vestibular Sense In vertebrates, the vestibular system is essentially involved in 
movement coordination, balance and spatial orientation. In particular, the semicir-
cular canals (SC) sense the rotational acceleration and play a critical role in gaze 
stabilization during locomotion and head movements in general (Spoor 2003; Spoor 
et al. 2007, and references therein). Of particular interest were the results obtained 
by Spoor et al. (2007), who studied the radius of curvature of the canals in 210 spe-
cies (91 primates and 191 other mammals) and found that agile animals (i.e. those 
with fast and jerky locomotion) have significantly larger canals (relative to body 
mass) than those with a leisurely and less dizzying locomotion. Spoor et al. (2007) 
used behavioral observations of extant mammals to quantify agility for these spe-
cies by means of a score that ranged from 1 (the less agile) to 6 (the most agile). This 
methodology is somewhat controversial because of the degree of subjectivity to 
which agility scores were assigned (see discussions in Macrini et al. 2010, 2013). 
Nonetheless, Silcox et  al. (2009) analyzed the relationship between measures of 
semicircular canals (e.g. semicircular canal radius of curvature) and the agility 
scores, and derived predictive equations based on the dataset of Spoor et al. (2007). 
The author concluded that the locomotor agility inferred from the semicircular 
canal radii generally conforms to the postcranium-based interpretations in Paleocene 
and Eocene fossil primates (except for “plesiadapiforms”, to whom semicircular 
canal radii did not reflect fine scale differences in agility).

G. Martínez et al.



797

Macrini et al. (2010, 2013) used the equations derived by Silcox et al. (2009) to 
calculate the agility scores for N. murinus (3.4–3.9), A. chucalensis (3.2–4.0), 
P. moyani (4.4–5.5) and Cochilius sp. (3.2–4.1), with the purpose of hypothesizing 
their locomotor capabilities. It is important to point out that locomotor capabilities 
inferred from agility scores are merely hypotheses that require rigorous testing with 
morpho-functional analyses of available postcranial remains. Except for N. murinus 
(for which postcranial remains were not described at the time of Macrini et al.’s 
contributions), the agility scores obtained for the typotheres are consistent with 
postcranial-based inference on these (or closely related) taxa.

Macrini et al. (2010) were particularly cautious when interpreting the locomotor 
agility score obtained for the N. murinus, which was tentatively regarded as a gen-
eralized terrestrial mammal with cursorial tendencies. Recently, Lorente et  al. 
(2019) provided detailed descriptions of postcranial remains of Notostylops and 
suggested that it would be plantigrade, robust and capable of fully supination, all 
indicative of unspecialized terrestrial, semifossorial or fossorial adaptations. Here 
(Table 20.4), we recalculated the agility score for Notostylops with the estimated 
BM range provided by Lorente et al. (2019) and obtained scores between 3.1 and 
3.6 (when calculated with 5.02 kg, the lower value of the range), and between 2.7 
and 3.1 (when calculated with 13.56 kg, the higher value of the range). These scores 
(especially those obtained with the highest values of the BM range) are closer to (or 
fall within) the 2–3 interval of living scratch-diggers (Spoor et al. 2007: supporting 
information), which is more consistent with Lorente et  al.’s (2019) behavioral 
inferences.

Finally, only a brief mention is possible concerning toxodonts since no agility 
scores were previously reported for the group. Here (Table 20.4), we calculated the 
agility score for Rhynchippus pumilus (“Notohippidae”) and Gualta cuyana 
(Leontiniidae) based on measurements obtained from relatively low-quality SC 
reconstructions (Table 20.5). The values obtained for R. pumilus (with an estimated 
BM of 21.83  kg (Elissamburu 2012)) ranged from 3.2 to 3.5. Although similar 
scores were reported for living mammals with a variety of locomotor behaviors 
(Spoor et  al. 2007: supporting information), some postcranial traits observed in 
R. pumilus and R. equinus (e.g. the ventrally directed olecranon, digit reduction, and 
tight and parallel metacarpals/metatarsals) are suggestive of an erect stance and 
some degree of cursoriality (Loomis 1914; Chaffee 1952; Shockey et al. 2012). In 
this context, though poorly informative, the agility scores obtained for R. pumilus 
are consistent with the postcranium-based evidence.

In Gualta cuyana, only the posterior SC was reconstructed, and therefore the 
agility score (2.2) is based solely on this canal (Tables 20.4 and 20.5). This value is 
expectable for a large notoungulate with an estimated BM of 404 kg. (Martínez 
et al. 2020). Although more slender than other large sized notoungulates (e.g. tox-
odontids), G. cuyana is thought to be robust and hardly cursorial, which is consis-
tent with an agility score suggestive of a slow-moving animal. However, these 
incipient observations should be compared with inner ear-based data from other 
toxodonts and integrated with further postcranium-based inference.
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Table 20.4 Agility scores calculated for Notostylops murinus (FMNH-P 13319), Rhynchippus 
pumilus (MACN-A 52-61) and Gualta cuyana (MCNAM-PV 3951). AGILASCR, AGILPSCR, 
AGILLSCR, and AGILSCR are the agility scores calculated from the anterior, posterior, lateral and 
average semicircular canal radius of curvature respectively. Agility scores calculated following 
Silcox et al. (2009)

Body mass (kg) AGILASCR AGILPSCR AGILLSCR AGILSCR

N. murinusa 3.12 3.4 3.6 3.9 3.7
N. murinusb 5.02 3.1 3.4 3.6 3.4
N. murinusc 13.56 2.7 2.9 3.1 2.9
R. pumilusd 21.69 3.2 3.2 3.5 3.4
G. cuyanad 404.00 – 2.2 – –

aAgility scores calculated with same body mass estimate as in Macrini et al. (2013)
bAgility scores calculated with the lowest value of the estimated body mass range provided by 
Lorente et al. (2019)
cAgility scores calculated with the highest value of the estimated body mass range provided by 
Lorente et al. (2019)
dAgility scores calculated with SC radius of curvature provided in Table 20.5

Table 20.5 Semicircular canal measurements and radius of curvature obtained for Rhynchippus 
pumilus (MACN-A 52-61) and Gualta cuyana (MCNAM-PV 3951)

Measurements (mm) and radius of curvature Rhynchippus pumilus Gualta cuyana

ASCL 5.6 –
ASCW 5.9 –
ASCR 2.875 –
PSCL 5.6 5.2
PSCW 4.6 6.2
PSCR 2.55 2.85
LSCL 5.2 –
LSCW 4.1 –
LSCR 2.325 –

Abbreviations: ASCL anterior semicircular canal length, ASCR anterior semicircular canal radius 
of curvature, ASCW anterior semicircular canal width, LSCL lateral semicircular canal length, 
LSCR lateral semicircular canal radius of curvature, LSCW lateral semicircular canal width, PSCL 
posterior semicircular canal length, PSCR posterior semicircular canal radius of curvature, PSCW 
posterior semicircular canal width. Radius of curvature calculated following Spoor and 
Zonneveld (1998)

20.5  Final Considerations: Conclusions, Outstanding 
Questions and Perspectives

The endocranial spaces of notoungulates (especially the endocranial casts) have 
been of special interest since the pioneer contributions of Serres (1867) and Gervais 
(1872). Despite a couple of features shared by notoungulates that differentiate their 
braincasts from that of others SANUs (e.g. presence of a suprasylvian sulcus, a 
well-developed temporal lobe, and the orbitotemporal canal being close to, or even 
concealing, the rhinal fissure), there is an interesting morphological diversity within 
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the order. Such diversity ranges from almost lissencephalic and anteriorly narrow 
braincasts with cerebellum projecting posteriorly (e.g. Notostylops murinus) that 
grossly resemble that of some condylarths, to anteriorly wide and dorsoventrally 
developed braincasts showing a well-developed neocortex and a relatively complex 
gyrification pattern (e.g. later diverging toxodonts). Other endocranial spaces have 
also been extensively studied, such as the tympanic cavity proper, the hypotympanic 
cavity (quite conspicuous in several representatives with large auditory bullae), and 
the epitympanic sinuses (posterodorsally located on the lateral sidewalls of the skull 
in all but some early diverging representatives). These spaces configure a heavily 
pneumatized middle ear, although morphofunctional interpretations concerning this 
condition have been scarcely addressed in the literature.

The relative brain size (quantified by means of the EQ) does not seem to increase 
or decrease according to our data. However, methodological artifact (e.g. those 
derived from body mass estimation methods or from an oversimplification of the 
allometry) or biases (e.g. single specimen estimates) led us to be cautious on this 
assertion. Forthcoming contributions should provide brain size/body size allometric 
parameters specific for notoungulates and take into consideration the phylogenetic 
signal. This would allow better-supported comparisons and more solid inferences 
about the major forces driving the brain size evolution of the group.

The advent of computed tomography technology not only revitalized the study of 
the above-mentioned issues but also stimulated research on other areas, such as the 
caudodorsal and basicranial vasculature. Of special interest is the presence and course 
of the internal carotid artery. Although an intratympanic course was first proposed 
(and later followed by some researchers), recently reported data suggest that the pre-
vailing condition among notoungulates would be the opposite (i.e. an extratympanic 
course). As for the venous vasculature, the relative development of the transverse, 
temporal and sigmoid sinuses (and their emissary veins and connectors) show that, 
despite a shared general pattern, there are some differences within notoungulates, 
even between relatively close related representatives. Such variability deserves to be 
addressed taking advantage of a growing sample of taxa for which data is available.

Regarding the inferred sensory and locomotor capabilities, the well-developed 
olfactory bulbs and large piriform lobes observed in most notoungulates suggest 
high reliance on olfaction. On the contrary, inferences about auditory capabilities 
are not straightforward. Although bulged temporal lobes could reflect the expansion 
of the auditory cortex, the inability to perform cortical mapping studies precludes 
strongly supported assertions. An elaborated middle ear chamber composed of tym-
panic and paratympanic spaces could be associated to a hearing-related function, 
but such relationship needs yet to be demonstrated. The only morphofunctional- 
based inference about notoungulate auditory capabilities is based on cochlear mea-
surements that suggest low-frequency hearing limits for Notostylops, Altitypotherium, 
Pachyrukhos and Cochilius. Finally, the locomotion capabilities derived from the 
vestibular system dimensions (reported for a handful of notoungulates) is consistent 
with the postcranial-based inference. However, it is important to highlight that inner 
ear-based inferences must be considered as a complementary approach, avoiding 
conclusions based solely on this evidence (i.e. when no postcranial data is available).

20 Endocranial Morphology and Paleoneurology in Notoungulates: Braincast…



800

As might be expected, there is a plethora of though-provoking questions arising 
from any of the above-mentioned research lines. They are not new ideas (some of 
them date back to the last century), but the technical facilities for data acquisition 
and the methodological procedures for shape analysis and comparison, represent a 
promising opportunity to make substantial contributions. As mentioned earlier in 
the chapter, classical publications remain as the only source of data for some repre-
sentatives of the order, which underlines the need for new data on such an iconic 
group of SANUs.
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21.1  Systematic and Phylogenetic Context

The Litopterna Ameghino 1889, is the second largest group of South American 
native ungulates in abundance and diversity after Notoungulata. They are recorded 
from the early Paleocene, Peligran South American Land Mammal Age (SALMA) 
to the Pleistocene, Lujanian SALMA in South America, and also from the Eocene 
in West Antarctica (Gelfo et al. 2019). Phylogenetic inferences based on molecular 
evidence suggest that they share a common ancestor with Notoungulata, and both, 
are closer to Perissodactyla than to any other group with extant relatives (Buckley 
2015; Welker et al. 2015; Westbury et al. 2017). Like notoungulates and perissodac-
tyls, litopterns kept mesoaxonic limbs with odd toes, with different kinds of digit 
reductions. Many of them had hooves remarkably similar to those of living horses, 
rhinos, or pigs (Gelfo et al. 2016; Croft et al. 2020). Through their evolutionary his-
tory, litopterns experienced a tachytelic rhythm in the locomotor system, generating 
very early, limb specializations as a digitigrade posture, knee-locking mechanism, 
or even a complete digit reduction, which predates that developed by horses (Gelfo 
et al. 2016; Croft et al. 2020). Most litopterns retain primitive brachyodont teeth, 
and in some groups, a small degree of hypsodonty is observed. They are character-
ized by a complete dentition, but some may display a reduction in the number of 
incisors and upper canines. They developed different types of occlusal morphology 
(bunodont, bunoselenodont, or lophoselenodont), which clearly contrast to the more 
specialized dental morphology developed among notoungulates.

Taxonomic proposals for litopterns recognized nine families (Gelfo et al. 2016: 
Table  1; Croft et  al. 2020), among which Proterotheriidae Ameghino 1887, and 
Macraucheniidae Huxley 1871, were the more conservative and stable through 
more than a century of studies, the more diversified in time, and the best-known 
representatives of the order. The status of the remnant groups rests contentious and 
according to different author opinions, it is possible to recognize some variations in 
the systematics. Adianthidae Ameghino 1891, similar to Eocene up to early Miocene 
forms, showed a trend towards selenodont dentition. They include some Paleogene 
taxa, considered either, as a separate group within litopterns, the Indaleciidae Cifelli 
and Soria (1983), or as part of a different order: Notopterna (Soria 1989a, b). This 
last order neither followed by later authors nor completely tested as phylogenetic 
hypothesis (but see Bonaparte and Morales 1997), also includes two other litoptern 
families: the Paleocene Notonychopidae Soria, 1989b and the Eocene 
Amilnedwarsiidae Soria 1989a. The Paleogene stock of proteroteriids was also sep-
arated in the Anisolambdidae Soria 2001, but from a cladistic perspective, they are 
paraphyletic and most probably belong to the stem group of Proterotheriidae. The 
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Eocene Sparnotheriodontidae Soria 1980, were considered as part of the 
“Condylarthra” (Cifelli 1983), but since these archaic ungulates are not a natural 
group, most authors just keep them with Litopterna because of their dental features. 
The Protolipternidae Cifelli 1983, which supposedly merged two exclusively buno-
dont litopterns, is also considered as a junior synonym of the classic condylarths 
Didolodontidae Scott 1913, which was moved to Litopterna (Gelfo et al. 2020).

The origin and evolutionary history of Macraucheniidae litopterns are unknown, 
even though proteomic and ancient DNA analyses of Macrauchenia reveal that 
litopterns are close allies to the Laurasiatheria, Perissodactyla (Buckley 2015; 
Welker et al. 2015; Westbury et al. 2017). They were not very abundant in the fossil 
record, and they had been particularly scarce before the late Oligocene, Deseadan 
SALMA (Dozo and Vera 2010). Since Polymorphis lechei (Roth 1899), from the 
late Eocene (Mustersan SALMA) of Patagonia, is the only known pre-Deseadan 
taxon of this family (Cifelli 1983), the possible phylogenetic relationships among 
Macraucheniidae and other litopterns such as Proterotheriidae and Adianthidae, or 
with the stem-group Didolodontidae, remains uncertain (Muizon and Cifelli 2000; 
Gelfo 2006).

As mentioned above, Macraucheniidae and Proterotheriidae are the best-known 
families among litopterns and also have the best skull material available. The first 
remains assigned to Macraucheniidae, all postcranial elements, were collected by 
Charles Darwin in Puerto San Julian (Santa Cruz, Argentina) in 1834 and described 
by Owen (1840), under the name of Macrauchenia patachonica. Macraucheniidae 
is known from the late Eocene (following Cifelli [1983], the Eocene genus 
Polymorphis is considered a macrauchenid) up to the late Pleistocene/early 
Holocene. Sensu Soria (1981), they are represented by Cramaucheniinae (including 
Theosodontinae) and Macraucheniinae (Cifelli 1983; Bond 1999; Soria 2001; 
Schmidt and Ferrero 2014). According to the most recent phylogenetic analysis 
(McGrath et  al. 2018) by paraphyletic Cramaucheniinae and monophyletic 
Macraucheniinae.

Macraucheniidae comprise medium to large-sized forms. McGrath et al. (2020) 
recognized three size classes that correspond temporally to Eocene (small 
Polymorphis sp.), Miocene–Pliocene (medium sized cramaucheniines as Theosodon 
and early macraucheniines as Promacrauchenia), and Pleistocene (large mac-
raucheniines as Macrauchenia) representatives. Macraucheniids have three func-
tional toes on each foot, and never evolved large gaps in their dentition or enlarged 
incisors or canines. A well-documented nostrils migration (from terminal to dorsal) 
is observed in this group, remarkably evident in the last known genera, the 
Pleistocene Macrauchenia, in which the external bony nostrils were positioned 
completely dorsal in the skull, between the orbits (Lobo 2020; Croft et al. 2020).

Proteroteriidae, on the other hand, developed small- to medium-sized cursorial 
forms, with brachydont dentitions. Its temporal range spans from the Oligocene to 
Late Pleistocene (but note that the biochrone is subjected to whether P. lechei is 
regarded as Proterotheriidae or Macraucheniidae). Proteroteriidae is divided into 
two subfamilies (Soria, 2001); the bunodont and less diverse Megadolodinae, 
restricted to the Miocene of Venezuela and Colombia (Carlini et al. 2006) and the 
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Proterotheriinae. The latter was characterized by several dental modifications such 
as the second upper and the third lower incisors transformed in defenses, the loss of 
canines, and the reduction of nasal bones (although it is not even close to the reduc-
tion observed in Macraucheniinae). Proterotheriinae developed remarkable special-
izations in their limbs, losing the first and fifth toes, and keeping the third one as the 
only truly functional digit. Basal forms such as Notodiaphorus preserved strongly 
reduced second and the fourth toes, which are totally reduced in derived taxa, such 
as Thoatherium (Soria 2001).

21.2  Historical Background

21.2.1  The Record of Endocranial Morphology and Any Other 
Paleoneurological Approaches in Litopterna

The evolutionary history of the litoptern brain started with studies on Proterotheriidae 
carried out by George Gaylord Simpson (1933). He described the cranial endocast 
of a specimen, from now on, Tetramerorhinus lucarius AMNH 9245 (Ameghino 
1894; sensu Soria 2001) of the Santacrucian SALMA (early middle Miocene of 
Santa Cruz province, Argentina). It consists of a plaster endocast prepared from a 
complete endocranial cavity with some deformation and some part of the olfactory 
bulbs missing. The neocortical region was well preserved. Simpson considered that 
the brain of Tetramerorhinus lucarius was relatively large, with small olfactory 
bulbs, and an expanded neocortex with many convolutions. The cerebellum was 
large and complex. He described the rhinal fissure and four (lateral, ectolateral, 
suprasylvian, and ectosylvian) longitudinal neocortical sulci. He emphasized that 
the sylvian region was not very developed and mentioned that the suprasylvian and 
lateral sulci unites anteriorly in a way that resembles the coronal sulcus or coronal 
and ansate sulci in the frontal region, although it is highly probable that these sulci 
do not have any real homologues in any other mammalian order. Simpson (1933: 
13) compared the brain of these South American extinct ungulates with extinct 
ungulates from the Northern Hemisphere stating: “It has no special resemblance to 
any Perissodactyla brain known to me, and perhaps least of all to the early horses 
(Mesohippus has been compared)”.

Jerison (1973) in his book “Evolution of the Brain and Intelligence” devoted an 
entire chapter (Chap. 14) to extinct South American native ungulates (SANUs) that 
flourished in South America for most of the Cenozoic. He analyzed relative brain 
size in SANUs with his encephalization quotient (EQ) that allows comparisons 
between species considering the allometric component that prevents direct compari-
sons by means of brain weight/body weight ratios but he includes only one 
Litopterna (Protheosodon) in these analyses.

Radinsky (1981) carried out studies on the brain of litopterns in the context of 
brain evolution in extinct SANUs. He described the endocasts of proteroteriids 
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Diadiaphorus and Thoatherium, and he cited the same specimen (AMNH 9245) 
studied by Simpson (1933). Radinsky (1981) described the hemispheres and the 
olfactory bulbs, with special emphasis in the neocortex. He mentioned three impor-
tant longitudinal sulci, the most lateral of them curved medially at its anterior end 
delimiting a small “frontal” lobe. This lobe shows a longitudinal sulcus in 
Tetramerorhinus and Thoatherium and a transversal sulcus in Diadiaphorus, which 
would be lost in the middle sulcus. The olfactory bulbs are larger than those 
described by Simpson (1933). Radinsky (1981) postulated that in the endocast of 
Tetramerorhinus the bulbar filling is partial. Finally, he compared the endocasts of 
proteroterids with those of the Holarctic perissodactyl Hyrachyus and the artiodac-
tyl Merycoidodon, with respect to longitudinal neocortical sulci. Radinsky (1981: 
177) also referred to an endocranial cast from Promacrauchenia, probably from late 
Miocene (Huayquerian SALMA), the only one from a macraucheniid but without 
references, or figures, or collection number.

Quiroga (1988) mentioned the endocast of specimen AMNH 9245 too and 
described an exceptional natural endocast of another specimen of Proterotheriidae 
from Buenos Aires Province. The provenance was not precise, but the author 
assigned the specimen to a time between the late Miocene and Pliocene. In this 
work, he mentioned that the neocortex of both Proterotheriidae showed a clear sul-
cus pattern of an ungulate mammal (Quiroga 1988: 80).

Forasiepi et  al. (2016) provided the first paleoneurological study on 
Macraucheniidae based on 3D reconstructions from micro-CT (computed tomogra-
phy) from an exceptionally preserved skull of Huayqueriana cf. H. cristata 
(IANIGLA-PV 29) from the late Miocene Huayquerías Formation, Mendoza, 
Argentina. This new research on the neurocranium allowed the 3D reconstruction of 
the endocast, petrosal, and inner ear, and revealed the presence of several derived 
features that will provide information for phylogenetic analyses.

Recently, Fernández-Monescillo (2020), in a special publication about the 
Kamac Mayu locality in Calama (Chile), provided the 3D reconstruction from CT 
from two skulls of Macrauchenia patachonica. The locality is characterized by its 
valuable Quaternary megafauna, where Macrauchenia patachonica constitutes the 
most abundant specimens found there. This preliminary paleoneurological study 
provides a quantitative analysis of the encephalization quotient, although the 
descriptions of the endocasts are approached only from a general perspective.

21.2.2  Problematics

The aims of this chapter are: (1) to perform an update of the macraucheniids endo-
casts (Cramaucheniinae and Macraucheniinae), particularly to provide key informa-
tion to the understanding of endocranial spaces closely associated with the brain 
and frontal sinuses and (2) to compare neuromorphological characters of mac-
raucheniids with those from extinct South American native ungulates, particularly 
litopterns proteroteriids and notoungulates, and with those from living and extinct 
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Euungulata evolved in the Northern Hemispheres, such as Perissodactyla (the clos-
est living relatives), and others that could be considered as ecological convergents 
(e.g. some representatives of Artiodactyla).

In addition, the study will include the description of a natural endocranial cast 
assigned, presumably, to a litoptern and its importance in the fossil record of 
mammals.

21.3  Overview of General and Comparative Anatomy

21.3.1  Characterization of Endocranial Cast Morphology

 CT Scanning and Endocast Acquisition

This study used high-resolution X-ray computed tomography data to provide the 
descriptions of digital endocasts, based on the well-preserved skulls of the follow-
ing Macraucheniidae (Fig. 21.1): Cramauchenia normalis (MPEF-PV 2524) from 
Deseadan SALMA (late Oligocene) of Cabeza Blanca, Chubut, Argentina (Dozo 
and Vera 2010); Theosodon cf. T. gracilis (MLP 12–1123) from Miocene of Río 

Fig. 21.1 (a) Cramauchenia normalis (MPEF-PV 2524), (b) Theosodon cf. T. gracilis (MLP 
12–1123), and (c) Macrauchenia patachonica (MACN-PV 2). Translucent digital renderings of 
skulls to show the extent of the dorsal pneumatization (light blue) and braincast (red). Dorsal and 
lateral views on the left and right sides, respectively. Scale bars = 5 cm
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Frías locality, Chubut, Argentina; and Macrauchenia patachonica (MACN-PV 2) 
from Pleistocene of Salto locality, Buenos Aires, Argentina. The CT scanning was 
performed at IDECH, Chubut, Argentina (MPEF-PV 2524; MLP 12–1123), and at 
Clínica “Sagrada Familia” Buenos Aires, Argentina (MACN-PV 2). Reslicing, visu-
alization, segmentation, and volumetric reconstruction were performed using the 
free (open source) software 3D Slicer 4.10.2 (Fedorov et al. 2012).

 Criteria for Neuromorphological Interpretation

Following classical organizational criteria, the cranial endocast is described by 
regions (rhinencephalon, neopallium, midbrain, and cerebellum), including the exit 
of cranial nerves and the description of spaces associated with cranial sinuses 
(Martínez et al. 2020).

The co-occurrence of neuroanatomical, skeletal, and/or behavioral convergence 
in different mammalian clades (De Winter and Oxnard 2001; Ahrens 2014; Aristide 
et al. 2016) shows a close relationship between endocast morphology (as a proxy for 
brain morphology) and some complex paleobiological issues such as sensory sys-
tem development, motor functions, and (to some extent) ecological traits. In this 
context for neocortical sulci identification, we follow the topographic criteria (sulci 
located at similar positions are tentatively considered homologous) and the neuro-
anatomical interpretation based on Artiodactyla and Perissodactyla (Euungulata, 
according to Asher and Helgen 2010) detailed in Dozo and Martínez (2016, Fig. 1). 
The recent communications (Buckley 2015; Welker et  al. 2015; Westbury et  al. 
2017) on molecular analysis of Macrauchenia reveals that litopterns (and notoungu-
lates) are close allies of Euungulata, particularly Perissodactyla.

 Description of the Digital Endocranial Casts and Neuromorphological 
Interpretation (Figs. 21.1, 21.2, 21.3 and 21.4)

The digital cranial endocasts of Cramauchenia normalis (MPEF-PV 2524), 
Theosodon cf. T. gracilis (MLP 12–1123), and Macrauchenia patachonica 
(MACN-PV 2) represent a rendering of the complete brain, allowing for the identi-
fication of the cerebral hemispheres, the olfactory bulbs, the ventral surface, and the 
hindbrain region (cerebellum and brain stem) (Figs. 21.2, 21.3, 21.4 and Table 21.1).

At first glance, the endocasts of C. normalis and T. cf. T. gracilis show elongated 
cerebral hemispheres (Figs. 21.2a–d and 21.4a–b), with elliptical outlines in lateral 
and dorsal views, which resemble those of Huayqueriana cf. H. cristata 
(IANIGLA-PV 29, Forasiepi et al. 2016). This is a clear difference from the roughly 
spherical condition exhibited by the cerebral hemispheres of M. patachonica 
(Figs. 21.3a and 21.4c).

Rhinencephalon Cast (Figs. 21.2b–c, e–f and 21.3b–c) – The digital cranial endo-
casts show a developed rhinencephalon. The olfactory bulbs (ob), the most anterior 
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Fig. 21.2 Digital renderings of endocasts of Cramaucheniinae: Cramauchenia normalis 
(MPEF-PV 2524) and Theosodon cf. T. gracilis (MLP 12–1123). C. normalis in (a) dorsal, (b) 
lateral and (c) ventral views, T. cf. T. gracilis in (d) dorsal, (e) lateral and (f) ventral views. Dashed 
lines (in d, e, and f) indicate unpreserved surfaces. Abbreviations (it also apply for Figs. 21.3, 21.4, 
and 21.5): as ansate sulcus, bcf cast of basicapsular fenestra, cb cerebellum, cs coronal sulcus, c-as 
coronal-ansate sulcus, cf circular fissure, crh cerebral hemispheres, ds diagonal sulcus, fo cast of 
foramen ovale (exit of the mandibular (V3) branch of the trigeminal nerve), hf cast of hypoglossal 
foramen (exit of cranial nerve XII), hr hypophyseal region, iam cast of internal auditory meatus 
(exit of cranial nerves VII, VIII), jf cast of jugular foramen (exit of cranial nerves IX, X, XI), lcb 
lateral lobe of the cerebellum, ls lateral sulcus, och optic chiasm, ob olfactory bulbs, op olfactory 
peduncles, otv cast of orbitotemporal vessels, pet imp imprint of the cerebellar aspect of the petro-
sal, pfl paraflocculus, pl piriform lobe, rhf rhinal fissure, sof cast of sphenorbital fissure (exit of 
cranial nerves III, IV, V1 and V2, VI), ss suprasylvian sulcus, sss superior sagittal sinus, ts temporal 
sinus, ve vermis. Scale bars = 2 cm
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Fig. 21.3 Digital rendering of endocast of Macrauchenia patachonica (MACN-PV 2) in (a) dor-
sal, (b) lateral, and (c) ventral views. Scale bar = 2 cm. Abbreviations as in Fig. 21.2

structures of the endocasts, are complete and probably reflect their morphology on 
the brain. They are not overlapped by the cerebral hemispheres and are connected to 
the frontal pole by short olfactory peduncles (op). These bulbs, like those of 
IANIGLA-PV 29, are subspherical, anteriorly diverging, and slightly shorter than 
the width of the frontal region. The circular fissure (cf), that separates the olfactory 
bulbs from the cerebral hemispheres, is deep and relatively wide. The paleocortex 
(or paleopallium) is also represented by the piriform lobes (pl). They are similar in 
size to the temporo-occipital region of the neocortex. The impressions of the lateral 
olfactory tract and the olfactory tubercle cannot be distinguished. The rhinal fissure 
(rhf), marking the division between the paleocortex and the neocortex, is visible in 
the endocasts as a weak sulcus. It runs longitudinally on both sides and is better 
distinguishable in the caudal portion. The cast of the orbitotemporal vessel (otv) is 
clearly distinguishable on the lateral side of endocast of M. patachonica and, to a 
lesser extent, in C. normalis.

Neocortical Region (Figs. 21.2a–b, d–e, 21.3a–b and 21.4) – The neocortical (= 
isocortical) region, which is dorsal to the rhinal fissure, is more expanded than the 
ventral paleocortex. Only in M. patachonica the superior sagittal sinus (sss) or lon-
gitudinal sinus is visible on the sagittal line between the cerebral hemispheres. This 
sinus is more easily distinguishable on the posterior portion of the endocast. With 
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Fig. 21.4 Digital renderings of endocasts of (a) Cramauchenia normalis (MPEF-PV 2524), (b) 
Theosodon cf. T. gracilis (MLP 12–1123), and (c) Macrauchenia patachonica (MACN-PV 2) 
from right anterodorsolateral view. Scale bars = 2 cm. Abbreviations as in Fig. 21.2

M. T. Dozo et al.
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Table 21.1 Measurements for natural endocast (CNP-ME 149), and digital endocasts from 
Cramauchenia normalis (MPEF-PV 2524), Theosodon cf. T. gracilis (MLP 12–1123) and 
Macrauchenia patachonica (MACN-PV 2)

(in 
mm)

CNP-ME 
149

Digital endocast of 
C. normalis

Digital endocast of T. 
cf.T. gracilis

Digital endocast of M. 
patachonica

EL – 98.6a 110.0 124.0
EL- 
OB

78.78a 82.5 93.5 109.0

CRL 50.32a 53.8 64.8 87.1
CRW 51.65 54.0 58.2 84.6
FRW 36.17a 41.7 47.5 72.6
CRH 39.71 45.8 45.1 82.3
OBL – – 17.0 15.0
OBW – 19.3a 39.3 56.9
OBH – 18.5a 19.6 35.1
PLD 32.55 31.3 41.7 46.5
CBL 16.51 28.7 28.7 21.9
CBW 35.84a 37.7 43.5 59.0
HBH 35.97 44.0 35.4 64.5
HPL 16.28 – – –
HPW 14.71 – – –

Measurements following Macrini (2009, Fig.  2) and Dozo and Martínez (2016, Fig.  2). 
Abbreviations: CBL maximum length of cerebellar cast, CBW maximum width of cerebellar cast, 
CRH maximum height of cerebral cast, CRL maximum length of cerebral cast exclusive of olfac-
tory bulbs, CRW maximum width of cerebral cast, EL maximum length of endocast, EL-OB maxi-
mum length of endocast exclusive of olfactory bulbs, FRW maximum width of frontal region, HBH 
maximum height of hindbrain cast, HPL maximum length of hypophysis cast, HPW maximum 
transverse width of hypophysis cast, OBH maximum height of olfactory bulb casts, OBL maxi-
mum length of olfactory bulb casts, OBW maximum combined width of olfactory bulb casts, PLD 
maximum distance between ventral edges of piriform lobes
aApproximated values due to the poor preservation of anterior and posterior regions of the natural 
endocast and anterior region of the digital endocast

respect to the bifurcation at the caudal end into two transverse sinus, these structures 
are not conserved. As in IANIGLA-PV 29 (Huayqueriana cf. H. cristata), the well- 
developed telencephalic hemispheres and convoluted pattern seems relatively com-
plex, suggested by the conspicuous bulges observed on the endocasts surface. The 
meninges, cisterns, and venous sinuses preclude identifying clear imprints of sulci 
and convolutions in T. cf. T. gracilis, but a few sulci are distinguishable in C. nor-
malis and M. patachonica. In the former, weakly marked lateral (ls) and suprasyl-
vian (ss) sulci lie subparallel to the midline and they are curved when viewed 
laterally. In M. patachonica, only the lateral sulcus can be distinguished. In both 
species, the Sylvian region is somewhat developed (more accentuated in M. pata-
chonica). This is a difference when compared to the proteroterid Tetramerorhinus 
lucarius described by Simpson (1933) based on the specimen AMNH 9245, which 
shows subparallel dorsal sulci but lacks a developed Sylvian region.
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In contrast to C. normalis and T. cf. T. gracilis, the frontal region in M. pata-
chonica is apparently more developed (similar to that of H. cf. H. cristata) and 
impressions of a couple of sulci can be distinguished. A transversal sulcus could be 
treated as homologous to the ansate sulcus or to the coronal-ansate sulcus (c-as), 
which has been described for some euungulates (Dozo and Martínez 2016). 
Additionally, on the antero-lateral aspect, a wide sulcus (almost a depression) could 
be interpreted as the diagonal sulcus (ds).

Midbrain and Cerebellar Cast (Figs. 21.2a–b, d–e and 21.3a–b) – When viewed 
dorsally, it was not possible to identify any structures that suggest the dorsal expo-
sure of the midbrain on the endocasts. Therefore, it is inferred that the mesencepha-
lon is covered by the neocortex. Posteriorly, the cerebellum (cb) is well represented 
in the endocasts. The depression that separates the cerebrum from the cerebellum 
(probably associated to the base of the osseous tentorium cerebelli) is shallower in 
M. patachonica and T. cf. T. gracilis than in C. normalis. As in IANIGLA-PV 29 
(H. cf. H. cristata), the cerebellar casts are narrower than the maximum width of the 
cerebral casts. The casts of the central vermis (ve) and the lateral cerebellar hemi-
spheres (lcb) are distinguishable only in C. normalis. A small and weak lobule is 
seen on the lateral side of the cerebellar cast of T. cf. T. gracilis (almost undistin-
guishable in C. normalis and M. patachonica). It lies on the subarcuate fossa of the 
petrosal bone and is interpreted as the cast of paraflocculus (pfl).

Cranial Nerve Casts and Midventral Surface (Figs. 21.2c–f and 21.3c) – The 
ventral surface of the endocasts between the olfactory bulbs and the base of the 
sphenorbital fissure is poorly preserved in the three specimens. However, the casts 
of the optic chiasm (och) are roughly distinguishable in C. normalis and M. pata-
chonica. The hypophyseal region is not clearly demarcated, but it seems concave 
rather than convex on the endocast.

Anterolaterally to the hypophyseal region, the cast of the sphenorbital fissure 
(sof, exit of the ophthalmic [V1] and maxillary [V2] branches of the trigeminal 
nerve, oculomotor [III], trochlear [IV], and abducens [VI] cranial nerves) is 
observed. In the case of T. cf. T. gracilis and M. patachonica, the cast of the foramen 
ovale (fo, exit for the mandibular [V3] branch of the trigeminal nerve) is also well 
visible posterolaterally to the sphenorbital fissure. In T. cf. T. gracilis, a large open-
ing is observed posteriorly to the cast of the foramen ovale. Following MacPhee 
et al. (2021) it is here identified as the basicapsular fenestra (bcf).

In lateral view, a well-marked depression (imprint of the cerebellar aspect of the 
petrosal) is observed. Within such depression, the cast of the internal auditory 
meatus (iam) is visible (for passage of the facial [VII] and the vestibulocochlear 
[VIII] cranial nerves). The casts of the jugular foramen (jf, exit for the glossopha-
ryngeal [IX], vagus [X], and spinal accessory [XI] cranial nerves) are also distin-
guishable. Finally, the cast of the hypoglossal foramen (hf, exit of cranial nerve 
[XII]) is distinguishable on the side of the medulla oblongata (posterior and slightly 
ventral to the jugular foramen) in T. cf. T. gracilis and M. patachonica.

M. T. Dozo et al.
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 Endocranial Spaces Associated with Pneumatization of the Cranial Roof

Besides the braincast, the casts of the endocranial spaces associated with the dorsal 
pneumatic sinuses (Fig. 21.1) were obtained for Cramauchenia normalis (MPEF-PV 
2524), Theosodon cf. T. gracilis (MLP 12–1123), and Macrauchenia patachonica 
(MACN-PV 2). In the case of Cramauchenia normalis (Fig. 21.1a), the sinuses as a 
whole have a kite shape, with a sharp rostral end at the anterior part of the frontals. 
Posteriorly, they extend into the parietals until the middle part of these bones, with-
out reaching the sagittal crest. In lateral view, the sinuses gradually increase in size 
towards the posterior portion of the frontals and extend laterally surrounding the 
anteriormost portion of the frontal lobes of the brain/endocast, after the region of the 
olfactory bulbs. At the level of the parietal bones, the sinuses are restricted to the 
dorsal portion, ending at the mid-level of the cerebellum roof, which coincides with 
the highest point of the sagittal crest.

In Theosodon cf. T. gracilis (Fig. 21.1b), due to less development of the nasal 
bones, a greater lateral expansion of the frontal sinuses is observed, which are 
“T-shaped”. Towards the back, the frontal sinuses invade the parietals even more 
than in C. normalis, almost reaching the posterior end of the neurocranium. They 
have numerous internal trabeculae, although they do not divide the frontal sinuses 
into smaller cavities. In lateral view, the frontal sinuses maintain a similar height for 
most of their length, ending above the cerebellar region.

In Macrauchenia patachonica (Fig. 21.1c), due to posterodorsal position of the 
nasal opening and the reduction of nasal bones, the frontal sinuses have a “Y” shape 
in dorsal view, covering the frontal, parietal, and occipital bones. In many areas, 
small air chambers surrounded by delicate bone are observed.

21.3.2  Natural Endocranial Cast (or Natural Brain Endocast)

A natural endocranial cast is a brain replica obtained by the lithification of the sedi-
ment inside the brain cavity, a process that occurs only under specific sedimentary 
conditions. It has preserved in detail the general endocranial morphology. The 
integrity of such a cast and the quality of its morphological details depends on mul-
tiple factors as the type and granulometry of the sediment, the amount of filling 
material, and the presence of percolation waters depositing calcium (Dozo 2009; 
Iurino et al. 2020).

Natural endocranial casts of mammals are rare in the fossil record. However, 
they are known for several groups of mammals of the Miocene of Santa Cruz 
Province, such as edentates (Dasypodidae, Glyptodontidae, Megatheriidae), litop-
terns (Proterotheriidae), notoungulates (Hegetotheriidae), and rodents 
(Dasyproctidae) (Dozo 2009). Another example is the large sample of natural endo-
casts assigned to Bathygenys reevesi (Merycoidodontidae) collected from an Eocene 
locality in West Texas, USA, (Macrini 2009) and a natural brain endocast of a late 
middle Pleistocene Rhinocerotinae from Melpignano, Apulia, Italy (Iurino et  al. 
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2020). Natural endocranial casts are not only important for paleoneurology (since in 
extinct mammals they are the only source of information to extract data on the ner-
vous system and deduce functional, behavioral, and phylogenetic aspects), but they 
also constitute a valuable source of data to assess, albeit indirectly, the presence of 
certain taxa in a paleontological locality, at least at high taxonomic levels 
(Dozo 2009).

In Cabeza Blanca (Escalante Department, SE of Chubut), the paleontological 
works carried out in the last 15 years have allowed us to expand the knowledge on 
various groups of Patagonian mammals of the Deseadan SALMA (late Oligocene). 
The discovery of complete skulls has generated new anatomical and paleoneuro-
logical studies, and new approaches to clarify the systematics and phylogeny, espe-
cially of notoungulates (notohippids, hegetoteriids) and litopterns (macrauchenids) 
(Reguero et  al. 2007; Marani and Dozo 2008; Dozo and Vera 2010; Dozo and 
Martínez 2016; Martínez et al. 2016).

Recently, a concretion, whose morphology resembles a three-dimensional repre-
sentation of the internal cavity of a skull, was found in Deseadan levels of the 
Sarmiento Formation that outcrops in Cabeza Blanca (Dozo and Vera 2010). This 
sedimentary structure was interpreted as a partial natural endocranial cast (CNP-ME 
149) of an extinct mammal (Fig. 21.5a). An interesting antecedent for this locality 
is the natural endocast described by Loomis (1914) and referred to Eutrachytherus 
spegazzinianus. However, Patterson (1937) considered that the specimen unques-
tionably belongs to a “Notohippidae” (Notoungulata). Unlike the endocast collected 
by Loomis, the braincast described here shows litoptern affinities, and represents 
the first natural braincast tentatively assigned to the order.

Description The cast (CNP-ME 149) (Fig. 21.5a), formed by cemented sediment, 
consists of a natural endocranial cast that shows the partial morphology of the endo-
cranial cavity, but the braincase bones that enclosed the endocranial cavity are miss-
ing. Considering the quality of preservation, only the general morphology of most 
of the telencephalon and much of the cerebellum are appreciable. The olfactory 
bulbs and the anterior portion of the frontal lobes are not preserved. Also, it is pos-
sible to identify some morphological details of the blood vessels and nerves.

Both cerebral hemispheres (crh) are largely preserved and seem gyrencephalic, 
that is, with evidence of the sulci and convolutions (Fig. 21.5a). The rhinal fissure is 
visible as a weak sulcus that runs longitudinally on both sides of the natural endo-
casts (rhf). The neocortical (=isocortical) region is more expanded than the ventral 
paleocortex and the convoluted pattern seems relatively complex. A few sulci are 
visible on each side of the cerebral hemispheres cast. From medial to lateral, they 
are identified as the lateral (ls) and suprasylvian sulci (ss). The lateral sulcus lies 
parallel to the median sulcus. The suprasylvian sulcus, external to the lateral sulcus, 
runs antero-posteriorly and is curved when viewed laterally. On the anterodorsal 
side, although partially broken, the frontal region seems developed, and a small 
depression is observed (coronal sulcus?) (cs).

The cerebellum (cb) is partially preserved. It is heavily damaged on the right 
side, but it is clearly narrower than the maximum width of the cerebral cast. A 
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Fig. 21.5 Comparisons between natural braincast tentatively assigned to (a) Macraucheniidae 
indet. (CNP-ME 149), (b) digital cranial endocasts of Cramauchenia normalis (MPEF-PV 2524), 
and (c) Rhynchippus equinus (MPEF-PV 695). Ventral, dorsal and lateral views on the left, middle 
and right sides, respectively. Scale bars = 2 cm. Abbreviations as in Fig. 21.2

depression that separates the cerebrum and cerebellum is well distinguishable, rep-
resenting the cast of the osseous tentorium cerebelli. Because of preservation and 
segmentation issues, neither the cast of the central vermis nor the lateral cerebellar 
hemispheres are clearly identified. A subtle protuberance (which may represent the 
parafloccular cast) is observed on the lateral left surface of the cerebellum (pfl).
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In the ventral view, the brain cast is quite impaired. However, the hypophyseal 
region is clearly demarcated, with a relevant and convex region on the endocast (hr). 
Also, anterolaterally to the hypophyseal region, the cast of the sphenorbital fissure 
(exit of the ophthalmic [V1] and maxillary [V2] branches of the trigeminal nerve, 
oculomotor [III], trochlear [IV], and abducens [VI] cranial nerves) is well pre-
served (sof).

Comparative Study In order to establish the mammalian affinities of this natural 
endocast, a comparative neuroanatomical study (Fig. 21.5b–c) was carried out with 
three digital endocranial casts of specimens corresponding to notoungulates 
“Notohippidae” (Rhynchippus equinus, MPEF-PV 695; Eurygenium latirostris, 
UNPSJB-PV 60) (Dozo and Martínez 2016), and a litoptern Macraucheniidae 
(Cramauchenia normalis, MPEF-PV 2524) also found in Deseadan (late Oligocene) 
levels of Cabeza Blanca, Chubut, Argentina. Unlike the notoungulates 
“Notohippidae” (Dozo and Martinez 2016; Martínez et al. 2020) (Fig. 23.5c), the 
telencephalic flexure is not pronounced in the natural endocast here described. Its 
general morphology, particularly that of the telencephalon (with conspicuous sulci), 
is similar to that observed in the digital endocast of C. normalis, but better repre-
sented than in the digital endocast (Fig. 21.5b).

In summary, characters such as the elongated cerebral hemispheres, with a 
rounded outline, the disposition of the rhinal fissure, the weak telencephalic flexion, 
the relatively poor development of the Sylvian region, and the impression of longi-
tudinal neocortical sulci in the neocortex, suggests this specimen would be more 
likely related to a litoptern than to any other South American native ungulate. 
Moreover, the possibility of being attributed to Cramauchenia normalis should not 
be dismissed, given that both the species and the natural braincast occur in the same 
locality and stratigraphic levels. However, the absence of craniodental remains 
associated to the endocast prevents a precise taxonomic assignment. Until more 
information is available, the specimen should be referred to a Macraucheniidae indet.

21.4  Brain Evolution and Paleobiological Inferences Based 
on Endocast Morphology

21.4.1  Morphological Endocranial Cast Diversity

 Comparative Neuromorphology with Extinct South American Native 
Ungulates and Living and Extinct Euungulata

The three-dimensional virtual reconstructions of the internal cavity of 
Macraucheniidae skulls from high-resolution computed tomography images have 
allowed visualization of the corresponding digital endocranial casts. These endo-
casts are not exact copies of the brain (because the internal bones show molds of 
meninges, sinuses, and cisterns), however, they conform to the topography of the 
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brain, making it possible to reproduce the external morphology in some detail (Dozo 
and Martínez 2016).

There are obvious differences in cranial morphology between the Macraucheniidae 
studied here. Probably the most evident is the abovementioned nostril migration, 
which are positioned completely dorsal (between the orbits) in the skull of 
Macrauchenia (Lobo 2020; Croft et al. 2020). Such morphological variation is also 
observed in the endocranial casts. The endocasts of Cramauchenia normalis and 
Theosodon cf. T. gracilis, with elongated cerebral hemispheres and rounded outline, 
resemble more closely that of Huayqueriana cf. H. cristata (IANIGLA-PV 29, 
Forasiepi et al. 2016), but differ from the spherical form exhibited by the cerebral 
hemispheres of Macrauchenia patachonica.

When compared with Proterotheriidae and despite the limited knowledge on 
these extinct forms (Simpson 1933; Radinsky 1981; Quiroga 1988), it is possible to 
observe some interesting differences, especially regarding the telencephalic mor-
phology. The endocranial casts of Tetramerorhinus, Thoatherium, and Diadiaphorus 
are characterized by a rectangular cerebrum in dorsal view (Radinsky 1981; Quiroga 
1988). There is no oblique Sylvian sulcus, no bulging temporal lobe, and the neo-
cortex is well-developed and divided by a series of parallel longitudinal sulci that 
extend for most of the length of the cerebrum. In contrast, macraucheniids show the 
Sylvian region slightly developed. Although the neocortical sulci are partially 
obscured by meninges, cisterns, and venous sinuses, the endocast seems relatively 
complex and as gyrencephalic as that of proteroteriids.

When compared with notoungulates, the endocasts of macraucheniids (just like 
proteroteriids), are quite different from the morphology described for representa-
tives of Toxodontia and Typotheria (Dozo and Martínez 2016; Martínez et al. 2020). 
In these notoungulates, a pronounced telencephalic flexure, a prominent oblique 
sulcus (the Sylvian or suprasylvian sulcus), and a bulging temporal lobe are features 
that characterize the notoungulate neuromorphology and were regarded by Madden 
(1990) as diagnostic traits for Notoungulata.

In living Euungulata (Perissodactyla and Artiodactyla), the forebrain flexure is 
not pronounced, the sylvian region is poorly developed, and the neocortex is 
expanded and bears mostly longitudinal sulci (Kuhlenbeck 1978; Johnson 1990; 
Welker 1990). Likewise, this pattern is similar to the brains that Radinsky (1981) 
described for Oligocene and Miocene perissodactyls (e.g. the equid Mesohippus) 
and artiodactyls (e.g. the camelids Poebrotherium and Oxidactylus) from the 
Northern Hemisphere and Miocene Proterotheriidae in South America. However, 
the absence of clearly identifiable sulci on the neocortex of the Macraucheniidae 
studied here prevents close comparisons to living Euungulata.

 Frontal Sinuses

The cranial sinuses, air spaces that optimize the combination of strength and being 
light (Sharp 2016), are highly variable in shape and development among mammals. 
Using CT-scan data, the cranial sinuses (and their origins) have been described in 
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several taxa (Witmer 1997; Rossie 2006; Ferretti 2007; Farke 2008, 2010a, b; Black 
et al. 2010; Black and Hand 2010; Badlangana et al. 2011; Siliceo et al. 2011; Sharp 
2016). The most accepted hypothesis suggests that they originate from the expan-
sion of the mucosa of the epithelial tissue of the nasopharyngeal cavity into different 
cranial bones that are close to the nasal cavity and rich in osteoclasts, (Witmer 1997; 
Smith et al. 2005). For example, the frontal sinuses are variable among mammals 
and can be restricted to the frontals or invade nearby bones where they are not origi-
nally present (García et al. 2007).

In general, cranial pneumatization is thought to be related to physiology or the 
architecture, development, and biomechanics of the skull. Typical examples are 
weight reduction, increasing surface area for the olfactory mucosa, humidifying, 
and warming the inspired air, thermoregulation of the brain, etc. (Siliceo et  al. 
2011). For some species, it has been proposed that frontal sinuses could play an 
indirect biomechanical role by removing bone to optimize dissipation of stress dur-
ing feeding and combat. In other groups of mammals (specifically in arctoid carniv-
orans), skull shape disparity is related to variables (skull size, ecology, and diet) that 
also have implications in frontal sinus development (e.g. species with the largest 
skulls tended to have the largest frontal sinuses) (Curtis et al. 2015).

In some living artiodactyls, the frontal sinuses show variable morphology, too. 
According to Farke (2007), the frontal sinuses of bovids (sheep, goats, cattle, and 
antelope) display a great deal of diversity attributed to both phylogeny and function. 
He observed that, at least in the hartebeest (Alcelaphus buselaphus, a large African 
antelope), the frontal sinuses are tightly associated to the frontal shape and size, and 
not necessarily to the overall skull size or horn size. Farke (2007) also mentioned 
that, contrary to many others bovids, the horncores are never extensively pneuma-
tized in the hartebeest.

The pneumatization of the cranial vault and basicranium of litopterns is also 
notable, at least in some macraucheniids. It probably reached a maximum in 
M. patachonica, in which the pneumatization involves the tables of the cranial vault, 
the central stem, pterygoids, and alisphenoids (Forasiepi et al. 2016). Huayqueriana 
also shows marked pneumatization affecting the entire dorsum of the skull, which 
is characterized by large frontal sinuses separated by a sagittal septum along its 
entire length. A similar condition is observed in Equus and probably other perisso-
dactyls (Forasiepi et al. 2016).

Here, the three-dimensional reconstructions show different morphologies of the 
frontal sinuses between Cramauchenia normalis (MPEF-PV 2524), Theosodon cf. 
T. gracilis (MLP 12–1123), and Macrauchenia patachonica (MACN-PV 2) 
(Fig.  21.1a–c). Such differences are mainly related to the retraction of the nasal 
aperture and the relocation of the nasal bones, particularly marked in Macrauchenia 
and, to a lesser degree, in Theosodon. This posterior repositioning of the nasal aper-
ture may indicate the presence of a proboscis or a similar structure, but there is no 
detailed anatomical study supporting this inference (Forasiepi et al. 2016). To assess 
the morphofunctional implications of cranial pneumatization in Macraucheniidae 
would require a broadly comparative, anatomical, and comprehensive quantitative 
analysis involving a more representative sample of macraucheniids and other groups 
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of Litopterna (i.e. Proterotheriidae). Also, the data should be examined within a 
phylogenetic context, which exceeds the aim of the present contribution.

21.4.2  Brain-Size Evolution and Encephalization Quotient

Across vertebrates, brain and body size are allometrically coupled. Therefore, eval-
uating encephalization and comparisons between different taxa is notoriously con-
tentious if allometry is not properly considered (Burger et  al. 2019). Jerison, in 
1973, introduced the encephalization quotient (EQ), which provided a quantitative 
value to describe and compare relative brain mass across a wide range of species of 
varying body mass.

Encephalization or evolutionary changes in brain size is defined as a higher-than- 
expected brain mass relative to total body mass, and it is often hypothesized that 
deviations from this brain-body allometric relationship may correlate with cognitive 
abilities (Boddy et al. 2012; Peñaherrera Aguirre et al. 2017). Some mammalian 
taxa show strong macroevolutionary evidence for an increase in brain size, whereas 
others do not show a clear pattern. As mentioned by Schultz and Dunbar (2010) 
these findings challenge the long-term assumption that encephalization is a general 
trend across mammals.

The meaning of the level of encephalization, as we said at the beginning, is a 
complex and problematic issue. Several groups of mammals show an increase in 
encephalization from the basal to derived forms (Orliac and Gilissen 2012). On the 
other hand, small brains can be related to evolutionary processes such as fossorial-
ity, changes in social behavior, domestication, and insularism, processes that are 
associated with the absence/reduction of predators and low competition (Ferreira 
et al. 2020).

By last, there are few studies that could explain the encephalization pattern in 
mammals during the Cenozoic in South America, in the long history of isolated 
evolution (Ferreira et al. 2020; Fontoura et al. 2020). A priori, it could be considered 
that the relatively low levels of encephalization in notoungulates and litopterns, 
which have no living representatives, could be due to the fact that the predatory 
pressures exerted on the fossil ungulates of South America were very different due 
to the absence of placental carnivores which are more active predators (Marshall 
1977; Croft 2006; Kay et al. 2012; Croft et al. 2018). However, this should be care-
fully considered, since despite the Carnivora absence almost up to the late Miocene 
(Huayquerian SALMA), most of their ecological niches, were partially fulfilled by 
marsupials and specialized aves. These so-called terror birds (phorusrhacids) ranged 
in height from ca. 60 cm to nearly 3 m making them large and swift enough to prey 
on smaller notoungulates and litopterns (Croft and Lorente 2021).

Here, the relative brain size was evaluated by the means of the encephalization 
quotient (EQ) as calculated by Jerison (1973) (EQ1  =  EV/0.12[BM)]0.67) and 
Eisenberg (1981) (EQ2 = EV/0.055 [BM]0.74). The latter was based on a regression 
analysis including a large sample of extant placental mammals according to which 
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the widely accepted brain size to body size scaling exponent of about 0.75 is con-
firmed (Orliac et al. 2012). However, the reasons to explain why brain size scales to 
the 3/4 power to body size across mammals is unknown (Burger et al. 2019).

These methods for EQ calculation are widely employed and allow comparison 
with EQ values provided by other authors (Jerison 1973; Radinsky 1981; Dozo and 
Martínez 2016; Fernández-Monescillo et al. 2019). The input data for both equa-
tions included the endocranial volume (EV), which was obtained directly from the 
3D model by means of the software 3D Slicer 4.10.2 (Fedorov et al. 2012), and 
body mass (BM), which was estimated from the algorithm 4.1 proposed by Mendoza 
et al. (2006) by calculating BM from cranial and upper molar measurements. The 
EV, BM and EQ values of the macraucheniids are presented in Table  21.2 and 
Fig. 21.6.

In addition, Fernández-Monescillo et al. (2019) calculated the EQ values for the 
macraucheniid Huayqueriana cf. H. cristata (see Forasiepi et al. 2016) based on the 
mean of two BM methods, EQ1  =  0.46 (following Mendoza et  al. 2006) and 
EQ2 = 0.41 (Cassini et  al. 2012). These values are slightly different from those 
obtained here for this taxon EQ1 = 0.43 and EQ2 = 0.40 (Table 21.2) since we used 
in the equations the BM of 250 kg (see Forasiepi et al. 2016 for a discussion of the 
BM values). Despite these differences all the values for macraucheniids fall within 
an interval of 0.43 and 0.69 for EQ1 and 0.40 and 0.60 for EQ2.

The EQ values for basal macraucheniids fluctuate between a 0.40 and 0.53 but 
could be considered stable. This suggests that despite the increase in BM observed 
in the phylogeny through Cramauchenia normalis, Theosodon cf. T. gracilis, and 
Huayqueriana cf. H. cristata, the variations in EV are not considerable. However, 
in the case of the terminal taxon Macrauchenia patachonica, EQ1 and EQ2 values 
(0.69–0.60 respectively) increase substantially (i.e., it is higher than what could be 
expected following the trend observed in the abovementioned basal taxa depicted in 
Fig. 21.6). Interestingly, such EQ increase or “jump” occurs in a representative that 
shows notable cranial particularities related to the posterior migration of the nasal 

Table 21.2 Data for relative brain size of digital endocasts

Cramauchenia 
normalis

Theosodon cf. T. 
gracilis

Huayqueriana cf. H. 
cristata

Macrauchenia 
patachonica

EBM 
(kg)

80.25 106.45 250 458.39

EV 
(cm3)·

111.72 153.66 217.29 514.64

EQ 1 0.48 0.54 0.43 0.69
EQ 2 0.47 0.53 0.40 0.60

From Cramauchenia normalis (MPEF-PV 2524); Theosodon cf. T. gracilis (MLP 12–1123); 
Huayqueriana cf. H. cristata (IANIGLA-PV 29); Macrauchenia patachonica (MACN-PV 2). 
Abbreviations: EBM, estimated body mass; EV, endocast volume; EQ1, encephalization quotient 
using Jerison’s equation (1973); EQ2, encephalization quotient using Eisenberg’s equation (1981)
EBM obtained using algorithm 4.1 from Mendoza et al. (2006). EV obtained from virtual endo-
casts in 3D Slicer 4.10.2 (Fedorov et al. 2012). EBM and EV for IANIGLA-PV 29 taken from 
Forasiepi et al. (2016)

M. T. Dozo et al.



829

Fig. 21.6 Endocranial volume versus body mass of Cramauchenia normalis (MPEF-PV 2524), 
Theosodon cf. T. gracilis (MLP 12–1123), Huayqueriana cf. H. cristata (IANIGLA-PV 29), and 
Macrauchenia patachonica (MACN-PV 2), plotted over the strict consensus cladogram obtained 
by Forasiepi et al. (2016). The EQ1 and EQ2 values for these taxa are mentioned between brackets, 
respectively

openings (and the possible presence of a muscular proboscis associated with it) and 
an extremely pneumatized cranial roof.

However, would it be possible to associate the “EQ jump” observed in M. pata-
chonica to an artifact derived from a low body mass estimation? Previous body 
masses reported for M. patachonica show that, while limb bone dimensions gener-
ate overestimations, craniodental proxies tend to underestimate them (Fariña et al. 
1998). Here, all body masses were calculated with craniodental proxies (algorithm 
4.1 from Mendoza et  al. 2006), except for Huayqueriana cf. H. cristata, whose 
value (taken from Forasiepi et al. [2016]) was estimated using the centroid size of a 
3D configuration of cranial landmarks following Cassini et al. (2012). In this con-
text, if all body mass estimations included in Table 21.2 would have been derived 
from limb bones or averages from the same proxies (instead of cranial or cranioden-
tal dimensions), we could expect a homogeneous overestimation across the entire 
sample that would drag the EQ values to the right of the Fig. 21.6, but would not 
disappear the “EQ jump”. Further considerations about encephalization in M. pata-
chonica should be made taking this putative constraint into account and based on a 
larger taxon sample of macraucheniids.
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Regarding comparisons with other coeval SANUs and Holartic ungulates, the 
EQ values of the Oligocene macraucheniid Cramauchenia normalis (0.48–0.47) are 
higher than EQ values reported for the Oligocene toxodonts (Notoungulata) 
Rhynchippus equinus (0.34), Eurygenium latirostris (0.25), Mendozahippus fieren-
sis (0.25), and Gualta cuyana (0.31; Dozo and Martínez 2016; Martínez et al. 2020). 
Conversely, the EQ obtained for C. normalis is below that of the late Oligocene 
perissodactyl Mesohippus (EQ = 0.88) and near the values obtained for the artiodac-
tyl Poebrotherium (EQ = 0.36 to 0.42; Jerison 1973), which could be regarded as 
ecological analogues. Finally, at higher taxonomic levels, the mean EQ calculated 
for extant perissodactyls and cetartiodactyls (Boddy et al. 2012: Table 1) were 1 and 
1.42, respectively. These values are significantly higher than those of macraucheni-
ids, notoungulates, and extinct euungulates. It is interesting to comment that 
Mesohippus has a higher EQ than Poebrotherium, but modern cetartiodactyls have 
higher values than modern perissodactyls. However, this is relative considering that, 
within Cetartiodactyla, Odontoceti (mean EQ = 3.10) was solely responsible for 
such a peak in EQ, and differs significantly from that of Rumiantia (mean EQ = 
0.86) (Boddy et al. 2012).

After 40 years, the words of Leonard Radinsky (1981) are still valid: “The ques-
tion of the significance of relative brain size is a fascinating one, all the more so 
because our own species has such an unusually large brain: the answer, however, 
still remains an enigma.”

21.5  Future Directions: Oustanding Questions 
and Perspectives

Few data are available to understand the morphological endocranial cast diversity 
and brain evolution in the second largest group of South American native ungulates 
in abundance and diversity, the Litopterna. They are scarce in Macraucheniidae, and 
there are no studies based on digital endocranial casts with an emphasis on 
Proterotheriidae. As stated above, endocranial studies of proterotheriids are based 
on a single known plaster-silicone cast (Simpson 1933; Radinsky 1981; Quiroga 
1988), except for 3D reconstructions (of Tetramerorhinus lucarius) provided by 
Forasiepi et al. (2016) and MacPhee et al. (2021) in the context of specific research 
focused on other taxa or specific features. Regarding Macraucheniidae, only 
Forasiepi et  al. (2016) and Fernández-Monescillo (2020) performed paleoneuro-
logical studies on Macraucheniidae based on 3D reconstructions obtained from 
micro-CT. They provided 3D reconstructions of the endocast, petrosal, and inner 
ear for Huayqueriana cf. H. cristata and quantitative analysis of the encephalization 
quotient accompanying a brief description of the endocasts for Macrauchenia 
patachonica.

In the present study, three additional endocranial casts of the macraucheniids 
(representatives of Cramaucheniinae and Macraucheniinae) are disclosed. Although 
we focused strictly on describing and understanding the endocranial spaces 
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associated with the brain and frontal sinuses, the new morphological data could be 
potentially valuable for phylogenetic analyses.

In the future, in-deep research on the interaction between the endocranial mor-
phology and skull shape will hopefully contribute to filling the gap in such an inter-
esting issue concerning litopterns, one of the most emblematic groups of South 
American native ungulates that inhabited the continent since the beginning of the 
Cenozoic. These studies merit further discussion and should include not only mac-
raucheniids but also proteroteriids, and must be carried out in a phylogenetic frame-
work that allow a better understanding of the brain evolution and morphological 
change in litopterns.

21.6  Conclusions

The digital endocasts of Cramauchenia normalis, Theosodon cf. T. gracilis, and 
Macrauchenia patachonica described herein provide an interesting perspective to 
begin understanding litoptern brain evolution, particularly to improve our under-
standing of evolution within the Macraucheniidae.

The endocasts of Cramauchenia normalis and Theosodon cf. T. gracilis, with 
elongated cerebral hemispheres that are rounded in outline, resemble more closely 
those of Huayqueriana cf. H. cristata (IANIGLA-PV 29, Forasiepi et al. 2016) and 
differ from the more spherical form exhibited by the cerebral hemispheres of 
Macrauchenia patachonica. When compared with Proterotheriidae, the most nota-
ble difference is the slightly (but present) development of the Sylvian region.

The endocasts of macraucheniids and proteroteriids (without pronounced telen-
cephalic flexure, lacking a prominent Sylvian or suprasylvian sulcus, and lacking 
bulging temporal lobes) contrast to the neocortical morphological pattern described 
for notoungulates (Toxodontia and Typotheria).

Also, the three-dimensional reconstructions show different morphologies of the 
dorsal pneumatic sinuses (not only restricted to the frontals but also invading the 
surrounding bones) between Cramauchenia normalis, Theosodon cf. T. gracilis, 
and Macrauchenia patachonica. Differences are mainly attributed to the retraction 
of the nasal aperture and the relocation of the nasal bones, particularly in 
Macrauchenia and, to a lesser degree, in Theosodon.

Regarding the relative brain size, the EQ values obtained for the Oligocene 
Cramauchenia normalis are higher than those of the coeval notoungulates “notohip-
pids” Rhynchippus equinus, Eurygenium latirostris, Mendozahippus fierensis, and 
the leontinid Gualta cuyana.

When compared to similar-sized Holarctic ungulates from the late Oligocene, 
the EQ of Cramauchenia normalis is below that of the perissodactyl Mesohippus 
and around the values obtained for the artiodactyl Poebrotherium.

The EQ values of Macruachenia patachonica could indicate the highest point in 
the encephalization process among macraucheniids and coincides with a notable 
skull specialization (Lobo 2020). How strongly related are encephalization 

21 Paleoneurology of Litopterna: Digital and Natural Endocranial Casts…



832

(represented by the “EQ jump” hypothesis) and general skull specialization in 
M. patachonica is an interesting, and still pending, question.

Finally, a concretion recovered from the Deseadan levels of the Sarmiento 
Formation that outcrops in Cabeza Blanca locality (Chubut), was interpreted as a 
partial natural endocranial cast. This natural endocast represents the first natural 
braincast assigned to a litoptern (potentially referable to Macraucheniidae).
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