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Abstract

Propalaehoplophorus is an Early Miocene genus of glyptodonts, a group of extinct armored mammals closely related to
armadillos and endemic to South America. Here, we present the first digital reconstruction of the endocranial cavity of the
glyptodont Propalaehoplophorus australis and compare it to endocasts of Late Miocene and Pleistocene glyptodonts, pam-
patheres, and extant armadillos. Propalaehoplophorus australis shares exclusively with other glyptodonts the neocortical
sulcation pattern and cranial nerve (CN) V5 pathway. It also shares with both other glyptodonts and pampatheres the rhinal
fissure trajectory, small piriform lobe, marked dorsal expansion of neocortical fronto-parietal region, conspicuous thickness
of superior longitudinal sinus, and presence of a well-marked lateral sulcus and medial shape of petrosal bone; this last trait is
also observable in Chlamyphorus. The olfactory bulbs of Pr. australis, Holmesina, and Pampatherium are anteriorly elongated
and partially laterally divergent as in the glyptodont Pseudoplohophorus absolutus. Other features, like the globular proximal
shape of olfactory peduncles, topological arrangement of CNs IX-XII, differentiated petrosal lobule of paraflocculus, and
orientation of spinal cord are shared among Pr. australis, Ps. absolutus, pampatheres, and extant armadillos. The similarities
between Pr. australis, remaining glyptodonts, and pampatheres could be synapomorphies of pampatheres + glyptodonts. By
contrast, Pr. australis, pampatheres, and all the analyzed armadillos share the same configuration of the pathway of CNs
IX-XII, a feature that could support the basal position of Pr. australis among glyptodonts for which cranial remains are
known. In this context, the brain cavity seems to be a promising source of information for revealing the evolutionary history
of this mammalian clade.
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Introduction

Cingulata (armadillos, glyptodonts, pampatheres, and
peltephilids), together with Pilosa (sloths and anteaters),
constitute Xenarthra, a monophyletic group and one of the
four major clades of placental mammals that originated
and initially radiated in South America (Engelmann 1985;
Delsuc et al. 2003; Gaudin and Mcdonald 2008; O’Leary
et al. 2013; Gaudin and Croft 2015; Gibb et al. 2016;
Padberg 2017; Prothero 2017; Quifiones et al. 2019). Within
Cingulata, Glyptodontia (sensu Fernicola 2008), with more
than 60 recognized species, represents one of the most spe-
ciose groups (McKenna and Bell 1997). Glyptodonts range
chronologically from the Late Eocene to the Early Holo-
cene (Zurita et al. 2016a, b; Fernicola et al. 2021) and are
last recovered at the end of the Last Glacial Period, around
10,000 years ago, during the megafaunal extinction (Barnosky
et al. 2016; Delsuc et al. 2016; Prates and Perez 2021).

Glyptodonts are usually considered as herbivores dis-
playing morphologies that are indicative of selective or
bulk feeding strategies in closed or open environments,
and pampatheres show variation related to oral process-
ing of coarse vegetation (Vizcaino et al. 1998, 2004,
2006, 2011b, 2012; De Iuliis et al. 2001; Vizcaino 2009).
On the other hand, extant armadillos show additional
feeding behaviors such as insectivory (with strict myrme-
cophagy) to omnivory (including small vertebrates, plant
material, and carrion) (Abba et al. 2011, 2015; Wallace
and Painter 2013; Gallo et al. 2019). The body mass of
extant armadillos ranges from micromammals (i.e., less
than 1 kg), such as the pink fairy armadillo (Chlamypho-
rus ~ 120 g; Superina 2011), to medium size forms (i.e.,
10-100 kg; sensu Cassini et al. 2012), such as the giant
armadillo (Priodontes ~30 kg; Carter et al. 2016). By
contrast, many extinct cingulates exceed this range, with
pampatheres usually exceeding 100 kg (i.e., large-sized
100-1,000 kg sensu Cassini et al. 2012), and glyptodonts
having body masses ranging from ~ 70 kg to 1,000 + kg (in
Asterostemma and Doedicurus, respectively) (Vizcaino
et al. 2006, 2011a, b; Tambusso and Farifia 2015b), with
the largest members qualifying as strict megamammals
(sensu Owen-Smith 1988; i.e., > 1,000 kg).

Glyptodonts have remarkable morphological features
such as a carapace formed only by immovable osteoderms,
fused thoracic and lumbar vertebrae, columnar hind-limbs,
tall and anteroposteriorly short skull with rostrum and masti-
catory apparatus placed ventral to the braincase, a conspicu-
ous descending zygomatic process, and high-crowned and
ever-growing cheek teeth (i.e., hypselodont) (Huxley 1865;
Gillette and Ray 1981; Farifia and Vizcaino 2001; Fernicola
2008; Vizcaino 2009; Vizcaino et al. 2011a, b; Fernicola and
Porpino 2012; Fernicola et al. 2012; Machado et al. 2022).
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Since the first phylogenetic hypotheses of xenarthrans
based on morphological data of Engelmann (1985), glypto-
donts have been recognized as a well-supported monophy-
letic group. However, the phylogenetic position of glypto-
donts among Cingulata is controversial. Engelmann (1985)
suggested a basal dichotomy between extant and extinct
armadillos on one side and pampatheres, glyptodonts, and
the armadillos Eutatus and Proeutatus on the other. The
association of glyptodonts, pampatheres, and Proeutatus
has been validated by subsequent cladistic analyses but with
Eutatus occupying a more basal position within cingulates
(Gaudin and Wible 2006; Billet et al. 2011; Herrera et al.
2017). However, the recent incorporation of ancient DNA
from the glyptodont Doedicurus has revealed a novel phylo-
genetic scheme, where glyptodonts are the sister group of a
clade that includes chlamyphorine and tolypeutine armadil-
los (Delsuc et al. 2016; Mitchell et al. 2016). Mitchell et al.
(2016) reanalyzed the morphological data matrix of Billet
et al. (2011) with a molecular phylogenetic constraint and
found support for a sister-group relationship between Proeu-
tatus and the clade Propalaehoplophorus + Vassallia, with
that clade positioned as sister to Eutatus + Chlamyphorus.

Among glyptodonts, there is a general consensus on the
basal position of medium-sized (74—115 kg; Vizcaino et al.
2011a) Early Miocene Propalaehoplophorus (Fernicola
2008; Porpino et al. 2010, 2014; Fernicola and Porpino
2012; Fernicola et al. 2018). In addition, these authors
found support for a basal dichotomy between the clades
Propalaehoplophorinae/dae and Glyptodontoinei (sensu
Fernicola 2008; i.e., all the remaining glyptodonts) using
parsimony-based analyses on different character subsets
(e.g., craniodental, postcranial and/or exoskeletal data)
(see also Croft et al. 2007 for an alternative phylogenetic
arrangement). However, recent phylogenetic analyses do not
support the Propalachoplophorinae/dae and Glyptodontoinei
monophyly (Zurita et al. 2013a, b, 2016a, b; Cuadrelli et al.
2020; Barasoain et al. 2022), although the discrepancies
could be due to the different selections of taxa and characters
in the distinct datasets respect to previous studies.

The neuroanatomy and neuromorphology of cingulates
have been explored through endocasts, both natural and
reconstructed using plaster-silicone, since the end of the XIX
century (Gervais 1869; Dechaseaux 1958, 1962; Dozo 1987,
1989, 1994, 1998). The first description of a Propalaehop-
lophorus endocast was performed by Dozo (1989) through
observation of a natural endocast. However, its detailed anal-
ysis was impossible due to preservational issues, preventing
observation of the olfactory bulbs, the cerebellar region, and
the cranial nerve pathways. Nowadays, computed tomog-
raphy (CT) permits exploring and digitally reconstructing
the internal cranial anatomy through non-invasive meth-
ods. This procedure has been revolutionary for extinct and
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extant mammalian neuroanatomy, providing novel phyloge-
netic, functional, and paleobiological information (Macrini
2006; Macrini et al. 2007a, b; Witmer and Ridgely 2008;
Orliac et al. 2012; Ahrens 2014; Dozo and Martinez 2016;
Orliac and O’Leary 2016; Bertrand et al. 2019, 2021, 2023;
Fernandez-Monescillo et al. 2019; Martinez et al. 2019;
Perini et al. 2022). Recently, digital reconstructions of
xenarthran endocranial structures like those of the ground
sloths Catonix and Glossotherium have been compared to
their homologues in extant relatives (Boscaini et al. 2020a,
b). Other authors have studied an extensive sample of bony
labyrinth casts in fossil and living xenarthrans (Billet et al.
2015). Among cingulates, (Tambusso and Farifia 2015a, b;
Tambusso et al. 2023) comparatively described the digital
endocasts of the glyptodonts Doedicurus, Glyptodon, Pano-
chthus, and Pseudoplohophorus, and the pampatheres Holm-
esina and Pampatherium to extant long-nosed (i.e., Dasypus),
and hairy (i.e., Euphractus, Chaetophractus and Zaedyus),
and tolypeutine (i.e., Cabassous, Priodontes and Tolypeutes)
armadillos, including a discussion of potential neuroanatomi-
cal characters and their phylogenetic and evolutionary impli-
cations. Recently, Christen et al. (2023) described cranial
and endocranial structures (i.e., endocast, bony labyrinth, and
intraosseous canals) in Pleistocene glyptodonts Doedicurus,
Glyptodon, Panochthus, and Neosclerocalyptus, discussing
its phylogenetic value in relation to the recent genealogical
arrangement of glyptodonts (Nufiez Blasco et al. 2021). In
addition, Tambusso et al. (2021, 2023) analyzed the inner ear
morphology in phylogenetic and functional contexts, includ-
ing all genera of extant armadillos (except Calyptophractus)
and glyptodonts and pampatheres mentioned above, recover-
ing a strong resemblance that is congruent with their relation-
ships as suggested by recent molecular analyses (Delsuc et al.
2016; Mitchell et al. 2016) and some morphology-based stud-
ies (Engelmann 1985; Gaudin and Wible 2006; Billet et al.
2011; Herrera et al. 2017; Fernicola et al. 2018). Finally,
Le Verger et al. (2021) performed a comparative analysis
and explored the evolutionary scenarios using an extensive
sample of cingulates, including glyptodonts and extinct and
extant armadillos, based on the digital reconstruction of
intracranial osseous canals (i.e. nasolacrimal, palatine, sphe-
nopalatine, among others). They found phylogenetic results
that are similar to those of Tambusso et al. (2021) concern-
ing the relationships among glyptodonts, pampatheres, and
chlamyphorine armadillos. However, internal glyptodont
relationships are unresolved in both cases. Considering this
context, it is evident that the endocranial anatomy of Cingu-
lata could represent a promising source of data to illuminate
their phylogenetic relationships.

The present contribution aims to provide 3D digital
reconstructions of the brain cavity, cranial nerves, and vas-
culature of Propalaehoplophorus australis and perform a
morphological comparative analysis with other cingulate

endocasts (glyptodonts, pampatheres, and extant armadil-
los), further evaluating their anatomical, phylogenetic, and
paleobiological implications.

Materials and methods
Specimens

Our study focused on a specimen of Propalaehoplophorus
australis, MLP 16-15, which consists of cranium, mandible,
and skeleton. It was recovered from the Santa Cruz Forma-
tion (latest Early Miocene), Santa Cruz, Argentina, and first
figured in Lydekker (1894: p. 3, pl. 32).

The comparative sample comprised 12 species, includ-
ing five extant armadillos (Chaetophractus villosus, Chla-
myphorus truncatus, Dasypus novemcinctus, Euphractus
sexcinctus, and Zaedyus pichiy), and six extinct cingulates:
the glyptodonts Doedicurus sp., Glyptodon sp., Panochthus
tuberculatus, Pseudoplohophorus absolutus, and the pam-
patheres Holmesina cryptae, Pampatherium humboldtii, and
Pampatherium typum. For a complete list of specimens and
sources of anatomical information, see Table 1.

Computed tomographies and digital reconstructions

The skulls of Doedicurus sp., Pampatherium typum, Pano-
chthus tuberculatus, and Propalaehoplophorus australis
were scanned using the Phillips Vereos PET/CT scanner
at CEUNIM/UNSAM Institute, Buenos Aires, Argentina.
The scan includes 513 slices with an interslice thickness of
0.67 mm on a 16-bit grayscale. The micro CT data of extant
specimens housed at MACN-Ma resulted in a slice num-
ber range of 206—-642, depending on the specimen, with a
slice thickness of 0.194 mm. These CT scans were acquired
using non-commercial equipment developed by the “Grupo
de Espectroscopia Atémica y Nuclear (GEAN)” at the Fac-
ultad de Matematica, Astronomia y Fisica (FAMAF), Cor-
doba, Argentina. The micro CT scan of the TMM M speci-
men D. novemcinctus was obtained from the DigiMorph
online repository (http://www.digimorph.org/index.phtml)
of the University of Texas. The micro CT scans of FMNH
M, and MNHN.F.PAM were acquired from the MorphoSource
digital online repository (https://www.morphosource.org) of
Duke University (Table 1).

The digital reconstructions of the brain endocasts of all
specimens (Online Resource 1) were created using digi-
tal tools for the semi-automatic segmentation process of
the open-source software 3DSlicer (Fedorov et al. 2012).
The 3D models of skulls and brain cavities were exported
from 3DSlicer as Polygon File Format (PLY) files. Visu-
alization of 3D meshes was carried out using MeshLab
(Cignoni et al. 2008).
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Table 1 List of specimens included and CT/microCT parameters

Family/Subfamily Species Museum collection Collection number CT/microCT/3D mesh  Slice number Slice
source thickness
(mm)
Euphractinae Chaetophractus villosus MACN-Ma 27802 GEAN-FaMAF 642 0.194
Chlamyphorinae Chlamyphorus MACN-Ma 24.46 GEAN-FaMAF 206 0.194
truncatus
Chlamyphorinae Chlamyphorus FMNH M 39468 University of Chicago 1746 0.034
truncatus — Paleo CT (Morpho-
Source: ark:/87602/
m4/377398)
Dasypodinae Dasypus novemcinctus ~MACN-Ma 50.123 GEAN-FaMAF 550 0.194
Dasypodinae Dasypus novemcinctus TMM M 7417 University of Texas — 944 0.037
Vertebrate Palacon-
tology Laboratory
(DigiMorph)
Doedicurinae Doedicurus sp. MACN-Pv 2762 CEUNIM-UNSAM 768 0.326
Euphractinae Euphractus sexcinctus ~ MACN-Ma 49.38 GEAN-FaMAF 639 0.194
Glyptodontinae Glyptodon sp. MNHN.F.PAM 759 Muséum National 2226 0.148
d'Histoire Naturelle—
Technical Platform
(MorphoSource:
ark:/87602/m4/
M54401)
Pampatheriidae Holmesina cryptae LPP PV 002 Tambusso et al. (2023) - -
Pampatheriidae Pampatherium typum ~ MACN-Pv 11543 CEUNIM-UNSAM 646 0.21
Pampatheriidae Pampatherium MHD P 28 Tambusso and Farifia - -
humboldtii (2015b)
Panochthinae Panochthus MLP 16-38 CEUNIM-UNSAM 768 0.326
tuberculatus
Propalaehoplophorinae  Propalaehoplophorus ~ MLP 16-15 CEUNIM-UNSAM 510 0.134
australis
Glyptodontidae Pseudoplohophorus FC DPV 595 Tambusso and Farifia - -
absolutus (2015a)
Euphractinae Zaedyus pichiy MACN-Ma 30.33 GEAN-FaMAF 375 0.194

Neuroanatomical reference

Endocranial structure identification was mainly based
on previous (solid or digital) models of the brain cavity
and encephalic dissections in cingulates (e.g., Gervais
1869; Cope 1889; Dechaseaux 1958, 1962; Dozo 1989,
1998; Aragjo et al. 2015; Tambusso and Farifia 2015a,
b; Le Verger et al. 2021; Christen et al. 2023; Tambusso
et al. 2023), as well as other extinct and extant xenarthrans
(Dozo 1989; Padberg 2017; Boscaini et al. 2020a, b). In
addition, we consulted the literature on other mamma-
lian representatives (Gannon et al. 1988; Macrini 2006;
Macrini et al. 2007a, b, 2010; Aurboonyawat et al. 2008;
Treuting et al. 2017; De Iuliis and Pulera 2019). Particu-
larly in glyptodonts, the last teeth were taken as a reference
to horizontalize the cranium due to the sigmoid shape of

@ Springer

the palatal process of the maxilla (Fernicola 2008). To
standardize descriptions and comparisons, the skulls were
positioned in lateral view, with the palate oriented hori-
zontally, illustrating the relative position of the endocast
through the bony transparency of the skull (Fig. 1b-f).
For the phylogenetic inferences, we assembled an ad hoc
topology of only the taxa included in the analysis based
on previous analyses (i.e., Delsuc et al. 2016; Mitchell
et al. 2016; Fernicola et al. 2018) that includes only taxa
discussed in the present contribution (Fig. 2).

Institutional abbreviations FMNH M: Field Museum Natural
History, Extant Mammal Collection, Chicago, USA; MACN-
Ma: Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia”, Coleccién Nacional de Mastozoologia, Ciudad
Auténoma de Buenos Aires, Argentina; MACN-Pv: Museo
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a

Fig.1 Endocranial cavity (green) and comparative relative position
in a transparent cranium (grey). a-b. Propalaehoplophorus australis
(MLP 16-15) in dorsal (a) and right lateral (b) views; c-f. right lat-
eral views of: ¢. Glyptodon sp. (MNHN.F.PAM 759); d. Pampathe-

Argentino de Ciencias Naturales “Bernardino Rivadavia”,
Coleccion Nacional de Paleovertebrados, Ciudad Auténoma
de Buenos Aires, Argentina; MLP: Museo de La Plata, La
Plata, Argentina; MNHN.F.PAM: Muséum National d’Histoire

rium typum (MACN-Pv 11543); e. Chlamyphorus truncatus (MACN-
Ma 24.46); f. Chaetophractus villosus (MACN-Ma 27802). Scale
bars equal 50 mm

Naturelle, Zoologie et Anatomie comparée collections, fossil
mammal collections, Pampean, Paris, France; TMM M: Mam-
mal Collections of the Vertebrate Paleontology Laboratory,
Texas Memorial Museum, Austin, Texas, USA.
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Glyptodontia

Glyptodontoinei

Glyptodontoidea

Dasypus novemcinctus

Chaetophractus villosus

Chlamyphorus truncatus

Pampatherium typum

Panochthus tuberculatus

Long nosed armadillo

Euphractus sexcinctus

Hairy armadillos

Zaedyus pichiy

Pink fairy armadillo

Holmesina cryptae

Pampatheres

Pampatherium humboldtii
Propalaehoplophorus australis

Pseudoplohphorus absolutus

Glyptodonts

Doedicurus sp.

Glyptodon sp.

Fig.2 Phylogenetic tree of the analyzed cingulate taxa based on Delsuc et al. (2016), Mitchell et al. (2016), and Fernicola et al. (2018)

Results
Forebrain

The anteriormost telencephalon of Propalaehoplophorus
australis displays olfactory bulbs elongated anteroposte-
riorly with convex lateral edges. This shape is similar to
that of Holmesina and Pampatherium, although in this lat-
ter taxon, the olfactory bulbs are thinner mediolaterally
(Figs. 3a, b and 5d; Tambusso et al. 2023: fig. 4a, b). The
condition of Pr. australis in showing a partial dorsal diver-
gence of the olfactory bulbs is similar to Pseudoplohophorus
and Pampatherium. By contrast, extant armadillos display
olfactory bulbs that are non-divergent or divergent only in
their anteriormost end (Figs. 3, 4, 5 and 6; Tambusso and
Farifia 2015b: fig. 2), whereas in Pleistocene glyptodonts,
the olfactory bulbs are completely separated (Fig. 4). Addi-
tionally, in Pr. australis and Ps. absolutus the sinus longitu-
dinal superior is anteriorly extended, reaching the half length
of olfactory bulbs on their dorsal surface (Fig. 3; Tambusso
and Farifia, 2015a: fig. 2). In armadillos and pampatheres,
this vessel extends anteriorly, reaching the circular fissure
(Fig. 6; Tambusso et al. 2023: fig. 4a, b). In Pleistocene
glyptodonts, the sinus longitudinal superior does not extend
beyond the anteriormost extreme of cerebral hemispheres
(Fig. 4). In Propalaehoplophorus, the olfactory bulbs are
ventrally oriented in relation to the cerebral hemispheres
(Fig. 3b), as observed in Glyptodontei (all remaining glyp-
todonts included) and pampatheres (Figs. 4 and 5). In ven-
tral view, immediately posterior to the olfactory bulbs, the
olfactory peduncles are tubular anteriorly, enlarging and
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displaying a globular shape posteriorly (Fig. 3c). This last
trait is present in all the analyzed cingulates, except for
Pleistocene glyptodonts, which display flat ventral surfaces
of the olfactory peduncles (Fig. 4). The piriform lobe of Pro-
palaehoplophorus shows a relatively small size in the lateral
exposure of the telencephalon as in pampatheres and glypto-
donts. In contrast, in armadillos, the piriform lobe occupies
almost all the lateral side of the telencephalon (Figs. 3, 4, 5
and 6; Tambusso et al. 2023: fig. 4a, b). The piriform lobe is
laterodorsally flanked by a distinguishable orbito-temporal
canal in all cingulates. This canal housed the rhinal caudal
vein that derived from the lateral branching of the transverse
sinus (Figs. 3,4, 5 and 6).

The posteriormost telencephalon of Pr. australis displays
ovoid shape of cerebral hemispheres, reaching their maxi-
mum mediolateral expansion at the level of the temporal
lobes dorsally. This feature is similar to Ps. absolutus and
extant armadillos, with the exclusion of Chlamyphorus,
which shows a quadrangular shape of the telencephalon as in
Pleistocene glyptodonts and pampatheres (Figs. 4, 5 and 6).
The neocortical anterior region (i.e., frontal and parietal
lobes) is dorsally extended in lateral view. The neocortex
is separated dorsoventrally from the paleocortex (i.e., olfac-
tory structures) by an anteroposteriorly continuous rhinal
fissure (Fig. 3b), as well as in remaining glyptodonts and
pampatheres (Figs. 4 and 5). In armadillos, the anterior neo-
cortical region is flatter in lateral view, and the rhinal fissure
is discontinuous, showing two distinct branches (anterior
and posterior). The neocortical arrangement of Pr. australis
shows undifferentiated frontal and parietal lobes occupying
most of the neocortical surface. However, two well-defined
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VILVII

Fig.3 Endocast of Pr. australis (MLP 16-15) in dorsal (a), right
lateral (b), and ventral (c) views. Abbreviations: BPI, basilar pro-
cess imprint; CRBLH, cerebellar hemispheres; FPR, frontoparietal
region; HR, hypophyseal region; LS, lateral sulcus; OB, olfactory
bulbs; OP, olfactory peduncules; OTC, orbito temporal canal; PBI,
petrosal bone imprint; PL, piriform lobe; PLP, petrosal lobe of para-
flocculus; PRFCL, parafocculus; RCV, rhinal caudal vein; RF, rhi-
nal fissure; SC, spinal cord; SLS, superior longitudinal sinus; SOTC,
sulci of ossified tentorium cerebelli; SSS, suprasylvian sulcus; TF,
transverse fissure; TL, temporal lobe; TS, transverse sinus; SS, sig-
moid sinus; Cranial nerves are indicated by roman numbers (II-XII).
Scale bar equals 50 mm

sulci are observable in the neocortex: the lateral sulcus,
whose pathway is parallel to the middle line dividing the cer-
ebral hemispheres, and the suprasylvian sulcus that ascends
obliquely from the rhinal fissure, delimiting the temporal

lobes dorsally (Fig. 3a). The presence of undivided fron-
toparietal lobes and these neocortical sulci is observable in
all glyptodonts. Pampatheres exhibit these sulci as well, but
frontal and parietal lobes are delimited anteroposteriorly by
the presylvian sulcus (Fig. 5a; Tambusso et al. 2023: fig. 4a,
b). Armadillos show a neocortical sulcation similar to that
of pampatheres, except for the absence of the lateral sulcus
(Fig. 6). At the middle line of the neocortex, the cast of the
superior longitudinal sinus is well-marked in Pr. australis
like in the remaining glyptodonts and pampatheres, and
unlike armadillos, that display a minor or null development
of this sinus. However, Chlamyphorus shows a distinguished
relative size of this vessel (Figs. 3, 4, 5 and 6).

In Pr. australis, the diencephalon is represented only
by the hypophyseal region that shows a trapezoidal shape,
being slightly wider mediolaterally than anteroposteriorly
(Fig. 3c). It is also narrower anteriorly, in the proximity of
the optic chiasm, than posteriorly. The shape of the hypophy-
seal region is similar among glyptodonts, pampatheres, and
hairy armadillos and different from the long-nosed arma-
dillo, which display a less detached hypophyseal region. The
pink fairy armadillo shows a large-sized hypophysis that is
oval shaped (mediolaterally wider than anteroposteriorly
longer) in ventral view (Figs. 3,4, 5 and 6). In Pr. australis,
posterior to the hypophyseal region, a deep depression is
observable, corresponding to the basilar process of the basi-
occipital that protrudes into the endocranial cavity (Fig. 3c).
This feature is evident in glyptodonts and pampatheres, but
indistinguishable in all the analyzed armadillos (Figs. 4, 5
and 6; Tambusso et al. 2023: fig. 4a, b).

Hindbrain

The cerebellum is separated from the telencephalon at the
level of the transverse fissure dorsally and the root of the
mandibular branch of the trigeminal nerve ventrally. In all
the observed armadillos, a detached tentorium cerebelli is
observable in the roof of the brain cavity. This structure
is placed medially, orthogonal to the longitudinal fissure,
and roughly mediolaterally wide as the vermis. In all the
analyzed armadillos the ossified tentorium cerebelli leaves
a deep sulcus on the dorsal surface of the endocast, right
at the separation between the cerebral hemispheres and
the cerebellum (Fig. 6). In the pampatheres Pampatherium
and Holmesina, a detached sulcus of the ossified tentorium
cerebelli was detected (Fig. 5a; Tambusso et al. 2023: fig:
4a, b) but it is apparently lacking in Pseudoplohophorus
and completely absent in Pleistocene glyptodonts (Fig. 4).
An intermediate condition, however, is observed in Pro-
palaehoplophorus, in which a “w-shaped” sulcus is detect-
able right at the separation between telencephalon and
rhombencephalon (Fig. 3a). This sulcus could represent
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CRBLH

VI, Vil
PBI

SC

Xl

IX, X, XI

VI, Vil

Fig.4 Endocasts of Glyptodontoidea. a. Doedicurus sp. (MACN-Pv
2762); b. Glyptodon sp. (MNHN.F.PAM 759); c. Panochthus tuber-
culatus (MLP 16-38). Abbreviations: BPI, basilar process imprint;
CRBLH, cerebellar hemispheres; FPR, frontoparietal region; HR,
hypophyseal region; LS, lateral sulcus; OB, olfactory bulbs; OP,
olfactory peduncules; OTC, orbito temporal canal; PBI, petrosal
bone imprint; PL, piriform lobe; PLP, petrosal lobe of paraflocculus;

the impression of a vestigial or a partially preserved ossi-
fied tentorium cerebelli.

Propalaehoplophorus shows a cerebellum that is slightly
mediolaterally wider than the cerebral hemispheres, and the
cerebellar hemispheres appear more mediolaterally expanded
than the vermis in dorsal view (Fig. 3a). Besides, the cerebel-
lum of Propalaehoplophorus is moderately extended anter-
oposteriorly, as in Pampatherium and Holmesina (Fig. 5;
Tambusso and Farifia 2015b: fig. 2; Tambusso et al. 2023:
fig. 4a, b) and in Pseudoplohophorus (Tambusso and Farifia
2015a: fig. 2). By contrast, extant armadillos show a more
anteroposteriorly compressed cerebellum in dorsal view that
also appears inflected ventrally in its anterior portion in lat-
eral view (Fig. 6). On the contrary, Pleistocene glyptodonts
show the greatest anteroposterior extension of the cerebellum
in lateral view (Fig. 4).

The petrosal bone imprint is located ventrolaterally to
the cerebellum and displays a convex semicircular margin,
anteriorly and dorsally. The posterior depression related
to the petrosal subarcuate fossa allows to identify a less
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Right lateral

Ventral

PL

PRFCL, parafocculus; RCV, rhinal caudal vein; RF, rhinal fissure;
SC, spinal cord; SLS, superior longitudinal sinus; SOTC, sulci of
ossified tentorium cerebelli; SSS, suprasylvian sulcus; TF, transverse
fissure; TL, temporal lobe; TS, transverse sinus; SS, sigmoid sinus.
The cranial nerves are indicated by roman numbers (II-XII). Scale
bars equal 50 mm

differentiated petrosal lobule of the paraflocculus. This
structure is dorsoventrally elongated and occupies almost the
entire lateral cerebellar surface (Fig. 3b). This shape of the
petrosal bone imprint is present in all glyptodonts (Fig. 4),
pampatheres (Fig. 5b; Tambusso et al. 2023: fig. 4a, b), and
Chlamyphorus (Fig. 6), whereas the remaining armadil-
los display a triangular contour in lateral view (Fig. 6). A
detached petrosal lobe of the paraflocculus is not observable
in Pleistocene glyptodonts (Fig. 4), but armadillos show a
varying degree of development of this structure. In Dasy-
pus and Chlamyphorus, the petrosal lobule is less developed
than in hairy armadillos (Fig. 6). Regarding the posterior
rhombencephalon, the spinal cord of Pr. australis is oriented
ventrally as in Ps. absolutus (Tambusso and Farifia 2015a:
fig. 2), pampatheres, and armadillos (Figs. 3, 4, 5 and 6;
Tambusso et al. 2023: fig. 4a, b) but differs from the remain-
ing glyptodonts, which show a spinal cord oriented parallel
to the anteroposterior axis (Fig. 4). The pattern of blood
vessels associated with the hindbrain is similar among cin-
gulates. The sigmoid sinus leaves from the transverse sinus,
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a

SSS PSS

Fig.5 Endocast of Pampatherium typum (MCAN-Pv 11543) in dor-
sal (a), right lateral (b), and ventral (c) views; d. detail of the olfac-
tory bulbs of P. humboldtii in dorsal view, modified from Tambusso
and Farifia (2015b). Abbreviations: CRBH, cerebral hemispheres;
CRBLH, cerebellar hemispheres; FPR, frontoparietal region; HR,
hypophyseal region; LS, lateral sulcus; OB, olfactory bulbs; OP,
olfactory peduncules; OTC, orbito temporal canal; PBI, petrosal

runs obliquely on the cerebellum, and crosses the cerebel-
lar hemisphere above the paraflocculus to leave the skull
through the jugular foramen (Figs. 3, 4, 5 and 6; Tambusso
and Farifia 2015a: fig. 2).

Cranial nerves

In Pr. australis the olfactory surface of olfactory bulbs
(CN 1) is extended anteroventrally, displaying inclination
respect to the anteroposterior axis of the skull (Fig. 3b). Ven-
trally, the roots of CNs II-XII are distinguishable (Fig. 3c).
Immediately posterior to the last portion of the olfactory
peduncles, the CN II diverges anteriorly and laterally. Pos-
teriorly and medially to the root of CN II (optic chiasm),
the cast of the confluent sphenorbital fissure and foramen
rotundum (pierced by CNs III, TV, Vi, and VI) shows a

OB

CRBH

bone imprint; PL, piriform lobe; PLP, petrosal lobe of paraflocculus;
PRFCL, parafocculus; PSS, presylvian sulcus; RCV, rhinal caudal
vein; RF, rhinal fissure; SC, spinal cord; SLS, superior longitudinal
sinus; SOTC, sulci of ossified tentorium cerebelli; SSS, suprasyl-
vian sulcus; cerebelli; TF, transverse fissure; TL, temporal lobe; TS,
transverse sinus. The cranial nerves are indicated by roman numbers
(II-XII). Scale bars equal 50 mm in a-c and 10 mm in d

peculiar mediolaterally inflected pathway. By contrast, the
root of CN Vj is less evident. The mandibular branch of the
trigeminal nerve leaves the skull without passing through
a deep osseous canal, emerging on the cranial surface at
the level of the foramen ovale. The facial (VII) and vesti-
bulocochlear (VIII) nerves are more clearly distinguishable
and cross the auditive internal meatus at the middle of the
petrosal bone imprint. Cranial nerves IX, X, and XI emerge
from the jugular foramen together with the sigmoid sinus,
whereas the hypoglossal nerve (XII) is the only CN leaving
the skull through the hypoglossal foramen (Fig. 3b).
Except for Chlamyphorus, which displays projections of
CN I at the orthogonal plane to the anteroposterior axis, all
cingulates here analyzed show an anteroventral extension
of CN I (Figs. 3, 4, 5 and 6). The CN II diverges laterally
in all the observed cingulates: Dasypus, Chlamyphorus,
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Dorsal

Fig.6 Endocasts of armadillos. a. Dasypus novemcinctus (MACN-
Ma 50.123); b. Chaetophractus villosus (MACN-Ma 27802); c.
Euphractus sexcinctus (MACN-Ma 49.38); d. Zaedyus pichyi
(MACN-Ma 30.33); e. Chlamyphorus truncatus (FMNH M 39468).
Abbreviations: ARF, anterior rhinal fissure; CRBLH, cerebellar
hemispheres; FL, frontal lobe; HR, hypophyseal region; OB, olfac-
tory bulbs; OP, olfactory peduncules; OTC, orbito temporal canal;
PBI, petrosal bone imprint; PL, piriform lobe; PLP, petrosal lobe

Holmesina, and Panochthus show greater lateral divergence,
whereas in Pampatherium these nerves are directed more
anteriorly (Figs. 4, 5 and 6; Tambusso et al. 2023: fig. 4a,

@ Springer

Right lateral

Ventral

of paraflocculus; PRF, posterior rhinal fissure PRFCL, parafoccu-
lus; PRTL, parietal lobe; PSS, presylvian sulcus; RCV, rhinal cau-
dal vein; SC, spinal cord; SLS, superior longitudinal sinus; SOTC,
sulci of ossified tentorium cerebelli; SSS, suprasylvian sulcus; TF,
transversal fissure; TL, temporal lobe; TS, transverse sinus. The cra-
nial nerves are indicated by roman numbers (II-XII). Scale bars equal
50 mm in a-d and 10 mm in e

b). Concerning CNs III, IV, V., and VI, pampatheres and
remaining glyptodonts display similar topological arrange-
ments to Propalaehoplophorus (Figs. 4 and 5; Tambusso
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et al. 2023: fig. 4a, b). On the other hand, in armadillos, these
CNs appear closer to CN II than observed in the remain-
ing cingulates (Fig. 6). The posterior and lateral divergent
position of the short pathways of V; are observable in all
glyptodonts, contrary to armadillos and pampatheres which
display relatively less laterally divergent V5 than the other
cingulates (Figs. 4, 5 and 6; Tambusso et al. 2023: fig. 4a,
b). Regarding the CNs from the posterior cranial fossa, the
pathway arrangements of CNs VII-IX are similar in all cin-
gulates. On the other hand, in Pr. australis, Ps. absolutus,
pampatheres, and armadillos, the emergence of CN XII is
located ventral to that of CNs VII-IX. In Pleistocene glypto-
donts, CN XII emerges dorsal to or at the same level as CNs
VII-IX, in lateral view (Figs. 3, 4, 5 and 6; Tambusso and
Farifia, 2015a: fig. 2; Tambusso et al. 2023: fig. 4a, b).

Discussion

In this contribution, we analyzed the first digital endocast
of the basal glyptodont Propalaehoplophorus australis. The
neuromorphological similarities and differences observed
among Pr. australis, Late Miocene and Pleistocene glyp-
todonts, pampatheres, and extant armadillos allowed us to
explore some possible phylogenetically informative charac-
ters. The traits that are common to all Glyptodontia and pam-
patheres include the uninterrupted rhinal fissure, the presence
of a small piriform lobe, the marked dorsal expansion of the
neocortical frontal region, the conspicuous sinus longitudinal
superior thickness, and the presence of a well-marked lateral
sulcus. All these features could be potential synapomorphies
in concordance with previous studies that recovered glypto-
donts and pampatheres constituting a monophyletic group
(Engelmann 1985; Gaudin and Wible 2006; Fernicola 2008;
Billet et al. 2011; Fernicola and Porpino 2012; Herrera et al.
2017; Fernicola et al. 2018). However, reconstruction (i.e.,
visibility) of sinus longitudinal superior is related to inter
cerebral hemispheric space marked by a portion of dura
mater (i.e., falx cerebri) (Macrini et al. 2007a). Thus, this
feature could be related to the external exposure of this ves-
sel and not necessarily to its size or thickness. On the other
hand, Dozo (1989) observed the presence of a lateral sulcus
in the armadillos Chaetophractus, Euphractus, Scagliatatus,
Epipeltephilus, and the glyptodont Propalaehoplophorus,
proposing that this sulcus is homologue to the “Z groove”
observed in sloths. Tambusso et al. (2023) suggested that
the oblique sulcus in Holmesina and Glyptodon could be a
topological homologous of the lateral sulcus. At least in the
extant armadillos included here, the lateral sulcus is not well
marked, unlike all the analyzed glyptodonts and pampatheres.

Other characters observed in Pr. australis, such as the
absence of a presylvian sulcus and the presence of an anter-
oposteriorly continuous rhinal fissure, were also reported

by Dozo (1998) in the Eocene armadillo Uraetus buccatus.
Tambusso and Farifia (2015a) suggested that this neocortical
sulcation pattern could represent a brain morphology that
is ancestral to armadillos and glyptodonts. However, recent
phylogenetic studies have proposed a different arrangement
of U. buccatus (Herrera et al. 2017; Ciancio et al. 2021),
suggesting a possible convergence between U. buccatus and
glyptodonts in the neocortical sulcation pattern. A strong
anteroposterior divergence of the olfactory bulbs is observ-
able only in Propalaehoplophorus, in the pampatheres
Holmesina and Pampatherium, and the giant armadillo Pri-
odontes (Tambusso et al. 2023). These similarities could
either represent a convergence among these genera or a
synapomorphy shared by Pampatheriidae + Glyptodontia
plus the basal Tolypeutinae Priodontes in concordance with
phylogenetic hypotheses based on molecular data (Delsuc
et al. 2016; Mitchell et al. 2016). Moreover, the longitudinal
extension of sinus longitudinal superior shared by Miocene
glyptodonts and Priodontes (Tambusso and Farifia 2015a;
Tambusso et al. 2023) could support the close relation-
ship between glyptodonts and tolypeutins. However, an
anteroposterior secondary reduction of the olfactory bulbs
would have occurred at the base of Glyptodontoinei, and
an increase of divergence would have occurred in Glypto-
dontoidea (Fig. 2). Propalaehoplophorus shares exclusively
with Glyptodontoinei the undivided frontoparietal lobes due
to the absence of presylvian sulci and short and laterally
directed CN V;. These traits could represent synapomor-
phies of Glyptodontia. By contrast, other features, such as
the undifferentiated petrosal lobule of the paraflocculus,
the spinal cord oriented parallel to the anteroposterior axis,
and the topological arrangement of CN XII, would repre-
sent potential synapomorphies of Glyptodontoidea (Fig. 2).
The morphological variation of the anterior forebrain (i.e.,
olfactory bulbs and peduncles), could reflect an evolutionary
constraint related to the topological arrangement described
above. However, the anterior extension of olfactory pedun-
cles observed in larger Glyptodontoidea (including the pecu-
liar genus Neosclerocalyptus) could be related to a greater
development of the paranasal sinuses (Christen et al. 2023
and references therein). In turn, this pneumatization could
lighten the skull to avoid the biomechanical restrictions
associated with telescoping of masticatory apparatus that
increase skull inertia. Then, olfactory bulbs could potentially
constrain internal skull morphological architecture in larger
Pleistocene glyptodonts.

Propalaehoplophorus shares exclusively with Glyp-
todontoinei the undivided frontoparietal lobes due to
the absence of presylvian sulci and short and laterally
directed CN V;. These traits could represent synapomor-
phies of Glyptodontia. By contrast, other features, such as
the undifferentiated petrosal lobule of the paraflocculus,
the spinal cord oriented parallel to the anteroposterior
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axis, and the topological arrangement of CN XII, would
represent potential synapomorphies of Glyptodontoidea
(Fig. 2).

Concerning the dorsal separation between forebrain and
hindbrain, Tambusso and Farifia (2015a, b) and Tambusso
et al. (2023) suggested the presence of an ossified tento-
rium cerebelli in Pampatherium humboldtii, Holmesina, and
extant armadillos, and its absence in glyptodonts, based on
the presence/absence of an impression on the endocast. Our
data confirm this hypothesis, as we observed a detached
tentorium cerebelli in Pampatherium typum (MACN-Pv
11543), which leaves a deep sulcus on the dorsal surface
of the brain endocast (Fig. 5). A similar but more reduced
process is present in Propalaehoplophorus, right at the sepa-
ration between the forebrain and the hindbrain, producing
a step-like morphology on the dorsal surface of the brain
endocast. This could represent either a vestigial or a poorly
preserved tentorium cerebelli. In any case, further data is
needed to evaluate the presence of a tentorium cerebelli in
basal glyptodonts, a feature that is almost certainly lost in
Glyptodontoidea (Tambusso and Farifia 2015a, b).

Among Cingulata, only Glyptodontoidea show a spinal
cord that is mediolaterally wide in dorsal view and postero-
dorsally oriented in lateral view. This morphology could be
related to their large body size (Vizcaino et al. 2011a, 2012)
and the consequent biomechanical demands of graviportality
in head posture (Farifia and Vizcaino 2001; Vizcaino et al.
2004, 201 1a), principally related to the tendency to collapse
downward due to head bending moment, so crucial in mam-
mals because of the extensive development of masticatory
muscles (Arnold 2021). This trait could be increased in large
Pleistocene glyptodonts due to the telescoping of mastica-
tory apparatus added to greater development of cranioman-
dibular muzzles than Miocene glyptodonts as Propalaeho-
plophorus (Vizcaino et al. 2011a, b) or Pseudoplohophorus
(Tambusso and Farifia 2015a; Tambusso et al. 2023).

Another feature that is likely linked with feeding
strategies is the dorsal expansion of the cerebral ante-
rior region, particularly evident in glyptodonts and pam-
patheres. This area has been tentatively related to special-
ized herbivory in open environments because a similar
condition occurs in ungulates (Tambusso et al. 2023, and
references therein). Previous ecomorphological studies
based on body mass, relative masticatory muzzle width,
hypsodonty index, and dental occlusal surface area have
revealed that glyptodonts include dietary variation from
selective to bulk feeding in relatively closed and open
environments, respectively, while pampatheres displayed
differential masticatory efficacy to coarse vegetal pro-
cessing (Vizcaino 2009; Vizcaino et al. 2011b).

The petrosal lobule of the cerebellar paraflocculus (PLP) is
probably linked with coordination, balance, and vestibular sen-
sory perception (Macrini 2006), integrating visual, vestibular
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stimulus, and extraocular control muscles (Gannon et al. 1988;
Ferreira-Cardoso et al. 2017). Extant megamammals (e.g., hip-
popotamids, proboscideans, and rhinoceroses) do not show
distinct fossa subarquata in the petrosal bone, where the para-
floccular lobe is located (Gannon et al. 1988; O’Leary 2010).
Among the analyzed specimens, Pleistocene glyptodonts
(above 800 kg) display an undifferentiated petrosal lobe of
the paraflocculus, whereas extinct and extant smaller to large-
sized cingulates (up to 210 kg) (Farifia et al., 1998; Vizcaino
et al. 2006, 2011a, 2012; Tambusso and Fariiia 2015b) show
a evident development of this structure, therefore suggesting
a negative relationship of this feature with body size. Never-
theless, the giant ground sloth Glossotherium (ca. 1100 kg;
Vizcaino et al. 2006) display a distinguished parafloccular
area, in contrast to small-sized extant relatives (i.e., less than
10 kg; Bradypus and Choloepus; Vizcaino et al. 2006) which
show a poorly development of this structure (Boscaini et al.
2018, 2020a). However, Ferreira-Cardoso et al. (2017) did not
recover a direct relationship between the size of the parafloccu-
lus and ecological/behavioral features and body mass, although
xenarthrans and other large-sized mammals were not included
in the analysis.

Tambusso et al. (2023) found strong similarities in the
semicircular canals of the bony labyrinth, between glypto-
donts and Chlamyphorus, and between Chlamyphoridae and
pampatheres (Holmesina). Depending on the considered fea-
tures, their results are alternatively congruent with molecular
and morphological-based phylogenetic studies (Gaudin and
Wible 2006; Billet et al. 2011; Delsuc et al. 2016; Mitchell
et al. 2016; Herrera et al. 2017; Fernicola et al. 2018). In our
sample, the anteroposteriorly elongated shape of the petrosal
bone imprint on the brain endocast is shared by glyptodonts,
pampatheres, and Chlamyphorus. This grouping is in con-
cordance with the results of Tambusso et al. (2023) on the
morphology of the semicircular canals, supporting the inclu-
sion of glyptodonts and Chlamyphorus into Chlamyphoridae
(Delsuc et al. 2016; Mitchell et al., 2016). Le Verger et al.
(2021) found a close relationship between Chlamyphorus
and glyptodonts, similar to Tambusso et al. (2023); however,
in the former study, pampatheres (Vassallia) appear more
related to glyptodonts than Chlamyphorus.

Conclusions

The brain morphology of Propalaehoplophorus australis
shows strong morphological divergence from the Glypto-
dontei analyzed here, supporting its relatively basal posi-
tion among Glyptodontia. In this latter group, Propalae-
hoplophorus displays more similarities, principally in the
olfactory bulbs and the cerebellar region, with the mod-
erate-sized Pseudoplohophorus and pampatheres than the
larger Pleistocene glyptodonts. The similarities shared by
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Propalaehoplophorus, Pseudoplohophorus, pampatheres,
and Priodontes include the partial lateral divergence of the
olfactory bulbs, the thickness of the superior longitudinal
sulcus, and the marked anteroposterior compactness of the
cerebellum in dorsal view. These similarities are probably
indicative of phylogenetic relationships, but the effect of
body size needs to be considered and properly evaluated.
When compared to other cingulates, the cerebellar region
of Propalaehoplophorus is similar to that of the extant arma-
dillos, whereas the anatomy of the auditive-vestibular region
resembles that of Chlamyphorus. In this way, the present
data support the idea that glyptodonts may represent a pecu-
liar group of armadillos, as suggested by recent phyloge-
netic studies. In this way, the stronger similarities between
Propalaehoplophorus and Chlamyphorus than other extant
armadillos are congruent with the phylogenetic scenarios
based on internal anatomy and molecular data. In general,
the anatomy of the brain cavity appears as a promising field
to investigate previously unobserved morphologies in a phy-
logenetic framework and contribute to the knowledge of the
evolutionary history of glyptodonts and their relatives.
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