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To the memory of Adolf (“Dolf”) Seilacher
(24. February 1925 to 26. April 2014)

There are paleontologists, who have pub-
lished hundreds of articles, but there is 
hardly anybody who stimulated ammonoid 
paleobiological research as much with 
insightful and innovative articles as Dolf Sei-
lacher. Also, he published the possibly most 
widely cited phrase on ammonoids:
“Ammonites are for paleontologists what 
Drosophila is in genetics. The structural 
complexity of their shells, the complete 
ontogenetic protocol and a long and rather 
perfect fossil record make them the most suit-
able invertebrate group for macroevolution-
ary studies.”
Seilacher (1989: p. 67)



Dolf Seilacher died peacefully on April 
26th 2014 at the age of 89, short before the 
completion of this book. In order to acknowl-
edge his scientific input and stimulation of 
research on ammonoids, we dedicate this 
book to his memory.
His main contributions to the field were 
probably the balloon-model for simple septa, 
the tie-point-model for complex septa, the 
Cartesian diver model, the use of epizoa to 
constrain ammonoid ecology and his works 
on ammonoid taphonomy and paleobiology. 
Below, we provide a list of his papers on 
ammonoids, which included ammonoid data.

Christian Klug, Dieter Korn, Kenneth De 
Baets, Isabelle Kruta, Royal H. Mapes
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Foreword to the New Edition

This two-volume work is a testament to the abiding interest and human fascina-
tion with ammonites. As Niles Eldredge wrote in the forward to our 1996 book 
“Ammonoid Paleobiology” (fondly referred to as the Red Book), ammonites are 
“the quintessential fossils.” They have contributed to ideas about biostratigraphy, 
paleoecology, paleobiology, paleoenvironment, paleobiogeography, paleogeogra-
phy, paleoceanography, evolution, phylogeny, and ontogeny. All of these themes 
are treated in the present book. The past two decades have witnessed an explosion 
of new information about ammonites: early life history, evolution of the buccal 
mass, feeding habits, soft-tissue preservation, radiation-and extinction-patterns, 
shell microstructure, sutures and pseudosutures, cameral membranes, mode of life, 
phylogeny, and habitats. Many of these discoveries have benefitted from the ap-
plication of new technologies such as isotopic analysis, organic geochemistry, geo-
graphic information systems, geometric morphometrics, computerized tomography, 
and synchrotron imaging. They have also relied on more traditional techniques such 
as scanning electron microscopy and electron dispersive analysis, which continue 
to furnish an abundance of data. Fortunately, too, our field is constantly being re-
energized by the discovery of new fossil finds that shed light on old questions and 
raise new ones. Given all these advances in our knowledge, this book is a compre-
hensive and timely “state of the art” compilation. Moreover, it also points the way 
for future studies to further enhance our understanding of this endlessly fascinating 
group of organisms.

Neil H. Landman, Kazushige Tanabe, and Richard Arnold Davis, Editors of the 
1996 book “Ammonoid Paleobiology” (the original three musketeers)
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Foreword to the First Edition:  
Ammonoids Do It All

Ammonoids are the quintessential fossils, seemingly covering all the major themes 
of paleontology. Method and theory of stratigraphic correlation using fossils? Al-
bert Oppel, whose concepts of zonation were explicated and applied by W. J. Arkell 
exhaustively in his monumental works on the Jurassic System, immediately spring 
to mind-works based virtually exclusively on the stratigraphic distributions of am-
monoid species. Evolution? W. Waagen leaps to mind, applying the term “mutation” 
to his ammonoid lineages, and thus introducing the word to the scientific literature 
well before geneticists co-opted “mutation” for their own, starkly different, use.

Extinction? Cretaceous heteromorphs were type examples of “racial senescence”-
if now wholly discredited, nonetheless an important part of earlier discourse on 
what is one of the most compelling issues that paleobiology brings to general bio-
logical theory. I was myself stunned, when compiling data on the end-Cretaceous 
mass extinction in the late 1960s for a seminar conducted by Norman D. Newell, 
to find that the scaphitids-far from dwindling to a precious few as Cretaceous time 
was running out-were actually in the midst of an evolutionary radiation, an expan-
sion of diversity cut abruptly short by whatever it was that disrupted things so badly 
65 million years ago.

Indeed, though of course much remains to be learned about ammonoid phylog-
eny, every chart that I have seen published in the last 30 years showing the basic 
outlines of ammonoid evolution against the backdrop of SilurianCretaceous geo-
logic time constitutes a stark object lesson on the resonance between evolution and 
extinction. The theme of early “experimentation” shows up amidst Devonian am-
monoid diversity: the clymeniids constitute an arch example, with their siphuncle 
on the opposite side of the body from what proved to be the “normal” ammonoid 
condition-an experiment that failed to survive the late Devonian biotic crisis. thus 
forever depleting ammonoid morphological diversity. And are the goniatites, cerat-
ites, and ammonites mere grades, as nearly everyone suspected back in the parallel-
evolution-mad 1960s? Or are they, as now seems evident, genealogically coherent, 
monophyletic clades that represent radiations consequent to major biotic crises of 
the Permo-Triassic and Triassic-Jurassic boundaries? That grade-like patterns can 
come from evolutionary radiations following severe extinction bottlenecks is an 
aspect of evolutionary theory yet to be fully expounded. And it is the ammonoids 
that show such patterns best.



xiv Foreword to the First Edition: Ammonoids Do It All

Biostratigraphy, evolution, extinction-not to mention biogeography, paleoecol-
ogy, and functional morphology: of all major taxa in the fossil record, the ammo-
noids arguably do it best. But there is something more to them, a certain allure that 
makes them deserved rivals of trilobites as the most ardently desired and sought-
after relics of the deep past. Ammonoids are at once exotic yet familiarly organic. 
Though nearly always simply the empty shells of long-dead animals, they nonethe-
less seem complete. They are almost always beautiful-and sometimes even colorful. 
It’s probably the (nearly always planispiral) logarithmic spiral that, in spite of its 
mathematical precision, nonetheless casts an aura of intrigue and mystery to what 
is otherwise just another fossil. A few years back I published a lavishly illustrated 
book on fossils, using photographs of many of the finest specimens of all taxa from 
the rich paleontological collections of the American Museum of Natural History. 
And though I had skulls of a male and female Tertiary artiodactyl on the front cover, 
it is the photo on the back-of a pretty little pyritized specimen of the Jurassic ammo-
noid Hecticoceras-that attracted the most attention, and that has been subsequently 
reproduced over and over again.

I can only conclude that, over and above the prodigious intellectual contribu-
tions that continue to come from contemplation of these marvelous animals (as this 
present volume amply demonstrates), ammonoids also have that certain je ne sais 
quoi that will always keep them at the forefront of the paleontological realm. Am-
monoids really do seem to have it all.

The American Museum of Natural History Niles Eldredge
New York, New York
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Preface

Imagine you belong to any religion and your chief deity asks you: “Could you 
imagine editing the new sacred book?” This is the feeling you have as an ammo-
noid worker, when you are offered to take care of the new edition of ‘Ammonoid 
Paleobiology’. Not only for us, who had the honor and burden of this gigantic task, 
‘Ammonoid Paleobiology’ represented a comparably important book since we con-
sulted it so often in order to better understand these organisms, which went extinct 
65 million years ago.

Although many of the early ammonoid researchers of the nineteenth century 
have spent thoughts on the ammonoid organism and its mode of life, most of the 
major contributions to modern ammonoid paleobiology appeared roughly in the 
past half century. Looking at the scientific output of these decades, it appears like 
the first edition of “Ammonoid paleobiology” was a product of something like a 
golden age of ammonoid research. The two decades preceding its publication saw 
the first five international symposiums “Cephalopods—Present and Past” and many 
important articles by colleagues such as John Callomon, Antonio Checa, John A. 
Chamberlain, Larissa Doguzhaeva, Jean-Louis Dommergues, Jean Guex, Roger 
H. Hewitt, Michael House, David K Jacobs, Jim Kennedy, Cyprian Kulicki, Neil 
Landman, Ulrich Lehmann, Harry Mutvei, Takashi Okamoto, Bruce Saunders, Ya-
sunari Shigeta, Kazushige Tanabe, Henri Tintant, Jost Wiedmann, Peter D. Ward. 
Gerd Westermann, Yuri Zakharov (incomplete list!) contributed essential data and 
interpretations, but they also stimulated further research in this field. Unfortunate-
ly, many important cephalopod workers and good colleagues have passed way in 
the last two decades. In 2014 alone, for example, Fabrizio Cecca, Adolf Seilacher, 
Helmut Hölder, Hiromichi Hirano, and Gerd E. G. Westermann passed away.

Due to fundamental changes in the structure of scientific communities including 
the dubious judgment of the value of scientific work by impact factors and cita-
tion rates, cephalopod research has changed as well. Additionally, the community 
of ammonoid researchers appears to have started shrinking. Nevertheless, the past 
decades still saw thousands of interesting contributions on representatives of this 
fantastic clade. And still, we have a lot of work ahead of us prior to becoming able 
to respond to all questions regarding ammonoid paleobiology.



xvi Preface

So what is new? In terms of content, we have restructured the former into a 
two-volume work with the main parts shell, ontogeny, anatomy, habit and habitats, 
macroevolution, paleobiogeography, ammonoids through time, fluctuations in am-
monoid diversity, and taphonomy. Most of these parts are subdivided into chapters. 
The great amount of 41 chapters reflects the panel of ammonoid workers pres-
ent nowadays in academia, junior and senior scientists from many countries and a 
higher percentage of female authors compared to the previous edition. We aimed at 
being as up-to-date as possible, which had the consequence that some chapters also 
present unpublished specimens, data and results. We also included two chapters on 
the geochemistry of ammonoid shells, a field that still offers vast possibilities for 
new research. This is also reflected in the slightly different views presented therein.

Furthermore, we added an introductory for the definition of terms and with a rec-
ommendation for the description of new ammonoid taxa. We emphasized the next 
challenges in ammonoid research such as reconstructing ammonoid phylogeny, un-
derstanding their intraspecific variability or reconstructing the soft parts. Studying 
intraspecific variability has been widely neglected, but it offers a wealth of possible 
implications for life histories, ontogeny, reproduction and, most importantly, for 
evolution. In this context, another challenge is establishing a phylogeny for am-
monoids, and thus, one part comprising five chapters is dedicated to ammonoid 
macroevolution. In our eyes, paleontological data yield the essential information 
for research on evolution. As pointed out already by Seilacher and Eldredge, am-
monoids are of particular interest due to their accretionary shell, which has a good 
fossilization potential and hold a record of their life history, their high evolutionary 
rates, their wide geographic distribution, high taxonomic diversity and morphologi-
cal disparity as well as their well-constrained stratigraphic (i.e., temporal) frame-
work. In the case of ammonoids, however, countless homoplasies occurred through-
out their evolution, thus hampering attempts to reconstruct ammonoid phylogeny. 
Nevertheless, a sound phylogenetic model for the ammonoid clade should be one 
of the central tasks in ammonoid research because the knowledge of ammonoid 
phylogeny is still patchy. Furthermore, although some quantitative approaches have 
been pioneered with ammonoids (e.g., Raup’s morphospace, Okamoto’s growing 
tube model), such methods are still too little used in many studies on ammonoid pa-
leobiology and evolution; many studies restrict themselves to narrative discussions 
or qualitative assessments. For this reason, the application of several quantitative 
and statistical methods to study many aspects of ammonoid like biostratigraphy, 
biogeography, intraspecific variability, evolutionary trends, etc. are explained and 
demonstrated in several of the chapters of these two volumes, in the hope these 
methods will be used more widely in the ammonoid community.

Finally, we added new information obtained from tomographic data obtained 
both from computer tomography and grinding tomography. The field of virtual pa-
leontology has just started to deliver ammonoid data, which are of special interest 
in the studies of shell morphology, ontogeny, buoyancy, mode of life, and ultimately 
evolution.



xviiPreface

These two volumes would have been impossible without our wonderful authors, 
and especially the help of Neil Landman as well as Kazushige Tanabe. Addition-
ally, we greatly appreciate the support of the army of reviewers, who are listed and 
thanked in the corresponding chapters. Naturally, our partners and families have 
been affected more or less from the additional time consumed by the preparation of 
the volumes, we apologize for that and thank them for all their patience, inspiration, 
and support.

Christian Klug
Dieter Korn

Kenneth De Baets
Isabelle Kruta

Royal H. Mapes
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1.1  Introduction

Because ammonoid jaws are rare (Tanabe et al. 2015) and preserved soft parts as 
well as radulae (Klug and Lehmann 2015; Kruta et al. 2015) are even rarer, most 
paleontologists are limited in the available morphological information to the conch 
when describing ammonoids. Taking the great diversity and disparity as well as the 
over 300 Ma of the clade’s existence into account, it becomes obvious that the dif-
ferent ammonoid clades have divergent sets of characters requiring descriptive pro-
cedures adapted to the requirements. For example, in the earliest ammonoids, details 
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of the suture line and the ornamentation are often less important while conch geometry 
yields important information. By contrast, ornamentation and sutures can be essential for 
the systematics of Late Paleozoic and Mesozoic ammonoid groups, while conch shape 
might play a lesser role. Additionally, intraspecific variability differs strongly between 
ammonoid clades and thus, small differences between some forms might justify the intro-
duction of a new species whereas in other clades, such a small difference could fall within 
the broad range of intraspecific variability (De Baets et al. 2015).

Nevertheless, we will try to give a guideline on the optimal features that sys-
tematic descriptions of ammonoid species should take into consideration offering 
some suggestions which certainly go beyond the normal framework of descriptions, 
but which would give them a special above average quality. At the same time we 
are well aware that some of our suggestions would lead to some kind of ‘de luxe’ 
description, presuming all our suggestions are fully implemented.

Naturally, this is not the first attempt to produce a guideline for a more uniform 
and intelligible mode of ammonoid description. Many pioneers, however, did not 
explicitly state their strategies in describing ammonoids in their monographs, al-
though these authors commonly followed certain rules.

Miller et al. (1957) and Arkell (1957) summarized the available morphological terms 
in the Treatise for Invertebrate Paleontology for Paleozoic and Mesozoic ammonoids, 
respectively. As far as Paleozoic ammonoids are concerned, it was Ruzhencev (1960) 
who set the standards for the description of Paleozoic ammonoids. His descriptions are 
not only well-structured but also provide the same set of information in a uniform order, 
accompanied by photographs of lateral and ventral views as well as suture lines and of-
ten cross sectional drawings. His introduction to conch shape and terminology in the Os-
novy Paleontologii (Ruzhencev 1962, 1974) belongs to the best that have been printed.

Branco (1879–1880) described general characteristics of the early internal conch 
features of some ammonoids. Subsequent works with SEM (Tanabe et al. 1979; 
Drushchits and Doguzhaeva 1982) have demonstrated that the study of ontogenetic 
development of internal structures is as important as that of suture, shape and sculp-
ture of conchs to construct an adequate scheme of major taxonomy and systematics 
of Ammonoidea (Kulicki et al. 2015).

In his famous books, Lehmann (1976, 1981, 1990) presented important descrip-
tive terms with simple line drawings. However, his main focus was on paleobiologi-
cal aspects of ammonoids.

Landman et al. (1996) and Westermann (1996) also defined morphological terms 
in a qualitative way. They distinguished various types of conch shapes for ‘normal’, 
planispirally coiled, ammonoids (with touching or overlapping whorls): cadiconic, 
discoconic, elliptospheroconic, planorbiconic, platyconic, serpenticonic, spherocon-
ic. They also use specific terms to refer to “heteromorph” ammonoids, which are not 
planispirally coiled and/or have successive whorls in contact with one another: an-
cyloconic, breviconic, gyroconic, hamitoconic, orthoconic, scaphitoconic, torticonic 
and vermiconic. For relative terms, they use ‘evolute’ for more loosely coiled conchs, 
‘involute’ was used to refer to tightly coiled conchs with a large whorl overlap and 
‘advolute’ was used to refer to whorls, which are touching but not overlapping.

Landman et al. (1996) and Westermann (1996) also used the terms ‘brevidomic’, 
‘mesodomic’ and ‘longidomic’ to describe body chamber lengths of approximately 
one-half whorl, three-fourth whorl, and a whorl or more in length, respectively. 
Body chamber length is usually expressed as the Body chamber angle (BCA) or the 
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angular length measured from the septal neck (medial saddle of the external lobe) 
of the ultimate septum to the peristome (apertural edge), excluding lappets or rostra.

In several of his articles and monographs, Korn (e.g., Korn 1997; Korn and Klug 
2002, 2003, 2007) quantified terms which he commonly uses to describe morpho-
logical aspects of ammonoid conchs. In order to make this more broadly known, he 
published “A key for the description of Palaeozoic ammonoids” (Korn 2010), where 
he listed terms, how to calculate certain ratios, and how to illustrate them properly.

Kutygin (1998) subdivided conch shapes of normally coiled ammonoids accord-
ing to their umbilical width/conch diameter ratio versus whorl width/conch diameter 
ratio (Fig. 1.1). He outlined a theoretical morphospace of ammonoid conch-shapes, 
which he used to illustrate morphological change through ontogeny (Kutygin 2006).

Fig. 1.1  Description of conch shapes as suggested by Kutygin (with permission, from Kutygin 
1998) for Permian ammonoids. In the terminology of Arkell (1957), the following terms would be 
synonymous: oxycone—oppelicone; serpenticone—eoticone/dactilicone; platycone—suboppeli-
cone/subbelocone; sphaerocone—subcadicone via mexicone and agathicone to spherocone

 



6 C. Klug et al.

Other examples for comprehensive definitions of terms are the monographs of 
Schlegelmilch (1976, 1985, 1994). He produced drawings of ribbing types, whorl 
cross sections, conch shapes, keels, shapes of apertures, and other conch parts.

Here, we provide an introduction to the terminology and methodology needed 
and/or recommended to describe ammonoids in general. There is such a wealth of 
terms, definitions and methods that we include only the most widely used ones.

1.2  Geometry

1.2.1  Classical Conch Parameters

Possibly, Moseley (1838) and Guido Sandberger (1851, 1953a, 1953b, 1857) were 
the first who described the coiling of ammonoid conchs mathematically. More re-
cently, with the works of Trueman (1941) and Raup (Raup and Michelson 1965; 
Raup 1967), the quantification of ammonoid conch morphology has reached the 
‘high table’ of ammonoid workers. Raup (1961, 1966) mainly used the following 
parameters:

S Shape of the generating curve;
W Whorl expansion rate;
D Position of the generating curve relative to the coiling axis;
T  Rate of whorl translation. T equals zero in planispiral conchs and thus is of 

lesser interest in ammonoid research.

Instead of radii, which refer to the coiling axis, Korn (1997, 2010) began to use 
diameters to calculate whorl expansion rates. Diameters are much easier to measure 
and the coiling axis usually varies in its position through ontogeny. Accordingly, the 
main conch parameters (Fig. 1.2; Tab. 1.1) are:

 

Fig. 1.2  Overview over the 
main conch parameters and 
ratios, exemplified on a cross 
section of the Middle Devonian 
ammonoid Subanarcestes
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• conch diameter: The maximum diameter is abbreviated as dm (or dm1). In order 
to determine the whorl expansion rate, a second diameter value is needed, name-
ly the diameter measured half a whorl earlier (180° behind the aperture or dm1, 
respectively; dm2). The conch diameter has often been used as proxy for size 

Table 1.1  Classification of the maximum conch diameters of individual specimens, the conch 
shape (ww/dm), the whorl width index (ww/wh), the umbilical width index (uw/dm), the whorl 
expansion rate (WER), and the whorl overlap or imprint zone rate (IZR). All values taken from 
Korn (2010)
Parameter Descriptive term Equation Value
Max. conch diameter Very small dm < 25 mm
Max. conch diameter Small dm 25–50 mm
Max. conch diameter Moderate dm 50–100 mm
Max. conch diameter Large dm 100–200 mm
Max. conch diameter Very large dm > 200 mm
Conch shape Extremely discoidal ww/dm < 0.35
Conch shape Discoidal ww/dm 0.35–0.60
Conch shape Pachyconic ww/dm 0.60–0.85
Conch shape Globular ww/dm 0.85–1.10
Conch shape Spindle-shaped ww/dm > 1.10
Whorl width index WWI Strongly compressed ww/wh < 0.50
Whorl width index WWI Weakly compressed ww/wh 0.50–1.00
Whorl width index WWI Weakly depressed ww/wh 1.00–1.50
Whorl width index WWI Moderately depressed ww/wh 1.50–2.00
Whorl width index WWI Strongly depressed ww/wh 2.00–2.50
Whorl width index WWI Very strongly depressed ww/wh 2.50–3.00
Whorl width index WWI Extremely depressed ww/wh > 3.00
Umbilical width index UWI Very narrow (involute) uw/wh < 0.15
Umbilical width index UWI Narrow (subinvolute) uw/wh 0.15–0.30
Umbilical width index UWI Moderate (subevolute) uw/wh 0.30–0.45
Umbilical width index UWI Wide (evolute) uw/wh 0.45–0.60
Umbilical width index UWI Very wide (very evolute) uw/wh > 0.60
Whorl expansion rate WER Very low [dm/(dm − ah)]2 < 1.50
Whorl expansion rate WER Low [dm/(dm − ah)]2 1.50–1.75
Whorl expansion rate WER Moderate [dm/(dm − ah)]2 1.75–2.00
Whorl expansion rate WER High [dm/(dm − ah)]2 2.00–2.25
Whorl expansion rate WER Very high [dm/(dm − ah)]2 2.25–2.50
Whorl expansion rate WER Extremely high [dm/(dm − ah)]2 > 2.50
Imprint zone rate IZR Weakly embracing (wh − ah)/wh < 0.15
Imprint zone rate IZR Moderately embracing (wh − ah)/wh 0.15–0.30
Imprint zone rate IZR Strongly embracing (wh − ah)/wh 0.30–0.45
Imprint zone rate IZR Very strongly embracing (wh − ah)/wh > 0.45
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(and relative age). However, other properties like body chamber volume might 
be more suitable as a proxy for size because it better reflects the volume of the 
soft body than the conch diameter, especially when comparing forms with very 
different conch geometries (e.g., Bucher et al. 1996; Dommergues et al. 2002; 
De Baets et al. 2012, 2013a, 2015). In extant coleoids (Nixon and Young 2003; 
Boyle and Rodhouse 2005), mostly the (dorsal) mantle length (which would cor-
respond with the body chamber length in ammonoids) is used as a measure of 
size. Other measures are also used such as weight (which would correspond to 
the weight of the soft tissue with or without the conch) or the total length (with 
arms as they can form a major part of the coleoid). Nevertheless, the diameter 
will always be an important parameter in ammonoids as it is easy to obtain and 
has been widely used and available in the literature (Bucher et al. 1996).

• whorl width: It is measured perpendicular to the plane of symmetry and ab-
breviated as ww. In ornamented forms, this parameter is commonly measured 
between the ornament, so it represents a kind of minimal value. If this measure-
ment is taken from older ontogenetic stages (e.g., from cross sections) in half a 
whorl distance (each 180 degrees), the values are labeled accordingly ww1, ww2, 
ww3. This can also be done with the following parameters.

• whorl height: This parameter, abbreviated as wh, is measured parallel to the 
plane of symmetry from the umbilical seam or umbilical wall to the middle of 
the venter.

• umbilical width: Being a secondary parameter, it can be measured from umbili-
cal wall to umbilical wall or it can be calculated as follows:

 uw = dm1 − wh1 − wh2
• aperture height: This value is measured from the dorsum of the preceding whorl 

to the dorsum of the whorl under consideration. It can also be calculated:
 ah = dm1 − dm2
• imprint zone width: This parameter describes the degree of whorl overlap and is 

measured from the umbilical seam of the whorl under consideration to the dor-
sum of the preceding whorl. It may be calculated using the following equation:

 iz = wh1 − ah = wh1 − (dm1 − dm2)

1.2.2  Cross Section and Ratios

An easy way to assemble a lot of morphometric data from ammonoids is to pro-
duce cross sections perpendicular to the plane of symmetry and through the initial 
chamber. This allows quantification of ontogenetic change in the parameters listed 
above and also makes changes in shell thickness and in whorl cross section visible. 
A peculiar aspect of conch shape, made visible by cross sections, is the umbilical 
lid (a continuation of the lateral conch wall partially covering the umbilicus) of the 
Early Devonian auguritids and the Middle Devonian pinacitids (Klug and Korn 
2002; Monnet et al. 2011) as well as in Middle Devonian pharciceratids (Bockwin-
kel et al. 2009). In the Auguritidae and Pinacitidae, the lateral wall begins to extend 
over the umbilicus starting in the juvenile whorls. Although this is just an example, 
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such cross sections can also reveal shell thickenings at the umbilicus, keels and 
other morphological details (e.g., Tozer 1972).

The greatest advantage of cross sections is the access to comprehensive morpho-
metric data throughout ontogeny. In order to assure accuracy of the cross sections, 
the section should optimally run through the maximum diameter of the initial cham-
ber (protoconch) and should be perpendicular to the plane of symmetry (Fig. 1.3). 
The values measured on complete specimens or sections can then be used to calcu-
late the following simple ratios (Korn 2010):

• conch width index: CWI = ww/dm
• whorl width index: WWI = ww/wh
• umbilical width index: UWI = uw/dm = (dm1 − wh1 − wh2)/dm1

Based on the conch width index and the umbilical width index, the conch shapes 
and cross sections can be classified as (Fig. 1.4):

• discoidal (CWI < 0.60)
• pachyconic (0.60 ≤ CWI < 0.85)
• globular (0.85 ≤ CWI < 1.10)
• spindle-shaped (CWI ≥ 1.10)

According to the umbilical width, ammonoid conchs can be termed as

• involute (UWI < 0.15)
• subinvolute (0.15 ≤ UWI < 0.30)
• subevolute (0.30 ≤ UWI < 0.45)
• evolute (0.45 ≤ UWI < 0.60)
• very evolute to advolute (UWI ≥ 0.60)
• advolute: whorls touch but do not overlap
• heteromorphic/criocone: whorls do not touch

Cross sections also better reveal details of the conch morphology such as the vault-
ing of lateral or ventral walls. They help to describe the whorl cross section more 
correctly.

1.2.3  Expansion Rates

Due to their nearly logarithmic conch growth, most conch parameters also increase 
at differing rates. Caused by allometric growth, the change in certain parameters 
through ontogeny is not necessarily perfectly linear in a loglog-space (Kant 1973; 
Kant and Kullmann 1980; Klug 2001; Korn and Klug 2003; Urdy et al. 2010a, 
2010b; Korn 2012; Urdy 2015). In order to quantify these changes, parameters 
taken from transverse cross sections or values measured in the plane of symmetry 
can be used.

Longitudinal (median) sections should optimally be in the plane of symmetry, 
i.e. the siphuncle or the siphuncular perforations should be visible completely. 
These sections offer the opportunity to measure parameters such as apertural height 
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Fig. 1.3  Example of cross sections of various ammonoids: a Sellanarcestes cf. tenuior, late 
Emsian, Devonian, Filon 12, Tafilalt, Morocco; protoconch is visible, almost perpendicular to the 
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and diameter in small increments, while whorl width, umbilical width, imprint zone 
width, and whorl height cannot be measured. Additionally, the angle between septa 
becomes measurable (Bucher et al. 1996; Kraft et al. 2008).

Fig. 1.4  Bivariate plot illustrating the terminology of the conch width index (ww/dm) on the 
x-axis and umbilical width index (uw/dm) on the y-axis (from Korn 2010)

 

plane of symmetry (note the septa). b Subanarcestes macrocephalus, middle Eifelian, Filon 12, 
Tafilalt, Morocco; note the siphuncle. c Goniatites multiliratus, Visean, Elm Creek, Oklahoma, 
USA; note the symmetry in the septa, indicating a plane perpendicular to the plane of symme-
try. d, e Macrocephalites sp., PIMUZ 19078, Callovian, Jurassic, Anwil, Switzerland; note the 
approximately symmetrically cut septa. Orientation of ornament: F, Parkinsonia parkinsoni, 
Bajocian, Port-en-Bessin, France, dm 124 mm, Staatliches Museum für Naturkunde Stuttgart. G, 
Lytoceras fimbriatum, Pliensbachian, Jurassic, Fresney-le-Puceux near Caen, France, dm 209 mm, 
Staatliches Museum für Naturkunde Stuttgart. H. Erbenoceras advolvens, GPIT 1849-2002, early 
Emsian, Devonian, northern Tafilalt, Morocco, dm 156 mm. (all images: W. Gerber, Tübingen; 
A, B reproduced from Ernst and Klug 2010). Spiral ornamentation. I to K: Lateral structures. I, 
Maxigoniatites saourensis, Visean, Carboniferous, near Merzouga, Tafilalt, Morocco, dm 72 mm. 
J. Amaltheus margaritatus, PIMUZ 13468, Pliensbachian, Reichenbach near Aalen, Germany. K, 
Douvilleiceras mammillatum, Albian, Cretaceous, Courcelles near Troyes, France, dm 10.8 cm, 
image: A. E. Richter, Augsburg. L to N: ventral structures. L, Arietites sp., Sinemurian, Jurassic, 
Mögglingen, Germany, dm 70 mm, Staatliches Museum für Naturkunde Stuttgart. (image: W. 
Gerber, Tübingen). M, Euhoplites proboscideus, PIMUZ 23108, Lower Gault, Albian, Cretaceous, 
Folkestone, Kent, UK, dm 40 mm. N, Venezoliceras karsteni, J 17830, Albian, NNE of Barbacoa, 
Venezuela, dm 110 mm, Naturhistorisches Museum Basel. Ribbing patterns. O, Virgatisphinctes 
sp., PIMUZ 16975, Unterhausen near Neuburg/Donau, Germany, dm 110 mm. P, Pavlovia pal-
lasioides, Kimmeridgian, Jurassic, Kimmeridge Bay, Dorset, UK, dm 140 mm. 
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Parameters measured through ontogeny on either kind of cross sections can be 
utilized to calculate the following expansion rates:

• whorl expansion rate:
 WER1 = (dm1/dm2)

2 = [dm1/(dm1 − ah1)]
2

• imprint zone rate:
 IZR1 = wh1 − ah1/wh1 = − [wh1 · (dm − dm2)]/wh1

See Fig. 1.5 and Tab. 1.1 for subdivisions of whorl expansion rates and imprint zone 
rates.

Korn and Klug (2002) introduced a slightly different formula for the Whorl Ex-
pansion Rate (WER) than the one used by Raup (1967), which better reflects the 
growth of the soft-body during ontogeny (in loosely coiled forms) and which is 
easier and more precisely applicable than the classical equation proposed by Raup 
and Michelson (1965).

Fig. 1.5  Bivariate plot illustrating the terminology of the imprint zone rate (IZR) on the x-axis and 
whorl width index (ww/wh) on the y-axis (from Korn 2010)
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Parent et al. (2010, 2011) also independently arrived at a similar formula for 
planispirally coiled Mesozoic forms. They slightly modified the Raup-model to also 
include planispirally coiled forms with non-touching whorls.

1.3  Ornamentation

1.3.1  Radial Elements

All ammonoids bear fine or coarse radial elements on the conch. The finest struc-
tures are commonly the growth lines (Bucher et al. 1996), which are formed during 
conch growth. They form when shell is secreted discontinuously at the aperture and 
may be spaced at distances of around 0.1 mm (Vermeij 1993; Bucher et al. 1996). 
Characteristically, they are interrupted and cannot be traced around the entire whorl. 
To examine them, well preserved original or replacement shell is needed.

Lirae are usually much stronger; they are also formed more or less regularly 
with distances sometimes exceeding 1 mm. Normally, lirae can be traced around 
the ammonoid’s circumference, but the limits between growth lines and lirae are not 
clearly defined. Both are simply fine and coarse traces of former apertures, record-
ing their shape through growth.

Ribs represent even larger undulations in the conch wall and are not present 
in all ammonoid taxa. Their shape, arrangement, strength, etc. varies broadly and 
significant changes during ontogeny may be observed. Rather often, ribs continue 
into nodes or spines. They still carry valuable taxonomic information, although the 
strength of the ribs often covaries with the whorl cross section (Checa et al. 1996). 
Their strength, spacing and orientation may be quantified for taxonomic purposes 
(e.g., De Baets et al. 2013a, 2013b).

Constrictions are less frequent than the previously mentioned radial elements; 
they usually occur in a lower number than ribs (often between one and five per 
whorl) and commonly are produced at growth halts (megastriae; see Bucher et al. 
1996; Urdy 2015). At least on the internal mould (steinkern), constrictions are vis-
ible as furrows. Often, constrictions are internal shell thickenings which may have 
made interim apertures more resistant against mechanical damage by any cause 
during growth halts. In some cases, the shell thickening equalized the inward bent 
shell surface in such a way, that it is barely visible from the outside. Since they 
represented growth halts, the orientation of younger radial elements tend to display 
an orientation differing from that of the preceding ones. In some cases, these interim 
apertures carried collars, spines or nodes, which can be diagnostic for certain taxa.

The orientation of the radial elements (Fig. 1.3, 1.6) can be described as rectira-
diate (radial orientation), proradiate or prorsiradiate (turning toward the aperture in 
the ventral direction) and rursiradiate (turning away from the aperture in the ventral 
direction). Depending on their curvature, the ribs can be concave (vaulted away 
from the aperture) or convex (vaulted towards the aperture); these two terms can 
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be combined with the prefix pro- when they are inclined anteriorly (ventrad) and 
retro- when they are inclined posteriorly (ventrad). If the rib is partially concave and 
partially convex, it is called sinusoidal (sigmoid, sinusoid) and if the dorsal part of 
the rib is straight it is termed falcate. Ribs can split in various ways (Fig. 1.3, 1.6):

• simple (not branching)
• monoschizotomous (branching once): primary splits into two (bipartite, bipli-

cate, dichotomous), three (tripartite) or four (quadripartite) secondary ribs
• dischizotomous (branching twice): primary splits into three (polygyrate) or four 

(bidichotomous) branches
• polyschizotomous (branching more than twice): branching only on one side of 

the primary rib (virgatipartite, virgatotomous) or branching on both sides of the 
primary (diversipartite)

• fibulate: ribs split and fuse again, forming a narrow ellipsis

In several Devonian and Carboniferous ammonoid species, subadult to adult speci-
mens display the wrinkle layer (Korn et al. 2013). In all cases, these wrinkles are 
irregular and form a kind of fingerprint pattern on the dorsal shell. The elevation 

Fig. 1.6  Rib shape, spacing and course (modified from Arkell 1957)
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of the wrinkles varies between a fraction of a millimetre and a few millimetres. In 
contrast to the wrinkle layer, Ritzstreifen extend over the entire conch and occur 
only in the Devonian (Sandberger and Sandberger 1850; Korn et al. 2013; compare 
Kulicki et al. 2015).

The spacing of radial elements is usually measured per half-whorl or demi-whorl 
(e.g., RDW or ribs per demi-whorl = the amount of ribs counted on a half-whorl). 
Other parameters such a rib-indexes have also been used to quantify rib spacing 
more locally (or on fragments: compare Yacobucci 2004; De Baets et al. 2013a).

1.3.2  Spiral Elements

Spiral ornament can be subdivided according to position, i.e. ventral, lateral, or 
dorsal. Many ammonoids display spiral ornament such as spiral lines, which are 
usually rather weak compared to many radial structures (Fig. 1.3). Spiral lines are 
particularly common in Paleozoic ammonoids, where they sometimes form reticu-
late patterns when they occur in combination with radial lirae or ribs. Another com-
mon phenomenon is spiral rows of spines or tubercles (Fig. 1.3), which may occur 
laterally and ventrally.

In the Early Jurassic Amaltheidae, the dorsal conch commonly displays spiral 
wrinkles comparable to the radial wrinkles of the wrinkle layer known from Paleo-
zoic ammonoids (Fig. 1.3). As far as ventral structures are concerned, keels have to 
be mentioned. These may be sharp or rounded, they can be connected to the flanks 
with a smooth transition or they can be clearly set off, they may be accompanied by 
a pair of furrows or a set of several parallel keels can occur (e.g. in Frasnian Belo-
ceratidae). Families such as the Parkinsoniidae or the Hoplitidae have a midventral 
furrow.

1.3.3  Spines, Nodes, Tubercles

There are several kinds of ornamentation, which are neither truly radial nor spiral 
in orientation. Spines are pointed and elongate, while tubercles and nodes are  
knob-shaped. The term node is sometimes used for bigger structures, although 
the use is not uniform and some might consider nodes and tubercles synonymous 
terms. All these structures can be arranged radially and/or spirally, for example in 
Douvilleiceras (Fig. 1.3).

Some Paleozoic forms have developed deep ventral sinuses in their aperture 
(ventral band). At the edge of this sinus, collar-like projections developed in some 
genera, which formed long ventral ‘median spines’ in genera such as Armatites or 
Kosmoclymenia (e.g., Korn 1979, 2014).
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1.4  Septa

1.4.1  Suture Line

The suture line is the line, where the septal mantle first attached the organic septal 
membrane and later the septum is formed by mineralization of the membrane. Its 
importance in systematics and taxonomy varies, depending on the researcher and 
also on the taxon under consideration. In Early and some Middle Devonian forms, 
differences in the suture line are sometimes so subtle that other conch characters are 
of greater use (e.g., Chlupáč and Turek 1983).

Nevertheless, the suture line yields valuable information on systematics and ul-
timately also phylogeny. In order to produce good drawings of suture lines, growth 
lines or constrictions, various techniques can be used.

1. A very simple procedure that can be applied to sutures, which lack microscopic 
detail, is the following: A sharp pencil is used to trace the suture line directly on 
the specimen. Afterwards, a strip of thin transparent duct tape is used to cover 
the entire suture line under consideration. After rubbing the surface of the tape, 
where the suture was colored before, the tape can be removed and attached to a 
sheet of paper. Next steps are scanning and tracing the suture line formerly cop-
ied on tape with any vector graphic software.

2. The classical method is to mount the specimen with modeling clay under a bin-
ocular microscope and then use a drawing mirror (camera lucida) or a grid within 
an ocular in order to transfer the suture on paper. In order to depict the entire 
suture, the specimen needs to be turned and mounted again in a new position on 
the modeling clay. The raw drawing can then also be scanned and traced with 
vector graphic software.

The convention is that the saddles (Klug and Hoffmann 2015) point with their con-
vex sides towards the top (aperture). The plane of symmetry (the center of the E-
lobe) is marked by an arrow, the umbilical shoulder (if present) can be indicated 
by a dotted line, the umbilical seam by a curve segment and the dorsal intersection 
with the plane of symmetry is indicated by either two straight dashes or two straight 
lines. If possible, mostly the right side of the suture is depicted, at least until the 
umbilicus and, if visible, the internal suture is also added.

In the case of suture lines, it is also very helpful, when more than one ontoge-
netic stage is depicted, because the change in complexity through ontogeny can be 
extreme, especially in Mesozoic species. It is also important to illustrate an adult 
suture, because usually, the adult sutures display the peak complexity.

1.4.2  The Septum in Space

In many publications, the third dimension of the septum is neglected. This is some-
what justified because normally, the septum displays the strongest folding at the 
suture line. The way in which the septum is folded, however, might yield additional 
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information for the discrimination of taxa or for the reconstruction of phylogenet-
ic relationships. Accordingly, it can be rewarding to pay special attention to the 
morphology of the entire septum, also because it might display soft-tissue imprints 
(Klug et al. 2008).

To some extent, septum shape depends on the whorl cross section. For example, 
in strongly compressed as well as in extremely depressed forms, there are often high 
numbers of sutural elements (Ruzhencev 1949). Corresponding pairs of sutural ele-
ments are often linked by bulges in the septum, namely in the case of compressed 
forms symmetrically arranged in lateral direction, in the case of depressed forms 
arranged in approximately dorsoventral direction. Depending on the orientation 
of this bulging (see Klug and Hoffmann 2015 for illustrations), the terms central 
fluting (bulges are radially arranged relative to the initial chamber), lateral fluting 
(bulges are perpendicular to the plane of symmetry) or radial fluting (bulges are 
arranged radially around the center of the septum) were introduced. Additionally, 
ammonoid septa may be synclastically (concave toward the aperture) or anticlasti-
cally folded (partially concave and partially convex toward the aperture).

1.5  Discriminating New Species

Naturally, the requirements for the introduction of a new species are not uniform 
across all taxonomic and stratigraphic boundaries. Nevertheless, some common 
rules apply to most groups of ammonoids. In the following, we will highlight some 
important aspects that can be taken into account, when new species are described. 
We are well aware that not all material yields all the information to perform all the 
studies listed below.

1.5.1  Ontogeny

A common problem with many taxa that have been introduced in the nineteenth 
century is that hardly anything is known about ontogenetic changes in these taxa. 
However, some parts of ammonoid conchs grow allometrically (Klug 2001; Korn 
2012) and in the course of their growth, variability was not uniform (Ropolo 1995; 
De Baets et al. 2013a). This has been more generally shown for mollusk conchs by 
Urdy et al. (2010a, 2010b). Variability is often the lowest in the early and the latest 
whorls, i.e. these are the most characteristic, but still variable (De Baets et al. 2015).

If the material permits, as many of the major ontogenetic stages (embryonic 
conch, neanoconch, juvenile conch, preadult conch, adult conch; Westermann 1996; 
Klug 2001) as possible, especially of the last three stages, should be displayed and 
described in order to avoid that future researchers ascribe different ontogenetic 
stages of the same species to a different taxon.
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1.5.2  Intraspecific Variability and the Quality of Characters

Discrete characters such as the absence or presence of certain structures or signifi-
cant differences in numbers of lobes can be very helpful to identify species and also 
to justify the introduction of new species. In the case of characters, where transi-
tions in character states between the supposedly new species and closely related 
species are known, intraspecific variability can be examined based on some tens of 
specimens of one size class in order to use such a character to explain the separa-
tion of a new species (De Baets et al. 2013a, 2015). The obvious disadvantage of 
the quantitative evaluation of intraspecific variability and its description as well 
as illustration is that they cost a lot of time and that they require a lot of printed 
space. Therefore, compromises are usually unavoidable and intraspecific variability 
cannot be examined for every single species. Nevertheless, it is a good idea to at-
tempt to understand the intraspecific variability of the group one has to deal with, 
because then, the meaning of differences in any character between specimens can 
be more confidently interpreted with respect to its meaning, be it variation within a 
species or a difference in taxon.

When differences between supposedly new species in ratios such as UWI, CWI 
or WWI and in expansion rates such as WER and IZR (see Chap. 1.2) are evaluated, 
awareness of the respective intraspecific variability of the character under consid-
eration can be of great help to both justify species separation and to avoid mistakes 
(e.g. by overestimating the character’s meaning); however, intraspecific variability 
is roughly known only for a few species and genera, hampering such studies. This 
implies that, if time, the material, and thus the morphometric data permit, tests 
could be carried out to understand how the various character states are distributed 
through ontogeny. Are they normally distributed within a size class? Are one or sev-
eral maxima present? Optimally, there should be two or more clearly separate peaks 
in the curve in order to make a quantitative character useful for species separation. 
An example, how such data can be represented, is given in Fig. 1.7. In any case, 
intraspecific variability of ammonoids is so poorly studied that it yields a wide array 
of possibilities for future studies (De Baets et al. 2015).

As stated above, intraspecific variability changes through ontogeny; it is usually 
the highest in middle whorls. This is partially reflected in some studies on covaria-
tion, Buckman’s laws as well as in some other articles on variability (Hoheneg-
ger and Tatzreiter 1992; Dagys and Weitschat 1993; Checa et al. 1996; Korn and 
Klug 2007; De Baets et al. 2013a). If possible, we recommend basing descriptions 
on several specimens displaying several ontogenetic stages only. Furthermore, it is 
very helpful to include information on adult specimens, because adult conch modi-
fications can show important diagnostic characters.

Sexual dimorphism (Klug et al. 2015) also contributes to intraspecific variabil-
ity, especially in Mesozoic forms (Makowski 1962; Callomon 1963; Westermann 
1964). Since dimorphism mostly applies to the last part of ontogeny, aspects of vari-
ability linked to dimorphism can be discriminated from variability within one sex.

Another poorly studied topic is differences in variability between regions; one 
of the inherent problems is the difficulty to reconstruct whether regional morpho-
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logical differences originate in the facts that they are different species or whether 
these differences were caused by phenotypic plasticity or variation (Jacobs et al. 
1994; Wilmsen and Mosavinia 2011). Body size may have varied geographically; 
intraspecific variability has certainly differed between regions, too (De Baets et al. 
2015).

Although the study of intraspecific variability might appear as a nuisance, par-
tially because it is time-consuming and partially because it is difficult to understand 
and describe in detail, it is actually an interesting topic for research since variation 
is essential for evolution, particularly heritable phenotypic variation (Hunt 2004, 
2007). Furthermore, research on links between ecology and variability can also be 
rewarding (Jacobs et al. 1994; De Baets et al. 2015).

Fig. 1.7  Diagrams from De Baets et al. (2013a). Back-to-back histograms of Group I ( black) 
and Group II ( white) for ribs per half-whorl, RDW (weighted); umbilical width index, UWI 
(weighted); whorl height index, WHI (weighted); and whorl interspace index, WII (nonweighted)
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1.5.3  Number of Specimens and Figures

As ammonoids may show great intraspecific variability and since many taxa display 
allometric growth in their conch, it is advantageous when more than one specimen 
is available when a new species is described. If possible, these specimens should 
show the major growth stages, especially the juvenile, the preadult, and the adult 
stage. Similarly, it is helpful when the main allometric changes, as well as a large 
part of the intraspecific variability of one growth stage can be illustrated.

As far as the number of figures is concerned, we recommend producing some 
graphs illustrating the ontogenetic change of morphometric aspects of the ornamen-
tation (rib spacing, ornament strength, ornament orientation etc.), UWI, WWI and 
WER through ontogeny of several specimens. This yields an idea of intraspecific 
variability and allometry. Optimally, one specimen of each growth phase should 
be illustrated, with the adult growth phase being possibly the most important. If 
dimorphism is strongly expressed, a dimorphic pair can be illustrated. Furthermore, 
a cross section (photograph or drawing after a photograph) may yield valuable onto-
genetic information and drawings of the suture as well as of growth lines, the aper-
ture, constrictions, etc. Some of these illustrations may be meaningfully combined 
(see Fig. 1.8).

Fig. 1.8  An example of how to organise an illustration when a new species is described (Korn 
et al. 2010): Eurites permutus from the early Late Tournaisian of Oued Temertasset (Mouydir, 
Algeria). a Cross section, MB.C.18849.1. b Cross section, MB.C.19040.3. c Cross section, 
MB.C.19040.4. d Cross section, MB.C.19040.5. e Suture line and constriction, MB.C.18835.1, at 
11.0 mm dm, 7.9 mm ww, 5.3 mm wh. f Suture line and constriction, MB.C.18978.1, at 14.0 mm 
dm, 10.4 mm ww, 7.0 mm wh. g Suture line, MB.C.19040.1, at 19.0 mm dm, 12.5 mm ww, 9.0 mm 
wh. h–j Ontogenetic development of the conch width index (ww/dm), umbilical width index (uw/
dm), whorl width index (ww/wh), and whorl expansion rate (WER) of all specimens
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1.6  Organizing A Species Description

Classically, a diagnosis is given first, usually combined with information on syn-
onymies, origin of the name, type material, its provenance, other materials used 
and the repository. Although slightly dated, Matthews (1973) and Bengtson (1988) 
are still some of the best references for how best to use synonymy lists and open 
nomenclature, respectively. The diagnosis should be concise and contain the major 
characters of the taxon. It should list the main aspects of conch morphology and 
ontogeny, ornament, and suture line (Korn 2010).

In the detailed description, the same topics should be addressed in the same 
order, but in greater detail. The task and strength of such a descriptive text is to 
highlight important parameters and character states. Comparisons can be listed in 
the “comparisons” or “remarks” paragraph.

As most ammonoids underwent more or less profound changes in morphology 
throughout their ontogeny, it is advantageous to provide a reasonable amount of 
information on these ontogenetic trajectories, at least as far as such data can be ob-
tained. Some examples for representations of ontogenetic changes can be found in 
the following articles: Korn (1997); Klug (2001); Monnet et al. (2012).

Although Korn et al. (2010) replaced the descriptive paragraphs in the system-
atic section by tables with the main morphological information, many might want 
to list the characters and their states in descriptions. One can order the descriptions 
according to

• specimen
• ontogeny (initial chamber, ammonitella, juvenile/neanic, preadult, adult/mature/

gerontic)
• character (conch shape, ornamentation, suture line)

It is the easiest for the reader, when one of these orders is chosen and adhered to 
throughout the entire manuscript. Naturally, several aspects will vary according to 
the individual style.
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2.1  Introduction and Background

Mapes and Davis (1996) provided an extensive overview of preserved ammonoid 
color patterns. Their report covered the general history of reported occurrences and 
listed three genera from the Triassic, six genera from the Jurassic, and six genera 
from the Cretaceous (Tab. 2.1). They also discussed the possible kinds of color 
patterns (transparency, achromatism, monochromatism, irregular and regular spot 
patterns, transverse zigzag, chevron and radial stripes and longitudinal stripes or 
bands), geographic occurrences, and ways to recognize biological patterns vs. false 
patterns produced by shell thickening and diagenetic processes. Included was a 
comparison of the color pattern in Nautilus (and Allonautilus), the only known ex-
ternally shelled cephalopods living today. In addition to the above, they speculated 
on the functions of patterns and on the possible different mechanisms of tapho-
nomic destruction of the ammonoid color patterns to explain why such patterns are 
so rarely preserved.

Mapes and Davis (1996) were puzzled that orthoconic and coiled nautiloids 
and bactritoids with color patterns had been recovered from the Late Paleozoic  
(Carboniferous), but none of the ammonoids co-occurring with those cephalopods 
retained any trace of a color pattern even though in some cases many thousands of 
ammonoid specimens had been recovered from the same locations and strata. This 
problem remains unresolved. Since 1996, some new information has come to light 
and is reported herein. This includes the recognition of iridescent color patterns, 
some new false color patterns, and some limited information on the development of 
specific color patterns associated with habitat and mode of life.
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Taxon Author Pattern Quality Country
Triassic
Arctoceras sp. This report M M USA
Dieneroceras knechti This report L D on L USA
Dieneroceras spathi Mapes and Sneck 1987 L D on L USA
Dieneroceras 
subquadratum

Mapes and Davis 1996 L D on L USA

Flemingites russelli This report M M USA
Juvenites septentrionalis This report R D on L USA
Juvenites thermarum This report R D on L USA
Kashmirites sp. This report L D on L USA
Owenites koeneni Tozer 1972; Mapes and 

Sneck 1987
R D on L USA

Owenites sp. cf. 0. koeneni Mapes and Sneck 1987 R D on L USA
Owenites sp. Mapes and Sneck 1987 C D on L USA
Paranannites aspensis This report R D on L USA
Paranannites mulleri This report
Prosphingites slossi Keupp 2000 R D on L USA
Preflorianites toulai Keupp 2000 R D on L USA
Xenoceltites sp. This report L D on L USA
Jurassic
Amaltheus stokesi Spath 1935 Lpathologic D on L England
Amaltheus subnodosus Pinna 1972 L D on L Germany
Amaltheus gibbosus Pinna 1972 L D on L Germany
Amaltheus margaritatus Mapes and Davis 1996 L D on L England
Androgynoceras lataecosta Spath 1935; Arkell 1957 L D on L England
Asteroceras stellare Arkell 1957 L L on D France
Asteroceras stellare Manley 1977 S D on L England
Cadoceras sp. This report L I on N Russia
Eboriceras sp. This report L I on N Russia
Kosmoceras jason This report L I on N Russia
Leioceras sp. Greppin 1898; Arkell 

1957
L L on D Switzerland

Pleuroceras spinatum Schindewolf 1928, 
1931; Arkell 1957

R D on L Germany

Pleuroceras salebrosum Pinna 1972; Lehmann 
1990

S D on L Germany

Pleuroceras transiens Pinna 1972 S D on L Germany
Pleuroceras sp. aff. solare Heller 1977 L D on L Germany
Proriceras sp. This report L I on N Russia
Quenstedtoceras 
( Lamberticeras) lamberti

This report L I on N Russia

Table 2.1  Occurrences of ammonoids with color patterns, modified after Mapes and Davis (1996) 
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2.2  Additional Reports of Ammonoid Color Patterns

Mapes and Davis provided a relatively complete documentation of the known color 
patterns that had been described up to 1996. However, because there is no com-
prehensive listing of this biological condition for fossil cephalopods, inevitably 
some reports and specimens in museum collections were missed. One missed report 
is by Klinger and Kennedy (1981) where a specimen of Submortoniceras woodsi 
(Spath 1921) from the Cretaceous of South Africa was described and illustrated 

Taxon Author Pattern Quality Country
Quenstedtoceras henrici This report L I on N Poland
Tragophylloceras loscombi Pinna 1972 L D on L England
Xipheroceras sp. This report R D on L Germany
Cretaceous
Beudanticeras 
ambanjabese

This report L I on N Madagascar

Beudanticeras beudanti This report L I on N Madagascar
Beudanticeras caseyi This report L I on N Madagascar
Calliphylloceras sp. aff. C. 
demedoffi

Bardhan et al. 1993 R D on L India

Cleoniceras sp. This report L I on N Madagascar
Desmoceras media This report L I on N Madagascar
Desmoceras inflatum This report L I on N Madagascar
Hoploscaphities nicolletii This report L I on N USA
Hoploscaphities (Jeletz-
kytes) reesidei

This report L I on N USA

Libycoceras afikpoense Reyment 1957 s D on L Nigeria
Placenticeras meeki This report USA
Paratexanites (Parabe-
vahites) serratomarginatus

Matsumoto and Hirano 
1976

L D on L Japan

Protexanites (Protexanites) 
botanti shimizui

Matsumoto and Hirano 
1976

L D on L Japan

Protexanites (Anatexanites) 
fukazawai

Matsumoto and Hirano 
1976

L D on L Japan

Pseudouhligella sp. This report L I on N Madagascar
Puzosia malandiandrensis This report L I on N Madagascar
Hoploscaphites nicolletii This report L I on N USA
Submortoniceras woodsi Kennedy et al. 1981 L D on L South Africa
Tetragonites glabrus Tanabe and Kanie 1978 L D on L Japan
Tetragonites sp. Tanabe and Kanie 1978 R D on L Japan
S spots, L longitudinal, R radial/transverse, C combined, M monochrome, D on L dark on light, 
L on D light on dark, I on N iridescent on nacre color

Table 2.1 (continued) 
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with traces of longitudinal banding. According to these authors, similar banding 
was described by Matsumotoi and Hirano (1976) on a stratigraphically older speci-
men of Protexanites (P.) bontanti shimizui Matsumoto 1970 from Hokkaido, Japan.

We know of only three new reports since Mapes and Davis (1996) summarized 
the known occurrences of ammonoids with color patterns. Probably the most sig-
nificant new information is the report by Ebbighausen et al. (2007) of a Devonian 
goniatite with a color pattern from Morocco. The single specimen has dark trans-
verse bands that follow the sinuous growth lines on a specimen of Tornoceras sp. 
This color-banded taxon is limited to a single specimen at this time. We accept this 
report with some reservation because of the limited number of specimens reported. 
However, presuming that this report is valid, this specimen would represent the old-
est color pattern known in the ammonoid lineage, the only specimen of a goniatite 
with a color pattern, and it is the only ammonoid specimen with a color pattern 
known from the Paleozoic.

A Jurassic specimen of Xipheroceras sp. from Germany has been brought to our 
attention as having multiple longitudinal color bands (Klug, personal communica-
tion 2012). The specimen is approximately 185 mm in diameter and the relatively 
thin bands are dark on a light background on the outer shell. The bands are present 
on both the lateral, ventrolateral, and venter of the conch (Fig. 2.1). These color 
bands are similar to those described and illustrated by Lehman (1990, Fig. 2.1) on 
Pleuroceras sp. from the Jurassic of Germany.

A possible color pattern on Placenticeras meeki from an unknown locality in 
the Cretaceous of North America has also been discovered (Fig. 2.2). There are 
two types of dark bands on the specimen. One is expressed as dark bands that are 
widely spaced and that follow the growth lines of the specimens. These widely 
spaced bands are interpreted as a false color pattern and probably result from shell 
thickening like that seen in other false color patterns (see below). The other set of 
transverse bands are closely spaced, slightly darker bands than that of the shell ma-
terial and are only observed on the right side of the conch on an internal whorl of 

Fig. 2.1  Longitudinal color 
bands (see arrows) on a 
specimen of Xipheroceras sp. 
SNMS (= Staatliches Museum 
fuer Naturkunde, Stuttgart, 
Germany) 70085 from the 
Arietenkalk Formation, basal 
late Sinemurian, Obtusum-
Zone, at Schwäbisch-Gmünd-
Unterbettringen, Germany. 
Scale Bar = 3.0 cm
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the phragmocone. These dark bands are on a lighter surface of the external shell and 
appear to be confined to the outer shell layer. That this case is a legitimate biologi-
cally emplaced color pattern is uncertain because bilateral symmetry of the bands 
cannot be observed and the pattern is not expressed any other places on the testifer-
ous conch. Thus, we believe that additional specimens are necessary to confirm that 
these are biologically emplaced color bands.

2.3  False Color Patterns

2.3.1  Background

According to Mapes and Davis (1996), false color patterns can have several different 
appearances ranging from random blotches to longitudinal and transverse bands on 
the shell. These different patterns are caused by a variety of different mechanisms. 
The false color pattern that Mapes and Davis (1996) indicated as most common is 
where thickening of the shell is present. Such places are at constrictions, pseudo-
constrictions, and varices. Additional places not noted by Mapes and Davis (1996) 
include ribs, falcations, nodes and other places where shell thickening can occur. 
In any case, it appears that these false color patterns are associated with growth 

Fig. 2.2  Placenticeras meeki, late Campanian, Late Cretaceous, Pierre Shale, most likely South 
Dakota with a possible pigment emplaced color pattern. a. Overall view of the specimen showing 
several dark transverse bands that follow the growth lines on the outer whorl (at arrows) that are 
interpreted as false color patterns. Scale bar =4.0 cm. b. Enlarged view of the exposed inner whorl 
showing approximately seven closely spaced transverse dark bands on the exposed shell near the 
venter that are interpreted as possible color bands. Also, on this part of the specimen there are sev-
eral (see two arrows) of the more widely spaced dark transverse false color bands similar to those 
seen at the arrows on the outer whorl as shown in a
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halts, during which megastriae or similar growth-related structures were formed 
(see Klug et al. 2007 for a discussion and references).

2.3.2  Reports

Since 1996, several new reports of false color patterns have been made. Klug et al. 
(2007) indicated that they had observed dark areas where the shell was thickened 
on several Carboniferous and Triassic ammonoid genera. These transversely placed 
bands were at regular intervals where an interim aperture position was located 
(megastriae). They concluded that these dark bands were the remnants of black or-
ganic material like that seen on the dorsal shell and at some injury sites on modern 
Nautilus, and that these bands were the product of some form of stress or adverse 
conditions during the animals growth in a broad sense. We are not confident that 
this explanation is adequate or correct; however, we do agree that these “color” 
bands are not an organic pigment emplaced like the brown transverse stripes seen 
on modern Nautilus. Thus, until additional study is done on these phenomena, we 
will consider them to be, with reservation, in the general category of “false color 
bands”.

In another report Klug et al. (2012) described a situation where 17 specimens 
of the ammonite Baculites sp. (Late Cretaceous) from Germany were recovered 
with exceptional soft tissue preservation. One of the specimens is reported to have 
11–12 false color bands on the shell. Klug et al. (2012) correctly determined that 
the bands were a false color pattern and indicated that these dark bands were places 
where growth of the animal had slowed or temporarily halted and faint ribs were 
deposited.

A report on a false color pattern not mentioned by Mapes and Davis (1996) 
is by Branson (1964). He described a specimen of Goniatites choctawensis (now 
considered to be G. multiliratus) from the Delaware Creek Member of the Caney 
Formation in south central Oklahoma as an internal mold with dark and light bands 
in the spaces between the septa. He considered the infilling material to be calcite 
with “internal mineral color”. He also noted that similar specimens from the Early 
Carboniferous of Derbyshire, England had similar brown patterns. We agree that 
this coloration is a false color pattern although it could even be post mortem (i.e. 
diagenetic); however, little study has been done on why the calcite in the cameral 
chambers is colored. Under normal circumstances, one would assume that the col-
oration is a result of trace mineral elements in the calcite. However, sliced speci-
mens of various Carboniferous goniatites (including ones from the Delaware Creek 
Member of the Caney Formation in Oklahoma), Permian prolecanitids, and Creta-
ceous ammonites that had colored calcite in the phragmocone chambers received 
some limited study (RHM, new observations). These specimens were very slowly 
(weeks) dissolved in very dilute acetic acid, and it was discovered that when the 
calcite was removed from the cameral chambers, the colored cameral filling was 
a fibrous-like gel that dried into a fibrous mat similar to the pelical lining seen in 
the chambers of modern Nautilus. Significantly, the goniatite specimens with clear 
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calcite in the same acid containers with specimens that had the colored calcite did 
not have this fibrous gel material in the cameral spaces. The significance of this 
fibrous gel remains unstudied, but it is here speculated that this fibrous gel mate-
rial is a remnant of the original cameral fluid and that the original cameral fluid in 
ammonoids was more of a gel, rather than a liquid as is seen in modern Nautilus. 
Additional study of this phenomenon is recommended.

Another kind of false color pattern is known from two cases, one is in the Devo-
nian of Germany (Richter 2002; Richter and Fischer 2002) (Fig. 2.3), and the other 
is from the Early Jurassic of England (Paul 2011). In all cases, the specimens are 
extremely well preserved pyritized internal molds. On the surface of these molds, 
there are regular patterns of dark areas on the brilliant shiny surface of the internal 
mold of the specimen. These patterns can form transverse bands that follow the 
septa in phragmocones or as bilaterally symmetrical dark patches (Fig. 2.3). Richter 
(2002) and Richter and Fischer (2002) provided a convincing discussion as to the 
origin of these patterns. They observed that the darkening of these areas on the 
internal mold of the shell are places where the shell was rough-textured with micro-
pyrite crystals. These rough textured areas are without the polish seen on the smooth 
surfaces of the internal mold of the rest of the specimens. They concluded that these 
dark patches are attachment scars and interpreted them as soft tissue attachment 
structures (Richter 2002; Richter and Fischer 2002). Paul (2011), in his analysis of 
the English specimens, concluded that the transverse bands he observed represented 
pauses in the growth of the animals he analyzed. In all of these cases, the dark bands 
are on the internal mold, and therefore, they are not biologically emplaced pigments 
in the shell of these animals. Also, these authors were convinced that the repetition 
of the bands is directly related to the episodic growth of the animal.

2.4  Iridescent Color Patterns

2.4.1  Background

In the last decade, hundreds of ammonite specimens with undescribed iridescent 
color patterns have been discovered. Keupp (2005) was the first to describe and 
illustrate this occurrence, although Reyment (1957) indicated he had seen such a 
color pattern but did not adequately document this phenomenon. It must be noted 
that photography of this phenomenon is difficult because this feature is usually 
more evident as the specimen is moved in the light, and it may for this reason that 
Reyment could not adequately document it in his 1956 report.

These newly recognized color patterns are preserved as iridescent longitudinal 
bands parallel to the venter on the external surface (presumably the outer prismatic 
layer) of the shell. These bands are probably the result of the prismatic shell ultra-
structure selectively breaking down light into different wavelengths (i.e., different 
colors), but this phenomenon needs additional study to confirm this assumption and 
to test in how far the appearance of the color patterns was altered by diagenesis.
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Fig. 2.3  a–e Pyritized internal molds of six Devonian ammonoid genera from Germany with false 
color patterns. The false color patterns are bilateral black areas on the golden pyrite of the phrag-
mocones and sometimes the apical parts of body chambers (see arrows). All specimens are repos-
ited at the Institut für Geologie und Paläeontologie der Universtät Münster (MB.C). a Left lateral 
view of Armatites aff. planidorsatus specimen MB.C 2910(272,E54), b Right lateral view of Lin- 
guatornoceras haugi specimen MB.C 3087 (265,E38), c Left lateral view of ? Truyolsoceras sp. 
specimen MB.C 3071 (2614,E410), d Left lateral view of Cheiloceras (Puncticeras) longilobum 
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2.4.2  Locations, Description, and Ages of Specimens

Ammonoid sites that preserve an iridescent color pattern have been collected 
from around the world (Fig. 2.4) in the Jurassic (Fig. 2.5), the Early Cretaceous  
(Fig. 2.6), and the Late Cretaceous (Fig. 2.7). The locations and ages are as follows: 
Late Jurassic, Callovian Stage of Saratov, Russia and Łuków, Poland (Fig. 2.5); the 
Early Cretaceous, Albian Stage of Mahajanga Province, Madagascar and Norman-
dy, France (Fig. 2.6); the Late Cretaceous, late Campanian Stage of south-central 
Tennessee, USA and the Late Cretaceous, late Maastrichtian Stage of north-central 
South Dakota, USA (Fig. 2.7).

2.4.2.1 Russian Occurrence – Late Jurassic

At the Saratov site (Russia, Late Jurassic) ammonoids were collected from the 
Dubki Quarry, a site that quarries a hard-clay used in the production of bricks. The 
Dubki Quarry lays in the Quenstedtoceras ( L.) lamberti Zone – latest late Callovian 
of the Late Jurassic. This zone contains clays and marls deposited under oxygen 

specimen MB.C 2908 (15,E66), e Right lateral view of Falcitornoceras korni (MB.C 3073 (2606, 
E402), f–g Right lateral and ventral views, respectively, of Paratorleyoceras globosum (MB.C 
3086 (661,E33). Scale bars = 3.0 mm

Fig. 2.4  World map showing the locations around the world where ammonoids with iridescent 
color patterns have been recovered. In North America: 1 north-central South Dakota and 2 Coon 
Creek, Tennessee; Europe: 3 Normandy, France, 4 Łuków, Poland, and 5 Saratov, Russia, and 
Africa: 6 Mahajanga province, Madagascar
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Fig. 2.5  Five ammonoid genera from the Late Jurassic with iridescent longitudinal color bands. 
Four of the ammonoid genera are from the late Callovian, Late Jurassic, Dubki Quarry near Sara-
tov, Russia (a–o) and one genus is from the late Callovian, Late Jurassic in Łuków, Poland (p–q). 
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depleted marine conditions in the central portion of the Russian Platform (Meledina 
1988). The ammonite fauna in the Q. ( L.) lamberti Zone is also quite similar to 
that of the stratotype described from Europe (England and Poland). In addition to 
Quenstedtoceras, other ammonite genera include Eboriceras, Grossouvria, Hecti-

a–h, Quenstedtoceras ( Lamberticeras) lamberti a–b Specimen OUZC 6180, D = 70.0 mm, c Spec-
imen OUZC 6181, D = 69.0 mm, d Specimen OUZC 6282, D = 50.0 mm, e Specimen OUZC 6183, 
D = 51.0 mm, f Specimen OUZC 6183, D = 51.0 mm, g Specimen OUZC 6185, D = 105.3 mm, h 
Specimen OUZC 6186, D = 103.0 mm. Note that all the Q. ( L.) lamberti specimens have a greenish 
yellow or pink longitudinal band located above the umbilical shoulder, and that the remainder of 
the conch above and below the band is dominated by darker red. i–l Proriceras sp. i–j Specimen 
OUZC 6187, D = 41.0 mm, k–l Specimen OUZC 6188, D = 41.5 mm; Cadoceras sp. m Left side 
of specimen OUZC 6289, D = 80 mm; Eboriceras sp. n–o Specimen OUZC 6190, D = 64 mm, p–q 
Quenstedtoceras henrici, specimen OUZC 6191, D = 8.8 mm

Fig. 2.6  Ammonoid specimens from the Albian stage, Early Cretaceous, Ambarimaninga, Maha-
junga Province, Madagascar and from the Albian stage, Early Cretaceous, Bully, France. a Right 
side of Pseudouhligella sp., specimen OUZC 6192, D = 55.0 mm, b Left side of Puzosia malan-
diandrensis, specimen OUZC 6193, D = 43.5 mm, c d Beudanticeras beudanti, specimens OUZC 
6194 and 6195, respectively, D = 25.0 mm and 38.0 mm, respectively, e Cleoniceras sp., specimen 
OUZC 6196, D = 28 mm, f–g Beaudanticeras ambanjabese, specimen OUZC 6197, D = 72 mm, h 
B. caseyi, right side of specimen OUZC 6198, D = 68 mm, i–j Desmoceras media specimen OUZC 
6199, D = 65 mm, k D. inflatum, right side of specimen OUZC 6200, D = 84 mm
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coceras, Kosmoceras, Peltoceras, Proriceras, Cadoceras, and Ruriceras  (Larson 
2007). Further information on the geology of the area can also be found in Alekse-
jev and Repin (1986).

Ammonites are preserved in the clay and separated during the quarrying pro-
cess. While their aragonite shell is well preserved, these ammonites are preserved 
with pyrite of both crystallized and botryoidal forms coating the interior septa or 
completely filling the phragmocone. Preservation is generally exceptional, with the 
outer prismatic layer of shell commonly preserved.

2.4.2.2. Polish Occurrence – Late Jurassic

The Łuków, Poland material (Late Jurassic) was collected by Harry Mutvei from a 
clay quarry that is considered to be a glacial erratic. The clay was used for bricks 
and the fossils were undesirable inclusions (Mutvei 1998, personal communica-
tion). The fauna comes from the Quenstedtoceras henrici Zone, late Callovian, Late 
Jurassic. Makowski (1952) described the locality and the systematics of the am-
monoid fauna.

The fossils are preserved in carbonate concretions where abundant ammonoids 
are often present along with other mollusks. As from the Dubki Quarry in Russia, 
some ammonites are also preserved outside of these concretions in hard clay. Often, 

Fig. 2.7  Ammonoid specimens from the Fox Hills Formation, Late Maastrichtian Stage, Late Cre-
taceous (see a, b, g, h), Corson and Ziebach counties (respectively), South Dakota; from the Coon 
Formation, Late Campanian Stage, Late Cretaceous, McNairy County, Tennessee (see c–d), and 
from the Oxfordian Stage, Late Cretaceous, Ryazan, Russia (see e–f). a–b Hoploscaphities nicol-
letii microconch, specimen OUZC 6176, D=52.5 mm. c–d Hoploscaphities (Jeletzkytes) reesidei, 
specimen OUZC 6177, D=48 mm. e–f Kosmoceras jason, specimen OUZC 6178, D=5.2 mm. 
g–h Left side of Hoploscaphities nicolletii macroconch (OUZC 6179). Lateral view of the three-
dimensional specimen (g) with an iridescent inner shell but retains no trace of a color pattern. Part 
of the carbonate concretion, which yielded the specimen (h) shows the extremely thin external 
shell with the iridescent color pattern attached to the matrix
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the ammonoids have hollow phragmocones with their septa sometimes coated with 
a thin layer of pyrite crystals. Ammonites that are taken out of their host rock often 
leave the outer layers of their shell stuck to the rock, whereas those found outside 
of the carbonate concretions often are able to be cleaned leaving intact all layers of 
their shell.

2.4.2.3. Madagascar Occurrence – Early Cretaceous

Fauna from the early Albian Stage, Early Cretaceous of Mahajanga Province, 
northwest Madagascar comprise unique benthic forms (generally molluscan) that 
are remarkably well preserved. The fauna used in this paper comes from two dif-
ferent zones: the Cleoniceras besairiei and Douvilleiceras inaequinodom Zones of 
the Early Cretaceous (Collignon 1963). These zones were assigned to the Dou-
villeiceras mammillatum Superzone of the Early Albian (Owen, 1988b). Barrabé 
(1929) and Collignon (1949) briefly described the geology of the region.

The ammonite material comes from a calcareous, glauconitic, sandy matrix in 
an extremely fossiliferous zone generally about 15 m thick (Collignon 1949). These 
fossils are quarried about 50 km south of the city of Mitsinjo, between the towns of 
Ambarimaninga and Ambinda. Infilling of the body chambers and often the entire 
phragmocone are common. Phragmocones tend to be filled with calcite while the 
body chambers are only filled with the host rock. Most ammonites are well pre-
served with preservation so fine many specimens can be easily removed from their 
matrix without the layers of shell splitting or sticking to the host rock. All of this 
material is collected by local people and sold to commercial dealers worldwide.

2.4.2.4. French occurrence – Early Cretaceous

In Normandy, France (Early Cretaceous), ammonoids are recovered from the 
late early Albian ( Douvilleiceras mammillatum Zone) Gault Clay of Bully, Pays 
de Bray, Seine Maritim, France (Amédro 1992). Specimens of Beudanticeras are 
abundant from the clays at Bully. Both phragmocones and the body chambers are 
commonly filled with the host rock.

2.4.2.5. Tennessee Occurrence – Late Cretaceous

At the type locality of the Coon Creek Formation, Coon Creek, Tennessee (Late 
Cretaceous), ammonoids were recovered from diverse near-shore marine deposits 
of sand, glauconitic clay and isolated calcareous concretions. Mollusks dominate 
the fauna but well-preserved ammonoids are relatively rare. Wade (1917) made the 
first record of cephalopods from Coon Creek and later (1926) published a mono-
graph on the geology and the entire fauna from this locality. Sohl (1960, 1964) 
described the gastropods and Cobban and Kennedy (1994) described the ammo-
nites. Brewster and Young (2007) did an extensive report on the site regarding the 
history, collecting, geology, paleontology and the ongoing science investigations 
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and research of the site. Larson (2012) did a revision of the cephalopod fauna from 
the type locality.

Ammonite shell preservation within the concretions is generally poor. The shell 
tends to adhere to the concretion and when broken open the ammonites are gener-
ally incomplete and crushed. However, nearly all of the invertebrates collected from 
the sands of Coon Creek Formation at its type locality are well preserved and when 
carefully prepared, the matrix can be removed leaving all layers of their shell. So 
good is the preservation that many bivalves and gastropods still retain their color 
pattern (Wade, 1926; Sohl, 1960, 1964). When ammonites are found in the sand, 
infilling of the body chambers and the phragmocones with the sand matrix are com-
mon.

2.4.2.6. South Dakota Occurrence – Late Cretaceous

Late Maastrichtian, Late Cretaceous ammonoid horizons of the Fox Hills Formation 
in north-central South Dakota, USA, are well known (Larson et al. 1997; Waage 
1968; Landman and Waage 1993). The ammonites and associated fauna are col-
lected from the Hoploscaphites nicolletii and Jeletzkytes nebrascensis Zones as well 
as several subzones (Waage 1968; Landman and Waage 1993). The Fox Hills For-
mation is a shallow-water, near shore deposit consisting of sands, sandstones, and 
shale beds with and without carbonate concretions. It was deposited near the end 
of the Cretaceous as the North American Western Interior Seaway was retreating.

Shell preservation is extremely good to excellent from most sites. The best-pre-
served ammonoids are found in carbonate concretions and occasionally outside of 
concretions. Infilling of the body chambers and often the entire phragmocone are 
common. Phragmocones tend to be filled with calcite or nothing, while the body 
chambers are filled with hard carbonate rock. In nearly every case, when the con-
cretions are broken open, the outer layers of the shell adhere to the rock and the 
shell splits in layers. Thus, except in some rare cases, the iridescent color pattern 
separates from the inner shell of the ammonoid and the external color pattern is lost. 
An exceptional case is illustrated in Fig. 2.7g and h.

2.5  Habitat and Life Mode

In 1987, Mapes and Sneck described the oldest and most extensive color patterns 
on several ammonoid genera and species from the famous Early Triassic locality 
at Crittenden Springs, Nevada (USA). A few years later, Mapes and Davis (1996) 
summarized what was then known about ammonoid color patterns in the Mesozoic. 
In 1999, Gardner, and later, Gardner and Mapes (2001) described the color pat-
terns on a total of 15 ammonoid genera and species discovered within an extensive 
collection (over 10,000 specimens composed of 29 different genera and species) 
from the Crittenden Springs locality. In this more extensive study of the Critten-
den Springs ammonoid fauna, the systematic identifications of Kummel and Steele 
(1962) and Tozer (1981, 1994) were used. Within that collection, there were three 
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Fig. 2.8  Habitat by shell form of ammonoids as proposed by Westermann (1996). Based on shell 
form, the Crittenden Springs ammonoids in the Ohio University collection (now at the American 
Museum of Natural History in New York City, NY) with transverse color patterns are placed in the 
planktonic-vertical migratory habitat, those with longitudinal bands are placed in the planktonic 
drifter habitat. The monochromatic taxa are in the nektonic and demersal-nektonic habitats
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genera that exhibited monochromatic coloration, which had not been previously 
confirmed as a possible color pattern by Mapes and Davis (1996) in their summary. 
Additionally, six genera and species had transverse bands, and six genera and spe-
cies had longitudinal bands (see Tab. 1 and Fig. 2.8 for a list of the taxa).

Westermann (1996, Fig. 2.1) used conch shapes (and other features) to develop 
an overall model of ammonoid habitat (Fig. 2.8a). In 2001, Gardner and Mapes ap-
plied the conch morphology of the 28 ammonoid genera and species with ( n = 15) 
and without ( n = 14) preserved color patterns from Crittenden Springs and their 
identifications, as provided by Kummel and Steele (1962) and Tozer (1981, 1994) 
(see Tab. 2.1 and Fig. 2.8 for a list of taxa), to the Westermann model. Based on 
that integration of the Westermann model with the 15 ammonoid genera and species 
with color patterns and the 14 taxa, which had no observed color patterns, it appears 
that certain color patterns may represent distinct habitats and that certain groups of 
ammonoids in the Crittenden fauna had similar life patterns (Fig. 2.8b). All of the 
ammonoids with transverse bands (5 genera and species) fall in the plankton: drifter 
life mode, while all the longitudinal banded taxa (6 genera and species with one 
exception) fall in the plankton: vertical migrant life mode. The single exception is 
Eufliningites cirratus, which has no observed color pattern. The four taxa that were 
determined to be monochromatic fall within the nektonic life mode together with 13 
genera and species that appeared to not have a color pattern. This latter distribution 
of the 3 monochromatic and 13 genera and species without observed color patterns 
suggests that the taxa without observed color patterns may have lacked coloration 
during life. Some modern mollusks are known to have shells that lack color patterns 
and in some cases the shells can be transparent. It still needs to be tested whether 
the color patterns are simply linked with shell shape and thus represent fabricational 
noise or whether they really are adaptations to certain ecological requirements of 
their habitat and mode of life.

2.6  Conclusions

2.6.1  General Summary

Color patterns in mollusks are usually exhibited on the exterior shell surface as 
shades of black, gray, brown, and red. A wide variety of shapes and designs are 
known including zigzag, chevron and wavy patterns, longitudinal and transverse 
bands, and spots. In the Ammonoidea (Early Devonian to Late Cretaceous), the old-
est known unequivocal color patterns are transverse stripes and longitudinal bands 
from the Early Triassic in Nevada, USA. Unequivocal color patterns for Paleozoic 
ammonoids remain unknown (but see Ebbighausen et al. 2007).

Since the summary in 1996 by Mapes and Davis, several additional Mesozoic 
taxa with color patterns have become known. Also, additional examples of false 
color patterns have been detected.
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2.6.2  Iridescent Color Patterns

In the last decade, numerous ammonoid specimens with an iridescent color pattern 
have been discovered. These new patterns are iridescent longitudinal bands on the 
external surface (the outer prismatic layer?) of the shell. Ammonoids from sites 
that preserve these iridescent color patterns (it cannot be ruled out entirely that the 
iridescent appearance might be secondary) have been collected from the Late Juras-
sic, Russia and Łuków, Poland; the Early Cretaceous, Madagascar and Normandy, 
France; the Late Cretaceous from Coon Creek, Tennessee and South Dakota, USA.

We are aware that the modern nautilids normally have transverse brown, red-
brown and purplish-brown bands in the outer shell layer (see Mapes and Landman 
2012 for an exception). And yet, those animals might have lived below the euphotic 
zone where visibility is extremely limited or totally lacking and detection by other 
visual animals may be extremely limited. Only at night when natural light is limited 
do these animals move into shallower water. Thus, modern nautilids have color pat-
terns that are not used in any way that is readily apparent.

We are aware that the same could be true of the ammonoids with iridescent color 
patterns. If these iridescent patterns were utilized as a visual condition, these ammo-
noids must have lived in the euphotic zone (shallow water) as part of the nektonic 
food web. If the bright iridescent colors displayed on these shells were used for 
sexual display or as a danger warning to predators (i.e., a signal that indicates “I am 
poisonous” or “I taste bad”), then to be most effective, the display must be easily 
seen. If the marine environment was turbid with sediment and other micro particles, 
which reduced visibility, the ammonoid visibility was probably enhanced by the 
brilliant iridescent coloration of the shell, presuming they were already iridescent 
during their life (the iridescence might also be a diagenetic effect). Alternatively, 
an iridescent, color-banded shell may have also been to break up the light waves in 
shallow, light-filled environments to help camouflage the ammonites.

To our knowledge, iridescent color patterns are unknown in the modern taxa as-
signed to the phylum Mollusca (which might also point at a taphonomic problem). 
Also, other than the ammonoids described herein, we are not aware of any fossil 
mollusks that had this kind of color pattern. Given that this condition is only known 
for some Mesozoic ammonoids, it appears that possibly, this unique condition be-
came extinct with the demise of the Ammonoidea at the end of the Cretaceous.

2.6.3  Habitat and Function of Pigment Emplaced Color Patterns

New insights into pigmented color patterns were developed by Gardner and Mapes 
(2001) where they integrated the ammonoid shell shape and life style model devel-
oped by Westermann (1996) with the different ammonoid color patterns (mono-
chromatic, transverse, longitudinal and no detectable color pattern) in a collection 
of 28 genera and species of Early Triassic ammonoids from Nevada. The results 
were striking in that certain color patterns and taxa with no detectable color pattern 
on ammonoids were found to be specific to a preferred life style, although it could 
also be a link with the morphogenesis of certain shell forms.
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3.1  Introduction

Comparable to the conch of extant Nautilus, the ectocochleate ammonite conch is 
divided into two main parts: the most apertural (anterior) undivided body chamber, 
which contains the majority of the soft body of the living animal, and the apical 
(posterior) chambered phragmocone. Both are separated from each other by the lat-
est septum. From the last septum to its earliest (embryonic) part (the protoconch), 
the phragmocone was internally divided in chambers by aragonitic septa. All cham-
bers are connected by the siphuncle, which extends from the protoconch (initial 
chamber).

Iterative evolution from simple to more complexly folded (frilled/fluted/corru-
gated/vaulted) septa is well documented throughout the evolution of ammonoids 
(c. 335 million years) from the Early Devonian (Emsian) to the Cretaceous-Palaeo-
gene boundary (Fig. 3.1, 3.2, 3.3 and 3.4; Seilacher 1988; Garcia-Ruiz et al. 1990; 
Guex 1992; Saunders 1995; Saunders and Work 1996; Checa and Garcia-Ruiz 
1996; Saunders et al. 1999; Hassan et al. 2002; Allen 2007; Yacobucci and Manship 
2011). Increasing complexity is also recorded during ontogeny starting with juve-
nile septa with a simple morphology (Schindewolf 1929, 1951, 1961–1968; Erben 
1960, 1962, 1964; Ruzhencev 1962, 1974; Bayer 1977a; Wiedmann and Kullmann 
1981; Hewitt 1985; Korn et al. 2003). From the center of each septum to the con-
nection to the inner surface of the conch wall (suture), its complexity increases as 
well (Fig. 3.1, 3.2). Accordingly, the center of the septum is only slightly undulated 
or flat (Seilacher 1975; Korn 1997).



C. Klug and R. Hoffmann46

Fig. 3.1  Sutures and septa of some ammonoids. a Agoniatites vanuxemi (Hall 1879), latest Eif-
elian, Jebel Amessoui, Tafilalt, Morocco; Institut für Geowissenschaften (Tübingen, Germany);  
dm = 15 cm. b Goniatites multiliratus Gordon, 1862, middle Mississippian, Jackfork Creek, S 
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Major folds bulging adorally are called saddles with a convex curvature to the 
aperture; like saddles for horseback riding, they are commonly rather rounded. 
Adapically directed folds with a concave curvature to the aperture are dubbed lobes, 
which are usually more pointed than saddles. Secondary elements of the saddles are 
folioles and secondary lobes are lobules, respectively (Fig. 3.1). As a rule, the lobes 
have a greater amplitude than the saddles, i.e. longer distances from the center of 
the septum and are attached at a lower angle to the conch wall compared to saddles. 
Therefore, the overall orientation of the septum appears to be convex to the aperture. 
Maximum thickness is located at the center of the septum and its thickness continu-
ously decreases to the septal margin (Hewitt and Westermann 1986, 1987, 1997).

According to the position of the lobes along the conch wall, Wedekind (1916) 
introduced the generally accepted suture line terminology used today: E for the ex-
ternal, A for the adventive, L for the lateral, U for the umbilical, and I for the internal 
lobe. Later, Kullmann and Wiedmann (1970) added Is for the septal lobe gener-
ated by the internal lobe (see below). Accordingly, Hoffmann (2010) introduced the 
terminology Es, Ls, U1s, and U2s for all lobes, which are attached to the preceding 
septum. All these lobes are regularly attached to the preceding septum and have 
nothing to do with the phenomenon described as septal crowding indicative for the 
adult stage by Hölder (1952).

Having evolved from cephalopods with orthoconic shells and bactritoids with 
unfolded septa, the first fold appears when the siphuncle moved to its ventral po-
sition in bactritoids (Kröger and Mapes 2007; Kröger et al. 2011). Its attachment 
was supported by the first lobe in an external (= midventral) position (Kröger and 
Mapes 2007; Kröger et al. 2011; Klug et al. 2015). Simultaneous with these phy-
logenetic changes in sutural complexity, folding of the septa occurred (Fig. 3.2). 
From orthocerids via bactritoids to the earliest ammonoids, the septa stayed simply 
dome-shaped with the convex side pointing apically (Korn 1997; Korn and Klug 
2002). As early as in the Emsian (Early Devonian), some ammonoids evolved septa 
with synclastically corrugated septa, where part of the septum deviates from the 
simple dome-shape (e.g. Latanarcestes, Sellanarcestes). In these septa, some parts 
are actually vaulted in the opposite direction, i.e. adaperturally. In the course of the 
Devonian, the vaulting in the apertural direction increased, leading to anticlastically 
corrugated septa in, e.g., the Gephuroceratidae. With this innovation, the majority 
of the surface of the septum became vaulted adaperturally, i.e. in the opposite direc-
tion as before. This might indicate a change in the balance of hydrostatic pressure 
between the ambient pressure and the pressure within the newly forming chamber. 
In all orthocerids, all bactritoids, and most Early and Middle Devonian ammonoids, 
the pressure in the new chamber was speculatively lower than ambient pressure (as 
reflected in septum vaulting); it might have changed to nearly equal or slightly high-

of Ada, Oklahoma (USA); PIMUZ 31257 (Paläontologisches Institut und Museum, Universität 
Zürich); dm = 43 mm. c lateral and ventral views of Amphipopanoceras cf. medium (McLearn 
1948), SGPIMH no. 3181 (Universität Hamburg), Triassic, Spitsbergen; dm = 25 mm; acid-
prepared specimen with phosphatized septa and siphuncle; from Weitschat (1986). e Lytoceras 
sp., Aalenian (Jurassic), Heiningen near Göppingen, whorl height 84 mm, Staatliches Museum 
für Naturkunde Stuttgart, SMNS 23156 (after Ernst and Klug 2011). f, g entire phragmocone 
and detail showing the complex suture of Pinacoceras metternichi, MB.C 2933 (Museum für 
Naturkunde, Berlin), Norian, Triassic, Hallstatt (Feuerkogel?), Austria, dm ~ 50 cm
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Fig. 3.2  Main shapes of septa: a–j Septal projections of various cephalopod septa (from Korn 
and Klug 2002). Note the change in vaulting from the synclastically to the anticlastically cor-
rugated septa! In a–j septal view is on the right (ventral on the top), bottom right is ventral view 
(aperture upward), top right is lateral view (ventral on the right, aperture upward). a Orthocerida.  
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er chamber-pressures compared to ambient hydrostatic pressure in more derived 
ammonoids. This change occurred during phylogeny but is not visible in ontogeny.

In more complex septa, a system of regularly arranged septal folds (“pillars”) 
evolved (Fig. 3.2; Westermann 1956; Schindewolf 1972; Korn and Klug 2002). 
Depending on the whorl cross section, these pillars can be grouped into three types: 
central, lateral, and radial fluting. Central fluting occurs in ammonoids with de-
pressed shells (low aperture) and means that the folds are arranged with their axis 
more or less through the coiling axis. Lateral fluting is commonly found in com-
pressed forms (narrow aperture), where the folds are arranged subparallel to the 
coiling axis. Radial fluting is less common and has been described from forms with-
out imprint zone (no whorl overlap) such as the Cretaceous baculitids. In this case, 
the folds cross each other in the center of the septum.

Importance of the suture line for phylogenetic reconstructions of higher taxo-
nomic units (usually at or above the generic level) was demonstrated by the out-
standing monographs of, e.g., Ruzhencev (1960, 1962, 1974) and Schindewolf 
(1961–1968). Ammonoid evolution started with a trilobate primary suture line 
(ELI), which is based on the appearance of the lobes during ontogeny (Fig. 3.3, 3.4). 
Lobes formed between E and L in ontogenetic sequence are called adventive lobes 
(A), while lobes formed between L and I are called umbilical lobes (U). The idea 
that major Palaeozoic ammonite groups are characterized either by the A-mode (in-
sertion of new lobes between E and L; e.g., Goniatitida) or the U-mode (insertion of 
new lobes between L and I; e.g., Gephuroceratina and Prolecanitida) was developed 
by Schindewolf (1954); this hypothesis was accepted until the sixties (Miller et al. 
1957; Ruzhencev 1960). All Mesozoic ammonoids were regarded as possessing a 
U-mode sutural ontogeny due to their assumed derivation from the prolecanitids. 
Recently, this hypothesis was refuted by Korn et al. (2003), who showed that prole-
canitids and their derivatives possess an A-mode sutural ontogeny, while the L-lobe 
was reduced during ontogeny (Fig. 3.4).

Due to the absence of complexly fluted structures, which grew in the same way 
as ammonoid septa, in phragmocone bearing extant cephalopods ( Sepia, Spirula, 
Nautilus) and elsewhere in the animal kingdom, the ammonoid septa still remain 
enigmatic and fascinating to paleontologists. A similar degree in complexity of 
folding is reached in the walls perpendicular to the septa of the phragmocone of 
Sepiida, but there, these pillars are extremely low, wide and incomplete, i.e. they do 
not close a void completely. Thus, the differences in vaulting between the center and 
the margin of the septum are lower than in derived ammonoids.

Explanations for the morphogenesis of the ammonoid septa focusing on their 
complexly folded margin are twofold: (1) The adaptive aspect refers to the suit-
ability of a structure to its function (Buckland 1836; Pfaff 1911; Schmidt 1925; Val-

b Lobobactrites. c Gyroceratites. d Mimosphinctes. e Latanarcestes. f Achguigites. g Sellanarc-
estes. h Pseudoprobeloceras. i Manticoceras. j Probeloceras. j–l the three main types of septal 
fluting in ammonoids; white arrows mark the transmission direction of hydrostatic pressure. (From 
Westermann 1956; Schindewolf 1972; Korn and Klug 2002)
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entini and Finks 1974). (2) The fabricational aspect deals with biophysical forces 
or processes leading to pattern formation (Seilacher 1973, 1975; Reif et al. 1985; 
Checa and Garcia-Ruiz 1996). The latter authors provide a review of fabricational 
hypotheses available for cephalopod septa such as, e.g., Owen’s (1832) preseptal 
gas hypothesis for Nautilus, the gas-pressure theory presented by Tate and Blake 

Fig. 3.3  Sutural ontogenies and phylogenies. a–e from Korn et al. (2003). f from Schindewolf 
(1960). g and h from Korn and Klug (2002). E external lobe, A adventive lobe, L lateral lobe, U 
umbilical lobe, I internal lobe
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(1876), Solger (1901), Swinnerton and Trueman (1918), Spath (1919), Schmidt 
(1925), Seilacher (1975), and Buckman (1909–1930), accepting that the lobes and 
lobules represent muscular attachment sites of an organic membrane (Klug et al. 
2008). The gas-pressure theory was retained by Arkell (1949, 1957).

Much of our understanding today of the processes related to septal formation 
in ammonoids was improved by the findings of Denton and Gilpin-Brown (1966, 
1973) and Denton (1974), who showed that the last built chamber of Nautilus was 
filled with liquid and emptied via the siphuncular osmotic pump and by the fabri-
cational models introduced by Seilacher (1973, 1975). Accordingly, it was assumed 
that the ammonoid septum was an elastic membrane subject to radial tension with 
a series of tie points and that the mantle initially had planar adhesion to the shell 
wall. The presence of such radial tension on an organic membrane becomes vis-
ible by weak parallel furrows along the basis of a septum of a hollow preserved 
Gaudryceras (Fig. 3.5). Concerning the septal mantle (the part of the soft body that 
precipitated the septa), Westermann (1975) postulated that its adapertural part had a 
stiff (flexible) margin (aponeurosis) maintaining its shape during translocation and 
thereby caused exact duplication of the septal shape, which was also accepted by 
subsequent workers (Zaborski 1986; Hewitt et al. 1991). Bayer (1977a, b, 1978a, b) 
suggested a weakly elastic septal mantle surface that became more complicated dur-
ing ontogeny, more or less representing the shape of the resulting septa. According 
to his articles, the mantle was attached not only at tie points but along its full length. 
Changing from gas to hydrostatic pressure, it was widely accepted that the pressure 
was subequal to or higher than that in the rear of the soft body (Checa and Garcia-
Ruiz 1996). Several models for the ammonoid septal formation and their possible 
function(s) are available and will be described below.

Fig. 3.4  Primary sutures of ammonoids with their traditional and reinterpreted sutural formulae; 
from Korn et al. (2003). In bold face: New interpretation of Korn et al. (2003). (See Fig. 3.3 for 
the explanation of E, A, L, U, and I)
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3.2  Ammonoid Septal Formation Models

3.2.1  Viscous Fingering Model

The morphogenetic Viscous Fingering Model was introduced by García-Ruiz et al. 
(1990). First, García-Ruiz and Checa (1993) used it as an alternative explanation 
to the Tie-Point Model of Seilacher (1973, 1975). Checa and Garcia-Ruiz (1996) 

Fig. 3.5  Gaudryceras sp., (Coll. Y. Shigeta, Tokyo), Coniacian, Kamtchatka. a overview of the 
specimen preserved in hollow condition; scale = 0.5 cm. b close up of two septa to demonstrate 
that all lobes of the last preserved septum are in contact with the saddles of the preceding septum. 
c SEM image of lobe with weak parallel furrows along the basis of the septum documenting radial 
tension on an organic membrane
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explain the fabricational process for the septal formation to some extent and com-
pare them with fractals. In this case, septal complexity is largely independent of 
genetic constraints or the shape of the apical mantle (Checa 2003). The Viscous 
Fingering Model was applied to the septal formation because it represents a growth 
mechanism fulfilling the Laplace equation and deals with a fluid mechanics prob-
lem (Stanley 1987). Septal sutures were previously compared with adhesion figures 
by Thompson (1942) and Damiani (1986, 1990), but only for morphological rea-
sons and less as a morphogenetic model.

Unlike mathematical fractals, natural fractals are recognized as objects not be-
ing strictly self-similar in a mathematical sense, but rather scale-invariant struc-
tures over a range of magnification. With the beginning of the seventies, a number 
of authors realized that fractal geometry is a good tool to quantify sutural com-
plexity (Vicencio 1973; Guex 1981; Bayer 1985; Damiani 1986, 1990; Seilacher 
1988). The fractal dimension accounts for the extent to which the septal suture fills 
a two-dimensional space and therefore varies between one and two (Fig. 3.6). This 
method was applied by Boyajian and Lutz (1992) to the sutures of more than 600 
ammonoid genera. A protocol for morphogenetic studies was developed by García-
Ruiz (1992). Checa and García-Ruiz (1996) published a step-by-step demonstration 
and the improvements done for the Viscous Fingering Model. The Viscous Finger-
ing Model serves well as an explanation of the frilled septal margin, the distribution 
and/or spacing of saddles and lobes and for the attachment to the conch wall as well 
(Fig. 3.7). They also demonstrate that opposite elements are linked across minimal 
distances as was pointed out by Westermann (1956, 1958) and Seilacher (1975, 
1988). Furthermore, it allows a comparison with phylogenetic or ontogenetic suture 
line development showing that lobes at first became more complex while saddles 
remained smooth, a trend recognized in both phylogeny and ontogeny of ammo-
noids (Seilacher 1973, 1975). An external lobe consisting of two lobules that grow 
symmetrically on both sides of an implemented rod was produced in all of their 
experiments caused by a screening effect.

By contrast, the ammonite septa contained within the ammonitella are usually 
not frilled along their margin. First corrugation occurs when the cross section of 
the conch tube increases, which often happened after the formation of the nepionic 
constriction (Kulicki 1974; Hewitt 1985; Checa 1991). Nevertheless, the lobes oc-
curring during ontogeny are recognized as major elements. All subsequently occur-
ring lobules or folioles are of lower rank. In this case, the Viscous Fingering Model 
failed to explain the (rare) disappearances of major lobes as demonstrated for the 
lateral lobe in early ceratitids by Korn et al. (2003) or the sixth lobe for Anagaudry-
ceras by Krivoshapkina (1978).

3.2.2  Tie-Point Model

The model introduced by Seilacher (1973, 1975, 1988; see also Westermann 1965, 
1971, 1975), which stresses fabricational processes and constraints by hydraulic 
forces, argues that the organic septal membrane attaches at distinct (genetically 
controlled) points on the inner surface of the conch wall—these are Seilacher´s tie 
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Fig. 3.6  Fractal dimensions of sutures. Lol-lo plots for the determination of the fractal dimen-
sion (D) of the septal sutures of two ammonoid genera. Top: Puzosia. Bottom: Cottreauites (both 
sutures after Arkell et al. 1957). ε, size of box edge (in pixels); N(ε), number of boxes needed to 
cover the object; sd, standard deviation of the D value (fractal dimension); SD standard deviation 
of the R value, N number of data points. All figures reproduced from Checa and Garcia-Ruiz (1996)
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points (Fig. 3.8). The tie points are first all located at the tips of what now is rec-
ognized as lobes or lobules (depending on suture complexity). After the membrane 
was attached, the preseptal membrane (and/or the septal mantle) became blown out 

Fig. 3.7  Viscous fingering and the Hele-Shaw cell. a Schematic drawing of the Hele-Shaw cell. 
Fluids 1 and 2 (different viscosities) are injected in the cell. Without movement, the interface is 
horizontal. When the cell is turned upside down, fluid 1 tries to move down and deforms the inter-
face. Then, the interface becomes unstable and forms undulations (viscous fingers) with a predict-
able wavelength λc. A wave amplitude, b cell thickness, k permeability of the cell, ρ, ρ1, ρ2 densities 
of the fluids, W cell width, U velocity of displacement of the interface, Uc critical velocity. b to f 
various views of Hele-Shaw cells illustrating the similarity of shapes formed therein to ammonite 
sutures. All figures reproduced from Checa and Garcia-Ruiz (1996)
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Fig. 3.8  Tie Point Model (images and captions from Seilacher 1975). a Balloon Model: “The 
spherical surface of a balloon pressed into a cylinder may be mechanically modified into flatter or 
anticlastic surfaces by completely or partially glueing and then retracting the balloon or by doing 
the same in a cylinder with elliptical cross section.” b Simulations of mechanical pull-off lines to 
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towards the aperture due to positive hydrostatic pressure. Thereby the saddles and 
folioles were formed and attached to the inner surface of the wall subsequently. 
As a rule, the more tie points are present, the more complicated the septal margin 
appears. Tie points are not set contemporaneously but according to their hierarchic 
order (Seilacher 1988). After the fixation of all tie points, calcification of the mem-
brane started. It remains unclear whether or not the posterior part of the mantle (sep-
tal mantle) was involved in shaping the septum and if so, to which degree, whether 
it was smooth or permanently fluted (Hewitt et al. 1991; Seilacher 1975; Wester-
mann 1975; Seilacher 1988). Another option was discussed by Zaborski (1986), 
Lewy (2002, 2003) and Hewitt and Westermann (2003): They suggested that the 
mantle could control its form. For a further discussion, see Yacobucci and Manship 
(2004, 2011).

3.2.3  Reaction-Diffusion Model

Hammer (1999) explains the formation of septal sutures as the result of morpho-
gen diffusion (Fig. 3.9). He used therefore the Reaction-Diffusion Model (Turing 
1952; Meinhardt 1998) to explore the growth of the septal membrane by interac-
tions between a slowly diffusing activator morphogen and a more rapidly diffusing 
inhibitor morphogen. This model was also applied to explain ammonoid ornamen-
tation (Hammer and Bucher 1999) and Buckman’s law of covariation (Guex et al. 
2003). The Reaction-Diffusion Model serves to simulate complex structures such 
as the fluted septal margins that are reproducible without requiring direct genetic 
control or a complex developmental regulatory system. This model suggests that 
the formation of epithelial invaginations is controlled by morphogens and is par-
tially consistent with Seilacher’s Tie-Point Model (Seilacher 1975, 1988). It was 
inspired by developmental models for epithelial folding used to explain folding in 
kidneys, lungs, teeth, mammary glands and other organs. Mainly the morphogens 
or signal proteins regulate shape and/ or rate of proliferation, causing invagination 
and, in the case of the septal membrane, the formation of lobes. Similar invagina-
tions caused by inhomogeneous lateral proliferation of cells was shown for teeth 
by Jernvall (1995) and suggested to explain the shape of giant single celled algae 
by Harrison and Kolar (1988). By contrast, the model was only proposed on theo-
retical grounds and has not yet been tested on ammonoid or other cephalopod septa 
(Checa 2003).

generate the smooth shape of saddles and folioles. Top: chain (“Kette”); middle: balloon; bottom: 
pull-off. c “bottle necks and pointed saddles ( b, c) suggest a two-point fixation, while tongue-like 
saddles ( d) may indicate the channelling effect of longitudinal fibres during the pull-off process. 
Balloon-shaped tips ( e, f) are possibly due to final pressurization from the apical side. d, e “In con-
trast to the exact replication in the smooth shells of Baculites, successive suture lines of Arietites 
vary the pattern of established incisions in response to the corrugations of the shell wall”
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3.2.4  Composite Model

Each of the models presented above contributed much to the understanding of the 
morphogenesis of ammonoid septa. Nevertheless, a comprehensive model, be it me-
chanical or numerical, is not available yet, although a numerical model appears to 
be an only moderately difficult task for a person familiar with programming and 
modelling.

Fig. 3.9  Reaction-Diffusion Model (images and captions from Hammer 1999; courtesy by Ø. 
Hammer). a “simulation of ammonoid septum formation using a coupled geometrical/chemical 
model. […] Note the successive introduction of primary, secondary and tertiary lobes as the suture 
grows. Running time was 50 full traversals of all grid points.” b “Iterated invagination produced 
by a uniform growth rate.” c “Chemical signal substances induce changes in cell adhesion forces 
and/or the cytoskeleton. This results in a change in epithelial curvature, causing folding of the 
membrane.” d “An explicit minimum curvature surface with the suture as given boundary condi-
tion”. e “An explicit Laplace surface with the suture as given boundary condition”



3 Ammonoid Septa and Sutures 59

To some degree, the shape of new septa was probably copied from preceding 
septa (Seilacher 1975). During the forward movement of the soft body and prior 
to the insertion of the new septum, the overall course of the suture line was main-
tained, as is recorded in drag bands and pseudosutures (Fig. 3.10; Seilacher 1975; 
Lominadze et al. 1993; Checa and García-Ruiz 1996). Although the septal mantle 
was fixed in the lobes and lobules first (Seilacher 1973, 1975), the septal mantle 
became eventually fixed to the shell tube along the entire suture line (Klug et al. 
2008). The suture thus can be partially understood as a soft-tissue attachment site. 
Due to the presence of muscles in the septal mantle, parts of the suture could even 
be defined as muscle attachment sites.

Development of septal shape is controlled by the whorl cross-section and its on-
togenetic modifications (allometry); apparently, the phylogenetic increase in coiling 
of the initial whorls (De Baets et al. 2012) contributed much to the increase in sutural 
complexity. Additionally, a whorl cross section with narrow and wider parts (com-
pressed or depressed whorl section) from early stages in ontogeny onwards made 
sutural complexity rise faster than in forms with simple subcircular cross sections. 
Sutural complexity increased through ontogeny and in most cases also through phy-
logeny (Saunders 1995; Saunders and Work 1996; Saunders et al. 1999); exceptions 
are the so-called pseudoceratitic and pseudogoniatitic sutures, but there are other, 
less prominent cases (personal communication D. Korn, Berlin). Sutural complexity 
is thus an effect of heterochronic processes (Hammer 1999). Remarkably, the nau-
tilid genus with the most complex sutures, Aturia, also has the smallest embryonic 
shell and a markedly compressed whorl cross section (Schlögl et al. 2011; Laptik-
hovsky et al. 2013). Possibly, the number of septa might also correlate with sutural 
complexity, but data to test this hypothesis are lacking at this point.

The Viscous Fingering Model helps to understand how septum-like shapes with 
their fractal aspect formed including the complexity of the suture and the shape of 
the septal surface in space. The Tie-Point Model postulates that muscles held the 
septal membrane in place, where the lobes formed and that the saddles are put in 
place by simple physical processes. It appears plausible that the preseptal mem-
brane/septal mantle attached in the main lobules first and the control over the reg-
ular placing of lobules involved largely self-generating morphogenetic processes 
(Seilacher 1973, 1975; Westermann 1975; García-Ruiz et al. 1990; García-Ruiz and 
Checa 1993; Hammer 1999).

For the increase of sutural complexity, it is crucial that the whorl section is dif-
ferentiated in terms of vaulting into the area around the siphuncle, a more or less 
broad central part of the whorl and more or less constricted parts in the concave 
whorl zone (imprint zone, whorl overlap zone). Of course, a concave whorl zone 
is not always present; both the earliest ammonoids and many heteromorphs lack a 
concave whorl zone. Normally, one should thus expect similar sutures in these two 
groups, but the sutures in Cretaceous heteromorphs and the earliest ammonoids 
are quite different. The differences in shell shape between some taxa of these two 
groups are largely limited to the embryonic shell, which is tightly coiled with whorl 
overlap in derived forms and loosely coiled with no or minor whorl overlap and 
with or without an umbilical window in early ammonoids. This somewhat supports 



C. Klug and R. Hoffmann60

the hypothesis that (i) the degree of coiling of the embryonal shell is linked with 
sutural complexity and (ii) the overall shape of the new septum is copied/preserved 
for the formation of the new septum.

As suggested by Klug et al. (2008), the musculature of the septal mantle was 
present in ammonoids and nautiloids. Additionally, it plays an important role in 

Fig. 3.10  Pseudosutures, reproduced from Lominadze et al. (1993). Note the slight interim sim-
plification of pseudosutures compared to the sutures in d and e
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the septum formation cycle. Prior to the anterior movement of the soft body, the 
musculature of the septal mantle contracted, slightly reducing the area of the septal 
mantle and lifting it off the last septum and the shell wall, simultaneously pull-
ing the mantle out of the lobules and folioles. Repeated contraction and relaxation 
with intermediate fixation is documented in pseudosutures (Fig. 3.10; Lominadze 
et al. 1993). Speculatively, part of the septum became stiffened in the middle by the 
contraction of the muscles before the anteriorward movement. This ensured that 
symmetry and thus balance was maintained and caused the harmonic increase in 
complexity as well as the great similarity between successive septa. Once the posi-
tion for the new septum was reached, the septal mantle expanded slightly and was 
then probably attached more firmly. The differentiation in lobule and foliole shape 
might be simply the result of the slight forward pull, which had different effects on 
lobules and folioles. In that case, no true tie-points would have existed (compare 
Bayer 1978a, b) and the suture line course would be the result of the adapertural pull 
and the pull-and-release from the center of the septal mantle.

3.3  Differentiation and Mechanical Properties  
of the Septal Mantle: Form and Function

From pseudosutures (Fig. 3.10), Checa and García-Ruiz (1996) deduce that the 
septal mantle was not pressurized by the cameral fluid during most of the translo-
cation process and that pressurization and differentiation into several-order flutes 
took place shortly before or after definitive emplacement of the rear body. More 
drastic are the changes in phylloceratids and lytoceratids with complexly fluted 
septa, where the septal mantle was totally invaginated before its final attachment 
(Lominadze et al. 1993). The septal lobe in Pseudophyllites with its septal tube, 
which is dorsally closed by the median part of the internal lobe, demonstrates that 
the septal recess had to contract and slide along the walls of the septal tube formed 
by the septal recess of the previous septum. An increase in complexity was possible 
only after the translocation occurred. Increasing lengths from the pseudosuture to 
the septal suture have been interpreted in terms of viscoelastic properties of the 
rear body. Highly viscoelastic mantles led to complex sutures of phylloceratids and 
lytoceratids, whereas progressively stiffer rear mantles produced simple ammonitic, 
ceratitic/pseudoceratitic, or goniatitic septal sutures.

Septal shape provided additional support to stiffen the rear of the soft body. This 
stiffness comes from the number of lobes in the primary suture and the type of sub-
sequent sutural frilling. Wiedmann and Kullmann (1981) reported three lobes for 
goniatites, four lobes for ceratites, five lobes for ammonites as well as lytoceratids, 
and six lobes are present in the Late Cretaceous tetragonitids. According to Checa 
and Garcia-Ruiz (1996), the differentiation of the rear mantle into flutes takes place 
when the cameral liquid experiences increased pressure during the late stage of 
translocation. Although in Recent nautilids, the chamber liquid is slowly replaced 
by gas only after the new septum has reached about half of its final thickness (Ward 
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1979, 1987). Checa and Garcia-Ruiz (1996) attributed the increased pressure of the 
cameral liquid by hyperosmosis or muscular pull. They suggested that in early stag-
es of translocation, pressure conditions were reverse. It remains unclear whether the 
rear mantle or the siphuncle was the chamber-filling organ in Nautilus (Ward 1987) 
and ammonites (e.g., Bayer 1975).

3.4  Septal Function

Palaeontologists have always been attracted by the complexly folded ammonite 
septa and the resulting suture line (Fig. 3.1; Allen 2007). Several attempts were 
made to explain the function of septa and their marginal corrugation. Westermann 
(1971, 1999), Kennedy and Cobban (1976), Hewitt and Westermann (1997, 2003) 
as well as Keupp (2000) presented an overview of all available hypotheses. These 
are briefly repeated here to elucidate the possible function or functions of complex 
ammonite septa and the septal lobe restricted to the Lytoceratoidea. Functional ex-
planations for the frilled septal margin are twofold; physiological (1–7) and me-
chanical (8–12). These twelve explanations are listed and shortly discussed below:

1. Septum morphology reflects the shape of the posterior mantle, whose folding 
may serve for a better respiration (Newell 1949) or gas-production (Pia 1923). 
Accordingly, sutural complexity should be connected with ammonoid metabo-
lism. Metabolic rates are often estimated as the rate of oxygen consumption 
but can also be considered as rate of buoyancy control or biomineralization; 
the hypothesis that sutural complexity reflects metabolic rates can be falsified 
by the facts (i) that the way the septum is folded is far from optimal to increase 
surface for maximal respiratory surface (it is a minimal-area surface as demon-
strated by Hammer and Bucher 1999), (ii) that the septal mantle was probably 
not in direct contact with the sea water and all cephalopods developed gills for 
respiration and (iii) the gas infill of the chambers was provided through the 
siphuncle (Tanabe et al. 2015).

2. Septal folding increased the wettable conchiolin surface layer (pellicle) in the 
chambers to support faster liquid transport to the siphuncle for buoyancy con-
trol (Mutvei 1967); this explanation is supported by the discovery of organic 
intracameral sheets by Bayer (1975; see also Seuss et al. 2012 and Polizotto 
et al. 2015) and the presence of cameral membranes (Weitschat and Bandel 
1991; Polizotto et al. 2015), but it is contradicted by: (i) the not optimal con-
struction for area maximization of the septa and (ii) the low angles in folioles 
and lobules, potentially hampering (but accelerating) the complete emptying. 
Nevertheless, this hypothesis cannot be rejected entirely, but it appears insuf-
ficient as sole explanation for the evolution of sutural complexity.

3. Corrugation formed recesses where cameral liquid can be stored by surface ten-
sion to improve buoyancy adjustment (Kulicki 1979; Kulicki and Mutvei 1988; 
Weitschat and Bandel 1991; Saunders 1995); undoubtedly, the surface tension 
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would have held remaining chamber liquid in place, so lateral movements by 
shifts in chamber water would have been minimized.

4. The Cartesian Diver Model (Seilacher and Labarbera 1995; Seilacher & 
Gishlick 2015) assumes that the last septum remained uncalcified until the 
beginning of the next chamber cycle; in that interval, the space behind the sep-
tal mantle might have been filled with gas and functioned like a swim bladder. 
The enclosed gas volume could be adjusted by sutural muscles spanning across 
the septal mantle to change buoyancy. This would have allowed ammonoids 
to move vertically in the water column without high expenditure of energy; 
although it is a stimulating hypothesis, it lacks support (Jacobs 1996) and is 
potentially even contradicted by Seilacher’s Tie-Point Model: Assuming that 
lobule formation is controlled by the insertion of muscles and that saddles are 
simply formed thereafter by the pull of the soft body in anterior direction, the 
insertion of the contractile fibers of the septal mantle would not be optimal to 
contract or expand the gas-filled preseptal space; a similar shape of lobules and 
folioles would be expected, if the muscles attached at the suture were function-
ing in opposite directions. In any case, it is not a parsimonious assumption 
knowing the function of the phragmocone from Recent nautilids.

5. Some suggested that the septal recesses facilitated the attachment of major 
adductor muscles (Seilacher 1975, 1988; Henderson 1984; Ebel 1992); the 
main muscle systems of ammonoids have been described for several groups of 
ammonites, and they are located anterior to the septa (Doguzhaeva and Mutvei 
1991, 1996; Richter 2002; Klug et al. 2008; Richter and Fischer 2002). There-
fore, the septal recesses were apparently not used to insert cephalic retractors 
or hyponome retractors.

6. The septa aided in emptying the chambers at almost any depth (Ward 1987); 
this appears likely for actualistic reasons because modern nautilids use the 
chambers like this. Only implosion depths of the various ammonoid taxa set 
limits to this. However, nautilid septa are only gently folded and therefore, this 
comparison is somewhat questionable.

7. The folded septa improved buoyancy control to escape predation (Daniel et al. 
1997) and help to rapidly reflood chambers of regenerating ammonite shells 
to compensate shell loss (Kröger 2001, 2002); if the actualistic comparison 
with the phragmocone function of Recent nautilids (Ward 1979, 1987) is cor-
rect, chamber emptying was achieved by osmosis and thus was maybe too 
slow to aid in escaping predators. To regain buoyancy-control after sustaining 
buoyancy-altering injuries, the reflooding might have been fast enough, but 
then, does this suffice to explain the strong evolutionary trend in increasing 
complexity?

8. Septa helped to attach the soft body to the shell (von Buch 1829, 1830; Suess 
1865; Tate and Blake 1876; Steinmann 1888; 1925; Diener 1912; Spath 1919; 
Reyment 1955; Hengsbach 1978; Henderson 1984); the suture was certainly 
a temporary soft-tissue attachment site, that was translocated regularly (Klug 
et al. 2008), but the connection was most likely not very strong.
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 9. Fluting strengthened the conch wall and the last septum against hydrostatic 
pressure (Buckland 1836, he also accepted von Buch’s idea; Owen 1843; Tate 
and Blake 1876; Zittel 1884; Pfaff 1911; Nagao and Saito 1934; Reyment 1955; 
Westermann 1958, 1971, 1975; Seilacher 1975; Kennedy and Cobban 1976; 
Hewitt and Westermann 1997; Hassan et al. 2002; de Blasio 2008); Jacobs 
(1990, 1992, 1996) reviewed this so-called “Buckland hypothesis”. Although 
there are limits to the functionality in terms of pressure resistance enhancement 
by the septal frilling, the presence of such walls in the partially gas-filled phrag-
mocone most likely provided some hydrostatic support, which is reflected in 
the correlation between sutural approximation and shell curvature (Buckland 
1836; Jacobs 1990, 1996; contra Saunders 1995). By contrast, the frilling itself 
probably did not contribute much to this function and was suggested not to 
be related to bathymetry and/or that there was no major differences in habitat 
depth for epicontinental and oceanic ammonites (Olóriz and Palmqvist 1995; 
Olóriz et al. 1997, 1999; Pérez-Claros 2005). In the previously listed papers, 
however, septum thickness was not taken into consideration. De Blasio (2008) 
describes a related function for suture frilling that was reinforcement against 
shell shrinkage due to hydrostatic pressure, which could potentially determine 
a loss of buoyancy.

10.  Frilling helped the last septum withstand the pressure exerted through the soft 
body onto the shell wall (Pfaff 1911); there might be some truth in this hypoth-
esis, because the non-mineralized or incompletely mineralized membrane of 
newly forming septa were potentially more tightly stayed by the frilled suture 
line, thus allowing greater pressure gradients to build up between phragmocone 
and soft parts (Klug et al. 2008).

11. The septa increased the overall weight of the shell for buoyancy control (Rey-
ment 1958; Teichert 1967); there is no doubt that the septa added weight, but 
presumably, this was not the primary function of the septa because additional 
ballast could have been added by simply increasing shell thickness elsewhere. 
Additionally, when the low density chamber fillings are included in this consid-
eration, this notion appears not very reasonable.

12.  Lewy (2002, 2003) suggested that the complexly fluted septa are the result of 
a stronger connection between the soft body and the conch (temporary hold-
anchorage system, no muscle attachment). This led Lewy (2002) to the assump-
tions that the greater the complexity of the marginal fluting of septa, the better 
the ammonoid could withstand the dragging force between the body and the 
buoyant conch, and hence the more aggressively the ammonoid predated and 
competed with other creatures; this hypothesis entirely lacks evidence from 
soft-tissues or muscle imprints (Doguzhaeva and Mapes 2015; Klug and Lehm-
ann 2015).

Since the septal lobe (= Is1—to avoid confusion with septal lobes, which are the 
apically oriented parts of a septum, dorsal lobe in Checa and García-Ruiz 1996) 
is a widely unrecognized structure and only present in Jurassic-Cretaceous Lytoc-
eratoidea; only a few hypotheses are dealing with its possible function. Hoffmann 
(2010) suggested its main function was to improve the efficiency of the hydrostatic 
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apparatus in both directions—emptying and flooding of phragmocone chambers. 
Westermann (1971) correctly stated that the septal lobe is not homologous to ‘rid-
ing’ sutures (septa, that partially attach to preceding septa), which occur irregu-
larly due to adult septal approximation (Hölder 1952, p. 44). By contrast, Seilacher 
(1988) mentioned that the phenomenon described by Hölder (1952, p. 44) has be-
come regular and a much more pronounced feature in the lytoceratid septal lobe. 
He suggested that the septal lobe may have served to increase septal vaulting to 
withstand apertural hydrostatic pressure.

Westermann (1971) argued that the septal lobe would have strengthened the last 
septum against hydrostatic pressure transmitted through the soft body and perhaps 
also reinforced the entire loosely coiled phragmocone. By contrast, heteromorph 
ammonoids did not develop a septal lobe or riding sutures. Likewise, Henderson 
(1984) hypothesized that, analogous to the fluted septal recesses, the septal lobe 
was related to facilitate the attachment of adductor muscles, an idea that was re-
jected by Keupp (2000), Hoffmann (2010) and herein (see point 5).

3.5  Sutures in Ammonoid Phylogeny

Reconstructing ammonoid phylogeny is hampered by several problems such as co-
variation between shell parameters as well as between shell shape changes and su-
ture line morphology (Monnet et al. 2015). As far as suture line course is concerned, 
its value for phylogenetic reconstructions has been discussed repeatedly. There is no 
doubt that a phylogenetic signal can be extracted from suture lines, especially in the 
Paleozoic (e.g., Wedekind 1916; Schindewolf 1929, 1951, 1954, 1961; Wiedmann 
and Kullmann 1981; Saunders et al. 1999; Korn 2001; Korn et al. 2003). Limits of 
this use root in the sometimes high degree of variability of sutures. This variability 
has a set of origins; they vary (i) in covariation with shell shape (especially orna-
mentation), (ii) due to injuries (e.g., Rieber 1979; Keupp and Mitta 2004; Keupp 
2012), (iii) due to asymmetries, which can also be induced by injuries (e.g., Lange 
1929, 1941; Hölder 1956; Kemper 1961; Rein 2004; Longridge et al. 2009 and ref-
erences therein) and (iv) throughout ontogeny (e.g., Schindewolf 1961–1968; Korn 
et al. 2003; Rein 2004). These possible sources of variation in suture lines have to 
be taken into account prior to their inclusion in phylogenetic analyses. In recent 
years, a number of researchers have experimented with methods to quantitatively 
evaluate suture line morphology. They have employed GIS (Geographic Informa-
tion System; Manship 2004; Yacobucci and Manship 2011; Knauss and Yacobucci 
2014), which can help comparing sutures quantitatively. Eigenshape analysis was 
employed by Ubukata et al. (2009) to quantitatively characterize ammonoid su-
tures. The same was attempted by Ubukata et al. (2014) using wavelet analysis. 
Undoubtedly, there is still room for research to facilitate the quantification of simi-
larity between sutures, be it between or within taxa or between or within individuals 
(throughout ontogeny).
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3.6  Phylogenetic Applicability of Sutures Case Study: 
Septal Lobe and Other Interpenetrating Septa

In the Ammonoidea, the general conch morphology is recognized as problematic 
for phylogenetic reconstructions due to the commonly occurring cases of conver-
gent or parallel evolution (Monnet et al. 2011), speculated to be analogous adap-
tions to similar life habits by Westermann (1999), Ritterbush and Bottjer (2012) 
and Ritterbush et al. (2014). Therefore, conch characters appear to be often homo-
plastic and to contain no or little phylogenetic signals. By contrast, the suture line 
characters seemed to be more reliable (e.g., Schindewolf 1961–1968) due to their 
assumed genetically controlled formation (most of the septum formation models 
presented herein assume a low degree of genetic control and a high degree of self-
organization); however, covariation of suture line characters with shell shape and 
intraspecific variability of suture lines should not be underestimated and the bright-
est solution will be in most cases to use the full set of available characters.

According to Guex (1987, 1995, 2006), Taylor (1998), Hillebrandt (2000), Guex 
et al. (2004), Bourillot et al. (2008), and Shigeta (2006), the Psiloceratida originated 
from the phylloceratids and gave rise to the Lytoceratoidea during the earliest Juras-
sic. The lytoceratid primary suture line is quinque- or sixlobate, thus representing 
the most complex stadium. Their adult suture is one of the most intricate structures 
(e.g., Pseudophyllites) compared to all other known ammonite sutures, and it dis-
plays a unique feature, the septal lobe (Fig.  3.11). All major lobes and saddles are 
trifid in early representatives but become bifid in later members of the group. The 
internal lobe of lytoceratids developed lateral corrugations, while the internal lobe 
of phylloceratids did not and appears tongue-shaped. In phylogenetically younger 
members (Middle Jurassic), the internal lobe of the Lytoceratoidea becomes cru-
ciform by the horizontal position of lateral, elongated corrugations (Schindewolf 
1961; Hoffmann 2010). 

One of the most typical characters confined to lytoceratid ammonites is the sep-
tal lobe, which is also generated by the internal lobe. In contrast to the systematic 
significance of the septal shape and its ontogenetic and phylogenetic development, 
it is still remarkable that this feature lacked attention and was not seriously inves-
tigated for a long time (Salfeld 1924, Schindewolf 1961–1968). Owing to the lack 
of better knowledge, Arkell et al. (1957, p. L192) postulated for the lytoceratid 
ammonites that the “[…] septal lobe [is] present in some”, indicating a polyphy-
letic origin of that morphological feature. Wiedenmayer (1979, p. 862) also sug-
gested that the septal lobe is a non-diagnostic character. By contrast, Hoffmann 
(2010) demonstrated that the opposite is true and that the septal lobe represents the 
constituting character of the monophyletic group Lytoceratoidea. Thus, the septal 
lobe (term introduced by Uhlig 1883, p. 60, 62) is of particular interest here and is 
described in detail. Nagao and Saito (1934) recorded the presence of the septal lobe 
for Gaudryceras, Kossmatella, Anagaudryceras, and Protetragonites at that time 
and postulated that the septal lobe could be a synapomorphy for all lytoceratids. 



3 Ammonoid Septa and Sutures 67

With the verification of this phylogenetic hypothesis, they underlined the potential 
importance of traits related with the suture line or septal shape.

3.6.1  Morphology of the Septal Lobe

When viewed from the aperture, the surface of the central lytoceratid septum is pla-
nar or slightly convex but uniformly curved backwards at the mid-dorsal septal area 
forming a pronounced depression belonging to the internal lobe. This depression 
forms a short tube (= “pseudosiphuncular tube” of Nagao and Saito 1934; Fig. 3.11) 
with its end attached to the surface of the preceding septum generating the septal 
lobe (Fig. 3.11). The septal lobe therefore represents a modification of the internal 
lobe. As all lytoceratids show the tendency to develop bifid endings, the originally 
bifid internal lobe was attached to the preceding septum with two slightly curved 
main branches. Those attached two tips of the internal lobe surround but do not cov-
er the median dorsal depression forming the tube of the septal lobe of the preceding 
septum. Between both endings of the internal lobe, at the median plane of the speci-
men, the internal lobe is retracted towards the aperture. Half of the septal tube of the 
preceding septum is now closed by the median part of the internal lobe. Obviously, 
the median internal lobe is not attached to the preceding septum but to the dorsal 
shell wall. Thereby, a small, rounded opening of the preceding septum still remains 
after precipitation of the latest septum. Through this opening, the larger ventral part 
of the chamber is connected with the smaller dorsal sack-like part (septal tube and 
septal lobe) created by the internal lobe (Schreiber and Hoffmann 2009).

Thus, in exact median section, the septal lobe is not visible (Fig. 3.11). The 
septal tube reaches about 50 % of the diameter of the septal lobe, i.e. the septal 
lobe is much broader than its corresponding tube, while the length of the struc-
ture covers the whole dorsal chamber length (Fig. 3.12). In several specimens, the 
terminal median part of the internal lobe does not simply close the septal tube but 
points to the aperture within the tube being still bifid (Fig. 3.11, 3.13) in Lobo-
lytoceras (Schreiber and Hoffmann 2009), Eogaudryceras, Anagaudryceras, and 
Gaudryceras (Hoffmann 2010). Thereby, the septal tunnel itself becomes septate 
and does not connect the chambers of the phragmocone like the siphuncle. Thus, a 
funnel-shaped septate tunnel lies within the phragmocone on the dorsal part of the 
whorl (“phragmocone in phragmocone structure” of Henderson 1984). The short 
truncated subcircular septal tunnel measures approximately 40 % while the septal 
lobe reaches 66 % of the whorl diameter in late representatives of the Lytoceratoi-
dea. The attached part of the septal lobe shows the same degree of complexity as 
the rest of the septum being attached to the conch wall (Henderson 1984). However, 
the septal lobe shows larger differences in the degree of incision and angle of at-
tachment between saddles and lobes compared to other septal parts pronouncing the 
marked polarity.

Due to its attachment on septal surfaces, major parts of the internal lobe are not 
visible on lytoceratid internal moulds, which might be one of the reasons why the 
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Fig. 3.11  Argonauticeras besairei, Early Cretaceous (Albian) from Madagascar. a surface view 
of the conch with the suture line slightly shining through the shell wall, diameter = 11,5 cm.  



3 Ammonoid Septa and Sutures 69

septal lobe was often overlooked by ammonite workers. Detection of a cruciform 
internal lobe on a mold allows for the assignment of the specimen to the lytocera-
tids and the statement that a septal lobe is present. In order to study this feature, the 
septal surface has to be prepared. Presence of the dorsal septal lobe accentuated the 
presence of a complete outer shell, with the dorsal part not being reduced.

3.6.2  Evolution of a Constituting Character

During the early phase of lytoceratid evolution, the internal lobe of adult to sub-
adult specimens was attached only to the basis of the preceding septum, e.g., of the 
Lower Jurassic Pleuroacanthites. This evolutionary stage, with a low Ish:Wh ratio, 
is regarded as showing some characters that can be seen as a kind of predisposition 
for the evolution of a septal lobe (Is) that climbs up the septal surface. During phy-
logeny, the septal lobe, like the lytoceratid suture in general, became more complex 
and the attached part enlarged (Fig. 3.12). The internal lobe was creeping over the 
tips of the saddles of the preceding septum throughout ontogeny and phylogeny. 
Schreiber and Hoffmann (2009) documented the oldest known case, which shows 

b longitudinal cross section through the median plane of the phragmocone with the main part con-
vex to the aperture, dorsal area with the septal tunnel, septal attachment (septal lobe) is not visible 
in the earliest chambers due to exact median cutting, septal lobe becomes partially visible after 
a half whorl in some translucent chamber fillings, diameter = 10 cm. c septal surface of the same 
specimen shown in 12A with a prominent septal lobe covering about 2/3 of the septal surface, Ww 
= 5,7 cm. d1 Gaudryceras sp. (same specimen shown in Fig. 3.5) with the median closure of the 
septal tunnel, d2 close up of the Argonauticeras septal lobe also with the median closure recogniz-
able be weak remains of the septum, height of the septal lobe = 3,1 cm. e–f close ups of the frilled 
septal lobe margin as demonstration for how complex ammonite septa can be

Fig. 3.12  Evolution of the dimensions of the septal lobe in relation to septum size
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the attachment of the U1 to the preceding septum for an Oxfordian (Upper Jurassic) 
giant Lobolytoceras.

For Lower Cretaceous tetragonitids, the septal lobe was reported to appear as 
early as at the fourth whorl (juvenile stage) and exceptionally in the middle of the 
third whorl (Drushchits and Mikhailova 1976). During the earliest ontogenetic 
stage, the septal lobe is attached to the basis of the septum first and climbs up on the 
septal surface during subsequent ontogenetic stages. At that stage, the margin of the 
two main branches of the septal lobe is simple but becomes increasingly incised. 
Therefore, it is assumed that the developmental rise in sutural complexity is appar-
ently the same for the septal lobe. Drushchits and Mikhailova (1976) mentioned 
that parts of U1 are attached to the preceding septum in Cretaceous tetragonitids. 
The same finding was reported from a Lower Albian Eogaudryceras by Hoffmann 
(2010). Drushchits and Mikhailova (1976) assumed that the E lobe is connected 
with the preceding septum and possibly extends onto the septal surface as well.

A Gaudryceras in hollow preservation from the Coniacian (Cretaceous) of Ka-
mchatka (Coll. Shigeta, Tokyo) shows that all lobes are in contact with the saddles 
of the preceding septum (Fig. 3.5), thus representing true Es, As, U2s, U1s and Is; note 
that Es is here the external lobe of the septal lobe and not the main external lobe 
sensu Checa and Garcia-Ruiz (1996). Maximum extension was reported for late 
Cretaceous representatives like Pseudophyllites with a Ish:Wh-ratio of about 2:3.

A gradual heterochronous evolutionary pattern was recorded in several cases 
concerning shell ornamentation (e.g., Cecca and Rouget 2006), which is also as-
sumed for the development of the septal lobe (Is). For the oldest lytoceratid repre-
sentatives, the septal lobe can only be recognized in the adult stage, while it appears 
approximately at about the fourth whorl in Early Cretaceous tetragonitids and about 
8 mm in diameter in the Late Cretaceous Pseudophyllites (Henderson 1984). The 
same peramorphic trend was observed for the transition from the trifid (Early Juras-
sic) to the bifid (Middle Jurassic) stage of the lateral lobe (Hoffmann 2010).

3.6.3  Possible Function of the Septal Lobe

Due to the improved ratio of chamber volume to its inner surface, the chamber liq-
uid can be pumped out in a shorter time. Therefore, the lytoceratids can grow faster 
and might have reached the stage of maturity and sexual reproduction much earlier 
compared to co-occurring ammonoids with simpler septa. Additionally, the refill 
of liquid should be improved by a larger inner surface being covered by the hy-
drophilic pellicle acting as a blotting paper (Ward 1987). Thereby, a larger volume 
can be flooded into the chambers in a shorter time interval, especially in the case of 
shell loss in the body chamber by a predation attempt, in order to compensate for 
the decreased total weight.

Presuming that a higher number of tie points facilitated the attachment of the soft 
body to the shell, the attachment of the septal mantle might have speculatively been 
one of the additional subordinate functions of the septal lobe. However, the idea 



3 Ammonoid Septa and Sutures 71

that the septal lobe also improved the retraction of the soft body into the conch is 
rejected here due to a bad power transmission through the septal tunnel (Hoffmann 
2010). Westermann (1971) and Seilacher (1988) suggested that the septal lobe may 
have served to strengthen the last septum against hydrostatic pressure transmitted 
through the soft body. At the beginning of a new chamber formation cycle, the 
hydrostatic pressure of the cameral liquid of derived ammonoids like the Lytocera-
toidea was assumed to exceed that of the ambient seawater. If so, one would expect 
the septal lobe (Is) to be curved in an apertural direction comparable to the centre of 
the septum of all other Mesozoic ammonoids, but the opposite can be seen (Fig. 3.5, 
3.11, 3.13).

Another possible function for the septal lobe arises from the calculations made 
by Heptonstall (1970) and the experiments of Mutvei and Reyment (1973) and Ku-
licki and Mutvei (1988) that show that ammonoids with complex septa may have 
retained up to 25 % of the chamber volume filled with liquid by surface tension. 
A high amount of cameral liquid has been interpreted as adaptive feature for ver-
tical movements (diurnal vertical migrations) based on a rapid buoyancy regula-
tion, which was supported by the documentation of pore canals in the siphuncular 
structure making a high rate of cameral liquid exchange possible (Mutvei et al. 
2004). In this context, the septal lobe could have served as a water storage structure, 
too, to facilitate diurnal migrations and might have influenced the position of the 
centers of buoyancy and gravity, thus providing speculatively a stable swimming 
position. Nevertheless, these possible functions require further tests.

3.7  The Septal Mantle

3.7.1  The Septal Mantle and the Viscous Fingering Model

The septal mantle in Nautilus is a thin, translucent epithelium closing the rear body, 
which is attached along its periphery by the posterior aponeurosis (Ward and Wes-
termann 1976). The septal mantle itself remains unknown from ammonoids. How-
ever, Klug et al. (2008) described soft-tissue imprints on the septa of early ammo-
noids, which are similar to those left by the spetal mantle on the septa of modern 
nautilids.

It was proposed by Westermann (1975) that the septal mantle in ammonoids was 
similarly attached to the inner surface of the conch wall, but only in the tie points. 
By contrast, Klug et al. (2008) suggested that the septal mantle was present in am-
monoids and attached along the entire suture, comparable to nautilids. Contact of 
the septal mantle with the septum is corroborated by imprints in the mural parts of 
the septum. The idea of a membrane-like rear mantle has been well accepted for 
all different models (Bandel 1982; Seilacher 1988; Hewitt et al. 1991; Klug et al. 
2008), except for the Viscous Fingering Model, although this model does not strict-
ly contradict the presence of a thin and highly flexible membrane-like septal mantle.
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Fig. 3.13  Phylogeny of the Lytoceratoidea and its subgroups differentiated based on the follow-
ing characters: a septal lobe, b–parabolic ribs (megastriae sensu Bucher et al. 1996), c—crinkled 
ribs, d—adult lateral lobe bifid, e—primary suture line six lobate, rhynchaptychus. (Modified after 
Hoffmann 2010)
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For the explanation of septal morphology, Checa and García-Ruiz (1996) favor 
the Saffman-Taylor instability, in which a form develops spontaneously when two 
liquids of different viscosity (low = cameral liquid, high = viscoelastic rear soft 
body) are in direct contact without mixing, as explanation for ammonitic septal 
pattern. Accordingly, the pressure of the cameral liquid would have to exceed that 
of the soft body. Three questions arise here:

1. Did the chamber liquid or gas push or did musculature move the soft body to a 
more apertural position?

2. Does the Viscous Fingering Model apply at all and if yes, to the entire septum or 
only parts of it?

3. Could similar kinds of septal frilling occur in presence of a thin and flexible 
septal mantle?

For mineralization processes, mantle cells are able to secret a gel-like fluid, the ex-
trapallial fluid (EPF), into the space between mantle and the membrane; this space 
or volume of the EPF, which is less than one micrometer wide in extant mollusks 
(Mutvei 1964), might have been too little to allow for septal formation following 
the Viscous Fingering Model. Checa (personal communication) argued that the re-
quired space would be produced by the forward movement of the soft body.

According to the Viscous Fingering Model, the rear septal mantle grows follow-
ing the stress field (García-Ruiz, personal communication); therefore, the septal 
shape is retained between successive septa within one specimen although it would 
complicate progressively. In order to understand the similarity of sutures and septal 
shapes between specimens of the same species, the siphonal lobe (E) sets the posi-
tion of the rest of the elements. If the viscosity of the rear mantle is the same across 
the species, the viscous fingers would be very similar. Experiments with Hele-Shaw 
cells show that this is the case (personal communication A. Checa). Maybe the 
septal membrane was first secreted and detached from the soft body after the trans-
location was completed. For a discussion see Checa and García-Ruiz (2000) and 
Hammer (1999).

In any case, the Viscous Fingering Model-experiments and the Saffman-Taylor 
instability theory were carried out with two fluids in direct contact. To our knowl-
edge, nobody has produced such patterns in the presence of a highly flexible mem-
brane (and it is likely that a membrane was there, namely the septal mantle). So the 
flexibility of this membrane is still unknown. A low flexibility is indicated by the 
high degree of similarity between two successive septa. Also, the membrane would 
have to grow in any case through ontogeny, requiring growth control, and then the 
Viscous Fingering Model would not be required (personal communication Ø. Ham-
mer).

3.7.2  The Septal Mantle and the Tie-Point Model

Seilacher (1975, 1988) demonstrated that nearly all types of ammonite suture lines 
can be explained with his tie point model. If one accepts that tie points were set in 
a temporal order according to their hierarchy, this would allow the organic mantle 
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membrane to creep slowly according to the direction of the highest hydrostatic pres-
sure. With his model, Seilacher (1988) tried to explain the phenomenon of septal 
crowding first described by Hölder (1952). This phenomenon was interpreted to 
be a regular and much more pronounced feature in the lytoceratid septal lobe (Is). 
Anyhow, we generally accept sequentially set tie points to fix the septal lobe within 
the conch and septal tube. Many ammonoid workers agree that septum formation 
starts with an organic, elastic preformed septal membrane, whose form is identical 
with the shape of the rear soft body. It was subjected to radial tension and mineral-
ization after having reached its final position during the translocation process (see 
next chapter).

Nevertheless, both the complex structure of the lytoceratid septum, including 
the Is (see above), and the documented changes of growth and pressure direction of 
at least five times over a quarter whorl (Fig. 3.11) cannot be explained by changes 
of pressure directions within the living animal and tie points alone. It appears dif-
ficult to envision that complexly fluted septa with a high degree of similarity among 
subsequent sutures were formed by soft parts with a high viscoelasticity being more 
or less completely contracted during translocation (Checa and García-Ruiz 1996). 
If the tips of all major lobes were fixed at first, this would imply a hydrostatic pres-
sure of chamber liquid exceeding that of the ambient water. The soft body moved 
forwards adaperturally by muscular activity (or by the hydrostatic pressure of the 
newly filled chamber?) and then, the membrane became attached in the lobes. Com-
pared to all other major lobes, the internal lobe became attached on the dorsal wall 
in a much more apertural direction. The transmitted ambient sea water pressure 
would have pushed the dorsal organic membrane backwards to the preceding sep-
tum. Then, the membrane became increasingly inflated till parts of it attached to 
the preceding septum. Due to increasing pressure of the cameral liquid, which is 
indicated by the shape of the lobules and their attachment sites being much nar-
rower near the centre of the septum, the septal membrane was pushed to the aperture 
(Fig. 3.5, 3.11). Finally, mineralization began while the septal membrane was in 
contact with the rear body and its gel secreting mantle cells.

3.7.3  The Septal Mantle and the Reaction-Diffusion Model

According to Hammer (1999), the stiffness of the mantle sack membrane cannot 
be inferred from the degree of fluting across the surface of the septum and internal 
fluting cannot be explained by stiffness of the membrane alone. When the septal 
surface increases, liquid can be pumped out more rapidly and reflooding became 
faster. If the mantle attained a similar complexity, its surface was enlarged, too, i.e. 
more mantle cells would have been available for the secretion of extrapallial fluids 
to transport Ca2+ to the mineralization site of the new septum. This means that the 
ammonoid septa, which are thinner than nautiloid septa in general and become thin-
ner towards their margin, could have been precipitated more rapidly. Nevertheless, 
all ammonoid septa have a minimal surface (minimal-curvature surface or minimal-
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area surface) constrained by the shape of their boundary, which represents the natu-
ral assumption for an ideal, elastic membrane under the given pressure distribution 
(Seilacher 1975; Bayer 1977a). This minimal surface requires the least possible 
amount of calcium carbonate. These conditions are seen as the major, possibly the 
most important driving forces of septal complexity. Additionally, the septa may also 
improve conch stability against hydrostatic pressure, once mineralized. Since fresh 
nacre is known to be elastic, it appears likely to allow for some compression without 
damaging the shell in greater water depths. With the implementation of GIS analy-
ses as demonstrated by Yaccobucci and Manship (2011), a precise method for com-
parison of suture lines is available and can be applied to study spatial distribution of 
physical constraints and asymmetries and to clarify the formation of septa as well.

3.7.4  Function of the Septal Mantle

If the septal lobe functions as a structure to strengthen the phragmocone against im-
plosion by ambient water pressure or by point-loading from predators (Hewitt and 
Westermann 1987), it would provide information that undermines some mechanical 
hypotheses. The septal lobe was not directly accessible to predators, and according 
to its dorsal position, it was in the pressure shadow of the preceding whorl and could 
hardly have any pressure absorbing function when mineralized. Also, suture com-
plexity cannot be seen exclusively as adaptation to greater depths and pressures due 
to common findings of ammonites with complex sutures in rather shallow deposits, 
and isotopic data further corroborating a maximum diving depth shallower than 
that of Recent nautilids (Lukeneder et al. 2010). Again, the fluted shape of septa 
may be explained, bearing ammonites with the most complex sutures (e.g., lyto-
ceratids) in mind, which inhabited the shelf, as having served to facilitate vertical 
movements (daily migration?) and/or to accelerate the growth process. If this holds 
true, an increased ratio of chamber volume to inner chamber surface area should 
be present. Nevertheless, Nautilus with simple but thick septa dives in great depths 
(up to 700 m; Dunstan et al. 2011), but only for short times due to potential flood-
ing of the chambers under such high hydrostatic pressures. Finally, the Buckland 
hypothesis was rejected by Saunders (1995; but see Jacobs 1996); Saunders and 
Work (1996) as well as Daniel et al. (1997) highlighted that complex septa would 
have decreased the mechanical strength of the conch, which is in some way sup-
ported by the shallower maximum diving depth. By contrast, Hassan et al. (2002) 
demonstrated on numerical models using finite element analyses that more complex 
septa reduced the stresses in the center of the septa without weakening it elsewhere. 
Kiselev (2009) suggested the possibility of a multi-functional ammonitic septum, 
while Boiko (2012) favored the notion that the septa improved internal pneumo-
compensation. By contrast, Klug et al. (2008) suggested, in accordance with Sei-
lacher (1975, p. 284), that the frilling served to enlarge the length of the attachment 
of the septal mantle prior to mineralization and helped the septum to withstand 
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decreasing chamber pressure in the course of septum mineralization. It would thus 
have enabled faster growth and earlier functionality of the new formed chamber.

Presence and function of the septal mantle have been widely discussed. All mol-
lusks (including cephalopods) today have a mantle surrounding their organs later-
ally, dorsally, ventrally, and posteriorly. Main differences between endo- and ecto-
cochleates are the internal or external position of the shell and the number as well 
as thickness of the sheets of contractive tissue within the mantle. Therefore, we 
conclude that most likely, ammonoids also had a functional tissue, which contained 
fine layers of contractile fibers and blood vessels (Klug et al. 2008).

The function of the mantle is manifold in Recent cephalopods: (1) it contains 
muscles for locomotion, (2) it secretes the skeleton (except the mouth parts and arm 
hooks, if present), and (3) it holds internal organs in place. Therefore, it is likely 
that similar functions applied to the septal mantle in ammonoids. Its musculature 
most likely did not serve locomotion directly, but it was needed for the translocation 
of the soft body to form new chambers, and it was in charge of forming new septa 
(i.e. shell secretion). Additionally, during the forward movement of the soft body 
in the shell, the septal mantle probably preserved the rough shape of the septum 
because it appears highly unlikely that a membrane with muscles fits into a strongly 
folded surface (like that of the septum), and that all the little indentations would be 
completely or largely lost in a short instance (this would require a rather viscous be-
havior, which appears unlikely for a living tissue with muscle layers). Probably, the 
mantle shape displayed a slightly reduced complexity during its forward movement, 
which was regained after the fixation in the tie-points, and augmented thereafter 
(resembling viscous fingers).

3.8  Revised Chamber Formation Cycle

Klug et al. (2008) suggested a modified septum formation cycle, which will be re-
peated and shortly explained below in a modified form. To understand this model, it 
has to be taken into account that Klug et al. (2008) assume the presence of a septal 
mantle in ammonoids like in Recent nautilids. This assumption finds support in 
soft-tissue imprints found in septa of various cephalopods described in their article.

1. After the complete mineralization of the last formed septum, the muscle fibers, 
which left traces such as the structure known as the septal furrow (Teichert 
1964; Shimanskij 1974; Chirat and Boletzky 2003; Kröger et al. 2005), might 
have held the soft part of the siphuncle in place when it grew anteriorly (com-
pare Mutvei et al. 2004 and Landman et al. 2006).

2. More or less simultaneously, the contractile fibres of the septal mantle, which 
left radial traces on the mural part of the septum of bactritoids ( Devonobac-
trites), some Early Devonian ammonoids ( Metabactrites, Gyroceratites) and 
some nautilids ( Allonautilus, Cenoceras, Eutrephoceras, Germanonautilus, 
Nautilus) contracted slightly, causing the septal mantle to separate from the last 
formed septum and the outer shell wall (Fig.  3.14a). 
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3. At the same time, the muscle fibers of the septal mantle, which are arranged 
perpendicular to those mentioned before (parallel to the suture line) became 
active, lifting the margin of the septal mantle slightly off the mural ridge of the 
last septum, the actual muscle-attachment site of the septal mantle musculature 
(Fig. 3.14b).

4. In that course, the septal mantle was retracted from the finest lobules, causing 
an interimistic simplification of the ‘suture’ as it was preserved in the man-
tle shape, which is documented in pseudosutures. A simplified general sep-
tum shape was preserved in the septal mantle, which still maintained some 
flexibility.

5. The muscle fibers, which were attached at the mantle myoadhesive ligament, 
contracted, thus pulling the septal mantle forward (Fig. 3.14c). At some point 
(probably more or less simultaneously), the insertion of all posteriorly inserted 
muscles had to be relocated anteriorly. This probably happened without a com-
plete detachment of these muscles but rather with some kind of caterpillar-like 
or peristaltic creeping movement, enabled by the contraction of longitudinally 
arranged muscles in the mantle between the aperture and the muscle attach-
ment. This slow forward movement of the cephalic retractors is documented in 
faint lines, which run subparallel to the mantle myoadhesive ligament attach-
ment site in some fossil and Recent nautilids (Isaji et al. 2002; Klug and Lehm-
kuhl 2004) but also in ammonoids (Richter 2002).

6. The septal mantle was gently attached and detached several times, during the 
forward movement, which produced pseudosutures especially close to the posi-
tion of the subsequent septum (Fig. 3.14c,d), but, more importantly, which con-
tributed to the conservation of the overall septal shape in the septal mantle.

7. Possibly due to slowly rising chamber pressure, the septum was gently inflated 
anteriorly with liquid-filled bubbles (“pneus” sensu Seilacher 1975) forming 
in the saddles and its folioles between the tie points (lobes and lobules) until it 
became attached (probably slightly before). Afterwards, it was firmly attached 
in the tie points of the major tips of the lobes (Fig. 3.14e).

 Ontogenetic increase in sutural complexity was achieved by the marginal addi-
tion of folding (and thus increase in number of tie-points) by the increase in 
septum surface (marginal septal mantle growth) and suture length during the 
expansion of the whorl cross section (Seilacher (1975, p. 284). In this con-
text, physical processes similar to processes as in a Hele-Shaw cell might have 
occurred (Fig. 3.14f), which would resemble such occurring in the Viscous 
Fingering Model of Checa and Garcia-Ruiz (1996), although this model does 
not include the presence of a membrane.

 8. The septal mantle became attached along the entire new suture/mural ridge.
 9. Subsequently, chamber pressure was probably reduced, thus partially emptying 

the bubbles in the folioles of the saddles. The combination of adapertural (ante-
rior) and adapical (posterior) folding permitted the preseptum to become tightly 
stayed rapidly (and this might be one of the main functions of septal folding 
since it permitted an earlier onset of mineralization). Then, the formation and 
thus mineralization of the primarily organic septum began (Fig. 3.14f).
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Fig. 3.14  The revised chamber formation cycle, incorporating principles from the Tie-Point 
Model of Seilacher (1975), the Viscous Fingering Model of Checa and Garcia-Ruiz (1996), as 
well as results from Klug et al. (2008)
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10. At the point, when the new septum was partially mineralized and stable enough 
to withstand rising hydraulic pressure, chamber-emptying began.

11. When new shell was added at the aperture, the apertural mantle attachment was 
also translocated anteriorly. As documented in striations parallel to the mantle 
myoadhesive band in many cephalopods (e.g., Klug and Lehmkuhl 2004), these 
processes happened in small steps prior to the formation of a complete septum. 
Naturally, the cephalic retractor had to be moved anteriorly, too. This had to 
happen more or less synchronously with the forward movement of the mantle 
myoadhesive band and the palliovisceral band, which form a rather rigid unit in 
Recent Nautilus pompilius. For this action, possibly both the retractor muscles 
as well as (more certainly) the longitudinal muscle fibers in the mantle attached 
at the aperture became active (Stenzel 1964; Blind 1976; Doguzhaeva and Mut-
vei 1986; Mutvei et al. 1993; Mutvei and Doguzhaeva 1997).

3.9  Septal Precipitation Model

After the ammonoid soft body moved to its final position and became attached 
along the suture line to the conch wall via its muscular system, mineralization of 
the organic septum took place. This is documented by the tension furrows visible in 
well preserved specimens (Fig. 3.5c). According to Mutvei (1964), the mantle cells 
precipitated the periostracum, the three different cephalopod conch layers, and the 
septum and subsequently became part of the siphuncle, which impressively demon-
strates the multiple functions of the mantle cells. It is assumed that between the shell 
secreting epithelium and the precipitated shell material a small gap, the extra pallial 
space (EPS), about 100–200 nanometers wide, existed (Nakahara 1991). Into this 
space, the mantle cells secreted the extra pallial fluid (EPF). The EPF is aqueous, 
gel-like and contains all constituents of nacre: polysaccharides (chitin), proteins 
(glycoproteins, silk fibroin and others), and minerals (e.g., aragonite; Nudelman 
et al. 2006). Mollusk shells are well known for their high amount of organic matter, 
which can be deduced from the reduced nacre density of about 2.62 g/cm3 (Rey-
ment 1958) compared to aragonite crystal density of 2.94 g/cm3 (Trueman 1941). 
Also, direct thermogravimetric measurements estimate about 4.5 % organic matter 
in nacre (personal communication A. Checa), while Olson et al. (2012) reported 
2 % organic matter. The model of ammonoid septal formation is based on what is 
known for Nautilus septal formation and general mechanisms of the mollusk nacre 
formation process. Precipitation of the septum occurred at the rear soft body, and 
no direct connection with the ambient sea water existed. The lack of direct connec-
tion with ambient sea water is also assumed for the precipitation of the conch wall 
because of the separation of the EPS from sea water by the periostracum. Therefore, 
the EPF can be considered as a body fluid secreted by the mantle cells (Weiner and 
Addadi 2011).
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Nautilus pompilius secretes 33–38 septa, while Nautilus belauensis secreted 33–
37 septa. Exact data for ammonoids are not available yet. During ontogeny, the time 
of successive chamber formation and septal formation increases (Westermann et al. 
2004). Oba et al. (1992) demonstrated that mineralization of the septum was a con-
tinuous process for Nautilus, and they detected small scale cycles (15–40 µm) in the 
oxygen isotope composition of a single incomplete 1.53 mm thick Nautilus septum 
measured in analytical intervals of 50 µm and 5 µm. It was assumed that the sep-
tum records 40 to 100 cycles with a temperature difference of 1–2°C and was most 
likely caused by short term/ daily vertical movements of the animal. Compared to 
the conch, septa consist of relatively thin (about 500 nanometer thick) aragonitic 
platelets arranged in columns (nacre) and become precipitated simultaneously over 
its whole surface (“Simultanskelett” of Seilacher 1975). Septa show growth only 
in thickness, and therefore, show no growth lines like the conch wall. However, 
the precipitation of a septum takes about 105–180 days, according to Ward and 
Chamberlain (1983) as well as Ward (1985), both of which used radiographic ex-
aminations, and by Cochran et al. (1981), Landman and Cochran (1987), as well as 
Landman et al. (1989a, 1989b) by indirect radiometric dating of live-caught speci-
mens. Their findings are summarized by Westermann et al. (2004). For comparison, 
the septum formation in Sepia takes only 2–3 days (Boletzky and Wiedmann 1978, 
Wiedmann and Boletzky 1983, Tanabe et al. 1985).

According to Bevelander and Nakahara (1969, 1980), the nacre formation starts 
with the formation of an organic compartment (interlamellar membrane) comparable 
to a brick wall without bricks before mineralization. Subsequently, precipitation of 
carbonatic nacre takes place. Mantle cells first secrete the polysaccharide β-chitin, 
a biopolymer, into the EPS. For Nautilus, Westermann et al. (2005) described the 
mantle edge gland, which produces numerous secretory vesicles responsible for 
shell formation. The outer epithelium of Nautilus shows many characteristics typi-
cal for transport-active epithelia comparable to the septal epithelium forming septa 
in Sepia (Wendling 1987). These characteristics are (i) the presence of Ca2+-ATPase, 
an enzyme that transports Ca2+-ions out of the cell into the EPS, (ii) large con-
centrations of mitochondria, (iii) a well-developed apical microvillar-border, (iv) a 
paucity of rough endoplasmatic reticulum, and (v) a Golgi complex within the outer 
epithelium (Westermann et al. 2005). Crystallization of the β-chitin polymer chains 
is due to contact with hydrogen, resulting in hundreds of nanometer-long needles. 
According to Levi-Kalisman et al. (2001), these crystallites are 20 nm thick and 
are arranged in such way that they form a felt-like core of the interlamellar mem-
brane (ILM). The distance between different ILM sheets is initially 100 nm and 
later 300–500 nm (Imai et al. 2003, Cartwright and Checa 2007). Because the EPS 
in mollusks is narrow, no more than 1–3 sheets become aligned to form an ILM.

In some mollusks, e.g., gastropods and possibly Nautilus, a surface membrane 
(Nakahara 1991) exists and serves as a template for laying down new ILM. The 
ILMs detach regularly from the surface membrane and lay down at the precipitation 
site. All material found in the shell must pass through this surface membrane, which 
is impermeable for sea water.



3 Ammonoid Septa and Sutures 81

The EPF surrounds all membranes. The mode of nacre growth implies that fresh 
liquid is constantly being secreted into the EPS because it is locked up in the earlier 
grown nacre. Mineralization of nacre proceeds by growth of calcium carbonate be-
tween the ILMs. Crystals first grow upwards and outwards from points on the lower 
membrane until they contact the upper membrane, then they grow outwards until 
they contact their neighboring crystals forming a random, closely packed structure 
within each layer; proteins promoting and inhibiting mineralization are also present 
(Marin and Luquet 2004, 2005). Nacre, i.e. irregular, polygonal aragonite tablets, 
grows at different levels simultaneously in gastropods, tablets of upper layers are 
centered on those in lower layers (Nakahara 1983). Accordingly, nacre growth in 
gastropods is best described as tower-like (columnar nacre). A similar growth mode 
occurs close to the aperture of Nautilus (personal communication A. Checa). Com-
pared with the bivalve sheet nacre with two to three simultaneously formed tablet 
layers, in the gastropod and cephalopod columnar nacre between twenty and thirty 
layers of tablets can grow simultaneously. Tablets are stacked with the oldest at 
the bottom being the largest and the overlying ones decreasing in size forming an 
approximately conical column (Olson et al. 2012). The columns grow perpendicu-
lar to the organic membrane layers with its smallest part pointing to the gel-se-
creting mantle cells. The interlamellar membranes are not strongly bound together, 
but bonding becomes stronger by the addition of proteins present in the EPF on 
both sides of the ILM. The repulsion forces between the negatively charged pro-
tein sheets of the freshly laid down ILM and the previous ILM increases the space 
between them from 90 nm to the regular spacing of 400–500 nm, which equals the 
final thickness of the nacre tablets (compare Olson et al. 2012).

According to Mutvei and Dunca (2008), the organic ILMs determine the orienta-
tion of the c-axes to be right angles to the sheets. This can be seen as a pre-requisite 
for the crystallization of the tablets into “single crystals”. By contrast, Checa et al. 
(2011) demonstrated that nacre tablets do not nucleate onto the ILMs. According 
to them, the consecutive tablets therefore acquire a structural continuity (homo- or 
heteroepitaxy) by “organic-mineral bridges”, which have recently been detected in 
Nautilus, and are usually aligned along the nacre-tower axes (Checa et al. 2011). 
These bridges belong to primary pores present in the ILM. In gastropods, pores are 
invariably irregular-shaped but are regular in size and spacing. Note that there can 
only be one pore, i.e. nucleation site, per tablet. This prediction was verified by 
Nudelman et al. (2006). Further they demonstrated a zonation for each platelet with 
carboxylates, sulfates, and aragonite nucleation proteins in the center. This nucle-
ation site is organic, thus it must not be continuous but porous to allow for propaga-
tion of crystal orientation from the underlying to the nucleating tablet above. Each 
tablet starts growing from this region without a real new nucleation event.

A fresh layer of nacre in mollusks is laid down every 1–24 h comprising a la-
mellar structure. Finally, nacre assemblage takes place outside the cell. The lack 
of faults coinciding with cell boundaries is a demonstration of the self-assembled 
nature of the material. It is assumed here that the final layers of the membrane 
forming the organic brick wall for septal and conch wall precipitation represents the 
wettable pellicle.
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4.1  Introduction

An essential aim of ammonoid paleobiology is understanding the growth, locomo-
tion, and mode of life of these animals. Evidence of these processes can be gathered 
from the remains of soft tissues or their traces preserved inside the shell such as 
cameral membranes, pseudosutures, and muscle scars, as well as other soft tissue 
imprints. Although these structures have been recognized for at least 100 years, in 
the last 15 years many important studies relating to their occurrence, ultrastructure, 
composition, and probable function have been published. This chapter summarizes 
previous research and focuses on recent advances in understanding cameral mem-
branes, pseudosutures, drag lines, and soft tissue imprints unrelated to muscle at-
tachment.
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4.2  Cameral Membranes

Cameral membranes (or cameral sheets) are the remains of thin, originally organic 
structures within the chambers of ammonoids (Fig. 4.1). The term “cameral sheets” 
is preferred by some in order to avoid the implication of a physiological, cellu-
lar membrane, but either term is widely accepted. These structures can be divided 
into two general types: chamber linings, which coat the internal surfaces of the 
chambers, and suspended sheets, which are three-dimensional sheets internally at-
tached to the shell at two or more different points (Landman et al. 2006, Polizzotto 
et al. 2007) or along longer lines. Suspended sheets may occur as siphuncular mem-
branes, which extend between the siphuncle and the septum and/or ventral shell 
floor; transverse membranes, which extend between different points on the septum; 
and horizontal sheets, which divide the chamber into dorsal and ventral compart-
ments (Weitschat and Bandel 1991).

4.2.1  Taxonomic Occurrence

Cameral membranes have been described in the ammonoid literature for over a cen-
tury (John 1909; Grandjean 1910; Schoulga-Nesterenko 1926; Hölder 1952, 1954; 
Schindewolf 1968; Erben and Reid 1971; Westermann 1971; Bayer 1975; 1977; 
Bandel and Boletsky 1979; Kulicki 1979; Bandel 1981, 1982; Tanabe et al. 1982; 
Hagdorn 1983; Grégoire 1984; Henderson 1984; Weitschat 1986; Weitschat and 
Bandel 1991; Keupp 1992; Checa and Garcia-Ruiz 1996; Kulicki 1996; Tanabe and 
Landman 1996). The taxonomic occurrence of the membranes reported in these pub-
lications is wide, including phylloceratids, lytoceratids, ceratitids and ammonitids. 
More recently, such membranes have also been found in Paleozoic ammonoids such 
as goniatites (Polizzotto et al. 2007) and prolecanitids (Mapes et al. 2002, Landman 
et al. 2006) as well as in Cretaceous scaphitids (Polizzotto and Landman 2010). 
Schoulga-Nesterenko (1926) reported cameral membranes in the goniatite Agath-
iceras uralicum but may have misidentified the specimen (see Polizzotto et al. 2007).

Early work most often described cameral sheets associated with the siphuncle. 
Weitschat and Bandel (1991) described the most intricate and extensive cameral 
membranes reported up to that time (Fig. 4.1), including transverse and horizontal 

Ladinian. Berlichingen (Germany), note the membranes on both sides of the siphuncle. b C. cf. 
sublaevigatus, Künzelsau, Garnberg (Germany), 0–7 m above Cycloidesbank gamma, Ladinian, 
membranes on both sides of the siphuncle. c C. cf. sublaevigatus, Nitzenhausen (Germany), 70 cm 
below Tonsteinhorizont 4 (delta), Ladinian, membranes on both sides of the siphuncle. d C. cf. 
sublaevigatus. Nitzenhausen (Germany), between Tonsteinhorizont 3 and 4 (γ and δ), Ladinian, 
phosphatized membranes on both sides of the siphuncle. e C. cf. evolutus subspinosus, Heming 
(France), evolutus Zone, Ladinian, phosphatized siphuncle. f Bukkenites sp., 104, Dienerian, Amb, 
Spiti valley, India, membranes on both sides of the siphuncle. g Gen. et sp. indet., 104, Amb, 
Spiti valley, India. h Ambites sp., Nam 53–20, Dienerian, Nammal (Pakistan), membranes cross-
ing the saddles (separating fillings that differ in color). i, j horizontal lamellae in Aristoptychites 
kolymensis, Late Ladinian, Barentsøya Formation, Bertylryggen, Spitsbergen. i detail. j note the 
protoconch and the absence of horizontal sheets in the first whorls
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Fig. 4.1  Siphuncular sheets and cameral membranes/intracameral lamellae in various Triassic 
ammonites; images a–e courtesy of H. Hagdorn (Ingelfingen), g–i courtesy of D. Ware (Zürich), j 
and k courtesy of W. Weitschat (Hamburg). a Ceratites cf. münsteri, postspinosus to enodis-Zone, 
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membranes in addition to siphuncular membranes. Since that time, transverse and 
siphuncular membranes have been described in several other ammonoids as men-
tioned above, but to our knowledge, no other instances of horizontal membranes 
have been reported. Brief summaries of the earlier descriptions of cameral mem-
branes can be found in Kulicki (1996) as well as Checa and Garcia-Ruiz (1996), and 
detailed descriptions and images of more recent discoveries (Fig. 4.2) have been 
produced by Tanabe et al. (2005), Landman et al. (2006), Polizzotto et al. (2007), 
and Polizzotto and Landman (2010). These studies clarified aspects of the structure, 
composition, origin, and probable function of the cameral membranes, as discussed 
below.

4.2.2  Structure and Composition

The ultrastructure of the membranes has been described as thin (< 0.2 μm) con-
chiolin fibers with no consistent orientation (Tanabe et al. 1982; Grégoire 1987). 
The chamber linings in particular have been compared to the pellicle in Nautilus 
and Spirula, but Kulicki (1996) pointed out that the fibers of ammonoid cameral 

Fig. 4.2  a Hollow chambers from a Late Cretaceous Rhaeboceras halli from Montana, USA 
(modified from Polizzotto and Landman 2010). b A closer view of the siphuncular sheets and 
pseudosutures from the specimen shown in a. c Siphuncular sheets in a Permian Akmilleria elec-
traensis from Nevada, USA
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membranes are considerably finer. Polizzotto and Landman (2010) described a 
well-preserved Late Cretaceous scaphite ( Rhaeboceras halli) in which siphuncular 
membranes and chamber linings (as well as pseudosutures) were present in the 
same chamber. Membranes and chamber linings are 1–2 μm thick and composed 
of irregular globular particles. This is in contrast to the composition reported by 
Kulicki (1996), but may be more similar to the organic layer secreted on the inner 
chamber surface in Nautilus (Mutvei 1963). Study of the membranes in prolecanit-
ids confirms phosphatic composition (Tanabe et al. 2000). Energy dispersive spec-
troscopy (EDS) on the Rhaeboceras specimen indicated high phosphorus content in 
the membranes and chamber linings, suggesting an organic origin (Polizzotto and 
Landman 2010). This hypothesis is accepted by most researchers; however, there is 
a difference of opinion as to the mode of formation of such membranes (see also the 
discussion on intracameral deposits in Seuss et al. 2012).

4.2.3  Formation

Two models have been proposed for the formation of cameral membranes. The first 
proposes that cameral membranes were secreted by the rear mantle as the animal 
moved forward during chamber formation, and that the shape of the membranes 
replicates the shape of the rear mantle (the secretion model; Weitschat and Bandel 
1991). The second model contends that the membranes are simply the desiccated 
remains of a hydrogel formed by cameral fluid enriched with organic molecules and 
shaped by surface tension (the desiccation model; Hewitt et al. 1991; Westermann 
1992; Checa 1996). Landman et al. (2006) argued that siphuncular membranes 
(Fig. 4.2 and 4.4) are not solely the result of cameral liquid dehydration, based on 
the absence of membranes from early whorls and a consistent first appearance at the 
end of the neanic stage of ontogeny, as well as the presence of membranes in body 
chambers in some ammonoids (Polizzotto et al. 2007). The formation of chamber 
linings is less clear, but the similarity in ultrastructure between chamber linings and 
siphuncular membranes suggests a similar origin, at least in scaphitids (Polizzotto 
and Landman 2010). Evidence for the morphogenesis of transverse membranes has 
not been investigated, and their overall morphology does not immediately rule out 
either the secretion or the desiccation hypothesis. An examination of the ultrastruc-
ture and ontogenetic pattern of occurrence of transverse membranes may shed light 
on this issue.

In summary, the secretion hypothesis is well supported for the formation of sip-
huncular membranes in at least some groups of ammonoids (prolecanitids, goni-
atites, phylloceratids, and scaphitids). There is also some evidence for the secretion 
hypothesis for chamber linings in scaphitids. Cameral membranes in other ammo-
noid groups, as well as transverse membranes in all ammonoids, may have been 
formed either by secretion, desiccation, or a combination of both processes (Checa 
and Garcia-Ruiz 1996).
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4.2.4  Function

Researchers have long proposed that cameral membranes functioned in absorbing 
cameral fluid, either for fluid transport or for maintenance of a fluid reservoir (Mut-
vei 1967; Kulicki 1979; Kulicki and Mutvei 1988; Ward 1987; Weitschat and Ban-
del 1991; Kulicki 1996; Kröger 2002; Landman et al. 2006). This process may have 
helped in decoupling fluid reservoirs, which may have conferred some physiologi-
cal benefit. Some researchers have tested a model demonstrating that the presence 
of cameral membranes may have maintained a reservoir that aided in buoyancy con-
trol by rapid fluid re-filling following sublethal shell loss from injury (Daniel et al. 
1997; Kröger 2002). Kröger (2002) found that ammonoids survived shell loss up to 
four times greater than in Nautilus, suggesting some sort of buoyancy compensation 
mechanism. The evidence from Kröger (2002) clearly indicates that a high volume 
of cameral membranes (up to 14 % of the chamber volume; Hewitt and Westermann 
1996) would have made a significant difference in rapidly compensating for shell 
loss due to injury. Whether or not most ammonoids possessed such a volume of 
cameral membranes is not yet known.

The capillary action of cameral membranes may also have aided in fluid trans-
port, resulting in faster chamber emptying and thus faster growth rates in ammo-
noids that formed such membranes. Kröger (2002) suggests that this may be one 
explanation for increasingly more complex septa during the course of ammonoid 
evolution, which would have added to the volume of liquid reserved in correspond-
ingly more complex and extensive cameral membranes.

Here, we suggest an additional possible function: the cameral membranes sub-
divided the chamber volume into smaller volumes. Taking the potentially large 
amount of chamber water (up to 30 % of phragmocone volume; Heptonstall 1970; 
Mutvei and Reyment 1973; Reyment 1973; Ward 1979; 1987; Tajika et al. 2014) in 
the phragmocone into account, water movement might have altered the orientation 
of the shell syn vivo. Cameral membranes would have limited the water move-
ment within the phragmocone chambers and thus enhanced stability. However, the 
possible effect of moving chamber water needs to be modeled in order to test the 
potential physical effect of chamber water movements.

4.3  Pseudosutures and Drag Lines

Pseudosutures are incomplete replicas of the suture that are often preserved as 
raised ridges on the internal surface of the chamber or as lines or etched furrows on 
the surface of the steinkern between the sutures themselves (Fig. 4.3). Pseudosu-
tures should not be confused with phantom sutures (Seilacher 1968, 1988), which 
formed when the ammonoid’s surface was corroded by a pressurized solution and 
a phantom of the suture was copied on a lower level of the internal mould. Pseudo-
sutures often occur in series and have sometimes been interpreted as the margins of 
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Fig. 4.3  Pseudosutures in various Jurassic and Cretaceous ammonites: a Cadoceras sp., Callovium, 
Kostroma Region, Russia, whorl height 12 mm, image courtesy of R. Hoffmann (Bochum). b 
Baculites mariasensis with multiple pseudosutures and drag lines associated with all four sutures 
in the image. Pseudosutures are found near the adapical side of the lobules of each suture. Adoral 
direction is to the right. c–f, Craspedites sp., Craspedites nodiger Zone, Cretaceous, Kostroma 
Region, Russia, images courtesy of R. Hoffmann (Bochum). c dm 24 mm. d, dm 34 mm. e, f image 
width at top 25 mm
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pseudosepta (Hewitt et al. 1991). The replicated portion may be lobes, saddles, or 
both, although pseudosutures mimicking lobes appear to be slightly more common. 
The pseudosutures may be evenly spaced throughout the chamber between sutures 
(Zaborski 1986), or they may occur singly or in a cluster on one side approaching 
the lobe or saddle. Pseudosutures most frequently appear on the flanks or ventrolat-
eral portion of the chamber.

Drag lines (or drag bands), which are often associated with pseudosutures, are 
spiral markings that often (but not always) extend throughout the chamber from 
lobule to lobule. Like pseudosutures, drag lines form ridges on the internal chamber 
surface, or their imprints occur as grooves in the surface of the steinkern. In well-
preserved specimens, the drag lines extend in pairs from the flanks of the lobe or 
lobules (Zaborski 1986; Hewitt et al. 1991; Polizzotto and Landman 2010).

4.3.1  Taxonomic Occurrence

Pseudosutures have been described and discussed in numerous ammonoid groups 
(John 1909; Hölder 1954; Vogel 1959; Schindewolf 1968; Bayer 1977; Hagadorn 
and Mundlos 1983; Zaborski 1986; Seilacher 1988; Hewitt et al. 1991; Weitschat 
and Bandel 1991, 1992; Westermann 1992; Landman et al. 1993; Lominadze et al. 
1993; Bucher et al. 1996; Checa 1996; Checa and Garcis-Ruiz 1996; Doguzhaeva 
and Mutvei 1996; Tanabe et al. 1998; Keupp 2000; Richter 2002; Richter and Fisch-
er 2002; Klug et al. 2007; Polizzotto et al. 2007; Klug et al. 2008; Polizzotto 2010; 
Polizzotto and Landman 2010). The groups in which pseudosutures have been most 
widely reported include ceratitids, lytoceratids, phylloceratids, perisphinctids, vas-
coceratids, scaphitids, and goniatitids, but they are found fairly often and probably 

Fig. 4.4  Reconstruction of 
the siphuncular sheets and the 
vertical sheet in the Triassic 
ammonoid Anagymnotoceras 
from Spitsbergen, modified 
after Weitschat and Bandel 
(1991)
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occur to one degree or another in most ammonoid groups. Pseudosutures have also 
been noted in baculitids (Fig. 4.3b and 4.5, W.A. Cobban unpublished observa-
tions, Polizzotto 2010). Drag lines are often reported together with pseudosutures 
(Fig. 4.1b, c, 4.2, Zaborski 1986; Lominadze et al. 1993; Richter 2002; Klug et al. 
2007, 2008; Polizzotto and Landman 2010).

4.3.2  Structure and Composition

Pseudosutures form ridges on the internal surface of the shell, but the imprints (fur-
rows or grooves) of these ridges on the surface of the steinkern are also called 
pseudosutures. The height and width of the ridges vary, with some pseudosutures 
quite prominent (20 μm wide and 25 μm high; see Polizzotto et al. 2007), and others 
less so (2 μm wide and 10 μm high; see Polizzotto and Landman 2010). Drag lines, 
while oriented differently than pseudosutures (parallel to the direction of growth 
rather than parallel to sutures; Richter 2002), appear to have a similar morphology 
in width and height (Polizzotto and Landman 2010).

Fig. 4.5  Eubaculites latecarinatus from the Late Cretaceous Owl Creek Formation, Mississippi, 
USA. The upper left image (a) is the mould, and the upper right image (b) is the corresponding 
shell fragment. Each image shows the suture line, as well as associated pseudosutures. The lower 
left image (c) is a closer view of some of the suture and pseudosutures on the mould. EDS analysis 
indicates phosphorus enrichment in the pseudosutures and chamber surface (d), but no phosphorus 
is present on the inner surface of the shell (see text for explanation)
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The original composition of pseudosutures and drag lines is still unclear. Po-
lizzotto et al. (2007) figured various goniatitid pseudosutures in the same speci-
men, some of which were made up of regular crystals arranged vertically along 
an asymmetrical slope (similar to the mural ridge in Nautilus), and others with a 
more random crystal arrangement. The pseudosutures in these goniatites sometimes 
dissolved when etched in acid, indicating an underlying carbonatic composition. 
At other times, however, the pseudosutures remained intact following etching, and 
were assumed in such cases to be coated by a now phosphatic and probably origi-
nally organic layer. In support of this idea, the thinner pseudosutures described by 
Polizzotto and Landman (2010) in a scaphitid were composed of (or perhaps coated 
with) an irregular, globular substance 1–2 μm thick. EDS analysis of these pseu-
dosutures and of the drag lines in the same chamber revealed a high phosphorus 
content, corroborating an originally organic composition (at least for the surface of 
the pseudosutures and drag lines). Recent EDS analysis of well-preserved baculi-
tids also indicated phosphorus enrichment (8–10 weight %) in pseudosutures (Po-
lizzotto 2014). In that study, the shell was carefully removed from the mould, and 
pseudosutures on the surface of the mould were analyzed (Fig. 4.5). In addition, the 
imprints of pseudosutures on the inner surface of the corresponding shell fragment 
were analyzed. It is interesting to note that although phosphorus enrichment was 
found in the pseudosutures themselves, it was absent in the imprints. This implies 
that pseudosutures may have been composed of an originally mineralized substance 
(similar to the shell and septum), and then coated with an organic secretion that 
likewise coated the entire interior of the chamber (see also Polizzotto et al. 2007 
and Polizzotto and Landman 2010). When the shell was removed from the mould, 
the originally organic coating adhered to the mould, explaining the presence of 
phosphorus on the mould and its absence on the inner shell surface. Though more 
evidence is needed in additional taxa, it seems likely that the original composition 
of pseudosutures and drag lines was carbonatic, with an overlying organic coating. 
It should be possible to verify this by performing EDS analysis on cross-sections 
of well-preserved pseudosutures. This hypothesis for the composition of pseudostu-
rues leads to the question of how these structures were formed.

4.3.3  Formation

Pseudosutures likely formed as an accumulation of secretions from the rear man-
tle during pauses in forward movement (Weischat and Bandel 1991; Keupp 2000; 
Landman et al. 2006; Klug et al. 2007; Polizzotto et al. 2007 and references therein). 
It has also been proposed that siphuncular membranes and pseudosutures formed 
by a single process as parts of a continuous structure, and that both siphuncular 
membranes and pseudosutures are simply the remnants of pseudosepta (originally 
organic membranes that replicated the entire surface of the rear mantle; Hewitt 
et al. 1991; Westermann 1992; Checa 1996). These pseudosepta would have formed 
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by either secretion or desiccation, as outlined earlier. We have described evidence 
above in favor of the secretion hypothesis for siphuncular membranes, and similar 
evidence suggests that pseudosutures formed by secretion as well (Polizzotto et al. 
2007; Polizzotto and Landman 2010).

In addition, recent research has demonstrated that although siphuncular mem-
branes and pseudosutures formed by a similar process (as accumulations of secreted 
material in the shape of the rear mantle), they are not parts of a single continuous 
structure (Polizzotto et al. 2007; Polizzotto and Landman 2010). This was con-
firmed by examining specimens in which siphuncular membranes and pseudosu-
tures occurred in the same specimen or even in the same chamber, which revealed 
that differences in ultrastructure, position in the chamber, and spacing argue against 
the single-origin hypothesis.

If it is the case that pseudosutures are composed of an originally mineralized 
ridge overlain by an originally organic secretion, then two hypotheses of forma-
tion are possible. Either two separate but closely located populations of rear mantle 
cells produced two different secretions in sequence, or the same population of cells 
produced two different secretions at various points in the chamber formation cycle. 
It is difficult to test either hypothesis, but it may be fruitful to identify the specific 
cells that secrete organic and inorganic components of modern molluscan shells.

Drag lines have always been assumed to mark the progress of the rear mantle 
during translocation, and similarities to pseudosutures in structure and composi-
tion suggest that drag lines represent an accumulation of rear-mantle secretions. In 
contrast to the portion of the rear mantle that secreted pseudosutures, however, the 
parts of the mantle that formed drag lines must have remained in continuous contact 
with the shell wall. Alternatively, Klug et al. (2008) hypothesized that some spirally 
arranged drag lines might represent impressions of muscle fiber bundles in the pos-
terior mantle (rather than secretions).

4.3.4  Implications for Growth

The shape of the pseudosutures and their probable origin as secretory products of 
the rear mantle corroborates the hypothesis that they formed during pauses in the 
forward movement of the animal. Many authors have proposed such an explanation 
for pseudosutures (e.g., Zaborski 1986; Seilacher 1988; Hewitt et al. 1991; Lomi-
nadze et al. 1993; Checa and Garcia-Ruiz 1996; Polizzotto et al. 2007; Polizzotto 
and Landman 2010). Interpretations differ, however, in what the pseudosutures re-
veal about the process of translocation. Some suggest that the temporary points of 
attachment served as critical, possibly genetically determined points that helped to 
maintain the shape of the rear mantle (and thus the consistent shape of the septum) 
between septa (Henderson et al. 2002; Polizzotto and Landman 2010). This line 
of reasoning gives rise to the hypothesis that the pseudosutures represent points of 
temporary attachment for the rear body during translocation (Klug and Hoffmann 
2015). In any animal possessing a chambered shell, growth requires repeated de-



K. Polizzotto et al.102

tachment of the body from the shell, yet it is unlikely that the animal would have 
detached the entire body simultaneously. It is clear that Nautilus attaches to the 
mural ridge prior to septal formation, and it appears likely that extinct nautiloids, 
bactritoids, early coleoids, and many ammonoids did the same. Given the extremely 
similar morphology and ultrastructure of at least some ammonoid pseudosutures to 
the mural ridge (Polizzotto et al. 2007), it is possible that pseudosutures also repre-
sent points of temporary attachment, at least in some instances. As the occurrence of 
pseudosutures at particular points along the suture is remarkably consistent within 
species, this corresponds well to the tie-point hypothesis of septal morphogenesis, 
first proposed by Seilacher (1975, 1988).

Some have interpreted drag lines as candidates for these tie points (Zaborski 
1986; Seilacher 1988); others, however, point out that the coincidence of drag lines 
with the flanks of the lobules rather than the tips, and their paired occurrence, sug-
gests that drag lines are more likely fused, telescoped pseudosutures (Hewitt et al. 
1991; Checa and Garcia-Ruiz 1996; Klug et al. 2007; Klug and Hoffmann 2015). 
Polizzotto and Landman (2010) reported several different drag lines in a single 
chamber, none of which were continuous with the pseudosutures in the same cham-
ber. Additionally, some of the drag lines in this specimen were paired and appar-
ently diverged from a single drag line adapically (Polizzotto and Landman 2010, 
Fig. 5, 6), while other, single drag lines continued nearly all the way to the lobule 
before ramifying into a short series of concentric ridges at the base of the lobule 
(Polizzotto and Landman 2010, Fig. 7). Based on observations from all these differ-
ent specimens, it may be that drag lines formed in more than one way, but in every 
case they represent a point at which the rear mantle was in contact with (and pos-
sibly attached to) the inner shell wall.

An alternative interpretation of pseudosutures proposes that rather than acting 
as points of attachment, they may represent accumulations of secreted material at 
points determined by the interaction of the viscoelastic rear body and the varying 
pressure of cameral fluid and gas behind the body (Checa and Garcia-Ruiz 1996). 
The mantle did not necessarily attach at the location of the pseudosutures, but sim-
ply paused. This corresponds to the viscous fingering model of septal morphogen-
esis (Garcia-Ruiz et al. 1990; Garcia-Ruiz and Checa 1993; Checa and Garcia-Ruiz 
1996). This model, however, would not explain the evidence of the attachment-like 
ultrastructure in at least some pseudosutures.

Klug et al. (2008) introduced a “tension model” of septal morphogenesis that 
incorporates elements of both the tie-point model and the viscous fingering model, 
in which muscle fibers at the edge of the rear mantle attached to the inner shell, and 
the more complex the shape of the septum, the more tension could develop in the 
rear mantle and in the organic pre-septum prior to mineralization. While Klug et al. 
(2008) did not elaborate specifically on the consequences of this model for the for-
mation of pseudosutures, the model implies that the shape of temporary attachment 
points would have depended on components of translocation that were not so much 
genetically influenced, but mainly affected by changes in chamber pressurization. 
For more details on septum formation see Klug and Hoffmann (2015).
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In addition to implications for septal morphogenesis, the number, placement, and 
spacing of pseudosutures may indicate the pace and timing of chamber formation. 
These interpretations, however, rely on the assumption that pseudosutures were se-
creted periodically, which is currently not possible to verify. These pauses, if they 
are such, might also correspond to growth rhythms recorded in growth lines or lirae 
formed at the aperture; however, this hypothesis has not yet been tested. There does 
not seem to be any analogous structure or process in Nautilus or Sepia, leaving us 
with little to substantiate the periodicity of pseudosuture formation one way or the 
other. The only similar structure seen in modern nautilids are spiral drag lines, pos-
sibly representing imprints of mantle muscle fibers and/or fine arteries in the mantle 
(Klug et al. 2008).

In summary, it appears plausible that pseudosutures record short pauses in 
forward movement during the chamber formation cycle, and it is likely that at 
least some pseudosutures (or pseudosutures in some taxa) represent the im-
prints of ephemeral soft-tissue attachment. Drag lines do not offer any evidence 
of the pace of translocation or of pauses, but they do show that at least some 
parts of the mantle were in continuous contact with the shell wall and may have 
formed attachment points. Such attachments may have helped to anchor parts 
of the animal in the body chamber during translocation, as well as helping to 
maintain the fundamental shape of the rear mantle in between formation of 
consecutive septa.

4.4  Other Soft Tissue Imprints

Other soft tissue imprints, particularly on the septum, have been recently described 
in ammonoids by Klug et al. (2008) (Fig. 4.6). These include the septal furrow 
and associated subparallel furrows (extending from the mid-dorsal suture to the 
siphuncular perforation); striations on the mural band and on the annular elevation; 
the conchal furrow on the venter (especially on the body chamber); and deformed 
septa (non-taphonomic deformities). These specific features had previously been 
reported only in nautiloids and bactritoids (Klug et al. 2008 and references therein), 
and were interpreted as the imprints of muscle fibers and blood vessels in the septal 
mantle. The presence of these features in nautiloids, bactritoids, and early ammo-
noids (Devonian), and their apparent absence in more derived ammonoids (with the 
exception of the conchal furrow, which appears in Cretaceous ammonites, Land-
man and Waage 1993), led Klug et al. (2008) to hypothesize that higher tension in 
the organic pre-septum due to the higher order septal folding may have prevented 
imprinting of soft tissue structures (see the summary of Klug et al.’s tension model 
of septal formation above).

Klug et al. (2007) found a black layer on the dorsal surface of some ammonoid 
shells (see also Keupp 2000). This layer is presumably originally organic and most 
likely similar to the black layer found in recent and fossil nautiloids.
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Fig. 4.6  Soft-tissue imprints in the shell and septa of Early Devonian ammonoids, modified after 
Klug et al. (2008). a–c, Erbenoceras advolvens (Erben 1960), PIMUZ 7494, early Emsian, Hassi 
Chebbi, Tafilalt, Morocco, length 13 mm. a Septal view to show the septal furrow. b Lateral view. 
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4.4.1  Blood Vessel Imprints

Some septa of the Early and Middle Devonian ammonoids Chebbites, Erbenoceras, 
Gracilites, Metabactrites, Rherisites, and Pinacites show long wrinkles on the sur-
face (Klug et al. 2008). Some of these wrinkles lie in the plain of symmetry (sep-
tal furrow; Stenzel 1964; Teichert 1964; Chirat and von Boletzky 2003) and some 
diverge from the plain of symmetry at a low angle, originating near the siphuncle 
(Fig. 4.6). Similar shallow imprints can be seen in modern nautilids: In some Nau-
tilus conchs, Klug et al. (2008) found imprints of the left and right septal arteries, 
the siphuncular artery and the accessory siphuncular arteries (see also Deecke 1913, 
and Stenzel 1964, who figured a Nautilus septum showing soft tissue imprints). 
Corresponding to this fact, the imprints on the septa of the Devonian ammonoids 
were interpreted as imprints of arteries, providing the septal mantle with arterial 
blood. The absence of these structures in more derived ammonoids has been linked 
with the increase in septal frilling, which might be linked with a higher tension of 
the organic septum prior to mineralization. Accordingly, the more tightly stayed 
pre-septum would have prevented the formation of soft-tissue impressions in the 
septum.

On the inside of the shell wall, both nautiloids and ammonoids of various ages 
show the conchal furrow (“Fadenkiel” of von Bülow 1918; see also Teichert 1964; 
Shimanskij 1974; Landman and Waage 1993; Chirat and von Boletzky 2003; Keupp 
2012). This furrow can be traced in nautilids from the cicatrix to the aperture, while 
in ammonoids, no corresponding structure has yet been found on or near the initial 
chamber. In ammonoids, it is rarely seen but throughout the entire phylogeny of 
ammonoids from the Early Devonian to the Late Cretaceous (Landman and Waage 
1993; Klug et al. 2008). Doguzhaeva and Mutvei (1996) suggested that this mid-
ventral longitudinal elevation was the “attachment site for a ligament or a muscle 
used to maintain the shape and position of the circumsiphonal invagination during 
the growth and forward migration” of the soft body (Chirat and von Boletzky 2003, 
p. 168). Griffin (1900, fig. 11) illustrated the “lesser aorta and its branches”, includ-
ing the midventrally running pallial artery. Potentially, it may have been this artery 
that occasionally left a mid ventral imprint on the inside of the shell of various 
ectocochleates.

c Ventral view. d Chebbites reisdorfi Klug (2001), PIMUZ 27000, septal view, early Emsian, Hassi 
Chebbi, Tafilalt, Morocco; note the septal furrow and additional subparallel furrows on the right; 
length 15 mm. e, f, Rherisites sp., PIMUZ 27072, early Emsian, Hassi Chebbi, northern Tafilalt, 
Morocco; length 16 mm. e Ventral view, note the conchal furrow. f Lateral view, note the epizoans. 
G, H, The ammonoid Gracilites sp., PIMUZ 27070, early Emsian, Hassi Chebbi, northern Tafilalt, 
Morocco; length 30 mm. g Lateral view, note the pseudosutures. h Septal view, note the striations 
that run subparallel to the plane of symmetry. i-l, Metabactrites ernsti Klug et al. (2008), PIMUZ 
7404, early Emsian, Ouidane Chebbi, Tafilalt, Morocco, length 25 mm. i detail of note the septal 
furrow, the striation on the mural part of the septum and the striation in the body chamber (prob-
ably within the attachment site of the dorsal muscle); height of detail 1.6 mm. j Ventral view. k 
Lateral view. l Dorsal view. m Agoniatitida gen. et sp. indet., MB.C.0782, late Emsian, Wissen-
bach Slate, Wissenbach, Germany
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4.4.1.1  Muscle Imprints

Similar to the above mentioned arteries, bundles of muscle fibers in the posterior 
mantle might have left imprints on the septum as well as on the inside of the outer 
shell, as noted in some Devonian ammonoids (Klug et al. 2008). This can also 
be seen in nautilids (Deecke 1913; Stenzel 1964), where the orientation of some 
imprints coincides with the orientation of muscle fibers in the septal mantle (Klug 
et al. 2008). In agreement with the findings in modern nautilids, both the spirally 
arranged drag lines on the inside of the shell and the radially arranged impressions 
on the margin of the septum on its mural part (Fig. 4.6i) were interpreted as imprints 
of mantle musculature (Klug et al. 2008). Of course, attachment scars of various 
larger muscles are occasionally seen in well preserved ammonoid specimens. These 
structures are described in Doguzhaeva and Mapes (2015).

4.4.1.2  Other Imprints

From a few ammonoid taxa, tension wrinkles have been described (Checa and Gar-
cia-Ruiz 1996; Klug et al. 2007). These wrinkles are one to several micrometers 
wide and ten to several tens of micrometers long. They are situated at the mural 
part of the septum. According to Checa and Garcia-Ruiz (1996), these wrinkles 
document the flexibility of the organic membrane prior to the mineralization of the 
septum. For an illustration, see Klug and Hoffmann (2015).
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5.1  Introduction

Reconstruction of the early ontogeny of extinct organisms is an important subject 
in paleobiological research and developmental biology (e.g., Donoghue and Dong 
2005; Sánchez-Villagra 2012; Urdy et al. 2013). Non-mineralized embryos and lar-
val soft-tissues of invertebrates are only preserved in exceptional circumstances 
(e.g., Donoghue et al. 2006; Maas et al. 2006), so that the most abundant informa-
tion about early ontogeny comes from groups with mineralized hard parts secreted 
at the embryonic or larval stage like ammonoids (Tanabe et al. 2008) and other 
shelled mollusks (Jablonski and Lutz 1983; Nützel et al. 2006; Manda and Frýda 
2010). As in other mollusk shells, the aragonitic outer shell wall of ammonoids was 
formed by accretionary growth, so that the embryonic shell prior to hatching (am-
monitella of Drushchits and Khiami 1970) is occasionally preserved in the apical 
shell portion of larger ammonoids or more rarely as accumulations or isolated finds 
of embryonic or juvenile shells.

The embryonic development of ammonoids has attracted the attention of am-
monoid workers since at least two centuries (e.g., Branco 1879, 1880; Hyatt 1894; 
Smith 1897, 1898, 1899, 1900, 1901; Grandjean 1910; Schindewolf 1932, 1933, 
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1934; Spath 1933), particularly for larger scale systematic questions and evolution-
ary studies on development. Early ontogenetic development played a central role in 
the discussion of the derivation of ammonoids from coiled nautiloids (e.g., Spath 
1933, 1936; Böhmers 1936; Donovan 1964) or straight bactritoids (e.g., Schinde-
wolf 1932, 1933, 1934). Mainly due to the work of Erben (1960, 1962a, b, 1964, 
1965, 1966) and Bogoslovsky (1969), it is now well accepted that ammonoids can 
be traced back to a bactritoid ancestor (Dzik 1981, 1984; Klofak et al. 1999; Dogu-
zhaeva 2002; Klug and Korn 2004; De Baets et al. 2009; Kröger et al. 2011; Rit-
terbush et al. 2014), which in turn can be traced back to an orthoceratid ancestor 
(Kröger and Mapes 2007; compare Ristedt 1971, Dzik 1984, Holland 2003; Klug 
et al. 2015). This is supported by the presence of a similar early shell with a small, 
elliptical initial chamber and a transitional series linking all intermediate forms 
from straight orthocerid nautiloids, through straight to slightly curved bactritoids, 
to coiled ammonoids, which is also consistent with their stratigraphic appearance 
(Kröger and Mapes 2007; De Baets et al. 2013b).

Based on microscopic observations on embryonic shells, some authors (e.g., Er-
ben 1964; Erben et al. 1968, 1969) have postulated that ammonoids went through 
a post-hatching larval phase before metamorphosis like modern gastropods and bi-
valves. With the discovery of more well-preserved ammonitellae and increasing 
knowledge of the early ontogeny of modern shelled mollusks, particularly modern 
Nautilus (e.g., Uchiyama and Tanabe 1999) and gastropods (Bandel 1982, 1985; 
Hickman 1992, 2004), it is now a generally accepted theory that, like all modern 
cephalopods, ammonoids developed directly without a larval stage (e.g., Drush-
chits and Khiami 1970; Drushchits et al. 1977b; Drushchits and Doguzhaeva 1981; 
Birkelund and Hansen 1974; Kulicki 1974, 1979, 1996; Tanabe et al. 1980; Tanabe 
and Ohtsuka 1985; Tanabe 1989; Landman 1982, 1985, 1987; Bandel 1982; Bandel 
et al. 1982; Westermann 1996; Klug 2001b; Sprey 2002; Tanabe et al. 2008; De 
Baets et al. 2012; Ritterbush et al. 2014). This theory of direct development is sup-
ported by a number of morphological features (synchronous changes of ornament, 
shell microstructure, whorl growth at the primary constriction) and discoveries of 
ammonitellae (e.g., Bandel 1982, 1986; Landman 1982, 1985; Kulicki and Wierz-
bowski 1983; Kulicki and Doguzhaeva 1994; Tanabe et al. 1993, 1995). The exact 
sequence of embryonic development, however, is still debated as various models 
have been suggested for derived ammonoids, ranging from an accretionary growth 
model (as in Nautilus: compare Drushchits et al. 1977b; Drushchits and Dogu-
zhaeva 1981; Kulicki 1979; Tanabe et al. 1980, 1993), a model with an originally 
organic (non-mineralized) shell (similar to “archaeogastropods”: compare Bandel 
1982, 1986; Kulicki and Doguzhaeva 1994), or an endocochleate embryo model 
(Tanabe 1989).

The embryonic development of ammonoids was recently extensively reviewed 
by Landman et al. (1996). We will therefore not repeat what has been written before, 
but will update accounts on the description of the embryonic shell (including ter-
minology, shape, size, ornamentation, microstructure, septa, siphuncle and muscle 
scars), the sequence of embryonic development, reproductive strategy, and post-
hatching mode of life followed by conclusions and possible future areas of research. 
We will focus on studies that have been done in the last two decades.
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Landman et al. (1996) pointed out that only little was known about the embry-
onic development of Paleozoic ammonoids compared with Mesozoic ones. Numer-
ous studies have recently focused on the embryonic shell structure and development 
of Paleozoic ammonoids (House 1996; Landman et al. 1999; Klofak et al. 1999, 
2007; Shigeta et al. 2001; Tanabe et al. 2001; Kulicki et al. 2002; Klofak and Land-
man 2010, 2012; De Baets et al. 2012, 2013b). Additional studies on Mesozoic 
ammonoids, particularly on embryonic shell structure, have also come out since 
1996 (Sprey 2001, 2002; Landman et al. 2001; Shigeta et al. 2001; Rouget and 
Neige 2001; Tanabe et al. 2003, 2008, 2010). A larger database on embryonic shell 
measurements is now available for both the Paleozoic and the Mesozoic (given as a 
table here; compare De Baets et al. 2012; Laptikhovsky et al. 2013).

Recently, increased attention has been paid to the large intraspecific variability 
in embryonic development in ammonoids, particularly in Jurassic and Cretaceous 
forms (e.g., Rouget and Neige 2001; Tanabe et al. 2003; Nishimura et al. 2010; 
Tajika and Wani 2011; compare Tanabe et al. 1995; Stephen and Stanton 2002 for 
Paleozoic ammonoids). This phenomenon was qualitatively demonstrated by Erben 
(1950, 1962b, 1964) in the earliest ammonoids several decades before and is also 
well known from post-embryonic stages (De Baets et al. 2015).

New studies have also been performed on paleoecological and paleobiological 
aspects such as reproductive and egg-laying strategies (Klug 2001b, 2007; Etches 
et al. 2009; Walton et al. 2010; De Baets et al. 2012, 2013b) and facies distribution 
of embryonic or juvenile shells (Tomašových and Schlögl 2008; Mapes and Nützel 
2009; Stephen et al. 2012). Some studies have also investigated links between early 
ontogeny and biogeographic distribution (Tajika and Wani 2011) and evolutionary 
longevity (Stephen and Stanton 2002), although these are still rare.

5.2  Description of the Ammonitella

5.2.1  Terminology

The terms used to describe morphological features of the early whorls are illustrated 
on Fig. 5.1. The same terms are used for all ammonoids, although the size and 
shape of these features differ between taxa, particularly in Early to Middle Devo-
nian forms (compare 5.2.2 and 5.2.3). The ammonitella is defined as the shell up to 
the end of the primary constriction (Drushchits and Khiami 1969, 1970; Drushchits 
et al. 1977a, b; Tanabe et al. 1980; Birkelund 1981; Landman 1987), and is consid-
ered by most authors to represent the embryonic shell.

The initial chamber (“Anfangskammer”: Branco 1879, 1880; Schindewolf 1933; 
Erben 1960; “first whorl”: Bandel 1982) refers to the portion of the ammonitella 
up to the proseptum (first septum). It is often known also as the protoconch (e.g., 
Owen 1878; Hyatt 1894; Miller 1938; House 1985), but the term should not be 
used to avoid confusion (Tanabe et al. 1994, 2008; De Baets et al. 2012) with the 
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gastropod protoconch, which is not homologous as it can represent both embryonic 
and/ or larval shell (Frýda et al. 2008; Nützel 2014). Some authors have resolved 
this confusion by referring to the initial chamber as the “ammonoid protoconch” 
(House 1996). We herein will use the terms initial chamber and ammonitella. The 
embryonic shell without the initial chamber can be referred to as the ammonitella 
coil (in derived ammonoids) or as ammonitella shaft in early Emsian ammonoids 
like Anetoceratinae (Mimosphinctidae: Fig. 5.2a, d), where it is still straight or only 
slightly curved (e.g., De Baets et al. 2012, 2013b).

5.2.2  Shape

The initial chamber has a circular to lenticular outline in transverse cross-section 
and its shape ranges from globular (egg-shaped) to spindle-like. The earliest forms 
have an egg-shaped initial chamber and the succeeding whorls are loosely coiled or 
even straight, leaving an umbilical perforation. The most basal taxa such as Metaba-
ctrites (Fig. 5.2d), Ivoites, and Erbenoceras have an almost straight embryonic shell 
shaft, and loosely coiled post-embryonic whorls (De Baets et al. 2013b); the umbili-
cal window is very large and not yet enclosed (open umbilical window sensu De 
Baets et al. 2012, where the initial chamber does not touch the subsequent whorl; 
Fig. 5.3). Early representatives of other slightly more derived lineages such as Gy-
roceratites (Mimoceratidae; Fig. 5.2f), Irdanites and Convoluticeras (Paleogoniati-
tinae: Fig. 5.2b, c), and Teicherticeras (Teicherticeratinae) have an open umbilical 
window (Klug 2001a; Korn and Klug 2002; De Baets et al. 2012, 2013b). In more 
derived taxa of these lineages, the initial chamber touches the subsequent whorl 
(enclosed umbilical window), although these forms occasionally still have a sec-
ondary “opening” between the embryonic shell and the subsequent whorl due to the 
less-curved embryonic shell (Bogoslovsky 1969; compare Fig. 5.3). All known em-

Fig. 5.1  Diagrams of the ammonoid early internal shell structures in median section, showing 
the terminology ( left) and measurements ( right). Abbreviations for measurements are indicated 
in parentheses (modified from Tanabe and Ohtsuka 1985, Fig. 1 and Tanabe et al. 2003, Fig. 1)
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bryonic shells of the Mimosphinctidae, Mimoceratidae, and Teicherticeratidae have 
an embryonic shell coil, which completes less than one-half whorl (Fig. 5.2; Erben 
1964; Bogoslovsky 1969; House 1996). In more derived taxa such as Mimagoni-
atites and Archanarcestes (Mimagoniatitidae) as well as Anarcestes and Sellanarc-
estes (Anarcestidae; Fig. 5.2i, j), the embryonic shell coil is about one-half whorl, 
but the umbilical window is still partially surrounded by the post-embryonic whorls 
(Klofak et al. 1999, 2007; De Baets et al. 2012). In more derived taxa, the umbilical 
window becomes fully enclosed by the embryonic shell coil (e.g., Praewernoceras: 
Fig. 5.2l) and eventually disappears (e.g., Fidelites: Fig. 5.2m).

More derived taxa from the Middle Devonian to Late Cretaceous typically have 
a barrel- to spindle-shaped initial chamber, where the succeeding whorls are closely 
coiled around the initial chamber leaving a shallow to deep dorsal impression in the 
whorl profile as seen in transverse cross section. Even in heteromorph ammonoids 
from the Mesozoic, the embryonic shells are tightly coiled (without an umbilical 
perforation: Drushchits et al. 1977b; Dietl 1978; Landman 1982; House 1996; De 
Baets et al. 2012).

Fig. 5.2  Embryonic shells of the geologically youngest ammonoids of late Early and early Middle 
Devonian age (after De Baets et al. 2012). They are arranged more or less according to their 
stratigraphic sequence. Note the reduction of the embryonic shell size and the size of the umbilical 
window. a Mimosphinctidae, Mimosphinctes khanakasuense, PIN 3762/4. b Teicherticeratidae, 
Irdanites kaufmanni, GPIT 1849/2069. c Teicherticeratidae, Convoluticeras lardeuxi, GPIBo 10. 
d Mimosphinctidae, Metabactrites fuchsi, PWL2010/5251-LS. e Mimoceratidae, Gyroceratites 
heinricherbeni, PWL2010/1-LS. f Mimoceratidae, Gyroceratites cf. laevis, PIMUZ 29566. g 
Auguritidae, Gaurites sperandus, PIN 3981/27. h Latanarcestidae, Latanarcestes aff. noeggerathi 
auct., MB.C. 22202. i Anarcestidae, Sellanarcestes cognatus, L19729. j Anarcestidae, Anarces-
tes lateseptatus, AMNH 45372 (Klofak). k Anarcestidae, Paranarcestes pictus, L19440. l Wer-
neroceratidae, Praewerneroceras suchomastense, L19443 m Werneroceratidae, Fidelites fidelis, 
L19824. The end of the embryonal shell is marked by an asterisk (clear case) or a question mark 
(ill-defined), where possible
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A second change in shell shape occurs at the primary constriction, which marks 
the end of the ammonitella (approximately one whorl from the start of the initial 
chamber in closely coiled ammonitellas). The primary or nepionic constriction typi-
cally appears as a groove in the shell wall, which is especially well expressed along 
the venter and coincides with abrupt changes in coiling, whorl shape, ornamentation 
(5.2.4), and microstructure (5.2.5) in derived ammonoids (e.g., Birkelund 1981; 
Landman et al. 1996). Landman and Waage (1982) noted the importance of distin-
guishing the actual constriction in the shell wall (primary constriction), from the 
shell thickening at this point (primary varix) and from the trace of this thickening 
on the internal mold or steinkern (varix trace). The presence of a primary varix in 
the earliest ammonoids (Anetoceratinae) has not yet been adequately demonstrated 
(House 1996; De Baets et al. 2012, 2013b). This might be related to the preservation 
of these fossils as internal molds so that the primary varix might not have left any 
trace on the inner surface of the shell tube or alternatively, these forms might have 
lacked this structure altogether such as bactritoids, where the nacre does not form 
an abrupt swelling (Doguzhaeva 2002; Kröger and Mapes 2007; Kröger 2008). In 
bactritids, this change in shape corresponds with a gradual narrowing of the shell, 
followed by a widening. In early ammonoids, the end of the embryonic shell is 
usually near the onset of distinct ornamentation (ribbing), changes in whorl profile, 
coiling and/ or cracks, which might preferentially occur at the transition from the 
embryonic to the post-embryonic shell (House 1996; De Baets et al. 2012, 2013b).

5.2.3  Size

Traditionally, three types of measurements are taken from the median cross section 
of ammonitellae (Fig. 5.1): the initial chamber diameter (ID = protoconch diam-
eter PD), the ammonitella diameter (AD) and the ammonitella angle (AA). Note 

Fig. 5.3  Morphology, terminology and measurements of the initial chamber and umbilical win-
dow in bactritoids and Early and Middle Devonian ammonoids ( PL “protoconch” length; PH 
“protoconch” height, UWL umbilical window length, UWH umbilical window height). From left 
to right: Bactrites, Teicherticeras, Chebbites, Gyroceratites, Agoniatites (modified after Bogo-
slovsky 1969; De Baets et al. 2012). The x marks the approximate position of the initial coiling 
axis
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that differences in embryonic shell measurements within and between fossil assem-
blages can be related to various factors including intrinsic intraspecific variation, 
ecophenotypic or geographic variation, phylogenetic variation, taphonomic biases, 
taxonomic uncertainty (due to missing post-embryonic shell), and simple errors in 
measurement (Rouget and Neige 2001; Stephen and Stanton 2002; De Baets et al. 
2012). Measurement errors can be relatively substantial due to the small dimensions 
of embryonic shells (particularly in transverse sections when the section is not in 
the plane of symmetry). Most Mesozoic data are from the Triassic (Zakharov 1974, 
1978; Alekseev et al. 1984; Arkadiev and Vavilov 1984a, b; Vavilov 1992; Arkadiev 
et al. 1993) and Cretaceous (Tanabe et al. 1979, 2003; Drushchits and Doguzhaeva 
1981; Shigeta 1993; Landman and Waage 1993), comparatively less is known from 
the Jurassic where most studies focused on the Oppeliidae (Palframan 1966, 1967, 
1969; Neige 1997; Rouget and Neige 2001). A fair amount of data is available 
for the Permo-Carboniferous (Bogoslovskaya 1959; Zakharov 1974; Tanabe et al. 
1994; Shigeta et al. 2001; Stephen and Stanton 2002), but comparatively less in the 
Devonian (Chlupáč and Turek 1983; House 1996; De Baets et al. 2012).

The diameter of the initial chamber (ID = ID1) is measured from the ventral 
edge of the proseptum through the center of the initial chamber to the opposite side 
(Landman et al. 1996; Fig. 5.1). Various authors (Drushchits et al. 1977a; Zakha-
rov 1978; Drushchits and Doguzhaeva 1981; Alekseev et al. 1984; Arkadiev and 
Vavilov 1984a, b; Vavilov 1992; Landman and Waage 1993; Rouget and Neige 
2001; Shigeta et al. 2001; Sprey 2002; Tanabe et al. 2003) also distinguished a 
first or “maximum” diameter and a second or “minimum” diameter of the initial 
chamber. The former (ID1) corresponds with the initial chamber (ID) or protoconch 
diameter (PD) and passes through the proseptum, the latter (ID2) is the distance per-
pendicular to the former measured through the center of the initial chamber (Drush-
chits et al. 1977a; Landman and Waage 1993; Tanabe et al. 2003; Fig. 5.1). The 
use of the terms maximum and minimum is a bit confusing as sometimes the maxi-
mum diameter is of equal dimensions or even smaller than the minimum diameter 
(compare De Baets et al. 2012). The smallest initial chambers have been reported 
from the Jurassic ( Distichoceras bicostatum: ID1: 0.24–0.30 mm, Taramelliceras 
richei: ID1: 0.25–0.30 mm: Palframan 1966, 1967) and the Cretaceous ( Scaphites 
whitfieldi: ID1: 0.25–0.40 mm: Landman 1987). Drushchits et al. (1977b) reported 
even smaller protoconchs from the Cretaceous ( Aconeceras: ID1: 0.20–0.35 mm; 
Ptychophylloceras: ID1: 0.22–0.28 mm), although these accounts could not be veri-
fied and are absent from subsequent compendia by these authors (e.g., Drushchits 
and Doguzhaeva 1981). The largest protoconchs reported so far are known from the 
Middle Devonian (House 1985, 1996; De Baets et al. 2012). House (1985, 1996) 
reported an initial chamber with a diameter of 1.7 mm in Agoniatites cf. costulatus 
and De Baets et al. (2012) reported an even larger initial chamber with a diameter 
up to 2.2 mm in Agoniatites costulatus (based on an illustration by Petter 1959). 
Several Devonian taxa have initial chamber diameters over 1 mm, which are only 
rarely reported from younger periods including the Permian (e.g., Perrinites: Land-
man et al. 1996; Pseudohalorites and Yinoceras: Zhou et al. 2002) and Cretaceous 
( Tetragonites terminus: Shigeta 1989; Boreophylloceras: Repin 1998; Igolnikov 
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2007). The record holder in the Mesozoic is the genus Boreophylloceras with an 
initial chamber diameter ranging from 1.14 mm ( B. densicostatum: Igolnikov 2007) 
to 1.54 mm ( B. praeinfundibulum: Repin 1998).

The width of the initial chamber (IW = PW) is best studied in isolated embry-
onic shells or those broken out from larger specimens (Branco 1879; Palframan 
1967), which might explain why it has been comparatively less studied (e.g., Erben 
1964; Bogoslovsky 1969; Palframan 1966, 1967, 1969; Mikhailova 1974; Zakha-
rov 1978; Drushchits and Doguzhaeva 1981). Some workers have used transversal 
cross sections to study the width of the initial chamber (e.g., Landman 1987) or 
the whorl width of the ammonitella (e.g., Sprey 2002), although this yields only 
approximate values as it is very difficult to cut through the middle of the initial 
chamber or ammonitella in the proper orientation, particularly in larger, tightly 
coiled specimens. Drushchits and Khiami (1969) distinguished between elliptical 
(IW - ID1 < 0.1 mm), ridge-like (0.1 < IW - ID1 < 0.2 mm) and fusiform initial cham-
bers (IW - ID1 > 0.2 mm) in Cretaceous ammonoids, although it is probably better 
to work with the ratio between IW and ID1 to distinguish initial chamber shapes 
(compare Landman 1987). The latter ratio is close to 1 in early ammonoids with 
circular initial chambers (or even below one in elongate, ellipsoidal forms), while 
it can reach up to 1.5 or more in forms with spindle-shaped initial chambers (Pal-
framan 1966, 1967). On the internal molds of the geologically oldest ammonoids 
(Fig. 5.3; De Baets et al. 2012), it is easier to measure the length and width of the 
initial chamber, but most commonly, the initial chamber diameter is measured from 
illustrations published in the literature.

The ammonitella diameter (AD) is defined as the distance from the adoral end 
of the primary constriction through the center of the initial chamber to the opposite 
side of the ammonitella. It varies from small (AD < 1.0), through medium (1.0 < 
AD < 1.5) via large (1.5 < AD < 2) to very large (AD > 2.0). Some of the largest 
embryonic shells are known from the Early Devonian (3.74 mm in Erbenoceras 
advolvens: Bogoslovsky 1969; 3.99 mm in Mimosphinctes zlichovensis; 3.1 mm 
in Mimosphinctes discordans: compare Bogoslovsky 1969; House 1996; De Baets 
et al. 2012). The ammonitellae might have been even larger in more primitive am-
monoids with estimates up to 5 mm in Ivoites schindewolfi and 6 mm in Metaba-
ctrites fuchsi (De Baets et al. 2013b), when the onset of coarse ornamentation is 
used as a criterion for the end of the embryonic shell (compare House 1996). De 
Baets et al. (2013b) documented fractures in various internal molds of Ivoites opitzi 
around 3 mm (before the start of coarse ornamentation at about 3.5 mm), which 
could be explained by the transition from the ammonitella to the post-embryonic 
shell acting as a natural weak zone (Landman 1985; Sprey 2002) yielding more 
conservative estimates of embryonic shell size (De Baets et al. 2012).

The ammonitella angle (AA) is defined as the angle from the ventral edge of the 
proseptum (edge of the initial chamber) to the adoral end of the primary constric-
tion (Landman et al. 1996; this definition slightly differs from Grandjean 1910: 
compare Drushchits and Khiami 1970). In loosely coiled embryonic shells, the shell 
angle depends on the size of the initial chamber/ embryonic shell coil and also coil-
ing, i.e., the number of whorls the ammonitella encompasses (Fig. 5.4). The angle 
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between the initial chamber aperture and the minimum whorl height at the end of 
the embryonic shell (Amonitella Whorl Angle, AWA) might be a more appropri-
ate measure for the number of whorls and would be independent of the size of the 
embryonic shell shaft/ whorl as well as the initial chamber size and shape as op-
posed to the AA. In bactritoids, AWA is zero, whereas AA is greater than zero and 
dependent on the length of the embryonic shell. However, AWA has not been used 
in the literature and to facilitate comparisons, we herein used the standard parameter 
(AA). It varies between small (< 250°), through medium (250° < AA < 350°) to large 
(AA > 350°). AA ranges from small in early ammonoids to medium at the end of the 
Devonian in forms with coiled embryonic shells (De Baets et al. 2012). In loosely 
coiled forms, these changes are not only related to an increase of the length of the 
embryonic body chamber, but mostly to an increase in the degree of coiling and to a 
decrease in size of the embryonic shell. AA is mostly large in Permo-Carboniferous 
ammonoids (particularly Goniatitina: up to 410° in Peritrochia erebus: Tanabe et al. 
1994) and mostly medium in the Mesozoic, although it can range from 223° ( Hypo-
phylloceras ramosum: Zakharov 1978) to 377° ( Phyllopachyceras ezoense) in the 
Cretaceous Phylloceratina (Landman et al. 1996).

In the Devonian, there is a trend towards smaller, more tightly coiled embryonic 
shells from the Early to the Late Devonian (Fig. 5.5), which correlates with a de-
crease in AD and an increase in AA. This is also visible in a reduction of the umbili-
cal window length and width (Fig. 5.3; De Baets et al. 2012). It is driven both by a 
preferential extinction of forms with larger embryonic shells during biotic events 
and by the progressive coiling of the embryonic shell within lineages (De Baets 
et al. 2012). A possible exception to this trend is a specimen of Agoniatites cf. cos-

Fig. 5.4  Morphology of 
the ammonitella and com-
monly measured parameters 
of the ammonitella in the 
literature ( AD ammonitella 
diameter, AA ammonitella 
angle, and AWA ammonitella 
whorl angle). From left 
to right: Pseudobactrites, 
Mimagoniatites, Scaphites 
(modified from Landman 
et al. 1996; De Baets et al. 
2012). The initial chamber is 
marked in light gray and the 
ammonitella shaft or coil in 
dark gray. The white circles 
indicate the point where the 
two limbs delimiting the 
angle meet
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Fig. 5.5  Distribution and fluctuations of initial chamber ( ID1) as well as ammonitella size ( AD) and 
coiling ( AA) through time (updated from De Baets et al. 2012; whiskers = minima and maxima exclud-
ing outliers, boxes = middle two quartiles, horizontal stripe = median value, circles = outliers); E. Dev 
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tulatosus from the Middle Devonian, where House (1985) estimated an embryonic 
shell diameter of 4.4 mm, although other taxa of Agoniatites (where the ammo-
nitella has been measured) have embryonic shell diameters between 2.3 and 2.6 mm 
(Erben 1964; Landman et al. 1996; De Baets et al. 2012). This trend is less clear 
in the evolution of initial chamber size, which reaches its largest diameter in the 
Middle Devonian ( Agoniatites). In Post-Devonian times, the initial chamber and 
ammonitella diameter fluctuate much less; most ammonitellae measure between 
0.5 and 1.5 mm (Landman et al. 1996), although it can range between 0.48 mm in 
Distichoceras bauggeri (compare Palframan 1967) to 2.9 mm in Boreophylloceras 
praeinfundibulum (Repin et al. 1998) in the Mesozoic. Forms with very large em-
bryonic shells (AD > 2 mm) are not restricted to the Devonian (Permian: 2.31 mm in 
Perrinites sp., Landman et al. 1996; Cretaceous: 2.37–2.9 mm in Boreophylloceras, 
Repin 1998; Igolnikov 2007). The ammonitella angle reached its maximum values 
in the Carboniferous-Permian (related with the high values of AA in Goniatitina and 
Prolecanitina: compare Landman et al. 1996) and decreases again in the Mesozoic 
(Fig. 5.5).

The diameter of the initial chamber diameter and ammonitella did, however, also 
fluctuate after the Devonian, particularly when looking at a higher stratigraphic 
resolution (e.g., Laptikhovsky et al. 2013; Table 5.1). Landman et al. (1996) re-
ported an increase of the ammonitella diameter from the Middle Jurassic to the 
Late Cretaceous within the Lytoceratina. Tajika and Wani (2011) suggested that 
this might even have been the case within single lytoceratin taxa in the Cretaceous. 
Laptikhovsky et al. (2013) attributed the large fluctuations in embryonic shell 
and initial chamber sizes of fossil cephalopods in space and time throughout the 
Phanerozoic to changes in temperature, although it cannot explain the trend in the 
Devonian (compare De Baets et al. 2012). In extant cephalopods, hatchling size 
and embryonic development does not only depend on egg size, but also on devel-
opmental temperature and other individual hatching conditions (Boletzky 2003). 
Currently, the available measurements are heavily biased towards certain regions, 
taxa and timeframes (Table 5.1), so that this hypothesis needs to be further tested 
by quantitative analyses taking phylogenetic, biogeographic or taxonomic biases 
into account. Furthermore, if ammonoids migrated far during their life from hatch-
ing to adulthood, their final resting place may reflect, where the later ontogenetic 
stages died (if post-mortem drift can be ruled out) and not necessarily where they 
hatched; this hampers linking the paleobiogeographic distribution of the fossils with 
the habitat where they hatched.

In cases of more recently erected taxa, the lower order taxonomy follows the 
original publications, while higher order classification of the most closely related 
taxon was chosen. Paleozoic taxonomy was crosschecked with the Ammon Data-
base, but no similar database is available for Mesozoic ammonoids. We are aware 
that some change has occurred in classification of some of these taxa, but revision 

Early Devonian, M. Dev. Middle Devonian, L. Dev. Late Devonian, Carb. Carboniferous, Perm. Perm-
ian, Tria Triassic, Jura  Jurassic, Cret. Cretaceous. Histograms were produced in the freely available 
statistical environment R (http://www.r-project.org/). The grey/white areas demarcate the subdivisions 
between small, medium, large to very large for ID1 and AD as well as small, medium to large for the AA 
as defined by Landman et al. (1996)
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of ammonoid classification is not the scope of this study. Where specimens were 
measured more than once, we used the values of the most recently published article. 
Some additional measurements can be found in Laptikhovsky et al. (2013), but we 
were unable to verify these values in the original publications and as these authors 
only give average values, we refrain from listing them here. Abbreviations: Dev = 
Devonian; Carb. = Carboniferous; Perm. = Permian; Trias. = Triassic; Jura. = Juras-
sic; Cret. = Cretaceous.

Additionally, various authors have demonstrated quite large intraspecific varia-
tion in embryonic shell and initial chamber diameters in samples of Jurassic (Pal-
framan 1966, 1967, 1969; Neige 1997; Rouget and Neige 2001; Morard and Guex 
2003) and Cretaceous ammonoids (Tanabe 1977a, b; Landman 1987; Kawabe and 
Haggart 2003; Tanabe et al. 2003; Nishimura et al. 2010; Tajika and Wani 2011) 
deriving from the same locality and stratigraphic unit (Table 5.2). Erben (1950, 
1962b, 1964) qualitatively illustrated large intraspecific differences in shape and 
size of the initial chamber and embryonic shell in the early Devonian Mimagoni-
atites fecundus; ranging from forms with a smaller initial chamber and more el-
liptical first whorl (“forme elliptique” of Erben 1950, 1962b) to forms with a larger 
initial chamber and more circular first whorl (“forme circulaire” of Erben 1950, 
1962b), which he also observed in other taxa (Erben 1962b).Tanabe et al. (1995) 
reported the intraspecific variation in the Carboniferous Homoceras subglobosum 
and Stephen and Stanton (2002) reported large ranges of intraspecific variation in 
ammonitella diameter of seven Carboniferous ammonoids. Arkadiev and Vavilov 
(1984a) as well as Vavilov (1992) listed measurements of various Triassic taxa, oc-
casionally multiple specimens of the same species (up to five in Parapopanoceras 
asseretoi, P. medium and Indirigites krugi).

We herein use the coefficient of variation (CV) to quantify and compare the range 
of intraspecific variation in various measurements of the initial chamber and the 
ammonitella (Fig. 5.6; Table 5.2); the total range of the measurement should not be 
used for these purposes as it is very dependent on the sample size (Van Valen 2005; 
De Baets et al. 2015). The measurements of the initial chamber show the greatest 
range of intraspecific variation as well as the most extreme values, particularly the 
ID1 and ID2, while the measurements of the ammonitella (AD, AA) show a smaller 
range of intraspecific variation on average within the studied species (Fig. 5.6). It is 
unclear if these differences are due to biological reasons or if these could be related 
to measurement errors and sampling biases (e.g., comparatively little measurements 
are available for protoconch width). Comparisons between these values, even if 
they were derived from the same locality and time interval, are not straightforward 
due to time-averaging and other biases (De Baets et al. 2015). In some cases, ex-
treme values could have originated from mixing specimens from different localities 
or time intervals (e.g., Scaphites warreni), measurement or preparation errors, or 
the low number of available specimens (e.g., Parapopanoceras).

Rouget and Neige (2001) also measured the area of the initial chamber. How-
ever, almost none of these approaches consider the width of the initial chamber 
and ammonitella and therefore, the 3D-structure or volume of the embryonic shell. 
House (1985) estimated the initial chamber volume to vary between about 0.01 



5 Ammonoid Embryonic Development 157

mm3 in the spindle-shaped protoconch of Distichoceras to 1.5 mm3 in the subspher-
ical protoconch of Agoniatites. The lower limits of embryonic shell (0.4–0.5 mm) 
and initial chamber size (~ 0.2–0.3 mm) and their volumes might point to certain 
constructional and physiological constraints on egg and hatchling size (Vance 1973; 
Boletzky 1993, 1997; De Baets et al. 2012). Yolky eggs of a few hundred microns 
are considered to be a minimum size from which an actively jetting cephalopod 
with a muscular-funnel complex for jet propulsion and a muscular arm crown for 
seizure of prey can be formed (Boletzky 1989, 1993).

Several authors also measured the dimensions of the caecum and the prosiphon 
(compare 5.2.7; Landman 1987; Landman et al. 1996; Tanabe et al. 2003), particu-
larly in the Russian literature (e.g., Zakharov 1974, 1978; Drushchits et al. 1977b; 
Drushchits and Doguzhaeva 1981; Arkadiev and Vavilov 1984a, b; Alekseev et al. 
1984; Vavilov 1992; Arkadiev et al. 1993). These include the diameter of the caecum 
measured along the spiral (C1) and a second diameter measured perpendicular to 
the first (C2) as well as the length of the prosiphon (abbreviated as PL in Landman 
et al. 1996; sometimes also known as the length of the fixator: compare Drushchits 
et al. 1977a). Rouget and Neige (2001) also measured the area of the caecum (CS).

Fig. 5.6  Notched boxplots of the coefficient of variation within measurements of the initial cham-
ber ( ID1, ID2, IW) and the ammonitella ( AD, AA) observed within samples of the same species. 
If two box notches do not overlap, there is strong evidence that their medians differ (compare 
Chambers et al. 1983, p. 62). The extremely large values in Parapopanoceras might be related to 
the low sample number and measurement errors (as sometimes multiple values are given for the 
same specimen: compare Arkadiev and Vavilov 1984a; Vavilov 1992), while the values might be 
artificially inflated the coefficient of variation in Scaphites warreni (compare Landman 1987). The 
width of the boxes is proportional to the amount of available samples. Histograms were produced 
in the freely available statistical environment R. (http://www.r-project.org/)
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5.2.4  Ornamentation

The ornamentation of the embryonic shell in the earliest ammonoids (Anetocerati-
nae, Mimosphinctidae) is still unknown (House 1996; De Baets et al. 2012, 2013b). 
Their embryonic shells (including the initial chamber) are smooth in internal mold 
preservation as is the case in closely related bactritoids (Kröger and Mapes 2007; 
Kröger 2008; Fig. 5.2). This fact could indicate that their initial chamber and/or 
the embryonic shell were also smooth, but this could also indicate that their orna-
mentation is too fine to be preserved on the internal mold or restricted to the upper 
surface of the shell. Interestingly, some similarly-preserved curved internal molds 
of bactritoids ( Pseudobactrites, Cyrtobactrites), which are interpreted by some to 
be transitional to ammonoids (Klug et al. 2015), show coarse transverse ornamenta-
tion immediately after the initial chamber (Erben 1964; Kröger and Mapes 2007; 
De Baets et al. 2013b).This conundrum can only be resolved by the discovery of 
abundant, well-preserved embryonic shells of early ammonoids and contemporary 
(Devonian) bactritoids.

Embryonic shells of more derived Agoniatitina, Anarcestina, and Tornoceratina 
are ornamented with transverse lirae (Fig. 5.7). The lirae are not uniformly distrib-
uted but are more closely spaced at the end of the initial chamber and at the end 
of the ammonitella (Fig. 5.7a, b; Klofak et al. 2007; compare House 1965). Erben 
(1962b, 1964, 1966) reported that the lirae develop a slight backward projection on 
the venter at the end of the initial chamber, which become more pronounced over 
the course of the first whorl. Wrinkle-like creases are also present on the shell and 
extend perpendicular to the lirae, giving the shell a reticulate appearance (Fig. 5.7e; 
Klofak et al. 1999). The lirae are symmetrical in cross section and represent peri-
odic thickenings on the shell surface. As a result, they do not leave an impression on 
the steinkern. Adoral of the primary constriction, the lirae abruptly change in size, 
spacing, and shape (Fig. 5.7b, c). They become larger, more widely spaced, and 
asymmetrical in cross section. In addition, finer, more closely spaced striae (growth 
lines?) develop between the lirae (Klofak et al. 2007).

Kulicki et al. (2002) described the embryonic whorls of goniatites based on ma-
terial with aragonitic preservation from the Late Carboniferous Buckhorn Asphalt 
of Oklahoma. The outer surface of the ammonitella is smooth without any trace of 
ornamentation or growth lines. This contrasts with earlier reports describing lon-
gitudinal lirae on the ammonitellae of goniatites from the Upper Carboniferous of 
Kansas (Tanabe et al. 1993). However, the specimens studied here are not as well 
preserved as those from the Buckhorn Asphalt, and reexamination of these and ad-
ditional specimens revealed that these lirae represent micro-ornamentation on the 
inner side of the dorsal shell wall and that the exposed surface of the embryonic 
shell is smooth (Tanabe et al. 2001).

In contrast to Paleozoic ammonoids, the exposed portions of the ammonitella 
in Mesozoic ammonoids, including the Lytoceratina, Phylloceratina, Ancylocera-
tina, and Ammonitina, are covered with a tuberculate micro-ornamentation (e.g., 
Brown 1892; Kulicki 1974, 1979, 1996; Kulicki and Doguzhaeva 1994; Bandel 
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Fig. 5.7  Micro-ornamentation on the embryonic shell of the Agoniatitina. a–f Mimagoniatites 
fecundus, AMNH 46645, Devonian, Morocco. a Lateral view of the ammonitella showing the ini-
tial chamber, the apertural edge of the ammonitella ( arrow), and approximately one-half whorl of 
the post-embryonic shell. b Close-up of aperture ( arrow) showing the reduction in size and spacing 
of transverse lirae. Post-embryonic shell is to the right. c Close-up from b, rotated approximately 
45° to the right, showing the apertural edge of the ammonitella ( arrow). The post-embryonic shell 
is visible emerging from beneath the ammonitella edge on the right. d Close-up of the apertural 
edge of the ammonitella from C ( arrow). e Close-up of the transverse lirae on the initial cham-
ber showing the “wrinkle-like” creases stretched perpendicularly between them ( arrows). Area 
of photograph is indicated by the small box on the initial chamber in 7A. f Close-up of the post-
embryonic shell showing a healed break in the shell ( arrow) which disrupted the production of the 
ornament. Area of close-up is indicated by box on the post-embryonic shell in 7A (from Klofak 
et al. 2007). Abbreviations: IC initial chamber; PE post-embryonic shell
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1982; Bandel et al. 1982; Landman 1985, 1987, 1988, 1994; Landman and Waage 
1993; Landman et al. 1996; Tanabe 1989; Sprey 2001, 2002). Based on his study of 
the early whorls of Quenstedtoceras, Kulicki (1979) documented that the tubercles 
represent extensions of the prisms of the outer prismatic layer. Tanabe et al. (2010) 
further noted that the tubercles are “embedded” in the outer prismatic layer, leav-
ing “holes” where the tubercles have fallen off. Landman et al. (2001) documented 
this same micro-ornamentation on the embryonic shells of the Late Triassic ceratite 
Trachyceras from the San Cassiano (St. Cassian) Formation of the Italian Dolo-
mites (Fig. 5.8). Thus, the presence of a tuberculate micro-ornamentation appears 
to represent a synapomorphy for all Mesozoic ammonoids.

Fig. 5.8  Micro-ornamentation on the embryonic shell of the Ceratitina. a–d Trachyceras ( Trachyc-
eras) aon (Münster 1834), AMNH 46596, San Cassiano Formation, Dolomites, Italy. a Right lateral 
view of the ammonitella and part of the first whorl. b A patch of shell is visible on the adoral end 
of the ammonitella near the primary constriction ( arrow). c The tubercles are irregularly distributed 
on the shell surface. The specimen has been rotated 30° clockwise relative to a. d The tubercles are 
composed of multiple sectors converging to a conical top. (from Landman et al. 2001)

 



5 Ammonoid Embryonic Development 161

The size of the tubercles varies slightly among Mesozoic suborders and this 
variation could possibly be used for phylogenetic analysis. However, even within 
a single specimen, the size of the tubercles can vary, with smaller tubercles usu-
ally located nearer the ammonitella edge. In general, the tubercle size ranges 
from 3–4 μm in the Ceratitina ( Trachyceras; Fig. 5.8), 2–4 μm in the Ammoni-
tina ( Aconeceras, Anapachydiscus, Binatisphinctes, Desmophyllites, Kosmoceras, 
Menuites, Metaplacenticeras, Quenstedtoceras: Fig. 5.9, 5.10, 5.11), 3–4 μm in 
the Phylloceratina ( Hypophylloceras and Phyllopachyceras; Fig. 5.12a, b, c, d), 
3.5–7 μm in the Lytoceratina ( Gaudryceras, Anagaudryceras; Fig. 5.12e, f), and 
4.5–7.5 μm in the Ancyloceratina ( Scaphites, Yezoites, Hoploscaphites, Clioscaph-
ites, Discoscaphites;Fig. 5.13; see references above).

The tubercles occur on the exposed portion of the ammonitella and abruptly 
disappear on the adoral side of the primary constriction. However, they never occur 
on the inner portion of the initial chamber covered by the first whorl or on the area 
immediately adjacent to the apertural edge. Tanabe et al. (2010) documented four 
patterns of distribution. In Pattern A, the tubercles are irregularly distributed on the 

Fig. 5.9  Micro-ornamentation on the embryonic shell of the Ammonitina. a–d Menuites sp., 
UMUT MM 18327, lower Campanian, Nakagawa area, Hokkaido, Japan. a Lateral view of the 
embryonic shell. b–d Tuberculate micro-ornamentation on the initial chamber (b) and first whorl 
(c, d). Tubercles coalesce on the initial chamber (from Tanabe et al. 2010). Abbreviations: pc 
primary constriction
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exposed surface. They sometimes become smaller and more closely spaced on the 
sides of the initial chamber and even fuse together in this region, forming a smooth 
layer (e.g., Menuites; Fig. 5.9a, b). In Pattern B, the tubercles are also regularly 
distributed on the exposed surface of the embryonic shell except for the lateral 
sides of the initial chamber where they are absent (e.g., Aconeceras; Fig. 5.10). 
In Pattern C, the tubercles are restricted to the ventral side of the first whorl (e.g., 
Phyllopachyceras; Fig. 5.12c, d) and in Pattern D, the tubercles are restricted to the 
initial chamber near the umbilical seam (Fig. 5.11e, f).

5.2.5  Microstructure of the Shell Wall

Studies of the microstructure of the embryonic shell have mostly been restricted 
to Jurassic and Cretaceous ammonoids because many of these forms retain their 
original mineralogy and microstructure (Erben et al. 1969; Kulicki 1974, 1979; 
Birkelund and Hansen 1974; Birkelund 1981; Drushchits and Khiami 1970; Drush-
chits and Doguzhaeva 1974, 1981; Drushchits et al. 1977a, b). Studies of Paleozoic 
forms are much rarer and include those by Kulicki et al. (2002) on the Goniatitina 
using well preserved material from the Carboniferous Buckhorn Asphalt of Okla-
homa and by Doguzhaeva (2002) on the Bactritina using well preserved specimens 
from the lower Permian of the southern Urals.

The microstructure of the embryonic shell of Mesozoic ammonoids has been 
studied by many authors (for a review, see Landman et al. 1996; Kulicki 1996; 
Kulicki et al. 2015). One of the principle differences in their observations relates to 
the microstructure of the shell wall at the end of the initial chamber and the begin-
ning of the first whorl. Erben et al. (1968) as well as Birkelund and Hansen (1968) 
argued that the wall of the initial chamber wedges out on the outer side before or 

Fig. 5.10  Micro-ornamenta-
tion on the embryonic shell of 
the Ammonitina. Aconeceras 
cf. trautscholdi, UMUT 
MM 29439–4, lower Aptian, 
Symbirsk, Russia. Tubercles 
are absent on the lateral 
sides of the initial chamber 
(from Tanabe et al. 2010). 
Abbreviation: pc primary 
constriction

 



5 Ammonoid Embryonic Development 163

Fig. 5.11  Micro-ornamentation on the embryonic shell of the Ammonitina. a–d Quenstedtoceras sp., 
UMUT MM 29445, Callovian, Łuków, Poland. a Ventrolateral view of the specimen showing a clear 
primary constriction at the boundary between the embryonic and post-embryonic stages. b Close-up 
of the lateral shell surface of the initial chamber with numerous tubercles. c Part of b, showing the 
microstructure of the initial chamber wall consisting of outer prismatic and inner prismatic layers. d 
Ventrolateral shell surface of the first whorl, with tubercles. e, f Ammonitina, gen. et sp. indeterminate, 
morphotype B, UMUT MM 29446, middle Bathonian, Faustianka, Poland. e Ventrolateral view of the 
early post-embryonic shell showing a clear primary constriction at the boundary between embryonic 
and post-embryonic stages. f Ventrolateral view of a portion of the initial chamber. The embryonic 
shell surface portion is mostly smooth except for the initial chamber surface (from Tanabe et al. 2010). 
Abbreviations: ip inner prismatic layer; op outer prismatic layer; pc primary constriction

 



K. De Baets et al.164

Fig. 5.12  Micro-ornamentation on the embryonic shell of the Phylloceratina and Lytoceratina. 
a, b Hypophylloceras subramosum (Shimizu 1934), UMUT MM 18320, lower Campanian, Nak-
agawa area, Hokkaido, Japan. a Lateral view of the embryonic shell. b Close-up of tubercles on 
the umbilical shoulder of the first whorl. c, d Phyllopachyceras ezoense (Yokoyama 1890), UMUT 
MM 18321, lower Campanian, Nakagawa area, Hokkaido, Japan. c Lateral view of the embryonic 
shell. d Close-up of tubercles on the ventrolateral side of the first whorl. e, f Gaudryceras densep-
licatum Yabe 1903, UMUT MM 183222, Coniacian, Haboro area, Hokkaido, Japan. e Lateral view 
of the embryonic shell. f Close-up of tubercles on the lateral side of the first whorl (from Tanabe 
et al. 2010). Abbreviation: pc primary constriction
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Fig. 5.13  Micro-ornamentation on the embryonic shell of the Ancyloceratina. a–d Scaphites 
whitfieldi Cobban, 1951, AMNH 44833, Turonian, South Dakota, U.S.A. a Lateral view of the 
early whorls of a juvenile. b The embryonic shell/post-embryonic shell boundary is marked by an 
arrow. Note that the tubercles abruptly disappear just adapical of the primary constriction, and are 
replaced by growth lines on the post-embryonic shell. c, d Close-ups of tubercles on the lateral side 
of the first whorl. e, f Hoploscaphites sp., YPM 34113, Upper Maastrichtian, South Dakota, U.S.A. 
e Lateral view of the embryonic shell. f Close-up of tubercles, some of which form discontinuous 
rows. (from Tanabe et al. 2010)
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at the beginning of the first whorl. Kulicki (1979) argued that the wall of the initial 
chamber does not wedge out at all but forms the external layer of the wall of the 
first whorl. In contrast, Bandel (1982) and Tanabe (1989) argued that the wall of the 
initial chamber wedges out, but on the inner side, and that the external layer of the 
wall of the first whorl first appears on the outer side near the distal end of the initial 
chamber. Evidence from specimens actually preserved at early ontogenetic stages 
supports the views of Bandel (1982) and Tanabe (1989).

In all ammonoids whose microstructure has been examined, the most marked 
change in microstructure occurs at the primary constriction. In the Tornoceratina, 
Goniatitina, Ceratitina, Phylloceratina, Lytoceratina, Ammonitina, and Ancylocera-
tina, the outer prismatic layer of the first whorl decreases in thickness, and a large 
pad of nacre (the primary varix) develops on the inside of the shell (Grandjean 
1910; House 1965; Dauphin 1975, 1977; Drushchits and Khiami 1970; Drushchits 
and Doguzhaeva 1974; Drushchits et al. 1977a, b, 1980; Kulicki 1979; Landman 
and Waage 1982). The varix parallels the primary constriction and lies close to 
its adapical end. Occasionally, the outer prismatic layer doubles back along the 
inside surface of the primary varix forming a short return section (Kulicki 1979). 
A primary varix has not been documented in the Agoniatitida (Klofak et al. 1999, 
2007). In the Bactritina, a nacreous layer appears gradually on the straight part of 
the shell adapical of the primary constriction (Doguzhaeva 2002). A constriction 
on the steinkern, which is interpreted to correspond to the end of the embryonic 
shell (nepionic constriction), has been reported from various taxa of Agoniatitida, 
including Agoniatitina (e.g., Mimagoniatites, Latanarcestes, Agoniatites: Erben 
1964; House 1996; Klofak et al. 1999, 2007), Anarcestina ( Anarcestes, Sellanarces-
tes, Praewernoceras: Chlupáč and Turek 1983; Klofak et al. 1999, 2007; De Baets 
et al. 2012) and Gephuroceratina (e.g., Manticoceras, Probeloceras: Korn and Klug 
2002; Landman et al. 1996; De Baets et al. 2012). Such constrictions have so far 
not been reported from less derived ammonoids (House 1996; De Baets et al. 2012, 
2013b). The nacreous layer rapidly thickens but does not form a varix. Regardless 
of suborder, the post-ammonitella shell consists of both nacreous and prismatic lay-
ers and emerges from below the embryonic shell.

5.2.6  Septa

The first septum develops at the distal end of the initial chamber and is called the 
proseptum to distinguish it from all other septa (Schindewolf 1928, 1929, 1951, 
1954). According to Branco (1879, 1880), the prosuture (the suture corresponding 
to the proseptum) can be divided into three character states: asellate, latisellate, and 
angustisellate, depending on the size of the dorsal and ventral saddles. However, as 
noted by Landman et al. (1996), these character states do not accommodate the full 
range of variation in the Ammonoidea (compare House 1965; Bensaid 1974). The 
proseptum is prismatic in microstructure. However, Landman and Bandel (1985, 
Fig. 33, 34) documented that, in Euhoplites, it consists of three layers: a middle 
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irregularly prismatic layer sandwiched between two more homogeneous layers, 
which originally may have been organic. Wrinkles are visible on the surface of the 
proseptum in well-preserved specimens free of matrix (Landman and Bandel 1985, 
Fig. 18).

The second septum, sometimes called the primary septum, is the basis for the 
ontogenetic development of all later septa. The shape of the second septum is com-
pletely different from that of the proseptum. The suture corresponding to the second 
septum (primary suture) is characterized by a ventral, dorsal, and lateral lobe, and 
a maximum of three umbilical lobes, depending on the suborder. For example, ac-
cording to Kullmann and Wiedmann (1970), the primary suture in the Tetragonitoi-
dea (Lytoceratina) contains a total of six lobes (sixlobate). The microstructure of the 
second septum also differs from that of the proseptum. Like all subsequent septa, 
the second septum is mainly composed of nacre.

Drushchits and Doguzhaeva (1981) documented the variation in the distance 
between the proseptum and second septum in Mesozoic ammonoids. For example, 
in Quenstedtoceras, the second septum rides dorsally on the proseptum, although 
the two septa are distinct ventrally (Bandel 1982; Landman and Bandel 1985). In 
the Goniatitina, Landman et al. (1999) noted that the proseptum and second septum 
are very closely spaced. Because of this close spacing, Miller and Unklesbay (1943) 
identified both of these structures as prosepta. However, later studies have demon-
strated that these structures represent the proseptum and second septum, which are 
joined together around the siphuncular opening on the dorsal side.

The relationship of the first few septa has also been examined in more primi-
tive ammonoids. Klofak and Landman (2010) documented that the first three septa 
including the proseptum are joined together at a triple junction along the dorsal 
wall of the initial chamber in the Agoniatitina (Fig. 5.14). In some cases, authors 
have reported the subdivision of the initial chamber into two chambers (e.g., in 
the Devonian Tornoceras: Bogoslovsky 1971; Korn and Klug 2002; in the Perm-
ian Pseudohalorites: Zhou et al. 2002). Korn and Klug (2002) indicated that the 
first septum of Tornoceras typum (Tornoceratina) lacks a septal neck, is strongly 
concave and reaches the inner surface of the initial chamber, while the second sep-
tum is of normal form. They interpreted the latter to be connected with the outer 
surface of the initial chamber and to form a septal neck; the flange is situated inside 
the second gas-filled chamber (Bogoslovsky 1971). Zhou et al. (2002) reported 
that Pseudohalorites (Tornoceratina) has a subdivided initial chamber similar to 
Tornoceras, but this was only based on a transversal cross section. Klofak and 
Landman (2012) also investigated specimens of Tornoceratidae (compare House 
1965, 1996) and concluded that this first septum might be the projection of the 
dorsal shell wall within the initial chamber. They suggested that the confusion 
might be related to the dorsal wall, which projected into the initial chamber, so that 
it might have extended far enough or bent in a way to appear to be two structurally 
similar attached septa; this might also explain the description of two prosepta by 
Miller and Unklesbay (1943) as well as Böhmers (1936). Additional studies and 
better preserved embryonic shells (with preserved shell structure) are necessary to 
further test the presence of two prosepta.
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5.2.7  Siphuncle, Caecum, and Prosiphon

The siphuncle originates in the initial chamber as a bulbous structure called the 
caecum (C in Fig. 5.14, 5.15 and 5.16). Like the siphuncle, the caecum was prob-
ably originally composed of organic membranes, which are usually preserved as 
phosphatic material. Indeed, Kulicki (1979) reported traces of fine wrinkles on the 
caecum of Quenstedtoceras, thus corroborating its original organic composition.

As described in Landman et al. (1996) and Klofak and Landman (2010) (1999), 
the shape of the caecum varies among ammonoids (Fig. 5.14, 5.15, 5.16). They re-
ported three shapes: elliptical in the Bactritina, Agoniatitina, Goniatitina, Ceratitina, 
Phylloceratina, Ancyloceratina, and Ammonitina; rectangular in the Prolecanitina; 
and hemicircular (semicircular) in the Lytoceratina. Since then, Shigeta et al. (2001) 
redescribed the caecum of the Prolecanitina as bottle-shaped or gourd-shaped. Ta-
nabe et al. (2003) argued that the shape is stable at the family or superfamily level 
in the Ammonitina but more variable even at the species level in the Lytoceratina. 
For example, Shigeta (1989) documented variation in the shape of the caecum from 
elliptical to hemicircular in Tetragonites.

Fig. 5.14  Caecum, siphun-
cle, and first few septa in the 
Agoniatitina. a, b Agoniatites 
vanuxemi, AMNH 53357, 
middle Devonian, Cherry 
Valley Limestone, New York 
State, U.S.A., median cross 
section. a Overview of the 
ammonitella. b Close-up of 
initial chamber (from Klofak 
and Landman 2010). Abbre-
viations: C caecum; IC initial 
chamber, SI siphuncle; 1, 2  
number of septum
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Fig. 5.15  Early internal shell structure in two species of Gaudryceras (Late Cretaceous Lytocera-
tina). Overall views of the ammonitella (a, d, f) and close-up views of the ventral side of the initial 
chamber (b, c, e, g) in median cross section. a–c G. denseplicatum, lower Santonian, Hokkaido. a, 
c UMUT MM 28224. b UMUT MM 28223. d–g G. tenuiliratum, lower Campanian, Hokkaido. d, 
e UMUT MM 28225. f, g UMUT MM 28226 (from Tanabe et al. 2003). Abbreviations: c caecum; 
ic initial chamber; f flange; pc primary constriction; ps proseptum; psh prosiphon; pv primary 
varix; s siphuncle

 



K. De Baets et al.170

The caecum is attached to the inside surface of the initial chamber by means 
of the prosiphon, which usually consists of a sheet with prominent folds along the 
sides and with smaller folds in between (psh in Fig. 5.14, 5.15, 5.16). Like the cae-
cum, it was originally composed of organic tissues and commonly exhibits wrinkles 
along its length. Landman et al. (1996) distinguished two main types of prosiphons: 
(1) a long, nearly straight prosiphon in most Ammonitina except for the Amalthei-
dae, Collignoniceratidae, and Placenticeratidae; (2) a short, curved prosiphon in 
the Ancyloceratina, Bactritina, Goniatitina, Lytoceratina, Phylloceratina, and Pro-
lecanitina. However, size and shape of the prosiphon commonly vary even between 
and within closely related species (e.g., Subprionocyclus minimus; Fig. 5.16b, d, 

Fig. 5.16  Early internal shell structure in Subprionocyclus minimus (Late Cretaceous Ammonitina). 
Overall views of the ammonitella (a–c) and close-up views of the ventral side of the initial chamber 
(d–f) in median cross section, upper Turonian, Hokkaido. a, b UMUT MM 28230. c, d UMUT MM 
28231. e, f UMUT MM 28232. See Fig. 5.15 for abbreviations. (from Tanabe et al. 2003)
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f). Rouget and Neige (2001) documented both types of prosiphons in two closely 
related species of Oppeliidae (Ammonitina): Sublunuloceras virguloides and Hec-
ticoceras canaliculatum.

Initially, the position of the siphuncle was marginal or central, but even if it was 
central, it became typically marginal by the end of the second whorl (with the ex-
ception of the Upper Devonian Clymeniida: Bogoslovsky 1976 or Upper Carbonif-
erous-Permian Pseudohaloritoidea: Frest et al. 1981; Furnish et al. 2009). Landman 
et al. (1996, table 1) documented the initial position of the siphuncle in seven sub-
orders of ammonoids, but noted wide variation within each suborder. Several recent 
studies have provided additional data. Shigeta et al. (2001) has confirmed that the 
initial position of the siphuncle is marginal in the Prolecanitina and central or sub-
central in two genera of the Goniatitina (Landman et al. 1999). Klofak et al. (1999) 
documented that the initial position of the siphuncle is marginal in the Agoniatitina 
and Tanabe et al. (2003) noted the same in two species of Gaudryceras (Lytoc-
eratina) (Fig. 5.15) and central in one species each of Damesites, Subprionocyclus 
(Fig. 5.16), and Metaplacenticeras (all Ammonitina).

5.2.8  Muscle Scars

Muscle scars in the embryonic shells of ammonoids have only been reported in a 
few species of Ammonitina, Ceratitina, and Goniatitina. In Quenstedtoceras, Ban-
del (1982) documented the ontogenetic sequence of muscle scar attachment. He 
noted an elongate muscle scar on the inside surface of the flange, a pair of muscle 
scars on the adoral face of the proseptum on either side of the proseptal opening, 
and another pair of muscle scars on the inside surface of the dorsal wall adoral of 
the second septum. These two muscle scars merge into a single muscle scar adoral 
of the third septum. A similar sequence of muscle scar attachment has been noted 
in Euhoplites by Landman and Bandel (1985) and in several genera of Ceratitina 
( Amphipopanoceras, Anagymnotoceras, Czekanowskites, Nathorstites, Arctopty-
chites, Aristoptychites, Sphaerocladiscites, Paracladiscites, Stolleites, Indigirites) 
by Weitschat and Bandel (1991). In the Goniatitina, Landman et al. (1999: Gla-
phyrites) and Kulicki et al. (2002; gen. et sp. indet.) documented a single elongate 
muscle scar immediately above the flange in the initial chamber. As in Mesozoic 
ammonoids, this scar is demarcated by a region of grainy texture.

5.3  Sequence of Embryonic Development

The development of the embryonic shell of Mesozoic ammonites has been recon-
structed based on the study of the early whorls of larger specimens as well as the 
examination of specimens actually preserved at early ontogenetic stages. Recon-
structions based on the early whorls of larger specimens have been reviewed in 
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Landman et al. (1996). Their summary is based on four lines of evidence, namely, 
the microstructure of the shell wall, the ornamentation, the presence of the primary 
varix, and the shape of the proseptum (Landman et al. 1996, Fig. 19). These obser-
vations, in analogy with studies of the early ontogeny of modern cephalopods, espe-
cially modern nautilids (Arnold et al. 1987; Landman 1988; Tanabe and Uchiyama 
1997), suggest that ammonites developed directly without a larval stage, which is 
also in line with their larger size compared to other mollusks (more yolk?). Accord-
ing to this theory of direct development in ammonoids, the ammonitella, consisting 
of the initial chamber and the whorl terminating at the primary varix, formed within 
the egg capsule. The internal structures at this stage of development consist of the 
proseptum, caecum, and prosiphon.

Studies of specimens actually preserved at various stages during early ontogeny 
have further elucidated the sequence of embryonic shell development. These stud-
ies have been based on Late Cretaceous (Santonian) Baculites from North America 
(Landman 1982; Landman et al. 1996) and Early Cretaceous (Aptian) Aconeceras 
from Symbirsk, Russia (Fig. 5.17, 5.18, 5.19, 5.20; Kulicki and Doguzhaeva 1994; 
Tanabe et al. 2008). These studies suggest that in the initial stage of development, 
the embryo secreted an organic, unmineralized cap-shaped shell (Fig. 5.21a), al-
though this stage has never actually been preserved as a fossil (such a stage has been 
observed in the early ontogentic development of extant gastropods; Iwata 1980; 
Bandel 1982; Hickman 1992). Subsequently, a thin, poorly mineralized shell was 
secreted approximately 1.5 mm in diameter (equal to the final size of the ammo-
nitella) and 1.0 whorl in spiral length (Fig. 5.18, 5.21b). This is the first stage that 
is actually preserved as a fossil (‘Stage 1’). The shell wall consists of a thin homo-
geneous layer (1–2 μm thick), probably composed of amorphous calcium carbonate 
(ACC), which passes into a slightly thicker prismatic layer at the adoral end of the 
shell (Fig. 5.18d). In closely coiled ammonitellae, only the exposed parts of the 
ammonitella including the lateral walls of the initial chamber are mineralized. The 
portion of the initial chamber covered by the first whorl is still organic (Fig. 5.18b). 
Similarly, the nacreous swelling (primary varix) has not yet developed. This area 
exhibits a constriction because it is the site of soft tissue (muscle) attachment.

In the next stage of development (‘Stage 2’), an outer prismatic layer is secreted, 
so that the ventral shell wall of the ammonitella consists of three layers: an inner 
prismatic layer, a (now) middle homogeneous layer (ACC), and an outer prismatic 
layer, with a total thickness of 7–8 μm (Fig. 5.19c). The outer prismatic layer is 
covered with tubercles (t in Fig. 5.19c, d), which were secreted from the outside. 
The embryonic shell at this stage is approximately 1.0–1.5 whorls long, terminating 
at the primary constriction (arrow in Fig. 5.19a). The wall of the initial chamber 
covered by the first whorl is secreted along with the proseptum.

In the final stage of embryonic development (‘Stage 3’), the shell is fully min-
eralized and consists of an initial chamber and whorl terminating at the constricted 
aperture (Fig. 5.20a, b, c). No growth lines are present on the surface of the shell, 
implying that the shell was secreted in direct and uninterrupted contact with the 
gland cells of the mantle. A thin prismatic layer is secreted on the dorsal side of 
the shell. The middle homogeneous layer, which was present at earlier stages of 
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development, is no longer visible and must have merged with the inner prismatic 
layer. Finally, a thick nacreous swelling forms on the inner side of the shell wall 
near the aperture, probably right before hatching during a temporary withdrawal of 
the mantle margin (Fig. 5.21d).

The sequence of embryonic development based on these specimens of Aconeceras 
closely matches that outlined by Bandel (1982) based on an examination of the 
early whorls of Jurassic Quenstedtoceras. The most important difference between 
the interpretations of Bandel (1982) and Tanabe et al. (2008) is in the timing of for-
mation of the outer prismatic layer and tubercles. Bandel (1982) hypothesized that 
the outer prismatic layer was mineralized from the inside, preserving the original 
ornamentation of the organic shell. The observations of Tanabe et al. (2008) suggest 

Fig. 5.17  Embryonic shells of Aconeceras cf. trautscholdi, lower Aptian, Symbirsk, Volga River 
Basin, Russia. a Optical micrograph of part of a calcareous concretion, UMUT MM 29439-1, 
showing the mode of occurrence of embryonic shells preserved as coprolite remains. b SEM of 
embryonic shells on the broken surface of the concretion, UMUT MM 29440-1. (from Tanabe 
et al. 2008)
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that the outer prismatic layer and overlying tubercles were secreted simultaneously 
at a later stage of mineralization. According to them, the embryonic ammonoid was 
probably surrounded by fluid within the egg capsule. Under these circumstances, 
the outer prismatic layer and tubercles may have been deposited from this fluid, 
without any direct influence of the shell gland. This involves a process of secretion 
via non-epithelial mineralization with only weak biological control (Tanabe et al. 
2010). Such a process has been postulated to account for the formation of micro-
ornamentation on some gastropod larval shells (Hickman 2004).

As in Mesozoic ammonoids, the sequence of embryonic development in Pa-
leozoic ammonoids is also based on an examination of the early whorls of larger 
specimens and the description of specimens actually preserved at early ontogenetic 
stages. However, with the exception of the Late Carboniferous goniatites from the 
Buckhorn Asphalt, none of the specimens is preserved with the original aragonitic 
mineralogy. Studies of the goniatites from the Buckhorn Asphalt demonstrated that 
the microstructure of the ammonitella, including the presence of a primary varix, 
and the relationship between the proseptum and the shell wall are identical to that 

Fig. 5.18  Sequence of embryonic development (Stage 1) in Aconeceras cf. trautscholdi, UMUT 
MM 29439-2, lower Aptian, Symbirsk, Russia. a Lateral view of medially broken embryonic shell. 
b–d Microstructure of the wall of the embryonic shell. Note that the wall at the adapical end (b) 
consists of a very thin homogeneous, possibly amorphous calcium carbonate layer, whereas it is 
composed of an outer homogeneous and inner prismatic layer at the adoral end. The outer surface 
of the shell is bumpy but lacks tubercles (from Tanabe et al. 2008). Abbreviations: h homogeneous, 
possibly amorphous calcium carbonate layer, ip inner prismatic layer
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in Mesozoic ammonoids (Kulicki et al. 2002). These similarities suggest that both 
groups shared a similar mode of embryonic development. This conclusion contrasts 
with earlier interpretations based on less well preserved Carboniferous material (Ta-
nabe et al. 1993).

The sequence of embryonic development in more primitive ammonoids has not 
yet been satisfactorily worked out. However, in contrast to the hypothesis of Erben 
(1964, 1966) and Erben et al. (1968, 1969), these forms probably developed directly 
without a larval stage (House 1996; De Baets et al. 2012). Thus, the embryonic 
shell consists of both the initial chamber and subsequent whorl terminating at the 
primary constriction. Nevertheless, the exact sequence of embryonic development 

Fig. 5.19  Sequence of embryonic development (Stage 2) in Aconeceras cf. trautscholdi, UMUT 
MM 29439-3, lower Aptian, Symbirsk, Russia. a Lateral view of the embryonic shell partly 
exposed on the fractured surface of the carbonate concretion. The arrow points to the constricted 
aperture. b Close-up of the lateral side of the initial chamber without tubercles. c The microstruc-
ture of the wall consists of an inner prismatic, a middle homogeneous, and an outer prismatic 
layer on the ventral side of the first whorl. d The microstructure of the wall consists of a thin outer 
prismatic layer near the primary constriction (from Tanabe et al. 2008). Abbreviations: h homoge-
neous, possibly amorphous calcium carbonate layer; ip inner prismatic layer, op outer prismatic 
layer, t tubercle
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is still unknown. The presence of wrinkle-like creases on the embryonic shell of 
some primitive ammonoids like, e.g., the Agoniatitina (Klofak et al. 1999) suggests 
that the shell was secreted in close contact with an organic membrane (for an inter-
pretation of the significance of such creases, see Checa 1994). The initial chamber 

Fig. 5.20  Sequence of embryonic development (Stages 2 and 3) in Aconeceras cf. trautscholdi, 
lower Aptian, Symbirsk, Russia. a–c UMUT MM 29440-2. This specimen possibly belongs to 
Stage 3 although its aperture is not exposed. a Ventral view. b Close-up of the shell surface with 
tubercles. c The microstructure of the shell wall consists of an inner and an outer prismatic layer 
with tubercles on the outer layer. d–f UMUT MM29443. This specimen may belong to Stage 2. d 
Lateral view. e, f Close-ups of the outer surface with tubercles. Note that the tubercles rest on the 
underlying outer prismatic layer, and occasionally a couple of tubercles occur on a single prismatic 
crystal showing pseudo hexagonal trilling. (from Tanabe et al. 2008)
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of primitive ammonoids is similar in size and shape to the whole ammonitella of 
more advanced ammonoids, and in analogy with the embryonic development of 
these forms, could have originally been secreted as a thin organic membrane. The 
rest of the shell after the initial chamber may have formed by accretionary growth. 
The lirae on this part of the shell are not uniformly distributed but are more closely 
spaced near the end of the ammonitella, perhaps reflecting a deceleration in growth 
rate right before hatching. In addition, the appearance of a slight backward projec-
tion of the lirae on the venter at the end of the initial chamber, which gradually 
becomes more pronounced over the course of the first whorl, probably reflects the 
growth of an organ during embryogenesis (Bogoslovsky 1969). Thus, the lirae on 
the shell could not have been secreted simultaneously everywhere, but must have 

Fig. 5.21  Diagrams showing the sequence of embryonic shell development in Mesozoic ammo-
nites. a Stage 0. Secretion of an unmineralized organic shell ( o) (not observed). b Stage 1. Initial 
mineralization of a homogeneous layer ( h), possibly consisting of amorphous calcium carbonate 
(ACC). Subsequent transformation of the inner portion of ACC into an inner prismatic layer ( ip) 
on the adoral side. The aperture is distinctly constricted. c Stage 2. Secretion of an outer prismatic 
layer ( op), followed by deposition of irregularly distributed tubercles ( t) on top. d Stage 3. Secre-
tion of a dorsal prismatic layer ( dp) and a nacreous swelling (primary varix) on the inner side near 
the aperture. The middle homogeneous layer (ACC) that occurred in Stage 2 is mineralized and 
merged with the inner prismatic layer ( ip). (from Tanabe et al. 2008)
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formed via accretionary growth. However, House (1965, p. 87–89) reported more 
or less equally spaced lirae in Tornoceras on the ammonitella (but see Klofak et al. 
2007; 5.2.4) and the appearance of clear ventral (hyponomic) and lateral (ocular) 
sinuses only in post-embryonic growth at or slightly after the nepionic constriction 
(House 1996), which he interpreted to confirm their freedom from the egg capsule 
and that adult free-living life has begun at this stage of development.

5.4  Post-Hatching Mode of Life

It is now well accepted that ammonoid hatchlings, particularly those of derived 
forms with sizes below 2–3 mm, had a planktic mode of life (Zakharov 1972; Ku-
licki 1974, 1979; Landman et al. 1996; Westermann 1996; De Baets et al. 2012; 
Ritterbush et al. 2014; compare Wetzel 1959 for an alternative point of view). This 
is based on three main lines of evidence: facies of the host rock of ammonitellae-
occurrences, density calculations and actualistic comparisons of embryonic shell 
size (Landman et al. 1996).

A pelagic mode of life is consistent with the occurrences of ammonitellae and very 
small juveniles with older juveniles, adult and/or other nektonic and planktic taxa in 
environments in which the bottom water (or at least the sediment-water interface) was 
dysoxic to anoxic with oxygenated water above and little or no benthic fauna (e.g., 
Late Mississippian Ruddle Shale, Arkansas: Mapes and Nützel 2009; Middle Triassic 
Fossil Hill Member of the Favret Formation, Nevada: Bucher et al. 1996; Jurassic: Ku-
licki and Wierzbowski 1983; Late Cretaceous Sharon Springs Member of the Pierre 
Shale, Wyoming: Landman 1988; Late Cretaceous Mancos Shale in Utah: Stephen et al. 
2012). However, there are numerous examples of mixed assemblages of juvenile and 
adult ammonoids from well-oxygenated environments in which very small juveniles 
(< 4 mm) are rare or absent, which suggest that newly hatched ammonoids might have 
lived in a different environment from that of the older juveniles and adults. This pattern 
could, however, be related to taphonomic processes, although isotope analyses through 
ontogeny are consistent with such a hypothesis for various Jurassic and Cretaceous am-
monoids (Lukeneder et al. 2010; Ritterbush et al. 2014; Lukeneder 2015; Moriya 2015). 
The ecological differences between hatchlings and later ontogenetic stages might earn 
them the name of paralarvae (as it was introduced by Young and Harman 1988 for an 
early developmental stage of extant cephalopods that resides in the near-surface plank-
ton and that differs from later stages in habit, habitat and, frequently, morphology). The 
term larvae cannot be used for direct developers like ammonoids (Kulicki 1979 used 
the term pseudolarvae). In the plankton, young ammonoids may have secreted up to 
two whorls reaching shell diameters between 3 and 5 mm (neanoconch of Westermann 
1996).

In extant cephalopods, hatchlings deriving from eggs smaller than 3 mm in di-
ameter are planktic, while hatchlings larger than about about 10 mm in diameter are 
typically nektobenthic. Between 3 and 7.5 mm, both planktic and benthic hatchlings 
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are known in extant cephalopods (Fig. 5.22; De Baets et al. 2012), so that the large 
size of 3 mm or more of some Devonian and post-Devonian embryonic shells might 
indicate a nektobenthic mode of life. However, facies analysis indicate that their, 
bactritoid (Carboniferous: Mapes and Nützel 2009) and orthocerid ancestors (Ordo-
vician: Kröger et al. 2009) with small initial chambers were also planktic. Size on 
its own is insufficient to postulate a nektobenthic mode of life for these larger hatch-
lings, and it is probably the most parsimonious to assume that early ammonoids 
also had a planktic mode of life like their ancestors and more derived forms (De 
Baets et al. 2012). This is supported by the co-occurrence of embryonic shells of 
bactritoids and ammonoids since the Early Devonian (e.g., Early Emsian of France, 
Morocco, Uzbekistan: compare Erben 1965; Klug et al. 2008; Kröger 2008; Becker 
et al. 2010; De Baets et al. 2012), just like in the Carboniferous (Mapes and Nützel 
2009). Among octopods, a planktonic mode of life at hatching is considered to be 
the phylogenetically primitive condition, whereas a nektobenthic mode of life at 
this stage is considered derived (Boletzky 1978, 1987b, 1992).

Fig. 5.22  Relationship between the average fecundity (number of spawned eggs) and maximum 
egg size in extant cephalopods and Devonian ammonoids (modified from De Baets et al. 2012). 
For the maximum embryonic shell diameter was used as a proxy for ammonoid egg size. The 
arrows mark the main ranges of embryonic shell size (AD) of derived ammonoids (0.5–1.5 mm) 
and Carboniferous bactritoids (1.2–2 mm). We also indicate which extant taxa have planktic 
( circles) and nektobenthic ( triangles) hatchlings; between 3 and 10 mm, both planktic and non-
planktic hatchlings are known
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A pelagic mode of life is also supported by density calculations on ammonitellae 
of Paleozoic (Carboniferous Goniatitida: Tanabe et al. 1995) and Mesozoic (Cre-
taceous Ammonitida: Shigeta 1993), which have yielded values within the range 
of neutral buoyancy (Westermann 1993, 1996; Landman et al. 1996). Ammonoid 
hatchlings were probably rather planktonic than nektobenthic as they were too small 
to swim effectively against currents (Jacobs 1992; Jacobs and Chamberlain 1996, 
p. 213). Derived ammonoids probably already had a functional hyponome and func-
tional eyesight at hatching as indicated by the presence of hyponomic and ocular 
sinuses at or slightly after the nepionic constriction in Late Devonian Tornoceras 
(House 1965, 1996). Not only the small size, but also its spherical shape in derived 
ammonoids might have been an adaptation to a planktonic mode of life in derived 
ammonoids (Kulicki 1979). At 1 mm, their spherical form is the optimal shape 
to minimize surface area and maximize volume (Jacobs 1992; Jacobs and Cham-
berlain 1996). The most basal ammonoids have straight, curved to loosely coiled 
embryonic shells (De Baets et al. 2012; De Baets et al. 2013b). The progressive 
coiling of the initial chamber and embryonic shell probably coincided with changes 
in orientation of the aperture of the hatchlings as well as reproductive strategies 
(De Baets et al. 2012; Klug et al. 2015). The disappearance of larger, more loosely 
coiled embryonic shells in the Early to Middle Devonian appears to be linked with 
driven trends within lineages (Klug et al. 2010, Monnet et al. 2011) and sorting 
trends due to preferential extinction of groups with larger, more loosely coiled em-
bryonic shells during extinction events linked with environmental changes (Daleje 
and Choteč events; De Baets et al. 2012).

It is possible that the embryonic shell might have functioned as a buoyancy ap-
paratus with the initial chamber as the first gas-filled chamber and with the caecum 
for liquid absorption and hydrostatic adjustment at least since the Upper Devonian 
(House 1985; Landman et al. 1996). Furthermore, the strong correlation between the 
dimensions of the initial chamber and the dimensions of the ammonitella (Shigeta 
1993) on the one hand, and the strong negative correlation between ammonitella 
angle and whorl expansion rate (Tanabe and Ohtsuka 1985) on the other hand, have 
been taken to reflect volumetric relationships necessary to maintain neutral buoy-
ancy (Shigeta 1993; Landman et al. 1996; Sprey 2002; Morard and Guex 2003). 
As indicated above, at least some ammonoids show a great intraspecific variation 
in the initial chamber and ammonitella diameters (compare 5.2.3). This lack of cor-
relation of initial chamber and ammonitella diameters has been used to question 
the buoyancy of embryonic shells (Neige 1997), while others tried to explain it by 
intraspecific differences in the volume of cameral liquid and rate of cameral liquid 
discharge (Shigeta 1993; Rouget and Neige 2001), although this might be unnec-
esary. The correlation between the embryonic shell and initial chamber diameter 
has usually been interpreted in the light of neutral buoyancy, but the problem is that 
in most studies, the 3D dimensional form of the ammonitella and initial chamber 
is ignored or approximated (Shigeta 1993; Tanabe et al. 1995), which might be 
problematic, particularly in forms like Oppeliidae with a markedly barrel-shaped to 
spindle-shaped embryonic shell (Palframan 1966, 1967). Furthermore, these could 
also be influenced by the accuracy and precision of measurements derived from 
median sections.
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The wide dispersal of planktonic hatchlings through oceanic currents might ex-
plain the global distribution of several heteromorph species, which are interpreted 
to be poor swimmers (Ward and Bandel 1987; De Baets et al. 2012), both in the 
Early Devonian (De Baets et al. 2013a, b) and the Mesozoic (Landman et al. 1996; 
Westermann 1996). The wide distribution of the extant giant squid Architeuthis, 
which probably belong to one single species, has also been attributed to drifting of 
paralarval stages in addition to the migration of larger individuals (Winkelmann et 
al. 2013). Tajika and Wani (2013) found no significant intraspecific differences in 
initial chamber and ammonitella diameters in the Late Cretaceous ammonoid popu-
lations ( Gaudryceras tenuiliratum and Hypophylloceras subramosum) between the 
Haboro and Ikushumbetsu areas, which are 110 km apart. They interpreted that 
these ammonoids had been transported at least 110 km, which corresponds with a 
time of more than 5 days (if they assume a velocity of 0.25 m/s for the paleocur-
rent in the Cretaceous between these areas). The overlapping ranges could poten-
tially also have other explanations (De Baets et al. 2015). Yahada and Wani (2013) 
found a significant difference in post-embryonic shell shape between samples of 
Scaphites planus (= macroconch of Yezoites puerculus; Davis et al. 1996) between 
Oyubari and Kotanbetsu areas of Hokkaido (Japan), although the samples do not 
show significant differences in embryonic shell size. They attributed these differ-
ences to limited migration between the two areas (currently ~ 130 km apart) related 
to a nektobenthic habitat after the post-hatching stages. This hypothesis is interest-
ing but should be verified by quantitative analysis of large samples throughout the 
wide geographic range of this species in the North Pacific (see Tanabe 1977a) as 
well as the amount of time-averaging and other taphonomic biases (De Baets et al. 
2015). The external shell of (adult) ammonoids might have impeded efficient long-
distance migrations, although some authors have suggested that at least some am-
monoids might have swum or drifted for considerable distances later in ontogeny 
(Westermann 1996; Brayard and Escarguel 2013; Ritterbush et al. 2014).

So, several lines of evidence speak for a planktic mode of life of ammonoid hatch-
lings, which might have contributed to their extinction at the end of the Cretaceous 
(Kennedy 1989; Tanabe 2011; De Baets et al. 2012) as juvenile ammonoids might 
have been particularly vulnerable to changes in the planktic food chain (Boletzky 
2002; Kruta et al. 2011) or ocean acidification (Alegret et al. 2012; Arkhipkin and 
Laptikhovsky 2012). Interestingly, nautilids with larger, nektobenthic hatchlings 
survived this Cretaceous mass extinction (Wani et al. 2011), but it is still unclear 
if these can be linked with differences in habitat, feeding or reproductive strategy 
between the two groups (Nesis 1986; Kennedy 1989; Ward 1996; Kruta et al. 2011; 
Tanabe 2011; Arkhipkin and Laptikhovsky 2012; De Baets et al. 2012). Boletzky 
(2002) hypothesized that the yolk reserve might have been insufficient for smaller 
hatchlings to carry them through the juvenile period marked by food limitations in 
terms of available living zooplankton of appropriate size. He suggested that larger 
hatchings could have survived as scavengers or that they were capable of catching 
benthic or demersal prey immediately after hatching (or after some post-hatching 
growth based on yolk absorption).
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5.5  Reproductive Strategy and Egg-Laying

In Recent cephalopods, there is a clear trade-off between egg size and fecundity 
(Calow 1987; Boyle and Rodhouse 2005; De Baets et al. 2012; Fig. 5.22), which be-
comes even clearer when the egg size relative to adult size is considered (Boletzky 
1978, 1997; De Baets et al. 2012). Because the size of the ammonitella (embryonic 
shell) is considered to be a good proxy of egg size (as opposed to the initial chamber: 
House 1985, 1996), the progressive coiling and reduction in size of the embryonic 
shell in the early evolution of ammonoids might therefore have partially involved 
a change in reproductive strategy (House 1996; De Baets et al. 2012), especially 
in forms with larger adult sizes (e.g., Manticoceras: Korn and Klug 2007). This is 
not only supported by actualistic comparisons, but also by egg number estimates 
assuming a volume of the gonads between 8 % (~ gonadosomatic index of mod-
ern Nautilus: Tanabe and Tsukahara 1987) and 25 % of the body chamber volume 
(Klug 2001b, 2007; Korn and Klug 2007; De Baets et al. 2012; Fig. 5.22). Most 
authors agree that derived ammonoids had a large fecundity compared with extant 
nautilids (House 1985; Ward and Bandel 1987; Landman et al. 1996). Fecundities 
higher than extant Nautilus (up to 10 to 20 eggs: Okubo et al. 1995) have even been 
estimated in some of the most primitive ammonoids (30–500 eggs in Erbenoceras: 
Klug 2001b, 2007; De Baets et al. 2012) or Devonian forms with very small adult 
sizes (e.g., 200–300 eggs in Prolobites: Walton et al. 2010). Nevertheless, such 
estimates are complicated by several factors (De Baets et al. 2012): lack of knowl-
edge of the amount of yolk, size of the soft-tissues or growth of the embryos after 
egg-laying as well as the unknown volume of the gonads or spawning strategy of 
the adults (single spawning vs. repeated spawning: compare Rocha et al. 2001 for 
extant cephalopods). Furthermore, the embryonic shell (sometimes referred to as 
the nauta: Stephen and Stanton 2002, Laptikhovsky et al. 2013) of extant Nautilus 
falls within the upper range of the embryonic shell size spectrum of Cretaceous 
and Cenozoic nautilids (Wani et al. 2011). More importantly, the diameter of the 
embryonic shell of coiled ‘nautiloids’ varied greatly through the Phanerozoic from 
about 4 to 68 mm (Chirat 2001; Manda and Frýda 2010; Wani 2011; Laptikhovsky 
et al. 2013), so that some primitive nautiloids might have had a variety of reproduc-
tive strategies ranging from such similar to ammonoids (r-strategy) and others even 
more extreme than extant Nautilus with a low number of hatchlings (K-strategy).

Both a high fecundity of derived ammonoids and a high mortality of their hatch-
lings are indicated by large numbers of preserved ammonitellae and/or small ju-
veniles in local accumulations (Dreyfuss 1933; Schindewolf 1959; Wetzel 1959; 
Landman 1982; Kulicki and Wierzbowski 1983; Landman and Bandel 1985; Land-
man et al. 1996; De Baets et al. 2012; Stephen et al. 2012). Occasionally, they have 
also been found in lenses or concretions, which have sometimes been interpreted as 
egg-laying assemblages (e.g., Tanabe et al. 1993, 1995) or coprolites (e.g., Tanabe 
et al. 2008; Fig. 5.17). That juvenile ammonoids were an abundant food source 
(Ritterbush et al. 2014) is also indicated by the presence of remains of juveniles 
(aptychi: Lehmann and Weitschat 1973; Nixon 1996; Jäger and Fraaye 1997; Keupp 
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2000) within larger ammonoids as well as embryonic shells in a coprolite of a yet 
unidentified predator (Fig. 5.17; Tanabe et al. 2008; Wetzel 1959 reported larger 
juveniles as small as 6 mm in putative coprolites he attributed to marine reptiles). 
At the end of the 19th century, such accumulations of small aptychi were wrongly 
interpreted as brood remains (Michael 1894). In some cases, the embryonic shells 
within accumulations are well-preserved and show no signs of prolonged transport 
(e.g., Tanabe et al. 1994). In other cases, they might have been transported, e.g., 
concentrations of juvenile ammonoids in turbidites or storm-deposits (Elmi and 
Rulleau 1991; House 1996; Suan et al. 2013).

Assemblages with adult specimens of both sexes (microconchs, macroconchs) 
and rich in juvenile specimens are thought to be typical for species that live and 
breed in the same area (Fernández-López 1995, 2007; Fernández-López and Melé-
ndez 1996; Cecca 2002; Fernández-López 2013), i.e., which are “eudemic taxa” 
sensu Fernández-López (1991; the term eudemic was first introduced by Callomon 
1985, who used it in a different context: Cecca 2002). If significant taphonomic al-
terations can be ruled out, a high proportion of hatchlings (neanoconchs) and juve-
niles in an assemblage (Kulicki and Wierzbowski 1983; Landman 1987; Landman 
and Waage 1993) speak not only for a high degree of mortality but also for a high 
proportion of early ontogenetic stages within the population (Kulicki 1979; Land-
man et al. 1996; Landman 1987; Tomašových and Schlögl 2008). The latter would 
imply “r-selected” taxa with a type-III survivorship curve (Landman et al. 1996; 
Klug 2001b; Stephen and Stanton 2002; Klug et al. 2012). Although the use of 
terms r-selected and k-selected for life history traits as introduced by Pianka(1970) 
are outdated (Stearns 1977, 1992; Reznick et al. 2002) and should be avoided, par-
ticularly in cephalopods which show a combination of characteristics of both strate-
gies (Boletzky 1981). Embryonic shells and post-embryonic shells are, however, 
often broken and intermixed with small gastropods, bivalves, foraminifers and fish 
remains (e.g., Wetzel 1959; Birkelund 1979; Kulicki 1979; Landman 1982, 1985; 
Suan et al. 2013). Such associations were sometimes used to infer a benthic mode of 
life for young ammonoids (Wetzel 1959), but Landman (1985) suggested that these 
peculiar occurrences might be thanatocenoses of organic components from differ-
ent environments, which might have been mixed by currents (compare Westermann 
1996). Such assemblages are already known from the Devonian (e.g., Manticoceras 
juveniles in the Frasnian of Morocco associated with rare brachiopods, orthocerids 
and wood, own observation). In geologically older ammonoids, embryonic shells 
co-occur with larger juveniles and mature specimens (e.g., Mimagoniatites fecun-
dus in the early Emsian of Morocco, own observations).

As already mentioned above, there are also multiple examples of mixed assem-
blages of larger juvenile and adult ammonoids from presumably well-oxygenated 
environments in which very small juveniles (< 4 mm) are rare or absent from the 
Paleozoic (Manger et al. 1999; Agoniatites: Klofak 2002; Prolobites: Walton et al. 
2010) to the Mesozoic ( Graphoceras: Morton 1988; Shigeta 1993; Scaphites: Land-
man and Waage 1993; Bucher et al. 1996), which suggest that at least some newly 
hatched ammonoids might have lived in a different environment than older juve-
niles or adults (ontogenetic separation: Landman et al. 1996). Interestingly, Manger 
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et al. (1999) reported Middle Carboniferous cephalopod assemblages dominated by 
a small number of ammonoid species of adult size that occur in unusual abundances 
in environments of both high energy (conglomeratic sandstone and oolite) and low 
energy (concretionary, dark shales). They interpreted these as possibly reflecting 
mass mortality following reproduction (semelparity) as they found no evidence for 
post-mortem sorting (both small and large species are represented). Ontogenetic 
separation for at least some Jurassic and Cretaceous taxa is also suggested by oxy-
gen isotope studies (Lukeneder et al. 2010; Ritterbush et al. 2014; Lukeneder 2015; 
Moriya 2015). However, the lack of reports of embryonic shells within these assem-
blages might also be related with collection biases, transport or diagenetic destruc-
tion of minute, fragile aragonitic shells (Landman et al. 1996; Westermann 1996). 
Fernández-López (1991) introduced the term “miodemic” for species that were in-
ferred to have lived in the area, but did not breed and were also not transported 
there (typical, but not exclusive to migratory species with migration capacity and 
ontogenetic segregation); “parademic” for species that reached the area by passive 
dispersal during life, and he used the termed “ademic” for specimens which were 
transported in the area after death.

Independent of the mode of life of the hatchlings, extant cephalopods have vari-
ous strategies to lay their eggs. Most of these reproductive strategies have been sug-
gested for ammonoids including egg laying on the seabottom (Tanabe et al. 1993, 
1995; Etches et al. 2009), or attached to seaweed (Westermann 1996), floating egg 
masses (Mapes and Nützel 2009) or even brood care up to hatching (Ward and Ban-
del 1987; Walton et al. 2010). However, the egg-laying and brooding behavior in 
ammonoids is largely speculative and based on little supporting evidence (Tanabe 
et al. 1993; Etches et al. 2009; Nützel and Mapes 2009; Walton et al. 2010). Further-
more, the behavior might have differed between different taxa and time intervals 
(Ward and Bandel 1987; Westermann 1996; Ritterbush et al. 2014). As discussed 
above, some extant taxa with extreme sexual dimorphism (e.g., Argonauta: com-
pare Boletzky 1992) brood their eggs until hatching and it has been suggested that 
ammonoids showing pronounced dimorphism and small embryonic shells might 
also have brooded their young (Ward and Bandel 1987; De Baets et al. 2012). How-
ever, ammonoid shells can not be directly compared with egg cases of Argonauta 
females as has been done by some authors (e.g., Naef 1922; Lewy 2002), because 
ammonoid shells are not just secreted only for attachment and brooding of eggs 
(Hewitt and Westermann 2003).

Apart from brooding, it is still debated if ammonoids laid their eggs on the sea-
bottom or deposited them in floating egg-masses (Tanabe et al. 1993; House 1996; 
Landman et al. 1996; Westermann 1996; Etches et al. 2009; Mapes and Nützel 
2009). Based on the fact that there was virtually no evidence of transport such a 
sorting and other current derived sedimentary features, Tanabe et al. (1993) suspect-
ed that at least some Paleozoic ammonoids might also have laid their eggs on the 
sea bottom. Etches et al. (2009) suggested that the swarming of embryonic shells (or 
eggs) might point to a preceding non-dispersal phase of development such as egg 
pouches that were anchored to a firm substrate (including algae) on a well-aerated 
seafloor below annual storm wave-based on the reproductive pattern of some extant 
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neritic squid. However, as already discussed by Westermann (1996), these observa-
tions could also indicate planktic egg masses that sank to the seafloor before or after 
they were overcome by anoxia (compare Stephen et al. 2012 for a similar scenario 
proposed for juvenile mortality). All of these reproductive strategies might have 
been possible and a broad spectrum of strategies might have existed within ammo-
noids as is the case for extant cephalopods (Boyle 1983; Boletzky 1992; Boyle and 
Rodhouse 2005; Rosa et al. 2013a, b).

Mapes and Nützel (2009) found abundant embryonic and juvenile shells of 
bactritoids and ammonoids in various stages of development associated with min-
ute planktic gastropod larvae in the Carboniferous Ruddle Shale. Both the facies 
analysis and the faunal composition (little to no benthic organisms) suggest oxy-
gen depletion at the sediment/ water interface. Mapes and Nützel (2009), therefore, 
suggested that eggs of Carboniferous ammonoids were deposited as floating egg 
masses in mid-water (or attached to floating debris). Attachment to benthic algae is 
improbable in anoxic facies as eggs need more oxygen (Westermann 1996). So far, 
no direct evidence has been found that ammonoids attached their eggs to floating 
algae as suggested by Westermann (1996), but this does not falsify this hypothesis.

Invertebrate eggs can be quite resistant to decay (Martin et al. 2003, 2005) 
and various structures (mostly associated with ammonoid remains) interpreted 
as ammonoid eggs have been reported from the Carboniferous (e.g.,?Rhadinites 
or?Anthracoceras: Landman et al. 2010), Triassic ( Ceratites: Müller 1969), Ju-
rassic (Dreyfuss 1933; Wetzel 1959; Eleganticeras: Lehmann 1966, 1981, 1990; 
Kachpurites: Baranov 1985; Etches et al. 2009; Fig. 5.23) and Cretaceous (Bacu-
litidae gen. et sp. indet.; Klug et al. 2012). If these interpretations are correct, they 
could shed some light on the egg-laying and brooding behavior of ammonoids. 
Unfortunately, these putative eggs do not provide information on the embryonic 
development of the shell as no embryonic shells or other mineralized structures 
have so far been found within these structures (Landman et al. 1996; Etches et al. 
2009). The lack of embryonic shells inside these structures is usually interpreted to 
be related with an early stage of development (Kulicki 1979; Landman et al. 1996, 
2010; Etches et al. 2009; possibly before the mineralization of the organic embry-
onic shell praecursor = stage 0: compare 5.3), which would also be supported by 
their small size compared to ammonoid embryonic shells (often in the size range 
of initial chambers); eggs of many modern cephalopods grow in size during em-
bryogenesis (even after egg deposition: Boyle 1983, Boletzky 1987a, Boyle and 
Rodhouse 2005). However, the absence of mineralized structures within the eggs 
might also be due to taphonomic reasons (e.g., no internal mineralization was ob-
served in laboratory decay experiments of invertebrate eggs: Martin et al. 2003, 
2005). Furthermore, it cannot be entirely ruled out that they might be eggs of other 
mollusks including cephalopods and gastropods (Etches et al. 2009; Zaton et al. 
2009) or other invertebrates; they might even potentially be food remains (Royal 
Mapes, personal communication 2014). The egg-like structures are mostly associ-
ated with ammonoid remains (Fig. 5.23), particularly within adult body chambers 
of macroconchs ( Eleganticeras: Lehmann 1966; Ceratites: Müller 1969, Urlichs 
2006; Landman et al. 2010), which might support their interpretation as females 
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and could indicate brooding behavior (Lehmann 1966; Landman et al. 1996). A 
report of such structures in a “Triassic” Desmophyllites by Lehmann (1981) based 
on a personal communication of Zakharov is rather dubious as no reference is made 
to it in works of the Zakharov himself and Desmophyllites is a Cretaceous taxon: 
see discussion in Etches et al. (2009). However, it cannot be ruled out that larger 
shells (after death) may been preferentially used as attachment or brood shelters 
for other taxa (Lehmann 1966; Etches et al. 2009). In some cases, smaller am-
monoids might also be accumulated around larger ammonoids or within the body 
chamber of larger ammonoids post-mortem through currents (Maeda 1991; Maeda 
and Seilacher 1996). Maeda (1991) described one of the most extreme examples, 
the presence of more than 100 well-preserved juveniles of Desmoceras (together 
with plant remains) within the body chamber of a Calycoceras and introduced the 
term “sheltered preservation” for this phenomenon. Klug et al. (2012) speculated 
that certain ovoid structures with a diameter of about 1 mm, occurring within the 
body chamber of an exceptionally preserved baculitid, as eggs that might have been 
still present in the oviduct. Landman et al. (2010) found similar structures within 
the adoral part of the body chamber of a Carboniferous goniatite (?Anthracoceras 
or?Rhadinites) - about. 90° adapical of the aperture. These authors interpreted these 
structures as possible egg capsules and suggested this larger specimen might have 
been a macroconch. The large number of these structures interpreted as eggs, which 
are occassionally associated with a high number of juvenile jaw remains (Klug et al. 
2012), might support the high fecundity suggested for derived ammonoids.

Fig. 5.23  Subspherical struc-
tures interpreted as ammonite 
eggs by Etches et al. (2009) 
associated with Aula-
costephanus autissiodorensis 
from the Lower Kimmeridge 
Clay. (K1486; Picture: Cour-
tesy of Steve Etches)
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Wide interspecific variation in embryonic and adult sizes of ammonoids includ-
ing the different development of sexual dimorphism suggests that a wide variety of 
reproductive and egg-laying strategies might have been present in different taxa or 
time frames as in extant coleoids (Ward and Bandel 1987; Mapes and Nützel 2009; 
De Baets et al. 2012; Ritterbush et al. 2014). Determination of these strategies will 
require analysis that combine facies analysis and isotopic studies through ontogeny 
(as it was attempted for the nautilid Aturia: Schlögl et al. 2011) as well as studies 
on size class distribution (e.g., Klofak 2002; Bucher et al. 1996; Walton et al. 2010).

5.6  Conclusions and Future Perspectives

Our knowledge of the embryonic development of Paleozoic ammonoids (House 
1996; Klofak et al. 1999, 2007; Landman et al. 1999; Shigeta et al. 2001; Tanabe 
et al. 2001; Kulicki et al. 2002; Stephen and Stanton 2002; Klofak and Landman 
2010, 2012; De Baets et al. 2012, 2013b) has considerably improved since the last 
review on ammonoid embryonic development (Landman et al. 1996). There are still 
many unresolved questions, particularly in Devonian ammonoids (e.g., the presence 
or absence of a nepionic constriction and the nature of embryonic ornamentation) 
and the sequence of embryonic development, which can only be tackled by finding 
better-preserved material (e.g., Klofak et al. 2010, 2012). Our database with em-
bryonic shell measurements has considerably enlarged (e.g., De Baets et al. 2012; 
Laptikhovsky et al. 2013) with data for more than 500 taxa, but some stratigraphic 
intervals still have comparably fewer data than others (e.g., Devonian, Jurassic). 
Despite a considerable range of intraspecific variability in the dimensions and shape 
of the embryonic shell (Landman 1987; Tanabe et al. 1993; Rouget and Neige 2001; 
Stephen and Stanton 2002; Tanabe et al. 2003; Tajika and Wani 2011), such char-
acters are still useful for phylogenetic purposes, particularly qualitative characters 
for distinguishing higher taxonomic relationships (e.g., Shigeta 2001; Tanabe et al. 
2003). Furthermore, even in cases of extreme intraspecific variability, large enough 
samples can be used to statistically compare the mode and range of variation be-
tween antidimorphs, populations or taxa (e.g., Landman 1987; Neige 1997; Rouget 
and Neige 2001; Tanabe et al. 2003; Tajika and Wani 2011; De Baets et al. 2015).

Comparatively little direct evidence is available to constrain the ecology of 
newly hatched ammonoids as well as the reproductive strategies of the adults (e.g., 
egg-laying behavior). Facies analysis, buoyancy calculations and actualistic com-
parisons corroborate that derived ammonoids had planktic hatchlings; it is also the 
most parsimonious interpretation to assume that hatchlings of primitive ammonoids 
(Agoniatitina) already had a similar mode of life, too. More data on the width of 
initial chambers and embryonic shells are necessary to confidently calculate their 
volume and estimate buoyancy, egg size and fecundity, which could partially be 
achieved with novel tomographic methods (e.g., Hoffmann et al. 2013). The high 
concentration of embryonic shells in some assemblages speaks not only for a high 
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mortality of young ammonoids, but also for a high fecundity of adult ammonoids 
(certainly when compared with extant nautilids). Nevertheless, a large range of in-
terspecific variation in their reproductive strategies might have existed among dif-
ferent time frames and taxa. Our knowledge of post-hatching modes of life and 
reproductive strategies can only be expanded by combining studies on facies dis-
tribution (e.g., Westermann 1996), size class distribution (e.g., Bucher et al. 1996; 
Walton et al. 2010) and isotope analyses through ontogeny of various taxa and time 
frames (e.g., Lukeneder et al. 2010; Lukeneder 2015; Moriya 2015) as well as the 
further discoveries of exceptionally preserved ammonoid eggs and adults (Etches 
et al. 2009; Landman et al. 2010; Klug et al. 2012; Ritterbush et al. 2014).
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6.1  Introduction

Behind the aesthetic beauty of mollusc shells lies a still poorly understood develop-
mental process. Yet, the mollusc shell is well suited to address the connections be-
tween development and evolution. Mollusc shells are abundant in the fossil record, 
making it possible to reconstruct evolutionary lineages. The mode of shell growth 
is accretionary, meaning that normally a complete record of ontogeny is preserved 
in each shell. Because of their mathematically appealing geometry, which often 
conforms to a logarithmic spiral, mollusc shells have also been instrumental in the 
emergence of the theoretical morphology research field.

However, the future role of the mollusc shell as a successful model for “Evo-
Devo” depends on a better understanding of shell morphogenesis—in particular the 
covariation among the shell characters upon which most of the taxonomic studies 
rest upon. These taxonomic features include the shape of the aperture, the degree of 
coiling of the shell tube, the ornamentation (ribs, tubercles, spines, keels) and growth 
features (growth halts, constrictions, varices). Some of these taxonomic characters 
may vary extensively within even a single species and traditional taxonomic studies 
often note that this phenotypic plasticity is a hallmark of mollusks, in particular in 
ammonoids (Buckman 1987; Westermann 1966; Rieber 1972; Kennedy and Cob-
ban 1976; Meister 1988; Reyment and Kennedy 1991; Seilacher 1991; Dagys and 
Weitschat 1993; Checa et al. 1996; Dagys et al. 1999; Korn and Klug 2003; Monnet 



208 S. Urdy

and Bucher 2005; De Baets et al. 2015; Klug et al. 2015; Monnet et al. 2015) and 
in gastropods (Vermeij 1980; Kemp and Bertness 1984; Trussell 1996; Yeap et al. 
2001; Vermeij 2002). Moreover, the evolution of the molluscan shell is character-
ized by frequent convergences in form and ornamentation (Schander and Sundberg 
2001; Chirat et al. 2013). As a consequence, the recognition of evolutionary lineages 
crucially depends on our understanding of the mechanisms generating these shapes.

The shell is secreted by the mantle, a soft sheet of connective tissue covered by 
an epithelium. During shell growth, the mantle edge extends slightly beyond the 
aperture and adds a shell increment to the margin. Thus, the shape and orientation 
of successive shell increments are “fossilizing” the growth field of the mantle edge 
as development proceeds.

The molluscan shell has been the subject of extensive theoretical work, empha-
sizing the regularity of accretionary growth (Moseley 1838; Thompson 1917; Raup 
1961; Raup and Michelson 1965; Raup 1966), although drastic deviations have 
also been noted and extensively studied (Okomoto 1988a, b, c; Checa et al. 2002;  
Clements et al. 2008). There is also a rich diversity of theoretical models of mollusc 
shells: the different kinds of mathematical models of morphogenesis proposed in 
almost all developmental contexts so far have also been applied to molluscan shell 
morphogenesis. Sometimes, theoretical studies on molluscs have even set the foun-
dations for important classes of developmental models applied later to the develop-
ment of model organisms such as frogs, fruit flies and mice (Gierer and Meinhart 
1972; Meinhardt and Gierer 1974; Meinhardt and Klinger 1988; Meinhardt 1995; 
Ermentrout et al. 1986, 1998; Meinhardt and Gierer 2000; Meinhardt et al. 2008). In 
most cases, the models discussed here would apply to all molluscs with an external 
shell, although the original formulation of these models may have been primarily 
motivated by the study of ammonoids (Okamoto 1988a, b, c; Checa et al. 2002; 
Hammer and Bucher 1999, 2005a, b), gastropods (Hutchinson 1990; Morita 1991a, 
b, 1993; Rice 1998; Urdy et al. 2010a, b), bivalves (Savazzi 1987, 1991; Ackerly 
1989; Ubukata 1997, 2001, 2003, 2005), or even brachiopods (McGhee 1978, 1980; 
Ackerly 1992). Here, the discussion is not restricted to models motivated by studies 
exclusively on ammonoids. However, models, which would apply only to ammo-
noids—such as those related to septa formation (i.e. Bayer 1977; García-Ruiz et al. 
1990; Checa and García-Ruiz 1996; Pérez-Claros et al. 2007; Klug and Hoffmann 
(2015))—will not be discussed here.

This chapter will focus on the comparison between different clades of molluscs, 
since comparative studies are often informative with regards to the evolutionary 
conserved rules underlying accretionary growth. In particular, it has been pointed 
out that common rules of accretionary growth underlie the morphogenesis of the 
shell and its evolution in ammonoids and gastropods (Bucher 1997; Checa et al. 
1998). Evidences come from the comparison of intraspecific patterns of covariation 
between shell characters, from the description of changes occurring at maturity and 
from the analysis of teratological shells with malformations caused by injuries or 
changes in living conditions.

This chapter will first describe the current and past theories of morphogenesis 
of coiling and the ornamentation of molluscan shells. These two aspects are often 
viewed as geometrically independent, although from a developmental point of view, 
they are closely connected. The growth field in the mantle edge is responsible for 
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determining the shape and position of the aperture during development (hence aper-
ture shape and coiling), while local and dynamic perturbations of the same growth 
field is responsible for determining the ornamentation. In a second part, this chapter 
will discuss what insights have been gained from the comparison between ammo-
noids, gastropods and bivalves with regards to the morphogenesis of their shell and 
its ornamentation.

6.2  Shell Morphology

From geometrical models to mechano-chemical models, there exist a wide range 
of models of molluscan shell morphogenesis. Geometrical descriptions are particu-
larly encouraged by the simple morphology of molluscan shells and such descrip-
tions date back to the nineteenth century (Moseley 1838; Whitworth 1862). D’Arcy 
Thompson (1917) extensively used geometrical approaches to investigate the re-
lationships between growth and form. His main thesis is that growth in mollusc 
shells follows rather rigid mathematical laws—in most cases, the curve traced in 
space by the shell outline is really close to a logarithmic spiral. D’Arcy Thomp-
son recognized that most of the differences between species generally ascribed by 
taxonomists correspond to variations in four parameters describing this spiral. Im-
portantly, his approach represents an attempt to diagnose shell form in terms of 
parameters related to growth instead of arbitrary parameters such as shell length or 
shell width. His work inspired a morphologically-oriented research program, which 
flourished after Raup’s pioneer model (1961, 1966), whose practical applications 
were manifold.

A major theme in the so-called “theoretical morphology field” is the investiga-
tion of processes and constraints that determine the occupancy of theoretical mor-
phospace—the spectrum of all possible morphologies that can be exhibited by a 
given taxonomic group (Raup and Michelson 1965). Since Raup set the founda-
tions, mollusc shells have become a favorite in theoretical morphospace research 
(Dera et al. 2008). McGhee (1999) provides a definition of theoretical morphology 
as comprising the mathematical simulation of form and the construction of morpho-
spaces where the empirical and theoretical distributions of forms are represented 
and compared. The simulation of form may not take morphogenesis explicitly into 
account, but modeling of growth and development has become the primary goal 
of more recent theoretical morphological studies (reviewed in Eble 1999). In this 
section, I will successively discuss the theoretical morphospace models (“form 
models”) and the more recent generative mathematical models of shell form (“mor-
phogenetic models”). When equations are provided, the constants are designated in 
bold, while the variables are in italics.

6.2.1  Geometric Models

Early qualitative theoretical morphology studies let to the general recognition that 
variation in species is bounded and has some structure or order. This field, inspired 
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in most aspects by the famous book of D’Arcy Thompson “On growth and form”, 
is motivated by the search for natural laws, which allow the inference of unity from 
diversity. In the specific case of mollusc shells, there is nowadays a general agree-
ment that the bulk of coiled forms observed in this group represent variations of a 
rather simple model: the logarithmic spiral model. Over the years, this model has 
been more and more mathematically sophisticated, and studies have become more 
and more quantitative and detailed. To start with, I recall some basic properties of 
the planar and helicoidal logarithmic spirals.

6.2.1.1  Planar Logarithmic Spiral

The simple logarithmic spiral model states that the radius of a logarithmic spiral 
(Fig. 6.1) is an exponential function of the angle of revolution, whose equation in 
polar coordinates (d, theta) is given by:

where d is the distance from a point of the spiral to the origin (it is the radius of 
the spiral), theta is the angle from the x-axis, and a and b are arbitrary constants. 
Take n as the number of loops, theta is between [0, n*2pi] and t is between [1, 
length(theta)]. The logarithmic spiral is also known as the equiangular spiral or 
spira mirabilis.

It can be expressed parametrically in Cartesian coordinates (x, y) as:

The rate of change of the distance from the origin d with respect to theta is:

The angle between the tangent and a radial line is a constant, called the equiangular 
angle (Thompson 1917, Fig. 6.1):

So, as b tends towards 0, phi tends toward pi/2 and the spiral approaches a circle.
The arc length (as measured from the origin) is:

The curvature is:
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6.2.1.2  Helicoidal Logarithmic Spiral

A helicoidal logarithmic spiral is a space curve whose parametric equation in Car-
tesian coordinates (x, y, z) is given by:

where d is the distance from a point of the helix to the origin (it is the radius of 
the helix), theta is the angle from the x-axis, and a, b and c are arbitrary constants. 
Take n as the number of loops, theta is between [0, n*2pi] and t is between [1, 
length(theta)].

The vertical separation of the helix’s loops is a constant, which equals to 2pi*c.
The arc length of a helix is given by:
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Fig. 6.1  Planar logarithmic spiral. The two radii marked with the broken red line measure 30 and 
40 units, while the rotation angle theta are 300 ° and 390 ° respectively. Raup’s W is given by: 
W = (r2/r1)2π/Δθ, so here W = (40/30) 2π/(π/2) = 3.1605. The equi-angular angle phi is given by: 
phi = cot -1 (b) ≈ 1.3897 radians or 80 °
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The curvature of a helix is:

The torsion of the helix is:

A shell can be graphically constructed by revolving a generating curve (e.g., a cir-
cle) about an axis passing through the spiral pole (coiling axis) along a logarithmic 
trajectory. In a logarithmically coiled shell, the diameter of the generating curve 
increases exponentially at each equal interval of rotation, so that each new growth 
increment is shape invariant. Thus, each new growth increment is simply an en-
larged version of a previous increment. The angle between the tangent of a spiral 
trajectory at one point of the generating curve and the radius line at this point is a 
constant (equiangular angle). The apical angle (Thompson 1917) is defined as the 
angle of the cone enveloping the spire of the shell.

6.2.1.3  Raup’s Model

In a single shell, the following parameters are usually approximately constant:

• the shape of the aperture
• the equiangular angle as defined by Thompson
• the relative amount of whorl overlap
• the ratio of the size of the aperture to its distance from the coiling axis

Based on these observations, Raup (1961) has shown that the basic form of mollusc 
shells can be defined by four parameters (not the same four parameters that D’Arcy 
Thompson used). Raup’s model (1966) represents a shell as the successive positions 
of a generating curve rotating about a coiling axis in a cylindrical coordinate system 
(Fig. 6.2). Biologically, the generating curve represents a cross-sectional outline of 
the body whorl when a shell is sectioned in a plane passing through the presump-
tive coiling axis. All four parameters are defined with respect to one whorl revolu-
tion of the generating curve about this coiling axis. They are constants for a given 
logarithmically coiled form. This means that successive shell segments—defined 
by any sections of two planes passing through the coiling axis separated by a given 
angle of revolution theta—are simple enlarged or reduced versions of other shell 
segments corresponding to the same revolution angle theta. Thus, these segments 
are homothetic to each other and growth is self-similar (isometric).

The first parameter (S) describes the shape of the generating curve. It is assumed 
that, with each revolution, the generating curve retains a constant shape—described 
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heuristically by the parameter S. However, the generating curve expands with each 
revolution about the coiling axis, and this rate of increase in size per revolution is 
described by a second parameter (W). A third parameter (D) defines the position of 
the generating curve relative to the coiling axis. A fourth parameter (T) describes 
the rate of translation of the generating curve along the coiling axis.

Figure 6.2 represents a theoretical shell as cross-sectioned by a plane passing 
through the coiling axis. Therefore, we see replicas of the circular generating curve 
at 180° intervals. The shell outline in 3D is added as an aid for visualization. If one 
assumes that the coiling axis coincides with the z-axis and that the first generating 
curve is positioned in the (x, y) plane as in Fig. 6.2, the W, D and T parameters are 
defined numerically and are obtained geometrically as follows:

• W is the factor by which any linear dimension of the generating curve is enlarged 
by each full revolution: it is the whorl expansion rate measured as the ratio of one 

Fig. 6.2  Raup’s parameters. a is the diameter of the whorl cross-section number 3. b is the diam-
eter of the whorl cross-section number 5. c is the distance between the centroids of whorl cross-
sections 3 and 5, parallel to the coiling axis (z-axis). d is the distance of the inner most point of 
whorl cross-section number 5 from the coiling axis. e is the distance of the outer most point of the 
whorl cross-section number 5 from the coiling axis
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linear measurement of two whorl cross-sections one full revolution apart (i.e. 
whorl diameters, whorl width, whorl height…).

• D is the distance of the generating curve from the coiling axis relative to the size 
of the generating curve (outward migration of the generating curve): it is defined 
as the ratio of the position of the inner margin of the generating curve to the po-
sition of its outer margin. If the inner margin of the generating curve lies on the 
coiling axis, as it is the case for most gastropods, D equals 0.

• T is the proportion of the height of the generating curve (measured parallel to the 
coiling axis), which is covered by the generating curve one full revolution apart 
(downward migration of the generating curve): it is the rate of whorl translation. 
It is measured as the distance along the coiling axis traveled by two generating 
curve centroids one full revolution apart. In planispiral shells, T equals zero, 
meaning that the centroid of the generating curve has a constant z-value through-
out ontogeny.

6.2.1.4  Morphospace Studies

Raup (1962) proposed a computer version of his earlier model (1961), where he 
produced images of theoretical snails varying in W, T, and D. Raup’s geometric 
model (1966) can be used to visualize the spectrum of theoretically possible shell 
forms in a three dimensional space defined by W, D and T.

One important result of Raup’s morphospace study is that the portion of the W-D-T 
space occupied by actual species known from the fossil and living records looks 
smaller than one would expect. The bulk of species represented by four invertebrate 
groups—brachiopods, bivalves, gastropods and ammonoids—are confined to rela-
tively small and only slightly overlapping areas of the morphospace (Raup 1966). 
This morphospace shows that the distribution of species is not random. Typically, 
brachiopods and bivalves have higher values of W than ammonoids and gastropods. 
Brachiopods and bivalves appear to have been constrained by the functional neces-
sity of articulating their two valves together: this function is only possible when 
there is no whorl overlap. The “no overlap region” corresponds to high values of W, 
high values of T, and high values of D.

Gastropods and bivalves usually explore a wide range of the trochispiral plane 
(T > 0), whereas ammonoids and brachiopods are mostly confined to planispiral re-
gions (T = 0). The reasons underlying such a taxonomic splitting between the plani-
spiral and trochospiral regions are still unclear. However, Raup (1967) argued that 
the confinement of most ammonoids to the planispiral region contributes to their 
mode of life as swimming organisms (requirements imposed by their orientation in 
the sea water and their streamlining capabilities).

Raup’s ideas have been well received in the ammonoid research community. 
Consequently, there exist numerous morphospace studies based on ammonoids. 
Raup’s model has been extensively applied to the evolution of ammonoid fami-
lies to assess the role of geometry on various factors such as the orientation and 
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stability of life position and the efficiency in shell strength, streamlining and swim-
ming (Raup 1967; Raup and Chamberlain 1967; Ward 1980; Saunders and Swan 
1984; Saunders and Shapiro 1986; Klug 2001; Korn and Klug 2003; Korn and 
Klug 2007). Many studies showed that some ammonoid geometries have evolved 
more often than others (evolutionary convergence) and that some families were 
extremely variable while some other families were rather restricted to small regions 
of the morphospace (Raup 1967; Dommergues et al. 1996; Gerber et al. 2007, 2008; 
Neige et al. 2009).

The reasons for such a success are manifold. Notably, morphospace studies in 
ammonoids are facilitated by the fact that the W-D plane resumes much of the varia-
tion observed among species/ genera, covering the transition from evolute to invo-
lute forms. Moreover, in ammonoids, the whorl cross-section can reasonably be 
approximated by simple variations about a circle. If the parameter S is said to repre-
sent the ratio of whorl width to whorl height (lateral and dorso-ventral respectively), 
variations in S represent variation from depressed ellipses (S > 1) to compressed 
ellipses (S<1). This fits relatively well with the kind of apertures shapes generally 
exhibited by ammonoids.

To the contrary, much of the variation among gastropod species is not reasonably 
captured by any 2D morphospace (W-T, W-D, T-D). Additionally, Raup's model as-
sumes that the apertures are radial but almost all gastropod species exhibit strongly 
tangential apertures, which are also tilted relative to the coiling axis (Linsley 1977, 
1978). Consequently, most gastropod researchers had the feeling that Raup’s model 
was missing two critical components of the gastropod morphology: the degree of 
aperture retardation (which was one of D’Arcy Thompson’s parameters) as well 
as the degree of aperture inclination (mu in Cortie 1989). Please note that radial 
apertures seem to be a rarity in ammonoids too, however, contrary to gastropods, 
this parameter has not been strongly linked to other important aspects of ammonoids 
physiology or mode of life. Additionally, the determination of W and T in gastropods 
requires pictures of the shell in the apical and apertural views, whereas the deter-
mination W and D in ammonoids only requires a single photograph in lateral view. 
Generally, in gastropods, aperture shapes are asymmetrical and their allometries are 
often non-linear (e.g., Urdy et al. 2010a, b, but see also Korn 2012 for multi-phasic 
allometries in ammonoids). As a consequence, it is not easy to define the parameter 
S in a way that would reach a consensus acceptance or general significance.

Regarding other invertebrate groups, the impact of Raup’s model has been rather 
limited. Although McGhee pursued extensive morphospace studies on brachio-
pods (1978, 1980) and bivalves (1999), he noted additional difficulties arising with 
shapes, which do not coil over several whorls (McGhee 2001). Most bivalves and 
brachiopods also have tangential apertures (not passing through the coiling axis) 
and many bivalves evolved towards the unequivalve geometry, turning morpho-
space studies on bivalves less straightforward than those on ammonoids.

However, these are only additional difficulties and they cannot be claimed as in-
herent limitations of Raup’s model, which in its elegance and simplicity represents 
the quintessence of theoretical morphology. Nevertheless, there is one important 
limitation in Raup’s model and I will discuss it below.
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6.2.1.5  Limitations of Raup’s Model

Raup assumed that his parameters were geometrically independent and that the 
variation along the defined axes could be represented on orthogonal axes; all com-
binations of W, D, and T are theoretically possible. The reality is unfortunately not 
that straightforward, and a more recent study has shown that D and T were both de-
pendent on W (Schindel, 1990). In other words, the axial margin of two shells may 
move away or down from the coiling axis at the same rate (in mm/whorl), but if they 
differ in W, their values of D and T will differ as well. The direct consequence is 
that the apparent proportion of unoccupied morphospace results more from Raup’s 
algebra than from the biology of the studied taxa (Schindel 1990). Proposing a 
revised morphospace, with the parameters W-U-M, Schindel (1990) compared the 
morphospace occupation of 63 genera of gastropods in his revised morphospace 
and in the original Raup’s morphospace. He concluded that Raup’s scaling of D and 
T with respect to W leads to a biased morphospace occupation that appears smaller 
than in his morphospace occupation. Furthermore, he noted that some shells seem 
fairly uniform in external aspects like spire index or equiangular angle, but they do 
so through a great variety of compensatory changes in coiling parameters as well as 
in aperture shape, orientation and inclination (the last 2 parameters being left out in 
Raup’s morphospace).

Another limitation of Raup’s model lies in its core assumption that growth fol-
lows the rules of the logarithmic spiral. Although this assumption is what provides 
this model with its elegance and generality at the clade level in the first place, it is 
also one of its pitfalls when applied below the family level. For instance, ammo-
noids often show considerable ontogenetic change in geometry, particularly in whorl 
shape and involution (Klug 2001; Korn 2012). Thus, it is commonly impossible in 
practice to find a single logarithmic spiral that fits the shell throughout ontogeny 
as recognized by Raup (1966). Moreover, for shells coiled over few whorls—like 
brachiopods and bivalves—it is also challenging to find a single logarithmic spiral 
that fits the shell throughout ontogeny especially if one does not carefully record the 
position of real apertures via growth lines (McGhee 2001). It should be noted that 
variation in average parameters among major taxonomic groups can be less than the 
variation observed in a single individual. Some modifications of Raup’s model have 
been undertaken to simulate more varied aperture shapes (Savazzi 1985, 1987), 
some allometries (Bayer 1978; Checa 1991; Korn 2012) as well as non-radial ap-
ertures (McGhee 1978). Some of these models did not assume a generating curve, 
but rather focused on individual helicospirals (McGhee 1978; Savazzi 1985; Checa 
1991; Checa and Aguado 1992). Shell shape was then represented by the set of spi-
ral trajectories of given landmarks (e.g. longitudinal ornamentation).

So although the logarithmic spiral case is fully justified as a null model since it 
implies that growth occurs without change in shape, followers of Raup were driven 
toward new mathematical formulations that would allow ontogenetic changes to 
be taken into account, while relaxing the coiling axis assumption. Models using 
a coiling axis (fixed reference frames) have been extensively criticized: first, the 
coiling axis has no biological meaning as in real shells an approximated coiling 
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axis emerges only a posteriori as a result of accretionary growth (Ackerly 1989; 
Schindel 1990; McGhee 1999); second, this approximated axis is not easily located 
on real shells and small deviations from the “real axis” (provided that one exists 
at all) may have large consequences for theoretical and empirical data interpreta-
tion; third, many shells do not have a coiling axis at all, or may not have a single 
coiling axis. Thus, assuming a coiling axis in theoretical or empirical studies may 
force the interpretations in predefined directions (and perhaps lead to contradic-
tory conclusions, e.g., McGhee 1980, 2001; Aldridge 1998). It could also bias the 
observed morphospace occupation if one is unable to take into account the spiral 
limit cases (e.g. conical, heteromorph or irregularly coiled shells) or if parameters 
are not algebraically independent, as discussed above. These new moving reference 
frame models facilitate the application of theoretical models to intraspecific and 
ontogenetic variation, which—as argued by Raup (1967) himself—often provides 
the key to many of the functional problems that he has raised with his theoretical 
framework.

6.2.2  Space Curve Models

As Savazzi (1990) pointed out, theoretical models of mollusc shells can be divided 
into two broad categories, (1) those using fixed-frame methods (and thus referring 
to a coiling axis) and (2) those using moving-frame methods (and thus simulat-
ing growth locally at the aperture without reference to a coiling axis). The models 
developed around the same time by Okamoto (1988a, b, c), Ackerly (1989) and 
Illert (1987, 1989, 1990) belong to the second category. These models appear as a 
necessary step towards the simulation of the processes underlying morphogenesis 
(“morphogenetic models”) and depart significantly from the previously discussed 
models (“form models”).

In order to determine the general mode of coiling of ammonoids, Okamoto 
(1988a, b, c) focused mainly on heteromorph ammonites, because some of the coil-
ing anomalies observed in these peculiar ammonites provide important clues for 
understanding the processes underlying shell morphogenesis in general. Okamoto 
described the coiling of heteromorph ammonites using a space curve model based 
on a moving reference frame, the so-called Frenet Frame. This frame is composed 
of three orthogonal unit vectors (e1, e2, e3) representing the tangent, normal and 
binormal vectors of a curve parametrized by its arc length. Okamoto’s “growing 
tube model” simulates the growth of the shell by using this frame locally to de-
fine, by infinitesimal steps, the growth trajectory of the generative curve centroid 
throughout ontogeny. The tangent vector e1 indicates the growth direction, while 
the normal vector e2 links the generating curve centroid to the point of maximum 
growth (MGP), and the binormal vector e3 is orthogonal to e1 and e2. So if the 
growth patterns are described accurately, the resulting shape is fully specified. Re-
ciprocally, if shell form is described completely, the growth patterns can be in-
ferred a posteriori. Moving frame analyzes, such as those undertaken by Okamoto 



218 S. Urdy

(1988a, b, c), enable the description, analysis and comparison of highly allometric 
and distorted coiling in heteromorph shells. If ontogenetic similarity indicates close 
phylogenetic relationships, the moving frame analysis can be helpful to reconstruct 
them. If a shell is successfully simulated, several other physical quantities—such as 
center of gravity, center of buoyancy—can be determined to make inferences on the 
life position. Below, I describe Okamoto’s model in more details.

6.2.2.1  Frenet Frame

Given a space curve F parametrized by its arc length s, F(s)

with e1, e2, e3 being the tangent, normal and binormal unit vectors.
The Frenet equations define the following relationships between e1, e2, and e3 

and the curvature (Kappa) and torsion (Tau) of the curve F:

The curvature Kappa(s) represents the revolution rate of the tangent vector with 
the change in arc length s. The torsion Tau(s) represents the revolution rate of the 
tangent plane with the change in arc length s. The utility of the Frenet frame is that, 
given Kappa(s) and Tau(s), it is possible to find a single space curve F.

6.2.2.2  Okamoto’s Model Aka the Growing Tube Model

Let’s define r as the radius of the shell tube at the time t. Define r0 as the initial 
radius of the shell tube. Okamoto (1988a) defines three parameters, E, C, and TO.

• E is the radius enlarging ratio (a constant for a given isometric shell) defined 
as: ( ) * tr t ro E=

• C is the standardized curvature (a constant for a given isometric coiling mode) 
defined as: ( ) * ( )r t Kappa t=C

• TO is the standardized torsion (a constant for a given isometric coiling mode) 
defined as: ( ) * ( )r t Tau t=TO

To the extent that a shell grows proportionally, the parameters E, C, and TO are 
constants. E is the ratio of enlargement of the tube radius. C (between 0 and 1) 
represents the degree of tube bending. TO represents the revolution rate of the point 
of maximum growth (MGP) in the generating curve. Typical ammonoids are char-
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acterized by having low E, constant C, and zero TO, whereas in heteromorph am-
monites like Nipponites, C and TO change with growth.

6.2.2.3  Application of the Growing tube Model to Nipponites

Well-known heteromorph ammonites like the Late Cretaceous Nipponites were 
first viewed as a challenge to the simulation of their ontogeny and their evolu-
tion (Illert 1990). However, Okamoto (1988a, b, c) and Illert (1989, 1990) derived 
mathematical models of the peculiar meandering whorls of Nipponites indepen-
dently (Fig. 6.3). In particular, Okamoto argued that in any simulation of ammonoid 
morphogenesis, the hydrostatics of the phragmocone must be considered, as the 
growth direction may be affected by the living position of the organism (defined 
as the angle between the aperture and the sea floor). Indeed, the simulation of the 
meandering whorls of Nipponites relies on a simple assumption: the angle between 
the growth direction and the sea floor is kept between a lower and upper value 
throughout ontogeny.

The posture of a neutrally buoyant animal in sea water is determined by the distri-
bution of its center of buoyancy and gravity. The center of buoyancy coincides with 
the center of volume, while the center of gravity coincides with the center of mass 
(center of body chamber). The distance between these two centers provides a mea-
sure of the stability of the organism: the closer they are, the less hydrodynamically 

Fig. 6.3  Okamoto’s model used to simulate the meandering whorls of Nipponites mirabilis. There 
are three modes of coiling (Hs, Hd, C), which represent sinistral helicoid, dextral helicoid and 
cryoceratoid (planispiral) coiling. This figure illustrates how rib obliquity and life orientation 
change with changes in coiling. The growth direction changes between 0 ° and 40 ° with respect to 
the sea floor ( horizontal)
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stable. Truman (1941) estimated the life orientation of ammonoids under the assump-
tion of neutral buoyancy. The ratio of length of the body chamber to the length of the 
shell is approximately constant in most ammonoids and ranges from 0.55 to 0.60.

Okamoto (1988b, c; 1996) observed that Nipponites regularly changes between 
three modes of coiling during ontogeny - where dextral (1) and sinistral coiling (2) 
occur in alternation with planispiral coiling (3). Change in coiling mode occurs 
when the rib obliquity reaches a minimum value. Starting from the planispiral coil-
ing mode, the hypothetical ammonite is simulated by assuming that growth contin-
ues in this mode as long as the growth direction is within a certain given range of 
variation. When the life orientation exceeds some value, the coiling is changed to 
dextral or sinistral, which acts to decrease the elevation angle of the growth direc-
tion. If the life orientation drops below a certain value, the mode of coiling changes 
again to planispiral. A meandering shell is automatically created under these con-
ditions. So, assuming neutral buoyancy and an approximately constant aperture 
angle relative to sea bottom, Okamoto’s model shows that the meandering whorls 
morphology is controlled, under hydrostatic constraints, by the permitted range of 
variation in the growth direction relative to the sea bottom (Fig. 6.3). If the lower 
limit of the growth direction is set extremely low, the helicoid coiling does not re-
turn to the planispiral coiling, producing shapes reminiscent of Eubostrychoceras, 
a possible ancestor of Nipponites. The simulations suggest that the morphologi-
cal transition from a simple helicoidal form to a meandering form occurs abruptly 
without any intermediary form as a result of a minor change in the upper and lower 
limits of variation in the growth direction.

6.2.2.4  Ackerly’s Model Aka the Moving Reference Model

Using also a Frenet frame, Ackerly (1989) focused on the motion of an actual aper-
ture rather than a hypothetical generating curve that is always perpendicular to the 
growth direction as in the growing tube model of Okamoto. With the introduction 
of a rotation parameter alpha (around a rotation axis) and a translation parameter 
gamma (along a translation axis), the movement of the centroid of the aperture is 
defined. The rate of enlargement of the aperture is defined by a third parameter 
delta. Two more parameters are necessary to define the aperture orientation; phi, 
the angle between the aperture plane and the rotation axis; and sigma the angle 
between the normal of the aperture plane and the translation axis. Ackerly’s model 
is well suited to the analysis of conical and loosely coiled shells in which a con-
sistent direction of the coiling axis can be defined throughout growth. This model 
facilitates the empirical analysis of the shells in which the position of the coiling 
axis is difficult to define, as exemplified in many representatives of inarticulate and 
articulate brachiopods, monoplacophorans, bivalves, and gastropods.

Recently, a model akin to Ackerly’s model has been proposed by Moulton et al. 
(2012): the CDRT model, where the shell aperture undergoes coiling (C), dilation 
(D), rotation (R), and translation (T). One difference between this model and that 
of Ackerly is that the aperture is not described by the position of its centroid but by 
a set of points attached to it. However, given that there is almost a one-to-one cor-
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respondence between the parameters of these two models (C = alpha; D =  delta, T = 
gamma, R corresponds to an angle not considered as relevant by Ackerly), Moulton 
et al.’s (2012) model won’t be discussed in details. Also, a number of other math-
ematical formulations exist that are described as generalized models of molluscan 
growth (Fowler et al. 1992; Pappas and Miller 2013; Moulton and Goriely 2014). 
These formulations are stemming from the study of 3D surface kinematics (Skalak 
et al. 1997) and can provide analytical solutions when the generating curve is planar 
and maintains a fixed shape throughout growth (Moulton & Goriely 2014). Al-
though mathematically convenient, these formulations do not bring further insight 
with regards to the study of allometry and phenotypic variation at lower phyloge-
netic levels or with regards to morphospace studies at high taxonomic levels.

6.2.2.5  Limitations of the Space-Curve Models

D’Arcy Thompson’s coordinate grid transformations already clearly emphasized 
the necessity for analyzing shape changes in their spatio-temporal dimensions as 
“[i]t is obvious that the form of an organism is determined by its rate of growth in 
various directions…organic form itself is found, mathematically speaking, to be a 
function of time” (Thompson 1917, p. 76). Although all models discussed so far 
address the spatial component of shell growth, none explicitly addresses its tempo-
ral component. The mathematical formulation found in Ackerly’s model, however, 
not directly assuming logarithmic spiral growth, was instrumental in transitioning 
towards the kinematic models explicitly considering timing of growth processes. 
These models are discussed in the next section.

6.2.3  Kinematic models

Since the turn of the twenty-first century, a number of studies have connected shell 
shape to relative and absolute growth rate (Rice 1998), notably through growth vec-
tor models (Hammer and Bucher 2005a; Urdy et al. 2010a, b). These new models 
are typically high dimensional and do not allow the straightforward construction 
of theoretical morphospaces any more. However, these kinematic models—if time 
is an explicit parameter as in the models discussed in this section—are well suited 
to answer two questions in particular: (1) What kind of morphological variation or 
pattern of covariation is expected given some basic rules of growth? (2) What kind 
of rules could underlie the observed patterns of variation?

To address these issues, one has to simulate in silico plausible processes of 
growth, representing simple properties of developmental processes such as tim-
ing or interactions among parts. Morphometric variables can be subsequently de-
rived from the simulated morphologies. Then, one can investigate theoretically how 
changes in hypothetical processes are recorded in the covariation between morpho-
metric variables. Although the processes are only hypothetical with respect to real 
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processes, the interest of this approach is that it can draw a causal link between 
variation in processes and variation in the resulting patterns of covariation. A large 
part of phenotypic variation and covariation between characters may be explained 
by the fact that morphogenesis is governed by a small set of basic (sometimes ge-
neric) processes that themselves may account for the robustness of the developmen-
tal outcome. This kind of models deeply roots in the concept of allometry, coined by 
Huxley and Teissier (1936) and which refers to the problem of relative growth: what 
are the “laws” of growth, which underlie the correlations between the changes in the 
relative dimensions of parts of the body and the changes in overall size?

6.2.3.1  Rice’s Model Aka the Biogeometric Model

Building on previous studies raising the issue of growth timing in mollusc shells 
(Løvtrup and Løvtrup 1988; Hutchinson 1990), Rice (1998) framed his hypotheses 
with reference to relative and absolute shell growth rates. In this model, the shell is 
simulated in a similar manner as fixed-frame generating curve models. However, 
several biologically relevant parameters are derived from the model, namely the 
pattern of relative growth rates called aperture map (scalar field of relative growth 
rates of the aperture’s homologous landmarks), an absolute growth rate (scaling 
of the aperture map), an aperture growth rate (“body growth”) and various spatial 
parameters defining the initial conditions and the helicospiral geometry. Although 
the relationships between shell form and growth rates have been analyzed earlier, 
Rice’s article marks the first consideration of time as an explicit parameter in shell 
shape simulation and allows the separation of the magnitude of growth from the 
direction of growth.

For instance, Rice (1998) generated a Cerion-like morphology by assuming that 
the absolute rate of calcification was proportional to aperture size (rather than ap-
erture growth rate) and was a logistic function of time. From these hypotheses, it 
follows that shell shape is a function of the growth curve of aperture size over time 
(logistic in that case). The resulting shell morphology looks like the beehive-shaped 
shell of Cerion: shell growth first follows a (isometric) helicospiral in the exponen-
tial phase of the aperture growth curve, then, during the asymptotic phase of aper-
ture growth curve, the shell continues coiling while maintaining aperture size nearly 
constant, thus naturally simulating to the “barrel” phase of Cerion growth (Gould 
1984, 1989; Stone 1995, 1996a). The allometry in Rice’s example is thus biphasic: 
the first phase is isometric, whereas the second phase leads to a decrease in shell 
apical angle, meaning that the shell becomes relatively narrower with increasing 
number of whorls.

6.2.3.2  Urdy et al’s Model Aka the Growth Vector Model

Hammer and Bucher (2005a) developed a free-form vector model, subsequently 
modified by Urdy et al. (2010a) so that it can simulate apertural shape changes and 
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nonlinear allometries (Fig. 6.4). The growth vector model assumes simple addition 
of growth vectors, which represent mantle growth during arbitrary (but constant) 
time steps. Shell morphology is generated by iteratively adding a growth increment 
onto the last computed aperture position. The first growth increment defines the 
so-called growth vectors, which are assumed to be constant in direction (relative 
to the last computed aperture position) during the simulation of a shell (ontogeny). 
These growth vectors are uniformly scaled at each time step according to various 
growth rate curves that simulate mantle growth over time.

Instead of starting with the logarithmic spiral model, as in models discussed pre-
viously, Urdy et al. (2010a) postulated first simple rules related to the scaling and 
relative arrangement of successive growth increments and then derived the condi-
tions satisfying the simple logarithmic spiral model. It is shown that, given an initial 
increment, there is a single growth curve that can satisfy the conditions for isom-
etry. In all other cases, non-linear allometries are generated. The resulting allometry 
increases quadratically with the rotation angle, as defined in the first increment. 
Because this model focuses the issue on time, it highlights a plausible effect of 
growth rate on shell shape and illustrates some fundamental geometrical properties 
of the logarithmic spiral, in particular the close relationship between the size and 
the geometry of growth increments. This null hypothesis model generates various 
correlations between morphometric variables and provides insights into potential 
growth-dependent shape changes.

For instance, basing model parameters on a study documenting the results of 
transplants experiments of three gastropods ecomorphs (Johnson and Black 2008), 
Urdy et al. (2010b) reproduced the main aspects of the variation in size, shape, and 
growth rates within and among populations when bred in their own habitat or trans-
planted to another ecotype habitat (Fig. 6.4). In agreement with empirical results, 
the simulation of ontogenetic, intra- and inter-population variation shows that a 
flatter growth profile corresponds to conditions of rapid growth (parameter r). The 
model also allows the comparison of allometric slopes using different subdata-sets 
that correspond to static and ontogenetic allometry (Fig. 6.4). This model highlights 
that depending on subdata-sets extracted from the simulations, the main statistical 
effects could be attributed to source population or environment. In addition, con-
vergence or divergence of allometric slopes is observed depending on the subdata-
sets. Although there is evidence that shell shape in gastropods is to some extent 
growth rate dependent, gaining a general overview of the issue is still challenging, 
in particular because of the scarcity of studies referring to allometry. Urdy et al. 
(2010b) argue that the dynamics of development at the phenotypic level constitute 
a non-reducible level of investigation if one seeks to relate the observed amount of 
phenotypic variation to variability in the underlying factors. Keeping this in mind, 
the study of fossil lineages like ammonoids can greatly benefit from the study of 
living counterparts like gastropods.
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Fig. 6.4  Urdy et al.’s (2010a) model used to simulate variation in 3 populations of Bembicium vit-
tatum (P1, P2, P3) when grown in 3 different environments (E1, E2, E3). a–f, Mean shell shape in 
each of the six groups at adulthood (300 time steps), redrawn at the same shell length. g–l, Mean 
shell shape in each of the six groups at a juvenile “stage” (150 time steps) redrawn at the same shell 
length. a/g, P3E2. b/h, P2E2. c/i, P1E2. d/j, P3E3. e/k, P2E1. f/l, P1E1. In each panel, from bottom 
to top: the growth rate parameter r increases; from left to right: the parameter scale decreases. 
The parameter scale is equivalent to the parameter delta of Ackerly (1989).
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6.2.3.3  Limitations of the Kinematic Models

Kinematic models can create fairly general shell evolutions and explicitly include 
the aspect of time in shell growth. These models illustrate the role of growth rates 
and timing in the generation of allometries and phenotypic plasticity. The growth 
vector model in particular provides a theoretical link between variation at the onto-
genetic, population, and species levels (Urdy et al. 2010a, b). Also, growth vectors 
can be changed through ontogeny, in an a priori way, or in response to shell shape, 
thus allowing the testing of the “road-holding hypothesis” (Hutchinson 1989; Mori-
ta 2003; Hammer and Bucher 2005a). The regulation of the magnitude and direction 
of growth is deeply related to the mechanics of the mantle over time, and it is ex-
pected that the effect of genes and environmental factors on growth are mediated by 
these physical factors. Unfortunately, no kinematic model directly addresses these 
underlying factors. In order to explain the variability of shell morphogenesis in 
relation to genetically-regulated tissue properties, kinematic models are thus in-
sufficient and one must look in the direction of the more explicit “morphogenetic 
models” discussed in the next section.

6.2.4  Mechanical Models

Relating shell shape to genetic and environmental parameters require the investiga-
tion of the mechano-chemical aspects of shell morphogenesis, which provide the 
‘causal’ factors determining the shape and size of growth increments at each growth 
step upon the constraints of previous built shell. Such analyses are notoriously chal-
lenging, especially because of the non-linearity of soft tissue growth and gene inter-
actions, and because most of molluscan development is unknown.

6.2.4.1  Morita’s Model Aka The Dead Spiral Model

One notable attempt is provided by the “dead spiral model” of Morita (1991a, b, 
1993, 2003). This model has been used to draw conclusions on coiling and aperture 
shape, as well as on the morphogenesis of the ornamentation. Although it does not 
make sense to discuss these results separately, the fact that most other models of 
the same type have been proposed either for shape or ornamentation only, I will 
discuss Morita’s model in two separate sections for matters of comparison between 
different studies.

Morita (1991a) defined the whole mantle as a hydro-skeleton, which is usually 
in a state of expansion resulting from internal haemolymph pressure. Consequently, 
the mantle is simulated as a double elastic membrane connected by internal springs. 
Its physical state is supposed to be in balance between its internal stress and the 
forces acting on it, such as the pressure of the haemolymph, the pressure induced 
by the foot and the boundary of the shell. The deformation of the mantle is then 
deduced from its stress field using a finite element analysis.
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In a first step, Morita (1991a) proposed to answer the following (puzzling) ques-
tion: How does the mantle edge usually make contact with the inner surface of the 
shell wall so as to ensure continuous accretion of shell materials to the aperture 
margin? His model shows that above an internal pressure level, the tube will ex-
pand outward rather than shrink inward. Where the shell wall is present, the mantle 
outward expansion is prevented, but the mantle can slide along the shell instead, 
allowing accretionary growth. Note that if some portion of the shell at the aperture 
is removed while the specimen is alive, the mantle edge curves backward, demon-
strating that it is under high internal pressure, as illustrated in Fig. 6.5b,c.

In a second step, Morita (1991a) asked the following question: Why do openly 
coiled or minimally overlapping shells have generally circular apertures, while 
shells with apertures overlapped by whorls have non-uniformly curved outer ap-
ertural lips? Morita investigated the effect of a zone where the mantle cannot de-
form—presumably because of the foot/soft parts pressing on the mantle edge. He 
showed that initially circular walls change into elliptically elongated ones with 
pressure rising. In other words, the existence of a fixed zone (large or small) breaks 
the initial symmetry in a specific manner: the direction of elongation is perpendicu-
lar to the fixed zone. On the contrary, all tube shapes tend to converge to circular 
outlines when no fixed zone exists.

Morita (1991b, 1993, 2003) argues that this fixed zone represents whorl overlap 
(= imprint zone, concave whorl zone) and may explain why most openly coiled 
or minimally overlapping whorls of gastropods have circular apertures. By con-
trast, outer apertural lips accompanied by a distinct whorl overlap zone are either 
extended perpendicularly to the overlap zone or are abapically inflated. Tight coiling 
in gastropods (defined as large whorl overlap) is then viewed as the consequence of 
the contact of the body parts with the mantle edge at the insertion of the collumelar 
muscle: because the mantle is unable to deform in this contact zone, the shell coils 
in the opposite direction. To the contrary, loosely coiled specimens usually exhibit 
a wide muscle insertion all around the aperture. This makes the mantle edge free 
to deform uniformly in any direction and apertures are generally close to circular.

Several studies have pointed out a general correspondence between the life posi-
tion and the shell morphology in recent gastropods (Linsley 1977, 1978), indicat-
ing that the life position of gastropods is almost equal to the gravitationally stable 
position of their empty shells. As an exception, Linsley (1978) stated that some tro-
chiform gastropods (the Xenophoridae or some Astraeinae) live with the basal part 
of the aperture margin directly resting on the substrate. This “unconventional” life 
position provides a boundary condition different from those assumed by Morita’s 
model, and as such, their aperture shape can depart from the morphological rules he 
has described. Since the free expansion of the mantle edge is prevented by the sub-
strate, the mantle may be forced to elongate parallel to the substrate, if the animal 
maintains this peculiar position at the time of shell growth. In fact, the apertures of 
these trochiforms are shaped as though formed in such a way: they are not elongated 
perpendicularly to the overlap zone but rather in parallel to their base, as if the aper-
tural margins had been compressed by the substrate (Morita 1993).
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Fig. 6.5  Local longitudinal protrusions in length of the outer fold of the mantle edge of juveniles 
of Hexaplex trunculus. a–c, A living juvenile specimen of Hexaplex trunculus. b, c, If the shell 
is removed on a living specimen, the mantle edge curves backward (towards the digestive gland) 
demonstrating that the mantle edge is under internal (hydrostatic) stress. Broken line shows the 
approximate position of the coiling axis. d–f, Histological sections of the mantle edge on the same 
specimen at different locations along the aperture, corresponding to a spiral striation ( d), a spine 
( e) and in between two spiral striations ( f). Growth direction is toward the right. The shell was 
on the top. OE: Outer Epithelium responsible for shell secretion. OF—Outer Fold responsible for 
generating ornamentation. PG—Periostracal groove. IF—inner fold. IE—inner epithelium. Repro-
duced with permission from Vasconcelos et al. (2006), copyright Oxford University Press (license 
number 3511891006437)
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Hence, the direction and degree of coiling, as well as aperture shape seem to be 
at least partly determined by the position of muscle insertion(s), the animal’s liv-
ing position at the time of shell secretion, and the previous whorl (“road-holding”, 
Hutchinson 1989; Checa et al. 1998). Morita’s work suggested several developmen-
tal constraints acting on the shell morphology of molluscs, arguing that the muscle 
patterns and modes of coiling were developmentally coupled so that malfunctioning 
combinations would be excluded without natural selection.

6.2.4.2  Buckman’s Laws of Covariation: Hydrostatics and Proportionality?

It has been often observed that in variable ammonoid species, there is a tendency 
for the aperture shape to covary with the degree of whorl overlap and the robust-
ness of ornamentation. The most ornamented specimens tend to exhibit a depressed 
aperture and small whorl overlap, whereas smooth specimens exhibit a laterally 
compressed aperture and a large whorl overlap. In the same species, the septal spac-
ing as well as the sutural complexity also covary with the strength of ornamentation 
and aperture shape. These patterns of intraspecific variation, known as Buckman’s 
first and second laws of covariation (coined by Westermann 1966; see Monnet et 
al. 2015 for a review), have been repeatedly observed in Triassic boreal ammonoids 
(Rieber 1972; Dagys and Weitschat 1993; Checa et al. 1996; Bucher 1997; Dagys 
et al. 1999; Hammer and Bucher 2005a; Monnet and Bucher 2005), and in Jurassic 
(Westermann 1966) as well as Cretaceous ammonites (Kennedy and Cobban 1976). 
As these patterns of covariation have been observed in phylogenetically distant am-
monoids at several different time periods, they are evolutionary recurrent.

Hammer and Bucher (2006) tentatively explained the developmental origin of 
the Buckman’s second law of covariation between ribbing and sutural complex-
ity using arguments based on hydrostatic calculations. They proposed a numerical 
procedure for calculating buoyancy, apertural orientation and rotational stability 
of ammonoids that can accommodate non-circular apertures and allometries. They 
showed that in Amaltheus margaritatus, hydrostatic properties and body chamber 
length vary significantly as a result of intraspecific variation in shell shape as de-
scribed by Buckman’s first law of covariation. Assuming that new septa are laid 
down as the hydrostatic properties (orientation and buoyancy) change beyond 
threshold values as a result of growth, the covariation between septal spacing and 
whorl shape observed in this species can be accounted for.

Hammer and Bucher (2005a) also proposed that the negative correlation between 
the compression of the aperture and the intensity of ornamentation (Buckman’s first 
law) can be satisfactorily accounted for by assuming that lateral rib heights increase 
isometrically with aperture width, whereas ventral rib heights increase isometrically 
with aperture height. Simple scaling relationships lead to produce proportionally 
stronger lateral ribs on depressed specimens than on compressed specimens, which 
only exhibit strong ribs on venter. Hammer and Bucher (2005a) argue that, in a 
shell that is strongly compressed laterally, the diameter of the aperture, and hence 
the soft parts within, is small in the lateral direction. For such a shell, coarse lateral 
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ribbing would imply impossibly strong relative compression and expansion of the 
soft body through the formation of a rib. They conclude that any departure from 
this covariation would imply strong deformations of the soft body as ornamentation 
was formed. Although this scaling model is compelling by its simplicity, it does not 
directly address the morphogenetic mechanisms underlying ornamentation patterns, 
for which other models are necessary. This is the topic of the next section.

6.2.4.3  Limitations of Mechanical Models

Although mechanical models can yield insight in developmental constraints on a 
large phylogenetic scale as exemplified above, they are generally really qualitative 
in nature. The testing of these models in a developmental context is something that 
is left open for future studies, once more of the developmental biology of molluscs 
will be understood. As these mechanical models are constrained to remain really ge-
neric (non-specific), they provide little insight on the mechanical factors that govern 
variation in shell shape at low taxonomic levels, especially in relation to variation in 
environmental factors. Such a crude understanding of morphogenesis then hinders 
the comparison between experimental and theoretical data on variation in popula-
tions or species.

6.3  Shell Ornamentation and Pigmentation

During shell growth, the mantle moves forward slightly beyond the calcified shell 
edge while secreting the periostracum, which isolates the extrapallial fluid from 
which the calcified shell is precipitated from the external environment. The perios-
tracum is secreted in the periostracal groove, between the outer and middle mantle 
lobes in cephalopods and bivalves and between the outer and inner mantle lobes in 
gastropods (Fig. 6.5). When calcification in the extrapallial cavity occurs, the perio-
stracum becomes fixed on the outer shell surface (it is often abraded later).

One can distinguish a variety of pigmentation patterns and ornamental features 
in molluscs. However, they can usually be split into three broad categories—anti-
marginal undulations, commarginal undulations, and traveling waves. Antimarginal 
pigmentation patterns and spiral ribs usually correspond to undulations perpendicu-
lar to the aperture: from a developmental point of view, these are spatial patterns, 
which do not vary in time. Commarginal pigmentation patterns and ribs are parallel 
to the aperture and thus correspond to temporal undulations of the mantle activity 
and growth direction respectively. Spines have a spatial and a temporal component. 
They are hollow and they first emerge as a bulge of the shell edge that curves both 
longitudinally and transversely as growth proceeds, resulting in a fold that eventu-
ally closes in on itself as the lateral edges converge toward the fold axis (spine 
constriction). Traveling waves correspond to a periodic function of both space and 
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time, and would correspond to patterns of divaricate ribs for instance (e.g., Hayami 
and Okamoto 1986; Ubukata and Nakagawa 2000). Basically, two types of dynamic 
models have been proposed to account for the morphogenesis of these structures 
and pigmentation patterns. The first type belongs to the class of lateral inhibition 
models and the second type belongs to the class of mechanical models. The similari-
ties and differences between these two classes of models—as well as their historical 
roots—are discussed at length in Urdy (2012), using various examples from devel-
opmental biology.

6.3.1  Lateral Inhibition Models

6.3.1.1  Reaction-Diffusion and Neuronal Models

Reaction-diffusion models (Fig. 6.6) have been extensively applied to problems 
of pattern formation—strictly defined as the dynamical process by which spatio-
temporal arrangements of repeated features arise. The reaction-diffusion models 
root in the pioneer work of Turing (1952). The original Turing model (1952) was 
concerned with the emergence of spatial inhomogeneities (the so-called Turing 
structures) by means of two interacting substances, which he called morphogens, 
diffusing in the external milieu and exhibiting antagonistic behavior: one molecule 

Fig. 6.6  Different patterns generated by reaction-diffusion models. a Bifurcations can form in an 
oscillating activator-inhibitor model when the basic activator production increases from bottom to 
top (smooth gradient). b Branching and insertion of ribs in a growing geometry. Ribs are continu-
ous in early stages, but break up as the structure grows. c A sharp gradient in the basic activator 
production gradient causes the secondary ribs to form at a constant position
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is called activator and is assumed to exhibit autocatalytic kinetics and to stimulate 
the synthesis of another molecule called inhibitor that counter-acts activator synthe-
sis by consuming it. Diffusion is generally thought of as a homogenizing process. 
However, in combination with two coupled antagonists reactions (auto-catalysis 
and inhibition), a stable homogeneous concentration of molecules can be destabi-
lized by diffusion in response to small random perturbations. This phenomenon is 
called “diffusion-driven instability”. According to the relative diffusion range of 
the activator and inhibitor, the initial perturbations of the stable homogeneous solu-
tion can be either smoothed out or amplified. If so, the whole system stabilizes to 
another predictable equilibrium state (e.g., spatial patterns, temporal oscillations; or 
traveling waves if one considers the interaction between three morphogens) inde-
pendently of the initial perturbations.

Indeed, only opposing reacting kinetics of two molecules are necessary for their 
concentration to oscillate over time. This is exactly the same generic process that 
has been proposed to be involved in the well known Lotka-Volterra predator-prey 
models. One has to assume that the more prey, the more predators (predator number 
increases when plenty of food is available) but the more predators, the less prey 
animals (since predators also consume more prey). Such a mechanism can give 
rise to temporal patterns of varying number of prey and predators: at one moment, 
there are more prey than predators, than the situation reverses. To the contrary, the 
emergence of “Turing structures” (spatial patterns such as ribs perpendicular to 
growth lines) generally requires that inhibitor diffuses more rapidly than activator, 
so that the activator concentration does not smooth out all over the domain. This 
hypothesis is more generally known as “short range activation and long range inhi-
bition” (Gierer and Meinhardt 1972) or “local self-activation and lateral inhibition” 
(Meinhardt and Gierer 2000).

The signaling molecules (morphogens) are assumed to control the subsequent 
differentiation of the cells during morphogenesis. The spatio-temporal distribution 
of these morphogens is often named “pre-pattern”. This implies the idea that the 
emerging distribution of the gene products will control the differentiation of the 
cells to finally create the associated pattern. Reaction-diffusion models have been 
largely developed by Meinhardt and his coworkers (e.g. Meinhardt and Gierer 1974) 
and one-dimensional models have been applied to the pigmentation of sea shells to 
reproduce a vast diversity of coloration patterns including stripes, dots and chevrons 
(Meinhardt and Klinger 1988; Meinhardt 1995). Several authors have proposed that 
an oscillating biochemical system of the reaction-diffusion type could also underlie 
the formation of commarginal and divaricate ribs (Meinhardt and Klingler 1988; 
Savazzi 1990; Meinhardt 1995; Bucher 1997). Hammer and Bucher (1999) used 
similar models to study ornamental patterns in ammonoids, but regarded the reac-
tion-diffusion model as an abstraction, without insisting on the chemical diffusion 
mechanism that is generally assumed. In Fig. 6.6, some patterns simulated by Ham-
mer and Bucher (1999) are represented. One can note that new elements can be 
inserted, or form as branches, as the distances between adjacent peaks exceed some 
threshold because of growth or if there exists a gradient in activator production.
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Many theoretical systems exhibit similar properties of ‘local self-activation and 
lateral inhibition’ (Meinhardt and Gierer 2000) but they do not necessarily imply 
chemical diffusion. For instance, the neuronal model of Ermentrout et al (1986) 
simulates pigmentation of sea shells by computing the positive and negative in-
fluxes of neurons that are supposed to trigger or prevent the secretion of pigment by 
the mantle cells. In general, these models highlighted the emerging capabilities of 
molecular networks through local self-enhancement and lateral inhibition, captur-
ing some of the dynamics of developmental systems at the molecular level.

6.3.1.2  Limitations of Lateral Inhibition Models

Authors generally conclude that lateral inhibition models capture some of the es-
sence of biological pattern formation, although these models should only be re-
garded as formal conceptual frameworks for understanding development. Indeed, a 
general drawback of lateral inhibition models is the difficulty of linking these mi-
croscopic descriptions of processes (which echo the genetic level of description of 
development) to the three-dimensional macroscopic shape changes that have to be 
explained, especially when biochemical components, cell movements and tissues 
continuously interact to generate structures of specific shape (Murray 1989). Good-
win (1988, p. 636) captured the essence of this limitation by saying that “Turing’s 
achievement was remarkable, but it does not provide the solution to the problem 
of morphogenesis. The reason is that a spatial pattern in the concentration of me-
tabolites within a developing organism does not itself explain the actual geometry 
of say, the tentacles on a hydroid, the leaves on a plant, or the limbs of an amphib-
ian. Morphogenesis, as the name implies, is the generation of structures of specific 
shape, whereas spatial patterns of chemical concentration arise within some pre-
defined geometry. In order to get morphology, work has to be done in deforming 
cells or cell sheets into specific shapes, and growth must be localized to generate 
specific structures”. This issue can be overcome if one takes conjointly into account 
the mechanical aspects of morphogenesis (e.g., Oster et al. 1988) or simulates some 
kind of feedback between the interacting biochemical components (genes products) 
and the growth of the developing structure, an approach that has been called ‘mor-
phodynamic’ in opposition to pure reaction-diffusion models that are qualified as 
‘morphostatic’ (Salazar-Ciudad et al. 2003, see also Urdy 2012). In the next section, 
I discuss models that focus on the mechanical aspects underlying the morphogen-
esis of shell ornamentation.

6.3.2  Mechanical Models

6.3.2.1  Morita’s Model Aka the Dead Spiral Model

As discussed earlier, Morita’s model (1991a, b, 1993, 2003) includes several as-
pects on the mantle deformation such as the influence of the whorl overlap or the 
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effect of the previously secreted shell (Hutchinson 1989). Morita’s interpretation 
thus implies that the life position of a gastropod is involved directly in the mor-
phogenetic process of forming the shell aperture. This model has other implica-
tions, however. Besides the general outward expansion and the shift from circular 
to elliptical outward expansion, Morita (1991a) defined two other behaviors of the 
mantle edge: antimarginal ridge formation and spine formation. His main concerns 
are: What is the cause of antimarginal ridges? What is the cause of long open spines 
and why do they always appear on antimarginal ridges?

Morita (1991a) showed that if the initial tube exhibits local protrusions in its 
length, antimarginal ridges will occur. Such local longitudinal protrusions in length 
have been observed in the outer fold of the mantle edge of Hexaplex trunculus, 
while the size of the inner fold is almost constant along the aperture (Fig. 6.5). 
Similar structures have been mentioned (but not really investigated) in other gas-
tropods as well (Jackson et al. 2006, 2007). Morita (1991a) further demonstrated 
that if the shell wall already presents antimarginal ridges and if internal pressure 
increases, this folded protrusion can gradually become prominent in size and at the 
same time, its basal parts conspicuously constrict inward, forming an open spine. 
Morita concluded that the formation of a spine is probably associated with an event, 
which leads up to an abrupt increase of haemolymph pressure (or growth) higher 
than that at previous stages, because prominent constriction inward never appears 
without concomitant high mechanical expansion. If the rate of the mantle expansion 
is at the same level as in previous growth stages, the constriction would not appear 
but the antimarginal ridge would grow continuously, scaling with the size of the 
mantle edge.

6.3.2.2  Hammer’s Model Aka the Regulative Oscillation Model

What about the formation of commarginal ribs? Hammer (2000) developed a model 
to explain their emergence and ubiquity in molluscs. He assumed that there should 
be a way for the mantle to sense—through its compression or tension—if it is a little 
too wide or narrow compared to the previous aperture. Then, this sensing mecha-
nism could give feedback on mantle growth to adjust its size. This system can eas-
ily fall into oscillatory behavior, producing waves akin to ribs. This can happen 
because the regulative feedback mechanism is not fast enough to stop its compensa-
tion behavior at the right moment in time. The system will therefore compensate 
too much, and increase or decrease the size of the aperture too far before turning 
back again. Then it will grow too far in the opposite direction, and the cycle repeats.

Hammer (2000) assumed that the rate of change in angle of growth to the central 
axis (dphi/dt) is proportional to the distance from the current position of the shell 
edge ( r) to an ideal mean R, divided by R:

/ [( )/ ]d phi dt R r R= −c1
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The value R represents the radius of the relaxed soft parts within the shell. The value 
c1 represents the stiffness of the mantle/periostracum system. With this equation, it 
is thus assumed that the rate of change in the angle phi (curvature) is then propor-
tional to the strain caused by stretching or compression of the soft parts. Another 
differential equation links the rate of change in the tube radius ( )dr dt/ to phi:

where c2 represents the growth rate of the tube radius in units of distance per time 
(assuming a constant growth rate).

This set of equations appears sufficient to explain the occurrence of commargin-
al ribs where the amplitude and the wavelength of the ribs increase during growth, 
as in accordance with observations in ammonites. Using a non-linear form for the 
feedback mechanism, it is possible to produce waves, which are sharper and more 
widely spaced than in the sinusoidal case, as is often observed in ammonites (i.e. 
Promicroceras). If the parameter c1 is low, the stiffness of the mantle/ periostra-
cum system is increased, and this can lead to the disappearance of oscillations, 
thus mimicking a smooth shell. Hammer (2000) concludes that if his simple model 
reflects reality to some extent, though perhaps in an abstract way, it is clear that 
commarginal ribs can evolve very naturally in a mollusc shell. In fact, it may even 
be more difficult to produce a smooth shell than a ribbed one, because this needs 
a more stringent/ rapid regulative capability. This is in contrast with the perhaps 
intuitive idea that a ribbed shell is morphologically more complex than a smooth 
one, and therefore needs a more complex developmental system, possibly with ad-
ditional genes. If true, this model implies that commarginal ribs will evolve almost 
unavoidably in any shelled mollusc group, as long as they are not selectively dis-
advantageous.

6.3.2.3  The Elastic Rod Model and its Coupling with the CRDT Model

Moulton et al. (2012) recently developed a mathematical model for the morphogen-
esis of commarginal ribs, which is similar in essence to that of Hammer (2000). This 
model is based on the mechanical interaction between the secreting mantle edge and 
the calcified shell edge to which the mantle “adheres” during shell growth. They 
assume that the periostracum—attached at both extremities along the calcified shell 
edge and inside the periostracal groove—establishes a close physical elastic link 
between the calcified shell and the mantle edge. The mantle edge is simulated as a 
one-dimensional elastic rod, connected to a rigid foundation representing the shell 
edge by elastic springs, supposedly representing the periostracum.

As in Hammer (2000), commarginal ribs are simulated by assuming that the rate 
of change in aperture radius is a sinusoidal function of the growth angle, which itself 
depends on the stress in the mantle. However, this linear feedback produces fairly 
uniform oscillations in aperture radius over time. Assuming that there is a non-lin-
ear feedback response when the mantle is in tension, sharp ribs separated by wide 

/ ( )dr dt sin phi= c2
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valleys are simulated. However, the wavelength remains nearly constant throughout 
development, leading to ribs, which attenuate with growth. Decreasing this feedback 
during development leads to an increase in wavelength and in the amplitude of the 
ridges with time, which is then consistent with most observations in ammonites and 
Hammer’s model. Discrepancies between these two models are unfortunately not dis-
cussed by Moulton et al. (2012). One can then speculate that these differences stem 
from the fact that Moulton et al. represent the mantle edge as a one-dimensional rod. 
Indeed, Moulton et al. (2012) combine this mechanical model with the CDRT model 
mentioned earlier. They define first an aperture shape and 4 CDRT parameters to 
describe the basic evolution of aperture shape without ornamentation. The ornamen-
tation is then added as a second feature. As a consequence, the deformed aperture is 
independent of its coiling, translation and rotation parameters. This may explain why 
there is no scaling between the wavelength/ amplitude of commarginal ribs and the 
aperture dimensions, when there is no temporal variation in feedback strength.

Building of this model, Chirat et al. (2013) simulated the formation of spines in 
Muricidae. Assuming that there is an excess length in the mantle edge compared to 
the previously secreted shell margin, the elastic rod is expected to buckle to accom-
modate its extra length. Starting from an initially flat rod under clamped-clamped 
conditions, they solve the equations of mechanical equilibrium to deduce the form 
taken by the rod while it grows. The number of folds taken by this rod is governed 
by the elastic properties of the rod, the strength of the attachment to the rigid foun-
dation, and the excess of rod length compared with the previous rod length. There 
can be several different modes of buckling, which are interpreted as the number of 
the spines that can emerge along the aperture. In the regime where only a single fold 
will form—corresponding to a fixed value for strength of attachment—Chirat et al. 
(2013) investigated the effects of the two remaining parameters affecting buckling 
outcome. Above a certain length threshold, the rod folds into a tall structure. In-
creasing this length parameter produces a smaller structure that folds and closes on 
itself (spine constriction), as predicted by Morita (1991a). A larger length parameter 
produces a more highly curved and shorter structure. Long straight spines, as seen 
in the murex Bolinus cornutus for instance, are simulated by assuming that the man-
tle has a heterogeneous bending stiffness. Then, the rod will increase its curvature in 
regions where its stiffness is decreased. Large stiffness variation along the rod leads 
to narrow spines reminiscent of the Muricidae genus Hexaplex and Bolinus, while 
decreased stiffness variation leads to wide spines reminiscent of the Muricidae ge-
nus Pterynotus. This model shows that a large diversity of spine structures can then 
be accounted for through variations in control parameters of a simple mechanical 
model. The authors recall that hollow spines evolved independently in at least 55 
genera and 21 families of current gastropods; 10 genera and families of current bi-
valves; 11 genera and 8 families of ammonoids; and 6 fossil nautiloid genera. This 
physical mechanism suggests that convergent evolution of spines can be understood 
through a simple generic morphogenetic process.

The elastic rod model is compelling on its conclusions and provides much prog-
ress from the analytical point of view—shedding light in particular on how the 
rod length affects the shape taken by the aperture/ spines. However, this model 
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holds some shortcomings that were absent in previous efforts aimed at studying 
the mechanical principles underlying shell morphogenesis. For instance, this model 
relies on the distinction between the overall aperture shape and the ornamentation, 
a distinction that is technically unfeasible on real shells. For that reason, this model 
appears hardly testable in practice. Additionally, the CRDT parameters are inde-
pendent of the mechanical stress building in the rod. As the deformation of the rod 
does not affect its growth in return, this model can be considered morphostatic and 
it shares some shortcomings with the lateral inhibition models discussed earlier. The 
shortcomings implied by the decomposition of growth into a size and a shape com-
ponent with regards to the underlying mechanisms of morphogenesis are discussed 
at length in Urdy et al (2010a, b) in the case of molluscs and Urdy (2012) in general. 
To summarize this argument, I can quote Klingenberg (1998, p. 84): “although the 
separation of growth as isometric size increase from all shape changes agrees with 
our intuitive concept of size and shape based on geometric similarity, it does not 
reflect a corresponding dichotomy of underlying biological processes.”

6.3.2.4  Limitations of Mechanical Models

In conclusion, the development of mechanical models for 3D ornamental features 
is still in its infancy. Morita has outlined the major elements of a mechanical model 
of shell growth, although most of his numerical simulations are not calculated in 
3D, but on cross-sections. This model is more than 20 years old, but the broad range 
and generality of its insights—with its hydrostatic basis and its coupling of aper-
ture shape and coiling with life position—has not been superseded by more recent 
models. Analytical treatment has been made possible recently by the reduction of 
the mantle to a one-dimensional rod. This comes at the expense of hindering the 
comparison between experimental and theoretical data, especially with regards to 
the relationships between growth rates and ornamentation. In the last section, com-
parative empirical studies are discussed.

6.4  Empirical Data and Comparison with other Molluscs

The comparison of shell shape between and within different clades of molluscs is 
informative with regards to the basic rules of accretionary growth. For instance, 
many authors argued that common rules of growth underlie the morphogenesis of 
the shell and its evolution in ammonoids and gastropods (Bucher 1997; Bucher and 
Guex 1990; Bucher et al. 1996; Checa and Jiménez-Jiménez 1997; Checa et al. 
1998, 2002). Evidences come from the comparison of intraspecific and/ or inter-
specific patterns of covariation among shell characters (Westermann 1966; Morita 
1991a, b, 2003; Dagys and Weitschat 1993; Checa et al. 1996; Hammer and Bucher 
2005a), from the description of changes occurring at maturity in different species or 
clades (Thompson 1917; Burnaby 1966; Bucher 1997; Chirat et al. 2008), and from 
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the analysis of teratological shells in response to injuries (Thompson 1917; Guex 
1967, 1968; Bayer 1970; Landman and Waage 1986; Bond and Saunders 1989; 
Hammer and Bucher 2005b) or to change in living conditions (Linsley 1977; Checa 
and Jimenez-Jimenez 1987; Checa et al. 2002).

6.4.1  Similar Principles Underlie Growth Features

6.4.1.1  Post-Embryonic Stages

Changes in shell shape, ornamentation and septal spacing in the ontogeny of most 
ammonoids is used to define three distinctive post-embryonic stages: a neanic stage 
starting just after hatching (ammonitella), a juvenile stage and a mature stage (re-
viewed in Bucher et al. 1996). The neanic shell commonly displays little or no or-
namentation with more and more widely spaced septa. During the neanic stage, am-
monoids may have lived in the plankton and the transition to the juvenile stage may 
correspond to a change in mode of life in a different habitat. In general, the juvenile 
shell is more compressed and involute than the neanic shell and ornamentation is al-
most always present. The septa are usually more closely and more constantly spaced 
than in the neanic shell, although occasional short-term fluctuations can occur (dis-
cussed below). There is usually important variation in the number of septa formed 
during this stage among individuals of the same species, as well as extensive varia-
tion in shell shape and suture outline. Maturity is defined by the approximation of 
several septa and is sometimes associated with a change in coiling, increased whorl 
width, strengthening or disappearance of ornamentation and increase in thickness of 
the apertural lip. These changes are interpreted as the onset of maturation of sexual 
organs and indicate that growth was determinate in most ammonoids. Similar as in 
gastropods, maturity is often marked by changes in coiling and thickening of the 
apertural lip as well as apertural expansions (e.g. in strombids).

6.4.1.2  General Shape of Growth Curves

Bucher et al. (1996) established a generalized growth curve for ammonoids, where 
the overall mode of growth of ammonoids is derived from comparison with Nau-
tilus, the only externally shelled cephalopod with chambers that is still extant. 
Ammonoids are, in fact, phylogenetically more closely related to coleoids than to 
Nautilus (Engeser 1990; Jacobs and Landman 1993). However, the retention of an 
external shell in ammonoids implies that they shared with Nautilus basic similari-
ties in mode of growth and developmental constraints, although not necessarily a 
similarity in their absolute rate of growth (i.e. mm/day) or age at maturity. In ammo-
noids, as in Nautilus, the timing and volumetric growth of chambers were, no doubt, 
coordinated with the growth of the shell at the aperture and the growth of the soft 
body parts, insuring a near-neutral buoyancy throughout ontogeny. In Nautilus, the 
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time required for chamber formation increases exponentially throughout ontogeny, 
while successive septa are spaced at constant angular intervals and progressively 
become thicker (Ward 1985). The shell diameter is increasing as a linear function 
of time. In consequence, variation in the spacing between septa may represent a 
response to variation in growth rate at the aperture, variation in shell shape and 
variation in the density of the shell and soft parts. Ammonoids generally follow a 
pattern similar to Nautilus during their juvenile stage, but the neanic and mature 
stages significantly depart from this pattern with their often abrupt changes in septal 
spacing. As the neanic stage is characterized by an interval of increasingly wider 
septal spacing, this suggests that the rate of growth in shell diameter over time ac-
celerated during this stage. To the contrary, at the approach of maturity, the thicken-
ing of apertural margin and the more and more closely spaced septa indicate that 
the rate of growth in diameter decelerated. By combining these observations, one 
can estimate that the temporal evolution of most ammonoids shell diameter would 
follow a sigmoid curve throughout ontogenetic time as illustrated in Bucher et al. 
1996. Empirical evidence in living molluscs also suggests that growth rates in linear 
dimensions often decrease with increasing size, indicating that sigmoid curves are 
the rule rather than the exception (e.g., Bretos 1980; Picken 1980; Guzman and Rios 
1987; Black et al. 1994; Iijima 2001; Schöne et al. 2002, 2007).

6.4.1.3  Short-term Fluctuations in Growth Rate

In ammonoids, short-term fluctuations in growth rate (Fig. 6.7) superimposed on 
the generalized growth curve are evidenced by the presence of morphological fea-
tures like constrictions and megastriae. Besides the usual growth lines, which cor-
respond to intermittent shell secretion of a short temporal scale of the order of days 
(spacing between 1 and 100 μm, Bucher et al. 1996), other discontinuities in shell 
growth correspond to growth rate variation on a higher temporal scale (of the order 
of weeks and perhaps months, Spight 1973; Spight and Lyons 1974; Spight et al. 
1974). Megastriae correspond to distinctive thick lines, different from growth lines. 

Fig. 6.7  Lateral view of two 
variants of Gymnotoceras 
rotelliformis. a depressed 
variant. b compressed 
variant. The shaded areas 
represent ribs; the dark 
lines represent growth halts. 
Growth halts, ribs and septa 
(not shown) are all more 
closely spaced in the more 
compressed specimen ( b). 
Redrawn from Bucher (1997)
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Microstructural studies (Bucher et al. 1996) revealed that megastriae correspond 
to major shell discontinuities in the outer prismatic and nacreous layers, implying 
a retreat of the mantle edge and a relatively long pause in shell secretion (growth 
halts). In contrast, the inner prismatic layer is continuous, indicating that it was 
laid subsequently to the mantle edge retreat after growth at the aperture resumed. 
Megastriae occur in a wide variety of ammonoid taxa and also in many bivalves 
and gastropods (i.e. Spight 1973; Spight and Lyons 1974; Spight et al. 1974). In 
ammonoids, megastriae are more frequent during the juvenile stage than during the 
mature stage. For instance, in the Middle Triassic Parafrechites meeki, the juvenile 
whorls display numerous, variably spaced megastriae. However, these features are 
generally absent on the adult body chamber. In only a few ammonoid groups, e.g. 
some lytoceratids, did megastriae persist to maturity. The presence of numerous 
closely spaced megastriae can sometimes result in composite ribs, consisting of a 
number of juxtaposed rib elements. This indicates that some parts of the secreted 
shell have been dissolved at the time of megastriae formation (see also Fig. 6.7). 
Also in some lytoceratids, megastriae are at an angle with growth lines. Moreover, 
hollow spines and parabolic tubercles are typically associated with megastriae (Bu-
cher et al. 1996; Bucher 1997).

Some patterns of variation of shell shape and its associated growth features, 
particularly growth halts, in ammonoids and gastropods point out that similar rules 
of accretionary growth underlie the morphogenesis of the shell and its evolution 
in both clades (Bucher 1997). At maturity, the spacing between successive growth 
halts tends to decrease in ammonoids and gastropods. Growth halts approximation 
is generally accompanied by a change in aperture shape and/ or coiling. For in-
stance, in the gastropod Epitonium scalare, the shell is isometric (or nearly so) until 
maturity, which is recorded in the shell by a more elliptic aperture and a few (about 
5) approximated varices (growth halts). In Muricidae, growth halts are more closely 
spaced at maturity. For instance, in Bolinus brandaris, a decrease in the length of 
spines is coinciding with two approximated growth halts (personal observation). 
Bucher (1997) noted also that in Murex haustellum, the first growth halt, at about 
3.5 whorls after the embryonic constriction, is coinciding with an apertural shape 
change. Closely spaced growth halts at maturity are also quite frequent in ammo-
noids, for instance in Parafrechites and in Gymnotoceras.

More generally, Bucher (1997) suggests that a regular/irregular spacing between 
growth halts (more or less constant angle or not) during ontogeny could be related 
to isometric/ allometric growth of the aperture. Throughout ontogeny and within 
populations, aperture shape and ornamentation tend to covary with the spacing 
between growth halts in ammonoids (Bucher 1997). For instance, in Gymnotoc-
eras rotelliformis, growth halts and ribs are more closely spaced in the compressed 
variants than in the depressed variants (Fig. 6.7). Specimens tend to become more 
compressed during ontogeny while the number of growth halts per whorl tends to 
increase. Also, during ontogeny, the spacing between growth halts is reflected in the 
spacing between septa (Bucher 1997; see also Bucher and Guex 1990; Bucher et al. 
1996 for documentation in Parafrechites and Eotetragonites). These patterns of 
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variation between growth halts, ornamentation, aperture shape and septa are quite 
frequent in the Triassic subfamilies Berichitinidae and Paraceratitinae (Monnet and 
Bucher 2005). It remains to be investigated if similar patterns occur in gastropods 
and bivalves.

6.4.2  Teratology as Natural Experiments

6.4.2.1  Coiling

Teratological shells, including fossil ones, often provide an additional useful source 
of information about the way development generally proceeds. For instance, plani-
spiral ammonites that were infested by epizoans during their lifetime exhibit altera-
tions of their coiling geometry (Checa et al. 2002). These authors pointed out that, 
most commonly, the epizoans settled on the venter of ammonoids and constituted 
an obstacle to the subsequent growth. This disturbance probably initiated changes 
in the hydrostatic conditions of the ammonite and caused a lateral shifting of the 
growth direction compared to the previous whorl in attempts to avoid the obstacle. 
Using a hydrostatic model based on earlier papers of Okamoto (1988a, b, c), Checa 
et al. (2002) showed that the shell tube should periodically cross the venter, thus 
leading to zigzag coiling, if the ammonite tried to maintain the growth direction 
perpendicular to the substrate (sea bottom). If the epizoan was positioned on the 
midventer, the whorl could be detached from the previous whorl. Under constant 
growth direction relative to the substrate, a lateral placement of the epizoan would 
rather result in trochospiral coiling as illustrated in Fig. 6.8, especially if the epizoan 
had a certain non-negligible weight, which could cause the tilting of the ammonite.

A similar role for life orientation in determining the growth direction has been 
experimentally tested in gastropods. In the benthic freshwater Planorbidae (Gas-
tropoda), specimens experimentally altered by extra weights on one side of the shell 
revealed that the growth direction remained perpendicular to the substrate (Checa 
and Jiménez-Jiménez 1997). Similarly, the benthic prosobranch gastropods exhibit-
ing a tangential aperture with regards to the coiling axis have been shown to live 
with the aperture parallel to the substrate (Linsley 1977). These gastropods have the 
ability to regulate the amount of torsion/ detorsion of the foot to place the center 
of gravity of the shell and body over the midline of the cephalopodial mass, thus 
allowing the maintenance of a constant life orientation. A well-known example of 
the influence of change of mode of life on shell morphology is provided by the 
gastropod of the genus Distorsio, which, once settled on the substrate, displays 
distorted coiling (Checa and Aguado 1992). These comparative studies put a strong 
emphasis on the role of life orientation in the determination of growth direction in 
both gastropods and ammonoids (Linsley 1977, 1978; Checa and Jiménez-Jiménez 
1997; Checa et al. 2002).
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6.4.2.2  Ornamentation

In ammonoids, shells with regenerated damage are commonly found (Landman 
and Waage 1986; Bond and Saunders 1989; Kröger 2002; Hoffmann and Keupp 
2015), Particularly, some changes in the ornamental features have been described 
in response to the location of injuries reaching the mantle (Guex 1967, 1968; Bayer 
1970; Hammer and Bucher 2005b). For example, some shells with a ventral keel as-
sociated with ribs on the flanks can lose their keel in response to a wound located on 

Fig. 6.8  Example of teratological shells found in an assemblage of Aplococeras vogdesi from 
Triassic, Nevada. First row: a regular planispiral specimen. Second and third rows: two specimens 
exhibiting trochospiral coiling. No scars are visible and the trochospiral coiling appears in the 
early growth stages. The settlement of an epizoan on the left side of these specimens could have 
induced the tilting of the ammonite because of changes in the hydrostatic condition, especially if 
the weight of the epizoan was comparable to the weight of the ammonite. A trochospiral coiling is 
subsequently produced, if a constant growth direction with respect to the sea floor is maintained. 
Photographs by Rosi Roth (Paläontologisches Institut und Museum der Universität Zürich, Swit-
zerland). Specimen courtesy of H. Bucher (Universität Zürich), redrawn from Urdy et al. (2013)
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the venter. Then, the ribs in the post-damaged shell cross the venter, whereas before 
they were interrupted by the keel. Some other shells bearing bifurcating ribs on the 
venter rather construct simple ribs after being damaged on one side (Hammer and 
Bucher 2005b). These examples are described in terms of “ornamental compensa-
tion” (Guex 1967, 1968).

In the Muricidae, ornamental features may also be greatly modified in some 
specimens, sometimes as a consequence of damages of the mantle (Fig. 6.9). In 
Bolinus brandaris, the teratological specimens are particularly remarkable with re-
spect to the extremely limited extent of the intraspecific variation. In this species, 
the number of rows of spines, as well as the number of spines per whorl is highly 
stable. But there exists a small proportion of specimens with a higher number of 
rows of spines. When supernumerary rows of spines are present, spines may look 
typical or may be larger, curved backward, subdivided and/ or more opened. For 
instance, specimen 1 (Fig. 6.9) exhibits three rows of spines on the body whorl and 
the second one from the umbilical line is subdivided. Specimen 2 exhibits four rows 
of spines on the body whorl and the second one from the umbilical line is subdivid-
ed, too. Note that the subdivision of these spines mimics the spine morphology of 
related species (‘foliated spines’). The presence of injuries in these two specimens 
cannot be ascertained, since no marks of injuries are visible on the last whorl. But in 
some specimens, the addition and subdivision of spine rows in response to injuries 
is clear (Fig. 6.9, specimen 3). For instance, after a large breakage of the aperture 
and the siphon (black arrow), specimen 3 exhibits a subdivision of the first row of 
spines from the umbilical line and the spatial periodicity of growth halts is lost. In 
this specimen, the region of the mantle, which was related to the normal second row 
of spines from the umbilical line slightly shifted to the posterior part of the aperture 
(white arrow) immediately after damage. In the subsequent growth increments, this 
row of spines tends to move more anteriorly, probably as a consequence of the re-
growing of the siphon. This illustrates that the mantle withdrew into the shell just 
after the damage and became progressively stretched during the following growth 
steps. Shell damages can also cause the spines to be lost. For instance, after a break-
age of the aperture (Fig. 6.9, arrow), specimen 4 is almost completely smooth. This 
change is accompanied by a slight increase in whorl overlap and the loss of the 
spatial periodicity of growth halts, indicating that the wound reached the mantle and 
probably affected its visco-elastic properties. A moderate modification of the shell 
in response to a shell breakage away from the aperture is illustrated in specimen 
5 (Fig. 6.9). Note that the antimarginal ridges of the repaired shell are not strictly 
concordant with the remains of the shells built before damage. A growth halt is built 
just next to the remains of the growth halt built before damage. The next increment 
looks normal. This documents that the mantle edge has not been (seriously) dam-
aged and that the repaired shell has not been secreted by the mantle edge.

In conclusion, these teratological changes in ornamentation can be seen as a 
generic outcome of modes of shell growth, whether one interprets such results in 
terms of reaction-diffusion (Guex et al. 2003; Hammer and Bucher 2005b), or me-
chanical effects (Hammer and Bucher 2005a), both in ammonoids and gastropods.
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6.5  Conclusions

The morphology of organisms is central to different fields of biological research 
such as taxonomy, evolutionary biology, ecology, and functional biology. About 
half of the models in this field have been developed for organisms with accretion-
ary growth—a majority of which is devoted to mollusk shells (Dera et al. 2008). 

Fig. 6.9  Example of teratological specimens of Bolinus brandaris. Specimens 1–4 have been 
trawled by fishermen at 30–40  m depth in Malaga (Spain). 1, a variant with three rows of spines 
on the body whorl. 2, a variant with four rows of spines on the body whorl. The presence of a 
precocious wound in 1 and 2 is not ascertained. Arrows: subdivided spines. 3, shell anomalies in 
response to a breakage of the aperture and siphon ( black arrow, contour breakage in white). Note 
the two step displacement of the mantle after the breakage and the closely spaced growth halts 
( white arrow heads). 4, shell anomalies in response to a breakage of the aperture ( arrow, break-
age in white). Note the change in whorl overlap and approximated growth halts. 5, shell repair in 
response to a damage not affecting the aperture (breakage in white). Note that a growth halt is built 
just next the previous one. Undetermined species. Photographs by Rosi Roth (Paläontologisches 
Institut und Museum der Universität Zürich, Switzerland)
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As such, the theoretical morphospace of mollusk shells is subjected to a greater 
scrutiny than the morphospace of any other taxa.

A variety of forces act to constraint evolutionary paths among well-structured 
lines, most notably development, external environmental factors and interaction 
among species. Seilacher (1970, 1991) has qualitatively defined the kind of con-
straints, which are at work in separating the forms we have seen from those we 
have not seen and will probably never see. However, the study of evolutionary con-
straints needs more than a qualitative description: it requires a quantitative metric to 
define a morphospace and then visualize and compare the occupied and unoccupied 
regions of that morphospace. Alternatively, it requires a morphogenetic model that 
can link the timing of growth processes and/ or the mechano-chemical basis of mor-
phogenesis to specific patterns of variation at some taxonomic level.

Simple models are generally focusing on geometry only. The simplest models 
are generally less accurate in representing a given geometry but they are generally 
applicable across many taxa. Any subsequent improvement for accuracy often re-
quires a completely new mathematical formulation with additional parameters and 
it sometimes decreases the generality of the model. Because any theoretical model 
is created for the purpose of interpreting some particular data or phenomenon, they 
cannot be necessarily exported to other contexts and they should not be. Several ex-
amples have been discussed throughout this review. For instance, Okomoto’s model 
is ideal to study heteromorph ammonoids, but reveals itself unnecessarily cumber-
some while applied to loosely coiled shells. The exact contrary is true for Ackerly’s 
model. With their few parameters, Raup’s model and Schindel’s model (as well as 
Okamoto’s and Ackerly’s models to some extant) are ideal for morphospace studies, 
but Urdy et al.’s (2010a) model render any morphospace study impracticable. This 
is the cost to pay for new insights on quantitative allometric growth. As the “phy-
logeny of shell models” by Stone (1996b) made clear, the models using a fixed axis 
(“form models”) facilitate the analysis of morphospace occupation, whereas moving 
reference models (“growth-like models”) conform better to the accretionary growth 
but do not usually provide convenient shape descriptors. Similarly, models tending 
more toward the morphogenetic side—although they can lead to broad insight on 
developmental constraints on a large phylogenetic scale—tend to render any quan-
titative study of shape or growth impracticable at a lower taxonomic level. Insights 
from morphogenetic models are virtually qualitative; such a crude understanding 
hinders the comparison between experimental and theoretical data on variation in 
populations or species. So there exists basically no all-purpose model. In any cas-
es, the best models are those that do not sacrifice important unresolved biological 
questions for simple mathematical convenience or practical issues. So it is pushing 
Raup’s model too far to apply it below the family level. It is pushing lateral inhibi-
tion models too far to interpret changes in 3D ornamentation structure. It is pushing 
the linear elasticity theory too far to interpret how ornamentation and growth rates 
are related.

As a general conclusion, one can note that the macroevolutionary patterns ob-
served in the fossil record provide independent tests of the validity of morphoge-
netic models proposed on living species (Urdy et al. 2013). Besides the briefly dis-



2456 Theoretical Modelling of the Molluscan Shell

cussed Buckman’s laws of covaration, well-known examples of macro-evolutionary 
patterns come from the studies of the tetrapod limb (Oster et al. 1988; Shubin et al. 
2009; Zhu et al. 2010) and the molar proportions in mammals (Polly 2007; Kava-
nagh et al. 2007; Renvoisé et al. 2009; Salazar-Ciudad and Jernvall 2010; Wilson 
et al. 2012). Reciprocally, the observation of these macroevolutionary patterns often 
act as a source of inspiration to investigate the underlying rules of development, 
because, at the end, they are the patterns that the Neo-Darwinian theory was unable 
to account for.
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7.1  Introduction

Allometric growth between different parts of the shell often hampers the identifica-
tion of mollusk shells, particularly in such cases where preadult shell growth varies 
strongly. Especially in gastropods, the terminal aperture is often less variable and 
yields morphological information essential for species determination (e.g. Vermeij 
1993; Urdy et al. 2010a, b). In fossil mollusk shells, the adult aperture (peristome) 
is often missing, partially due to an early death, and partially due to destructive 
processes, which occurred post mortem (taphonomy). Therefore, the entire shell 
ontogeny is known only from a small fraction of all ammonoid taxa (e.g., Land-
man et al. 2012). Nevertheless, knowledge of the adult shell of ammonoids is very 
important since it can yield morphological information essential for systematics and 
for the reconstruction of various aspects of their paleobiology.



254 C. Klug et al.

In the past five decades, numerous researchers have worked on documenting 
mature modifications and it can be said that the maturity of an ammonoid shell can 
be determined with some confidence (e.g. Makowski 1962, 1971, 1991; Callomon 
1963; Brochwicz-Lewiński & Różak 1976; Bucher and Guex 1990; Brooks 1991; 
Bucher et al. 1996; Davis et al. 1996; Schweigert and Dietze 1998; Parent 1997; 
Klug 2004; Parent et al. 2008a; Zatoń 2008; Landman et al. 2012). The reliable 
identification of mature shells is the logical prerequisite to determine sexual di-
morphism. Both mature modifications and sexual dimorphism are discussed in this 
chapter, since these are intimately linked with each other. Much of the information 
contained herein comes from the original work of Davis et al. (1996).

7.2  Mature Modifications

7.2.1  Modifications in Recent Nautilida

Modern Nautilida have been studied for over a century (e.g., Griffin 1900). Much of 
this research was summarized in Ward (1987). Therein, he listed the mature modifi-
cations that have been seen in shells of Recent nautilids (see also Collins and Ward 
1987). This list was summarized by Klug (2004) and is repeated here:

 1. Shell growth band (shell thickening at the apertural edge, 25 mm wide and up 
to 1 mm thick).

 2. Black band (evenly distributed around the aperture, 1 to 5 mm wide).
 3. Deepening of the ocular sinuses.
 4. Reduction of relative whorl height by a decrease in whorl expansion rate.
 5. Reduction of whorl width by a decrease in whorl width expansion rate; this is 

accompanied by a more rounded venter.
 6. Septal thickening (the terminal septum is up to 30 % thicker than the preceding 

ones).
 7. Septal crowding.
 8. Maximum shell diameter (unreliable character because of variability).
 9. White ventral area.
10. Increase in body chamber length.
11. Reduction of cameral liquid (probably to compensate for the additional shell 

material at the aperture and the longer body chamber).

7.2.2  Modifications in Ammonoidea

Among the mature modifications known from nautilids listed above, the major-
ity has also been documented from ammonoids, except the shell growth band, the 
septal thickness, the white venter, and the reduction of the cameral liquid. Some 
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of these mature modifications that are unknown in ammonoids potentially are un-
known because they are not or only poorly preserved or expressed in a different 
way. For example, the shell growth band could be homologized with a (sub-)termi-
nal shell thickening (a constriction), the white venter might be unknown because of 
the poor knowledge of color patterns in ammonoids (Mapes and Larson 2015), and 
the mature reduction of cameral liquid could be tested in the future using volume 
models of ammonoid shells (Hoffmann et al. 2013; Tajika et al. 2014).

Some of these structures, however, may occur in similar forms in earlier growth 
stages, either as consequence of an injury, adverse living conditions, and illnesses, 
or as a recurrent growth feature such as megastriae (growth halts; Bucher and Guex 
1990; Bucher et al. 1996). These similar structures may be misinterpreted, what 
represents a general problem that occurs in research related to mature modifica-
tions. Therefore, to ascertain the quality of any such structure as a mature modi-
fication, it is helpful to look for other modifications supporting the hypothesis of 
adulthood for the material under consideration. For instance, a specimen may show 
septal crowding, which is insufficient as an isolated character to prove adulthood. 
If, however, it is additionally associated with, e.g., a crowding of growth lines and 
a change in shell geometry, it is more likely that the given specimen had actually 
reached maturity.

Another difficulty is linked with the questions of sexual maturity, semelparity, 
and iteroparity. Is the formation of mature modifications linked with sexual ma-
turity in ammonoids as it is in modern nautilids? Do recurrent structures such as 
late ontogenetic pre-terminal growth halts coincide with phases of reproduction and 
would thus indicate iteroparity? These questions are currently difficult to test sci-
entifically, because the soft-part evidence needed to do it is missing. Nevertheless, 
it appears likely that the ammonoids were sexually mature at the time when growth 
had terminated and mature modifications of the shell had formed because this is the 
case in Recent Nautilida.

It might appear trivial, but we still want to point out that in most cases, only a 
couple of the criteria for maturity listed below will be fulfilled or visible in one 
specimen. It is also highly unlikely that all criteria will be met in a single specimen. 
This is due to the fact that in some species, some of these modifications were never 
realized and certain modes of preservation allow the recording of some characters 
while others are lost (e.g., Ruzhencev 1962, 1974; Davis et al. 1996).

In the following, we will briefly discuss the most important mature modifica-
tions that have become known. Naturally, this list will be incomplete, since many 
taxa may have formed their own unique adult shell morphology.

7.2.2.1  Septal Crowding

Septal crowding is potentially one of the most widely recognized and published 
mature modifications in ammonoids, which is reflected in an overwhelming num-
ber of publications in which this prominent feature is mentioned (e.g., Westermann 



256 C. Klug et al.

1971; Kulicki 1974; Zakharov 1977; Blind and Jordan 1979; Doguzhaeva 1982; 
Weitschat and Bandel 1991; Klug 2001, 2004; Ebbighausen and Korn 2007; Kraft 
et al. 2008). Septal crowding affects the distance of at least the last two septa (for 
nautilids, see, e.g., Willey 1902). This term applies to cases in which the distance 
between septa (best measured in angles) is reduced (Fig. 7.1). Such a reduction in 
septal spacing is, however, not only found in adult specimens but sometimes also 
in preadult ones (Korn and Titus 2006; Kraft et al. 2008 and references therein). 
Premature septal crowding can be caused by various factors, which can only rarely 
be identified. More than twenty septa might be more tightly arranged than the pre-
ceding ones (e.g., Pernoceras crebriseptum in Korn and Titus 2006), documenting 
a prolonged reduction of the growth rate near the termination of growth (Fig. 7.1). 
Nevertheless, septal crowding is a good indicator for adulthood when combined 
with other mature modifications.

Fig. 7.1  Examples of septal crowding from the Devonian and Carboniferous. a, b Pernoceras cre-
briseptum, MB.C.9140.1, Milligan Canyon, Montana, US, lateral and ventral views; dm 24 mm. c 
Sellanarcestes sp., PIMUZ 28586, late Emsian, Oufrane, Morocco; dm 77 mm. d, e Wocklumeria 
sphaeroides, adult specimen, MB.C.9306.1, Bou Tlidat, Maïder, Morocco, from Ebbighausen and 
Korn (2007). d Septal section, note the change in septal angle and siphuncle position. e suture 
lines, note the extreme simplification (dm = 25 mm). f–i, Ouaoufilalites creber, S of Oued Temer-
tasset, Algeria (from Korn et al. 2010). f, g ventral and lateral view of MB.C.18733.3. h, i ventral 
and lateral view of MB.C.18733.2
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7.2.2.2  Thickness of Septa and Sutural Complexity

In several ammonoids, septal thickness increases towards adulthood, mainly the 
last adult, crowded septa (Westermann 1971, p. 15, fig. 7.8), as in modern nautilids 
(Collins and Ward 1987). Furnish and Knapp (1966) reported a case of simplifica-
tion of the terminal suture in Paleozoic forms. Davis et al. (1996) illustrated a Texo-
ceras from the Permian of Texas, where the last sutures were not only approximated 
but the last suture also displays shallower lobes, which are less parabolic than the 
preceding ones. An impressive example has been illustrated by Ebbighausen and 
Korn (2007). In their fig. 7, they show the last few septa of a Late Devonian Wock-
lumeria (Fig. 7.1). In this genus, the normal septum displays some deep parabolic 
pointed lobes. These lobes are completely reduced in the last four septa, which 
are very strongly approximated and also show a strong change in inclination. This 
reduction (Fig. 7.1) in sutural frilling might be a consequence of the reduced space 
between two successive septa due to the limited forward movement of the soft body, 
which did not produce sufficient space to create lobes of similar length as in the 
preceding suture. Alternatively, the smaller chamber volume might have required a 
lower surface to remove the lesser amount of cameral fluid from the new chamber.

7.2.2.3  Change in Coiling and Whorl Cross Section

Many Paleozoic and Mesozoic ammonoids display a more or less strong change 
in coiling near the termination of growth (e.g., Trueman 1941; Parent 1997; Klug 
2001; Klug and Korn 2003). In the earliest ammonoids such as Metabactrites, An-
etoceras and Erbenoceras, the last whorl is usually more openly coiled than the 
preceding ones (e.g., De Baets et al. 2013a, b). One of the most common changes in 
coiling in planispiral ammonoids is the umbilical egression, i.e. the increase in the 
relative umbilical width close to adulthood. Lehmann (1981) dubbed this phenom-
enon “retraction”. Conspicuous examples are found within Late Devonian Wock-
lumeriidae (Ebbighausen and Korn 2007), Middle Triassic Ceratitidae (e.g. Wenger 
1957), Late Triassic Haloritidae (Mojsisovics 1882), Middle Jurassic Tulitidae (e.g., 
Hahn 1971; Zatoń 2008) and Late Cretaceous Acanthoceratidae (Kennedy and Cob-
ban 1976).

The changes in coiling in the terminal whorl of Cretaceous heteromorphs range 
among the most conspicuous and thus most famous mature modifications. Many 
taxa formed a U-shaped terminal demi-whorl, which sometimes deviates from the 
coiling plane of preceding whorls. In the Late Cretaceous Didymoceras, the U-
shaped part is separated from a helicospirally coiled preadult shell, whose coiling 
axis forms an angle of 60–90° to that of the terminal demi-whorl (e.g. Kennedy 
et al. 2000). In the Late Cretaceous Pravitoceras, the coiling direction changes in 
the opposite direction from the penultimate to the terminal demi-whorl (Matsunaga 
et al. 2008). In the Early Cretaceous Hamulina and Heteroceras, the U-shaped hook 
represents the largest part of the shell (Orbigny 1850).
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Several evolutionary lineages independently produced small to medium sized 
forms, in which the terminal whorl is strongly elliptical or even forms a kink. For 
instance, the last whorl of the Late Devonian Prolobitidae is slightly elliptical and 
ends in a nearly straight shaft. Simultaneously, the umbilical wall closes the umbili-
cus (Walton et al. 2010 and references therein). The Permian Hyattoceras produced 
a similar shell form with the main difference being that the whorl forms a subtrian-
gular cross section about 180° behind the terminal aperture (marked by a constric-
tion), preceded and followed by a much more rounded cross section (Gemmelaro 
1887; Davis 1972; Davis et al. 1969, 1996). A similar morphology evolved conver-
gently in the Triassic families Haloritidae and Lobitidae (e.g., Mojsisovics 1882). In 
fully grown specimens of both groups, the last whorl is elliptical. Where the whorl 
height is largest, the whorl width is reduced and the whorl tapers towards the ven-
ter, while both before and after this short whorl segment, the venter is more or less 
broadly rounded. In the Jurassic, a couple of genera evolved comparable morpholo-
gies, but in these cases, they represent microconchs of less than 5 cm diameter and 
with strong apertural modifications (lappets). In the Middle Jurassic, all representa-
tives of Oecoptychius display a strongly elliptical terminal whorl and some even 
form a distinct kink a demi-whorl posterior of the terminal aperture (Schweigert and 
Dietze 1998; Schweigert et al. 2003). Cadomoceras (Middle Jurassic; Schweigert 
et al. 2007), Sutneria (Late Jurassic; Parent et al. 2008a), and Protophites (Bert 
2003) evolved quite similar changes in coiling in the terminal whorl.

Especially in Paleozoic forms, such a change in coiling is not always obvious. 
In such cases, adulthood/maturity is often reflected in more or less distinct changes 
in whorl expansion rate. For example, Devonian Anarcestidae commonly have a 
whorl expansion rate around 1.5. In the terminal whorl, the whorl expansion rate 
(Raup and Michelson 1965) increases to values around 2 (Klug 2001; Korn 2012). 
In the Devonian agoniatitids, the whorl expansion rate rises in the preadult whorls. 
When the specimen approached maturity, this increasing trend is inverted. At least 
for these Devonian ammonoids, the rule applies that forms with high whorl expan-
sion rates show a terminal decrease while those with low whorl expansion rates 
display a terminal increase.

7.2.2.4  Changes in Ornament

A change in ornament near the terminal aperture is very common in ammonoids 
(e.g., Davis et al. 1996). Many show a decrease in ornament strength, especially 
as far as ribbing is concerned. This applies to such genera as Triassic Ceratites, 
Jurassic Dactylioceras, and Cretaceous Acanthoceras among many others. In some 
ammonoid taxa, the ornament became initially stronger and then smoothed directly 
behind the terminal aperture. In macroconchiate Jurassic perisphinctids, the pre-
adult whorls sometimes carry rather closely spaced fine and sharp ribs, which more 
or less abruptly change into coarse and broad ribs on the last whorl (variocostation; 
e.g., Crussoliceras, Lithacoceras, Perisphinctes). Usually, however, the last 10–
20 ° behind the terminal aperture are devoid of strong ribs and commonly display 
tightly spaced growth lines and/or lirae.
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7.2.2.5  Terminal Apertural Constriction or Shell Thickening

A sudden reduction in the whorl cross section at the terminal peristome is very 
common in the Ammonoidea (e.g., Devonian: Parawocklumeria, Wocklumeria; 
Permian: Agathiceras, Hyattoceras; Triassic: Arcestes, Lobites; Jurassic: Bullati-
morphites, Cadoceras; Cretaceous: Baculites, Saynoceras, Scaphites, Valanginites; 
e.g., Davitashvili and Khimshiashvili 1954; see Davis et al. 1996 for further ex-
amples). In some genera, this constriction is combined with a shell thickening or 
the terminal shell thickening may appear like a constriction in the internal mould 
(e.g., Devonian Agoniatites, Manticoceras; e.g., Klug 2001; De Baets et al. 2012).

7.2.2.6  Formation of Adult Apertural Modifications

Changes in the shape of the aperture (Fig. 7.2) are the most conspicuous mature 
modification. In some taxa, the undulation of the apertural margin with its projec-
tions and sinuses increased only slightly, while in others, this undulation became 
so extreme that long projections formed adjacent to the supposed ocular sinus. In 
microconchs of Kosmoceras phaeinum, these projections or lappets approached the 
diameter of the adult shell in length in some specimens (Arkell et al. 1957; Krim-
holc et al. 1958b; Makowski 1962; Callomon 1963). These extensions of the termi-
nal peristome developed various shapes.

From the Paleozoic, only a few examples have become known. Davis (1972) 
and Davis et al. (1969, 1996) published Permian examples of Adrianites and Hyat-
toceras with strong projections at the terminal aperture. Zhao and Zheng (1977) 
introduced the Permian genus Elephantoceras, which is a small, globular form with 
strong ornament and long apertural lappets. Some Triassic Arcestidae carry strong 
ventrolateral or ventral projections (Mojsisovics 1882), while the ceratitids often 
lack strong lappets (e.g. Sun 1928).

Prominent lateral apertural lappets became common among Middle and Late 
Jurassic microconchs (Keupp and Riedel 2010). In the Haploceratoidea, several mi-
croconchs carry drop-shaped lappets, while in many Stephanoceratoidea and Peri-
sphinctoidea, the lappets are rather straight and tongue-shaped (e.g., Zatoń 2008, 
2010; Tajika et al. 2014). In Oecoptychius, the lateral lappets are hammer-shaped 
and combined with a ventral hemispherical projection (Schweigert and Dietze 1998; 
Schweigert et al. 2003, 2007). Another example has been discussed by Keupp and 
Riedel (2010): in the Middle Jurassic microconch Ebrayiceras, the lateral lappets 
are very large (half the size of the last whorl) and nearly fused with smaller ventro-
lateral lappets, thus forming oval ventrolateral openings.

Several groups produced more or less long ventral projections. For example, all 
species of the Early Jurassic Amaltheidae formed ventral projections when mature. 
In the Cretaceous, the genus Mortoniceras produced a more or less strongly curved 
midventral spine (Marcinowski and Wiedmann 1990; Amedro 1992).
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Fig. 7.2  Middle and Late Jurassic microconchs. a Cadomoceras cadomense, Bajocian. b Paralin-
gulaticeras lithographicum, early Tithonian, Mörnsheim, Germany, dm ca. 50 mm. c Kosmoceras 
“compressum”, Callovian. d Neomorphoceras, sp. Oxfordian. e Normannites orbignyi, Bajocian, 
Thorigné. f Grossouvria sp., Callovian. g Indosphinctes sp., Callovian, Pamproux, with three suc-
cessive growth halts that all contain lappets. h Cleistosphinctes sp., Bajocian. i Indosphinctes sp., 
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7.2.2.7  Muscle Scars

An increasing number of ammonoid species have become known for the preser-
vation of muscle scars (e.g., Doguzhaeva 1981; Doguzhaeva and Kabanov 1988; 
Doguzhaeva and Mikhailova 1991, 2002; Doguzhaeva and Mutvei 1991, 1993, 
1996; Tanabe et al. 1998; Kennedy et al. 2002; Richter 2002; Klug et al. 2008 
Chap. 2.4). In most cases, the muscle scars became visible in specimens that were 
adult. This can be explained by the fact that in mollusks, the secretion of carbonate 
is commonly linked with muscle attachment, be it at the aperture or at muscle at-
tachment sites. The longer the muscles stayed at the same place, the more carbonate 
was secreted, thus increasing the likelihood of its preservation. In preadult growth 
stages, the interim attachment sites apparently existed too briefly in one place to al-
low the deposition of a sufficient amount of aragonite to become visibly preserved. 
An additional bias might be the size of the specimen, although some small (prob-
ably adult) cheiloceratids (< 30 mm) have been reported (Richter 2002) that nicely 
show muscle attachment structures.

An illustrative example of sexual dimorphism in muscle scars, with connotations 
in soft-body organization, was described by Palframan (1969: text-fig. 11) from 
adult macro- and microconchs of Hecticoceras brightii. Besides the usual ventro-
lateral muscle scars in both dimorphs (Doguzhaeva and Mutvei 1991), the macro-
conchs have an additional ventrolateral scar behind the peristome. The microconchs 
also bear these additional scars but extended ventro-laterally and projected on the 
flanks until, at least, the umbilical shoulder.

7.2.2.8  Colour Pattern

Colour patterns are rarely preserved in ammonoids (e.g., Mapes and Davis 1996; 
Mapes and Larson 2015). Adult modifications of these patterns are even rarer. We 
are aware of only the one record already reported by Mapes and Davis (1996), 
namely Mapes and Sneck (1987), who described an Owenites in which the trans-
verse color bands were more tightly spaced near the terminal aperture.

7.2.2.9  The Black Layer

The black layer is well-known from modern nautilids (Ward 1987). In shells of 
adult nautilids, a black chitinous layer less than 0.5 mm thick in the dorsal part 
of the shell extends beyond the apertural edge. It covers a tongue-shaped surface 
with an adult thickening, which is formed at the termination of growth. A similar 
black layer has been found in various ammonoids (Fig. 7.3), including e.g., Devo-

Callovian, Pamproux, with bent lappet. j Bigotites sp., Bajocian. k Parataxioceras latifascicula-
tum, middle Kimmeridgian, Gräfenberg, Germany, dm ca. 145 mm. l Parataxioceras cf. lothari, 
middle Kimmeridgian, Geisingen, Germany, dm ca. 100 mm. a, d, h, j Ste. Honorine Des Pertes, 
France, col. C. Obrist. B, K, L, col. V. Schlampp. C, F, Aichelberg, Germany, from Dietl (2013). 
E, G, I, col. P. Branger
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Fig. 7.3  Black layer and black band in Mesozoic ammonoids (a–d from Klug et al. 2007; e–i from 
Klug et al. 2004). a Phylloceras heterophyllum, SMNS 26462, tenuicostatum Zone, Ohmden, Ger-
many; dm 87 cm. Note the jaws and the black band. b Harpoceras falciferum, falciferum-bifrons 
Zone, Holzmaden, dm 24 cm. c Psiloceras planorbis, PIMUZ 6519; planorbis Zone, Hettangian, 
Blue Anchor, Somerset, UK, dm 45 mm. Note the black band and black layer. d Lytoceras cera-
tophagum, SMNS 26465; falciferum Zone, Toarcian, Ohmden, Germany; dm 41 cm. e, f Parac-
eratites atavus, lateral and dorsal views, SMNS 24503, atavus Zone, Neckarrems, col. M. Warth; 
dm 61 mm. g–i, Ceratites spinosus, lateral and dorsal views, SMNS 25255–33, spinosus Zone, 
Heckfeld; dm 102 mm. Images: a, b Staatliches Museum für Naturkunde Stuttgart. d Urweltmu-
seum Hauff. c T. Galfetti. e–i W. Gerber
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nian gephuroceratids (Keupp 2000), Triassic ceratitids (Klug et al. 2004), as well 
as Jurassic ammonites (Klug et al. 2007) and is considered as either homologous or 
convergent with the structure in nautilids. Of the criteria of homology, only those 
of position and specific structure are fulfilled, since transitional states are missing 
(Klug et al. 2004). Nevertheless, it is likely that the anterior edge of the black layer 
served for the attachment of the dorsal mantle.

7.2.2.10  The Black Band

The black band is a thin organic coating on the shell, which forms a narrow band 
surrounding the adult aperture in some cephalopods; it is sometimes found in mod-
ern nautilids (Ward 1987) and rarely in ammonoids (Klug 2004; Klug et al. 2007). 
Like the black layer, it is black due to its melanin content. So far, it has been found 
in Psiloceras, Phylloceras, Lytoceras, and Harpoceras from the Early Jurassic 
(Fig. 7.3) and two questionable specimens from the Triassic (Klug 2004; Klug et al. 
2007). It is apparently linked with the adult cessation of growth and in modern 
nautilids, the black band has been recorded from adult females, although not all 
individuals appear to develop this structure. Like the black layer, the black band is 
probably also linked with mantle attachment at the aperture.

Davis (1972), summarized in Davis et al. (1996, p. 469), found indications for 
“an actual change in the nature of shell deposition late in ontogeny”. Accordingly, 
the shells of adult Adrianites and other Permian ammonoids displayed small “pits in 
the internal mold”. Davis et al. (1996) suggested that these structures are possibly 
homologous to the apertural attachment of the mantle at the black band in mature 
modern nautilids.

7.2.2.11  The Wrinkle Layer

The wrinkle layer is a structure of uncertain function that occurs in a number of 
ammonoids in the form of irregular shell wrinkles in the dorsal part of the shell, 
usually near maturity (Barrande 1877; House 1970; Walliser 1970; Senior 1971; 
Doguzhaeva 1981; Kulicki et al. 2001). Strength of the wrinkle layer is a character 
that is rarely preserved and thus of limited use. The wrinkle layer is predominantly 
found in nearly adult or fully mature specimens (Korn et al. 2014). Kulicki et al. 
(2001) already pointed out that the wrinkle layer might be comparable or even ho-
mologous to the black layer of nautilids.

7.2.3  Constructional and Functional Morphology

Some of the mature modifications of ammonoid shells are so profound that it is 
hard to imagine that the altered adult morphology did not affect the life style of the 
ammonoid and thus their evolution. Recurrent morphologies (such as convergent 
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evolution of apertural lappets) support this hypothesis. Several suggestions have 
been made with regard to functional as well as constructional interpretations of the 
modified adult morphology (Tajika et al. 2014): (1) change of habitat (Davis et al. 
1996); (2) defense against predators (Keupp and Riedel 2010); (3) sexual display 
(Keupp and Riedel 2010); (4) attachment of reproductive organs (a modified arm; 
Landman et al. 2012); (5) change in locomotion/behavior (Klug 2001); (6) fast and 
metabolically economic construction of the terminal shell segment; (7) fabrication-
al noise with a lack of function (Seilacher 1974).

(1) The change of habitat did possibly occur since the relative abundance of mac-
roconchs or microconchs varies between localities. Especially in such cases with 
a large difference in adult size, it might have been important that the sexes stayed 
separate until the time of mating in order to reduce the time of exposure to potential 
“sexual” cannibalism (Hanlon and Forsythe 2008; Keupp and Riedel 2010). Never-
theless, this hypothesis is difficult to test.

(2) Many ammonoid species reinforced their terminal apertures by shell thicken-
ings (e.g., Agoniatites, Arcestes, Manticoceras). Even constrictions without shell 
thickenings might have increased the resistance of the aperture against breakage by 
predators (Landman and Waage 1986; Keupp and Riedel 2010; Keupp 2012). It is, 
however, not possible at this point to test whether these modifications are effects of 
the terminal deceleration of growth or whether they represented antipredatory adap-
tations. Seilacher (1974) argued against such a function in the microconchs because 
in his opinion, such defensive structures would be more meaningful in the females.

(3) and (4) are nice ad hoc hypotheses and are difficult to test, especially with 
the lack of knowledge of the soft parts in general and the reproductive organs in 
particular. The extreme differences between some antidimorphs (especially Phlyc-
ticeras and Oecoptychius) suggest a comparison to the modern octobrachian Ar-
gonauta, in which the male measures only 2 cm in length, while the female may 
reach over 40 cm, when the shell is included. The male of Argonauta has a modified 
arm (hectocotylus), which is stored in a ventral sac prior to mating. This structure 
is somewhat reminiscent of some of the apertural modifications. Landman et al. 
(2012) hypothesized that ammonites with a high aperture angle had this type of arm 
to improve mating efficiency. Nevertheless, direct evidence for such a convergence 
is still missing.

(5) Klug (2001) showed that the whorl expansion rate in Middle Devonian am-
monoids changed close to the cessation of growth. He argued that this change in 
whorl expansion rate was linked to a change in body chamber length, which, in 
turn, caused a change in the syn vivo orientation of the shell. In the main lineages of 
Devonian ammonoids, the adult aperture would have moved to a more horizontal 
position than in preceding growth stages (see also Korn and Klug 2002; Klug and 
Korn 2004). The latter authors concluded that this change in shell orientation im-
proved mobility and manoeuvrability, both valuable traits to find a mating partner 
and good spawning grounds.

Tajika et al. (2014) empirically tested the effect of apertural lappets in the Middle 
Jurassic Normannites and found that absence or presence of these lappets would not 
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have altered the shell orientation significantly. Therefore, these lappets most likely 
did not serve the function of altering the shell orientation.

(6) Microconchs of the Haploceratoidea and Perisphinctoidea produced a pair of 
lateral projections or lappets in the peristome (Fig. 7.2), and most frequently their 
body chambers are shorter than those of macroconchs. Thus, the pair of lappets 
could be interpreted as the terminal shell segment for accommodating the cephalic 
portion of the animal. This “shell segment” could have been secreted rapidly and 
economically considering the low amount of aragonite necessary compared to a 
complete “tubular” shell segment. The muscle scars around the peristome of the 
haploceratoid Hecticoceras brigthii (see above; Palframan 1969) would indicate 
additional muscle development providing for support and mobility of the cephalic 
portion of the body.

7.3  Dimorphism

As far as the history of research on ammonoid dimorphism is concerned, we only 
want to mention briefly that de Blainville (1840) and d’Orbigny (1847, p. 441) were 
probably the first to discuss sexual dimorphism in ammonoids (see also Foord and 
Crick 1897; Haug 1897). In any case, broader interest in the topic grew in with the 
important monographs of Makowski (1962) and Callomon (1963).

Commonly, there is a smaller and a larger form in those taxa in which dimor-
phism is more apparent due to clear differences combined with equally visible 
shared juvenile characters. For these, Callomon (1955) introduced the widely used 
terms microconch and macroconch, respectively. These are called antidimorphs.

7.3.1  Monomorphism, Dimorphism, and Polymorphism

Adults of the two sexes of any given animal species may have similar or different 
shapes. If they are monomorphic, there is no significant difference in adult shape. 
In the case of dimorphism, two different adult morphologies can develop from mor-
phologically similar juveniles (Davis 1972). In ammonoids, these are traditionally 
called microconchs (for the smaller variant) and macroconchs for the larger variant. 
The corresponding pairs are named antidimorphs. In the case of polymorphism, 
there are more than two (usually three or more) different adult morphologies. Poly-
morphism in modern biology refers to natural genetic variation (with phenotypic 
expression or not), undetectable in fossils; here, we use the term to refer to morpho-
logical differences between supposed conspecific phenotypes, which could have 
either a genetic or an environmental cause (compare De Baets et al. 2015a).

As did our forerunners (Davis et al. 1996), we will not repeat all details of the 
research on dimorphism from its beginnings in the nineteenth century (de Blainville 
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1840; Orbigny 1847). Instead, we recommend looking up these details in the excel-
lent monographs by Makowski (1962) and Callomon (1963).

There are numerous articles dealing with polymorphism (McCaleb and Furnish 
1964; McCaleb et al. 1964; Ivanov 1971, 1975, 1985; Kant 1973; Hirano 1978, 
1979; Matyja 1986, 1994; Makowski 1991; Melendez and Fontana 1993). Accord-
ing to these authors, some Jurassic and Cretaceous ammonoids produced more 
than two forms. After Ivanov (1971, 1975, 1985) had dubbed exceptionally large 
forms “megaconchs”, Matyja (1986, 1994) introduced the term “miniconchs” for 
exceptionally small specimens. He suggested that certain environmental parameters 
controlled the point of maturation, inducing monomorphism, dimorphism or poly-
morphism. In his work on modern coleoids, Mangold-Wirz (1963), Mangold-Wirz 
et al. (1969), as well as Mangold (1987) demonstrated how hormones produced by 
the optic gland can control the timing of maturation and thus size depending on the 
developmental state of the gonads. It was also demonstrated for Recent coleoids 
in captivity that environmental factors such as light intensity, temperature or food 
availability can have an effect on maturation and therefore adult size (e.g., Gabr 
et al. 1998; Moltschaniwskyj and Martínez 1998; Tafur et al. 2001; Jackson and 
Moltschaniwskyj 2002). Callomon (1988) criticized Matyja’s ideas about polymor-
phism, suggesting that a larger database would be needed to test some of his hypoth-
eses (see also De Baets et al. 2015a). Later, Dzik (1990a), analysing a rich collec-
tion of Callovian Quenstedtoceras ammonites from the classic locality at Łuków in 
eastern Poland, did not find any evidence for polymorphism.

7.3.2  Classification of Dimorphism

Bearing in mind the vast diversity and impressive variability of ammonoids, it is 
not surprising that dimorphism is far from uniform within this group. Consequently, 
various authors have attempted to meaningfully classify ammonoid dimorphism. 
In his pioneer monograph, Makowski (1962) introduced two kinds of dimorphs. In 
Type A, the microconch has five (four) to six whorls and the macroconch has seven 
(six) to nine whorls. Type B microconchs have seven (six) to nine whorls and the 
macroconchs have one additional whorl. Guex (1968) added Type O, where the 
microconch has three to four whorls.

Westermann (1964a) and Houša (1965) also differentiated between two types 
of dimorphism, where one type differs only in size, while the other differs in size 
and other characters, especially in the shape of the peristome. Zeiss (1969) added a 
third group to these two, in which dimorphism was not recognized. This leads to the 
question, whether dimorphism is the rule and that it only can sometimes not be iden-
tified due to taphonomic processes (loss of soft-tissues and subtle conch characters). 
In that case, a lot of work would await ammonoid researchers, because many more 
cases of dimorphism would await their detection.
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7.3.3  Criteria for Dimorphism

In order to verify the hypothesis of conspecificity of two or more different 
adult forms, the following criteria (Makowski 1962; Callomon 1963, 1981; Wester-
mann 1964a; Davis 1972; Davis et al. 1996) should be fulfilled:

1. The antidimorphs should differ in adult morphology;
2. They should have more or less identical early developmental stages;
3. They should occur in strata of the same stratigraphic range;
4. They should have overlapping geographic occurences;
5. They should have the same ancestors;
6. The ratio of numbers of micro- to macroconchs should be about the same through 

time and throughout the evolution of their clade.

Most ammonoid workers would agree on points (1) and (2). However, a few excep-
tions exist. McCaleb (1968) stated that in the Late Carboniferous Syngastrioceras 
oblatum, the morphological differences between macro- and microconch are larger 
in juvenile/preadult growth stages than in the mature stage/the last whorl. Similarly, 
Rein (2001, 2003) suggested that species of the Middle Triassic genus Ceratites 
show a similar morphological separation of the antidimorphs. He introduced the 
terms E- (referring to the smooth species C. enodis) and P-morph (referring to the 
strongly ornamented species C. posseckeri) for forms with smooth or strongly or-
namented preadult whorls. Although further work on this issue would be welcome, 
we would like to point out that the coiled shells of many mollusks display the high-
est degree of intraspecific variability in preadult whorls (e.g., Urdy et al. 2010a, b; 
De Baets et al. 2015). Therefore, the question arises whether these two exceptions, 
where supposedly the middle whorls differ in antidimorphs instead of the adult mor-
phology, are artifacts from normal intraspecific variability (Urlichs 2009).

Davis et al. (1996) pointed out that differences in geographical occurrences 
(point 4) of the antidimorphs would not be surprising since their differing mor-
phologies might reflect differing ecological requirements. This might hold true for 
parts of their life but at least at some point, males and females had to meet in order 
to reproduce. It is still conceivable that the intersexual differences in behaviour 
and habitat varied between species, when the extreme differences in dimorphism 
throughout the ammonoid clade are taken into account.

For various reasons, the morphologic evolutionary rates among the microconch 
part of a lineage may seem (1) higher (Lehmann 1981; Davis et al. 1996) or (2) 
lower (e.g., Callomon 1969, Westermann and Riccardi 1979: p. 134) than those 
of the macroconchs. In the first case, this might be a primary signal, i.e. the mi-
croconchs evolved morphologically faster because the mature modifications were 
directly prone to sexual selection or of great importance for reproduction. Alterna-
tively, this seeming difference in evolutionary rates might be an artifact because 
the microconchs might attract more attention due to their peculiar morphology, or 
because evolutionary change is easier to track in microconchs since they display 
more distinct morphological character states. In any case, these differences in mor-
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phological evolution between antidimorphs may hamper evolutionary studies. In 
studies of dimorphism, it is important to know the phylogenetic framework of the 
ammonoid lineage under consideration (point 5), because this knowledge optimally 
contains information on the development of ancestors and other members of the 
clade, as well as plesiomorphies and degrees of conservativeness of traits. Finally, 
this phylogenetic test is needed to falsify the hypothesis that the antidimorphs under 
consideration indeed belong to two separate species.

In the second case, the slower morphologic evolutionary change of the micro-
conchs with respect to the macroconchs produced the opposite pattern, like a mor-
phological stasis of the males. This pattern is produced in lineages where the main 
morphologic changes developed in the subadult and/or adult ontogeny of the mac-
roconchs. The microconchs typically stop their growth in the early ontogeny of the 
species, thus not reflecting the changes seen in the macroconchs.

Of course, there may be traits that are not preserved or only rarely or poorly 
preserved, which could potentially be used to discriminate between antidimorphs, 
where shell characters alone do not suffice. Till (1909, 1910) searched for dimorphic 
characters in the jaws, while Parent et al. (2013, p. 32) found evidence of sexual 
dimorphism in the aptychus ( Praestriaptychus) of Lithacoceras [M]/Silicisphinctes 
[m]. Mapes and Sneck (1987) found two kinds of colour patterns in Owenites. Noth-
ing is known about differences in the soft part anatomy between the antidimorphs 
and we can only hope that one day, exceptionally preserved soft-tissue ammonoids 
will be discovered, shedding more light on the internal organisation of ammonoids.

7.3.4  Sexing of Ammonoid Antidimorphs

For some, sexing of ammonoid shells seems a trivial task and it happens quite com-
monly that the microconch is automatically considered the male. This confidence 
is surprising because the ultimate evidence, namely soft-tissue preservation of re-
productive organs in the antidimorphs, is still missing. The background for this 
slightly premature conclusion is probably the actualistic comparison with some 
Recent octobrachians. In Argonauta, which was already mentioned above, the size 
differences are just as striking as in Ocythoe tuberculata, where the female is 1 m 
long and so ten times as long as the male (Makowski 1962; Wells 1962, 1966; 
Mangold-Wirz 1963; Westermann 1969a; Mangold-Wirz et al. 1969; Roper and 
Sweeney 1975). By contrast, the male is slightly larger in Recent Nautilida (Willey 
1895, 1902; Saunders and Spinosa 1978; Saunders and Ward 1987; Hayasaka et al. 
1987), but they have a different reproductive strategy. Remarkably, aptychi have 
been interpreted as protecting the nidamental glands (Keferstein 1866) and Siebold 
(1848) even suggested that the aptychi were the micromorphic males. Nowadays, 
there is not much doubt that the aptychi were part of the buccal apparatus and had 
nothing to do with reproduction.

Numerical ratios between the antidimorphs were another line of evidence that has 
been explored to assign sexes to each of them. Davis et al. (1996) gave an overview 
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of the contradicting results of various authors who worked on ammonoids or on 
Recent cephalopods (Willey 1902; Coëmme 1917; Pelseneer 1926; Mangold-Wirz 
1963; Makowski 1962; Mangold-Wirz et al. 1969; Westermann 1969a; Saunders 
and Ward 1987; Hayasaka et al. 1987). In ammonoids, the results are biased by the 
fact that the numerical ratios are influenced by facies and taphonomy (e.g., Callo-
mon 1981, 1985). The most plausible line of reasoning appears to be that of Lehm-
ann (1981), who inferred that the macroconchs were the females because the matu-
ration of eggs takes longer than that of spermatophores, implying a longer lifespan 
and thus a larger adult size. Moreover, reproductive organs of females (e.g., ovaries, 
nidamentary glands) are often larger than the simpler reproductive organs of males.

Ammonoid eggs have been reported by several authors (Lehmann 1966; Müller 
1969; Zakharov 1969; Maeda 1991; Urlichs 2009; Etches et al. 2009; Landman 
et al. 2010; Klug et al. 2012). In spite of these findings, there is as yet no report 
of a discovery of eggs within an ammonoid shell that is free of doubt (De Baets et 
al. 2015b). Either the preservation is insufficient to detect whether they are truly 
ammonoid eggs or it is unclear if such an egg mass is really in situ within the am-
monoid.

7.3.5  Development and Dimorphism

To detect dimorphism in ammonoids, knowledge of their ontogeny is needed (see 
the criteria for dimorphism). Developmental heterochronies have been suggested as 
processes generating the differences between the antidimorphs (Gould 1977; Shea 
1986). Davis et al. (1996) discussed whether microconchs were accordingly proge-
netic and/or hypomorphic (Landman et al. 1991; Neige 1992).

In any case, many antidimorphs display a congruent pattern of development of 
various shell parameters, which diverge at some point with the microconchs matur-
ing and stopping growth at a size-wise earlier point (e.g., Makowski 1962; Guex 
1973; Parent 1997; Parent et al. 2008b, 2009).

Plotting certain shell parameters throughout ontogeny (versus diameter) is an 
important and powerful method to demonstrate dimorphism. The graphs in Fig. 7.4 
illustrate some of the patterns and features discussed above from a moderately 
large sample of the Early Callovian sphaeroceratid Eurycephalites gottschei. The 
growth rate measured by the relative whorl ventral height is dimorphic (Fig. 7.4a 
upper) with an increase in both dimorphs up to about 10 mm diameter, after which 
both dimorphs inverted the trend; from a diameter of about 18 mm onward, the mi-
croconch diverged by increasing the rate of growth towards the peristome (Parent 
1997). The shape of the whorl cross section changed strongly during growth, but the 
ontogenetic trajectory is the same in micro- and macroconchs, i.e., monomorphic 
(Fig. 7.4a bottom). The ventral ribbing is another feature that is dimorphic with 
a similar trend to that found in the growth rate (Fig. 7.4b). The microconch trend 
diverged from a diameter of 18 mm compared to that of the macroconch, which is 
taken as the standard.
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Fig. 7.4  Dimorphism of Eurycephalites gottschei (Tornquist 1898) [Sphaeroceratidae]. a ( upper): 
dimorphic ontogeny of the growth rate measured as H2/D versus diameter ( D) and whorl number 
( Nw); a ( lower), monomorphic ontogeny of the whorl section measured by W/H1 versus D and Nw 
( grey area) and selected cross-sections (a–f). b dimorphic ontogeny of ventral rib number per half 
whorl (V) versus D and Nw. c evolution of the sexual size dimorphism in the lineage Lilloettia (late 
Bathonian)—Eurycephalites (Early Callovian). d dimorphic pair, a complete adult macroconch 
( d1–d2) and an adult microconch ( d3–d4), both x0.4. e shell size dimensions. a–b, d–e modified 
from Parent (1997). c from data in Parent (1998)
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7.3.6  Evolution of Dimorphism

Evolution of sexual dimorphism is a complex and interesting aspect in ammonoid 
paleobiology. However, it is also very demanding with respect to material and raw 
data. One of the most detailed studies is that of Schweigert and Dietze (1998) for the 
evolution of Phlycticeras/Oecoptychius. Sexual size dimorphism, the feature more 
readily captured by the observer, shows important changes during the evolution of 
many ammonoid lineages. One of them is the lineage Lilloettia (Late Bathonian)-
Eurycephalites (Early Callovian), which shows important changes in the ratio of 
the adult micro- versus macroconch size (Fig. 7.4c), ranging from microconchs 
of three-quarters ( L. steinmanni and E. extremus) to one third ( E. gottschei and E. 
rotundus) the size of the macroconch.

7.3.7  Occurrences of Dimorphism

From the Hettangian onwards, Guex (1981) stated that, except for the phyllocera-
tids, the majority of ammonites do show dimorphism. It thus appears that at least in 
the Jurassic and Cretaceous, whether dimorphism is detected or not largely depends 
on quality and quantity of the material plus the motivation of a researcher to quan-
titatively analyze an ammonite lineage. Presuming that the dimorphism of ammo-
noids really represents the different sexes, a more or less omnipresent dimorphism 
appears not so surprising, especially because most modern cephalopods also show 
more or less strong dimorphism.

In contrast to the work of Davis et al. (1996), we will not list mature modifica-
tions in great taxonomic detail in the text below, because it appears that the ma-
jority of ammonoids actually did undergo some kind of terminal growth and thus 
produced mature modifications. It is striking that strong apertural modifications 
became common only in the Jurassic, although a few Permian species (Zhao and 
Zheng 1977), as well as some Paleozoic nautilids (e.g., Dzik 1984) did produce 
strong apertural appendages.

7.3.7.1  Palaeozoic Dimorphism

Devonian: For the earliest, loosely coiled ammonoids, De Baets et al. (2013a) tested 
for sexual morphism in Moroccan Erbenoceras and Anetoceras and found no clear 
indication of it. It could be argued that dimorphism might be camouflaged in the 
strong intraspecific variability (Kakabadze 2004 discussed dimorphism in relation 
to variability) of this group, but among these two genera, the intrageneric and prob-
ably also intraspecific variability is markedly reduced toward the end of growth. 
Not much has been published on Devonian dimorphism after Makowski (1962) had 
listed several cases (Table 7.1). Walliser (1963) only shortly mentioned its existence 
without any detail. Later, Makowski (1991) determined the relative abundance of 
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micro- versus macrococonchs in various species of Tornoceras. In T. frechi parvum, 
he found 28 % macroconchs ( n = 95), in T. subacutum there were 47 % macroconchs 
( n = 65), and in T. sublentiforme, macroconchs varied between 40 % ( n = 133) and 
45 % ( n = 95).

Most authors have focused on descriptions of adult modifications (Table 7.2; 
e.g., Ruzhencev 1962; Korn 1992). Septal crowding has been mentioned commonly 
(e.g., Korn and Titus 2006; Ebbighausen and Korn 2007; Kraft et al. 2008), ellipti-
cal coiling is common in some clymeniids (e.g., Ebbighausen and Korn 2007), in-
creasing umbilical width is characteristic for the earliest, loosely coiled ammonoids 
(e.g., De Baets et al. 2013a, b), and, of course, changes in ornament spacing have 
been documented (Fig. 7.5).

Carboniferous: Remarkably, we have not found an unequivocal report on am-
monoid dimorphism in the Carboniferous (Nettleship and Mapes 1993). Davis et al. 
(1996) mentioned the work of Trewin (1970), who suggested that Eumorphoceras 
produced antidimorphs, but he used poorly preserved materials. Frest et al. (1981) 
examined Late Pennsylvanian Maximites oklahomensis and found that 40 % of the 
examined specimens belonged to “form a”, which might be the macroconch accord-
ing to its less strong adult modifications (Davis et al. 1996).

In some taxa, a strong wrinkle layer was secreted when the specimen approached 
maturity (Korn et al. 2014 and references therein). Septal crowding is also not rare 
(e.g. Korn et al. 2010), although we have to repeat that its value to determine ma-
turity is limited (Kraft et al. 2008). Umbilical egression (Fig. 7.5; e.g., Frest et al. 
1981) and other changes in coiling (e.g., Ruzhencev 1962) also occur in Carbonif-
erous forms, which are visible in some of the cross sections figured in Korn et al. 
(2010). Ruzhencev (1962) illustrated Dombarites, Homoceras, and Praedarelites, 
which formed ventral keels near maturity.

Permian: Although many Permian ammonoids are known to have formed dis-
tinct mature modifications (Table 7.3, Fig. 7.5; Miller and Furnish 1940; Miller 
1944; Ruzhencev 1962; Davis 1972; Zhao and Zheng 1977; Frest et al. 1981; Zhou 
1985; Schiappa et al. 1995), not much has been published, suggesting the presence 
of dimorphism of the shell. Davis et al. (1969, 1996) and Davis (1972) counted 
the specimens of Permian Agathiceras uralicum and found 75 % macroconchs 
( n = 110). Table 7.3 lists mature modifications (modified from Davis et al. 1996).

Table 7.1  Sexual dimorphism in Devonian to Triassic ammonoids
Superfamily Family Genus Age Source
Tornoceratoidea Tornoceratidae Tornoceras Famennian Makowski 1962
Cheiloceratoidea Cheiloceratidae Cheiloceras Famennian Makowski 1962

Gephuroceratidae Manticoceras Frasnian Makowski 1962
Ceratitoidea Acrochordiceratidae Acrochordiceras Anisian Dzik 1990b

Ceratitidae Ceratites Anisian, 
Ladinian

Müller 1969; 
Rein 2001, 2003; 
Urlichs 2009
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Since the account of Davis et al. (1996) appeared, not a lot of new data have 
been published and it appears that these are still insufficient to analyze evolutionary 
trends in Paleozoic dimorphism. Accordingly, McCaleb’s (1968, p. 29) statement 
that “dimorphism is a predominant feature at the inception of an evolutionary lin-
eage and decreases through phylogeny” appears premature at best, if not wrong.

7.3.7.2  Triassic Dimorphism

Davis et al. (1996) listed mature modifications in Triassic ammonoids in relation to 
their shell shape (Table 7.4, Fig. 7.6). This information is summarized in Table 7.4. 
In spite of the sometimes quite conspicuous adult modifications and the incredible 
diversity as well as morphological disparity of Triassic ammonoids, reliably dem-
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Anetoceratidae
Anetoceras ● ● ● De Baets et al. 2013a, b
Erbenoceras ● ● ● De Baets et al. 2013a, b
Anarcestidae
Sellanarcestes ● ● ● Klug 2001
Agoniatitidae
Agoniatites ● ● ● ● Klug 2001
Gephuroceratidae
Manticoceras ● ● Korn and Klug 2007
Prolobitidae
Prolobites ● ● ● ● ● Bogoslovsky 1969
Wocklumerioidea
Wocklumeria ● ● ● ● Ebbighausen and Korn 

2007
Kamptoclymenia ● ● ● Schindewolf 1937
Pericyclidae
Oaoufilalites ● ● Korn and Ebbighausen 

2008
Maxigoniatitidae
Maxigoniatites ● ● Korn et al. 1999
Girtyoceratidae
Calygirtyoceras ● Korn et al. 1999

Table 7.2  Mature modifications in Devonian and Carboniferous ammonoids
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Fig. 7.5  Paleozoic mature modifications. a Metabactrites fuchsi, PWL2010/5251-LS, middle 
Kaub Formation, Hunsrück, Bundenbach, from De Baets et al. (2013b), dm 80 mm. Note the 
changes in coiling and ribbing. b–d Prolobites aktubensis, col. Ademmer, Kattensiepen, Germany, 
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from Korn and Klug (2002). b, c SMF 34694. lateral and ventral view; note the elliptical constric-
tion (internal shell projection) and the strong subterminal constriction; dm 21 mm. d SMF 34691; 
note the change in coiling, lirae spacing and the constriction; dm 28 mm. e Erbenoceras advolvens, 
early Esmian, Tafilalt, Morocco, from De Baets et al. (2013b); dm 156 mm; note the change in 
coiling. f Fidelites sp., GPIT 1862-133, costatus conodont Zone, Eifelian, Tafilalt, Morocco; with 
broad terminal constriction, from Klug (2001). g–l Permian ammonoids from Davis et al. (1996). 
g, h Adrianites sp., lateral and ventral views, GIUA Drawer 55, T328, Maoen Mollo, Timor, Indo-
nesia, dm 26 mm. i, j Elephantoceras sp., Permina, from Zhao and Zheng (1977). k Cyclolobus 
walkeri, MNHN B 7520, Ankitohazo, Madagascar; dm 93 mm. l-n Adrianites cf. insignis, BMNH 
C37654, Sosio Limestone, Province of Palermo, Italy; dm 21 mm. o, Wocklumeria sphaeroides, 
nr. 572, Famennian, Kowala, Poland, from Czarnocki (1989)

Table 7.3  Mature modifications in Permian ammonoids. (modified after Davis et al. 1996)
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Fig. 7.6  Triassic mature modifications. a, b Halorites macer, PIMUZ 31068, Norian, Bihati?, 
Timor, Indonesia, dm 103 mm. Note the change in whorl section. c, d Orestites cf. frechi, PIMUZ 
31069, Norian, Timor, Indonesia, dm 75 mm. Elliptical coiling and constricted aperture. e, 
f Lobites ellipticus, PIMUZ SQL43399, Norian, Timor, Indonesia, dm 62 mm. g Arcestes sp., 
PIMUZ 31067, Norian, Timor, Indonesia, dm 152 mm. h Halorites cf. phaonis, PIMUZ 31066, 
Norian, Timor, Indonesia, dm 124 mm. i, j Ceratites cf. compressus, MHI 688732, Anisian?, Gar-
nberg, Germany, dm 75 mm. k, l Protrachyceras archelaus, from Mojsisovics (1882), Ladinian, 
Agordo, Italy, dm 132 mm
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onstrated cases of dimorphism are exceedingly rare. A first report was published by 
Müller (1969), who found a questionable egg mass in the shell of Ceratites. This 
specimen is undoubtedly interesting, but it has neither been proven that the pre-
served globules are eggs nor that they are part of this ceratitid. It is also questionable 
because no additional soft parts are preserved in this specimen.

Similarly, the report of Dzik (1990b) of acrochordiceratid antidimorphs is 
doubtful, because the species of this family have been shown to be highly variable 
(Monnet et al. 2010). By contrast, the account of dimorphism in Middle Triassic 
Ceratites by Urlichs (2009) appears to represent one of the first profound accounts 
of Triassic dimorphism. He collected adult specimens and measured their sizes in 
populations in combination with morphometric data from juvenile to adult whorls. 
Thereby, he could show that the antidimorph’s juvenile whorls are quite similar 
and they begin to diverge morphologically late in ontogeny, with clearly separated 
adult sizes and conch parameters. Probably, many more cases of dimorphism will 
be detected among Triassic ammonoids when well-preserved materials are carefully 
analyzed for this aspect.

7.3.7.3  Jurassic Dimorphism

Jurassic ammonoids probably contain some of the most convincing and most im-
pressive, as well as famous, examples of sexual dimorphism (Table 7.5, Fig. 7.7). 
For example, Makowski’s (1962) kosmoceratids became the icon of the journal 
Acta Palaeontologica Polonica and the impressive combination of extreme size 
difference, as well as the exotically modified aperture in the dimorphic pair Phlyc-
ticeras and Oecoptychius made them well-known among collectors (Fig. 7.8, 7.9).  

Several excellent monographs on Jurassic dimorphism are readily available 
(Makowski 1962; Callomon 1963, 1981; Tintant 1963; Westermann 1964a, b; Elmi 
1967; Davis et al. 1996). It is thus not necessary to repeat all their results. At this 
occasion, however, we want to summarize the categories (Fig. 7.10), which were 
introduced by Davis et al. (1996):

Category A: Sexual dimorphism has been shown convincingly, applying the cri-
teria of different adult morphologies, close phylogenetic relationship reflected in 
their early ontogenies, shared geographic as well as stratigraphic occurrences and 
shared habitats.

Category B: Davis et al. (1996) grouped forms with dubious sexual dimorphism 
here. In many of the species included in this category, their phylogenetic relation-
ship may be unclear, geographic ranges may differ, and preadult ontogenetic stag-
es are either poorly known, do not match perfectly, or lack diagnostic characters 
(Ziegler 1974, 1987).

Category C: In this category, species are included that either appear as mono-
morphic (i.e., minute or no morphological differences in the shells of the sexes) or 
where the preservation or other factors make the assignment to an antidimorphic 
pair impossible. Davis et al. (1996) included several genera with strong apertural 
modifications such as Gemmellaroceras and Cymbites.
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Fig. 7.7  Jurassic antidimorphs. Examples from the Jurassic of Switzerland. The grey triangles 
connect the antidimorphs, with the narrow end at the microconch. This is an example, how antidi-
morphic pairs could be given one species name
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Category D: Nonsexual dimorphism and polymorphism is contained here. Such 
polymorphic structures have been shown by various authors (Marchand 1976; 
Charpy and Thierry 1976; Tintant 1976; Thierry 1978; Contini et al. 1984). Accord-
ing to Davis et al. (1996), this variation has nothing to do with sexual dimorphism. 
The problem here could be the multitude of factors controlling shape and size of 
antidimorphs. As discussed above, polymorphism may be caused by a variety of 
processes such as ecological factors (phenotypic plasticity), hormonal processes, 
and potentially by diseases and parasites. All these factors contribute to intraspe-
cific variability that may have affected microconchs and macroconchs in different 
ways. Therefore, some of the cases included in Category D may actually represent 
blurred cases of sexual dimorphism.

Taking the seeming absence of dimorphism or at least its weak expression in 
the Triassic into account, it is remarkable how common sexual dimorphism already 
was in the Early Jurassic (Callomon 1963; Lehmann 1966; Guex 1967, 1968, 1973, 
1981; Howarth 2013). Depending on the opinion of authors that focused on Jurassic 
dimorphism, i.e. which case of dimorphism to include or exclude in sexual dimor-
phism, the abundance of dimorphism became high to very high in the Middle to 
Late Jurassic (e.g. Ziegler 1974, 1987; Parent 1997; Schweigert 1997; Schweigert 
and Dietze 1998, Schweigert et al. 2003, 2007; Matyja and Wierzbowski 2001; Par-
ent et al. 2008a, b, 2009; Zatoń 2008, 2010; Keupp and Riedel 2010; Bardhan et al. 

Fig. 7.8  Adult specimens 
of the antidimorphic couple 
Oecoptychius refractus 
(Reinecke 1818) ( top left; 
microconch) and Phlycticeras 
pustulatum (Reinecke 118) 
( bottom, macroconch). 
Herznach-Member, Callo-
vian, Swiss Jura Mountains. 
Note the morphologic and 
size difference    
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2012). The great success of this reproductive strategy probably originated partially 
in the fact that many Middle and Late Jurassic ammonoids phylogenetically root 
in the Hildoceratoidea (Donovan et al. 1981; Davis et al. 1996), which gave rise to 
many of the younger clades except for the lytoceratids and phylloceratids, which are 
not known to have produced clear cases of dimorphism (Fig. 7.11), except few cases 
such as Juraphyllites studied by Cope (1992). This also shows that dimorphism may 
well be of use as a character for phylogenetic reconstructions. Another factor for the 
Jurassic success of sexual dimorphism in ammonoids is certainly ecological. The 
energetic cost of reproduction (the energy that is available for the ovaries and thus 
eggs) can be significantly reduced when the size of the males, and thus their energy 
intake, is reduced.

The monophyletic nature of Jurassic sexual dimorphism has another important 
implication. Genera such as Taramelliceras and Creniceras in the Late Jurassic 
become more likely to have been antidimorphs (in contrast to the doubts of Davis 
et al. 1996) because there is a strong phylogenetic component in dimorphism; nev-
ertheless, the situation is complicated by difficulties in taxonomic assignments, and 
other, similar genera such as Proscaphites, which also show dimorphism. It appears 
that in the Haploceratoidea, the majority of species produced a pronounced dimor-
phism. Additionally, the majority of the haploceratoidean microconchs had subcir-
cular to ear-shaped lappets, while those in the stephanoceratids are rather elongate 
spatulate ( Kosmoceras) or subovally elliptical ( Normannites).

Interestingly, the peak in well documented sexual dimorphism in conjunction 
with extreme adult modifications is in the Middle Jurassic, followed by an increasing 
number of dubious cases in the Callovian to Kimmeridgian and decreasing abun-
dance of mature modifications in the Tithonian (Davis et al. 1996). From the 
Tithonian onwards, dimorphism continued to exist.

Fig. 7.9  Model of an 
antidimorphic pair of the 
Middle Jurassic Phlycticeras/
Oecoptychius by B. Scheffold 
(Zurich). Note that Oecop-
tychius might have used a 
modified arm to transmit 
a spermatophore. Natu-
rally, many aspects of this 
reconstruction are based on 
speculations
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7.3.7.4  Cretaceous Dimorphism

As in the Jurassic, each ammonoid clade produced different mature modifications, 
except for the phylloceratids. The seeming absence of dimorphism in phylloceratids 
might be due to the scarcity of adult specimens (Davis et al. 1996) and/or to the 
commonly simple ornament and more or less straight apertures.

In contrast to the phylloceratids, several Cretaceous lytoceratids do display 
mature modifications (Fig. 7.13). For example, some gaudryceratids changed the 
whorl cross section and a slight umbilical egression may occur, as well as chang-
es in ornament (Wiedmann 1973; Cooper and Kennedy 1979; for a review of the 

Fig. 7.10  Evolutionary change in the lineage Phlycticeras/Oecoptychius. (slightly modified from 
Schweigert and Dietze 1998)
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group see Hoffmann 2010). In haploceratoideans such as Aconeceras, the aper-
tural lappets are less distinct than in the Jurassic, but also present, and combined 
with a short triangular ventral rostrum (Doguzhaeva and Mutvei 1991). Davis et al. 
(1996) mention an interesting mode of terminal countdown in Menuites, which is 
remotely reminiscent of the white venter in nautilid shells: in the microconchs of 
this genus, the ventral tubercles and spines vanish about a demi-whorl behind the 
terminal aperture (Cobban and Kennedy 1993). The venter and the ventrolateral 
part stay smooth until shortly behind the terminal aperture, where they re-appear. 
Hauericeras, by contrast, resembles in its terminal aperture the haploceratoideans 
(Obata et al. 1978). According to Klinger and Kennedy (1989), the hoplitoidean 
Placenticeras kaffarium displays a rather strong umbilical egression, which gives 
it a scaphitoid adult morphology. Additionally, the venter became rounded and the 

Fig. 7.11  History of dimor-
phism in Jurassic ammonoids, 
taking into account the types 
of species structure, i.e. the 
predominant type of adults 
depending on the amount of 
dimorphic forms (redrawn 
from Davis et al. 1996). A1 
microconchs with strong 
mature modifications (e.g., 
rostrum, lappets); A2 micro-
conchs with weak mature 
modifications; B groups that 
look like sexually dimorphic 
taxa but lack some features 
to determine dimorphism; C1 
monomorphic, small forms 
with adult modifications; C2 
monomorphic, moderately 
large to large forms without 
adult modifications
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ornament changed. The possibly most conspicuous adult modification in the Cre-
taceous among the regularly coiled ammonites is that of the Albian acanthoceratoi-
dean Mortoniceras, which forms a long ventral spine, which may be directed ven-
trally ( M. equidistans) or even curved posteriorly ( M. rostratum), forming almost 
a complete loop (e.g., Cooper and Kennedy 1979). Additionally, the whorl cross 
section and ornament changed.

The most famous kinds of mature modifications are undoubtedly those of the 
Cretaceous heteromorphs of the superfamilies Ancyloceratoidea and Turrilitoidea. 
A good example is the ancyloceratoidean scaphitids (Fig. 7.13, 7.14), which have 
a wide geographic distribution and a rather impressive diversity. In most species 
of this group, a more or less straight shaft with a terminal hook follows the nor-
mally planispirally coiled phragmocone (Cobban 1951; Landman 1987). Addition-
ally, the aperture is constricted (e.g., Landman et al. 2012). The degree of uncoil-
ing and the length of the straight shaft in relation to the terminal diameter vary as 
well as the changes in ornament (e.g., in Hoploscaphites or Scaphites). The micro-
conchs of both Worthoceras and Yezoites carry broad lappets (Fig. 7.13) with strong 
convex growth lines (Tanabe 1977; Kennedy 1988). In the Santonian Scaphites 
(Pteroscaphites) coloradensis, the lateral lappets occur in both antidimorphs and 
have a peculiar hollow spine-like morphology (Kennedy 1988; Landman 1989).

The mature modifications of some Turrilitoidea appear even more unusual. In 
the baculitids, the adult modifications are usually limited to changes in ornament 
(stronger ribs on the venter), sometimes a slight dorsal turn of the aperture and 
dorsal as well as ventral lappets (Kennedy 1988; Cobban and Kennedy 1991c; 
Klug et al. 2012). The ventral projection or rostrum can be rather long, clearly 
exceeding the shell diameter. Davis et al. (1996) figured a Baculites in which this 
projection is very long. They assumed that the rostrum might have attained this long 
size due to an injury or infection. By contrast, we have seen other specimens with 
similarly shaped adult apertures, thus indicating that this might be a normal adult 
aperture of this species (Fig. 7.13).

In many genera, such as Nostoceras, Didymoceras, Allocrioceras or Emerici-
ceras, the terminal demi-whorl is characterized by a U-shaped part (e.g., Stephen-
son 1941; Kennedy 1988; Cobban and Kennedy 1994a). In most cases, the coiling 
direction differs more or less strongly from the preceding whorls. Sometimes, the 
plane of coiling stayed the same (like in the turrlilitoideans Allocrioceras, Emerici-
ceras and Labeceras, and the lytoceratid Macroscaphites), sometimes the plane of 
coiling changed: in Eubostrychoceras, Hyphantoceras, Nostoceras and Didymoc-
eras, for example, the coiling axis turned for 50–90 °. In Didymoceras nebrascense, 
this change in coiling axis is merely a continuation of a similar change in the pre-
ceding whorls; in this species, the coiling axis appears to be coiled in itself (Meek 
and Hayden 1856). By contrast, the Japanese Pravitoceras might be the only genus 
in which the coiling axis switches rapidly for 90 °. In all these cases, this terminal 
countdown of heteromorphs (Seilacher and Gunji 1993) is linked with changes in 
ornament.

The abundance of such a U-shaped terminal demi-whorl raises the question of 
the selective force behind it. Although the ultimate evidence is lost due to the ex-



Fig. 7.12  Modified peristomes of adult microconchs of the Jurassic and Early Cretaceous. Note the 
rather uniform lappets in the haploceratoids, the rather straight lappets in the perisphinctoids, and 
the disparity in the lappets among the stephanoceratoids. Image sources: V. Schlamp ( Elatmites, 
Paralingulaticeras, Parataxioceras lothari), J.-S. David ( Cadomoceras cadomense; Cymbites 
laevigatus; Ebrayiceras pseudoanceps; Hildoceras lusitanicum; Morrisiceras schwandorfense; 
Oecotraustes bomfordi); D. Bert ( Kosmoceras phaeinum); H. Chatelier ( Saynoceras); Quenst-
edt (1885: Amaltheus margaritatus; Leioceras opalinum); R. Roth ( Creniceras crenatum; Sut-
neria platynota); P. Branger ( Indosphinctes; Normannites orbignyi); Dietl (2013: Grossouvria). 
Djanelidzé (1922: Spiticeras kiliani, modified or reduced); Atrops and Reboulet (1995: Neolissoc-
eras grasianum, modified or reduced); Ernst and Klug (2011: Oecoptychius refractus)
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Fig. 7.13  Cretaceous antidimorphic pairs. a, b Hoploscaphites brevis, Pierre Shale, South Dakota. 
Last septum is marked by a triangle. A, Macroconch, USNM 367, lateral view, dm 90 mm. Note 
the bulge along the umbilical margin ( arrow). B, Microconch, lateral view, AMNH 58514, dm 
55 mm. c, d Sciponoceras gracile, Cenomanian, Texas. C, microconch, USNM 411539, wh 9 mm. 
D, Macroconch (USNM 411537, wh 17 mm. The antidimorphs differ mainly in size. e, f Nippo-
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tinction of the Ammonoidea, one line of reasoning shall be mentioned here: it is 
conceivable that this upward turn of the terminal aperture enabled the heteromorphs 
to approach the level of the center of mass with their hyponome, thus significant-
ly improving their swimming abilities in a horizontal direction. Such a horizontal 
alignment of aperture and centre of mass was achieved in most ammonoid clades 
and apparently there was some selection for that trait (e.g., Korn and Klug 2003; 
Klug and Korn 2004; Tajika et al. 2014). This might have been of particular impor-
tance at the time of mating.

Like the mature modifications, dimorphism has been reported from most Creta-
ceous superfamilies except for the phylloceratines (Table 7.6; Kennedy and Wright 
1985a; Davis et al. 1996). Concerning members of the Desmoceratoidea, sexual 
dimorphism has been described for Campanian Menuites (Cobban and Kennedy 
1993), where the antidimorphs differ strongly in size. Maeda (1993) examined the 
dimorphism of Campanian Yokoyamaoceras, where the microconch reaches only 
a third of the diameter of the macroconch (with two whorls less), has a stronger 
ornament, an aperture with lateral lappets, and a strong ventral projection. For the 
acanthoceratoidean Metoicoceras from the Cenomanian, Cobban and Kennedy 
(1991b) described a size difference where the macroconch is more than twice as big 
as its counterpart (Cobban 1953). Its microconchs are more robust and thus have a 
stronger ornament. Except for the ornament, which is finer in the last whorl of the 
microconch, the same applies to Subprionocyclus (Futakami 1990).

Interestingly, albeit controversial in our opinion, one view on dimorphism of the 
Valanginian ammonite Valanginites nucleus from Wąwał in central Poland was pre-
sented by Ploch (2003, 2007). Here, the size differences in identically ornamented 
and identically coiled specimens with purely macroconchiate modification of the 
terminal part of the shell (prominent lip preceded by a constriction and without lap-
pets) have been used as the only criterion in separating micro- and macroconchs. It 
is all the more strange as these ammonites are associated with similarly ornamented 
but much smaller shells having lateral lappets, classified as Saynoceras verrucosum 
(see Dzik 1990a). Thus, it appears that V. nucleus might represent the macroconch 
and S. verrucosum its antidimorphic microconch (see also Bulot et al. 1990).

In scaphitids (Ancyloceratina), dimorphism is very well known. Morphologi-
cal differences between the terminal whorl of scaphitid antidimorphs include adult 
diameter, coiling, ribbing and nodes or spines, septal crowding, and apertural modi-
fications including lateral and/or dorsal lappets. For example, in Hoploscaphites, 
the more or less straight shaft of the terminal whorl of the macroconch carries a 

nites mirabilis, Campanian, Hokkaido, Japan. The antidimorphs differ mainly in size. g, h Mac-
roscaphites yvani, Barremian, Angles, France. g microconch with large terminal hook. h regularly 
coiled macroconch, G12/336. i microconch with hook, GRY/903b. i mature apertural margin of 
a microconch (?) of the Santonian Bacu1ites thomi, USGS 21419, Montana, with a short dorsal 
and a long, ventral rostrum. j, k Yezoites puercu1us, Turonian, Hokkaido, Japan. j Macroconch, 
AMNH 45280. k microconch, AMNH 45281, note the lateral lappets and the absence of nodes. 
l, m Imerites dichotomum, Barremian, Alpes de Haute Provence, France. l notice that one of the 
microconchs is sinistral and the other dextral; dm 45 mm. m macroconch, dm 75 mm. (Images: 
a–d, i–k (N. Landman). e, f, l, m (W. Grulke). h, i (D. Bert))
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thick dorsal swelling, which gives it a pregnant appearance (e.g., Morton 1834; 
Kennedy and Cobban 1993a; Landman and Waage 1993; Machalski 2005). Specu-
latively, this bump provided extra space for the ovaries. In the corresponding mi-
croconch, the dorsal wall of the shaft is subparallel to the venter. There are also 
some differences in ornament (Davis et al. 1996). Landman and Waage (1993) ex-
amined the size-differences between the antidimorphs of the Maastrichtian species 
Hoploscaphites (Jeletzkytes) spedeni. Although the macroconchs are in average al-
most twice as large as their counterparts, the size distribution of both antidimorphs 
does overlap (Fig. 7.14). This size overlap varies between the species (Landman 
and Waage 1993), but it is not entirely clear whether the presence or absence of 
an overlap and its quality are predominantly controlled by (1) difference in adult 
diameter of the antidimorphs, (2) difference in intrasexual variability, (3) sample 
size or (4) ecology.

It is also remarkable that in the Maastrichtian Hoploscaphites comprimus, some 
morphological differences between the antidimorphs already occur in the normally 
coiled juvenile part (Landman and Waage 1993), making sexing of juvenile speci-
mens possible.

Among the Turrilitoidea, there are also many cases of likely dimorphism, al-
though often the main difference between the antidimorphs is size (e.g., Didymo-
ceras, Bostrychoceras, Nipponites, Oxybeloceras, Sciponoceras; Kennedy 1988; 
Cobban and Kennedy 1994a). A nice example for dimorphism in the Lytoceratina is 
the genus Macroscaphites, in which the microconch develops a long straight shaft 
with a U-shaped hook at the end, while the macroconch consists only of a regularly 
coiled shell with a terminal constriction (Fig. 7.13). Most other lytoceratines display 
more normal kinds of dimorphism, i.e. mainly differences in size ( Gaudryceras, 
Costidiscus, Tetragonites; Wiedmann 1973).

Davis et al. (1996) reported a couple of possible cases of Cretaceous trimor-
phism. One case was published by Hirano (1978, 1979) and concerns the lytoc-
eratin Gaudryceras. A second case comprises scaphitids of the genera Scaphites, 
Clioscaphites, and Scaphites (Pteroscaphites). Wiedmann (1965) thought that the 
species of the latter genus were the microconchs of those of the former two genera, 
based on the same morphology of juvenile shells, same stratigraphic occurrences 
and the adult size and morphological differences. This interpretation appears to be 
incorrect because dimorphism was demonstrated for the macroconchs as proposed 
by Wiedmann (1965) by both Cobban (1951) and Landman (1987), and later also 
in Scaphites (Pteroscaphites) by Landman (1989). In many cases, the mix of intra-
specific variability within both sexes, evolutionary changes, phenotypic plasticity 
(Wilmsen and Mosavinia 2011) and dimorphism blurs the patterns of disparity in 
ammonoid populations to such extent that the various phenomena can hardly be dis-
tinguished (Kennedy and Wright 1979; Reyment 1988; Kassab and Hamama 1991).

The ratios of numbers of macroconchs (M) to microconchs (m) have also been 
determined for various species (Davis et al. 1996):

Hoploscaphites constrictus, France: 1.9 M: 1 m (Kennedy 1986b),
H. constrictus, Poland: 2.2 M: 1 m (Makowski 1962),
H. nicolletii, South Dakota: 20 M: 1 m (Landman and Waage, 1993),
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H. comprimus, South Dakota: 1.5 M: 1 m (Landman and Waage 1993),
Menuites oralensis, Colorado: 2 M: 1 m (Cobban and Kennedy 1993),
 M. portlocki complexus, Wyoming: 3.2 M: 1 m (Cobban and Kennedy 1993), 
Scaphites hippocrepis, Wyoming: 0.5 M: 1 m (Cobban 1969),
S. hippocrepis III, Montana: 0.8 M: 1 m (Cobban 1969),
Scaphites 1eei III, New Mexico: 0.7 M: 1 m (Cobban 1969).
Another interesting aspect of dimorphism is the geographically varying ratio of 

the antidimorphs, for example in Metoicoceras (Kennedy 1988; Cobban et al. 1989) 
and Hoploscaphites (Landman and Waage 1993; Machalski 2005).

Some evolutionary trends in sexual dimorphism in Cretaceous ammonites have 
been described. Klinger and Kennedy (1989) examined Placenticeras from the Al-
bian to the Maastrichtian and discovered that the early antidimorphs of this ge-
nus differed mainly in size, while younger, more derived forms differed also in 
ornament strength. Landman (1987) studied a population of Turonian Scaphites 
whitfieldi in which some of the specimens can be assigned to macroconchs or mi-
croconchs, while many forms display intermediate sizes and morphologies. In more 
derived scaphitids from the Maastrichtian, the assignment of antidimorphs can be 
done more easily because the dimorphism is more strongly expressed (Landman 
and Waage 1993).

7.4  Open Questions

7.4.1  Intraspecific Variability of Antidimorphs

Only a few studies are available dealing with the intraspecific variability of dimor-
phic species (compare De Baets et al. 2015a). This is understandable, because often 
it is difficult or impossible to get hold of a sufficiently large collection of mature 
specimens that are suitably preserved. Nevertheless, we are convinced that such 
populations of various ages are available in several museums worldwide, awaiting 
examination. Potential outcomes of such studies are a better understanding of the 
biological background of polymorphism, more confident separation of consecutive 
dimorphic species in evolutionary lineages, additional support for (or falsification 
of) dimorphism in cases of dubious dimorphism, an enhanced knowledge of the 
differences in variability between the antidimorphs, and raw data for further evolu-
tionary studies.

7.4.2  Macroevolution of Mature Modifications and Dimorphism

Similar to the preceding topic, evolutionary aspects of dimorphism have only rarely 
or indirectly been addressed (one example is the work by Schweigert and Dietze 1998 
on Oecoptychius and Phlycticeras; Fig. 7.9). It appears that the Haploceratoidea 
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could be an especially rewarding group in which to examine evolutionary changes 
in dimorphs (Fig. 7.11).

It has been suggested that evolutionary rates differed between antidimorphs; 
these rates may be difficult to quantify. By contrast, differences in variability of the 
antidimorphs through phylogeny could be studied in some small lineages (Fig. 7.14)

7.4.3  Taxonomic Treatment of Antidimorphs

Classically, partially because of the lack of knowledge, most antidimorphic pairs 
have been assigned to different taxa, occasionally reaching family level. Normally, 
members of one biological or morphological species should carry the same name 
according to the International Code of Zoological Nomenclature. As in trace fossils, 
the certainty of identity with respect to systematic nomenclature is often not given 
(for discussions see Callomon 1969; Lehmann 1981; Westermann 1969b). This is 
probably the reason why Demanet (1943) as well as Furnish and Knapp (1966) 
added various terms to the species name in order to state that they assume that two 
forms belong to the same species and at the same time, mark which form belongs to 
which sex. Although it appears reasonable to assign such antidimorphs, where it has 
been convincingly shown that they are conspecific, to the same species, this would 
imply applying different nomenclatorial rules depending on the state of knowledge 
(the problem could be solved by using partial names for cases that are not clear). 
An additional problem arises when diversity counts are carried out. If one species 
is knowingly subdivided into two, namely the antidimorphs, this would increase 

Fig. 7.14  Histogram of adult size in a collection of Maastrichtian Hoploscaphites spedeni from 
South Dakota. Macroconchs are usually larger than microconchs, but the size ranges overlap. 
(Redrawn from Davis et al. 1996 and Landman and Waage 1993)
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diversity artificially. Ammonoid researchers need to agree on a unified treatment 
that addresses this problem.

7.4.4  Devonian to Triassic Dimorphism

Compared to Paleozoic and Triassic dimorphism (if it existed at all), identification 
of Jurassic and Cretaceous antidimorphic pairs appears easy. Davis et al. (1996) 
have already found the seeming lack or scarcity of pre-Jurassic dimorphism intrigu-
ing. Taking the roots of Jurassic dimorphism into account, some researchers con-
sidered that dimorphism was absent before the Toarcian. By contrast, Guex (1981) 
stated that already in the Hettangian, dimorphism was not rare. This, in combination 
with the work of Urlichs (2009), points to the possibility of a reasonably com-
mon but not yet detected dimorphism prior to the Jurassic. Further support for this 
hypothesis comes from the repeated occurrences of morphologies that resemble 
Jurassic microconchs in various respects, such as e.g., Devonian Prolobites and 
Wocklumeria, Permian Elephantoceras and Adrianites, Triassic Coroceras and 
dwarf Arcestes or Lobites.

These are just some out of many open questions. Davis et al. (1996, p. 521) actu-
ally listed many more such questions at the end of their article. We do not repeat this 
here but recommend it to those further interested.
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8.1  Introduction

This chapter is not devoted to shell microstructure alone. In addition to presenting 
a description of the structure of the individual layers that compose the ammonoid 
shell, we also discuss the distribution and relationships of these layers to one an-
other as well as their ultrastructure whenever possible. Because aragonite, the chief 
mineral that makes up the ammonoid shell, is metastable and transforms into calcite 
as a function of time, pressure, and temperature (Dullo and Bandel 1988), it is diffi-
cult to obtain specimens for study, which are preserved well enough to observe fine 
details of their microstructure. The oldest known occurrence of shells with pristine 
aragonite preserved derives from the Pennsylvanian Buckhorn Asphalt, USA. This 
explains why nearly all micro- and ultrastructural studies of ammonoids have been 
conducted on materials collected from Mesozoic platform deposits.
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8.2  Embryonic Stage

8.2.1  Existing Structural Models

The term “ammonitella” was proposed by Drushchits and Khiami (1969) to denote 
the initial chamber plus the first shell whorl up to the primary constriction. Ad-
ditional internal structure elements of ammonitella are proseptum, prosiphon, and 
cecum. Therefore, the term ammonitella is generally understood as an ammonite 
embryonic shell (compare De Baets et al. 2015). Prior to Drushchits and Khiami 
(1969), the same structure was known as “protoconch” (Ruzhentsev and Shimanskij 
1954; Makowski 1962, 1971) though the later term should rather be refereed to ini-
tial chamber than to entire ammonitella. Because of controversies on the structure 
and relationships of the layers in the wall of the ammonitella, and because of diverse 
opinions on the embryogenesis of ammonoids, the problem of the microstructure of 
the ammonitella is of special interest.

The distinct morphological and microstructural features of the ammonitella had 
already been observed in the nineteenth century (Hyatt 1872; Branco 1880), but 
knowledge on the subject rapidly improved with the use of electron microscopy. 
Birkelund (1967) and Birkelund and Hansen (1968) were the first to apply transmis-
sion electron microscopy (TEM) in studies of the microstructure of ammonitellae of 
Late Cretaceous Saghalinites and Scaphites. The preparation method was described 
by Hansen (1967) and depended generally on slight EDTA etching of the surfaces 
of polished cross-sections and then removing the colloidal replicas and sputtering 
them with carbon. By means of this method, the following was determined: (1) 
The wall of the initial chamber is built of two layers without a distinct bound-
ary in-between; (2) The inner layer consists of crystals perpendicular to the inner 
shell surface, whereas crystals in the external layer are distributed without a distinct 
orientation; (3) Both layers of the initial chamber wedge out in the vicinity of the 
proseptum base.

The wall of the first whorl appears as a prismatic layer on the inner surface of 
the initial chamber. After the wall of the initial chamber wedges out, the wall of the 
first whorl continues without much change to the primary constriction. It is similar 
in construction to the wall of the initial chamber; i.e., it consists of two sublayers, an 
inner sublayer having more regular crystals perpendicular to the inner shell surface 
and an external, thinner sublayer with less regularly oriented crystals. The terminal 
part of the ammonitella aperture is delimited by a structure known as a primary con-
striction. The prismatic and subprismatic sublayers of the first whorl become much 
thinner, and the nacreous primary varix develops beneath them. The proseptum is 
constructed of the same crystalline matter as that of the internal prismatic layer of 
the initial chamber and the wall of the first whorl.

Erben et al. (1968, 1969) first introduced scanning electron microscopy (SEM) 
to study the shell microstructure of ammonoids. This technique is much easier in 
specimen preparation and generally more appropriate than TEM. Based on SEM 
observations, Erben et al. (1968, 1969) proposed a model for the structure and 
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development of the ammonitella. According to this model, the wall of the initial 
chamber initially consists of two subprismatic layers. These wedge out, and only 
somewhat later the fully prismatic sublayers appear on the inner surface of the ini-
tial chamber. Two of these sublayers also wedge out, and only the sublayer beyond 
the base of the proseptum continues until the end of the primary constriction. The 
dorsal part of the proseptum consists of an additional layer on the inner surface of 
the initial chamber, whereas the ventral part of the proseptum is a continuation of 
the innermost layer of the initial chamber and the first whorl. The flange is com-
posed of a prismatic layer and is separated from the proseptum and the wall of the 
initial chamber by a discontinuity surface, and according to this model it is sug-
gested that the flange was formed later in ontogeny.

Another model of ammonitella formation has been presented by Kulicki (1979) 
based on excellently preserved material of Quenstedtoceras and Kosmoceras from 
Łuków (Callovian, Poland). In this model, the wall of the initial chamber has two 
layers, best seen in its dorsal and apical parts. The inner layer has a regular prismatic 
structure and represents the wall proper of the initial chamber, continuing into the 
outer prismatic layer of the first whorl up to the ammonitella edge. The outer layer 
of the wall of the initial chamber is a continuation of the mural part of the proseptum 
and represents the dorsal wall of the first whorl of the ammonitella. This layer is 
thickest opposite the primary varix and is subprismatic. Crystallites in this layer are 
oriented in parallel, diagonally, or perpendicularly to the shell surface. The bound-
ary between this layer and the wall proper of the initial chamber is not distinct. A 
distinct boundary between the dorsal wall and the outer prismatic layer of the first 
whorl develops at the appearance of the tuberculate sculpture characteristic of the 
ammonitella in Mesozoic ammonoids.

In medial and paramedial cross sections through the outer saddle of the pro-
septum on the inner surface of the venter of the initial chamber, there is an inner 
prismatic layer of regular structure linked to the base of the proseptum. This layer 
is separated from the wall proper of the initial chamber by a thin layer of micro-
crystalline structure. This thin layer is thickest in the middle part of the base of the 
proseptum. The prismatic layer of the proseptum commonly continues as one of the 
main components of the wall of the first whorl (“medial prismatic layer” of Kulicki 
1979).

All of the above models assume simultaneous secretion of the organic phase of 
the shell together with mineralization. This is what occurs in the formation of the 
postembryonic shell in Recent mollusks. In contrast, Bandel (1982, 1986) presented 
a model based on shell development in some Archaeogastropoda in which the larval 
shell is formed in two phases. In the first phase, the shell consists only of elastic, 
organic matter, and in the second phase, the organic primary shell is calcified. The 
direction of calcification may not have been consistent with the direction of secre-
tion of the organic shell. In the case of the ammonitella, the wall of the first whorl 
and umbilical walls of the initial chamber would have been calcified first. Only 
later would the remaining wall of the initial chamber and proseptum have been 
mineralized.
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Bandel’s (1982, 1986) interpretation has been confirmed by well-preserved am-
monitellae of Aconeceras (Albian) representing different calcification stages (Ku-
licki 1989; Kulicki and Doguzhaeva 1994). Four stages of calcification of the am-
monitella have been recognized.

Stage 1 is represented by specimens in which the wall of the first whorl, includ-
ing the primary constriction and the lateral walls of the initial chamber are calcified.

Stage 2 is represented by specimens in which, in addition, the part of the wall of 
the initial chamber that separates the interior of the initial chamber from the lumen 
of the first whorl is calcified.

Stage 3 is represented by specimens that have a calcified first whorl, initial 
chamber, proseptum, and nacreous primary varix. In Quenstedtoceras ammonitel-
lae from Łuków, there is another septum adapertural of the proseptum (the first 
nacroseptum).

Stage 4 is represented by ammonitellae of larger, postembryonic specimens. 
This stage is characterized by a distinct thickening from the inside of the inner pris-
matic layer and commonly by the addition of extra prismatic layers from the inside.

Another model has been proposed by Tanabe (1989), which assumed that the em-
bryo of Mesozoic ammonoids might have temporarily had an endocochliate body 
plan late in embryonic development during which the outer prismatic layer with 
tubercles was secreted from the outer reflected mantle. Finally, Tanabe et al. (2008), 
after investigation of exceptionally well preserved embryonic shells of Aconoceras, 
returned to the model of Bandel (1982) and Kulicki and Doguzhaeva (1994) but 
refined the timing of formation of the outer prismatic layer and tubercles. Tanabe 
et al. (2008) demonstrated for the first time the presence of amorphous calcium 
carbonate (ACC) in the wall of the embryonic shell.

8.2.2  Structure of the Ammonitella Walls

A cross section through the wall of the first whorl in Paleozoic and Mesozoic am-
monoids is shown in Fig. 8.1–8.3. The outer layer has a regular prismatic structure 
and a thickness of about 1–3 µm in Mesozoic ammonoids while in the Pennsylva-
nian Buckhorn Asphalt goniatite it is indistinct. Prisms consist of aragonitic needles 
0.1–0.2 µm in diameter oriented perpendicular to the outer surface. The diameter of 
the crystallites is 0.2 µm .

The medial layer, sandwiched between the outer and inner prismatic layers, has 
an irregular, grainy structure. The irregular, grainy structure of the medial layer 
results most likely from the limiting effect of organic matter on the growth of arago-
nitic crystals. In transverse cross sections through the initial chamber and first whorl, 
the outer prismatic layer and the medial layer wedge out on the umbilical seam, and 
only the inner prismatic layer continues across the dorsum forming the lateral walls 
of the initial chamber, which are two or three times thicker than the walls covered 
by the following whorl. This confirms earlier assumptions of Bandel (1982, 1986) 
and Kulicki (1979). In Mesozoic ammonoids, the crystallites of the outer layer in 
the outer wall of the first whorl of the ammonitella and lateral parts of the initial 
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Fig. 8.1  Schematic drawing of median cross-section through ammonoid ammonitella and early 
postembryonic shell (modified after Kulicki et al. 2002). The arrows indicate adoral direction. 
a Overview figure with the places of close-ups indicated. b Close-up of the initial chamber in the 
vicinity of the first two septa. c Close-up of the wall of the first whorl. d Close-up of the ammo-
nitella edge. e Close-up of the wall of the post-embryonic shell showing a lira in the outer pris-
matic layer (open arrowhead). Abbreviations: dw, dorsal wall; f, flange; ip, inner prismatic layer; 
ms, muscle scar; n, nacreous layer; op, outer prismatic layer; wpa, wall proper of the ammonitella; 
wpi, wall proper of the initial chamber; wr, wrinkle layer; 1, first septum (proseptum); 2, second 
septum
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Fig. 8.2  a View of the broken wall of the first whorl of a goniatite ammonitella, Pennsylvanian, 
Buckhorn Asphalt quarry, Oklahoma. b Longitudinal section through the first whorl of the ammo-
nitella of Damesites sugata Forbes, 1846, Coniacian, Cretaceous, Nakafutamata Rivulet, Haboro 
area northwestern Hokkaido. In case of Mesozoic ammonitellae the outer prismatic layer is more 
distinct and better developed. Abbreviations: gr, granular layer; ip, inner prismatic layer; op, outer 
prismatic layer
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Fig. 8.3  a, b Ptychoceras sp. Aptian, Cretaceous, Khocods Rivier, NW Caucasus. Longitudinal 
section through tuberculate ventral wall of ammonitella whorl. c Damesites sugata Forbes, 1846, 
Coniacian, Cretaceous, Nakafutamata Rivulet, Haboro area northwestern Hokkaido. Longitudinal 
section through tuberculate ventral wall of ammonitella whorl above primary varix. Abbreviations: 
gr, granular layer; ip, inner prismatic layer; npv, nacreous layer of the primary varix; op, outer 
prismatic layer; t, tubercule
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chamber become aggregated into structural elements of a higher order, the so-called 
pseudohexagonal trillings (Kulicki and Doguzhaeva 1994; Tanabe et al. 2008, 
2010).

8.2.3  Apertural Zone of the Ammonitella

The terminology used here to describe different structural and morphological el-
ements of ammonoid embryonic shells is derived from Drushchits et al. (1977) 
and Landman and Waage (1982). The morphological-structural distinctness of the 
apertural zone of ammonitellae was first recorded by Hyatt (1872). Please note, 
however, that the significance of this zone in terms of the ontogeny of ammonoids 
is beyond the scope of this chapter (see De Baets et al. 2015 for a review).

Fully developed ammonitellae terminate in a structure called the nepionic con-
striction, where they form, for the first time in ontogeny, the nacreous layer com-
prising the so-called nepionic swelling (primary varix; Fig. 8.4a). The outermost 
thin prismatic layer continues until the ammonitella edge, where it forms a short 
return section directed toward the shell interior underlying internally the nacreous 
layer of the nepionic swelling or primary varix (Fig. 8.4a). The middle, granular, or 
subprismatic layer decreases in thickness towards the aperture and wedges out in 

Fig. 8.4  a Damesites sugata Forbes 1846, Coniacian, Cretaceous, Nakafutamata Rivulet, Haboro 
area northwestern Hokkaido, primary varix (nepionic constriction), b Gaudryceras tenuiliratum 
Yabe, 1903, Campanian, Abeshinai River, Nakagawa Town, north Hokkaido, view of outer pris-
matic layer from the outside. Aggregation in form of pseugohexagonal trillings is clearly vis-
ible. c Phyllopachyceras ezoense (Yokoyama 1890), Middle Campanian, Cretaceous, Osoushunai 
Rivulet, Nakagawa Town, Hokkaido, view of outer prismatic layer from the outside. Fuselar 
aggregation is visible
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the middle of the primary varix zone. The inner prismatic layer of the ammonitella 
terminates at the appearance of the nacreous layer. The border between the granular 
layer and the inner prismatic layer is indistinct and the structure of the prismatic 
layer itself is characterized in this zone by a slightly spherulitic distribution of the 
crystals with the center located at the interface with the granular layer. The lamellae 
of the nacreous layer form a characteristic arrangement, described for the first time 
by Kulicki (1974). The most external lamellae of the nacreous layer are relatively 
short and end on the inner surface beneath the outer prismatic layer on the posterior 
side of the shell while on the anterior side they reach the return section of the outer 
prismatic layer. The inner lamellae reach further backward and are generally longer. 
The plates of the nacreous layer of the primary varix are arranged in vertical stacks, 
similar in structure to those of the nacreous layer of the postembryonic shell. The 
vertical stacks in the nacreous layer of the primary varix have been illustrated by 
Birkelund and Hansen (1974); Drushchits et al. (1977); Drushchits and Doguzhaeva 
(1981), and Ohtsuka (1986).

8.2.4  Structure of the Initial Chamber Wall and Proseptum

The umbilical walls of the initial chamber in ammonitellae of Mesozoic and Pa-
leozoic ammonoids are relatively thick, being comparable in thickness to that of 
the first whorl wall. With respect to their structure, they are also alike; i.e. they are 
composed of the same three layers. Transverse cross sections through the first whorl 
of ammonitellae of Aconeceras (see Kulicki and Doguzhaeva 1994) and Quensted-
toceras (see Kulicki 1979; Bandel 1982, 1986) show that the most external compo-
nents of the umbilical wall of the initial chamber and of the lateral wall of the first 
whorl wedge out at the umbilical seam. Only the internal regular prismatic layer of 
the umbilical wall goes under the umbilical seam as the primary wall of the initial 
chamber (Fig. 8.4). In the apical part of the initial chamber of the ammonitella of 
Quenstedtoceras, the 3.0–3.5-µm-thick wall made of organic matter is penetrated 
through its entire thickness by needle-like aragonitic crystallites. In longitudinal 
cross section, this layer appears to reach the end of the flange.

In medial and paramedial cross sections through the ventral wall of the initial 
chamber, one or two prismatic layers are visible under the wall proper of the initial 
chamber (Fig. 8.5b; Kulicki 1979). Kulicki (1979) and Kulicki and Doguzhaeva 
(1994) claimed that the wall proper of the initial chamber continues as the middle 
granular or subprismatic layer of the first whorl. Birkelund (1967, 1981); Birkelund 
and Hansen (1968); Erben et al. (1969); Tanabe et al. (1980, 1993b), and Tanabe 
and Ohtsuka (1985) concluded that the wall of the initial chamber wedges out in the 
vicinity of the base of the proseptum. According to Bandel (1982, 1990), in median 
section, the inner prismatic layer of the initial chamber extends from the base of the 
proseptum and continues as the primary wall of the initial chamber, ending in the 
flange. These observations of Bandel are contradictory to those of Kulicki (1979) 
conducted on the same material, namely, Quenstedtoceras from Łuków.
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Opinions concerning the relationship between the proseptum and the shell wall 
are not consistent either. Some authors, such as Grandjean (1910); Miller and Un-
klesbay (1943); Arkell (1957); Birkelund and Hansen (1968); Erben et al. (1969); 
Kulicki (1975, 1979), Drushchits and Doguzhaeva (1981); Bandel (1982), and 
Landman and Bandel (1985) have considered the prismatic proseptum to be contin-
uous with the internal layers of the whorl and initial chamber of ammonitella while 
Hyatt (1872); House (1965); Erben (1962, 1966), Drushchits and Khiami (1970), 

Fig. 8.5  Tetragonites sp. Campanian, Cretaceous, Abeshinai River, Nakagawa Town, Hokkaido. 
a Outer prismatic layer showing acicular primary structure. b Outer prismatic layer with nacre like 
intercalation
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and Drushchits and Doguzhaeva (1981) have suggested that the relationship of the 
proseptum to the shell wall is the same as that of all other septa.

In the dorsal region, the proseptum has a very long prismatic mural part that 
covers a large area of the wall proper of the initial chamber. Bandel (1982, 1990) 
interpreted the mural part of the proseptum as continuing to the ammonitella ap-
erture; this is consistent with the occurrence of a dorsal wall in the ammonitella 
whorl. As shown in paramedial cross sections distant from the plane of bilateral 
symmetry, the ventral part of the proseptum continues as the inner prismatic layer of 
the first whorl (Birkelund and Hansen 1974, Fig. 2; Kulicki 1979, Fig. 10C). Most 
authors consider the proseptum to be a one-or two-layered structure made of arago-
nitic prisms oriented perpendicular to the outer surface. Only Landman and Bandel 
(1985, Fig. 33) illustrated the three-layered structure of the proseptum in Euhoplites 
sp., in which the irregularly prismatic proseptal layer is sandwiched between two 
layers of a more homogeneous prismatic material that originally may have been 
organic. These authors (1985, Fig. 21) also noted distinct wrinkles on the surface of 
the proseptum in Baculites sp.

8.2.5  Dorsal Wall of the Ammonitella

Birkelund (1967, 1981), Birkelund and Hansen (1968, 1974), and Erben et al. 
(1969) have denied the existence of a dorsal wall in the ammonitella. However, 
Kulicki (1979) has shown that the outermost layer overlying the wall proper of the 
initial chamber as seen in medial and paramedial cross sections is the dorsal wall 
of the first whorl. Its structure is subprismatic, and it is not separated from the wall 
proper of the initial chamber by a sharp boundary (Fig. 8.1a, 8.1b, 8.3a, 8.3b, 8.3c). 
The dorsal wall is reduced in thickness in the apertural region of the ammonitella 
and the distinct boundary between the dorsal wall and the ventral wall of the previ-
ous whorl appears with the advent of tuberculate sculpture.

In the terminal stage of the ammonitella in Quenstedtoceras there are two septa 
and a nacreous primary varix. Kulicki and Doguzhaeva (1994) have shown that in 
this developmental stage the outer surface of the initial chamber in the apertural 
region is covered by distinct structures resembling those of the wrinkle layer. Inside 
the living chamber these structures reach about 90° from the aperture. In longitu-
dinal cross section, these structures are triangular, with the gentle slope pointing 
adapically and the much steeper slope facing adaperturally. These triangular ele-
ments have a prismatic structure with the long axes of the prisms perpendicular to 
the overall surface of the wall of the ammonitella rather than to the surfaces of the 
gentle adapical slopes of the triangles.

Kulicki (1979) and Doguzhaeva and Mutvei (1986b) investigated the complex 
structure of the dorsal wall. Kulicki (1979) distinguished two components, outer 
and inner ones in the dorsal wall. The wrinkle-like layer of the ammonitella is the 
outer component. It was produced by the anterior part of the mantle and, later in 
ontogeny, was covered by more internal components that were produced by the 
posterior part of the body. Generally, the ammonitellae available for studies are in 
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the final calcification stage; i.e., they are the apical parts of large specimens. Thus, 
the dorsal wall at what had been the edge of the ammonitella has the thickness and 
structure characteristic of the posterior part of the living chamber. On the basis of 
such specimens, Kulicki (1979) stated that the dorsal wall of the ammonitella cov-
ers the outer surface of the wall proper of the initial chamber, that the dorsal wall 
has a subprismatic structure, and that the boundary between these two layers is not 
too distinct. The outermost component of the dorsal wall, i.e., a wrinkle-like layer 
of Paleozoic ammonitellae is present in the apertural region and it is characterized 
by a specific ornamentation described by Tanabe et al. (2010).

8.2.6  Ornamentation of the Ammonitella

The presence of a tuberculate micro-ornamentation in Mesozoic ammonitellae has 
been already documented in the early works of Brown (1892); Smith (1901), and 
Smith (1905) . More detailed investigations were possible due to use of SEM tech-
niques (Kulicki 1974, 1979; Bandel 1982; Bandel et al. 1982; Landman 1985, 1987, 
1988; Tanabe 1989; Tanabe et al. 2001; Tanabe et al. 2008, 2010). All investigated 
Mesozoic ammonitellae possess this characteristic tuberculate micro-ornamentation 
(De Baets et al. 2015), which is limited to the outer surface and is not observed on 
the initial chamber covered by the whorl of the ammonitella. However, there is wide 
variation in the density of tubercles, their size, and their distribution on the shell 
surface (Tanabe et al. 2010).

Bandel et al. (1982, p. 387) found that “some smaller tubercles appear to be 
emergent ends of single large prisms, but the larger ones show the complex spheru-
litic structure.” On the basis of cross sections through the walls of ammonitellae of 
Quenstedtoceras, Kulicki (1979) determined that tubercles are a continuation of the 
prisms of the outer prismatic layer and that they are not separated from the outer 
shell surface by any discontinuity (Fig. 8.2b, 8.3a, b, c).

Tanabe (1989, Fig. 5) presented the tubercles as separate elements on the surface 
of the outer prismatic layer or, as in the umbilical wall of Anapachydiscus, some-
times fused into a continuous layer, forming a smooth outer surface. On this basis, 
Tanabe (1989) formulated an endocochliate embryo model in which the tuberculate 
micro-ornamentation, or the layer corresponding to it, was formed by a fold of the 
mantle covering the outside of the ammonitella.

8.3  Postembryonic Stage

8.3.1  Products of the Anterior Mantle Edge

Ammonoids resemble Recent Nautilus and other Recent mollusks (e.g., bivalves, 
gastropods, and monoplacophorans), both in the products of secretion and in the 
morphology of the apertural edge of the shell. This similarity makes it possible to 
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argue that these groups are almost identical with respect to the processes of biocal-
cification taking place at the mantle edge. Biocalcification in Nautilus has been de-
scribed by Crick and Mann (1987) and Gregoire (1987) and is briefly summarized 
below. In Nautilus the epithelium of the mantle edge is typically folded. The outer 
fold is separated from the rest of the mantle by a periostracal groove, where the 
outermost layer of the mollusk shell, the periostracum, is secreted. The inner wall 
of the periostracal groove adheres strongly to the outer surface of the periostracum, 
thus protecting the space filled with extrapallial fluid from the external environ-
ment. In this way, all the products of secretion participating in the construction of 
the outer shell pass through the underlying epithelium before being exuded into the 
extrapallial fluid. The periostracum insures the isolation of the secretory environ-
ment and is, at the same time, a substrate for the nucleation of mineral components. 
The first zone lying immediately behind the periostracal groove is where the outer 
prismatic layer is produced, and the deposition of the nacreous layer is associated 
with another zone, located farther away. Production of CaCO3 is controlled by the 
disequilibrium of the extrapallial fluid as the CO2 content varies. The organic matrix 
accounts for the crystal orientation. The deposition of the inner prismatic layer is 
confined to the zone of the myoadhesive epithelium (Mutvei 1964).

The anterior mantle edge is responsible for the production of sculpture in am-
monoids. Some sculptural elements, e.g., ribs and nodes, are formed from both 
the outer prismatic and middle nacreous layers, so that convex shapes on the outer 
surface correspond to concave ones on the inner surface. Both layers generally 
retain the same thickness throughout the extent of the rib or node. In the poste-
rior part of the body chamber and in the phragmocone, where the inner prismatic 
layer is present, a certain smoothening out of the interior surface of the sculpture 
may occur. Occasionally, as in Hypophylloceras, sculptural elements are composed 
mostly of the outer prismatic layer so that the inner surface of the shell wall remains 
flat (Birkelund and Hansen 1974, 1975; Birkelund 1981). Protruding sculptural 
elements-spines or a sharp keel-may be totally cut off from the cavity of the body 
chamber by the inner prismatic layer; as a result, the space within such elements 
remains free (Hölder 1952a, 1952b; Erben 1972b). Numerous Paleozoic and Me-
sozoic ammonoids produce regularly spaced varices, which are thickenings of the 
nacreous layer. Such varices appear as constrictions on inner molds. Constrictions 
as outer sculptural elements may occur alone or can be accompanied by varices. 
Mature growth stages of micro- and macroconchs may show modifications related 
to the thickenings of the apertural edge; these thickenings are composed chiefly of 
the nacreous layer.

Periostracum This is the most external layer of the shell wall, which is made of an 
organic substance in the majority of mollusks. In the case of Yokoyamaoceras from 
Hokkaido, the periostracum is thick (5 μm), multilayered and made of stabilized 
ACC matrix (Fig. 8.6b) similar to the black film of Recent Nautilus (CK unpub-
lished data). Periostracum is produced in the periostracal groove of the mantle. 
In the ontogeny of ammonoids, the periostracal groove would have already been 
formed in the final stage of embryonic development. The periostracum in extant 
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Fig. 8.6  a Phyllopachyceras ezoense (Yokoyama 1890), Middle Campanian, Cretaceous, Osous-
hunai Rivulet, Nakagawa Town, Hokkaido. Longitudinal section through the ventral wall cov-
ered by distinct periostracum showing periodically free periostracal edges directed adapically. 
b Yokoyamaoceras jimboi Matsumoto 1955, Middle Campanian, Cretaceous, Abeshinai River, 
Nakagawa Town, Hokkaido. Thick multilayered periostracum composed with stabilized amor-
phous calcium carbonate. Abbreviations: ip, inner prismatic layer of the next whorl; n, nacreous 
layer; op, outer prismatic layer; p, periostracum; w, wrinkle layer
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mollusks may have a complex, multilayered structure as in, e.g., Mytilus edulis (see 
Dunachie 1963), be double-layered as in Nautilus macromphalus or very thick as 
on the lower half of the shell in N. scrobiculatus (see Ward 1987). In phylloceratids 
Phyllopachyceras and Hypophylloceras the periostracum does not form a continu-
ous layer (as in many other ammonoids) but displays periodic bending outwards 
of the outer layers with small collars inclined posteriorly ( Phyllopachyceras) or 
anteriorly ( Hypophylloceras) (Kulicki et al. 2001).

Outer Prismatic Layer The mantle zone directly behind the periostracal groove is 
responsible for formation of the outer prismatic layer. It is deposited directly on the 
inner surface of the periostracum. In all normally coiled ammonoids (Erben et al. 
1969; Kulicki 1979), this layer occurs in the ventral, lateral, and umbilical portions 
of the wall but wedges out at the umbilical seam. Earlier reports of the total lack of 
an outer prismatic layer in some normally coiled ammonoids (e.g., Bøggild 1930; 
Mutvei 1967; Birkelund and Hansen 1974) are based on incompletely preserved 
material (Erben et al. 1969; Birkelund and Hansen 1975). In heteromorphs in which 
a portion of the shell has no contact with the shell of earlier developmental stages, 
the outer prismatic layer occurs not only ventrally and laterally but also in the dorsal 
part (Doguzhaeva and Mikhailova 1982; Doguzhaeva and Mutvei 1989). In early 
postembryonic stages, the outer prismatic layer comprises a considerable percent-
age of the total thickness of the shell wall: over 75 % in Aconeceras, and about 
50 % in Quenstedtoceras. During later development, the thickness of the outer pris-
matic layer decreases considerably to only a small fraction of the total shell wall 
thickness. In the Cretaceous heteromorph Ptychoceras, the thickness of the outer 
prismatic layer is about 1 µm. From the microstructural point of view, the outer 
prismatic layer consists of regular prisms, each with needle-like crystallites 0.2–
0.5 µm in diameter; these are perpendicular to the outer shell surface (Fig. 8.5a). 
The relatively thick outer prismatic layer like the one in Tetragonites, indicates 
some irregularities in development of prisms, i.e. empty crystals or inclusions of 
nacre-like inserts (Fig. 8.5b).

The monolayered structure of the outer prismatic layer of ammonoids distin-
guishes this layer from the outer prismatic layer of the present-day Nautilus, which 
consists of two sublayers with different ultrastructure (Mutvei 1964). Namely, the 
outer sublayer has a grainy structure; each grain is made of crystallites that are mu-
tually parallel in arrangement or slightly spherulitic.

Nacreous Layer As in Nautilus, the nacreous layer of ammonoids was·produced in 
two secretory zones located in the shell wall and in the septa respectively. The first 
of these has a belt-like shape, encircling the inside of the aperture except for its dor-
sal part in the normally coiled ammonoids. The second zone of nacreous secretion 
is a large area at the posterior part of the body. Although the secretory product is the 
same in both zones, the relationship of the surface of secretion to the elements of 
the nacreous layer (lamellae) varies. Generally, the growth direction in the zone of 
septal secretion is perpendicular to the surface of the septum and to the interlamel-
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lar membranes. On the other hand, in the shell wall, the interlamellar membranes 
occur in very long sections parallel to the inner surface of the outer prismatic layer, 
and the growth zone cuts them diagonally (see Erben 1972a, Fig. 1). In fossil and 
modern gastropods and nautilids, as well as in Paleozoic ammonoids, the mineral 
component of the nacreous layer is characterized by a uniform orientation of the 
crystallographic axes (crystallographic texture) while in Mesozoic ammonoids the 
aragonite crystals display variable orientations of the crystallographic axes (Frýda 
et al. 2007, 2009).

According to these authors the molecular mechanism driving the origin and the 
development of gastropod and nautilus nacre are thus extremely old and remained 
unchanged for at least 220 million years. A quite different crystallographic texture 
of the nacre is known from each of the Mesozoic ammonoid suborders Ammonitina, 
Phylloceratina, and Lytoceratina. The presence of different nacre textural patterns 
in nautiloid and ammonoid lineages as well as the extreme stability of those patterns 
supports the conclusion that this patterns can be used as a tool to resolve cephalopod 
phylogenetic relationships (Frýda et al. 2007).

The basic structural elements of the nacreous layer are aragonitic hexago-
nal plates, which are arranged in sheets separated by interlamellar membranes 
(Fig. 8.7a). These plates are placed one on top of another, forming vertical stacks 
(Fig. 8.7c). Such a columnar arrangement of nacre is characteristic of ectocochliate 
cephalopods and of gastropods. The growth surfaces of columnar nacre described 
by Wise (1970) and Erben (1972a) show that the nuclei of newly formed plates are 
always deposited in the central part of subordinate plates and afterwards accreted. 
The lateral walls of neighboring hexagonal plates are separated from each other by 
intercrystalline membranes of conchiolin. According to Mutvei (1980), the hexago-
nal tablets of stack nacre are composed of a variable number of crystalline sectors, 
which are separated from one another by vertical radial organic membranes. These 
sectors represent contact and interpenetrant twins. The central portion of each tablet 
in the stack is occupied and connected vertically by a central organic accumulation 
(Mutvei 1980, 1983); these accumulations commonly occur in ammonoid nacre 
(Fig. 8.7b).

Ultrastructural studies of the conchiolin of the mollusk nacreous layer have been 
conducted by many authors, but only Gregoire (1966, 1980) included ammonoids in 
his investigations. Experimental studies on the conchiolin of the mollusk nacreous 
layer show that it is thermoresistant. Even after having been heated to 900°C for 
5 h, it is still biuret-positive (Gregoire 1966, 1968, 1972, 1980; Voss-Foucart and 
Gregoire 1971). During diagenesis, the chemical composition of mollusk conchio-
lin changes rapidly but afterwards can remain stable and unchanged over millions 
of years, even under metamorphic conditions (Voss-Foucart and Gregoire 1971; 
Weiner et al. 1979; Gregoire 1980). The mineral component of the hexagonal plates 
of nacre has been examined since the nineteenth century, but even present-day au-
thors offer differing opinions on its structure.

In addition to its presence in ectocochliate cephalopods, stack nacre is charac-
teristic of gastropods, monoplacophorans, and primitive bivalves such as Nucula 
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and Trigonacea (see Erben et al. 1968). Orientation of axes a and b, respectively, in 
different plates is parallel in cephalopods (Gregoire 1962; Wise 1970) but random 
in gastropods (Wise 1970). Studies of the nacre in gastropods by Erben (1974) 
concluded that the hexagonal plates represent compact crystals rather than poly-
crystalline aggregates, as suggested by Mutvei (1969, 1970, 1979). From a study 
of chromium-sulfate-treated shells, Erben (1974) also observed, apart from inter-
lamellar and intercrystalline membranes, intracrystalline organic elements such as 
diagonal sheets or vertical pillars. Mutvei (1969, 1970, 1979), on the other hand, 

Fig. 8.7  a, b Aconeceras trautscholdi (Sinzov 1870), Aptian, Cretaceous, vicinity of Simbirsk, 
Russia. c Bochianites neocomiensis (d’Orbigny 1840), Valanginian, Cretaceous, Wąwał, Poland. 
a, Tablets of the nacre with central organic accumulations and sectors of tablets. b, Interlamellar 
organic membranes and central organic accumulations of stack nacre. c, Stacks of the nacre visible 
in broken specimen
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interpreted these elements as acicular crystallites. Chromium sulfate preparation 
of the nacreous layer of Quenstedtoceras reveals detailed structural characters as 
seen in Nautilus (see Mutvei 1972a) and Haliotis (see Erben 1974, pl. 4, Fig. 1–5). 
The same Quenstedtoceras specimens prepared in H2O2 (the method used by Ku-
licki and Doguzhaeva 1994) display a great similarity in their nacre to that of mod-
ern Mytilus edulis treated with sodium hypochlorite solution and etched with 25 % 
glutaraldehyde solution for 2 days (Mutvei 1979). The lamellae of the nacreous 
layer of ammonoids are generally 0.25 µm thick in different parts of the shell, but 
are several times thicker in the transition zone to the outer prismatic layer. Dogu-
zhaeva and Mutvei (1989) described pores in the nacreous layer of the heteromorph 
Ptychoceras. They considered them to be an inherent characteristic of these am-
monoids. In the nacreous layer of the Early Cretaceous heteromorph Bochianites, 
similar pores are also observed, but it is difficult to dismiss the possibility that they 
were produced by boring organisms even though they display a “rowlike distribu-
tion” (Doguzhaeva and Mutvei 1989).

Inner Prismatic Layer This layer is situated on the inner surface of the nacreous 
layer at some distance from the apertural edge of the shell. In specimens in the final 
stages of ontogeny, the inner prismatic layer comes closer to the apertural zone 
(Doguzhaeva and Mutvei 1986b). This layer results from secretory activity of the 
myoadhesive epithelium (Mutvei 1964). Although the literature provides various 
data on the occurrence of the inner prismatic layer in the ontogeny of different 
ammonoids, in all ammonoids examined by us it starts to develop as far adapi-
cally as the second or third septum. In transverse cross sections of normally coiled 
ammonoids, the inner prismatic layer is the only shell layer that extends across the 
venter and dorsum; this is in contrast to the outer prismatic and nacreous layers, 
both of which wedge out at the umbilical seam and do not occur in some Phylloc-
eratina; on the dorsum, this layer is more than twice as thick as the whole ventral 
wall of the previous whorl (Birkelund and Hansen 1974, 1975; Birkelund 1981).

There is not always a close contact between the inner prismatic layer and the 
overlying layer. The general tendency is to smooth out all unevenness or hollows, 
e.g., as in the floored hollow spines of Kosmoceras (see Erben 1972b), or to smooth 
out the fine ribbing on the exterior of the previous whorl (Birkelund and Hansen 
1974, 1975: Howarth 1975). The inner prismatic layer generally consists of regu-
lar prisms with visible needle-like crystallites. In the heteromorph Ptychoceras it 
shows irregular nacre like inclusions (Fig. 8.8a, b). In the Triassic Phyllocladiscites, 
well-developed pores filled with crystalline matrix occur in the inner prismatic lay-
er (Doguzhaeva and Mutvei 1986b). These pores are not visible in cross sections of 
the wall but can be seen only on the surface.
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Fig. 8.8  Ptychoceras sp. Aptian, Cretaceous, Khocods Rivier, NW Caucasus. a Longitudinal sec-
tion through ventral wall. Outer prismatic layer extremely thin and inner prismatic very thick. 
b Magnification of a indicating inclusions of nacre between prisms. Abbreviations: ip, inner pris-
matic layer; n, nacreous layer; op, outer prismatic layer
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8.4  Modifications of the Shell Wall

8.4.1  Inner Shell Wall of the Dactylioceratidae

Howarth (1975) described the so-called inner shell wall in the Dactylioceratidae, 
a modification unknown in other groups of ammonoids. The main shell wall in 
representatives of the Dactylioceratidae consists of layers with a normal sequence: 
outer prismatic layer, nacreous layer, and inner prismatic layer. The inner shell wall 
consists of an outer prismatic layer and an inner nacreous layer. On the inside, the 
inner shell wall is covered by a septal prismatic layer.

The appearance of the inner shell wall coincides with the appearance of orna-
mentation. It is not closely attached to the inner surface of the main shell wall but 
smoothes out this wall from the inside, leaving empty spaces between it and the 
concave surfaces of ribs. The outer prismatic layer of the inner shell wall is not 
continuous—it is missing in some places. In ontogenetic development, the nacre-
ous layer of the inner shell wall first appears as an insert in the inner prismatic layer 
of the main shell wall. The nacreous layer of the inner shell wall does not differ in 
its microstructure from the nacreous layer of the main shell wall (Howarth 1975). 
Although the inner prismatic layer is not split by a nacreous layer in other groups of 
ammonoids, there is an analogy to the splitting of the inner prismatic layer by the 
conspicuous organic membranes in Nautilus (see Doguzhaeva and Mutvei 1986b).

8.4.2  Dorsal Wall

In heteromorphs, where the shell walls of adjacent “whorls” do not join, the dorsal 
wall of the “free whorls” usually has the same structure as do other shell parts. In 
normally coiled ammonoids, on the other hand, the microstructure of the dorsal 
wall changes, and the dorsal wall is a wall covering the previous whorl and later-
ally limited by the umbilical seams. According to Kulicki (1979), the dorsal wall of 
ammonoids generally consists of two components: the outer wrinkle layer and the 
inner prismatic layer. The latter may have a complex microstructure, as discussed 
in the previous section.

The term “Runzelschicht” (wrinkle layer) was introduced by Sandberger and 
Sandberger (1850) to denote a thin layer superimposed on the test of Devonian 
goniatites. This layer had been recognized earlier by Keyserling (1846). The de-
scriptions of these authors leave no doubt that the layer described is connected with 
the dorsal wall. Sandberger and Sandberger (1850) also used another expression, 
“Ritzstreifen,” to denote the markings preserved on internal molds of the inside of 
the lateral and ventral parts of the ammonoid whorl. Subsequent authors have used 
the term Runzelschicht for both categories of elements. The problem of the wrinkle 
layer in Paleozoic goniatites was discussed by House (1971), who insisted that the 
terms “Runzelschicht” and “Ritzstreifen” denote the same structure and suggested 
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that this structure be referred to as the dorsal or ventral wrinkle layer, respectively. 
According to House (1971), all Paleozoic ammonoids possessing such structures 
are smooth and ribless: the Anarcestoidea and Pharciceratoidea display both kinds 
of wrinkle layers while the Cheiloceratoidea only the dorsal one, and the Clyme-
niina has just a narrow belt on the dorsal side. Tozer (1972) verified and precisely 
defined the meaning of these expressions.

The wrinkle layer occurs on the dorsal side of normally coiled ammonoids in 
the vicinity of the aperture; in some instances, it has been observed beyond the 
aperture (Senior 1971; Tozer 1972; Tanabe et al. 2001). The secretory zone of this 
layer is connected with the mantle edge, and, therefore, it is comparable to the black 
film of Nautilus with which it shares a similar microornamentation. Ritzstreifen, as 
defined by Sandberger and Sandberger (1850), are situated at the back of the body 
chamber, and, therefore, the zone of their formation lies behind the secretory zone 
of the nacreous layer.

Kulicki (1979) described the development of the wrinkle layer in the body cham-
ber of Quenstedtoceras. A similar wrinkle layer and its developmental sequence 
have been presented in Triassic Proarcestes by Doguzhaeva and Mutvei (1986b). 
Walliser (1970) described the variability in ornamentation and occurrence of the 
Runzelschicht and Ritzstreifen without differentiating these two categories.

The main elements of the wrinkle layer of Quenstedtoceras are triangular in 
longitudinal cross section and are composed of prisms perpendicular to the surfaces 
of the steep adapertural sides of the triangles. Each triangle is filled with smaller 
prisms, arranged more chaotically as those known from perpendicular sections in 
Damesites and Tetragonites (Fig. 8.9). In addition to the prisms, the triangular ele-
ments contain abundant organic matter. Nassichuk (1967) assumed that the wrinkle 
layer of Clistoceras may have been organic. Zakharov and Grabovskaya (1984), 
however, assigned the wrinkle layer in Zelandites japonicus to the nacreous layer, 
but this feature is not clearly shown in their Figure (Zakharov and Grabovskaya 
1984, Fig. 3). Bayer (1974) described the wrinkle layer of Mesozoic ammonoids as 
occurring only on the dorsal side. He argued that the wrinkle layer did not consti-
tute a separate layer but was merely part of the inner prismatic layer. Kulicki et al. 
(2001) described the dorsal shell wall in many genera of Goniatitida, Ammonitida, 
Phylloceratida, and Lytoceratida. Apart from the external component of the dorsal 
wall expressed as wrinkle layer, there are also other forms of the external compo-
nent as e.g., in Aconeceras illustrated herein (Fig. 8.10).

8.4.3  Umbilical Plugs and Encrusting Layers

Umbilical plugs comparable to those in Nautilus pompilius are observed in some 
Paleozoic and Triassic ammonoids, especially in strongly involute forms such as 
Clistoceras (see Nassichuk 1967), Nathorstites (see Tozer 1972), and a number of 
Triassic ammonoids and nautilids (Klug et al. 2004). In the present-day Nautilus 
pompilius, the surface of the umbilicus is partly covered by a black film on which 
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Fig. 8.9  a, b, Tetragonites glabrus (Jimbo 1894), Early Campanian, Cretaceous, Abeshinai River, 
Nakagawa Town, Hokkaido. c, Damesites sugata Forbes, 1846. Coniacian, Cretaceous Nakafu-
tamata Rivulet, Haboro area northwestern Hokkaido. a, Longitudinal section through the ventral 
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wall covered by triangular elements of the dorsal wall of the next whorl. b, Triangular element of 
the same specimen as a. c, Longitudinal section through the ventral wall covered by dorsal one, 
consisting of three constituents: triangular elements, middle prismatic layer and mural part of the 
septum. Abbreviations: cr, ventral wall of the connecting ring; ip, inner prismatic layer; ipdw, 
inner prismatic layer of the dorsal wall of the next whorl; n, nacreous layer; op, outer prismatic 
layer; w, wrinkle

Fig. 8.10  Aconeceras trautscholdi (Sinzov 1870), Aptian, Cretaceous, vicinity of Simbirsk, Rus-
sia. a, Longitudinal section through ventral wall covered by dorsal one of the next whorl. b, View 
on exfoliated dorsal wall from the basal part
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the material of the umbilical plug lies. This umbilical callus consists of spherulitic 
prismatic deposits and elements of the nacreous layer (Gregoire 1966; CK, unpub-
lished observations). In adult shells the umbilical plug does not fill the whole umbil-
ical space but only the outer part. Nassichuk (1967) called the formations described 
in Clistoceras as “helicolateral deposits” but did not confirm their homology to the 
umbilical plugs in Nathorstites and Nautilus pompilius. Tozer (1972), in contrast, 
confirmed the close homology between the helicolateral deposits of Clistoceras and 
the umbilical plugs of Nathorstites and N. pompilius. There is no detailed descrip-
tion of the structure of the above mentioned deposits apart from the statement by 
Tozer (1972) that, in the formation of the umbilical callus in Nathorstites, a second-
ary nacreous material is included. Bogoslovsky (1969) illustrated specimens of Pro-
lobites in which the umbilicus is covered by a calcium carbonate wall. Drushchits 
et al. (1978) described multilayered structures encrusting the umbilical surface in 
the Late Cretaceous lytoceratid Gaudryceras. These structures do not cover the en-
tire shell surface in that some spaces are left out, especially at the umbilical seams. 
Starting from the third whorl, the encrusting layer separates the ventral wall of the 
third whorl from the inner prismatic layer of the fourth whorl. Birkelund (1981) 
confirmed the occurrence of such encrusting layers in specimens of Gaudryceras 
from Japan. The thickness of the encrusting layers may be several times thicker 
than that of the shell wall itself. Our reinvestigation of well-preserved material from 
Hokkaido suggests that the coating layers of Gaudryceras are homologous to the 
black film of Nautilus, being very similar both in color and the elemental composi-
tion (Fig. 8.11). There are significant amounts of Ca and variable amounts of C in 
these structural elements which may indicate that the primary material has been 
formed from more or less stabilized ACC (amorphous calcium carbonate). In case 
of Gaudryceras illustrated herein (Fig. 8.11b) some crystallization could occur as a 
result of diagenesis.

8.4.4  Septa

According to the commonly accepted view, the first two septa are called prosepta 
(Fig. 8.12). They were supposed to differ from all other septa in their relationship 
to the wall of the outer shell (Grandjean 1910; Böhmers 1936; Voorthuysen 1940; 
Miller and Unklesbay 1943; Miller et al. 1957; Arkell 1957; Drushchits and Dogu-
zhaeva 1974; Tanabe et al. 1980). Miller and Unklesbay (1943) pointed out that 
prosepta are adaperturally concave in medial cross section, whereas all remaining 
septa are convex toward the aperture.

On the basis of SEM observations, Erben et al. (1969) confirmed the distinct mi-
crostructural character of prosepta in relation to all other septa. They also observed 
that the second septum (primary septum, “Primarseptum”), like all subsequent sep-
ta, is separated from the shell wall by a conchiolin layer.

A nacreous layer in the second septum has been identified by Birkelund and 
Hansen (1974); Kulicki (1979); Bandel (1982); Landman and Bandel (1985), and 
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Landman (1987). Erben et al. (1969), using strictly medial cross sections, may not 
have recorded the occurrence of a nacreous layer in the structure of the second 
septum. The main component in the construction of septa, with the exception of 
the proseptum, is the nacreous layer. Sporadically, the adapertural surface and, less 
commonly, the adapical one may be covered by a prismatic layer and, more rarely, 

Fig. 8.11  Gaudryceras tenuiliratum Yabe, 1903, Campanian, Cretaceous, Abeshinai River, Nak-
agawa Town, north Hokkaido. a, Coating layers covering seam between two whorls. b, Broken 
view of several coating layers
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a spherulitic prismatic one (Birkelund and Hansen 1974; Howarth 1975; Kulicki 
1979; Kulicki and Mutvei 1982). The connection between the septum and septal 
neck on the adapertural surface in Quenstedtoceras illustrates the prismatic layer 
passing collaterally and continuously into the lamellae of the nacreous layer (Ku-
licki and Mutvei 1982, text-Fig. 3, Pl. 5, Fig. 1). At the connection points of the 
septa and the shell wall a distinct boundary separating the two is visible. Lamellae 
of the nacreous layer bend strongly adaperturally and pass continuously into the 
prismatic layer, the so-called septal prismatic layer of Howarth (1975), which may 
be developed to different degrees.

8.4.5  Septal Neck-Siphuncular Complex

The expression “siphuncular complex,” introduced by Tanabe et al. (1993a), in-
cludes the following elements: cecum and prosiphon, siphuncular tube ( = connect-
ing ring), siphuncular membranes, auxiliary deposit ( = auxiliary anterior deposit), 
cuff ( = auxiliary posterior deposit), and angular deposit.

Cecum and Siphuncular Tube The cecum (caecum) is the spherical ending of 
the siphuncular tube in the initial chamber. Originally composed of organic con-
chiolin, the cecum generally is phosphatized in the fossil state. The problem of 
preservation of the cecum applies equally well to the other organic elements of 
the siphuncular complex, i.e., the siphuncular tube and the siphuncular mem-
branes. The main mineral in these elements is francolite (Andalib 1972; Hewitt 
and Westermann 1983). The siphuncular tube is very rarely calcified (Joly 1976; 
Kulicki et al. 2007; Tanabe et al. 2005). Nautiloids of the same age have non-
phosphatized siphuncular tubes (Fukuda in Obata et al. 1980; CK, unpublished 
observations). Hewitt and Westermann (1983) presented a tentative interpreta-
tion of the ammonoid siphuncular tube as having been originally chitinous, but 
stiffened internally with phosphate crystals.

In its anterior part, the cecum in Mesozoic forms, e.g., Kosmoceras and Quen-
stedtoceras, is connected directly or by a calcareous deposit to the achoanitic pro-
septum (Kulicki 1979). In Tornoceras the relationship between the proseptum and 
the cecum was illustrated by House (1965, Fig. 2) and also by Bogoslovsky (1971, 
Fig. 6), and, although these two authors interpreted the described elements quite dif-
ferently, they both indicated a retrochoanitic septal neck in the proseptum. Thus, it 
can be expected that the relationship between the conchiolin wall of the cecum and 
the proseptum is the same as that between the siphuncular tube and the retrochoa-
nitic septal neck in Nautilus. The outer part of the cecum in many genera is covered 
by a calcareous deposit (Drushchits and Doguzhaeva 1974, 1981; Drushchits et al. 
1983; Tanabe et al. 1979, 1980).

The cecum is connected to the inner surface of the initial chamber by means 
of the so-called prosiphon, which is an organic structure of complex construction. 
Prosiphons, even in the same species, may display considerable morphological 
variability. Apart from tube-like elements, which vary as to the degree of flatten-
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ing and bending, there is another very variable element: membranes that join the 
tubular elements to the inner surface of the initial chamber (Kulicki 1979; Bandel 
1982; Ohtsuka 1986; and citations above). The cecum in cross section may show a 
multilayered concentric structure (Ohtsuka 1986 and Fig. 8.12 herein). The cecum 
and prosiphon commonly exhibit wrinkles or tension lines, proving their former 
elasticity.

The siphuncular tube in ammonoids, as opposed to that in Nautilus, is con-
structed exclusively of organic matter, i.e., multilayered concentric membranes 
of conchiolin (Fig. 8.13a, c, d), each of which consists of lace-like, tuberculate 
microfibrils 1–2 µm in diameter with elongate pores (Obata et al. 1980; Gre-
goire 1984).

In the retrochoanitic condition, comparable to that in present-day Nautilus, the 
adapertural end of each segment of the siphuncular tube is a continuation of the 
organic membranes of the nacreous layer of the septal neck. The adapical end of 
each segment of the siphuncular tube terminates in an auxiliary deposit attached to 
the inner surface of the previous septal neck. In the prochoanitic condition, the only 
difference is the relationship between the siphuncular tube and the septal neck at the 
adapertural end of the tube segment. In this case, the organic segment of the siphun-
cular tube is connected with the cuff and not with the distal part of the septal neck.

According to Mutvei (1972a), in present-day Nautilus there are no organic lay-
ers connecting the adjacent segments of the siphuncular tube. Therefore, Gregoire’s 
(1987, Fig. 12) schematic drawing, in which the auxiliary ridge is connected to both 
the adapertural and adapical segments of the siphuncular tube is misleading. Am-
monoids in the retrochoanitic condition do not exhibit such connections either while 
they were reported from the ammonoids with the prochoanitic condition (Kulicki 
and Mutvei 1982) as being present between adjacent segments of the siphuncular 

Fig. 8.12  Damesites sugata Forbes, 1846. Coniacian, Cretaceous, Nakafutamata Rivulet, Haboro 
area northwestern Hokkaido, Prosepta: prismatic proseptum and nacreous primary septum. Abbre-
viations: cae, caecum; f, flange; p, proseptum; s, first nacroseptun
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tube via the basal lamella of the cuff. This phenomenon is easy to explain because 
the siphuncular tube protruding into the body chamber was longer than the distance 
between septa. In this case, after the soft body moved forward into a position ap-
propriate to form a new septum, the basal lamella undergoing calcification became 
connected to both the adapical and adapertural segments of the siphuncular tube, 
which was already partially secreted. An additional connection of the outer layer 
of the siphuncular tube to the adapertural tip of the prochoanitic septal neck has 
also been reported by Kulicki and Mutvei (1982). According to Kulicki (1979), 
the siphuncular tube in the prochoanitic condition may have been secreted both 
from the inside, by the epithelium of the siphuncular cord, and from the outside, 
by the epithelium of the circumsiphonal invagination. The outermost layer of the 

Fig. 8.13  a, c, d, Damesites sugata Forbes, 1846. Coniacian, Cretaceous, Nakafutamata Rivulet, 
Haboro area northwestern Hokkaido. b, Aconeceras trautscholdi (Sinzov 1870), Aptian, Creta-
ceous, vicinity of Simbirsk, Russia. a, c, Phosphatized siphuncular tube showing multilayered 
structure of the siphuncular wall. b, Cross section through partly phosphatized and partly calcified 
wall of the siphuncular tube. d, The outermost siphuncular layer passing in to siphuncular mem-
brane. Abbreviations: cr, connecting ring; di, delaminated inner layer of the connecting ring; lcr, 
lumen of the connecting ring; sm, siphuncular membrane
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tube segment would have been secreted by the epithelium of the circumsiphonal 
invagination.

Birkelund and Hansen (1974) have described a double-layered siphuncular tube 
in a specimen of the Maastrichtian ammonoid Saghalinites wrighti. The inner, ini-
tially organic layer of this siphuncular tube displays a fibrous structure, whereas the 
outer layer is composed of calcium carbonate with a prismatic structure. The state 
of preservation of the specimen prevented these authors from determining whether 
the mineral of the outer layer was calcite or aragonite. But the fact that the strontium 
content of this layer differed from that in the surrounding rock was, in their opinion, 
a confirmation of the primary nature of this calcium carbonate layer and, hence, 
evidence of a similarity between the siphuncular structure in ammonoids and that 
in present-day Nautilus.

Septal Necks Siphuncular deposits in the Ammonitina are best known in Quenst-
edtoceras (see Kulicki 1979; Kulicki and Mutvei 1982) and Gaudryceras (Tanabe 
et al. 1993a; Tanabe and Landman 1996, 2010). Generally, the inner surface of the 
septal neck is covered by a cuff, which is the adapertural termination of the siphun-
cular tube segment. An auxiliary deposit, which is the adapical termination of the 
next segment of the siphuncular tube, frequently covers the cuff from the inside. 
In middle and late ontogenetic stages of Quenstedtoceras the outermost part of the 
cuff, called the basal lamella, is distinguished as a separate element. It remains in 
direct contact with the nacreous layer of the septal neck. Kulicki and Mutvei (1982) 
distinguished it because of the difference in its microstructure with respect to the 
rest of the septal neck and because it is connected to the wall of the siphuncular tube 
both adaperturally and adapically. They have also distinguished the basal lamella 
in the auxiliary deposit, which is connected at its distal end to the wall of the sip-
huncular tube.

The cuff and auxiliary deposit are identical in microstructure. They both show 
fine lamellae (about 1 µm thick) and a spherulitic-prismatic system of mineral com-
ponents similar to the modified nacreous layer in the septal neck of Nautilus (see 
Kulicki and Mutvei 1982). The basal lamellae have a stronger spherulitic-prismatic 
calcification than the rest of the deposit, and, thus, the lamellar structure is less vis-
ible there (Kulicki and Mutvei 1982). These studies did not confirm the interpreta-
tion of Bandel and Boletzky (1979) and Bandel (1981, 1982) that the siphuncular 
deposits in the Ammonitina were originally porous.

In a newly formed septum, one commonly can observe that the basal lamella of 
the cuff is not in contact with the inner surface of the proximal part of the septal 
neck and that there is an empty space between these two elements (H. Mutvei and 
C. Kulicki, unpublished data). In more adapical septa, this space is filled by sparry 
calcareous material and forms so-called “angular deposit” (Kulicki 1979). Angular 
deposits are formed as a result of inorganic calcification; they are almost always 
present between the cuff and the adapical part of the prochoanitic septal neck, with 
the exception of the last septum. This suggests rapid formation of angular deposits 
during the lifetime of the animal (Kulicki 1979).
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Intermediate Condition Septal necks characteristic of this condition represent an 
intermediate form between typical retro-and prochoanitic necks. Such necks have 
been described by Doguzhaeva (1973), Doguzhaeva and Mutvei (1986a), Drushchits 
and Doguzhaeva (1974), Kulicki (1979), Kulicki (1994), Tanabe et al. (1993a), and 
Tanabe and Landman (1996).

During the transition from retrochoanitic septal necks to fully prochoanitic 
necks, the secretion of the siphuncular tube became more independent of the se-
cretion of the septum and septal neck than in the retrochoanitic condition. In the 
retrochoanitic condition, the siphuncular tube, septal neck, and septum must have 
been secreted simultaneously. In the prochoanitic condition, secretion of the siphun-
cular tube was independent of the formation of the septum. According to Kulicki 
and Mutvei (1982), the organic layers of siphuncular tube are formed prior to the 
appearance of the septum and siphuncular neck.

8.4.6  Intracameral Membranes

The inner surface of chamber walls and the adapical and adoral surfaces of septa 
are covered with phosphatized membranes that were originally organic. These are 
called, in general, intracameral, conchiolin, or cameral membranes. Those that re-
main in contact with the siphuncular tube are specifically known as siphuncular 
membranes. Siphuncular membranes have been described by Grandjean (1910); 
Schulga-Nesterenko (1926); Erben and Reid (1971); Westermann (1971); Bayer 
(1975); Kulicki (1979); Bandel and Boletzky (1979); Bandel (1981, 1982); Tanabe 
et al. (1982); Weitschat (1986); Weitschat and Bandel (1991), and Landman et al. 
(2006).

The ultrastructure of intracameral membranes was described by Tanabe et al. 
(1982) and Gregoire (1984). According to these authors, these membranes are com-
posed of thin (0.015–0.15 µm) fibers that lack a distinct orientation. These mem-
branes are comparable to the pellicle (“brown membrane”) in Nautilus and Spirula. 
However, they differ considerably in having finer fibers that have no preferred ori-
entation.

Siphuncular membranes display great variability among different ammonoid 
groups. Although Permian and Triassic genera seem to have especially well-devel-
oped and numerous siphuncular membranes (Schulga-Nesterenko 1926; Weitschat 
and Bandel 1991), they are less numerous and not-so-well-developed in Jurassic 
and Cretaceous forms. These membranes connect the siphuncular tube to both the 
adapical and adapertural surfaces of the septa. They may also form connections to 
the ventral or ventrolateral shell wall. Especially complex systems of siphuncular 
membranes have been described by Weitschat and Bandel (1991) in the Triassic 
genera Anagymnotoceras and Czekanowskites.

Horizontal membranes, as noted by Weitschat and Bandel (1991), represent a 
case of extremely well-developed siphuncular membranes. These horizontal mem-
branes divide the phragmocone chamber into two main compartments of nearly 
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equal size, a ventral and a dorsal compartment. These membranes are connected to 
the siphuncular tube, to the septa at their mid-height, and to the inner surface of the 
outer shell wall flanks. These membranes are commonly perforated. There is an-
other kind of intracameral membrane known as a transverse membrane (Weitschat 
and Bandel 1991). These membranes are not always connected to the siphuncle 
but generally separate the chamber into compartments. Transverse membranes also 
display perforations.

Zaborski (1986) and Hewitt et al. (1991) have described membranous struc-
tures, so-called “pseudosepta”, in vascoceratids from Nigeria. Pseudosutures, i.e., 
the lines of attachment of pseudosepta to the shell walls, have been reported from 
Mesozoic ammonoids (John 1909; Hölder 1954; Vogel 1959; Schindewolf 1968; 
Bayer 1977) as well as from Paleozoic goniatites (Landman et al. 1993; Tanabe 
et al. 1998) and prolecanitids (Landman et al. 2006).

There are two interpretations for the formation of intracameral membranes. The 
first, accepted by the majority of researchers, posits that organic membranes are 
secreted in close contact with the mantle surface, like the periostracum or other 
mineral-organic layers of the shell, e.g., the nacreous layer. Weitschat and Ban-
del (1991) have critically assessed this point of view and they proposed an alter-
native interpretation which agrees with the former one that the organic matter of 
the intracameral membranes is secreted by the mantle surface but the membranes 
themselves are produced by dehydration of a jelly-like cameral fluid (Bandel and 
Boletzky 1979; Hewitt et al. 1991; Westermann 1992).

Functionally, hydrophilic intracameral membranes could have served either as 
pathways for transport of cameral fluid or as structures helping to maintain the fluid 
within certain reservoirs and preventing any overflow. This may have made it pos-
sible to keep cameral and circumsiphonal fluids in a state of decoupling, which may 
have been beneficial from the physiological point of view (Mutvei 1967; Kulicki 
1979; Kulicki and Mutvei 1988; Ward 1987; Weitschat and Bandel 1991). For fur-
ther discussion of intracameral membranes, see Polizzotto et al. (2015).

8.5  Conclusions

The major limitation to micro-and ultrastructural studies of ammonoids is diagen-
esis, i.e., the state of preservation of the specimens used. This explains why Jurassic 
and Cretaceous ammonoids are among the best studied, while the data on Paleozoic 
and Triassic forms are generally rare. It is only under exceptionally favorable con-
ditions of preservation, such as those in the Buckhorn asphalts of Pennsylvanian 
age, that the study of the ultrastructure of orthoconic cephalopods was possible, 
revealing a great similarity between these forms and present-day Nautilus (see Mut-
vei 1972b). At the ultrastructural level, the three main layers of the postembryonic 
shell of ammonoids do not differ significantly from those known from the shell of 
present-day Nautilus. The same is also true for the septa. However, a clearly distinc-
tive element is the ammonitella, which is now the focus of attention of many am-
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monitologists. The new model of calcification of the ammonitellae, based on well-
preserved specimens of Aconeceras (see Kulicki and Doguzhaeva 1994, Tanabe 
et al. 2008, 2010) and the importance of more or less stabilized ACC (amorphous 
calcium carbonate) as well as the remotely controlled development of the tubercles, 
requires further investigations. Knowledge of the ultrastructure of both the mineral 
and organic components in ammonoids is meager compared with what is known 
about Recent mollusks. Some results obtained in the course of ultrastructural stud-
ies by Gregoire (1984) and Obata et al. (1980) seem to show that such research is 
feasible.
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9.1  Introduction

Individual organisms within extant species, including cephalopods (Boyle and 
Boletzky 1996), vary morphologically (size, shape, colour), physiologically, behav-
iorally, and demographically (Wagner 2000). This was no different for ammonoids, 
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which are well-known for intraspecific variation in conch shape, ornamentation, 
ontogeny, size, as well as the morphology of the suture line (e.g., Westermann 1966; 
Kennedy and Cobban 1976; Tintant 1980; Dagys and Weitschat 1993a, b; Kak-
abadze 2004; Bersac and Bert 2012a, b; De Baets et al. 2013a; Bert 2013). Some 
specimens of a species were large, others were smaller at maturity; some specimens 
of a species were more involutely coiled and less densely ribbed, while others were 
more loosely coiled and more coarsely ribbed. Intraspecific variation also occurs 
in the shape or position of the suture line (e.g., Yacobucci and Manship 2011) or 
in dextral or sinistral coiling of the conch (e.g., Matsunaga et al. 2008) as seen in 
extant gastropods. Ammonoids might also have differed intraspecifically in colour 
patterns (e.g., Mapes and Sneck 1987; Bardhan et al. 1993; see also Mapes and 
Larson 2015), buccal mass (Davis et al. 1996; Keupp 2000; Keupp and Mitta 2013; 
compare Kruta et al. 2015) or other characteristics which are rarely or not preserved 
at all such as soft-tissues (Klug et al. 2012) or other peculiar structures (Landman 
et al. 2012). We will herein focus on intraspecific variation in shell shape, ornamen-
tation and size, as well as spacing and shape of the septa (suture lines), for which 
more data are available.

Mollusks in general and ammonoids in particular are known to display a some-
times profound morphological intraspecific variability of their shell. Although this 
phenomenon is of greatest importance, it has rarely been investigated and quantified 
in large samples adequately. Studies of intraspecific variability in ammonoids have 
focused on coiled Mesozoic ammonoids, while Mesozoic heteromorphs (Kakabadze 
2004; Bert 2013) and Paleozoic ammonoids (Kaplan 1999; Korn and Klug 2007; 
De Baets et al. 2013a) have been comparatively less investigated. Not properly tak-
ing intraspecific variability into account mostly leads to taxonomic oversplitting 
(or lumping) and thus not only significantly biases taxonomy and diversity counts, 
but also biostratigraphic, evolutionary and paleobiogeographic studies (e.g., Ken-
nedy and Cobban 1976; Tintant 1980; Dzik 1985, 1990a; Hughes and Labandeira 
1995; Nardin et al. 2005; Korn and Klug 2007; De Baets et al. 2013a, b; Bert 2013; 
compare Sect. 9.5), particularly if the authors have very different principles when 
defining species between certain timeframes or regions. Geographic variation might 
also lead to specimens of a single biological species being erroneously assigned to 
different morphospecies based on differences in shell morphology, ornamentation 
and/or size (e.g., Kennedy and Cobban 1976; Courville and Thierry 1993).

More importantly, heritable (genetic) variation is believed to be the raw mate-
rial for evolution and natural selection (e.g., essays by Charles Darwin and Arthur 
Wallace compiled in De Beer 1958; Mayr 1963; Hallgrimmson and Hall 2005; Hunt 
2007). This makes the mode and range of intraspecific differences interesting with 
respect to their genetic heritability. They are of ecological and evolutionary interest 
in terms of the environmental influences that shape them, both non-genetically in 
the present and genetically over an evolutionary time scale (Wagner 2000). It is, 
however, hard to separate heritable phenotypic variation from variation resulting 
from a plastic response to the environment (Urdy et al. 2010a), especially in extinct 
groups. For instance, a large part of the intraspecific variability in shelled mollusks 
could be caused by differences in growth rates (Urdy et al. 2010a) and development 
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(Courville and Crônier 2003, 2005). This could also explain certain recurrent pat-
terns in intraspecific variation in the shells of ammonoids and other mollusks with 
coiled shells (e.g., Dommergues et al. 1989; Urdy et al. 2010b, 2013; Urdy 2015). 
Extant cephalopods can comprise a high intraspecific variability, particularly in 
their variable size-at-age, which can be related to intrinsic as well as extrinsic (en-
vironmental) factors (Boyle and Boletzky 1996; compare De Baets et al. 2015a; 
Keupp and Hoffmann 2015 for pathologies affecting growth).

The main goal of this chapter is to review the main types of intraspecific varia-
tion reported in shell shape, ornamentation, suture line and adult size within and 
between ammonoid populations and how they might have been shaped by develop-
ment and the environment. Additionally, we briefly review the main methods that 
can be used to quantitatively study intraspecific variation. For this purpose, we 
focus on studies that have specifically dealt with intraspecific variation as well as 
more general studies that have discussed particular patterns of intraspecific varia-
tion, including case studies from the literature and our own studies ranging from 
Devonian to Cretaceous ammonoids. Before doing this, we will set up the main 
terminology used to study intraspecific variation and possible sources of variation 
between and within fossil populations, including those not related to intraspecific 
variation, which might bias the results of studies on intraspecific variation in fossil 
samples.

9.2  Definitions

Here, we define some commonly used terms related to variation within and between 
populations of the same species, which are ubiquitous in extant species. This is gen-
erally referred to as intraspecific or phenotypic variation, sometimes as “Individual 
variability” (Darwin 1859) or occasionally somewhat confusingly as phenotypic 
“polymorphism” (e.g., Fusco and Minelli 2010; see below for a stricter definition of 
polymorphism). Phenotypic variation results from both genetic and environmental 
factors. Traditionally, evolution is assumed to consist of (genetic) changes in popu-
lations over time (Tintant 1980), making it the central goal of biology to understand 
the complex interactions that mediate the translation from genotype (the genetic 
make-up or precise genetic constitution of an organism: Lawrence 2000) to pheno-
type (the visible or otherwise measurable physical and biochemical characteristics 
of an organism, resulting from the interaction of the genotype and the environment: 
Lawrence 2000). Phenotypic variability is closely related to phenotypic variation 
and is defined as the potential or tendency of an organism (e.g., a species) to vary 
(Wagner and Altenberg 1996). This means that variation can be documented as a se-
ries of static observations within a sample—each observation representing a single 
instance of the many phenotypic expressions resulting from interactions of genetic 
and environmental factors—while variability can be seen as a more abstract view 
of the range or distribution of potential variation, which comprises all possible out-
comes, realized or not (Willmore et al. 2007). Note, that analyzing variation in fossil 
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samples or “populations” is even more complex than in extant populations, because 
differences between specimens can relate to other factors than intraspecific varia-
tion (Tintant 1980; discussed in Sect. 9.3).

Intraspecific variation in certain characters of a species can be continuous (e.g., 
following a unimodal Gaussian distribution) and/or discontinuous such as polymor-
phism. Polymorphism is traditionally defined as the occurrence together in the same 
habitat of two or more distinct forms of a species in such proportions that the rarest 
of them cannot be maintained merely by recurrent mutation (Ford 1955, 1965). Ac-
cording to the definition of Ford (1940, 1945, 1955, 1965), this excludes geographic 
and seasonal forms as well as continuous variation falling within a curve of normal 
distribution. Mayr (1963) introduced the term polyphenism to distinguish environ-
mentally induced phenotypic variation (“the occurrence of several phenotypes in a 
population, the differences between which are not the result of genetic differences”; 
Mayr 1963, p. 670) from genetically controlled phenotypic variation or genetic 
polymorphism. Although Mayr (1963) specifically included both continuous and 
discontinuous variation, the term polyphenism is often restricted to refer to two 
or more distinct phenotypes produced by the same genotype (e.g., Simpson et al. 
2011), which would make polyphenism a particular case of phenotypic plasticity 
(West-Eberhard 2003). The term polyphenism has occasionally also been used for 
ammonoids (e.g., Reyment 2003, 2004), sometimes interchangeably with polymor-
phism (Parent 1998; Parent et al. 2008). The switch between forms is believed to be 
environmental in polyphenism (e.g., Fusco and Minelli 2010), while the switch is 
believed to be “almost always” genetic in (genetic) polymorphism (Ford 1966; this 
should not be confused with the use of the same terminology by molecular biolo-
gists for certain point mutations in the genotype, which do not necessarily corre-
late with recognizable phenotypic effects: Fusco and Minelli 2010). In ammonoids, 
polymorphism has been traditionally used to refer to two or more discrete coexist-
ing forms within the same fossil population (Tintant 1980; Davis et al. 1996 and 
references therein; Klug et al. 2015), although others have used it more generally 
to include also continuous variation (e.g., Beznosov and Mitta 1995). We suggest 
using the term polymorphism only to refer to discontinuous variation in ammonoids 
to avoid confusion and to be in line with its most common use. We will therefore use 
polymorphism here to refer to discontinuous intraspecies variation without inter-
preting a potential genetic or environmental switch between these forms or variants, 
although in some cases (like sexual dimorphism) a genetic mechanism is obvious 
(at least in cephalopods).

Polymorphism or polyphenism should not be confused with polytypism. The 
latter term refers to the presence of geographically or ecologically isolated popula-
tions within a species, which differ morphologically (Tintant 1980). It is not un-
common that the mode and range of intraspecific variation varies between different 
samples or populations depending on the environment (ecophenotypic variation) or 
region (geographic variation). Phenotypic variation that is attributable to environ-
mental variation is referred to as ecophenotypic variation (Foote and Miller 2007). 
The tendency of a single genotype to produce different phenotypes depending on 
environment gradients is known as phenotypic plasticity (Lawrence 2000). West-
Eberhard (1989) defined it differently as the ability of a single genotype to produce 
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more than one alternative form of morphology, physiological state, and/or behavior 
in response to environmental conditions; both definitions are hard to verify in the 
fossil record. All these types of variation might also have occurred in ammonoids, 
but their study is hampered by the difference between biological populations and 
fossil populations, which are affected by various taphonomic and collection biases, 
as well as various other factors, discussed in more detail in the Sect. 9.3.

9.3  Sources of Variation within and between Fossil 
Populations

Measurements of individuals of the same species within and between fossil popula-
tions (separated in time and/or space) can show variations that can not only be as-
sociated with intraspecific or phenotypic variation (which includes ecophenotypic 
variation and geographic variation), but also with ontogenetic variation, phyloge-
netic variation, taphonomic biases (including post-mortem transport and distortion, 
time-averaging and differences in preservation), taxonomic uncertainty, and simple 
measurement errors, particularly in the case of small size (compare Tintant 1980; 
Stephen and Stanton 2002; Foote and Miller 2007; Bert 2013; De Baets et al. 2012, 
2013a, 2015b).

Individual organisms of the same species can vary in their phenotype, result-
ing from the interaction of its genotype and the environment. More precisely, the 
features of individual organisms result from developmental processes, which are 
influenced by environmental conditions as well as its genetic make-up. Intraspe-
cific variation refers to the variation within a species at a comparable ontogenetic 
stage, age and/or size (Foote and Miller 2007). Changes in ontogeny and differ-
ences between sexes might also contribute to the variation of the overall popula-
tion. Ontogenetic variation is therefore factored out by studying specimens only 
at comparable ontogenetic stages or sizes (De Baets et al. 2013a). Traditionally, 
only a single set of measurements from “mature” specimens are used (so-called 
cross-sectional data by opposition to longitudinal data based on measurements of 
the same individuals at several developmental stages: compare Klingenberg 1996; 
Foote and Miller 2007), which are recognized by adult modifications. Studying the 
entire ontogeny, in the form of ontogenetic trajectories or changes in these measured 
characters through development might be more meaningful, particularly in taxa 
where the earlier ontogeny is more variable than the later ontogeny (e.g., De Baets 
et al. 2013a). This means that for each ontogenetic stage, a statistically significant 
number of measurements should ideally be available (> 30: compare Bert 2013; De 
Baets et al. 2013a; Sect. 9.9).

Sexual variation is sometimes factored out too by studying only specimens of 
the same sex (Foote and Miller 2007) or antidimorphs (Sect. 9.4.2). This might 
not always be advisable, e.g., when subjectively sorting out specimens based on 
size and subsequently testing for significant differences between them: compare 
Tintant (1980). Populations of a species can also vary in features between differ-
ent localities or regions (interpopulational variation), although it might be hard to 
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attribute this purely to geographic variation in the fossil population. Phylogenetic 
variation related to changes through time might also play a role, although it is hard 
to separate such variation from geographic variation without proper time constraints 
(Kennedy and Cobban 1976; Tintant 1980). Furthermore, fossil ammonoid popula-
tions might include specimens from different paleoenvironments, water depths and 
seasons depending on the environment as well as the degree of transport and time-
averaging; these are important factors, which should be considered when studying 
ecophenotypic and geographic variation.

These complications are related to the fact that fossil populations have passed 
through various taphonomic filters such as post-mortem transport, post-mortem 
distortion and time-averaging (Foote and Miller 2007). To avoid time-averaging 
(Fig. 9.1) as much as possible, populations are usually studied from a restricted 
stratigraphic interval, such as a single layer, horizon or preferentially a single con-
cretion or nodule (Reeside and Cobban 1960; Dzik 1990a; Dagys and Weitschat 
1993a, b; Fig. 9.2, 9.23); nevertheless, opinions vary in this respect and sometimes 
some compromises (pooling of samples resulting in “analytical time averaging”: 
compare Fürsich and Aberhan 1990) have to be made to have a sufficiently large 
sample for statistical analysis (Dzik 1990a; Bert 2013). Any estimate of population 
variability is potentially falsifiable by further studies on material collected from a 
narrower stratigraphic interval or different localities (Dzik 1990a). Note that even 
for fossils deriving from a single bed, there is little control over the time range of 
the specimens contained within this bed (Foote and Miller 2007). Ammonoid as-
semblages like all other shell assemblages (Olóriz 2000; Wani 2001)—even those 
contained within a single nodule—have typically undergone various amounts of 
taphonomic filters and time-averaging (Kidwell 2002), which, in modern shelf en-
vironments, might range between 100 and 10,000 years (Powell and Davies 1990; 
Kidwell and Bosence 1991; Flessa and Kowalewski 1994; Kidwell 1998; Wani 
2001; Kowalewski 2009). Short-term time-averaging (on the order of up to several 
thousand years) prevails in nearshore shallow environments, whilst long-term time-
averaging (in the order of 104 to 105 years) becomes more important towards lower 
shelf and deep sea environments (Fürsich and Aberhan 1990). However, some evi-
dence suggests that variances within fossil samples are not necessarily dominated 
by time-averaging (Tintant 1980; Hunt 2004a, b). Well-preserved specimens, par-
ticularly those with in situ buccal masses, as well as the lack of preferred orienta-
tion, size distribution and other biostratinomic data have been used to support lack 
of (strong) condensation or (long) transport (compare Wani and Gupta 2015). Not 
only animals that lived during different times, but also organisms coming from vari-
ous depths (i.e., living in different parts of the water column or at different seafloor 
depths) might be mixed within these assemblages, particularly in pelagic shell as-
semblages, which can also be related to post-mortem floating or transport of their 
shells. Taphonomic studies can be important to disentangle different post-mortem 
histories of shells within the same fossil sample and can also give information on 
the faunal succession (Fernández-López 1995, 2000; Wani and Gupta 2015). How-
ever, it is not generally true that less well-preserved shells are older—their preser-
vation mainly depends on how much time they spent on the sea bottom (or afloat) 
and the degree to which they were subjected to diagenesis during burial as well as 
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in which paleoenvironments they resided (e.g., Flessa et al. 1993). According to 
Tintant (1980), long-term time-averaging or condensation as well as reworking can 
even be seen in some quantitative analyses, which might reveal a distribution flatter 
than a normal distribution (e.g., platykurtic distribution due to considerable time-
averaging: Fig. 9.1) or a polymodal distribution (due to reworking).

 

Fig. 9.1  Schematic illustration of the effect of fossil mixing and/or analytical lumping on the 
observed phenotypic variance (modified from Hunt 2004a; with permission from the author). The 
variance of the time-averaged ( fossil) sample is greater than the variance of the individual popula-
tions representing five stages in the evolutionary sequence of an evolving lineage, which shows an 
almost steady decrease in a phenotypic trait over time. The density distribution of the fossil sample 
is also flatter (more platykurtic) than is ever observed in a single time slice



366 K. De Baets et al.

Fossil ammonoids can be deformed and distorted by abrasion, compaction, dis-
solution and tectonic deformation, these processes represent an important obstacle 
to research on their variability. Depending on the degree of deformation, specimens 
can be retrodeformed to their original shape in many cases, but not necessarily 
their original dimensions (Blake 1878; Tan 1973; Rocha and Dias 2005; De Baets 
et al. 2013b; Yamaji and Maeda 2013). Studies of intraspecific variability have 
therefore preferentially used largely undeformed, three-dimensionally preserved 
specimens. Early diagenetic concretions are ideal to study intraspecific variation 
from this perspective (Reeside and Cobban 1960; Dzik 1990a; Dagys and Weitschat 
1993a, 1993b; Fig. 9.2). The appearance of ornamentation and measurements of the 
same parameters might differ between differentially preserved specimens (internal 
moulds vs. shell preservation). Furthermore, fossils can be extremely compacted 
in some lithologies, particularly in shales, which might lead to the increase of the 
whorl height and diameter as well as a decrease of whorl thickness and umbilical 
width (e.g., Morard 2004; De Baets et al. 2013b; Wani and Gupta 2015). These 
effects could even lead to the erection of endemic “species” restricted to certain 
lithologies (see De Baets et al. 2013b for such a case in the early Emsian ammonoid 
Ivoites). In such cases, it probably makes sense to correct for taphonomic processes 
in the most conservative way to avoid artificially inflating diversity (De Baets et al. 
2013b). Specimens from the same sample (with similar preservation) are generally 
deformed in the same way, so that the introduced systematic error might be less 
significant (Dzik 1985). More importantly, certain parameters such as rib count 
per half-whorl and diameter at mid-whorl height can be affected by differential 
compaction in different lithologies and thus, the material should be examined for 
such deformation prior to the beginning of data collection (De Baets et al. 2013b). 
Differential compaction might contribute to trends in increased whorl compression 

 

Fig. 9.2  The extensive range of intraspecific variation observed within Czekanowskites rieberi 
within a single carbonatic concretion from the Lower Anisian of Mount Tuaray-Khayata in Arctic 
Siberia (modified from Dagys and Weitschat 1993b; with permission from the author)
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from shallower environments with coarser sedimentation to deeper environments 
with finer sedimentation (Wilmsen and Mosavinia 2011; Bert 2013).

Additionally, variation might be related to false assignment of specimens to the 
same species, which depends on the objectivity and opinion of the scientists in-
volved. Authors explicitly or implicitly include a range of intraspecific variation 
in their definitions of taxa, which might artificially inflate (oversplitting, often the 
case in strict typological approaches: compare Sect. 9.5) or deflate diversity (lump-
ing). Oversplitting might occur when only a little well-preserved material is avail-
able with a precise age assignment and/or locality/region, while lumping occurs 
particularly when considering specimens from a wide range of stratigraphic ages 
and localities/regions to belong to the same taxon. If the entire range of variation oc-
curs at the same age and place, this might be a good indicator that they belong to one 
and the same species (Tintant 1980). The effects of lumping or oversplitting might 
be partially counteracted by randomly distributed new discoveries, revalidations 
and/or invalidations of species over time (compare Nardin et al. 2005). The variable 
interpretation of the range of intraspecific variation also affects the disparity (mor-
phological richness) recognized within a species (e.g., Courville and Crônier 2005). 
A study by Nardin et al. (2005) on Jurassic ammonoids demonstrated that extreme 
forms are often identified and named before intermediate forms (particularly for 
ornamentation, while shell geometry is often underused to define species). Such 
problems can only be resolved by quantitatively studying as many characters as 
possible in large samples, which can make it easier to recognize species (by finding 
significant differences in these characters) and their range of intraspecific variation. 
Each measurement or count carries with it a possibility of error (Van Valen 2005). 
Variation in measurements within a single sample might also be related to these 
measurements errors, which are usually estimated by repeated and independent 
measurements of the same specimens, or a randomly chosen appropriate subset of 
them (e.g., Bailey and Byrnes 1990; Van Valen 2005). In some cases, errors might 
be small enough to be neglected (Van Valen 2005), while in other cases, when the 
magnitude of the variable of interest is close to the measuring precision, they can 
blur (De Baets et al. 2013a) or even erase the original signal.

9.4  Types of Intraspecific Variation in Ammonoids

9.4.1  Continuous Variation

Most authors agree that continuous variation is recognized by a series of intercon-
nected morphologies in a restricted interval in time and space (Reeside and Cobban 
1960; Kennedy and Cobban 1976; Silberling and Nichols 1982; Dzik 1985, 1990a). 
Typically, all intermediate forms should be present and more common than extreme 
morphologies leading to a unimodal distribution. The best evidence for continuous 
intraspecific variation is often believed to be a unimodal, normal (Gaussian) dis-
tribution (Tintant 1980; Silberling and Nichols 1982; Dagys and Weitschat 1993b; 
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Weitschat 2008; Monnet et al. 2010). However, even in such cases, it cannot be 
entirely ruled out that such distributions contain various sympatric species (inhabit-
ing the same or overlapping geographic areas), which are inseparable based on their 
hard part anatomy alone (Tintant 1980; Dzik 1990a) and therefore cannot be picked 
up in the fossil record. For example, Dommergues et al. (2006) showed that in 
the extant gastropod Trivia the differences of the hard part anatomy (excluding the 
colour patterns) between such closely related species is insufficient to infer the ex-
istence of two separate sympatric species, masking the true underlying biodiversity. 
On the other hand, when the distribution is not normal or unimodal, it does not nec-
essarily mean that the specimens belong to different species either (Tintant 1980). 
Such a distribution could originate from environmental influences, taphonomic bi-
ases, sampling biases or the fact that the distribution is not of a Gaussian kind (for 
example in the case of discrete variation within a species such as dimorphism or 
non-sexual polymorphism: Klug et al. 2015).

Continuous variation has typically been analyzed from the perspectives of 
covariation among traits and development. Studies have focused particularly on 
strongly ornamented, coiled Mesozoic ammonoids, including taxa deriving from:

• the Triassic (e.g., Silberling 1956; Silberling and Nichols 1982; Dagys and 
Weitschat 1993a, b; Checa et al. 1996; Dagys et al. 1999; Dagys 2001; Monnet 
and Bucher 2005; Weitschat 2008; Monnet et al. 2010),

• the Jurassic (e.g., Tintant 1963, 1980; Westermann 1966; Sturani 1971; Howarth 
1973; Dzik 1985, 1990a; Westermann and Callomon 1988; Mitta 1990; Bhaumik 
et al. 1993; Beznosov and Mitta 1995; Guex et al. 2003; Courville and Crôni-
er 2005; Morard and Guex 2003; Bert 2004, 2009; Morard 2004, 2006; Zatoń 
2008; Chandler and Callomon 2009; Baudouin et al. 2011, 2012; Bersac and 
Bert 2012a, b),

• and the Cretaceous (e.g., Haas 1946; Reeside and Cobban 1960; Kennedy and 
Hancock 1970; Kennedy and Cobban 1976; Kennedy and Wright 1985; Meister 
1989; Kassab and Hamama 1991; Reyment and Kennedy 1991, 1998; Courville 
and Thierry 1993; Tanabe 1993; Aguirre-Urreta 1998; Courville and Crônier 
2005; Yacobucci 2004b; Wiese and Schulze 2005; Ploch 2007; Wilmsen and 
Mosavinia 2011; Bersac and Bert 2012a, b; Knauss and Yacobucci 2014).

These studies have demonstrated strong variations in shell shape (whorl cross sec-
tion, coiling) and ornamentation (strength, spacing). Many authors discussed a 
marked covariation between shell shape and strength of ornamentation and more 
rarely also with shape, frilling and spacing of the suture line (compare Sect. 9.3). 
One peculiar case of such covariation is often coined as Buckman’s rules of co-
variation (Westermann 1966; for further details, see Monnet et al. 2015a). Such 
covariations have also been reported above the species level between different taxa, 
both in the Paleozoic (Swan and Saunders 1987; Kaplan 1999) and Mesozoic (e.g., 
Yacobucci 2004a; Brayard and Escarguel 2013). It is, however, not obvious that 
this rule can be extended beyond intraspecific variation. Yacobucci (2004a), for ex-
ample, measured the variance of ornamentation and whorl shape within a number of 
ammonite genera and found that they do not correlate. Hammer and Bucher (2005) 
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attributed this to varying ratios of proportionality of Buckman’s law across species, 
which could potentially weaken the interspecific correlation between ornamentation 
and whorl shape (e.g., some species have stronger lateral ribs relative to shell width 
than others). Such exceptions might form a problem for studies that interpret such 
continuous Buckman’s type intraspecific variation within taxa based on limited ma-
terial (compare Monnet et al. 2008) or without properly quantitatively analyzing 
this intraspecific variation (e.g., Howarth 1973, 1978). One should remain cautious 
in such cases as discussed by Tintant (1976, 1980). Howarth (1973) studied Dactyli-
oceras from four distinct levels in the Lower Toarcian of Yorkshire and interpreted a 
large continuous variation (compare Morard 2004, 2006) between forms (classically 
attributed to Orthodactylites) with more evolute inner whorls, a compressed whorl 
section and weak ornamentation (thin ribs, often bifurcated and non-tuberculated) 
to forms (traditionally attributed to Kedonoceras and Nodicoeloceras) with more 
involute inner whorls, a depressed whorl section and strong ornamentation (thick, 
more widely spaced ribs with tubercles) in earlier ontogeny. Tintant (1976, 1980) 
investigated a French sample of Dactylioceras from the first level and reported 
both a marked dimorphism and possible non-sexual polymorphism in the form of 
the coexistence of forms with compressed inner whorls without lateral tubercles 
(morphotype “Orthodactylites clevelandicum”) and forms with a depressed whorl 
section and lateral tubercles (morphotype “Nodicoeloceras acanthum”). Interest-
ingly, Tintant (1976, 1980) reported that the whorl width index (whorl width/ whorl 
height) is strongly bimodal below 50 mm, but in later growth stages, the forms be-
come progressively more similar, resulting in remarkably similar final body cham-
bers. All intermediates are available between these forms, but the extreme forms 
appear to be most abundant and the intermediate forms the least abundant. Tintant 
(1980) suggested that this might indicate polymorphism or even the presence of 
two species with similar evolutionary trends and convergence in their adult body 
chambers (compare Monnet et al. 2015b). However, Tintant’s (1976, 1980) analy-
ses were preliminary and more detailed analyses of the evolutionary history and in-
traspecific variability of these groups are necessary to corroborate such hypotheses. 
Furthermore, the influence of potential environmental differences (e.g., Wilmsen 
and Mosavinia 2011) as well as taphonomic and sampling biases also needs to be 
considered (compare Sect. 9.3).

Continuous variation has been studied less in larger samples of Paleozoic ammo-
noids (e.g., Kaplan 1999; Korn and Vöhringer 2004; Ebbighausen and Korn 2007; 
Korn and Klug 2007; De Baets et al. 2013a). Korn and Klug (2007) reported a large 
variation in several conch parameters in Manticoceras throughout the ontogeny of 
a single specimen (ontogenetic variation) as well as at the same size between dif-
ferent specimens (e.g., intraspecific variation). This variation in Manticoceras had 
already been noticed by Clarke (1899) but it was largely ignored by subsequent au-
thors, resulting in a plethora of species and genera with (small) differences in conch 
shape, but comparable suture lines and ornamentation, thus making the genus a kind 
of waste basket taxon (Korn and Klug 2007). In some cases, intraspecific variation 
consistent with Buckman’s first law of covariation might also be present in Paleo-
zoic ammonoids (e.g., Kaplan 1999; De Baets et al. 2013a).
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In Mesozoic taxa showing this covariation, a remarkable range of intraspecific 
variation in ornamentation still remains in forms with the same shell morphology 
and size (Morard and Guex 2003). Wiese and Schulze (2005) reported a marked 
variation in the umbilical width of Neolobites vibrayeanus from a funnel-like deep-
ening to a well-developed umbilicus reaching 18 % of the diameter, which did not 
show a covariation with either the ribbing strength or the degree of inflation. The 
range and mode of intraspecific variation might also depend on shell morpholo-
gy, particularly the degree of coiling (De Baets et al. 2013a). Such hypotheses are 
best tested by comparing closely related and/or contemporary species with differ-
ent shell morphologies. Dagys (2001, p. 546) stated that the range and degree of 
covariation decreased towards taxa with very involute subcadiconic shells on the 
one hand and increased with most evolute platyconic shells on the other hand. This 
observation illustrates that the mode and range of interspecific correlation between 
ornamentation and whorl shape might depend on shell morphology (cf. Ubukata 
et al. 2008). Tanabe and Shigeta (1987) studied the intraspecific variation of whorl 
thickness (S) and distance of the venter from the coiling axis (D) at the same growth 
stage in cross-sections of Cretaceous ammonoids. This variation was the high-
est in heavily ornamented (e.g., Acanthocerataceae) and heteromorph forms (e.g. 
Scaphitaceae), intermediate in finely ribbed platycones (Lytocerataceae) and the 
smallest in weakly ribbed, heavily streamlined involute-compressed morphotypes 
( Hypophylloceras, Placenticeras and most Desmocerataceae) in the small samples 
of Cretaceous ammonoids they investigated. Further studies on larger samples are 
necessary to further corroborate these results and rule out the potential interference 
of ornamentation on measurements of these parameters in cross sections (which 
could introduce apparent variation which is not actually there).

Heteromorph ammonoids might be particularly useful for testing such hypothe-
ses. Many authors have acknowledged high intraspecific variability in heteromorph 
ammonoids (e.g., Egojan 1969; Rawson 1975a, b; Dietl 1978; Ropolo 1995; Dela-
noy 1997; Wiedmann and Dieni 1968; Wiedmann 1969; Kennedy 1972; reviewed 
in Kakabadze 2004; De Baets et al. 2013a, b; Bert 2013), maybe even more than in 
normally coiled planispiral ammonoids (Dietl 1978; Kakabadze 2004). However, 
besides studies on Scaphites (reviewed in Landman et al. 2010; Knauss and Yaco-
bucci 2014), which only uncoils at the end of ontogeny, intraspecific variation has 
been only rarely studied in numerically large samples and/or quantitatively in het-
eromorphs with openly coiled and/or trochospirally coiled whorls (Aguirre-Urreta 
and Riccardi 1988; Dietl 1978; Ropolo 1995; Delanoy 1997; De Baets et al. 2013a; 
Bert 2013). This lack of research might be due to their fragmentary preservation 
(De Baets et al. 2013a) and difficulties in quantifying some of their shell characters 
using traditional morphometrics and classical “Raupian” parameters (Tsujino et al. 
2003; Parent et al. 2009, 2011; Bookstein and Ward 2013).

Dimorphism is also known from several Mesozoic (Jurassic and Cretaceous) 
heteromorphs (see reviews in Delanoy et al. 1995; Davis et al. 1996). In some cases, 
however, continuous variation in shell and/or ornamentation is present, which could 
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potentially be confused with dimorphism in studies using small samples and/or lack-
ing quantitative analyses (compare Ropolo 1995). Dietl (1978) reported intraspe-
cific variation in planispiral to trochospiral coiling in the Jurassic genus Spiroceras 
without a clear correlation with strength of ornamentation and any ornamental or 
thickness influence of the whorl section. Delanoy (1997) reported continuous varia-
tion from the Cretaceous ammonoid Heteroceras emerici (Fig. 9.3) between a pole 
with heterocone coiling ( imericum morphology: large turricone and no planispiral 
part of the shell before the shaft) and a pole with colchicone coiling ( leenhardtii 
morphology: small turricone preceding a substantial planispiral portion before the 
shaft) interconnected by all intermediates (e.g., the tardieui and emerici morpholo-
gies). Similar variation has also been reported from Imerites (Bert et al. 2011).

De Baets et al. (2013a) reported that in the Early Devonian, loosely coiled Er-
benoceras, the more coarsely ornamented specimens are also those with the thick-
est whorl section. This fits with the redefinition by Hammer and Bucher (2005) of 
Buckman’s First Law of Covariation (Monnet et al. 2015a). However, the coiling 
shows an opposite covariation with ornamentation to that seen in coiled Mesozoic 
morphs and some heteromorph forms, as the more tightly coiled conchs are the 
most heavily ornamented forms instead of the most loosely coiled forms. The cor-
relation of ribbing strength with coiling might be indirect because covariation be-
tween whorl shape and coiling geometry are also known from weakly ornamented 
to smooth or unornamented coiled taxa such as from some Lytoceratina and Phyl-
loceratina (Joly 2003; Morard 2004). Joly (2003) reported that “less-thick shells 
have an elliptic section and the thickest shells have an oval section”. Ubukata et al. 
(2008) also attributed part of the covariation with constructional linkage between 
whorl shape and coiling geometry. The rule specifically refers to strength of orna-
mentation, but usually the spacing of ribs is used as this is more readily available 
and less affected by preservation and preparation (e.g., Yacobucci 2004a; De Baets 
et al. 2013a; Monnet et al. 2015a). Bert (2013) reported that ornament strength did 
not correlate perfectly with rib density in Gassendiceras, which he attributed to the 
large distance between ribs in this taxon, thus leaving more room for strength varia-

Fig. 9.3  Range of intraspecific variation observed in the coiling and ornamentation of the Late 
Barremian heteromorph Heteroceras emerici (after Delanoy 1997; modified from Bert 2013)

 



372 K. De Baets et al.

tion without changing their spacing (compare Bert 2013). The lack of correlation 
of ornamentation with coiling in some species of Crioceratites (Ropolo 1995; Bert 
2013; Fig. 9.4) could potentially also be related to differences in growth between 
Crioceratites, characterized by a “discontinuous” mode of growth as documented 
in their megastriae as well as constrictions on the one hand, and other ammonoids 
with a “differential” mode of growth on the other hand (e.g., Bucher 1997, p. 98). 
Things are further complicated by the fact that such a correlation might be present 
in more primitive species like C. loryi (Bert 2013), although this still needs to be 
quantitatively investigated.

Continuous intraspecific variation usually ranges between two extreme mor-
phologies, but some authors have reported more complex patterns of intraspecific 
variation between three or more morphological poles in shell shape and/or orna-
mentation (Rieber 1973; Vermeulen 2002; Bert 2009, 2013: review in the latter; 
Courville 2011). Bert (2013) quantitatively studied the intraspecific variation in 
Cretaceous Gassendiceras alpinum and reported continuous intraspecific variation 
between three poles: (1) robust specimens characterized by a depressed whorl sec-
tion and strong ornamentation, (2) more traditional gracile or slender specimens 
characterized by a finer ornamentation and compressed whorl section and (3) spec-
imens characterized by a depressed whorl section and non-robust ornamentation 
(Fig. 9.5a). All poles are connected by intermediates. Interestingly, Bert (2009) re-
ported an inversed pattern in Tornquistes (Jurassic; Fig. 9.5c), which is character-
ized by morphological poles with a thin whorl section and respectively thin and ro-
bust ornamentation, and a morphological pole with a thick whorl section and weak 
ornamentation. The whorl section can be differently affected by compaction, which 
could blur the relationship between the whorl section thickness and the strength of 
ornamentation, but it cannot explain all aspects of tripolar patterns of intraspecific 
variation in these taxa (Bert 2013). Similar patterns were reported from the Pul-
chellidae (Vermeulen 2002; Fig. 9.5b) and the Kosmoceratidae (Courville 2011).

Rieber (1973) reported continuous variation between four extreme poles ranging 
from unornamented or smooth forms to forms with ribs and/or tubercles in Repossia 
acutenodosa (Triassic) from a single bed (Fig. 9.6), although the relationship be-
tween shell shape and ornamentation was not discussed and no quantitative analysis 
was performed.

Fig. 9.4  Range of intraspecific variation observed in the coiling of the Hauterivian heteromorph 
Crioceratites. (after Ropolo 1995; modified from Bert 2013)
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Other authors have used relative shifts in development (i.e., heterochronies of 
the development), which have often been used in the context of ontogeny/phyloge-
ny relationships, to describe intraspecific morphological variations (Schmidt 1926; 
Dommergues et al. 1986; Meister 1989; Mitta 1990; Beznosov and Mitta 1995; 
Courville and Crônier 2003; Bersac and Bert 2012a, b; Bert 2013; also dimorphism: 
Neige et al. 1997a; Fig. 7, 8a). In some cases, specimens might even omit entire 

Fig. 9.5  Tripolar intraspecific variation observed in Gassendiceras (Late Barremian), Pulchelli-
dae (Barremian) and Tornquistes (Middle Oxfordian) (modified from Bert 2013)

 

Fig. 9.6  Intraspecific variation reported in Repossia acutenodosa (Anisian) between four extreme 
poles of ornamentation (modified from Rieber 1973) 
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ontogenetic stages during development (e.g., in Placenticeras: compare Klinger 
and Kennedy 1989; Bert 2013). According to Mitta (1990), Michalsky (1890) was 
one of the first to notice this phenomenon of different rates of shell morphogenesis 
in individuals of the same species within Volgian ammonoids. Schmidt (1926) in-
terpreted a similar phenomenon in Carboniferous ammonoids and introduced the 
terms bradymorphic (in terms of heterochronies: paedomorphic) and tachymorphic 
(in terms of heterchronies: peramorphic) to refer to the extreme end members of 
these series within a species, which possess characteristics of earlier whorls later in 
development or which possess characteristics of later stages of development earlier, 
respectively (Beznosov and Mitta 1995). Beznosov and Mitta (1995) defined these 
terms (see Fig. 9.7) in the following way: “In the tachymorphic forms, the shell or 
separate elements of it (the sculpture, crosssectional shape, width of the umbilicus, 
angle of inclination of the umbilical wall) even at small diameters have already 
taken on an appearance usually typical of a later stage of development. In the brad-
ymorphic individuals the shell for a long time retains features typical of a younger 
individual. Brady- and tachymorphy are most clearly manifested in the duration of 
one or another stage of development of the sculpture, the extreme representatives 
of the variation series (typical bradymorphs and typical tachymorphs) often differ-
ing so strongly that, if the collections do not contain “normal” (or normomorphic) 
forms, they may be described as different species, although they occur at the same 
stratigraphic level.” Such intraspecific differences in development have been re-
ported in particular from large samples of Jurassic (Dommergues et al. 1986; Mitta 
1990; Baudouin et al. 2011, 2012; Fig. 9.7) and Cretaceous ammonoids (Meister 
1989; Courville and Crônier 2003; Bersac and Bert 2012a, b; Bert 2013; Fig. 9.8a). 
It was interpreted to be a dominant factor in the variability of Nigericeras gadeni 
(Courville and Crônier 2003) and Vascoceras (Meister 1989) of the Cenomanian 
of Nigeria, while in other taxa like the Middle Liassic Aegoceras capricornus, it 
was only a residual factor (Dommergues et al. 1986, Fig. 6). In some taxa such as 
Deshayesitidae (Bersac and Bert 2012a, b; Fig. 9.8a), Gassendiceras (Bert 2013), as 
well as Streblites and Taramelliceras (Baudouin et al. 2011), this type of variation 
was also reported to be combined with variation following Buckman’s first law of 
covariation between whorl section and ornamentation.

 

Fig. 9.7  Range of intraspecific variation in timing of ontogenetic development observed in Vir-
gatites pusillus (Tithonian; modified from Mitta 1990; with permission from the author); from left 
to right: a bradymorphic, a normomorphic and a tachymorphic individual
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Not all types of intraspecific variation relate to covariation between shell shape 
and ornamentation or relative shifts in development. Bersac and Bert (2012a, b; 
Fig. 9.8b) reported intraspecific variation in the relative timing of ornamentation 
attenuation in the Aptian Deshayesitidae (another classical example of oversplit-
ting), which was independent of Buckman’s type covariation between shell shape 
and ornamentation as well as a heterochronic shift in development (which were also 
present), as they cut across the entire range of morphologies associated with these 
intraspecific patterns. This type of variation might also play a role in other taxa 
(Bert 2013) such as the Douvilleiceratidae, particularly the genus Douvilleiceras 
(Courville and Lebrun 2010), or in the genus Vascoceras (Courville 1993). In the 
former genus, disappearance of ornamentation may occur from medium diameters 
irrespective of the type of morphology (ranging from slender forms with weak or-
namentation to the hyper-ornamented robust forms).The two approaches to study-
ing intraspecific variation might also be unifiable as several authors have reported 
links between differences in rates and shifts in development on the one hand and 
shell morphology on the other hand. Some authors have interpreted the presence of 
gracile “peramorphic” forms (thin whorl section, almost smooth) to robust “pae-
domorphic” forms (thick whorl section, strong ornament) linked by all intermedi-
ates in the same species (Courville and Crônier 2003; Baudouin et al. 2011, 2012; 
Bersac and Bert 2012; Bert 2013). In other taxa such as Streblites weinlandi, the 

Fig. 9.8  Types of intraspecific variation differing from the first Buckman’s Law of covariation 
observed within the Deshayesitidae (Early Cretaceous; after Bersac and Bert 2012a, b; modified 
from Bert 2013)
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relationship might however be reversed, with the most slender specimens being 
the most paedomorphic (Baudouin et al. 2011, 2012). Others have tried to explain 
the covariation of the suture line and shell shape from a developmental perspective 
(Hammer and Bucher 2006).

9.4.2  Discontinuous Variation

The most accepted pattern of discontinuous intraspecific variation in ammonoids is 
dimorphism (Makowski 1962; Callomon 1963; Tintant 1963; Westermann 1964), 
which is often interpreted to represent the two sexes (Lehmann 1981; Delanoy et al. 
1995; Davis et al. 1996). Such dimorphism is supported by having overlapping 
stratigraphic and geographic distributions as well as distinct ratios within a popula-
tion. This dimorphism is thought to result typically in a bimodal signal in adult size 
and/or morphology in later ontogeny (e.g., Palframan 1966, 1967; Ploch 2003; Zatoń 
2008; Fig. 9.9). However, the presence of two morphs within an ammonoid species 

 

Fig. 9.9  Continuous intraspecific variation combined with marked dimorphism in later ontog-
eny within Morrisiceras morrisi (Bathonian; modified from Zatoń 2008; with permission of the 
author). Note the similar early ontogeny of both antidimorphs, but marked bimodal differences in 
adult morphology and size between the microconch and macroconch. Both the microconch and 
macroconch show a continuous variation in whorl cross section at similar sizes
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does not necessarily reflect sexual dimorphism (e.g., Reyment 1988), particularly 
when no clear differences can be found in later ontogeny or pre-adult forms are 
more dissimilar than adult forms (e.g., Tintant 1980; Davis et al. 1996). Addition-
ally, interpretations of dimorphism within taxa might differ between authors (e.g., 
Brochwicz-Lewinski and Rózak 1976). Dimorphism is discussed in further detail in 
Klug et al. 2015. In some cases, more than two discrete forms in adult size within a 
species have been reported (e.g., Ivanov 1971a, 1975; Matyja 1986, 1994; compare 
(Sect. 9.7)), which might be related to differences in rate and length of develop-
ment. Furthermore, sometimes multiple morphs might be present in one or both of 
the sexes (Sonny Walton 2014, personal communication). Several authors studying 
homogenous and synchronous populations of Jurassic ammonoids have noted the 
presence of morphologically similar groups only distinguishable with the presence 
or absence of certain characters (Tintant 1963, 1976; Tintant 1980; Contini et al. 
1984; Atrops and Mélendez 1993; Meléndez and Fontana 1993; Davis et al. 1996; 
Bardhan et al. 2010), particularly in ornamentation (presence of one or two rows 
of lateral tubercles, trifurcation vs. single and biplicate ribs, presence or absence of 
parabolic ribs, etc.). Interestingly, this variation can occur independently of sexual 
dimorphism as it affects both macroconchs and microconchs of these taxa in the 
same way (Tintant 1963, 1976, 1980; Charpy and Thierry 1976). A classic example 
is Kosmoceras (Tintant 1963, 1976, 1980), which possesses “a clear sexual dimor-
phism with a microconch bearing mature modifications” (Davis et al. 1996, p. 501). 
For a long time, two genera or subgenera were distinguished only differing in the 
presence of one (“Zugokosmoceras”) or two rows of lateral tubercles ( Kosmoc-
eras) in contemporaneous populations. If no intermediate morphologies are found, 
it would be more conservative to interpret these as separate taxa, but some authors 
have argued that such forms should be interpreted as cases of intraspecific poly-
morphism, when these two groups display parallel, evolutionary changes or trends 
(Tintant 1980; Atrops and Meléndez 1993) in other characters. Such assertions of 
evolutionary trends (Monnet et al. 2015b) in these characters still have to hold to 
novel statistical methods which can analytically support the presence of evolution-
ary trends (Hunt 2006; Monnet et al. 2011a) and test how parallel evolutionary (or 
ontogenetic) trajectories really are (Adams and Collyer 2009, Collyer and Adams 
2013; applied to ammonoids in Monnet et al. 2011a; De Baets et al. 2013a). Tintant 
(1963, 1976) has supported his claims not only by the study of numerous popula-
tions, but also with the discovery of a pathological macroconch displaying a “Zugo-
kosmoceras” pattern on one side and a “Kosmoceras” pattern on the opposite side. 
Reports of polymorphism are not restricted to ornamentation, but might also occur 
in shell morphology, particularly shell thickness (Fig. 9.10).

Several authors have reported the presence of discontinuous variation in whorl 
section thickness in some Jurassic ammonoid taxa (Charpy and Thierry 1976; 
Marchand 1976; Tintant 1980; Contini et al. 1984; Fig. 9.10). In some cases, the 
two forms are more similar in morphology at the end of the ontogeny, as discussed 
by Tintant (1976, 1980). Nevertheless, such discontinuous distributions might also 
be related to differences in paleoenvironments, taphonomic and collection biases 
(temporal and spatial mixing), and sample sizes (Tintant 1980; Wilmsen and Mo-
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Fig. 9.10  Possible cases of discontinuous intraspecific variation interpreted as non-polymorphism 
in Jurassic ammonoids (redrawn from Contini et al. 1984): A sample of microconch specimens of 
Macrocephalites ( Upper Callovian, Gracilis Zone, Michalskii sub-zone of Arino, Spain) inter-
preted to be three different morphs of a single species, which were previously interpreted to belong 
to three different subgenera and species: Dolikephalites gracilis (compressed shell with narrow 
umbilicus and fine ribbing), Kamptokephalites herveyi (round section with intermediate umbilicus 
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savinia 2011; De Baets et al. 2013a). As evidenced by Wilmsen and Mosavinia 
(2011), variation in a trait might be discontinuous even in taxa at some localities/
paleoenvironments showing otherwise continuous variation. This might depend on 
paleoenvironmental conditions, further stressing the need to study intra- and inter-
population variation in ammonoids to further elaborate these patterns (Tintant 1980; 
Callomon 1988; Sect. 9.8).

Polymorphism in ornamentation and/or whorl thickness has also been reported 
from Cretaceous ammonoids (e.g., Hirano 1978, 1979; Reyment 1988; Kassab and 
Hamama 1991; Gangopadhyay and Bardhan 2007), although it is not always clear 
whether it reflects sexual dimorphism or could even be part of a more continu-
ous variation. In Upper Cretaceous ammonoids, dimorphism is recognized in most 
families, especially based on differences in size and only occasionally on mature 
modifications, and intraspecific variation is important though of unequal proportion 
between some groups (Kennedy and Wright 1985). Various authors have described 
the presence of polymorphism (two or more variants) recognizable in whorl thick-
ness, coiling and/or ornamentation in Carboniferous ammonoids (McCaleb et al. 
1964; McCaleb and Furnish 1964; Furnish and Knapp 1966; McCaleb 1968), which 
is reminiscent of continuous variation in Mesozoic coiled ammonoids, particularly 
the covariation of ornamentation with coiling and whorl shape. Davis et al. (1996) 
raised doubts about these Carboniferous accounts because of the presence of in-
termediates between these morphs, particularly as in some cases the forms seem 
to differ more in juvenile stages than in the adult stage (Davis et al. 1996; but they 
might still represent cases of non-sexual polymorphism according to Tintant 1980). 
Tintant (1980) has also discussed the possibility of non-sexual polymorphism in 
whorl width index and ornamentation in Dactylioceras (Jurassic), which varies less 
in early ontogeny than in late ontogeny. At least in some cases (e.g., Arkanites), 
as evidenced by Stephen et al. (2002), these Paleozoic morphs might be indistin-
guishable in juvenile stages and then later on during ontogeny show a bimodal 
distribution in shell parameters, which might indicate sexual dimorphism (compare 
Davis et al. 1996; Sarti 1999; Fig. 9.9). Nevertheless, large differences in adult size 
and mature modifications of the aperture used to recognize sexual dimorphism in 
Jurassic ammonoids seem to be absent in Paleozoic forms (e.g., Davis et al. 1996; 
compare Makowski 1962, 1991). The different nature of this dimorphism does not 
necessarily speak against it being of a sexual nature, as in some cases, there is little 
differences in size (or morphology) between sexes in extant cephalopods (e.g., for 

and strong ribbing) and Pleurocephalites folliformis (depressed shell with large umbilicus and very 
strong ribbing); B sample with distinct morphologies of Pachyceras lalandeanum ( Upper Callo-
vian, Lamberti Zone of Villers-sur-Mer, Calvados, France; ordered from compressed to depressed 
section) interpreted as intraspecific polymorphism, which were previously considered to belong 
to three distinct species and two different genera ( P. lalandeanum, P. crassum, Pachyerymnoceras 
jarryi); C sample with distinct morphologies of Quenstedtoceras ( Upper Callovian Lamberti zone, 
Lamberti subzone of Magny-les-Villers, Champs Mollous, Côte-dÓr, France), which were previ-
ously described as three different (sub)genera and species: Q. ( Lamberticeras) lamberti with a 
compressed section, Quenstedtoceras ( Eboraciceras) ordinarium with an intermediate section and 
Quenstedtoceras ( Sutherlandiceras) carinatum with a depressed section (modified from Contini 
et al. 1984)
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Nautilus: Ward 1987; for squids: Zuev 1971). Other possible reports of polymor-
phism in Paleozoic ammonoids or intraspecific variation (Kant 1973a, b; 1975; Da-
vis et al. 1996, p. 490–491) are dubious because of the low sample size and the fact 
that specimens described as one species are now known to belong to multiple taxa 
(Dieter Korn 2013, personal communication).

It is not uncommon to see discontinuous shape and ornament within a species, 
including mollusks, alongside more continuously expressed variations in size, 
shape or ornament (Reyment and Kennedy 1991). Continuous variation in shell 
shape, ornamentation and/or suture line can be combined with dimorphism and/
or non-sexual polymorphism within the same species (e.g., Jurassic: Tintant 1963; 
Westermann 1966; Zatoń 2008; Chandler and Callomon 2009; Cretaceous: Ploch 
2003; Landman et al. 2010). Sexual dimorphism might also be associated with non-
sexual polymorphism as discussed by Charpy and Thierry (1976), Tintant (1963, 
1976, 1980) and reviewed by Contini et al. (1984) for several Middle Jurassic am-
monoids, although it is unclear if all these cases represent discontinuous variation. 
In other cases, no evidence is found for the presence of dimorphism (or polymor-
phism) associated with continuous variation (Reeside and Cobban 1960; Dagys and 
Weitschat 1993b; Monnet et al. 2010; De Baets et al. 2013a; but compare Sarti 
1999), which might speak for the absence of polymorphism (at least in shell mor-
phology) in these ammonoids showing more continuous variation.

In the Triassic, low sample size has often led to confusion of dimorphism with 
continuous variation (e.g., Dzik 1990b vs. Monnet et al. 2010 for Acrochordiceras; 
Lehmann 1990). De Baets et al. (2013a) suspected dimorphism in Early Devonian 
Erbenoceras, but could not find evidence for it in a quantitative analysis of a larger 
sample (82 specimens). They found a bimodal size distribution, but the lower peak 
was not associated with adult modifications. Furthermore, morphs of both modes 
overlapped in several characters and already differed throughout earlier ontogeny, 
suggesting the presence of continuous variation rather than (sexual) dimorphism. 
Clearly more studies are necessary on intraspecific variability in several time inter-
vals to fully understand the relative contribution of different types of continuous and 
discontinuous intraspecific variation (including dimorphism and polymorphism) in 
ammonoids. Such knowledge can only be achieved by quantitative studies on nu-
merically large populations of precisely known geological ages derived from a wide 
variety of ages, paleoenvironmental or geographic areas, taxa and shell morpholo-
gies (cf. Tintant 1980; Davis et al. 1996). At the moment, it appears therefore most 
reasonable to assign co-occurring specimens to different species when no evidence 
is available for continuous variation with unimodal distribution or discontinuous 
variation in the form of morphs that evolve in parallel and/or co-occur with similar 
early ontogeny and/or later ontogeny, particularly in the Paleozoic. This interpreta-
tion might, however, change when additional material becomes available.

9.4.3  Variation in the Suture Line

While numerous studies have focused on intraspecific variability of shell shape and 
ornamentation, variation in the suture line has been less studied, particularly from 
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a quantitative point of view. We herein discuss some intraspecific factors of suture 
line and septal variability.

The development of the suture line not only varies throughout ontogeny (Klug 
and Hoffmann 2015; Fig. 9.11) or on both sides of the plane of symmetry (asym-
metry) within the same specimen (compare Klug and Hoffmann 2015; De Baets 
et al. 2015a), but can also vary between specimens of the same species at similar 
diameters (intrapopulational or intraspecific variation: e.g., Seilacher 1973; Dagys 
2001; Fig. 9.11). Despite the common, perhaps over-emphasized use of the suture 
for taxonomic purposes (Arkell 1957), intraspecific variation in the suture line is 
only rarely studied quantitatively (Manship 2004, 2008; Waggoner 2006; Yacobucci 
and Manship 2011). Suture intraspecific variability appears to be particularly large 
in Jurassic and Cretaceous pseudoceratites (Arkell 1957) and heteromorphs (Kak-
abadze 2004). According to Arkell (1957), variation is the greatest among regressive 
types in which the suture line is secondarily simplified (e.g., in Jurassic and Creta-
ceous “pseudoceratites”). The suture line is also quite variable in several Mesozoic 
heteromorphs and might therefore be of little help for taxonomy (Kakabadze 2004), 
particularly at lower taxonomic levels (e.g., Hoffmann et al. 2009). Differences in 
suture line between specimens of the same species at a similar diameter have been 
related to differences in whorl shape (e.g., Arkell 1957; Reeside and Cobban 1960), 
ornamentation (e.g., Casey 1961; Westermann 1966) and/or ontogenetic develop-
ment (e.g., Hammer and Bucher 2006), but they might also be more random (e.g., 
no clear correlation with other properties of the shell or ontogeny).

A marked variation of the suture line with whorl shape has been long known 
(e.g., Pictet 1854; Zittel 1885; Pfaff 1911; Spath 1919; Arkell 1957; Seilacher 1988; 
Klug and Hoffmann 2015), which manifests itself through the ontogeny of the same 
specimen or the evolution of taxa through time (reviewed by Monnet et al. 2011a). 
The phenomenon has been particularly discussed on large taxonomic scales, when 

Fig. 9.11  Intrapopulation variation in the last whorl and sutures ( left) and ontogenetic variation in 
the development of the suture line through ontogeny ( right) in Tuaroceras rieberi from the Lower 
Anisian (modified form Dagys 2001)
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comparing taxa with different shell shapes (e.g., Westermann 1971; Ward 1980; Sei-
lacher 1988; Jacobs 1990; Olóriz et al. 1997, 1999). Several authors have discussed 
complex covariations between shell morphology, ornamentation and/or suture line 
above the species level (e.g., Ward and Westermann 1985; Olóriz et al. 1997, 1999). 
Differences in the shape of the suture line between specimens of the same species 
at similar diameters have been less discussed. Pictet (1854, p. 669) already pointed 
out that the inflated varieties of a species often differed from the compressed ones 
in the number of accessory lobes (and that modification of the umbilicus can cause 
the same alteration of sutural element number). Reeside and Cobban (1960) found 
that more inflated and heavily ornamented forms within individual Neogastroplites 
species tended to have taller lateral saddles (see also Yacobucci and Manship 2011). 
Buckman (1892, p. 313) reported that in Sonninia and Amaltheus, the complexity 
of the suture varies with the ornament (and through the first law of covariation 
also with whorl cross section). Westermann (1966) dubbed the covariation of whorl 
cross section and number of lobes/ saddles ‘Buckman’s second law of covariation’ 
(see Monnet et al. 2015a). He also stated that this might explain the statements of 
Oechsle (1958) on the moderately incised suture line of “S. adicra” and intensively 
incised suture line of “S. modesta”, which he considered to be extreme variants 
of the same species. He suggested that the covariation between septal suture and 
shell plication could be explained by functional requirements (“the stiffening of the 
phragmocone against shear, a strongly incised suture line furnishing a better fixture 
of the septum against shear and more even distribution of stresses from the septum 
onto the outer shell vice versa”), particularly when this covariation could be demon-
strated in multiple, not closely related genera. By contrast, Morard and Guex (2003) 
stated that the sculpture probably does not influence suture complexity directly, but 
that the sculptural and sutural elements both depend on a common third factor, the 
whorl shape (Guex 2001, 2003). Casey (1961) illustrated that the shape of the suture 
line at more or less the same diameter can also vary with ornamentation (tubercles) 
within the same specimen (Fig. 9.12). Some additional differences in the suture line 
within and between specimens can also be associated with pathologies (compare De 
Baets et al. 2015b; Keupp and Hoffmann 2015)

Hammer and Bucher (2006) tried to explain the correlation between whorl shape 
and suture line complexity partially in developmental terms in the following way: 
“Most ammonoids with compressed shells have more circular whorl sections early 
in ontogeny. The intraspecific variation in whorl shape can therefore be explained 

Fig. 9.12  Variation in four consecutive suture lines of the holotype of Cheloniceras disparile 
(Early Aptian) and its relationship with the position of the lateral tubercle (grey) (modified from 
Casey 1961, p. 216)
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as heterochronic: the more rounded forms are retaining their juvenile shape and 
can be regarded as paedomorphic. In such forms, where development is delayed, 
it would not be surprising if sutural development was similarly delayed, retain-
ing the simple suture line of the juvenile into more mature stages.” They acknowl-
edged, however, that “other physical mechanisms may also influence the fine shape 
of the suture”. They also reported intraspecific variation in septal spacing within 
Amaltheus that correlated with whorl shape, which they explained functionally in 
terms of hydrostatic properties. The smaller interseptal spacing in the compressed 
form has a positive impact on hydrostatic consistency through chamber formation 
(i.e., the smaller septal spacing leads to a smaller relative loss of buoyancy and 
smaller rotations of the aperture between consecutive septae). Similar covariation 
was also reported in Dactylioceras by Morard (2004), where the septal distance 
(septal angle) was larger in evolute forms with a depressed whorl section than in 
involute forms with a compressed whorl section.

One of the prime examples of high continuous intraspecific variation in shell 
shape and ornamentation are Triassic faunas from Siberia (e.g., Dagys and Weits-
chat 1993a, b; Checa et al. 1996; Dagys et al. 1999; Dagys 2001; Weitschat 2008; 
Fig. 9.2, 9.11). Several of these authors report an absence or no straightforward 
relationship between shell shape and suture line within these species. An exception 
is Dagys (2001, p. 548), who reported that more compressed forms had the highest 
number of umbilical lobes, although in the systematic descriptions, he stated that 
the covariation of shell shape with the suture line was not straightforward (com-
pare Fig. 9.13). Dagys and Weitschat (1993b) only reported that the position of the 
first saddle changes with the morphology of the conchs in Czekanowskites rieberi. 
Dagys et al. (1999) found that the outline of the saddles is highly variable in Para-
sibirites kolymensis.

Manship (2008) specifically investigated variation of the suture line in the Late 
Cretaceous acanthoceratoid Coilopoceras springeri, which has a marked intraspecif-
ic variation from robust, strongly ornamented to gracile, weakly ornamented shells. 
She found a subtle, gradational variation in suture forms, which was only weakly tied 
to shell morphology. Interestingly, Yacobucci and Manship (2011) reported a higher 
degree of constraint in the suture line pattern of the Cretaceous hoplitid Neogastrop-
lites muelleri (known for its wide range of intraspecific variability in shell shape and 
ornamentation: Reeside and Cobban 1960; see Fig. 9.13) than in C. springeri. While 
overall there is much less variation in suture line than in shell shape and ornamenta-
tion in Neogastroplites, it is true that the “subglobose spinose” forms tended to have 
taller suture elements (compare Reeside and Cobban 1960).

Kassab and Hamama (1991) also figured the intraspecific variation in suture line in 
morphs with a depressed and compressed whorl shape of Libycoceras ismaeli showing 
no straightforward relationship with whorl shape. Morard and Guex (2003) reported, 
based on qualitative observations, that suture elements in involute morphotypes of the 
Early Jurassic ammonoid Osperleioceras tend to be more finely fringed and that the 
lateral saddle lies proportionally lower on the flanks in involute morphotypes. Similar 
qualitative differences were reported by Bersac and Bert (2012a, b) from Cretaceous 
Deshayesitidae. More quantitative analyses on large samples are necessary to further 
investigate these patterns of intraspecific variation in the suture line.
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A special kind of intraspecific variation is the suture asymmetry (Kakabadze 
2004; Paul 2011; Keupp 2012) in some taxa, which is reflected in the different posi-
tion and development of the suture line elements between the left and right sides of 
the whorl. In at least some cases, this asymmetry could be related to asymmetrical 
development of the soft tissues (Yacobucci and Manship 2011). In some taxa, the 
symmetrical development of the suture line is poorly constrained and is very vari-
able between different specimens (e.g., the labile position of the external lobe in 
some taxa: Lange 1929, 1941; Hölder 1956; Schindewolf 1961; Hengsbach 1976, 
1980, 1986; Landman and Waage 1986; Keupp 2012 for a review), while in others, 
the development and direction of asymmetry seems to be genetically fixed (con-

Fig. 9.13  Suture variation in morphs of Neogastroplites muelleri (Early Cenomanian). All sutures 
taken at shell diameters between 30 and 35 mm. While some variations in the suture line appear 
correlated with shell shape (e.g., taller lateral saddles in more globose shells), other variation is 
uncorrelated with shell shape; the overall path of the suture line is similar in all forms. Suture 
patterns redrawn from Reeside and Cobban (1960). From top to bottom: Variant G, uncatalogued 
specimen; Variant E-F, USNM 129496; Variant C-D, USNM 129468; Variant B, USNM 129435; 
Variant A, USNM 129418
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stant excentrical position of the lateral lobe in Platylenticeratidae and Anahoplites: 
Hölder 1956; Keupp 2012). The development of asymmetry in the suture can also 
be due to pathologies when it only appears in a small percentage of the population 
(some authors have linked this to parasitic infestations: see discussion in De Baets 
et al. 2015a).

9.5  Influence of Intraspecific Variation on Ammonoid 
Studies

Ammonoids have often suffered extreme taxonomic oversplitting (Kennedy and 
Cobban 1976; Kennedy and Wright 1985; Dagys and Weitschat 1993b; Donovan 
1994), but lumping is also not uncommon (e.g., Westermann 1966; Howarth 1973; 
Callomon 1985). Underestimating (or overestimating) intraspecific variation can 
bias taxonomy and diversity counts, as well as biostratigraphic, evolutionary and 
paleobiogeographic analyses (e.g., Dzik 1985; Kennedy and Wright 1985; Hughes 
and Labandeira 1995; Nardin et al. 2005; Korn and Klug 2007; Monnet et al. 2010; 
De Baets et al. 2013a; Bert 2013).

Traditionally, many ammonoid workers have used a strict typological approach, 
erecting narrowly defined morphospecies, which has led to an artificial inflation of 
paleodiversity. Some authors like Buckman (1887) had already realized the prob-
lem early on, but still kept using this typological approach resulting in the over-
splitting of species. A typical example of this approach is the Jurassic ammonite 
Sonninia, for which Buckman alone erected over 60 species. Westermann (1966) 
subsequently lumped 69 species of Sonninia (including the ones erected by Buck-
man) together with Sonninia adicra as they all form part of a continuum in mor-
phology (as well as dimorphism) and based on this work, defined the Buckman laws 
of covariation following observations that had already been reported by the former 
author in 1892. Although a large degree of intraspecific variability in Sonninia is 
still accepted, it is now well established that specimens of Sonninia lumped together 
by Westermann (1966) come from multiple (bio)stratigraphic levels (e.g., Callomon 
1985; Westermann 1996; Sandoval and Chandler 2000; Dietze et al. 2005). When 
better preserved or better stratigraphically controlled material becomes available, 
this can still lead to the erection of additional species or the re-establishment of 
older ones based on previously overlooked differences in ontogeny or morphology. 
Hence, we frequently see in the history of ammonoid taxonomy an initial rapid 
increase in taxonomic diversity as a result of taxonomic oversplitting related to a 
strict typological approach, followed by a decline and then potentially a slight rise 
in diversity again, when a better numerical grasp on intraspecific variability and 
even finer stratigraphic resolution is achieved, as illustrated by Buckman’s Sonninia 
(Fig. 9.14).

In the middle of the last century, various authors realized the problems related to 
a strict typological or morphospecies approach, which resulted in the introduction 
of multiple co-occurring species at the same stratigraphic interval and region (e.g., 
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Haas 1946; Barber 1957; Callomon 1963; Tintant 1963; Westermann 1966), and 
have rallied for a more ‘biological’ species concept. Multiple authors have promot-
ed the merits of using a horizontal (population or biospecies) approach as opposed 
to a vertical (index or morphospecies) approach (e.g., Callomon 1963, 1985; Tintant 
1963, 1976, 1980; Tozer 1971; Kennedy and Cobban 1976; Silberling and Nichols 
1982; Dzik 1985, 1990a, 1994; Westermann and Callomon 1988; Atrops and Melé-
ndez 1993; Chandler and Callomon 2009; Fig. 9.15), which does not only include 
a wide range of continuous variation, but potentially also discontinuous variation 
(sexual dimorphism and non-sexual polymorphism). These authors may explicitly 
or implicitly claim that a fossil assemblage from a single stratigraphic horizon is 
more likely to represent a true biospecies (i.e., a reproductively isolated population) 
than assemblages from different horizons. However, it is obviously difficult to test 
claims about reproductive isolation in fossil samples, and we suggest great caution 
in applying the term biospecies to extinct taxa (see Yacobucci et al. 2015).

Oversplitting might also artificially create two or more lineages evolving seem-
ingly in parallel (Tintant 1980; Atrops and Meléndez 1993). Many authors keep us-
ing morphological species or variants to refer to different morphologies or morphs 
of these species for practical purposes (e.g., Dietze et al. 2005; Chandler and Cal-
lomon 2009), but it is incorrect to give these forms the rank of subspecies from a 
biological point of view (where species need to be reproductively isolated by ge-
ography or other factors), following the International Code of Zoological Nomen-
clature. Similar views were expressed for the subgeneric ranking of dimorphs (e.g., 

Fig. 9.14  Number of species of Sonninia (Bajocian) in use through time. Note the steep growth 
in the beginning during the era of a strict typological approach (mostly erected by Buckman), 
followed by a steep decline due to the biospecies approach of Westermann (1966) and a slight 
increase in modern times as a result of a more highly resolved stratigraphic framework and the 
discovery of new material (Sandoval and Chandler 2000; Dietze et al. 2005)
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Schweigert et al. 2007), which should not be used because a subgeneric placement 
should express (paleo-) biogeographic or habitat differentiation within a genus rath-
er than pure morphological differences. Nomenclatorial reasons also speak against 
the use of a subgeneric ranking (e.g., Pavia 2006).

Not properly taking intraspecific variation into account can cause obvious prob-
lems for taxonomy and systematics, but it can also significantly influence biostrati-
graphic studies (Dzik 1985, 1990a). As explained by Dzik (1985), the probability 
of finding a particular morphotype in a sample is not only related to the sample size 
but also to the horizon being sampled, as different morphotypes are more common 
in different horizons (Fig. 9.15). Thus, definitions of time correlation units based on 
the first known occurrence (FAD) of a morphotype does not provide a completely 
reliable basis for a study, which has led to the common use of assemblage zones. 
Morphological variation in contemporary populations might greatly exceed evo-
lutionary changes between successive faunas (e.g., Schloenbachia: Kennedy and 
Cobban 1976, Wilmsen and Mosavinia 2011; Kennedy 2013 or Neogastroplites: 
Reeside and Cobban 1960, Reyment and Minaka 2000), so that in many cases, 
successive faunas can only be separated on the basis of the mode of variation of 
the population, as individual morphotypes have relatively long stratigraphic ranges. 
This might also make it difficult to compare specimens from different localities 
or regions, when only limited material is available (e.g., De Baets et al. 2013a). 
Properly taking into account intraspecific variability is therefore a very important 
prerequisite for studying temporal and spatial patterns of diversity through time and 
their relation with environmental changes and extinction events (e.g., Kennedy and 
Wright 1985; Monnet et al. 2011b; De Baets et al. 2013a), for which ammonoids are 

Fig. 9.15  Differences between typological and population concepts of an ammonoid species as 
demonstrated by Late Callovian Quenstedtoceras. According to a typological approach all speci-
mens having more than three secondary ribs per primary rib belong to Q. lamberti (irrespective of 
their age), while according to a population approach all populations showing modal values of the 
rib index exceeding 3 at size class 50-60 are to be included in that species (modified from Dzik 
1990a; with permission from the author)
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often used (e.g., Brayard et al. 2009; Dera et al. 2011). This problem is illustrated 
by a study of Korn and Klug (2007) on the intraspecific variability of Manticoceras, 
which indicates that the effect of the Frasnian–Famennian extinction on ammonoids 
might be significantly overestimated when ignoring intraspecific variability. Fras-
nian diversity is based mainly on manticoceratid diversity, which was artificially 
inflated by taxonomic oversplitting (Korn and Klug 2007). Clearly, analysis of in-
traspecific variability is a prerequisite for many paleobiological and evolutionary 
studies (e.g., Monnet et al. 2015b), and much more research in this field is needed. 

9.6  Intraspecific Variation through Ontogeny

The mode and range of intraspecific variation might change through ontogeny. Sev-
eral authors have reported the largest range of continuous intraspecific variation 
from the middle whorls (e.g., Dagys and Weitschat 1993b; Morard 2004, 2006; 
Korn and Klug 2007; De Baets et al. 2013a). In these cases, specimens of the same 
species (and even different species and genera) are morphologically more similar 
to each other in the last whorl (recognized by adult modifications discussed in Klug 
et al. 2015) and early whorls than during intermediate growth stages. Others have 
reported higher variation in juvenile and adult forms (e.g., Korn and Vöhringer 
2004). Tanabe and Shigeta (1987) reported a higher variation in early whorls than 
in later whorls in several Cretaceous ammonoid taxa, although they only investi-
gated a limited number of specimens per species. Monnet et al. (2012) reported also 
the same pattern of decreasing intraspecific variation through ontogeny (i.e. high 
juvenile plasticity) in some Triassic ammonoids that is also independent of evolu-
tionary trends through time and also may have a very different variance (range) in 
different morphological characters. However, this pattern must be cautiously treat-
ed because it may be biased by the usual higher abundance of intermediate-sized 
specimens within preserved “populations” of species. The most extreme example of 
large differences in adult form is the dimorphism in late ontogeny typical of sexual 
dimorphism (Klug et al. 2015). There are also examples of non-sexual polymor-
phism, where the forms are at their most dissimilar in earlier ontogeny and become 
more similar in later ontogeny (e.g., in Dactylioceras as discussed by Tintant 1976, 
1980) or where they have similar ontogenies differing only in discrete characters 
(compare Sect. 9.4.2) Furthermore, a large degree of intraspecific variation in am-
monoids might be related to differences in development, more specifically growth 
rates and the length and shape of ontogenetic trajectories through development. For 
these reasons, intraspecific variability should be studied throughout ontogeny or 
development from early to late growth stages (e.g., Neige 1997; Morard and Guex 
2003; Urdy et al. 2010a, b, 2013; De Baets et al. 2013a; Bert 2013: compare Urdy 
2015). Only limited studies have focused on quantitatively analyzing changes in 
intraspecific variation throughout ontogeny (e.g., De Baets et al. 2013a), but they 
might be particularly important to understand the mode of growth as well as paleo-
biology and paleoecology of ammonoids.
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9.7  Size-At-Age Variation in Ammonoids

The growth of extant cephalopods is notoriously variable and is influenced by vari-
ous biotic and abiotic factors. Populations of extant cephalopod species can show 
large intra-annual (seasonal) and inter-annual variations in growth rate and adult 
size (e.g., Boyle and Ngoile 1993; Arkhipkin and Laptikhovsky 1994; Nigmatul-
lin et al. 2001; Jackson and Moltschaniwskyi 2002; Arkhipkin 2004; Keyl et al. 
2011; Hoving et al. 2013). This typically results in a high intraspecific variation in 
size-at-age data (e.g., Boyle and Boletzky 1996), which has been corroborated both 
by laboratory rearing experiments and population studies in the field (Pecl et al. 
2004 and references therein). In particular, ambient temperature as well as food 
quality and quantity have been implicated in growth rates (e.g., Pecl et al. 2004), 
but various other environmental factors such as light intensity, pressure, dissolved 
oxygen, and the abundance and kind of predators might have stressed or otherwise 
influenced the growth rates of marine organisms (see Bucher et al. 1996 for a re-
view). Food and temperature are also partially interrelated because feeding rate is a 
function of temperature (Mangold 1983; Hewitt and Stait 1988). Such ecologically 
driven differences in size are exemplified by a study by Hoving et al. (2013), who 
recorded a spectacular decrease in the adult size of the jumbo squid ( Dosidicus 
gigas) from more than 55 cm to less than 30 cm mantle length after an El Niño 
event, which is a periodic development of anomalously warm surface water tem-
peratures (and can coincide with a reduction in primary production associated with 
wind-driven upwelling as well as a variety of effects on higher trophic levels) off 
the western coast of South America. This variation might also be partially related to 
differences in temperature or other environmental conditions at hatching. Climate 
change might also affect the life history of squids as warmer temperatures are ex-
pected to reduce embryonic duration and hatchling size, increase growth rates and 
shorten the overall life-span, resulting in maturation at smaller sizes and younger 
ages. Individual squids will require more food per unit body size, need more oxygen 
for faster metabolism and have a reduced capacity to cope with food scarcity (Pecl 
and Jackson 2008). Climate change might well have affected ammonoid popula-
tions in a similar way (e.g., Matyja and Wierzbowski 2000), although this needs be 
further investigation.

Similar size-at-age variation might have existed in ammonoids, and could be re-
flected in differences in adult size of fossil ammonoid populations at the same local-
ity and age (e.g., Ivanov 1971a, 1975: microconchs, macroconchs and megaconchs; 
Matyja 1986, 1994: miniconchs, microconchs and macroconchs: compare Klug 
et al. 2015), over evolutionary time (Hewitt and Hurst 1977; Dzik 1990a; Landman 
et al. 2008) as well as interpopulational differences in adult size between differ-
ent regions and/or paleoenvironments (Kummel 1948; Vogel 1959; Wendt 1971; 
Mancini 1978; Elmi and Benshili 1987; Stevens 1988; Courville and Thierry 1993; 
Mignot 1993; Mignot et al. 1993; Matyja and Wierzbowski 2000; Reboulet 2001; 
Urlichs 2004, 2012; Ploch 2007; Landman et al. 2008). It should be noted, how-
ever, that it can be hard to disentangle intra- and inter-annual environmental factors 
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due to the inherent time-averaging each shell assemblage (fossil population) has 
gone through (compare Sect. 9.3). Also, to document size-at-age variation requires 
a method for determining the age of individuals. Even in extant cephalopods, esti-
mating age (often indirectly using growth increments in statoliths: Jackson 1994) 
and maturity (e.g., Arkhipkin 1992) is not always straightforward. In fossil cepha-
lopods, such studies are further complicated. Diameter is most commonly used as 
a proxy for size, although other parameters like body chamber (or shell) volume or 
its square root might be more suitable, as they better reflect the growth of the soft 
tissues contained within the body chamber, particularly when comparing taxa or on-
togenetic stages with different shell shapes (e.g., Bucher et al. 1996; Dommergues 
et al. 2002; De Baets et al. 2013a). The volumetric parameters are more difficult to 
obtain and not commonly used in the literature, making the diameter still the most 
commonly used proxy for size. The diameter is also not directly comparable with 
mantle length, which is the most widely used measure of size in extant coleoids. 
The body chamber length would be more directly comparable with mantle length. 
The diameter has been used more rarely as a proxy for age, but this probably makes 
even less sense. Other proxies for age have been employed like septal spacing (e.g., 
Stephen et al. 2002) or rib spacing counts (e.g., Dommergues 1988), although these 
also have their problems as they are based on several assumptions and do not nec-
essarily stay constant through ontogeny or between taxa (compare Bucher et al. 
1996). Ideally, we would need to know growth rates through ontogeny, which are, 
however, hard to estimate in fossil organisms like ammonoids. Several methods 
making various assumptions have been suggested, which can often only be used in 
particular cases and show various degrees of success and reliability (comprehen-
sively reviewed in Bucher et al. 1996; compare Urdy 2015). These methods are:

• Assumptions about the periodicity of shell secretion in septa, constrictions or 
pseudosutures (e.g., Ivanov 1971b; Hirano 1981; Doguzhaeva 1982; Weitschat 
and Bandel 1991; Hewitt et al. 1991),

• Detection of seasonal signals in morphology (e.g., shell volume: Trueman 1940; 
rates of whorl expansion and septal spacing: Westermann 1971; septal spacing: 
Kulicki 1974; Zakharov 1977; jaw increments: Hewitt et al. 1993) and isotopic 
data (e.g., Jordan and Stahl 1971; Lécuyer and Bucher 2006),

• Presence of distinct age classes or cohorts in ammonoid species, which are as-
sumed to have bred (and spawned) periodically at regular times (e.g., Trueman 
1940; Bucher et al. 1996),

• Using growth rates of epizoans with modern counterparts growing on ammo-
noids during their lifetime (e.g., Schindewolf 1934; Merkt 1966; Meischner 
1968; Hirano 1981; Andrew et al. 2011).

Some of the most pronounced size differences in ammonoids might be associated 
with sexual dimorphism (classically expressed as microconchs and macroconchs), 
although the sexual nature or presence of dimorphism is not always clear, even 
during the Jurassic where the phenomenon is most accepted (compare Sect. 9.4.2). 
Some authors have reported only one morphology, resembling microconchs and/
or macroconchs of other taxa, while others have reported the presence of three 
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morphologies (e.g., Ivanov 1971a, 1975; Brochwicz-Lewinski and Rózak 1976; 
Matyja 1986, 1994) within ammonoid species (compare Klug et al. 2015). The lat-
ter phenomenon might reflect the presence of morphologically distinct “popula-
tions”, which might be largely geographically isolated or represent cohorts hatched 
at different times (and which were therefore subjected to different environmental 
conditions at different times in their development). Ivanov (1971a, 1975) reported 
the presence of megaconchs, which do not show signs of maturation (although this 
might potentially be a taphonomic bias) and Matyja (1986, 1994) reported the pres-
ence of miniconchs in addition to microconchs and macroconchs within some am-
monoid taxa. The presence of more than two morphologies does not necessarily 
rule out the presence of sexual dimorphism as there might be more than one morph 
in one or both sexes. Interestingly, the presence of three adult size-classes has also 
been reported from extant cephalopods (e.g., Sthenoteuthis pteropus: Zuev 1976; 
Dosidicus gigas: Nigmatullin et al. 2001), although it probably does not reflect 
sexual dimorphism, as the three size classes occur in both sexes (Nigmatullin et al. 
2001). Matyja (1986, 1994) has dubbed this phenomenon developmental polymor-
phism, but this does not necessarily correspond to the biological definition of poly-
morphism, as these might have lived in different times or places and might therefore 
not be polymorphic in a biological sense (as such forms could represent seasonal or 
geographic variants: compare Sect. 9.3). Matyja (1986) attributed the expression of 
“developmental polymorphism” as mono-, di- or trimorphism in a given population 
to environmental factors, more specifically geography and lithofacies. Neverthe-
less, one should remain cautious in interpreting size structure in fossil populations 
as various factors could also contribute to a non-unimodal size distribution of fossil 
assemblages, including taphonomic and collection biases (size sorting, spatial and 
temporal mixing) as well as paleoecological factors (different ratios or separation of 
size classes or ontogenetic stages during the lifetime). The studies of Matyja (1986, 
(1994) and Ivanov (1971a, 1975) are therefore open to scrutiny as they did not use 
the proper quantitative methods and have a low sample size (compare Callomon 
1988: Davis et al. 1996).

Several authors have reported intraspecific differences in adult size of popula-
tions deriving from different regions and/or paleoenvironments (Elmi and Benshili 
1987; Mignot 1993; Mignot et al. 1993; Reboulet 2001; Urlichs 2004; Ploch 2007; 
Landman et al. 2008). Many of these studies have suggested a correlation between 
miniaturization and a locally confined paleogeographic and/or paleoenvironmental 
context (e.g., Elmi and Benshili 1987; Mignot 1993; Mignot et al. 1993; Olóriz 
et al. 2000; Urlichs 2004; Ploch 2007). Such a relationship has been particularly 
supported by comparative studies on Tethyan populations of Jurassic ammonites 
from small basins in the northwest European platform (e.g., Elmi and Benshili 
1987; Mignot 1993; Mignot et al. 1993). Stunting (“Kümmerwuchs” sensu Ager 
1963; see Keupp and Hoffmann 2015) preferentially affected populations in small 
isolated basins, which belong to species that are widespread and have larger indi-
viduals outside of the confined basins. Dommergues et al. (2002) attributed this 
size decrease to the scarcity of nutrients because such stunting is found experimen-
tally in miniaturized (undernourished) cuttlefish (Boletzky 1974), although such 
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populations have so far not been reported from natural environments. Reboulet 
(2001) reported that representatives of several Valanginian ammonoid species in 
the deeper water facies of the Vocontian basin were smaller than their counter-
parts in the shallow water facies in the Provence Platform, which he attributed to 
a decrease in growth rate under conditions of higher hydrostatic pressure as well 
as lower water temperature and nutrient supply in the basinal areas. Ploch (2007) 
reported that specimens of Saynoceras verrucosum from the deeper Vocontian basin 
were smaller than those from the shallower epicratonic Polish basin, which she at-
tributed to their isolation and differences in depth or temperature. Landman et al. 
(2008) investigated differences in body size of the Late Cretaceous Hoploscaphites 
nicolletii over time and between geographically separated contemporary popula-
tions. They reported that macroconchs from the northwestern portion of their study 
area were smaller than those from the southwestern portion, which they explained 
by unfavorable conditions (lower oxygen levels, less than normal marine salinity) 
also reflected in the low diversity and abundance of nektic and benthic organisms 
in general. Landman et al. (2008) also reported that body size of the same spe-
cies correlated with environmental changes over time. Urlichs (2004) discovered 
that smaller Triassic Lobites nautilinus/pisum specimens occurred in distinct clay 
to marly clay beds rich in pyrite while larger specimens were found in marl and 
limestone beds poor in pyrite. He interpreted the larger specimens as normal-sized 
when compared with contemporary specimens from the Hallstätt Limestone and the 
smaller specimens as stunted adults based on septal crowding (compare Kraft et al. 
2008 for an alternative interpretation). Interestingly, the environment did not seem 
to have affected several other species (e.g., Lecanites glaucus, Megaphyllites jar-
bas, Proarcestes klipsteini, etc.), which are represented by normal-sized juveniles. 
Often, other shelled organisms from the St. Cassian Formation such as bivalves 
and brachiopods (Urlichs 2012) or in other, similar faunas are miniaturized (e.g., 
Kummel 1948; Mancini 1978). Urlichs interpreted this as a possible indication for a 
nektobenthic or demersal mode of life of Lobites and the confined paleogeographic 
condition of this basin. The close correlation between body size and paleoenvi-
ronment has often been used to indicate a deep nektonic or demersal/nektobenthic 
mode of life (Reboulet 2001; Urlichs 2004), although it might similarly affect forms 
with a pelagic mode of life as both facies and body size might be influenced by a 
second factor that controls both.

Stunting (“Kümmerwuchs”), which has ecological reasons, should not be con-
fused with dwarfism (“Zwergwuchs”), which is genetically fixed (compare Ager 
1963; Hallam 1965; Mancini 1978; Urlichs 2004; Keupp 2012). Paedomorphic pro-
cesses that might lead to evolutionary trends towards smaller representatives are not 
uncommon in ammonoids, although they are often discussed above the species level 
(e.g., Dommergues et al. 1986; Landman and Geyssant 1993; Korn 1995). Logical-
ly, the first thing one needs to rule out in miniaturized faunas is that their small size 
does not relate to an early stage of development (e.g., juveniles) or taphonomic bias 
(e.g., only inner whorls preserved). Some authors have reported smaller representa-
tives of species from fissure-fillings compared to ‘normal’ individuals from other 
sediments in the Triassic (e.g., Krystyn et al. 1971; Urlichs 2004) and the Jurassic 
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(e.g., Wendt 1971; Aubrecht and Schlögl 2011). Some have attributed this to ta-
phonomic biases (preferential preservation of smaller specimens in these fissures: 
Krystyn et al. 1971), while others attributed these to stunting (Wendt 1971; Urlichs 
2004). Aubrecht and Schlögl (2011) could not establish whether these ammonites 
were juvenile, dwarfed specimens adapted to limited cave space or size-sorted adult 
specimens. According to Stevens (1988), environmental constraints could, howev-
er, also lead to gigantism in adults; using recent squids as a model, he predicted that 
large specimens might have preferred colder environments and should therefore be 
more numerous in the fossil record during transgressive episodes. Rare abnormally 
large or “giant” specimens within an ammonoid species could potentially be the 
outcome of pathological conditions such as parasitic castration, in analogy with 
cases seen in extant gastropods, or hormonal disorders (Dommergues et al. 1986; 
Stevens 1988; Manger et al. 1999; this is discussed in more detail in De Baets et al. 
2015a).

Environmental factors do not explain all variation in size-at-age, as individu-
als reared under identical conditions still display a wide range of sizes (Pecl et al. 
2004). Many studies have attributed size-at-age variation to intrinsic factors or en-
vironmental factors affecting cephalopods after hatching, overlooking the effect of 
seasonal temperature variation and individual hatching size heterogeneity. Such 
differences in hatching size might amplify throughout the lifespan of the cepha-
lopods. In Recent cephalopods, hatchling size not only depends on egg size, but 
also on developmental temperature (varying with seasons, depth or latitude) and 
individual hatching conditions (Boletzky 2003). A negative relationship between 
egg size and environmental temperature is known from extant cephalopods and has 
been reported both within species and between species (e.g., Laptikhovsky 2006). 
Latitudinal temperature-related differences in embryonic shell size might also have 
been present in ammonoids (Laptikhovsky et al. 2013), but so far, the fossil record 
is spatially too patchy to test geographic differences in contemporary populations 
of the same species over large latitudinal distances, where this could be relevant 
(Tajika and Wani 2011). In extant cephalopods, there is also a large intrinsic varia-
tion at hatching at the same locality (De Baets et al. 2015b), which might also con-
tribute to the large intraspecific variation reported in various ammonoids sampled 
from restricted intervals in time and space from the Paleozoic (Erben 1950, 1964; 
Tanabe et al. 1995; Stephen and Stanton 2002) to the Mesozoic (Tanabe 1977a, b; 
Landman 1987; Rouget and Neige 2001; Tanabe et al. 2003; Tajika and Wani 2011). 
It has been hypothesized that both seasonal temperature variation and individual 
hatchling size heterogeneity might influence subsequent growth and contribute to 
the (adult) size-at-age variation of cephalopods (Pecl et al. 2004; Leporati et al. 
2007). Pecl et al. (2004) hypothesized that small changes in temperature might be 
particularly relevant during the early exponential growth phase and then amplify 
throughout the lifespan. An exception might be longer-lived species that exhibit 
asymptotic growth, where small initial differences between individuals might be 
minimized as the organisms grow. Individual hatchling variation might, however, 
play a subordinate role, at least in some ammonoids such as Scaphites (Landman 
1987) or Creniceras renggeri (Neige 1997), where authors reported a lack of corre-
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lation between size at hatching and adult size. Nevertheless, such correlations might 
still be present earlier in ontogeny or in other taxa, as the influence of range of varia-
tion in early ontogeny seems to depend on the growth pattern of the cephalopods.

All these studies demonstrate that size is a highly variable parameter among pop-
ulations within ammonoid species when subjected to specific environmental con-
straints. This indicates that size can be a useful tool to recognize spatially separated 
fossil populations (e.g., Courville and Thierry 1993). However, size-at-age may not 
be an effective criterion to separate ammonoid species. For example, the only char-
acter separating “Mimagoniatites falcistria” (restricted to the Hunsrück Slate) from 
M. fecundus (more widely distributed) was its size, combined with differences in 
preservation between clayey and carbonate sediments (Chlupáč and Turek 1983; 
Göddertz 1989). More complete specimens of “M. falcistria” with preserved inner 
whorls show that they are conspecific with M. fecundus (De Baets et al. 2013b). De 
Baets et al. (2013b) could also demonstrate that the larger specimens from the Hun-
srück Slate show indications of adulthood (Chlupáč and Turek 1983), while larger, 
complete specimens are rare or absent in its type region in the Czech Republic.

9.8  Ecophenotypic Variation

Intraspecific morphological variation has been well-documented, particularly in 
coiled Mesozoic ammonoids, but it still remains poorly understood from an eco-
logical point of view (e.g., Westermann 1996; Ritterbush et al. 2014). Strong intra-
specific variation without apparent facies association has often been used to ques-
tion a close correlation between shell shape and ecology in ammonoids (Dagys 
and Weitschat 1993a, b; Dagys et al. 1999; Weitschat 2008; Kennedy and Cobban 
1976; compare Naglik et al. 2015). Others have suggested it might be related to a 
lack of selection on shell shape in these taxa and/or certain environments (Ken-
nedy and Cobban 1976; Westermann 1966, 1996; Keupp 2000). The occurrence of 
broadly varying species together with narrowly varying species in the same family 
(e.g., Czekanowskites with Arctohungarites: Dagys and Weitschat 1993a) or co-
occurring in the same strata ( Sonninia with Fissilobiceras: Dietze et al. 2005) has 
been used by some authors (Westermann 1996; Keupp 2000) to suggest differences 
in selection pressure on streamlining and/or “defensive” sculpture depending on the 
paleoenvironment. Westermann (1996) hypothesized that streamlining varied much 
more in populations of planktic drifters and vertical migrants compared with nektic 
and demersal swimmers that “depended on speed, acceleration and/or steerage for 
catching prey”. Keupp (2000) suspected that forms showing high variation might 
have lived in shallower water with higher water energy, where they would have 
been exposed to stronger selection for forms with better “streamlining” (Naglik 
et al. 2015). Interestingly, other ammonoid workers have related shell shape strictly 
to environmental influences as fossil taxa that show an array of forms are often 
assumed a priori to be ecophenotypically plastic (e.g., Crick, 1978; Kassab and 
Hamama 1991; Reyment 1988; Reyment and Kennedy 1991; Kin 2010), even if 
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the specimens are more or less contemporary and derive from the same locality or 
region (Reyment and Kennedy 1991; Kin 2010). On the other hand, shell morphol-
ogy is not necessarily strongly controlled by environmental conditions. Callomon 
(1985), for instance, noted that a high range of morphological variation in the Juras-
sic cardioceratids persisted for several million years despite migrations and changes 
in habitat, suggesting that internal controls on shell shape also existed. Some au-
thors (Reyment 1988; Reyment and Kennedy 1991; Reyment 2003) have attrib-
uted the pronounced variation observed in some ammonoids to genetically based, 
“multiple niche polymorphism” (Bulmer 1980) in stressful environments, which is 
common in modern gastropods (Goodfriend 1986), although this is hard to prove.

Differences in intraspecific variation between different paleoenvironments and 
regions have rarely been studied in ammonoids, although they are the only way to 
test hypotheses of phenotypic plasticity and ecophenotypic variation in ammonoids. 
Some authors have not only reported intraspecific differences in size (discussed 
in more detail above in Sect. 9.7), but also differences in shell morphology and/
or ornamentation between different paleoenvironments (Dietl 1978; Tintant 1980; 
Courville and Thierry 1993; Jacobs et al. 1994; Diedrich 2000; Ploch 2007; Wilm-
sen and Mosavinia 2011). Potentially, this link between shell form and environment 
might also be related to differences in growth rates and development between local-
ities (Mignot et al. 1993; Reboulet 2001). Phenotypic plasticity in shell shape and 
ornamentation has mainly been reported in several Cretaceous ammonoids (e.g., 
Jacobs et al. 1994; Reyment and Kennedy 1991; Diedrich 2000; Kin 2010, 2011; 
Machalski 2010; Wilmsen and Mosavinia 2011; Fig. 9.16). Unfortunately, most of 
these studies only semi-quantitatively investigated these patters (i.e., in categories), 
having access only to rather small sample sizes, or they did not list the original mea-
surements of their specimens, which would make it possible to assess these patterns 
statistically. In any case, phenotypic plasticity can never be fully demonstrated for 
ammonoids, since it would require proof that morphologically differing individu-
als shared the same genome (which is obviously unknown from ammonoids) and 
varied due to differing ecological conditions.

Jacobs et al. (1994) reported the presence of more compressed morphs of Scaph-
ites whitfieldi in nearshore sandy facies, while more depressed morphs of this spe-
cies occurred in offshore muds. The phenomenon of shell compression varying 
with lithofacies has also been recognized above the species level (Jurassic: Bayer 
and McGhee 1984, 1985; Cretaceous: Landman and Waage 1993; Kawabe 2003). 
This is seemingly consistent with a hydrodynamic explanation, where thinner, more 
compressed morphs would be able to swim more efficiently at higher velocities 
(typical for nearshore environments) and depressed morphs more efficiently at 
low velocities (see Naglik et al. 2015). A similar phenomenon might be present in 
Thomasites gongilensis, for which Courville and Thierry (1993) reported a continu-
ous intraspecific variation from extreme platycone ( compressum), over intermedi-
ate morphologies ( tectiforme), to subsphaeroconic or subcadiconic morphologies 
( gongilense) linked by intermediate forms. The main morphology also depended on 
the paleoenvironments, with more compressed platycones dominating in shallower 
areas, while more inflated morphs dominated in deeper, subsiding areas ( tectiforme 
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and gongilensis). The situation might have been even more complicated as they also 
found a group ( inflatum), which differed in ornamentation (branching of ribs and 
presence of furrows) and which they assigned to the same species; this species did 
not show this ecophenotypic variation (compare Reyment 2004 for a different point 
of view). Courville and Thierry (1993) speculated that the inflatum group might 
have been a geographic subspecies or a more complex case of extreme intraspecific 
variation as both groups were only occasionally found together in a transitional 

Fig. 9.16  Schematized distribution and semi-quantitative analysis of the relative proportion of 
morphological variants within contemporary samples of Schloenbachia varians (Cenomanian) 
from different paleoenvironments (modified from Wilmsen and Mosavinia  2011; with permission 
from the author)

 



3979 Ammonoid Intraspecific Variability

area between both regions, where these morphs are typical (compare also Reyment 
2003). There might also be a link with development as the representatives of the 
species from different localities showed markedly different body sizes. The authors 
explained this by internal (genetic) factors as well as external constraints (water 
depth and energy, interactions with other organisms including predation and com-
petition for food).

Complicating the situation, Wilmsen and Mosavinia (2011) reported the opposite 
pattern in Schloenbachia varians, with compressed, weakly ornamented morphs 
being more common in open (and deeper) waters and depressed, strongly tubercu-
late forms in shallower environments (Fig. 9.16). They attributed the dominance of 
strongly tuberculate, depressed forms in shallow, nearshore environments to higher 
water energy and predation pressure. They only studied this semi-quantitatively, 
but their histograms suggest non-unimodal and strongly skewed distributions in 
some paleoenvironments. A similar type of ecophenotypic variation was reported 
by Diedrich (2000) for Pusozia, where finely ribbed ecotypes are typical for ramp 
facies in the deeper shelf, more coarsely ribbed varieties for slope environments 
of the middle shelf and heavily ornamented forms for shallower submarine swells. 
He attributed the facies-dependence of shell morphology to the nektobenthic or 
demersal ecology of the ammonoids in question (similar claims have been made 
for facies-dependence of size: Reboulet 2001; Urlichs 2004). Even if a relation-
ship between shell morphology and an environmental factor can be shown, such 
a link does not by itself prove that morphology is controlled by that factor (Yaco-
bucci 2008). For example, given a correlation between shell shape and facies, the 
underlying cause of the differing shell shapes is certainly not the facies per se, but 
rather one or more associated factors, such as the water energy, predatory pressure, 
hydrostatic pressure, light, nutrient availability, geographical region, or stage of a 
sea-level cycle in which the ammonoids preferentially lived. These components 
might be difficult to disentangle in fossil “populations” as they are typically mixed 
in time (different seasons, years or decades to hundreds and thousands of years; 
natural and empiral time-averaging of shell assemblages) and space (bathymetri-
cally, geographically, paleoenvironmentally; due to their pelagic lifestyle as well as 
potential post-mortem transport: Kennedy and Cobban 1976; Ritterbush et al. 2014; 
Naglik et al. 2015). Reyment and Kennedy (1991) and Kin (2010, 2011) discussed 
phenotypic plasticity as a possible reason for the large intraspecific variation in 
Knemiceras and Acanthoscaphites, respectively. They could not, however, provide 
evidence that particular phenotypic classes or morphologies were linked to differ-
ent environmental conditions. An external influence on phenotype might also be 
present in Hemihoplitidae as Bert (2012) reported that more robust individuals are 
usually found on the edges of the platform, while these morphotypes are rare in the 
pelagic environment. Similar environmental factors might also have played a role 
for the evolution of Gassendiceras towards more slender morphologies over time 
(Bert and Bersac 2013); both patterns have still have to be studied quantitatively.

We can extend environmental variation to geographic variation (Bert 2013), 
which is a scaled-up version of local and regional environmental differences that 
often remain undetected (Westermann 1996) given the limits of stratigraphic and 
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spatial resolution in temporally and/or spatially mixed fossil populations. Besides 
geographic differences in adult size (Sect. 9.7), authors have also reported geo-
graphic differences in shell shape (planispiral vs. trochospiral coiling: Dietl 1978; 
thickness ratio of shell whorls: Ikeda and Wani 2012; Yahada and Wani 2013) and 
ornamentation (e.g., differences in ribbing and furrows: Courville and Thierry 
1993; Olóriz et al. 2000). Other shell shape parameters and the shape of the suture 
line might also be involved, but they have to our knowledge not yet been adequate-
ly studied. Some of these patterns might also be related to differences in growth 
rate and length of development, which have also been reported (e.g., Mignot et al. 
1993; Reboulet 2001; Ploch 2007). Dietl (1978) noted a reduced variation in coil-
ing (e.g., lack of three-dimensionally coiled or trochospiral forms) with increasing 
geographic distance from the “optimal biotope” (Fig. 9.17). He interpreted the high 
variation in shell shape in Spiroceras as an indication of a benthic mode of life on 
algal meadows (compare also Westermann 1996). Other authors have reported dif-
ferences in whorl thickness ratios of shells (whorl breadth/shell diameter) between 
different areas and/or paleoenvironments, both in the Jurassic (e.g., Tintant 1963, 
1980) and Cretaceous (Ploch 2007; Ikeda and Wani 2012; Yahada and Wani 2013). 
Tintant (1963) described differences in whorl height and umbilical width at the 
same diameters between different samples of Kepplerites gowerianus deriving from 
different localities, but the same subzone. Tintant (1980) stated this pattern could 
potentially be related to geographic variation, but might equally reflect a slightly 
different age of these samples, as Kepplerites shows similar changes in umbilical 
width and whorl height over evolutionary time. Ploch (2007) wrote that the speci-
mens of Saynoceras verrucosum from the Vocontian Basin are more inflated (e.g., 
showed relatively larger whorl height than whorl width) than specimens from the 
Polish Basin. Some authors have attributed differences in certain characters such 
as whorl thickness ratios of shells between areas and/or paleoenvironments (Ikeda 

 Fig. 9.17  Differences in 
coiling (planispiral: white; 
trochospiral: black) within 
contemporary populations 
of Spiroceras orbignyi (Late 
Bajocian) depending on the 
locality/paleoenvironment 
(modified from Dietl 1978)
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and Wani 2012; Yahada and Wani 2013) as an indication that members of differ-
ent populations did not frequently migrate between these two areas in later ontog-
eny. Interestingly, the early ontogeny was indistinguishable in these specimens as 
these differences only developed later in ontogeny (compare Ikeda and Wani 2012; 
Yahada and Wani 2013). Inherent problems with temporal resolution in fossil popu-
lations (even within taxa deriving from the same biostratigraphic unit) hamper the 
separation of evolutionary changes (microevolution: compare Bert 2013) over time 
from geographic variation at the same time within species and lineages, particularly 
in the case of high intraspecific variability (compare Kennedy and Cobban 1976; 
Tintant 1980; Landman et al. 2008).

Not only the mode of intraspecific variation might change, but also the range of 
intraspecific variation can vary through time and/or space. Bert (2004) reported, for 
example, that the range of variation within species of Gregoryceras increases from 
the Cordatum Subzone (Lower Oxfordian, Jurassic) to reach its maximum in the 
Luciaeformis Subzone (Middle Oxfordian) and decreases thereafter. In the Creta-
ceous ammonoid Deshayesites fissicostatus, the proportion of smoother shells was 
reported by Bersac and Bert (2012a) to vary between the Fissicostatus and Obsole-
tus subzones (Lower Aptian) in southern England (Casey 1963), probably for local 
ecological reasons. Monnet et al. (2012) also reported similar irregular fluctuations 
through time in the range of intraspecific variation for the Triassic Acrochordiceras 
that are not clearly related to sample size or facies changes. Wiese and Schulze 
(2005) reported that local/regional populations of Neolobites vibrayeanus were ap-
parently morphologically stable, but that little morphological overlap occurred be-
tween individuals of geographically separated assemblages.

High levels of morphological variability within a species have been attributed to 
various ecological and developmental mechanisms, including selection for ecologi-
cal generalists in an unstable environment (Simpson 1944; Levins 1968), inherent 
developmental plasticity (West-Eberhard 2003, 2005), and the absence of competi-
tors in an empty ecosystem (Westermann 1966, 1996). Yacobucci (2004b) inves-
tigated the response of Cretaceous Neogastroplites, known for its notorious range 
of intraspecific variation in shell shape and ornamentation (Reeside and Cobban 
1960), to the invasion of a potential competitor, Metengonoceras, in the Mowry 
Sea. A competitive interaction model would predict that a variable species would 
contract its variation when encountering a new competitor. However, Neogastrop-
lites responded not by decreasing its morphological variation but by expanding into 
a previously unoccupied region of its morphospace. Yacobucci (2004b) attributed 
the variability of Neogastroplites to environmental instability or developmental 
flexibility. Tanabe and Shigeta (1987) explained differences in the range of varia-
tion of shell shape, from high in heavily ornamented and heteromorph forms, to in-
termediate in finely ribbed platycone forms, to small in weakly ornamented forms, 
to possible differences in the mode of life of these ammonoids (see also Wester-
mann 1996; Naglik et al. 2015). In some time intervals like the Triassic (e.g., Dagys 
and Weitschat 1993a, b; Dagys et al. 1999; Dagys 2001; Weitschat 2008), extreme 
intraspecific variation appears to have been particularly concentrated in high-lati-
tude “polar” regions (a phenomenon also seen in extant gastropods: Clarke 1978). 
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However, similar cases are known from more or less contemporary faunas from 
lower latitudes (Monnet et al. 2010) suggesting this interpretation might represent 
a preservational or collection bias. Geographic differences in size within species 
have often been attributed to the differences in environmental or geographic context 
(Mignot 1993; Mignot et al. 1993; Reboulet 2001; Ploch 2007). There also seems to 
be no clear link to endemism as a high range of intraspecific morphological varia-
tion is known not only from more endemic taxa ( Thomasites: Courville and Thierry 
1993) but also from more widespread, globally distributed taxa ( Acrochordiceras: 
Monnet et al. 2010). Both phenomena still need to be studied more extensively and 
consistently.

9.9  Quantification, Analysis and Comparison  
of Intraspecific Variation

One must first quantify the degree and nature of the variation (by making mea-
surements, calculating variance/standard deviation/coefficient of variation, making 
histograms that show the spread of the data, etc.) and then one can analyze the 
variation (e.g., looking for correlations among traits, tracking changes in variation 
through time and across space, etc.). Fundamentally, three types of quantitative 
methods are available to study intraspecific variation: univariate, bivariate and mul-
tivariate methods (e.g., Charpy and Thierry 1976; Bert 2013). Univariate methods 
(e.g., histograms, descriptive statistics) are typically employed to visualize and test 
the homogeneity of a sample restricted in time and/or space (Tintant 1980), but 
can also be used to test or plot intraspecific variation through ontogeny for various 
ontogenetic stages or size classes. Bivariate methods can be applied to test correla-
tions between parameters and see changes in particular characters through ontogeny 
(De Baets et al. 2013a). Multivariate methods are commonly used to investigate the 
relative contribution of each measured character to the total variation of the sample 
and to group individuals by morphological or ontogenetic similarities considering 
all measured characters simultaneously (Charpy and Thierry 1976; Bert 2013).

9.9.1  Univariate and Bivariate Methods

Intraspecific variation of a single measurable character is often simply visualized 
by using a box-and-whisker plot for certain size classes or ontogenetic stages (e.g., 
Korn and Klug 2007; Monnet et al. 2010; Fig. 9.10, 9.18). However, such graphs 
do not show whether the specimens show a uni-, bi-, or multimodal distribution. As 
explained above, one might intuitively expect a unimodal distribution if the speci-
mens belong to the same taxon with continuous variation (e.g., Monnet et al. 2010), 
whereas discontinuous variation or polymorphism might result in multimodality for 
certain characters. A particular case might be sexual dimorphism, where bimodality 
at the end of ontogeny can be expected (e.g., Palframan 1966, 1967).
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Frequency distributions and (multi)modality of single traits are usually depicted 
with histograms, that is, a graphical representation of the data distribution that bins 
data into discrete intervals (Pearson 1895; Hammer and Harper 2006; Foote and 
Miller 2007; Fig. 9.18, 9.19). A histogram therefore only approximates the distribu-
tion of a variable (Pearson 1895). Histograms have certain disadvantages because 
they are discontinuous, have a fixed bin width, and are dependent on bin size and 
origin (Salgado-Ugarte et al. 2000). An alternative to the histogram is kernel density 
estimation, which uses a kernel to smooth samples. This approach will construct 
a smooth probability density function, which will in general more accurately re-
flect the underlying variable. In contrast to histograms, kernel density estimators 
are smoother and continuous, and allow for easier recognition of outliers, skewness, 

Fig. 9.18  Univariate tools used to study the range and distribution of intraspecific variation of the 
umbilical width with three species of Acrochordiceras ( Middle Triassic; modified from Monnet 
et al. 2010): boxplots ( upper left) and confidence intervals on the mean ( upper right), which give 
only limited information on the density distribution of the data; histograms ( bottom) illustrating 
the density distribution of intraspecific variation; note that not all specimens pass the normality test 
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and multimodality (Sanvicente-Añorve et al. 2003). A beanplot (Fig. 9.20, 9.21) 
is a combination of a 1-D scatterplot and a density trace (Kampstra 2008). In the 
1-D scatterplot, each measurement is represented by a line, which makes it easy to 
spot outliers. If multiple measurements have the same value, the individual lines 
are added together increasing the length of the line. Beanplots also clearly show 
whether values are rounded or discontinuous. An alternative to the beanplot is the 
violin plot (Fig. 9.21), which is a combination of a box plot and a kernel density 
plot. It is probably best to investigate the frequency distribution and multimodality 
of ammonoid shell characters by combining several methods (Fig. 9.21).

Testing for a normal distribution is not only important to see if the sample is ho-
mogenous and that specimens might belong to the same species, but also for further 

Fig. 9.19  Comparison of density distributions between two taxa using histograms over various 
size classes (modified from De Baets et al. 2013a)
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statistical analyses as many (parametric) statistical tests assume a normal distribu-
tion (e.g., Hammer and Harper 2006; Monnet et al. 2010). Distribution-free or non-
parametric statistical methods exist, but they often have a lower statistical power 
than parametric ones (Hammer and Harper 2006). For the purposes of analysis, a 
normal distribution can also be achieved by conducting various transformations of 
the raw data (e.g., Bert 2013). Although normal distribution determines the types of 

Fig. 9.20  Comparison of density distributions between two taxa using beanplots over various size 
classes. Note the unimodal distribution of the group in grey, while the second group shows a poly-
modal distribution, which might be due to a low sample size (modified from De Baets et al. 2013a)

 

Fig. 9.21  Comparisons of a bimodal distribution using a boxplot (density distribution in the back 
for comparison), violin plot and beanplots (all graphs produced with R using packages UsingR, 
Vioplot and Beanplot)
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statistical methods that can be applied to the data and is expected for “biological” 
species, ammonoid species often deviate from normality “simply” by allometric 
changes and/or adult morphological changes (see e.g., Monnet and Bucher 2005; 
Fig. 9.18) and it is therefore not a strict prerequisite.

Bivariate methods are useful to test correlations between two parameters or to 
see changes in particular characters during growth by plotting the character against 
the diameter or another measure (e.g., De Baets et al. 2013a; Bert 2013; Fig. 9.9). 
Linear relationships between two parameters can be tested with a Pearson cor-
relation coefficient (Pearson 1901) and non-linear monotonic correlations with a 
Spearman rank correlation coefficient (Spearman 1904; compare Sprent 1989). The 
relationship between two parameters can also be evaluated by fitting a model to 
the data. The model is often linear (e.g., Type I regression, reduced major axis re-
gression) but need not be; for instance, exponential and logarithmic models may 
be more biologically appropriate. Analysis of residuals (that is, deviations from the 
fitted model) can reveal changes in the degree of variation that exists at different 
shell sizes.

9.9.2  Multivariate Methods

Often with ammonoids several different measurements are taken from one speci-
men and to study the collected data simultaneously requires multivariate methods. 
With the increasing power of computer processors that allows analysis of very large 
datasets, multivariate statistics have become indispensable analytical tools in pale-
ontology. Multivariate techniques can be considered as an extension of univariate 
and bivariate techniques into multidimensional space, and many univariate and bi-
variate tests have multivariate analogs (Hammer and Harper 2006). The purpose of 
many multivariate approaches is similar to that of uni- and bivariate ones, involving 
the description and comparison of samples. However, multivariate data analysis can 
also be used for the exploration and visualization of complex data.

Many workers have used multivariate techniques to analyze morphometric 
data in ammonoids (e.g., Thierry 1978; Reyment and Kennedy 1991, 1998, 2000; 
Kassab and Hamama 1991; Hohenegger and Tatzreiter 1992; Reyment and Minaka 
2000; Reyment 2003, 2004, 2011; Kennedy et al. 2009; Bert 2013; see Hammer 
and Harper 2006 for a more general review). Some of these methods have helped 
to discriminate species in ammonoids, to investigate overlap of morphological vari-
ants and intraspecific variation (including dimorphism) in specimens from a single 
locality and stratigraphic interval, or to understand how the morphological diver-
sity of a sample is structured and how it is located with respect to other samples 
(e.g. factorial planes; the concept of morphological space of Neige et al. 1997b). 
It is also possible to avoid bias due to taxonomic classifications and analyze shape 
disparity among specimens directly (morphodiversity), through the use of shape 
parameters or landmarks (geometric morphometric analysis: see e.g., Neige and 
Dommergues 1995; Reyment and Kennedy 1991, 1998). For ammonoids, Saunders 
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and Swan 1984 as well as Swan and Saunders 1987 performed some of the earliest 
morphospace analyses using ordination techniques (although these have sometimes 
been criticized: see Reyment and Kennedy 1991). Multivariate analysis can be a 
powerful tool for interpreting shape changes in terms of variability, evolution or 
paleoecology.

Using multivariate methods does require selecting appropriate data transforma-
tions and standardizations (Kenkel 2006). An appropriate multivariate analytical 
strategy should take into account the statistical relevance, data structure and the 
objectives of the study. Therefore, before proceeding with a formal multivariate 
analysis, it is important to complete a detailed exploratory analysis of the data (e.g. 
univariate and bivariate analysis).

Many multivariate analyses are rooted in ordination techniques. Ordination re-
duces a multivariate dataset to fewer, uncorrelated axes that capture most of the 
variation contained in the original data (Hammer and Harper 2006; Kenkel 2006). 
The ordination results can then be used to assess the relative contribution of each 
variable to each axis and to the overall variance structure of the data. In other terms, 
ordination gives an image (a morphological map) of the total measured variation of 
a sample, depending on the characters selected, and gives a summative model of the 
underlying data structure, by means of a projection of a point cloud of n-dimension-
al space onto a biplot (e.g., two-dimensional space defined by the first two ordina-
tion axes). Ordination methods actually used in biology are derived from Pearson’s 
Factorial Analysis (Pearson 1901). The classical Principal Components Analysis 
(PCA, see Jolliffe 2002 for a review; compare Bert 2013) is one of the multivariate 
ordination methods most often applied to ammonoids (e.g., Reyment and Kennedy 
1991; Kassab and Hamama 1991; Reyment and Minaka 2000; Reyment 2004; Bert 
2013). Its purpose is to describe the total variance of a sample with the smallest 
possible number of factors, taking into account all the variables. Therefore, the PCA 
identifies the axes of maximum variance (the principal components, PC) in order to 
preserve as much variance as possible through the data compression process. With 
measurement data, the first axis (PC1), which contains the largest portion of the 
overall variation in the data, is typically interpreted as capturing variation in size, 
while the other axes express variation in shape (Hammer and Harper 2006). The 
specimens can then be projected onto a biplot, typically of PC1 vs. PC2, PC1 vs. 
PC3 or PC2 vs. PC3, with a minimum of distortion, so that two individuals that are 
similar morphologically will fall close to each other in the projected point cloud. 
The convex hulls (i.e., the limits of the point cloud) produced correspond to the oc-
cupation of the morphological space of the sample.

Disparity between several samples (or individuals) can be tested using analysis 
of similarity methods (one-way ANOSIM, MANOVA, etc: compare Hammer and 
Harper 2006; Bert 2013), which are based on comparing a measure of distance 
between groups with distances within groups. Here the homoscedasticity of the 
variable and the normal Gaussian distribution of the data (depending on the meth-
od) have to be tested. The results are given in a matrix of probability and graphically 
investigated also by ordination methods such as Canonical Variate Analysis (CVA: 
Ter Braak 1986; see Reyment 1998, 2003 for examples) or Discriminant Analysis 



406 K. De Baets et al.

(Fisher 1936; see Hohenegger and Tatzreiter 1992 for an example), which closely 
resembles PCA but produces factors (axes) that capture the maximum difference 
(instead of maximum variance for PCA) between predefined groups (e.g., species) 
and can help identify variables (characters), which contribute to these differences. 
These methods can be used, for example, to test for the presence of significant mor-
phological differences between samples. Other methods are also available to isolate 
deviating specimens (ecomorphs) in a genetically homogeneous sample (compare 
Reyment 2004).

Despite their effectiveness, one of the main problems with multivariate analyses 
is that, as with most other statistical methods, they loose robustness with decreasing 
sample size. Hence, large samples are required as much as possible. This critical 
threshold is usually set to at least 32 specimens (see Tintant 1963; Bert 2013), which 
could be problematic when abundant and well-preserved material is scarce. When 
the sample is small, the risk is also high that the specimens studied do not represent 
the full range of variation of the whole population. This issue is however less prob-
lematic when the statistics are used only for a comparative and/or graphical purpose 
(Reyment and Kennedy 1991). Multivariate ordination methods also involve some 
loss of information, which in practice will likely not hamper the analysis. However, 
if the percentage of total variance explained by the first few ordination axes is low 
(< 70–90 % depending on the analysis and the number of first “few” ordination axes 
retained for the analysis; see Joliffe 2002; Bert 2013), special caution is needed 
when analyzing the results. Another source of error lies with imperfections in the 
data, such as the inclusion of aberrant specimens or specimens with measurement 
errors that can produce misleading results. Such outliers have to be detected with 
other methods (e.g., a bivariate analysis is usually sufficient) and removed before 
the analysis. Problems with the data can also occur with the choice of the variables 
included into the analysis. Of particular concern is the inclusion of redundant char-
acters. While it is impossible for all morphometric variables to be independent of 
each other (i.e., uncorrelated), if only because most measurements increase with 
size, efforts should be taken to minimize the redundancy of the variables so that 
certain aspects of shell form are not overemphasized in the resulting data set.

9.9.3  Comparing the Range of Intraspecific Variation

In order to understand and interpret morphological variation within ammonoid spe-
cies, it is useful to quantify and compare the range of intraspecific variation among 
different samples or species. We will focus here on continuous variation (alternative 
methods are available for discrete variation that cannot be approximated by con-
tinuous distributions: Van Valen 2005). Extreme values (e.g., minima and maxima) 
are very sensitive to sample size, as is the total range of variation, so these metrics 
should be avoided in most cases unless sample sizes are high. The robustness of 
extreme values can be assessed by bootstrapping under conditions of different sam-
pling densities (Monnet et al. 2010). The variance and its square root, the standard 
deviation, are most suitable for comparing intraspecific variation in single variables. 
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The standard deviation is usually divided by the mean or “normalized” to obtain the 
coefficient of variation (CV). The coefficient of variation is a relative measure and 
should always be used “when the mean differs enough to matter” (Van Valen 2005). 
The CV is commonly used to compare the range of variation in ammonoids (e.g., 
Neige 1997; Parent 1998; Rouget and Neige 2001; Joly 2003; Tanabe et al. 2003; 
Yacobucci 2004a; De Baets et al. 2013a). It has the advantage that the range of 
variation of different characters and taxa can be directly compared with one another 
(e.g., De Baets et al. 2013a; Fig. 9.22). It can also be generalized for multivariate 
cases (Van Valen 1978, 2005). Van Valen (2005) reviewed the statistics of variation 
and suggested Levene’s test (Levene 1960), Smith’s Test (published in Grüneberg 
et al. 1966) and jackknifing (Arvesen and Schmitz 1970; Miller 1974; Bissell and 
Ferguson 1975), which can be used to compare absolute and relative variation, to 
be most suitable, depending on the situation (Van Valen 1978, 2005). He advised 
against using the classical F-test for the equality of variances as it is very sensitive 
to non-normality (Van Valen 2005).

A problem related to the pronounced variation seen in ammonoids is that succes-
sive faunas separated in time or contemporary faunas separated in space can only 
be compared on the basis of the mode and range of intraspecific variation within 
populations (Reeside and Cobban 1960; Kennedy and Cobban 1976; Dagys 2001; 
De Baets et al. 2013a; Fig. 9.23). This might also lead to small samples of intergrad-
ing populations, which can be considered to belong to different taxa, obscuring the 
synchronicity and identity of faunas (Kennedy and Cobban 1976). When only one 
specimen is available, it makes no sense to test if the mean of this population differs 
significantly from that of another population. Some approximate this by testing if 

Fig. 9.22  Comparisons of the coefficient of variation of various characters between six ontoge-
netic (size) classes and two taxa (Anetoceras obliquecostatum and Erbenoceras solitarium, Early 
Devonian (modified from De Baets et al. 2013a)
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the measurement falls in the 95 % range of that of the other population, which is 
actually a different question, or by assuming that the variance of one population is 
similar to that of the other, in which case the problem is reduced to comparing the 
means of both populations (Van Valen 2005). To accurately capture this variation, 
a sufficient number of specimens (> 32: Tintant 1963, Bert 2013) needs to be col-
lected from an interval restricted in time and space, which might also depend on 

Fig. 9.23  Intraspecific variation and relative proportion of forms within four successive species 
of the Early Cenomanian hoplitid ammonoid Neogastroplites (modified from Kennedy and Cob-
ban 1976: with permission from the authors). As first documented by Reeside and Cobban (1960), 
specimens recovered from single concretions within the Mowry Shale of the American Western 
Interior show extreme variation in shell shape and ornamentation. Reeside and Cobban (1960) 
subdivided this continuum of variation into three morphs, whose relative proportions vary from 
species to species. Sample sizes per concretion used to calculate percentages: N. haasi, N=333; N. 
cornutus, N=2471; N. muelleri, N=3708; N. americanus, N=1286. Specimen photos from Reeside 
and Cobban (1960):  N. haasi from USGS Mesozoic Locality 24566: compressed, USNM 129308 
(Plate 11, Fig. 4, 6); stout nodose, AMNH 28098:11 (Plate 13, Fig. 14, 15); subglobose spinose, 
AMNH 28095:25 (Plate 15, Fig. 12, 15). N. cornutus from USGS Mesozoic Locality 23021: com-
pressed, USNM 129320a (Plate 5, Fig. 1, 2); stout nodose, USNM 129320f (Plate 5, Fig. 16, 17); 
subglobose spinose, USNM 129320n (Plate 5, Fig. 40, 41). N. muelleri from USGS Mesozoic 
Locality 24065: com-pressed, USNM 129416f (Plate 6, Fig. 16, 17); stout nodose, USNM 129416j 
(Plate 6, Fig. 28, 29); subglobose spinose, USNM 129416q (Plate 6, Fig. 49, 50). N. americanus 
from USGS Mesozoic Locality 23042: compressed, USNM 129528a (Plate 7, Fig. 1, 2); stout 
nodose, USNM 129528f (Plate 7, Fig. 16, 17); subglobose spinose, USNM 129528l (Plate 7, Fig. 
34, 35)
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the amount of variation observed within the population. If intraspecific variation is 
studied through ontogeny, a sufficient number of specimens needs to be available 
for each ontogenetic stage or size class that shall be used (De Baets et al. 2013a; 
Fig. 9.20, 9.22), which might mean a prohibitively large sample is required.

9.10  Conclusions and Future Perspectives

Intraspecific variation in shell shape, ornamentation, size and suture line is quite 
common in ammonoids and can in some cases be larger within a single fossil assem-
blage than differences in morphology over space and/or time within these lineages. 
Some authors, like Lehmann (1990, p. 23), have stated that intraspecific variation in 
ammonoids does not follow general laws or rules, but it is evident from our review 
that many ammonoid workers agree that at least some generalizations or recurrent 
patterns can be recognized. Nevertheless, the type and degree of intraspecific varia-
tion can be highly different from taxon to taxon, which is not unexpected consider-
ing the large differences in shell shape of ammonoids and intraspecific variation in 
extant cephalopods. Two main types of intraspecific variation are commonly recog-
nized, which are not necessarily mutually exclusive:

• Continuous intraspecific variation in shell shape, ornamentation, suture line and 
size and

• Discontinuous intraspecific variation in the above mentioned aspects (dimor-
phism and polymorphisms).

Continuous intraspecific variation has mainly been studied from the perspective of 
covariation between shell shape, ornamentation and more rarely studied more often 
lines as well as the perspective of variation in ontogenetic development. The few 
studies using a large amount of material and employing quantitative methods have 
particularly focused on Mesozoic coiled ammonoids showing extensive ranges of 
intraspecific variation (e.g., Reeside and Cobban 1960, Dagys and Weitschat 1993b; 
Checa et al. 1996; Morard and Guex 2003; Weitschat 2008; Monnet et al. 2010), 
but a large range of intraspecific variation also seems to be present in at least some 
Paleozoic taxa (e.g., Klug and Korn 2007; De Baets et al. 2013a) and Mesozoic 
heteromorph ammonoids (e.g., Bert 2013; Knauss and Yacobucci 2014).

The presence of discrete morphologies within a species in the form of intraspe-
cific sexual dimorphism and non-sexual polymorphism has been suggested based 
on polymodal distributions in shell shape, ornamentation and/or size in late and/or 
early ontogeny in contemporary specimens. Nevertheless, studies show that the pa-
leoenvironment (Wilmsen and Mosavinia 2011), taphonomic biases (Tintant 1980) 
and undersampling (De Baets et al. 2013a) can also lead to polymodal density distri-
butions in forms of the same age and region with continuous intraspecific variation.

Heritable (genetic) variation is the raw material for evolution, but a larger part 
of the intraspecific variation seen in ammonoids might be related to differences 
in growth rates and ontogenetic trajectories (Urdy et al. 2010a, b). The large in-
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traspecific variation documented in many ammonoids might have had a partially 
intrinsic component, but a large part might be linked with the interplay between 
developmental and environmental parameters. This is corroborated by the range of 
intraspecific variation in size and shell morphology observed at the same localities 
and between different paleoenvironments and regions. The large range of intraspe-
cific variation within and between ammonoid populations has typically led to an 
artificial inflation of diversity (oversplitting) by using strict typological approaches. 
But mixing together specimens from different regions and ages (analytical time-
averaging) can also lead to an artificial deflation of diversity (lumping). Intraspe-
cific variability is often not properly taken into account or quantitatively analyzed, 
which is detrimental not only to systematic and evolutionary studies, but also to 
biostratigraphic, biogeographic and diversity studies.

Intraspecific variability in Paleozoic and heteromorph taxa as well as Mesozoic 
coiled taxa showing little intraspecific variation should be quantitatively studied 
more often to better understand the type and range of intraspecific variation as well 
as possible relations with shell morphology. Previous studies can also be further 
refined when more material, more ontogenetic stages or a finer stratigraphic frame-
work becomes available. Various statistical methods are available and easily acces-
sible through free software (PAST: Hammer et al. 2001; The R Project for Statistical 
Computing: http://www.r-project.org/), which makes it possible to analyze inter-
population and intrapopulation variation within ammonoid species quantitatively. 
New approaches to quantifying morphological variation that are rooted in spatial 
statistics can also be applied to many ammonoid groups (Manship 2004, 2008; Ya-
cobucci and Manship 2011; Knauss and Yacobucci 2014). A better understanding of 
the types and drivers of intraspecific variation in ammonoids can only be achieved 
by quantitative analyses of numerically large samples from a wide variety of ages, 
paleoenvironments, geographic areas, taxa and shell morphologies.
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10.1  Introduction

Virtually all modern cephalopod mollusks possess a well-developed jaw apparatus 
consisting of upper and lower elements (synonymous with beaks or mandibles) and 
a radula as primary feeding organs. These feeding apparatuses are housed in a glob-
ular-shaped muscular organ called the buccal mass, in the proximal portion of the 
digestive tract (Clarke 1962; Nixon 1988a, b; Tanabe and Fukuda 1999). Because 
of their essential role for feeding, it is safely considered that extinct cephalopods 
including ammonoids also possessed a jaw apparatus and a radula.

Since the early nineteenth century, calcified and horny remains of cephalopod 
lower jaws have been discovered from the middle Paleozoic and younger marine 
deposits. In most cases, they occur as isolated specimens, but are rarely preserved 
in place, either closing the aperture or within the body chamber of ammonoids. Two 
general types have been recognized among them, i.e., aptychus and anaptychus. 
The aptychus (Greek άπτυχοξ—a body folded into two parts) named by Meyer 
(1829) is represented by an open bivalve shell-like disk consisting of an inner dark-
colored horny lamella (rarely preserved as fossils) and outer symmetrical paired 
calcitic plates, either in juxtaposition or coalesced along a median dorsoventral 
line. Aptychi are known to occur from the Jurassic and Cretaceous rocks and have 
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been classified into several form genera by Trauth (1927–1936, 1938) based on the 
overall shape and external sculpture. The anaptychus (ανάπτυχοξ—unfolding), a 
morphological term introduced by Oppel (1856), is a simple arched structure con-
sisting wholly of a black, horny substance. Anaptychi have been found from the 
Devonian to the Cretaceous (Moore and Sylvester-Bradley 1957).

Meek and Hayden (1864) were the first to describe the co-occurrence of an apty-
chus and a jaw-like appendage in the body chamber of the Late Cretaceous scaphitid 
Hoploscaphites nebrascensis and explained them as the lower and upper jaws. On 
the other hand, subsequent authors (e.g., Schmidt 1925, 1928; Trauth 1927–1936; 
Nagao 1931a, b, c; 1932; Matern 1931; Schindewolf 1958) interpreted the aptychi 
and anaptychi as ammonoid opercula, because the general outlines of aptychi and 
anaptychi more or less fit with the corresponding ammonoid apertures and are also 
similar to the hood of modern Nautilus and opercula of some gastropods.

Meek and Hayden’s (1864) view was later justified by Closs (1967) and Lehmann 
(1967, 1970, 1971, 1972), who reported the anaptychus or aptychus-upper jaw-
radula association within the body chambers of some Late Paleozoic and Jurassic 
ammonoids. As a result of these and subsequent works, anaptychi and aptychi are 
now conclusively regarded anatomically as ammonoid lower jaws (Lehmann 1976, 
1981, 1990; Nixon 1988a, b, 1996; Tanabe and Fukuda 1999).

Remains of jaws and radulae that are referred to the Ammonoidea have been re-
ported from Devonian to Cretaceous marine deposits (e.g., Woodward 1885; Closs 
1967; Lehmann 1967, 1971; Mapes 1987; Dagys and Weitschat 1988; Tanabe and 
Landman 2002; Kruta et al. 2011). Most are found individually, although they are 
rarely preserved in situ within the body chambers of ammonoid conchs whose taxo-
nomic relationships are known (e.g., Lehmann 1967, 1971, 1979; Doguzhaeva and 
Mutvei 1992, 1993; Tanabe and Landman 2002; Kruta et al. 2010, 2011; Landman 
et al. 2010; Tanabe et al. 2012, 2013; Klug and Jerjen 2012) and/or within the 
mouthpart portion of exceptionally well-preserved ammonoids with soft-tissue 
remains from Konservat Lagerstätten (Klug et al. 2012). Based on comparative 
morphologic examinations of these in situ materials with modern cephalopod 
counterparts, morphological features of the ammonoid jaw apparatus and radula 
and their taxonomic and ecological implications have been synthesized by previ-
ous authors (Lehmann 1976, 1990; Nixon 1988a, 1996; Tanabe and Fukuda 1999; 
Tanabe and Landman 2002). In addition, recent studies of well-preserved materi-
als by means of new techniques such as X-ray computer tomographic (CT) scans 
and X-ray synchrotron analyses (e.g., Kruta et al. 2011, 2013; Tanabe et al. 2013) 
made it possible to restore the three-dimensional architecture, microstructure, and 
mineralogy of the ammonoid buccal apparatuses. This chapter synthesizes the cur-
rent knowledge on ammonoid jaw apparatuses and discusses it from taxonomic 
and paleoecological points of view. The descriptive terms of cephalopod jaw ap-
paratuses utilized in this article follow Clarke (1962, 1986) for modern coleoids 
and nautilids, and Tanabe et al. (1980b, f ig. 1) and Tanabe (1983, f ig. 1) for am-
monoids. Suprageneric taxonomy of the species treated in this chapter is based on 
House (1980) for Devonian ammonoids, Furnish et al. (2009) for Carboniferous 
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and Permian ammonoids, Tozer (1980) for Triassic ammonoids, Howarth (2013) 
for Jurassic Psiloceratoidea, Eoderoceratoidea and Hildoceratoidea (Ammonitina), 
Donovan et al. (1980) for other Jurassic Ammonitina, and Wright et al. (1996) for 
Cretaceous ammonoids.

Institutional abbreviations: GPIMH: Geologisch-Paläontologisches Institut 
und Museum, Universität Hamburg, Germany, SMNS: Staatliches Museum für 
Naturkunde, Stuttgart, Germany, YPM: Yale Peabody Museum, New Haven, CT, 
USA, USNM: National Museum of Natural History, Smithsonian Institution, 
Washington, DC., USA, AMNH: American Museum of Natural History, New York, 
NY, USA, BHMNH: Black Hills Museum of Natural History, Hill City, SD, USA, 
UH: Hokkaido University Museum, Sapporo, Japan, GK: Kyushu University Muse-
um, Fukuoka, Japan, KMNH: Kitakyushu Museum of Natural History and Human 
History, Kitakyushu, Japan, UMUT: University Museum, University of Tokyo, 
Tokyo, Japan.

10.2  Buccal Mass Structures of Modern Cephalopods

Before documenting the current knowledge of ammonoid jaw apparatuses, com-
parative anatomical features of the buccal organs in modern cephalopods are sum-
marized here, because they are essential to restore the corresponding structures in 
ammonoids adequately. The buccal mass of living cephalopods largely consists of 
well-developed muscular systems that support active movement of the jaws and 
radula. Inside the buccal cavity is the radular complex, which comprises the radular 
sac, salivary glands, salivary papilla, and a pair of lateral buccal palps (Tanabe and 
Fukuda 1987a; Nixon 1988a; Sasaki et al. 2010; F ig. 10.1a). The inner side of the 
lower jaw and outer side of the upper jaw are connected by jaw muscles, with a thin 
layer of tall columnar cells named beccublasts by Dilly and Nixon (1976) situated 
between them (Tanabe and Fukuda 1987a; Tanabe 2012; F ig. 10.1b–c). The outer 
lamellae of the upper and lower jaws are mostly covered by a thin connective tissue 
and are free of muscles.

The buccal mass musculature of coleoid cephalopods is classified into four ma-
jor jaw muscles: the anterior, posterior, superior, and lateral mandibular muscles 
(Ueno and Kier 2005, 2007), among which the first three muscles connect the up-
per jaw, and the superior mandibular muscles connect the upper and lower jaws. 
The lateral mandibular muscles originating on the upper jaw do not connect to the 
lower jaw and instead insert on a connective tissue surrounding the buccal mass. 
The anterior and superior mandibular muscles are interpreted as responsible for jaw 
closing and shearing movements, whereas the posterior mandibular muscles may 
act synergistically with the lateral mandibular muscles to open the jaws in addition 
to jaw closing and shearing (Ueno and Kier 2005).

The mode of attachment of beccublasts on jaw lamellae differs between nautilids 
and coleoids. In nautilids, the distal ends of beccublasts are deeply inserted within 
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the hard chitinous plate, forming numerous micropores on it (Tanabe and Fukuda 
1983, 1987a; F ig. 10.2a). In coleoids, the attachment scars of beccublasts on the 
jaw plates lack micropores and instead consist of anchor-type aligned polygonal 
imprints (Dilly and Nixon 1976; Tanabe and Fukuda 1983) (F ig. 10.2b). Therefore, 
in addition to the primary function of secreting the chitin-protein complex of the 

F ig. 10.1  Modern cephalopod buccal mass structure. a Diagram of the buccal mass structure of 
modern Nautilus (median section). Modified from Tanabe and Fukuda (1987a). b Photomicro-
graph of a cross-sectioned buccal mass of a cuttlefish, Sepia esculenta, captured in the Sea of 
Japan, west Japan. Stained with haematoxylin-eosin solution. c Close-up of the portion shown in b, 
showing beccublasts between upper jaw plate and jaw muscle. b and c from Tanabe (2012, f ig. 1B, 
C; reproduced by permission of Schweizerbart, Stuttgart)
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F ig. 10.2  Scanning electron micrographs of the attachment scars of beccublasts on the jaw sur-
face. a Nautilus pompilius Linnaeus (Nautilida). Inner surface of the lower jaw, showing the micro-
pores into which the branching ends of the beccublasts are deeply inserted. UMUT RM 199552, 
from Tañon Strait, Philippines. b Sepia esculenta (Hoyle) (Sepiida). Outer surface of the upper jaw 
showing the enlarged polygonal imprints of the beccublasts. UMUT RM 19953. Sea of Japan. c 
Isolated rhynchaptychus-type lower jaw attribuited to Gaudryceras sp. (Cretaceous Lytoceratina). 
Inner mold of the outer lamella (wing), showing the impression of aligned beccublasts covering 
the inner side. UMUT MM 18219, from the upper Santonian of Hokkaido, Japan. d Isolated lower 
jaw with a bivalved calcitic plate (laevaptychus) attributed to an aspidoceratid ammonoid. Inner 
surface of the inner chitinous lamella shows the aligned elliptical imprints of the beccublasts. 
UMUT MM 19945, from the Oxfordian (Jurassic) of Nusplingen, Germany
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jaw lamellae, the branching ends of the beccublasts may serve to provide firm at-
tachment of the jaw muscles onto the jaw plates, especially in nautilids (Tanabe and 
Fukuda 1987a, 1999). The outer surface of the buccal mass is wholly covered by a 
thin layer of connective tissue, except for the oral opening.

The labial margin (‘lips’) encircles the oral opening and consists of several rows 
of dense, triangular projections that include tall columnar epithelial, mucus-secret-
ing, and sensory cells. The sharply pointed rostral tips of the upper and lower jaws 
of extant cephalopods appear to serve for biting and cutting up prey by means of 
strong jaw muscles (Ueno and Kier 2005).

The upper and lower jaws of modern cephalopods are both built up of outer 
and inner lamellae, which are joined in the anterior portion (F ig. 10.3). They are 
largely darkly tinted, more or less flexible when the animal is alive, and composed 
mainly of a chitin-protein complex (Saunders et al. 1978; Hunt and Nixon 1981; 
Lowenstam et al. 1984; Gupta et al. 2008). In nautilids ( Nautilus and Allonautilus), 
thick calcified deposits cover the chitinous lamellae of the upper and lower jaws 
in the anterior rostral portion (F ig. 10.3); they were secreted by the tall columnar 
epithelial cells of the labial margin (Fukuda 1980; Tanabe and Fukuda 1987a). The 
calcified deposit in the upper jaw is arrowhead-shaped, whereas that in the lower 
jaw is scallop-shaped, with distinct denticles on the dorsal side; they are called the 
rhyncholite and conchorhynch, respectively (Saunders et al. 1978).

F ig. 10.3  Jaw apparatuses of modern cephalopods (right lateral views). a Nautilus belauensis 
Saunders (Nautilida). UMUT RM 27882-1, Palau. b Sepia officinalis Linnaeus (Sepiida). AMNH 
unregistered specimen from the Atlantic. Descriptive terms after Clarke (1962, 1986)
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The gross morphology of the upper jaws is essentially similar among modern 
cephalopods, in having a posteriorly elongated, large inner lamella (crest and lat-
eral wall) and a short reduced outer lamella (hood), both of which are prominently 
arched dorsally (F ig. 10.4e, f, g, h). The structure of the lower jaw differs markedly 
at higher taxonomic levels; namely, in the Nautilida, the inner lamella (crest and 
lateral wall) is short and reduced (F ig. 10.4e), whereas in the Coleoidea, it is well 
developed and projects posteroventrally (Clarke 1986). The degree of posteroven-
tral projection of the inner lamella is most prominent in the Octopoda, intermediate 
in the Teuthida and Sepiida, and relatively weak in the Vampyromorpha and Cir-
roctopodida (Clarke 1986; Kubodera 2005; Tanabe 2012; F ig. 10.4f–h).

The radula of cephalopods is composed of a series of tooth rows. The radular 
teeth are made of a chitin-protein complex (Hunt and Nixon 1981) and are secreted 
by a thick epithelium consisting of columnar cells (odontoblasts) that line the pos-

F ig. 10.4  Three-dimensional reconstruction of the jaw apparatuses of ammonoids (a–d) and 
extant cephalopods (e–h) (viewed from the anterolateral side for a–e and lateral side for f–h). 
Upper and lower jaws are shown on upper side and underside respectively for each f igure. Inter-
mediate-type jaw apparatus of the Desmoceratoidea (Cretaceous Ammonitina) is not shown in 
this f igure. a Normal type. Girtyoceras (Early Carboniferous Goniatitina; after Doguzhaeva et al. 
1997). b Anaptychus type. Psiloceras (Early Jurassic Ammonitina; after Lehmann 1975, f ig. 3). c 
Aptychus type. Hildoceras (Early Jurassic Ammonitina; after Lehmann 1975, f ig. 4). d Rhynchap-
tychus type. Hypophylloceras (Late Cretaceous Phylloceratina; modified from Tanabe et al. 2013, 
f ig. 5). Outer calcareous layer on the outer chitinous lamella of lower jaw is partly taken off in this 
f igure. e Nautilus (Nautilida, Nautiloidea). f Sepia (Sepiida, Coleoidea). g Octopus (Octopodida, 
Coleoidea). h Vampyroteuthis (Vampyromorpha, Coleoidea). Modified from Tanabe and Fukuda 
(1999, F ig. 19.3). Descriptive terms after Clarke (1962, 1968) for modern cephalopods and Tanabe 
et al. (1980b, f ig. 1) and Tanabe (1983, f ig. 1) for ammonoids
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terior portion of the radular sac (Raven 1958) (F ig. 10.1a). Comparative anatomical 
and morphological features of radulae of extant cephalopods and ammonoids are 
discussed in Kruta et al. (2015).

10.3  Restoration of Ammonoid Jaw Apparatus

10.3.1  Recognition of in Situ Jaw Apparatus

Upper and lower jaws with radula are rarely found together in situ retaining 
their original life orientation in the body chambers of some ammonoids of Late  
Paleozoic (e.g., Glaphyrites; Closs 1967; Cravenoceras; Tanabe and Mapes 1995;  
Doguzhaeva et al. 1997) and Mesozoic ages (e.g., Eleganticeras, Arnioceras, 
Hildoceras, Lehmann 1967, 1971; Lehmann and Weitschat 1973; Aconeceras,  
Doguzhaeva and Mutvei 1992, 1993; Baculites, Kruta et al. 2011; baculitid, Klug 
et al. 2012; Rhaeboceras, Kruta et al. 2013). Such exceptionally well-preserved 
specimens make it possible to recognize upper and lower jaws through comparison 
with the buccal mass structure of modern cephalopods. Namely, the larger form 
consisting of a wide, concave outer lamella and a shorter reduced inner lamella on 
the ventral side is judged as a lower jaw. The smaller form consisting of paired wide 
inner lamellae and a short reduced outer one on the dorsal side is identified as an 
upper jaw, because it is partly encircled by the concave outer lamella of the larger 
form, the lower jaw (F ig. 10.5g). Upper and lower jaws are occasionally preserved 
in the body chamber, without showing their original position, suggesting that they 
have been moved slightly during the biostratinomic process (F ig. 10.5b, c, d, f; 
Kruta et al. 2010, F ig. 6). More frequently, a single jaw element is found within 
the body chamber (e.g., F igs. 10.5a, e, 10.6a, b, c, 10.7a, b, d, e), and in such cases, 
recognition of upper and lower jaws relies upon morphological comparison with 
co-occurring upper and lower jaws.

F ig. 10.5  Mode of occurrence of the jaw apparatus in the body chambers of selected ammonoid speci-
mens. Abbreviations. lj lower jaw, uj upper jaw, mg median groove. a Harpoceras falciferum Sowerby 
(Hildoceratidae, Ammonitina) with an aptychus-type lower jaw. UMUT MM 31054 from the Lower 
Toarcian (Jurassic) of Dotternhausen, Germany. b Physodoceras nattheimense Schweigert (Aspido-
ceratidae, Ammonitina), with an aptychus-type jaw apparatus. SMNS Inv. Nr. 70072 from the Kim-
meridgian (Jurassic) of Nurspring, Germany. c Metahaploceras sp. (Oppeliidae, Ammonitina) with an 
aptychus-type jaw apparatus. SMNS Inv. Nr. 63998 from the Kimmeridgian (Jurassic) of Nurspring, 
Germany. Same specimen as that f igured by Schweigert (2009, f ig. 3). d Hypophylloceras subramo-
sum (Shimizu) (Phylloceartidae, Phylloceratina) with a rhychaptychus-type jaw apparatus. KMNH 
IvP 902011 from the Santonian (Cretaceous) of Haboro area, Hokkaido, Japan. e Anagaudryceras 
limatum (Yabe) (Gaudryceratidae, Lytoceratina) with a rhynchaptychus-type lower jaw. UMUT MM 
30877 from the Coniacian (Cretaceous) of Haboro area, Hokkaido. f Menuites naumanni (Yokoyama) 
(Desmoceratidae, Ammonitina) with an intermediate-type jaw apparatus. UMUT MM 27835 from 
the Campanian (Cretaceous) of Naiba area, South Sakhalin, Far East Russia. g Polyptychoceras sp. 
(Diplomoceratidae, Ancyloceratina) with an aptychus-type jaw apparatus. UMUT MM 30878 from the 
Santonian (Cretaceous) of Furenai area, Hokkaido
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F ig. 10.6  Newly recognized Jurassic ammonoids with preserved aptychus-type jaw apparatus in 
situ. Abbreviations. lj lower jaw, uj upper jaw, r radula, ls last septum. a Harpoceras capellinum 
Schlotheium (Hildoceratidae, Ammonitina) with a laterally compressed lower jaw (cornaptychus) 
near the aperture. SMNS unregistered specimen from the Lower Toarcian Posidonia Shale in Hol-
zmaden, southern Germany. b Hybonoticeras hybonotum (Oppel) (Aspidoceratidae, Ammonitina) 
with a dorsoventrally flattened lower jaw (laevaptychus) in the body chamber. SMNS unregistered 
specimen from the Tithonian lithographic limestone in Solnhofen, Germany. c Streblites cf. zlatarskii 
(Sapunov) (Oppeliidae, Ammonitina) with a dorsoventrally flattened lower jaw (lamellaptychus) in 
the body chamber. SMNS Inv. Nr. 67886 from the Kimmeridgian lithographic limestone in Nuspling, 
Germany. d Spiroceras calloviense Morris (Spiroceratidae, Ammonitina) with a complete jaw appa-
ratus and a radula near the base of body chamber. Median section. YPM 01854 from the Callovian in 
Sutton, Wiltshire, England

The radula is occasionally preserved in the space (buccal cavity) surrounded by 
the upper and lower jaws. The jaw apparatus-radula-conch association has been 
confirmed in median-sectioned specimens of Jurassic and Cretaceous ammonoids 
(e.g., Eleganticeras, Arnioceras, Hildoceras: Lehmann 1967, 1971; Lehmann and 
Weitschat 1973; Aconeceras: Doguzhaeva and Mutvei 1992, 1993) removed from 
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calcareous concretions, in the phosphatized specimens of Late Paleozoic Gonatitina 
whose jaw lamellae are partly exfoliated (e.g., Glaphyrites: Closs 1967; Cravenoc-
eras: Tanabe and Mapes 1995), and in the specimens of Late Cretaceous Ancyloc-
eratina ( Baculites and Rhaeboceras) by means of synchrotron X-ray examinations 
(Kruta et al. 2011, 2013).

F ig. 10.7  Newly recognized Cretaceous ammonoids with preserved aptychus-type lower jaw in 
situ. Abbreviations. lj lower jaw, c calcareous layer on the outer chitinous layer, ct calcified tip. 
a Tetragonites glabrus (Jimbo) (Tetragonitidae, Lytoceratina) with a dorsoventrally compressed 
rhynchaptychus-type lower jaw within the body chamber. UMUT MM 19873 from the ?Santonian 
of Hokkaido (detailed locality unknown). b Gaudryceras denseplicatum (Jimbo) (Gaudryceratidae, 
Lytoceratina) with a rhynchaptychus-type lower jaw (laevaptychus) in the body chamber. UMUT 
MM 19875 from the Santonian in the Minoru-zawa Creek, Haboro area, northwest Hokkaido. c 
Prohysteroceras sp. (Brancoceratidae, Ammonitina) in association with an aptychus-type lower 
jaw on the lateral side of a conch. UMUT MM 31056 from the upper Albian in the Sounnai River, 
Seoushinai area, northwest Hokkaido. This specimen was found alone in a concretion, suggesting 
that the lower jaw can be attributed to this ammonite. d Subptychoceras sp. (Diplomoceratidae, 
Ancyloceratina) with an aptychus-type lower jaw in the body chamber. UMUT MM 31058 from 
the Santonian in the Pomporomui Creek, Manji area, central Hokkaido. e Nostoceras sp. (Nos-
toceratidae, Ancyloceratina) with an aptychus-type lower jaw in the body chamber. UMUT MM 
31057 from the lower Maastrichitian in the Alfred Creek, Talkeetna Mountains, southern Alaska
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An autochthonous nature of the jaw remains in body chambers has been judged 
on the basis of the following two conditions: (1) co-occurrence of upper and lower 
jaws within the ammonoid body chamber, and (2) a single jaw element-bearing 
ammonoid conch with a complete aperture that was deposited under a low-energy 
bottom environment. Typical examples satisfying the second condition are known 
from the Lower Jurassic bituminous black shales called Posidonienschiefer or 
Posidonia Shale (F igs. 10.5a, 10.6a; Hauff 1953) and Upper Jurassic lithographic 
limestones (F ig. 10.6b, c; Schweigert 1998; Schweigert and Dietl 1999) in south-
ern Germany.

Under high-energy depositional conditions, jaw remains might have been trapped 
into the body chamber of other ammonoids during the biostratinomic process. For 
example, lamellaptychi, one form genus of aptychi, described by Bachmayer (1963) 
in the body chambers of the phylloceratid Calliphylloceras from the Late Jurassic 
oolitic limestones in Stramberg, Austria, are now interpreted to have an allochtho-
nous origin (Engeser and Keupp 2002; Vašíček 2010), because the lamellaptychus-
type lower jaw-upper jaw-conch association has been found in the Jurassic Haplo-
ceratoidea of the suborder Ammonitina (see Table 10.1). Exact taxonomic relation-
ships cannot be determined for individually found jaw remains, even if they could 
be referred to the Ammonoidea by comparison with in situ jaws.

10.3.2  Taphonomic Problems

Available fossil records of paired outer calcareous plates of the ammonoid lower 
jaws (aptychi sensu stricto) from Jurassic and Cretaceous marine deposits indi-
cate that they had a higher preservation potential than the chitinous jaw portions. 
Chitinous jaw portions of ammonoids are more rarely preserved than the aptychi, 
but are found as fossils, when they have been diagenetically replaced by phosphatic 
material in calcareous concretions (Kanie 1982; Tanabe and Fukuda 1983; Tanabe 
et al. 2012) or by carbonaceous remnants in lithographic limestones (Schweigert 
1998; Klug et al. 2012).

Jaw apparatus bearing ammonoid shells that are horizontally or vertically em-
bedded in bituminous black shales (F ig. 10.5a, 10.6a) and lithographic limestones 
(F igs. 10.5b, c, 10.6b, c) have suffered from an intensive lateral deformation during 
sediment compaction, in association with differential dissolution of the aragonitic 
shell during early diagenesis. This type of ammonoid preservation makes it diffi-
cult to restore the original shape and composition of the jaw apparatus, leading to 
misidentification of the jaw morphotypes. On the other hand, jaw fossils preserved 
in calcareous and/ or phosphate concretions generally retain their primary three-
dimensional architecture and microstructure (e.g., F igs. 10.5d, e, f, g, 10.7b, c). 
Previous reconstructions of the ammonoid jaw apparatuses have been done on the 
basis of such well-preserved in situ material whose taxonomic relationships are 
known (e.g., Lehmann 1976, 1981, 1990; Doguzhaeva et al. 1997; Tanabe and Fu-
kuda 1999; Tanabe and Landman 2002).
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10.3.3  Ammonoid Jaw Morphotypes

In situ jaw apparatuses of the Ammonoidea are known from 152 species (including 
two indeterminate species) of 109 genera that are distributed in the 30 superfamilies 
of 8 suborders (Goniatitina, Gephuroceratina, Prolecanitina, Ceratitina, Phyllocera-
tina, Lytoceratina, Ammonitina, and Ancyloceratina; Table 10.1). Measurements of 
the jaw apparatuses of 40 species of Mesozoic ammonoids belonging to 35 genera 
of 13 superfamilies and of 3 extant Nautilus species are shown in Table 10.2. They 
indicate that ammonoids generally have a larger jaw apparatus in relation to shell di-
ameter or whorl height than in modern Nautilus. Co-occurrences of upper and lower 
jaws are known from 41 genera, and only lower jaws are reported for the rest of the 
genera. The reason for the rarer occurrence of upper jaws than lower jaws presum-
ably owes to their smaller size versus lower jaws and the absence of a calcareous 
upper jaw element in most taxa. The jaw apparatuses of the Ammonoidea described 
previously can be classified into the following five morphotypes on the basis of 
their overall morphology and composition, especially of the presence or absence 
of calcareous jaw elements (F ig. 10.4a, b, c, d): (1) normal type (Lehmann et al. 
1980; Lehmann 1980, 1988), (2) anaptychus type (Lehmann 1990), (3) aptychus 
type (Lehmann 1990), (4) rhynchaptychus type (Lehmann et al. 1980; Lehmann 
1988, 1990; Tanabe et al. 2013; = neoanaptychus type of Dagys et al. 1989), and 5) 
intermediate type (this paper). The normal-type jaw apparatus is known from a 
number of pre-Jurassic ammonoid suborders (Table 10.1), namely, Gephurocera-
tina (Woodward 1885), Prolecanitina (Doguzhaeva 1999), Goniaitina (F igs. 10.4a, 
10.8.1, 10.8.2, 10.8.3; Closs 1967; Saunders and Richardson 1979; Mapes 1987; 
Bandel 1988; Tanabe and Mapes 1995; Doguzhaeva et al. 1997), and Ceratitina 
(F ig. 10.8.4, 10.8.5; Zakharov 1974; Dagys and Weitschat 1988; Klug and Jerjen 
2012). The remaining four jaw morphotypes are known from the order Ammonitida 
of Jurassic and Cretaceous age (Table 10.1, F ig. 10.4b, c, d). The morphotypic clas-
sification of ammonoid jaw apparatuses has been based mainly on the overall shape 
and structure of the lower jaws (Lehmann et al. 1980; Lehmann 1988, 1990).

10.3.3.1  Normal Type

The upper jaw is equally sized to and/ or slightly smaller than the lower jaw 
(F igs. 10.4a, 10.8). Both jaws consist of a black, possibly originally chitinous mate-
rial. Doguzhaeva et al. (1997, f ig. 10.2C, D) reported a calcareous layer that exists 
in the connecting space between the outer and inner chitinous lower jaw lamellae 
of a Carboniferous Girtyoceras (Dimorphoceratoidea, Goniatitina). However, there 
is a possibility that the calcareous layer was formed secondarily during diagenesis, 
because the anterior calcified tips of modern nautilid and rhynchaptychus-type am-
monoid lower jaws rest on the underlying chitinous layer (see Tanabe et al. 1980a, 
f igs. 3–6). The upper jaw consists of a short, reduced outer lamella (hood) and a 
large posteriorly elongated inner lamella (lateral wall and crest) with a distinct U- or 
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V-shaped median curvature in the posterior portion (F ig. 10.8). Both lamellae are 
joined in the anterior portion.

The lower jaw is characterized by having a posteriorly elongated outer la-
mella (wing), a shortly reduced inner lamella (crest and lateral wall), and a 
sharply pointed rostrum, and in these features, it is fairly similar to the lower 
jaws of modern nautilids (F ig. 10.4e), except for the absence of an anterior 
calcareous covering.

10.3.3.2  Anaptychus Type

The upper jaw consists of short reduced outer and widely open longer inner chi-
tinous lamellae, without any trace of a calcareous element. Unlike that of the 
normal type, the inner lamella is distinctly divided posteriorly into paired lateral 
walls. These lamellae are joined together in the anterior portion forming a sharply 
pointed rostrum. The lower jaw of this morphotype (= anaptychus sensu stricto, 
F igs. 10.4b, 10.9.2) was defined by having a widely open outer lamella (wing), a 
short and reduced inner lamella (crest and lateral wall), and a more or less pointed 
rostrum (Lehmann 1970, 1980). The anaptychus-type jaw apparatuses are known 
from the Jurassic Psiloceratidae and Arietitidae (Psiloceratoidea) (Schmidt 1928; 
Lehmann 1970, 1975; Cope and Sole 2000; Keupp 2000), Dactylioceratidae, Eo-
deroceratidae, and Amaltheidae (Eoderoceratoidea; see Schmidt 1928; Lehmann 
1979; Cope 1994; Cope and Sole 2000; Keupp 2000), all of which belong to the 
suborder Ammonitina (Table 10.1). In addition, Schmidt (1928, pl. 15, f igs. 1–2) 
and Hauff (1953, pl. 75, f ig. F.) respectively f igured as an anaptychus, a lower 
jaw preserved in situ in the body chambers of Lytoceras cornucopiae (Lytocera-
tina) and Phylloceras heterophyllum (Phylloceratina) from the Toarcian (Lower 
Jurassic) Posidonia Shale of Holzmaden, southern Germany. The lytoceratid and 
phylloceratid specimens with a lower jaw are, however, flattened on a plane, and 
their aragonitic shells have been dissolved away during early diagenesis. The mode 
of preservation of these specimens prevents exact morphotypic assignment of the 
lower jaws of the two species.

According to the classical definition by Arkell et al. (1957), anaptychi consist 
wholly of a chitinous material. This definition is applied to the lower jaws of 
the psiloceratids (F ig. 10.4b), dactylioceratids (F ig. 10.9.2), and amaltheids, but 
not to those of the arietitids ( Asteroceras and Arnioceras), and eoderoceratid 
( Promicroceras), whose outer chitinous lamella is wholly covered with a thin 
univalved calcareous layer (Lehmann 1971; Cope 1994; Cope and Sole 2000; 
Keupp 2000). Based on this evidence, Tanabe et al. (2012) suggested that the 
anaptychus-type lower jaws might have originally had a thin calcareous layer on 
the ventral side of the outer chitinous lamella. According to their interpretation, 
the absence of the calcareous layer in some anaptychus-type lower jaws is due to 
the fact that it dissolved away during diagenesis and/or was secondarily exfoli-
ated during preparation.
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10.3.3.3  Aptychus Type

The jaw apparatus of this morphotype is characterized by the presence of a pair 
of calcareous plates (aptychus) in the lower jaws (F igs. 10.4c, 10.9.4b, 10.9.5c, 
d, 10.9.6b). The upper jaw is composed of a black chitinous material, and its ar-
chitecture closely resembles that of the anaptychus-type upper jaw. The lower jaw 
comprises thinner inner chitinous and thicker outer calcareous elements. The inner 

F ig. 10.8  Drawings of the normal-type jaw apparatuses of Paleozoic and Triassic ammonoids. 1 
Right lateral ( 1a) and dorsal ( 1b) views of upper jaw of Goniatitina, genus and species inderminate 
(Late Mississippian Goniatitina). After Doguzhaeva et al. (1997, f ig. 4). 2 Upper ( 2a; dorsal view) 
and lower ( 2b, c; left lateral and ventral views respectively) jaws of Girtyoceras limatum (Miller 
and Faber) (Late Mississippian Goniatitina). After Doguzhaeva et al. (1997, f ig. 4). 3 Left lateral 
( 3a) and dorsal ( 3b) views of upper jaw and left lateral ( 3c) and dorsal ( 3d) views of lower jaws 
of Glaphyrites sp. (Late Paleozoic Goniatitina). After Bandel (1988, f ig. 6). 4 Left lateral ( 4a) and 
dorsal ( 4b) views of upper jaw and left lateral ( 4c) and dorsal ( 4d) views of lower jaw of a Middle 
Triassic ceratitid ammonoid. After Dagys and Weitschat (1988, f ig. 1). 5 Dorsal ( 5a) and left 
lateral ( 5b) views of the jaw apparatus of Ceratites penndorfi Rothe (Middle Triassic Ceratitina), 
after Klug and Jerjen (2012, f ig. 5A–C)
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chitinous element consists of a short inner lamella (crest and lateral wall) and a 
widely open, outer lamella with a deep median depression forming two wings. The 
short inner lamella appears to be vestigial and/ or absent in the Late Jurassic Phy-
sodoceras (Aspidoceratidae) and ?Fontannesiella (Oppeliidae) (Keupp 2007). The 
outer chitinous lamella is sculptured by dense, concentric growth lines and has an 
indentation at the midline joint in the posterior margin. The outer calcified element 
of the lower jaw, i.e., aptychus, is made of calcite (Schindewolf 1958; Landman 
et al. 2007; Kruta et al. 2009). It is distinctly partitioned into paired plates along the 
harmonic midline joint termed “Symphysenrand” by Trauth (1927), whose English 
equivalent, symphysis, was introduced by Arkell (1957). The aptychus covers the 
wide area of the underlying chitinous membrane.

The aptychus-type jaw apparatus is widely distributed in the Jurassic Ammo-
nitina (Hildoceratoidea, Stephanoceratoidea, Perisphinctoidea, Haploceratoidea, 
Spiroceratoidea; F igs. 10.5a, b, c; 10.6a, b, c, d), the Cretaceous Ammonitina 
(Acanthoceratoidea, Holplitoidea; F ig. 10.7c), and the Cretaceous Ancyloceratina 
(Ancyloceratoidea, Turrilitoidea; F igs. 10.5g, 10.7d, e; Table 10.1). In most genera, 
the lower jaw is larger than the upper jaw (F ig. 10.5c), sometimes attaining 200 % 
or more of the length of the upper jaw (e.g., Fontannesiella prolithographica and 
Metahaploceras sp. of the Haploceratoidea, see Table 10.2; Lehmann 1980; see also 
Kruta et al. 2011, f ig. 1c). The Late Jurassic perisphinctoid Physodoceras and Late 
Cretaceous turrilitoids Scalarites and Subptychoceras, however, have almost equal-
sized upper and lower jaws (Table 10.2; F ig. 10.5b; see also Schweigert and Dietl 
1999, pl. 4, f ig. 1; Tanabe et al. 1980b, pl. 20; Tanabe and Landman 2002, pl. 1, 
f ig. 7). The Late Jurassic aptychi of the Aspidoceratidae consist of three layers with 
different microstructure, i.e., a basal lamellar layer (F ig. 10.10f), a middle ‘honey-
comb like’ tubular layer (F ig. 10.10e), and an upper lamellar layer (Schindewolf 
1958; Closs 1960; Farinacci et al. 1976; Hewitt et al. 1993). The basal layer occurs 
on the convex side of the aptychus and forms the co-marginal lirae that are visible 
on the inner (dorsal) side of the aptychus and are interpreted as growth lines (Kruta 
et al. 2009; F ig. 10.10f). The aptychi of Cretaceous Ancyloceratina (e.g., Bacu-
lites, Hoploscaphites, and Polyptychoceras) differ from those of Jurassic Ammoni-
tina in having one or two layers without a sponge-like structure (Kruta et al. 2009; 
F ig. 10.10d). The surface sculpture and lamellar microstructure of aptychi exhibit 
wide taxonomic variation; hence, they have been classified into several form genera 
such as cornaptychus, striaptychus, granulaptychus, lamellaptychus, laevaptychus 
and synaptychus by Trauth (1927–1936).

In the Jurassic Ammonitina such as Hildoceras (F ig. 10.4c), Streblites 
(F ig. 10.6c) and Dactylioceras (F ig. 10.9.2), the anterior margin of the lower jaw 
is gently arched toward the ventral side without a beak-like projection (Lehmann 
1972, 1975, 1979). By contrast, this portion is sharply pointed in some Cretaceous 
Ammonitina such as Subprionocyclus (F ig. 10.9.4b; Tanabe and Fukuda 1987b) 
and Metaplacenticeras (see Landman et al. 2006), and Ancyloceratina (e.g., Scala-
rites; Tanabe et al. 1980b). The lower jaws of Subprionocyclus and Placenticeras 
also respectively possess rows of serrated ridges and grooves and a V-shaped slit 
in the anterior portion (F ig. 10.9.4b, 10.9.5c; Tanabe and Fukuda 1987b; Landman 
et al. 2006).
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F ig. 10.9  Drawings of the jaw apparatuses of Mesozoic Ammonitida. 1 Left lateral view of upper 
( 1a) and lower ( 1b) jaws of Hypophylloceras subramosum (Shimizu) (Late Cretaceous Phylloc-
eratidae, Phylloceratina). 2 Jaw apparatus of Dactylioceras semicelatum (Simpson) (Early Jurassic 
Dactylioceratidae, Ammonitina). After Lehmann (1979, f ig. 2). 3 Anterolateral views of upper 
( 3a) and lower ( 3b) jaws of Damesites semicostatus Matsumoto (Late Cretaceous Desmoceratidae, 
Ammonitina). After Tanabe (1983, f ig. 3A, C). 4 Dorsolateral views of upper ( 4a) and lower ( 4b) 
jaws of Subprionocyclus minimus (Hayasaka and Fukada) (Late Cretaceous Collignoniceratidae, 
Ammonitina). Modified from Tanabe and Fukuda (1987, f ig. 3). 5 Dorsal ( 5a) and ventral ( 5b) 
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views of upper jaw and dorsal ( 5c) and dorsolateral ( 5d) views of lower jaw of a placenticeratid 
ammonoid (Late Cretaceous Placenticeratidae, Ammonitina). After Landman et al. (2006, f ig. 30). 
6 Anterolateral views of upper ( 6a) and lower ( 6b) of Scalarites mihoensis Wright and Matsumoto 
(Late Cretaceous Diplomoceratidae, Ancyloceratina). After Tanabe et al. (1980b, f ig. 1)

10.3.3.4  Rhynchaptychus Type

The rhynchaptychus-type jaw apparatus is characterized by the development of a 
calcareous rostral tip on both upper and lower jaws (F ig. 10.4d, 5d). The upper jaw 
consists of a shorter outer lamella (hood) and a pair of larger inner lamellae (lateral 
walls) that become narrower and join together in the anterior portion, as in those of 
anaptychus- and aptychus-types (F ig. 10.5d). The lower jaw is built up of a short 
reduced inner lamella (crest and lateral wall) and a large, gently convex outer la-
mella (wing) without a median groove that is wholly covered with a thin calcareous 
layer (F igs. 10.5d, e, 10.7a, b). The jaw apparatus of this morphotype is distributed 
in the Cretaceous Phylloceratina ( Hypophylloceras: F ig. 10.5d; Phyllopachyceras: 
Tanabe and Landman 2002; Tanabe et al. 2013) and Lytoceratina ( Tetragonites, 
Gaudryceras, Aanagaudryceras; F ig. 10.5e, 10.7a, b; Table 10.1; Tanabe et al. 
1980a, 2012; Lehmann et al. 1980; Kanie 1982; Tanabe and Landman 2002). In the 
two phylloceratids, the lower jaw is slightly larger than the upper jaw (Table 10.2). 
Meanwhile, the ‘upper’ jaws of Tetragonites and Gaudryceras described by Ta-
nabe et al. (1980a, f ig. 9c, d) and Kanie (1982, f igs. 4, 7) are judged as deformed 
lower jaws, because they show no morphological resemblance to the upper jaws 
of any other known ammonoids and instead exhibit similar shape and structure to 
the lower jaws of these and other genera of the Phylloceratina and Lytoceratina 
(Tanabe and Landman 2002). The upper jaws of the Lytoceratina are therefore still 
unknown. In addition to these in situ jaw apparatuses, three isolated lower jaws 
described by Lehmann et al. (1980, f igs. 3b, c, e) as lytoceratoid anaptychi from the 
Jurassic of northern Europe may also belong to the rhynchaptychus-type in regard 
to the presence of a notch in the anterior portion that may have originally been oc-
cupied by a calcified tip. The anterior calcified tip of an isolated lower jaw referred 
to Gaudryceras has distinct denticles around the oral margin (Kanie et al. 1978; Ta-
nabe et al. 1980a; Kanie 1982), as in modern nautilids (Okutani and Mikami 1977; 
Saunders et al. 1978).

The outer calcareous layer on the lower jaw of Anagaudryceras is made of 
aragonite and exhibits granular microstructure (Tanabe et al. 2012; F ig. 10.10a), 
whereas the calcified tip of the upper jaw and the outer calcareous layer of the lower 
jaw in Hypophylloceras are both made of calcite (Tanabe et al. 2013). The anterior 
calcareous tips of the rhynchaptychus-type jaws fairly resemble in shape and inter-
nal microstructure not only those of modern and fossil nautilid jaws but also of the 
isolated arrowhead- and scallop-shaped calcareous remains called rhyncholites and 
conchorhynchs that have been found from the Late Paleozoic and younger marine 
deposits (Teichert et al. 1964; Teichert and Spinosa 1971; Riegraf and Luterbacher 
1989). This fact suggests that at least some previously known Jurassic and Creta-
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ceous counterparts belonged to either Lytoceratina or Phylloceratina (Tanabe et al. 
1980a, 2013; Tanabe and Fukuda 1999).

10.3.3.5  Intermediate Type

The lower jaws of the Desmoceratoidea (Cretaceous Ammonitina) have been sum-
marized in the anaptychus type (Nagao 1931a, c; Moore and Sylvester-Bradley 
1957), because the fossil materials examined by previous authors consist wholly of 
a chitinous element. The lower jaws of Damesites, Tragodesmoceroides and Pachy-
discus described by subsequent workers, however, exhibit transitional features 
from the anaptychus-type to the aptychus-type, by the presence of a distinct me-
dian groove on the outer horny lamella (Tanabe 1983, pl. 71, f igs. 1d, 3b; see also 
F igs. 10.5f, 10.9.3b) and a very thin univalved calcareous layer, which covers the 
horny lamella (Tanabe et al. 2012, F igs. 5, 6). The mineralogy and microstructure of 
the calcareous layer exhibit some taxonomic variation; i.e., the spherulitic prismatic 
structure of aragonite in Damesites (F ig. 10.10c) and the polygonal prismatic struc-
ture of calcite in Pachydiscus (F ig. 10.10b) (Tanabe et al. 2012; F igs. 10.10b, c). 
The upper jaws of desmoceratids Damesites and Menuites consist of short reduced 
outer and widely open longer inner chitinous lamellae, without any trace of a calcar-
eous element, as in those of anaptychus and aptychus types (Tanabe 1983; Tanabe 
and Landman 2002). We previously reported that the outer lamella of the lower jaw 
of Menuites lacks the median groove (Tanabe and Landman 2002), but our reex-
amination of the same material confirmed the presence of a weak median groove 
(see mg in F ig. 10.5f). Based on these observations, we exclude the jaw apparatuses 
of the Desmoceratoidea from the anaptychus-type jaws and treat them herein as an 
intermediate type.

10.4  Restoration of Ammonoid Buccal Mass Structure

Attachments scars of beccublasts have been found on the inner surface of the 
outer chitinous lamella (wing) of the isolated rhynchaptychus- and aptychus 
(laevaptychus)-type lower jaws that are attributed to the Cretaceous lytoceratid 
Gaudryceras and a Late Jurassic aspidoceratid, respectively (F ig. 10.2c, d; Tanabe 
and Fukuda 1983, f ig. 2A-C; Tanabe and Fukuda 1999, f ig. 19.5c, d), and on the 
outer surface of the inner lamella of the upper jaws of the Early Carboniferous 
goniatitid Girtyoceras (Doguzhaeva et al. 1997, f ig. 5B) and of an unknown am-
monoid (Tanabe et al. 2001, f ig. 4.5, 4.6). The scars on these ammonoid jaws all 
consist of equally-sized circular to hexagonal pits. Each pit, measuring about 10 µm 
in diameter in Girtyoceras and in an aspidoceratid and 20–30 µm in diameter in 
Gaudryceras, is surrounded by a distinct ridge. They are similar in shape to the 
anchor-type attachment scars of beccublasts on the jaws of modern coleoids (Dil-
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F ig. 10.10  Scanning electron micrographs of the outer calcareous element of lower jaws of Juras-
sic and Cretaceous ammonoids. a Anagaudryceras limatum (Yabe) (Gaudryceratidae, Lytoceratina). 
Rhynchaptychus-type. Cross section of the outer aragonitic layer, showing the granular micro-
structure. UMUT MM 30877 from the Coniacian of Haboro area, Hokkaido, Japan. b Pachydiscus 
kamishakensis Jones (Desmoceratidae, Ammonitina). Anaptychus-type. Fracture of the outer calcitic 
layer showing the columnar prismatic structure. UMUT MM 30876 from the Maastrichtian of south-
ern Alaska. c Damesites aff. sugata Forbes (Desmoceratidae, Ammonitina). Anaptychus-type. Frac-
ture of the outer aragonitic layer showing the spherulitic prismatic structure. UMUT MM 27833 from 
the Coniaciain of Haboro area, Hokkaido. d Baculites sp. (smooth to weak flank ribs) (Baculitidae, 
Ancyloceratina). Aptychus-type (rugaptychus). Cross section of the calcitic aptychus, showing the 
main lamellar layer ( R1) and the outer layer ( R2). BHMNH 5801 from the Campanian of Alabama. 
(a–c from Tanabe et al. 2012, F ig. 4B, D, F. d from Kruta et al. 2009, F ig. 3A; reproduced by permis-
sion of John Wiley & Sons Ltd., UK). e–f Bivalved calcitic plate (laevaptychus) of isolated lower jaw 
attributed to an aspidoceratid ammonoid. Cross-section of the laevaptychus consisting of thin basal 
layer and thick tubular layer (e) and close-up of the basal layer (f; squared portion in e) consisting 
of thin laminae inclined and overlapping one another. The upper lamellar layer is not shown in this 
f igure. UMUT MM 19945, from the Oxfordian (Upper Jurassic) of Nusplingen, Germany
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ley and Nixon 1976), but are clearly distinguished from those of modern nauti-
lids, which are characterized by numerous micropores of 0.2–0.5 µm in diameter 
(F ig. 10.2a; Tanabe and Fukuda 1983, f igs. 3D, 6). In modern cephalopods, a layer 
of tall beccublast cells, each about 5 µm in diameter, is intercalated in the space 
between the jaw muscles and the chitinous jaw lamellae, and the other sides of the 
jaw lamellae, i.e., the outer sides of the outer lamellae of the upper and lower jaws, 
in contrast, are free from jaw muscles, and are covered directly with a thin connect-
ing tissue (F igs. 10.1a, 10.11a, b; Dilley and Nixon 1976; Tanabe and Fukuda 1983, 
1999; Sasaki et al. 2010; Tanabe 2012). These anatomical relationships among jaw 
muscles, beccublasts and jaw lamellae in extant cephalopods help us to restore the 
buccal mass structure of ammonoids. The presence of attachment scars of the bec-
cublasts on the inner side of the outer chitinous lamella (wing) of the lower jaw and 
on the outer surface of the inner lamella (lateral wall) of the upper jaw indicates 
that these sides were connected by jaw muscles, with a layer of beccublasts lying 
between them, and that the opposite sides of the jaws were free from jaw muscles 
and were covered directly with a thin connecting tissue (F igs. 10.11c, d).

In modern coleoids, the anterior and posterior mandibular muscles widely cover 
the outer surface of the posteriorly expanded inner lamella (crest and lateral wall) of 
the lower jaw and are connected to the lateral and dorsal sides of the inner lamella 
(lateral wall and crest) of the upper jaw; they likely serve for closing and shearing 
movements of the jaws (Ueno and Kier 2005, f igs. 10, 11). In the Ammonoidea, the 
inner lamella of the lower jaw is, by contrast, much shorter than that in coleoids, 
and furthermore, the inner lamella of the upper jaw is distinctly divided into a pair 
of lateral walls without a crest region for the Jurassic and Cretaceous Ammonitida 
(F igs. 10.4b, c, d), suggesting a weaker development of the anterior and posterior 
mandibular muscles in Ammonoidea than in the Coleoidea. Reduction of the inner 
lamella of the lower jaw is also observed in modern and fossil nautilids (Okutani and 
Mikami 1977; Saunders et al. 1978; Klug 2001). To compensate for the reduction 
of the muscle attachment area, the beccublasts of extant Nautilus are branched into 
many fine trabeculae on the side of the jaw lamella, and the ends of the trabeculae are 
deeply inserted within the chitinous jaw lamella, forming numerous micropores on 
it (F ig. 10.2a). These adhesive scars are quite different from the weaker anchor-type 
attachment scars of beccublasts in modern coleoids and ammonoids. These observa-
tions indicate a firmer attachment of jaw muscles on the jaw lamella in Nautilus than 
in coleoids and ammonoids, thus underlining their phylogenetic relationship.

All of the calcified jaw elements in the Ammonoidea, i.e., anterior calcified tips 
of the upper and lower jaws, and the paired outer calcareous plates (aptychus), 
and a thin calcareous layer on the outer lamella of the lower jaw, were presumably 
secreted from the outside by the overlying epithelial tissue, as in the case of the 
calcareous tips of the present-day nautilids (Farinacci et al. 1976; Seilacher 1993; 
Tanabe and Fukuda 1999; Kruta et al. 2009).
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10.5  Discussion

10.5.1  Taxonomic Evaluation of Jaw Morphology

Of the five recognized jaw morphotypes, the normal-type jaw apparatus is shared 
by the pre-Jurassic suborders, i.e., Gephuroceratina, Goniatitina, Prolecanitina and 
Ceratitina (Table 10.1; F ig. 10.8). Except for the absence of a thick calcified rostral 

F ig. 10.11  Reconstruction of buccal mass structure of ammonoids in cross section with the apty-
chus- and anaptychus-type jaw apparatuses compared with those of modern cephalopods ( Nautilus 
and Sepia). a Nautilus (Nautilida, Nautiloidea), b Sepia (Sepiida, Coleoidea), c Ammonoidea with 
aptychus-type jaw apparatus, d Ammonoidea with anaptychus-type jaw apparatus
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tip in both upper and lower jaws, the normal-type jaw apparatuses of the above four 
suborders are similar to those of modern and fossil nautilids, in having a posteriorly 
expanded wing and a relatively short and straight hood in the outer lamella of the 
lower jaw, and a large posteriorly elongated inner lamella of the upper jaw that is 
not divided into paired lateral walls, unlike the upper jaws of other morphotypes 
(F igs. 10.4a, e, 10.8). This fact suggests that the normal-type jaw apparatuses of the 
pre-Jurassic ammonoid suborders retain plesiomorphic features.

The other four jaw morphotypes are distributed in the Jurassic and Cretaceous 
Ammonitida (Table 10.1; F igs. 10.9 and 10.12). The rhynchaptychus-type jaw ap-
paratuses are known from the Late Cretaceous Phylloceratina (Tanabe and Land-
man 2002; Tanabe et al. 2013) and Lytoceratina (Tanabe et al. 1980a, 2012; Kanie 
1982; Lehmann et al. 1980; Tanabe and Landman 2002). In addition, wholly chitin-
ous lower jaws of the Early Jurassic Phylloceras and Lytoceras were described as 
anaptychi (Schmidt 1928; Hauff 1953; Lehmann 1990). These sporadic jaw fossil 
records of the Phylloceratina and Lytocertina seem to suggest that the rhynchap-
tychus-type jaws had been derived from the anaptychus-type jaws independently 
in the two suborders, but this hypothesis should be verified based on better fossil 
material retaining original jaw morphology and mineralogy.

The anaptychus-type jaw apparatuses appeared earlier than the aptychus-type 
jaws. They are shared by the Early Jurassic members of the Ammonitina (Psilocera-
toidea and Eoderoceratoidea) (F ig. 10.12).

The aptychus-type jaw apparatus was first developed in the Hildoceratoidea 
in the Toarcian (Early Jurassic) and became dominant in the Ammonitina and  

F ig. 10.12  Taxonomic distribution of jaw morphotypes in the Jurassic and Cretaceous ammonoid 
superfamilies. Modified from Page (1996, F ig. 2) for the phylogenetic tree, in which the Arietitoi-
dea and Cymbioidea ( sensu Page 1996) are treated as families in the Psiloceratoidea, on the basis 
of Jurassic ammonoid systematics by Howarth (2013). Dates from Cohen et al. (2012)
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Ancyloceratina during the Middle Jurassic to the end of the Cretaceous (F ig. 10.12; 
Engeser and Keupp 2002). This evidence suggests their apomorphic nature in the 
evolution of the ammonoid jaw apparatuses. Forms of the aptychus-type lower jaws 
defined by the surface sculpture appear to be common at the family level, e.g., 
Cornaptychus-type in the Hildoceratidae (Hildoceratoidea), Laevaptychus-type in 
the Aspidoceratidae (Perisphinctoidea), and Lamellaptychus-type in the Oppeli-
idae and Haploceratidae (Haploceratoidea) (Table 10.1; Trauth 1927–1936, 1938). 
Based on this fact, Engeser and Keupp (2002) proposed the new taxon Aptychopho-
ra for Jurassic and Cretaceous ammonoids with an aptychus-type lower jaw. How-
ever, the aptychus-type lower jaws observed in the Ammonitina and Ancyloceratina 
show marked variation in their shape with and without a sharply pointed rostral tip 
(Tanabe and Landman 2002) and internal microstructure (Kruta et al. 2009). This 
evidence suggests that the aptychus-type lower jaws might have been developed in 
a different way in the Ammonitina and Ancyloceratina, requiring careful testing of 
the hypothesis of monophyly of the Aptychophora.

The intermediate-type lower jaws of the Cretaceous Desmoceratoidea (Ammo-
nitina) exhibit transitional features from the anaptychus-type to aptychus-type jaws, 
such as a well-developed, gently convex outer chitinous lamella with a shallow me-
dian groove, a more or less pointed rostral portion, and an univalved calcareous lay-
er, which covers the outer chitinous lamella. The Desmoceratoidea are now regarded 
to have been derived from the Perisphinctoidea with an aptychus-type jaw apparatus 
in the Valanginian (Early Cretaceous) (Page 1996). Judging from these lines of evi-
dence, it is postulated that the intermediate-type jaws of the Desmoceratoidea might 
have been developed from the aptychus-type jaws of the Perisphinctoidea, and that 
they had no phylogenetic relationships with the anaptychus-type jaws in Early Juras-
sic members of the Ammonitina (Psiloceratoidea and Eoderoceratoidea).

10.5.2  Feeding and Dietary Habits Inferred from Jaw 
Apparatuses and Gut Contents

Most extant cephalopods are carnivores that generally capture relatively large 
prey, but the microphagous mode of feeding has also been reported in some pe-
lagic coleoids living in deeper waters (~ 900 m), including Vampyroteuthis infer-
nalis (Vampyromorpha) and Spirula spirula (Spirulida) on the basis of analyses of 
gut contents and specialized morphological features of the feeding apparatus (Scott 
1910; Robson 1930; Young 1977; Hoving and Robison 2012) as well as amino acid 
nitrogen isotopic analysis of soft tissues (Ohkouchi et al. 2013).

Since the jaw apparatus is a primary feeding organ of modern and extinct cepha-
lopods, its morphological and structural features appear to reflect the feeding and 
dietary habits of living animals. Based on this idea, previous authors considered 
these aspects on the basis of functional morphologic comparison of the jaw ap-
paratuses between Ammonoidea and modern cephalopods whose feeding and di-
etary habits are known (Lehmann 1975, 1980, 1988; Tanabe et al. 1980a, 2013) and  
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analyses of organismic remains preserved in the body chambers of ammonoids, un-
der the assumption that they represent the diet preserved in the crop and/or stomach 
(see Jäger and Fraaye 1997 for the data on the gut contents in Triassic and Jurassic 
ammonoids) and buccal cavity (Kruta et al. 2011).

Of the five recognized jaw morphotypes, the normal-type jaw apparatuses shared 
by pre-Jurassic ammonoids have a beak-like rostral tip on the chitinous upper and 
lower jaws as in modern coleoids, suggesting their primary role in feeding. The 
rhynchaptychus-type jaw apparatuses of the Cretaceous Phylloceratina and Lytoc-
eratina are similar to those of modern and fossil nautilids (Saunders et al. 1978; Klug 
2001), in having a thick and sharply pointed calcified tip in both upper and lower 
elements, with distinct denticles on the oral margin of the lower one. Saunders et al. 
(1978) interpreted that in modern nautilids, the sharp, arrowhead-shaped calcareous 
tip of the upper jaw (rhyncholite) is used as an incisor, while the distinctly denticulat-
ed, scallop-shaped calcareous tip of the lower jaw (conchorhynch) has a special func-
tion for grasping and shearing food. This interpretation is confirmed by aquarium-
based observations of the feeding behavior (e.g., Mikami et al. 1980) and analyses of 
chewed pieces of food found in the crop of an animal captured in the wild (Tanabe 
et al. 1980a). Investigation of stomach and/ or crop contents in freshly captured ani-
mals has demonstrated that modern nautilids feed mainly on small fish, crustaceans 
(lobsters and shrimps), nematodes, echinoids, and tentacles of other nautilids in their 
natural habitat (Ward and Wicksten 1980; Saisho and Tanabe 1985; Ward 1987; Saun-
ders and Ward 1987). Judging from these lines of evidence, the development of thick 
calcified tips in the jaws of the Cretaceous Phylloceratina and Lytoceratina as well as 
modern and fossil nautilids is interpreted as convergent adaptation to a scavenging-
predatory mode of feeding (Tanabe et al. 1980a, 2013; Tanabe and Fukuda 1999).

The other three jaw morphotypes, the anapychus, aptychus and intermediate 
types exhibit a remarkable morphologic diversity in their relative size, shape and 
structure. The diversity is especially conspicuous in the lower jaws (F igs. 10.4, 
10.5, 10.6, 10.7, 10.9), and the lower jaw became much larger than the upper jaw 
and lost the anterior rostral projection in some Jurassic ammonoids such as Hil-
doceras of the aptychus type (F ig. 10.4c; Lehmann 1975) and Dactylioceras of 
the anaptychus-type (F ig. 10.9.2; Lehmann 1979). Most of the Jurassic ammonoid 
specimens retaining organismic remains in their body chambers belong to such gen-
era as Hildoceras, Harpoceras, Arnioceras, Physodoceras, and Neochetoceras of 
the Ammonitina. They are occasionally found with a preserved aptychus-and/ or 
anaptychus-type lower jaw in situ within the body chamber (Lehmann 1971, 1985; 
Lehmann and Weitschat 1973; Riegraf et al. 1984; Jäger and Fraaye 1997; Sch-
weigert and Dietl 1999). The diet identified in the ‘crop/stomach’ remains includes 
small decapod crustaceans, ostracods, foraminifers, fragmented arms and calices of 
stalkless crinoids ( Saccocoma), and calcified jaw remains (aptychi) of small ammo-
noids. Based on these facts, Lehmann (1975, 1980) and Morton and Nixon (1987) 
postulated that the jaws of these Jurassic ammonoids did not have the ability to bite 
and cut up prey, and instead their large shovel-like aptychus- and anaptychus-type 
lower jaws were likely used as a scoop to feed mainly on small benthic organisms 
on the seafloor. Meanwhile, Jäger and Fraaye (1997) suggested a weak biting ability 
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in the Early Jurassic Harpoceras with an aptychus-type lower jaw (see F igs. 10.5a, 
10.6a) on the basis of careful observations of food remains (mostly small crusta-
ceans) preserved as stomach/ crop contents in adult macroconchs.

The mode of life of Saccocoma was previously interpreted as benthic (Milsom 
1994). Recent functional morphological and biostratinomical studies, however, sug-
gested that this stalkless crinoid had a planktonic mode of life (Seilacher and Hauff 
2004; Hess and Etter 2011). Following this interpretation, Keupp (2007) considered 
that Jurassic aptychophoran (= aptychus-type lower jaw bearing) ammonoids were 
more or less passive demersal organisms and fed on small zooplankton including 
Saccocoma under more or less shallow water conditions, while maintaining neutral 
buoyancy in the water column.

Westermann (1996) proposed an interesting hypothesis that many Cretaceous 
heteromorph ammonoids of the Ancyloceratina were vertical migrants in the water 
column and some fed on mesopelagic organisms including sluggish juvenile am-
monoids, while others caught zooplankton in tentacles modified into umbrella-nets. 
Consistent with this hypothesis, Kruta et al. (2011) suggested that Baculites (Late 
Cretaceous Ancyloceratina) with an aptychus-type jaw apparatus fed on zooplank-
ton in the water column on the basis of the discovery of isopods and larval shells of 
gastropods in the buccal portion of a Baculites examined by means of synchrotron 
X-ray microtomography.

To sum up these available data, the fairly large variation of the jaw morphology and 
the variety of food remains in the crop, stomach and buccal cavities known in Meso-
zoic ammonoids probably reflects diversity of feeding and dietary habits among them.

10.5.3  Secondary Function of Aptychi?

Some Jurassic (e.g., Physodoceras of the Aspidoceratidae; F ig. 10.5b) and Creta-
ceous (e.g., Texanites of the Acanthoceratoidea; Kennedy and Klinger 1972, pl. 37) 
ammonoids developed a thick, but porous bivalved calcitic plate (aptychus) in their 
lower jaws. The flattened outline of the aptychus without a projected rostral tip 
in these ammonoids occasionally fits tightly against the corresponding ammonoid 
aperture (see Schmidt 1928, f ig. 6; Schindewolf 1958, pls. 1, 8; remarkably, the 
same fit was documented for lower jaws in Late Devonian Manticoceras by Clau-
sen 1969). For these peculiar features, some workers speculated that such highly 
specialized aptychi may have acquired a secondary function as opercula (Lehmann 
and Kulicki 1990; Seilacher 1993), as a response to increased predation pressure in 
shallow-water environments. Indeed, analysis of the large museum collections of 
Devonian to Late Cretaceous ammonoids has shown that fatally bitten ventral shell 
breakage possibly made by nautilids and some ammonoids with a sharp calcified 
tip in their jaws, ‘teuthid’ coleoids (most of them are now regarded as vampyropod 
coleoids; see Fuchs 2006), and teleost fishes are relatively abundant in the Jurassic 
and Cretaceous, whereas they are essentially absent in the Paleozoic (Klompmaker 
et al. 2009; Andrew et al. 2010). In addition, sublethal injuries occur abundantly on 
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the shells of many Jurassic ammonoids. Durophagous fishes, crustaceans and cole-
oid cephalopods were probably responsible for some of these sublethal shell breaks 
(Kröger 2000). Thick calcitic aptychi in the lower jaws of some ammonoids could 
have been effective against a predatory attack from the apertural side under increas-
ing predation pressure in shallow-water environments of Jurassic and Cretaceous 
time, if ammonoids were able to seal the shell aperture.

Morphological features of the aptychus-type lower jaws suggest that the semi-
flexible outer chitinous lamella with a median depression (‘hinge’) was possibly 
connected with jaw muscles via beccublasts on the dorsal side. This may have per-
mitted the living ammonite to fold the aptychus during foraging activity (F ig. 10.11). 
According to the hypothetical model by Lehmann and Kulicki (1990), the lower jaw 
could be tilted upwards to seal the aperture, when the head was drawn back by 
means of the head retractor muscles. As a consequence, the outermost connective 
tissue could be retracted backward, and the exposed calcitic aptychus served as a 
protective shield against predators. In addition to the protective function, Morton 
and Nixon (1986) suggested that calcified aptychi would have acted to weight the 
buccal mass for nektobenthic feeding and to make it more rigid, while Schweigert 
(2009) interpreted them as an added ballast weight to stabilize the conch of a living 
ammonoid for swimming in the water column.

In the Cretaceous Ammonitina (e.g., Aconeceras: Doguzhaeva and Mutvei 1992; 
Subprionocyclus: Tanabe and Fukuda 1987b; F ig. 10.9.4) and Ancyloceratina (e.g., 
Scalarites, F ig. 10.9.6; Tanabe et al. 1980b), their aptychus-type lower jaws pos-
sess a sharply pointed rostral tip. The lower jaws of these ammonoids presumably 
served for feeding, although an operculum-like secondary function cannot be ruled 
out because of its shape and the presence of a distinct median ‘hinge’ in the chitin-
ous outer lamella.

10.6  Summary

Virtually all modern cephalopod mollusks possess a well-developed jaw apparatus 
consisting of upper and lower elements and a radula in the globular-shaped buccal 
mass as primary feeding apparatuses. Ammonoid jaw apparatuses that were pre-
served in situ within the body chambers are currently known to occur from 109 
genera belonging to 30 superfamilies of 8 suborders that spanned from the Devo-
nian to the Cretaceous. These jaw apparatuses can be classified into the normal, 
anaptychus, aptychus, rhynchaptychus and intermediate types by the differences 
in overall morphology and composition, especially in the presence or absence of 
calcareous jaw elements. The upper and lower jaws of the former two morphotypes 
are made mainly of a chitinous material, whereas the lower jaws of the aptychus and 
intermediate types respectively have a bivalved calcitic plate and a thin univalved 
calcareous layer on the outer chitinous lamella sculptured by a median groove. The 
upper and lower jaws of the rhynchaptychus type are characterized by the develop-
ment of a thick calcified rostral tip.



10 Ammonoid Buccal Mass and Jaw Apparatus 477

The jaw apparatuses of the normal and rhynchaptychus types are known from 
the four pre-Jurassic ammonoid suborders (Gephuroceratina, Goniaitina, Prole-
canitina, and Ceratitina) and the Cretaceous Phylloceratina and Lytoceratina. The 
anaptychus-type jaws are distributed in the Psiloceratoidea and Eoderoceratoidea 
of the Jurassic Ammonitina, whereas the apytchus-type jaws are widespread in 
the other superfamilies of Jurassic and Cretaceous Ammonitina and in the Cre-
taceous Ancyloceratina, showing marked variation in their overall shape with 
and without a sharply pointed rostral tip and internal microstructure. The inter-
mediate-type jaws are known from the Desmocearatoidea of the Cretaceous Am-
monitina. The aptychus-type lower jaws of the Ammonitina and Ancyloceratina 
show marked variation in their overall shape with and without a sharply pointed 
rostral tip (Tanabe and Landman 2002) and internal microstructure (Kruta et al. 
2009), suggesting that the aptychus-type lower jaws might have developed in a 
different way in the Ammonitina and Ancyloceratina, requiring careful examina-
tion for the monophyletic nature of the aptychus-bearing taxa defined as the Ap-
tychophora. Thick calcitic aptychi developed in the lower jaws of some Jurassic 
and Cretaceous ammonoids inhabiting shallow-water environments would have 
been effective against predatory attack from the apertural side, if they were able 
to seal the shell aperture.

The fairly large variation of the jaw morphology and the variety of food remains 
in the crop/ stomach and buccal cavities known in Mesozoic ammonoids may re-
flect diversity of feeding and dietary habits ranging from predatory-scavenging to 
microphagous (zooplankton-feeding) habits.
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11.1  Introduction

The molluscan feeding device called the radula is present in virtually all Recent 
cephalopods (except if reduced or absent as a secondary loss in Spirula and a few 
cirrate octopods; Nixon 2011). The radula itself is a tongue-like ribbon covered by 
tiny teeth and plates arranged in a series of transverse rows one behind the other. 
Ammonoids possessed a radula as well, but the preservation of this delicate struc-
ture in the fossil record is considered exceptional. Very few specimens are well 
enough preserved to provide anatomical details about the shape, dimensions, and 
position in the buccal mass. Radulae are only known from twelve genera of ammo-
noids and commonly occur between or in close association with the upper and lower 
jaws. Although information is only available for a limited number of taxa, radulae 
are considered examples of exceptional preservation that could provide information 
on the paleobiology (e.g., diet) and phylogeny of the Ammonoidea.

Institutional abbreviations: American Museum of Natural History (AMNH), 
University Museum University of Tokyo (UMUT); Geological Survey collection, 
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London (GSCL); Geologisch-Paläntologisches Intitut Universität Hamburg 
(GPIH); Fachbereich Geowissenschaften Paläontologische Sammlung, Universität 
Tübingen (GPIT); Staatliches Museum für Naturkunde in Stuttgart (SMNS); Geol. 
Staatsinst. Hamburg (GSH); Paleontological Institute of the Russian Academy of 
Sciences (PIN); Ohio University Zoological Collection (OUZC), this collection will 
be moved to AMNH.

11.2  Formation of the Radula in Cephalopods

The general organization of the radular apparatus is similar in all cephalopods. Dif-
ferences exist regarding the number and shape of teeth, the morphology of the buc-
cal palps, and the development of accessory organs. The radula of Recent cephalo-
pods is here used as comparative material for the function and the morphology of 
non-preserved tissues in fossil material.

The radular apparatus is a complex structure found between the upper and lower 
jaws (Fig. 11.1a). It is composed of a toothed ribbon with the associated muscles 
(the odontophore), the hyaline shield, and accessory structures called radular or-
gans (Messenger and Young 1999). The radula is already well formed at hatching 
(Messenger and Young 1999) and continues to grow throughout the entire life of the 
animal (Aldrich 1969). The teeth on the radular ribbon are secreted posteriorly in 
the radular sac by elongate cells with microvilli (the odontoblasts). The odontoblasts 

Fig. 11.1  Buccal mass structure and radular apparatus in Recent cephalopods. a Diagram of the 
buccal mass structure and radular apparatus in Octopus. Abbreviations. Spr: supraradular organ, 
sbr: subradular organ. Modified from Messenger and Young (1999). b Diagram of a radular ribbon 
showing the series of rows of teeth and the nomenclature for the teeth in a single row as well as the 
measurements of the teeth. The row of teeth has a central rachidian tooth ( R), a first and second 
lateral tooth ( L1 and L2 respectively) on each side of the rachidian tooth, marginal teeth ( M) and 
marginal plate ( MP). Measurements for the teeth provided in Table 11.1 have been done on the 
width ( w) and the height ( h) of the teeth. (Modified from Naef 1923)
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are organized in two layers: the outer layer secretes the radular membrane, the base 
of the teeth, and the radular ribbon, while the internal layer secretes the cusps of the 
teeth (Messenger and Young 1999). The newly formed teeth move forward along the 
ribbon during ontogeny and increase in size during the growth of the animal (Nixon 
1969). Therefore, the most recently formed teeth are the largest. Only one portion of 
the radula is exposed on the anterior part of the beak, the rest of the radula is folded 
on itself in a canal that originates in the radular sac.

Approaching the anterior part of the buccal mass, the ribbon unfolds and turns 
sharply downward (i.e. the bending plane) and then backward. The teeth that were 
flat lying in the U-shaped canal become erect as they approach the area where the 
ribbon bends at the anterior end of the beak, and become functional. The flexible 
ribbon with the radular teeth pointing towards the esophagus can be moved forward 
and backward in order to facilitate the transfer of food towards the esophagus. Such 
usage causes wear of the cusps and occasional loss of teeth, necessitating their con-
tinual replacement (Aldrich 1969). After the bending plane, the old teeth are dis-
solved by accessory organs (Nixon and Young 2003).

11.3  Terminology

The organization of the teeth in one row is reproduced in all the rows along the 
ribbon (Fig. 11.1b). Different types of teeth are present on a transverse row. Vari-
ous terms have been used for describing the teeth and we follow the terminology 
of Nixon (1995). Except in cases of secondary loss (e.g., some cirrate octopods), 
each row has a central tooth called a rachidian tooth with a central cusp called the 
mesocone while those flanking are called ectocones (Robson 1925). The other teeth 
are symmetric on each side of the rachidian tooth and are numbered starting from 
the center of the ribbon (Fig. 11.1b). The rachidian tooth (R) is flanked by the first 
lateral tooth (L1), followed by the second lateral tooth (L2), then by the marginal 
tooth (M), and finally the marginal plates (MP). The number of teeth in the radula is 
expressed by the number of elements on each transverse row. The number of teeth 
per row varies slightly in cephalopods compared to other mollusks. The numbers 
of rows is defined as the number of transverse rows that are represented by at least 
one tooth (Kruta et al. 2014). Measurements of radular elements are presented in 
table 11.1. Several cusps can be present on a single tooth. The height of a tooth is the 
measure between the highest cusp and the base of the tooth. The width of a tooth is 
measure of the transverse width at the base of the tooth (Fig. 11.1b).

11.4  Composition

The teeth in Recent cephalopods are composed of a chitin-protein complex (α-chitin 
and protein; Hunt and Nixon 1981). Mineral elements can be present in the teeth, 
for example, the teeth in Nautilus are enriched in Ca, Mg, Si, P, K, Mn, Fe, and S 



488 I. Kruta et al.

Ta
xa

Su
bo

rd
er

Su
pe

rf
am

ily
Pe

rio
d/

St
ag

e
Sp

ec
im

en
 n

um
be

r
Ty

pe
 o

f j
aw

R
ac

hi
di

an
 to

ot
h

w
id

th
he

ig
ht

C
ra

ve
no

ce
ra

s f
ay

et
te

vi
lla

e 
G

or
do

n
G

on
ia

tit
in

a
N

eo
gl

ph
io

ce
ra

to
i-

de
a 

Pl
um

m
er

 &
 

Sc
ot

t

C
ar

bo
ni

fe
ro

us
 

(C
he

st
er

ia
n)

A
M

N
H

 6
64

07
 (=

 O
U

ZC
 

10
01

 b
y 

Ta
na

be
 a

nd
 

M
ap

es
 1

99
5)

N
or

m
al

 ty
pe

0.
35

0.
27

G
ir

ty
oc

er
as

 li
m

at
um

  
(M

ill
er

 &
 F

ab
er

)
G

on
ia

tit
in

a
D

im
or

ph
oc

er
at

oi
-

de
a 

H
ya

tt
C

ar
bo

ni
fe

ro
us

 
(C

he
st

er
ia

n)
O

U
ZC

N
or

m
al

 ty
pe

0.
34

0.
34

Is
ol

at
ed

 n
od

ul
e-

go
ni

at
ite

G
on

ia
tit

in
a

_
C

ar
bo

ni
fe

ro
us

 
(L

ow
er

 M
is

-
so

ur
ia

n/
U

pp
er

 
Pe

nn
sy

lv
an

ia
n)

A
M

N
H

 6
63

93
 (=

 O
U

ZC
 

40
01

by
 T

an
ab

e 
et

 a
l. 

20
01

)

N
or

m
al

 ty
pe

0.
53

0.
41

G
la

ph
yr

ite
s

G
on

ia
tit

in
a

G
as

tri
oc

er
at

oi
de

a 
H

ya
tt

C
ar

bo
ni

fe
ro

us
 

(P
en

ns
yl

va
ni

an
)

G
PI

T 
13

20
/2

N
or

m
al

 ty
pe

0.
8

1

C
er

at
ite

s p
en

nd
or

fi 
R

ot
h

C
er

at
iti

na
C

er
at

ito
id

ea
 

M
oj

si
so

vi
cs

Tr
ia

ss
ic

 (A
ni

si
an

)
SM

N
S 

67
49

4
N

or
m

al
 ty

pe
0.

30
/0

.4
0

0.
10

/0
.1

5

Ar
ni

oc
er

as
A

m
m

on
iti

na
Ps

ilo
ce

ra
to

id
ea

 
H

ya
tt

Ju
ra

ss
ic

 (L
ow

er
 

Li
as

)
G

SC
L 

22
70

3
A

na
pt

yc
hu

s
0.

24
*

0.
19

*

D
ac

ty
lio

ce
ra

s t
en

ui
co

st
at

um
 

(Y
ou

ng
 &

 B
ird

)
A

m
m

on
iti

na
Eo

de
ro

ce
ra

to
id

ea
 

Sp
at

h
Ju

ra
ss

ic
 (L

ow
er

 
Li

as
)

–
A

na
pt

yc
hu

s
–

0.
2/

0.
3

El
eg

an
tic

er
as

 e
le

ga
nt

ul
um

 
(Y

ou
ng

 &
 B

ird
)

A
m

m
on

iti
na

H
ild

oc
er

at
oi

de
a 

H
ya

tt
Ju

ra
ss

ic
 (T

oa
rc

ia
n)

G
SH

 1
13

2
A

pt
yc

hu
s

–
–

Ac
on

ec
er

as
 tr

au
ts

ch
ol

di
 

(S
in

zo
w

)
A

m
m

on
iti

na
H

ap
lo

ce
ra

to
id

ea
 

Zi
tte

l
C

re
ta

ce
ou

s 
(A

pt
ia

n)
PI

N
A

pt
yc

hu
s

0.
08

*
0.

06

Ba
cu

lit
es

A
nc

yl
oc

er
a-

tin
a

Tu
rr

ili
to

id
ea

 M
ee

k
C

re
ta

ce
ou

s 
(C

am
pa

ni
an

)
A

M
N

H
 5

59
01

A
pt

yc
hu

s
0.

62
0.

4

Rh
ae

bo
ce

ra
s h

al
li 

 
(M

ee
k 

&
 H

ay
de

n)
A

nc
yl

oc
er

a-
tin

a
Sc

ap
hi

to
id

ea
 M

ee
k

C
re

ta
ce

ou
s 

(C
am

pa
ni

an
)

A
M

N
H

 5
13

34
A

pt
yc

hu
s

–
–

Ta
bl

e 
11

.1
  M

ea
su

re
m

en
ts

 in
 m

m
. o

f r
ad

ul
ar

 te
et

h 
an

d 
ra

du
la

r r
ib

bo
ns

 in
 a

m
m

on
oi

ds
. T

he
 n

um
be

rs
 w

ith
 a

st
er

is
k 

(*
) i

nd
ic

at
e 

th
at

 th
e 

m
ea

su
re

s 
w

er
e 

do
ne

 o
n 

pu
bl

is
he

d 
ill

us
tra

tio
ns

. T
he

 u
nd

er
lin

ed
 n

um
be

r i
nd

ic
at

es
 th

e 
va

lu
e 

co
rr

es
po

nd
s 

to
 th

e 
di

am
et

er
 o

f t
he

 a
m

m
on

ite
, n

o 
da

ta
 o

n 
bo

dy
 c

ha
m

be
r w

ho
rl 

he
ig

ht
 w

as
 

av
ai

la
bl

e.
 In

st
itu

tio
na

l a
bb

re
vi

at
io

ns
 se

e 
in

tro
du

ct
io

n



48911 Ammonoid Radula

Ta
bl

e 
11

.1
 (

co
nt

in
ue

d)

Fi
rs

t L
at

er
al

 to
ot

h
Se

co
nd

 L
at

er
al

 to
ot

h
M

ar
gi

na
l t

oo
th

M
ar

gi
na

l p
la

te
R

ad
ul

ar
 ri

bb
on

B
od

y 
ch

am
be

r w
ho

rl 
he

ig
ht

w
id

th
he

ig
ht

w
id

th
he

ig
ht

w
id

th
he

ig
ht

w
id

th
le

ng
th

w
id

th
0.

21
0.

26
0.

23
0.

46
0.

11
0.

8
 –

–
2.

5
12

–
–

–
–

–
0.

5
–

–
1.

5
–

0.
45

0.
75

0.
42

1
0.

21
1

0.
09

0.
2

–
–

–
–

0.
58

1.
9

–
–

–
–

5.
5

45
0.

30
/0

.4
0

0.
10

/0
.1

5
0.

30
/0

.4
0

0.
10

/0
.1

5
0.

3/
0.

4
0.

1/
0.

15
–

–
–

70
*

0.
19

0.
19

*
–

–
–

–
–

–
0.

78
*

20
–

–
–

–
–

1.
2

–
–

2.
7

82
–

–
–

–
–

–
–

–
0.

8
31

0.
06

*
0.

06
0.

06
0.

06
0.

08
*

0.
4

0.
06

*
0.

04
0.

45
15

0.
5

0.
9

1.
2

1
0.

4
1.

5
0.

3
0.

3
–

33
1.

6
0.

8
3.

7
1.

1
0.

5
4.

5
–

–
–

37



490 I. Kruta et al.

(Fukuda 1980). Hardening of the teeth occurs during ontogeny (Messenger and 
Young 1999) due to the tanning of the chitin. Studies on experimental decay of 
Recent cephalopods show that the untanned portion of the radula (i.e., the younger 
portion nearer the radular sac) decays faster than the tanned portions and that teeth 
survive after the disaggregation of the ribbon (Kear et al. 1995). This implies that 
in fossil material the older part of the radula is more likely to be preserved and that 
teeth preserved on the younger portion of the ribbon indicate early fossilization. In 
fossils, the original, supposedly chitinous structure is altered and radular teeth can 
be preserved in several ways: (1) the teeth are preserved as external molds, (2) the 
teeth consist of altered organic matter, (3) the teeth are partially or fully mineral-
ized, (4) the teeth are filled with matrix, and (5) any combination of the other three. 
When the teeth are filled with matrix, they have sometimes been interpreted as 
having been hollow or having had a pulp cavity (as explained in Kruta et al. 2014), 
a condition very different from that in Recent cephalopods, which have solid teeth. 
Whether the hollows in the fossil teeth reflect a biological reality or are due to a 
preservation artifact has yet to be established. Techniques using computerized to-
mography (µCT scan, PPC SRµCT scan) have been successfully applied in recent 
studies (e.g. Kruta et al. 2011; Klug and Jerjen 2012; Kruta et al. 2013, 2014) to 
describe the anatomy of fossil radular structures in ammonoids exploiting the dif-
ferences in composition (absorption contrast) between the teeth and the matrix or 
gaps between them.

11.5  The Radula in the Nautilidae

The radular apparatus of Recent Nautilus is quite different from those of other ceph-
alopods (Fig. 11.2a). Very few radulae of fossil Nautilidae have been discovered 
so far and the structures were discovered as isolated occurrences. Nonetheless, the 
strong resemblance between the fossil radulae and the radula in Recent Nautilus 
suggests that there is a strong evolutionary stability of the radular morphology in 
the Nautilidae (Doguzhaeva et al. 1997).

The radula of extant Nautilus is composed of 13 elements (R, L1, L2, M1, MP1, 
M2, MP2) with marginal plates inserted between marginal teeth (Fig. 11.2a, 3a). 
The morphology of the radula is very conservative in the genus (Tanabe et al. 1990). 
The radula is wide and is approximately 10 mm wide and 30 mm long (Saunders 
et al. 1978). Only one relatively short cusp is present on each tooth with the base 
as wide as the tooth. The cusps of the rachidian and lateral teeth point backward 
towards the esophagus. The marginal teeth are short and robust. The inner marginal 
plate (MP1) is a uniquely nautiloid feature that functions as a trigger for the inner 
marginal tooth as well as folding support for the outer marginal tooth (M2) (Solem 
and Roper 1975).

Two isolated radulae from the Late Carboniferous of Mazon Creek were dis-
covered with a number of elements and tooth morphology similar to that in extant 
Nautilus. They are attributed to the genus Paleocadmus ( Paleocadmus herdinae in 
Solem and Richardson 1975, and Paleocadmus pohli in Saunders and Richardson 
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1979). The radular formula is R, L1, L2, M1, MP1, M2, MP2; the radulae are 
preserved as external molds in concretions (Fig. 11.3b, c). 25 rows of teeth are 
preserved in P. herdinae, the radula is 8 mm long and 3 mm wide while 18 rows 
are preserved in P. pohli and the radula is 5 mm long and 2 mm wide (Saunders  

Fig. 11.2  Micrographs of radulae of Recent cephalopods. a Radula of Nautilus pompilius (Nau-
tilidae, Nautiloidea). UMUT unregistered specimen. From off Suva, Fiji. b Radula of Japetella 
diaphana (Octopoda, Amphitretidae). c Radula of Loligo pealei (Loliginidae, Coleoidea). d  Rad-
ula of Dosidicus gigas (Humboldt squid, Ommastrephinae, Coleoidea)

 

Fig. 11.3  Drawings of the radular rows in Nautilidae. Abbreviations. R: rachidian tooth, L1: first lat-
eral tooth, L2: second lateral tooth, M1: first marginal tooth, M2: second marginal tooth, MP1: first 
marginal plate, MP2: second marginal plate a Nautilus pompilius. b Paleocadmus herdinae, Late Car-
boniferous. c Paleocadmus pohli, Late Carboniferous (modified from Saunders and Richardson 1979)
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and Richardson 1979). The two species are distinguished by several differences in 
the teeth morphology. In P. herdinae, the teeth are elongated, the rachidian tooth is 
described as slightly tricuspid, and the marginal teeth have a deep narrow groove 
on the outer surface (Fig. 11.3b). In P. pohli, the rachidian tooth is triangular shape, 
both the rachidian and first lateral teeth relatively short and unicuspidate (Fig. 11.3c) 
and the marginal tooth is smooth.

11.6  The Radula in Other Cephalopods

Several radulae have been recorded from Paleozoic cephalopods including the old-
est record of a cephalopod radula from the Ordovician. The Late Silurian orthocera-
tid Michelinoceras sp. is described as having seven elements per row (Mehl 1984). 
The rachidian tooth supposedly is tricuspid (Fig. 11.4a), but considering the state 
of preservation (only the marginal teeth are well exposed), the reconstruction might 
be somewhat speculative. Radulae preserved as external molds were also found in 
four unidentified Late Ordovician orthoconic cephalopods (Gabbot 1999), but the 
preservation does not allow to distinguish the shape of the teeth (Fig. 11.4b).

Fig. 11.4  Drawings of the radular row in fossil cephalopods (orthoceratid, unidentified orthocone 
and coleoids) and Recent Coleoidea. Abbreviations. R: rachidian tooth, L1: first lateral tooth, L2: 
second lateral tooth, M: marginal tooth, MP: marginal plate (first MP1, second MP2) a Micheli-
noceras sp., Late Silurian. Modified from Mehl (1984). b Unidentified Late Ordovician orthoconic 
cephalopod. Modified from Gabbot (1999). c Saundersites ilinoissensis, coleoid, Late Carbonif-
erous. Modified from Doguzhaeva et al. (2007). d Octopus vulgaris (Octopodidae, Coleoidea). 
Modified from Naef (1923). e Sepia officinalis (Sepiida, Coleoidea). Modified from Naef (1923). 
f Loligo vulgaris (Loliginidae, Coleoidea)
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The coleoid Jeletzkya douglassae from the Mazon Creek Lagerstätte (Pennsylva-
nian, Desmoinesian) is described as having a radula with 9 elements (Saunders and 
Richardson 1979). The two specimens were studied by Doguzhaeva et al. (2007) 
and redescribed as Saundersites illinoissensis (Fig. 11.4c). Two marginal plates are 
visible on the external side of the ribbon. Therefore, eleven elements are present on 
each transverse row (R, L1, L2, M, MP1, MP2). Radular remains were discovered 
in Pohlsepia mazonensis, another cephalopod from Mazon Creek, but the radula is 
obscured by matrix and unidentifiable (Kluessendorf and Doyle 2000).

The radula of extant cephalopods generally consists of 7 teeth with few excep-
tions due to secondary loss. A pair of marginal plates can be present as well, extend-
ing the number of elements to 9. Reduction or loss of the marginal plate is frequent 
in the teuthoids and sepiids. Unicuspid, bicuspid, and tricuspid rachidian teeth and 
unicuspid or bicuspid lateral teeth are reported in many groups (Solem and Roper 
1975). For example, octopods (Fig. 11.4d) have a multicuspidate rachidian tooth 
with ectocones that vary in position (Robson 1925) and sometimes multicuspidate 
lateral teeth as for example in the Amphitredidae (Fig. 11.2b). In Sepia officinalis 
(Fig. 11.4e) as well as in other Sepiidae, the seven teeth are unicuspidate, moder-
ately acute, and almost equal in height, the marginal tooth being always the longest 
(Aldrich, 1969). Intraspecific variability and similarities between different species 
were observed for the radula of Loligo (Aldrich et al. 1971). In Loligo, the rachidian 
tooth is tricuspidate (Figs. 11.2c, 11.4f), the first lateral tooth can be bicuspidate and 
the bases of the teeth are well developed (Aldrich 1969). Spirula lacks a radula but 
has well developed buccal palps replacing the radular function (Nixon and Young 
2003).

11.7  The Radula in Ammonoids

Because of the rarity of the structure, radulae are unknown for many groups of 
ammonoids. We will describe briefly the major finds in the Ammonoidea. All the 
radulae in the Ammonoidea include 7 teeth; the presence of marginal plates is vari-
able. Dimensions for teeth are given in table 11.1. However these values are just 
estimates as wear can decrease the size of the cusps and the radula grows during 
ontogeny. For systematic purposes, teeth present in the radular canal and not yet 
exposed to wear would be the most appropriate to measure (Aldrich 1969). Unfor-
tunately, the exact position of teeth on the ribbon is very hard to identify in fossil 
material, except for a few cases of early fossilization where the ribbon is preserved 
three dimensionally.

11.7.1  Goniatitina

The radula is known in four genera of Carboniferous Goniatitina. Other radulae 
found as isolated occurrences in phosphatic nodules were attributed to this group 
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as well. The first record for a radula preserved in an ammonoid is from an ex-
ceptionally preserved goniatite of the genus Glaphyrites (described at the time as 
Eosianites) by Closs and Gordon (1966) and Closs (1967). This sensational dis-
covery occurs in Carboniferous phosphatic nodules (Upper Carboniferous? Lower 
Permian, Itatare Formation, Uruguay). The study was done on eight specimens of 
Glaphyrites with the buccal mass preserved almost three dimensionally in the body 
chamber (Figs. 11.5, 11.6a). The specimens were restudied by Lehmann (1976), 
Bandel (1988), Tanabe and Mapes (1995), Lehmann et al. (2014), and Lehmann and 
Klug (2015). The radula was discovered between the upper and lower jaw and has 
7 elements and 2 marginal plates identified by Tanabe and Mapes (1995). The teeth 
were dissolved and replaced by secondary calcite (Closs 1967).

Another example of good preservation is the radula of Cravenoceras fayettevil-
lae (Upper Mississippian of Arkansas) found in situ between the upper and lower 
jaws (Fig. 11.6b). The radula is three dimensional and partially exposed on the 
surface; however, the presence of a mineral crust makes detailed observations dif-
ficult (Tanabe and Mapes 1995). Teeth embedded in the matrix were studied by 
Synchrotron propagation phase contrast microtomography and allowed the precise 
reconstruction of the radular row (Kruta et al. 2014). Radula fragments were found 
as well in five isolated beaks from the Upper Mississippian Fayetteville Shale, 
which were attributed to Girtyoceras (Doguzhaeva et al. 1997). Only one sectioned 
specimen allows documentation of some details on the radula morphology. Radulae 
were identified in five specimens of Vallites (Namurian, Arnsberger Schichten) by 
Bandel (1988) and studied through thin sections. The complete radula contained 

Fig. 11.5  The three dimensionally preserved radula of Glaphyrites (Goniatitina). Abbreviations. 
R rachidian tooth, L1 first lateral tooth, M marginal tooth a Close up of the radula preserved three 
dimensionally between the upper and lower jaw in the body chamber, GPIT 1320/1b. b Counter-
part of the radula GPIT 1320/1b
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Fig. 11.6  Drawings of the radular row in ammonoids. a–d Goniatitina. e–f Ceratitina. g–j Ammo-
nitina. k–l Ancyloceratina. Abbreviations. R rachidian tooth, L1 first lateral tooth, L2 second 
lateral tooth, M marginal tooth, MP marginal plate. a Glaphyrites, Late Carboniferous, modi-
fied from Tanabe and Mapes (1995). b Cravenoceras fayettevillae, Early Carboniferous. Modi-
fied from Kruta et al. (2014). c isolated Late Carboniferous radula, Goniatitina. Modified from 
Kruta et al. (2014). d Girtyoceras, Early Carboniferous. Modified from Doguzhaeva et al. (1997).  
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25–30 rows (Bandel 1988). Teeth are described as minute and hook-like in shape 
and no precise morphological description is given. Tanabe et al. (2001) described 
an extremely well-preserved phosphatized cephalopod buccal mass from the Upper 
Pennsylvanian of Oklahoma. The radula is preserved in the anterior portion of the 
buccal cavity; it is made of more than ten rows of teeth, each consisting of seven 
tooth elements with a pair of marginal plates. The overall features of the radula 
and jaws are essentially similar to those described in association with ammonoids 
rather than nautiloids and coleoids, suggesting that this buccal mass can be referred 
to the Ammonoidea, possibly to the Goniatitina. The radula consists of 23 rows of 
teeth preserved in their original position (Kruta et al. 2014); 6 rows can be observed 
anterior to the bending plane and were analyzed in order to find traces of wear. No 
diminution in the height of the cusp was observed (Kruta et al. 2014).

In all these specimens the radula consists of nine elements per row (Fig. 11.6a, 
b, c, d). The overall morphology of the teeth is similar to radulae present in Recent 
teuthoids and sepiids (Closs 1967; Bandel 1988; Kruta et al. 2014). Two very simi-
lar radular morphologies seem to be present in the Carboniferous, the only differ-
ences so far established consist in the dimensions of the first lateral tooth and slight 
variation in the shape of the base and central cusp of the rachidian tooth (Kruta et al. 
2014). The rachidian tooth has generally a robust central cusp with a large more or 
less angular base. The first lateral tooth is pyramid shaped with the cusp inclined 
towards the outer margin of the radular ribbon. The cusp is higher in Cravenoceras 
(Neoglyphioceratoidea) and Girtyoceras (Dimorphoceratoidea) compared to the 
Pennsylvanian specimens. The second lateral tooth is similar in shape to the first 
lateral tooth but has a higher cusp. The marginal tooth is long and slender and the 
marginal plate oval-shaped.

11.7.2  Ceratitina

The fossil record for radulae in the Ceratitina is extremely poor and the preservation 
does not allow a precise description of the anatomy. Two teeth from the Triassic 
of Siberia were attributed to Nordophiceras schmidti by Zakharov (1979). They 
were found in two isolated anaptychi discovered in a concretion containing cera-
titids (Spathian, Early Triassic). The shape of the teeth is illustrated (Fig. 11.6e) 
but not described in detail. The author suggests similarities with the teeth found 
in Eosianites. A radula in situ was discovered in the Anisian ceratitid Ceratites 

e Nordophiceras schmidti, Triassic, Spathian. Modified from Zakharov (1979). f Ceratites 
penndorfi, Triassic, Anisian, g Arnioceras (Arietitidae, Psiloceratoidea), Sinemurian. Modified 
from Lehmann (1971). h Dactylioceras (Dactylioceratidae, Eoderoceratoidea), Lower Toarcian. 
Modified from Lehmann (1979). i Eleganticeras elegantulum (Early Toarcian Hildoceratidae, 
Hildoceratoidea). Modified from Nixon (1996). j Aconeceras trautscholdi (Aptian, Oppellidae, 
Haploceratoidea). Modified from Doguzhaeva and Mutvei (1992). k Baculites sp, (Campanian, 
Baculitidae, Turrilitoidea). Modified from Kruta et al. (2011). l Rhaeboceras halli (Campanian, 
Scaphitoidea). (Modified from Kruta et al. 2013)
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penndorfi from the German Muschelkalk (Klug and Jerjen 2012). The radula re-
mains was found between the beak elements and in the buccal mass area, behind 
the two mandibles. Eighteen teeth were identified. The brownish color of the teeth 
is interpreted as a result of phosphatization. The teeth are uniform in shape and 
dimension (Fig. 11.6f) and are arranged in vaulted rows. Transverse rows contain 
seven elements. Each tooth is approximately 0.3–0.4 mm high and approximately 
0.1–0.15 mm thick with an oval to circular cross section. The wall of the teeth is thin 
and the inside of the tooth is filled with sediment.

11.7.3  Ammonitina

Radulae were discovered in five genera of Ammonitina but described only in four of 
them. Most of the radulae belong to Jurassic (Lias) taxa. Only one radula was found 
in the Cretaceous taxa Aconeceras (Aptian Oppeliidae, Haploceratoidea). The radu-
lae are found in association with two types of jaw morphology: the anaptychus type 
and the aptychus type (Tab. 11.1). The radular row is composed of seven teeth, mar-
ginal plates were only recorded in Aconeceras. The morphology is slightly different 
and will therefore be described for each taxon.

The radula of Arnioceras (Sinemurian Arietitidae, Psiloceratoidea) was found 
nestled in the jaws (anaptychus type) of three specimens (Fig. 11.7). The radula 
measures 0.72 mm in length. The marginal teeth are twice the height of the rachid-
ian teeth and the lateral teeth are unicuspidate (Fig. 11.6g). The mesocone of the 
rachidian tooth is sharp (Lehmann 1971, 1981). The radula of Dactylioceras (Dac-
tylioceratidae, Eoderoceratoidea) from the Lower Toarcian (Yorkshire Coast, Port 
Mulgrave) was found between the jaws (anaptychus-type; Lehmann 1979). The 
radula is incomplete but few radular teeth could be identified (Fig. 11.6h).

The radula discovered in two specimens of Eleganticeras elegantulum (Toar-
cian, Hildoceratidae, Hildoceratoidea) is 0.5 mm in length (Lehmann 1967). The 
marginal teeth are long and slender (Figs. 11.6i, 11.8). The rachidian tooth has a 
thin mesocone with smaller lateral cusps. The first lateral tooth has three cusps, 
and the most internal cusp is as high as the mesocone of the rachidian tooth. The 
study of the radula in the two specimens indicates that the size of the teeth increases 
with growth (the smaller specimens being considered younger: 17.5 mm compared 
to 31 mm for the size of the shell). Such an increase in size during growth is also 
observed in Recent cephalopods (Nixon 1969). Lehmann and Weitschat (1973) re-
ported the a radula in situ (housed in the space surrounded by the jaws) of Hildo-
ceras levisoni (Toarcian), comprising seven teeth per row. The morphology of the 
teeth is neither detailed nor is the radula illustrated.

Twenty juveniles of Aconeceras trautscholdi (Aptian Oppelliidae, Haplocera-
toidea) with the radula and the jaws present in the body chamber were described 
by Doguzhaeva and Mutvei (1990, 1992). Some buccal masses were found outside 
the body chamber. The radulae preserved their bending point. Forty transverse rows 
were counted on the most complete specimen. The radula is 0.45 mm wide and has 
seven teeth and two marginal teeth. The marginal tooth is slender and very long, 
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Fig. 11.7  Radula of Arnioceras (Goniatitina), thin sections described by Lehmann (1971). a Close 
up of the radula showing the rachidian tooth ( R), first lateral tooth ( L1), marginal tooth ( M). b 
Overview of the radula preserved in GSCL 22703. c Overview of the radula preserved in GSCL 
22703 (pictures S. Thurston AMNH)

 

Fig. 11.8  Radula of Eleganticeras elegantulum described by Lehmann (1967) a Overview of 
the radula (r), between the upper ( uj) and lower jaw ( lj) GPIH CE003. b Close up of the radula 
between the upper and lower jaw GPIH CE003 (pictures S. Thurston AMNH)
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all teeth except the marginal tooth are multicuspidate (Fig. 11.6j). The second cusp 
from the internal side of the radula is the highest on the tooth in L1 and L2. The 
teeth are described as having a central cavity and originally hollow.

11.7.4  Ancyloceratina

Radular structures were found in three specimens of Baculites sp. (smooth) (Bacu-
litidae, Turrilitoidea) from the Campanian of the U.S. Western Interior (Gammon 
Ferruginous Member, Pierre Shale, Butte County, South Dakota). The radulae were 
identified and described using propagation phase contrast Synchrotron microtomog-
raphy (i.e. PPC SRµCT scan, see method in Kruta et al. 2011). The teeth are pre-
served close to their original position in two specimens and in one specimen, they 
are preserved in a U-shaped structure possibly reflecting its position in the radular 
canal. If unfolded, dimensions of the radula are 6 mm wide and 7 mm long. Each 
radular row consists of nine elements including seven teeth and two marginal plates. 
Four elements appear on each side of the central rachidian tooth. The teeth vary in 
shape, are multicuspidate, and comb-like (Fig. 11.6k). The cusps of the rachidian 
tooth are narrow and sharp, and decrease in height with increasing distance from the 
central cone. Each lateral tooth (L1 and L2) bears a single small cusp on the inner 
side of a prominent cone approximately 1 mm high, and multiple cusps on the outer 
side, decreasing in height toward the margin, four on the first lateral tooth (L1) and 
17 on the second lateral tooth (L2). The marginal tooth is unicuspidate, 1.6 mm 
high, curved, and sabre-like. The marginal plates are small and flat. High resolution 
scans with voxel (volumetric pixel) size of 1.4 μm revealed a carena running from 
the tip of the highest cone to its base on the second lateral tooth. These radulae are 
similar to a previously reported structure in the same species of Baculites, but most 
of the teeth in this previously reported specimen were not visible (Landman et al. 
2007). The structures described in Landman et al. (2007) are here reinterpreted as a 
row of five lateral teeth (L2) preserved as external molds (Fig. 11.9). Only the base 
of the tooth can be observed on the surface of the sediment as well as imprints of the 
multiple little cusps, while the main cusp is still buried in the sediment.

Klug et al. (2012) described the radula in five heteromorph ammonoid specimens 
from the Cenomanian/Turonian boundary (Germany). The radulae are preserved as 
phosphatized or carbonized material in association with jaws. Shell material is not 
present and does not allow a closer identification: specimens were identified as a 
baculitid because of the radula morphology and the fact that baculitids occasionally 
occur in these strata. Although the preservation does not allow reconstruction of 
the morphology of the teeth, the overall shape seems to be very similar to the teeth 
described in Baculites sp. (Kruta et al. 2011). The smaller dimension of the teeth 
elements is related to the rather small size of the ammonite that is interpreted as a 
small sized species or as juvenile.

Several radular teeth were identified between the jaws of two specimens of 
Rhaeboceras halli, a scaphitid ammonite from the Campanian of the U.S. Western 
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Interior. The teeth were found between the upper and lower jaw and identified 
thanks to PPC SRµCT scan (Kruta et al. 2013). The teeth are disarticulated and only 
a few teeth are preserved in rows. The row of radular teeth is reconstructed with 
seven elements although the presence of a rachidian tooth could not be confirmed 
(Fig. 11.6l). Dissolution occurred in the specimens, which is why only a few teeth 
could be reconstructed. Some rows of teeth are present with the teeth aligned one 
below the other. The rachidian and marginal plates are absent probably because of 
dissolution. The first lateral tooth is semi-lunate with seven cusps, the second cusp 
from the inside being the highest. The other cusps decrease in height towards the 
external margin of the radula. The second lateral tooth (L2) is long with 11 cusps, 
and the second cusp higher than the other. The marginal tooth is saber-shaped and 
very high (4.6 mm).

Hook-shaped structures in body chambers of Rhaeboceras halli were previously 
interpreted as radular elements by Kennedy et al. (2002). However, a number of 
morphological features makes this interpretation unlikely. The supposed radular 
teeth end in two sharp points and present a arm hook-like morphology. They vary 
in shape and some are extremely long, a single tooth representing approximately 
50 % of the length of the upper jaw (Kruta et al. 2013). The dimensions of the teeth 
and the morphology is inconsistent with a radular function in modern and fossil 
cephalopods and to what is recognized as radulae in other ammonoids (Kruta et al. 
2013). Landman and Klofak (2004) suggested that these hooks could be remnants 
of a hectocotylus structure used during mating.

Fig. 11.9  Radula of Baculites sp. (smooth) BHMNH 5496 described in Landman et al. (2007). 
The structure is here reinterpreted as the external mold of a row of four/five second lateral teeth 
(L2). a Micrograph showing the series of lateral teeth. b Sketch of the second lateral tooth (L2), the 
grey areas indicate the surface of the tooth that left the impression on the sediment
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11.8  Discussion

11.8.1  Phylogenetic Implications

Although very few data are available, fossil radulae highlight the differences in the 
feeding structures between the major groups of cephalopods. The radula in nautilids 
is different from the radula in other cephalopods by the larger number of elements 
and the morphology of the teeth, while similarities are present between the radulae 
of Recent coleoids and the radulae of ammonoids. Following these observations, 
Lehmann (1967, 1981) suggested regrouping ammonoids and coleoids in the same 
subclass: the Angusteradulata, while the Lateradulata included nautiloids. In the 
Angusteradulata, 7 elements are present per transverse row, with the addition of two 
marginal plates. The Lateradulata have 9 teeth per row and 4 marginal plates. Enges-
er (1996) used the character of reduction of tooth number (7) as a synapomorphy for 
ammonoids, orthoceratids, bactritids, belemnoids, and coleoids. The morphology of 
the Lateradulata is considered to be the plesiomorphic state because the radula of an 
undetermined cephalopod ( Campitius titanicus) discovered in the Lower Cambrian 
by Firby and Durham (1974) presents several elements (9 elements reconstructed). 
This radula, although not attributed to a precise taxon, may belong to a cephalopod 
stem group (Firby and Durham 1974; Engeser 1996). Recent discoveries of fossil 
radulae in ammonoids (Klug and Jerjen 2012; Klug et al. 2012; Kruta et al. 2011, 
2013, 2014) seem to reinforce this hypothesis, as all the specimens have 7 teeth per 
row. The number of marginal elements (absent, 2 or 4) seem to be more variable 
compared to what Lehmann (1967) predicted (cf. Saundersites illinoisensis).

Discussions on the variability within the Ammonoidea are limited by the few 
records available. The radula in the Goniatitina shows little variability and is similar 
to the one present in Recent coleoids with respect to both the number of elements 
and the shape of the teeth. Very few data are available for the Ceratitina but the 
number of tooth elements is consistent with the discoveries in other ammonoids. 
Multicuspidate radulae with extremely elongated marginal teeth (Tab. 11.1) are 
found both in the Ammonitina and in the Ancyloceratina (Fig. 11.6). Radulae with 
multicuspidate teeth seem to be associated with the aptychus-type jaw in the Ancy-
loceratina and some Ammonitina. The teeth reconstructed from the well preserved 
radula of Baculites are extremely slender and with sharper and more delicate cusps 
compared to all other ammonoids (Fig. 11.10) and Recent coleoids. Further discov-
eries will confirm if the slender multicuspidate teeth are related to the aptychus type 
of jaw and bear a phylogenetic signal.
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11.8.2  Function of the Radula

Although if it is often used for systematic purposes (Aldrich 1969; Aldrich et al. 
1971), the morphology of the radula in Recent cephalopods is relatively uniform. 
This lack of variability is believed to be related to the carnivorous feeding hab-
it of cephalopods and the minor role of the radula in feeding habits compared to 
the important role of the brachial crown and jaws (Boucher-Rodoni et al. 1987). 
In Recent cephalopods, the radula is used to convey food towards the esophagus 
and only in a few octopods (e.g., Eledone cirrhosa or Octopus vulgaris; Runham 
et al. 1997; Nixon 1979) as a drilling device. For Solem and Richardson (1975), the 
slight variations in the radular morphology are related to the evolution of a variety 
of feeding characteristics throughout cephalopods. Recent studies indicate that the 
feeding habits in present-day cephalopods are more diversified than previously as-
sumed (Hoving and Robison 2012), but the link between the feeding habits and the 
morphology of the feeding structures is hard to establish. In ammonoids, multicus-
pidate radulae (Fig. 11.11) seem to be related to the aptychus type of jaw. Several 

Fig. 11.10  Comparison between representatives of the radular morphology in the Carboniferous 
Goniatitina ( Cravenoceras fayettevillae from Kruta et al. (2013) and the Cretaceous Ancylocera-
tina ( Baculites from Kruta et al. 2011). a–d Teeth in Cravenoceras fayettevillae (Neoglyphioc-
eratoidea, Cravenoceratidae. a Rachidian tooth. b First lateral tooth. c Second lateral tooth. d 
marginal tooth. e–f Teeth in Baculites (Baculitidae, Turrilitoidea). e Rachidian tooth. f First lateral. 
g Second lateral tooth. h Marginal tooth
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hypotheses were made on the feeding habits related to this particular jaw apparatus 
(see also Tanabe et al. 2014), most of them include a microphagous diet (Morton 
and Nixon 1987; Kennedy et al. 2002; Keupp 2007; Seilacher 1993; Tanabe and 
Landman 2002) and zooplankton (Kruta et al. 2011).
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12.1  Introduction

Soft-tissue preservation, i.e. remains of altered organic structures from the animal 
living inside the body chamber, is generally rare in fossil Mollusca. In ammonoids, 
the original soft tissue is never preserved and the parts that are commonly preserved 
are remains of chitinous structures (mostly part of the buccal mass; Tanabe et al. 
2015). Organic remains are generally poorly preserved making the reconstruction 
of the internal anatomy very difficult. Looking at the rich ammonoid collections 
worldwide, the low number of ammonoid specimens displaying remains of their 
soft parts appears particular.

Stratigraphically seen, the oldest cases of soft part preservation were reported 
from the Lower Devonian Hunsrück Slate and the Middle Devonian Wissenbach 
Slate (Stürmer 1968, 1969, 1970; Zeiss 1968, 1969). In an X-ray of a pyritized 
Gyroceratites, Stürmer (1968, 1969, 1970) thought to have discovered pyritized 
arms, mantle remains and some organs. The nature of almost all of these soft tissue 
specimens are called into question today (Otto 1994; Maeda and Seilacher 1996; 
De Baets et al. Otto 2013). Further cases or fossils with well-assignable soft-tissue 
preservation from the Devonian have not become known yet.

The picture changes in the Carboniferous. There still are not a lot of cases of 
known soft-tissue preservation, but a couple of localities did yield some fossilized 
ammonoid soft parts. One of the most famous cases is the specimens of Glaphyrites 
(earlier also referred to as Eoasianites; Doguzhaeva et al. 1997, 2007; Kruta et al. 
2013; Lehmann et al. 2014) described by Closs and Gordon (1966) as well as Closs 
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(1967a, b) which display complete buccal masses including jaws and radula as well 
as extensive phosphatized soft-tissues, possibly the mantle (Bandel 1988; Tanabe 
and Mapes 1998; see Lehmann et al. 2014 for a review). Landman et al. (2010) de-
scribed Carboniferous ammonoids from Bear Gulch with various soft parts. Further 
cases of special preservation in Carboniferous ammonoids comprises materials that 
contain the buccal mass (Miller et al. 1957; Kullmann 1981; Mapes 1987; Tanabe 
and Mapes 1998; Doguzhaeva et al. 1997; Kruta et al. 2013). From Permian strata, 
the only case of soft-tissue preservation to our knowledge is a specimen of Akmil-
leria which shows fine details of the soft parts inside the siphuncle (Tanabe et al. 
2000).

Several occurrences of soft-tissue preservation have been described from the 
Mesozoic. In the Triassic, the preservation of organic structures (buccal masses ex-
cluded) has been published from various localities. The most spectacular and most 
widely discussed example probably is an Ophiceras, which stems from the Early 
Triassic of Spitsbergen (Lehmann 1981, 1985, 1987, 1990). An additional case from 
the Middle Triassic was reported by Klug and Jerjen (2012). In a ceratitid, the body 
chamber contained both mandibles, remains of the radula and the oesophagus.

Especially the Fossillagerstätten of Jurassic age yielded several interesting cases 
of soft-tissue preservation (Table 12.1). At least in Europe, it appears like the clay-
dominated sedimentary systems of the Early Jurassic promoted the preservation of 
soft tissues. In addition to a Sinemurian occurrence (Lehmann 1967a, b), various 
Toarcian ammonoids from the Posidonia slate show poorly discernible remains of 
soft tissues (Riegraf et al. 1984). In a series of papers, Lehmann (1967a, b, 1985) 
described three-dimensionaly preserved materials with some unusual detail, also of 
Toarcian age. But also younger Jurassic ammonites became known with soft part 
remains (Lehmann 1971). One poorly known Middle Jurassic specimen of Sigalo-
ceras (Hollingworth and Hilton 1999) shows extensive organic remains, which are, 
however, difficult to interpret. The Kimmeridgian and Tithonian Fossillagerstätten 
of the Solnhofen/Eichstätt region as well as Nusplingen yielded several ammonite 
specimens, displaying remains of the digestive tract with stomach contents and 
more or less complete buccal masses (Schweigert 1998, 2009; Frickhinger 1994, 
1999; Schweigert and Dietl 1999, 2001; Keupp 2000, 2007, 2011a).

A surprisingly low number of cases of soft-tissue preservation in ammonites has 
been reported from the Cretaceous (Table 12.1). Alleged imprints of chitin-secret-
ing cells (beccublast cells) are unique among ammonoids. Such imprints were, dis-
covered on a rhynchaptychus referrable to Gaudryceras (Tanabe and Fukuda 1983). 
While Aconeceras and Baculites mainly became famous for the excellent preserva-
tion of their buccal masses including radulae (Doguzhaeva and Mutvei 1991; Kruta 
et al. 2011), two other examples were published in the past decade which do show 
some interesting soft-tissue remains. Wippich and Lehmann (2004) reported of Al-
locrioceras from the Fossillagerstätten Hâqel and Hjoula of Lebanon. This local-
ity occasionally yields specimens of this small heteromorph with the buccal mass 
and phosphatized tissues in situ. The second example also concerns a heteromorph, 
namely a baculitid, possibly belonging to the genus “Sciponoceras”, (taxonomic 
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Girtyoceras Visean ● Miller et al. 
1957; Kullmann 
1981; Dogu-
zhaeva et al. 
1997

Glaphyrites Gzhelian (?) ● ● ? Closs and 
Gordon 1966; 
Closs 1967a, b; 
Lehmann et al. 
2014

Rhadinites 
Anthracoceras

Serpukhovian ? ● ● ● ? Landman et al. 
2010

Cravenoceras Serpukhovian ● Mapes 1987; 
Tanabe and 
Mapes 1998; 
Kruta et al. 2013

Akmilleria Artinskian ● Tanabe et al. 
2000

Ophiceras Griesbachian ● ● ● Lehmann 1985
Ceratites Ladinian ● ● Klug and Jerjen 

2012
Arnioceras Sinemurian ● Lehmann 1967a
Eleganticeras Toarcian ● ● Lehmann 1967b, 

1985
Hildoceras Toarcian ● ● Lehmann 1985
Harpoceras 
Hildoceras 
Lytoceras 
Phylloceras

Toarcian ● ● ● Riegraf et al. 
1984; Jäger and 
Fraaye 1997

Sigaloceras Callovian ? ? ● ? Hollingworth 
and Hilton 1999

Lithacoceras 
Neochet-
oceras 
Physodoceras

Kimmeridg-
ian

● ● Dietl et al. 1996; 
Schweigert 
1998; Schwei-
gert and Dietl 
1999

Lingulaticeras Kimmeridg-
ian

● ? ? Schweigert 2009

Hybonoticeras Tithonian ● Frickhinger 1999
Aconeceras Albian ● Doguzhaeva and 

Mutvei 1985

Table 12.1  Published cases of preservation of soft-tissues
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Allocrioceras Cenomanian ● ● Wippich and 
Lehmann 2004

? 
Sciponoceras

Cenomanian/
Turonian

? ● ● ● ? ? Klug et al. 2012

Pseudaspido-
ceras

Turonian ● ● Ifrim 2013

Baculites Maastrichtian ● Kruta et al. 2011

Table 12.1 (continued)

 

assignment hampered by the flattened preservation) from the OAE2 of Germany 
(Klug et al. 2012). These baculitid remains will be further discussed below.

Indirect hints on soft tissues are muscle scars, repeatedly recorded from the De-
vonian to the Cretaceous which was reviewed by Doguzhaeva and Mapes (2015; 
see also Doguzhaeva and Mutvei 1993; Richter and Fischer 2002). In the Creta-
ceous heteromorph Ptychoceras, an unusual shell structure probably reflects an 
organization of the soft body different from all other ammonoids (Doguzhaeva and 
Mutvei 1989).

In only two cases, ichnofossils of more or less questionable imprints of ammo-
nite soft parts have been described. Some Late Jurassic ammonites from Germany 
are associated with traces which are difficult to interpret, but which may represent 
imprints of soft-parts or of scavengers (Frickhinger 1999; Keupp 2007). Summes-
berger et al. (1999) found roll marks and supposedly soft-part imprints of Late Cre-
taceous ammonites in Slovenia.

In this chapter, we will provide a review of the state-of-the-art of the knowledge 
on ammonoid soft-part anatomy, hypotheses for soft part reconstructions as well as 
implications from applications of the extant phylogenetic bracket (Witmer 1995).

The acronym GPIT refers to the Palaeontological Collection of Tübingen Uni-
versity, Germany (after the former designation “Geologisch-Paläontologisches In-
stitut Tübingen”). GSUB stands for the Geosciences Collection of the University 
of Bremen.

12.2  Digestive Tract

12.2.1  Oesophagus

In some extant cephalopods, like Sepia officinalis, the oesophagus can be rather 
rigid and may contain a chitinous layer according to Nixon and Young (2003). With 
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this knowledge, it becomes understandable, why the likelihood of preservation of 
the oesophagus is actually reasonably high (Table 12.2). Nevertheless, the rare re-
ports of oesophagus preservation finds its explanation in the fact that the chitin is 
untanned and thus disintegrated much faster than the tanned chitin of other parts 
(Table 12.1; Kear et al. 1995)

The oldest record of an oesophagus might be that of a Triassic (Ladinian) Cerat-
ites (Klug and Jerjen 2012). In the specimen described therein, remains of the radula 
are associated with elongate carbonized structures that were interpreted as remains 
of the oesophagus. According to its dimension, position and overall shape, the cri-
teria for a homologization with the oesophagus are largely fulfilled, although the 
criterion of the specific quality lacks support due to the lack of fossilized detail.

The only other example of oesophagus preservation is of Late Cretaceous age 
(Fig. 12.1). Klug et al. (2012) found extensive parts of the digestive tracts in sev-
eral specimens of baculitids (questionably assignable to Sciponoceras). In these 
specimens, the buccal mass is well discernible including jaws, radula and other 
structures. Within the buccal mass, a long, drop-shaped strongly carbonized struc-
ture is preserved. These structures are linked with the mouth and with what was 
interpreted as crop and stomach. In combination with the consideration discussed 
below, we interpret these black structures as the oesophagus. The ca. 5–10 mm long 
duct behind the buccal mass most likely belongs to the oesophagus. Interestingly, it 
is carbonized in most specimens but phosphatized in another one. The assignment 
to the oesophagus is further corroborated by two specimens with poorly preserved 
and thus questionable remains of the cephalic cartilage associated. Because of its 
localization and shape, it appears also reasonably plausible that the most adapically 
situated sac-like structure represents the stomach-caecum-complex.

12.2.2  Crop and Stomach

Crop and stomach including stomach contents (Fig. 12.2) have been described re-
peatedly, but so far only from Mesozoic taxa (Lehmann and Weitschat 1973; Rie-
graf et al. 1984; Lehmann 1975, 1985, 1988, 1990; Nixon 1996; Jäger and Fraaye 
1997; Schweigert 1998; Schweigert and Dietl 1999; Keupp 2000, 2007; Wippich 
and Lehmann 2004; Landman et al. 2010; Klug et al. 2012). Remarkably, the stom-
ach- and crop-remains are preserved either in phosphate (e.g., Schweigert 1998; 
Schweigert and Dietl 1999; Wippich and Lehmann 2004) or in carbon (e.g., Lehm-
ann 1985; Riegraf et al. 1984; Klug et al. 2012). All of these specimens lack ana-
tomical detail, thus hampering the exact assignment of the preserved body parts to 
distinct organs.

To our knowledge, the Late Cretaceous material of Klug et al. (2012) shows 
probably the most macroscopic detail (Figs. 12.1 to 12.4), although the materials 
published by Lehmann (e.g., 1985, 1988, 1990) might reveal more when inves-
tigated by modern methods (e.g., synchrotron). In some of the questionable Sci-
ponoceras, the digestive tract is subdivided in an elongate brownish to black spot 
(ca. 2–3 mm long) that originates in the buccal mass. This continues with a narrow 
duct (ca. 5–10 mm long), which becomes thicker adapically. This thickening has 
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been interpreted as possibly being the crop, followed by another narrow duct (ca. 
1–4 mm long). It connects the questionable crop with the stomach (ca. 3–5 mm 
long), which also is dark brown to black. One specimen shows a little pouch at the 
adoral end of the supposed stomach, which has been interpreted tentatively as the 
caecum (Klug et al. 2012). One specimen also displays the base of a further duct 
which might represent the base of the intestine. Most of these interpretations lack 
evidence from additional morphological detail.

Several other cases of digestive tracts that were assigned to stomach and/or 
crop display less morphological detail but contain discernible stomach contents 
(Table 12.3) although in some cases, alternative interpretations are at hand (in the 
case of small ammonoids as supposed stomach contents: ovary or brood care; in 
the case of other skeletal fragments: fossil trap). This is of great importance since 
it sheds light on the diet of ammonoids, on their position in the food web, and in-
directly also on their habitat. Accordingly, ammonoids fed on foraminifers, plank-
tonic crinoids, crustaceans, gastropods, ostracods, and sponges (Lehmann 1971, 
1985; Riegraf et al. 1984; Nixon 1996; Jäger and Fraaye 1997; Schweigert and 
Dietl 1999; Keupp 2000, 2012; Wippich and Lehmann 2004; Kruta et al. 2011). All 
these food items were small, thus documenting that many Mesozoic ammonoids 
were microphagous (Fig. 12.2). This small diet fits well with the jaws of those Me-
sozoic forms whose morphologies do not appear useful for catching and cutting up 
large prey. A microphagous diet is also evident for some ammonites by prominent 
peristomal apophyses, simply not allowing to insert larger food particles through 

Table 12.2  Consistency of organic parts in coleoids, which probably also occurred in the ammo-
noid animal and their sequence of decay (data from Kear et al. 1995). For the decay time, some 
of the times given below were not explicitly stated by Kear et al. (1995); these are labelled by a 
question mark
Tissue/organ Composition Reference Approximate time 

until decayed
Chitinous beak tanned α chitin Kear et al. 1995 > 50 weeks
Radula tanned α chitin Kear et al. 1995 > 50 weeks
Buccal muscle musculature Kear et al. 1995 2 weeks
Lip lining chitin Kear 1990; Kear et al. 1995 ca. 2 weeks
Hyaline shield chitin Kear et al. 1995 2 weeks?
Buccal palp teeth α chitin Hunt and Nixon 1981; Kear et al. 

1995
2 weeks?

Oesophagus 
lining

chitin Kear 1990; Kear et al. 1995 2 weeks?

Stomach lining γ + α chitin Rudall and Kenchington 1973; 
Hunt and Nixon 1981; Kear et al. 
1995

2 weeks?

Cephalic 
cartilage

Collagen Nesis 1987; Kear et al. 1995 ca. 20 weeks

Eye lenses Crystalline Kear et al. 1995 6 weeks
Mantle locking 
cartilage

Collagen Nesis 1987; Kear et al. 1995 20 weeks?
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the mouth opening of the peristome (Keupp and Riedel 2010). Additionally, at least  
some of the prey animals were planktonic such as the crinoid Saccocoma. Schweigert 
and Dietl (1999) convincingly explained why a nonbenthonic mode of life in the 
water column of both Saccocoma and Late Jurassic ammonites is likely. This mode 
of life did not deter the ammonoids to pick up food from the sediment-surface like 
nautilids do today. Nevertheless, the great disparity in ammonoid mouthparts points 
at a similar diversity in diets (Tanabe et al. 2015).

Because of the repeated discovery of sclerites of Saccocoma in ammonite diges-
tive tracts, the tracefossil Lumbricaria has been interpreted as ammonite droppings 
(Schweigert and Dietl 1999). This ichnogenus is one of the most common coprolites 
in the locally great Late Jurassic of the Solnhofen/Eichstätt region, which is in ac-
cordance with the locally great abundance of ammonites.

Fig. 12.1  Preservation of the digestive tract in ? Sciponoceras sp., OAE2, Late Cretaceous, Teu-
toburger Wald, Germany (stored at the University of Bremen). a, c, f Explanatory sketches. a, 
b GSUB C5833, showing remains of both beaks, radula and oesophagus. c, d, GSUB C5834, 
obliquely deposited shell fragment with aperture ( dark band); oesophagus, stomach and maybe 
caecum are preserved and perhaps the crop (or a digestive gland?). e, f GSUB C5836, near-com-
plete specimen, showing remains of digestive tract, probably parts of buccal mass, cephalic carti-
lage and questionable arm crown; associated pair of coleoid arm hooks
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Fig. 12.2  Preservation of stomach contents in various Mesozoic ammonoids. Figures a, c–e cour-
tesy H. Keupp Berlin (figured in Keupp 2000, p. 118 and in Keupp 2012: fig. 22–24; coll. H. 
Keupp, Berlin, stored at the Freie Universität Berlin). a Oppeliid, Tithonian, Solnhofen, Germany, 
image width ca. 30 mm; image taken under UV-light by H. Tischlinger; note the stomach content 
with small ammonites (siphuncles and jaws are visible). The rather complete preservation of the 
siphuncle casts doubts on the stomach-interpretation and some believe this might be a case of brood 
care. b Allocrioceras cf. annulatum, BSPG 1978 I 72 (Bayerische Staatssammlung für Paläon-
tologie und Historische Geologie, Munich), Late Cenomanian, Hâqel, Lebanon, dm = 49 mm; 
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12.3  Cephalic Cartilage and Sensory Organs

Hardly any findings of structures that could be part of the cephalic cartilage or eyes 
have been found in ammonoids so far. Fossilized cephalic cartilages are known 
from the coleoid fossil record and are linked with the preservation of the eye cap-
sules (Fuchs and Larson 2011). In ammonoids, however, like the Lingulaticeras 
planulatum described by Schweigert (2009, fig. 4) from Schamhaupten, Germany, 

with jaws and phosphatized stomach content with questionable ophiuroid and comatulid ossicles 
(specimen was previously figured in Wippich and Lehmann 2004). c, e Neochetoceras sp., SHK 
MAa-7, Tithonian, Eichstätt, dm = 80 mm, leg. P. Ernst, with aptychus and stomach content (detail 
in c); the prey aptychi are possibly from the same species. d Neochetoceras sp., SHK MAa-7, 
Tithonian, Daiting (Germany), dm = 130 mm; stomach content with the nektoplanktic crinoid Sac-
cocoma and aptychi.

Table 12.3  Published cases of the possible diet of ammonoids as seen from oesophagus-, crop- or 
stomach-contents
Genus Age Content Reference
Svalbardiceras Griesbachian Ostracods Lehmann 1985
Arnioceras Sinemurian Ostracods, foraminifers Lehmann 1971
Harpoceras Toarcian Crustaceans (Coleiida), 

aptychi, debris of 
?Pseudomytiloides

Riegraf et al. 1984; Jäger 
and Fraaye 1997

Hildoceras Toarcian Small ammonite jaw apparatus Lehmann and Weitschat 
1973; Jäger and Fraaye 
1997

Hildaites Toarcian Small aptychus, echinoderms? 
aragonitic shell debris

Riegraf et al. 1984; Jäger 
and Fraaye 1997

Phylloceras Toarcian Debris of Pseudomytiloides, 
echinoderm remains

Riegraf et al. 1984; Jäger 
and Fraaye 1997

Lithacoceras Kimmeridgian Foraminifers, sponges Schweigert and Dietl 1999
Neochetoceras Kimmeridg-

ian, Tithonian
Lamellaptychus (conspecific?) Michael 1894; Gürich 

1924; Wetzel 1966; Lehm-
ann 1976; Dietl et al. 1996; 
Keupp and Veit 1996; 
Schweigert and Dietl 1999; 
Keupp 2000, 2012

Physodoceras Tithonian Saccocoma (planktonic 
crinoid), echinoid spines

Lehmann 1972, 1975; 
Lehmann and Weitschat 
1973; Riegraf et al. 1984; 
Schweigert and Dietl 1999; 
Keupp 2000, 2013

Baculites Maastrichtian Isopods, planktonic 
gastropods

Kruta et al. 2011

Allocrioceras Cenomanian Ophiuroids, comatulid 
crinoids

Wippich and Lehmann 
2004
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a phosphatic patch lies lateral of the jaw apparatus. Speculatively, this could either 
be a part of the buccal mass musculature or parts of an eye. Currently, support for 
either hypothesis is missing.

The baculitids described by Klug et al. (2012) do show more detail, although it 
lacks morphological details to thoroughly test interpretations. Three of the speci-
mens show structures that presumably belong to the cephalic cartilage (Fig. 12.2, 
12.4). In order to understand these interpretations, it has to be understood that in 
coleoids, the cephalic cartilage surrounds the oesophagus behind the buccal mass. 
Since the oesophagus apparently has a reasonably high fossilization potential (see 
the preceding paragraphs), remains of this organ can serve as orientation to de-
tect possible remains of the cephalic cartilage. In coleoids, the cephalic cartilage 
is linked with the eye capsules, which are preserved in Cretaceous coleoids from 
Lebanon (Fuchs and Larson 2011).

In specimen GSUB C5836, the light-colored elongate structure has been inter-
preted as the oesophagus. separating the two parts of the cephalic cartilage with the 
eye capsules attached, although this interpretation is questioned by the presence 
of the beak-like structure. Specimen GSUB C5839 shows the spatial relationships 
slightly more clearly. In the third specimen (GSUB C5835), the presence of eye-
capsules is questionable. In contrast to Klug et al (2012), we present two hypotheses 
to explain the anatomical origin of the two oval patches present in the adapical 
position of the specimen. In accordance to their localization adjacent to an elongate 
structure, which might be the oesophagus, these patches might represent the eye 
capsules or alternatively demineralized aptychi or digestive glands. At this point, 
we lack evidence supporting either interpretation.

To sum up, based on comparisons with recent cephalopods, ammonoids prob-
ably possessed a cephalic cartilage (Fig. 12.3). Although no morphological details 
are revealed by the Cretaceous material, its overall shape appears to be reminiscent 
to that of coleoids. No good evidence is available yet for the preservation of am-
monoid eyes. Taking the phylogenetic relationship with coleoids into account, we 
suggest that ammonoids had some kind of lens eye (compare Jacobs and Landman 
1993). This hypothesis stands in contrast to the assumption of Lehmann (1985), 
who suggested that ammonoid eyes were of the pinhole camera eye type as in Re-
cent nautilids.

12.4  Arms

No fossil specimens have been published that unequivocally display fossilized 
arm remains. To our knowledge, preservation of arms has been discussed for the 
genera Gyroceratites (Stürmer 1969; Bandel 1988), Rhadinites or Anthracoceras 
(Landman et al. 2010), Sigaloceras (Hollingworth and Hilton 1999), Hybonoticeras 
(Frickhinger 1999) and ? Sciponoceras (Klug et al. 2012). In the case of the Early 
Devonian Gyroceratites (Stürmer 1969), we agree with Bandel (1988) who already 
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Fig. 12.3  Reconstruction of a baculitid, based on the findings of ? Sciponoceras sp., Late Creta-
ceous, Teutoburger Wald, Germany (Klug et al. 2012). Vertical position at rest (compare Hauschke 
et al. 2011; Westermann 2013). a inside of the shell. Muscle attachment according to Kennedy 
et al. (2002). b, d Digestive tract, buccal mass and eyes according to Klug et al. (2012); dorsal 
muscle following Kennedy et al. (2002)
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doubted the preservation of pyritized arms and suggested that the structures visible 
in radiographs were actually shell fragments. The example of Rhadinites or Anthra-
coceras presented by Landman et al. (2010, Fig. 2A) is doubtful; we suggest that 
the supposed arm is actually a trace fossil. In the Jurassic Sigaloceras of Holling-
worth and Hilton (1999), a lot of organic matter appears to be preserved (Fig. 12.5). 
It thus represents an example, which deserves more attention and high resolution 
tomographic investigation, which hopefully will reveal more anatomical details of 
this ammonite. A completely different kind of preservation displays the Tithonian 

Fig. 12.4  Preservation of the cephalic cartilage, questionable eye capsules and perhaps a partial 
arm crown in? Sciponoceras sp., OAE2, Late Cretaceous, Teutoburger Wald, Germany (modified 
after from Klug et al. 2012). Specimens stored at University of Bremen. a GSUB C5836, with 
the questionable arm crown, cephalic cartilage, oesophagus and a jaw. b–d GSUB C5839, with 
articulated buccal mass, oesophagus and the cephalic cartilage as well as false colour bands. b 
detail of d. e GSUB C5835, body chamber with putative eye capsules. Scale bar at the bottom for 
images c–e
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Hybonoticeras of Frickhinger (1999, Fig. 32). In this case, the ammonite is largely 
flattened and shows radially arranged ridges in the sediment in front of the aperture. 
These also might represent trace fossils or arm imprints; the latter hypothesis is dif-
ficult to test since the imprints lack morphological detail.

The last example is also questionable (Klug et al. 2012). In this specimen (GSUB 
C5836), undoubted remains of the digestive tract as well as questionable remains 
of the cephalic cartilage and perhaps the arm bases or remains of the arm crown 
are seen. The latter part is also the non-mineralized part of the carbonized organs 
of this specimen that lies the closest to the aperture. In this irregular grey patch that 
narrows onion-shaped towards the peristome, a couple of thin projections point 
aperturally. These projections are reminiscent of a retracted arm-crown. It appears 
likely that, when in danger or when dying, the ammonite animal withdrew its arm-
crown into the shell. On the one side, such a behavior would explain the difficulties 
of finding fossil ammonite arm crowns and on the other side, it would support our 
interpretation of this structure as arm crown. Although far from proven, some ad-
ditional lines of reasoning support this hypothesis: In dead nautilids, the arms are 
often retracted in such way that the tips converge anteriorly. This is also seen in 
young Nautilus (Shigeno et al. 2008: Fig. 2). In the structure preserved in specimen 
GSUB C5836, the projections also converge towards the midline. Additionally, the 
scarcity of arm preservation suggests that the arms were rather fine and poorly mus-
cular (e.g., Landman et al. 2010). In fact, the fossilized remains of this ? Sciponoc-
eras resemble flattened remains of the arm crown as it was reconstructed for the 
scaphitid in Landman et al. (2010, Fig. 10). To sum up, we see the following lines of 
reasoning supporting the interpretation of the structure under consideration as arm 
crown: (1) it is the soft part that lies the closest to the aperture; (2) it displays a low 
number of projections; (3) it is slightly withdrawn into the aperture, possibly due to 

Fig. 12.5  Sigaloceras ( Catasigaloceras) enodatum, NMW.2002.69G.1 (National Museum and 
Galleries of Wales), adult microconch, Middle Jurassic, Callovian (Calloviense Biozone) Kel-
laways Sand Member of Colne Gravel Claydon Pike pit (SU 182 998), Fairford, Gloucestershire, 
UK, dm = 48 mm. Image courtesy J. Hilton (Edinburgh; previously figured in Hollingworth and 
Hilton 1999). Note the dark organic remains in the partially calcitic body chamber filling, perhaps 
containing muscles such as the dorsal muscle (which appears to be still attached at the dorsal 
attachment mark visible in the image), digestive tract and possibly arms?
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perimortal distress; (4) the putative fossil arm crown resembles the ventral aspect 
of the arm crown of Recent nautilid carcasses; (5) the shortness of the putative arms 
coincides with previous assumptions on the rather gracile morphology of ammonite 
arms to explain the scarcity of their fossils.

Presuming this interpretation is correct, we could state the following: (1) at least 
some ammonites had short arms; (2) the number of arms was low, probably ten; (3) 
they could be withdrawn into the body chamber.

Independent of the question whether the interpretations above are correct or not, 
we cannot extract much morphological knowledge out of it. Some essential ques-
tions remain open such as that for the number of arms of ammonoids. The follow-
ing line of reasoning yields a plausible answer to that question. Most cephalopod 
workers agree that ammonites derived from bactritoids. Bactritoids also gave rise 
to coleoids, although later (Kröger et al. 2011, Fig. 5). Bactritoids probably derived 
from orthocerids, probably not very long (in a geological time scale) after the Nau-
tilida split off the same clade, namely the Orthocerida (Kröger et al. 2011, Fig. 5). 
Thus, all these forms belong to one monophyletic group. Phylogenetically seen, the 
clade Ammonoidea is surrounded by Recent forms, on the one side the Nautilida 
and on the other the Coleoidea. Witmer (1995) termed such a position an “extant 
phylogenetic bracket”. This implies that a character state that is shared by clades 
in an evolutionary lineage on both sides of the clade under consideration, it is very 
likely that this character state is similarly developed in the middle clade, where it 
might be unknown either due to the fact that the clade is extinct or poorly known 
for other reasons.

In early stemgroup coleoids such as phragmoteuthids, ten arms are present (e.g. 
Rieber 1970; Riegraf et al. 1984; Donovan 2006; Fuchs 2006). For nautilids, the 
question for the number of arms requires a look at its developmental biology. As 
adults, Recent nautilids have about 90 arms distributed over two circles, the inner 
and the outer arm crown. These 90 arms originate from ten anlagen (buds), a fea-
ture that is probably shared by all cephalopod groups (Shigeno et al. 2008, 2010). 
Therefore, ten arms appears to be a bauplan-trait of cephalopods and it also occurs 
in embryos of modern nautilids. In consequence, the criteria for an extant phylo-
genetic bracket are fulfilled and the ten arm-character state can be assumed for the 
Ammonoidea. Keupp (2007) speculated that aptychophoran ammonites might have 
reduced two arm pairs, in order to enable to use the aptychi as operculum. This 
hypothesis has found no empirical support yet.

12.5  Gills

Except for in the publications of Lehmann (1967b, 1973, 1985, 1987, 1990), no 
cases of gill preservation have been reported. Doubts that the structures described 
by Lehmann are gills arose since even the strongly phosphatized specimens of the 
Carboniferous Glaphyrites (Closs and Gordon 1966; Lehmann et al. 2014) do not 
show traces of gills on the surface. In depth tomographic examinations might shed 
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light on the question about the nature of these structures and thus might reveal ana-
tomical details.

The oldest reported case of gill preservation is probably the Triassic Ophiceras 
(Fig. 12.6) described by Lehmann and Weitschat (1973) as well as Lehmann (1985, 
1990). In this specimen, parts of a supposed gill are visible in the body chamber 
between remains of the stomach and the buccal mass. This discovery is outclassed 
only by specimens from the Early Jurassic. According to Lehmann (1985), the best 
preserved gill is the one he discovered in a macroconch of Eleganticeras in north-
ern Germany. In all three cases, mainly one branch with discernible filaments is 
preserved.

Lehmann reported that these ammonite gills are rather short and stout. He has 
also got the impression, that they might have had two branches. According to the 
shape of the preserved branches, he supposed that these ammonoid gills rather re-
semble those of nautilids than those of coleoids. It has to be taken into account that 
in this time, an actualistic comparison of ammonoids with nautilids was fashionable. 
Potentially, he was slightly biased by this view and would judge differently today, 
bearing the ideas of Jacobs and Landman (1993) of a closer affinity of ammonoids 
to coleoids in mind. This latter view has found support recently from developmental 
biology (Shigeno et al. 2008, 2010) and phylogeny (Kröger et al. 2011). Neverthe-
less, tomographic analyses of Lehmann’s material might reveal further anatomical 
detail to add knowledge about the ammonoid bauplan.

Fig. 12.6  Ophiceras commune, earliest Triassic, Griesbachian, Kap Stosch, Greenland, 
dm = 75 mm (modified after Lehmann 1985, 1990). Repository unknown (perhaps Kopenhagen). 
This is one of the few specimens of ammonoids displaying remains of gills, jaws and parts of the 
digestive tract
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12.6  Ink Sac or Not?

The presence or absence of an ink sac in ammonoids has been debated by several 
authors. Among the first to suggest the presence of ink sacs in ammonoids was 
Lehmann (1967a), interpreting a bag-shaped black structure in a specimen of El-
eganticeras from the Toarcian of northern Germany as an ink sac. Others followed 
this idea, namely Wetzel (1979), who published on what he believed was an ink 
sac of the Early Cretaceous ammonite Bochianites, also from northern Germany. 
In the end, it was Lehmann himself, who started doubting his own interpretation of 
these structures as ink sacs. In his “Epilog über den Tintenbeutel” (Lehmann 1985), 
he reports of his observation that most ammonoids, even exceptionally preserved 
ones, lacked ink sacs. Mathur (1977) proved the presence of melanin in ammonoids, 
which seemed like the ultimate proof for ink sacs in some genera. For his Ophiceras 
from Greenland, however, Lehmann (1985) did not manage to proof the same. His 
doubts found support in the work of Riegraf et al. (1984), who concluded that am-
monoids did not possess an ink sac, an opinion, Lehmann (1985) then adopted.

Doguzhaeva et al. (2004, 2010) reported bituminous structures in the body cham-
ber of Austrotrachyceras. Due to their resemblance to melanin, the structures were 
interpreted as ink sacs. This is an interpretation, which we doubt since unequivocal 
evidence for ink sacs in ectocochleates is so far missing and does not make much 
sense. There are several other structures in ammonoids that contain melanin (Pez-
zella et al. 1997; Glass et al. 2012). It could well be, however, that the organic mate-
rial is part of the black layer, the beaks or the oesophagus, which are all known to 
contain melanin in cephalopods. Additional comparable structures were published 
by Klug et al. (2007). Therein, several cases of black band, black layer and false 
color patterns were illustrated (see also Klug 2004; Klug et al. 2004).

12.7  Hyponome

To our knowledge, there is not a single article describing a fossilized ammonoid 
hyponome. The only exception is described from ammonite rollmarks with sup-
posed hyponome imprints (Summesberger et al. 1999; Landman and Cobban 2007). 
Therefore, we have no good alternative to applying a similar approach as in the case 
of ammonoid arms. With respect to the extant phylogenetic bracket (Witmer 1995), 
the presence of a hyponome in ammonoids is highly likely, because it is present 
and strongly developed on both sides of the bracket, i.e. in the Nautilida and in all 
Coleoidea. Its presence in early ammonoids is corroborated by the persistence of a 
ventral hyponomic sinus in all Devonian ammonoids.

By contrast, many Mesozoic ammonoids have a ventral projection or even a 
rostrum (e.g., Pliensbachian Amaltheus, Toarcian Harpoceras or Albian Mor-
toniceras). This change in shell morphology led various ammonoid workers to 
contrasting opinions, ranging from the suggestion that the hyponome was more 
or less reduced to that the hyponome became bipartite or directed backwards, i.e. 
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dorsally (e.g., Schmidt 1930, Geczy 1960; Landman et al. 2010; “twin-nozzle hy-
pothesis” of Westermann 2013). One of the involved questions is also the direction 
of swimming. From syn vivo epizoans, Seilacher (1960, 1982, 2004), Hauschke 
et al. (2011) as well as Keupp et al. (1999; 2011b) concluded that, for example, the 
regularly coiled Buchiceras swam like Nautilus and baculitid ammonites like Sci-
ponoceras swam with their shell in a horizontal position, like orthoconic nautiloids 
and rather forwards than backwards (see also Westermann 1977, 2013).

12.8  Glaphyrites: Its Buccal Mass and Other Organic 
Remains

The most classical finding of phosphatized buccal masses are probably those de-
scribed by Closs and Gordon (1966): Glaphyrites from the Late Carboniferous of 
Uruguay became famous for being the first ammonite described with the complete 
buccal mass in situ. Here, we discuss only the soft tissue aspect of the buccal mass, 
since beaks and radulae have been described in the preceding chapters (Kruta et al. 
2015; Tanabe et al. 2015) and the alleged opercula elsewhere recently (Lehmann 
et al. 2014). The buccal mass shows great details, which had never been document-
ed in such quality before, namely both the upper and the lower jaws, the radula, and 
phosphatized soft tissue remains (Closs 1967a, 1967b). These specimens have been 
occasionally referred to later (e.g., Kennedy and Cobban 1976; Lehmann 1987, 
1990; Tanabe and Mapes 1995) and restudied by Bandel (1988), who also interpret-
ed the taphonomic history besides focusing on the visceral mass-mantle compound.

All of the eight specimens known of Glaphyrites with soft tissue preservation 
(Closs 1967a) show an outline deviating from the logarithmic ammonite spiral and 
actually most show a rather ovoid outline, except for the largest shell with a diam-
eter of about 120 mm (GPIT Ce1323/2), thus exceeding the size of the others (diam-
eter range 90–120 mm). This irregular outline, in combination with the inner whorls 
tilted in relation to the outer whorls, probably encouraged Bandel (1988) to assume 
a vertical embedding of the ammonites. He suggests that after the ammonites settled 
onto the sediment surface, it has been covered by sediment nearly in living position 
until the onset of compaction. Subsequently, a large part of the shell of the living 
chamber was dissolved before further diagenetic processes began and thus, the shell 
twisted from a vertical to a nearly horizontal position without crushing, because the 
carbonate of the living chamber had vanished earlier. This is evidenced by wrinkle 
structures covering the visceral mass-mantle compound (Fig. 12.7), representing 
the inner layer of the demineralized shell. Shells of today's Nautilus and Spirula get 
similarly flexible when dissolved in weak acid and produce a comparable shrinking 
surface. In contrast to the living chamber, the inner whorls remain 3-dimensional 
during the taphonomic process with unfilled chambers.

The visceral mass-mantle compound is almost completely covered by the inner 
layer of the demineralized shell that is clearly distinguishable by the wrinkle struc-
ture (Fig. 12.7). Only minute portions of soft body remains are visible, interpreted 
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as occurring at fissures in the wrinkle structure. The soft body is preserved as phos-
phatic mass, beige-brown in color; it lacks structural detail and thus can be well-
distinguished from the wrinkle structured shell remains.

The jaws in Glaphyrites are distorted but three-dimensionally preserved 
(Fig. 12.7a). Most researchers agree that the position of the jaws in Glaphyrites is 
very proximal within the living chamber—in the anterior one-third or one-fourth of 
the body chamber in all four individuals showing jaws (Bandel 1988).

We differ in the interpretation of the key specimen of Bandel (1988; GPIT Ce 
1323/2a) and Closs (1967b: pl. 2, Fig. 3) as possessing an operculum and assume 
it is the external rim of an apertural shell fragment (Lehmann et al. 2014). Bandel 
assumes a less solid operculum that has been folded along the median line, but ap-
parently did not note the fine lines (Fig. 12.7). The lines are characteristic growth 
lines whose shape is not in accordance with concentric growth lines potentially 
characterizing an operculum. Additionally, with their straight shape vertical to the 
“hinge” of the “operculum”, they revealed that they represent growth lines on the 
body chamber. Most other supposed anaptychi in Glaphyrites are also shell frag-
ments. The one indicated by Closs (1967b: pl. 1, Fig. 1) is evidently an irregularly 
shaped shell fragment, since it retained the iridescent colours of the original shell 

Fig. 12.7  Detail of Glaphyrites from the Late Carboniferous of Uruguay, preserved with soft 
parts. Coated with NH4Cl. a GPIT Ce1320/1b, Institut für Geowissenschaften (Tübingen, Ger-
many). Jaw-radula complex. Note the wrinkle structures of the demineralized shell, particularly 
well-visible in the left lower corner of the picture. b GPIT Ce1323/2a, growth lines on shell frag-
ment from the aperture. The extremely fine lirae were probably not noted and thus the shell frag-
ment has been interpreted as an operculum by Closs (1967b) and Bandel (1988)
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(pers. comm. P. Havlik, Tübingen). It derives probably from the apertural region 
and is visible from the inner side. The supposed anaptychus focused on by Bandel 
(1988, Fig. 4) is merely a structure caused by shrinking during demineralization 
and possibly only partial dissolution of the outer shell at the phragmocone-body 
chamber transition.

Acknowledgments We thank Philipe Havlik (Tübingen) for the loan of the bulk of the Glaphy-
rites specimens and additional information about specimens we did not borrow. Technical support 
by Martin Krogmann (Bremen) with respect to the photographic works is highly appreciated. We 
greatly appreciate the constructive reviews of Isabelle Kruta (New York, Paris) and Didier Bert 
(La Mure-Argens).

References

Bandel K (1988) Operculum and buccal mass of ammonites. In:Wiedmann J, Kullmann J (eds) 
Cephalopods—present and past. Schweizerbart, Stuttgart

Closs D (1967a) Goniatiten mit Radula und Kieferapparat in der Itararé Formation von Uruguay. 
Paläontol Z 41:19–37

Closs D (1967b) Upper Carboniferous anaptychi from Uruguay. Ameghiniana 5:145–148
Closs D, Gordon M Jr. (1966) An upper Paleozoic radula. Escola de Geologia. Notas e Estudos 

1:73–75
De Baets Klug C, Korn D, Bartels C, Poschmann M (2013) Emsian Ammonoidea and the age of 

the Hunsrück Slate (Rhenish Mountains, Western Germany). Palaeontographica A 299:1–114
Dietl G, Kapitzke M, Rieter M, Schweigert G, Hugger R (1996) Der Nusplinger Plattenkalk 

(Weiβer Jura zeta)—Grabungskampagne 1995. Jahreshefte der Gesellschaft für Naturkunde 
in Württemberg 152:25–40

Doguzhaeva LA, Mapes RH (2015) Muscle scars in ammonoid shells. This volume
Doguzhaeva LA, Mutvei H (1989) Ptychoceras—a heteromorphic lytoceratid with truncated shell 

and modified ultrastructure (Mollusca: Ammonoidea). Palaeontographica A 208:91–121
Doguzhaeva LA, Mutvei H (1991) Organization of the soft body in Aconeceras (Ammonitina), 

interpreted on the basis of shell morphology and muscle scars. Palaeontographica A 218:17–33
Doguzhaeva LA, Mutvei H (1993) Shell ultrastructure, muscle-scars, and buccal apparatus in am-

monoids. In: Elmi S, Mangold C, Alméras Y (eds) 3ème Symposium International: Céphalopo-
des actuels et fossiles. Symposium F. Roman. Géobios, Mém spéc 15:111–119

Doguzhaeva LA, Mapes RH, Mutvei H (1997) Beaks and radulae of Early Carboniferous goni-
atites. Lethaia 30:305–313

Doguzhaeva LA, Mapes RH, Mutvei H (2007) Late Carboniferous coleoid cephalopod from the 
Mazon Creek Lagerstätte (USA), with a radula, arm hooks, mantle tissues, and ink. In: Land-
man NH, Davis RA, Mapes RH (eds) Cephalopods—present and past: new insights and fresh 
perspectives. topics in geobiology. Springer, Dordrecht

Doguzhaeva LA, Mutvei H, Summesberger H, Dunca E (2004) Bituminous soft body tissues in 
the body chamber of the Late Triassic ceratitid Austrotrachyceras from the Austrian Alps. Mitt 
Geol-Paläont Inst Univ Hamburg 88:37–50

Doguzhaeva LA, Mapes RH, Bengtson S, Mutvei H (2010) A radula and associated cephalic re-
mains of a Late Carboniferous coleoid from Oklahoma, USA. Ferrantia 59:37–50

Donovan DT (2006) Phragmoteuthida (Cephalopoda: Coleoidea) from the Jurassic of Dorset, Eng-
land. Palaeontology 49:673–684

Frickhinger KA (1994) Die Fossilien von Solnhofen. Goldschneck, Korb
Frickhinger KA (1999) Die Fossilien von Solnhofen, 2. Goldschneck, Korb



526 C. Klug and J. Lehmann

Fuchs D (2006) Fossil erhaltungsfähige Merkmalskomplexe der Coleoidea (Cephalopoda) und 
ihre phylogenetische Bedeutung. Berliner paläobiol Abh 8:1–165

Fuchs D, Larson N (2011) Diversity, morphology and phylogeny of coleoid cephalopods from 
the Upper Cretaceous Plattenkalks of Lebanon—part I: Prototeuthidina. J Paleont 85:234–249

Geczy B (1960) A Neoammoideak eletmodjarol. Foldtani Kozlony Magyar Foldtani Tarsulat 
90:200–203

Glass K, Ito S, Wilby PR, Sota T, Nakamura A, Bowers CR, Vinther J, Dutta S, Summons R, 
Briggs DEG, Wakamatsu K, Simon JD (2012) Direct chemical evidence for eumelanin pig-
ment from the Jurassic period. PNAS 1–6. doi:10.1073/pnas.1118448109

Gürich G (1924) “Ammonitenbrut” von Oppelia steraspis nach Michael. Centralbl Miner Geol 
Paläont 1924:700–704

Hauschke N, Schöllmann L, Keupp H (2011) Oriented attachment of a stalked cirripede on an 
orthoconic heteromorph ammonite—implications for the swimming position of the latter. N 
Jahrb Geol Paläont Abh 202:199–212

Hollingworth NT, Hilton J (1999) Fossil sheds new light on ammonites. New Scientist, 4th Sept. 
1999: 25

Hunt S, Nixon M (1981) A comparative study of protein composition in the chitin-protein com-
plexes of the beak, pen, sucker, disc, radula and oesophageal cuticle of cephalopods. Comp 
Biochem Physiol 68B:535–546

Ifrim C (2013) Paleobiology and paleoecology of the early Turonian (Late Cretaceous) ammonite 
Pseudaspidoceras flexuosum. Palaios 28:9–22

Jacobs DK, Landman NH (1993) Nautilus—a poor model for the function and behavior of am-
monoids? Lethaia 26:101–111

Jäger M, Fraaye RHB (1997) The diet of the early Toarcian ammonite Harpoceras falciferum. 
Palaeontology 40:557–574

Kear AJ (1990) Feeding mechanisms and diet in cephalopods: special reference to Antarctic meso-
pelagic squid. Unpubl PhD thesis, University of Aberdeen

Kear AJ, Briggs DEG, Donovan DT (1995) Decay and fossilization of nonmineralized tissue in 
coleoid cephalopods. Palaeontology 38:105–131

Kennedy WJ, Cobban WA (1976) Aspects of ammonite biology, biogeography, and biostratigra-
phy. Spec Pap in Palaeont 17:1–94

Kennedy WJ, Cobban WA, Klinger HC (2002) Muscle attachment and mantle-related features 
in upper Cretaceous Baculites from the United States Western Interior. Abh Geol BA Wien 
57:89–112

Keupp H (2000) Ammoniten. Paläobiologische Erfolgsspiralen. Thorbecke, Sigmaringen
Keupp H (2007) Complete ammonoid jaw apparatuses from the Solnhofen plattenkalks: implica-

tions for aptychi function and microphagous feeding of ammonoids. N Jahrb Geol Paläont Abh 
245:93–101

Keupp H (2012) Atlas zur Paläopathologie der Cephalopoden. Berliner paläobiologische Abhan-
dlungen 12:1–390

Keupp H, Riedel F (2010) Remarks on the possible function of the apophyses of the Middle Ju-
rassic microconch ammonite Ebrayiceras sulcatum (Zieten, 1830), with a discussion on the 
palaeobiology of Aptychophora in general. N Jahrb Geol Paläont, Abh 255:301–314

Keupp H, Veit B (1996) Ein Phylloceras mit Anaptychus. Fossilien 136:343–351
Keupp H, Röper M, Seilacher A (1999) Paläobiologische Aspekte von syn vivo-besiedelten Am-

monoideen im Plattenkalk des Ober-Kimmeridgiums von Brunn in Ostbayern. Berliner geow-
iss Abh E 30:121–145

Keupp H, Engeser T, Fuchs D, Haeckel W (2011a) Fossile Spermatophoren von Trachyteuthis 
hastiformis (Cephalopoda, Coleoidea) aus dem Ober-Kimmeridgium von Painten/Bayern. Ar-
chaeopteryx 28:23–30

Keupp H, Röper M, Rothgaenger M (2011b) Serpuliden-Epökie auf Ammoniten aus dem Brunner 
Plattenkalk (Ober-Kimmeridgium) in Ostbayern. Archaeopteryx 29:1–12



52712 Soft Part Anatomy of Ammonoids: Reconstructing the Animal …

Klug C (2004) Mature modifications, the black band, the black aperture, the black stripe, and the 
periostracum in cephalopods from the Upper Muschelkalk (Middle Triassic, Germany). Mitt 
Geol-Paläont Inst Univ Hamburg 88:63–78

Klug C, Jerjen I (2012) The buccal apparatus with radula of a ceratitic ammonoid from the German 
Middle Triassic. Geobios 45:57–65

Klug C, Korn D, Richter U, Urlichs M (2004) The black layer in cephalopods from the German 
Muschelkalk (Middle Triassic). Palaeontology 47:1407–1425

Klug C, Brühwiler T, Korn D, Schweigert G, Brayard A, Tilsley J (2007) Ammonoid shell struc-
tures of primary organic composition. Palaeontology 50:1463–1478

Klug C, Riegraf W, Lehmann J (2012) Soft-part preservation in heteromorph ammonites from the 
Cenomanian-Turonian Boundary Event (OAE 2) in the Teutoburger Wald (Germany). Palae-
ontology 55:1307–1331

Kröger B, Vinther J, Fuchs D (2011) Cephalopod origin and evolution: a congruent picture emerg-
ing from fossils, development and molecules. Bioessays:12. doi:10.1002/bies.201100001

Kruta I, Landman NH, Rouget I, Cecca F, Tafforeau P (2011) The role of ammonites in the Meso-
zoic marine food web revealed by jaw preservation. Science 331:70–72

Kruta I, Landman NH, Mapes RH, Pradel A (2013) New insights into the buccal apparatus of the 
Goniatitina; palaeobiological and phylogenetic implications. Lethaia 47:38–48. doi:10.1111/
let.12036

Kruta I, Landman NH, Tanabe K (2015) Ammonoid radulae. In: Klug C, Korn D, De Baets K, 
Kruta I, Mapes RH (eds) Ammonoid paleobiology: from anatomy to ecology. Springer, Dor-
drecht

Kullmann J (1981) Carboniferous goniatites. In: House MR, Senior JR (eds) The Ammonoidea. 
Syst Ass Spec Pub 18:37–48

Landman NH, Cobban WA (2007) Ammonite touch marks in upper Cretaceous (Cenomanian-
Santonian) deposits of the western interior sea. In: Landman NH, Davis RA, Mapes RH (eds) 
Cephalopods present and past: new insights and fresh perspectives. Springer, Dordrecht

Landman NH, Mapes RH, Cruz C (2010) Jaws and soft tissues in ammonoids from the lower Car-
boniferous (upper Mississippian) Bear Gulch Beds, Montana, USA. In: Tanabe K, Shigeta Y, 
Sasaki T, Hirano H (eds) Cephalopods—present and past. Tokai University, Tokyo

Lehmann U (1967a) Ammoniten mit Tintenbeutel. Paläontol Z 41:132–136
Lehmann U (1967b) Ammoniten mit Kieferapparat und Radula aus Lias-Geschieben. Paläontol 

Z 41:38–45
Lehmann U (1971) New aspects in ammonite biology. Proceedings of the North American Paleon-

tological Convention 1:1251–1269
Lehmann U (1972) Aptychen als Kieferelemente der Ammoniten. Paläontol Z 46:34–48
Lehmann U (1973) Zur Anatomie und Ökologie der Ammoniten: Funde von Kropf und Kiemen. 

Paläontol Z 47:69–76
Lehmann U (1975) Über Nahrung und Ernährungsweise von Ammoniten. Paläontol Z 49:187–195
Lehmann U (1981) Ammonite jaw apparatus and soft parts. In: House MR, Senior JR (eds) The 

Ammonoidea. Syst Ass Spec 18:275–287
Lehmann U (1985) Zur Anatomie der Ammoniten: Tintenbeutel, Kiemen, Augen. Paläontol Z 

59:99–108
Lehmann U (1987) Ammoniten. Ihr Leben und ihre Umwelt. Enke, Stuttgart
Lehmann U (1988) On the dietary habits and locomotion of fossil cephalopods. In: Wiedmann J, 

Kullmann J (eds) Cephalopods—present and past. Schweizerbart, Stuttgart
Lehmann U (1990) Ammonoideen—Leben zwischen Skylla und Charybdis. In: Erben HK, Hill-

mer G, Ristedt H (eds) Haeckel-Bücherei 2. Enke, Stuttgart
Lehmann U, Weitschat W (1973) Zur Anatomie und Ökologie von Ammoniten: Funde von Kropf 

und Kiemen. Paläontol Z 47:69–76
Lehmann J, Klug C, Wild F (2014) Did ammonoids possess opercula? Reassessment of phos-

phatised soft tissues in Glaphyrites from the Carboniferous of Uruguay. Paläontol Z 15. 
doi:10.1007/s12542-013-0219-8



528 C. Klug and J. Lehmann

Maeda H, Seilacher A (1996) Ammonoid Taphonomy. In: Landman NH, Tanabe K, Davis RA 
(eds) Ammonoid paleobiology. Topics in geobiology 13. Plenum, New York

Mapes RH (1987) Upper Paleozoic cephalopod mandibles: frequency of occurrence, modes of 
preservation, and paleoecological implications. J of Paleont 61:521–538

Mathur AC (1977) Über Ammoniten der Kössener Schichten und den Nachweis der Tintenbeutel-
Substanz Melanin. PhD-thesis München

Michael R (1894) Ammoniten-Brut mit Aptychen in der Wohnkammer von Oppelia steraspis Op-
pel sp. Zeitschrift der Deut Geol Ges 46:697–702

Miller AK, Furnish WM, Schindewolf OH (1957) Paleozoic Ammonoidea (Anarcestina, Goniati-
tina, Prolecanitina). In: Moore RC (ed.) Treatise on invertebrate paleontology, Part L. Univer-
sity of Kansas, Lawrence

Nesis KN (1987) Cephalopods of the world. TFH Publications, New Jersey
Nixon M (1996) Morphology of the jaws and radula in ammonoids. In: Landman NH, Tanabe K, 

Davis RA (eds) Ammonoid paleobiology. Topics in geobiology 13. Plenum, New York
Nixon M, Young (2003) The brains and lives of cephalopods. Oxford University, Oxford
Otto M (1994) Zur Frage der “Weichteilerhaltung” im Hunsrückschiefer. Geol Palaeontol 28:45–

63
Pezzella A, d’Ischia M, Napolitano A, Palumbo A, Prota G (1997) An integrated approach to the 

structure of Sepia melanin. Evidence for a high proportion of degraded 5,6-dihydroxyindole-
2-carboxylic acid units in the pigment backbone. Tetrahedron 53:8281–8286

Richter U, Fischer R (2002) Soft tissue attachment structures on pyritized internal moulds of am-
monoids. In: Summesberger H, Histon K, Daurer A (eds) Cephalopods—Present and past. Abh 
Geol BA 57:139–149

Rieber H (1970) Phragmoteuthis? ticinensis n. sp., ein Coleoidea-Rest aus der Grenzbitumenzone 
(Mittlere Trias) des Monte San Giorgio (Kt. Tessin, Schweiz). Paläontol Z 44:32–40

Riegraf W, Werner G, Lörcher F (1984) Der Posidonienschiefer. Biostratigraphie, Fauna und 
Fazies des südwestdeutschen Untertoarciums (Lias epsilon). Enke, Stuttgart

Rudall KM, Kenchington (1973) The chitin system. Biol Rev 48:597–636
Schmidt H (1930) Ueber die Bewegungsweise der Schalencephalopoden. Paläontol Z 12:194–208
Schweigert G (1998) Die Ammonitenfauna des Nusplinger Plattenkalkes (Oberes Kimmeridgium, 

Beckeri Zone, Ulmense Subzone, Baden Württemberg). Stutt Beitr Natkde B 267:1–61
Schweigert G (2009) First three-dimensionally preserved in situ record of an aptychophoran am-

monite jaw apparatus in the Jurassic and discussion of the function of aptychi. Berliner paläo-
biol Abh E 10:321–330

Schweigert G, Dietl G (1999) Zur Erhaltung und Einbettung von Ammoniten im Nusplinger Plat-
tenkalk (Oberjura, Südwestdeutschland). Stutt Beitr Natkde B 272:1–31

Schweigert G, Dietl G (2001) Die Kieferelemente von Physodoceras (Ammonitina, Aspidoc-
eratidae) im Nusplinger Plattenkalk (Oberjura, Schwäbische Alb). Berliner geowiss Abh E 
36:131–143

Seilacher A (1960) Epizoans as a key to ammonoid ecology. J Paleontol 34:189–193
Seilacher A (1982) Ammonite shells as habitats in the Posidonia Shales of Holzmaden—floats or 

benthic islands? N Jahrb Geol Paläont Abh 159:98–114
Seilacher A (2004) Trittbrettfahrer im Muschelkalkmeer. Fossilien 3:157–160
Shigeno S, Sasaki T, Moritaki T, Kasugai T, Kasugai T, Vecchione M, Agata K (2008) Evolution 

of the cephalopod head complex by assembly of multiple molluscan body parts: evidence from 
Nautilus embryonic development. J of Morph 269:1–17

Shigeno S, Takenori S, Boletzky SV (2010) The origins of cephalopod body plans: a geometri-
cal and developmental basis for the evolution of vertebrate-like organ systems. In: Tanabe K, 
Shigeta Y, Sasaki T, Hirano H (eds) Cephalopods—present and past. Tokai University, Tokyo

Stürmer W (1968) Einige Beobachtungen an devonischen Fossilien mit Röntgenstrahlen. Nat Mus 
98:413–417

Stürmer W (1969) Pyrit-Erhaltung von Weichteilen bei devonischen Cephalopoden. Paläontol Z  
43:10–12



52912 Soft Part Anatomy of Ammonoids: Reconstructing the Animal …

Stürmer W (1970) Soft parts of cephalopods and trilobites: some surprising results of X-ray exami-
nations of Devonian Slate. Science 170:1300–1302

Summesberger H, Jurkivsek B, Kolar-Jurkovsek T (1999) Rollmarks of soft parts and a possible 
crop content of Late Cretaceous ammonites from the Slovenian karst. 335-344. In: Olóriz F, 
Rodríguez-Tovar FJ (eds) Advancing research on living and fossil cephalopods. Kluwer Aca-
demic, New York

Tanabe K, Fukuda Y (1983) Buccal mass structure of the Cretaceous ammonite Gaudryceras. 
Lethaia 16:249–256

Tanabe K, Mapes RH (1998) Jaws and radula of the Carboniferous ammonoid Cravenoceras. J of 
Paleont 69:703–707

Tanabe K, Mapes RH, Sasaki T, Landman NH (2000) Soft−part anatomy of the siphuncle in Perm-
ian prolecanitid ammonoids. Lethaia 33:83–91

Tanabe K, Kruta I, Landman NH (2015) Ammonoid buccal mass and jaw apparatus. This volume
Westermann GEG (1977) Form and Function of orthocone cephalopod shells with concave septa. 

Paleobiology 3:300–321
Westermann GEG (2013) Hydrostatics, propulsion and life-habits of the Cretaceous ammonoid 

Baculites. Revue de Paléobiologie 32:249–265
Wetzel W (1966) Über einige umstrittene Bath-Ammoniten nebst paläobiologischen Bemerkun-

gen über die Neoammoniten. N Jahrb Geol Paläont Abh 124:84–102
Wetzel W (1979) Seltene Wohnkammerinhalte von Neoammoniten. N Jahrb Geol Paläont Mh 

1979(1):46–53
Wippich MGE, Lehmann J (2004) Allocrioceras from the Cenomanian (mid-Cretaceous) of the 

Lebanon and its bearing on the palaeobiological interpretation of heteromorphic ammonites. 
Palaeontology 47:1093–1107

Witmer LM (1995) The extant phylogenetic bracket and the importance of reconstructing soft 
tissues in fossils. In: Thomason JJ (ed) Functional morphology in vertebrate paleontology. 
Cambridge University, Cambridge

Zeiss A (1968) Fossile Cephalopoden mit Weichteilen. Nat Mus 98:418–424
Zeiss A (1969) Weichteile ectocochleater paläozoischer Cephalopoden in Röntgenaufnahmen und 

ihre paläontologische Bedeutung. Paläontol Z 43:13–27



531

Chapter 13
Soft-Part Anatomy of the Siphuncle  
in Ammonoids

Kazushige Tanabe, Takenori Sasaki and Royal H. Mapes

© Springer Science+Business Media Dordrecht 2015  
C. Klug et al. (eds.), Ammonoid Paleobiology: From Anatomy to Ecology, 
Topics in Geobiology 43, DOI 10.1007/978-94-017-9630-9_13

K. Tanabe () · T. Sasaki
Department of Historical Geology and Paleontology,  
The University Museum, The University of Tokyo,  
Hongo 7-3-1, Tokyo 113-0033, Japan
e-mail: tanabe@um.u-tokyo.ac.jp

T. Sasaki
e-mail: sasaki@um.u-tokyo.ac.jp

R. H. Mapes
North Carolina Museum of Natural Sciences, West Jones St., Raleigh, NC, USA
e-mail: mapes@ohio.edu

North Carolina Museum of Natural Sciences,  
11 West Jones St., Raleigh, NC 27601, USA

13.1  Introduction

The fossil record of soft-parts of the Ammonoidea is extremely scarce despite the 
abundance of their external chambered shells in Devonian to Cretaceous marine 
 deposits of various geological settings. Previous authors described several kinds 
of peculiar ‘organismic’ structures within the body chambers of some  ammonoids 
as gills (Lehmann and Weitschat 1973), ink sacs and/or ink (Lehmann 1967; 
Wetzel 1968; Doguzhaeva et al. 2004, 2007), muscular tissues (Doguzhaeva 
et al. 2007; Landman et al. 2010), arms (Zeiss 1968; Stürmer 1969), and egg cap-
sules (Landman et al. 2010). Unfortunately, detailed anatomical features of these 
organs are not preserved in the available fossil materials, so that their biological at-
tribution is still controversial for the structures described as gills, arms and ink sacs. 
For these reasons, our knowledge on ammonoid soft-parts has long been virtually 
restricted to organic hard tissues of mouthparts (jaws and a radula) (Lehmann 1990; 
Nixon 1996; Tanabe and Fukuda 1999; see also Chaps. 10 and 11 in this volume) 
and  attachment scars of the soft-body that are preserved on the inner surfaces of the 
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shell and/or on the outer surface of its steinkerns (e.g., Crick 1898; Jordan 1968; 
Doguzhaeva and Mutvei 1996, among others).

The only exception of soft-parts whose anatomical features are known in 
 ammonoids is the siphuncle that existed in the siphuncular tube within the 
 phragmocone. Among the present-day cephalopods, chambered shells have been 
completely lost or vestigially reduced, for example, to chitinous gladii in most 
 coleoids, and only three taxonomically different groups preserve chambered shells; 
namely Nautilus and Allonautilus of the Nautilida (Nautiloidea), Sepia of the  Sepiida 
(Coleoidea), and Spirula of the Spirulida (Coleoidea) (Denton and  Gilpin-Brown 
1961, 1966, 1973).

The shells of these genera are characterized by the development of numerous 
chambers (phragmocone) filled with low-pressure gas and small amounts of  cameral 
liquid in association with the siphuncle. The combination of the gas and liquids in 
the chambers was developed as hydrostatic floats to adjust the density of a living 
animal to that of seawater (neutral buoyancy) by means of low-pressure gas with-
in the chambers, and the animal could ascend or descend in the water  column by 
changing the amount of cameral liquid within the air chambers osmotically (Denton 
and Gilpin-Brown 1961, 1966, 1973; Greenwald et al. 1980, 1982; Ward et al. 1980, 
1981; Ward and Chamberlain 1983).The siphuncle is a long and narrow segmented 
soft-tissue consisting mainly of blood vessels and surrounding epithelium (Denton 
and Gilpin-Brown 1973). In Nautilus and Spirula, it is housed in the siphuncular 
tube within the phragmocone and is connected to the rear part of the body at the 
base of the body chamber, while in Sepia, it is flattened underneath the cuttlebone 
without a mineralized wall (Appellöf 1893; Bandel and Boletzky 1979; Denton and 
Gilpin-Brown 1961, 1966, 1973; Ward et al. 1980).

The siphuncular tube whose wall consists mainly of an organic hard  tissue 
 (conchiolin) and a porous calcified element (Bandel and Boletzky 1979) is known 
to occur in virtually all modern and fossil chambered cephalopods, including 
 ammonoids. In ammonoids, it passes through an opening in each septum and 
 extends from the initial portion of the shell to the base of the body chamber, form-
ing the septal neck-siphuncular complex (Tanabe and Landman 1996). Many au-
thors speculated that, as in extant nautilids and Spirula, a soft-part element of the 
siphuncle must also have been present in ammonoids. This assumption has been 
verified by the discovery of fossilized siphuncular remains in the early Permian 
prolecanitids from South Urals (Zakharov 1996, pl. 6), Triassic ceratitids from 
Spitsbergen (Weitschat 1986, pl. 5, Fig. 2; Weitschat and Bandel 1991, Fig. 18) and 
the Jurassic ammonite Virgatites from Russia (Drushchits and Doguzhaeva 1981, 
pl. 22, Fig. 1e-f; Drushchits et al. 1982, pl. 6, Fig. 1e; Barskov 1996, Fig. 2–8, 11), 
but the detailed anatomical features are not clearly preserved in these materials. 
Better preserved remains of the siphuncle were later discovered within a phospha-
tized siphuncular tube in specimens of the early Permian prolecanitid Akmilleria 
from Nevada (Tanabe et al. 2000).

In this chapter, we describe anatomical characteristics of the siphuncle in four 
ammonoids including Akmilleria based on available fossil evidence and compare 
them with those of Nautilus and Spirula, discussing their taxonomic and functional 
morphologic implications.
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13.2  Materials and Methods

The following four Late Paleozoic and Cretaceous ammonoid specimens with pre-
served soft tissue remains in their siphuncular tubes are examined in this study:

1. Glaphyrites clinei (Miller and Owen) (Glaphyritidae, Goniatitina). UMUT 
PM 19028 from the Desmoinesian (Pennsylvanian) in Collinsville, near Tulsa, 
Oklahoma. Same specimen as that studied by Tanabe and Landman (1996).

2. Akmilleria electraensis (Plummer and Scott) (Medliocottiidae, Prolecanitina). 
UMUT PM 27800 from the Wolfcampian (Lower Permian) Arcturus Formation, 
Buck Mountain, White Pine County, Nevada. The same specimen was described 
by Tanabe et al. (2000, Fig. 6).

3. Paracanthoplites sp. (Deshayesitidae, Ammonitina). From the upper Aptian in 
Pshekha River basin, northwestern Caucasus, Russia.

4. Gaudryceras tenuiliratum Yabe. UMUT MM 28225 (same specimen as that 
 figured by Tanabe et al. 2003, Fig. 5.4, 5.5) from the lower Campanian in Nak-
agawa area, northern Hokkaido, Japan.

Each specimen was ground and polished with a graded series of carborundum and 
diamond pastes to just above the median plane, and the polished surface was etched 
with 5 % acetic solution for 1 min. The etched surface was washed in distilled water, 
dried, coated with platinum or carbon, and then observed with a Hitachi Model S 
4500 scanning electron microscope. Also, energy dispersion X-ray (EDX) analysis 
was made for the specimen UMUT PM 19028 coated with carbon to determine el-
emental and mineralogical compositions of the fossilized siphuncular remains and 
tube wall.

For comparison, optical and SEM observations were made of a siphuncle in a 
specimen of Nautilus pompilius Linnaeus captured alive from a point off the Bohol 
Straits (Philippines). Details of preparation prior to SEM observations are described 
in Tanabe et al. (2000). This article follows Greenwald et al. (1982) for terminology 
of the microstructural elements of the siphuncle.

The specimen of Paracanthoplites sp. is housed in the Institute of Paleobiology, 
Georgian Academy of Science, Tbilisi, Georgia (GAS). The remaining ones of am-
monoids and N. pompilius are deposited in the University Museum, University of 
Tokyo (UMUT).

13.3  Anatomy of Siphuncles of Extant Nautilus  
and Extinct Ammonoids

13.3.1  Nautilus

The siphuncle in Nautilus spp. is a segmented tubular structure consisting of a 
wide central vein, two pairs of arteries, porous connective tissue, and a  siphuncular 
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 epithelium on the outside (Denton and Gilpin-Brown 1966, 1973; Bassot and 
Mortoja 1966; Greenwald et al. 1980, 1982; Fukuda et al. 1981; Bandel and Spaeth 
1983, Fig. 13.1a, b). Of these anatomical elements, the siphuncular epithelium has 
been extensively investigated by Denton and Gilpin-Brown (1966) and Greenwald 
et al. (1980, 1982) for its ultrastructure in relation to its function in buoyancy regu-
lation (see discussion for details). The structures of various anatomical elements 
of the Nautilus siphuncle are summarized below on the basis of the description by 
Tanabe et al. (2000).

The siphuncle has a three-layered structure with a central vein (Figs. 13.2, 13.3, 
13.4, abbreviations used in these figures are shown in parentheses).

Fig. 13.1  SEM images of the siphuncle of Nautilus pompilius. UMUT RM 27811 (same specimen 
as that figured by Tanabe et al. 2000, Fig. 2). a, b Cross-sections of the adapical (a) and middle (b) 
portions of the siphuncular cord. c Oblique view, showing equally spaced, numerous longitudinal 
ridges of canaliculi. d Close-up of the marginal portion of b, showing the siphuncular epithelium 
and underlying outer connective tissue. e siphuncular epithelium, c canaliculus, oc outer connec-
tive tissue, ic inner connective tissue, ct connective tissue, a artery, v vein (hemocoele)
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Fig. 13.3  Schematic illustra-
tion of the cross-section of 
the siphuncle in N. pompilius. 
ec siphuncular epithelial cell, 
h haemocyte, n nucleus of 
siphuncular epithelium. See 
the explanation of Fig. 13.1 
for other abbreviations. After 
Tanabe et al. (2000, Fig. 4); 
reproduced by permission of 
John Wiley & Sons, Inc

 

Fig. 13.2  Optical micro-
graphs of siphuncular 
epithelium of N. pompilius. a 
Intact part of the siphuncular 
epithelium. b Damaged part 
of the siphuncular epithelium 
due to insufficient fixation. 
Most of the cytoplasm is 
detached and the ridge of 
basement membrane sur-
rounding canaliculi (pointed 
by arrows) is exposed. The 
outer connective tissue (oc) 
has sporadic haemocoelic 
spaces. After Tanabe et al. 
(2000, Fig. 3); reproduced by 
permission of John Wiley & 
Sons, Inc
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1. Epithelium (e): The outermost layer is composed of a layer of columnar epi-
thelial cells (ec) and canaliculi (c) (Figs. 13.1a, b, d, 13.2). The outer surface of 
the epithelial cells is wavy corresponding to the longitudinal arrangement of the 
equally spaced canaliculi (Figs. 13.1c, 13.2a).

Fig. 13.4  SEM images of the phosphatized siphuncle of Akmilleria electraensis. UMUT PM 
27800 (same specimen as that figured by Tanabe et al. 2000, Fig. 6). The arrows in a and c indicate 
the adoral direction. a, b Exposed segment of the siphuncle in the third whorl (a) and its close-up 
(b), showing numerous equal-spaced, longitudinal ridges and grooves. Each ridge represents the 
distal end of canaliculus. c, d Exposed segment of the siphuncle in the second whorl (c) and close-
up of its structure in cross-section (d), showing the arteries, vein and connective tissue. The lower 
half of the siphuncle was lost during fossilization. e Close-up of d, showing a portion of the artery 
surrounded by the thick connective tissue. f Porous, sponge-like connective tissue surrounded by 
the thin siphuncular epithelium. s septum, sw siphuncular tube wall, cm cameral membranes. See 
the explanation of Fig. 13.1 for other abbreviations
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2. Outer connective tissue layer (oc): The subepithelial basement is formed by 
firm sheets of connective tissue (ct) with sporadic haemocoelic spaces. In the 
outer sublayer, fibers are stratified almost parallel to the bases of epithelial cells, 
while in the inner sublayer they occur irregularly among connective tissue cells 
(Figs. 13.1d, 13.3).

3. Inner connective tissue layer (ic): The inner section contains the siphuncular 
arteries (a) and a large hemocoelic space partitioned reticulately by membranous 
network of connective tissue (Figs. 13.1a, b, 13.3). Two pairs of arteries sur-
rounded by a thick wall of connective tissue exist throughout the entire length 
of the siphuncular cord (Fig. 13.1a, b). Occasionally the arteries possess small 
branches of arterioles in the outer connective tissue layer.

4. Siphuncular vein (v): This structure is delimited by a very thin layer of con-
nective tissue (Fig. 13.1a, b) in contrast to the arteries, which are surrounded 
by a thick circular wall of connective tissue (Figs. 13.1a, b, 13.3). The vein 
increases its diameter from the proximal to the distal end of the siphuncular cord 
(Fig. 13.1a, b). The vein has connections with haemocoelic space of the inner 
connective tissue layer through small pores.

5. Canaliculi (c): The most specialized structures in the siphuncle of Nautilus are 
the canaliculi, which are formed by deep infoldings of the basement membrane 
of the siphuncular epithelial cells (Figs. 13.1d, 13.2a, 13.3). The apical end of 
each canaliculus is completely closed without connecting directly with the inner 
surface of the siphuncle, while the basal part is in communication with the sub-
epithelial hemocoelic space.

The number of canaliculi around the siphuncle is extremely large, ranging from 240 
near the distal end to 280 near the proximal end of the siphuncular cord in the speci-
men examined. Because epithelial cells seem almost paired on either side of a cana-
liculus (Fig. 13.2a), the number of epithelial cells is estimated to be approximately 
480–560 around the whole siphuncle. The basement membrane forming the cana-
liculus is less susceptible to dissolution than the cytoplasm of the siphuncular cells. 
In the damaged portion whose cytoplasm is mostly removed due to insufficient 
fixation, the canaliculi remain intact and are exposed on the surface (Fig. 13.2b). 
The canaliculi in this portion exhibit a rough sculpture consisting of alternating tall 
ridges and deep furrows. This observation appears to provide a special implication 
for reconstruction of the fossilized siphuncular epithelium in ammonoids.

13.3.2  Ammonoids

13.3.2.1  Notes on Taphonomy

EDX-analyses of the carbon-coated specimen of Akmilleria electraensis (UMUT 
PM 27800) revealed that the fossilized siphuncular remains (Fig. 13.4) are rich 
in phosphorous and calcium with lesser amounts of fluorine and sulfur (Tanabe 
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et al. 2000, Fig. 5); the amounts of P2O5 and CaO are 40.31 wt % and 54.57 wt %, 
respectively. A similar chemical composition was detected for the siphuncular tube 
wall that appears to be primarily made of conchiolin. These data suggest that the 
fossilized siphuncle and surrounding tube wall in the specimen both consist of flu-
orapatite. In all probability, the siphuncular tissues might exist within the siphun-
cular tube even after the post-mortem detachment of the main soft body from the 
body chamber. They might have been phosphatized prior to decay by the activity of 
bacteria (Briggs et al. 1993).

Although we did not analyze chemical and mineral compositions of the sip-
huncular remains in the specimens of Glaphyrites clinei, Paracanthoplites sp. and 
Gaudryceras tenuiliratum, their microscopic features suggest that their siphuncles 
are preserved by phosphate, and that this mineralization of the tissue occurred early 
in the taphonomic pathway of fossil preservation (Fig. 13.5).

Fig. 13.5  SEM images of the phosphatized siphuncles of Paracanthoplites sp. (a, b), Glaphyrites 
clinei (c) and Gaudryceras tenuiliratum (d). The arrows in a, c and d indicate the adoral direc-
tion. a Exposed segment of the siphuncle, showing numerous longitudinal ridges and grooves on 
the outer surface and the central vein and surrounding connective tissue in the oblique section. 
b Close-up of a, showing the central vein and surrounding porous, sponge-like inner connec-
tive tissue. Unregistered specimen of GAS. c Exposed segment of the siphuncle that was inflated 
partially during fossilization. UMUT PM 19028. d Remnant of the siphuncular segment whose 
original structure is not preserved. UMUT MM 28225. See the explanation of Fig. 13.1 and 13.3 
for abbreviations
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13.3.2.2  Microanatomy

The microanatomy of the siphuncle is best preserved in UMUT PM 27800 of Ak-
milleria electraensis. The siphuncle occurs within the siphuncular tube as truncated 
segments (Fig. 13.4a, c). Each segment is circular in cross-section with a diameter 
of approximately 60–70 % of the inner diameter of the siphuncular tube, indicating 
shrinkage of 30–40 % during fossilization. In life, the segments would have been 
connected to form a long continuous cord-shaped structure.

Comparative SEM observations of the siphuncles of Nautilus pompilius and A. 
electraensis help elucidate the similarity and dissimilarity of their microanatomy. 
The outer surface of the siphuncle of A. electraensis is sculptured by equally spaced, 
longitudinal ridges and furrows (Fig. 13.4a, b, c), as in the case of N. pompilius 
(Figs. 13.1a, b, 13.2, 13.3). The ridges correspond to the distal ends of individual 
canaliculi. The number of ridges around the siphuncle of A. electraensis is approxi-
mately 30 in the second and third whorls, whose siphuncle diameters are 60 µm 
(Fig. 13.4c) and 100 µm (Fig. 13.4a). These numbers are much lower than that ob-
served on the siphuncle of N. pompilius ( N = 240–280), which measures 1–2 mm in 
diameter (Fig. 13.1c). Individual canaliculi of the siphuncular epithelium of A. elec-
traensis, presuming no postmortem shrinkage, are 10 µm wide in the second whorl 
(Fig. 13.4c, d) and 15–20 µm wide in the third whorl (Fig. 13.4a, b), whose dimen-
sions are comparable with those of the canaliculi of N. pompilius, even though the 
shell of the latter is much larger (ca. 180 mm in diameter).

In cross-section, the siphuncle of A. electraensis consists of a large central vein, 
a pair of arteries, a reticulate network of connective tissue, and a thin epithelium 
on the outside, though the lower half has shrunken toward the inside (Fig. 13.4d). 
A thick, smooth connective tissue surrounds each artery (Fig. 13.4e). The boundary 
between the outermost epithelium and the underlying connective tissue is unclear 
in the specimen examined, owing to destruction of the internal epithelial structure 
during fossilization (Fig. 13.4f).

The siphuncular remains of the specimens of Glaphyrites clinei (Fig. 13.5c), 
Paracanthoplites sp. (Fig. 13.5a, b) and Gaudryceras tenuiliratum (Fig. 13.5d) are 
more poorly preserved than that of the specimen of A. electraensis, but a large cen-
tral vein and surrounding porous connective tissues, and longitudinally arranged 
infolded basement membranes of epithelial cells could be distinguished in the sip-
huncles of the former two species.

13.4  Discussion

13.4.1  Comparative Anatomy

The siphuncle of Akmilleria electraensis is essentially similar to those of Nautilus 
pompilius and Spirula spirula (see Chun 1915, pl. 73, Fig. 2) in the following fea-
tures: (1) the epithelial layer consists of elongate epithelial cells and canaliculi, (2) 
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the outer connective tissue layer is made up of a subepithelial basement, (3) the inner 
connective tissue layer comprises siphuncular arteries and hemocoelic space, and (4) 
the siphuncular vein exists in or near the center of the siphuncle (Fig. 13.5). These 
anatomical similarities support the homology of the siphuncle among Akmilleria, 
Nautilus and Spirula, on the basis of not only positional but also structural criteria.

In spite of these similarities, there are the following three major microstructural 
differences among the siphuncles of these genera. (1) Number of canaliculi and 
epithelial cells around the siphuncle. Akmilleria has about 30 canaliculi with epi-
thelial cells based on the presence of approximately 15 ridges that are visible on the 
half of the siphuncle preserved (Fig. 13.4a). The number in Nautilus is much larger 
than in Akmilleria, attaining as many as 500. The siphuncular epithelium of Spirula 
has 60 or more longitudinal lines, which may represent canaliculi; accordingly ap-
proximately 120 epithelial cells around the siphuncle. (2) Number of arteries. Ak-
milleria probably had four arteries, equal to those in Nautilus. Chun (1915, pl. 73, 
Fig. 2) illustrated the siphuncular structure of Spirula in which there are as many as 
nine arteries surrounded by a thick connective tissue. (3) Space of inner connective 
tissue layer. Akmilleria and Nautilus share reticulate hemocoelic space. In contrast, 
the layer is filled mostly with connective tissue in Spirula.

The similarity between Nautilus and Akmilleria, i.e., four arteries within the 
sponge-like inner connective tissue layer, may represent the plesiomorphic state 
inherited from a cephalopod ancestor. However, it remains uncertain whether or 
not the above three microanatomical differences among the three distantly related 
genera are constrained phylogenetically or functionally, because of insufficient data 
from other fossil taxa.

In addition to the four ammonoid species described herein, phosphatized remains 
of the siphuncle were found in other ammonoids such as the early Permian prole-
canitids ( Neopronorites and Artioceras) from South Urals (Zakharov 1996, pl. 6), 
Triassic ceratitids from Spitsbergen (Weitschat 1986, pl. 5, Fig. 2; Weitschat and 
Bandel 1991, Fig. 18) and Late Jurassic (Volgian) Virgatites virgatus (Perisphinc-
tidae, Ammonitina) from the bank of the Moskva River, Russia (Drushchits and 
Doguzhaeva 1981, pl. 22, Fig. 1e-f; Drushchits et al. 1982, pl. 6, Fig. 1e; Barskov 
1996, Fig. 2–8, 11).

The siphuncular remains preserved in the specimen of V. virgatus consist of larg-
er and smaller tubules in cross-section, each surrounded by a thin prismatic layer. 
Drushchits and Doguzhaeva (1981), Drushchits et al. (1982) and Barskov (1996) 
interpreted the tubules as remains of blood vessels. The number of tubules increases 
from two to six from the first to the second whorl, but neither a central vein nor a 
marginal epithelial layer is preserved in the specimen (Barskov 1996). As already 
described, the number of arteries in the siphuncle of Nautilus is invariable (two 
pairs) throughout the entire length of the siphuncular cord. These anomalies and the 
absence of any detailed tissue structure seem to suggest that the ‘blood vessels’ of V. 
virgatus described by the above authors were formed secondarily during the phos-
phatization of the siphuncle. The siphuncles of the specimens of the early Permian 
prolecanitids and Triassic ceratitids respectively figured by Zakharov (1996, pl. 6, 
Fig. 5, 6) and Weitschat (1986, pl. 5, Fig. 2) do not preserve detailed microstructure, 
retaining only a relatively large central vein.
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13.4.2  Functional Morphology

In extant chambered cephalopods represented by chambered nautilids ( Nautilus 
spp. and Allonautilus scrobiculatus), cuttlefish ( Sepia spp.) and ram’s horn squid 
( Spirula spirula), the siphuncular epithelium exhibits certain common characteris-
tic features (Denton and Gilpin-Brown 1961, 1966, 1973; Bassot and Mortoja 1966; 
Greenwald et al. 1980; Ward et al. 1980; Fukuda et al. 1981; Bandel and Spaeth 
1983). Namely, the epithelia of these cephalopods all consist of high columnar cells 
that change adorally to the cubic cells of the rear mantle. Each cell comprises a 
canaliculus, which is connected with the underlying drainage channel. Cytoplasm 
around the canaliculus contains numerous mitochondria and microcanals, the latter 
of which open into the canaliculus and drainage channel. Because these histological 
features are commonly observed in excretory organs of various animals, Denton 
and Gilpin-Brown (1973) proposed a model of buoyancy regulation in chambered 
cephalopods, explaining that the siphuncular epithelium serves to concentrate salt, 
permitting osmotic transfer of liquid between chambers and blood vessels within 
the siphuncle. According to this model, during active pumping, cameral liquid is 
temporally stored within the intracellular duct (= canaliculus) and is subsequently 
transported osmotically to the blood vessels via a drainage channel. Because osmot-
ic emptying by simple osmotic pressure cannot be applied to nautilus and Spirula 
living in waters deeper than 400 m, Greenwald et al. (1980) modified the Denton 
and Gilpin-Brown’s (1973) model and proposed another model (‘local osmosis’ 
model) for cameral liquid transport in nautilids that emphasizes enhanced solute 
concentrations within the intracellular space.

In summary, the essential similarity of the microanatomy of the siphuncle among 
Akmilleria, Nautilus and Spirula strongly suggests that ammonoids could control 
their buoyancy by transferring liquid osmotically between the air chambers and 
blood vessels of the siphuncle.

13.5  Conclusion

Fossilized siphuncular remains discovered in specimens of four ammonoid species 
are described, compared with the counterparts of the modern chambered cephalo-
pods ( Nautilus pompilius and Spirula spirula), and their functional morphologic 
implications are discussed. The four ammonoid species examined are as follows: 
Glaphyrites clinei (Middle Pennsylvanian Goniatitina) from Oklahoma, Akmille-
ria electraensis (Permian Prolecanitina) from Nevada, Paracanthoplites sp. (Early 
Cretaceous Ammonitina) from NW Caucasus, and Gaudryceras tenuiliratum (Late 
Cretaceous Lytoceratina) from Hokkaido. These four taxa represent four of the ma-
jor suborders of the Ammonoidea.

In these specimens, the siphuncle is preserved as truncated segments within the 
siphuncular tube, whose outer surfaces are sculptured by longitudinal ridges and 
furrows in the former three species. The best preserved siphuncle is found in the 
specimen of A. electraensis. It is similar to those of N. pompilius and S. spirula 
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in having the following common anatomical features; (1) elongate epithelial cells 
and canaliculi, (2) the outer connective tissue layer consisting of a subepithelial 
 basement, (3) the inner connective tissue layer comprising siphuncular arteries and 
hemocoelic space, and (4) the siphuncular vein in or near the center of the  siphuncle 
(Fig. 13.6). These anatomical similarities support the homology of the siphuncle 
among ammonoids and modern Nautilus and Spirula, on the basis of not only posi-
tional but also structural criteria. The essential resemblance of the microanatomy of 
the siphuncle of Akmilleria with modern Nautilus and Spirula strongly suggests that 
ammonoids controlled their buoyancy in the water column by transferring cameral 
liquid osmotically between air chambers and blood vessels of the siphuncle.
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14.1  Introduction

The body chamber with the preserved mantle and muscle attachment marks provide 
some insight into the poorly known soft body organization and locomotion of ex-
tinct cephalopods (Trueman 1941; Mutvei 1957, 1964, 2013; Ivanov 1975; Kennedy 
and Cobban 1976; Chamberlain 1980, 1993; Saunders and Shapiro 1986; Zaborski 
1986; Hewitt et al. 1991; Jacobs and Chamberlain 1996; Landman et al. 1996; Wes-
termann 1996; Westermann and Tsujita 1999; Doguzhaeva et al. 2002, 2003a, b, 
2010; Richter 2002; Richter and Fischer 2002; Mutvei and Dunca 2007; Klug 2004; 
Klug et al. 2007, 2008; Korn and Klug 2007). One of the ways to achieve a better 
understanding of these paleobiological questions is to continue recollecting locali-
ties famous for preservation of non-mineralized parts to recover ammonoid shells 
with unbroken body chambers and shell apertures, weakly recrystallized original 
shell material, traces of mantle and muscle attachments in the body chamber, and 
fossilized mantle tissue. Using this approach, previously unknown “unusual” large 
ventrolateral marks of the muscle and body chamber attachment structures were 
discovered in complete body chambers showing shell apertures and also contain-
ing buccal apparatuses (Doguzhaeva and Kabanov 1988; Doguzhaeva and Mutvei 
1990, 1991, 1992, 1993a, b; Doguzhaeva 2014). In several specimens, the addi-
tional small spot near the foremost part of the large mark is separated (Doguzhaeva 
and Mutvei 1991, pl. 2, fig. 4; pl. 4, fig. 1, pl. 6, fig. 2). This suggests, by compari-
son with the squids (Wells 1988), that in some ammonoids, the cephalic retractor 
and funnel retractor muscles might have been well-developed and permitted  
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jet-powered swimming (Doguzhaeva and Mutvei 1991, 1996; Doguzhaeva 2014). 
The two side by side ventrolateral marks support the assumption of higher-ener-
gy coleoid-like mode of locomotion in some ammonoids (Wells and O’Dor 1991; 
Jacobs and Chamberlain 1996), but conflicts with the widely spread opinion (based 
on small attachment marks) of a weakly developed muscular system and insufficient 
capacity of the ammonoids for jet-powered swimming (see Mutvei and Reyment 
1973; Jacobs and Chamberlain 1996; Monks and Young 1998). In Nautilus, the fun-
nel retractor muscles are part of branches of the cephalic retractor muscles, which 
originate from the inside part of the head and funnel and are inserted on the shell 
laterally. The cephalic retractor muscles drive lower speed jet-powered swimming 
(see Griffin 1900; Mutvei 1957, 1964; Mutvei et al. 1993; O’Dor et al 1990; Sasaki 
et al. 2010).

The mantle, so far known in the Late Triassic ceratitid Austrotrachyceras, was 
also found due to investigation of cephalopod remains from the paleoenviron-
ment providing non-biomineralized structures (Doguzhaeva et al. 2004, 2007a, b; 
Doguzhaeva and Summesberger 2012). Fine lamination of the fossilized mantle is 
thought to have resulted from the original lamination of the muscular tissue. In co-
leoids, the mantle is thickened with layers of muscles and connective tissue but it is 
thin in Nautilus (Kier 1988; Kier and Thompson 2003; Sasaki et al. 2010).

Herein, the ontogenetic and evolutionary variations of the body chamber length 
and traces of mantle and body chamber attachment in Paleozoic and Mesozoic am-
monoids (Appendices 1, 2) are analyzed. The mantle and the body chamber attach-
ment marks of the Early Cretaceous heteromorph ammonoid Audouliceras from 
Ulyanovsk, Russia, are worth to be herein demonstrated in detail. They were ob-
served in two large mature shells with aragonitic preservation and nearly complete 
body chambers (Doguzhaeva 2014). The possibilities of jet-powered swimming in 
some ammonoids together with the fossilization of the mantle and the mantle and 
body chamber attachment marks are discussed.

The illustrated heteromorphs (Figs. 14.1–14.4) are from the private collection of 
G. K. Kabanov (Moscow) donated to the first author. Prefix DPC preceding speci-
men numbers denote repository: Doguzhaeva’s private collection.

14.2  Previous Studies

Münster (1839) and Suess (1865) were apparently the first researchers who demon-
strated that the body and body chamber attachment marks and the variability of the 
body chamber length are potentially important aspects of the paleobiological study 
of ammonoids. After them, Crick (1898) described small scars in 13 genera of Pa-
leozoic and Mesozoic ammonoids, suggesting that they served for shell and soft 
tissue attachment. Following Suess’s idea (1865) on the taxonomic value of the 
body chamber length, Haug (1898) subdivided the Devonian ammonoids into two 
groups: Brevidoma, including the Agoniatitidae, characterized by a short body 
chamber ranging from half a whorl to a complete whorl, and Longidoma, comprising 
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the Anarcestidae, in which the body chamber length ranges from a complete whorl 
to 1.75 of a whorl. Arthaber (1911) accepted the erection of two groups in ammo-
noids based on the body chamber length and suggested the new names Microdoma 
and Macrodoma for them. Diener (1916a) established the intermediate group Metri-
doma for the ammonoids with body chamber lengths from 0.75 to one whorl. The 
essential variations of the body chamber length in taxa that were considered at that 
time to be closely related, were documented by Diener (1916a); he rejected the 
taxonomic value of the body chamber length (Diener 1916b). Trueman (1941) mea-
sured the body chamber length in about 80 ammonoid species and revealed two 
frequency peaks corresponding to 260 and 380 degrees. Ruzhencev (1962) sug-
gested that a long ammonoid body chamber provided protection of the phragmo-
cone; this conclusion was based on his observation of body chamber lengths that 
exceeded one whorl on specimens with complete apertures from the Late Paleozoic 
from southern Urals. Ruzhencev (1962) found also that the body chambers are usu-
ally shorter in prolecanitids than in goniatitids. Because of this, he confirmed a po-
tential taxonomic value for body chamber length. Jones (1961) reported small um-
bilical and mid-ventral scars in a heteromorph ammonite. Jordan (1968) recorded 
the attachment scars in 22 Mesozoic genera, and in addition to small mid-dorsal 
scars, reported large lateral U-shaped marks interpreted as pallial line. In the end of 
the 20th and at the beginning of 21st century, the mid-dorsal and mid-ventral scars 
were revealed on the internal moulds of the phragmocones in a large number of 
Mesozoic genera of different systematic positions (Bandel 1982; Landman and 
Bandel 1985; Weitschat 1986; Weitschat and Bandel 1991; Sharikadze et al 1990; 
Richter 2002; Richter and Fischer 2002). Large ventrolateral marks extending from 
the last septum to about the midpoint of about 180 degrees long body chambers 
were documented in two Early Cretaceous genera (Doguzhaeva and Kabanov 
1988). These unusually large and robust muscle scars co-occurred with the small 
mid-ventral, mid-dorsal and umbilical scars. The excellent preservation allowed the 
reconstruction of the mantle and muscle configuration inside the body chamber of 
Aconeceras (Doguzhaeva and Mutvei 1990, 1991, 1993a, b). Doguzhaeva and 
Mikhailova (1991) described the muscle scars in the Early Cretaceous heteromorph 
ammonite Ancyloceras. Sharikadze et al. (1990) documented mid-dorsal, mid-ven-
tral and the large ventrolateral scars in a large number of ammonites from the Late 
Jurassic Volga Region and from Early Cretaceous sediments collected in the Ady-
geya Republic, north-west Caucasus, Russia. Doguzhaeva and Mutvei (1991) sug-
gested principal anatomical differences between ammonoids and Nautilus in the 
muscular systems, shape of head-funnel region and its relationship to the shell ap-
erture, and certain similarities between ammonoids and recent coleoids in the pos-
sible development of strong funnel retractors. Kyuma and Nishida (1987) recorded 
that the longest body chamber belonged to the Late Carboniferous goniatite Akiyo-
shiceras from Japan. While none of the specimens available to them had a complete 
body chamber with an aperture, the incomplete body chamber lengths of some of 
the Japanese specimens exceeded two complete whorls. A specimen of this genus 
from Oklahoma has a body chamber length of approximately two and a half whorls 
(RHM, personal observation) with a mature modification of the aperture giving a 
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body chamber length for the genus of approximately 900º. Kyuma and Nishida 
(1987) also noted that there were paired raised ridges and depressions about mid-
way on the body chambers on some Japanese specimens. These ridges and depres-
sions are almost certainly related to muscle attachments that possibly allowed 
extension and retraction of the body mass of the animal. However, anatomical de-
tails have not been studied at this time. Saunders and Work (1997) carried out ex-
perimental study on shell buoyancy and calculated the body chamber lengths of 
some Paleozoic ammonoids. They came to the conclusion that the two stocks 
Goniatitida and Prolecanitida differ in body chamber length. Their experimental 
data were supported by their observations on the body chamber lengths in three 
prolecanitid genera. Thus, the hypothesis of Ruzhencev (1962) on the body cham-
ber length as an additional trait distinguishing prolecanitids, which gave rise to the 
Mesozoic ammonoids, was supported. In the Middle Carboniferous Goniatites, 
Tanabe et al. (1998) recorded mid-ventral marks and traces of pseudosutures. Dagys 
and Keupp (1998) described a pair of ventral internal keels in the two Middle Trias-
sic ceratitids Czekanowskites and Arctohungarites from Arctic Siberia. The keels 
extend in the body chamber for 80° from the last septum. The authors suggested that 
the ventral internal keels might be the attachment structures of the funnel retractors. 
Monks and Young (1998) suggested that to maintain hydrodynamic stability, the 
heteromorph ammonoids might have changed their centers of gravity by the for-
ward-backward shifting of a comparatively short body within the long body cham-
ber. Kröger (2002) used this model for the explanation of the healing of an 
extensive damage seen on the monomorph shells of Jurassic ammonoids with a long 
body chamber; this damage extends over about two thirds of the body chamber 
length. He also concluded that a withdrawal of more than 35 degrees into the body 
chamber was only a strategy of emergency, and that longidome ammonoids were 
able to withdraw deeper into the body chamber. He suggested that the dactyliocatids 
characterized by a long body chamber possibly had a normal variability of soft body 
position between the aperture and 35° behind it. Kröger (2002) published new data 
on the body chamber length in five Jurassic genera and came to the conclusion that 
long (more than one whorl) body chamber lengths protected the phragmocone 
against lifetime damage, an idea previously presented by Ruzhencev (1962). Richter 
(2002) as well as Richter and Fischer (2002) reported small mid-ventral, mid-dor-
sal, umbilical and large ventrolateral marks in a number of Paleozoic and Mesozoic 
ammonoids. Klug (2004) recorded the shortest known body chamber (about 120 
degrees long) on the Middle Triassic genus Ceratites. Later, Klug et al. (2007) ob-
served on a Middle Triassic specimen of Ceratites a set of structures on the internal 
mould of the body chamber and phragmocone that were interpreted by them as the 
attachment marks of the cephalic retractors, the mantle myoadhesive band, the 
paired dorsal muscles, the unpaired ventral muscle, and the black layer. In the Early 
Carboniferous goniatite (?Rhadinites or ?Anthracoceras), Landman et al. (2010) 
documented “a spiral red band that extends from midway in the body chamber to 
the apical end of the jaw (Figs 3A, B, F). The position of this feature matches that 
of the cephalic retractor muscle illustrated in the reconstruction of Cretaceous am-
monoids by Doguzhaeva and Mutvei (1996, Fig. 7)”. In the same specimens, 
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Landman et al. (2010) revealed the mid-dorsal band extending for about 200 de-
grees in the long body chamber, with the estimated length of more than one whorl.

14.3  Terminology and Abbreviations

The following terms are used in the present paper for characterizing the body cham-
ber lengths and the body and body chamber attachment marks. Depending on their 
position in the body chamber, the marks are arranged in six categories: dorsal, um-
bilical, dorsolateral, lateral, ventrolateral and ventral.

Annular elevation (ae)—dorsolateral posterior structure in body chamber; 
formed by a swollen inner prismatic layer of shell wall;

Dorsal band (db)—dorsal dark color band-like attachment structure along the 
median plane of body chamber and phragmocone;

Dorsal ridge (dr)—dorsal thread-like ridge-shaped attachment structure along 
the median plane of body chamber and phragmocone; known in clymeniids;

Dorsal discrete mark (d)—dorsal small discrete attachment scars along the me-
dian plane of the body chamber and phragmocone;

Lateral mantle V-shaped sinus (lms)—this is a delicate mantle structure here 
recorded for the first time; it is evidenced by repetition of fine uneven lateral V-
shaped lines on the body chamber in Audouliceras (Fig. 14.3). This structure is 
clearly different from the sinus-like attachment mark (Figs. 14.3, 14.5);

Lateral sinus (ls)—sinus-like attachment mark on sides of body chamber;
Long body chamber—length range is about 370º–900º;
Medium–long body chamber—length range is about 270º–370º;
Myoadhasive elevation (mae)—the elevation in front of the last septum;
Myoadhasive gutter (mg)—thin ridge surrounding the annular elevation;
Ventral band (vb)—ventral band-like structure along the median plane of body 

chamber and phragmocone visible due to its colour surface, lack a relief on the shell 
wall or on the internal mould of the body chamber;

Short body chamber—length range is about or shorter than 270 degrees;
Ventral discrete mark (v)—ventral small rounded or oval discrete marks along 

the median plane of body chamber and phragmocone;
Ventral ridge (vr)—ventral thread-like ridge along the median plane of body 

chamber and phragmocone;
Ventrolateral elevations (ve)—(= internal ventral keels by Dagys and Keupp 

1998) two spiral elevations on the inner surface of the body chamber extending for 
about 80 degrees from the last septum;

Ventrolateral lobe-like marks (vl)—ventrolateral large lobe-like attachment 
marks; extend from the last septum approximately to the midpoint of the body 
chamber;

Umbilical small discrete mark (us)—discrete small, less than the interval be-
tween two neighbouring septa of the phragmocone, marks located at the umbilical 
corners of body chamber;
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Umbilical tongue-like marks (ut)—elongated attachment marks in the umbilical 
corners of the body chamber; comparatively broad posteriorly and narrowing an-
teriorly, extend from the last septum for about 1/5-1/3 of the body chamber length.

14.4  Ontogenetic and Evolutionary Variations of Body 
Chamber Length

The data on body chamber length of 120 genera from the orders Goniatitida, Proleca-
nitida, Clymeniida, Ceratitida, Phylloceratida, Lytoceratida and Ammonitida are repre-
sented in Appendix 1. The body chamber lengths of ammonitellae of 73 genera and of 
the adult shells of 42 genera is shown as well; 18 genera show the body chamber length, 
both in the ammonitellae and in adult shells. These data are summarized as follows:

1. The range of body chamber length varies between 223º–410º in ammonitellae 
and between 180º–900º in adults. This shows that in ammonitellae, the body 
chamber length varies in smaller range than in the adults.

2. The minimum length of the body chamber of the ammonitella is 300º in goni-
atitids ( Glaphyrites), 290º in prolecanitids ( Hedenstroemia), 230º in ceratitids 
( Arctohungarites and Crumbergia) and phylloceratids ( Holcophylloceras), 260º 
in lytoceratids ( Eurystomiceras), and 242º in ammonitids ( Subprionocyclus) 
(Appendix 1). The ammonitellae possessing the longest body chamber (410º) are 
recorded in the order Goniatitida; the ammonitellae with the shortest body cham-
ber (223º) are from the order Phylloceratida. Thus, the evolutionary development 
of the angular length of the body chamber shows a long-term decreasing trend 
of the ammonitella body chamber length in the goniatitids–prolecanitids–ceratit-
ids–phylloceratids branch. This long-term trend supposedly indicates the com-
mon early ontogenetic evolutionary direction of the goniatitids, prolecanitids, 
ceratitids and phylloceratids. The reversal of this trend in the lytoceratids and 
ammonitids presumably indicates a different and innovative early ontogenetic 
strategy of these two groups in the Jurassic.

3. The ontogenetic decrease of the body chamber length is documented in the 
following genera (Appendix 1): Prolecanitida, Metapronorites—from 340º in 
ammonitella to 250º in the adult shell; Neopronorites—from 310º–340º in the 
ammonitella to 230º in the adult shell; Ceratitida, Sakmarites—from 340º in 
the ammonitella to 225º in the adult shell; Lytoceratida, Eurystomiceras—from 
290º–300º in the ammonitella to 270º in the adult shell; Perisphinctida Indo-
sphinctes—from ca. 330º in the ammonitella to ca. 180º–220º in the adult shell; 
Ammonitida Deshayesites—from 307º–330º in the ammonitella to 180º in the 
adult shell; ammonitid Aconeceras—from 270º–360º in the ammonitella to 180º 
at the 7th to 8th whorls. The ontogenetic increase of the angular body chamber 
length is documented in the goniatite Neoglyphioceras (from 360º in the ammo-
nitella to > 450º at 32 mm diameter adult shell) and in the ceratitids Proarcestes 
(from c. 360º in the ammonitella to > 450º in the 8th whorl), Phyllocladiscites 
(from c. 330º in the ammonitella to 360º at the 9th whorl), and Prosphingites 
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(from 265º in the ammonitella to c. 360º in the adult shell). Thus, the ontoge-
netic development of angular length of the body chamber in these ammonoid 
groups shows either a decrease in body chamber length (Miller et al. 1957) or an 
increase in body chamber length (Doguzhaeva 1990). In no known case does the 
ammonitella body chamber length remain the same throughout ontogeny.

14.5  Muscle and Mantle Attachment Marks, and their 
Interpretation

The data on the mantle and body chamber attachment marks or scars in mature 
shells of 102 genera from the orders Goniatitida, Prolecanitida, Clymeniida, Cera-
titida, Phylloceratida, Lytoceratida and Ammonitida are given in Appendix 2. The 
marks are interpreted as traces of the mantle and the body chamber attachment 
because of their regular arrangement in different ammonoid taxa in various lineages 
from the Devonian to the Cretaceous. The marks originated on the inside of the 
body chamber wall, but during ontogeny, the marks became part of the phragmo-
cone wall where some marks remained visible and others are probably hidden under 
the shell of the dorsal wall. The muscle attachments are best observed in mature 
shells because deposition of shell material around the mark sites probably took a 
long time. The castings of these marks by internal moulds formed by Fe-containing 
minerals have yielded extensive information on the mantle and body chamber at-
tachment. The marks are arranged in five categories depending on their position in 
the body chamber: dorsal, dorsolateral, lateral, ventrolateral and ventral; these are 
briefly characterized and discussed in the following interpretations.

14.5.1  Dorsal Marks

The dorsal discrete scars, dorsal band, and dorsal internal ridge are the marks ar-
ranged along the median plane on the dorsal side of the body chamber (Appen-
dix 2). The dorsal marks produced earlier in the ontogeny are often visible between 
the septa in the phragmocone. These marks were, in all probability, the attachment 
areas of the dorsal muscles. To judge from the small size of the dorsal marks and 
their remoteness from the anterior of the body chamber, the dorsal muscles must 
have been comparatively weakly developed and restricted in extension to the pos-
terior part of the mantle.

14.5.1.1  Dorsal Small Discrete Marks

Relatively small, rounded, oval or cruciform marks with a typically rugose texture in 
the dorsal position are located in the body chamber immediately in front of the last 
septum inside the internal (dorsal) lobe of the last suture. These discrete dorsal marks 
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are interpreted as evidence of the periodic interruption of the attachment of the body 
tissue during its periodic shifting forward with shell growth. The marks are often 
expressed on the interior of the body chamber shell surface by a positive relief rugose 
structure that is repeated at regular intervals in the juvenile portions of the phragmo-
cone and at the posterior end of the mature body chamber. These marks seem to be 
a universal structure in the ammonoids or have higher potential for preservation as 
they are observed in the shells lacking any other attachment marks or in association 
with the other attachment marks (Appendix 2). Those produced earlier in ontogeny 
often visible between the septa in the phragmocone; every chamber has a solo mark.

14.5.1.2  Dorsal Band

The dorsal band is a brown or black stripe, which forms neither a relief, rugosity 
nor porous surface on the dorsal side of the body chamber (Figs. 14.1, 14.4). In long 
body chambers with lengths of more than one whorl, the middorsal band extends 
for about 200° (Landman et al. 2010). The intensive color difference between the 
middorsal band and the matrix apparently indicates the originally high content of 
non-biomineralized “soft” material in the body chamber wall along its middorsal 
side. During shell growth, the middorsal band remains visible in the chambers of 
the phragmocone. Contrary to the discrete dorsal marks, the dorsal band indicates 
continuous attachment of the body during its shifting within the growing shell.

14.5.1.3  Dorsal Internal Ridge

This is a thread-like elevation in the body chamber, which is located in the dorsal 
median plane. This dorsal internal ridge bears a weak transverse striation. The dor-
sal internal ridge extends for about one-third to one-fourth of the body chamber 
length. It is sometimes preserved on the external surface of the phragmocone and 
its length can indicate the length of a missing portion of the body chamber (B. I. 
Bogoslovky, personal communication, 1980’s). To our knowledge, this feature is 
only known in clymeniids.

14.5.2  Umbilical Marks

These marks are situated in the shoulders of the body chamber (Appendix 2). There 
are two kinds of marks: umbilical small discrete rounded or transverse kidney-
shaped marks and large tongue-like marks.

14.5.2.1  Umbilical Small Discrete Marks

These marks, which are shorter than the distance between two adjacent septa, are 
rounded imprints located in the umbilical region posterior to the terminal septum. A 
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Fig. 14.1  Audouliceras renauxianum (d’Orb., 1841), DPC/1. Aptian, Lower Cretaceous; Uly-
anovsk Region, Central Russia. Fully-grown shell showing umbilical tongue-like marks in the 
posterior portion of the body chamber; a × 0.5, b × 0.8, c × 0.6. db dorsal band, ut umbilical tongue-
like mark
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set of these marks remains visible on the phragmocone so that every chamber of the 
phragmocone has a single mark. The imprints of these marks are formed by minute 
raised tubercles, which are the hole fillings in the inner surface of the inner shell 
surface. The discrete character of these scars indicates the periodically interrupted 
attachment between the mantle and the body chamber during the forward move-
ment of the body in the growing shell. These marks are observed in shells with a 
short, medium and long body chamber (Appendices 1, 2).

Based on the relatively small size and location in the posterior portion of the 
body chamber, these small umbilical marks must have been the attachment sites of 
the branches of the muscles in the posterior portion of the muscular mantle to the 
inner shell wall.

14.5.2.2  Umbilical Large Tongue-Like Marks

The tongue-like umbilical marks have only been observed in the terminal body 
chambers of Cretaceous heteromorphs including Audouliceras (Figs. 14.1, 14.2, 
14.3, 14.4; Doguzhaeva 2014), Ancyloceras (Doguzhaeva and Mikhailova 1991), 
Ptychoceras (Doguzhaeva and Mutvei 2015), Pseudocrioceratites (DLA, personal 
observation), and possibly in Baculites (Kennedy et al. 2002, pl. 6, Figs. 1, 2). 
These marks are relatively broad posteriorly, narrow anteriorly, and extend for 
about 20–30 % of the body chamber length along the umbilical corners (Figs. 14.1, 
14.2, 14.3, 14.4). In Pseudocrioceratites, the mark is a tongue-like depression on 
the internal mould of an incomplete body chamber. In Audouliceras, Ancyloceras 
and Ptychoceras, the umbilical tongue-like marks are recognized by their nacreous 
incrustation retained on dark grey siderite internal moulds of body chambers. In 
these three genera, the tongue-like marks comprise small rounded brownish marks 
placed in the umbilical corners (Fig. 14.2). In Audouliceras, there are two equal 
sized marks situated close to each other located near the body chamber midpoint 
(Fig. 14.2). In Ptychoceras, the small rounded marks within the tongue-like um-
bilical marks are arranged in two pairs, one of which is situated in front of the 
last septum, and the next pair is situated near the midpoint of the body chamber 
(Doguzhaeva and Mutvei 2015).

The tongue-like umbilical marks show that in the heteromorphs listed above, 
the mantle and the body chamber attachment sites moved forward to the middle 
part of the body chamber and are probably the attachment sites of the powerful 
umbilical retractor muscles. In heteromorph ammonoids with a planispiral irreg-
ularly coiled or hook-shaped body chamber, the development of these muscles 
might have speculatively occurred in order to change the mantle cavity volume 
to improve filter feeding on small planktonic organisms (Doguzhaeva 2014). This 
mode of feeding is supported by the three-dimensionally preserved jaw apparatus 
extracted from the body chamber of the Early Cretaceous heteromorph Australic-
eras (Doguzhaeva and Mikhailova 2002). The jaw apparatus lacks a rostrum and 
has a large cavity between the lower and upper jaws, which is formed by the deep 
and wide lower jaw with a solid flat ventral side, and the long wings of the upper 
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jaw. The absence of the rostrum suggests that Australiceras did not hunt for large 
prey; hence, there was no need to hold and crush large prey. Large surfaces of the 
wings could serve as sites for the attachment of well-developed buccal muscles, 
suggesting that the large cavity between the lower and upper jaws could be used 
for sucking and filtering seawater, which suggests that these organisms fed on 
minute plankton or suspended organic particles. This hypothesis is supported by 
the heavily ribbed shell of Australiceras, which has the shape of irregular coiled 

Fig. 14.2  Audouliceras renauxianum, DPC/2. Aptian, Lower Cretaceous; Ulyanovsk Region, 
Central Russia. Fully-grown shell showing rounded umbilical scars within the umbilical tongue-
like marks in the middle part of the body chamber; a Lateral view, × 0.6. b Close-up of (a) to show 
two side by side rounded marks, × 0.7. c umbilical rounded scar within the umbilical tongue-like 
mark
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spiral, i.e., the form best suited to floating and perhaps vertical (diurnal) migrations 
(Doguzhaeva and Mikhailova 2002).

14.5.3  Lateral Marks

14.5.3.1  Lateral Sinus-Like Attachment Marks

The lateral sinus-like marks are adaperturally open, relatively large in compari-
son with the body chamber length, with sinus- or bay-shaped outlines on the body 

Fig. 14.3  Audouliceras renauxianum (d’Orbigny, 1841), DPC/2. Aptian, Lower Cretaceous; Uly-
anovsk Region, Central Russia. a Lateral view of fully-grown shell showing lateral V-shaped sinus 
of the mantle, × 0.6. b Close-up of (a) to show the repetition of muscle scar traces in the lateral 
sinus that were apparently left during the movement of the mantle; × 1. ms muscle scar, ut tongue-
like mark 
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chamber sides. The lateral sinusoidal marks extend from the posterior portion of the 
body chamber to about its midpoint. This mark is narrowly rounded behind and gets 
broader in the adapertural direction. It may co-occur with ventrolateral and other 
marks (Appendix 2). The morphology of the sinus-like attachment marks is here 
illustrated by those of Deshayesites (Figs. 14.5, 14.7b). Their function is unknown.

Fig. 14.4  Audouliceras renauxianum (d’Orbigny, 1841) : A, C, DPC/1; B, DPC/2. Aptian, Lower 
Cretaceous; Ulyanovsk Region, Central Russia. a Ventral view of the body chamber (aperture is 
down) showing a colour ventral band with a rounded ventral mark ending the ventral band and the 
ventral ridge in front of the ventral mark; × 1.2. b Dorsal view of the posterior portion of the body 
chamber to show a colour dorsal band between the paired umbilical marks; × 1.5. c Two umbilical 
rounded scars within the umbilical tongue-like marks; × 1.3. db dorsal band, ut umbilical tongue-
like mark, c umbilical rounded scar within the umbilical tongue-like mark, v ventral rounded scar, 
vb ventral band, vr ventral ridge
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14.5.3.2  Lateral Mantle V-Shaped Marks

The lateral mantle V-shaped marks represent a delicate structure here illustrated 
for the first time; it is evidenced by repetition of fine uneven V-shaped lines on 
sides of the body chamber in Audouliceras (Fig. 14.3). This structure is clearly 
different from the sinus-like attachment mark by its extremely fine structure (com-
pare Figs. 14.3, 14.5, 14.7b). It is highly likely that the lateral V-shaped lines reflect 
the similar pattern of the periphery of the mantle.

14.5.4  Ventrolateral Marks

These are marks situated ventrolaterally of the body chamber; there are lobe-like 
and sinus-like marks, which can have ridge-like elevations (Figs. 14.6, 14.7a, 14.8, 
14.9, 14.10).

14.5.4.1  Ventrolateral Lobe-Like Marks

These are large, adaperturally closed, lobe-like marks on the ventrolateral por-
tions of body chamber. The ventrolateral marks extend from the last septum for 
about the midpoint of the body chamber. Posteriorly, a pair of these marks is sepa-
rated on the ventral side with a slit-like interspace, which gets broader towards the 
anterior portion of the marks (Figs. 14.6, 14.7a, 14.8, 14.9, 14.10). The outline of 
the ventrolateral marks is usually strengthened with a ridge-like elevation form-
ing a thin rim. Within the marks, additional nacreous and prismatic layers thicken 
the shell wall.

This type of attachment marks has only been observed in the body chambers, 
which are shorter than a whorl (Appendices 1, 2). Their adapertural side shows two 
separated spots situated next to each other. They are considered as potential attach-
ment sites for the cephalic retractor and funnel retractor muscles.

Fig. 14.5  Shape variations 
of ventrolateral attachment 
marks in the body chamber of 
three specimens of Deshayes-
ites deshayesi; DPC/3, 4, 5. 
Aptian, Lower Cretaceous; 
Ulyanovsk Region, Central 
Russia. a × 3.5. b × 3.8. c × 3. 
bc body chamber; vl ventro-
lateral mark
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Fig. 14.6  Lateral sinus-like attachment mark in the posterior portion of body chamber in 
Deshayesites deshayesi; Doguzhaeva Private Collection DPC/6. Aptian, Lower Cretaceous; 
Ulyanovsk Region, Central Russia; × 2.6. bc, body chamber; Is, lateral sinus, ph phragmocone
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Fig. 14.7  Soft-tissue attach-
ment marks in the body 
chamber of Deshayesites 
deshayesi. DPC/7, 8. Aptian, 
Lower Cretaceous; Uly-
anovsk Region, Central Rus-
sia; a ventrolateral muscle 
mark is getting narrower in 
adoral direction contrary to 
lateral sinus-like mark on 
b which is getting broader in 
this direction; × 2.5 and 2.7, 
respectively, bc body cham-
ber; ls ventrolateral mark

Fig. 14.8  Ventrolateral lobe-
like attachment mark in the 
body chamber of Aconeceras 
trautscholdi (Sinzow, 1870) 
Doguzhaeva Private Collec-
tion DPC/9. Aptian, Lower 
Cretaceous; Ulyanovsk 
Region, Central Russia; × 3. 
bc body chamber, vl ventro-
lateral lobe-like mark
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14.5.4.2  Ventrolateral Elevations

These are ridge-like paired structures described as internal ventral keels by Dagys 
and Keupp (1998). They represent two elevations on the inner surface of the body 
chamber along the ventral keel and extend from the last septum for about a quarter 
of the body chamber length.

Fig. 14.9  Ventrolateral lobe-
like attachment mark in the 
body chamber of Aconeceras 
trautsholdi (Sinzow, 1870); 
DPC/10. Aptian, Lower Cre-
taceous; Ulyanovsk Region, 
Central Russia; × 2.6. bc 
body chamber; vl ventrolat-
eral mark

Fig. 14.10  Lateral attach-
ment mark on the phragmo-
cone surface of Kashpurites 
sp. DPC/11. Upper Jurassic, 
Moscow Region, Russia; 
x 1.8, ph phragmocone; vl 
ventrolateral mark
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14.5.5  Ventral Marks

The ventral marks include the ventral small discrete scars, the ventral band, and the 
ventral ridge. During shell growth, the marks remained distinguishable in the chambers 
of the phragmocone and were also impressed into the internal mould. The midventral 
marks are observed in shells with short, moderately long, and long body chambers.

14.5.5.1  Ventral Discrete Marks

The rounded, oval or crescent-shaped mark is situated on the ventral side of the body 
chamber in front of the ventral lobe of the last suture at the maximum distance about 
one to three chamber lengths from the last septum, in rare cases in a greater distance 
(Figs. 14.4a, 14.11). This distance is shorter or equal to the length of the circumsiph-
onal invagination of the posterior portion of the body where the formation of the new 
segment of the siphonal tube began (Doguzhaeva 1988; Doguzhaeva and Mutvei  
1996). Ventral marks produced earlier in the ontogeny are often visible between 
the septa in the phragmocone; every chamber has a solo mark (Fig. 14.11). In some 
shells (Jordan 1968), the ventral marks are partially black or brown; the color ap-
parently originated from the pyritization of organic material within the attachment 
mark. The discrete ventral is considered evidence of the periodically interrupted 
attachment of the body during its shifting forward with shell growth. The marks can 
be observed in the shells lacking any other attachment marks or in association with 
the other marks. They are apparently a unifying morphologic element seen in the 
growth of all ammonoids (Appendix 2).

Fig. 14.11  The ventrolateral view on the last chambers of the phragmocone and posterior part of 
the body chamber of the gerontic shell of Indosphinctes sp. DPC/12; Upper Jurassic, Volga River, 
Central Russia; × 2. mae myoadhesive elevation; v ventral discrete scars
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14.5.5.2  Ventral Band

This is a brown or black band, not expressed as a feature with high relief, or a ru-
gose or porous texture, which is located on the ventral side of the body chamber 
(Fig. 14.4a). The length of the midventral band in the body chamber is uncertain; 
the preserved portion that has been observed is usually short, equal to the length of 
the few last chambers of the phragmocone. The intensive color difference between 
the midventral band and the matrix apparently indicates the original structure had 
a higher concentration of non-biomineralized organic material in the body cham-
ber wall along its ventral position. The ventral band is sometimes visible in the 
chambers of the phragmocone. Contrary to the discrete ventral marks, the ventral 
band indicates there was non-stop attachment of the body tissues during the forward 
movement of the growing shell. These marks have been observed in fewer genera 
than the discrete ventral marks (Appendix 2).

14.5.5.3  Ventral Ridge

The ventral ridge is present as a thin median incision in front of the ventral scar 
of the internal moulds of body chambers. This incision indicates that there was a 
fine thread-like ventral ridge on the inner surface of the body chamber. The ventral 
ridge is here illustrated in Audouliceras (Fig. 14.4a) and Damesites (Fig. 14.12). 
It extends to about half of the body chamber length in both of them. It was also 
observed in Ptychoceras. The ventral internal ridge is associated with a ventral 
discrete mark.

Fig. 14.12  Thin median incision on the internal mould of body chamber of Damesites that evi-
dences a fine thread-like ventral ridge on the inner surface of body chamber. Aptian, Early Cre-
taceous, R. Hokodz, Adygeya Republic, NW Caucasus, Russia; DPC/13; x. bc body chamber, vr 
ventral ridge
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14.5.6  Pore Canals and Assumed Porous Apertural Band

Regularly spaced pore canals that penetrate the ventral keel and open from the out-
side have only been observed in Aconeceras so far. The canals are thought to have 
housed the mantle extensions and served for the body and body chamber attachment 
(Doguzhaeva and Mutvei 2015). In ammonoids, the mantle was probably attached 
along its apertural edge to the shell aperture in a manner similar to that of Nautilus. 
In the latter genus, the pore canals are developed on the inner surface of the body 
chamber wall along the apertural edge; they are arranged in a narrow apertural 
band that becomes hidden under the prismatic layers during shell growth Mutvei,  
Doguzhaeva 1997. By analogy with Nautilus, the apertural attachment of the mantle 
edge is suggested for the ammonoids. Coincident with this attachment at the aper-
ture in Nautilus is a black layer (Stenzel 1964; Klug et al. 2004). A partial proof of 
this type of attachment in ammonoids is the presence of a black band at the shell 
aperture that was recently found in the mature shell of Triassic Ceratites and some 
other ammonoids (Klug 2004; Klug et al. 2004, 2007).

14.5.7  Myoadhesive Elevation

This is the elevation in front of the last septum, observed in association with en-
larged ventral scars in gerontic shells (Fig. 14.11). The elevation is commonly 
formed by a thickening of the shell wall.

14.5.8  Septal Attachment

Henderson (1984) suggested that the muscles were attached to the periphery of the 
septum proper and the inner septum within the septal lobes in the Cretaceous lyto-
ceratid Pseudophyllites. The septal lobe extends to the surface of the previous sep-
tum (Fig. 14.13); the successive septal recesses link one septum to the next, forming 
a septal tunnel. This is a unique pattern of muscle attachment in the posterior of this 
genus that is not present elsewhere in the ammonoid phylogeny but in lytoceratids 
(Hoffman 2010).

14.5.9  Cameral Membranes

Landman et al. (2006) suggested that in the Permian prolecanitid and goniatitid am-
monoids, the cameral membranes which are continuations of septal organic layer 
strengthened the attachment of the siphuncle to the shell wall.
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14.6  Mantle Structure of the Late Triassic Ceratitid 
Austrotrachyceras

Remains of the fossilized mantle were detected in compacted body chambers of 
the Late Triassic ceratitid Austrotrachyceras, which co-occurs with the coleoids 
Phragmoteuthis and Lunzoteuthis. These coleoids show soft tissue preservation, 
which shows that the taphonomic conditions were suitable for soft tissue preserva-
tion of the co-occurring ammonoids as well (Doguzhaeva et al. 2004, 2006, 2007a, 
b; Doguzhaeva and Summesberger 2012). The mantle of Austrotrachyceras exhib-
its a thin laminate ultrastructure and in this respect, it is similar to the muscular 
mantle of the Jurassic coleoids Belemnoteuthis (Kar et al. 1995) and Loligosepia 
(Doguzhaeva et al. 2004). The mantle of Austrotrachyceras indicates that the ex-
ternal shell did not impede the development of a muscular mantle. Together with 
the cephalic retractor and funnel retractor muscles, this enabled ammonoids to jet-
powered swimming.

14.7  Morphological Indications of Jet-Powered 
Swimming in Ammonoids

In adult shells of Paleozoic and Mesozoic ammonoids, the range of the body cham-
ber length is about 180º–900º. From this range, the body chambers with lengths 
less than one whorl are associated with the large attachment marks located on the 
sides of body chambers extending to the midpoint of the body chamber. These situ-
ations can be seen in goniatitids ( Aulatornoceras, Cheiloceras, Linguatornoceras, 

Fig. 14.13  The septal attachments in paramedial shell section of Gaudryceras tenuiliratum. 
Turonian-Campanian, Upper Cretaceous; island of Sakhalin; Russia; DPC/14.; × 3. s septum; sa 
septal attachment
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Tornoceras) and ammonitids ( Aconeceras, Amaltheus, Amauroceras, Androgynoc-
eras, Arieticeras, Armatites, Deshayesites, Hecticoceras, Kashpurites, Quensted-
toceras, Stolleyites; see Appendices 1, 2). No large ventrolateral marks have been 
observed in the body chambers longer than one whorl, but this size-relationship 
still needs to be quantified in order to test its significance. Among the diverse sets 
of attachment marks that are seen on ammonoids, the large ventrolateral marks 
are the only ones that can be connected by a straight line with the rear of the 
cephalic region of the body. The remoteness of the dorsal, umbilical and ventral 
marks from the anterior ventrolateral part of the body chamber in planispiral shells 
makes it impossible to put a straight line between them and the cephalic area of 
the body. Therefore, the latter marks are here considered as less likely attachment 
sites for the cephalic retractor and funnel retractor muscles. Nevertheless, muscles 
in gastropods and other animals are known to bend around skeletal obstacles (shell, 
bone), so we cannot entirely exclude an insertion of such muscles at these remote 
posterior sites. By contrast, the large ventrolateral attachment marks are thought 
to be potential sites for the insertion of more or less strong retractor muscles. In 
several exceptionally well-preserved specimens of Aconeceras, the anterior part of 
the ventrolateral scar is subdivided into two minor lobes (Doguzhaeva and Mutvei 
1991, pl. 2, Fig. 2, 4; pl. 3, Fig. 1; pl. 4, Fig. 1, 2). The functional interpretation 
of these marks arises from their comparison with the attachment of the cephalic 
retractor and funnel retractor muscles to the gladius in squids (Wells 1988; see 
Doguzhaeva and Mutvei 1996, Fig. 7a, b). The attachment sites of the powerful 
cephalic retractor and funnel retractor muscles in squids are located close to each 
other on the inside surface of the gladius (Wells 1988). In Nautilus, the attachment 
marks of the cephalic retractor muscles are relatively large, but those of the fun-
nel retractor muscles are indistinctly separated branches of the cephalic retractor 
muscles (Mutvei et al. 1993). Doguzhaeva and Mutvei (1991), Fig. 8) postulated 
that the cephalic retractor muscles originated from the dorsal minor lobe and the 
hyponome retractors from the ventral minor lobe within the ventrolateral marks. 
This conclusion is applied to other genera showing large ventrolateral marks listed 
above.

In coleoids, the muscle contractions of the thick mantle due to contractions of the 
cephalic retractor muscle generate the water current into the pallial cavity and pro-
vide ventilation of the pallial cavity. In Nautilus, the ventilation of the pallial cavity 
is supported by undulating contractions of the funnel wings (Wells 1988; Wells and 
O’Dor 1991; Sasaki et al. 2010).

Thus, we assume that the preconditions for jet-powered swimming of ammo-
noids is a short body chamber with the appropriate location of the attachment of 
the cephalic and funnel retractor muscles, which should have been able to extend 
straight across to the head and funnel area (Doguzhaeva 2014). None of the small 
dorsal, umbilical and ventral marks are here considered to be the attachment sites 
of the cephalic and funnel retractor muscles. We suggest that the variations of the 
body chamber length (Appendix 1) in combination with the mantle and muscle 
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attachment marks (Appendix 2) indicate that the ventrolateral attachment marks 
occur exclusively in such body chambers, which are maximally one whorl long, 
where the ventrolateral marks extend from the last septum to the midpoint of the 
body chamber. In Aconeceras and similar genera (Appendix 2) the ventrolateral 
marks probably represented the attachment site of the cephalic retractor muscles 
that extended to the cephalic region and of the funnel retractor muscle that extended 
to the funnel.

Assuming that a muscular mantle was present in these brevidome to mesodome 
ammonoids like in the Late Triassic ceratitid Austrotrachyceras, we suggest that 
they may have had strong cephalic retractor and funnel retractor muscles and a 
well developed funnel and muscular mantle that was utilized for propulsion. Such a 
muscular system would have made these ammonoids suitable for a nektonic mode 
of life.

The soft body and the body chamber are traditionally assumed to be of approxi-
mately equal lengths in ammonoids. This presumption has been used for the ex-
perimental estimation of the orientation of the aperture in the shells of different 
geometry, ornamentation and body chamber lengths (Trueman 1941; Saunders and 
Work 1997; Saunders and Shapiro 1986; Jacob and Chamberlain 1996).

The hypothesis of the soft body size exceeding the body chamber volume arose 
from the additional external shell wall layers in some taxa, which caused or required 
a mantle extension over the external shell surface for the extra shell secretion; this 
was proposed by Drushchits et al. (1978) and supported by Doguzhaeva and Mutvei 
(1989, 1991, 1996, 2015). This hypothesis received further support from the dis-
covery of the thin fragile apertural margin in Ptychoceras (Doguzhaeva and Mutvei 
1993) and parabolic structures on the external surface of the body chamber in Indo-
sphinctes (Doguzhaeva 2012).

A different hypothesis was proposed by Monks and Young (1998). They pro-
posed that the body was much smaller than the analogy with Nautilus suggests, 
and the ammonites, especially heteromorphs, were more like a gastropod. Until 
now, this hypothesis has not yet been confirmed or rejected by direct observa-
tions or other indirect assumptions based on morphological data. Their hypothesis 
apparently arose from the so far poorly understood mode of life of heteromorph 
ammonoids. The previously mentioned thin fragile apertural margin of Ptychoc-
eras and the large tongue-like umbilical marks in the heteromoph shells of An-
cyloceras, Audouliceras, Baculites, and Ptychoceras question the hypothesis of 
Monks and Young (1998), because a small gastropod-like soft body in a big shell 
appears unlikely to require big muscles. For perisphinctids and Dactylioceras, it 
was also suggested that the body was significantly smaller than suggested by the 
body chamber volume (Kröger 2002). This assumption arose from the observation 
of over half a whorl deep sublethal injuries of the body chamber wall that sup-
posedly would have required substantial withdrawing of the body into the body 
chamber (Kröger 2002).
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14.8  Fossilization of Mantle and Muscle Attachment 
Marks

Ammonoid shells showing both mantle and body chamber attachment marks are 
very rare. There are several causes of post mortem loss of such shell features. First 
of all, there is the relatively likely destruction of body chambers because of the lack 
of septal support and because the aperture is prone to mechanical damage during 
transport. Secondly, recrystallization of the shell material can result in a fusion of 
the shell wall with the matrix, which makes the inner surface of the body cham-
ber invisible. Thirdly, the attachment marks, which were expressed in a relief of 
the body chamber wall, might have been cast by the internal moulds but the other 
marks were not. Fourthly, the marks, which did not form a relief, might have been 
preserved due to higher concentration of organic (non-biomineralized) material, but 
in that case, a burial environment that allowed fossilization of such materials (e.g., 
melanin, chitin) would be required. Such environments are rare in the fossil record.

14.8.1  Mantle Fossilization

The soft tissue of the mantle in the body chamber was detected in seven comparative-
ly large (diameter = 50–75 mm) specimens of Late Triassic ceratitid Austrotrachyc-
eras. The conchs were compacted by lithostatic pressure, and their preserved shells 
retain their original aragonitic mineralogy with only little alteration (Doguzhaeva 
et al. 2004). One of the shells was associated with its mandibles (Doguzhaeva et al. 
2007a). The mantle is a black glossy pitch-like mass restricted in distribution to the 
body chambers. Under SEM observation, the mantle revealed fine laminations and 
a fibrous ultrastructure. The fibers consisted of numerous micro-grains of microbial 
size. The fossilized mantle showed a high content of C but lacked Ca and P. The 
elemental composition is here given in weight percents: C (60–65 %); O (30 %); S 
(2–6 %); Si (1–2 %); Cd (0.5–1.8 %); Fe (1 %) and K, Al, Zn (each < 1 %) (Dogu-
zhaeva et al. 2004). A similar chemical composition was detected in the mandibles: 
C (53–58 %), O (30 %), Si (1–5 %), Fe (1–2 %), and Ca (< 1 %) (Doguzhaeva et al. 
2007a). The replacement of the muscular mantle tissues by carbon apparently re-
sulted from the metabolism of anaerobic carbon-accumulating bacteria (Doguzhaeva 
et al. 2004, 2007a, b). Lack of phosphorus in the mantle matter and in the man-
dibles reveals that the preservation of the non-biomineralized soft tissue was not 
controlled by a phosphorus-rich medium. Contrary to the mantle and mandibles, 
the shell wall in Austrotrachyceras is calcareous; it is composed of O (65–80 %), C 
(25 %), Ca (8–16 %), Sb (2 %), Mo (2 %), Mg, K (each 1 %), and S, Si, Mn, Fe (each 
< 1 %) (Doguzhaeva et al. 2004, 2007b). The low oxygen depositional environment 
(Griffith 1977) responsible for carbonization of the mantle and the mandibles of 
Austrotrachyceras also favored the preservation of the muscular mantle, ink sacs 
and arm-hooks of the coleoid Phragmoteuthis bisinuata (Doguzhaeva et al. 2007b, 
Doguzhaeva and Summesberger 2012). 
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14.8.2  Fossilization of Mantle and Muscle Attachment Marks

Traces of the soft tissue attachment sites are often distinct on the inner surfaces of 
the body chamber wall in shells in aragonite preservation in such cases when the 
shell wall can be split from the internal mould (Doguzhaeva and Kabanov 1988; 
Doguzhaeva and Mutvei 1991). More commonly, these marks are preserved as 
imprints on pyritized internal moulds completely lacking shell wall (Kennedy et al. 
2002; Richter 2002; Richter and Fischer 2002) or in aragonitic shells extracted from 
siderite concretions with a low content of Fe- minerals of the phragmocones and 
in posterior portions of body chambers. On internal moulds, the attachment marks 
can occur as small tubercles, shallow depressions or spots. These show often dark 
brownish or reddish colors due to pyrite or manganese hydroxides (Jordan 1968; 
Richter 2002; Richter and Fisher 2002; Doguzhaeva and Mutvei 2015). These dif-
ferences corroborate that the inside of the body chamber wall originally carried at-
tachment marks, which were either shallow pits, elevations or spots rich in organic 
material. The color differences probably resulted from the higher content of organic 
material in the attachment sites than in the rest of the shell wall. The surfaces of the 
attachment marks are often rough and bear pyritized micro-pits.

Currently, the best preservation of attachment marks is known from the body 
chambers of shells recovered from ankerite-siderite concretions in black clays 
(Doguzhaeva and Kabanov 1988; Doguzhaeva and Mutvei 1991, 1992, 1993; 
Doguzhaeva and Mikhailova 1991). For example, exceptionally well-preserved at-
tachment marks were found in more than 50 shells from such concretions from the 
Lower Aptian of the Uljanovsk Region in Russia (Doguzhaeva and Kabanov 1988). 
These ammonoids display different ontogenetic growth stages. Multiple attachment 
marks were observed on phragmocone surfaces, interior surfaces of shells when 
the matrix was split from the ammonite, and especially on the internal mould of the 
body chambers of the conchs.

Attachment marks are typically observed in the shells or internal moulds from 
the environments favoring the genesis of rapidly deposited Fe-, S- or Mn-minerals. 
Additionally, the rapid post-mortem burial of the recently deceased ammonoid ani-
mal in the oxygen-deficient fine-grained sediments promoted the substitution of 
the organic-rich shell components with Fe- or Mn-minerals by anaerobic microbes. 
Attachment marks lacking relief but showing black, brownish or yellow coatings 
on the inside of the shell wall or on internal molds possibly appeared post mortem 
at the attachment sites; these can be distinguished from the rest of the shell wall by 
a higher organic content. The iridescent nacreous spots on the dark internal moulds 
of body chambers were formed due to secretion of additional portions of shell mat-
ter inside the weak impressions on the inside body chamber wall. The attachment 
marks forming low tubercles on the internal mould surfaces of the phragmocones, 
which rarely occur in body chambers, were formed by casting shallow pit-like at-
tachment sites on the inside of the shell.
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14.9  Conclusions

The data on variations of body chamber lengths (Appendix 1), traces of mantle and 
body chamber attachment (Appendix 2), muscular mantle preservation, and mode 
of preservation lead us to the following conclusions.

1. In the ontogeny of Paleozoic and Mesozoic ammonoids, the angular body cham-
ber length may decrease (Miller et al. 1957) or increase (Doguzhaeva 1990); 
the first trend was documented in six and the second trend in seven genera from 
a total of 14 genera showing the body chamber length from the ammonitella 
to the adult stages; in one genus, the adequacy of measurements is insufficient 
(Appendix 1).

2. The gradual decrease of body chamber length at the ammonitella stage (Appen-
dix 1) is an evolutionary trend characterizing the development of goniatitid–
prolecanitid–ceratitid–phylloceratid lineage. It might indicate that the common 
early ontogenetic condition aimed at the achievement of a higher shell stabil-
ity during early post-hatching stages; the replacement of this tendency with the 
contrary one in lytoceratids and ammonitids supposedly indicates an innovative 
early ontogenetic strategy of these two groups in the Jurassic.

3. A set of discrete dorsal, small umbilical and ventral marks along the phragmo-
cone indicates that the mantle was regularly detached from the body chamber 
wall in each of these sites before it moved forward during growth to a new place 
of fixation. The discrete marks show a stepwise forward movement of the body 
within the growing body chamber and the band-shaped dorsal and ventral marks 
indicate continuing attachment and non-detached forward movement of the man-
tle. The overlap of discrete and band-shaped middorsal and midventral marks 
(Kennedy et al. 2002, pl. 5, Fig. 9; pl. 7, Fig. 5) possibly reflects the alternating 
weakening and reinforcement of the mantle and body chamber attachment along 
the middorsal and midventral areas of the body chamber wall. It is most likely 
that during the forward movement, the growing mantle was locally detached 
from the body chamber but remained attached in other sites. This partial detach-
ment of the mantle presumably would produce differential extension of the 
mantle.

4. The dorsal internal ridge of clymeniids and the ventral internal ridge of all other 
ammonoids may have been the attachment structure between mantle and the 
siphuncular side of the body chamber wall.

5. In the ammonoids with a monomorph shell, there might have been forms com-
bining a relatively short body (approximately equal to the body chamber length, 
or more) with well developed cephalic retractor and funnel retractor muscles. 
Those forms with a long body commonly had weakly developed cephalic retrac-
tor and funnel retractor muscles. With respect to higher- or lower-energy mode 
of locomotion (O’Dor et al 1990; Wells and O’Dor 1991), the former might have 
been more similar to the coleoids.
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6. In the Early Cretaceous Ancyloceras, Audouliceras, Pseudocrioceras, Ptychoc-
eras, and possibly also in the Late Cretaceous Baculites, in which the shell axis 
lies in the same plane throughout ontogeny, the body chamber bears enlarged 
tongue-like umbilical marks. In the first three genera, the terminal body chamber 
occupies a hook-like portion of shell with an estimated length of about 270º. The 
ventrolateral muscle scars are missing and the umbilical marks are the largest 
ones. The anterior end of these marks is located closer to the apertural portion of 
the body chamber. Therefore, the umbilical muscles were possibly the most pow-
erful in these ammonoids and might have been designed for changing the mantle 
cavity volume to improve filter feeding on small plankton (Doguzhaeva 2014). 
This feeding mode is supported by the morphology of the buccal apparatus of 
the heteromorph ammonite Australiceras, which co-existed with Audouliceras 
and Ancyloceras (Doguzhaeva and Mikhailova 2002). In Australiceras, the jaw 
apparatus lacked a rostrum. Instead, it had a large cavity between the lower and 
upper jaws, which is formed by the deep and wide lower jaw with a solid flat 
ventral side, and the long wings of the upper jaw. Being the largest muscles, the 
umbilical muscles might have served for a regular water exchange of the mantle 
cavity that would be needed for respiration and filtering plankton. This suggests 
that these heteromorph ammonites perhaps fed on small plankton and were able 
to float as part of the plankton or performed vertical migrations.

7. In Ptychoceras, the terminal body chamber occupies the third shaft and approxi-
mately equally long portion of the second shaft. The extremely thin apertural 
edge of the terminal body chamber must have been protected against destruction 
by the mantle fold. This shows that the soft body must have been longer than the 
body chamber (Doguzhaeva and Mutvei 1989, 1993a, b, 2015).

8. The mantle tissue of some ammonoids was probably elastic and muscular as 
it was shown by exceptionally preserved specimens of the Late Triassic cera-
titid Austrotrachyceras (Doguzhaeva et al 2004). Also, some ammonoid gen-
era possessed powerful cephalic retractor and funnel retractor muscles while 
others did not. The variety of different body chamber lengths and mantle and 
muscle attachment marks probably indicates highly diverse life modes among 
ammonoids (Doguzhaeva 2014). A similar pattern is expressed in the diverse life 
modes of Recent shell-bearing and shell-less coleoids.

Further search for cephalopod shells preserving body chambers with weakly re-
crystallized shell material showing details of soft tissue attachment marks is a way 
towards better understanding of the paleobiology of cephalopods, including am-
monoids.
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Table A.1  The angular body chamber length of Paleozoic and Mesozoic ammonoid genera 
(abbreviations of ages: D-Devonian; C-Carboniferous; P-Permian; T-Triassic; J-Jurassic; K-Cre-
taceous; the subscript numbers 1 to 3 in combination with D, T and J mean early, middle and late; 
the subscript numbers 1 and 2 in combination with C, P and K mean early and late)
Genus Age Body chamber length

(angle in degrees)
Reference

Ammo-
nitella

Adult

Goniatitida
Tornoceras D3 360 ͦ Ruzhencev 1962
Aulatornoceras D3 < 360º Richter and Fischer 2002
Linguatornoceras D3 < 360º Richter and Fischer 2002
Cheiloceras D3 < 360º Richter and Fischer 2002
Maeneceras D3 ca. 360º Bockwinkel et al. 2002
Neoglyphioceras C1 360º > 450º Zakharov 1974, 1978
Glaphyrites C1 300–405º Landman et al. 1996, 1999a
?Rhadinites C1 360º Landman et al. 2010
?Anthracoceras C1 360º Landman et al. 2010
Gyrtioceras C2 400º Landman et al. 1996
Cravenoceras C2 370–380º Landman et al. 1996
Gatherites C2 385º Landman et al. 1996
Pseudogastrioceras C2 370º Landman et al. 1996
Paragastrioceras C2 360º Landman et al. 1996
Goniatites C2 345–385º Landman et al. 1996; 

Kulicki et al. 2002
Akiyoshiceras C2 900º Kyuma and Nishida 1987
Agathiceras C2–P1 360º > 370º Shulga-Nesterenko 1925

Arthaber 1928; Miller et al. 
1957; Ruzhencev 1962

Peritrochia C2–P1 340–410º Bogoslovskaya 1959; 
Landman et al. 1996

Thalassoceras C2–P1 380º Bogoslovskaya 1959
Hyattoceras P > 450º Miller et al. 1957
undet. juv. goniatite C2–P1 360º Doguzhaeva 2002
Uraloceras P1 ca. 360º Ruzhencev 1956
Waagenina P1 ? > 360º Ruzhencev 1956
Marathonites P1 ca. 360º Ruzhencev 1956
Kargalites P1 ? > 360º Ruzhencev 1956
Clymeniida
Genuclymenia D3 275–280º Bogoslovsky 1976
Cyrtoclymenia D3 275º–280º Bogoslovsky 1976
Platyclymenia D3 Bogoslovsky 1976
Prolecanitida

Appendix 1
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Genus Age Body chamber length
(angle in degrees)

Reference

Ammo-
nitella

Adult

Neopronorites C2–P1 310–340º 230º Bogoslovskaya 1959; Saun-
ders and Work 1997

Metapronorites C2–P1 340º 250º Ruzhencev 1962; Saunders 
and Work 1997

Pronorites P 330º Landman et al. 1996
Akmilleria P1 218º Saunders and Work 1997
Medlicottia P2 326–340º Bogoslovskaya 1959; 

Ruzhencev 1962
Sakmarites P1 340º 225º Bogoslovskaya 1959; Saun-

ders and Work 1997
Pseudosageceras T1 295º Zakharov 1978
Hedenstroemia T1 287–296º Zakharov 1978
Ceratitida
Xenodiscus T1 280º Zakharov 1978
Kingites T1 347º Zakharov 1978
?Paranorites T1 280º Zakharov 1978
Prosphingites T1 265º > 360º Zakharov 1978
Paranannites T1 238º Zakharov 1978
Owenites T1 270º Zakharov 1978
Svalbardiceras T1 260º Zakharov 1978
Nordophiceras T1 260º Zakharov 1978
Boreomeekoceras T1 295º Zakharov 1978
Arctomeekoceras T1 280–285º Zakharov 1978
Columbites T1 240º Zakharov 1978
Sucolumbites T1 240º Zakharov 1978
Palaeokazachstanites T1 ?265º Zakharov 1978
Olenekites T1 300–315º Zakharov 1978
Parasibirites T1 265º Zakharov 1978
Sibirites T1 260º Zakharov 1978
Keyserlingites T1 300º Zakharov 1978
Arctohungarites T1 229–330º Zakharov 1978
Crumbergia T1 229–330º Zakharov 1978
Phyllocladiscites T1 265º Zakharov 1978
Phyllocladiscites T2 330º 360º Doguzhaeva 1990
Megaphyllites T2 270–280º Drushchits and Doguzhaeva 

1981
Ceratites T2 ?120º Klug 2004
Proarcestes T2 ?350º > 450º Doguzhaeva 1990

Table A.1  (continued)
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Genus Age Body chamber length
(angle in degrees)

Reference

Ammo-
nitella

Adult

Placites T3 268º Shigeta and Weitschat 2004
Choristoceras T3 295º Shigeta and Weitschat 2004
Phylloceratida
Rhacophyllites T3 286º Shigeta and Weitschat 2004
Partschiceras J2 260–280º Drushchits and Doguzhaeva 

1981
Holcophylloceras J2 270º Drushchits and Doguzhaeva 

1981
Phyllopachyceras K1 234–300º ca. 360º Zakharov 1978; Drushchits 

and Doguzhaeva 1981
Holcophylloceras J2 223–270º Zakharov 1978; Drushchits 

and Doguzhaeva 1981
Salfeldiella K1 280º Drushchits and Doguzhaeva 

1981
Hypophylloceras K2 280º Drushchits and Doguzhaeva 

1981
Lytoceratida
Eurystomiceras J2 290–300º 270º Drushchits and Doguzhaeva 

1981; Doguzhaeva 1990
Tetragonites K1 300–330º Zakharov 1978; Drushchits 

and Doguzhaeva 1981
Gabbioceras K1 280–300º Drushchits and Doguzhaeva 

1981
Eogaudryceras K1 330º Doguzhaeva et al. 2010
Parajaubertella K2 270º Drushchits and Doguzhaeva 

1981
Gaudryceras K2 330º Zakharov 1978
Zelandites K2 320º–336º Zakharov 1978
Tanabeceras K2 300º Shigeta and Izukuda 2013
Ammonitida
Psiloceras J1 285º Shigeta and Weitschat 2004
Peronoceras J1 > 360º Keupp 2000
Asteroceras J1 ca. 180º Keupp 2000
Hecticoceras J1 ca. 270º Keupp 2000
Cleviceras J1 ca. 270º Keupp 2000
Hildoceras J1 260º Kröger 2002
Kepplerites J2 180° Mitta and Starodubceva 

2000
Pseudoneuqueniceras J2 330º Matsuoka et al. 2010
Pelekodites J3 ca. 270º Keupp 2000

Table A.1  (continued)
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Genus Age Body chamber length
(angle in degrees)

Reference

Ammo-
nitella

Adult

Perisphinctes J3 370º Kröger 2002
Dactylioceras J3 390º Kröger 2002
Harpoceras J3 260º Kröger 2002
Pseudolioceras J3 220º Kröger 2002
Indosphinctes J3 330º ?330º Ruzhencev 1962; Dogu-

zhaeva 2012
Valanginites K1 > 360º Keupp 2000
Speetoniceras K1 300º Drushchits and Doguzhaeva 

1981
Craspedodiscus K1 300–315º Drushchits and Doguzhaeva 

1981
Parahoplites K1 305–330º Drushchits and Doguzhaeva 

1981
Aconeceras K1 270–365º 180º Drushchits and Doguzhaeva 

1981; Kulicki and Dogu-
zhaeva 1994

Deshayesites K1 300–330º 180º DLA, personal observation
Desmophyllites K1 307–332º Zakharov 1978
Melchiorites K1 270–290º Drushchits and Doguzhaeva 

1981
Zurcherella K1 270–285º Drushchits and Doguzhaeva 

1981
Beudanticeras K1 330º Drushchits and Doguzhaeva 

1981
Damesites K1 307–309º Zakharov 1978
Ancyloceras K1 180–270º Doguzhaeva and Mikhailova 

1991
Audouliceras K1 180–270º Figs 14.1–14.3
Subpriomocyclus K2 242–348º Landman et al. 1996
Discoscaphites K2 180º Landman et al. 2007

Table A.1  (continued)
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Apendix 2

Table A.2  Record of mantle and body chamber attachment marks Abbreviations of ages: D-Devo-
nian; C-Carboniferous; P-Permian; T-Triassic; J-Jurassic; K-Cretaceous; the subscript numbers 1 
to 3 in combination with D, T and J mean early, middle and late; the subscript numbers 1 and 2 in 
combination with C, P and K mean early and late (for further abbreviations see Terminology and 
abbreviations)
Genera Age Type of

attachment
marks

References

Goniatitida
Tornoceras D vl Richter and Fischer 2002
Aulatornoceras D vl Richter and Fischer 2002
Linguatornoceras D vl Richter and Fischer 2002
Cheiloceras D vl Richter and Fischer 2002
?Rhadinites C1 db Landman et al. 2010
?Anthracoceras C1 db Landman et al. 2010
Goniatites C us Crick 1898; Tanabe et al. 1998
Muensteroceras C us Crick 1898; Jordan 1968
Clymeniida
gen. indet. D3 dr (B.I. Bogoslovsky, pers. comm.)
Ceratitida
Anagymnotoceras T2 d Weitschat 1986
Amphipopanoceras T2 d Weitschat 1986; Weitschat and Bandel 

1991; Keupp 2000
Czekanowskites T2 d, ve Weitschat et Bandel 1991; Dagys and 

Keupp 1998; Keupp 2000
Indigirites T2 d Weitschat et Bandel 1991
Nathorstites T2 d Weitschat et Bandel 1991
Aristoptychites T2 d Weitschat et Bandel 1991
Arctoptychites T2 d Weitschat et Bandel 1991
Sphaerocladiscites T2 d Weitschat et Bandel 1991
Stolleyites T2 d Weitschat et Bandel 1991
Paracladiscites T2 d Weitschat et Bandel 1991
Ceratites T2 ae, us, v Klug 2004; Klug et al.2007
Arctohungarites T2 ve Dagys and Keupp 1998
Phylloceratida
Tragophylloceras J1 us Jordan 1968
Holcophylloceras J2 v DLA, personal observation
Phyllopachyceras K1 v Sharikadze et al. 1990
Euphylloceras K1 v Sharikadze et al. 1990
Salfeldiella K1 v Sharikadze et al. 1990
Lytoceratida
Lytoceras J1–2 us, ls Crick 1898; Jordan 1968; Rakús 1978
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Genera Age Type of
attachment
marks

References

Derolytoceras J1 us Rakús 1978
Pachylytoceras J1 us Jordan 1968
Pleurolytoceras J1 us Jordan 1968
Pictetia K1 d Sharikadze et al. 1990
Tetragonites K1 v Sharikadze et al. 1990
Hemitetragonites K1 us Sharikadze et al. 1990
Ptychoceras K1 ut, d, vr Sharikadze et al. 1990; Kakabadze 

and Sharikadze 1993; Doguzhaeva 
and Mutvei 2015

Hamites K1 us Crick 1898; Jordan 1968; Doguzhaeva 
and Mutvei 1996

Diplomoceras K2 us Crick 1898; Jordan 1968
Turillites K2 us Crick 1898; Jordan 1968
Holcoscaphites K2 us Landman and Waage 1993
Ammonitida
Alsatites J1 us Crick 1898; Jordan 1968
Arietites J1 us,?v,?ae Crick 1898; Jordan 1968
Asteroceras J1 us Jordan 1968
Paroxynoticeras J1 us Rakús 1978
Eoderoceras J1 d Rakús 1978
Amaltheus J1 us, d, v, ls, 

vl, ae
Crick 1898; Jordan 1968; Richter and 
Fischer 2002

Androgynoceras J1 us,?v Crick 1898
Amauroceras J1 us, d, vl Landman et al. 1990b; Richter and 

Fischer 2002
Armatites J1 vl Münster 1839; Richter and Fischer 

2002
Arieticeras J1 us, d, vl Jordan 1968; Richter and Fischer 

2002
Oedania J1 us, v Richter and Fischer 2002
Polymorphites J1 us, v Richter and Fischer 2002
Stolleyites J1 d, vl Richter and Fischer 2002
Grammoceras J1 ls Jordan 1968
Dorsetensia J2 us, v Jordan 1968; Doguzhaeva and Mutvei 

1996
Ludwigia J2 us Jordan 1968
Sonninia J2 us, v Crick 1898; Jordan 1968
Staufenia J2 us, ae Jordan 1968
Leioceras J2 us Jordan 1968
Distichoceras J2-3 ls Crick 1898; Jordan 1968

Table A.2  (continued)
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Genera Age Type of
attachment
marks

References

Paroecotraustes J2 d Jordan 1968
Hecticoceras J2 us, ls, vl, mg, 

ve
Crick 1898; Jordan 1968; Dagys 
and Keupp 1998, 2000; Richter and 
Fischer 2002

Creniceras J3 us, ae Keupp 2000; Crick 1898; Jordan 1968
Clydoniceras J2 us,?v, ae Crick 1898; Jordan 1968
Bullatimorphites J2 v Jordan 1968
Quenstedtoceras J2 d, v Jordan 1968; Landman and Ban-

del 1985; Sharikadze et al. 1990; 
Doguzhaeva and Mutvei 1991, 1996; 
Tanabe et al. 1998

Cardioceras J3 us,?v, ae Crick 1898; Jordan 1968
Grossouvria J1 v Jordan 1968
Siemiradzkia J2 v Jordan 1968
Peltoceras J2 us Crick 1898; Jordan 1968
Aspidoceras J3 us Crick 1898; Jordan 1968
Virgatites J3 v Doguzhaeva and Mutvei 1996
Indosphinctes J2 us, v, vb Sharikadze et al. 1990; Doguzhaeva 

1986, 2012
Dorsoplanites J3 us, d DLA, personal observation
Kashpurites J3 v, l Fig. 14.10
Polyptychites K1 v Vogel 1959
Olcostephanus K1 v Doguzhaeva and Mutvei 1996
Beudanticeras K1 v Doguzhaeva and Mutvei 1996
Melchiorites K1 vr, us, ls Sharikadze et al. 1990
Zurcherella K1 ls Sharikadze et al. 1990
Pseudosilesites K1 us, v Sharikadze et al. 1990
Amoeboceras K1 us, ae Crick 1898; Jordan 1968
Aconeceras K1 d, us, ls, vl, v Figs 14.8, 9; Doguzhaeva and 

Kabanov 1988; Sharikadze et al. 
1990; Landman et al. 1999c

Deshayesites K1 us, ls, vl, v Figs 14.5-7; Doguzhaeva and 
Kabanov, 1988; Sharikadze et al. 
1990; Doguzhaeva and Mutvei 1991

Ancyloceras K1 ut, v Crick 1898; Jordan 1968; Doguzhaeva 
and Mikhailova 1991; Richter and 
Fischer 2002

Audouliceras K1 ut, db, v, vb, 
vr. lms

Fig. 14.1–4

Epicheloniceras K1 us Sharikadze et al. 1990
Parahoplites K1 us, v Landman and Bandel 1985

Table A.2  (continued)
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Genera Age Type of
attachment
marks

References

Colombiceras K1 us, v Sharikadze et al. 1990
Acanthohoplites K1 us, v Sharikadze et al. 1990
Hypacanthoplites K1 d, v Landman and Bandel 1985; Shari-

kadze et al. 1990
Diadochoceras K1 v DLA, personal observation
Nodosohoplites K1 v DLA, personal unpubl. observation
Euhoplites K1 d Landman and Bandel 1985
Aegocrioceras K1 us Crick 1898; Jordan 1968
Pseudocrioceratite K1 ut, d Sharikadze et al. 1990; DLA, personal 

observation
Crioceratites K1 d Richter and Fischer 2002
Bochianites K1 us, d Richter and Fischer 2002
Hauericeras K2 d Obata et al. 1978
Sciphoceras K2 ae Henderson 1984
Tissotia K2 ?d Crick 1898; Jordan 1968
Scaphites K2 us, d Landman and Waage 1993
Baculites K2 ae, d, us, ut, vb Crick 1898; Kennedy et al. 2002

Table A.2  (continued)
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15.1  Introduction

In ectocochleate cephalopods, the shell wall typically consists of the outer pris-
matic, nacreous and inner prismatic layers; this standard shell wall pattern is well 
illustrated by some orthoconic shells from the Pennsylvanian (Late Carboniferous) 
Buckhorn Asphalt of the USA (Erben et al. 1969; Ristedt 1971; Mutvei 1972; Blind 
1988) and the Early Cretaceous orthocerid shell from the north-western Caucasus 
(Doguzhaeva 1994). The body chamber may be lined with the wrinkle layer, which, 
coated the surface of a segment of the adjacent whorl beyond the shell aperture 
(Tozer 1972; Doguzhaeva 1980, 1981; Korn 2000; Kulicki et al. 2001; Klug et al. 
2007). In ammonoids, the standard shell wall pattern was usually reinstalled during 
the repair of after shell damage (Doguzhaeva et al. 2010; Doguzhaeva 2012). In 
the shells secreted in an unfavourable environment, the shell wall shows pathologi-
cal disturbances, particularly within the nacreous layer, but no aberrant shell wall 
structures (Doguzhaeva 2002). The aberrant shell wall pattern formed by adding 
extra prismatic and nacreous layers to the inside of the main shell wall; this was 
revealed in Jurassic ammonites of the family Dactylioceratidae (Guex 1970; How-
arth 1975). This additional portion of shell wall “lines the whole of the lateral and 
ventral parts of the main shell, while its front edge is 1/8–1/2 whorl behind the 
mouth border and is similar in shape” (Howarth 1975, p. 47). The aberrant shell 
wall pattern, characterized by extra layers on the surface of the standard shell wall 
was recorded in the Late Cretaceous lytoceratid Gaudryceras tenuiliratum Yabe 
1903 (Figs 15.1, 15.2; Drushchits et al. 1978; Birkelund 1981; Kulicki et al. 2001), 
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the Late Jurassic perisphinctid Indosphinctes (Elatmites) submutatus Nikitin 1881 
(Figs 15.3, 15.4; Doguzhaeva 2012), the Early Cretaceous ammonitid Aconeceras 

Fig. 15.1  Gaudryceras tenuiliratum. Turonian-Campanian, Upper Cretaceous; island of Sakhalin, 
Russia. a NRM–PZ Mo 167766, ribbed shell with a broad shallow umbilicus, x 9. b NRM–PZ Mo 
167767, section of the shell through the protoconch; x 7
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Fig. 15.2  Gaudryceras tenuiliratum. NRM–PZ Mo. 167767. Turonian-Campanian, Upper Creta-
ceous; island of Sakhalin, Russia. a cross shell section through the protoconch to show two thick 
coating layers on the surface of the protoconch and first three whorls; scale bar = 1.0 mm. b, c 
close-up of (a); scale bars = 100 µm and 200 µm, respectively
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Fig. 15.3  Indosphinctes ( E.) mutatus. Callovian, Middle Jurassic; Ryazan Region, Central Rus-
sia. Two shells showing parabolae. a NRM–PZ Mo. 167641; a parabola on the external surface of 
the body chamber; the last suture line is exposed where the shell wall is broken. b NRM–PZ Mo. 
167640; the seam on the top of the image shows that the last whorl was broken; the parabola is 
therefore exposed on the dorsal wall here

 



Fig. 15.4  Indosphinctes ( E.) mutatus. NRM–PZ Mo. 167637. Callovian, Middle Jurassic; Ryazan 
Region, Central Russia. a cross section of the shell to show the dorso–lateral shell wall with 
remnants of the external organic layer, and two nacreous layers with a lens like blister; scale bar 
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trautscholdi (Sinzow 1870) (Figs 15.5-15.7; Doguzhaeva and Mutvei 1991), and 
the heteromorphs Ptychoceras renngarteni Egoian 1969, P. levigatum Egoian 
1969 and P. parvum Egoian 1969 (Figs 15.8-15.10, 15.12; Doguzhaeva and Mut-
vei 1989). The aberrant shell wall structures, characterized by extra layers on the 
surface of the standard shell wall, supposedly indicate the “endocochleate experi-
ments”. This expression was introduced by Turek and Manda (2012) and applied 
by these authors for the Silurian straight-shelled cephalopod Sphooceras truncatum 
(Barrande 1860). The relevant data on the umbilical membrane of the Devonian 
ammonoid Prolobites Karpinsky 1885 and the helicolateral deposits of the Carbon-
iferous goniatite Clystoceras globosum Nassichuk 1967 are discussed as well as the 
wrinkle layer on the external shell surface of the goniatites Platygoniatites molaris 
Ruzhencev 1956 (Carboniferous) and Erfoudites rugosus Korn 2000 (Devonian).

15.2  Standard Shell Wall Structure of Ammonoids

The embryonic shell or the ammonitella (term introduced by Drushchits and Khi-
ami 1970) has a prismatic shell wall; it fades out at the nacreous primary varix un-
derlying the aperture of the ammonitella (Drushchits and Doguzhaeva 1974, 1981; 
Howarth 1975; Kulicki and Doguzhaeva 1994; Kulicki 1996). The shell wall lay-
ers of the hatchlings lie on the inner surface of the primary varix (Drushchits and 
Doguzhaeva 1974; Howarth 1975; Birkelund 1981). The secreting sequence of the 
shell wall layers in adult shells has been established by tracing the layers in fully 
preserved body chambers with aperture (Doguzhaeva 1981; Doguzhaeva and Mut-
vei 1986). In the ventral and lateral walls of the adult planispiral shells, three of four 
layers (outer prismatic, nacreous and wrinkle) were secreted at the shell aperture; 
the fourth layer, the inner prismatic layer, was secreted in the posterior portion of 
the body chamber where it covers the wrinkle layer. The inner prismatic layer grad-
ually wedged out in the anterior direction. In phylloceratids and lytoceratids it cov-
ers a short posterior portion of the body chamber approximately equal to the length 
of the last two or three chambers. In ammonitids this layer covers a longer posterior 
portion of the body chamber equal to half of the body chamber length (Drushchits 
and Doguzhaeva 1974; Drushchits et al. 1978; Doguzhaeva 1981; Doguzhaeva and 
Mutvei 1986). The wrinkle layer was secreted on the inner surface of the nacreous 
layer in the body chamber and also on the surface of the adjacent whorl outside the 
body chamber (Ruzhencev 1962; Walliser 1970; House 1971; Senior 1971; Tozer 
1972; Kulicki 1979; Doguzhaeva 1981; Doguzhaeva and Mutvei 1986; Korn 2000; 
Kulicki et al. 2001). The adjacent shell wall of the consecutive whorls shows a 
sequence of six layers: four of these layers (outer prismatic, nacreous, wrinkle, in-
ner prismatic) belong to the ventral wall of previous whorl, and the additional two 

= 200 μm. b close-up of (a) to show remnants of the external organic layer and lens-like blister that 
corresponds to the parabolic notch; scale bar = 100 μm. c close-up of (a) to show the structure of 
the blister composed of loosely mineralized prisms and spherulites; scale bar = 50 μm
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Fig. 15.5  Aconeceras trautscholdi. NRM–PZ Mo. 167769. Aptian, Lower Cretaceous; Uly-
anovsk Region, Central Russia. a cross section of the shell to show the additional outer and inner 
prismatic layers in the shell wall, and the spherulitic-prismatic layer around the keel. b close-up 
of (a) to show irregularly mineralized, porous spherulitic-prismatic layer around the keel
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Fig. 15.6  Aconeceras trautscholdi. NRM–PZ Mo. 167770. Aptian, Lower Cretaceous; Ulyanovsk 
Region, Central Russia. a median section of the ventral shell wall to show a thick, porous spheru-
litic-prismatic layer which covers the serrate keel from outside, the additional inner prismatic and 
nacreous layers, and the pore canals of the keel. b close-up of (a) to show the exposed depression 
at the periphery of the pore canal and dark, supposedly organic material within the nacreous layer 
around the pore canal; scale bars = 150 μm and 450 μm, respectively
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layers (wrinkle, inner prismatic) to the dorsal wall of the next whorl (Doguzhaeva 
1980, 1981, Fig. 1). In the heteromorphic ammonoids with open whorls, the shell 
wall seems to be composed of equal number of layers around the whorls (Dogu-
zhaeva and Mikhailova 1982). The periostracal layers consisted of perishable or-
ganic matter and have not yet been demonstrated to occur in ammonoids.

15.3  Aberrant Shell Wall Structures with Extra Layers

15.3.1  Extra Layers of the Cretaceous Gaudryceras 
tenuiliratum

Drushchits et al. (1978) observed the coating layers in about fifteen shells of G. 
tenuiliratum from the Turonian-Campanian of the Island Sakhalin, Russia. These 
black layers coat the umbilical parts of the shell and hide the umbilical seals 
(Fig. 15.1, 15.2). They are formed by two layers, which are similar in structure and 
have about equal thickness (Fig. 15.2). The inner layer encapsulates the first three 
whorls, and the outer layer covers the inner coating layer and extends to the surface 
of the fourth and fifth whorls. In the umbilical part of shells the total thickness of 
coating layers exceeds three to seven times the rest of the shell wall. The coating 
layers are well mineralized and show a fine lamination (Fig. 15.2c) similar to that 
of an organic material like chitin. The lamellae are deposited parallel to the shell 
surface. The black colour indicates that the coating layers are rich in organic matter. 
The coating layers of G. tenuiliratum were also observed by Birkelund who found 
that in the specimens of G. tenuiliratum from Turonian-Campanian of Sakhalin, 

Fig. 15.7  Aconeceras 
trautscholdi. NRM–PZ Mo. 
167768. Aptian, Lower Cre-
taceous; Ulyanovsk Region, 
Central Russia. Lateral view 
on a fully-grown shell exhib-
iting a short body chamber 
(less than a half of the whorl 
long) and a large muscle 
scar; x3

 



Fig. 15.8  Ptychoceras renngarteni; NRM–PZ Mo. 167773. Aptian, Lower Cretaceous; NW Cau-
casus, Adygeya Republik, Russia. a cross section of the first ( in the centre), second ( bottom) and 
third ( top) shafts. b, c, enlargements of the dorsal walls of the first and second shafts

 



Fig. 15.9  Ptychoceras renngarteni; NRM–PZ Mo. 167774. Aptian, Lower Cretaceous; NW Cau-
casus, Adygeya Republik, Russia. a longitudinal section of dorsal walls of the second ( bottom) 
and third ( top) shafts after truncation of the first shaft; note that there are two nacreous layers along 
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Russia, these layers completely encrust the third whorl (Birkelund 1981, p. 202). 
The coating layers are also visible in the umbilical parts of the shells of G. tenuili-
ratum from Sakhalin studied by Hirano (1975, pl. 26, Fig. 1, 6, 10). Kulicki et al. 
(2001) described the coating layer in G. tenuiliratum from Hokkaido, Japan.

The post-mortem or diagenetic origin of the coating layers of the G. tenuiliratum 
has been refuted for the following reasons: (1) these layers are only present in G. 
tenuiliratum but missing in the co-occurring ammonoid shells from the same local-
ity; (2) they are present not only on the external shell surfaces but also between the 
whorls; (3) they have a micro-laminated ultrastructure. If they were diagenetically 
formed layers they would have a predominantly spherulitic-prismatic or irregular 
prismatic ultrastructure (Drushchits et al. 1978). The formation of the coating layers 
in G. tenuiliratum probably took place as follows.

The ammonitella and first three whorls were secreted as in typical ammonoids, 
and their shell wall has a standard structure in being ventrally and laterally com-
posed of the outer prismatic, nacreous and inner prismatic layers, and dorsally of 
the outer prismatic layer. After formation of the third whorl, the shell was coated 
by the mantle extensions that provided secretion of the coating layers around the 
third whorl including its ventral and lateral sides. The fourth and the fifth whorls 
were secreted in the ordinary manner and have a standard shell wall structure. The 
repeated mantle expansion occurred when the formation of the fourth whorl was 
complete. The second coating layer covered the outer surface of the first coating 
layer (Drushchits et al. 1978).

15.3.2  Extra Layers of the Jurassic Indosphinctes (Elatmites) 
submutatus

At juvenile stages of I. (E.) submutatus, approximately from the first to the fourth 
whorl, the shell wall shows the standard ultrastructural pattern and is formed 
ventrally and laterally by the inner prismatic, nacreous and outer prismatic lay-
ers (Doguzhaeva 2012). The parabolae were possibly not formed at this stage, but 
appear at later stages (Fig. 15.3a, b). Through ontogeny the nacreous layer gradu-
ally increases in thickness, and in adult shells, it forms the bulk of the shell wall 
thickness. The prismatic layers gradually decrease in thickness and fade out. The 
outermost, perishable, thick, non-biomineralized layer is partially preserved in the 
umbilical corners and between the whorls where it is relatively thin (Fig. 15.4a, 
b). The shell cross-sections through the parabolae show blisters at the sites of the 
parabolic notches (Fig. 15.4b). They are situated on the inner portion of the na-
creous layer and coated with the additional nacreous layer; therefore, the blisters 
form lens-like intrusions within the nacreous layer (Fig. 15.4a, b). The blisters are 

the contact between the second and third shafts, and that the additional prismatic layer appears 
inside the bulk of the nacreous layer in the second shaft ( bottom). b the dorsal wall of the second 
shaft with two nacreous layers. c dorsal wall of the second shaft with a thick, additional prismatic 
layer; scale bars = 50 μm

 



Fig. 15.10  Ptychoceras renngarteni; NRM–PZ Mo. 167775. Aptian, Lower Cretaceous; NW 
Caucasus, Adygeya Republik, Russia. a ventral wall structure of the third shaft with two nacreous 
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formed by oblique irregularly mineralized prismatic layers, with the spherulites and 
nacreous chips in the spaces between the layers (Fig. 15.4c). The aberrant shell wall 
structure in I. (E.) submutatus is characterized by two outermost extra-layers, one 
of which is the outermost nacreous layer and the other is the non-biomineralized 
layer on the surface of the former. The secretion of the aberrant shell wall structure 
in I. (E.) submutatus required that the mantle be expanded on the outer surface of 
the body chamber. The mantle expansion was probably long and attached to the 
inner and outer surface of the body chamber along the parabolae (for details see 
Doguzhaeva 2012). Thus, contrary to G. tenuiliratum which has two coating layers 
of similar ultrastructure, one of the two coating layers in I. (E.) submutatus is non-
biomineralized and the second, internal layer, is nacreous.

15.3.3  Extra Layers of the Cretaceous Aconeceras trautscholdi

The standard ammonoid shell wall formed by the outer and inner prismatic and 
nacreous layers was developed at the early ontogenetic stages characterized by the 
evolute shell. Then the shell became involute and the shell wall was modified in the 
way that the outer prismatic layer decreased considerably in thickness and is even 
wedged out in places (Doguzhaeva and Mutvei 1993b).

At the ontogenetic stages when the outer prismatic layer essentially decreased 
in thickness or is wedged out, the outer portion of the nacreous layer was in several 
places transformed into a platy sub-layer that differs from the rest of the nacreous 
layer by consisting of varying sizes and orientation of calcareous plates separated 
by distinct interspaces (Doguzhaeva and Mutvei 1993b). The thickness of the platy 
sub-layer is variable. The interspaces between the plates may have been formed 
from post-mortem destruction of the perishable organic matter between the plates. 

Fig. 15.11  Nautilus (modi-
fied from Mutvei and Dogu-
zhaeva 1997). Schematic 
presentation of the body to 
show mantle surface ( m), 
sites of the origin of the 
retractor muscles ( rm) and 
the mantle and septal attach-
ment zones ( aa, pa), mantle 
attachment zone to the shell 
aperture ( exp) with finger 
like epithelial extensions ( p)

 

 
layers separated with a thick, additional prismatic layer. b the ventral wall closer to the apertural 
margin; note the thickening of the inner nacreous layer and thinning of the prismatic layer. c the 
ventral wall still closer to the shell aperture; note that the prismatic layer is missing and the shell 
wall consists of the nacreous layer; scale bars: a, b 150 µm, c 100 µm



Fig. 15.12  Ptychoceras sp. a–d, f: NRM–PZ Mo. 167771; e: NRM–PZ Mo 167772. Aptian, 
Lower Cretaceous; NW Caucasus, Adygeya Republik, Russia. a lateral view on the body chamber 
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This would indicate increasing organic content in the shell wall caused by covering 
of the shell by the mantle extension (= ‘shifting of the shell inside the mantle fold’).

Two thick additional layers, nacreous and inner prismatic, or only the inner pris-
matic, invest the ventral and ventro-lateral portions of the body chamber (Fig. 15.5, 
15.6; Doguzhaeva and Mutvei 1991, Fig. 2). The distribution of these layers cor-
responds to the location of the ventro-lateral muscle scars.

This layer surrounds the keel (Fig. 15.5, 15.6; Doguzhaeva and Mutvei 1991, 
Fig. 2; pl. 1) and is composed of spherulites of varying sizes (range of the diameter 
is 5–100 µm), and more or less continuous prismatic lamellae separated by numer-
ous larger or smaller interspaces. The interspaces apparently contained a perishable 
organic matter during life. The porous spherulitic-prismatic layer around the keel 
may have been secreted by the mantle extension over the external shell surface. It is 
covered from the outside by an additional outer prismatic layer.

The length of the body chamber at early growth stages, at least at the shell diam-
eter of 10–12 mm, is about two-thirds of the whorl. At the succeeding growth stages 
the length of the body chamber decreases (Fig. 15.7), attaining a length of about one 
half of the whorl at a shell diameter of 27–50 mm. At early ontogenetic stages (shell 
diameter is about 6 mm), the apertural margin forms thin, nearly transparent, mid-
lateral lappets and a prominent, acute, serrate ventral rostrum. It is logical to assume 
that the shortened body chamber housed the posterior portion of the body, whereas 
the cephalic portion was located beyond the body chamber and supported by the 
rostrum on the ventral side and the lappets on the ventro–lateral sides (Fig. 15.7; 
Doguzhaeva and Mutvei 1991, Fig. 9). While the relative shortening of the body 
chamber in ontogeny of ammonoids is a common phenomenon, the extreme short-
ening of the body chamber, like that of A. trautscholdi, is to our knowledge extraor-
dinary (see Doguzhaeva and Mapes 2015).

A. trautscholdi has large, ventro-lateral muscle scars about as long as 0.3–0.5 of 
body chamber length and as broad as 0.3–0.5 of body chamber height (Fig. 15.6; 
Doguzhaeva and Mutvei 1991, pl. 2, figs 2–4; pl. 3, Fig. 1, 2; pl. 4, Fig. 1, 2; Dogu-
zhaeva and Mutvei 1993a, Fig. 1a, b, c, d; Doguzhaeva 2014; Doguzhaeva and 
Mapes 2015). Muscle scars of similar size and shape are also known in several other 
ammonoid genera (see Appendix 2 in Doguzhaeva and Mapes 2015). The associa-
tion of the large ventro-lateral muscle scars and a short body chamber suggests that 
the body extended beyond the body chamber.

The pore canals regularly traverse the total thickness of the shell wall along 
the keel (Fig. 15.7). The canals are perpendicular to the shell surface and extend 
to the outer shell surface at pointed elevations or serrae (Doguzhaeva and Mutvei 

occupying half of the second (to the right) and the third (to the left) shafts; x 2.3. b the specimen 
on (a) after splitting; dorsal view on the third shaft to show the groove at place of the removed 
first shaft; x 2.7. c the posterior portion of the body chamber showing umbilical muscle scars and 
W-shaped pallial line in front of the last suture line, and unpaired round dorsal scar at the end of 
the second shaft ( bottom); x 4. d enlarged detail of (c) ( top) to show small flask-shaped dorsal 
scars in two chambers of the first shaft; x 10. f same as in (c), rotated at 90 °, to show repetition of 
the umbilical muscle scars; x 4.5. e the truncated first shaft on the dorsal side of the second shaft; 
x 3.5. Abbreviations: bc body chamber, d dorsal scar, ls last suture line, p pallial line, sh1, sh2, sh3 
the first, second and third shafts, u umbilical muscle scar
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1993b, Fig. 6.6, 6.7). The pore canals possibly housed finger-like microvilli of 
the mantle that helped to temporarily attach the external portion of mantle to the 
outer shell surface (Doguzhaeva and Mutvei 1993b). For comparison, in extant 
Nautilus the pore canals in the near-apertural margin serve for shell/mantle at-
tachment to the inner surface of the body chamber (Mutvei and Doguzhaeva 
1997, pl. 7, Fig. 1–3).

15.3.4  Aberrant Shell Wall Structure of the Cretaceous 
Heteromorph Ptychoceras

15.3.4.1  Standard Shell Wall Structure of P. minimum Rouchadze 1933

P. minimum is characterized by smaller size of its shell in comparison with that in 
three other, co-occurring species P. levigatum, P. renngarteni and P. parvum. Only 
in P. minimum does the apical shell portion show the non-destructed protoconch 
surrounded by planispiral whorl with a primary constriction and primary varix 
(= ammonitella), and the first chambers of the straight shaft. The ammonitella and 
the first shaft have a standard shell wall structure: the shell wall of the protoconch 
and the first whorl (up-to the primary varix) is prismatic; the nacreous layer first 
appears in the primary varix; the shell wall between the primary varix and approxi-
mately the half of the first shaft is composed of the outer prismatic, nacreous and 
inner prismatic layers (for details see Doguzhaeva and Mutvei 1989).

15.3.4.2  Aberrant Shell Wall Structure of Ptychoceras

All examined specimens of P. levigatum, P. renngarteni and P. parvum show regular 
truncation of the initial portion of shell and have an aberrant shell wall structure 
(Fig. 15.8, 15.9, 15.10). The first aberrant change of the shell wall structure was a 
pronounced reduction of the outer prismatic layer that is about two to three nacreous 
laminae thick, or 35 times thinner than the nacreous layer in fully grown shells. Ap-
proximately in the middle of the first shaft the nacreous layer became the bulk of the 
shell wall thickness. The second aberrant feature is the appearance of the additional 
nacreous layer in the second shaft. The shell wall is here and up–to the beginning 
of the third shaft composed of two nacreous layers separated by a prismatic layer 
(Fig. 15.10a). The prismatic layer wedged out along the third shaft towards the 
aperture (Fig. 15.10b). The two nacreous layers fused with each other towards the 
aperture (Fig. 15.10c). The third aberrant feature is the formation of an additional, 
thin, outermost nacreous layer at the aperture in fully-grown shells. This layer forms 
prominent growth lines that parallel the shell surface but have a distinct angle to 
the growth laminae of the ordinary nacreous layers. The different orientation of the 
growth laminae indicates that the thin outermost nacreous layer was secreted on the 
shell surface by the mantle epithelium that covered the apertural region of the shell 
from the outside (Fig. 15.11).
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15.3.4.3  Shell Truncation in Ptychoceras

The truncation of the initial shell portion took place in all examined specimens of P. 
renngarteni, P. levigatum and P. parvum. The truncated portion regularly comprises 
the ammonitella and the next 15–17 chambers of the phragmocone (Fig. 15.12b, 
e). Numerous fragments of the destroyed initial portion of shell are often preserved 
around the shell wall at the place of truncation. Moreover, comparatively large piec-
es of the truncated portion of the shell, sometimes four-five chambers, seem to have 
been transported for a comparatively long distance from their original location, and 
then embedded between the second and third shaft (Doguzhaeva and Mutvei 1989, 
pl. 2, Figs 2, 3; pl. 5, Fig. 1). The broken end of the retained portion of the first shaft 
lacked a plug or any other structure that would seal the opening of the phragmo-
cone. The latter remained open till the dorsal wall of the second shaft was secreted 
at this place and partly sealed the opening due to its thickening. At the place of the 
truncation the dorsal wall of the second shaft is also thickened.

15.3.4.4  Muscle Scars in Ptychoceras

At early ontogenetic stages small, unpaired, dorsal scars are present within the dor-
sal lobes (Fig. 15.12d; Šarikadze et al. 1990, Fig. 14). A pair of large rounded um-
bilical muscle scars is situated in front of the last suture line as well (Fig. 15.12c, f; 
Šarikadze et al. 1990, Fig. 6). There is also a dorsal rounded muscle scar placed at 
the end of the second shaft in the middle length of the body chamber (Fig. 15.12c, 
f). In front of the umbilical scars there is an incised line on the internal mold of the 
body chamber, that probably was a w-shaped pallial line (Fig. 15.12c; compare with 
the mantle attachment zone in Nautilus on Fig. 15.11). In front of the pallial line, 
the shell was elevated as expressed by the relief of the internal mold (Fig. 15.12c). 
In ammonoids, the dorsal scar is usually located near the last septum. In Ptychoc-
eras, the dorsal muscle scar at the terminal body chamber is far away from the last 
suture line and in this respect Ptychoceras differs from other ammonoids (compare 
with Fig. 15.7) but similar to heteromorph Audouliceras (Doguzhaeva 2014; Dogu-
zhaeva and Mapes, 2015).

15.4  Helicolateral Deposits of the Carboniferous 
Clystoceras globosum

The globose shell of Clystoceras globosum, with deep narrow umbilicus and nar-
row whorls, reveals an unusual shell element called helicolateral deposits that are 
unknown in other ammonoids (Nassichuk 1967). The helicolateral deposits look 
like head-phones as they represent a pair of relatively large rounded structures on 
the umbilicus of both sides of the nearly spherical shells (Nassichuk 1967, pl. 28, 
Fig. 1–11). The helicolateral deposits fill the umbilicus and coat the adjacent por-
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tions of the shell. According to Nassichuk (1967, p. 240), the shell wall does not 
continue into the helicolateral deposits. The wrinkle layer observed in the body 
chamber (Nassichuk 1967, pl. 28, Fig. 1–2) makes the boundary between the shell 
and helicolateral deposits distinct. The helicolateral deposits exhibit “Evenly spaced 
lateral wave-like ridges and troughs […] suggesting an even periodicity or pulsa-
tion of growth” (Nassichuk 1967, p. 240). The umbilical portion of the suture was 
influenced by a dorsolateral cameral flexure, which resulted from “overriding” of 
the dorsolateral helicolateral deposits by the dorsum of the body chamber (Nassi-
chuk 1967, p. 240). The original composition and ultrastructure of the helicolateral 
deposits are so far unknown.

15.5  Umbilical Membrane of the Devonian Prolobites

In Prolobites, the subglobular to subdiscoidal shell has a broad umbilicus at early 
ontogenetic stages that is closed by the umbilical membrane at later ontogenetic 
stages (Bogoslovsky 1969, p. 180, Fig. 49, 52). The protection of the umbilical 
portion of the shell supposedly enforced the mechanical strength of the entire shell. 
The original composition and ultrastructure of the umbilical membrane are so far 
unknown.

15.6  Wrinkle Layer on the Outer Shell Surface

The expansion of the wrinkle layer upon the previous whorl of the shell in front of 
the shell aperture has been observed in different Paleozoic and Mesozoic ammo-
noids (Fig. 15.13; Ruzhencev 1962; House 1971; Doguzhaeva 1981; Korn 1985, 
2000; Kulicki et al. 2001; Klug 2007). The shell segment in front of the aperture 
showing the wrinkle layer is observed to be about 60 ° long (Tozer 1972, Fig. 3a), 
but in the Late Devonian goniatite Erfoudites rugosus Korn 2000, this segment is 
about 180 ° of the body chamber length (Korn 2000, Fig. 2, 3a, 4, 5). In E. rugosus, 
the wrinkles are oriented mostly parallel to the apertural margin. The wrinkles on 
the surface of the body chamber have been interpreted as secreted by the mantle 
“expanded on the conch” (Korn 2000, p. 26).

15.7  Endocochleate Experiments as a Pathway to Protect 
the Phragmocone

The additional external layers in the shell wall of the Late Cretaceous Gaudryceras 
tenuiliratum, Late Jurassic Indosphinctes (Elatmites) submutatus, Early Cretaceous 
Aconeceras trautscholdi and Ptychoceras renngarteni, P. levigatum and P. parvum 
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provide evidences that the mantle of these ammonoids coated the external shell 
surface and secreted additional external layers. The number of ammonoids that un-
derwent the “endocochleate experiment” seems not to have been restricted to the 
four genera referred to above in which the shell preservation allowed us to carry out 
ultrastructural investigations of the shell. For instance, Arkell et al (1957, p. L244, 
Fig. 270, 5) published a photo of the Tmaegophioceras Spath 1925 (Arietites laevis 
Geyer 1886) showing the supposed coating layers hiding the umbilical seams. The 
figured specimen (Geyer 1886) illustrated in the Treatise on Invertebrate Paleontol-
ogy is not any longer available (see Gerry 1973). The supposed coating layers of 
Tmaegophioceras are similar to the coating layers on the photo of G. tenuiliratum 
(Hirano 1975) published before these layers were recognized for the first time by 
Drushchits et al. (1978). Tmaegophioceras falls in the superfamily Psilocerataceae 
comprising the earliest Jurassic ammonites in many of which the shell has a broad 
umbilicus. Therefore, this superfamily might be a potential site to search for the 
ammonites with coating layers. In the ammonoids with a broad umbilicus, like in 
Gaudryceras, the coating layers might be secreted and be notably thicker than the 
rest of the shell wall. Because these layers coat a broad shallow umbilicus, they 
would reinforce the shell strength; this might be important for preventing shell 
crushing in deep–water environment. The shell of G. tenuiliratum apparently al-
lowed diurnal migration to deep–water environment. It has a very narrow lace-
like siphuncle; it is strongly attached to the shell wall with the aid of long septal 
necks; the long cuffs tightly attach the chitinous connecting rings to the inner sur-
face of septal neck. The diameter of the siphuncle is from 0.04 to 0.27 of the whorl 
height on the first–fifth whorls. The septal necks achieve a maximum length at the 
third–fourth whorls where they are about 0.3–0.5 chamber length. The cuffs are 
about 0.3–0.5 septal neck length in the third–fourth whorls. Moreover, the shell 
wall shows regular thickenings of the nacreous layer (up to five in a whorl), associ-
ated with the collars (Drushchits and Doguzhaeva 1981). The ammonoids with the 
small siphuncular diameter had supposedly a higher resistance against hydrostatic 
pressure and could live in deeper habitats than the majority of ammonitids (see 
Westermann 1982, 1996). The evolute shell with a comparatively long body cham-

Fig. 15.13  Platigoniatites 
molaris Ruzhencev 1956 
(modified from Ruzhencev 
1962). a wrinkle layer cover-
ing the outer shell surface. 
b wrinkle layer on the inner 
surface of the phragmocone; 
x 2
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ber of Gaudryceras would have had an unstable orientation because the centres 
of buoyancy and gravity were situated close together (see Raup and Chamberlain 
1967). However, the collars seem to have significantly increased the stability and 
also shell buoyancy. The bases of the collars form a thickening of the shell wall 
which increased the mechanical strength of the shell against hydrostatic pressure. 
The collars apparently contributed to the diurnal migrations to deep-water environ-
ment as well (Doguzhaeva et al. 2010). In Gaudryceras, like in all other lytoceratids 
(Hoffmann 2010), septal lobes of each septum are attached to the preceding septum; 
therefore, the shell/body attachment was strengthened as well. All these morpho-
logical elements, together with the coating layers, seem to be needed for the deep-
water environment and daily vertical migrations from surface to larger depths. Our 
conclusion, based on the functional morphology of the shell, is supported by the 
sedimentological data on Santonian–Campanian of Sakhalin—that yielded the stud-
ied shells of G. tenuiliratum—suggesting a deep water slope to basinal environment 
for formation of these sediments (see Yazykova 2002). The shells of G. tenuiliratum 
collected from the outer shelf deposits of northwestern Hokkaido, Japan, gave an 
opportunity to examine the shell parameters of the lytoceratid ammonoid dwelled 
in deep-water environment (Ikeda and Wani 2012). The authors demonstrated that 
ratio of whorl breadth and shell diameter shows that G. tenuiliratum migrated at 
different depths on the outer shelf environment (Ikeda and Wani 2012). Thus, the 
Late Cretaceous lytoceratid Gaudryceras tenuiliratum possesses: (1) thick coating 
layers; (2) a narrow evolute shell with long body chamber and broad shallow um-
bilicus; (3) a narrow siphuncle with relatively long septal necks and cuffs in the 
third-fifth whorls; (4) septa attached to each other by means of septal lobes, and (5) 
collars associated with thickenings of the nacreous layer in the shell wall. These 
features suggest that the shell of Gaudryceras was designed for deep-water habitats, 
diurnal vertical migrations, hovering and drifting in mid–water.

In Aconeceras trautscholdi, the aberrant shell wall structure is associated with a 
short (about 180 ° in length) body chamber, deep apertural lateral sinuses and pro-
nounced ventral keel; thin semi–transparent apertural wall, large (up to 1/3 of body 
chamber length) paired muscle scars, and a perforated edge of the keel. This mor-
phological association leads to the conclusion that in A. trautscholdi, the body was 
protected by the body chamber only posteriorly while anteriorly it was free from the 
shell. The body that supposedly exceeded the body chamber size would need strong 
muscle–retractors; in A. trautsholdi, the enlarged lateral attachment scars were ap-
parently indicative of such muscles. The pore canals of the keel possibly served for 
housing of the mantle papillae, which may have enforced the conjunction of the 
body and shell along the ventral side.

In Ptychoceras, the aberrant shell wall structure is associated with the (a) very 
thin apertural shell wall characterized either by the extremely thin outer prismatic 
layer that is about 0.03 of the thickness of the nacreous layer (= thickness of 2–3 na-
creous laminas), or its complete absence on the external surfaces of the third shaft, 
(b) long curved body chamber occupying the second half of the second shaft and 
the third one; (c) specific system of enlarged muscle scars which form a long acute–
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angled triangle on the dorsal side of the body chamber, and (d) mode of truncation 
resulted in temporary open first shaft and reservation of shell fragments at place of 
truncation. In Ptychoceras, the repaired injuries of the shell wall were observed by 
Kakabadze and Sharikadze (1993, Fig. 5). These authors schematically illustrated 
the restoration of the lost broken part and shown that the patch of the shell wall was 
added from the innner side of the broken shell wall in a similar way as it happened 
in monomorph ammonoids. This observation was interpreterd as evidence that in 
Ptychoceras, the mantle could not coat the shell (Kakabadze and Sharikadze 1993, 
p. 214). For the interpretation of the illustrated repairation, it is important to know 
what side of the shell is shown on Fig. 15.7a, b (this information is missing in the 
paper). The outline of the shell on Fig. 15.7a allows suggesting that this is the dor-
sal side; if it is so, than the restoration of the dorsal wall is shown on Fig. 15.7b. In 
Ptychoceras, the dorsal wall tightly touches the dorsal wall of the next shaft, and 
the mantle could not coat the dorsal side of the shell; thereby, the shown shell wall 
restoration resembles this in monomorph ammonoids. Besides, in Ptychoceras, like 
in Spirula (Chun 1898, 1899), the outermost part of the shell wall was secreted from 
the outside but the inner part from the inside. This points out that the interpretation 
of the shell wall restoration requests the sections of the total shell wall which could 
reveal the relationship between the different layers (for comparison, see Doguzhae-
va 2012). Moreover, the fact that the fractured fragments of the truncated shell wall 
were regularly, rather than occasionally, retained in the shells should be explained 
from the author’s viewpoint.

Judging on the umbilical membrane of the Devonian anarcestid ammonoid Pro-
lobites (Bogoslovsky 1969) and the helicolateral deposits of the Late Carbonifer-
ous goniatitid Clystoceras globosum (Nassichuk 1967), the attempts to “coat” the 
umbilical parts of the shell and to protect them by means of secretion of additional 
layers above the standard shell wall occurred already in the early stages of the am-
monoid evolution. This would be hardly possible without the capability to stretch 
the mantle upon the extrenal shell surface. The expansions of the wrinkle layer from 
the body chamber on the external shell surface (Korn 2000; Klug 2007; Klug et al 
2007) make this assumption highly probable.

Thus, the implication of the additional external shell layers and the “endoco-
chleate experiments” can be clarified due to the analysis of the associated morpho-
logical traits such as body chamber length, shell aperture, shell geometry, siphuncle 
characteristics, wrinkle layer distribution and muscle scars. Further study on the 
aberrant shell wall structures seems to be essential to get better understanding of 
locomotion, habits, and other aspects of the ammonoid paleobiology.
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16.1  Introduction

In this chapter we summarize the current knowledge on the buoyancy apparatus of 
ammonoids. We also discuss the ability of ammonoids to use their phragmocone 
to obtain neutral buoyancy. A major line of reasoning is the actualistic comparison 
with living nautilids (e.g., Ward 1979, 1982, 1986, 1987) and other phragmocone-
bearing cephalopods (e.g., Ward and Boletzky 1984; Warnke et al. 2010). The up-
ward acting buoyant force is a product of the volume and density of the displaced 
liquid (in this case seawater, since all cephalopods are marine) which is equivalent 
to the volume of the submerged object, its magnitude is equal to the weight of the 
displaced fluid (Archimedes principle, see, e.g., Heath 1897).

The buoyant force acts through a definable point called the centre of buoyancy 
which is the centre of mass of the displaced fluid (e.g., Trueman 1941). The magni-
tude of the buoyant force depends only on the volume of the submerged object. Two 
objects of equivalent volume will experience the same buoyant force regardless of 
their respective masses. The net buoyancy which predicts whether an object will 
rise, sink, or stabilize in a column of water, is the difference between the weight of 
the submerged object and the buoyant force. Some animals evolved mechanisms to 
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change their effective weight while retaining their volume (e.g., Argonauta see Finn 
and Norman 2010).

Changing the spatial distribution of mass causes a simultaneous shift of the re-
spective centre of mass (coincident with the centre of gravity). Mineralized hard 
parts and muscle tissue of active marine animals are denser than seawater and have 
negative buoyancy when separated from the rest of the organism. Macroscopic ani-
mals spending large parts of their lifetime in the free water column evolved two 
general solutions to this problem that can be broadly divided into active and pas-
sive methods. Active methods are characterized by propelling a volume of water in 
the direction opposite to the direction of motion (i.e. swimming). Certain animals, 
such as the flatfish, tuna and some sharks, depend on the force generated through 
swimming to counteract their sinking due to negative buoyancy. Passive methods 
are seen in organisms that have evolved gas floats or incorporate low density tissue 
or fluids in their bodies in order to negate the need to expend energy to counteract 
sinking. These gas floats, tissues and fluids have a density below the density of wa-
ter and provided the animal with a total density equal or very close to that of water, 
a condition referred to as neutral buoyancy (this can also be expressed as the point 
in which the total weight of the animal is equal in magnitude to the buoyant force).

The ammonia-containing tissues of some squids (Denton et al. 1969) or the swim 
bladder of some fish (Denton 1962) are examples of tissues and organs which re-
duce weight and thereby enable the entire organism to reach neutral buoyancy. Sim-
ilar to the swim bladder, cephalopods evolved a chambered shell (the phragmocone) 
which acts as a gas float for buoyancy control. It is well known that cephalopods 
with chambered shells use their phragmocone to regulate their actual weight which 
also causes a shift of the centre of gravity, to become neutrally buoyant (Ward 1987).

Buoyancy control is applied very regularly by cephalopods with chambered 
shells such as Nautilus, Sepia and Spirula, for example in order to facilitate their 
vertical migrations in Nautilus (Crick 1988; Clarke 1969; Denton and Gilpin-Brown 
1961b; Dunstan et al. 2011). Changes between negatively, neutrally and positively 
buoyant animals were observed by Bidder (1962) for aquarium reared Nautilus sug-
gesting that liquid can move into and out of the phragmocone chambers.

In addition to the extinct ammonoids and some coleoids, a number of extinct 
Paleozoic taxa and the Mesozoic and Cenozoic nautilid clade have such chambered 
shells (Fig. 16.1). The actual weight of an ammonoid is the sum of the shell (conch, 
septa), soft parts (soft body in the body chamber, siphuncle and pellicle in the 
phragmocone), liquids and gas in the chambers—the latter being negligible. It was 
demonstrated that in modern cephalopods with chambered shells the newly built 
chamber was initially filled with liquid (Ward 1987). The liquid was subsequently 
pumped out of the chambers by the siphuncle rendering the shell less dense than sea 
water. Thereby the shell compensates the actual weight of the animal resulting in 
neutral buoyancy. This mechanism allows for flotation without expending muscular 
energy just to stay in the water column.
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Fig. 16.1  a–f section through the shells of chambered cephalopods. a Nautilus pompilius with the 
body chamber in grey and the phragmocone chambers coloured, note the slight septal crowding 
between the last and the penultimate septum. b juvenile Cadoceras sp. with its protoconch (in 
blue) and the earliest chambers of the phragmocone in different colours. c Spirula spirula with 
the siphuncle ( blue) running through the complete shell. d–f Sepia officinalis. d a close up of f 
showing the perpendicular pillars between the chamber walls of the phragmocone. e a top view of 
the same pillars showing the complex structure that is reminiscent of ammonoid septa but do not 
subdivide the chamber. f cross section through the cuttlebone of a juvenile Sepia officinalis with 
the thick dorsal shield on top and three subsequent chambers and pillars
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16.2  History

Derham (1726) was the first to suggest that the Nautilus shell was a buoyancy com-
pensation apparatus and suggested the possible role of gas pressure in expelling 
water from the shell ( fide Derham 1726). However, the understanding of the func-
tion of the nautilid phragmocone remained unclear until the early 1960s. A simple 
test to prove Hooke’s suggestion, puncturing the shell while immersed in water, 
was suggested by Owen (1832, 1878). Owen (1832), who was well familiar with 
the vascularisation necessary for pressurised gas generation in fish swim bladders, 
recognized the lack of those structures in Nautilus and therefore doubted the idea of 
pressurized gas suggested by Hooke (1695). Only Buckland (1836), Pfaff (1911), 
Spath (1919), and Westermann (1956) accepted the non-elevated gas-pressure in 
chambered cephalopods but did not develop new ideas about the chamber emptying 
process. Arkell (1957), the preeminent ammonitologist of his time, attacked Wes-
termann’s (1956) objections and supported the gas pressure theory. Surprisingly, 
the simple experiment suggested by Owen (1832, 1878) was performed about 130 
years later in the framework of functional and anatomical studies in the 1960–1970s 
by Denton (1962, 1971, 1974), Denton and Gilpin-Brown (1961a, b, c, 1966, 1971, 
1973), as well as Denton et al. (1961, 1967). They demonstrated that the nautilid 
shell does not contain an elevated gas pressure. By these experiments, it became 
clear that the cephalopod shell does support the hydrostatic load resulting from the 
overlying column of water at atmospheric pressures in the chambers. They also 
demonstrated that the siphuncle was the organ responsible for osmotically emptying 
the cameral liquid and that the pressure within the shell is at one atmosphere or be-
low. Approximately neutral buoyancy in extant chambered cephalopods ( Nautilus, 
Sepia and Spirula) is achieved by changing the ratio of gas and liquid in the phrag-
mocone chambers by osmotic pressure in the siphuncular cells. The hypothesis of 
pre-septal gas as a buoyancy mechanism invented by Hooke (1695) was rejected 
by Bidder (1962). For a detailed historical review, the reader is referred to Jacobs 
(1992) as well as Jacobs and Chamberlain (1996).

First extensive trials for quantitative calculations of the buoyancy of chambered 
cephalopods were made by means of mathematical models. Such models were pub-
lished by Moseley (1838), Trueman (1941), and later by Currie (1957); the latter 
two models were corrected by Heptonstall (1970), Reyment (1958, 1973), Mutvei 
and Reyment (1973), Westermann (1977), Saunders and Shapiro (1986), Tsujita and 
Westermann (1998), Westermann (1998b), Kröger (2000) and the latest much more 
complex calculations were done by Kröger (2002), Hammer and Bucher (2006) and 
Longridge et al. (2009).

Recently, empirical data have been employed by some authors in order to recon-
struct the buoyancy of ammonoids (Tajika et al. 2014; Naglik et al. 2014). These 
empirical data were produced by both technically intricate, energetically expensive 
and time-consuming methods such as grinding tomography, computer tomography 
and synchrotron tomography (for overviews see Sutton et al. 2001; Hoffmann and 
Zachow 2011; Hoffmann et al. 2014; Sutton et al. 2014).
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16.3  Ammonoid Life Habits

One of the oldest and still lasting debates among ammonoid researchers is related 
with the life habits of ammonoids including whether they could actively swim or 
not (Naglik et al. 2015). Several attempts were made (e.g., Trueman 1941; Hepton-
stall 1970) to calculate the buoyancy of fossil cephalopods in order to reconstruct 
their mode of life. Already Trueman (1941) faced the difficulties of mathematical 
calculation of masses and volumes of extinct animals by applying geometrical ap-
proximations (see below). Since no perfect mathematical method is available and 
the results of buoyancy calculations seem to support either positive, occasionally 
neutral or sometimes negative buoyancy for ammonoids, this debate seemed to 
never end. By contrast, new empirical studies will put an end to these debates, 
hopefully.

In general, the discussion is twofold. On the one hand, ammonoid life habit is 
compared to benthic gastropods and thus, this idea is dubbed the “benthic crawler” 
hypothesis. That all ammonoids were gastropod-like benthic crawlers was repeat-
edly stressed by Ebel (1983, 1985, 1990, 1992, 1993, 1999) and Rein (1999) for 
ceratitid ammonoids. These authors even included the shape of the soft body in this 
hypothesis and reconstructed the head-foot-complex of ammonoids with a gastro-
pod-like foot. Similarly, Nipponites was, for a long time, the single known example 
of an ectocochleate cephalopod referred to a sessile, benthonic habit (Diener 1912; 
Schmidt 1930; Moore et al. 1952; Tasch 1973). This hypothesis was later rejected 
by Ward and Westermann (1977) based on new buoyancy calculations in favour for 
a planktic mode of life. Ebel’s (1983) theory was criticized by Westermann (1993, 
1996, 1998a), Engeser (1996), Jacobs and Chamberlain (1996), and Kröger (2001) 
and most other ammonoid researchers. Shigeta (1993) reported on positively buoy-
ant hatchlings becoming markedly negatively buoyant at 2.0–2.5 mm diameter (see 
Jacobs and Chamberlain 1996, p. 185 for further explanations).

These other researchers including Denton and Gilpin-Brown (1961a, 1973), 
Ward and Martin (1978) and many more now favour a swimming mode of life 
of extinct ammonoids similar to their extant relatives and assume that ammonoids 
were well capable of attaining neutral buoyancy. Neutral buoyancy was suggested 
by Westermann (1990) and Kröger (2000, 2001) for Jurassic and Cretaceous am-
monoids and for Late Paleozoic ammonoids by Swan and Saunders (1987). Hep-
tonstall (1970) calculated a density for ammonites well below that of seawater. A 
planktic mode of life for heteromorphic ammonoids with a U-shaped body chamber 
has been considered by Schmidt (1925), Berry (1928), Donovan (1964), Packard 
(1972), Klinger (1981), and Westermann (1996). Furthermore, Crick (1988), exem-
plified for nautiloids, outlined the problem of cephalopods not as a problem of in-
creasing buoyancy but as a problem of reducing it. This point of view was supported 
by the calculations of Westermann (1998a) for earliest plectronocerid cephalopods. 
Endosiphonal or endocameral deposits in orthoconic cephalopods point in a similar 
direction (e.g. Westermann 2013). These precipitations act as ballast in the apical 
part of the phragmocone to offset the strong buoyancy of the phragmocone and to 
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control the attitude of the shell (Kröger 2001). Denton and Gilpin-Brown (1971) 
reported for Spirula that the earliest 1–5 chambers of the phragmocone were filled 
with liquid. Liquid ballast also occurs in the cuttlebone of extant Sepia (Denton and 
Gilpin-Brown 1961a) as a solution (without carbonate precipitation) to maintain 
neutral buoyancy and/or a horizontal swimming position. Recently, Westermann 
(2013) could successfully demonstrate for the orthoconic Baculites that the apical 
part of the phragmocone must have been filled with liquid if a horizontal swimming 
position is accepted. Seilacher (1960) described an ammonoid ( Buchiceras) that 
was not only able to control its buoyancy to some extend but could also compensate 
a significant change of density that had occurred due to encrustations by oysters 
during lifetime. The same phenomenon was demonstrated by Klug et al. (2004) for 
Triassic Ceratites which reacted on syn vivo Placunopsis-overgrowth by shortening 
the body chamber. Seilacher’s (1960) example was used by Heptonstall (1970) to 
demonstrate that this Buchiceras must have had about 25 % of its phragmocone vol-
ume filled with liquid as removable ballast (which is more or less the case in Recent 
nautilids and was demonstrated by Tajika et al. 2014 for a Jurassic ammonite). Sim-
ilarly heavy syn vivo encrustations by oysters and Cirripedia were shown by Keupp 
et al. (1999). Other indicators not directly related with buoyancy calculations point 
to a swimming habit of ammonoids as well. These are the presence of ammonites in 
black shale deposits representing oceanic anoxic events with oxygen depleted bot-
tom water and the lack of trace fossils. A bottom crawling habit of ammonites with 
a strong muscular foot comparable to gastropods would favour the preservation 
of these soft parts in Konservat-Lagerstätten like La Voulte (France; Charbonnier 
2009) or Herefordshire (UK; Sutton et al. 2006). However, not a single report about 
ammonoid trace fossils or massively phosphatized soft body is known to the authors 
(only poorly carbonized parts; Klug et al. 2012; Klug and Lehmann 2014).

During the last two decades, a more differentiated approach for ammonoid life 
habits based on shell shape (Westermann 1996, 1998b; Ritterbush and Bottjer 
2012), analyses of stable isotopes (Moriya et al. 2003; Lukeneder et al. 2010; Kruta 
et al. 2014) and sedimentological data (Reboulet et al. 2005) became available.

Universal ammonoid behaviour was challenged by recent observations of depth 
distribution of Nautilus pompilius. Dunstan et al. (2011) document a continuous 
nightly movement between 130–700 m water depth and a daytime behaviour of 
either stasis in relatively shallow 160–225 m depth or active foraging in depths be-
tween 489–700 m. Additionally, Dunstan et al. (2011) demonstrated the same depth 
distribution for juveniles and daytime feeding behaviour. These data document a 
more complex vertical migration pattern dictated by optimal feeding, avoidance 
of daytime predators, requirements for resting periods at around 200 m to regain 
nearly neutral buoyancy, upper temperature limits of 25 °C and implosion depths 
of 800 m. These are important facts that should be considered in future discussions 
about ammonoid distribution and behaviour.
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16.4  Pumping Mechanism

In order to understand buoyancy control and the mode of life of fossil cephalopods, 
it is most important to understand the ecology and functional morphology of their 
close living relatives with functional phragmocones, i.e. Nautilus, Spirula and Se-
pia.

Bruun (1943), who worked on Spirula, was the first to mention an osmotic 
mechanism in cephalopods acting to remove the cameral liquid. However, the 
osmotic difference between fresh and salt water produces an osmotic pressure of 
about 25 atmospheres. This value is achieved in 240 m water depth. At greater 
depths, the hydrostatic pressure will exceed osmotic pressure and chambers would 
be re-filled with liquid causing negative buoyancy. Due to the occurrence of Spi-
rula far below 240 m, Bruun (1943, 1950) rejected the osmotic pump hypothesis. 
Further observations by Clarke (1970) on the depth distribution confirmed Bruun’s 
(1943) earlier report. Clarke (1970) found high concentrations of juvenile Spirula 
in depths between 1000–1750 m and larger specimens between 600–700 m. Depth 
distribution during ontogeny is fortunately also recorded in the stable oxygen iso-
topes of these cephalopod shells. Based on the shells of two live caught specimens 
of Spirula, Warnke et al. (2010) documented ontogenetic changes in terms of depth 
distribution. Juveniles hatch at around 800 m water depth and subsequently migrate 
upwards to around 350–400 m; as adults, they sink again down to about 550–600 m 
(Warnke et al. 2010).

Similar discrepancies between the actual depth distribution (Dunstan et al. 2011) 
and limitation by the osmotic mechanisms were observed for Nautilus. Ward and 
Martin (1978) demonstrated that below 250 m water depths the osmotic pressure 
gradient between the siphuncle tissue and phragmocone chambers of Nautilus causes 
an influx of liquid into the chambers, resulting in negative buoyancy. Furthermore, 
it is possible for Nautilus to empty its chambers and regain neutral buoyancy only at 
depths less than 250 m. Again, the limitation of a simple osmotic mechanism is con-
tradicted by the observation of juvenile Nautilus pompilius at 703 m depth reported 
by Dunstan et al. (2011). After migrating below a water depth of 250 m, a resting 
and re-equilibration period at around 200 m becomes necessary which has been 
documented by Dunstan et al. (2011). Note that diving depth of Nautilus is limited 
by temperature, chamber re-filling and shell implosion with the greatest depth being 
around 800 m (Kanie et al. 1980; Ward et al. 1980a).

After Bruun’s (1943, 1950) scepticism, the mechanisms of buoyancy control of 
extant chambered cephalopods ( Nautilus, Sepia and Spirula) have been clarified 
by the work of Denton and Gilpin-Brown (1961a, b, c, 1966, 1971) and Denton 
et al. (1961, 1967). Denton and Gilpin-Brown (1961a, b, c) as well as Denton et al. 
(1961) were not aware of the experiment suggested by Owen (1832), so they started 
their extensive survey to explore the buoyancy mechanism in cephalopods with the 
cuttlebone of the cuttlefish Sepia. According to the old theory of Hooke (1695), they 
expected to find pressurized gas within the chambers of freshly caught specimens.
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Surprisingly, gas did not emanate from the live caught cuttlefish as a conse-
quence of the sudden ascent and decompression. Gas was also not detected in the 
tissue surrounding the cuttlebone. When punctured under water, fluid flows into 
the chambers because phragmocone chamber gas pressure is usually around 0.8 
atmospheres. It was observed that more fluid enters the recently formed chambers 
of the cuttlebone than into older ones, thus indicating a continuously increasing gas 
pressure. Gas within the chambers was composed of primarily nitrogen, much less 
oxygen (Bert 1867) and more carbon dioxide compared to atmospheric conditions 
and the fluid was principally a solution of sodium chloride. Gas pressure in older 
chambers was in equilibrium with the gases in the blood. Sepia varies in density 
as a result from a change in the density of the cuttlebone being negatively buoy-
ant during day time and neutrally or positively buoyant at night. Quick changes of 
density and thus buoyancy were arranged by changing the amount of liquid and gas 
volume in the cuttlebone but not under pressurized conditions. Accordingly, Denton 
and Gilpin-Brown (1961a, b, c) as well as Denton et al. (1961) assumed an osmotic 
mechanism to pump cameral liquid into or out of the chambers. While the chamber 
liquid can be hyposmotic to sea water (when caught in greater depths), the cuttlefish 
blood is almost isosmotic with sea water. Changes of cameral liquid must be carried 
out by exchanges in salt or water across the siphuncular membrane in order to bal-
ance the hydrostatic pressure by an osmotic force. The siphuncular membrane cov-
ering the siphuncular wall acts as a barrier; through active transport of ions across 
that membrane, water follows due to the higher salt concentration compared to the 
cameral liquid. Contrary, concentration changes of the liquid within each chamber 
depend on diffusion of salts either towards or away from the region of the siphun-
cular membrane. When the cameral liquid of a newly built chamber was completely 
emptied, gas migrated under very low pressure by passive diffusion from the blood 
of the cuttlefish into that chamber.

Nautilus and Spirula, were also studied by Denton and Gilpin-Brown (1966, 
1971) as well as Denton et al. (1967). Both taxa share a siphuncular tube which runs 
through all chambers of the phragmocone, while in Sepia, the siphuncle is almost 
flat (siphuncular field). Only through the permeable siphuncle, exchanges of liquids 
and substances between chambers and tissues can take place (Denton and Gilpin-
Brown 1966; Collins and Minton 1967; Chamberlain and Moore 1982). However, 
the results they obtained show very great similarities with their findings in Sepia. 
Gas pressure in the chambers of Spirula was lowest in newly built chambers but 
remains below normal atmospheric pressure at sea-level (around 0.8 atmospheres). 
Concerning the gas pressure, the same holds true for Nautilus and consists mainly 
of nitrogen (Vrolik 1843). Contrary to Sepia, the liquid of a newly formed chamber 
in Nautilus was isosmotic with sea water at first. Concentration of salts within the 
liquid of a new chamber decreases to about one fifth of that of sea water and the 
animal’s blood before water begins to leave and before the first gas bubble enters 
the chamber. During later ontogenetic stages, the earliest chambers will become re-
filled with liquid that gradually changes from hyposmotic to isosmotic to sea water 
(Denton 1971). For Nautilus with its external shell, the general physiology was 
found to be very similar to those of Spirula and Sepia. One could argue that these 
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three living genera represent an extant phylogenetic bracket sensu Witmer (1995), 
thus corroborating similar buoyancy regulation in ammonoids. Nevertheless, there 
are many neutrally buoyant living coleoids that employ different mechanisms. Un-
like Sepia, both Nautilus and Spirula are as close to neutral buoyancy as possible.

For Nautilus, it has been demonstrated that cameral liquid first closely resembles 
sea water in its ion content, but with sufficient differences to assume that cameral 
liquid is a secreted body fluid and not unaltered sea water (Denton and Gilpin-
Brown 1966; Greenwald and Ward 1982; Mangum and Towle 1982). Prior to re-
moving the cameral liquid, some NaCl was removed by the siphuncle; subsequently, 
true emptying including salt and water transport out of the chamber starts (Denton 
and Gilpin-Brown 1966; Ward 1979). Salt concentration progressively decreases 
at the beginning after 50 % of the cameral liquid was removed; the remaining liq-
uid lost direct contact with the siphuncle and salt concentration increases (Ward 
1979; Ward et al. 1981). At the same time when cameral liquid is removed from 
the chamber, a vacuum is created into which various blood gases (nitrogen, argon, 
carbon dioxide, oxygen) diffuse. After about 50 % of the cameral liquid in the final 
chamber was pumped out, a new chamber formation cycle starts (Ward et al. 1981). 
The cameral liquid of the newest chamber initially acts as a brace against external 
hydrostatic pressure (Collins et al. 1980) and as a damper (buffer) to avoid explo-
sion of the siphuncle (not yet calcified) due to blood pressure. Denton and Gilpin-
Brown (1966) as well as Ward and Martin (1978) stressed that emptying is a slow 
and irreversible process in Nautilus. Ward and Greenwald (1982) and Greenwald 
and Ward (1987) managed to demonstrated that emptying, i.e. chamber refilling, 
can also be reversed.

Finally, Denton (1971, 1974) summarized that the mechanism of pumping salts 
and water is basically the same in Sepia, Nautilus and Spirula. Later, in the context 
of fossil cephalopods (nautiloids, ammonoids, and belemnoids), Denton and Gilpin-
Brown (1973) assumed a similar mechanism for chambered fossil cephalopods with 
a siphuncle.

However, even after the osmotic mechanism had been adequately clarified, the 
same conflict between observed depth distribution of chambered cephalopods and 
the assumed depth limitations for the osmotic pump remain unclear; the largest dif-
ference in osmolarity between chamber liquid and sea water could produce a pres-
sure equalled at 240 m water depth (Denton and Gilpin-Brown 1966; Greenwald 
et al. 1980, 1984). By contrast, Clarke (1970) has shown that Spirula spends only 
a small fraction of its life at depths with less pressure. Denton (1971) described the 
observation that dead Spirula does not fill with liquid when exposed to high hydro-
static pressures.

16.4.1  Decoupling

One possible explanation for the conflict between osmotic pumping and observed 
habitat was the decoupling argument (Denton and Gilpin-Brown 1966; Denton 
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et al. 1967). It was suggested that Nautilus and Spirula emptied cameral liquid 
above 250 m water depths and when migration into greater depths takes place, the 
chamber liquid was decoupled. That means that chamber liquid was not in direct 
contact with the siphuncle. The decoupling argument has been applied by ammonite 
workers to explain chamber, septal and suture complexity of ammonoids (e.g., Got-
tobrio and Saunders 2005).

This assumption is contradicted by the report of Ward et al. (1984) and Dunstan 
et al. (2011) for Nautilus and by Clarke (1970) for Spirula. Ward et al. (1984) docu-
mented the vertical distribution of one Nautilus specimen being tracked for seven 
days which was commonly below 240 m and Dunstan et al. (2011) recorded the 
deepest encounters of living Nautilus pompilius at 703 m. However, as stressed by 
Jacobs (1992, 1996) as well as Jacobs and Chamberlain (1996), decoupling would 
not prevent liquid to flow back into the chambers when hydrostatic pressure ex-
ceeds the osmotic pressure. The presence of the pellicle, a wetted organic sheet that 
covers the septal surface of Nautilus chambers with the potential for fluid transport, 
makes it highly unlikely that fluid can be successfully isolated. The pellicle acts as 
a wick or blotting paper. As a consequence, decoupling of liquid from the siphuncle 
was rejected in favour of local osmosis, where organisms can concentrate salts in 
intracellular structures (Diamond and Bossert 1967). Maybe this rejection was re-
lated to a misinterpretation of the idea of Denton and Gilpin-Brown (1966) as well 
as Denton et al. (1967) and the decoupling model. In his final summary, Denton 
(1974) already mentioned for Nautilus that the chalky tube and the pellicle still 
allow liquid to be drawn towards the permeable part of the siphuncle after losing 
direct connection. Pumping is still possible but at a lower rate. Similar cases are 
reported for Sepia and Spirula, both with a very small region through which liquids 
can be exchanged between living tissue and the chambers.

The theory of decoupled liquid was revived by Kröger (2003) and is agreed here 
in its narrow sense. It was pointed out that the decoupled theory is based on de-
coupled spaces used by cephalopods like buffer zones while changing their position 
in the water column. The decoupled spaces thereby protect the animal against liquid 
flowing back into the phragmocone chambers. The theory was based on the empiri-
cally observed phenomenon of decoupled spaces in Sepia. It was stressed that any 
decoupling space that creates a system with different salinity acts like the standing 
gradient model proposed by Diamond and Bossert (1967). It is more energetically 
efficient to transport liquid along an osmotic gradient than with no or against an 
osmotic gradient. Decoupled spaces therefore should be much smaller than the en-
tire chamber, because ion concentration is more rapid and easier to maintain. These 
kinds of spaces are especially useful in species with an active use of their buoyancy 
apparatus (Kröger 2003).

16.4.2  Local Osmosis

The second explanation discussed by Denton and Gilpin-Brown (1966) as well as 
Denton et al. (1967) was that localized high concentrations of solutes could be built 
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up in a “pumping” epithelium by a mechanism similar to that proposed by Diamond 
and Bossert (1967, 1968) as “standing gradient model” and used to extract liquids 
from the chambers of the shell by simple osmosis.

Later, Denton and Gilpin-Brown (1973) cited a study of hyperosmotic pumping 
observed for sea birds suggesting a similar system for cephalopods in depths be-
low 250 m. Such a pumping mechanism was described by Greenwald et al. (1982, 
1984) for the Nautilus siphuncle. The siphuncular epithelium (Fig. 16.2) has micro-
villi at the site of putative NaCl absorption into the cell as well as elaborate folds 
of the basement membrane. These folds are located at the site of NaCl extrusion 
from the cell extending throughout the cytoplasm as a network of blind ending 
sacs (canaliculi). The canaliculi were lined with numerous mitochondria (Green-
wald et al. 1980, 1982, 1984; Ward et al. 1980b; Mangum and Towle 1982; Tanabe 
et al. 2000). That arrangement is typical for tissues that carry out NaCl solute and 
water transport against osmotic or hydrostatic pressure (Berridge and Oschman 
1972) and was found in a single ammonoid siphuncle of Akmilleria so far (Tanabe 
et al. 2000). This transport system is known as local osmosis system (Diamond and 
Bossert 1967), in which mitochondria supply ATP (energy) to salt ion pumps (= 
hyperosmotic pump of Jacobs 1996). The hyperosmotic pump actively transported 
Na+ ions across cell membranes into microscopic intracellular channels, while Cl− 
ions follow passively to maintain the charge balance. The resulting locally elevated 
solute concentration causes water to diffuse from the cytoplasm of the cell (local 
osmosis) into the microscopic channels (Fig. 16.2). In turn, these high pressures in 
the intracellular channels exceed the hydrostatic pressure and water thus flows into 
the channels and therefore into the siphuncle. This water leaves the cell through the 
openings of the folds. In the case of the channels, their geometry plays an important 
role. Water diffuses readily across the relatively large surface area of the channel, 
but flow down the channel and into the siphuncular lumen is much more rapid than 
diffusive processes.

The ultrastructure of the Nautilus siphuncle epithelium (Mangum and Towle 
1982; Tanabe et al. 2000) and the presence of the sodium transport enzyme Na+/
K+-ATPase (Bonting 1970) localized at the folds supports the assumption of the 
presence of a local osmosis system in the siphuncle of Nautilus. The salt of the ba-
solateral labyrinth was transported by Na-K-ATPase into the intracellular system of 
canaliculi. A sufficiently high salt concentration generates a high osmotic concen-
tration that draws liquid out of the chambers against either osmotic or hydrostatic 
gradients (Greenwald et al. 1984). These canaliculi systems were observed for the 
twelve most recent chambers but not from the third or fourth oldest chambers. It 
therefore appears likely that the earliest chambers did not contain living siphuncular 
tissue. Thus, intracellular channels can transport fluid against very high pressures as 
long as ions are present to be pumped.

The above described local osmosis model allows for cameral liquid emptying 
below 240 m water depths and could pump against almost any pressure. Accord-
ingly, the limitation of osmotic pumping is now the concentration of ions that could 
be maintained in the tube instead of the ion concentration of the ambient sea water 
(Greenwald et al. 1982). Decoupling in its wider sense becomes needless for the 
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explanation of depth distribution in the presence of local osmosis in extant cepha-
lopods. Due to the finding of soft parts in the Akmilleria siphuncle with preserved 
ultrastructure including canaliculi, it is now likely that local osmosis was the active 
pumping mechanism in ammonoids (Tanabe et al. 2000). However, presence of 
canaliculi for Spirula has not been objectively demonstrated (Chun 1915).

16.4.3  Preseptal Gas

Since Hooke (1695) compared the buoyancy mechanism in Nautilus with the fish 
bladder (Derham 1726), the gas pressure hypothesis became widely accepted with-
out any justification (see Chap. 16.2). Meigen (1870) and Schmidt (1925) supposed 

Fig. 16.2  Diagrammatic representation of a single transporting cell of siphuncular epithelium. 
Water molecules ( arrows) move from horny tube, across the brush border, and into the cell. Fine 
infoldings within the cell communicate with a central drainage canal. The water ultimately reaches 
the siphuncular blood vessels, and is then carried to the body (reproduction from Ward et al. 1980b, 
by courtesy Peter D. Ward, Adelaide)

AQ1
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that Nautilus used preseptal gas to control its density. The gas pressure hypothesis 
then was also applied to fossil cephalopods but was rejected by Bidder (1962) for 
Nautilus.

The explanation of an internal pressure-driven buoyancy regulation with the last 
septum remaining uncalcified and functioning analogue to a fish swim bladder, i.e. 
the Cartesian diver model (Seilacher and LaBarbera 1995, Seilacher and Gishlick 
2015), was rejected by Jacobs (1996), Kröger (2002) and Klug et al. (2008) for 
various reasons. No fossil indications such as muscle scars were found supporting 
the proposed muscular diaphragm enclosing a gas bubble and other mechanical 
implausibilities. Guex (2005) stressed the presence of a preseptal cavity in cepha-
lopods recognized by the Haftband-Struktur, without providing new evidence. That 
cavity was suggested to allow adult ammonites to continue with growth, even if the 
phragmocone did not contain any cameral liquid by passive diffusion of gas into the 
preseptal cavity. In our opinion, this idea is currently lacking any support.

16.4.4  Role of the Siphuncle

The structure and detailed explanation of the function of the ammonoid siphuncle 
will be given elsewhere (Kulicki 1996; Tanabe and Landman 1996; Tanabe et al. 
2000, 2015). Ward (1982) demonstrated the proportional dependence between 
the siphuncular surface area and the chamber emptying rate in Nautilus (see also 
Kröger 2003). Because siphuncular epithelia of Nautilus, Sepia, Spirula and am-
monoids are histologically similar (Denton and Gilpin-Brown 1973; Drushchits and 
Doguzhaeva 1981; Barskov 1990, 1996, 1999; Tanabe et al. 2000), it was assumed 
that pumping power and morphology of siphuncular epithelia, the place of osmot-
ic pumping, remained constant during cephalopod evolution (Ward 1982; Kröger 
2003). A detailed structural description for the Nautilus siphuncle was presented 
by Ward (1987) as well as Tanabe et al. (2000), for Virgatites (Perisphinctidae) 
by Barskov (1996) and for Akmilleria (Prolecanitida) by Tanabe et al. (2000). Be-
sides osmotic or hydrostatic pressures, the osmotic pump mechanism responsible 
for emptying and refilling of cameral liquid depends on the diameter and ultra-
structure of siphuncle and surrounding tissues. Recently, Westermann et al. (2002) 
localized putative neurotransmitters in the mantle and siphuncle of Nautilus pom-
pilius with the assumed function of blood circulation as well as complex secre-
tory mechanisms. The siphuncle diameter itself is limited by strength requirements 
(Westermann 1971; Ward 1982; Jacobs 1992; Hewitt 1996; Hewitt and Westermann 
1997). Depth distribution of chambered cephalopods is further limited by shell- and 
siphuncular strength. Westermann (1971, 1982) introduced the siphuncular strength 
index. Concerning the siphuncle, tubes of smaller diameter are stronger but have a 
smaller active surface for pumping which will lower the emptying rate. According 
to Westermann (1971, 1982), lytoceratids and phylloceratids have a greater siphun-
cular strength index, thus indicating that these forms lived at greater depths com-
pared to other ammonites. Ward and Martin (1978) reported on chamber emptying 
rates of a maximum of 1.0 ml/day/chamber in living Nautilus.
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By contrast, Ward and Greenwald (1982) reported a maximal refilling rate of 
100 µl/h in response to a sudden buoyancy increase in living Nautilus. Based on 
the observed maximum emptying rate of 1 ml/day and maximum refilling rate of 
2 ml/day, Ward and Greenwald (1982) concluded that Nautilus can only fine tune 
its buoyancy in order to ensure that the animal is always slightly negatively buoyant 
(which human scuba-divers also do). But these rates are not rapid enough to serve 
for the observed diurnal migrations, i.e. daily buoyancy-aided ascents and descents 
as suggested by Hooke (1695), Willey (1902), and Heptonstall (1970). Consequent-
ly, the siphuncle of Nautilus is only capable of long term but not of short term or 
sudden buoyancy regulations.

Due to their large siphuncular surface area relative to chamber volume, only se-
piids and potentially some Paleozoic cephalopods such as actinocerids and endocer-
ids are able to adjust their buoyancy on a daily basis (Ward 1982; Kröger 2003). For 
ammonoids, Ward (1982) excluded the possibility of diurnal migration (see below).

Based on the calibrated pumping rate of siphuncular tissue, it turned out that 
the actively pumping siphuncular area is too small relative to the chamber volume. 
Instead, these cephalopods, including nautilids, may have accommodated vertical 
movements through active locomotion as observed for extant Nautilus (O’Dor et al. 
1993).

Jacobs and Chamberlain (1996) argued that structural and energetic reasons pre-
vent the development of large siphuncular tubes in cephalopods allowing for rapid 
density changes. The structural argument is based on the fact that the siphuncu-
lar strength is inversely related to diameter. This limitation was also observed in 
cuttlefish. Ward and Boletzky (1984) reported that shallow water forms have a flat 
cuttlebone with a large siphuncular area, while forms from deeper water have a 
cylindrical cuttlebone with a smaller surface area. Shallow water sepiids apparently 
can change their density faster compared to deeper forms (which might be linked 
with physical necessities). Energetic limitations are due to energy costs of pumping 
and maintaining empty chambers. These costs are proportional to the siphuncular 
surface area and will increase with water depths (hydrostatic pressure).

By contrast, Bandel and Stinnesbeck (2006) stressed that the permeable zone 
within the siphuncular tube of Spirula is as long as one chamber (Fig. 16.3). As a 

Fig. 16.3  a Siphuncle of Nautilus pompilius. b Siphuncle of Spirula spirula with the porous zone 
all along the inside of the septal neck
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consequence, most of the actively pumping siphuncle epithelium is in contact with 
the cameral liquid and the ratio of pumping area to chamber volume is increased. 
Due to its small size and the precise buoyancy adjustment with its largest chamber 
volume of about 2 ml (Denton 1971), buoyancy may change fairly rapidly (Bandel 
and Boletzky 1979) and is mainly supported by pumping cameral liquid in or out 
of the chambers.

Following Mutvei and Reyment (1973), Kröger (2003) rejected Ward’s (1982) 
idea that the relation of siphuncular surface area to chamber volume (si = siphuncle 
surface area index) was too small to support daily buoyancy adjustments in ammo-
noids. Kröger (2003) compared 250 cephalopods including nautiloids, ammonoids 
and coleoids. He demonstrated that cephalopods with high but also small si values 
were capable of rapid buoyancy adjustments. Already Heptonstall (1970) stressed 
that in ammonoids, the siphuncle with its extreme ventral position has the great-
est possible length and hence is in the most efficient position for cameral liquid 
exchange.

Exceptional with respect to the position of the siphuncle is the group of Late 
Devonian clymeniids with the siphuncle in a dorsal position. Superficially almost 
indistinguishable from other ammonoids in terms of shell geometry and sutural 
complexity, clymeniids differ by their two to three times larger siphuncle diameter 
and up to 33 % thicker shells. With its dorsal position, the siphuncle surface and vol-
ume was decreased by about 50 % compared to narrower ventral siphuncles (Got-
tobrio and Saunders 2005). The reduction of siphuncular active pumping area was 
partially or fully compensated by its increased thickness. According to Westermann 
(1971, 1982), this restricted clymeniids to a shallow marine habitat.

Several authors focused on the refill ability of the siphuncle (Keupp 1997, 2000, 
2012; Daniel et al. 1997; Kröger 2002). Based on observations of repaired injuries 
accompanied by shell loss, these authors speculated on a high rate of liquid refill. 
That refill had to compensate for the decreased weight by shell loss before the ani-
mals reached the surface.

16.4.5  Role of Cameral Liquid

In all three extant cephalopods that built a chambered shell ( Nautilus, Spirula, and 
Sepia), the liquid that fills a newly formed chamber differs in composition from sea 
water and is recognized as a body fluid (Denton 1974). During ontogeny, the role 
of liquid for supporting buoyancy adjustment decreases with the growing total vol-
ume of the animal. Juvenile Nautilus retains about 32 % cameral liquid while adults 
keep 12 % of liquid compared to the phragmocone volume (Ward 1980, 1987). By 
perforating a single chamber directly above the hood (i.e. about 270° behind the ap-
erture) of a Nautilus of 200 mm diameter, Tsujino and Shigeta (2012) demonstrated 
that Nautilus loses its neutral buoyancy due to water logging. The exact volume of 
water causing the permanent benthic position of Nautilus was not measured (pers. 
com. Tsujino). Nevertheless, the specimen managed to swim actively by producing 



628 R. Hoffmann et al.

a jet over a short time close to the sediment surface. Furthermore, the siphuncle 
was cut and afterwards, the adapertural part of the siphuncle decomposed. This 
demonstrated that perforation of the phragmocone and siphuncle is not necessarily 
a fatal injury.

Denton et al. (1967) found small amounts of liquid in the last three chambers of 
a Spirula phragmocone made of 30 chambers, followed by 18 completely emptied 
chambers. In the subsequent chambers, the amount of liquid rises with the five 
smallest chambers being completely filled with liquid. When the animal grows, the 
earliest, smallest chambers of an adult animal have only a small fraction of volume 
of the latest chambers (Fig. 16.4). Kröger (2003) speculated that the high energy 
cost of emptying these chambers and maintenance is inversely related to their im-
portance of buoyancy regulation. This may be the reason for chamber refill of the 
earliest, smallest chambers observed in Spirula (Denton et al. 1967).

Retained liquid was interpreted as ballast water for buoyancy regulation, e.g., to 
balance density increase due to shell and tissue growth, epizoa growing on the outer 
shell, injuries that cause partial water logging and to support vertical migration 
(Heptonstall 1970; Denton 1974; Keupp et al. 1999). At the time of sexual maturity, 
when growth ended, most or all cameral liquid was removed in living Nautilus 
(Collins et al. 1980).

The pellicle, the organic sheet covering the inner surface of phragmocone cham-
bers of Nautilus (Denton and Gilpin-Brown 1966), Spirula (Appellöf 1893; Denton 
and Gilpin-Brown 1973) and ammonoids (Weitschat and Bandel 1991), transfers 
the cameral liquid from the more remote parts of the chambers to the siphuncle. As 
exemplified by Kröger (2003), the relative inner surface of the chambers represents 

Fig. 16.4  Chamber volume for the 33 chambers of the Nautilus pompilius shell shown in 
Fig. 16.1A. Septal crowding can be recognised by decreased chamber volume
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the potential of liquid refill rate under the assumption that the ammonoid chambers 
were also covered with the pellicle. For comparison of the ability of cephalopods to 
compensate slow or rapid buoyancy increase (e.g. due to shell loss by predation), 
Kröger (2003) introduced the inner chamber area index ( cai) which is the inner 
chamber surface against its volume.

16.5  Buoyancy Calculations for Ammonoids

Due to comparable shell architecture and the presence of a siphuncle, the observed 
pumping mechanisms in extant relatives ( Nautilus, Spirula, and Sepia) like osmotic 
pumping and local osmosis are assumed to act in ammonoids as well. Besides, it 
remains unclear if and how much liquid was kept in the ammonoid phragmocone 
(fill fraction in the sense of Kröger 2002), original shell density, ratio of soft body 
and body chamber volume. Further issues related with the calculation of the buoy-
ancy for extinct animals like the relationship of density and volume and simplifying 
assumptions are discussed below.

16.5.1  Issues of Buoyancy Calculation

Trueman (1941) conducted the first extensive research to calculate masses and vol-
umes of ammonoid taxa. For extant Nautilus, Trueman (1941) calculated the volume 
of the shell by the displaced amount of water and determined the volume of each 
chamber by cutting the shell along its median plan and fill the chambers with liquid. 
For extinct ammonoids, Trueman (1941) measured shell and septal thickness and 
applied the density of crystal aragonite for the shell. He assumed that the siphuncle 
contributed about 1 % to the total weight of the shell while the septa contributed 
10 % (see his tab. 1, p. 360 ff). Trueman’s (1941) and Currie’s (1957) data were re-
evaluated by Heptonstall (1970) using modern estimates for cephalopod tissue and 
shell densities. Mainly the equations of Raup and Chamberlain (1967) were applied 
to buoyancy calculations with additional corrections and extrapolations for different 
shell parameters such as ribs introduced by Kröger (2002). However, coiling of the 
shell is not dictated by mathematical parameters and does not follow a perfect loga-
rithmic spiral. Shigeta (1993) could demonstrate that the planispiral whorls show a 
polyphasic allometric growth pattern (see also Klug 2001 and references therein). 
Coiling parameters and shapes may also change during ontogeny as is possible for 
all other morphological features and subsequently derived ratios (see Chap. 9 for 
intraspecific variability). Therefore, geometrical approximation of actual shapes of 
structures such as the whorl section as circles or polygons or the complex shape of 
septa bias the results. Calculations based on the statement that volumes in general 
are approximated by the visual matching of geometrical triangles, rectangles or tra-
pezes (Ebel 1983) have therefore been rejected (e.g., Jacobs and Chamberlain 1996).
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16.5.2  Volumes

Another point is the over- or underestimation of body chamber lengths and the vol-
ume of the soft body. Complete body chambers are rarely reported for ammonoids 
and nautiloids (Klug et al. 2014b). In earlier approaches, body chamber lengths 
were calculated for a range of ammonoids assuming neutral buoyancy. Therefore, 
information about volumes and densities of all negatively buoyant structures (shell 
and soft body) are required. A major error in buoyancy calculations is related with 
the unknown, and therefore approximated, body chamber length and the resulting 
soft body volume (Kröger 2002). Additionally, the pellicle and cameral sheets have 
to be taken into account with approximately 14 % of the chamber volume and a 
density of 1.055 g/cm³ as assumed by Hewitt and Westermann (1996).

Additional problems arise, because the actual distribution of shell material in 
the ammonoid phragmocone is not trivial to quantify in detail. Hammer and Bu-
cher (2006) calculated for the ammonoid Intornites that the shell material makes up 
about 18 % (about 11.8 g) of the total mass (65.56 g). In their empirical study, Tajika 
et al. (2014) found that in Normannites, the shell mass is about 15 % (5.9 g) of the 
entire mass (24.36 g with aptychi). These discrepancies in shell-weight proportion 
of total weight are related with the fact that shell wall thickness is not constant 
but increases during ontogeny and wedges out or may strengthen near the adult 
aperture. Shell wall thickness also varies in different positions such as on the umbi-
licus, flanks or venter (Kröger 2002). Also, ornamentation like ribs, nodes or clavi 
contribute to the total shell weight but may increase or decrease in expression and 
density during ontogeny. In order to take ribs into account, Magnin in Delanoy et al. 
(1991) introduced a factor of sculpture (Fs) under the assumption of a sinusoidal 
curvature and was subsequently used by Kröger (2002). However, ribs neither are 
exactly radial nor represent an ideal sinusoidal curvature and their expression may 
also vary along the shell surface, becoming more prominent with a stronger curva-
ture of the conch wall (Guex et al. 2003; Hammer and Bucher 2005).

Averaged values for septal thickness do not account for the fact that septal thick-
ness decreases to the shell margin (Westermann 1975; Hewitt 1985; Hewitt and 
Westermann 1987). For example, estimations for septal thickness were expressed 
as ratio of the whorl height. Shigeta (1993) applied 2 % of the whorl height as being 
the septal- and conch wall thickness, while Westermann (1993) found 1.3–1.8 % 
in several Late Cretaceous ammonite genera and in epicontinental ammonoids, he 
measured a ratio of 1 % of whorl height. Westermann (1993) states that fluted septa 
thin out from the centre to the margin at about the same rate as fluting increases 
area; consequently, fluting does not add extra shell and weight in such way that 
similar total weights were obtained independent of the degree of fluting, assuming 
a simple plate of constant thickness equalling that of the centre of the septum. This 
has never been proven.

Finally, Saunders and Shapiro (1986) employed thickness terms for the shell 
and septa derived from digitized sections of the specimens that should lead to more 
reliable results. Nevertheless, the distribution of shell material did not resemble the 
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three dimensional distribution of shell material. By contrast, a simple circular whorl 
section was assumed by Saunders and Shapiro (1986). For compressed shells, this 
assumption is likely to produce an overestimate of shell volume relative to shell 
mass and an overestimate of body chamber length.

16.5.3  Shell Density

Another problem related with the shell is not only the approximation of its volume 
but the assumed density of the ammonoid shell material. Trueman (1941) applied 
the highest value with 2.94 g/cm³ which is the density of the aragonite crystal and 
was also used by Raup and Chamberlain (1967) as well as Crick (1988). These au-
thors overlooked the values presented as relative density by Schwartz (1894) with 
2.68 g/cm³ and Kelly (1901) with 2.688 g/cm³. After Trueman (1941), Reyment 
(1958) introduced a second lighter value of 2.62 g/cm³ due to the recognized in-
corporation of high amounts of organic components into the mollusc shell. Kelly 
(1901) implied 15 % organic components within the nacre of Nautilus and Spiru-
la nacre due to the different densities between crystal and nacre. For the organic 
components, Kelly (1901) assumed a density of 1.1–1.2 g/cm³. That value (2.62 g/
cm³) was used by most of the subsequent worker such as Heptonstall (1970), Rey-
ment (1973), Tanabe (1975), Ward and Westermann (1977), Saunders and Shap-
iro (1986), Okamoto (1988), Shigeta (1993), Kröger (2002), Hammer and Bucher 
(2006). Other density values used so far given in chronological order are: 2.6 g/cm³ 
by Westermann (1977), 2.53 g/cm³ by Collins et al. (1980) and Ebel (1983), 2.67 g/
cm³ by Chamberlain et al. (1981) and Longridge et al. (2009), 2.7 g/cm³ for the shell 
Nautilus by Greenwald and Ward (1987), 2.5958 g/cm³ by Ebel (1993), 2,69 g/cm³ 
by Hewitt and Westermann (1996) and Hewitt et al. (1999) and finally 2.65 g/cm³ 
by Westermann (2013) for nacre density.

Applied shell densities vary from 2.53–2.94 g/cm³. Variation of shell density 
within the shell was mentioned by Mutvei (1983) due to incorporation of different 
amounts of organic matter. For a Nautilus shell, collected some thirty years ago, 
Hoffmann and Zachow (2011) documented different shell densities for the conch 
wall (2.57 g/cm³) and the septa (2.51 g/cm³). Hewitt and Westermann (1996) report-
ed that the density of the Nautilus phragmocone with a value of 2.668 g/cm³ differs 
from that of the adult body chamber with a reduced density of 2.582 g/cm³. On the 
contrary, the same density was assumed mostly for the conch wall and septa of am-
monoids (e.g. Longridge et al. 2009), thus neglecting the small contribution of 2–6 % 
(Trueman 1941) of the septa documented for Mesozoic ammonoids or 6 % of septa 
and siphuncle (Raup and Chamberlain 1967) to the total shell volume. While Saun-
ders and Shapiro (1986) report values of 5–14.6 % for septa and siphuncle of the 
volume of the entire shell, Kröger (2002) decided to choose a mean value of 5.7 %.
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16.5.4  Soft Body Density

Imprecise calculations for the shell may cause significant errors in the estimations 
of the body chamber length and thus the soft body volume and could also lead to 
wrong assumptions about the paleobiology of ammonoids. Trueman (1941) calcu-
lated a soft body density of 1.13 g/cm³ under the assumption that the body chamber 
was completely filled with the soft body. Later, it was generally accepted that the 
ammonoid soft body had the same density as that of Nautilus (1.06 g/cm³) and that 
the soft body completely filled the body chamber (e. g. Reyment 1973; Tanabe 
1975; Ward and Westermann 1977; Greenwald and Ward 1987; Monks and Young 
1998). The latter was criticized by Kröger (2002) as too high. Up to 15 % has to be 
subtracted from the body chamber volume for the mantle cavity which is used by 
the animal for respiration and jet propulsion (Chamberlain 1987; Wells 1990). This 
mantle cavity ratio remains constant throughout ontogeny (Chamberlain 1987). Re-
cently, Westermann (2013) suggested that only two thirds of the body chamber were 
occupied by the soft body with the remainder being filled with sea water. It can be 
speculated that ammonoids with long body chambers had similar or higher values.

Other density values for the soft body are given in chronological order with 
1.068 g/cm³ applied by Denton and Gilpin-Brown (1961a, b, c, 1966) as well as 
Heptonstall (1970), 1.067 g/cm³ applied by Raup and Chamberlain (1967), Oka-
moto (1988) and Shigeta (1993), instead, Ward and Westermann (1977) applied 
1.05–1.07 g/cm³, Ward (1986) differentiated the Nautilus soft body in coelomic 
fluid with a density of 1.026 g/cm³ and the tissues with 1.068 g/cm³, 1.0568 g/
cm³ was applied by Ebel (1993), while Saunders and Shapiro (1986), Hewitt and 
Westermann (1996), Hewitt et al. (1999), Hammer and Bucher (2006) as well as 
Longridge et al. (2009) applied 1.055 g/cm³, Hoffmann and Zachow (2011) applied 
a mean value of 1.047 g/cm³ based on the two values presented by Ward (1986) 
and most recently Westermann (2013) applied 1.065 g/cm³ taking the buccal mass 
including the aptychus into account. Tajika et al. (2014) separately considered soft 
tissue density and jaw density.

For the buccal mass of the cephalopod head region, including the radula and the 
chitinous jaw apparatus, an average density of Nautilus jaw elements of 1.655 g/
ml was reported by Hewitt and Westermann (1993). Both the volume of siphuncle 
has to be subtracted from chamber volume and the density of soft tissue has to be 
applied to the siphuncle volume. To be precise, one should include the pellicle, the 
wettable tissue covering the inner surface of each chamber, in buoyancy calcula-
tions, although its contribution in terms of total weight might be low.

For Nautilus, Ward et al. (1977) reported a maximum crop content of 76 g (21.7 % 
of the soft body mass). This crop content was responsible for a mass increase (nega-
tive buoyancy) of the animal in sea water of 0.9 g, while the same animal weighed 
under water with its shell was only 0.3 g. Accordingly, the crop content needs to be 
considered due to its nontrivial mass.
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16.5.5  Sea Water Density

There was a more or less uniform use for the values of sea water density with 
1.025 g/cm³ for sea water at the sea surface at room temperature (Greenwald and 
Ward 1987) or 1.026 g/cm³ used by Raup and Chamberlain (1967), Heptonstall 
(1970), Ward and Westermann (1977), Saunders and Shapiro (1986), Ebel (1993), 
Kröger (2002), as well as Hammer and Bucher (2006). Only Tanabe (1975) applied 
a density of 1.00 g/cm³ for Late Cretaceous sea water. This is of importance for 
buoyancy calculations to estimate the weight of the sea water volume displaced by 
the animal’s total volume.

16.5.6  Model Approach

In order to avoid mathematical assumptions, approximations or speculations, Mutvei 
and Reyment (1973), Monks and Young (1998) as well as Westermann (2013) suc-
cessfully carried out flotation experiments on more or less exact plastic models of key 
ammonoid morphotypes including three kinds of heteromorphs. The correct specific 
weight was obtained by electroplating the models internally and externally with metal. 
The major outcome of the experiments was that ammonoids must have retained much 
more cameral liquid in the chambers compared to the extant Nautilus. Additionally, 
ammonoids were possibly better adapted for vertical movements with a continuous 
adjustment to pressure gradients. The latter statement is supported by the wide occur-
rence of ammonoids like vascoceratids in shallow marine deposits. They possibly did 
not need larger adjustments of buoyancy which might be reflected in their simplified 
suture line although this is speculative (compare Klug et al. 2008). By contrast, am-
monoids with highly complex suture lines can be speculatively interpreted as actively 
using their buoyancy apparatus for vertical movement (see also decoupling).

Due to its high density compared to the soft body, it turned out that the exact 
determination of shell volume was one of the main issues in earlier attempts for 
buoyancy calculation. Shell thickness must be measured for different ontogenetic 
stages. Thickness of the conch wall must be distinguished from thickness of the 
septa due to different densities (Hoffmann and Zachow 2011). Loss of shell volume 
during diagenesis was stressed by Reyment (1958) and Heptonstall (1970). Lon-
gridge et al. (2009) for the reason of diagenesis reduced the volume of their model 
by 7.6 % before they included it in the calculations. It has to be taken into account 
that this assumption of material loss is based on the suggestion that during diagen-
esis, such volume changes occurred on a regular basis. We think that this is incor-
rect, because in most cases, shell replacement occurs after sediment consolidation, 
thus inhibiting volume alterations. In most cases, the measurable volumes even in 
calcitic replacement shells will probably be more or less accurate (e.g., Tajika et al. 
2014; Naglik et al. 2014). It remains arguable whether limits of error from neutral 
buoyancy in seawater of +/−10 % (Westermann 1993; Kröger 2002) are accept-
able or not, especially when volumes are measured empirically using any kind of 
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tomography (Fig. 16.5). According to Kröger (2002), an exact estimation of the soft 
body volume represents a major challenge because a few degrees of change in the 
length of the body chamber can alter the entire shell weight significantly.

16.6  New Approaches for Improved Buoyancy 
Calculations

16.6.1  Computer Tomography

Attempts to reconstruct ammonoid buoyancy had largely depended on mathemati-
cal modelling as discussed above. These models have not only simplified geometry 
and aspects of shell ornamentation but have often ignored changes in shell and septa 
thickness (for example: Trueman 1941, Westermann 1990, Ebel 1992, Kröger 2002) 
as well as allometric growth etc. Modern technology has provided novel approaches 
to address the buoyancy of ammonites as well as broader questions of functional 
morphology in the form of tomography including X-ray (CT), synchrotron and 
grinding tomography.

CT generates a series of X-ray images of the rotated object that are used to recon-
struct a stack of 2D images. These images reveal the internal and external morphol-
ogy of the object of interest in a non-invasive manner, whereas grinding tomogra-
phy is destructive (Sutton et al. 2001; Tajika et al. 2014; Naglik et al. 2014). The 

Fig. 16.5  juvenile Cadoceras sp. (Callovian of Russia) with secondary calcite crystals covering 
the inner surface of its chambers. a black arrow points to the nepionic constriction. b close up 
of a single septum with crystals growing on both sides and are in total about four to eight times 
thicker compared to the septa nevertheless this specimen was positively buoyant in fresh water, 
the specimen was scanned with a spatial resolution of 0.74 µm isotropic voxel size, length of the 
lower image edge is 1.4 mm
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details visible in CT images largely depend on (1) how the X-rays interact with the 
materials in the field of view (i.e. density differences and the absorption properties 
of the material) and (2) the contrast of material properties between two adjacent 
materials (Stock 2009). If two adjacent materials possess the same material proper-
ties distinction between the different materials may be impossible. CT applications 
in biological and paleontological sciences often utilize micro-CT and synchrotron 
micro-CT (e.g., Dumont et al. 2005; Jones et al. 2012; Schmidt et al. 2013) which, 
compared to common medical CT scanners, produce scans with a much higher- 
resolution of up to fractions of a micron (for a more detailed review of these meth-
ods and their underlying science see Stock 2009 or Sutton et al. 2014).

These methods can be used to reconstruct a 3D model of a scanned specimen 
from the image stack using a variety of commercial software (e.g., Avizo, Amira, 
VGstudiomax, Geomagic) and freeware (e.g., S.P.I.E.R.S., YaDIV). Hoffmann 
(2010) illustrated this method by creating 3D models of two ammonite specimens, 
namely Argonauticeras besairiei and Gaudryceras sp. These 3D models, provided 
the datasets possess sufficient resolution, can be used to perform 3D measurements 
such as volume and surface area calculations which can then be applied to func-
tional analysis of the buoyancy apparatus of cephalopods as shown in Longridge 
et al. (2009), Hoffmann and Zachow (2011) and Tajika et al. (2014). The benefit of 
these empirical 3D models over mathematical models is their ability to accurately 
maintain the original geometry of the shell and thereby eliminating errors due to 
oversimplification and the use of average shell properties used by previous methods 
of buoyancy reconstruction. However, depending on the resolution of the scans and 
the visibility of fine structures, there still are limitations in accuracy.

The creation of these 3D models from CT data can be a relatively straightfor-
ward process in extant animals as the specimens scanned are usually complete (i.e. 
undamaged), show no post-depositional deformation exhibited by many fossils, and 
possess no sediment infill that can make the separation of the shell material from 
sedimentary or diagenetic infill much more difficult and very time-consuming. 
However, the modelling process for both extant and extinct specimens is princi-
pally the same; if preservation and image-quality permits, the shell material can 
be isolated automatically by the thresholding algorithms of the program from the 
surrounding medium (i.e. rock or air) in the CT scans and any shelly material not 
selected can be added or subtracted manually (in the case of fossil specimens, some 
parts of the surrounding rock may have been included in the threshold; Fig. 16.6). 
Once the shell material is selected, measurements relevant to reconstruction of the 
function of the buoyancy apparatus, such as the volume of the chambers and surface 
area of the siphuncle, become possible; see Hoffmann and Zachow (2011) for an ex-
ample of volumetric analysis using CT data for Nautilus pompilius (Fig. 16.4) and 
for examples of ammonoids, for which grinding tomography was used, see Tajika 
et al. (2014) and Naglik et al. (2014) (Fig. 16.7).

It is important to note that tomographic methods have their own sets of compli-
cations that can arise. One of the main benefits of this method is the preservation 
of the original geometry of the shell, but this is only true if the CT scanner used has 
a sufficient resolution relative to the size of the specimen. If the resolution of the 
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scanner is much larger than the structure of interest then some relevant geometric 
detail will be lost. For instance, if the resolution of the scanner is 1 mm but the 
width of the septa is only 1 µm, then a reliable reconstruction of the septa will be 
impossible. If the specimen is filled with material that has the same absorption 
properties as the specimen, such as a carbonate ammonite shell full of carbonate 
sediments, then the differentiation of the shell material and the surrounding me-
dium will be possible only with grinding tomography and impossible with conven-
tional CT. Advanced CT techniques such as phase contrast CT which is sensitive to 
changes in refractive index, can increase the differentiation between materials with 
similar absorption properties. In depth discussion of such techniques as well as ad-
ditional experimental CT methods currently being explored that can mitigate this 
limitation can be found in Sutton et al. (2014).

The extraction of a complete surface from the data can be relatively quick for 
extant specimens, on the order of one to several days. By contrast, fossil specimens 
may require a much greater amount of work due to the complications explained 
above. A single ammonite specimen can take several months to complete depending 

Fig. 16.6  Computer tomographic dataset of a scanned ammonoid visualized with the 3D software 
Avizo Fire 7.0, the specimen is being segmented, i.e., the selection of different materials of interest 
such as air, shell, sediment, scan artefacts
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on the detail, quality of the images and contrast between shell and internal sediment 
or mineral filling.

Errors can be introduced by what we refer to as the partial volume effect (PVE). 
CT data is generated in voxels which can be thought of as 3D pixels. A single value 
is assigned to each voxel. This value controls the shade (from black to white) of 
each voxel shown on the CT slice. Because each voxel is represented only by a 
single value, the shade of a voxel represents an average of the material properties, 
if two or more materials are neighbouring the same voxel. This means that, when 
segmenting different materials, you may accidentally include a certain percentage 
of the surrounding materials due to the difficulty of detecting the exact boundary 
between adjacent materials. The PVE can be mitigated by scanning an object with 
similar absorption properties as the material of interest but with a known volume or 
density that can be used as a standard to accurately segment the specimen. This pro-
cedure is called quantitative computed tomography (qCT) in the medical literature, 
where the standard is referred to as a “phantom” (Kalender et al. 1995). It should 
be noted that this error is not unique to CT data and is also present in all scanned 
images represented by pixels.

Fig. 16.7  The process from the fossil to the volume model (modified from Naglik et al. 2014, in 
press.): a Diallagites lenticulifer, Eifelian, Devonian, Hamar Laghdad (Morocco); the now pul-
verized specimen. b One of the 334 scans of the specimen in A; note that missing parts were 
manually reconstructed; the colour information is preserved, but the various shell structures are 
not uniformly well visible. c virtual reconstruction of the shell using only every fourth slice; the 
outer shell is here transparent, to show the color-labelled phragmocone chambers. d two different 
sections showing the labelled shell parts. E, reconstruction of shell orientation using the volume 
model (x—center of mass; o—center of buoyancy)
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16.6.2  Grinding Tomography

As already mentioned, X-ray tomography and synchrotron tomography can only 
display limits of materials in a scanned object, if there is a difference in physi-
cal properties of the materials under consideration. In ammonoids, this commonly 
causes problems, because the shell is carbonatic, even if it is diagenetically modi-
fied into calcite, and often, the phragmocone chambers as well as the body chamber 
are filled by carbonate, too. In such cases, CTs and variations of it will not produce 
useful image stacks. By contrast, if a colour contrast exists between shell and sedi-
ment or cement, this will be well visible in scans of ground surfaces obtained by 
grinding tomography (Fig. 16.7).

Of course, there is no perfect method and thus, grinding tomography (serial sec-
tioning) has also its disadvantages and errors. For example, depending on image 
resolution and the spacing of ground surfaces, the partial volume effect will also 
produce errors. Another problem can occur, when the material is clayey. This may 
cause mechanical problems in the grinding process and thus bad scans. In contrast 
to synchrotron tomography, the resolution is lower in all three dimensions. The am-
monoids tomographed by Tajika et al. (2014) and Naglik et al. (2014), for example, 
were ground and scanned each 60 - 48 µm with a scanner resolution of 2000 dpi. 
Therefore, a much lower resolution is obtained, but colour information is gained. The 
specimen gets destroyed by this method, so it is reasonable to apply it only to speci-
mens of common taxa. In consequence, the application of this method makes sense 
for specimens smaller than 30 cm (depending also on the dimensions of the structure 
of interest that should be at least twice the resolution), where only a moderate resolu-
tion is needed to produce moderately well resolved volume models. Depending on 
the scientific question, this might well make sense and produce stimulating results 
based on empirical data (Tajika et al. 2014; Naglik et al. 2014; Naglik et al. in press).

16.6.3  Synchrotron and Neutron Tomography

In recent years, the use of synchrotron tomography has become fashionable in 
paleontology (e.g., Sutton et al. 2014). This method has the great advantage 
of producing image stacks of incredibly high resolution, thus revealing finest details 
(e.g., Kruta et al. 2011, Hoffmann et al. 2014 and references therein) and a small 
partial volume effect. At the same time, the application of this method is energy 
consuming, it requires enormous apparatuses of very limited access to researchers, 
it produces data sets of gigantic volume using a lot of computer disc space, data 
processing requires fast hardware with large RAM and often expensive software, 
sample size (usually < 10 cm) is much more limited than in CT, and no colour in-
formation is preserved. In contrast to grinding tomography, however, the specimens 
are not lost.

Using neutron sources has been tested by us. This has a number of disadvantages 
such as a low resolution (> 0.1 mm), the risk of producing radioactive nuclides in 
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the sample and the low permeability of materials containing a lot of hydrogen and 
oxygen. Perhaps, this method might be of use in very special kinds of preservation, 
where the sample contains low amounts of hydrogen and a lot of iron or else.

16.7  Efficiency of the Ammonoids Hydrostatic Apparatus

Ward (1982) doubted that ammonoids used the buoyancy apparatus to support short 
term vertical migration comparable to the diurnal migration of the extant Nautilus. 
His interpretation was mainly based on the active siphuncular area available for 
liquid pumping. If we accept that there are no substantial differences in all known 
cephalopod siphuncular epithelia (Tanabe et al. 2000), the ratio between chamber 
volume and siphuncular volume should be a measure of short time buoyancy change 
ability (see above). On the contrary, Kröger (2002) convincingly demonstrated the 
efficiency of the ammonoid hydrostatic apparatus. He analyzed the five greatest 
sublethal injuries found in Mesozoic ammonoids and calculated the loss of shell 
mass that has occurred. It turned out that the maximum tolerated shell loss was four 
times larger than in extant Nautilus. Furthermore, his findings implied a buoyancy 
compensation mechanism that includes a rapid liquid refill of the phragmocone 
chambers. Nautilus could compensate for a maximum shell loss requiring a liquid 
refill of 3 % of the chamber volume (Ward 1987) equaling a shell loss of 5 % of the 
total shell mass (Ward 1986).

Daily density changes of Sepia are maintained by a compensatory liquid ex-
change of about 6 % of the chamber volume (Denton and Gilpin-Brown 1961b, 
1973). Kröger (2002) expected a possibly higher compensatory liquid refill in am-
monoids than the 6 % of Sepia. He could also demonstrate that the capability of 
compensation of drastic shell mass loss in ammonoids was significantly higher than 
in Nautilus and exceeds the observed values for normal daily density changes of Se-
pia. Mesozoic ammonites compensated a maximum shell loss requiring a liquid re-
fill of more than 10 % of the chamber volume with an observed maximum of 18 %. 
If we assume that the shell loss has to be compensated before the animal rose to the 
sea surface, the compensation mechanism must have acted very rapidly. The above 
mentioned necessary liquid refill to compensate for shell loss mainly depends on 
the active siphuncular surface in relationship with the chamber volume. This rela-
tionship, the connecting ring surface area in mm²/ chamber volume in ml, is the si of 
Kröger (2003). He calculated the following values: Lithacoceras—0.043 (Kröger 
2002), adult Spirula—0.01, adult Nautilus—0.01, Sepia—0.1 (Ward 1982). Based 
on five specimens a mean si of 0.028 was presented for Paleozoic ammonoids and 
Kröger (2003) concluded that the ammonoid buoyancy apparatus was much more 
involved in active buoyancy regulation than in Nautilus and Spirula.

Liquid refill into the chambers is the only mechanism to compensate for a sud-
den increase of buoyancy. While Ward and Greenwald (1982) and Ward (1986) 
found an upper limit of liquid refill at approximately 3 % of the chamber volume, 
it was much higher (9–18 %) and therefore efficient in ammonoids (Kröger 2002). 
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This high ability of refill in ammonoids was explained by the more complex archi-
tecture of the phragmocone of the ammonoids with folded septa compared to the 
simple septa in the Nautilus phragmocone. In both groups, the inner surfaces of the 
chambers are lined with the pellicle (Weitschat and Bandel 1991). The pellicle is 
hydrophilic and plays an important role in the transportation of liquid out of and 
into the chambers by the use of capillary forces. The effect or power of the capil-
lary forces for rapid refill of liquid into the chambers were demonstrated by the re-
floatation experiments of dry Nautilus pompilius shells by Hewitt and Westermann 
(1996). As for the refilling of liquid into the phragmocone, Wani et al. (2005) found 
through field experiments that waterlogging of the phragmocone in modern nautili 
does not occur until the mantle tissue detaches from the shell due to decomposition. 
Kröger (2002) assumed a direct relationship between the volume of capillary tissue 
(pellicle), ability of capillary fluid transport and of fluid storage (decoupling in its 
narrow sense). Due to higher capillary forces in the small pockets of complexly 
folded septa, chamber liquid will be stored in these spaces (Kulicki 1979; Weitschat 
and Bandel 1991; Checa 1996). A large pellicle volume is related to a large surface 
lined by the pellicle that is directly linked with the complexity of septa. Therefore, 
the highest ability of liquid transport can be assumed for ammonoids with the most 
complex septa such as, e.g., lytoceratids and phylloceratids. Daniel et al. (1997) 
were the first to consider the refill ability in conjunction with septal complexity. 
Mesozoic ammonoids survived a significantly higher shell loss than Nautilus or 
Paleozoic ammonoids (Keupp 2012) with much simpler suture lines. It can be as-
sumed that survived shell loss is positively correlated with suture line complexity, 
although this requires further testing.

16.8  Evolution of the Hydrostatic Apparatus

Possibly, the phragmocone is the most important autapomorphy of the Cephalop-
oda (for cephalopod ancestry and origin see Klug et al. 2015a; Kröger et al. 2011; 
Ax 2001). With respect to cephalopod buoyancy, a hypothesis suggested by Dzik 
(1981) has to be mentioned: According to Pojeta (1980), the siphuncle of the earli-
est cephalopods, i.e. the Plectronoceridae, might be homologous to the snorkel-like 
process of monoplacophoran Yochelcionellidae. Dzik (1981) then suggested that 
stemgroup cephalopods or derived monoplacophorans have produced a hyposaline 
liquid, stored it in the apex of the shell, thereby reducing their buoyancy and be-
coming able to swim. This is in accordance with the osmotic process involved in 
the removal of cameral liquid in ammonoids and other chambered cephalopods. In 
the opinion of Dzik (1981), the septa then evolved by a repeated change of apical 
liquid- and carbonate secretion, followed by gas diffusion which was enabled by the 
growing partial pressures produced by the ionic pump in the chambers.

In the course of cephalopod evolution, the buoyancy apparatus underwent many 
modifications including thick (endocerid) and thin (orthocerid) siphuncles, simple 
(actinocerid) and complex (ammonoid) septa, straight (orthocerid) and coiled (am-
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monoid) phragmocones. Undoubtedly, the major innovations characterizing most 
Ammonoidea are the ventral siphuncle, the tightly coiled shell and more or less 
strongly folded septa. In how far morphological evolutionary innovations represent 
adaptations to improve its function to regulate buoyancy is nearly impossible to 
prove. In any case, we do not doubt that buoyancy control was the phragmocone’s 
principal function because it persisted throughout the entire phylogeny and under-
went an increase in complexity which was partially reversed only in very few taxa 
(e.g., Cenomanian Neolobites).

Above, we have mentioned the line of reasoning that the increasing sutural frill-
ing might serve to increase the surface of the phragmocone (see Chap. 3). This com-
plexity is largely limited to the part of the septa, where they are in contact with the 
outer shell (the suture), while much of the septum remains gently folded. This ar-
rangement is not the optimal construction to maximize the pellicle-covered surface 
of the inside of the chamber. This might indicate a different meaning of the suture 
frilling which has been suggested by Klug et al. (2008). Accordingly, the complex-
ity increased the length of attachment of the organic preseptum prior to mineraliza-
tion and might have helped to allow an earlier start of the emptying process in newly 
formed chambers. In both cases, the increase in sutural frilling is linked with a rise 
in efficiency of the buoyancy apparatus, thus supporting the likely great importance 
of buoyancy regulation in ammonoids. In turn, this points at the possibly immense 
meaning of the control of vertical movements in the life of ammonoids. Taking the 
implosion depths of ammonoids of perhaps above 300 m into account (e.g., Wes-
termann 1973, 1996), the importance of buoyancy control becomes essential for 
survival. Phragmocone differentiation could be speculatively explained as a reflec-
tion of specializations to certain depths and/ or distinct modes of vertical migration. 
With the increase in accuracy and number of buoyancy models of ammonoid spe-
cies, we will hopefully learn more about their habitats and perhaps also behavior in 
terms of vertical migration.
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17.1  Introduction

The locomotor capacity of ammonoids is still a matter of much debate. This ques-
tion is intimately linked with questions concerning ammonoid habitat and buoyancy 
(Ritterbush et al. 2014). Aspects of buoyancy were reviewed by Hoffmann et al. 
(2015). Based on theoretical models of ammonoid buoyancy (e.g., Trueman 1941; 
Saunders and Shapiro 1986) in combination with the latest empirical studies on vol-
ume models of ammonoids (Tajika et al. 2015; Naglik et al. 2015), we can now con-
fidently reject the hypothesis of an obligatorily benthic mode of life for most am-
monoids advocated by Ebel 1983 (see also Westermann 1993, 1996; Kröger 2001 
or Jacobs and Chamberlain 1996 for views contrasting Ebel’s ideas). The function 
of the phragmocone as a buoyancy device has been corroborated by a great number 
of studies (see Hoffmann et al. 2015 and references therein) including the latest vol-
ume models of ammonoid shells and the linked buoyancy calculations (Tajika et al. 
2015; Naglik et al. 2015), most mathematical models of buoyancy (Hoffmann et al. 
2015), the convergent evolution of an upward orientation of the aperture in many 
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major ammonoid lineages (e.g., Raup and Chamberlain 1967; Bayer and McGhee 
1984; Saunders and Shapiro 1986; Klug 2001; Korn and Klug 2003; Monnet et al. 
2011) and the increase of phragmocone complexity through ammonoid evolution 
(Saunders 1995; Saunders and Work 1996, 1997; Daniel et al. 1997; Saunders et al. 
1999). This is significant because syn vivo shell orientation can be used as an indi-
cator of locomotion and habitat preference, although there are great limits for the 
accuracy of such conclusions.

Several authors have sought information on habitat depth and swimming speed 
in the physical properties of ammonoid shells. For example, shell implosion depths 
suggest limits for maximum diving depths (e.g., Westermann 1973, 1996; Saunders 
and Wehman 1977; Jacobs 1992a; Hewitt 1996; Batt 2007). Inferences on diving 
depth and ammonoid behavior have also been drawn based on siphuncle proper-
ties (e.g., Westermann 1971, 1996; Mutvei and Reyment 1973; Mutvei 1975; 
Chamberlain and Moore 1982; Ward 1982; Hewitt 1996). Oxygen isotopes have 
also been used to approximate diving/living depths of ammonoids (Moriya et al. 
2003; Lukeneder et al. 2010, Lukeneder 2015; Moriya 2015).

Similarly, streamlining and drag have been quantified for a wide range of 
shell shapes (Kummel and Lloyd 1955; Westermann 1971, 1996; Reyment 1973; 
Chamberlain 1976, 1981; Chamberlain and Westermann 1976; Jacobs 1992b,  
Jacobs et al. 1994; Monnet et al. 2011; Ritterbush and Bottjer 2012; Ritterbush 
et al. 2014), and the results related to mode of life. Mutvei and Reyment (1973) as 
well as Mutvei (1975) argued that muscle attachment was too small and weak to 
allow ammonoids to swim well. However, there is some indication suggesting that 
ammonoids may have powered their locomotion with a muscular mantle not firmly 
attached to the shell (Jacobs and Landman 1993; Jacobs and Chamberlain 1996). 
Muscle attachment is discussed in detail in Doguzhaeva and Mapes (2015).

Sedimentary facies in which ammonoids are preserved may provide some infor-
mation about lifestyle and habitat (Wang and Westermann 1993; Westermann 1996; 
Tsujita and Westermann 1998; Westermann and Tsujita 1999), although post mor-
tem transport can complicate the picture (e.g., Kennedy and Cobban 1976; Tanabe 
1979: Westermann 1996 and references therein). Nevertheless, the broad range of 
facies types in which ammonoid remains occur in combination with the great dis-
parity in shell morphology supports a wide variety of life habitats and habits for 
these animals that in principle relate to differing locomotor capabilities as exempli-
fied by Jacobs et al (1994).

Another line of evidence comes from sublethal injuries. It was especially Keupp 
(review in Keupp and Hoffmann 2015), who, in a series of articles (Keupp 1984, 
1985, 1992, 1996, 1997, 2000, 2006, 2008, 2012), proposed that several types of 
injuries commonly recorded in ammonoid shells were inflicted by benthic crusta-
ceans. If that is correct, this would support at least a temporarily demersal habitat 
for ammonoids showing such injuries; other injuries related to nektic predators, 
however, corroborate a nektic mode of life for at least some ammonoid groups 
(compare Ritterbush et al. 2014; Keupp and Hoffmann 2015).

Finally, syn vivo epizoans also provide some information on swimming direction 
and orientation of the shell (Keupp et al. 1999). However, such cases of epizoans 
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that can be interpreted in that respect are rare (Seilacher 1960, 1982a, b; Keupp et al. 
1999; Seilacher and Keupp 2000; Hauschke et al. 2011). De Baets et al. (2015b) re-
view information obtained from epizoans attached to ammonoids as a function of 
orientation (e.g., Seilacher 1960). Their results support the swimming orientations 
discussed herein.

Because ammonoids apparently did not produce unequivocal trace fossils of 
their movements syn vivo, no evidence from this source is available to help interpret 
ammonoid locomotion.

17.2  Limits of Research on Ammonoid Locomotion

Because ammonoids are extinct, we cannot provide direct, observational evidence 
on their swimming ability from study of the living creatures. There is no direct way 
to measure such parameters as maximal swimming speed, maneuverability, or the 
efficiency of the musculature in extinct animals like ammonoids. Thus, in this paper 
we attempt to reconstruct ammonoid swimming ability and maneuverability using 
indirect evidence that can be gleaned from the fossil record; from analogy to the 
performance of modern relatives; and from awareness of the uncertainties inherent 
in such an effort.

There are only a few aspects of ammonoid locomotion, which at the outset ap-
pear highly plausible to us:

1. Ammonoids generally were able to produce neutral buoyancy by means of their 
buoyancy apparatus.

2. Most ammonoids were not fully benthic since they did not leave any traces in the 
sediment, had often upward pointing apertures and were preyed upon by nektic 
organisms or only from below by benthic organisms.

3. Most ammonoids were probably capable of swimming movement powered by 
jet propulsion, arm beating, or other mode of propulsion.

4. Locomotor capabilities were not uniform across all ammonoid taxa since they 
had sometimes quite large differences in shell orientation, hyponomic sinus, 
body size or shell shape.

17.3  Shell Orientation

17.3.1  Mathematical Models

With his pioneering work on ammonoid shell geometry and buoyancy, Trueman 
(1941) initiated a line of investigation that continues down to the present day, in 
which palaeontologists utilize mathematical modeling techniques to gain insight 
on ammonoid buoyancy and shell orientation. These models usually employ the 
parameters used by Raup and Chamberlain (1967), namely W (expansion rate), K 
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(area of last generating curve) and R (distance from the coiling axis). However, such 
models are predicated on a number of simplifications (e.g., Trueman 1941; Raup 
(1967); Raup and Chamberlain (1967); Ebel 1983; Saunders and Shapiro 1986; 
Shapiro and Saunders 1987; Okamoto 1988, 1996; Klug 2001; Korn and Klug 
2003). Commonly, these models include the assumption of self-similar (gnomonic), 
logarithmic shell growth, uniform shell thickness independent of position on the 
whorl section and the presence of a stable coiling axis. None of these simplifying 
assumptions necessarily coincide with actual ammonoid shells, i.e., shell growth in 
ammonoids was not perfectly logarithmic (e.g., Okamoto 1996; Klug 2001; Korn 
2012; Tajika et al. 2015; Naglik et al. 2015), shell thickness varies and the coil-
ing axis can permanently change its position throughout ontogeny (e.g., Urdy et al. 
2010a, b).

Most authors, who produced mathematical models of shell geometry (True-
man 1941; Raup 1967; Raup and Chamberlain 1967; Saunders and Shapiro 1986; 
Okamoto 1988, 1996), tested their models, usually with data from Recent nautilids 
(Packard et al. 1980; Chamberlain 1987; Ward 1987; Jacobs and Landman 1993), 
and found reasonably good agreement between their results and the modeled at-
tributes of the living animal. According to these models, the orientation of the ap-
erture largely depended on the whorl expansion rate and ranged between about 30° 
and 110° from the vertical direction in normally coiled ammonoids with planispiral 
shells (Saunders and Shapiro 1986). In straight bactritoids (Fig. 17.1) and other 
heteromorph ammonoids, the aperture may have faced more or less downward, for 
example in more or less orthoconic forms (without counterbalancing options) such 
as baculitids or in some early ammonoids with very loosely coiled shells such as 
Metabactrites (e.g. Klug and Korn 2004), or in subadult Anisoceras, turrilitids and 
other heteromorphs. As shown in Fig. 17.1, shell orientation may have varied quite 
strongly throughout ontogeny.

As shown by Westermann (1996), the majority of Mesozoic ammonoids had 
body chamber lengths between 200° and 300° (Fig. 17.2). According to him and the 
model by Saunders and Shapiro (1986), this would coincide with an apertural orien-
tation of about 80° to 100°, i.e. with the aperture oriented more or less horizontally. 
Only forms with extremely high or extremely low whorl expansion rates and body 
chambers shorter than half a whorl or exceeding one whorl in length would have 
had an aperture oriented below 50° from vertical.

17.3.2  Mechanical Models

In addition to mathematical modeling, some authors have employed mechanical, 
i.e. physical, models to help reconstruct shell orientation in ammonoids. Among the 
first to use such models were Mutvei and Reyment (1973), who built metal-coated, 
plastic shell models, vacuum molded from real ammonoid and Nautilus shells, to 
investigate the buoyancy and floating position of the animals thus modeled. These 
authors were later followed in using physical models by, e.g., Elmi (1991, 1993), 
Seki et al. (2000), Klug and Korn (2004), Westermann (2013) as well as Parent et al. 
(2014).
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Fig. 17.1  Shell curvature, torsion, growth direction as well as hydrodynamic characters such as 
hydrodynamic stability, orientation of the aperture and hyponome jet thrust angle. (Source: Oka-
moto 1996)
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Fig. 17.2  Relationships between shell coiling, body chamber length, orientation of the aperture 
and hydrostatic stability of Mesozoic ammonoids. W whorl expansion rate, TH relative shell thick-
ness, D relative distance between coiling axis and generating curve. Note the three peaks in body 
chamber length abundance and that these peaks coincide with a commonly sub-horizontal aper-
tural margin and thus upward facing aperture. (Modified after Westermann (1996) incorporating a 
graph of Saunders and Shapiro (1986))
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Klug and Korn (2004) showed, how shell orientation changed from facing down-
ward in Orthocerida and Bactritida with orthoconic shells to oblique downward in 
Ammonoidea with loosely coiled shells, to oblique upward in less loosely coiled 
forms, to more or less horizontally upward in fully coiled shells (Fig. 17.3, 17.4). 
A progression of this type in aperture orientation is associated with iterative evolu-
tionary trends (Fig. 17.3) in the major Devonian ammonoid clades (Mimosphinctoi-
dea, Mimagoniatitoidea, Agoniatitoidea; Korn and Klug 2003) and even in parallel 
in two Devonian clades (Auguritidae and Pinacitidae; Monnet et al. 2011).

The question of whether ectocochleate cephalopods with orthoconic shells were 
capable of bringing their shell and body into a horizontal position is of long inter-
est (e.g., Schmidt 1930; Ward 1976). Using physical models, Westermann (2013) 
demonstrated that a horizontal position in baculitid ammonoids could have been 
achieved by accumulating liquid in the most apical chambers. Such a horizontal 
position of cephalopods with orthoconic shells may also have been achieved with 
apical intracameral or intrasiphuncular deposits (e.g., Actinocerida, Endocerida) or 
chamber liquid (Westermann 1977, 2013; House 1981). For baculitids, Westermann 
(2013) suggested a vertical orientation of the shells of juveniles and a nearly hori-
zontal orientation of subadults and adults because he assumed that juveniles had 

Fig. 17.3  Relationships between shell coiling, body chamber length, orientation of the aperture 
throughout the evolution of Devonian ammonoids. Note that three of the most important clades 
more or less independently evolved horizontal apertures early in the evolution of ammonoids. 
(Source: Klug and Korn 2004)
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Fig. 17.4  Evolution of coiled ammonoid shells from straight bactritid shells and the consequences 
for body chamber length, aperture orientation, thrust angle of the hyponome jet, hydrodynamic 
stability and interpretations for swimming capabilities throughout evolution. (Modified after Klug 
and Korn 2004 as well as Klug et al. 2008). BCL body chamber length, OA orientation of the aper-
ture, DCL decoupled chamber liquid.
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phragmocones with more or less uniformly distributed liquid while in adults, the 
chamber liquid accumulated apically as a counterweight. The spatial distribution 
of chamber liquid might have also played a role in other ammonoids (Ward 1979, 
1982; Kaplan 2002; Klug et al. 2008), although quantitative evidence on liquid dis-
tribution in ammonoid phragmocones has not yet been obtained.

Parent et al. (2014) experimented with a physical model comprised of weights 
and levers to assess the possible effect of the position of aptychi in aptychophoran 
ammonites on shell orientation. They concluded that in cases where the aptychus 
contains a sufficient mass and density relative to the animal’s soft tissue and shell, 
the forward and backward movement of the buccal mass would have affected the 
orientation of the shell. Ammonites, such as some aspidoceratids, could have al-
tered shell orientation in such a way that the aperture was lowered to < 25° from the 
vertical position.

Earlier physical models suggested capability of certain heteromorph ammonites 
(particularly the so-called “shaft and hook shaped body chamber” ammonoids; 
Kaplan 2002) to change their shell orientation (Kakabadzé and Sharikadzé 1993; 
Monks and Young 1998) by displacement of fluid and gas in the phragmocone 
(Kakabadzé and Sharikadzé 1993), or by moving the soft body of the animal within 
the living chamber, assuming that the animal was much smaller than its body cham-
ber (Monks and Young 1998).

17.3.3  Empirical Models

We use the term “empirical models” to mean three-dimensional physical models of 
ammonoid shells constructed from stacks of cross-sections cut through a real shell. 
A similar approach was first employed by Chamberlain (1969), who built Plexiglas 
shell models from computer-produced topographic cross-sections of hypothetical 
ammonoid shells, which he then used for hydrodynamic experimentation (Cham-
berlain 1976, 1980, 1981). More recently, tomographic techniques have been devel-
oped, which greatly advance our skill to more confidently reconstruct syn vivo shell 
orientation(e.g., Longridge et al. 2009; Hoffmann and Zachow 2011; Hoffmann 
et al. 2013; Tajika et al. 2015; Naglik et al. 2015).These models are based on im-
age stacks produced by different tomographic methods. Attempts to obtain image 
stacks by computer tomography often failed due to the lack of density contrast. This 
is probably the reason for the relatively late appearance of tomographic images 
of the interior of ammonoids in the scientific literature. Accordingly, tomographic 
data were sometimes obtained by serial sectioning (Tajika et al. 2015; Naglik et al. 
2015). The latter method has the advantage that the images provide colour infor-
mation and lack certain artifacts occurring in CT-data such as ring artifacts (see 
Hoffmann et al. 2013). In any case, these empirical models (Fig. 17.5) largely cor-
roborate the results of mathematical modeling: forms with body chambers < 100° 
or > 360° have low apertures while the majority of shell forms with body chambers 
of 200° to 300° have more or less horizontally arranged apertures facing upward 
(Tajika et al. 2015; Naglik et al. in press).
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Fig. 17.5  Three Paleozoic ammonoids that have been subjected to grinding tomography in order 
to produce virtual 3D-reconstructions. Based on the image stacks, centers of mass (x) and buoy-
ancy (o) were established based on these empirical models. (From Naglik et al. 2015). Scale bar: 
0.5 cm
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17.4  Muscles, Drag and Power

Because we cannot directly observe live ammonoids swimming, testing hypotheses 
on ammonoid swimming speed and swimming behavior presents obvious challeng-
es to researchers interested in such matters. A wide variety of approaches to these 
issues are possible, but so far interest has centered primarily on muscles used to 
generate propulsion, drag, and power.

17.4.1  Muscles

Muscle attachment structures are reviewed by Doguzhaeva and Mapes (2015). Ac-
cording to them, jet-powered swimming could have been possible for forms with a 
body chamber length of one whorl or less and muscle attachments that would permit 
some muscles to extend straight across the body chamber and attach to the head and 
to the funnel.

A basic question here is the following: which of the extant cephalopods, if any, 
have a propulsive muscular system and mode of locomotion similar to that of am-
monoids? The following kinds of muscular systems characterize modern cephalo-
pods:

1. Nautilus-like: Because Recent nautilids are the only extant ectocochleate 
cephalopods, they have commonly been used as paradigms to understand the 
paleobiology of ammonoids. In modern nautilids, the large cephalic retractor 
muscles, which are attached to the inner shell wall of the body chamber, pull the 
head complex back into the body chamber, thus compressing the mantle cav-
ity and expelling a propulsive jet of water out of the hyponome (Packard et al. 
1980; Chamberlain 1981, 1987). The occurrence of apparent retractor muscle 
attachment scars in some ammonoids, as pointed out in Doguzhaeva and Mapes 
(2015), suggests that such ammonoids may have powered themselves by a “pis-
ton-pump” system not unlike what is seen in Nautilus.

2. Squid-like: Taking cephalopod phylogeny into account, ammonoids are more 
closely related to coleoids than to nautilids (Jacobs and Landman 1993; Kröger 
et al. 2011), and perhaps one may thus expect some similarities in coleoid and 
ammonoid propulsion systems. Modern squids use their muscular mantle (Bone 
et al. 1981) to pressurize mantle cavity water, which is then ejected through the 
funnel. However, the mantle in squids is not surrounded by shell as in Nautilus, 
or ammonoids, and does not function in shell secretion. It is generally considered 
that ammonoids also used their mantle to secrete the shell, as do ectocochle-
ate cephalopods in general. Whether this necessarily implies that the ammonoid 
mantle was attached to the inner shell surface, and was secretory rather than mus-
cular and incapable of compressing the mantle cavity is open to debate. In this 
regard, Jacobs and Landman (1993) as well as Jacobs and Chamberlain (1996) 
have suggested that the absence of large lateral muscle scars in some ammonoids 
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may mean that such animals used a squid-like system of propulsion involving 
the mantle. It has even been suggested that some ammonoids may actually have 
internalized shells (Doguzhaeva and Mutvei 1991, 1993), but in such cases, the 
mantle cavity was still located inside the body chamber of the shell. The Nautilus 
hyponome is also muscular and can direct and further compress the propulsive 
flow, but unlike the tubular funnel in coleoids, the Nautilus hyponome is a flap 
of tissue with folded, overlapping edges. Westermann (2013) proposed that some 
ammonoids may have had a powerful, coleoid-like tubular hyponome that was 
the main source of propulsive power. Nevertheless, the fins (probably not pres-
ent in ammonoids) sometimes also play a role in squid locomotion (Packard 
1972; Well 1995; Boyle and Rodhouse 2005)

3. Argonauta-like: Females of the octobrachian Argonauta produce an egg-case 
that is used both to shelter the eggs and to pick up air at the water surface in order 
to regulate buoyancy (Finn and Norman 2010). The shell differs from ammonoid 
shells in the absence of chambers and the fact that the Argonauta shell is secreted 
by two modified arms; other characters also differ (compare Hewitt and Wes-
termann 2003). The mantle is not firmly attached to the shell and propulsion is 
carried out by means of the mantle as in other octobrachians (Young 1960; Finn 
and Norman 2010; Rosa and Seibel (2010).It is highly unlikely that ammonoids 
propelled themselves in a way analogous to that of a female Argonauta.

4. Vampyroteuthis/Octopus-like: Vampyroteuthis and several octobrachians can 
swim by contracting their arms with the velar skins, thus expelling water (Boyle 
and Rodhouse 2005). Since hardly anything is known about ammonoid arms 
(Klug and Lehmann 2015), it is currently impossible to conclude if such a mode 
of locomotion occurred in ammonoids.

In our view, it is likely, but not proven, that many ammonoids used longitudinal 
muscles to power jet propulsion. Evidence for the use of arms, velar webs, fins and 
mantle muscles in ammonoid locomotion is still poor or lacking. The possible ef-
ficiency, energy requirements and energy consumption associated with ammonoid 
propulsion are discussed in Chap. 17.4.3 below.

17.4.2  Drag

Drag is a physical term, which describes the forces that counteract the motion of 
an object moving through a fluid, namely seawater in the case of ammonoids. Drag 
is the product of the inertial and viscous forces acting on such an object, and thus 
depends on size, shape, and speed of the object, and on the density and viscosity 
of the fluid. Drag is one of the physical aspects of ammonoids that can be mea-
sured directly, even on fossil specimens (Schmidt 1930; Kummel and Lloyd 1955; 
Chamberlain 1976, 1980, 1981; Chamberlain and Westermann 1976; Jacobs 1992b; 
Jacobs et al. 1994; Jacobs and Chamberlain 1996). Drag force is usually measured 
directly, as was done in the studies noted immediately above. In situations where 
separated flow occurs, as would normally be the case for medium-sized and large 
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ammonoids moving relatively fast, drag can also be calculated from the following 
equation.

FD—drag force; ρ—density of the medium (seawater); v—velocity of the object 
(ammonoid); Cd—drag coefficient of the object (a dimensionless number which can 
be thought as representing the shape of the moving object); A—an area representa-
tive of the size of the moving object.

For objects, such as ammonoids, which have complex shapes, and thus complex 
flow interactions, shell volume raised to the two-thirds power (V2/3) is generally the 
areal parameter of choice (Chamberlain 1976; Vogel 1981). It is important to under-
stand that Cd is not a constant; it is a coefficient that varies widely for a given object 
depending on flow conditions. Flow state around an object, like an ammonoid, is 
described in terms of the Reynolds number.

Re—Reynolds number; dm—specimen shell diameter in the direction of motion; 
v—velocity of the object; υ—kinematic viscosity of seawater (viscosity [γ] divided 
by seawater density [ρ]). When Re is low (Re < 1000 approximately), flow is at-
tached to the object (this is often referred to as Stokes Flow); drag is due entirely to 
surface friction; Cd is very high, often more than 100, and varies directly with veloc-
ity and Re. Spherical objects generate the least drag because they have the smallest 
surface area, and hence least frictional drag per unit volume. For ammonoids, these 
conditions would hold for small ammonoids swimming slowly. When Re exceeds 
approximately 10,000, flow is separated to some degree from the object (this is 
often referred to as separated or non-Stokes flow); drag is due to a combination of 
friction and an adverse pressure gradient created by the separation; and Cd is low 
and often constant, or nearly so, as Re and velocity change, fusiform objects gener-
ate the least drag because they have the smallest possible pressure drag component 
(fusiform shapes minimize the extent and magnitude of separation and the posterior 
low pressures that derive from separation). For many objects operating in separated 
flow, a large reduction in Cd occurs when the character of the fluid boundary layer 
lying on the surface of the object converts from laminar to turbulent conditions. For 
ammonoids, separated flow would hold for large ammonoids swimming quickly. 
At intermediate values of Re (1000 > Re < 10,000 approximately), flow is unstable 
and can vary from a separated to attached state depending on such factors as object 
shape and surface features. This would apply to ammonoids of intermediate size 
moving at intermediate speeds.

Several authors examined drag using ammonoid models (Schmidt 1930; Kum-
mel and Lloyd 1955; Chamberlain 1976; Jacobs 1992b; Jacobs and Chamberlain 
1996). Modeling focused on the shell only (Kummel and Lloyd 1955; Chamberlain 
1976); the shell and attached prostheses imitating extruding soft parts (Chamber-
lain 1980); or shell and artificial surface sculpture (Chamberlain 1981). For models 
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with representative values of Raup’s W and D values (Raup 1966, 1967; Raup and 
Chamberlain 1967), Chamberlain (1976) determined drag coefficients in separated 
flow (i.e. for higher velocities and larger shells) where pressure drag is the key 
hydrodynamic factor. These experiments on models revealed that narrower shells 
had lower drag values. It appears to be mainly shell thickness and umbilical width, 
which play important role in generating drag in such flow conditions (Fig. 17.6).

In a later study, Jacobs (1992b) focused on drag for ammonoids of small size 
and low velocity (Re below about 25000), where frictional drag is the key hydro-
dynamic factor (see also Jacobs and Chamberlain 1996). Some results of Jacobs 
(1992b) are reproduced in Fig. 17.7. Note that in each graph in Fig. 17.7, the curves 
for wide and narrow forms cross at a point between Reynolds numbers of 5000 
and 10,000. At Re less than the crossing value, the wider shells have lower drag 
coefficients (less frictional drag in Stokes flow) than the narrow shells, but at Re 
greater than the crossing value, the narrow shells have lower drag coefficients (less 
pressure drag in separated flow). This implies that different shell morphologies are 
more efficient at different sizes and swimming speeds (Table 17.1). Narrow forms 
produce less drag than wide forms at higher Reynolds numbers (faster speeds, larg-
er size), while wide shells generate less drag at low Reynolds numbers (slower 
speeds, smaller size) than do narrow shells. This situation implies that the com-

Fig. 17.6  Relationship between the thickness ratio and the drag coefficient, depending to a lesser 
degree on other factors such as umbilical width and ornament strength. These data (Chamberlain 
1976; Jacobs 1992b) were obtained from models in a water tank (modified after Jacobs and Cham-
berlain 1996)
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mon ammonoid ontogenetic change in shell morphology from depressed juvenile 
whorls to more compressed whorl shape near maturity could be linked with this 
flow state dependent change in drag coefficient (Jacobs and Chamberlain 1996). 
The latter authors also suggested that morphologic change related to hydrodynamic 
factors operating in the evolution of ammonoid clades should be linked with dif-
ferent host facies. This link was examined by various authors (e.g., Ziegler 1967; 
Batt 1989; Bayer and McGhee 1984; Marchand 1992; Courville and Thierry 1993; 

Table 17.1  Possible swimming behavior of ammonoids in dependence of their shell shape. (Mod-
ified after Jacobs and Chamberlain 1996). For Baculites, we used the interpretation of Westermann 
(2013). Additional information comes from Klinger (1981) and Seki et al. (2000)
Shell shape Slow, continuous 

swimming
Fast, continuous 
swimming

Acceleration Vertical

Compressed involute
Oxyconic (e.g., 
Sphenodiscus)

Poor Good Excellent Moderate

Platyconic with 
rounded venter (e.g., 
Oppelia)

Moderate Excellent Good Moderate

Platyconic with 
tabulate venter (e.g., 
Anahoplites)

Good? Good Moderate Moderate

Moderately compressed
Platyconic, moder-
ately evolute (e.g., 
Mesobeloceras)

Moderate Good Moderate Moderate

Involute juvenile (e.g., 
Scaphites)

Moderate Moderate Moderate

Evolute, rounded 
whorls (e.g., Lytoceras)

Moderate Moderate Poor Moderate

Compressed evolute Good Moderate Moderate Good
Depressed
Sphaeroconic involute 
(e.g., Goniatites)

Moderate Poor Poor Moderate

Cadiconic, evolute 
(e.g., Cabrieroceras, 
Gabbioceras)

Moderate Poor Poor Moderate

Heteromorphic
Orthoconic (e.g., 
Baculites)

Moderate Moderate Excellent? Moderate

Torticonic (e.g., 
Turrilites)

Poor Poor Poor Good

Loosely coiled in three 
dimensions (e.g., Nip-
ponites, Didymoceras)

Poor Poor Poor Good
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Jacobs et al. 1994; Klug 2002; Kawabe 2003). Such studies are hampered by the 
possibility that ammonoid shells were transported post mortem and the imperfect 
knowledge of habitat depth, because the sedimentary context in which ammonoids 
are preserved mainly informs about the energy in the water column and the volume 
of sediment that is delivered in combination with accommodation space. It is pos-
sible that ammonoids could have lived in more quiet waters near the sea-floor or in 
more agitated waters near the surface uncharacteristic of the sedimentary context 
of the rock itself. Additional factors, such as time-averaging might also complicate 
straight forward interpretations (compare De Baets et al. 2015a).

In any case, the measurable disparity of ammonoids throughout ontogeny and 
evolution as well as the recurrent ontogenetic change in shell shape indicate that 
minimizing drag played an important role in ammonoid evolution. It also indicates 

Fig. 17.7  Relationships between drag coefficients and Reynolds number (Re) of three different 
pairs of Jurassic and Cretaceous ammonoids. In each pair, one form has a narrow shell ( dots), and 
one has a wide shell (open squares). Note that in each graph the curves for the two forms cross at a 
point between Reynolds numbers of 5000 and 10000. At Re less than the crossing value, the wider 
shells have lower drag coefficients (less frictional drag in Stokes flow) than the narrow shells, but 
at Re greater than the crossing value, the narrow shells have lower drag coefficients (less pressure 
drag in separated flow)
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that different forms were possibly specialized for different modes of life with cor-
respondingly different swimming abilities.

17.4.3  Power

The use and availability of power for swimming in ammonoids cannot be measured 
directly and thus has to be addressed based on actualistic comparisons with living 
organisms (e.g., Trueman and Packard 1968).

The physical term, power, simply describes the ratio between the work, W, ex-
pended in a time interval, t:

Assuming constant velocity during the time interval in question, this can be modi-
fied to the following equation using drag force FD and velocity v:

Power consumption during swimming thus depends directly on drag coefficient 
and can be estimated from the relationship between drag coefficient and Reynolds 
number, and thus with respect to size and velocity (Jacobs 1992b; Jacobs and 
Chamberlain 1996). In order to assess the differences in power consumption as 
a function of shell form, size and velocity, Jacobs (1992b) produced drag data for 
the thick genus Gastroplites (ww/dm = 0.42) and the thin genus Sphenodiscus (ww/
dm = 0.19). His results are reproduced here in Fig. 17.8. According to Fig. 17.8, 
Gastroplites would require less power at sizes below 10 cm and velocities below 
50 cm/s. At a shell size of 10–100 cm and speeds below 15 cm/s, the two shell 
shapes would require about the same power. At higher speeds and sizes exceed-
ing 10 cm, Sphenodiscus would need less power and swim more economically. 
Whether these ammonoids could actually produce the power necessary to swim at 
these speeds cannot be inferred from such data, however.

Knowledge of swimming speed in fossil ammonoids requires knowledge of the 
power output generated by live ammonoids. The power produced by live ammo-
noids is unknown. However, one can gain useful insight into this matter by applying 
to this question data on power output of modern swimmers, particularly modern 
cephalopods. Of primary interest is the power output of modern analogues in sus-
tained swimming (powered by aerobic muscle contraction), and in burst swimming 
(powered by anaerobic muscle contraction). Also of interest is metabolic scope, 
i.e., the difference between the power requirements during inactivity and periods 
of maximum activity. Unsurprisingly, power output and metabolic scope differ 
strongly between living cephalopods such as Nautilus with very low metabolic 
rates and the active squid Illex with a high metabolic scope (O’Dor 1982, 1988a, 
b; Chamberlain 1987; O’Dor and Wells 1990; O’Dor et al. 1990, 1993; O’Dor and 
Webber 1991). Even among squids, metabolic rates can vary strongly depending on 

P W / t= ∆ ∆

DP F v=
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their habitats (Seibel et al. 1997). For instance, the deep-sea squid Vampyroteuthis 
infernalis has a metabolic rate a hundred times lower than the shallow water Gona-
tus onyx (Seibel et al. 1997).

Estimates of power production in ammonoids depend on whether Recent nau-
tilids are considered the better model organisms with their similarly constructed 
external shell or whether coleoids should rather be used as paradigms because they 
are more closely related to ammonoids. Several authors (e.g., Trueman 1941; Swan 
and Saunders 1987; Jacobs and Landman 1993; Kröger et al. 2011) have argued in 
favor of coleoids rather than nautilids on the basis of shell form and phylogeny. In 
order to estimate sustainable swimming speeds in ammonoids, Jacobs (1992b) ar-
gued that a metabolic rate of 200 ml of oxygen per kilogram per hour, which is close 
to that of Sepia (O’Dor and Webber 1991), probably represents a reasonable figure 
for most ammonoids. He also advocated that for ammonoids, sepiids represent the 
most meaningful model organisms among coleoids because like ammonoids, they 
have a large chambered phragmocone, which greatly limits the relative proportion 
of propulsive muscle (and soft tissue generally) to total volume of the animal (see 
also Chamberlain 1981, 1990, 1992, 1993). By comparison, squids like Illex, pack 
their bodies much more fully with propulsive muscle. O’Dor and Webber (1991) 
found that the metabolic scope of the highly active Illex was four times larger than 
in Sepia and additionally, the efficiency of their muscles exceeds that of sepiids. In 

Fig. 17.8  Differences in power consumption (in ergs/s/cm3) in a broad, depressed form ( Gastrop-
lites) and in a narrow, laterally compressed form ( Sphenodiscus). Power difference was calculated 
by subtracting the power required per unit volume in Sphenodiscus from that of Gastroplites. 
Depending on this ratio, one obtains positive or negative values: when the values of power dif-
ference are negative, Gastroplites requires less power. The greatest power difference is seen at 
low sizes and high velocities. Jacobs and Chamberlain (1996) considered these differences as so 
profound that they appear to be biologically significant. Power differences > 100 ergs/s/cm3 are not 
shown (modified after Jacobs and Chamberlain 1996)
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consequence, power output is ten times higher in Illex, thus making Sepia the better 
actualistic model organism for ammonoids (Jacobs and Chamberlain 1996).

O’Dor and Webber (1991) observed swimming speeds of maximally 65 cm/s 
(2.3 km/h), which required a power output of 1000 μJ/s/cm3. Jacobs (1992b) as well 
as Jacobs and Chamberlain (1996) concluded that in ammonoids, this figure would 
probably not have exceeded 600 μJ/s/cm3 because only about 40 % of the orga-
nism’s volume is occupied by soft parts. The maximum swimming speeds of some 
ammonoid species, which are based on these assumptions, are depicted in Fig. 17.9. 
Maximum swimming speeds of large ammonoids like Sphenodiscus with a shell 
diameter of 25 cm would not have exceeded 100 cm/s (3.6 km/h). Gastroplites of 
the same size would have a speed of about 70 cm/s (2.5 km/h). The latter velocity 
corresponds to the maximum in Sepia (Jacobs and Chamberlain 1996). As a lower 
limit of energy availability, Nautilus can be used as model. Nautilus can activate 
up to 100 μJ/s/cm3, i.e. a tenth of that of Sepia. Using this figure, a 25 cm Gastro-
plites could reach 40 cm/s (0.54 km/h) and Sphenodiscus would have been able to 
swim 55 cm/s (1.98 km/h). These results are similar to swimming velocity estimates 
based primarily on drag considerations made by Chamberlain (1981, Fig. 17.8).

In summary, Jacobs (1992b) as well as Jacobs and Chamberlain (1996) found 
that swimming speed of ammonoids likely depended on various factors including 
shell shape (e.g. Table 17.1), body chamber angle, size, energy availability and 
power consumption. For large size, ammonoids with compressed shell form (low 
ww/dm ratio) could swim faster than those with depressed shells (high ww/dm ra-
tio); while at small size this relationship is reversed.

Fig. 17.9  Maximum sustainable swimming velocities in seven ammonoid genera. These are 
arranged in groups of two or three, always comprising a genus with a more compressed and one 
with a more depressed shell form. The velocity values are based on the assumption that the maxi-
mum power availability was 400 ergs/s/cm3. Overall, the curves resemble each other and in the 
curve pairs, they cross each other at a size of 5 to 10 cm (modified after Jacobs (1992b) as well as 
Jacobs and Chamberlain (1996))
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17.4.4  Acceleration

Accelerating an object in a fluid involves accelerating fluid entrained in the object’s 
wake and also fluid in direct contact with the surface of the object, i.e. in the bound-
ary layer. In the case of swimming organisms, this also applies and in order to es-
timate swimming speeds and energy requirements, this added mass has to be taken 
into account (Chamberlain 1987; Jacobs 1992b; Jacobs and Chamberlain 1996). 
The force required to accelerate this added mass can be quantified by the following 
equation, which was introduced by Daniel (1984):

G—acceleration reaction force; a—added mass coefficient (a function of thickness 
ratio ww/dm); r—density of the fluid; V—volume of the object/ammonoid; du/
dt—acceleration.

The acceleration reaction force occurs both in acceleration and deceleration 
(Daniel 1984; Chamberlain 1987; Jacobs 1992b; Jacobs and Chamberlain 1996). 
For ammonoids, the symmetry of the shell in swimming direction, shell shape, dif-
ferences in acceleration and deceleration processes as well as the formation of vor-
tices in the wake play a role.

In cephalopods, acceleration is produced by a series of water expulsions from the 
hyponome with interim phases of water intake into the mantle cavity. The animal 
accelerates when the propulsive muscles contract forcing water from the mantle 
cavity and decelerates during the recovery phase of the propulsive cycle when water 
is taken into the mantle cavity in preparation for the next mantle cavity contraction. 
When an organism starts swimming, energy is mainly invested in acceleration while 
at higher speeds when velocity is more constant, the energetic cost of drag rises. 
Acceleration force also depends on the width of the ammonoid shell (ww/dm ratio; 
Fig. 17.10) and it roughly doubles from ww/dm = 0.2 to a value of 0.4 (Jacobs and 
Chamberlain 1996). According to Daniel (1984, 1985), the ratio of energetic costs 
of drag to that of acceleration varies from 48 % in a small squid accelerating from 
0 to 2000 cm/s2 to 62 % in a medusa accelerating to 700 cm/s2 to 92 % in a salp ac-
celerating to 23 cm/s2. These values show that the faster an organism accelerates to 
a higher velocity, the lower the relative energy investment into added mass and the 
higher the investment into overcoming drag.

This relationship points to a potentially multiple functions of shell shape in 
ammonoids. While some shell morphologies reduced drag, other shell morpholo-
gies, such as oxycones with a small umbilicus, would have reduced the energetic 
cost invested in added mass (Jacobs 1992b; Jacobs and Chamberlain 1996). In that 
respect, ammonoids with narrow oxyconic shells would resemble ambush predators 
among fish (e.g. pike, barracuda) whose body geometry is too elongate to be purely 
adapted to reduce drag. Instead, their long and narrow shape strongly reduces ac-
celeration reaction force and enables them to accelerate strongly from a standing 
start. While there is no corroboratory evidence for an ambush predator strategy 

( )G ar V du dt= −
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in oxyconic ammonoids, the fact that oxyconic shell form evolved many times it-
eratively and sometimes even in parallel (e.g., Bayer and McGhee 1984; Klug and 
Korn 2002; Monnet et al. 2011) shows that this shell shape may indeed have had a 
positive adaptive benefit for ammonoids.

17.4.5  Cost of Transportation

The cost of transportation (COT) is a metric that describes the energetic cost of 
locomotion. COT has been defined in a variety of ways. For example, in his com-
parison of the energy cost of different styles of animal locomotion Schmidt-Nielsen 
(1972) defined COT as (metabolic rate/(body weight and speed). O’Dor (1988a) 
and O’Dor and Webber (1991) in their study of squid locomotion, and Chamber-
lain (1990) in his study of Nautilus locomotion, determined COT by calculating 
metabolic output from oxygen consumption data for swimming animals. In all such 
approaches the aim has been to express COT in terms of the propulsive power pro-
duced by a swimming animal relative to some measure of its size, speed, and dis-
tance travelled. COT is thus simply stated in terms of propulsive power per unit of 
animal size per unit of speed or distance traveled where animal size is represented 
by weight or volume.

Fig. 17.10  Depending on shell shape and ornament, differing amounts of added mass of water 
accelerated with the ammonoid in the boundary layer and the wake can be expected. The accelera-
tion reaction is a linear function velocity change (acceleration) and a function of the added mass 
coefficient, which -in turn- depends on shell shape and orientation relative to the direction of accel-
eration. According to these relationships, ammonoids with laterally compressed shells had sub-
stantially less added mass than ammonoids with depressed shells (modified after Jacobs (1992b) 
as well as Jacobs and Chamberlain (1996))
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The power produced by a swimming ammonoid can be expressed as follows:

where P is the metabolic output (power) used to produce locomotion; W is the work 
needed for locomotion; t is the time interval over which the locomotion occurs; F 
is the force or thrust developed by the swimming ammonoid and is assumed to be 
constant over the interval t; d is the distance traveled; and v is the animal’s velocity, 
also assumed to be constant.

Jacobs (1992b) and Jacobs and Chamberlain (1996) used the power-required 
data and the efficiency assumptions of Jacobs (1992b) to evaluate COT for a few 
representative ammonoids. Following Jacobs (1962b), they calculated COT as pro-
pulsive power per unit of total shell volume per unit of distance traveled. Their re-
sults are diagrammed in Fig. 17.11. The upper panel in this figure indicates that, as-
suming Sepia metabolic output, Gastroplites COT depends on size. Larger animals 
have lower COTs for a given velocity than smaller ones. This is largely the result of 
larger animals operating in separated flow where drag coefficients are smaller while 
small animals operate in Stokes flow where drag coefficient is much higher for ob-
jects of the same shape. The upper panel also indicates that if we assume Gastrop-
lites had a lower metabolic output equivalent to that of Nautilus, its COT would also 
be lower. Perhaps the most interesting observation to be made from Fig. 17.11 is 
that for each curve there is a specific velocity for which COT is minimal. If energy 
conservation in swimming ammonoids mirrors that of flying animals, where flight 
speed usually reflects minimal COT, and there is no reason why it should not, this 
may mean that this minimal COT speed represents the usual swimming speed for 
the ammonoid to which the curve applies. The steepness of the curve on either side 
of the minimum COT speed implies that there would be considerable gain in cost to 
the animal in moving away from this optimum speed. The lower panel in Fig. 17.11 
shows that the modern swimmers plotted here, both coleoids and fish, have COT-
velocity curves much less steeply inclined as velocity increases above the minimum 
COT speed. This means that these modern animals are not nearly so constrained in 
terms of COT in varying their swimming speed than is the case for the ammonoids 
plotted here as well. Swimming over a range of velocities does not greatly influence 
their COT. It would appear that these modern swimmers have a much more flexible 
swimming repertoire than did fossil ammonoids.

Jacobs (1992b) as well as Jacobs and Chamberlain (1996) suggested that due 
to their neutral buoyancy, ammonoids, like Nautilus, may have had a low use of 
energy at rest and that the cost of transportation in ammonoids was accordingly low 
at low velocities. Alternatively, if ammonoids were closer to sepiids in their meta-
bolic rates, the cost of transportation would have been lower at higher swimming 
speeds depending on their size (Fig. 17.11). Jacobs and Chamberlain (1996, p. 210) 
summarized this idea as follows: “ammonoids may not have been pursuit predators, 
comparable to tuna or some squids, that spend long periods of time chasing down 
prey at high speed. This would deny the utility of the neutrally buoyant shell in limit-
ing energetic expenditure. However, life styles that require only intermittent bursts 

( )P W t F d t F v= = =
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Fig. 17.11  Cost of transportation ( COT) in relation to velocity depends on shell size and meta-
bolic rate ( upper diagram) and differs between modern animal groups ( lower diagram). Modified 
after Jacobs (1992b) as well as Jacobs and Chamberlain (1996). The efficiency of energy conver-
sion into propulsion force is estimated to be 10 %. The upper diagram shows the COT for various 
sizes of Gastroplites, assuming metabolic rates (O’Dor and Webber 1991) of Sepia (3900 ergs/s/
cm3) and in one case of Nautilus (1/7th of Sepia). With increasing size, less energy is required for 
locomotion. The lower diagram shows the COT of Sphenodiscus and Gastroplites in comparison 
to various recent cephalopods and a fish (O’Dor and Webber 1991). Resting metabolic rates were 
estimated for Sphenodiscus to resemble that of Sepia and for Gastroplites to resemble that of 
Nautilus. At higher velocities, the costs rise much faster in the shelled swimmers than in fishes and 
squids. However, the ammonoid curves are based on a series of estimates for the metabolic rates, 
added mass and other modes of locomotion (fins in Sepia)
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of energy, such as ambush predation, seem possible, and oxyconic shell shape […] 
may have been conducive to such a mode of life.” It should be remembered that high 
speed is not required for successful predation. A predator must only move faster 
than its prey. If its prey is slow, a predator can be slow also. Oxycones would not 
need the fast burst speed of Illex or Sphyraena (barracuda) to prey on slower mov-
ing ammonoids.

Jacobs (1992b) and Jacobs and Chamberlain (1996) also pointed out that energy 
used for transport is energy that cannot be used in other ways; there is a trade-off be-
tween these costs and the energetic cost of other life functions. Nautilids have a low 
metabolism and can fast over lengthy time spans. In such a case, slow swimming 
speeds (O’Dor et al. 1990) are advantageous in promoting prolonged food searches 
(Wells 1987; Chamberlain 1990; Jacobs and Chamberlain 1996), as is the case for 
Nautilus (Ward and Wicksten 1980). Wells and O’Dor (1991) thought that other 
ectocochleates such as ammonoids may have pursued a similar low energy mode 
of life. They supported this hypothesis by pointing out that increasing numbers of 
fish occupied high energy nektonic habitats (for these macroecological changes, see 
Signor and Brett 1984; Bambach 1999; Kröger 2005; Klug et al. 2010) and would 
have competitively excluded most ammonoids from these habitats. The problem 
with this hypothesis is twofold: (1) As Jacobs and Chamberlain (1996) pointed out, 
ammonoids are more closely related to coleoids (some of which use considerable 
energy in relation to body size and also swim at high velocities) than they are to low 
energy nautilids (Jacobs and Landman 1993; Kröger et al. 2011). (2) The radiation 
of gnathostome fish in the Silurian and Devonian, a major event in the evolution 
and history of diversification of fishes, was also a time in which ammonoids origi-
nated and rapidly diversified (Klug et al. 2010). The diversification of teleostean 
fish in the Mesozoic also appears to be largely independent of ammonoid diversity 
changes (Jacobs and Chamberlain 1996), although the Cretaceous diversification 
of deep-bodied acanthopterygians may have been a factor influencing ammonoid 
diversity late in their history (Chamberlain 1993). Some heteromorphs might have 
been slower swimmers than nautilids in horizontal direction, although this requires 
further research (e.g., Ward 1979; Westermann 1996).

17.4.6  The Role of Ornament

As in sharks (Reif 1982; Oefner and Lauder 2012) and golf balls, a fine regular sur-
face ornament can reduce drag by forcing conversion of the boundary layer around 
an ammonoid shell from laminar to turbulent flow at lower Reynolds numbers than 
would normally be the case. Boundary layer conversion reduces the scale of the 
turbulent wake and the pressure drag that results from it. Chamberlain and Wester-
mann (1976) and Chamberlain (1981) examined this phenomenon and concluded 
that it could have a positive effect for some ammonoids by bringing lower drag and 
more efficient swimming into the velocity range of some ammonoids. Nevertheless, 
the lowering of the coefficient of drag would have been significant at Reynolds 
numbers exceeding 40,000, a figure that could potentially only be achieved in large 
ammonoids moving at relatively high velocities (Chamberlain 1981).
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Jacobs and Chamberlain (1996) speculated that in cadicones, the coarse ribs or 
nodes as in Cabrieroceras, Gastrioceras or Teloceras might have caused the forma-
tion of vortices covering the entire umbilicus. Similarly, they suggested that, in forms 
with tabulate venter (or with ventral band as in Devonian forms such as Gyroceratites, 
Armatites or Kosmoclymenia), the water might have been divided into two fields, 
thus maintaining flow attachment and reducing turbulence in their wake, at least at 
certain velocities and sizes. They also reasoned that ribs tend to be the largest near the 
aperture and to be oriented in swimming direction, thus stabilizing the shell orienta-
tion during backward swimming in forms, which are more or less involute and carry 
moderately strong ribs such as Cardioceras. Westermann (1966) even speculated that 
this might be a driving force behind Buckman’s law of covariation, although this 
law can be conveniently explained by morphogenetic processes (Monnet et al. 2015) 
without an adaptive interpretation (compare Hewitt 1996 for an alternative functional 
explanation). In contrast, strong ornament significantly increased drag (Chamberlain 
1976; Jacobs 1992b; Hewitt 1996; Jacobs and Chamberlain 1996), thus supporting 
indirectly its possibly defensive function shell sculpture (e.g., Ward 1981).

17.4.7  Hydrodynamics Through Ammonoid Development

As discussed in Hoffmann et al. (2015), the flow regime in which ammonoid swim-
ming took place changed through ontogeny as ammonoids grew in body size and 
shell diameter. Ontogenetic size increase covered two orders of magnitude or more 
in most ammonoid taxa. While embryonic shells (Landman et al. 1983; De Baets 
et al. 2012) vary about one order in magnitude in size between the earliest forms 
(> 5 mm) and several derived Mesozoic forms (ca. 0.5 mm), the adult shells vary 
from less than 1 cm to over 2 m. Because small individuals have less power in rela-
tion to drag, adult ammonoids could probably swim one to two orders of magnitude 
faster than hatchlings (Jacobs and Chamberlain 1996).

In hatchlings, much of the energy invested in locomotion will be absorbed by 
skin friction drag. Jacobs and Chamberlain (1996) guessed that a hatchling of 1 mm 
diameter might have attained a swimming speed of 1 cm/s, which corresponds to a 
Reynolds number near 10. Accordingly, shells with a high whorl width index would 
have been favorable. In that light, the common decrease in whorl width index, which 
occurs at that size, appears less surprising (Fig. 17.12). Jacobs and Chamberlain 
(1996) assumed that added mass and acceleration was more important for small than 
for large individuals. Consequently, early ontogenetic stages would have profited 
more from compressed shell shapes, which would have reduced the energetic cost of 
the acceleration reaction. Taking limited energy resources into account, it becomes 
clear that hatchlings and early juveniles were limited in most cases to a rather passive, 
probably planktonic mode of life. Residence of early ontogenetic stages in the water 
column is evidenced by ammonitellae and early ontogenetic stages of ammonoids in 
black shale deposits (e.g., Landman 1988; Mapes and Nützel 2008) and other lines 
of evidence (Landman et al. 1996; Ritterbush et al. 2014; De Baets et al. 2015c). 
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Fig. 17.12  Thickness ratio and shell size in Mesozoic ( top) and Paleozoic ammonoids ( bottom) 
through ontogeny. Modified after Jacobs (1992b) as well as Jacobs and Chamberlain (1996) with 
new data first reported here. Between hatching (dm < 5mm) and the end of the neanic stage (ca. 
10 mm), ammonoids moved only slowly and had wide shells and thus swam at low Reynolds 
numbers. In all ammonoids, whorl width is reduced after the neanic stage, in Mesozoic forms to 
values between 0.3 and 0.6 and in Paleozoic forms to values between 0.3 and 0.8. These observa-
tions suggest that the ontogenetic late neanic change in shell shape may be an adaptation reflecting 
the change in hydrodynamic flow conditions
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Such accumulations of early ontogenetic stages have often, although not exclusively, 
been found from the Devonian to the Cretaceous in strata, where benthic life was 
strongly limited (compare De Baets et al. 2015c). Jacobs (1992b) suggested that the 
serpenticonic shell shape commonly found in ammonoids (Raup 1967) permitted 
ammonoids to optimize shell shape for swimming as Reynolds number increased 
during growth. In contrast, most nautilids (except the aturiids) avoided the smallest 
size-range for their juveniles, which would have forced the juveniles into a passive 
planktonic mode of life and similarly, serpenticonic shell shapes are absent in post-
Paleozoic Nautilida. Because of these poor locomotory capabilities of ammonoid 
hatchlings, Jacobs and Chamberlain (1996) considered the possibility of brood care 
in ammonoids, which finds some support in the occasionally extreme size-dimor-
phism among ammonoids (e.g., in scaphitids; compare De Baets et al. 2012; 2015c). 
Walton et al. (2010) speculated on brood care in the Late Devonian genus Prolobites 
based on the extremely low body chamber and terminal aperture, but in this case 
perhaps outside of the shell of the brooding adult.

Independent of the presence or absence of brood care in ammonoids, the pro-
found morphologic changes that occur around hatching, at the end of the neanic 
stage, and at maturity (e.g., Westermann 1996; Klug 2001; Korn and Klug 2003) 
likely had effects on the physical framework for locomotion. It is also striking that 
commonly, morphologic changes occur at shell diameters between 1 and 2 cm, i.e., 
when active swimming became feasible for the young ammonoids.

17.5  Information from Epizoans

Some sessile organisms are known to attach themselves in an oriented way depend-
ing on the prevailing current direction. Ammonoid shells are well-known to have 
been inhabited by numerous different invertebrates syn vivo (Seilacher 1960; Davis 
et al. 1999). Some of these epizoans have accordingly been used to interpret the 
predominant swimming direction of ammonoids. For example, Seilacher (1960) 
showed bivalve overgrowth on Buchiceras, which supported an oblique upward 
orientation of the aperture of this Cretaceous ammonite.

Keupp et al. (1999) Seilacher and Keupp (2000) as well as Keupp (2012) described a 
Tithonian aspidocerid inhabited by numerous cirripeds. These epizoans likely attached 
themselves to the shell of the living ammonite because its aptychi are still in the body 
chamber and the cirripeds are well articulated. The feeding appendages point in the 
direction of the aperture, thus suggesting forward swimming, i.e. not backward, as it 
is usually done by modern cephalopods. This is consistent with the interpretations of 
Parent et al. (2014) regarding the effect of the aptychi in this genus on swimming speed 
and swimming direction. Forward swimming would have the advantage that the low 
hydrodynamic stability of many ammonoids would not have played a big role, because 
the ammonite shell would have followed the propellent.

Hauschke et al. (2011) described the oriented attachment of a cirripede (goose 
neck barnacle) on a baculitid. Their findings support forward swimming, but there 
is also some indication for an approximately horizontal shell orientation during 
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swimming of this orthoconic ammonite. Westermann (2013) contradicts this inter-
pretation, arguing that these cirripedes might actually have colonized shells without 
a clear preference of orientation and because he thinks that the apical parts of the 
phragmocones were largely free of chamber water at such early ontogenetic stages. 
In addition with the rather long body chambers, it would have made young baculi-
tids swim with their shells in a more or less vertical position.

17.6  Facies of the Host Rock and Habitats

It is one of the classical arguments in cephalopod paleobiology as to whether the 
host rock facies of a cephalopod fossil can be considered as an indicator of habitat 
in the live animal. The main reason for doubting the usefulness of studies on the 
rocks that contain ammonoids is the likelihood of post mortem transport (e.g., Ken-
nedy and Cobban 1976; Tanabe 1979; Marchand 1984). Post mortem transport of 
nautilids over thousands of kilometers has been shown by various authors (Iredale 
1944; Hamada 1964; Stenzel 1964; Toriyama et al. 1965; House 1973, 1987; Chirat 
2000). In contrast, Chamberlain et al. (1981) argued that the strong pressure gradi-
ent between phragmocone chambers and ambient pressure in modern Nautilus leads 
to rapid post mortem waterlogging of the shell in animals dying within the normal 
depth range of the live animals (100–300 m). This would rapidly produce nega-
tive buoyancy and cause the empty shell to sink, thus precluding significant post-
mortem drift (Maeda and Seilacher 1996). Animals dying at shallow depths would 
have a much greater chance of reaching the ocean surface and drifting significantly 
from their original habitat. Independent of the correctness of the preceding opinion, 
some recurring patterns have been found where the same taxa have been discovered 
in different regions in similar facies (Fig. 17.13 and 17.14; e.g., Westermann 1996). 
In such cases, one could argue that the same ammonoid taxa may have lived in the 
same part of a transgression or regression, which thus produced fossils in similar 
rock types. Especially when ammonoids are found in small basins with restricted 
connections to the oceans, the probability of extended distances of drift is lower. 
Naturally, even within small basins, a great range of habitats existed.

Ammonoids were probably not capable of long distance high speed swimming 
like some modern decabrachian squids or certain pelagic fishes such as tuna. For 
that reason, Jacobs and Chamberlain (1996) suggested that ammonoids either lived 
in conditions with slow currents or currents like ocean gyres or in a demersal habitat 
in regions with slow or absent bottom currents. In one way or the other, ammonoids 
had to be able to remain in a habitat with favorable conditions, i.e., sufficient food, 
oxygen, and also mating partners. In turn, it can be expected to find ammonoid 
remains more commonly in sediments typical for moderate to low water currents 
(Jacobs 1992b; Jacobs et al. 1994), although not in the deep sea as their shells would 
have imploded there, or dissolved if below the carbonate compensation depth.

There are several studies, which examined relationships between ammonoid shell 
shapes and sedimentary facies. For example, Batt (1989, 1993) used shell morpholo-
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gies to interpret oxygen availability near the sea-floor. In his opinion, heteromorphs 
like baculitids and loosely coiled forms lived in the water column, while the more 
tightly coiled heteromorphs and the normally coiled ammonoids occupied a more 
demersal habitat. Therefore, if the latter group is missing, this might be an indicator of 
hypoxic to anoxic conditions near the sea-floor (e.g., Monnet and Bucher 2007). Bay-
er and McGhee (1984) as well as McGhee et al. (1991) employed a more evolutionary 
approach. They documented how, in the parts of Middle Jurassic transgressive-regres-

Fig. 17.13  Triassic ammonoid habitats from Wang and Westermann (1993) and Westermann 
(1996). Early Triassic: 1 Tirolites, 2 Otoceras, 3 Inyoites, 4 Hellenites, 5 Gyronites, 6 Anasibirites, 
7 Hedenstroemia, 8 Isculitoides, 9 Leiophyllites, 10 Paranannites, 11 Procarnites. Middle Tri-
assic: 1 Ceratites, 2 Anolcites, 3 Trachyceras, 4 Beyrichites, 5 Longobardites, 6 Balatonites, 7 
Leiophyllites, 8 Ptychites, 9 Monophyllites. Late Triassic: 1 Tibetites, 2 Distichites, 3 Acanthinites, 
4 Discotropites, 5 Cochloceras, 6 Rhabdoceras, 7 Choristoceras, 8 Juvavites, 9 Tropites, 10 Cla-
discites, 11 Pinacoceras, 12 Rhacophyllites, 13 Arcestes
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Fig. 17.14  Jurassic and Cre-
taceous ammonoid habitats 
from Westermann (1990) 
and Westermann (1996): 1 
Peltoceras, 2 Arietites, 3 
Perisphinctes, 4 Harpoceras, 
5 Sphaeroceras, 6 Oxycerites, 
7 Barremites, 8 Turrilites, 9 
Baculites, 10 Scaphites, 11 
Ancyloceras, 12 Nipponites, 
13 Didymoceras, 14 Crio-
ceratites, 15 Labeceras, 16 
Glyptoxoceras, 17 Hamulina, 
18 Anisoceras 19 Pseudoxy-
beloceras, 20 Holcophyl-
loceras, 21 Phylloceras, 22 
Lytoceras
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sive “Klüpfel cycles” with higher water energy, more involute and compressed shell 
forms evolved in the Leioceratinae and Graphoceratinae iteratively. Landman and 
Waage (1993) found that the lineages of the genera Hoploscaphites and Jeletzkytes 
both evolved more compressed representatives while the facies changed from the 
deeper water Pierre Shale to the shallower water sandy Fox Hills Formation. Jacobs 
et al. (1994) found that more compressed, lower drag shell morphs of Scaphites whit-
fieldi are associated with sandy facies in the Cretaceous Carlisle Shale of the Ameri-
can Western Interior while thicker higher drag shell morphs of the same species occur 
in finer grain facies. A similar pattern was reported by Courville and Thierry (1993) 
from Thomasites but inverse patterns are sometimes also found in strongly ornament-
ed taxa such as Schloenbachia (Wilmsen and Mosavinia 2011), which can complicate 
interpretations (Ritterbush et al. 2014; De Baets et al. 2015a). Westermann (1996) 
listed a great number of examples for several marine basins, where he assigned cer-
tain ammonoid groups to distinct habitats (Fig. 17.13, 17.14). Klug (2002) suggested 
that Early and Middle Devonian anarcestids and agoniatitids, which mainly differ in 
whorl expansion rate and umbilical width, had different ecological preferences since 
he found them in more clayey or more limey facies, respectively. However, this study 
used low specimen numbers, thus leading to a low statistical power.

In the Early and Middle Devonian, two such lineages evolved in parallel as 
shown by Monnet et al. (2011). In the Auguritidae and Pinacitidae, oxyconic shell 
forms with closed umbilicus evolved independently, and in both lineages, the most 
derived forms occurred in carbonates that were probably deposited under shallower 
water conditions than those associated with the ancestral forms. Most of the stud-
ies listed in the preceding paragraphs appear to coincide with the interpretations of 
Jacobs (1992b) as well as Jacobs and Chamberlain (1996), but there are not many 
such studies, their statistical power tends to be low, and the causality between habit, 
habitat and shell morphology is difficult to establish with certainty; this can only be 
achieved by combining multiple lines of evidence including analysis of shell shape, 
facies and geographic distribution, isotope analysis, etc. (e.g., Tsujita and Wester-
mann 1998; Ritterbush et al. 2014).

A different approach to identify habitat depth is discussed in detail in Chaps. 17.1 
and 2. In these studies, stable isotopes of oxygen have been used to assess the habi-
tat depth of various Cretaceous ammonoids (Moriya et al. 2003; Lukeneder et al. 
2010). Unfortunately, the error sources of such studies are often large and the num-
ber of these studies is still too low. Examination of oxygen isotopes in ammonoid 
shells is still one of the most promising methods to reveal new information on am-
monoid habitats.

17.7  Swimming Modes

Taking the uncertain knowledge of ammonoid soft parts into account, most inter-
pretations of the ‘ammonoid power plant’ are based on actualistic comparisons. 
Packard et al. (1980) examined the swimming modes in Recent nautilids (see also 
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Crick 1898; Chamberlain 1987, 1990, 1992). In Nautilus, very slow movement can 
be produced by the water expelled through the hyponome during aeration of the 
gills. Normal swimming speeds are produced by mantle cavity water expelled by 
contraction of the cephalic retractor muscles and funnel muscles. The animal moves 
forward, backward, up, or down, depending on the orientation of the highly flexible 
hyponome (Johanson et al. 1972; Ward et al. 1977; Packard et al. 1980; Chamber-
lain 1981; 1987; Wells and Wells 1985; Webber and O’Dor 1986; Wells and O’Dor 
1991).

Many squids including Sepia have lateral fins, which function in thrust produc-
tion and in turning in some squid locomotor behaviors. Octobrachians and some 
decabrachians use their arms, sometimes connected with velar skins, to swim by 
expelling water entrained within their arm crowns with rhythmic beating of their 
arms, in the style of medusoid cnidarian bells. These two modes of locomotion ap-
pear unlikely to have been present in ammonoids, or at least, there is no evidence at 
all yet to support their occurrence among ammonoids.

The most likely mode of swimming is by contracting the mantle cavity, although 
it is not clear, which muscles were responsible for this task in ammonoids. There are 
several alternatives, namely the mantle musculature (as in coleoids), the cephalic 
retractors (as in nautilids) or potentially also other longitudinal muscles (not real-
ized in Recent forms) in combination with the hyponome musculature. It appears 
also likely that the water was expelled through a hyponome, since hyponomic si-
nuses are present in many ammonoids. Hyponomes have not yet been found fossil-
ized in ammonoids. Thus, another open question is the flexibility of the ammonoid 
hyponome. Was it long and flexible enough to point backwards and allow forward 
swimming?

Recently, Westermann (2013) revived a hypothesis earlier introduced by Schmidt 
(1930). This “Twin nozzle-Hypothesis” roots in the fact that many Mesozoic ammo-
noids have a more or less long ventral projection (e.g., in Amaltheus) combined 
with a probably more or less horizontal aperture. This would be an adverse com-
bination of character states for straight backwards swimming, because the men-
tioned ventral apertural projection would have interfered with movement of the 
hyponome. Therefore, these authors suggested that the hyponome had evolved two 
openings, one on each side of the ventral projection. Both hyponome parts could be 
moved independently according to them. This is an interesting idea but so far, it is 
not supported by fossil evidence.

Monnet et al. (2011) discussed the peculiar way, in which the umbilicus was 
closed in some Devonian Auguritidae and Pinacitidae. The most derived represen-
tatives of both families have largely covered the umbilicus with a projection of the 
lateral shell over the umbilicus. This projection formed umbilical sinuses, which 
might have been horizontally aligned with the hyponome sinus. It would have al-
lowed these species to take in water from the swimming direction into the mantle 
cavity (in Nautilus, water is taken in at the same place according to Packard et al. 
1980), accelerating the water by compressing the mantle cavity, and expelling it 
out of the hyponome. This means that these forms potentially sucked water into the 
mantle cavity after completion of a hyponome jet.
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18.1  Introduction

Ammonoid paleobiology has been a topic of interest for many years and an enor-
mous amount of knowledge and data on extant ( Nautilus, Octopus, Sepia, Spirula) 
and fossil cephalopods (ammonoids, nautiloids, belemnoids, teuthoids) has been 
compiled in recent decades (Arkell 1957; House and Senior 1981; Wiedmann and 
Kullmann 1988; House 1993a; Landman et al. 1996a; Payne et al. 1998; Olóriz 
and Rodríguez–Tovar 1999; Summesberger et al. 2002; Landman et al. 2007a; 
Tanabe et al. 2010a; Ritterbush et al. 2014). Reconstructing the life history and 
habitats of extinct groups is one of the classic problems. Ammonoids are an extinct 
group within the Cephalopoda with an external aragonitic shell (ectocochleate). 
Various shell morphologies exist, ranging from planispiral to heteromorphic shells 
with straight, openly coiled, helicospiral shells or even various combinations of 
these. The shell sculpture varies from smooth (‘Leiostraca’; e.g., Phylloceras) to 
strongly ribbed (‘Trachyostraca’; e.g., Trachyceras), with tubercles or even long 
spines (Fig. 18.1).

Ammonoid researchers assumed that the great majority of ammonoids lived 
close to the epicontinental (epeiric) sea floor, termed either ‘nektobenthic’ or 
‘benthopelagic/demersal’ (Westermann 1990, 1996). Westermann (1996) concluded 
in his work on ammonoid habitats and life that probably more ammonoids were 
nektic (= nektonic = active swimming) or were members of planktic communities 
(= planktonic = passively drifting) rather than being only nektobenthic (= demer-
sal = near-bottom swimming). Such general assumptions are nonetheless highly 
speculative: they are not based on evidence or data sets, yet may represent good 
ideas and hypotheses.
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Knowledge about life cycles, ecology and ontogeny of fossil cephalopods and 
especially of ammonoids is still poor and often speculative. While ammonoids are 
frequently found in Paleozoic and Mesozoic marine sediments worldwide from the 
tropic-subtropics via Boreal/Austral to Arctic/Antarctic zones, information on their 
habitat and ecology is scarce and imprecise. Their habitat is suggested to be epipe-
lagic, mesopelagic or epibenthic. Ammonoids probably spawned in benthic, demer-
sal or even midwater habitats (Mapes and Nützel 2009) in the neritic to oceanic zone 
above the shelf areas and upper slopes (Westermann 1996). Females are thought to 
have laid 100–500000 eggs on the sea floor (r-strategy) or spawned egg masses 
in the water column. At the latest after hatching, hatchlings become a part of the 
plankton (e.g., Landman et al. 1983; Tanabe et al. 1993b; Mapes and Nützel 2009; 
De Baets et al. 2012; epiplankton after Westermann 1996). This stra tegy is com-
parable to most oceanic coleoids, except for the K-strategist nautilids and sepiids. 
Although it is still under debate, female ammonoids returned to primary habitats 
(home-grounds), spawned and died afterwards, assuming a semel parous strategy 
(single reproductive event) at least for some taxa (Callomon 1980, Landman et al. 
2003; Stephen et al. 2012), as often observed in neritic, extant coleoids (sepiids or 
loliginids). Ammonoids perhaps undertook vertical diurnal migrations, as is char-
acteristic for many planktic ocean dwellers such as the deep-water squid Spirula 
(Clarke 1969; Lukeneder et al. 2008, 2010; Doghuzhaeva et al. 2010). Note, how-
ever, that a contrasting model arguing for a permanent demersal habitat in adult 
stages of late Cretaceous ammonoids from Japan has been presented by Moriya et 
al. (2003) and Moriya (2015).

Since the last detailed reviews on ammonoid habitats and life histories published 
by Kennedy and Cobban (1976) and Westermann (1996), extensive work has been 
done on ammonoid autecology as well as on the synecology of ammonoids and 
Recent relatives. Ammonoids probably started developing from a planktic hatchling 
stage (Kennedy and Cobban 1976; Shigeta 1993; Mapes and Nützel 2009), sub-
sequently followed by a differentiation in the mode of life as continued planktic or 
nektonic or nektobenthic (demersal). The earliest juvenile stages were interpreted 
by Kennedy and Cobban (1976) as mostly being benthic due to their notable sub-
strate affinities while Mapes and Nützel (2009) suggested a planktic life for some  

Fig. 18.1  Main shell sculpture morphogroups in planispirals, from smooth to fine-ribbed 
‘Leiostraca’ with Phylloceras and Lytoceras to strongly ribbed ‘Trachyostraca’ with Olcostephanus 
and Perisphinctes. Schematic sketches not to scale
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Paleozoic forms. Sexually dimorphic pairs (i.e., macroconch females, microconch 
males) might have been separated into different habitats (e.g., Acanthodiscus: 
Reboulet 1996; Olcostephanus: Lukeneder and Harzhauser 2003), as is the case 
in maturity differentiation (i.e., juvenile to adults; Scaphites: Kennedy and Cobban 
1976).

While the functional morphology of ammonoids has been discussed starting more 
than half a century ago (Trueman 1941; Arkell 1957), advanced analyses on buo-
yancy and shell orientation, for example, started in the 1980s (Saunders and Shapiro 
1986; Hewitt and Westermann 1987; Hewitt and Westermann 1988; Jacobs 1992a). 
Functional morphological research on ammonoids has focused on three major paleo-
biological questions: 1) buoyancy, 2) mobility, and 3) habitat depth. Although some 
ambiguities remain, most previous studies (excluding Ebel 1983, 1992) estimated 
that living ammonoids had a density almost equivalent to that of seawater, making 
them neutrally buoyant (Hoffmann et al. 2015; Tajika et al. 2015). The neutral 
buoyancy hypothesis was supported by theoretical morphological considerations on 
the mode of coiling and life orientation of some Cretaceous heteromorph ammonites 
(Okamoto 1988a, b, c). Recently, empirical models corroborated Okamoto’s findings 
(Hoffmann et al. 2015; Tajika et al. 2015; see Westermann 1993a).

A second aspect is swimming and mobility in coiled and chambered ammo-
noids. It has been shown that shell stability (determined by the distance between the 
centers of gravity and buoyancy) is influenced by pressure and hence an expression 
of the water depth in which the animal lived. Shell size and drag coefficient are key 
factors in estimating swimming ability (Chamberlain 1976; Jacobs 1992a; Jacobs 
and Chamberlain 1996; Naglik et al. 2015). One of the outcomes of these studies 
is that a thinner shell shape is more advantageous in a flow at higher Reynolds 
numbers, while a thicker shape is more advantageous at low Reynolds numbers 
(Jacobs 1992a). Another aspect of mobility is (diurnal) vertical movement. Living 
chambered cephalopods (e.g., Nautilus, Sepia, Spirula) have long been consid-
ered to move vertically by controlling the amount of cameral liquid using osmotic 
pressure of the blood vessels (Denton and Gilpin-Brown 1973). The water depth in 
which efficient pumping using a simple osmotic mechanism can be accomplished 
is sha llower than 240 m (Greenwald et al. 1980). Accordingly, ammonoids from a 
deep-water habitat might have often ascended to shallow waters to pump out the 
cameral liquid (Westermann 1989). Direct observations of vertical movements of 
Nautilus with remote telemetry (Carlson et al. 1984; Ward et al. 1984) support this 
idea. Greenwald et al. (1982), however, studied the Nautilus siphuncle at the ultra-
structural level and documented the presence of structures associated with a hyper-
osmotic pump. This would enable the animals to discharge cameral liquid in deep 
water. Consequently, the argument for ammonoid vertical movement by means of 
osmotic pressure lost some of its power. Emptying and refilling the chambers to 
control buoyancy has been considered unlikely in Nautilus for some time (Ward 
1986a). It has also been considered unlikely for ammonoids, although that is being 
debated (e.g., Mutvei and Dunca 2007).

Thirdly, the depths that ammonoids might have inhabited were also estimated 
based on mechanical properties of the shell against ambient hydrostatic pressure. 
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Based on the wide variation in the mechanical strength of shell materials among 
various Mesozoic ammonoid morphotypes, Westermann (1996) suggested that 
Mesozoic ammonoids had various habitat depths. Nonetheless, the implosion depth 
of a Nautilus shell does not represent an actual depth limit of living animals. Direct 
observations using a remote camera and capture records using baited traps have 
demonstrated that the optimal habitat depth of Nautilus ranges from 150 to 300 m in 
Palau and from 300 to 500 m in Fiji (Saunders 1984; Hayasaka et al. 1987), whereas 
the shell implosion depth of Nautilus is about 800 m (Kanie et al. 1980). Although 
these analyses in functional morphology provided valuable suggestions and limi-
tations for considering ammonoid ecology, reasonable and unanswered questions 
remain for future discussion.

Functional morphology describes the relationship of a single individual, group of 
individuals, or distinct ammonoid species with its environment (e.g., all parameters 
of seawater). Accordingly, shell features such as composition, thickness, siphuncle 
strength and shape are extremely important for understanding the ammonoid/habitat 
relationship. Additional investigations on the life and habitats of Recent genera such 
as Nautilus, Spirula and Sepia shed light on the paleoecology and lifestyle of fossil 
cephalopods. These approaches conclude that most morphogroups were poor swi-
mmers. New findings of soft parts (e.g., stomach content, buccal masses) have en-
hanced the picture of ammonoids, their hydrodynamics and diets (Kruta et al. 2011).

Ammonoids are marine animals; their lives are conditioned by abiotic parameters 
such as salinity, with most groups inhabiting euryhaline conditions. A few pro bably 
lived in superhaline waters, while others could tolerate subhaline or even brackish 
waters (Zaborski 1982; Kennedy et al. 1998). Temperature is also a crucial parameter 
(calculated by δ18O values) together with oxygenation (oxygenated to dysoxic). As 
noted by Westermann (1996), oxygenation and salinity covary in the water column. 
Water layers (in epeiric seaways) above an oxygen-minimum zone may have had 
reduced salinity, enabling only euryhaline organisms (certain fishes) to survive and 
preventing abundant ammonoid populations. Hydrostatic pressure at corresponding 
water depths are reflected by adapted conchs, septa and siphuncles of ectocochleates, 
helping to estimate rupture (Chamberlain and Moore 1982) or implosion depths. Bi-
otic changes in trophic conditions (predator-prey relationships), food supply (diet 
differs in different water layers), and natural enemies (cephalopods, fishes, marine 
reptiles) triggered changes in populations and morphotypes. The sum of the abi-
otic parameters describes and defines the habitat or environment in which am-
monoids lived. Biotic factors relate to the environments, also termed as ecological 
parameters influencing the mode of life.

Numerous papers of the last decades (Scott 1940; Ziegler 1967; Donovan 1985; 
Batt 1987, 1989; Westermann 1990, 1996 and references therein) have related shell 
morphotypes and structural features to depth as determined by sedimentary facies 
and/or submarine topography. The detection of changes in water depth is important 
to understand habitat changes in ammonoids.

Did ammonoids actively change their depth-dependent habitats during ontogeny, 
or did similar ammonoid groups (i.e., morphogroups) migrate into different habitats 
during long-term evolution? Are ammonoids able to adapt their habits to long-term 
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environmental changes or do certain conditions or events result in a dead end in the 
evolution of certain lineages?

Geological analyses from a sedimentological and lithological view also brought 
clues to understand ammonoid ecology. Westermann’s (1990, 1996) investigations 
on ammonoid autecology emphasized the interrelations between sediment and 
biofacies. Facies changes were triggered by sea-level fluctuations caused by 
eustasy, tectonics or subsidence. Kennedy and Cobban (1976) assumed that there is 
no consistent pattern between ammonoid occurrence and facies. Nonetheless, there 
are morphotypes or taxa that exhibit significant correlations to sedimentary facies, 
excluding transport by postmortem drift or redeposition (e.g., Scott 1940; Ziegler 
1967; Bayer and McGhee 1984; Donovan 1985; Batt 1987, 1989). Maeda and 
Seilacher (1996) and Westermann (1996) assumed that postmortem sinking occurred 
mostly in specimens living in greater depths, especially in mesopelagic habitats, as 
well as in juveniles and small species. Postmortem ascent, followed by surface drift, 
was thought to occur mostly in shallow habitats and in adults of larger ammonoids, 
as is known from extant Nautilus, Spirula, and some sepiids. This hypothesis im-
plies that if ammonoids inhabited various depths within the water column (includ-
ing shallower water), carcasses would have been widely dispersed by postmortem 
drift. This would be reflected by each morphology showing no coherency to sedi-
mentary facies. Contrary to this expectation, many previous studies on faunal distri-
butions of ammonoid assemblages have shown that spectra of faunal compositions 
are closely related to lithofacies, as mentioned above. These facies-dependences 
suggest that ammonoid carcasses were not transported over long distances by post-
mortem drift, assuming that ammonoids did not inhabit shallower parts of the water 
column or that they were at greater depths when they died.

Although many studies have assessed ammonoid ecology, the main problem in 
understanding ammonoid life and habitat is that they are extinct. Investigations on 
Recent relatives comprising the ectocochleate Nautilus as well as the endocochleate 
Spirula and Sepia shed some light on the paleoecology and lifestyle of fossil 
cephalopods. Nonetheless, the systematic distance between extant and extinct 
cephalopods prevents a direct comparison in anatomical and ethological aspects. 
Ammonoid soft parts (e.g., arms, eyes) are in most cases unknown except stomach 
contents and buccal masses. Taxonomic concepts in paleontology can be based 
only on morphology and not on genetic principles; this hampers determining exact 
ammonoid lineages and separating points for species or morphotypes.

Besides these morphological and sedimentological considerations, stable isotope 
data (δ13C, δ18O, 87Sr/86Sr; clumped isotopes) extracted from original shell material 
(i.e., aragonite) of ammonoids could yield new insights in ammonoid lifestyle, 
ontogeny and habitats (Jordan and Stahl 1970; Brand 1986; Anderson et al. 1994; 
Fatherree et al. 1998; Tsujita and Westermann 1998; Cochran et al. 2003, 2010a, 
b; Moriya et al. 2003; Lukeneder et al. 2010; Dennis et al. 2013; Stevens et al. 
2015). If we can neglect vital effects in calcification of ammonoid (Urey et al. 
1951; Moriya et al. 2003) and Recent Nautilus (Landman et al. 1994) shells, then 
the physicochemical properties, especially δ18O, would provide independent and 
solid evidence for calcification temperature (and salinity). When the ammonoid 



694 A. Lukeneder

calcification temperatures are compared with the thermal structure of the water col-
umn, we can identify the habitat depth of ammonoids (Anderson et al. 1994; Moriya 
et al. 2003). Furthermore, a combination of δ13C and δ18O profiles provides infor-
mation on the life history of ammonoids, such as sexual maturity (Zakharov et al. 
2005, 2006, 2011; Lécuyer and Bucher 2006; Lukeneder et al. 2010). The observed 
seasonal variations in oxygen isotope data of ammonoid shells potentially enables 
an age estimation for ammonoid maturity. What has been difficult to measure and 
evaluate in stable isotope data from ammonoid shells is the possible annual migra-
tion over hundreds or thousands of kilometers, a phenomenon observed in numer-
ous Recent cephalopods. It is even more complicated when cephalopods die after 
spawning in habitats that are quite different and distant from those in which they 
spent most of their lives (Westermann 1996).

Consequently, a key question is how can we compare the circumstances for 
fossil, extinct ammonoids and Recent, extant cephalopods when ammonoids in 
most cases show no resemblance to Recent cephalopods. Also, the phylogenetic 
relationship is likely closer to coleoids than to Nautilus (Jacobs and Landman 1993; 
Hewitt and Westermann 2003; Warnke et al. 2003; Warnke and Keupp 2005). This 
fact is a powerful argument for investigating ammonoid paleoecology through the 
record itself, because modern analogues are not the best. Catastrophic events led to 
extinctions at the Cretaceous/Paleogene boundary about 66 million years ago, but 
orders such as Nautilida, Spirulida or members of the Coleoida survived this big 
mass extinction. Factors such as the differentiation of ecological niches and diffe-
rent spawning strategies may have triggered different histories of extinct and extant 
cephalopod groups. A difference can be determined between quantity (r) with small 
but numerous offspring in ‘opportunistic habitats’ (ammonoids) versus quality (K) 
with bigger but fewer egg capsules in more stable ‘consistent habitats’ (nautilids).

The state of the art is reviewed and summarized, new methods and insights 
are given resulting in perspectives within this promising field of cephalopod 
paleontology. The current compilation is based on the inspiring work of Westermann 
(1996), a pioneer in the field of habitat and life of ammonoids.

18.2  Morphology, Architecture, Mobility and Stability 
of Ammonoid Conchs

The most important terms for shell morphology and ontogenetic stages are summa-
rized below. These are needed to understand interpretations on habitat and lifestyle 
given in the literature and herein. Morphological terms follow Batt (1989, 1991), 
Westermann (1996), Wright et al. (1996), and Klug et al. (2015a). Westermann 
(1996) identified two major morphogroups in ammonoids, the planispirals (‘normal 
coiled’) and the heteromorphs (varying in coiling-axis).

Planispirals include 12 morphogroups (Westermann 1996, Fig. 18.2) with 
spherocone (planktic), discocone (planktic-nektic), cadicone (planktic), oxycone 
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(nektic), platycone (demersal), planorbicone (planktic-demersal), serpenticone 
(planktic), ‘Leiostraca’, ‘Trachyostraca’, brevidome, mesodome, and longidome.

Heteromorphs include 7 morphogroups with orthocone (planktic-demersal), 
cyrtocone (quasiplanktic), gyrocone (quasiplanktic), torticone (‘trochospiral’, 
planktic), ancylocone (planktic vertical migrants), hamiticone (planktic vertical 
migrants), and vermicone (planktic drifters; Fig. 18.3).

The basic planispiral and heteromorph shell shapes were shown in ternary 
diagrams by Westermann (1996). The majority of heteromorphs was suggested to 
be planktic, mostly vertical migrants (Westermann 1996). Small gyrocone forms 
were interpreted as pseudoplanktic in floating algal mats, but detailed evidence is 
still missing. The main morphotypes and hypothesized modes of life were measured 
and computed on ternary diagrams to estimate the ammonoid ecospace in the 
water column (Westermann Morphospace Method; Ritterbush and Bottjer 2012; 
Ritterbush et al. 2014; Fig. 18.2, 18.3).

Klinger (1980) speculated that torticones and ancylocones were demersal or 
planktic floaters. Additionally, orthocones were suggested to have buoyancy stra-
tegies more similar to Sepia or Spirula rather than to Nautilus (Klinger 1980). 
Numerous authors (e.g., Batt 1989, 1991, 1993; Westermann 1996; Ritterbush and 
Bottjer 2012) argued that each shell shape or at least morphogroup had its own 

Fig. 18.2  Basic planispiral ammonoid shell shapes and their principal assumed habitats, adapted 
from the original figure in Westermann (1996, Fig. 1, p. 611) and modified after Ritterbush et al. 
(2014, Fig. 3). Distinct morphogroups appear in the hypothetical diagram with overlapping areas 
(dashed lines). Grey-shaded region was interpreted by Westermann (1996) as being characteristic 
for a demersal (nektobenthic) life mode
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special habitats (e.g., demersal, planktonic) and motility (e.g., swimming, passive 
drifting). Hence, shell morphologies have been interpreted as being directly depen-
dent on habitat. Furthermore, habitat and water depth was argued as being reflected 
in the lithology, geochemistry, and biofacies (assemblages). Such assumptions, 
however, are often speculative and based on spatial distribution (e.g., Cretaceous 
Western Interior Seaway; Batt 1989, 1991, 1993). Many workers calculated the 
syn vivo density of ammonoids based on shell thickness, the volume ratio between 
phragmocone and body chamber (Fig. 18.4), and the density of supposed soft parts, 
which commonly is assumed to be equal to that of Nautilus (i.e., neutrally buoyant), 
for understanding the presumed habitat.

Besides density and buoyancy, the hydrodynamics of ammonoid shells were 
also examined by many authors. For example, Chamberlain (1980) suggested that a 
nektobenthic mode of life was predominant among ammonoids. Jacobs et al. (1994) 
suggested that compressed and depressed morphotypes in Cretaceous scaphitids from 
the USA had advantages for swimming at higher and lower velocity, respectively. 
These results are consistent with the fact that compressed morphotypes are found 
in shallower (more energetic) and depressed morphotypes in deeper (less energetic) 
sedimentary facies. For more compressed morphotypes, a higher swimming velo-
city was assumed to be essential for life in shallow waters, whereas the depressed 
morphotypes are thought to inhabit deeper (offshore) areas (Jacobs et al. 1994).

Fig. 18.3  Basic heteromorph ammonoid shell shapes and their principal assumed habitats, adapted 
from the original figure in Westermann (1996, Fig. 2, p. 612). Distinct morphogroups appear in the 
hypothetical diagram with overlapping areas (dashed lines)
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Landman et al. (2012) examined septal and siphuncle strength (Hewitt 1993; 
1996; Tanabe 1979) combined with stable isotope data (Chap. 18.5; Cochran et al. 
2010a, b) of Hoploscaphites from the Cenomanian–Maastrichtian of the Western 
Interior Seaway (USA). They concluded that habitat depth was < 100 m and near the 
sea floor. The apertural angle excludes a nektobenthic mode of life for these hetero-
morph morphotypes, at least in adult specimens (Landman et al. 2012, Chap. 18.11). 
Stable isotope data for the relative habitat depths of Hoploscaphites and Baculites 
strengthened the supposed shallower environment for Scaphites (Cochran et al. 
2010a, b; Landman and Klofak 2012; Henderson and Price 2012). Touch marks 
on the sea floor attributed to these scaphitids were formed by postmortem bounc-
ing or rolling shells; hence, they do not provide evidence for a demersal lifestyle 
(Seilacher 1963; Landman and Cobban 2007). Yamada and Wani (2013) measured 
the thickness ratios of shells (whorl width/diameter) of Scaphites from the lower 
middle Turonian of Hokkaido (Japan) in order to determine the migration mode: the 
ratios of Scaphites planus differed significantly between distinct localities. They 
argued that different populations did not frequently migrate between such areas. 
Based on hatchling sizes, they concluded that thickness ratios became manifested 
after hatching due to limited migration within a nektobenthic habitat. That study 
suggests that scaphitid ammonoids became nektobenthic with limited migration at 
an earlier stage than previously thought (i.e., not during the transition from normal 
to heteromorph coiling; Yamada and Wani 2013).

Oxycone ammonoids such as Sphenodiscus from the Western Interior Seaway 
were used to define migration paths during the Maastrichtian (Ifrim and Stinnesbeck 
2010). Sphenodiscids were reported to be characteristic morphotypes for shallow-
water environments near the wave base (Batt 1989; Jacobs 1992a; Jacobs and 
Chamberlain 1996; Ifrim and Stinnesbeck 2010). Ifrim and Stinnesbeck (2010) 
assumed a connection between near-shore environments and the occurrence of 
Sphenodiscus, at least for North America.

Fig. 18.4  Explanation of dimensions and conch parameters given in the text. a lateral ( left) and 
apertural ( right) views of an ammonoid (Kasimlarceltites krystyni, NHMW 2012z0133/0262; 
adapted from Lukeneder and Lukeneder 2014). b schematic ammonoid-sketch with indicated 
conch parameters. ah aperture height, bc body chamber, D diameter, d diameter exclusive of last 
whorl, H whorl height, ph phragmocone, U umbilical width, W whorl breadth. Scale bar: 1 cm
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Many hypotheses about the mode of life of distinct morphogroups are largely 
speculative. A demersal mode of life (nektobenthic) was proposed for several 
heteromorph groups by Wiedmann (1973), Vašíček and Wiedmann (1994), and 
Klinger (1980). The same mode of life was postulated for small heteromorph forms 
( Karsteniceras) by Lukeneder (2003, 2005) during dysoxic environmental condi-
tions in the Early Cretaceous from the Northern Calcareous Alps (Austria). Ebel 
(1985, 1990, 1992) suggested a benthic, gastropod-like (see rebuttal comments in 
Kröger 2001) lifestyle for heteromorphs. Westermann (1990, 1996) summarized the 
imaginable life habits from active swimming (with varying steerage) to a passively 
drifting planktic mode, and from horizontal to vertical migratory types. Westermann 
(1996) separated different strategies within the heteromorphs, a distinct demersal 
mode of life for cyrtocone forms (e.g., Protancyloceras), a pseudoplanktic one for 
gyrocone forms (e.g., Crioceratites), and a planktic mode for vermicone ones (e.g., 
Nipponites; see also Klinger 1980). According to Westermann (1990, 1996), vari-
ous life modes existed in photic and aphotic zones in the ocean. Stable isotope data 
confirm this scenario (Lukeneder et al. 2010). Hence, the δ18O values of the forms 
with strong ribbing such as Hypacanthoplites, Nowakites and Perisphinctes were 
confirmed to have been inhabitants of the epipelagic zone in the neritic province. 
Hypacanthoplites (discocone deshayesitid with moderately coarse ribbing) possibly 
inhabited the photic zone of the uppermost 50–100 m with a planktic to nekto-
benthic, mobile lifestyle. Nowakites (platycone-discocone pachydiscid with strong 
ribs) appears to have preferred the transition from the epipelagic to the mesopelagic 
zone, with a mobile to sluggish mode of life and vertical migrations. Heteromorphs 
like Baculites potentially preferred a similar water depth (Henderson and Price 
2012). In contrast, the much more positive δ18O values of the sub-sphaerical and 
depressed Cadoceras indicate a habitat in the cooler and deeper mesopelagic zone. 
Based on this low number of species, the general rule of thumb that strongly ribbed 
forms dominated above depths of 100 m in the neritic epipelagic zone, whereas 
smooth forms dominated in the deeper oceanic mesopelagic zone appears to be 
valid.

A major difference in the modes of life of many ammonoids compared to the 
modern cephalopods Nautilus, Sepia and Spirula is evident in their adult stage. All 
extant examples tend to retreat into the deepest environments as adult animals (e.g., 
Spirula, Sepia) or at least to remain there throughout their post-juvenile phase (e.g., 
Nautilus). In contrast, all measured ammonoids, except for strongly ornamented 
Perisphinctes, display a clear tendency to migrate into shallower environments in 
their latest ontogenetic stage (Chap. 18.5).

Constraints from phylogenetic analyses are needed in the case of arm number, 
which is mostly given as ten (Mehl, 1984; Jacobs and Landman, 1993; Westermann 
1996; Lukeneder 2012; Klug and Lehmann 2015). Moreover, the extent to which 
the shell was covered by the mantle in different morphogoups remains unclear 
(Doguzhaeva and Mutvei 1989, 1991, 1992, 1993). Those authors suggested that the 
shells of the Cretaceous genera Sinzovia, Gaudryceras, and Ptychoceras were semi-
internal or even fully covered by mantle. Full coverage in Ptychoceras was rejected 
by Westermann (1996) due to buoyancy and soft tissue estimations. Shell-wall 
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duplication was interpreted by Birkelund (1981) in Gaudryceras as indication that 
its juvenile shell was exceptionally covered by the mantle. Additionally, in situ 
fossil buccal masses are commonly located near the centre of the body chamber, 
supporting a jaw-function rather than an operculum-function (Schindewolf 1958; 
Lehmann 1976, 1980, 1988; Kennedy and Cobban 1976; Tanabe 1983; Morton 
and Nixon 1987; Tanabe and Fukuda 1987; Mapes 1987; Bandel 1988; Nixon 
1988, 1996; Seilacher 1993; Westermann 1996; Kennedy et al. 2002; Wippich and 
Lehmann 2004; Doguzhaeva et al. 2007; Keupp 2007; Landman et al. 2007b, 2010, 
2012). As shown by Wani (2007), in situ preservation of buccal masses in the body 
chamber of ammonoids coincides with the in situ deposition of the ammonoid shell 
itself (Chamberlain et al. 1981; Wani et al. 2005).

In planispiral ammonoid shells, the static orientation of the aperture (apertural 
angle) is interrelated with hydrodynamic stability (distance between the centers 
of buoyancy and mass; Westermann 1996). These centers depend mostly on body 
chamber length (Fig. 18.4, 18.5), causing differences in soft body volume (i.e., soft 
body mass). The consistency and density of ammonoid soft bodies are imprecisely 
known (Hoffmann et al. 2015; Klug and Lehmann 2015). This hampers estimations 
(Saunders and Swan 1984; Saunders and Shapiro 1986: Shapiro and Saunders 
1987; Swan and Saunders 1987) of buoyancy, bathymetry (depth limits), swimming 
style etc. Assuming neutral buoyancy, Saunders and Swan (1984), Saunders and 
Shapiro (1986), Shapiro and Saunders (1987), as well as Swan and Saunders 
(1987) calculated the orientation and stability of Carboniferous goniatitids and 
prolecanitids. Three body chamber groupings were established in conjunction with 
their supposed swimming-potential and maneuverability in ammonoids. The criteria 
were shell shape, aperture orientation, and stability (Westermann 1996; adapted 
after Saunders and Shapiro 1986), and the groupings were brevidome (< 220° 
body chamber length), mesodome (220–320°), and longidome (< 320°; Fig. 18.5). 
Subsequently, the relation between shell thickness ratio (whorl width/diameter) 
and body chamber length is combined with the apertural orientation. Brevidome, 
mesodome and longidome ammonoid shell hydrodynamic stability and steerage 
mechanisms (Fig. 18.5) were discussed by several authors (Davis et al. 1969; 

Fig. 18.5  Main classes of body chamber length (angles) in planispiral ammonoids, measured from 
the aperture. a Brevidome (160–180°), b mesodome (260–300°), and c longidome. (350–400°; 
adapted from Westermann 1996)

 



700 A. Lukeneder

Davis 1972; Hengsbach 1978; Chamberlain 1980, 1991; Ward 1981, 1986b; 
Bayer 1982; Saunders and Swan 1984; Callomon 1985; Saunders and Shapiro 
1986; Westermann and Callomon 1988; Checa and Westermann 1989; O’Dor 
and Wells 1990; Westermann 1990, 1996; Doguzhaeva and Mutvei 1992; Jacobs 
1992a; Jacobs and Landman 1993; Dagys and Weitschat 1993; Elmi 1993; Jacobs 
and Landman 1993, 1996; Jacobs et al. 1994). Heteromorph shell types and their 
swimming performance were also discussed in numerous papers (Mapes 1979; Ward 
1976a; Ward and Westermann 1977; Westermann 1977; Klinger 1980; Okamoto 
1984, 1988a, b, c; Batt 1993; Fig. 18.3). A pelagic, quasi-planktic life mode was 
suggested for Cenomanian openly coiled Allocrioceras by Wippich and Lehmann 
(2004) conbased on in situ aptychi and stomach contents.

18.3  Conch Parameters as Proxies for Ecology

Numerous studies drew attention to the relation between the ecology of individual 
ammonoid taxa and morphological shell parameters (Fig. 18.4) such as rib numbers, 
diameter (D), siphuncle diameter (sd), siphuncle wall thickness (swt) whorl width-
diameter ratios (W/D) or whorl expansion rates (WER; e.g., Kant 1975; Westermann 
1996, Nikolaeva 1999; Sarti 1999; Klug 2002, Korn and Klug 2001, 2002, 2012; 
Korn 2010; Korn et al. 2004; Matsuoka et al. 2010; Ritterbush and Bottjer 2012; 
Yahama and Wani 2013). Kant (1975) found allometric growth changes in Carbon-
iferous ammonoids. Septal complexity was also investigated biometrically (Kahn 
and Kant 1975) to gain ideas on ammonoid ontogeny. The same authors showed 
that measurements on ammonoid sutures can potentially help to estimate growth 
rate and mode. Ballentine (2007) mathematically analyzed the index of sutural com-
plexity (ISC) used to classify ammonoid shells. He concluded that this index has 
the same value for suture patterns of very different shapes. Accordingly, it should 
be combined with other shell characteristics (siphuncle strength). Fernandez-López 
et al. (1999) demonstrated a relation between ornamentation or conch shape (coil-
ing) and habitat for Tmetoceras (Middle Jurassic, Spain). Evolute morphotypes in-
habited basinal areas, whereas involute poplulations were dominant in epicontinen-
tal, relatively shallow platforms.

Korn and Klug (2001, 2002, 2012) and Klug (2001, 2002) published conch 
parameters of Devonian ammonoids (Agoniatitina and Anarcestina) from Morocco, 
which yielded results on ontogeny, taxonomy, covariation of D, WER, and relations 
to sea-level fluctuations. Analyses of lithology, grain size and microfacies of the 
host sediment allowed a correlation with global sea-level curves, although on a 
weak statistical basis (Klug 2002). Klug (2002) found smaller conchs with lower 
WER (< 2.0; Anarcestina) in deeper areas and/or trangressive phases and larger 
morphotypes (Agoniatina; WER > 2.2) with increasing W/D ratios in more shallow 
areas and/or regressive phases. W/D ratios were also important in detecting sexual 
dimorphism (Sarti 1999). Klug (2002) suggested that well-preserved assemblages 
comprising all growth stages of ammonoids indicate reproduction within the region. 
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Biometric estimations (morphospace) by Neige et al. (1997) on shell parameters in-
cluding whorl expansion rate, diameter, whorl height and whorl width in Callovian 
ammonoids from France were used to relate morphology to sea-level changes. A 
clear trend was detected from subserpenticone (i.e., evolute, depressed, nektopelag-
ic; Fig. 18.2) to suboxycone (i.e., involute, compressed, nektobenthic) morphotypes 
during a transgression. This indicates a potential usefulness of ammonoids as 
paleodepth indicators because morphology might change with depth (Navarro 
et al. 2005). Those authors performed multivariate analyses on Middle Jurassic 
Cardioceratidae, which made morphospace calculations less intuitive, increasing 
the reliability of their results and conclusions drawn based on ammonoid habitats. 
Morphological diversity during immigration phases increased because the animals 
inhabited distinct niches, a phenomenon probably valid for all ammonoid taxa (see 
Westermann 1993b).

Biometric analyses are useful to detect differences in shell parameters and their 
ratios. Celtitids from the Carnian of Turkey have quite similar shell morphologies. 
Taxonomic separation is mainly based on sculptural differences. Several ontogenetic 
stages could be distinguished by biometric analyses (WER, W/D) in Kasimlarceltites 
(Lukeneder and Lukeneder 2014). Embryonic to early juvenile stages start with high 
WER values (2.16–2.17, spherical), which drastically decreases in older juveniles 
(1.75, strongly depressed early whorls), then increases markedly in mid-age, fol-
lowed by unstable mid-aged phases of (WER 1.89–1.79), and finally peaks in high 
values of the preadult to adult stages (2.05–2.17, compressed). This morphological 
change mirrors a trend from from planktic to nektic or active swimming from the 
second life-phase on Investigations on the ammonoid shell shape in morphospace 
of the serpenticone K. krystini pointed to a hypothetical planktic lifestyle of ceratitid 
ammonoids (calculated by K. Ritterbush 2013, Fig. 18.2 18.6). A mainly plank-
tic lifestyle is assumed based on the calculations for the small ceratitid ammonoid 
(max. size 33 mm; Lukeneder and Lukeneder (2014).

Despite of the huge amount of data and articles on ammonoid biometry, the 
question remains whether there is a relation between conch shape and the physical 
and chemical parameters of the environment (depth, pressure, salinity, temperature, 
light etc.). Most studies seem to support such a relationship.

18.4  Ontogenetic Stages in Ammonoids

The terminology of growth stages used herein is based on ontogenetic stages defined 
by numerous authors (House 1985; Kant 1975; Kullmann and Scheuch 1970, 1972, 
Westermann 1954, 1958; Landman 1987; Kullmann 1981; Hewitt 1988; Kant and 
Kullmann 1988; Landman 1988; Bucher et al. 1996; Klug 2001; Korn and Klug 
2002, 2007, 2012; Etches et al. 2009; Lukeneder et al. 2010; De Baets et al. 2012, 
2013, 2015; Laptikhovsky et al. 2013; Lukeneder and Lukeneder 2014). The exact 
definition of the ontogenetic stages is crucial for reconstructing life cycles with 
coeval changes of habitats.
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The ammonitella (= embryonic stage; embryo in Lukeneder et al. 2010) consists 
of the subelliptical protoconch or initial chamber and three-fourths to one-and-a-
quarter whorls with body chamber phragmocone chambers. The ammonitella is 
usually delimited by the primary (nepionic) constriction (Birkelund 1981; Landman 
et al. 1996b, Klofak et al. 1999, 2007; Etches et al. 2009). After that stage, a 
change in ornamentation and shape occured (Currie 1942, 1944; Burnaby 1966, 
Lehmann 1966; Kulicki 1974, 1979, 1996; Bandel et al. 1982; Ward and Bandel 
1987; Landman 1987, 1988, Landman et al. 1996b, 2007a; Maeda 1993; Kulicki 
and Doguzhaeva 1994; Bucher et al. 1996; Doguzhaeva 2002; Kulicki et al. 2002; 
Sprey 2002; Korn and Klug 2007; Tanabe et al. 2010b). The corresponding term 
in nautiloids is nauta (Laptikhovsky et al. 2013). According to Laptikhovsky et al. 
(2013), the average ammonitella diameter was 0.54–2.6 mm, decreasing in mean 
size from the Devonian (up to > 5 mm; De Baets et al. 2015) via the Carboniferous 
with 0.6–1.4 mm to the latest Cretaceous with 0.7–1.0 mm. Laptikhovsky et al. 
(2013) concluded that seawater temperatures were the key factor provoking 
historical changes in ammonoid and nautiloid evolution. The authors argued that 
eggs were larger in species from temperate than from equatorial areas and also during 
global warming. The negative relationship between egg size and environmental 
temperatures is a also known as Thorson-Rass rule (Laptikhovsky et al. 2013).

The neanoconch (= neanic stage of Hyatt 1894, hatchling to early juvenile; 
juvenile in Lukeneder et al. 2010) comprises 2.5–3.3 additional whorls. It grew 
mainly in height, is often planorbiconic and weakly sculpted with 3–5 mm diameter 
(Westermann 1958).

The juvenile phase (= juvenile stage; juvenile to mid-age in Lukeneder et al. 
2010) comprises the late juvenile plus adolescent/immature or preadult phase with 
several additional whorls. These differ from the preceding ones in various growth 
parameters, e.g., abrupt growth of width and sculpture, roughly to half adult size.

The adult phase (= adult stage or adulthood in Bucher et al. 1996; adult in 
Lukeneder et al. 2010; maturity) is fully grown and thus mature. The post-juvenile 
shell has 3 or more whorls, comprising the final body chamber with different coil-
ing, cross section, sculpture, and/or peristome (Davis et al. 1996; Klug et al. 2015b).

As noted by several authors, Recent cephalopods exhibit two principal spawn-
ing strategies (Nesis 1987; Boletzky 1987; Hewitt 1988; Westermann 1996; De 
Baets et al. 2012, 2015). A benthic K-type strategy with few big eggs and a plank-
tic r-type strategy with numerous small eggs. Most ammonoid eggs (Etches et al. 
2009; Tajika and Wani 2011; Stephen et al. 2012; Laptikhovsky et al. 2013; Yamada 
and Wani 2013; De Baets et al. 2012, 2015), as inferred from the ammonitella, 
resembled those of the small to smallest eggs of present-day cephalopods. Environ-
mental influences such as warm water and good oxygenation enhanced egg growth 
(Westermann 1996; Laptikhovsky et al. 2013). Accordingly, aerobic conditions 
were necessary for full development. Most taxa possibly encased their eggs in a 
light gel, singly or in masses (Westermann 1996; Mapes and Nützel 2009). Alter-
natively, the female may have carried the eggs, as in Recent pelagic octopods (e.g., 
Argonauta). Recent Nautilus produces less than 10 eggs of a diameter of c. 20 mm 
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(Tanabe et al. 1993b; Kröger 2005), laying the egg capsule directly on the sea floor 
(Saunders and Landman 1987, 2010).

Differing reproductive strategies in nautiloids and ammonoids in early ontog-
enies are reported by Stephen and Stanton (2002), Kröger (2005) and Klug (2007). 
Fossil nautiloids produced fewer, larger eggs than ammonoids (Landman et al. 
1996b; Chirat 2001; Klug 2001, 2007). A typical ammonoid egg measured 1–2 mm 
(c. 100 to 500 000 per mother animal; Klug 2001, 2007; Korn and Klug 2007, 2012; 
De Baets et al. 2012, 2015; Laptikhovsky et al. 2013). In contrast, the hatchling size 
for Cretaceous nautiloids varies from 9 to 35 mm (Wani et al. 2011).

It may be speculated that the often small ammonoid hatchling size (compared 
to nautiloids) enabled them to produce more ammonoid offspring (r-strategists, 
type III survivorship curve). They drifted as plankton in the water column (Klug 
2001, 2007; Landman 1985; Landman et al. 1996b) and were part of planktic food 
webs (Laptikhovsky et al. 2013). Further information is obscured by the lack of 
knowledge about where ammonoids laid their eggs (Westermann 1996). As noted 
by Klug (2001) as well as Korn and Klug (2007), floating ammonoid egg masses 
in the water column (see also Tanabe et al. 1993b, Mapes and Nützel 2009) would 
change our understanding of ammonoid ecology and habitat preference.

The ecology of hatchlings and early juveniles (neanic stage) of living cephalo- 
pods is well known (e.g., Boletzky 1974, 1992; Nesis 1987; Westermann 1996; 
Stephen and Stanton 2002; Korn and Klug 2007; Laptikhovsky et al. 2013). 
The hatchling stage in ammonoids began at 3–5 mm diameter (Landman 1987; 
Landman and Waage 1993; Okamoto 1988a, b; Shigeta 1993; Tanabe and Ohtsuka 
1985; Tanabe et al. 1981, 1995, 2003; Bucher et al. 1996; De Baets et al. 2015), 
thus categorizing the hatchlings and neanic stages as microplankton. The early post-
hatching interval in at least Cretaceous ammonoids was assumed to be planktic, 
changing into nektobenthic or nektoplanktic after reaching a diameter of 2–2.5 mm 
(Shigeta 1993). Westermann (1996) dismissed this based on difficulties in measuring 
ammonitella volumes. The most common habitat of the neanic stage was probably 
the deep midwater of hypoxic, epeiric basins, perhaps somewhat above or below the 
dysaerobic/aerobic interface (e.g., Schindewolf 1959; Landman 1982; Tanabe et al. 
1993b, 1995; Westermann 1996).

Juvenile specimens are usually rare in ammonoid assemblages of the aerobic 
facies (Westermann 1954, 1996; Kennedy and Cobban 1976; Callomon 1985; 
Landman 1987). They appear more frequent in anaerobic and dysaerobic black 
shales (Westermann 1996), being either pelagic or pseudoplanktic or, as postulated 
by Westermann (1996), developing from planktic, vertical migrants into demersal 
swimmers.

In adult stages (mature, fully grown), ammonoids were most probably generalists 
populating almost every single niche in the marine environment environment 
(Fig. 18.7),, with the ability to migrate between and within several depth zones. 
Adult stages are mainly detected based on apertural collars (macroconchs, females) 
or lappets (microconchs, males) reflecting sexual dimorphism, and based on 
changes in ribbing or on final septal crowding (Callomon 1980; Davis 1972; Elmi 
1993; Davis et al. 1996; Lukeneder 2004; Klug et al. 2015b). Ontogenetically 
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controlled migrations mirror long-term habits, whereas foraging and preying would 
reflect daily behaviors in ammonoids. According to Becker (1993) and Westermann 
(1996), even brackish waters could be inhabited by at least some ammonoid groups 
(e.g., some goniatids, Placenticeras, perhaps Dactylioceras). Westermann (1996) 
considered the lifestyle flexibility of ammonoids versus extant cephalopods as 
follows: “except for their reduced depth, speed, and, hence, range of migration, 
ammonoids presumably had similar ecologic diversity”.

Adult modifications such as coarsening sculpture, shell thickening or uncoiling 
were discussed by numerous authors (Tanabe and Shigeta 1987; Jacobs and 
Landman, 1993; Jacobs et al. 1994; Jacobs and Chamberlain 1996; Westermann 
1996; Davis et al. 1996; Klug et al. 2015b). Based on estimated shape and 
hydrodynamic properties, a mainly nektobenthic life was suggested for adult 
ammonoids by Chamberlain (1980). As summarized by Westermann (1996), the 
main late ontogenetic trends in ammonoid life were (a) from planktic (or demersal 
vertical migrant) to (b) sluggish nektic or (c) demersal, passive drifters or active 
swimmers. Late ontogeny was perhaps accompanied by an increased diurnal 
vertical migration of planktic forms (see Doghuzhaeva et al. 2010), increased speed 
and acceleration of nektic or demersal forms, from sluggish to mobile, as in many 
of the smaller microconchs from demersal to nektic.

Post-neanic ammonoids resemble Nautilus in the roughly linear growth rate 
(Saunders 1984; Hewitt et al. 1994; Bucher et al. 1996). As noted by Westermann 
(1971, 1977, 1996), maximum growth rates of ammonoid shells probably depended 
more on chamber growth than on apertural growth. The neanic growth rate may 
have differed greatly from that of the juvenile, especially if there was a major habi-
tat change, e.g., from planktic to demersal (Westermann 1996). Growth rate might 
have decreased with increasing habitat depth (e.g., increasing pressure reduced the 
osmotic emptying rate, decreasing temperature and food supply, thus slowing the 
metabolism). As speculated by Westermann (1996), the lifespan may have varied 
from 1 to 2 years for small shallow-water ammonoids (< 50 mm diameter) to 5 to 10 
years for most epeiric and inner-neritic ammonoids (see Bucher et al. 1996), to as 
much as 50 or 100 years (overestimate?) in mesopelagic giants such as large Lytoc-
eras (Stevens 1988). In general, growth rates were higher and size larger in shallow 
platform dwellers than in basin dwellers (Elmi and Benshili 1987). Ontogenetic 
stable isotope analyses on baculitid shells from the Campanian from South Dakota 
(USA) were conducted to assess δ18O data concerning marine paleotemperature. 
Our understanding of ammonoid growth rate will be enhanced in the future by 
the analysis of isotope composition, which changes during migration and habitat 
change. No exact estimates (c. 33 cm/a) were presented by Fatherree et al. (1998) 
for Baculites, suggesting a quite rapid growth. More detailed ontogenetic analyses 
of stable isotopes could probably help to solve that problem. Detailed stable isotope 
studies with the goal of a better reconstruction of seasonal variations will help to 
estimate at least the duration from embryonic to full growth (Chap. 18.5).

No evidence has been presented for the exact habitat where ammonoids laid 
their eggs and where spawning took place. Stable isotope data (Fig. 18.8, 18.9, 
18.10, 18.11) are still too imprecise to reconstruct these aspects using protoconchs 
and ammontellae shell. Specifically, the volumes required for carbonate analyses 
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(e.g., Keil Carbonate Device) are large (3050 µg) and drill bits (30–50 µm) are 
thicker than ammonitella shell walls (10–20 µm; Kulicki and Doguzhaeva 1994). 
Large differences in embryonic stages are visible only when comparing different 
ammonoid groups. This provides no information on where the eggs were stored 
(i.e., water column or benthic). All ammonoid hatchlings are suggested to have 
started passively drifting as plankton (Kennedy and Cobban 1976; Tajika and Wani 
2011), the duration of that phase being unknown. The mechanisms of dispersal of 
the hatchlings and neanic stages were likely entirely passive and depended on the 
presence and strength of marine currents (Westermann 1996). Westermann (1990, 
1996) concluded that dispersal distance ranged from tens of kilometers (enclosed 
epeiric seas) over a few hundred kilometers (shelf seas) up to 1000–2000 km in the 
open ocean. These early ontogenetic stages likely formed an important constituent 
of the Mesozoic plankton in shelf seas and oceans (Fig. 18.7, Table. 18.1).

Recently the probable ecology of eggs was discussed by Etches et al. (2009), 
Tajika and Wani (2011), Stephen et al. (2012), and Laptikhovsky et al. (2013). Etch-
es et al. (2009) reported eggs enclosed in egg sacks (see also Lehmann 1966, 1976; 
Müller 1969) from the Upper Jurassic (Kimmeridgian) of the UK. Some were still 
attached to ammonoids (possible parentage), e.g., Aulacostephanus and Pectinatites. 
Etches et al. (2009) suggested a firm substrate where eggs were anchored below the 
storm wave base. It is controversial whether such egg sacks still contained eggs 

Fig. 18.6  The serpenticone Upper Triassic (Carnian) ammonoid shell shape and the princi-
pal assumed habitats in Kasimlarceltites krystini (calculated by K. Ritterbush 2013). Distinct 
morphogroups appear in the hypothetical diagram with overlapping areas. For details see Fig. 18.2 
herein. A mainly planktic life-style is assumed from the calculations for the small ceratitid ammo-
noid (max. diameter 33 mm; Lukeneder and Lukeneder 2014). Reconstruction of K. krystini (left, 
by 7reasons Media Company) and the holotype of K. krystini (right, NHMW 2012z0133/0014; 
Lukeneder and Lukeneder 2014). Scale bar: 1 cm
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Habitat and marine zonation ammonoids

Benthic On or near the sea floor, bottom and water 
column interface

Epibenthic On or near the sea floor, bottom and water 
column interface

Pelagic Includes neritic and oceanic zones, 0 m down to 
6000 m

Neritic Near shore to marine areas above the continental 
shelves

Epipelagic Uppermost part of the marine oceanic province, 
down to approx. 200 m

Mesopelagic Marine water column 200 m to 1000 m in the 
oceanic province

morpHology –
Outer shell –
Planispiral Coiling in a single horizontal plane, whorl height 

increasing from the coiling-axis
Heteromorph Open coiled, coiling in various planes or with 

irregular coiling
Leiostraca Smooth to fine ribbed shells
Trachyostraca Strong ribbing of shells
Body chamber –
Brevidome Body chamber length from 160° to 180°
Mesodome Body chamber length from 260° to 300°
Longidome Body chamber length from 350° to 400°
Planispirals –
Cadicone Evolute, subglobular shell with angular umbilicus 

and depressed shell whorls
Discocone Involute, with ovate and slightly compressed 

whorls
Oxycone Involute, with subtriangular whorls
Planorbicone Evolute, with subcircular to depressed shell 

whorls
Platycone Involute to moderate evolute, with subrectangular 

compressed whorls, keeled
Serpenticone Evolute to advolute, with circular to depressed 

whorls
Spherocone Involute to convolute, subglobular shell with 

ovate shell whorls
Heteromorphs –
Ancylocone Closed or open, planar or helical spire followed 

by a hook
Cyrthocone Open, curved with less than one or one circular to 

ovate whorl

Table 18.1  Terms used in the text and figures. Zonation of oceans, habitats of ammonoids, 
morphological terms, ontogenetic stages and hypothetical mode of life in ammonoids
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in the fossil record, and thus whether they were deposited in situ (Lehman 1976). 
As speculated by Callomon (1980) and Etches et al. (2009), some groups were 
gregarious, migrating over long distances and depths. The latter interpretation 
finds some support in the isotope analyses of Lukeneder et al. (2010, Fig. 18.9). In 
some Mesozic ammonoids, the sexes were perhaps spatially separated as preadults 
(Davis et al. 1996; Lukeneder and Harzhauser 2003; Lukeneder 2004), met for 
mating and separated during spawning. As suggested by Callomon (1980), female 
ammonoids might have returned to their primary habitats (“home-grounds” in 
Callomon 1980) for oviposition (Lukeneder et al. 2011), spawned and died after-
wards (i.e., semelparous strategy; see also Stephen et al. 2012). The overall strategy 
might have resembled that of Recent neritic coleoids such as sepiids or loliginids 
(2009).

As argued by Tajika and Wani (2011), who studied the Cretaceous ammonoids of 
Japan, egg masses or ammonitellae (with given protoconch and ammonitellae size 
ranges) were drifted over long distances at speeds of approx. 110 km within a mini-
mum of 5 days, from spawning places by ocean currents. This is similar to extant 
coleoids (2009). Tajika and Wani (2011) based their calculations on modern ocean-
ogeography, under the assumption that paleocurrents were similar to modern ocean 

morpHology

Gyrocone Open spire, with more than one circular to ovate 
whorl

Hamiticone Two or more straight shafts, with final hook
Orthocone Straight, with circular to ovate whorl sections
Torticone Trochospiral or helical, with loose or close coiling
Vermicone Worm-like, with irregular coiling
ontogenetical stages –
Protoconch subspherical, egg shaped initial chamber
Ammonitella Embryonic stage, starting with protoconch, 

ending at primary constriction
Neanoconch Neanic stage, hatchling to early juvenile, 2.5–3.3 

additional whorls
Juvenile Juvenile stage, late juvenile plus adolescent , plus 

several additional whorls
Adult Adult stage, mature with modified ribbing, final 

lappets or collars at peristome
mode of life –
Demersal Live and feed on or near the sea floor
Nektic Active and free swimming, independet of ocean 

currents
Planktic Passively floating and drifted by ocean currents
Nektobenthic Live and feed on or near the sea floor, synony-

mous to demersal

Table 18.1 (continued) 
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currents around Hokkaido. Eggs and hatchlings of extant coleoids (e.g., Illex) can 
be drifted by water currents for 2–3 months, during which they still show the same 
size range (Haimovici et al. 1998; Tajika and Wani 2011). Laptikhovsky et al. (2013) 
studied reproduction strategies in the Cretaceous. Based on egg size measurements, 
they concluded that the evolution of smaller eggs in ammonoids permitted them to 
occupy new habitats, whereas nautiloids survived despite their inability to migrate 
and settle new ecological niches. These arguments may also be valid for the ammo-
noids from the latest Cretaceous (latest Maastrichtian to K/P boundary), which were 
oceanic to suboceanic (distal neritic), deep epipelagic to mesopelagic nekton and 
plankton (Ward 1987, 1990a, b; Wiedmann 1988b; Westermann 1996; Fig. 18.6, 
Table. 18.1). The deep-water character of these last faunas shows low evolution-
ary rates and a high cosmopolitanism, both characteristic of oceanic taxa (Ward 
and Signor 1983). The fact that the nautilids survived this event indicates that the 
main difference might lie in the habitat differences (Westermann 1996) from mostly 
pelagic Maastrichtian ammonoids to demersal nautilids like Recent Nautilus. An 
additional cause for the survival of nautiloids was noted by Wani et al (2011): the 
much larger hatchling size of Cretaceous nautiloids contrasts with those in ammo-
noids (Ritterbush et al. 2014).

As noted by Klug et al. (2010), ammonoids presumably began to occupy the 
water column during the Devonian nekton revolution as nektic organisms, already 
exhibiting at this early phase various life strategies such as demersal, planktic and 
nektic (Klug 2001).

Based on Carboniferous anoxic–dysoxic occurrences, Boston and Mapes (1991) 
speculated that the very young ammonoids might have been benthic (sessile or 

Fig. 18.7  Schematic diagram showing the pelagic zone and its horizontal layers, marine environ-
ments inhabited by ammonoids. For details and explanations see the text. Ammonoid size and 
paleogeographic distances not to scale
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vagile) and were unable to escape periodic benthic anoxia. In the past decades, a 
sessile mode of life was rejected for all ontogenetic stages in ammonoids by most 
ammonoid specialists. Ammonoids of larger growth stages in higher, photic zone 
depths (Boston and Mapes 1991) were less vulnerable to predators than the very 
small juveniles or were able to survive brief hypoxic events like living Nautilus 
(Wells et al. 1992). As noted by Stephens et al. (2012), mass mortalities of ammo-
noids could occur if they were semelparous (i.e, reproduction mass mortality), or 
mass mortalities of their ammonitellae or juveniles were mostly driven by environ-

 

Fig. 18.8  Lateral view with numbered samples in ontogenetic direction; growth direction with 
indicated SEM images of aragonitic ultrastructure, × 500 and × 3700. a Jurassic (Callovian) 
Cadoceras, b Cretaceous (Aptian) Hypacanthoplites and c Cretaceous (Santonian) Nowakites 
shells. Arrows mark the position of last suture, the beginning of the body chamber. Stable 
isotope curves (δ18O in black and δ13C in grey) of the corresponding ammonoids Cadoceras, 
Hypacanthoplites, and Nowakites (adapted from Lukeneder et al. 2010)
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mental catastrophes (e.g., anoxic or toxic events) or reflect taphonomic processes 
such as stratigraphic condensation or hydrodynamic trapping. Two models for the 
formation of ammonoid egg masses and the corresponding habitats are possible: egg 
masses floating in the water column or benthic egg masses. Potential hydrodynamic 
processes (e.g., accumulation by ocean currents) were not considered by the latter 
authors.

Abundant embryonic ammonoid assemblages were described from deposits 
from the USA and Canada (Kansas; Mapes et al. 1992; Tanabe et al. 1993b, 1994a, 
b; Alberta; Pamenter 1956; Schindewolf 1959; Becker 1993). Complete, and in-
complete ammonitellae, rare neanoconchs and small juvenile goniatites ( Aristo-
ceras, Vidrioceras) occur in thick layers. Mapes et al. (1992) concluded that egg 
masses floated above the bottom and were not planktic, or that they were slightly 
transported from nearby spawning sites. Westermann (1996) suggested a second 
hypothesis for such egg masses: neanoconchs were floating planktic-quasiplanktic 
in moderately deep basins, killed from time to time by storms mixing anoxic waters 
into those areas of the sea; larger juveniles and adults lived higher up in the water 
column and were unaffected (Westermann 1996). Mapes and Nützel (2009) revised 
these opinions and suggested floating egg masses and planktic juveniles.

18.5  Stable Isotopes (δ13C, δ18O)-Implications for 
Ammonoid Ontogeny and Habitat

Urey (1947), Urey et al. (1951) and Epstein et al. (1953) discovered that oxygen 
stable isotope ratios of calcium carbonates correlate with the temperature of the 
water from which they were precipitated and developed a method to determine 
paleotemperatures (Rexfort and Mutterlose 2006). Since then, many authors have 
attempted to assess the ancient or present-day seawater temperatures from biologi-
cally precipitated calcium carbonates (e.g. Bandel and Hoefs 1975; Wefer 1985; 
Wefer and Berger 1991). The aragonitic composition of the external shells and septa 
in ammonoids makes them suitable for isotopic measurements (Jordan and Stahl 
1970; Brand 1986; Anderson et al.1994; Moriya et al. 2003; Zakharov et al. 2005, 
2006; Lécuyer and Bucher 2006; Lukeneder et al. 2010; Henderson and Price 2012; 
Stevens et al. 2015), when the aragonite is pristine. Purity of shell material should 
be tested using modern scanning electron microscopy (SEM), computed tomogra-
phy (CT) and cathodoluminescence (CL; Lukeneder et al. 2010). The fractionation 
and isotopic composition in oxygen and carbon isotopes (16O/18O, 12C/13C) refers to 
a change in stable isotope ratios, reflecting chemical and physical processes (Hoefs 
2004) in a cephalopod’s life.

Oxygen isotope composition (δ18O) in carbonate minerals precipitated in water 
is a function of δ18O of water and precipitated temperature. δ18O of the carbonate 
reflects the δ18O of the water precipitated under isotopic equilibrium. Therefore, 
if the δ18O of water can be estimated, the temperature during precipitation can be 
calculated from δ18O of the carbonate according to the formula
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(Grossman and Ku 1986; Goodwin et al. 2003; Kobashi et al. 2003; Lécuyer et al. 
2004; Kim et al. 2007, 2010), where δ18Oaragonite is δ18O of carbonate analyzed 
in VPDB scale, δ18Owater is δ18O of ambient water in VSMOW scale. A shift of 
one per mill in the oxygen isotope ratio corresponds to a temperature change of 
approximately 4.3 °C. Lécuyer et al. (2004) assumed that the isotope ratio is related 
to

(GEOSECS Executive Committee 1987; see also Railsbeck et al. 1989; Geary 
et al. 1992) where S is the salinity of about 35‰ at a depth of around 300–500 m 
according to data by Auclair et al. (2004) and Watanabe et al. (2003). Considering 
that the analytical error in isotope measurements is usually < ± 0.1‰ (practically, 
error would be slightly > ± 0.1‰), at least 1˚C changes in calcification temperature 
should be detectable and discussable. Biogenic carbonates, however, are sometimes 
secreted under disequilibrium, which is termed vital effect (Urey et al. 1951). The 
vital effect is the most confusing bias in the stable isotope records of biologically 
precipitated carbonates. This effect may be greater in C isotopes than in O isotopes 
(Wefer and Berger 1991). Only minor or no vital effects are usually observed in the 
O isotopic compositions of molluscs (Wefer and Berger 1991). In contrast, it is prac-
tically impossible to assess the degree of vital effect in ammonoids. Cephalopods 
( Nautilus, Sepia) precipitate their shells in an O isotopic equilibrium (Landman 
et al. 1994; Bettencourt and Guerra 1999). One possibility to resolve such problems 
would be to compare the stable isotope and clumped isotope data to other organisms 
in the same assemblage.

Carbon isotope composition (δ13C) of synthetic carbonate is predominantly a 
function of δ13C of dissolved inorganic C and carbonate ion concentration within 
the solution. However, δ13C in biological carbonate may show a greater vital effect 
than δ18O, as mentioned above, and it is generally more difficult to assess the spe-
cific controls (McConnaughey and Gillikin 2008). Among a variety of biological 
activities, changes in metabolic rate and incorporation of carbon from food would 
be major sources of vital effects in molluscs, except for photosymbiotic species 
(e.g., Jones et al. 1986; Tanaka et al. 1986; Romanek et al. 1987; Henderson and 
Price 2012). In some cases, abrupt changes of δ13C profiles may be used to identify 
changes in metabolic rate, such as sexual maturity. As noted by Henderson and 
Price (2012), studies of Nautilus (Auclair et al. 2004) and the deep-water squid 
Spirula spirula (Lukeneder et al. 2008; Price et al. 2009) show increasingly de-
pleted carbon values in shell carbonate due to metabolic effects related to changes 
in rates of growth or food sources.

( ) ( )18 18
aragonite waterT C   21.8 4.69 O O 0.2°  = δ δ –– –

18
waterO 9.986 0.3*Sδ = − +



712 A. Lukeneder

18.5.1  Recent Cephalopods-Learning for the Past

δ18O is a proxy for water temperature in aragonitic and calcitic shells such as 
those of extant ( Nautilus, Spirula, Sepia) and ancient cephalopods (ammonoids, 
nautiloids, belemnoids, teuthoids; Tarutani et al. 1969; Grossmann and Ku 1986; 
Lukeneder et al. 2008, 2010; Zakharov et al. 2006; Stevens et al. 2015; Fig. 18.8, 
18.9, 18.10, 18.11). Food webs and food selection can be examined based on carbon 
(δ13C) and nitrogen (δ15N) isotopes (Minagawa and Wada 1984; Cherel and Hobson 
2005; Hobson and Cherel 2006). In addition to these techniques, nitrogen isotopes 
in amino acids are a powerful tool for analysing trophic level in modern species 
(Chikaraishi et al. 2009; Kashiyama et al. 2010). Consensus exists amongst scien-
tists working with fossil and extant cephalopods on the interpretation of δ18O data. 
By contrast, δ13C trends are more complicated to interpret in fossil cephalopods and 
molluscs in general.

Sclerochronologic (i.e., hard-part measurements in chronological order) δ13C 
and δ18O records from numerous Nautilus species were provided by several authors 
(Eichler and Ristedt 1966a, b; Cochran et al. 1981; Taylor and Ward 1983; Wefer 
1985; Landman et al. 1983, 1994; Auclair et al. 2004; Zakharov et al. 2006). δ13C 
and δ18O in Sepia cuttlebones were also measured (Longinelli 1966; Longinelli and 
Nuti 1973; Hewitt and Stait 1988; Bettencourt and Guerra 1999; Hobson and Cherel 
2006; Rexfort and Mutterlose 2006; Cherel et al. 2009). Stable isotope composition 
of Spirula was presented by Lukeneder et al. (2008), Price et al. (2009) and Warnke 
et al. (2010). Chitinous Octopus beaks were analysed by Cherel and Hobson (2005) 
for their δ13C and δ15N composition.

Ontogeny-related stable isotope patterns in the shells of Recent cephalopods 
reveal two main lifecycle types (Fig. 18.9). One is represented by Nautilus and 
Sepia, which start in warm shallower waters as juveniles and migrate into cooler 
and deeper waters later in ontogeny. This strategy is contrasted with Spirula, which 
starts in cold deep waters, subsequently migrates into warmer habitats, and finally 
inhabits deeper waters in adult stages (Lukeneder et al. 2008). Time averaging of 
short-term (diurnal) migration does not significantly influence stable isotope trends 
within the shell. In all taxa, a roughly parallel trend of C isotopes suggests a con-
comitant change in diet and/or water chemistry due to habitat change.

The comparison of Recent Nautilus, Sepia and Spirula allows quite different 
modes of life to be deciphered based on stable isotope signatures. Applying these 
methods to Mesozoic ammonoids sheds light on strategies and environmental re-
quirements of fossil cephalopods. Due to its unusual morphology, Spirula is used 
as a key genus in paleontological papers that attempt to interpret the mode of life of 
Mesozoic ammonoids (Lukeneder et al. 2010).

18.5.2  Spirula

The δ13C, δ18O data reported by Lukeneder et al. (2008) for the deep-water squid 
Spirula spirula revealed three ontogenetic stages, including a major shift from 
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positive to negative values corresponding to sexual maturation, the initiation of 
reproduction, and concomitant changes in diet (Fig. 18.9). An embryonic stage 
with δ18O values at + 3.6 to + 3.1‰ is followed by a steady decrease from + 3.5 to 
+ 3.0‰ to + 1.7 to + 2.0‰ in juvenile stages and an increase to + 2.2 to + 2.6‰ in 
adults (Lukeneder et al. 2008, see also Price et al. 2009 and Warnke et al. 2010). 
After hatching at depths > 1000 m (4–6 °C), the squid migrates into shallower, 
warmer waters at depths of 400–600 m (12–14 °C; Levitus 1994). Subsequently, the 
animals migrate back into somewhat cooler, deeper habitats at 500–600 m (mean 
9.1 °C; Lukeneder et al. 2008), identified for all major oceans. The importance of 
knowing water temperatures in certain depths is shown by the correlation of known 
temperatures (Levitus 1994) and stable isotope data of extant molluscs. Little is 
known about the composition of paleooceanic water stratification (Hay 2008), 
hence the arrangement of temperature zonation is ambiguous for ancient seas. This 
makes it much more complicated to obtain reliable conclusions on habitats of fossil 
organisms than for Recent relatives. As noted by Hay (2008), the circulation of the 
Cretaceous ocean may have been very different from that of extant conditions, for 
example by lacking a well-developed pycnocline (e.g., stratification, convection, 
thermodynamic heat transport) and dominant tropical/subtropical gyres.

18.5.3  Sepia

Sepia officinalis hatches in warm waters (>20°C) at depths of < 20 m and descends 
to greater depths (below thermocline) in accordance with a change in lifestyle from 
nektobenthic to nektic/nektobenthic (Rexfort and Mutterlose 2006; Lukeneder et al. 
2008). Wild-caught specimens displayed δ18O values from − 1.3 to + 3.0‰ during 
ontogeny, comparable to calcification temperatures of 21 °C in adolescent and 5 °C 
in adult specimens (i.e., cuttlebones; Fig. 18.9). This ontogenetic trend of migration 
from warm water into deeper cooler waters was also documented by isotope stud-
ies of Longinelli and Nuti (1973) and Bettencourt and Guerra (1999). Compared to 
Nautilus, sepiids grow much faster, maturing in 1–2 years and dying immediately 
after reproduction (Packard 1972; Wells 1983; Landman and Cochran 1987, 2010). 
Contrastingly, Nautilus shows slower growth but lives for several years after matur-
ing (Saunders 1983, 1984). Sepia attains sexual maturity in 200 days (Rexfort and 
Mutterlose 2006) to 2 years (Bettencourt and Guerra 2001; Challier et al. 2005; 
Ceriola and Milone 2007), whereas ammonoids might have taken from 5–15 years 
to mature, as determined by growth line measurements, encrustation patterns and 
stable isotope data (Kennedy and Cobban 1976; Bucher et al. 1996; Westermann 
1996; Fatherree et al. 1998; Lukeneder et al. 2010). Interestingly, sexually dimor-
phic ammonoids seem to reach maturity at different ages (Kennedy and Cobban 
1976), earlier in males and later in females. Estimates were based on whorl num-
ber (max. size) with fewer in males and more in females. Stable isotope analyses 
performed on micro- and macroconchs could help to strengthen or refute these as-
sumptions because δ13C and δ18O data generate details on seasonality and ontogeny.
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18.5.4  Nautilus

δ18O analyses of the shell of various species of Nautilus show more negative values 
in the embryonic stage and more positive values in the postembryonic stage, indi-
cating migration from warmer shallower into cooler deeper environments during 
growth (Fig. 18.9; Eichler and Ristedt 1966a, b; Cochran et al. 1981; Taylor and 
Ward 1983; Landman et al. 1983, 1994; Landman 1988; Oba et al. 1992; Auclair 
et al. 2004; Zakharov et al. 2006; Kruta et al. 2014). Due to the isochronous tim-
ing of the isotope shift from negative to positive values and the decrease in septal 
spacing and position of the nepionic constriction, this isotope shift is considered to 
represent hatching of the animal (Cochran et al. 1981; Oba et al. 1992).

Initially, there was debate as to whether the more negative δ18O values in 
Nautilus’ embryonic stage resulted from the precipitation of embryonic shells in 
isotopic disequilibrium with the ambient water in eggshells (Taylor and Ward 1983). 
Crocker et al. (1985) showed that the δ18O of the egg water of two Nautilus spe-
cies is depleted by approximately 1‰ relative to ambient water. However, the eggs 
analysed by Crocker et al. (1985) did not contain developing embryos, so the frac-
tionation between the egg water and embryonic shell was not evaluated. Landman 
et al. (1994) finally succeeded to analyze the δ18O of shells of N. belauensis raised 
under controlled temperatures in the Waikiki Aquarium from embryonic and early 
postembryonic stages. The shells of both stages were secreted under isotopic equi-
librium with the in situ water.

Based on O isotope data, nautilid embryonic development takes place at 
22–30 °C and depths of 100–200 m, depending on the species. As inferred from 
aquarium observations, hatching occurs after about 1 year of development (Land-
man et al. 1994; Uchiyama and Tanabe 1999); in nature, juveniles then migrate 
into cooler deeper waters (150–400 m; 14–16 °C). Consequently, Taylor and Ward 
(1983) defined two ontogenetic stages via stable isotope data, the embryonic stage 
and the free-swimming stage. The main δ18O shift corresponds with the formation 
of the 7th to 8th septum, reflecting hatching after the embryonic stage. The embryon-
ic stage has δ18O values below c. –1.0‰ (> 20 °C), the free-swimming stage values 
above –1.0‰ (< 20 °C). Variations from a δ13C value of –1.3 to a value of + 1.5‰ 
are correlated with changes from the embryonic to juvenile-adult stages (Taylor and 
Ward 1983) and the change in habitat (Fig. 18.8).

Nautilus macromphalus was found to reach sexual maturity in c. 2.5–6 years 
(Martin et al. 1978; Landman and Cochran 2010; Collins and Ward 2010) and 3 
years (Zakharov et al. 2006). For Nautilus belauensis, maturity was attained with 
15 years (Saunders 1983) and 10 years (Landman and Cochran 1984, 2010). Typical 
embryonic δ18O values range around –1.07 to –3.0‰. After c. 269 to 362 days 
(Uchiyama and Tanabe 1999), hatching takes place and a migration into cooler, 
deeper waters (150–400 m; 14–16 °C) starts. This is documented by increasing δ18O 
values of + 0.4 to +1.21‰.

This migrational behaviour is characteristic for Nautilidae since at least the Creta-
ceous because similar δ18O patterns, from more negative to more positive values after 
hatching, occurred in fossil Eutrephoceras (Landman et al. 1983; Landman 1988). 
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In Eutrephoceras, δ18O shifts occur between septa 2 and 4, with a magnitude of 
the shift varying from 1.6‰ to 2.9‰. Calcification temperatures at embryonic and 
postembryonic stages correspond to 22–23 °C and 14–20 °C, respectively. There-
after, Eutrephoceras descended into deeper waters with c. 14 °C (Landman et al. 
1983).

Isotopic analyses on the nautiloid Aturia from the Cenozoic (Eocene, Miocene) 
of Slovakia indicate a nektobenthic lifestyle with temperatures of 13–16 °C and 
14–18 °C for juvenile and adult stages, respectively (Schlögl et al. 2011; Fig. 18.8). 
Schlögl et al. (2011) suggested that newly hatched juveniles and adults inhabited the 
same water at c. 240–330 m. The constant habitat depth through ontogeny in Aturia 
contrasts to the drastic change in Nautilus (Zakharov et al. 2006).

18.5.5   δ15N-Amino Acids in Nautilus

The δ15N of amino acids incorporated in shell carbonates of wild Nautilus pompilius 
specimens captured in the Philippines provide new insight into its trophic level 
(Kashiyama et al. 2010). Values in bulk δ15N decrease from embryonic to postem-
bryonic stages. Three trophic stages in ontogeny were detected. Trophic levels cal-
culated from compound-specific amino acid δ15N (Chikaraishi et al. 2009) decrease 
from 12–14‰ (embryonic) to 9–11‰ (post hatching), and finally to 10–12‰ (ju-
venile to mature). The higher trophic level values in the embryonic versus post-
embryonic stage is explained by consumption of egg yolk produced by the adult 
parent; i.e., the offspring is eating parts of their parents. Kashiyama et al. (2010) 
also applied this method to the Cretaceous (Albian) nautiloid Cymatoceras from 
Madagascar. In contrast to the stepwise decreasing δ15N values in the extant Nau-
tilus, δ15N values in the fossil nautiloid material gradually increased in ontogeny 
from 1.2‰ to 3.8‰, probably reflecting a change in diet. The authors, however, did 
not trust their results because “a potential pitfall of the current method is that we 
cannot exclude the possibility that organic matter was added to or formed within 
the samples during postmortem degradation” (Kashiyama et al. 2010). While the 
applicability of this method to fossil materials might be limited, future new tech-
niques would help to understand the life history of extinct animals.

18.5.6  Ammonoid Ontogeny-Implications from Stable Isotopes

In early O isotope paleothermometry work on ammonids, the focus was often on 
understanding marine paleotemperatures (Triassic and Jurassic ammonoid shells, 
Kaltenegger 1967; Fabricius et al. 1970; Kaltenegger et al. 1971; Jeletzky and Zapfe 
1976). For this purpose, belemnoids were also frequently utilized since Lowenstam 
and Epstein (1954). This method generated insights into ancient ocean water 
temperatures at different Mesozoic ages (Kaltenegger 1967; Stahl and Jordan 1969; 
Tourtelot and Rye 1969; Jordan and Stahl 1970; Fabricius et al. 1970; Kaltenegger 
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et al. 1971; Jeletzky and Zapfe 1976; Forester et. al. 1977; Marshall 1981; Landman 
et al. 1983; Whittaker et al. 1987; Fatherree et al. 1998; Cochran et al. 2003, 2010a, 
b; Moriya et al. 2003; He et al. 2005; Ifrim and Stinnesbeck 2010; Henderson and 
Price 2012; Zakharov et al. 2005, 2006, 2001, 2012). Similar investigations were 
made on the endocochleate belemnites (Lowenstein and Epstein 1954; Spaeth 
et al. 1971; Ditchfield 1997; Podlaha et al. 1998; Price et al. 2000; Niebuhr and 
Jochiamski 2002; McArthur et al. 2004; Price and Mutterlose 2004; Dutton et al. 
2007; Zakharov et al. 1999, 2005, 2011; Stevens et al. 2015). Additional analyses 
were performed on nacreous shells of Carboniferous nautiloids from Oklahoma 
(Seuss et al. 2012).

Most work on isotope paleothermometry involving ammonoids utilized only the 
shells (outer shell, septa), with more recent efforts using calcitic aptychi and rhyn-
cholites (Kruta et al. 2014) to discuss paleooceanography or ammonoid ecology. 
If we assume that ammonoids were mobile organisms living in the water column, 
one must be cautious when discussing isotope results based on ammonoid shells. 
When δ18O data of a single ammonoid individual show a sinusoidal ontogenetic pat-
tern, we have two potential explanations for it: (1) the temperature of the inhabited 
water fluctuated seasonally or (2) the analyzed individual successively migrated 
into warmer/cooler water masses during ontogeny.

A pioneering work on ammonoid isotope paleothermometry (Stahl and Jordan 
1969) used this approach to discuss ammonoid ecology, especially growth rate. 
Since then, the number of ontogenetic stable isotope analyses on ammonoid shells 
has increased. Ontogenetic sampling is especially useful for paleotemperature 
estimations because δ18O data of single cephalopod shells can range over 2‰, span-
ning a temperature range of almost 8–10 °C (Fig. 18.9, 18.10, 18.11). Single point 
measurements (Kaltenegger 1967; Fabricius et al. 1970; Kaltenegger et al. 1971; 
Jeletzky and Zapfe 1976) will only snapshot ocean water temperatures at a specific 
point of development (Lukeneder et al. 2010).

Life habitat throughout ontogeny was reconstructed for several ammonoids by 
Lukeneder et al. (2010). Entire ammonoid specimens were measured in the spiral 
direction (embryonic to adult aperture) to gain information on ecology and habitat 
preferences. δ18O data from a Jurassic Cadoceras and Cretaceous Hypacanthoplites 
and Nowakites were chosen due to the primary aragonitic shell preservation 
(Fig. 18.8), and compared with Recent Nautilus, Spirula, and Sepia as well as 
Cenozoic Aturia, which possess equivalent or comparable hard parts (Fig. 18.9). 
The most suitable approach to assess diagenetic processes and the value of shell 
alteration (in all molluscs) is to check the purity of the shell material (i.e., aragonite; 
see methods listed above).

The δ13C values revealed three ontogenetic stages in Cadoceras and Haypacan-
thoplites, including two major shifts from positive to negative and from negative 
to positive values (Fig. 18.8). These probably correspond to sexual maturation, the 
start of reproduction, and concomitant changes in diet (Lukeneder et al. 2010). δ13C 
and δ18O records both suggest separated phases corresponding to ontogenetically 
controlled vertical migrations within the water column. The values mark three to 
four phases in ontogeny: embryonic, juvenile, mid-aged (preadult) and adult.
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The δ18O values of juvenile Hypacanthoplites shells increase from juvenile 
–2.29‰ to an adult value of –2.80‰, with a mid-aged minimum of –3.11‰ 
(Fig. 18.8). This reflects an ontogenetic migration from warm shallow marine envi-
ronments to even warmer environments (27–28 °C; Fig. 18.9). The δ18O values of 
juvenile Cadoceras shells decrease from juvenile (–0.93‰) to adult (+ 0.39‰), with 
a juvenile minimum of –1.35‰ and a mid-aged minimum of + 0.75‰ (Fig. 18.8). 
This points to a shallow, c. 21 °C warm marine habitat of juvenile Cadoceras. Later, 
the mid-aged animal preferred slightly cooler and deeper environments (12–16 °C). 
Finally, the adult Cadoceras migrated back to slightly warmer and shallower envi-
ronments (c. 17 °C; Fig. 18.9).

The resulting maximum temperature range to which the ammonoids were 
exposed during ontogeny is about 10 °C in Cadoceras and 6 °C in Hypacanthop-
lites. Compared to recent seawater temperatures (Levitus 1994; NOAA 2014), this 
suggests a bathymetric range of 50–700 m in Cadoceras and of only 60 m in Hypac-
anthoplites. With respect to the probably unstratified ocean system in the Jurassic 
and Cretaceous (Hay 2008), the observed data might point to even larger ranges.

From the isotope results, ontogenetic strategies for the morphologic groups 
‘Leiostraca’ and ‘Trachyostraca’ were postulated by Lukeneder et al. (2010). The 
wcw-type (warm–cool–warm type) of Cadoceras resembles the patterns in Nautilus 
and Sepia, starting (a) as early juvenile in shallow waters migrating (b) as juvenile 
to mid-aged into deeper environments and (c) as adult back to shallow and thus 
warm waters. The cww-type (cool–warm–warmer type) of Hypacanthoplites, rep-
resented in modern cephalopods by Spirula (cwc-type), migrates (a) as a juvenile 
from deeper environments into (b) shallower ones and then (c) as an adult back into 
deeper habitats. The latter trend is slightly modified in Hypacanthoplites: it experi-
ences a higher temperature plateau as an adult. During this adult phase from 28 to 
29 °C (e.g., late mid-aged to adult), a slightly decreasing temperature trend occurs 
with age (28.9 °C to aperture with 27.5 °C; Fig. 18.9).

Data on Perisphinctes were published by Lécuyer and Bucher (2006), although 
they did not cover the earliest ontogenetic stages (Fig. 18.9). A threefold post-
embryonic development is signaled by the O isotope values: a shallow and warm 
late juvenile to mid-aged phase at c. 23–24 °C is contrasted by slightly cooler and 
deeper juvenile and adult stages at 20–21 °C (Lukeneder et al. 2010). This pattern 
is similar to that of Spirula, although its deep mesopelagic habitat differs from the 
epipelagic environment of Perisphinctes. The C pattern of Perisphinctes, however, 
has little in common with Spirula, but is strongly reminiscent of that of Nautilus: 
very low embryonic and early juvenile stages and a considerable shift towards posi-
tive values thereafter. As this shift is not reflected in the δ18O values, the δ13C shift 
was probably induced by a major change in diet or the onset of sexual maturity 
rather than a marked habitat change. The animals probably changed their prey pref-
erence after attaining a certain size (Lukeneder et al. 2010). The impulse for the 
ontogenetic migrations in both groups (i.e., ‘Leiostraca’ and ‘Trachyostraca’) may 
parallel that in modern cephalopods. Firstly, the change in diets and, secondly, the 
mating–spawning phase in mid-aged to adult ammonoids.
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As summarized by Lukeneder et al. (2010) and reviewed herein, stable iso-
tope data on ammonoids (mostly single point measurements) are available for 
the Triassic Arcestes, Carnites, Sagenites and Rhacophyllites, the Jurassic Amal-
theus, Cadoceras, Leioceras, Parkinsonia, Perisphinctes, Phlyseogrammoceras, 
Quenstedtoceras and Staufenia and the Cretaceous Acanthoceras, Acanthoscaphites, 
Anagaudryceras, Baculites, Canadoceras, Chimbuites, Cleoniceras, Demesites, 
Desmoceras, Didymoceras, Discoscaphites, Douvilleiceras, Eotetragonites, 
Euomphaloceras, Eupachydiscus, Exiteloceras, Gaudryceras, Hauericeras, 
Hoploscaphites, Hypacanthoplites, Hypophylloceras, Hypoturrilites, Jeletzkytes, 
Kossmaticeras, Menuites, Mesopuzosia, Nowakites, Otohoplites, Oxytropidoceras, 
Pachydiscus, Phyllopachyceras, Polyptychoceras, Scalarites, Scaphites, Sciponoc-
eras, Simbirskites, Sphenodiscus, Tetragonites, Tragodesmoceras, Turrilites and 
Yokoyamaoceras.

Cochran et al. (2003) measured Maastrichtian cephalopods (e.g., Eutrephoceras, 
Jeletzkytes) from the Western Interior Sea in North America to define various depo-
sitional settings. δ18O values of the fossils show decreases from the marine (ca. 
35‰) to brackish (ca. 20‰) biofacies consistent with increasing temperatures (ca. 
13 to 23 °C) or, if temperatures were relatively constant, to a decrease in the δ18O of 
the water in which the shell formed (Cochran et al. 2003). The latter interpretation 
is consistent with less-than-fully marine salinities in the nearshore biofacies, but 
changes in both the temperature and the isotopic composition of the water may 
have occurred in this environment. Stahl and Jordan (1969) and Jordan and Stahl 
(1970) found a seasonal variation of about 8–9 °C in the Callovian based on Quen-
stedtoceras and Staufenia. Similarly, Lécuyer and Bucher (2006) analyzed Jurassic 
Perisphinctes from Madagascar to obtain seasonal surface water temperatures of 
the southern hemisphere. Zakharov et al. (2005, 2011) suggested seasonal tempera-
ture fluctuations of 1.7 °C in Anagaudryceras during the Coniacian from Russia and 
in Albian ammonoid shells (e.g., Cleoniceras, Douvilleiceras) from Madagascar. 
Numerous values in Zakharov et al. (2011) may be uncertain because the per-
cent aragonite (e.g., 88%) is lower, presumably due to diagenesis. Stable isotope 
data from the Albian of Madagascan belemnoids (e.g., Parahibolites, Tetrabelus), 
ammonoids (e.g., Eotetragonites, Cleoniceras, Desmoceras, Douvilleiceras) and 
nautiloid shells (e.g., Cymatoceras) given by Zakharov et al. (2011) were inter-
preted as seasonal signals. Seasonality is probably over-interpreted in that study be-
cause the measurements were not performed ontogenetically (insufficient number 
of samples), only encompassed small parts of the shell (Zakharov et al. 2005) and 
the spacing between sampling points was probably too wide. These data more likely 
reflect habitat changes during ontogeny as suggested by Lukeneder et al. (2010), 
and not seasonal variations as assumed by Zakharov et al. (2011). Nevertheless, the 
interpretation of paleotemperature of the Albian Madagascan sea (tropical–subtrop-
ical zone) appears to be correct, as are habitat inferences from upper mesopelagic to 
lower epipelagic for the ammonoids (Fig. 18.7, 18.10, Table 18.1). Eotetragonites 
might have lived within a paleotemperature range of 13.3–16.4 °C, Cleoniceras of 
16.4–19.4 °C, Desmoceras of 15.5–21.1 °C, and Douvilleiceras of 20.2–21.6 °C. 
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Fig. 18.9  Ontogeny in Recent Nautilus, Sepia, Spirula, and Cenozoic Aturia ( above). Onto-
genetic migrations in the ammonoids Baculites, Cadoceras, Hypacanthoplites, Nowakites, and 
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The only nautilod, Cymatoceras, hints at epi– to mesopelgic water layers of 
16.4–17.2 °C (only 2 samples in Zakharov et al. 2011).

Taxa such as Phlyseogrammoceras from the Toarcian of Germany display varia-
tions of 3–4 °C (Jordan and Stahl 1970), indicating considerable ontogentic differ-
ences in lifestyles. Several ‘ranges’, however, are attributed to variations in calcite-
aragonite ratios and thus reflect rather diagenetic effects (e.g., Pliensbachian Amal-
theus in Jordan and Stahl 1970). The relatively high content of secondary calcite 
of up to 15% (mean 5–9%) within the original aragonite of the analyzed Jurassic 
ammonoids (Jordan and Stahl 1970) shows such secondary alteration and replace-
ment processes. Original, unaltered aragonite material (i.e., 100% pristine primary 
aragonite) should be used in stable isotope analyses. A case in point are the bacu-
litids, which have repeatedly been used to decipher ontogenetic changes of these 
Cretaceous heteromorphs (Tourtelot and Rye 1969; Forester et al. 1977; Whittaker 
et al. 1987; Fatherree et al. 1998; Fig. 18.9).

The Late Cretaceous heteromorph Polyptychoceras pseudogaltinum from Hok-
kaido was analyzed by Okamoto and Shibata (1997). The authors concluded, based 
on buoyancy and mode of growth investigations, either a demersal mode of life 
almost touching the sea bottom or a nekto–planktic mode in the water column. 
A demersal lifestyle was proposed by Moriya et al. (2003) for several taxa from 
the Upper Cretaceous of the northwestern Pacific (Fig. 18.11). The relatively short 
shell-sections utilized for that study, however, did not include a full record of the 
ontogenetic shifts and potential migrations. It remains to be determined whether 
data from Moriya et al. (2003) on the wide range of δ18O values in Hypophylloceras 
(i.e., Hs1 to Hs2) or in Polyptychoceras (i.e., Pp1 to Pp2) reflect slight differences 
in stratigraphy and variations in lithology (i.e., concretions, Moriya et al. 2003) or 
instead mark different ontogenetic stages reflecting different habitats. Stable iso-
tope (δ13C, δ18O) ratios show that depth distributions changed within ammonoid 
ontogeny and the values differ in various morphological groups (e.g. ‘Leiostraca’ 
vs. ‘Trachyostraca’; Lukeneder et al. 2010; see Stevens et al. 2015).

The long-term (i.e., lifespan) and large shifts in δ18O observed in modern 
Nautilus and Mesozoic species (Lukeneder et al. 2010) can be explained as major 
habitat change during ontogeny (see for Cretaceous pelagic Simbirskites Stevens 
et al. 2015). A crucial feature in O isotope trends is the knowledge about thermal 
structures with special issues in epeiric seas (e.g., Western Interior Seaway; Wright 
1987) of the water column at the time of formation of the ammonoid shells. It is 
difficult to determine the exact habitat depth of an individual ammonoid based on 
isotope paleothermometry. For modern Nautilus, habitat depth of embryos and adult 
individuals have been measured based on δ18O data (Eichler and Ristedt 1966a, b; 

Perisphinctes ( below). Calculated water temperature curves in growth direction, based on δ18O 
and depth distribution of the cephalopods investigated compared with additional Recent Sepia, 
Spirula, Nautilus, Cenozoic Aturia, and Mesozoic Perisphinctes and Baculites (all literature data; 
see text for explanation). Adapted and extended after Lukeneder et al. (2010). Maximal depth 
range estimates based on siphuncle strength index (SiSI) from Hewitt (1996, black stars) and 
Westermann (1996, white stars) in corresponding colours to temperature curves
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Fig. 18.10  Paleotemperatures estimated based on stable isotope data (δ18O) from the Lower 
Cretaceous (Albian) of Madagascar. Ammonoid (Eotetragonites, Cleoniceras, Desmoceras, 
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Cochran et al. 1981; Taylor and Ward 1983; Landman et al. 1983, 1994; Landman 
1988; Oba et al. 1992; Moriya et al. 2003; Auclair et al. 2004; Lukeneder et al. 
2010). Similarly, if we know the local seasonal variation of ancient sea surface 
temperatures, which is comparable to the ontogenetic variation of isotope tempera-
ture of an analyzed ammonoid individual, we can infer habitat depth (Moriya et al. 
2003).

Anderson et al. (1994) presented a substantial data set on the thermal structure of 
the water column and isotope thermometry on ammonoids to identify the depth hab-
itats of Jurassic Kosmoceras. Unfortunately, instead of sampling through ontogeny, 
they used shell fragments embedded in mudstone. Accordingly, their results were 
expressed as the general distribution of calcification temperature of Kosmoceras. 
Nonetheless, their results clearly indicate that calcification temperatures of Kosmo-
ceras were significantly warmer than those of benthic bivalves, and slightly cooler 
than surface-dwelling vertebrates, pointing to a near-surface habitat of Kosmoceras.

Moriya et al. (2003; see also Moriya 2015) also determined the thermal struc-
ture of the water column and the calculated calcification temperature of numerous 
Campanian ammonoids from Japan. They used this information to infer the depth 
habitat of each species in the adult stage (Fig. 18.11). The paleotemperature range 
and calcification temperature data were from benthic and planktonic foraminifera, 
bivalves, gastropods and ammonoids. Within the ammonoids, the authors utilized 
15 discrete individuals of 9 species and 4 superfamilies, which include discocones, 
oxycones, planorbicones and hamitocones. However, Moriya et al. (2003) provided 
no data on embryonic and juvenile stages. Nonetheless, the calcification tempera-
tures of all analyzed adult individuals (adult body chamber parts) are comparable to 
the bottom water temperatures derived from isotope thermometry of co-occurring 
benthic foraminifera, bivalves and gastropods. Moriya et al. (2003) concluded that, 
regardless of morphology, all species were nektobenthic (demersal).

As shown from δ18O values, estimated paleotemperatures (Fig. 18.11) and the 
subsequently calculated paleodepths of Campanian ammonoids (i.e., all morpho-
groups and ammonoid families from Japan), Tetragonites, Damesites, Hauericeras 
and Polyptychoceras inhabited shallower waters, compared to literature data 
(Moriya et al. 2003). By correlating recently obtained isotope data from Japanese 
material with literature on ammonoid δ18O data (Moriya et al. 2003; Lukeneder 
et al. 2010) and with estimated habitat depths (Westermann 1996), I developed a 
new approach for the reinterpretation and determination of ammonoid/habitat rela-
tions. Recent δ18O data from the literature (Moriya et al. 2003; Zakharov et al. 2005; 
Lukeneder et al. 2010) were compared with other published data mainly based on 
assumptions concerning morphology, siphuncle strength, shell wall thickness or 
facies dependency (Hewitt 1996; Westermann 1996). The earlier data were then 
re-evaluated (Fig. 18.9, 18.10, 18.11). Applying this method to all taxa measured 

Douvilleiceras), nautiloid (Cymatoceras) and belemnoid data based on data given by Zakharov 
et al. (2011). Maximal depth range estimations based on Siphuncle Strength Index from Hewitt 
(1996, black stars) and Westermann (1996, white stars) in corresponding colours to temperature 
curves (see text for explanation)



18 Ammonoid Habitats and Life History 723

in Moriya et al. (2003) yields a more detailed range of 70–350 m (Fig. 18.11), ex-
clusively from the lower to middle epipelagic, with a clear dominance in the lower 
epipelagic areas. The exception are the Phylloceratina ( Hypophylloceras): they 
also inhabited the upper mesopelagic, ranging up to the middle epipelagic from 
100–300 m. This contrasts with much greater depths given in the literature (down 
to 600 m; Westermann 1996). Accordingly, the ranges of estimated paleodepths 
and habitat boundaries of Cretaceous ammonoids from Japan (Moriya et al. 2003) 
are narrower than assumed based on earlier data (Hewitt 1996; Westermann 1996). 
Nonetheless, a shallowing gradient is evident from smooth to fine ribbed types (i.e., 
‘Leiostraca’) of Phylloceratina ( Hypophylloceras, Phyllopachyceras) and Lytocer-
atina ( Tetragonites, Gaudryceras), over stronger ribbed types (i.e., ‘Trachoystraca’) 
of the Ammonitina ( Eupachydiscus, Yokoyamaoceras) to heteromorph Ancylocera-
tina ( Polyptychoceras). At least Polyptychoceras (i.e., Pp1 to Pp2 in Moriya et al. 
2003) appears to have migrated in ontogeny from lower epipelagic at 200 m to high-
er epipelagic zones at 60 m (Fig. 18.11). Japanese Gaudryceras is suggested to have 
inhabited depths of 80–210 m, similar to estimated 100–180 m for Gaudryceras 
from eastern Russia given by Zakharov et al. (2005; only last whorl; Fig. 18.11; 
see also Zakharov et al. 2006). Note that this would follow the hypothesis given in 
Lukeneder et al. (2010) suggesting that numerous groups migrate within the water 
column during ontogeny. This is in contrast with Moriya et al. (2003; also pers. 
comm. K. Moriya 2013), who concluded that their Late Cretaceous ammonoids 
from Japan did not migrate during ontogeny, rather being nektobenthic (demersal) 
for their entire lives. One important distinction between the arguments in Moriya 
et al. (2003) and proposals of Lukeneder et al. (2010) and additional data (herein) 
is the duration of suggested migrations. Diurnal migrations are not ruled out by 
Lukeneder et al. (2010) and Moriya et al. (2003). In fact, they are likely. Moriya 
et al. (2003) argued for a constant long-term mean depth (e.g., average depth over 
months to years) that does not change in ontogeny. This argument is not necessarily 
unequivocal because only few individuals have been sampled to date. Including the 
data from the scheme outlined by Lukeneder et al. (2010) for ammonoid and ex-
tant cephalopod habitats, combined with data from Hewitt (1996) and Westermann 
(1996), indicates that a migration of at least a few ammonoid species from Japan is 
possible or even likely in the Late Cretaceous sea (Fig. 18.11). New geochemical 
results indicate that classic assumptions about the habitat depth of each ammonoid 
morphotype based on functional morphology should be reassessed or partly revised 
based on physicochemical evidence.

Possible habitat depths of ammonoids, according to literature data and more re-
cent stable oxygen isotope data (δ18O), range from approx. 20–500 m (Fig. 18.9, 
18.10, 18.11). Marcinowski and Wiedmann (1988) and Wiedmann (1988a) already 
stated that bathymetry and climate (i.e., temperature) are the main motors and con-
trolling factors for ammonoid distribution. Depth data (implosion depth) estimated 
from siphuncle and shell wall strengths (Tanabe 1979; Hewitt 1993, 1996; 
Westermann 1971, 1975a, b, 1996) are reliable for ammonoid paleobathymetry. 
Earlier data based on such estimations were demonstrated as being correct or at 
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Fig. 18.11  Paleotemperature data estimated using stable isotope data (δ18O) from Late Creta-
ceous (Campanian) ammonoids from Hokkaido, Japan (Moriya et al. 2003). Light blue shading 
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least valuable in most cases (i.e., by comparing with δ18O-paleotemperature data). 
Nonetheless, several values given in the literature seem to be imprecise.

Lukeneder et al. (2010) described a bathymetric range of 50–700 m for Cadoceras 
starting in the lower epipelagic and migrating deeper during ontogeny to the upper 
mesopelagic realm. With a water-depth range from 10–60 m in Hypacanthoplites, 
ontogeny starts in deeper epipelgic layers, followed by shallower epipelagic stages. 
Nowakites is interpreted to have lived from 50–300 m, implying migrations from 
deeper mesopelagic layers to shallower epipelagic habitats (Fig. 18.9). The maxi-
mal depth range given for Baculites (Cochran et al. 2010a, b; Landman and Klofak 
2012, Henderson and Price 2012) could be specified to be relatively shallow from 
50–100 m in the epipelagic zone. Persiphinctes apparently inhabited almost the 
same middle epipelagic zone (50–100 m), but migrated to deeper areas as adults 
(comparable to early juveniles).

Stable isotope data from Albian ammonoids of Madagascar (e.g., Eotetragonites, 
Cleoniceras, Desmoceras, Douvilleiceras) were given by Zakharov et al. (2011). 
The ontogenetic rows (as indicated by shell diameters) enable an interpretation 
on paleotemperature and habitat: tropical-subtropical, upper mesopelagic to 
lower epipelagic (Fig. 18.7, 18.10) with a depth range from 70–400 m. Zakharov 
et al. (2006) concluded that belemnites underwent ontogenetic changes, such as 
in Nautilus, but argued against an ontogenetic migration in ammonoids. Price 
et al. (2011) described a habitat differentiation within different belemnite groups 
from the Early Cretaceous based on δ18O data combined with Mg/Ca ratios 
(Dutton et al. 2007; see Stevens et al. 2015). Alberti et al. (2011) measured 61 
belemnite rostra and reconstructed a paleotemperature model based on the δ18O 
data from the Middle to Upper Jurassic of western India. The authors proposed a 
migration at least during spawning times from cooler areas into warmer strata. The 
conclusions drawn by Zakharov et al. (2006) are contrasted by their own figured 
distribution patterns of Cretaceous ammonoids and by their assumptions that large 
pachydiscids ( Canadoceras, Menuites, Eupachydiscus) were able to migrate to 
colder waters during ontogeny (shown herein and in Lukeneder et al. 2010). The 
numerous ammonoid data given by Zakharov et al. (2006) point to a range of at 
least 7 °C, which, in their opinion, is explainable rather by seasonal fluctuations 
than ontogenetic trends. That range, however, is too wide for seasonal temperature 
variations at 100–200 m depth (for temp. see Levitus 94); hence, migration during 
ontogeny is indicated for most Albian ammonoids. Consideration must also be given 
to the paleogeographic position of Madagascar during the Albian at middle latitudes 
of 30–40°S (Stampfli and Borel 2002; Zakharov et al. 2006; Lukeneder et al. 2013).

represents the seasonal range of bottom water temperature estimated from oxygen isotope ther-
mometry of co-occurring benthic organisms. Red shading represents annual mean sea surface 
water temperature estimated from oxygen isotope thermometry of surface-dwelling planktic 
foraminifera. Maximal depth range estimations based on the Siphuncle Strength Index (SiSI) 
from Hewitt (1996, black stars) and Westermann (1996, white stars) in corresponding colours to 
temperature curves (see text for explanation). Black and white lines for distinct specimens. White 
bars indicate the depth/paletemperature range of distinct genera given in Moriya et al. (2003). Grey 
bar indicates a Gaudryceras measured by Zakharov et al. (2005) for comparison
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The Lytoceratina ( Eotetragonites) appear to be the only inhabitants of the up-
per mesopelagic layers (200–400 m; Fig. 18.10). Contrastingly, Westermann (1996) 
suggested a shallower epipelagic range (100–180 m) based on siphuncle index esti-
mates. Albian members of the Ammonitina lived within the lower epipelagic zone. 
The finely ribbed forms Cleoniceras and Desmoceras are a case in point: the former 
ranges from 100–200 m (max. 250 m in Westermann 1996) with an ontogenetic 
trend from deeper waters, into shallower epipelagic layers and back (cwc–type), 
the latter from 70–250 m (min. 180 m in Westermann 1996). The ontogenetic trend 
in Desmoceras shows a major habitat change from higher epipelagic waters into 
the upper mesopelagic waters (wc–type), i.e. much deeper in adult stages. Strongly 
ribbed Ancyloceratina like Douvilleiceras are relatively shallow-water inhabitants 
of the middle epipelagic at depths from 70–90 m, migrating into slightly shallower 
waters during ontogeny (Fig. 18.10). The Albian nautiloid Camytoceras inhabited 
depths around 180–200 m (not ontogenetically measured), equivalent to modern 
Nautilus. Scott (1940) was among the first to present estimations on comparable 
Albian faunas (e.g., Desmoceras, Douvilleiceras, Hypacanthoplites) from Texas. 
He suggested that ammonoids dominated in the infraneritic zone (20–100 fathoms 
in Scott 1940, = 37–183 m). Depth was estimated mostly based on morphological 
shell features and facies: 36.6–183 m in Hypacanthoplites, 146–183 m in Douvil-
leiceras, 183–200 m in Desmoceras. Recent estimates from isotope data show much 
shallower depth values than already given in the historic literature for all mem-
bers: 10–60 m for Hypacanthoplites, 70–90 m for Douvilleiceras and 70–250 m for 
Desmoceras (Fig. 18.9, 18.10).

δ18O data are available from Cenomanian ammonoids of Australia (e.g., 
Euompaloceras, Acanthoceras; Henderson and Price 2012). The reconstructed 
paleotemperatures ranged up to 34 °C in accordance with the subtropical 
paleolatitude and the thermal maximum of the northern Australian area during the 
early Late Cretaceous (Henderson and Price 2012). Similar isotope data from benthic 
gastropods and bivalves as well as the straight-shelled baculitid Sciponoceras show 
calculated paleotemperatures of 21 °C, assuming a nektobenthic mode of life. 
Heteromorph (helically coiled) ammonoids such as Hypoturrilites and Turrilites 
with δ18O from – 2.9‰ to – 0.8‰ were interpreted to inhabit bottom- and midwater 
depths, excluding surface waters (Henderson and Price 2012; Batt 1989). Henderson 
and Price (2012) argued that the relatively positive δ13C values (0.0‰ to 2.8‰) of 
the Australian helical ammonoids are typical of normal marine waters, but may also 
point to a sluggish mode of life and slow metabolic rate. More negative δ18O data 
were derived (Henderson and Price 2012) from the planispiral, strongly ornamented 
Acanthoceras and Euomphaloceras (– 4.9‰ to – 1.6‰). These shell morphologies 
suggested pelagic and nektobenthic life habits (Stilwell and Henderson 2002). 
Henderson and Price (2012) interpreted these ammonoids as growing in near-
surface waters based on the most negative δ18O values. This conflicts with the 
interpretation of a deep marine nektobenthic habit and with data from Campanian 
planispiral taxa recorded by Moriya et al. (2003), as is also challenged herein (see 
above discussion of the interpretation of data in Moriya et al. 2003). Based on δ18O 
paleotemperature records relative to associated benthos, those authors considered a 
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taxonomically diverse assemblage of planispiral forms to be nektobenthic. Note that 
the Campanian forms in Moriya et al. (2003) differ from those in Henderson and 
Price (2012) in morphology as they are, except Eupachydiscus, smooth to lightly 
ornamented and lack ventral tubercules. Based on δ18O values for ammonoids, the 
general rule of thumb that ‘Trachyostraca’ dominated above 200 m in the neritic 
epipelagic zone whereas ‘Leiostraca’ dominated in the lowermost epipelgic and 
deeper mesopelagic zones appears valid.

18.6  Morphological Assessment of Bathymetry 
in Ammonoids

Ecological conclusions drawn on habitat, bathymetry and life history of ammonoids 
are mostly speculative. Hewitt (1993) stated that ammonoids and nautiloids are 
directly adapted to a maximum water depth, in either pelagic or benthic habitats. A 
maximal depth of approximately 240 m was given for ammonoids (Denton 1974; 
Hewitt 1993) based on the maximal depth for cameral fluid osmosis.

Information about the paleobiolgy of ammonoid assemblages can be gained 
in several ways. The first is a synoptic examination of the literature on ammo-
noid ecology dealing with morphology–habitat relations (Ziegler 1963, 1967; 
Kauffmann 1977; Donovan 1985; Batt 1989, 1993; Jacobs et al. 1994; Westermann 
1996; Neige et al. 1997; Navarro et al. 2005). A second approach is to analyze the 
relation between the ammonoid fauna and the embedding facies (Chap. 18.7; litera-
ture reviewed by Westermann 1996). An additional possibility is to regard conch 
parameters (shell morphology, siphuncle strength, etc.) as being directly linked to 
and hence reflecting primary habitat conditions (depth, temperature etc.) as dis-
played by morphotypes and hypothesized life modes (Hewitt 1993; Westermann 
1996; Klug 2002; Mutvei and Dunca 2007; Ritterbush and Bottjer 2012).

The main structural elements increasing the strength of an ammonoid shell 
against hydrostatic pressure and predators are the shell wall and the septa (form 
and spacing). Their stremgth is thus a main proxy for the mode of life (Westermann 
1971; Denton 1974; Ebel 1983; Saunders and Swan 1984; Saunders and Shapiro 
1986; Shapiro and Saunders 1987; Swan and Saunders 1987; Hewitt 1993; Shigeta 
1993). According to Westermann (1996), decreasing shell thickness correlates with 
an increase in body chamber length, a change in aperture orientation (more horizon-
tally) and a reduced hydrostatic stability. Nonetheless, Westermann (1996) stated 
that the siphuncle strength (SiSI) is a more reliable proxy than shell thickness for 
estimating depth and bathymetry. The septa are truncated by the siphuncle from 
the first, embryonic chamber to the last septum at the border to the body cham-
ber (Westermann 1958, 1996; Bayer 1977; Jacobs 1992b; Hewitt and Westermann 
1987; Korn 1992).

External shell features such as shell strength (thickness) and whorl cross section 
are crucial for the hydrostatic stability of ammonoid shells in the water column. The 
most pressure-resistant shells have circular to semicircular sections, followed by 
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elliptical and ovate ones (Westermann 1958, 1975b, 1996; Ward and Westermann 
1985; Jacobs 1992b; Hewitt and Westermann 1987). In contrast, shallow-water 
cephalopods required thick shells mainly for protection from predators (Westermann 
1977; Bond and Saunders 1989). Mathematical and statistical estimations of shell 
thickness and internal features (see below) that draw conclusions about implosion 
depth based on the maximal pressure resistance point of an ammonoid shell re-
main theoretical and provide no direct proof. This calls for additional methods (e.g., 
stable isotope data, assemblage analyses).

Internal shell features such as septa (thickness, spacing), septal necks (length, 
diameter, orientation), siphuncles (thickness, diameter) and sutures (complexity) 
were often used to infer habitat depth (Westermann 1996; Oloriz and Palmqvist 
1995; Mutvei and Dunca 2007; Klug and Hoffmann 2015). Strength calculations 
were based on septal flutes (Hewitt 1996). The septal flute strength index (SFSI, 
function of maximum septal thickness, minimum whorl radius, and tensile strength; 
Hewitt and Westermann 1987, 1997; Wang and Westermann 1993; Lewy 2002), 
combined with statistical methods, help to estimate habitat depth limits (Hewitt and 
Westermann 1988; 1990a). The relation between septal shape, suture complexity 
(shape and amplitude; Checa and Garcia–Ruiz 1996), septal spacing and the 
resulting assumptions about habitat depth (grade of resistance againts seawater 
pressure) were discussed in several articles (Kahn and Kant 1975; Westermann 
1958, 1971, 1975b, 1996; Westermann and Ward 1980; Ward and Westermann 
1985; Doghuzaeva 1988; Batt 1989; Hirano et al. 1990; Jacobs 1992b; Boyajian 
and Lutz 1992; Olóriz and Palmqvist 1995; Saunders 1995; Hewitt and Westermann 
1997, 2003; Checa 2003; Hassan et al. 2002; Lewy 2002, 2003).

Olóriz and Palmqvist (1995) questioned whether sutural complexity is a real 
indicator for habitat depth or whether it is only an artifact in ammonoid ecology. 
The underlying question is whether sutures are adaptive or non-adaptive elements. 
They concluded, based on Jurassic ammonoids, that suture complexity is related 
more to shell coiling and whorl sections than to bathymetry (Olóriz et al. 1999). 
Ward and Westermann (1985) favoured siphuncle strength as reliable function for 
paleodepth estimations.

Concomitant changes in habitat and shell structure reflect life cycles and changes 
in ecology (Westermann 1996). Changes in siphuncle strength (SiSI) and shell/septa 
thickness were reported to be reliable proxies for habitat depth estmates (Hewitt and 
Westermann 1988; Hewitt 1996; Westermann 1996). High pumping rates would 
have been limited to ammonoids with large siphuncular radii that are found only 
among shallow-water forms with small SiSI, such as the Upper Cretaceous large 
ammonoid Placenticeras (Westermann 1996). Shell growth was accelerated in 
shallow water, resulting in thinner, more economic, and lighter septa (Westermann 
1996). The relative septal thickness, the major variable relating to septal strength 
(Hewitt and Westermann 1988; Hewitt 1993), was therefore either ecologically con-
trolled or evolved rapidly in the new habitat. Both are good evidence for autoch-
thonous populations. Thus, the exceptionally large difference between the septal 
and siphuncular strengths is indicative of the rapid habitat change from the usual 
oceano–mesopelagic to the new epeiro–epipelagic habitat (Westermann 1996; see 
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Fig. 18.7). Hewitt (1993) suggested hatching in epipelagic zones and dispersal in 
deeper mesopelagic areas after hatching; this was based on septal strength estima-
tion, assuming that the last septum is the weakest part against hydrostatic pres-
sure in ammonoids. Fossil nautiloids were believed to have hatched at shallower 
benthic sites (Hewitt 1993). The author noted that assumptions on epibenthonic 
or epipelagic habitats could not be made by the estimated water pressure based on 
septal strength. Sutural complication has been used in bathymetry, assuming that 
it improves shell strength against ambient pressure and, hence, varies with habitat 
depth (Westermann 1996).

Contrastingly, Daniel et al. (1997) demonstrated that there was no positive effect 
of septal complexity on habitat depth, and even suggested a shallower position for 
ammonoids with complex sutures. They concluded that selective pressures from 
predators and buoyancy control were the determining factors: depth did not cause 
increasing septa complexity. Assumptions based on computed models, simulated 
and estimated from hypothetical chambers and septal shapes, and values filled in 
formulae, do not sufficiently mirror the real life of ammonoids and should only be 
used in combination with other bathymetric indicators (e.g., foraminifera, facies, 
ammonoid assemblage, stable isotopes) to avoid overestimations.

Westermann (1996) referred to an additional internal shell component believed 
to influence the possible maximal habitat depth: the septal neck (Doguzhaeva 1988; 
Tanabe et al. 1993a; Hewitt 1996; Tanabe and Landman 1996). Estimations on 
bathymetry were calculated by correlating the length of septal necks and the 
siph uncular strength index (SiSI; Westermann 1971, 1973, 1975b, 1982; Hewitt 
and Westermann 1988). The congruent ontogenetic reduction of SiSI and septal 
flute strength indicates that connecting rings weaken during ammonoid ontog-
eny (Westermann 1971, 1996). Mutvei and Dunca (2007) rejected the siphuncle 
strength index as an appropriate tool for paleobathymtric estimations; they noted 
that the index should only be used as an indicator for relative differences in distinct 
ammonoids, in combination with connecting ring permeability data.

As noted by Mutvei (1975), Tanabe (1977), Westermann (1971, 1996), Hewitt 
and Westermann (1988), Geraghty and Westermann (1994), Hewitt (1996) and 
Ballentine (2007), the siphuncle strength and connecting ring ultrastructure (Mutvei 
and Dunca 2007) can directly be connected to implosion depth for ammonoids. 
Doghuzhaeva et al. (2010) noted that conchs with a small siphuncle diameter and 
long septal necks, as in most phylloceratids and lytoceratids, could resist hydrostatic 
pressure and thus inhabit deeper waters. The main parameters are the siphuncle di-
ameter (sd) and the siphuncle wall thickness (swt), yielding an estimated siphuncle 
strength index (SiSI). Westermann (1971) incorporated these parameters in the for-
mula SiSI = h/r × 100 (h siphuncle wall thickness, r siphuncle radius), adapted by 
Hewitt (1996) to

(d′ wall thickness, r inner radius). An adapted formula,

( )SiSI  d   100 / r d / 2= ′ × − ′

( )SiSI  swt  100 / r swt / 2= × −
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is applied to Late Triassic ceratitids from Turkey (swt = siphuncle wall thickness; 
Lukeneder and Lukeneder 2014). The resulting SiSI values for Kasimlarceltites 
are 10–12.6, which, following Geraghty and Westermann (1994), are equivalent 
to a maximal depth of 200–252 m. Westermann (1971) also noted that ammonoids 
with ceratitic or pseudoceratitic sutures like Kasimlarceltites probably inhabited 
even shallower waters. This would tentatively strengthen the habitat suggestions 
as epipelagic at shallow, upper mid ramp for Kasimlarceltites as discussed above 
(Lukeneder et al. 2012; Lukeneder and Lukeneder 2014; Lukeneder and Mayrhofer 
2014; see Fig. 18.7).

18.7  Allochthonous Versus Autochthonous Ammonoid 
Assemblages

Based on the considerations in Westermann (1996), this chapter discusses the rela-
tion of ammonoid associations and biofacies using Paleozoic to Recent case stud-
ies. All scientists working on ammonoid assemblages, regardless of the time slice, 
have to deal with the same problem: recognizing whether ammonoid shells are aut-
ochthonous or allochthonous. Postmortem drift could have been controlled by sea 
surface currents (wind) or by bottom currents (density differences). Paleobiostrati-
nomy deals with the period from the ammonoid’s death to its final deposition on the 
sea floor before burial. The main feature causing postmortem drift in cephalopod 
shells is the presence of a gas-filled phragmocone.

Postmortem drift of empty cephalopod shells can be observed in Recent Nautilus 
(Kennedy and Cobban 1976; Saunders and Landman 1987; Ward 1987; Reyment 
2008). Hamada (1964, 1984) and Toriyama et al. (1964) report similar shell concen-
trations for modern Nautilus. Despite Reyment’s (1958) doubts, that empty shells 
of fossil cephalopods floated like those of Spirula (mostly washed on shore) and 
modern Nautilus, a ‘surface-drift-theory’ for the postmortem drifts of the Cenozoic 
nautilid Aturia shells is favoured (Lukeneder and Harzhauser 2002). The studies 
of Hamada (1964, 1984) and Toriyama et al. (1964) on the necroplanktic features 
of recent Nautilus shells provide evidence for postmortem driftings of 3000 km 
and floats of more than 1 year, which are reflected in bioerosion and epifaunal 
settlement. Similarly, Saunders and Spinosa (1979) recorded a postmortem drift 
of a Nautilus shell over a distance of 1000 km (between Palau and Mindanao) in a 
maximum of 138 days, an average of approximately 7 km per day. The maximum 
drifting distance (so far) involved a Nautilus specimen that drifted ashore after 11 
years (Ishii 1981). Postmortem drift behaviour and mechanisms for Recent cepha-
lopods such as Nautilus and Spirula were summarized by Reboulet et al. (2005) and 
Reyment (2008).

Sedimentological and paleoecological studies (Lukeneder and Harzhauser 2002) 
on a Miocene section from Austria revealed significant shell accumulations of the 
nautilid Aturia aturi. Each of these allochthonous occurrences containing abundant 
nautiloid shells within a littoral to shallow sublittoral mollusc fauna reflected cur-
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rent-induced, postmortem drifts of the otherwise rare cephalopod. Taphonomic fea-
tures (including broken shells with broken phragmocones, broken body chambers 
and fragmented specimens without body chamber) strengthen the idea of prolonged 
transport. This is comparable to abundant Nautilus washed ashore after stormy 
weather (own observations Susanne Mayrhofer, Andaman and Nocobar Islands, 
Indian Ocean, August 2006). As noted by Hamada (1964), ca. 80% of the Nautilus 
shells washed ashore had lost their body chamber.

According to Ward (1987), nautiloids are never abundant in Cenozoic strata but 
are not rare either. However, the Austrian occurrences provide evidence that speci-
mens of Aturia can be abundant in special cases and may even form shell concen-
trations in environments distinctly different from their habitat. The described shell 
accumulations are restricted to littoral to shallow sublittoral environments along the 
coast of the Paratethys. Since the rocky shores and shallow embayments cannot be 
expected to have been a suitable habitat for a nectonic, deep-water dwelling cepha-
lopod, the shell accumulations are linked to current-induced, postmortem drifts of 
Aturia shells (Lukeneder and Harzhauser 2002).

Such open seasurface drift-routes are associated with currents, whereas nearshore 
drifts are mainly induced by wind. Although the actualistic ecological comparison 
of Nautilus with the fossil Aturia is complicated by differences in shell shape and 
suture lines, which may reflect adaptation to different habits (see Ward 1980, 1987), 
the general drift-behaviour is considered to be identical. This hypothesis is also 
strongly supported by the observations of Kobayashi (1954), who related the vari-
ous Cenozoic, nearshore occurrences of Aturia in Japan with the proto-Kuroshiwo 
current. As shown by Kobayashi (1954) by bottle-float experiments, it is not pos-
sible to reconstruct the necroplanktic history of shells. During one of his experi-
ments, one bottle arrived after 10 months, whereas a second bottle reached the same 
locality after 2 months. This difference is explained by the complicated interplay 
of oceanic currents and countercurrents, tidal currents and winds. Correspondingly, 
the unknown interplay of these factors, resulting in the formation of shell accumula-
tions, prevent a detailed reconstruction of paleocurrent-induced drift routes.

Similar to the Austrian shell accumulations (Lukeneder and Harzhauser 2002), 
most of the Japanese findings were classified by Kobayashi (1954) as embayment 
type occurrences, representing necroplanktic floats. He also stated that the animals 
did not inhabit these embayments, but does conclude that the natural habitat 
was probably not very far from these localities. This might also be  valid for the 
Austrian aturiids. The usually excellent preservation of the shell surfaces (as seen 
on plaster moulds) indicates a short floating period. Epifauna as described by 
Hamada (1964, 1984) on Nautilus shells and by Seilacher (1960) on ammonoid 
shells, being characteristic for long floatings, is completely missing on the material 
from Obermarkersdorf and Unternalb. Similarly, heavy exfoliation or abrasion can 
be excluded: even delicate growth lines are well preserved. Thus, the shells are 
interpreted to have been transported over a rather short distance from the adjacent 
Molasse Basin. According to Teichert and Matsumoto (1987), the endogastric 
position of the siphuncle in Aturia indicates adaptations to deep rather than shallow-
water environments, pointing at the deep Miocene Molasse Basin as its habitat. 
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The shallow embayments along the coast acted as traps for postmortem drifts 
(Lukeneder and Harzhauser 2002).

The transgression, which affected the coasts in that region during the Miocene 
(Roetzel et al. 1999) resulted in a rapid sediment covering of the Aturia-bearing strata 
and probably explains the preservation of the littoral to sublittoral tapho coenoses. 
Moreover, the slightly heterochronous (i.e., up to 1000 years) deposition of the two 
shell accumulations seems to be linked to this transgression. Hence, the reported 
mass-occurrences of Aturia are always bound to littoral environments, whereas the 
sublittoral fauna of the distal section Unternalb bears only a single specimen. This 
specimen consists solely of the early parts of the phragmocone and displays some 
breakage of the shell surface. As demonstrated by Toriyama et al. (1964), Recent 
Nautilus floats easily if the camerate portion of the shell is in a good state of preser-
vation, even when the body chamber is broken. By contrast, during floating experi-
ments, the Nautilus shells sank rather abruptly if the phragmo cone was broken. The 
single fragmented Aturia from Unternalb therefore had little drifting capacity. This 
Aturia occurrence coincides with a thin coquina of the archaeogastropod Diloma 
( Paroxystele) amedei. Kroh and Harzhauser (1999) interpreted this layer to repre-
sent an allochthonous occurrence of shells, which were transported into the shallow 
basin from an adjoining littoral environment during a storm. This nautilid shell 
was probably damaged during this high-energy event and then transported from the 
coast to the outer bay. The energetic conditions along the coast of the investigated 
area of the Bohemian Massif resulted in a fair percentage of breakage of the body 
chambers, but the good preservation of shell surfaces shows that the fragmentation 
usually did not affect the phragmocones.

Nautiloid accumulations are well known in the literature, but are interpreted 
in different ways. Cymatoceras accumulations from Cretaceous deposits of Rus-
sia (Shimansky 1975) were related to turbidites. Aturia accumulations from the 
Miocene of western USA (Moore 1984) and from the Miocene of Slovakia were 
considered to be deposited autochthonously (Schlögl et al. 2011), Aturia from the 
Eocene of Antarctica (Zinsmeister 1987) to be deposited in high-energy environ-
ments (e.g., shoreline). Hercoglossa from the Paleogene of Argentina are inter-
preted by Casadío and Concheyro (1992) to be shore-drifted specimens. Grunert 
et al. (2010) reported an Aturia accumulation from the Miocene as being triggered 
by several consecutive biostratinomic mechanisms. The authors suggested a deep-
water environment as its habitat, followed by transport to the shoreline and redepo-
sition in the dysoxic-anoxic basin by storm events (> 100 m depth). Schlögl et al. 
(2011) interpreted the accumulation of Aturia shells (juvenile–adult) as being liv-
ing and hence deposited autochthonously in dysoxic environments in 240–330 m 
depth (Chap. 18.5). These authors excluded transport and drift based on the pres-
ence of related jaws and the shell diameter range (7–38 mm). An exceptional storm 
accumulation of Early Cretaceous nautiloids was reported by Cichowolski et al. 
(2011) from Argentina. This occurrence was deposited at deeper environments near 
mid-ramp, accumulated by storm-induced drifts, trapping on sea floor and probably 
reflecting gregareous lifestyle. Nonetheless, recent Nautilus can be accumulated 
in deep water areas, as reported by Roux (1990 in Maeda et al. 2003), Roux et al. 
(1991) and Mapes et al. (2010a, b).
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Drifted nautiloids and ammonoids can change the relative proportions of 
ammonid assemblages (Stevens 1997). Nonetheless, in practice the effect of post-
mortem drift of ammonoid shells, becoming nekroplanktic, is thought to be minimal 
(Chamberlain et al. 1981; Cecca 1992; Reboulet 2001; Westermann 1990, 1996; 
Chirat 2000). For detailed factors in the distribution of fossil cephalopods and exact 
floating orientations, see Reyment (1958, 1973, 1980; 2008).

The main and probably the starting point of ammonoid biostratinomy is why, 
how and when they sank. For details on waterlogging, implosion, buoyancy of 
empty ammonoid shells, pressure of the cameral gas, surfacing to never surfac-
ing and drifting behaviour of ammonoids, see Maeda and Seilacher (1996) and 
Wani and Grupta (2015). As noted by Chamberlain et al. (1981) for Nautilus, 
postmortem drift is enhanced when predators or scavengers remove the soft body. 
This considerably increases buoyancy and the shell drifts easily. In contrast, when 
shells become negatively buoyant at certain depths (critical at 50 m in Nautilus), 
they sink. The critical depth of surfacing and dispersal patterns were discussed by 
Maeda and Seilacher (1996). The depth limit, at which ammonoid shells float up to 
the surface, marks a boundary in the water column at a specific hydrostatic pressure. 
Below, ammonoid shells would not have surfaced, above, they would have drifted.

Sinking history can also be detected by analyzing the encrusting community and 
the distribution of the latter on the shell (Reyment 1973, 2008; Seilacher 1982). The 
path of an ammonoid shell after the animal died is controlled by several environ-
mental factors such as depth at death, the initial buoyancy of the empty conch, the 
morphological and physiological parameters (e.g., morphology, size, weight) of the 
conch, and the rate of seawater influx into the phragmocone chambers (Kennedy 
and Cobban 1976; Chamberlain and Weaver 1978; Chamberlain et al. 1981; Olóriz 
et al. 1996; Chirat 2000; Reboulet et al. 2003, 2005).

The cephalopod/aptychi ratio provides a useful criterion to evaluate the 
postmortem transport of ammonoids (Olóriz et al. 1996; Lukeneder and Tanabe 
2002; Reboulet et al. 2003; Doguzhaeva et al. 2007; Schlögl et al. 2011). Accumu-
lated ammonoid shells can be affected by resedimentation processes generating frag-
mentation ( sensu Fernández–López 1991, 1997; Fernández–López and Meléndez 
1994, 1995; 2004; Olóriz et al. 1996; Fernández-López et al. 1999; Landman and 
Klofak 2012). Resedimentation does not necessarily imply significant lateral trans-
port. The described mechanisms for postmortem drift and the biostratinomic pro-
cesses in fossil cephalopods show the complexity and the difficulties for a detailed 
assignment of a distinct ammonoid assemblage to a specific habitat or water depth.

18.8  Ammonoid Associations and Facies

Ammonoids have been used extensively by cephalopod researchers to correlate 
shell morphologies with environmental conditions (habitats), and distinct morpho-
logical groups were assigned to certain sea level changes, reflected by the lithology 
and facies (Ziegler 1963, 1967; Tanabe 1979; Enay 1980; Donovan 1985; Marchand 
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and Thierry 1986, Marchand 1992, Hantzpergue 1995, Westermann 1996, Neige 
et al. 1997; Klug 2002). Proxies for estimations related to shell morphology and the 
development of morphospace are ornament strength and whorl cross-section (e.g., 
circular, subtriangular, elliptic; depressed vs compressed etc.).

Abel (1916) was the first to show a correspondence and interaction between 
the environment and the newly evolving morphologies of cephalopods. That sem-
inal paper on the paleobiology of cephalopods underlined that cephalopod evolu-
tion is closely related with changing environmental conditions. Evolution moulds 
the genetic programming of cephalopods and the potential for adaptation (Jacobs 
et al. 1994; Young et al. 1998; Yacobucci 1999). Adaptation is one major motor 
for evolution, a situation recognized by Abel (1916) when he erected the new 
field paleobiology. Paleobiology shows how important the animal–environment 
interaction is for promoting evolution. Do ammonoids speciate profusely because 
internal factors enhance variability and reproductive success? Or do ammonoids 
respond passively to environmental changes and therefore react after changes of 
the environment? Problems associated with these major issues in cephalopod re-
search have been highlighted by diverse papers expressing different points of 
view. The adoption of new habits interacts with long-lasting morphological change 
and therefore appears as a new evolutionary trend. Evolutionary trends show the 
main directions and pathways, but are only descriptive mirrors for more impor-
tant processes that more cephalopod workers should recognize (House and Senior 
1981; House 1993b). Spectacular evolutionary radiations mostly took place when 
the environment changed drastically. New forms evolved due to environmental 
changes or due to adaptions to the preferred habitat. The adaptive strategy is re-
flected in the change of morphology in the fossil record and the embedding fauna.

There are still numerous open questions on the ammonoid–facies relation. The 
confusion in the literature calls for clarifying that ammonoids cannot be dependent 
on a facies: they can merely show dependency on primary environments. Environ-
ments are characterized by several parameters such as depth, light, pressure, oxy-
gen, salinity and others. All these factors together led to the formation of a certain 
sediment, yielding a special lithology or facies. The appearance–disappearance or 
presence–absence of ammonoid taxa within different facies was interpreted to be 
related to specific life habits and habitats (Kennedy and Cobban 1976; Westermann 
1996). Kennedy and Cobban (1976) noted the wide range of ammonoid-facies 
relations from little relation indicating nektic to planktic habits over strong relation 
reflecting a benthic mode to almost no relation in many taxa. No relation, or in-
dependence, is indicated when a certain ammonoid taxon appears in every single 
facies, contrasted by high relation when a taxon appears in a single facies only. As 
noted by Kennedy and Cobban (1976), relative abundances can hint at different 
habitat–ammonoid relations, if postmortem drift can be excluded.

An extensive review of the relation of ammonid assemblages to the corresponding 
facies was given in Westermann (1996). As stated by Kennedy and Cobban (1976) 
in their paper on Late Cretaceous ammonoids (N America), no clear patterns of an 
ammonoid-facies relationship were found (Reyment 1958; Ziegler 1967). Kennedy 
and Cobban (1976) referred to another problem. It involves the assumption 
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by several authors (e.g., Böse 1928; Sornay 1955; Collignon 1963, 1964) that 
micromorph ammonoids (tiny or dwarfed forms) are exclusively linked to shaly, 
offshore deep-water facies in the Cretaceous. As noted by the latter authors and 
observations below, such pyritized small ammonoids are often the nuclei (inner, 
juvenile whorls), hence synonymous forms of large specimens from shallower 
areas. As argued by Keupp (1997), highly morphologically variable species refute 
the paradigm of Westermann (1996) that explicitly requires a dependency of shell 
morphology on the mode of life. The Bajocian Sonninia apparently shows 64 
different morphologies (from oxycone to serpenticone) in a single layer, all living in 
the same habitat (Keupp 1997). Keupp (1997) also quoted the apertural injuries in 
Dactylioceras inflicted by benthic crustaceans on the sea floor (Liassic, Germany). 
Dactylioceras was assumed by Westermann (1996) to be a planktic form, hence 
should not have been attacked by benthic organisms. Polymorphism from a single 
horizon was shown by Wilmsen and Mosavinia (2011) for Schloenbachia from the 
Cenomanian. The morphotypes were distributed within a gradient from shallow-
water areas (proximal) to deeper environments (distal). Strongly sculptured 
morphotypes dominate the shallow environments; deep-water areas were dominated 
by compressed, weakly ornamented morphotypes (Wilmsen and Mosavinia 2011) 
causally induced by water velocity and predation pressure.

Less attention was given in the literature to the ontogenetic variation within one 
species or even within a single specimen. Such information, however, is crucial for 
understanding the life and habitat changes in ammonoids. New methods and data on 
stable isotope analyses (Chap. 18.5.) have shifted our knowledge on paleodepths, 
habitats, and lifestyles summarized in Westermann (1996).

As evident in the literature (Hewitt and Westermann 1987; Batt 1991) there are 
also different points of view about the complex relation between suture complexity 
and habitat and its proxies such as depth (i.e., pressure, water density). Commonly 
used terms such as “probably planktic”, “presumably pelagic” and “may have lived” 
show the insecurity in asigning habitats or lifestyles.

The same applies to the connection at various systematic levels to particular 
facies. Westermann (1996) still separated ammonoid assemblages and biofacies 
types from the typical environments such as the ocean floor, the ocean margin, 
the hypoxic cratonic seas, the epeiric basins and the epeiric reef slopes and car-
bonate platforms. He summarized Paleozoic and Mesozoic fossil assemblages with 
the intention of showing a relation between ammonoid association and facies (e.g., 
litho- and biofacies). He was also the first to figure dioramas and possible scenarios 
of ammonoid habitats, summarized (for adult stages) related to the corresponding 
facies (tab. 1, p 684–686 in Westermann 1996). However, most of these scenarios 
are speculative and need testing with geochemical and stable isotope data.

A crucial fact is that ammonoids lived in the water column above the sediment 
in which they finally became embedded, although postmortem transport is possible. 
In most cases, it remains unknown, hence highly speculative, in which depth the 
ammonoid lived. Siphuncle strength index (SiSI) and suture amplitude index (SAI) 
could be used in combination with stable isotope shell analyses (Fig. 18.8, 18.9, 
18.10, 18.11). Nonetheless, Westermann (1996) correctly assumed that ammonoids 
were probably capable of inhabiting most parts of the sea.
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In ocean floor ammonoid assemblages (inclusive aptychi), Westermann (1996) 
included associations from the Jurassic to Cretaceous of the North American Basin 
and the Central Pacific (Jansa et al. 1979; Renz 1972, 1973, 1978, 1979). In fact, 
these occurrences merely show that ammonoids lived in the water column from the 
bottom to the surface.

18.8.1  Sculpture and Bathymetry

Morphological parameters (e.g., ornamentation, conch geometry) are meant to 
reflect the lifestyle of separated morphogroups such as the ‘Leiostraca’ (i.e., smooth 
shells in deeper water; Fig. 18.1, Table 18.1) and the ‘Trachyostraca’ (i.e., strong 
ribbing in shallow water; Westermann 1996; Lukeneder et al. 2010). Characteristic 
‘Leiostracans’ are Lytoceras, Phylloceras, Desmoceras or Haploceras, comparable 
to recent Nautilus. Typical ‘Trachyostracans’ are Trachyceras, Stephanoceras or 
Deshayesites. The ratio between the ‘Leiostraca’ and the ‘Trachyostraca’ within 
an assemblage (deep water with up to 90% ‘Leiostraca’, platform environments 
with 0–10% ‘Leiostraca’) is often used to conclude on the inhabited paleoenviron-
ments and water depths. The ratio was given for Asian examples from the Creta-
ceous (Hokkaido, Japan; Obata and Futakami 1977; Tanabe et al. 1978; Tanabe 
1979; Matsumoto et al. 1981; Westermann 1996; Kawabe 2003) and the Triassic 
(Lukeneder and Lukeneder 2014). North American examples were given for the 
Cretaceous in the Western Interior (USA) by Scott (1940) and Batt (1989). Examples 
from Europe characterized by that ratio were mentioned by Kennedy (1971) for the 
Late Cretaceous of England, and by Lukeneder and Reháková (2004) for the Early 
Cretaceous of Austria. Assumptions on ammonoid assemblages were mostly drawn 
from the percentages of their constituents (Marchand 1984, 1992; Company 1987; 
Reboulet et al. 1992; Cecca et al. 1993; Reboulet 1996; Reboulet and Atrops 1997; 
Cecca 1998) and from absolute abundance variations (Reboulet et al. 2000, 2003).

Especially deep water areas (e.g., deep structural rises, basins and the distal 
shelves to upper slopes) from the Triassic to the Cretaceous were characterized by 
the presence/absence rate of smooth ‘Leiostraca’ (Oloriz 1976; Geczy 1982, 1984; 
Sandoval 1983; Clari et al. 1984; Bruna and Martire 1985; Galacz and Horvath 
1985; Fourcade et al. 1991; Oloriz et al. 1991; Cecca 1992; Westermann 1996). 
Accordingly, the proportion of ‘Leiostraca’ among the ammonoids increases with 
depth (Westermann 1996).

Cecca (1992) assumed, based on Tithonian ammonoid associations, the 
‘Leiostraca’/‘Trachyostraca’ ratio and the suture complexity of the Mediterranean, 
that most ammonoids were demersal swimmers (neritic nektobenthos, epipelagic; 
e.g., Aspidoceras, Simoceras, Pseudolissoceras) at depths from about 100–200 m. 
Additionally, pelagic benthic habitats (i.e., mesopelagic; e.g., Haploceras, 
Ptychophylloceras, Protetragonites) or intermediate habitats (Cecca 1992) were 
considered for other ammonoids, showing the wide range of presumed habitats. 
Late Cretaceous ammonoid assemblages from Hokkaido (Japan) show a gradient 
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(‘Leiostraca’ vs. ‘Trachyostraca’) correlating to a neritic (above 200 m) to oceanic 
(below 200 m) gradient (Tanabe 1977, 1979; Westermann 1996). The baculitids 
were suggested to be planktic, hamiticones as epipelagic, scapihitids as epipelagic 
(at least juveniles), desmoceratids mostly as mesopelagic, phylloceratids as nektic 
and lytoceratids as planktic (Tanabe 1977, 1979; Fig. 18.7). ‘Leiostraca’ (desmocer-
atids only 1% in shallow areas) vs. ‘Trachyostraca’ (hoplitids up to 99% in shallow 
areas) show the same ratio in the Albian from Poland (Marcinowski and Wiedmann 
1985). Shallow-water hoplitids were suggested to be demersal and desmoceratids 
to be pelagic with planktic heteromorphs. Westermann (1996) doubted the benthic 
lifestyle suggested for these heteromorphs by Marcinowski and Wiedmann (1985). 
According to Westermann (1996), the planktic lifestyle was also supported by the 
synonymy with planktic morphogroups (e.g., morphogroup 16; see Fig. 18.2) given 
by Batt (1989). The literature shows that the morphotype groups given in Batt 
(1989) and Westermann (1996) were often cited without being questioned. This led 
to numerous interpretations without testing. Analyzing the data and figures given in 
Batt (1989) reveals that a real morphotype–facies relation is rare (e.g., Calycoceras, 
Sciponoceras) or absent in most genera (e.g., Watinoceras, Collignoniceras). This 
is why Batt (1989) designated the habitats as “possible”. Nonetheless, stronger 
ribbing appears to dominate in shallower areas. A change in environmental condi-
tions (e.g., oxygenation), as given by Batt (1993) and thus an ecologically depen-
dent change in ammonoid assemblage composition, is more likely. This hampers 
different groups from inhabiting distinct zones (e.g., near sea floor; Monnet 2009, 
Chap. 18.8.3). Other forms might be able to live above such hostile conditions due 
to a different mode of life.

Numerous authors (Ziegler 1967; Kennedy and Cobban 1976; Westermann 
1990, 1996; Cecca 1992; Fernandez-Lopez and Melendez 1996) have drawn at-
tention to the ecological differences between these two major groups of ammo-
noids: the streamlined, smooth-shelled ‘Leiostraca’ and the strongly ornamented 
‘Trachyostraca’ (Fig. 18.1). The quantitative composition of the faunal assemblages 
is important both for paleoecologic and paleobiogeographic studies. The fluctuation 
in relative abundance and diversity of the various morphotypes reflects environ-
mental changes related to sea-level changes (Reboulet and Atrops 1995; Reboulet 
1996, Reboulet et al. 2005).

The ‘Leiostraca’ have been declared to indicate pelagic to deep-shelf habitats (ca. 
250–300 m depth; Westermann 1990, 1996; Cecca et al. 1990; Mouterde and Elmi 
1991). In contrast, the ‘Trachyostraca’ are generally considered to have inhabited 
neritic shallow-water environments (ca. 30–100 m depth; Westermann 1990; 1996). 
Kennedy and Cobban (1976) described local abundances of ‘Leiostraca’ in shallow-
water deposits, uncover the weakly ornamented ‘Leiostraca’ as not exclusively 
deep-water inhabitants. Proportions of ‘Leiostraca’  vs. ‘Trachyostraca’ were often 
used as indicators for habitat depth (Ziegler 1967). Early Cretaceous ammonoid 
assemblages of Austria (Lukeneder and Reháková 2004) are represented by means 
of spectra that illustrate the proportions of ‘Leiostraca’ and ‘Trachyostraca’. Ziegler 
(1967) proposed that the dominance of ‘Leiostraca’ at a specific stratigraphic 
level was indicative of deep-water conditions (ca. 300–400 m depth). However, 
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as cautioned by Kennedy and Cobban (1976), ‘off–shore’ rather than ‘deep-water’ 
per se may be the more appropriate appellation. Westermann (1990, 1996) and 
Cecca (1992) regarded ‘Leiostraca’ as pelagic, capable of occupying deep-water 
habitats, in contrast to the neritic shallow-water ‘Trachyostraca’. Fernandez-Lopez 
and Melendez (1996) have correlated the relative abundance of ‘Leiostraca’ with 
changes accompanying eustatic rises in sea-level (see also Gygi 1986).

These percentages may be interpreted as indicating either the presence of offshore 
(pelagic) influences or local postmortem drift of the otherwise pelagic ammonoids 
(Tanabe 1979; Cecca 1992, Batt 1989, 1993; Lukeneder and Reháková 2004). 
Stratigraphic units with percentages of ‘Leiostraca’ ranging from 5 to 10% reflect 
environments from the shelf or upper slope, as indicated by the ammonoid genera 
analysis from the Vocontian Trough (SE-France; Bulot 1993; Reboulet 1996). Simi-
lar fluctuations in the proportions of ‘Leiostraca’ and ‘Trachyostraca’, presumably 
reflecting a comparable interplay of environmental factors, have been documented 
by Sarti (1986a, b) from Northern Italy, by Christ (1960), Wendt (1963) and D’Arpa 
and Meléndez (2004) from Western Sicily and Hungary, by Cecca et al. (1990), 
Cecca (1988, 1992), Fernandez-Lopez and Melendez (1996) from the Western 
Tethys, and by Stevens (1997) from New Zealand.

As stated in Buckman’s Law of Covariation, the ammonoid shell shape and 
ornamentation are typically correlated. Compressed, involute forms display a 
fine ornamentation, while more depressed, evolute morphotypes show stronger 
ornamentation (Yacobucci 2004). Such covariation implies a link between the 
morphogenesis of shell shape and ornamentation rather than an ecological control. 
In contrast, there is evidence that ornament growth is controlled by genetics and 
that shell shape is merely influenced by environmental factors. This is known as 
Buckman’s Paradox. Yacobucci (2004) suggested that shell shape and rib growth 
are controlled by different processes. Ribbing appears to be more constrained than 
shell shape, consistent with the view that ornamentation is more tightly controlled 
by the genetic growth programme in ammonoids (Yacobucci 2004).

More recently, Doghuzhaeva et al. (2010) suggested a middle pelagic habitat 
for lytoceratids (i.e., Eogaudryceras) from the Aptian of Russia, also suggesting 
that they were capable of diurnal vertical migration and hovering (see also Mutvei 
and Dunca 2007). These suggestions were based on narrow siphuncles with long 
septal necks and shell analyses (e.g., wrinkle layer, myostracum) combined with 
external features such as numerous thick collars stabilising the conch. Prominent 
collars feign a strong ribbing of an otherwise almost smooth to fine-ribbed form. 
Similarities in lifestyle were proposed in Eogaudryceras with the deep-water Spirula 
(Doghuzhaeva et al. 2010, Chap. 18.5.2).

18.8.2  Sexual Dimorphism and Sea-Level

Sexual dimorphism occurs with sex ratios up to 100:1 for either macroconchs or 
microconchs (Callomon 1980; Howarth 1992; Davis et al. 1996; Westermann 1996; 
Davis et al. 1996; Klug et al. 2015b). The sex ratios may diverge considerably 
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even between closely related species in the same assemblage (e.g., Stephanoceras; 
Westermann 1996). In such cases, the dimorphs might have lived in segregated 
swarms. In normal occurrences of adult ammonoids (both dimorphs), dispersed or 
abundant, the animals died of old age (Westermann 1996). If sexual dimorphism 
can be observed in a single species from adjoining areas, one can speculate that 
adult females left hypoxic, cold basinal waters to spawn on the warm, solid, and 
oxygenated bottom of the adjoining platform, and died afterwards. A considerable 
amount of ammonoid taxa was, at least sporadically, separated according to sex 
before mating and/or during spawning. Callomon (1980) also suggested that fe-
male ammonoids return to their primary habitats. A sexual and age (juvenile and 
adult) separation seems to have existed in numerous ammonoid taxa (Kennedy and 
Cobban 1976). These authors suggested that earlier ontogenetic stages inhabited 
offshore waters, contrasted by shallower areas in adults, hence exhibiting an on-
togenetic change of habitats. This is somewhat supported by stable isotope data 
(Lukeneder et al. 2010; Fig. 18.9).

Two Early Cretaceous ammonoid taxa from Austria (Northern Calcareous Alps) 
were examined with respect to the evolution of shape as well as morphology and 
environment (Lukeneder and Harzhauser 2003; Lukeneder 2004). Both ammonoids 
outnumber other ammonoid taxa and were deposited in mass-occurrences: the pla-
nispiral Olcostephanus (98%; Lukeneder 2004) and the criocone Karsteniceras 
(91% Lukeneder 2003; see Chap. 18.8.4).

The antidimorphs of the Valanginian Olcostephanus lived in two different en-
vironments and adapted morphologiclly to these somewhat different environments 
(shallow to deep gradient; Lukeneder 2004). Lithological differences around the 
Olcostephanus Level are due to an altered paleooceanography and reflect sea-level 
fluctuations (transgressive facies) during the Early Cretaceous (Hoedemaeker 1990; 
Lukeneder 2004); Lukeneder and Reháková 2004. Faunal turnovers, mass-occur-
rences, and migrations have often been considered to be controlled by transgressive/
regressive cycles in various ammonoid groups (Rawson 1981, Hoedemaeker 1990; 
Lukeneder 2004). Studies conducted in SE France provide evidence of ammonoid 
distribution linked to facies and point to faunal assemblage variations between ba-
sin and outer shelf (Bulot 1993; Reboulet 1996; Reboulet and Atrops 1997). In 
Olcostephanus, several species are restricted to the outer shelf facies while others 
occur in basinal facies (Bulot 1993). Data from the western Tethys confirm this 
facies-link of Olcostephanus (N Caucasus in Kvantaliani and Sakharov 1986; Spain 
in Company 1987; Switzerland in Bulot 1989, 1992) and underline a general trend 
for the entire Tethyan Realm (Bulot and Company 1990).

Variations in the ratios between ‘Leiostraca’ and ‘Trachyostraca’ (Fig. 18.1) in 
Austria were investigated by Lukeneder and Reháková (2004). The Olcostephanus 
Level (upper bathyal or deep sublittoral) shows a value from 5–10% of ‘Leiostraca’ 
(lytoceratids, phylloceratids). The changes in ammonoid faunal spectra from 
the Steinmühl Formation (Lukeneder and Reháková 2004) to the Schrambach 
Formation reflect a complex of changes. This includes an altered pelagic influence, 
the sedimentological change related to the prograding development of a fan sys-
tem, eustatic changes in sea level, and changes in bioproductivity (Lukeneder and 
Harzhauser 2003; Lukeneder and Reháková 2004).
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18.8.3  Dysaerobic to Anaerobic Environments

As noted by Westermann (1996), a crucial component in correlating ammonoid 
occurrences is the oxygen content of the water column. Ammonoids are widely 
distributed in well-oxygenated water, rare in dysoxic layers and absent in anoxic 
environments. Such facies are characterized by the trace fossil content, sulphur val-
ues (e.g., pyrite formation) and total organic carbon contents. Hypoxic (oxygen-
poor or dysaerobic, O2 = 0.3–1.0 ml/l; anaerobic O2 < 0.3 ml/l) sea water conditions 
are important in benthic habitats (mostly bivalves) and for pelagic organisms (e.g., 
ammonoids) throughout the Phanerozoic (Westermann 1996). The geochemical and 
biotic conditions are important in the seawater, at the seawater–sediment interface, 
and in the sediment of such areas (Boucot 1981; Morris 1979, 1980; Wilde and 
Berry 1984; Wignall 1987, 1990; Jenkyns 1988; Brett et al. 1991; Oschmann 1991; 
Savrda and Bottjer 1991; Tyson and Pearson 1991; Wignall and Hallam 1991, 1993; 
Kauffman et al. 1992; Monnet 2009).

Ammonoids, as indicators for environmental conditions, reacted on changes in 
water geochemistry. Anoxic, and in parts dysoxic, conditions, induced the deposi-
tion of black shales. These are commonly characterized by the absence of ammo-
noids, depending on where the oxygen-depleted layers were located in the water 
column (e.g., near-bottom or in the water column). If bottom waters were anoxic, 
demersal and benthic forms were absent; only nektopelagic or planktic ammonoids 
appear in the sediment or laminated facies. The vanishing of demersal forms dur-
ing anoxic to dysoxic conditions was shown by Batt (1993; see also Monnet 2009). 
The high metabolism of ammonoids, especially of larger forms, excluded most of 
them from dysoxic–anoxic conditions. Exceptions were reported repeatedly (Rieber 
1977; Donovan 1993; Vašíček and Wiedmann 1994; Cecca 1997, 1998; Lukeneder 
2003, 2005, 2007; Lukeneder and Smrečková 2006) for small heteromorphs. They 
were probably adapted to such conditions, at least for short times for preying or 
during migration phases. Such small demersal ammonoids were perhaps able to sur-
vive briefly in dysoxic waters as reported for the Cenozoic nautilid Aturia (Schlögl 
et al. 2011) and the Recent Nautilus (Wells et al. 1992). A similar strategy was 
suggested for several species of Baculites (Westermann 1977, 1996): speculatively, 
they normally inhabited aerobic waters but could dive shortly into dysoxic zones 
to feed near the sea floor. Well-oxygenated waters probably enhanced the growth 
of eggs. Accordingly, full oxygenation of the primary habitat is required for early 
ontogenetic development (Westermann 1996; Laptikhovsky et al. 2013). Adult fe-
male ammonoids are thought to have spawned in well-oxygenated habitats.

During the Devonian nekton revolution (Klug et al. 2010), ammonoids started 
to explore various ecological strategies (demersal, planktic, nektic) and to occupy 
various habitats in the water column. This also depended on the oxygen content and 
is reflected in black shale deposition, affecting the presence of distinct taxa. Boston 
and Mapes (1991) postulated for Carboniferous anoxic–dysoxic occurrences that 
very young ammonoids were benthic inhabitants, unable to escape the periodic 
benthic anoxia, but Mapes and Nützel (2009) revised this view profoundly. Adult 
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ammonoids lived in the water column or were capable of surviving brief hypoxic 
events (Boston and Mapes 1991), like extant Nautilus (Wells et al. 1992).

Late Cretaceous black shales from Hokkaido (offshore shelves and deep ba-
sins) were deposited in the deep waters of the continental margin (Hirano 1986, 
1993; Westermann 1996). They yield abundant desmoceratids, with either planktic 
Desmoceras (inflated) or nektic Pachydesmoceras (compressed). Abundant 
Desmoceras were overcome by deepwater benthic anoxia, indicating a demersal 
habitat (Westermann, 1990, 1996). Heteromorphs like Turrilites were suggested as 
being planktic vertical migrants (Westermann 1996). Hirano (1993) reported that 
ammonoid populations were affected by oceanic anoxic conditions prevailing dur-
ing the Cenomanian-Turonian boundary in Japan. Desmoceras japonicum died out, 
enabling the spread of Tragodesmoceroides subcostatus. The latter species arose 
from the former by migrating into shallow, oxygenated waters. Thus, the possible 
escape strategies of Cretaceous ammonoids (Hirano 1988, 1993) were a) to survive 
in other niches of the outer shelf to upper slope environments, b) to undergo phylet-
ic evolution and c) to adapt to changing oxygen conditions. More recently, Kawabe 
(2003) showed, for Albian-Cenomanian assemblages from Japan, the correlation 
from depressed (low-energy, offshore) and compressed shell morphologies (high-
energy regimes) in desmoceratids ( Desmoceras) and gaudryceratids ( Zelandites, 
nektic, nearshore) from the same localities (inner shelf, compressed vs. slope, de-
pressed forms). Kawabe (2003) also noted that the shell ornamentation does not 
depend on lithofacies within these faunas, but that whorl section varies with lithofa-
cies, reflecting environmental conditions (e.g., high or low energy, waves, currents; 
see Jacobs et al. 1994).

Unstable bottom-water conditions prevailed in some more or less hypoxic epei-
ric basins (ca. 50–100 m depth), marked by the deposition of black-shale facies 
(Little et al. 1991; Oschmann, 1991; Wignall and Hallam 1991; Westermann 1996). 
Westermann (1996) noted a major second component in correlating ammonoid oc-
currences and oxygenation of the water column, namely the salinity. Nektobenthic 
ammonoids could not survive when oxygen levels became low or salinity changed 
drastically. The range of tolerable salinity in modern cephalopods is 16–41‰ 
(Forsythe and Van Heukelem 1987; Cochran et al. 2003).

The Givetian in the USA (New York, Pennsylvania) shows that the total number 
of species increased when the oxygenation of bottom waters improved (Kammer 
et al. 1986; Brett et al. 1990, 1991). Within such facies, the presence of in situ 
aptychi can be important evidence for the autochthonous deposition of ammonoids 
(Frye and Feldman 1991). Cephalopod abundance peaks within a dysaerobic biofa-
cies (House and Price 1985). The presence of all size classes and exceptional pres-
ervation suggested to House and Price (1985) a demersal swimming habit, with the 
animals preying on epibenthos (Westermann 1996). Additionally, bactritids were 
planktic (vertical migrants), living in midwaters (Westermann 1996).

Triassic dysoxic conditions prevailed in Carnian times (e.g., Reingrabner facies). 
A remarkable site for that is the Polzberg locality described by Glaessner (1931) 
and Krystyn (1991) in Austria. Krystyn (1991) suggested a relatively shallow 
intra platform basin with dysoxic or even occasional anoxic conditions, and termed 
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it a Konservat Lagerstätte based on the enormous amounts of well-preserved fishes, 
conodont clusters, fecal pellets, coleoids and mass occurrences of ammonoids 
( Austrotrachyceras) with in situ buccal masses (Doghuzaeva et al. 2007). Benthic 
life is represented by mass occurrences of the bivalve Halobia (comparable to 
Posidonia in the Toarcian Posidonia Shale) and rare crustaceans. Nektic life is 
dominated by the almost monospecific ammonoid fauna with Austrotrachyceras 
( n > 1000, all size classes), accompanied by bony fishes and sharks. The ammonoids 
and members of other nektic groups were able to live above the oxygen-deficient 
layers present throughout the sedimentary succession of this locality. Austrotrachy-
ceras was preyed upon by fishes and ichthyosaurs, as is evident from coprolites 
with numerous incorporated specimens (own observations).

The Toarcian Posidonia Shales are characteristic for NW Europe and other 
parts of the world (Jenkyns 1988). These shales consist of laminated black shales, 
marly shales and bioturbated (hypoxic) carbonates (Urlichs et al. 1979). Abundant 
oxyconic harpoceratids (max. habitat depth c. 50 m, Hewitt 1996; Westermann 
1996), platyconic hildoceratids (> 60 m; Hewitt 1996; Westermann 1996), typical 
serpenticonic dactylioceratids (c. 70 m; Hewitt 1996; Westermann 1996), dominate 
over Phylloceras and Lytoceras (i.e., ‘Leiostraca’). Squid predation (in the upper 
water column) is indicated by clusters of harpoceratinid fragments (Mehl 1978b). 
Abundance peaks of Dactylioceras (c. 70 m, Hewitt 1996; Westermann 1996) 
might be traces of mass mortalities by anoxic admixing during storms (Westermann 
1996). Harpoceratids and hildoceratids frequently containing in situ aptychi hint 
at hypoxic habitats or rapid burial under such conditions (Westerman 1996). 
Normally coiled dactylioceratids such as Peronioceras were rare in this highly 
bituminous facies, suggesting that they might have been more bottom-dependent 
than Dactylioceras (Schmidt–Effing 1972; Loh et al. 1986; Westermann 1996). 
Posidonia Shales of Germany were deposited in shallow seas characterized by 
varying salinities (low salinity due to freshwater input) and periodic anoxic events 
(Brumsack 1991; Röhl et al. 2001; Schmid–Röhl and Röhl 2003). Few groups 
tolerated short anoxic or dysoxic pulses. Among the adapted organisms were 
fishes and rare ammonoid taxa: they survived such environmental changes (i.e., 
salinity and oxygen; Westermann 1996). Facies distributions and faunal ammonoid 
assemblages confirm a planktic lifestyle of Dactylioceras (Tintant et al. 1982). A 
euryhaline habit was suggested (Westermann 1996) for Dactylioceras (e.g., surface-
water habitat and dispersal across shallow shelves; Elmi and Almeras 1984). More 
probably, these dactylio ceratids were midwater drifters as indicated by their shell 
and siphuncle strength, which is average for Ammonitina (Westermann 1996). The 
global distribution of Dactylioceras species in all facies (Schmidt–Effing 1972) 
supports a planktic habit in epeiric and neritic seas as well as in the oceans. This 
is in contrast to Keupp’s (1997, 2000) interpretation based on the huge number of 
apertural injuries in Dactylioceras (e.g., caused by crustaceans on the sea floor), 
assuming a demersal life. Harpoceratinae and Hildoceratinae were suggested as 
being nektic (Westermann 1996).

A black shale sequence was reported from the Middle Jurassic (Bathonian–
Callovian) Los Molles Formation in Argentina (e.g., Neuquén Basin; Riccardi and 
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Westermann 1991; Riccardi et al. 1992). The invertebrate fauna consists mainly of 
abundant adult ammonoids with very low diversity but high intraspecific variation 
(Westermann 1996). Adult sphaeroceratids ( Eurycephalites, Stenocephalites) and 
reineckeiids ( Neuqueniceras) were interpreted as adults that died normally, where-
as the juveniles were killed by single events (e.g., anoxia) in masses. Young stages 
probably lived in deeper waters that were exposed to periodic upwelling and, after 
death, were drifted and accumulated by bottom-water currents (Westermann 1996). 
In the basin center (max. depth), abundant small Ptychophylloceras (oceanic to me-
sopelagic; Westermann 1996) occur. O isotope data in similar forms of phyllocera-
tins ( Hypophylloceras, Phyllopachyceras) from the Campanian of Japan yielded 
depth ranges for that ammonoid group of 100–300 m (Chap. 18.5.6, Fig. 18.11). 
This is the upper mesopelagic to middle epipelagic zone. From estimates of habi-
tat paleodepth in the Neuquén Basin, Ptychophylloceras inhabited shallower areas 
(Westermann 1996; Hewitt 1993, 1996).

The Callovian to Tithonian black shales (Lower Oxford Clay and the Kimmer-
idge Clay of England; Cope 1967, 1974; Callomon 1985; Duff 1975; Hudson and 
Martill 1991; Morris 1979; Oschmann 1991; Wignall 1990; Wignall and Hallam 
1991) yield monospecific ammonoid assemblages with Kosmoceras. These are usu-
ally adult and strongly dimorphic with a high intraspecific variation. Depth esti-
mates for the Kimmeridgean area are 30–50 m (Westermann 1996). Assuming nor-
mal salinity, the sluggish ammonoids lived at 17–20 °C (max. 16–23 °C), inhabiting 
deeper, slightly oxygen-deficient (upper dysaerobic) waters, away from predators 
(O'Dor and Wells 1990). The more serpenticonic and less sculptured kosmoceratids 
are found in the deepest facies (Marchand et al. 1985), which does not imply exlu-
sively demersal habitats (Westermann 1996).

The Kimmeridgian to Tithonian of the Antarctic Peninsula, the anaerobic 
Nordenskjold Formation, was deposited in a deep basin (Doyle and Whitham 
1991). The small (10–110 mm) ammonoids there belong to coarsely sculptured, 
serpenticonic perisphinctids. 70% of all ammonoids are infested by bivalves syn 
vivo. Mass mortality events occured, caused by storm-induced admixing of anoxia 
(Westermann 1996). Higher in the section, small, smooth, discoconic haploceratids 
lack epizoans, suggesting that the perisphinctids were planktic drifters in the upper 
dysaerobic zone. The ‘leiostracan’ Haploceras questionably swam in the aerobic 
zone, as assumed previously based on its cosmopolitan distribution (Westermann 
1996). It was immune to drag-increasing epizoans (smooth surface; perhaps a spe-
cial periostracum). In deep turbiditic sedimentation areas, the ammonoid fauna 
consists of dominantly finely costate Virgatosphinctes and Lithacoceras. Accesso-
ries were costate, platyconic berriasellids, planorbiconic olcostephanids, as well as 
haploceratids. Again, only perisphinctids carry epizoans. These perisphinctids are 
mesodomic, compressed planorbicones to discocones that were presumably moder-
ately mobile and perhaps bottom-feeders.

The Albian Mowry Shale of USA (Western Interior) includes hoplitid assem-
blages ( Neogastroplites; Reeside and Cobban 1960; Batt 1989). It appears that the 
immature, sluggish hoplitids lived in midwater of the shallow, epeiric sea above dy-
saerobic bottom waters (Landman and Waage 1993). More recently, Monnet (2009; 
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inferred by Batt 1989) showed that, in the Late Cenomanian of the Western Interior 
Seaway (USA), nektobenthic forms such as Acanthoceras and Mammites (strong-
ly ornamented) were the first to vanish during anoxic/hypoxic bottom conditions 
(Oceanic Anoxic Event 2). Subsequently, ancyloconic heteromorphs ( Hamites, 
Allocrioceras) of the middle pelagic zone were eliminated by an upward migration 
of the oxygen minimum zone (OMZ). Nonetheless, Monnet (2009) showed that 
this is not a worldwide phenomenon and thus not the rule or main mechanism for 
ammonoid extinctions. This was illustrated in examples from Tunisia contradicting 
the ‘rising-anoxia’ model. In fact, Monnet (2009) reported an increase in ammonoid 
taxa during the formation of black shales in Tunisia during the late Cenomanian.

In contrast, an oxygen-dependent lifestyle was indicated by Landman et al. 
(2012) for scaphitids, e.g., from the Campanian Western Interior (Pierre Shale, 
USA). Hoploscaphites and benthic fauna did not occur during phases of dysoxic 
bottom waters: only Placenticeras and Baculites were present, both inhabiting high-
er zones in the water (see also Bearpaw Shale in Canada, Tsujita and Westermann 
1998). During phases of good oxygenation, Hoploscaphites (juveniles and adults) 
recolonized the basinal areas, co-occurring with other ammonoids, except during 
spawning events, subsequently followed by mass mortality of females (Landman 
et al. 2003). A deeper habitat for Hoploscaphites was also supported by stable iso-
tope data, in contrast to the shallower habitat of Baculites (Cochran et al. 2010a, b; 
Kruta et al. 2014; Fig. 18.9). Henderson and Price (2012) challenged that shallow 
habitat interpretation after investigating baculitids ( Sciponoceras) from the Late 
Cretaceous of Australia. The authors argued for a nektobenthic mode of life in this 
baculitid, based on relatively positive δ18O data (mean calculated paleotemperature 
21 °C; Henderson and Price 2012). These data contrasted with those for bivalves 
and gastropods. The authors proposed an adaptation among baculitids as specialists 
in demersal predation (see also Kruta et al. 2011).

Santonian to Campanian bituminous, laminated shales of the Bearpaw Forma-
tion and coeval Pierre Formation (both Western Interior, USA) contain abundant 
ammonoids. The main faunal components are Baculites and large Placenticeras. 
Lithofacies characterized by diverse benthos indicates better-oxygenated bot-
tom water, yielding scaphitids and accumulations of neanic to juvenile baculitids 
(Landman 1987; Westermann 1996). Placenticeras meeki is strongly attacked in 
shallow, surface waters by predators (e.g., mosasaurs; 10–20% of all specimens; 
Kauffman 1990, Hewitt and Westermann 1990b; Westermann 1996). Oxygen and 
carbon isotope analyses (Chap. 18.5) revealed markedly reduced salinities of the 
surface waters inhabited by P. meeki (Westermann 1996). This clearly indicates 
that the large predator Placenticeras occasionally lived in brackish surface waters 
(e.g., < 30 m below surface; Westermann 1996). This contrasts with the deeper habi-
tats assumed by Ziegler (1967, 1981) and Westermann (1990) above wave base. 
Shell characteristics of P. meeki are a complicated suture, low sutural amplitude 
index (Batt 1991), low resistance to hydrostatic pressure, and a high predation rate 
(Hewitt and Westermann 1990b). Baculites was also commonly attacked by mosa-
saurs, evident from several punctures (Kauffman 1990; Westermann 1996; Tsujita 
and Westermann 2001). This points to a pelagic habitat (Westermann 1977, 1996) 
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in the aerobic waters. Baculites is therefore suggested as being capable of diving 
rapidly (5–100 m deep into dysoxic zones), feeding on the bottom. The maximal 
depth range for Baculites was corroborated by isotope data (Fatherree et al. 1998; 
Lukeneder et al. 2010; Fig. 18.9): relatively shallow from 50–100 m in epipelagic 
seas (Fig. 18.7, Table 18.1). Baculites apparently shifted into shallower waters af-
ter reaching maturity (Fatherree et al. 1998; Lukeneder et al. 2010). In contrast 
to the pure surface-water dweller Hypancanthoplites (Lukeneder et al. 2010), it 
thus changed its depth preference and seems to have started as a juvenile in the 
lower epipelagic zone. Similar depths for Baculites were given (40–120 m) based 
on SiSI values (Hewitt 1996; Westermann 1996). Abundant but smaller species 
and juveniles of the giant species were suggested to be vertical migrants (Klinger 
1980; Batt 1989; Westermann 1990), probably mostly in midwater. The giant adults 
(> 0.8–1 m) of B. cuneatus, in turn, became mainly demersal swimmers.

18.8.4  R-Strategy in Oxygen-Depleted Habitats

The Barremian heteromorph ammonoid Karsteniceras (N Calcareous Alps, Aus-
tria) evolved under intermittent oxygen-depleted conditions associated with stable, 
salinity-stratified water masses; it exhibited mass occurrences (Lukeneder 2003, 
2005, 2007; Lukeneder and Smrečková 2006). Lithological and geochemical analy-
ses (e.g., dark laminated shales; CaCO3, TOC, S) were combined with investiga-
tions of trace fossils, microfossils and macrofossils. This led to the assumption of 
an invasion of an opportunistic Karsteniceras community (with sexual dimorphism, 
most probably applicable to the whole leptoceratoid group) during unfavorable 
conditions (Lukeneder 2003, 2007; Lukeneder and Tanabe 2002). The significant 
effect of autecological stress, caused either by changes in abiotic environmental 
factors (oxygen content, salinity, depth) or by synecological stress associated with 
biotic competitors occupying the same environment was shown by Lukeneder 
(2003, 2007). Jaw apparatuses are found in situ or isolated but are associated with 
a mass-occurrence of the genus Karsteniceras, reflecting a fast and autochthonous 
deposition. Low energy on the sea floor (absence of bottom currents) and dysaero-
bic conditions prevented predators from isolating the shells from the jaw appara-
tuses and led to the unusual preservation of the ammonoid conch-jaw association. 
The positions of the lower jaw in the body chamber of Karsteniceras indicate that 
the dead ammonoid bodies were not subjected to long postmortem drift; they rap-
idly became waterlogged and sank to the sea floor. These exceptional preservational 
features are typical for ‘Konservat–Lagerstätten’ (Seilacher et al. 1976), which al-
ways show exceptional preservation of articulated hard parts and/or soft body parts.

Terms often used in ammonoid ecology such as allochthonous and autoch-
thonous, must be used with caution when linked with fossil cephalopods because 
shells could have been subject to major postmortem drift. In most cases, the water 
depth or primary habitat is unknown. A certain likelihood concerning the autoch-
thonous deposition of ammonoid specimens, hence the primary depositional area, is 
warranted by the preservation of in situ buccal masses located in the body chamber 
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(Schindewolf 1958; Bandel 1988; Frye and Feldman 1991; Summesberger et al. 
1996; Lukeneder and Tanabe 2002).

Karsteniceras inhabited areas of stagnant water with low dissolved oxygen, 
showing abundance peaks during times of oxygen depletion, which partially hin-
dered other invertebrates from settling. An invasion of the r-strategist Karsteniceras 
assemblage during unfavorable conditions over the sea bed was proposed. The host 
layers do not reflect catastrophic mass mortality. The specimens are not concen-
trated in single horizons, but are abundant in layers of 3–10 cm thickness, reflecting 
100,000 of years (calculations based on ammonoid zonation).

Taking the speculations on ammonoid life-habitats into account, demersal forms 
feeding from the sea floor should be rare or absent in the anoxic to dysoxic levels of 
the water column (Batt 1993). Vašíček and Wiedmann (1994) noted the possibility 
that the biotope of the Leptoceratoidinae was close to stagnant, poorly oxygen-
ated environments. This has been interpreted to reflect the opportunistic bahavior 
of some heteromorphs (bochianitids, leptoceratoids) in unfavorable environments 
(Cecca 1997, 1998). Ecology, paleobiology and habitats of small heteromorphs 
such as leptoceratoids and spiroceratids were interpreted to have occupied various 
habitats (Thieuloy 1966) such as nektic above an anoxic bottom (Rieber 1977), on 
the distal shelf (Westermann 1990, 1996), in turbiditic environments (Vašíček and 
Wiedmann 1994), and demersal, capable of life in dysoxic waters (Lukeneder 2003, 
2005).

18.8.5  Oxygenated Shallow-Water Habitats

Carbonate platforms are a special environment for ammonoid occurrences. It is 
relatively shallow and well oxygenated, mostly well agitated by bottom or surface 
currents. Some early ammonoid taxa like Devonian clymeniids were suggested to 
appear within such environments. They exhibited a morphological depth gradient 
with coarse ribbing in shallow and fine ribbing in deeper habitats (Korn 1986, 1988, 
1992; Westermann 1996).

Middle Triassic ceratitids were the main inhabitants of shallow, epeiric platforms. 
They probably tolerated a wide range of salinities (euryhaline). Sutural simplifica-
tion occurred in several immigrant clades from the deeper Tethys in the German 
Muschelkalk (Urlichs and Mundlos 1985; Klug et al. 2005). Coarse sculpture is 
also commonly associated with a basin-slope habitat, whereas a basinal pelagic 
habitat is usually indicated by smooth or weakly sculptured discocones. A few taxa 
( Monophyllites, Psilosturia) probably lived on the continental slope of the oceanic 
region (Westermann 1996), but based on their shell strength were still epipelagic. 
In the Late Triassic, radiation affected almost all morphs. The proportion of oceanic 
‘Leiostraca’ greatly increased, and the first heteromorphic ammonoids appeared 
with torticone, orthocone and gyrocone morphotypes (Westermann 1996).

A more Recent study on Triassic ceratitid ammonoids was performed on a mass-
occurrence ( Kasimlarceltites; n > > 300 million; M and m, embryonic to adults) 
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from Turkey (Lukeneder and Lukeneder 2014; Lukeneder et al. 2014; Lukeneder 
and Mayrhofer 2014). Kasimlarceltites is morphologically similar (i.e., serpenti-
cone, highly evolute; Fig. 18.6, 18.12) and taxonomically closely related to other 
celtitid ammonoids including Aplococeras, Lecantites and Celtites. These genera 
were interpreted by Assereto (1969) as shallow ‘platform faunal associations’ from 
Latemar or Marmolada platforms (Dolomites, Italy). The celtitids are rare to absent 
in deeper basinal environments (Assereto 1969). The ammonoid-facies relation was 
interpreted to be controlled by ecological factors (Brack and Rieber 1993, 1996). 
Kasimlarceltites probably inhabited environments on the inner- to mid-ramp, ad-
jacent to the Carnian platform (Lukeneder and Lukeneder 2014; Lukeneder and 
Mayrhofer 2014; Fig. 18.12). They were influenced by this environment and may 
have migrated near the sea floor, comparable to extant Nautilus. Assumptions on a 
facies or depth gradient dependency in celtitids ( Kasimlarceltites) fit well into the 
interpretation of the Turkish material. For ammonoid assemblage-facies relations in 
the Mesozoic Era see Westermann (1996). Numerous layers are dominated by small 
ammonoids (< 30 mm) accompanied by shallow-water faunal components (trans-
ported ammonoids, bivalves, corals, gastropods, sponges) derived from the platform 
to inner ramp. They were therefore interpreted as being redeposited from shallower 
areas down to a shelf margin or mid-ramp position (Lukeneder et al. 2012). In con-
trast to Assereto (1969), additional findings of celtitids were presented by Manfrin 
et al. (2005) from adjacent basinal series surrounding the Latermar platform. The 
faunas from ammonoid layers were described as storm deposits. These were trans-
ported and comprise mixed faunal elements (pelagic ammonoids and benthic gas-

Fig. 18.12  The gregarious ceratitid ammonoid Kasimlarceltites krystyni (max. diameter 35 mm) 
in assumed spawning grounds and the nektic actinopterygiid fish Saurichthys (max. length 1 m) 
in shallow waters of a Triassic carbonate platform. Reconstruction (by 7reasons Media Company) 
based on studies of Upper Triassic mass occurrences of the ammonoids in the Taurus Mountains 
(SW Turkey; Lukeneder and Lukeneder 2014)
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tropods; Manfrin et al. 2005). This is almost identical to the assemblages found at 
Aşağiyaylabel. The use of such assemblages as characteristic elements for platform 
deposition or even primary habitat of celtitids is still arguable and needs more taxo-
nomic and correlation work. Hence, a facies dependency of Kasimlarceltites in the 
carbonate member at Aşağiyaylabel must be considered with reservation. Tapho-
nomic analyses rather point at allochthonous deposition after considerable transport 
(current, turbidites, mass flow) within ammonoid-mass occurrences (Lukeneder 
et al. 2014). The occurrence of single layers comprising mostly transported conchs 
of juvenile or exclusively adult shells of Kasimlarceltites, and beds bearing mostly 
adults, support the hypothesis that different ontogenetic stages inhabited different 
habitats (Lukeneder and Mayrhofer 2014; Lukeneder et al. 2014).

Similar hypotheses on the relation of closely resembling morphotypes ver-
sus habitat and lifestyle of serpenticone morphotypes were given for Paracelt-
ites (Permian; Spinosa et al. 1975), Psiloceras (Jurassic; Westermann 1996), and 
Celtites (Triassic; Rieber 1973, 1975). These were presented and commented upon 
in Westermann (1996). Spinosa et al. (1975) proposed a “tropical platform lime-
stone” depositional area for such serpenticone ammonoid types and a presumable 
planktic lifestyle was assumed (Fig. 18.6, 18.12) for such costate, celtitid morpho-
types (Rieber 1973, 1975; Westermann 1996). As postulated by Klug (2002) and 
Klug and Korn (2004), ontogenetic alterations in morphology reflect, at least in 
early ammonoid taxa, a change in mode of life. This is because these changes ap-
pear several times independently.

18.9  Autecology in Ammonoids

Neumayr (1883), Uhlig (1911), Scott (1940), Ziegler (1967, 1981), Kennedy and 
Cobban (1976), and, more recently, Westermann (1990, 1996) have studied the aut-
ecology of ammonoids and related ecological factors. This relation is denoted by 
the variation and ratio of shell morphologies and assemblages in general, related 
to tectonically caused or eustatic sea level fluctuations (Enay 1980; Enay and 
Mangold 1982; Marchand and Thierry 1986, 1997; Lominadze and Sakharov 1988; 
Wiedmann 1988a; Cecca 1992; Bulot 1993; Rawson 1993; Hantzpergue 1995; 
Reboulet and Atrops 1995; Reboulet 1996; Enay and Cariou 1997; Pucéat et al. 
2003). Such environmental changes are accompanied by changes in many other 
ecological parameters. This has consequences for the organisms living in the af-
fected environment. Neige et al. (1997) stressed the close relation between disparity 
and (eustatic) sea-level changes. These authors presented a new approach based on 
Callovian ammonoid faunas of France (Lominadze and Sakharov 1988, Callovian 
of Caucasus). Here, the morphospace calculations reflected the most important 
conch parameters (diameter, whorl height and width, etc). Mathematical estima-
tions by Neige et al. (1997) resulted in a more precise use of ammonoid morphot-
ypes as paleodepth indicators.
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Oxygen is a biolimiting element for metazoans and one of the most important 
factors influencing species diversity and abundance in the marine realm. Batt (1993) 
suggested that the relationship between ammonoid shell morphotypes and position 
within the water column provides a useful tool in interpreting fluctuations in O 
levels in marine depositional systems of the Cretaceous Western Interior Seaway 
(N America). Suggested habitats in Batt (1993) were based on siphuncle strength 
index (SiSI), septal amplitude index (SAI) and septal complexity (Batt 1991, 
1993; Ballentine 2007). As noted by Batt (1991) such indices are only valuable 
in combination with other shell morphological features (e.g., ribbing). The author 
concluded that the presence of nektobenthic morphotypes (e.g., Scaphites, Baculites) 
indicates oxygenation of the sea floor and lower parts of the water column, while 
that of pelagic morphotypes (e.g., Watinoceras, Borrisiakoceras) or shallow-water 
ammonoids (e.g., Placenticeras) may be used to interpret oxygenation higher in the 
water column. A nektobenthic mode in Scaphites is probably indicated by the highly 
injured specimens noted from Landman and Waage (1986; see also Landman 1986). 
Baculites was given with a depth range from 40–120 m based on SiSI values (Hewitt 
1996; Westermann 1996; Fig. 18.9). The occurrence of shallow middle- and upper 
water column pelagic ammonoids in deeper-water stratigraphic intervals yielding 
no nektobenthic ones appears to be a useful indicator of oxygenated conditions 
within the upper part of the water column at a time when benthic environments 
were anoxic. The additional absence of ancyloconic heteromorphs in sediments 
deposited in water deeper than 100 m that contain upper-water pelagics indicates that 
anoxia extended to within 100 m of the surface (Batt 1993). Changes in ammonoid 
morphotype representation during upward migration of a poorly oxygenated water 
mass, hence fully oxygenated water column appears with all morphotypes (pelagic 
and nektobenthic). Bottom near anoxic conditions first eliminated nektobenthic 
ammonoids, and continued with anoxic conditions up to 100 m of the surface 
hampered life of pelagic forms (megaplanktic ancyloconic heteromorphs). Finally, 
only pelagic ammonoids from the upper water column are represented in sediments 
(Batt 1993; Reboulet et al. 2000, 2005; Lukeneder and Grunert 2013).

18.10  Epizoans Versus Postmortem Epicoles 
in Ammonoids

Studying the spatial relationships among organisms that lived with each other 
provides insight into the synecology, autecology, and biostratinomic processes of 
these organisms. It also sheds light on their paleoenvironment and paleocommunity 
structure. Epibiosis is one of the few well-preserved biotic interactions in the fos-
sil record dating back to the Early Paleozoic (Palmer 1982). A crucial aspect is to 
detect if infestation occurred before or after death. This determines whether an aut-
ecological or synecological relation is indicative for paleodepth, behavioral or habi-
tat assumptions. Organisms that infested ammonoid shells within the water column 
are also referred to as pseudoplankton (Wignall and Simms 1990). If infestation 
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occured postmortem, it can be speculated whether shell was infested while drifting 
or after it sunk to the sediment surface.

Davis et al. (1999) introduced terms to distinguish between the different aspects 
of epizoans. According to them, an organism that settles an lives on another one 
is an epizoan. By contrast, if the substrate object or organism is dead, Davis et al. 
(1999) suggested to call the animal living on it an epicole. These terms will be used 
subsequently. Countless examples of epizoa and epicoles on ammonoids have been 
described and some examples will be listed.

Ammonoid assemblages from the Early Cretaceous of Austria (Chap. 18.8.2; 
Lukeneder and Harzhauser 2003; Lukeneder 2004) yield abundant specimens of 
Olcostephanus guebhardi showing unique encrustations by placopsilinid foramin-
ifera, bryozoans, serpulids, and crinoids ( Phyllocrinus). The pattern of infestation 
clearly documents a 100% preference of these taxa for the inner shell surface, char-
acterizing them as an epicole cavity-dwelling paleocommunity (Lukeneder and 
Harzhauser 2003). The encrustation in the body chamber furnishes evidence for 
postmortem settlement. O. guebhardi is suggested to have preferred shallow water 
and was most abundant in depths of 40–100 m (Bulot pers. comm. 2002). Major 
redeposition of the Austrian ammonoid shells is evident based on a mixture of 
olcostephanids with encrustations on their upper side and specimens with epibionts 
on their lower side within single layers. The shells sunk to the sea floor after death 
and became partly filled with sediment on the side of the shell facing the sediment. 
Thus, epicoles could not settle these areas of the body chamber. Only the ‘sedi-
ment free’ upper shell parts could be inhabited (Placopsilina, bryozoans, serpulids). 
This mode of infestation indicates that encrustation during postmortem drift can be 
excluded (Lukeneder and Harzhauser 2003). Phyllocrinus is one of the most fre-
quent species associated with Olcostephanus. The calices of this sessile crinoid are 
often found in the sediment-infill of the ammonoids and the adherent holdfasts are 
exclusively found on the upper, outer side of the shell. In this soft bottom environ-
ment, the empty shells of Olcostephanus served as hardgrounds.

A more complex history is reported from the Valanginian to Aptian deposits 
of the Dolomites (N Italy). These deposits yield a rich ammonoid fauna show-
ing unique epifaunal encrustations by an ahermatypic, solitary scleractinian coral 
(Lukeneder 2008). The coral encrusted only the outer shell surfaces; the inner sur-
face remained unaffected. Shells of dead ammonoids sank to the bottom and be-
came colonized by the coral (and serpulid) larvae, as documented by the location of 
the epibionts only on the upper side. Encrustation by the bivalve Placunopsis repre-
sents a different situation because both sides of the ammonoid shells were affected. 
This points to encrustation of floating or repeatedly turned (dead) or swimming 
(alive) ammonoids (Lukeneder 2008; Misaki et al. 2013). Such long-term infesta-
tion in the water column contrasts with coral settlement on the sea floor. Ammonoid 
specimens encrusted by Placunopsis never exhibit encrustation by corals (Merkt 
1966; Meischner 1968).

The so-called coelobites are a somewhat neglected part of the vast spectrum of 
epibioses. They are defined by Ginsburg and Schroeder (1973) as cavity-dwell-
ing organisms, often found in cryptic habitats. Studies on such habitats of mod-
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ern environments have focused on coral reefs and reef-associated submarine caves 
(Jackson and Winston 1982; Rasmussen and Brett 1985; Meesters et al. 1991). 
Despite the smaller scale and limited spatial resource of the ammonoid shells, sev-
eral parallels with modern cryptic habitats are obvious. As emphasized by Wun-
sch and Richter (1998) and Richter and Wunsch (1999), cavities and other cryptic 
habitats are “spatially confined habitats”, which provide living space for low-light 
adapted organisms. Among these, especially cryptic suspension feeders predomi-
nate. Cryptic habitats provide shelter for sessile species from predation and physi-
cal disturbance (Gischler and Ginsburg 1996). In modern cryptic habitats, the co-
elobite’s mode of life is mainly adopted by sponges, algae, serpulids, tunicates, 
bryozoans, and foraminifera. Several taxa such as placopsilinid foraminifera and 
the bryozoan Stomatopora have been shown to be characteristic constituents of 
all these paleocommunities. These taxa were also recorded adhering to ammonoid 
shells (Lukeneder and Harzhauser 2003).

Can such encrustation yield information on paleodepth and ammonoid habitats? 
The ecological depth ranges of the encrusting organism groups are enormous. The 
main encrusters on ammonoids are bivalves (e.g., oysters, Exogyra, Placunopsis, 
Gervillia, Anomia; Larson 2007; Misaki et al. 2013), gastropods (limpets), bra-
chiopods (discinids; Seilacher 1982), serpulids, tunicates, solitary corals, bryozo-
ans, and foraminifera. Larval stages often settle on secondary hard grounds (am-
monoid shells). Unfortunately, synecological relationships (i.e., infestation dur-
ing life) of ammonoid and encrusting taxa also can rarely be used to conclude on 
habitat or depth. Oysters (Merkt 1966), for example, inhabit depths from almost 
0–850 m (Rooij et al. 2010), the bivalve Placunopsis hundreds of meters, serpulids 
can live in thousands of meters. Serpulids were able to grow with ammonoids in 
a synecological manner during life, on the ventral side of the shell. This makes 
them useful to estimate ammonoid growth rates and ages (Schindewolf 1934; An-
drew et al. 2011). Andrew et al. (2011) suggest a distinct infestation by serpulids 
at different habitat depths for the Jurassic, mostly of living, juvenile ammonoids 
( Promicroceras) from the UK (Dorset). The dependency or at least preference of 
several serpulid species for shallower waters (6–12 m) led to the assumption that 
juvenile Promicroceras inhabited shallower areas: they were more highly infested 
than adults. Andrew et al. (2011) concluded that Promicroceras was negatively in-
fluenced by the parasitic serpulids, by the higher body weight and the increasing 
drag, dying at smaller diameters at an age of 2–3 years.

Synecological infestation by foraminifera potentially points to paleodepths of 
15–70 m for Placopsilina attached to the ammonoid Olcostephanus (Lukeneder and 
Harzhauser 2003). Correspondingly, O. guebhardi was suggested to have preferred 
shallower shelf areas and was most abundant at depths of 40–100 m (pers. comm. 
Bulot 2002). Home scars of patellogastropods (limpets) on ammonoid shells were 
shown by Kase et al. (1994, 1998). Limpets, when settled postmortem on ammo-
noids, point to a drifting phase because limpets inhabit shallow areas and therefore 
attached near the sea surface (see Westermann and Hewitt 1995).

Maeda and Seilacher (1996) reported syn vivo and postmortem epibiont assem-
blages. The encrustation by inoceramids, oysters or Gervillia of both the flanks and 
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venter in living ammonoids is remarkable (e.g., Jurassic Lytoceras and Harpoceras; 
Cretaceous Buchiceras; Seilacher 1960; Heptonstall 1970; Seilacher 1982; Maeda 
and Seilacher 1996; Larson 2007). One-side-only infestation by oysters was also 
reported as being caused by horizontal drifting of ammonoid shells on the water 
surface (e.g., Pectinatites; Donovan 1989). Sinking history can also be detected by 
analyzing the encrusting community and its position (Reyment 1973, Kauffmann 
1978; Seilacher 1982). Kauffmann (1978) postulated the ‘benthic island’ infestation 
on sea floor for the Jurassic Posidonia Shale ammonoids, but this was refuted by 
Seilacher (1982) and Maeda and Seilacher (1996) based on the encrustation of both 
flanks (e.g., Lytoceras) in the water column. Further examples of syn vivo epizoans 
are discussed in Naglik et al. (2015).

18.11  Trophic Level

The trophic level of ammonoids was perhaps some kind of a mid-order omnivore 
level. They exhibit a range of feeding strategies from planktotrophic to micropha-
gous (i.e. lower trophic levels). They were preyed upon by vertebrates (ichthyo-
saurs, mosasaurs, sharks, fishes; Fig. 18.13) and invertebrates (other cephalopods, 
crustaceans). Ammonoids ate possibly everything they got hold of from the lower 
trophic levels, leading to the interpretation as demersal herbivores, scavengers via 
microphagous carnivores to active, nektonic carnivores (Kennedy and Cobban 
1976).

As noted by Westermann (1996), numerous feeding strategies can be envisioned 
for neanic and juvenile ammonoids. These speculatively fed on mobile prey with 
ejectile tentacles, visually on essentially planktic prey (ammonoid hatchlings, 
pseudo planktic and planktic microorganisms such as ostracods or microgastro-
pods), with non-ejectile tentacles or velar webs, and tactile or chemosensory feed-
ing by ‘pseudoscavenging’ of organic particles floating and sinking at all depths 
(Reyment 1988; Westermann 1996). Reyment (1988) imagined a more scavenging 
and browsing mode, concluding that especially orthocones and heteromorph forms 
were incapable of active predation. The preying behavior is crucial for reconstruct-
ing the ammonoid habitat because ammonoids might have actively followed prey. 
This can cause ontogenetic or diurnal migrations, preying on different resources 
during their lifespan, or preying at night when some other predators sleep, compa-
rable to Recent Nautilus.

Most recently, spectacularly preserved specimens of the Late Cretaceous hetero-
morph Baculites from South Dakota (USA) were reported by Kruta et al. (2011). 
They discovered buccal masses with radulae containing plankton found within. 
This represents an important indication for the trophic habits of these heteromorph 
ammonoids. One of the specimens revealed a planktic snail and three tiny planktic 
crustaceans (Isopoda) in its buccal mass (Kruta et al. 2011). As already stated by 
Westermann (1996), knowledge on stomach or crop contents is scarce (Lehmann 
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and Weitschat 1973; Lehmann 1975, 1976, 1985, 1988; Summesberger 2000; 
Keupp 2007). See Klug and Lehmann (2015) for a review.

Numerous problems related to the dietary and feeding habits for the diversely 
shaped buccal organs are still unsolved, even for some extant cephalopods (Nesis 
1986, 1987; Lehmann 1988). Westermann (1996) noted that besides the micro 
and mesophagy documented by crop/stomach contents, macrophagy and even 
duraphag ous strategies might have also been present in ammonoids (Schindewolf 
1958; Lehmann et al. 1980; Tanabe 1983; Nesis 1986; Tanabe and Fukuda 1987; 
Lehmann and Kulicki 1990; Hewitt 1993; Seilacher 1993; Keupp 2007). Wester-
mann (1996) suggested that most ammonoids belonged to the pelagic food-web. 
Ammonoids fed directly on microplankton, perhaps at the base of the photic zone, 
themselves falling prey to larger ammonoids and vertebrates. An important feature 
for the ammonoid/prey interaction was therefore the beginning formation of a dis-
tinct stratification including a well-defined pycnocline in Cretaceous oceans (Hay 
2008), as in Recent oceans. Other groups were vertical migrants in deep water, 
the mesopelagic zone. There, some fed on mesopelagic organisms including slug-
gish juvenile ammonoids, whereas others might have caught zooplankton with arms 
connected by velar skins (Westermann 1996). Only relatively few consumed soft-
bodied epibenthos or preyed like Nautilus on shelly benthos.

The relation between changes in ammonoid assemblages (radiation of new taxa, 
appearance of additional morphogroups, size variations) and evolutionary events 
was interpreted by several authors (Elmi and Alméras 1984; Reboulet 1996, 1998, 
2001; Reboulet and Atrops 1997; Cecca 1997, 1998; Lehmann 2000; Guex 2001; 
Reboulet et al. 2005). They considered the relation to be caused or at least influ-
enced by changes of trophic levels (food, nutrients, energy, etc.). Reboulet et al 
(2005), however, noted that the assumptions on ammonoid trophic levels in the for-
mer papers were speculative. Reboulet et al. (2000, 2003) interpreted Valanginian 
assemblages by performing a quantitative and integrated high-resolution analysis 
of macrofauna, nannofossils, microfacies, trace fossils, and total organic carbon. 
The resulting absolute abundance variations reflected the trophic resources in the 
oceanic waters.

A trophic level specifies the position of an organism in the food web, often 
generated by the nutrient supply into that system. Accordingly, the water mass can 
be characterized as oligotrophic (i.e., less nutrients, less organic production, high 
oxygen content), mesotrophic (i.e., increasing nutrients, increasing productivity and 
enough oxygen), and eutrophic (i.e., high nutrient values, high organic production, 
decreasing oxygen). Nutrient supply creates energy, whose availability alters bio-
diversity (Tittensor et al. 2011). Less nutrients are available at great distances from 
land and in deeper waters in contrast to nearshore and shallow areas.

Abundance data on ammonoids have been collected (Reboulet et al. 2005) from 
the Albian of the Vocontian Basin (France) across an anoxic interval (OAE 1d, 
Breistroffer interval). Reboulet et al. (2005) suggested that these were influenced by 
trophic changes. The Breistroffer deposits do not record eutrophication of surface 
waters associated with expansion of the oxygen minimum zone. Rather, the deposits 
record changes from mesotrophic to more oligotrophic conditions in surface wa-
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ters (Reboulet et al. 2000). Ammonoids are abundant and morphologically diverse 
(i.e., seven morpho-groups) in a section from proximal areas (platform environ-
ments) and the pelagic realm (open-marine water column). Ammonoid morphology 
was interpreted (Reboulet et al. 2005) to indicate aspects of their modes of life 
(Westermann 1996; Cecca 1997; Klug 2001), although all were attributed to the 
epipelagic zone. For example, Hypophylloceras (Phylloceratina) and Tetragonites 
(Lytoceratina) were placed by Reboulet et al. (2005) in the deepest layers of the 
epipelagic zone within the oceanic domain (150–200 m depth). Recent data on 
oxygen isotopes (Moriya et al. 2003; reinterpreted herein, Fig. 18.11) yielded wider 
depth ranges for both genera: 100–300 m (upper mesopelagic to middle epipelagic) 
in Hypophylloceras and 80–180 m in Tetragonites (lower to middle epipelagic). 
Tetragonites probably inhabited slightly shallower layers, as also figured by 
Reboulet et al. (2005).

Ammonoid taxa can be linked to changes in trophic conditions as inferred from 
a study on calcareous nannofossils (Reboulet et al. 2005). Heteromorphs, which 
were dominant during mesotrophic conditions, could have been more competitive 
than involute/evolute planispirals (normally coiled) when environmental conditions 
became more unstable. Lechites (orthocone) was assigned to an epipelagic habitat 
(i.e., distal paleoenvironments); it was interpreted to be a vertical migrant, able to 
move with increasing nutrients to meso- and eutrophic layer conditions in surface 
waters, and also down in order to avoid oligotrophic surface waters, preying on 
food-rich layers in deeper waters (Reboulet et al. 2005). More proximal paleoen-
vironments were suggested for Scaphites, which maybe was a vertical migrant. 
Quasiplanktic Turrilitoides and Mariella (torticones) mainly inhabited neritic 
paleoenvironments, occupying more distal paleoenvironments with mesotrophic 
conditions (increasing nannofossil content) in the surface water column. Anisoceras 
and Hamites (quasiplanktic U-shaped heteromorphs) lived in distal, epipelagic 
habitats. They were more competitive when oligotrophic conditions prevailed in 
surface waters. Mortoniceras (planispiral) was interpreted to inhabit the lower part 
of the epipelagic zone with a deep nektonic mode of life (Reboulet et al. 2005).

Early Cretaceous size variations (on species level) along a depth gradient are 
known from S France (Bulot 1993, 1995; Reboulet 1996, 2001; Reboulet and 
Atrops 1997). These ammonoids exhibited larger conchs in Valanginian shallow-
water facies (Provence platform) and smaller ones in deepwater facies (Vocontian 
basin). Reboulet (2001) noted a size dependency on higher hydrostatic pressure (i.e., 
emptying rate of cameral fluid; Ward 1987) and cooler waters. This led to dwarfed 
forms in the basinal areas. Reboulet (2001) assigned the Valanginian ammoinoid 
taxa (macro- and microconchs; Acanthodiscus, Busnardoites, Karakaschiceras, 
Leopoldia, Lytoceras, Neocomites, Neolissoceras) to a deep nektonic to nektobenthic 
mode of life. Acanthodiscus radiatus is much more common on the shallow platform 
than in the basin (Reboulet 1996). It was segregated by its dimorphs: macroconchs 
dominate on the platform whilst microconchs are abundant in both habitats. A. 
radiatus shows the same size in shallow and deep-water facies, probably reflecting 
a migrant lifestyle between different environments. Neocomites peregrinus appears 
in equal numbers in both environments and is thus thought to be more tolerant of 
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environmental changes. Reboulet (2001) proposed that the main factor in ammonoid 
segregation was water temperature, as in Recent Nautilus (Ward 1987) and coleoids 
(Mangold 1989). Thus, temperature may have triggered sexual maturity and the 
corresponding growth; food resources were also suggested to have influenced size 
differentiation. The important factor of food availability was also noted by Bucher 
et al. (1996). Speculating on the assumptions above, nutrient supply is higher on 
shallow platforms (see Cecca 1998). Accordingly, planktic activity increased and 
more food was available, so that ammonoid size increased in such environments 
(Reboulet 2001).

Trends in ammonoid diversity, habitat, and trophic levels were compared by 
Lukeneder and Grunert (2013) from the Trento Plateau in Italy and from the Bet-
ic Cordillera in Spain (Company et al. 2005). This yielded new insights into the 
paleoenvironments, which were determined by trophic fluctuations. Both data sets 
agree in the strongly increasing diversity of epipelagic vertical migrants and plank-
tic drifters during the Late Hauterivian ( Pseudothurmannia mortilleti and P. picteti 
subzones; Faraoni Level). Company et al. (2005) and Lukeneder and Grunert (2013) 
related this distinct turnover to phytoplankton (radiolarian) bloom during the Farao-
ni event and during the coeval 2nd-order peak transgression in the lower P. mortilleti 
Zone. The increase in trophic resources favored the diversification of planktic am-
monoids. In the Puez area, similar blooms in productivity are expressed as radiolari-
an wackestones. This fact, however, does not explain why this habitat group remains 
diverse in the aftermath of the Faraoni event in the upper P. mortilleti and P. picteti 
subzones when oligotrophic conditions were established (Lukeneder and Grunert 
in 2013). These contrasting trends show the difficulties in interpreting ammonoid 
habitat groups and feeding strategies. Company et al. (2005) explained the extinc-
tion of deep nektic groups around the Faraoni Level by an oxygen-minimum zone 
that developed due to phytoplankton blooms. Trends in radiolarian and nannoconid 
abundances suggest a turnover in the trophic structure of the surface water from eu-
trophication around the Faraoni event to oligotrophic conditions. These changes in 
primary productivity, however, are also reflected in the organic matter with values 
up to 7.0% TOC. Company et al. (2005) developed a classification of ammonoids 
into six life-habitat groups: planktic drifters, epipelagic vertical migrants, epipe-
lagic nektic ammonoids, mesopelagic vertical migrants, mesopelagic nektic am-
monoids, and nektobenthic ammonoids. Members of all these groups occur in the 
studied interval (Lukeneder and Grunert 2013). Planktic drifters are represented by 
Crioceratites, Pseudothurmannia, Paracostidiscus, Paraspiticeras, Karsteniceras, 
Hamulinites, Sabaudiella and Megacrioceras; Honnoratia, Hamulina, and Anaha-
mulina were epipelagic vertical migrants. Lytoceras and Protetragonites were pos-
sibly mesopelagic vertical migrants, and the mesopelagic nektic ammonites include 
Phylloceras, Phyllopachyceras, Kotetishvilia, and Neolissoceras. Barremites, Ple-
siospitidiscus, and Discoidellia were epipelagic nektic ammonoids. Finally, Abry-
tusites and Astieridiscus are nektobenthic forms.

The analysis of ammonoid diversity and life-habitat groups (Westermann 1996; 
Company et al. 2005) suggests a strong influence of sea-level on the plateau. While 
epi- and mesopelagic ammonoids occur commonly in the Crioceratites krenkeli, P. 
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mortilleti, and P. picteti subzones, a severe reduction in all groups occurred dur-
ing the sea-level lowstand of the Spathicrioceras seitzi and Pseudothurmannia ohmi  
subzones. The Faraoni event is heralded by an ammonoid faunal turnover character-
ized by an increasing diversity of epipelagic ammonoids. Although a similar trend 
was observed in the Betic Cordillera in Spain, the trend differs in the common oc-
currence of deep nektic ammonoids, related to a better oxygenated environment on 
the Trento Plateau.

18.12  Implications for Ecology from Traces of Predation

Shell damage is an indicator for predator-prey interactions (Kowalewski 2002) 
involving predators within distinct and characteristic ammonoid habitats. Ammo-
noids are both predators and prey, foraging and being attacked in the same habitat. 
Mapes and Chaffin (2003) summarized the sublethal and lethal shell damage from 
recent and fossil cephalopods (Keupp and Hoffmann 2015). Predation in the wa-
ter column can involve ichthyosaurs (Fig. 18.13), mosasaurs, nothosaurs, sharks 
or bony fishes, and invertebrates including other ammonoids, nautiloids, coleoids 
(Landman and Waage 1986; Kröger 2000, 2002a, b, c; Keupp 2000, 2006; Larson 
2003, 2007; Tichy and Urbanek 2004; Andrew et al. 2010; Landman et al. 2012; 
Kauffman and Sawdo 2013) and arthropods (Keupp and Hoffmann 2015). As noted 
by Klompmaker et al. (2009) for Mesozoic and Andrew et al. (2010) for Jurassic 

Fig. 18.13  Reconstruction of a Lower Jurassic ichthyosaur hunting on ammonoids, biting into 
the shell of Dactylioceras in the epipelagic water zone of the Liassic sea (based on studies of 
Posidonia shales in SW Germany). Upper Cretaceous mosasaur bite marks (max. puncture diam-
eter 3 cm; lower right corner) on a Campanian Placenticeras shell (cast replica, max. diameter 
30 cm) from the Western Interior Seaway in South Dakota
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ventral bite marks, they are most probably caused by predatory attacks on living 
animals by teuthoids (Yomogida and Wani 2013). These authors argued that the 
combination of an intact aperture and the absence of shell chips (i.e., broken parts 
of corresponding injury) excludes scavengers as producers of such injuries.

Recently, remarkable bite marks on both flanks (i.e., by both jaws of a predatory 
fish) were reported on Jurassic Oxycerites (Richter 2009). Some ammonoids are 
thought to be demersal feeders, scavenging on the sea floor (Reyment 1988): 
there, they were attacked by crustaceans (Radwansky 1996; Kröger 2002b, c; 
Keupp 2006), causing sublethal to lethal injuries (Keupp and Hoffmann 2015). 
Keupp (2000) also attributed the apertural injuries in Dacytlioceras to crustaceans 
on the sea floor (Keupp 1997), assuming a demersal habitat. This significantly 
contrasts with Westermann (1996), who proposed that Dactylioceras was a planktic 
form. The same former result was presented for the entire Callovian assemblage 
(perisphinctids, kosmoceratids) from northern France (Keupp 1992): all ammonoids 
were assumed to be nektobenthic to benthic (habitat dependency in accordance to 
frequency of injuries). That author used sublethal shell injuries of ammonoid shells, 
caused by crustaceans to draw conclusions on paleopathology. Keupp and Schobert 
(2011) even suggested a special crab (Palaeopagurus) as the predator on Liassic 
ammonoids (Amaltheus, Amauroceras) from Germany, which were assumed to 
have been demersal forms inhabiting near-bottom areas. Palaeopagurus is as the 
hermit crab also known to inhabit the body chambers of Jurassic and Cretaceous 
ammonoid shells on the sea floor (Germany and UK; Fraaije 2003; Jagt et al 2006).

As noted by Keupp (2000), shell damage on the rocky sea floor caused by the 
animal itself can be ruled out in most injuries (Bayer 1970; Checa and Westermann 
1989; Zatoń 2010). A predator-prey dependency (Vermeij 1977; Keupp 2000a, 
2006) puts pressure on the prey and probably causes it to evolve new strategies such 
as coarser ribbing, a more complex suture or increasing coiling (i.e., from straight 
to involute). Nonetheless, ecological pressure can also cause strategic changes, as 
seen in Recent Nautilus: it migrates at night to prey on various resources, and may 
then prey when its main enemies such as many fishes sleep (Carlson et al. 1984; 
Saunders 1984; Ward et al. 1984; Dunstan et al. 2011).

Shell damage by marine reptiles was documented from Middle Jurassic 
Kosmoceras (Ward and Hollingworth 1990), Late Cretaceous Placenticeras 
and Sphenodiscus (Kauffman and Kiesling 1960; Kauffman 1990; Hewitt and 
Westermann 1990b; Stewart and Carpenter 1990, 1999), and the nautiloid 
Eutrephoceras (Kauffman and Sawdo 2013). Kauffman and Sawdo (2013) argued 
that reports of mosasaur predation on Early Maastrichtian nautiloids from the 
Western Interior are rare because of the prey’s predominantly deep, epibenthic 
habitat. They deduced this from modern Nautilus and applied it to the Cretaceous 
Eutrephoceras. Home scars of patellogastropods (i.e., round marks in a line) located 
on ammonoid shells have been used to falsify the mosasaur bite theory by Kase 
et al. (1994; 1998). In several cases, however, there appears to be no doubt about 
the mosasaur predation (Keupp 1991; Hewitt and Westermann 1990b; Fig. 18.13). 
Interestingly, patellogastropods, when attached to ammonoids (after their death) 
show a drifting history: limpets live in shallow areas and must have attached at the 
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sea surface. Plesiosaurs were reported to prey on ammonoids by Sato and Tanabe 
(1998; see also Keupp 2000) from the Cretaceous of Japan (stomach content). 
Fish predators have been inferred (Ward 1981) and documented in Late Jurassic 
Haploceratidae by aptychi in holostean feces (Mehl 1978a). Jurassic ammonoids 
from the shallow sea in Solnhofen were preyed upon by teleosts such as Gyrodus or 
Dapedium (Keupp 2000). They broke parts off the aperture to expose the soft body, 
as observed in Recent Nautilus preyed upon by parrotfishes (Saunders et al. 1987), 
triggerfishes, and groupers (Mapes and Chaffin 2003). Injuries inflicted by fishes 
can be sublethal or lethal. Sublethal injuries can also reflect octopod attacks (e.g., 
borings in the shell; Mapes and Chaffin 2003). A more peculiar ‘attack’ is observed 
in extant Nautilus during mating (Arnold 1985). In this case, the partner bites and 
damages the apertural edge, which is also visible in fossil conchs. The mechanisms 
that damage extant Nautilus (sediment loading, within-sediment transport, collision 
during floating, predation) were analyzed by Wani (2004). He concluded that these 
mechanisms produce distinct and characteristic shell damage, hence being compa-
rable to biostratinomic and taphonomic features in fossil materials.

Stomach contents of plesiosaurs from the Late Cretaceous of Japan represent 
important evidence for lethal injuries (Massare 1987; Sato and Tanabe 1998). They 
contain pieces of broken shell material from Scaphites and other ammonoids.

Keupp (2000) noted healed injuries caused by fish attacks on Kranaosphinctes 
and by crustaceans on Prososphinctes (Oxfordian, Madagascar). Teuthoid preda-
tors were suspected to have produced clusters of uniformly sized shell fragments of 
Early Jurassic harpoceratids and Late Jurassic Gravesia (Mehl 1978b). They prob-
ably also caused most of the peristomal mantle injuries in Jurassic to Cretaceous 
ammonoids. Unless these were lethal, they caused the well-known shell abnormali-
ties. Evidence for predation (predator not specified) of Early Cretaceous ammo-
noids is also given by Reboulet and Rard (2008). Klug (2007) reported sublethal 
injuries on Devonian ammonoids that lived in the water column; that damage was 
likely caused by other cephalopods or phyllocarids. Shark attacks were reported as a 
possible cause for goniatid injuries in Carboniferous ammonoids (USA; Mapes and 
Hansen 1984; Mapes et al. 1995).

A remarkable ammonoid occurrence was documented by Mapes and Dalton 
(2002) from the Mississippian of Arkansas (USA). Ammonoid accumulations (e.g., 
Emstites, Cluthoceras) in carbonate concretions form halos around body chambers 
of Rayonnoceras (Actinocerida) and were interpreted as prey of nautiloid predators 
(based on stomach contents); scavenging was excluded by Mapes and Dalton 
(2002). Those assumptions were mainly based on missing body chambers, the ran-
dom orientation of ammonoids, and the rarity of ammonitellae in such concretions. 
My own interpretation of that material is that ammonoids were redeposited into the 
broken phragmocone and body chambers of Rayonnoceras (fossil trap).

As noted by several authors, increased coiling and sculpture might have 
enhanced shell resistance towards breakage during predation attempts (Ward 1981; 
Klug 2007). Tight coiling implies an increased resistance against breakage of en-
tire whorls when compared to loosely coiled shells (Nützel and Frýda 2003 and 
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references therein). Consequently, a simple change in morphology had a major im-
pact on ecological fitness, partially explaining the evolutionary success of ammo-
noids (Kröger 2005). Coiling probably enabled even early forms to increase their 
maximum swimming velocity compared to cephalopods with orthoconic shells 
(e.g., Jacobs 1992a; Jacobs and Chamberlain 1996; Westermann 1996; Korn and 
Klug 2002; Klug and Korn 2004). Predation and damage in relation to coiling in 
Carboniferous nautiloids and ammonoids was treated by Mapes and Chaffin (2003): 
predation levels were much higher in the latter. Swimming velocity was assumed to 
be higher in nearshore morphotypes (compressed) of Scaphites (Cretaceous, USA). 
Higher velocities are assumed to be essential for life in shallower areas (Jacobs 
et a. 1994), contrasting to the decreased velocity values of the depressed morphs 
of deeper areas (offshore). The more compressed morphotypes can better escape 
potential predators.

18.13  Conclusions

Ammonoid migrations within and between different habitats are ontogeneti-
cally induced and detectable by stable isotope data (δ13C, δ18O) and morphology. 
Ammonoids generally start with a perhaps planktic embryonic stage (floating egg 
masses), followed by the hatchlings, which differentiated in mode of life; they lived 
either planktic, nektic, or nektobenthic (demersal). Antidimorphic pairs (female/
male, macroconch/microconch) were apparently separated into different habitats, at 
least during spawning periods. Females are thought to have laid 100–500000 eggs 
(r-strategy) on the sea floor or in the water column; ammonoid eggs and hatchlings 
were thus an important constituent of the plankton. Eggs were perhaps enclosed 
in egg sacks, anchored (in pouches) below the storm wave base or floated as egg 
masses in the upper water column. Hatchlings had a nektoplanktic lifestyle in the 
water column.

Several taxonomic groups were probably gregarious, some migrated over long 
distances and across depth levels. This conclusion has been strengthened by sta-
ble isotope analyses. Female ammonoids appear to have returned to their home-
grounds for spawning and died afterwards (i.e., semelparous). This resembles the 
situation in extant neritic coleoids. Planktic egg masses and hatchlings/young juve-
niles floated for months within the water column, driven by ocean currents (surface 
or bottom-water currents). During the nektoplanktic juvenile phase and subsequent 
stages, they fed on various nutrients including nanno- and micro-plankton mem-
bers as trophic resources. Taxonomic groups can therefore appear or vanish due to 
changes in trophic levels. Ammonoids inhabited most known parts of ancient seas 
(lack of knowledge from paleo-oceans), from euryhaline to brackish waters, and 
probably tolerated brief hypoxic events like extant cephalopods such as Nautilus 
and Spirula.
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The best-estimate for habitat depths of ammonoids is between c. 20–500 m 
according to the literature and recent stable isotope data (δ18O). Maximal depth 
(implosion depth) estimated from siphuncle and shell wall strengths are now rec-
ognized to be reliable for application to ammonoid paleobathymetry. Nonetheless, 
some literature values are apparently too deep and the ranges inaccurate.

Bathymetric conclusions were drawn from δ18O values for several ammonoid 
morphogroups. The range in Cadoceras (Jurassic, Callovian) is 50–700 m. It there-
fore started in the lower epipelagic and migrated deeper during ontogeny into the up-
per mesopelagic. With a depth range of 10–60 m, the ontogeny of Hypacanthoplites 
(Cretaceous, Aptian) starts in deeper epipelagic layers, followed by shallower epi-
pelagic stages. Nowakites (Cretaceous, Santonian) is interpreted to have inhabited 
depths from 50–300 m. This implies migrations from deeper mesopelagic layers to 
shallower epipelagic habitats. The depth range given in the literature for Baculites 
(Cretaceous, Campanian) was specified as being relatively shallow (50–100 m) in 
the epipelagic zone. Perisphinctes (Jurassic, Oxfordian) apparently inhabited al-
most the same habitat in the middle epipelagic zone (50–100 m), although they mi-
grated to deeper areas as young juveniles and inhabit again cooler waters as adults.

Two main groups with different ontogenetic strategies based on the δ18O data 
were established by Lukeneder et al. (2010). The first is the wcw–type (warm–cool–
warm type) of Cadoceras. Its lif strategy resembles those of Nautilus and Sepia, 
which migrate from shallow into deeper environments and back in ontogeny. The 
second is the cw–type (cool–warm type) of Hypacanthoplites. It resembling the first 
two migration phases of the cwc–type of Spirula (cool–warm-cool type), which 
migrates from deeper into shallower waters and back again.

δ18O values as proxies for paleotemperature and paleohabitat-depth estimates 
show that Campanian taxa from Japan of all morphogroups and ammonoid fami-
lies ( Tetragonites, Damesites, Hauericeras, Polyptychoceras) inhabited shallow-
er waters than indicated earlier. This contrasts with the opinion of Moriya et al. 
(2003), who assumes a bottom-dwelling demersal lifestyle for all Late Cretaceous 
ammonoids they measured. They therefore suggested that the ammonoids from 
Japan undertook no long- or short-term vertical migrations. They measured only 
the body chambers of the specimens. This hinders any conclusions on life-history 
trends. Applying the scheme of Lukeneder et al. (2010) on ammonoid and extant 
cephalopod habitats, water depth and temperature yielded a somewhat divergent 
picture: dispersal during ontogeny is evident. The range for all included taxa from 
the Cretaceous ammonoids of Hokkaido would then be 70–350 m, i.e. exclusively 
lower to middle epipelagic (the middle epipelagic zone dominates). The exception 
is the Phylloceratina ( Hypophylloceras). They were restricted from the upper meso-
pelagic to middle epipelagic, a range from 100–300 m; this contrasts with the much 
deeper values given in the literature (up to 600 m). This means that the difference in 
depth and habitat between Phylloceratina, Lytoceratina, Ammonitina and Ancylo-
ceratina are not as large as previously thought. Nonetheless, a shallowing gradient 
is evident from smooth to fine-ribbed types of Phylloceratina ( Hypophylloceras, 
Phyllopachyceras) and Lytoceratina ( Tetragonites, Gaudryceras), over stronger 
ribbed types of the Ammonitina ( Eupachydiscus, Yokoyamaoceras) to heteromorph 
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Ancylocetratina ( Polyptychoceras). At least Polyptychoceras (i.e., Pp1 to Pp2) 
appears to have migrated during ontogeny from the lower epipelagic at 200 m to 
shallower epipelagic zones at 60 m.

The conclusion in Moriya et al. (2003) that all species of the taxonomically 
diverse assemblage investigated were entirely demersal throughout their lives 
was challenged by δ18O data presented by Henderson and Price (2012) for Late 
Cretaceous ammonoids ( Acanthoceras, Euomphaloceras) from Australia. The 
highly negative δ18O values were interpreted as indicating the growth of strongly 
ornamented morphogroups in near-surface waters. This conflicts with the interpre-
tation of a deep marine nektobenthic life habit and with data from Late Cretaceous 
(Campanian) planispiral taxa recorded by Moriya et al. (2003).

Stable isotope data from Cretaceous (Albian) ammonoids of Madagascar 
( Eotetragonites, Cleoniceras, Desmoceras, Douvilleiceras) were given by Zakha-
rov et al. (2011). Concerning the data as ontogenetic rows, the interpretation re-
garding the paleotemperature and habitat of the Albian Madagascan sea (tropical–
subtropical zone) reflects habitats from upper mesopelagic to lower epipelagic for 
these ammonoids, with a general depth range from 70–400 m. The Lytoceratina 
with Eotetragonites appear to be the only inhabitants of the upper mesopelagic 
layers at 200–400 m. Contrastingly, Westermann (1996) suggested a shallower epi-
pelagic range from 100–180 m based on siphuncle index estimations. The Albian 
members of the Ammonitina lived within the lower epipelagic zone. There are two 
finely ribbed forms: Cleoniceras shows a depth range from 100–200 m (max. depth 
250 m in Westermann 1996) with a constant ontogenetic trend, whereas Desmoc-
eras ranges from 70–250 m (min. depth 180 m in Westermann 1996). The ontoge-
netic trend in Desmoceras shows a major habitat change, i.e., a deepening in adult 
stages. Strongly ribbed Ancyloceratina like Douvilleiceras are relatively shallow-
water inhabitants of the middle epipelagic at depths of 70–90 m, slightly increasing 
in ontogeny. The Albian nautiloid Camytoceras inhabited a depth of c. 180–200 m 
(not ontogenetically measured) in the range of extant Nautilus.

Based on δ18O values for ammonoids, the rule of thumb that ‘Trachyostraca’ 
dominated above 200 m depth in the neritic epipelagic zone, whereas ‘Leiostraca’ 
dominated in the lowermost epipelagic and deeper mesopelagic zones, appears to 
be valid. There were, however, exceptions. In general, ammonoids were mostly 
adapted to neritic areas associated with the continental shelf. Crucial for future work 
on stable isotope trends in mobile and migrating ammonoids is an understanding 
of ocean stratification during the Jurassic and Cretaceous (Hay 2008). Knowledge 
about the presence or absence of a pycnocline and hence the thermal structure of the 
ocean bodies will improve our understanding of δ18O data from cephalopod shells 
in the Mesozoic.

A major difference in the modes of life of many ammonoids compared to the 
extant cephalopods Nautilus, Sepia, and Spirula occured in the latest adult stage. 
All extant examples tend to retreat into the deepest environments as mature adult 
animals ( Spirula, Sepia) or remain there throughout their post-juvenile phase 
( Nautilus). In contrast, all measured ammonoids except for Perisphinctes display 
a clear tendency to migrate into shallower environments in their latest ontogenetic 
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stage (mature, fully grown; Lukeneder et al. 2010). Sexually dimorphic ammonoids 
might have reached maturity at different ages, earlier in males and later in females. 
Additional stable isotope analyses of antidimorphic pairs will help to test this hy-
pothesis.

Caution should be exercised when estimating or assuming an ammonoid–facies 
dependency. Ammonoids were probably dependent on a specific environment, 
reflected today in the lithology/facies of the host rock. Ammonoids were prob-
ably capable of migrating between different habitats, or at least of escaping from 
hostile environmental changes (e.g., oxygen depletion, anoxia), giving rise to new 
populations. Such new faunal constituents are marked by distinct morphological 
adaptations to shallow or deeper environments, predominantly triggered by water 
energy and hydrostatic changes, and less bound to facies. Highly morphologically 
variable species challenge the paradigms that explicitly require a dependency of 
shell morphology and a special mode of life. Single species exhibiting numerous 
morphotypes, for example from oxycone to serpenticone detected in a single rock-
layer were also able to inhabit the same habitat (pelagic areas) without any sepa-
ration into morphogroups reflecting special facies dependence. An expansion of 
shallow-water areas can, however, influence morphological evolution of ammonoid 
shells, mainly during sea level transgressions onto shelves.

The main prey for ammonoids was most likely zooplankton from different water 
layers, from mid-water to benthic areas. Ostracods, foraminifera, tiny ammonoids 
(e.g., mandibles of juveniles hint at cannibalism ; Summesberger 2000) and planktic 
crinoids have been detected in stomach/crop content (Jäger and Fraaye 1997; Keupp 
2007; see also Milson 1994), indicating that they were important food sources. The 
feeding strategies of ammonoids suggest that they probably ate everything they 
could reach, foraging as demersal herbivores, scavengers or even as active nektic 
carnivores.

The implications from ammonoid shell damage caused by predators are twofold. 
Predation can take place directly in the water column by mosasaurs, sharks, bony 
fishes and invertebrates (other cephalopods) or near the sea floor by, e.g., crusta-
ceans, causing sublethal or lethal injuries. Abundant injuries caused by crustaceans 
hint at a (at least temporal) demersal life or benthic resting times. This recognition 
significantly changed the opinions presented in the past. A more demersal, nekto-
benthic to benthic life (indicated by the frequency of injuries) was suggested by 
some authors. Some ammonoids speculatively undertook vertical diurnal migra-
tions, crossing different oceanic strata of the epipelagic to upper mesopelagic zones. 
This is characteristic for many planktic ocean dwellers and for nektobenthic genera 
such as Nautilus and Spirula.

Different ammonoid groups show major differences (size, morphology) in 
embryonic stages, not assessing where the eggs were stored (i.e., water column 
or benthic areas). The spawning strategy in ammonoids (r-strategy, 100–500 000 
eggs per mother animal) contrasts with that of extant nautiloids (K-strategy, < 10 
eggs or capsulae). The dispersal mechanisms of the planktic hatchlings and subse-
quent neanic ammonoids were entirely passive and depended on currents. Dispersal 
distance ranged from tens of kilometers in enclosed epeiric seas, over a few hundred 
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kilometers on shelf seas, to up to 1000–2000 km in the open ocean. Planktic stages 
drifted passively, making up a large part of the Mesozoic plankton in shelf seas and 
adjoining oceans.

The postmortem history of ammonoids can change our picture of an assemblage 
in diverse ways. Shells that reach the sea surface after death can drift over long 
distances or long times. Postmortem drifting is enhanced when predators or scav-
engers remove the soft body from the shell, increasing buoyancy. This obscures the 
primary habitat and depth of death. In contrast, those shells that became negatively 
buoyant at a certain depth and sank to sea floor reveal a more reliable nearly autoch-
thonous picture of the primarily deeper habitat. The path of a shell after the animal’s 
death is controlled by several environmental factors such as depth at death, the ini-
tial buoyancy of the empty shell, the morphological and physiological parameters 
of the shell, and the rate of sea water influx into the phragmocone. Sinking history 
can also be detected by analyzing the encrusting community and its position. Buc-
cal masses found within body chambers provide a useful criterion for evaluating 
postmortem transport. In situ buccal masses (upper and lower jaws) are suggested 
to reflect an in situ deposition of the ammonoid.

New stable isotope data (δ13C, δ18O) extracted from original shell materials 
(aragonite) revealed different ammonoid lifestyles (e.g., wcw–type, cw–type, wc-
type), ontogenies, and varying habits in different habitats. Additional work on these 
isotopes and on the composition of ammonoid shells will enhance our knowledge 
on lifestyles and habitats. Exact ontogenetic measurements of δ13C and δ18O from 
neanoconchs to adult stages, from ammonitellae to terminal apertures, are crucial in 
future investigations on ammonoids.
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19.1  Introduction

From the middle Paleozoic to the end of Mesozoic, ammonoids represent one of 
the major constituents of macro-organisms that are preserved as fossils in the epi-
continental seas. Their rich fossil records and remarkable diversification of shell 
forms in space and time indicate that ammonoids are one of the best examples for 
understanding relationships between evolution of marine biota and changes in pa-
leoenvironment and/or paleoceanography. The biotic and abiotic components in the 
ancient ocean are, obviously, closely connected through the chemical cycles and en-
ergy flow in the ancient eco-system. Therefore, for understanding the cause and/or 
effect of diversity change or extinction events in the ancient earth- and eco-system, 
identifying ecological niche, such as habitat, food habit, life history strategy, etc., of 
ammonoid species is extremely important.

The mode of life of ammonoids has hitherto been investigated based mainly on 
functional morphology of their shells, as well as synpaleoecological analyses of 
fossil assemblages. The previous approaches on the basis of functional morphology 
are roughly divided into three aspects; (1) buoyancy of the animal including both 
a shell and a supposed soft part, (2) swimming and mobility and (3) depth habitat.

Many workers (Trueman 1941; Heptonstall 1970; Ebel 1983; Saunders and 
Swan 1984; Saunders and Shapiro 1986; Ebel 1992; Shigeta 1993; and others) cal-
culated density of living ammonoids based on shell thickness, volume ratio between 
a phragmocone and a body chamber, and the estimated density of the hypothetized 
soft part. Although there are some ambiguities, such as accuracy of shell thickness 
calculations based on theoretical models, quantity of cameral liquid in the phrag-
mocone and the supposed soft part density, most previous studies, excluding Ebel 
(1983, 1992) and Shigeta (1993), estimated that living ammonoids had a density 
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almost equivalent to that of seawater (= neutral buoyancy). The neutral buoyancy 
hypothesis was subsequently supported by theoretical morphological consider-
ations on the mode of coiling and life orientation of some Cretaceous heteromorph 
ammonites (Okamoto 1988a, b).

It has been shown that shell stability (determined by the distance between the 
centers of gravity and buoyancy), shell size and drag coefficient are the important 
factors in estimating swimming ability of ammonoids (Chamberlain 1976; Jacobs 
1992; Jacobs and Chamberlain 1996). One of the outcomes of these studies is that, 
a laterally compressed morphology is more advantageous in a flow at higher Reyn-
olds numbers, while a thicker morphology is more advantageous at low Reynolds 
numbers (Jacobs 1992). This correlation between relative shell thickness and Reyn-
olds number, which is proportional to current velocity, is partly supported by a field 
observation (Bayer and McGhee 1984; Jacobs et al. 1994; Kawabe 2003). Another 
aspect of mobility is (diurnal) vertical migrations. Living chambered cephalopods 
( Nautilus, Sepia and Spirula) had long been considered to move vertically by con-
trolling the amount of cameral liquid using osmotic pressure of the blood vessels 
(Denton and Gilpin-Brown 1973). In fact, direct observations of vertical move-
ments of Nautilus with remote telemetry (Carlson et al. 1984; Ward et al. 1984), and 
detailed isotope record (Oba et al. 1992) seem to support this idea. This observation 
in modern Nautilus has been proposed for ammonites (e.g. Westermann 1996). Be-
cause the water depth in which efficient pumping using the simple osmotic mecha-
nism can be accomplished is estimated to be shallower than 240 m (Greenwald 
et al. 1980), ammonoids which inhabited deeper part of the water column might 
have often needed to ascend to shallow waters to pump out the cameral liquid  
(Westermann 1989). However, Greenwald et al. (1982) studied the Nautilus sip-
huncle at the ultrastructural level and documented the presence of structures associ-
ated with a hyperosmotic pump, which enables them to discharge cameral liquid 
in deep water. Consequently, the argument for the ammonoid vertical movement 
by means of pumping out the cameral liquid with simple osmotic pressure lost the 
positive evidence.

A third aspect is habitat depth of ammonoid animals. The habitat depth of am-
monoids has been estimated based on mechanical strength of the shell against ambi-
ent hydrostatic pressure. Such indices as Siphunclar Strength Index (Westermann 
1971), Septal Flute Strength (Hewitt and Westermann 1987), Septal Amplitude In-
dex (Batt 1991), etc. have been proposed to estimate the mechanical strength of the 
shell, and those indices are calibrated as absolute habitat depth by the implosion 
depth of Nautilus shell. Based on the fact that these indices show wide variation 
among various Mesozoic ammonoid morphotypes, Westermann (1996) suggested 
that Mesozoic ammonoids had various habitat depths. However, the implosion 
depth of the shell of living Nautilus does not represent an actual preferred depth of 
the animal. Direct observations using a remote camera and capture records using 
baited traps have demonstrated that the optimal habitat depth of Nautilus ranges 
from 150 and 300 m deep in Palau and between 300 and 500 m deep in Fiji (Saun-
ders 1984; Hayasaka et al. 1987; Dunstan et al. 2011), whereas the shell implosion 
depth of Nautilus is comparable to 800 m deep (Kanie et al. 1980). Although these 
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analyses in functional morphology gave us many great suggestions for considering 
ammonoid ecology, reasonable questions unanswered are still left on a table for 
future discussion.

Neutral buoyancy and swimming by jet propulsion of water in ammonoids have 
been suggested by a number of indirect evidence. On the other hand, inferences of 
vertical movements and the habitat depths appear to be highly suspicious. If am-
monoids were distributed at various depths in the water column (including shallow 
water), carcasses of ammonoids would have been widely dispersed by post-mortem 
drift (Maeda and Seilacher 1996). Contrary to this expectation, some previous stud-
ies on faunal distributions of ammonoid assemblages have shown that spectra of 
faunal compositions are closely related to lithofacies (Scott 1940; Tanabe 1979; 
Cecca 1992; Olóriz et al. 1993). These facies-dependent occurrences of ammonoids 
suggest that ammonoid carcasses were not transported for a long distance by the 
post-mortem drift, except water column was shallow, which implies those ammo-
noids did not inhabit shallower part of the water column.

Recently, new data on ammonoid anatomy and/or ecology have been revealed 
from investigations of samples showing exceptional preservations (Lagerstätten) 
(Tanabe et al. 2000; Klug et al. 2012 and references therein), and a new extremely 
high resolution imaging technique (Kruta et al. 2011). While most of the soft part 
preservations are reported on buccal masses, sometimes including radulae, Tanabe 
et al. (2000) found and investigated a phosphatized siphuncle of Permian Akmil-
leria electraensis. They showed that microanatomy of the siphuncle of Akmilleria 
is almost identical to that of living cephalopods, indicating that “ammonoids could 
control their buoyancy by transferring liquid osmotically between chambers and 
blood vessels of the siphuncle (Tanabe et al. 2000)”. Kruta et al. (2011) reported 
potential food remains in a buccal mass of Cretacesous Baculites. They found both 
benthic (demersal) and palnktic micro-organisms in the buccal mass, and concluded 
“these ammonites fed on small organisms in the water column, rather than capturing 
and eating large prey on the ocean bottom, as exemplified by living nautilus (Kruta 
et al. 2011)”. This evidence implies that aptychophoran ammonoids were detritus 
and/or suspension feeders, rather than scavenger like modern nautilus. These new 
findings from fossils showing exceptional preservations present direct evidence on 
ecology and/or physiology of ammonoids. While these examples are especially im-
portant for discussing ammonoid ecology, very unfortunately, occurrences of these 
examples are rare.

In addition to analyses of the physical evidence of fossil materials, geochemi-
cal signatures of ammonoid shells potentially provide us an additional piece of 
information on ammonoid ecology. Although behavior and/or physiology of am-
monoids have became better understood with examinations of extraordinarily pre-
served fossils and/or cladistics (e.g. Jacobs and Landman 1993; Tanabe et al. 2000), 
morphological analyses still need some assumptions (e.g. morphology of soft part, 
physiological processes, etc.) On the other hand, geochemical signatures preserved 
in ammonoid shells are, ideally, controlled by chemical and/or physicochemical 
processes. Therefore, geochemical signatures of both modern and fossil biominerals 
are encoded by the same processes, which reduces number of assumptions neces-
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sary for understanding ecology of ancient animals secreting calcareous hard parts. 
Chemical compositions of aragonite, comprising a shell of ammonoids, precipitated 
in the ocean record a variety of physical and chemical qualities of the ocean, such as 
ocean circulation, pH, productivity, salinity, temperature, etc. (cf. Austin and James 
2008; Hillaire-Marcel and de Vernal 2008). Among these properties, temperature is 
especially informative for understanding ammonoid ecology. Sinusoidal tempera-
ture fluctuations with ontogeny, which might be attributable to seasonal seawater 
temperature variations, would provide the growth rate of the individuals (Stahl and 
Jordan 1969; Jordan and Stahl 1970; Fatherree et al. 1998). When the ammonoid 
calcification temperatures are compared with the thermal structure of the water col-
umn that those ammonoids inhabited, the habitat depth of each ammonoid species 
and ontogenetic migration could be determined (Anderson et al. 1994; Moriya et al. 
2003; Lukeneder et al. 2010). Examples of these geochemical studies on ammonoid 
shells are summarized in Chap. 3.5 of this volume. In this chapter, the nature of 
geochemical signatures of ammonoid shells is summarized from the practical point 
of view with a little information of background knowledge and potential pitfalls.

19.2  Geochemical Signatures Recorded on Ammonoid 
Shells

Ammonoids, known as a group of extinct ectocochleate cephalopods, secrete cal-
careous hard parts composed of aragonite. Aragonite, which is often found as a 
biomineral in many groups of animals in many geological periods, is orthorhom-
bic calcium carbonate. Biologically precipitated marine aragonite includes not only 
calcium, but also many other metal elements as a solid solution and/or interstitial 
contaminations, for example, boron, magnesium, strontium, cadmium, barium, ura-
nium, and many others. In addition to carbon and oxygen isotopic compositions of 
carbonate, abundance of these metals relative to calcium and isotopic ratio of these 
metals are empirically used for paleoenvironmental proxies. For example, the rela-
tive abundance of Sr (Sr/Ca), which can replace Ca in the lattice as a substitutional 
solid solution, is commonly used as a paleotemperature proxy (Gagan et al. 2000; 
Henderson 2002 and many others). However, since those trace metals could be pref-
erentially dissolved and altered through diagenesis (e.g. Cochran et al. 2010), using 
trace metal proxies on fossil material would be difficult in some cases. Diagenesis 
of geochemical signals in fossil materials will be discussed below.

On the other hand, carbon and oxygen isotopic ratios of marine biogenic arago-
nite are much more promising geochemical signatures. Compared with the oxygen 
isotopic composition, which is a function of calcification temperature and oxygen 
isotopic ratio of the solution (seawater), the carbon isotope signal is a little more 
complicated. In this section, theoretical and empirical backgrounds of these isotopic 
signatures are briefly summarized.
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19.2.1  Oxygen Isotope Thermometry

Since Urey (1947), MacCrea (1950), and Epstein et al. (1953) discovered that the 
stable oxygen isotopic ratios of calcium carbonates correlate with the temperature 
of the water in which they are precipitated, and developed a method to evaluate 
paleotemperatures, many authors have attempted to assess ancient or present day 
seawater temperatures from biologically precipitated calcium carbonates (e.g. 
Wefer 1985; Wefer and Berger 1991 and references therein). The oxygen isotope 
paleothermomety is especially well-developed in the field of paleoceanography for 
estimation of sea surface temperature and deep-sea temperature in both geological 
and seasonal time scales in the Earth history (e.g. Emiliani 1954; Shackleton and 
Opdyke 1973; Shackleton and Kennett 1975; McCulloch et al. 1994; Leder et al. 
1996; Gagan et al. 1998; Suzuki et al. 1999; Suzuki et al. 2001; Zachos et al. 2001; 
Zachos et al. 2008; Watanabe et al. 2011; Friedrich et al. 2012).

19.2.1.1  Concepts and Equations for Oxygen Isotope Thermometry

On the basis of theoretical prediction of Urey (1947) that the fractionation of oxygen 
isotopes between calcium carbonate and water should vary with the temperature of 
the water, many authors determined equilibrium fractionation factors αcarbonate–water 
and/or temperature equations in both synthetic and biogenic carbonates (cf. Gross-
man 2012). αcarbonate–water is the fractionation factor between carbonates and water, 
and described as follows:

 

(19.1)

While most of the studies of the temperature dependency of the fractionation factor 
α have been made on calcite, Kim et al. (2007) finally made a systematic work on 
synthetic aragonite (Table 19.1). The temperature dependency of αcarbonate–water they 
proposed over the temperature range of 0–40°C is described as follows:

 

(19.2)

where T is temperature in Kelvin. Instead of reporting the temperature dependency 
of the fractionation factor, Grossman and Ku (1986) reported the empirical and 
conventional temperature scale over the temperature range of 2.6–22°C on the basis 
of oxygen isotope analyses of modern aragonitic benthic foraminifers and molluscs. 
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They reported temperature dependency of ( δ18Οc–δ18Ow), where δ18Οc is oxygen 
isotopic composition of a carbonate analyzed; δ18Ow is oxygen isotopic composition 
of seawater (Table 19.1).

Oxygen isotopic ratio is reported in delta notation relative to international refer-
ence standard, which are VPDB (Vienna Peedee Belemnite) and VSMOW (Vienna 
Standard Mean Ocean Water) (IAEA 1995). The delta value is described as follows:

 

(19.3)

Therefore, δ18O should now always be reported relative to VPDB ( δ18O(VPDB)) or 
VSMOW ( δ18O(VSMOW)). However, since Grossman and Ku (1986) reported oxygen 
isotopic compostion of seawater relative to“average marine water”, and they used 
0.2‰ for conversion of δ18O of CO2 equilibrated to seawater into δ18O of CO2 
evolved from the reactin between carbonates and phosphoric acid, the equation is 
revised by Hudson and Anderson (1989) for δ18Oc(VPDB) and δ18Ow(VSMOW) (see Ep-
stein et al. 1953; Grossman and Ku 1986; Grossman 2012 for details). However, a 
precise method for obtaining the revised equation was not described in Hudson and 
Anderson (1989), and they only made a revision to equation (1) of Grossman and 
Ku (1986) (the equation for all aragonitic tests including benthic foraminifers and 
molluscs), so all three conventional temperature scales reported in Grossman and 
Ku (1986) are reassessed herein (Fig. 19.1, Table 19.1). The regressions shown in 
red solid lines represent reduced major axis regressions obtained herein (Fig. 19.1b, 
c, d). All data used in this reassessment are from Grossman and Ku (1986). As 
mentioned in Grossman and Ku (1986), since both in situ temperatures ( y axis) and 
oxygen isotopic compositions ( x axis) include analytical error, a type II regression 
is employed. The regressions yield the following equations:

 (19.4)

 (19.5)

 (19.6)

where T is temperature in Celsius; δ18Oc(VPDB) is oxygen iosotpic composition of 
the aragonaite analyzed; δ18Ow(VSMOW) is oxygen isotopic composition of seawater. 
Equations (19.4), (19.5), and (19.6) are for all data including benthic foraminifers 
and molluscs, live benthic foraminifers, and molluscs (gastropods and scaphopods), 
respectively. 95 % confidential and prediction intervals of least square regres-
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Fig. 19.1  Oxygen isotopic paleotemperature equations for mollucan biogenic aragonite. (a) Inter-
comparison of temperature scales published by Grossman and Ku (1986) (reassessed in this study), 
Watanabe and Oba (1999), and White et al. (1999). Since Watanabe and Oba (1999) determined 
the temperature scale against [( δ18Oc against VPDB)−( δ18Ow against Average Marine Water)], 0.2 
is subtracted from δ (see Grossman (2012) for detail). (b) Revised temperature scale for aragonitic 
molluscs and benthic foraminifers. Black solid, dotted, and dashed lines represent the least square 
regression, 95 % confidential interval, and 95 % prediction interval for the regression, respectively. 
Red solid line shows the reduced major axis regression determined in this study. All data shown 
in black solid circles are cited from Grossman and Ku (1986). (c) Revised temperature scale for 
aragonitic live benthic foraminifers. Black solid, dotted, and dashed lines represent the least square 
regression, 95 % confidential interval, and 95 % prediction interval for the regression, respectively. 
Red solid line shows the reduced major axis regression determined in this study. All data shown in 
black solid circles are cited from Grossman and Ku (1986). (d) Revised temperature scale for ara-
gonitic molluscs. Black solid, dotted, and dashed lines represent the least square regression, 95 % 
confidential interval, and 95 % prediction interval for the regression, respectively. Red solid line 
shows the reduced major axis regression determined in this study. All data shown in black solid 
circles are cited from Grossman and Ku (1986). lsq; least square regression. rma; reduced major 
axis regression. δ18Oc; oxygen isotopic composition of carbonate analyzed. δ18Ow; oxygen isotopic 
composition of water. δ = ( δ18Oc−δ18Ow)
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sions are also shown in Fig. 19.1b, c, and d. In additon to the pionieering work of 
Grossman and Ku (1986), White et al. (1999) determined the temperature depen-
dency of fractionation factor αaragonite–water and a conventional temperature scale on 
the basis of oxygen isotopic analyses of non-marine gastropods. However, since 
they determined those conventional temperature scales in relatively lower tempera-
ture regime (2.6–22 °C), those scales are not applicable for materials obtained in the 
warm climate interval and tropical regions. On the other hand, Watanabe and Oba 
(1999) reported a conventional temperature scale in a higher temperature regime 
with oxygen isotopic analyses of a shallow marine tridacnid bivalve (Fig. 19.1a). 
The conventional temperature scales reported in these studies are slightly different 
from each other. However, considering the prediction intervals of these equations 
shown in Fig. 19.1b, c, and d, equations reported in Grossman and Ku (1986) and 
White et al. (1999) are indistinguishable each other (Fig. 19.1). Additionally, these 
biogenic aragonite–water fractionation curves are also statistically indistinguish-
able from the abiotic aragonite–water fractionation curve reported by Kim et al. 
(2007), indicating that these biogenic aragonite shells are precipitated at or very 
close to isotopic equilibrium.

Although the equation reported by Watanabe and Oba (1999) at the higher tem-
perature regime is also similar to the extrapolation of the equation of Grossman and 
Ku (1986), slopes of the equation are different from each other. These results imply 
that extrapolating the equation of Grossman and Ku (1986) to the higher tempera-
ture regime or that of Watanabe and Oba (1999) to the lower temperature regime 
might produce artificial errors on paleotemperature calculations. In fact, even in 
an inter-comparison in the lower temperature regime, each equation gives slightly 
different paleotemperature estimation (Table 19.1). Considering the temperature 
range in which each equation is applicable, it should be emphasized that using the 
equation reported by Kim et al. (2007) would be appropriate for paleotemperature 
estimation on ammonoids, especially in the greenhouse interval.

19.2.1.2  Vital Effect

For oxygen isotope thermometry, one of the most important things one should be 
aware of is that the biogenic aragonite as an analyte be precipitated under isotopic 
equilibrium. However, biogenic aragonite can be precipitated under isotopic dis-
equilibrium with ambient water because of many biological processes involved, 
such as growth rate, precipitation rate of aragonite, feeding, symbiosis, etc. The 
biogenic process making isotope disequilibrium is called a vital effect (Urey et al. 
1951). The vital effect on biogenic aragonite precipitation can be found in many 
groups of animals (Veizer 1983; Wefer and Berger 1991; Veizer 1992). In com-
parison with carbon isotopes, which will be mentioned below, while the vital ef-
fect might not be prominent on oxygen isotopes (Wefer and Berger 1991), some 
examples have been known hitherto in corals, echinoderms, foraminifers, etc. (e.g. 
Weber and Raup 1966; Williams et al. 1981; McConnaughey 1989; Bemis et al. 
1998). However, in some animals, a significant correlation between δ18O and am-
bient temperature has been observed, even when they show a vital effect for δ18O 
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(Bemis et al. 1998; Gagan et al. 2000). In modern ocean, ( δ18Oc–δ18Ow) and in situ 
temperature can be directly measured and an original temperature scale for each 
species of animals can be established as mentioned above. However, it is impossible 
to assess the presence or degree of vital effect in extinct fossil animals including 
ammonoids.

If we could assume that biomineralization processes of cephalopods, including 
proteins and enzymes involved, are conservative through their evolutional histo-
ry, we might be able to find a clue from a phylogenetic position of ammonoids. 
On the basis of cladistics analyses, Ammonoidea is a sister group of Coleoidea 
(e.g. Ruppert et al. 2004). Since both modern nautiloids and coleoides secrete their 
shells at or very close to isotopic equilibrium (Landman et al. 1994; Bettencourt and 
Guerra 1999), we assume that ammonoids also secrete their shells at or very close 
to isotopic equilibrium. As mentioned in the previous section, both marine and non-
marine molluscs often secrete their shells under isotopic equilibrium. Additionally, 
neither Tridacna, bearing photosymbionts, nor Calyptogena, bearing chemosymbi-
onts, show a sign of vital effects on oxygen isotopic compositions (cf. Kulm et al. 
1986; Romanek and Grossman 1989; Grossman 1993). Therefore, although there 
is no direct evidence, we hypothesize that ammonoids secrete their shells at or very 
close to isotopic equilibrium for oxygen isotopes.

19.2.1.3  The Effect of Diagenesis on Isotopic Signals

The other process that can alter the original isotopic signals on ammonoid shells is 
diagenesis of fossil materials. During the diagenesis, metastable aragonite, compris-
ing ammonoid shells, can be partly or completely dissolved and replaced by neo-
morphic aragonite or calcite, depending on Mg ion concentration of the solution. 
Since original geochemical signals are altered by diagenesis, pristine aragonitic 
shells are required for geochemical analyses. Diagenesis, including dissolution of 
the original materials, can happen in both marine and meteoric water.

The fully marine epicontinental ocean, where many ammonoid fossils have 
been buried, is saturated in aragonite and calcite in the period of relatively low 
atmospheric carbon dioxide concentration, so abiotic secondary aragonite or calcite 
would be precipitated within and/or on the surface of shell materials. The precipita-
tion of abiotic secondary aragonite is well known in modern corals (Enmar et al. 
2000; Sayani et al. 2011). When Mg/Ca ratio in the ocean water is relatively low 
(calcite sea), calcite would be precipitated. On the other hand, the dissolution of 
aragonite shells might happen when the atmospheric carbon dioxide concentration 
is relatively high, as is predicted in future ocean acidification.

When sedimentary rocks containing ammonoid fossils are delivered to a subaer-
ial condition, fossils may be exposed to meteoric water. Because aragonite is easily 
dissolved in undersaturated meteoric water, original shell materials are dissolved 
and neomorphic calcite can be precipitated (Veizer 1992). This meteoric digenesis 
is possibly more important, because ammonoid fossils for geochemical analyses are 
usually obtained from outcrops.
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Because of the oxygen isotopic fractionation between water vapor and liquid 
water, precipitation and ground water are usually depleted in 18O (Gat et al. 2001; 
Geyh 2001). Dissolved inorganic carbon within meteoric water is also depleted in 
heavier species because of enhanced 12C input from the decomposition of organic 
matters. Therefore, δ13C and δ18O of diagenetic carbonates are lower (more nega-
tive) than those in original biogenic carbonate (Brand and Veizer 1981; Mitchell 
et al. 1997; Moriya 2008; Cochran et al. 2010) (Fig. 19.2). As a result, δ13C and δ18O 
of altered materials lie on a covariant mixing line (Mitchell et al. 1997; Cochran 
et al. 2010) (Fig. 19.2), and are described with conventional mass balance equation:

 (19.7)

where δori is δ value of original pristine aragonite; δdia is δvalue of diagenetic car-
bonate; δtotal is δ value of analytes; A is relative amount of original aragonite in 
wt %. The result of this conventional mass balance calculation is shown in Fig. 19.3, 
assumming δ value of original aragonite equals to zero. When δdia is −10‰, contam-
ination of only 5 wt % diagenetic carbonate makes 0.5 ‰ shift in δtotal. According to 
temperature scales discribed above (Table 19.1), 0.5 ‰ shift in δ18O is comparative 
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to approximately 2 °C shift in temperature estimation. Therefore, choosing pristine 
preserved materias is especially important for isotope analyses.

Many criteria for selecting well preserved materials have been proposed to iden-
tify degree of diagenesis on fossil materials. Among them, mineralogical and el-
emental analyses are especially informative for assessing the effects of diagenetic 
alteration on original aragonitic shell materials (Brand and Veizer 1980; Brand and 
Veizer 1981; Popp et al. 1986; Anderson et al. 1994; Cochran et al. 2010). Because 
aragonitic fossils are easily dissolved in meteoric water and neomorphic calcite will 
be precipitated, mineralogical analyses on X-ray diffractometer is commonly em-
ployed (e.g. Davies and Hooper 1963; Anderson et al. 1994; Moriya et al. 2003). In 
addition to mineralogical analyses, trace element compositions are also revealing. 
Comparing to marine water, meteoric water is depleted in Mg and Sr concentrations, 
so Mg/Ca and Sr/Ca tend to decrease through diagenesis. On the other hand, since 
meteoric water is enriched in Fe and Mn concentrations, Fe/Ca and Mn/Ca increase 
with diagenesis and showing positive correlation (Brand and Veizer 1980; Popp 
et al. 1986; Tucker and Wright 1990; Anderson et al. 1994; Moriya et al. 2003). 
However, in a specific geological background, Sr/Ca would increase with diagene-
sis (Cochran et al. 2010). Because trace element compositions are altered from their 
original value in any case, it is one of promising indices for evaluating diagenesis on 
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Fig. 19.3  Contour diagram showing the mass balance modeling of diagenetic alteration of isoto-
pic value against relative amount of diagenetic carbonate in wt %. δ value of original unaltered 
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δ value of carbonate minerals to be analyzed. For example, when carbonate as an analyte has con-
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ammonoid fossils. Although it is relatively qualitative, instead of quantitative, ob-
servation of shell microstructure under scanning electron microscope is also useful 
(Moriya 2008; Cochran et al. 2010). Because diagenesis on geochemical signatures 
of aragonitic fossils is always accompanied by dissolution and/or precipitation of 
neomorphic carbonates, visual observations showing pristine shell microstructure 
assure the preservation of geochemical signature (Cochran et al. 2010; Sayani et al. 
2011).

Compared to isotopic compositions, trace element compositions are more sensi-
tive to diagenesis (Brand and Veizer 1980; Popp et al. 1986; Anderson et al. 1994; 
Cochran et al. 2010). In particular, although both Sr/Ca and δ18O are proxies for 
paleotemperature, Cochran et al. (2010) showed that δ18O is more durable against 
diagenesis in terms of SEM preservation index (PI). According to Cochran et al. 
(2010) PIs are defined as follows;

• PI = 5 (Excellent; Fig. 19.4a, b): Surface clean and unetched; internal nacreous 
tablets distinct from adjacent layers and well-defined. Samples at this level of 
preservation are indistinguishable from nacreous shell structure in modern mol-
lusks (for example, Nautilus),

• PI = 4 (Very Good; Fig. 19.4c, d): Surface clean and unetched; nacreous tablets 
well defined, but their surfaces are slightly irregular and boundaries between 
adjacent tablets are slightly less distinct than in excellent preservation,

• PI = 3 (Good; Fig. 19.4e, f): Surface good, but shows some signs of etching; 
nacreous tablets are visible, but show the onset of fusion with adjacent tablets. 
Specimens in this group may show a range of preservation, such that SEM im-
ages from different parts of the shell show variation in preservation,

• PI = 2 (Fair; Fig. 19.4g, h): Surface shows etching; nacreous tablets are discern-
ible, but show fusion with adjacent layers,

• PI = 1 (Poor; Fig. 19.4i, j): Surface is significantly etched; nacreous tablets are 
indistinct and fused with adjacent layers.

In addition to the Sr concentrations in orthorhombic aragonite, selective alteration 
of Mg in trigonal rhombohedral calcite has also been reported (Barker et al. 2005). 
Even in the modern ocean, Mg/Ca ratio of foraminiferal tests is altered because of 
the preferential dissolution of high Mg/Ca regions within the test. Comparing to the 
pristine calcite composed of CaCO3, the regions containing Mg in the lattice are 
assumed to be less crystallized. Therefore, in the process of the initial dissolution, 
those less crystallized regions including more Mg would be preferentially dissolved 
(Bassinot et al. 2004; Barker et al. 2005). The same scenario would be true for Sr/Ca 
in aragonite fossils. In fact, while δ18O stays constant from 5 through 2.5 in PI, Sr/
Ca becomes altered from 4 in PI (Cochran et al. 2010). To conclude, metal/Ca prox-
ies would be less promising in comparison to δ13C and δ18O, except for the materials 
showing exquisite preservation.

Using the weakness of trace element compositions for diagenesis, trace metal 
compositions can be used as an index of diagenetic alteration (Brand and Veiz-
er 1980; Popp et al. 1986; Anderson et al. 1994; Cochran et al. 2010). Although 
trace element compositions are usually determined by inductively coupled plas-
ma–atomic emission spectrometry (ICP-AES), inductively coupled plasma–mass 
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Fig. 19.4  Scanning electron micrographs showing different degrees of preservation (expressed as 
a Preservation Index, PI) of aragonitic nacreous layer of fossils from the late Cretaceous Western 
Interior Seaway. (a, b) “Excellent” preservation (PI = 5) in Baculites compressus: a, surface; b, 
cross-section. (c, d) “Very Good” preservation (PI = 4) in Baculites compressus: c, surface; d, cross-
section. (e, f) “Good” preservation (PI = 3) in Placenticeras meeki: e, surface; f, cross-section. (g, 
h) “Fair” preservation (PI = 2) in Hoploscaphites brevis: g, surface; h, cross-section. (i, j) “Poor” 
preservation (PI = 1) in Placenticeras meeki: i, surface; j, cross-section. Scale bars are shown in 
each panels. Redrawn from Cochran et al. (2010) with permission of American Journal of Science
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spectrometry (ICP-MS) and/or electron probe microanalyses (EPMA), cathodelu-
minescence (CL) are also knows as useful techniques for identifying diagenesis 
(Tucker and Wright 1990). In contrast to dissolution of Mg and/or Sr, Mn and/
or Fe will be incorporated into neomorphic carbonates during diagenesis (Brand 
and Veizer 1980; Tucker and Wright 1990). Since Mn and Fe commonly intensify 
luminescence and produce yellow to orange emission, CL provides nondestructive 
qualitative results (Machel 2000). Table 19.2 shows variety of techniques used for 
identifying diagenesis of ammonoid fossils. According to Cochran et al. (2010), 
when PI is more than 4, δ18O should be unaltered. Although a set of analyses of 
SEM, 87Sr/86Sr ratios, Sr/Ca ratios and X-ray diffraction (XRD) would ideally be re-
quired, observation of PI under SEM is useful to eliminate potentially altered speci-
mens (Cochran et al. 2010). Although, Stahl and Jordan (1969) and Jordan and Stahl 
(1970) did not provide any scanning electron micrographs, they presented XRD 
results. However, some individuals contain a little amount of diagenetic calcite (up 
to 9 %), indicating δ18O may partly be altered. While Anderson et al. (1994) did not 
show scanning electron micrographs as well, they provided precise results of trace 
element compositions which are used for selecting unaltered samples. Since they 
used samples composed of approximately 100 wt % aragonite showing very low Mn 
concentration for isotopic analyses, there results should be secured. Moriya et al. 
(2003) used CL, SEM and EPMA for calcite fossils, and SEM and XRD for arago-
nite fossils. Those calcite and aragonite fossils show extremely low Mn and Fe and 
well preserved shell microstructures, and well preserved shell microstructures and 
approximately 100 wt % aragonite, respectively. Additionally, the scanning electron 
micrographs indicate 5 in PI, which assure the preservation of those fossils. Lécuyer 
and Bucher (2006) made ICP, SEM and XRD analyses. Although it is not clearly 
shown, scanning electron micrographs seem to show 5 in PI, indicating the speci-
men used in their analyses may be well preserved. Lukeneder et al. (2010) provided 
CL, SEM, EPMA and XRD results. While most of their samples seem to show well 
preservation, shell microstructure of Nowakites may show 2 in PI (shown in a scan-
ning electron micrograph in Appendix A-B-C in Lukeneder et al. 2010).

19.2.1.4  Other Factors Affecting δ18O of Ammonoid Shells

Besides the vital effect and diagenetic alteration mentioned above, the original oxy-
gen isotopic composition of biogenic aragonite can be affected by the oxygen isoto-
pic composition of seawater and concentration of bicarbonate ions within seawater 
in which the shell materials are precipitated.

Because both salinity and δ18O of sea surface water are modified by evapora-
tion, they usually show a strong correlation. A salinity increase of 2 resulted from 
enhanced local evaporation is equivalent to an approximately 0.5 ‰ increase of the  
oxygen isotopic composition of sea surface water in the present day equatorial 
Pacific (Fairbanks et al. 1997). As mentioned above, 0.5 ‰ shifts in δ18O corresponds 
to approximately 2 °C shifts in paleotemperature estimation. Considering the me-
ridional gradient of net evaporation rate from the equator to the pole, Zachos et al.  
(1994) discussed a method for adjusting δ18O of sea surface water as a function of 
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latitude in the modern ocean. They proposed an equation between the oxygen isoto-
pic composition of present day sea surface water and latitude as follows:

 (19.8)

where y is the oxygen isotopic composition of sea surface water, and L is the ab-
solute latitude in the range of 0° to 70°. However, since the relationship between 
salinity and δ18O of sea surface water varies regionally, seasonally and/or in longer 
timescales (Rohling and Bigg 1998; Bigg and Rohling 2000; Signorini and Mc-
Clain 2012), prediction of local δ18O of seawater in the geological past is rather 
difficult, especially in the epicontinental ocean. In fact, because of reduced equi-
librium fractionation between water vapor and liquid water, δ18O of precipitation 
and sea surface water in the greenhouse Earth would be significantly different from 
modern values (Ufnar et al. 2004; Zhou et al. 2008). Additionally, δ18O of local 
water would also be different from the zonal mean sea surface δ18O (Zhou et al. 
2008). Therefore, while we have known that there is a meridional gradient in δ18O 
of sea surface water, the precise method for applying this to the ancient ocean is 
still unclear. When comparing isotopic temperature from many different localities 
in different latitudes, we should be kept in mind this meridional δ18O gradient in sea 
surface water.

The other aspect of the salinity effect on δ18O of seawater is associated with river 
input. Since precipitation and river runoff are significantly depleted in 18O, δ18O of 
brackish water in a restricted basin, such as modern Chesapeake Bay, show negative 
δ18O value comparing to the open ocean. As a result, δ18O of aragonite shells also 
become significantly negative value. One potential example is reported by Tsujita 
and Westermann (1998), showing significantly negative δ18O in the late Cretaceous 
ammonoids from northern Western Interior. Since Western Interior became more 
enclosed and restricted in the late Cretaceous (Dean and Arthur 1998), salinity and 
δ18O of seawater/brackish water in northern Western Interior might be decreased. 
If we assume that δ18O of background marine water and river runoff are 0‰ and 
−10‰, respectively, contamination of 20 % of runoff lowers δ18O of carbonate pre-
cipitated by 2 ‰ (cf. Fig. 19.3). Salinity of the water will be 27.2, assuming the 
salinity of background marine water is 34. A modern example of the molluscan 
biocalcification in this kind of blackish water has been described by Elliot et al. 
(2003). They showed that Mercenaria bivalves secrete their shells under isotopic 
equilibrium even in blackish water.

The effect of bicarbonate ion concentration in seawater on the isotopic ratio of 
carbonates has been described by Spero et al. (1997) and Zeebe (1999). According to 
their results, bicarbonate ion concentration, pH, and isotopic composition of seawater 
were discussed in the Cretaceous greenhouse by Zeebe (2001). The δ18O of marine 
carbonate increase with the decrease of pH. For example, on the assumption that pH 
of the Cretaceous seawater is about 7.7 (Zeebe 2001), the oxygen isotopic compo-
sition of the Cretaceous marine carbonate should be more positive than that of the 
modern marine carbonate by 0.7 ‰. Although it is uncertain if the increased atmo-
spheric carbon dioxide concentration would affect the oxygen isotopic compositions 

y L L L= + × − × + × ×−0 576 0 041 0 0017 1 35 102 5 3. . . .    
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of surface and intermediate waters more prominently, or the whole water column 
(Zeebe 2001), this effect may decrease the paleotemperature estimated by about 3 °C 
regardless of latitude. Therefore, differences between surface water temperatures and 
bottom water temperatures might be underestimated in the greenhouse interval.

19.2.2  Carbonate Clumped Isotope Thermometry

In addition to the conventional oxygen isotope thermometry mentioned in the previ-
ous section, a new method of isotope thermometry using carbonate has been devel-
oped in this decade (e.g. Eiler and Schauble 2004; Wang et al. 2004; Schauble et al. 
2006; Eiler 2007; Hill et al. 2014). In the conventional stable isotope analyses of 
carbonate (analyses of δ13C and δ18O), compositions of isotopic species containing 
one rare isotope have been measured. For example, in the analyses of CO2, 

13C16O2 
and 12C18O16O are measured except for very rare isotope species containing 17O. 
Then, isotopic species containing multiple rare isotopes (e.g. 13C18O16O, 12C18O2, 
etc.) are actually neglected in the conventional isotope analyses. However, since 
these multiply-substituted isotopologues, which are called clumped isotopic spe-
cies, also have distinct physical and chemical properties, analyses of these clumped 
isotope species may provide new and useful information (Eiler 2007).

One of the most important physico-chemical dynamics of stable isotope geo-
chemistry is that substituting a heavy isotope for a light isotope in a chemical bond 
reduces the vibration frequencies of that bond and its zero-point energy (e.g. Urey 
1947). For example, the vibration energy of C–O bonds in 18O–12C–16O (CO2) is 
slightly lower than that of 16O–12C–16O. Because of this difference, 13C is prefer-
entially substitute 12C in 18O–12C–16O, making 18O–13C–16O (Eiler 2007). The im-
portant point is that there is a thermodynamic driving force to promote clumping 
of heavy isotopes into multiply-substituted isotopologues. The details of mecha-
nisms and thermodynamics of isotope clumping are described in Wang et al (2004), 
Schauble et al. (2006), Eiler (2007) and some other.

If each isotopologue is stochastically distributed, abundance of each clumped 
isotope species is determined by a simple function of the symmetry numbers and 
stoichiometry coefficients of reactant and product molecules. However, because 
clumped isotope species are more stable than the theoretical prediction in lower 
temperature region (for example, lower than ca. 500 °C) (e.g. Urey 1947; Eiler 
2007), clumped isotope species become more enriched at lower temperature region. 
On the other hand, enrichment of clumped isotope species comparing to stochas-
tic distribution approaches to zero with temperature increase. In clumped isotope 
analyses, this difference between actual abundance of clumped isotope species and 
stochastic distribution is measured and used as a paleothermometer.

In calcium carbonate, the homologous equilibrium below is expected at thermo-
dynamic equilibrium (Schauble et al. 2006; Eiler 2007);
 

(19.9)Ca C O O Ca C O Ca C O O Ca C O12 18 16
2

13 16
3

13 18 16
2

12 16
3+ = +
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As mentioned above, clumped isotopologue of Ca13C18O16O2 becomes more abun-
dant comparing to the stochastic distribution with decreasing temperature. Thus, by 
analyzing relative abundance of all isotopologues in calcium carbonate concerning 
with reaction (19.9), one can estimate calcification temperature. This approach is 
referred as carbonate clumped isotope thermometry.

Carbonate clumped isotope thermometry is significantly advantageous compar-
ing to conventional oxygen isotope thermometry which is based on a fractionation 
of 18O between carbonate and water. As mentioned in the previous section, accurate 
temperature estimation is achieved when δ18O of ambient water is known, which 
is practically difficult in some cases at a given geological age. On the other hand, 
carbonate clumped isotope thermometry is based on stochastic distribution of each 
isotopologues, and every information needed to estimate calcification temperature 
is preserved in carbonate minerals.

Practically, carbonate is reacted with anhydrous phosphatic acid, and CO2 
evolved is measured on isotopic ratio mass spectrometer (Ghosh et al. 2006; Came 
et al. 2007; Wacker et al. 2013). Carbonate clumped isotope thermometry uses value 
of Δ47 to denote the excess of isotopologue of 47, which is mainly composed of 
13C18O16O (Eiler 2007), ralative to the stochastic distribution. The Δ47 value of CO2 
is determined as follows:

 (19.10)

where R47, R46, R45 are abundance ratio of massed 47, 46, 45 relative to mass 44. 
These Ri values are determined by comparison with a reference standard of which 
isotopic value is previously known. R47*, R46*, R45* are the expected stochastic dis-
tribution of a sample calculated from δ13C(VPDB) and δ18O(SMOW) of the sample ana-
lyzed. The temperature dependency of Δ47 has been calibrated for synthetic calcite 
(Ghosh et al. 2006; Zaarur et al. 2013), aragonitic corals (Ghosh et al. 2006), natural 
inorganic calcite from soil and aragonitic otoliths (Ghosh et al. 2007), aragonitic 
molluscs and calcitic brachiopods (Came et al. 2007), calcitic foraminifers and coc-
coliths (Tripati et al. 2010) and others. Regardless of their mineralogy and origin 
(synthetic or biotic), all of these results fall on a uniform calibration, implying that 
mineral-specific fractionations and vital effects are relatively unimportant for this 
system (Eiler 2007). The temperature calibrations of Δ47 are determined as follows;

 

(19.11)

 

(19.12)
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Considering the analytical precision of Δ47 (ca. ± 0.005 %) (Came et al. 2007; Eiler 
2007) and temperature sensitivity of calibrations, expected error in temperature es-
timation is approximately ± 1 °C at earth-surface temperatures.

With respect to the carbonate clumped isotope thermometry of cephalopods, 
Came et al. (2007), Dennis et al. (2013) and Price and Passey (2013) provided some 
results. Among them, Dennis et al. (2013) showed a substantial data set of modern 
and fossil cephalopods including modern Nautilus and Sepia and Cretaceous belem-
nites and ammonoids. They used wild and aquarium cultured Nautilus and Sepia of 
which habitat temperatures and δ18O of ambient seawater are known to test applica-
bility of carbonate clumped isotope thermometry on cephalopods. However, while 
carbonate clumped isotope thermometry is expected to be robust against vital effects 
(Eiler 2007), modern Nautilus and Sepia show significant vital effects on Δ47 (Den-
nis et al. 2013). This is actually very confusing because conventional bulk oxygen 
isotope ( δ18O) is under isotopic equilibrium, showing very accurate temperatures. 
Then, Dennis et al. (2013) discussed that “the apparent discrepancy between Δ47 and 
δ18O seen in modern cephalopods could be explained by: (i) inadequate knowledge 
of growth temperatures and/or δ18O of ambient seawater, (ii) problems with the cali-
bration of the carbonate clumped isotope thermometer, and/or (iii) methodological 
artifacts (Dennis et al. 2013)”. While the exact reason for this discrepancy is still 
unknown, one should be very careful when applying carbonate clumped isotope 
thermometry on fossil cephalopods. Even worse, degree of vital effects on Nautilus 
and Sepia seems to be different from each other. Nautilus and Sepia show vital ef-
fects of 0.063 ± 0.019 and 0.047 ± 0.020 in Δ47, corresponding 14.5 °C and 11.0 °C, 
respectively, if calibration of Zaarur et al. (2013) is applied. As mentioned in the 
previous section, conventional oxygen isotopic thermometry of fossil cephalopods 
is based on the assumption that fossil species precipitated their shell materials under 
isotopic equilibrium, which is inferred from the principle of parsimony (see 2.1.2 
Vital effect). However, if modern Nautilus and Sepia do have independent vital ef-
fects on Δ47, it is easy to imagine that other fossil genera or species show different 
degree of vital effects, which is commonly found in δ18O of corals and foraminifers 
(e.g. Watanabe et al. 2003; Ishimura et al. 2012). While Dennis et al. (2013) applied 
0.059 ± 0.019 (average of all modern Nautilus and Sepia analyzed, corresponding to 
13.6 °C) for correcting vital effects on Δ47 measured from Cretaceous (Campanian 
and Maastrichtian) ammonoids in Western Interior Seaway, applying that average 
value for correcting Δ47 in fossil ammonoids might not be valid.

An example of potential vital effect on the Early Cretaceous (Berriasian and Va-
langinian) belemnites, which is collected at 60–65 °N in paleolatitude, is shown in 
Price and Passey (2013). Their results indicate that paleotemperature at that time in 
that high latitude was 10–20 °C, which is significantly warmer than δ18O thermom-
etry of benthic foraminifers showing ca. 12 °C in the Aptian (Friedrich et al. 2012). 
Considering that climate in Berriasian was expected to be cooler than Aptian (Pucé-
at et al. 2003), and benthic foraminiferal temperature might be comparative to sea 
surface water temperature at high latitudes, 10–20 °C at 60–65 °N in the Berriasian 
and Valanginian might be too warm. In fact, Price and Passey (2013) mentioned 
“We cannot exclude the possibility that the belemnite growth temperatures are 
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seasonally biased due to high shell accretion rates during the summer or migra-
tion from warmer-water regions (Price and Passey 2013)”. While this seasonal bias 
would be a candidate, another possibility is isotopic disequilibrium in Δ47. If the 
average vital effect of 13.6 °C on cephalopod proposed by Dennis et al. (2013) is 
applied on results of Price and Passey (2013), some of their results become freezing 
temperatures in normal marine salinity, implying that vital effects on cephalopods 
might not be uniform.

Although there are some ambiguities in vital effects, both Dennis et al. (2013) 
and Price and Passey (2013) discussed δ18O of seawater in the Cretaceous. Be-
cause carbonate clumped isotope thermometry does not require δ18O of seawater, 
by combining carbonate clumped isotope thermometry and conventional oxygen 
isotope thermometry, δ18O of seawater can be estimated. Especially, Dennis et al. 
(2013) discussed salinity of fresh, brackish and marine waters in and around the 
Cretaceous Western Interior Seaway. Since even apparently well preserved, fossils 
sometimes show unrealistically high temperatures in the epicontinental sea imply-
ing contamination of less saline water (Tsujita and Westermann 1998; Cochran et al. 
2003, 2010; Dennis et al. 2013), this approach is significantly advantageous in those 
settings.

Finally, very surprisingly, Δ47 is astonishingly robust against diagenesis (Dennis 
et al. 2013). While it is very easy to imagine that precipitation of neomorphic car-
bonate provides significant alteration on all of δ13C, δ18O, and Δ47, initial dissolution 
might not change Δ47 (Dennis et al. 2013). Although δ13C and δ18O are significanly 
altered when Preservation Index (PI) becomes less than 3 (Cochran et al. 2010), 
there is no trend between Δ47 and PI, suggesting alteration has not changed the 
clumped isotope signature (Dennis et al. 2013). However, since δ13C and δ18O are 
altered when the preservation of samples becomes less than 3 in PI, those samples 
can not be use for calculating δ18O of seawater. While there may be many unknown 
and/or unrecognized issues on carbonate clumped isotope thermometry of cepha-
lopods, this technique would explore new frontiers of ammonoid paleoecology in 
future.

19.2.3  Carbon and Nitrogen Isotope Signatures

The carbon isotope composition of synthetic carbonate is predominantly a func-
tion of δ13C of dissolved inorganic carbon and carbonate ion concentration within 
the solution. However, δ13C in biogenic carbonate may show a greater vital effect 
than does δ18O as mentioned above (Veizer 1983; Wefer and Berger 1991). Among 
the variety of biological activities, changes in metabolic rate of the organisms and 
incorporation of carbons in food would be major candidates for vital effect in mol-
luscs (e.g. Jones et al. 1986; Tanaka et al. 1986; Romanek et al. 1987; McCon-
naughey and Gillikin 2008).

In some cases, abrupt changes of δ13C profiles may be used for identification 
of changes in metabolic rate accompanied by sexual maturity (Jones et al. 1986; 
Romanek et al. 1987). The cause of abrupt changes in δ13C profile is explained by 
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the trade-off of carbon distribution between growth of the individual and game-
togenesis. Carbon from foods could also be incorporated in a biogenic carbonate. 
Tanaka et al. (1986) discussed that a large percentage of carbon in calcareous hard 
parts of bivalves and gastropods analyzed is metabolic carbon, indicating that δ13C 
of these shells can’t be used to predict δ13C of dissolved inorganic carbon in the an-
cient ocean. The incorporation of metabolic carbon into biogenic carbonates is also 
discussed in calcitic planktic foraminiferal tests (Spero and Lea 1996).

In combination with δ13C, nitrogen isotopic composition ( δ15N) indicates a tro-
phic level of the individual analyzed (Minagawa and Wada 1984). This technique 
has been widely applied in many groups of marine and non-marine aquatic organ-
isms, including modern cephalopods (Cherel and Hobson 2005; Hobson and Cherel 
2006; Kashiyama et al. 2010). δ15N of soft tissue of living animals refracts δ15N of 
their diet. δ15N increases by ~3 ‰ in every trophic level, thus the δ15N of soft tissue 
of predators is ~3 % higher than that of prey in carnivores (Minagawa and Wada 
1984; Zanden and Rasmussen 2001).

This method can be utilized not only for soft tissue, but also for inter- and intra-
crystalline organic compounds within hard parts. Kashiyama et al. (2010) reported 
ontogenetic variation of δ15N of organic compounds within shells of modern Nau-
tilus. Their results indicate that δ15N of embryonic shells is higher than that of post 
embryonic shells by up to approximately 3 ‰, indicating that pre-hatching animals 
have been consuming (or eating) the yolk precipitated by adult animals.

In addition to this traditional bulk δ15N technique, nitrogen isotopes in amino 
acids are know to be a powerful tool for analyzing the trophic level in modern spe-
cies (Chikaraishi et al. 2007, 2009; Kashiyama et al. 2010; Ohkouchi et al. 2012). 
Ohkouchi et al. (2012) showed δ15N of 10 species of amino acids in both soft tissue 
and hard parts of three species of modern Sepia, and in soft tissue of modern Spi-
rula. The δ15N of amino acids from hard parts of Sepia shows significant correlation 
with that from soft tissue, verifying the applicability of the method to calcareous 
hard parts. Kashiyama et al. (2010) also presented δ15N of amino acids incorporated 
in shell carbonates of wild Nautilus specimens captured in Philippine. In addition 
to the apparent decrease in bulk δ15N from embryonic to post-embryonic stages, the 
Amino acid Trophic Level (ATL), calculated from compound specific amino acid 
δ15N (cf. Chikaraishi et al. 2009), decreases from 4.5 in the embryonic stage to 3.8 
in the post-embryonic stage. The fact that the embryonic stage shows a higher tro-
phic level than the post-embryonic stage is explained by consumption of egg yolk 
produced by an adult animal as mentioned above. They also applied this method 
to fossil Cymatoceras. However, they were less confident on their results because 
“a potential pitfall of the current method is that we cannot exclude the possibility 
that organic matter was added to or formed within the samples during post-mortem 
degradation (Kashiyama et al. 2010)”. While applicability of this method to fos-
sil materials might be limited, development of new techniques, including physical 
evidence such as the data presented by Kruta et al. (2011), would help to understand 
life history of extinct animals.
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19.2.4  Keys to Understand Isotopic Signatures on Ammonoid 
Shells

19.2.4.1  Precipitation of Shell Materials: Continuous or Intermittent?

While oxygen isotopic thermometry and other geochemical analyses of ammo-
noid shells are powerful tools to investigate ammonoid paleoecology, those results 
should be treated with caution for further discussion. Because we analyze shell ma-
terials secreted by ammonoids, obviously, only the signals recorded in shell materi-
als will be obtained. More precisely, the signals in the interval when the ammonoid 
analyzed ceased secreting shell materials will never be recorded.

An example of this intermittent shell precipitation can be found in the oxygen 
isotopic records of modern Natutilus (Moriya et al. 2003) (Fig. 19.5). Figure 19.5 
shows oxygen isotopic records of an outer whorl at the apertural margin and adult 
septa of wild Nautilus pompilius collected at Tañon Strait, Philippine. Since modern 
Nautilus is known to conduct diurnal vertical migration within a water column, both 
warmer (shallower) and cooler (deeper) oxygen isotopic temperatures should be 
recorded within shell materials. In fact, oxygen isotopic temperatures of the outer 
whorl were scattered in a wider temperature range from 21.5–26.5 °C (Moriya et al. 
2003) (Fig. 19.5). These temperatures are comparable to depth of 150–50 m at Ta-
ñon Strait (Hayasaka et al. 1982), which roughly agrees with the range of habitat 
depth of N. pompilius on the basis of trapping experiments (Hayasaka et al. 1982).

On the other hand, isotopic temperatures of adult septa of the same individual 
show little variation around 20 °C throughout its ontogeny (Moriya et al. 2003) 
(Fig. 19.5). Oba et al. (1992) also presented isotopic records of N. pompilius collect-
ed at Tañon Strait, confirming that isotopic temperature of all septal materials show 
approximately 20 °C. If each septum had been secreted continuously with growth 
of the animal, isotopic tempters should corresponds to average of the habitat tem-
perature, namely approximately 23 °C. Oba et al. (1992) showed quasi-sinusoidal 
patterns in the δ18O profile within a single septum as well, which is explained as the 
evidence of diurnal vertical migration of the individual. However, isotopic tempera-
tures of the serial samples within a single septum are comparative to 18.5–21.5˚C, 
which is significantly cooler than the highest temperatures obtained from the outer 
whorl (Fig. 19.5). These lines of evidence imply that septa of the individuals ana-
lyzed were secreted only in the deeper part of their habitat on the assumption that 
both outer whorls and septa were precipitated under isotopic equilibrium, which 
was confirmed by Landman et al. (1994).

Unlike some bivalves, shells of ammonoids and Nautilus lack of apparent chron-
ologically regulated growth lines on the section surface except for lirae on the shell 
surface. In some studies, those ornamentations on the shell surface were used for 
estimating the growth rate of the animal, on the assumption that those ornamenta-
tions were formed at a constant rate (Bucher et al. 1996 and references therein). 
However, it is somewhat doubtful that the ornamentations including “growth lines” 
on the surface of ammonoid shells are periodic (cf. Landman 1983). Therefore, 
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sclerochronologic works cannot be achieved on ammonoid shells, making identi-
fication of a growth increment per day/year difficult. On the other hand, Cochran 
and Landman (1984) showed excellent results on growth rate of modern Nautilus 
on the basis of radiogenic isotopic analyses of shell materials (Cochran et al. 1981; 
Cochran and Landman 1984; Landman et al. 1988; Cochran and Landman 1993). 
Although these techniques, unfortunately, can be applied only on modern species, 
they indicate that rate of apertural growth is 0.12–0.21 mm/day, and time of septal 
formation ranges from approximately 70–180 days in wild specimens (Landman 
and Cochran 1987; Landman et al. 1989). On the other hand, Oba et al. (1992) 
described that they found 40–100 cycles in the δ18O profile within a single septum 
of 1.53 mm thick. Although the septa are assumed to be secreted only in the deeper 
part of their habitat as mentioned above, the septal formation of the specimen ana-
lyzed by Oba et al. (1992) possible took for 40–100 days, which is comparable to 
the results shown in Landman and Cochran (1987) and Landman et al. (1989).
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Fig. 19.5  Oxygen isotopic records of outer whorl and septum materials of wild Nautilus pompilius 
caught in Tañon Stait, Fiji. All data are cited from Moriya et al. (2003). Isotopic temperatures are 
calculated using a equation and δ18O of seawater for N. pumpilius in Tañon Strait published by Oba 
et al. (1992). Open circles show δ18O of outer whorl materials. These samples are scraped from 
ventral margin of shell surface with micro-drill of 0.3 mm in diameter. Considering that the rate 
of apertural growth is approximately 0.1–0.3 mm/day in adult specimens (Landman and Cochran 
1987), each analysis shows the average for one to three days records. Samples are scraped approxi-
mately every 2 mm from apertural margin toward adapical direction. Mineralogy of the sample 
scraped with micro-drill is analyzed with X-ray diffractmeter, and confirmed to be composed of 
100 % aragonite. Open squares indicate δ18O of septal materials in the post hatching stage. Each 
symbol represents results from each septum. A broken piece of septa is milled with an agate mortar 
and pestle for isotopic analyses. L; last septum of the individual. L−n ( n = 5, 10, 15, 20, and 24); 
n-th septum counting from the last septum
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19.2.4.2  Nature as a Data Logger: Stationary or Mobile?

Calcareous hard harts of aquatic organisms can be compared with an environmental 
data logger such as a conductivity and temperature probe in the water column. As 
there are two types of methods for a water quality monitoring, namely stationary or 
mobile, organisms with calcareous hard parts are classified into two types in terms 
of their mobility. The first group is composed of animals without significant mobil-
ity, for example, benthic foraminifers, bivalves, and corals. Geochemical records 
in calcareous hard parts of these organisms provide excellent sets of Eulerian data. 
Paleoceanography in the geological timescale, and seasonal changes in sea surface 
water quality have been elucidated using benthic foraminifers, and coral skeletons, 
respectively (e.g. Gagan et al. 2000; Zachos et al. 2001; Watanabe et al. 2011; Fried-
rich et al. 2012). According to the growth rate and longevity of the organisms ana-
lyzed, many different types of data have been extracted from geochemical analyses. 
While planktic foraminifers are mobile organisms within the water column in the 
strict sense, some species inhabited the mixed layer and can be used as stationary 
examples, because they always represent conditions of sea surface water (e.g. Fair-
banks et al. 1980; Moriya et al. 2007).

The other group consists of mobile organisms, such as fish (otolith), cephalo-
pods, etc. These organisms are actively moving within a water column, so their 
geochemical records can be compared with, rather than proper Lagrangian data, 
the data obtained by Argo floats which is drifting robotic probes ascending and de-
scending within a water column on its own. Since geochemical temperature proxy 
records of hard parts of those animals show a history of temperature that the ani-
mals have experienced, ontogenetic analyses of these proxy records thus reveal a 
history of ontogenetic migration of the individuals analyzed (e.g. Oba et al. 1992; 
Tsukamoto et al. 1998; Tsukamoto and Arai 2001; Auclair et al. 2004; Zakharov 
et al. 2006). This idea has been applied to living Nautilus, and provided convincing 
results, which will be discussed below.

Since ammonoids are expected to be mobile organisms within a water column, 
their shells can be likened to Argo floats, instead of stationary monitoring posts. 
As shown in previous studies on fish otoliths and Nautilus shells, oxygen isotopic 
temperatures on ammonoid shells could provide temperature records of the habitat 
that they experienced. In a simple gedankenexperiment, potential ammonoid habitat 
can be divided into five groups as follows (Fig. 19.6):

• Type I: surface dweller within a mixed layer (planktic/nektic)
• Type II: subsurface dweller within a thermocline (planktic/nektic)
• Type III: bottom dweller (demersal)
• Type IV: vertical migrant (planktic/nektic)
• Type V: bottom migrant (demersal)

On the assumption that ammonoids continuously secrete their shells under isotopic 
equilibrium, Fig. 19.7 shows isotopic temperature expected for each type of am-
monoids. The isotopic temperatures of ammonoids inhabited the mixed layer, i.e. 
Type I, show sinusoidal patterns which must represent seasonal sea surface tem-
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perature fluctuations (Type i in Fig. 19.7). Similar to planktic foraminifers, Type I 
ammonoids can be considered as an example of stationary monitoring, because they 
always represent sea surface temperature unless they migrate substantial distance 
in their life. Because sinusoidal patterns represent annual cycles, growth rate and 
longevity could be discussed if the patterns are confirmed as true seasonal signals 
(cf. Urey et al. 1951; Stahl and Jordan 1969; Jordan and Stahl 1970). In modern 
coral skeletons, since daily and annual growth lines are visible under a soft X-ray 
radiograph, sinusoidal patterns in geochemical signals are compared to the annual 
growth increments, allowing identification of annual cycles in δ13C and δ18O. How-
ever, it is practically very difficult to discern annual cycles in δ18O of ammonoid 
shells because of fundamental lack of growth lines as mentioned above.

Types II and III would show almost constant temperature throughout their 
life (Types ii and iii in Fig. 19.7), because seasonal temperature fluctuations be-
low the mixed layer are much less prominent than those in the mixed layer, for 
example less than 2–4 °C in the modern Pacific midlatitudes (http://dx.doi.
org/10.12770/1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9). In other words, when the 
isotopic results of the individual analyzed indicate Types ii or iii (Fig. 19.7), the 
habitat depth of the individual is expected to be thermocline or deeper (e.g. Moriya 
et al. 2003).

Type I

Type II

Type III
Type IV

Type V

Type I: surface dweller (planktic/nektic)

Type II: subsurface dweller (planktic/nectic)

Type III: bottom dweller (demersal)

Type IV: vertical migrant (planktic/nektic)

Type V: bottom migrant (demersal)

Fig. 19.6  Schematic view of possible habitat and mode of life of ammonoids. Type I; permanent 
surface dweller within a mixed layer. Type II; permanent subsurface dweller within a thermocline 
layer. Type III; permanent bottom dweller (demersal) on and very close to seafloor. Type IV; 
planktic/nektic vertical migrant. Type V; demersal bottom migrant. The migration period for Types 
IV and V can be diurnal, seasonal, annual, biennial, etc. Even unidirectional migration from shal-
lower/deeper to deeper/shallower, and ontogenetic migration from shallower to deeper, then back 
into shallower in the end of ontogeny are considered as examples of Types IV and V
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Although Types iv and v would also indicate sinusoidal patterns, a period and 
amplitude would be different from Type i, i.e. the scales of abscissas between Type 
i and Types iv and v are different from each other. While the cycle should be one per 
year, for Type i it can be one per day (diurnal migration), one per season (seasonal 
migration), one per year (annual migration), one per two years (biennal migration) 
and so on for Types iv and v. When Types IV and V ammomoids conduct diur-
nal migration and each sample for isotopic analyses averages more than one day, 
oxygen isotopic signal would be widely scattered from warmer to cooler as shown 
in the outer whorl of modern Nautilus (Moriya et al. 2003; Auclair et al. 2004) 
(Fig. 19.5). On the other hand, when they have biannual, annual, or biennial migra-
tion, the results would be comparable to Type i, except for the amplitude and cycle/
year. Types iv and v also include the unidirectional ontogenetic migration, which is 
well known in septum records of modern Nautilus and Sepia (e.g. Eichler and Rist-
edt 1966; Taylor and Ward 1983; Oba et al. 1992; Rexfort and Mutterlose 2006). 
While some species of these modern cephalopods return to the depth in which they 
hatched for reproduction, those signals might not be recorded on shell materials 
because of lack of calcification (cf. Rexfort and Mutterlose 2006).

Unlike Argo floats, geochemical records on ammonoid shells include fundamen-
tal demerits for estimating life and habitat of ammonoids; lack of depth and time 
in a data set. When the ammonoid analyzed shows sinusoidal cycles in δ18O, Types 

T
em

pe
ra

tu
re

Time

Type i

Type ii

Type iii

Types iv 
    and v

C
oo

le
r

W
ar

m
er

Fig. 19.7  Schematic view of possible patterns of isotopic temperature recorded on ammonoid 
shells on the assumption that calcareous shells have been secreted continuously. Type i; isotopic 
records expected for Type I ammonoids. Sinusoidal fluctuations represent seasonal sea surface 
water temperature. Type ii; isotopic records expected for Type II ammonoids. Much less prominent 
sinusoidal fluctuations than those in Type i might be identified. Type iii; isotopic records expected 
for Type III ammonoids. Significant sinusoidal pattern might not be observed. Types iv and v; 
isotopic records expected for Types IV and V ammonoids. Sinusoidal patterns would represent 
diurnal, seasonal, annual, biennial, etc. migration of the individual. The patterns can be composed 
of only a half-period or one period, representing an unidirectional shift from warmer/cooler to 
cooler/warmer, or a warmer-cooler-warmer cycle
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I, IV and V would be candidates. However, since there is no independent proxy 
indicating time on ammonoid shells, it is virtually impossible to estimate the period 
of each cycle. While radiogenic isotopes have been utilized for estimating time in 
shells of modern Nautilus (Cochran et al. 1981; Cochran and Landman 1984), this 
technique could hardly be applied to fossil martial millions of years old as men-
tioned above.

Besides time, the other major difficulty in discussion of geochemical signatures 
on ammonoid shells is estimation of calcification depth. Since the thermal structure 
of the water column, especially in epicontinental seas where most of ammonoid 
fossils occur, shows significant regional and temporal variations, there is no ap-
parent correlation between calcification depth and calcification temperature in a 
global scale. In fact, sea surface temperature, deep water temperature and meridi-
onal gradient in sea surface temperature in the greenhouse interval are considerably 
different from those in modern ocean (e.g. Zachos et al. 2001; Bice and Norris 
2002; Huber et al. 2002; Moriya et al. 2007; Moriya 2011; Friedrich et al. 2012). 
Although warmer calcification temperature would represent shallower calcifica-
tion depth within a limited area, it is unfortunately impossible to estimate absolute 
depth from calcification temperature. Therefore, when ammonoid analyzed shows 
almost constant temperature through its ontogeny, Type ii (planktic/nektic) is indis-
tinguishable from Type iii (demersal) without an external thermal scale. The same 
confusion would happen between Type i and Types iv and v, when Types IV and V 
ammonoids represent annual migration.

In modern examples on Nautilus and Sepia, since the thermal structure of the 
water column and δ18O of ocean water are directly measured, oxygen isotopic tem-
perature on shell materials can be compared with the thermal structure of the water 
column to identify habitat depth of the individual analyzed (Oba et al. 1992; Land-
man et al. 1994; Bettencourt and Guerra 1999). Similar to these examples, calcifi-
cation temperature of ammonoid shells could be converted to calcification depth, 
if the thermal structure of the water column is identified by the other independent 
criteria. Anderson et al. (1994) and Moriya et al. (2003) used this idea to determine 
the thermal structure of the local water column from oxygen isotopic analyses of 
apparent surface dwelling and benthic organisms. The isotopic temperatures of am-
monoid analyzed were superimposed onto the thermal structure of the water col-
umn to identify the depth habitat of ammonoids. Anderson et al. (1994) presented 
oxygen isotopic temperatures of surface dwelling vertebrates (e.g. fishes) and ben-
thic bivalves. The isotopic temperatures of ammonoids show significantly warmer 
than those of benthic bivalves, but slightly cooler than those of surface dwelling 
vertebrates, indicating sub-surface dwelling nature of those ammonoids. Unfortu-
nately, since Anderson et al. (1994) analyzed bulk shell fragments, rather than serial 
samples, cyclicity in δ18O was not discussed. Moriya et al. (2003) showed oxygen 
isotopic temperatures of planktic and benthic foraminifers, and benthic molluscs. 
All isotopic temperatures obtained from ammonoids with serial sampling did not 
show any significant cyclicity (Moriya et al. 2003), indicating those ammonoids 
could be Types II or III. In addition to this result, isotopic temperatures of ammo-
noids are comparable to those of benthic foraminifers and benthic molluscs, sug-
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gesting those ammonoids were Type III demersal organisms. However, in the strict 
sense, complete thermal structure can not be determined from isotopic analyses of 
apparent planktic and benthic organisms. When the depth of the basin is deeper than 
the depth of the thermocline, isotopic temperatures of all subthermocline dwelling 
animals are comparatable to the local bottom water temperature. In this case, if 
Type II ammonoids were subthermocline species, their isotopic results can not be 
distinguished from that of Type III. The details of results shown in Anderson et al. 
(1994) and Moriya et al. (2003) will be discussed below.

Fundamental lack of proxies for time (growth rate) and pressure (depth) on am-
monoid shells makes interpretation of isotopic signals more confusing. Nonethe-
less, when the data set of oxygen isotopic thermometry is supplemented by another 
independent data set, for example, the thermal structure of the water column and/or 
food habit, life and habitat of ammonoid fossils would potentially be better under-
stood. For instance, Types i and ii are distinguished from Types iv and iii, respec-
tively, when δ18O of ammonoids is compared with surface, intermediate and bottom 
water temperatures. Additionally, when it is confirmed that the individual analyzed 
feeding on benthic/demersal preys, Type v would be distinguished from Type iv. 
Individual examples for these analyses will be summarized in the next chapter.

19.3  Growth and Habitat of Ammonoids Inferred  
from Geochemical Signatures

19.3.1  Growth Rate

As mentioned in the previous sections, it is well known that some skeletal organ-
isms show daily and/or annual growth bands on their calcareous hard parts. With 
counting the number of annual growth lines and daily growth lines within an annual 
increment, growth rate and longevity of the individual and even the number of days 
within a year have been discussed (e.g. Wells 1963; Buddemeier et al. 1974; Jones 
and Quitmyer 1996; Schöne et al. 2004). However, very unfortunately, no appar-
ent annual growth line has been observed on ammonoid shells. While chronologi-
cal analyses of ammonoid shells are especially challenging, some estimations have 
been made on the assumption that particular morphological features were secreted 
at a constant rate (Bucher et al. 1996 and references therein).

Instead of morphological patterns, geochemical signatures have also been uti-
lized for chronological analyses of cephalopod shells. As mentioned above, Oba 
et al. (1992) reported quasi-sinusoidal patterns in δ18O within a single septum. Al-
though the septa might be precipitated only in the deeper part of their habitat, if the 
sinusoidal patterns in septal δ18O represent the part of diurnal migration, time for 
precipitating a single septum is estimates for 40–100 days. The number of days for 
precipitating a single septum has also been documented with analyses of radionu-
clides within septal materials (Cochran et al. 1981; Cochran and Landman 1984; 
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Landman et al. 1988). Those results indicate time of septal formation is 67–92 and 
184 days in immature and submature wild Nautilus, which is comparable to the esti-
mation from δ18O analyses (Oba et al. 1992). Although, as mentioned above, the ra-
dioisotopic technique can’t be utilized on fossil materials, oxygen isotopic tempera-
tures showing quasi-sinusoidal patterns have also been reported from the Jurassic 
ammonoids, Staufenia staufensis and Quenstedtoceras sp. (Stahl and Jordan 1969; 
Jordan and Stahl 1970; Bucher et al. 1996). The sinusoidal patterns in isotopic re-
cords have also been found in the Jurassic belemnite rostrum in the pioneering work 
by Urey et al. (1951). Urey et al. (1951) argured that the sinusoidal patterns in δ18O 
represent seasonal seawater temperature (Type i in Fig. 19.7), and the individual 
analyzed lived at least for three years. Stahl and Jordan (1969) employed the same 
logic to estimate the growth rate of the Jurassic ammonites. They analyzed δ18O of 
septal materials, and concluded that Staufenia and Quenstedtoceras secrete 12 and 
5 septa/year on the assumption that sinusoidal patterns in δ18O represent seasonal 
seawater temperatures. However, they also mentioned that the individuals analyzes 
include 6–9 or 2–4 % diagenetic calcite for Staufenia and Quenstedtoceras, respec-
tively. Some of their data points show abnormally high temperature, implying the 
presence of meteoric water diagenesis of the materials they analyzed. Therefore, 
their conclusions would require further verification.

The other example is presented by Lécuyer and Bucher (2006). They collected 
Perisphinctes and a benthic bivalve ( Asarte) from shallow marine deposits of which 
bathymetry was shallower than 50 m deep. In addition to the fact that the amplitude 
of sinusoidal patterns in δ18O of Perisphinctes is comparable to that of the bivalve, 
the depth of the basin assure that the sinusoidal patterns in δ18O of Perisphinctes 
should be the Type i signal, if the individual inhabited the basin throughout its life. 
They estimated growth rate of the outer whorl of the individual analyzed as 0.7 mm/
day. This study is outstanding from two points of view; δ18O of Perisphinctes was 
compared to that of the benthic bivalve co-occurring, and the depth of the basin 
was estimated from sedimentology. When the δ18O records on ammonoid shells 
are confirmed to show Type i, isotopic records on ammonoid shells would be very 
informative.

19.3.2  Habitat Depth

Besides estimating the growth rate from Type i records, habitat depth of planktic/
nektic organisms has been the other target for geochemical analyses. In fact, segre-
gation of habitat depth of planktic foraminifers within a water column has widely 
been discussed with isotopic analyses (e.g. Saito and Donk 1974; Fairbanks et al. 
1980; Mortyn and Charles 2003). Although morphological analyses of mechanical 
strength of shell materials may provide a limitation on the maximum depth of habi-
tat to some extent (Westermann 1996, Chap. 3.5 in this volume), the actual depth 
of habitat of the animal might be much shallower than the maximum explosion 
depth estimated from the mechanical regulations. In fact, depth habitat of modern 
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Nautilus is much shallower than the shell explosion depth (cf. Kanie et al. 1980; 
Saunders and Ward 2010). On the other hand, as shown in exquisite examples on 
isotopic analyses of modern Nautilus, oxygen isotopic thermometry would enhance 
our knowledge on ammonoid habitat.

Isotopic works on cephalopod shells, in terms of discussion on the mode of life 
of the animal, have began from the pioneering work by Eichler and Ristedt (1966). 
They found that both carbon and oxygen isotopic compositions of modern Nautilus 
show abrupt change through their ontogeny. Because the timing of oxygen isotope 
shift from negative to positive value is comparable to the decrease in septal spacing 
and position of the nepionic constriction, this isotope shift is considered to represent 
hatching of the animal (Eichler and Ristedt 1966; Cochran et al. 1981; Oba et al. 
1992).

However, in the early phase of the history of isotope analyses of Nautilus, there 
was a debate whether more negative δ18O value in the embryonic stage could result 
from precipitation under isotopic disequilibrium to ambient water in eggshells (cf. 
Taylor and Ward 1983). Crocker et al. (1985) also showed that δ18O of eggwa-
ters of two species of Nautilus is depleted by approximately 1 ‰ to ambient water. 
However, the eggs analyzed by Crocker et al. (1985) didn’t contain any developing 
embryo, so the fractionation between the eggwater and embryonic shell was not dis-
cussed. After these discussions, Landman et al. (1994) finally succeeded in analyz-
ing δ18O of shells of N. belauensis raised under controlled temperature in Waikiki 
Aquarium. Their results indicate that both embryonic and post-embryonic shells are 
secreted under isotope equilibrium, showing in situ temperature.

According to these lines of discussion, it is now usually accepted that δ18O shift 
from negative in the embryonic stage to positive in the post-embryonic stage shows 
that Nautilus laid their eggs at shallower depth than the habitat depth of adult indi-
viduals. On the basis of direct measurements of isotopic composition of seawater 
and thermal structure of the water column, it is revealed that N. pompilius in Ta-
ñon Strait, Philliphine, and Kandavu Passage, Fiji, laid their eggs at 50 and 300 m 
deep and the hatchlings migrating into 150 and 500 m deep, respectively (Oba et al. 
1992). These results indicate that each population of N. pompilius has slightly dif-
ferent habitat depth within water columns in each locality.

In this context, the depth habitat of ammonoids can be investigated from isotopic 
records of their shell materials. Lukeneder et al. (2010) presented that similar set of 
data from three ammonoids, Jurassic Cadoceras, and Cretaceous Hypacanthoplites 
and Nowakites. They showed that oxygen isotopic temperatures in juvenile and ma-
ture stages within an individual of Cadoceras are warmer than that of adolescent 
stage, indicating that individual analyzed migrated from warmer water to cooler 
water, and then back into warmer water at the mature stage. On the other hand, 
Hypacanthoplites show a unidirectional change from cooler to warmer. Since both 
genera show δ18O shifts through their ontogeny, their isotopic records are identified 
as Types iv or v (Fig. 19.8). However, since Lukeneder et al. (2010) did not provide 
sea surface and/or bottom water temperature of the water column which those speci-
mens inhabited, habitat depth cannot be determined.
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Although some data on ammonoid habitat, such as the potential shift of the habi-
tat from warmer to cooler, can be deduced from isotopic records on ammonoid 
shells, there are fundamental problems for discussion on the ammonoid habitat, 
namely lack of information on δ18O of seawater and thermal structure of a water 
column. Most of works on isotope thermometry on ammonoids predominantly uti-
lized only ammonoid shells for discussing paleoceanography or ammonoid ecology. 
However, it is, unfortunately, unattainable to determine the depth of habitat of the 
individual without data of the thermal structure of a local water column.

From this point of view, Anderson et al. (1994) presented a substantial data 
set for sea surface and bottom water temperatures of the water column and iso-
tope thermometry on ammonoids to identify habitat depth of Jurassic Kosmoceras 
(Fig. 19.9). Average precipitation temperatures of two benthic bivalves and sur-
face dwelling vertebrates depict the temperature difference between sea surface 
and bottom water of the local water column. Unfortunately, instead of using a se-
rial sampling method from a discrete individual, they used bulk shell fragments 
of Kosmoceras for isotope analyses, so their results were expressed as the general 
distribution of calcification temperature of Kosmoceras. Figure 19.9 shows isotopic 
temperatures of each group of animal analyzed by Anderson et al. (1994). Their 
results clearly indicate that distribution of calcification temperature of Kosmoceras 
is significantly warmer than those of benthic bivalves, and slightly cooler than sur-
face dwelling vertebrates, indicating subsurface or intermediate dwelling habitat 
of Kosmoceras. Although ontogenetic variation in δ18O cannot be discussed from 
their bulk isotope results, these results imply that Kosmoceras would be identified 
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as Type II. These results emphasize the importance of information of the thermal 
structure of the local water column.

Moriya et al. (2003) also provided the water column temperature and isotopic 
temperatures of the late Cretaceous ammonoids for discussing depth habitat of each 
species in adult stage (Fig. 19.10a). They utilized 15 discrete individuals of 9 spe-
cies and 4 superfamilies, which include discocones, oxycones, planorbicones and 
hamitocones. Although they did not provide any data on embryonic and juvenile 
stage, isotopic results from serial sampling of adult outer whorls indicate that cal-
cification temperatures of all adult individuals analyzed are comparable to the bot-
tom water temperature derived from isotopic thermometry of co-occurred benthic 
foraminifers, bivalves and gastropods (Moriya et al. 2003) (Fig. 19.10a). They also 
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provided sea surface, and subsurface water temperatures by analyses of surface 
( Archaeoglobigerina) and subsurface ( Globotruncana) dwelling planktic foramini-
fers (Fig. 19.10a). Considering that (i) deep dwelling (deep thermocline and/or sub-
thermocline) planktic foraminifers have not been found in this basin, (ii) the depth 
of the basin is estimated to be shallower than 400m deep (Moriya et al. 2003) and 
(iii) predictions of the Cretaceous climate models indicating thermocline depth is 
deeper than 400 m deep in mid latitudes (e.g. Bice and Norris 2002), temperature 
of the water column might show gradual decrease from sea surface to bottom water 
temperature. Under this water column condition estimated, none of ammonoid data 
from serial sampling exceeds the range of bottom water temperature, indicating 
that there is no evidence for vertical migration for all individuals analyzed. On the 
basis of isotopic results from serial sampling of outer whorls and superimposing 
ammonoid calcification temperatures onto the local thermal structure, regardless 
of their morphology, demersal habitat (Type III) of all ammonoid analyzed were 
clearly documented. Although it looks that some individual show rather cooler or 

T
em

pe
ra

tu
re

 (
˚C

)

T
em

pe
ra

tu
re

 (
˚C

)

A
rc

ha
eo

gl
ob

ig
er

in
a 

sp
p.

G
lo

bo
tru

nc
an

a 
sp

p.

B
en

th
ic

 fo
ra

m
in

ife
rs

M
ar

ga
rit

es
 s

p.

M
ar

ga
rit

es
 s

p.

A
ci

la
 s

p.

P
ol

yp
ty

ch
oc

er
as

 
 

ps
eu

do
ga

ul
tin

um

P
ol

yp
ty

ch
oc

er
as

 
 

ps
eu

do
ga

ul
tin

um

E
up

ac
hy

di
sc

us
 s

p.

E
up

ac
hy

di
sc

us
 s

p.

E
up

ac
hy

di
sc

us
 s

p.

Y
ok

oy
am

ao
ce

ra
s 

 
   

 is
hi

ka
w

ai

Y
ok

oy
am

ao
ce

ra
s 

 
   

 is
hi

ka
w

ai

Y
ok

oy
am

ao
ce

ra
s 

 
   

 is
hi

ka
w

ai

H
au

er
ic

er
as

 
 

an
gu

st
um

D
am

es
ite

s 
 

da
m

es
i

G
au

dr
yc

er
as

 
 

te
nu

ili
ra

tu
m

G
au

dr
yc

er
as

 
 

te
nu

ili
ra

tu
m

Te
tra

go
ni

te
s 

 
gl

ab
ru

s

Te
tra

go
ni

te
s 

 
gl

ab
ru

s

P
hy

llo
pa

ch
yc

er
as

 
 

   
   

ez
oe

ns
e

P
hy

llo
pa

ch
yc

er
as

 
 

   
   

ez
oe

ns
e

H
yp

op
hy

llo
ce

ra
s 

 
su

br
am

os
um

H
yp

op
hy

llo
ce

ra
s 

 
su

br
am

os
um

Phylloceratina Lytoceratina Ammonitina Ancylo-
ceratina

Benthos Plankton

15

20

25

15

20

25

a b

Fig. 19.10  Distribution of isotopic temperatures of ammonoids, benthic organisms (molluscs and 
foraminifers), and planktic foraminifers recovered from the late Cretaceous Yezo Group, Japan. 
Horizontal bars within boxes show median temperatures. Top and bottom of boxes represent 25 % 
and 75 % quantiles, respectively. Top and bottom whiskers indicate maximum and minimum 
values, respectively. Open circles show outliers. All data are cited from Moriya et al. (2003). 
Isotopic temperatures for molluscs and foraminifers are recalculated with an equation published 
by Kim et al. (2007) and Bemis et al. (1998), respectively. δ18O of seawater is estimated to be 
−1 ‰ (VSMOW). (a) Isotopic temperatures of all materials analyzed. Isotopic temperatures of 
all ammonoids are comparable to those of benthic organisms which is clearly distinguished from 
sea surface temperature, showing permanent bottom dwelling nature of all ammonoid analyzed. 
(b) Distribution of isotopic temperatures of materials yielded from a single concretion. Although 
isotopic temperatures of ammonoids in panel (a) scatter from 13–20 °C, individuals obtained from 
a single concretion always show almost the same temperature as show in panel (b)
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warmer temperatures (Fig. 19.10a), this is an artifact of sampling (Moriya et al. 
2003). They used specimens from a few discrete concretions which were embedded 
in the host rock a few meters apart from each other. Therefore, while all individuals, 
including benthic gastropods, recovered from a single concretion show exactly the 
same temperature (Fig. 19.10b), individuals from different concretions experienced 
slightly different bottom water temperature because of secular changes in bottom 
water temperature (Moriya et al. 2003). Judging from the average sedimentation 
rate estimated in this basin (ca. 30 cm/kyr), these concretions could be separated 
by more than 10 kyr from earth other. Nonetheless, significant difference between 
sea surface temperature from δ18O of Archaeoglobigerina spp. and Globotruncana 
spp. and calcification temperatures of ammonoids clearly indicate their bottom-
dwelling nature. While all individuals analyzed were recovered from epicontinental 
silty facies, indicating that those individuals inhabited an epicontinental sea, abso-
lute depth of habitat cannot be discussed from isotopic records as mentioned above.

19.4  Conclusions

Geochemical analyses of ammonoid fossils are potentially very powerful tools for 
discussing paleoecology of ammonoids. Many proxies for seawater qualities can 
be measured within well preserved aragonite shells of ammonoids. However, geo-
chemical signals on ammonoid shells might be degraded by diagenetic alteration 
in some cases. One should be very careful to assess diagenetic alteration because 
degree of alteration on geochemical signals may be independent from the relative 
abundance of diagenetic minerals in wt %. When diagenetic minerals have exactly 
the same chemical composition to that of the original shell materials, original geo-
chemical signals will never be altered after diagenesis (Fig. 19.2). On the other 
hand, a more plausible scenario in the natural environment is that the chemical 
composition of diagenetic minerals are significantly different from that of original 
shell materials. In some cases, only a tiny amount of contamination of diagenetic 
minerals would substantially modify the original geochemical signals (Fig. 19.2).

When we find fossil materials showing exquisite preservation, those ammonoid 
shells would be utilized for geochemical analyses. Among many proxies for water 
quality, such as B/Ca, Sr/Ca, etc., oxygen isotope thermometry is one of the most 
informative and robust tools for analyzing ammonoid life and ecology. In addi-
tion to these conventional oxygen isotope thermometry, carbonate clumped isotope 
thermometry has a grate potential to be a robust and clearer paleotemperature proxy. 
Since carbonate clumped isotope thermometry does not require δ18O of ambient 
seawater, the combination of δ18O analyses and clumped isotope analyses would 
provide both temperature and δ18O of seawater at a same time. However, there 
might be some issues, for example vital effects, need to be solved before applying 
this method to fossil materials at a given age (Dennis et al. 2013).

When annual cycles in seawater temperature have been found in serial δ18O 
analyses, growth rate and longevity of the individual would be discussed (Lécuyer 
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and Bucher 2006). However, even if sinusoidal cycles have been found in δ18O, the 
cycles might not indicate seasonal seawater temperature changes but represent bian-
nual, biennial, etc. migration of the animal (Fig. 19.6, 19.7). In this case, growth rate 
and/or longevity of the individual would be misidentified.

Besides growth rate of ammonoids, habitat depth and ontogenetic migration may 
also be determined from oxygen isotopic thermometry. Very unfortunately, since a 
proxy for paleo-pressure within a water column has not been found for biological 
carbonates so far, calcification depth cannot be discussed from geochemical records 
on ammonoid shells. Although calcification temperature of ammonoid shells indi-
cates relative calcification depth, namely shallower (warmer) or deeper (cooler), it 
is hard to discuss exact depth of habitat of individuals analyzed (Fig. 19.6, 19.7). 
However, when ammonoid calcification temperature is compared with the thermal 
structure of the water column, which can be decoded from oxygen isotopic ther-
mometry of apparent planktic and benthic organisms, the habitat of the individual 
may be identified. The results shown by Anderson et al. (1994), Moriya et al. (2003), 
and Lécuyer and Bucher (2006) emphasized the importance of the external crite-
ria for evaluating isotopic data obtained from ammonoid shells (Fig. 19.9, 19.10). 
When identifying the thermal structure of the water column, if possible, a set of 
isotopic analyses of apparent surface, subsurface, thermocline, subthermocline and 
benthic organisms provide more accurate results. However, when the depth of the 
basin, which ammonoid specimens are obtained from, is deeper than the depth of 
the thermocline, bottom dwelling habitat and subthermocline dwelling habitat can-
not be distinguished.

In addition to oxygen isotopic thermometry, carbon and nitrogen isotope compo-
sitions of inter- and intra-crystalline organic compounds would be a potential tool 
for elucidating the food habit of ammonoids. Since vertical migrants (Types IV and 
iv in Fig. 19.6, 19.7) and demersal migrants (Types V and v in Fig. 19.6, 19.7) can-
not be identified from the thermal records, independent evidence for the food habit, 
for instance, predatory or detritivore, will enhance our knowledge on ammonoid life 
and habitat. However, because of diagenetic alteration, carbon and nitrogen isotopic 
analyses of fossil organic compounds would be more difficult than carbonate iso-
tope analyses (Kashiyama et al. 2010).

For getting better insights on ammonoid life and habitat, physical evidences 
on fossils from Lagerstätten (Tanabe et al. 2000; Klug et al. 2012 and references 
therein) and/or a new imaging techniques (Kruta et al. 2011) would be required 
as well. In fact, if detritivore habitat is indicated from physical evidences, Type v 
records can be distinguished from Type iv records. Needless to say, morphologi-
cal analyses on ammonoid shells are also highly valuable. When the fundamental 
knowledge on habitat of ammonoids is established from geochemical and physical 
evidences, functional morphology on a specific aspect within the habitat estimated 
would greatly improve our knowledge. In conclusion, while geochemical analyses 
of ammonoid fossils provide independent and objective data set, the data set will 
become more informative when those analyses are compared with morphological 
and physical evidence.
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20.1  Introduction

Parasites in many groups of extant cephalopods are still poorly investigated (Pascual 
et al. 2007) and even more so in fossil species, in spite of evidence that parasitism 
can provide important information on the ecology (i.e., diet, mode of life), phylog-
eny, and the evolutionary history of their hosts. There is currently no documented 
record of parasite body fossils from externally shelled cephalopods, which is prob-
ably related to the paucity of soft-tissue preservation in externally shelled forms like 
ammonoids, the small size of parasites (at least at some life stages), the residence 
of endoparasites within the host for the large part of their life cycle, and the rarity 
of preservable (hard) tissues in many parasites (Conway-Morris 1981, 1990; Little-
wood and Donovan 2003; De Baets et al. 2011). The main evidence for parasitism 
in fossil cephalopods like ammonoids is indirect and in the form of shell pathologies 
(Hengsbach 1991a, 1996; Keupp 2000, 2012).

Shell “malformations” in ammonoids, coined “paleopathies” by Hengsbach 
(1996), have been known since the nineteeth century. The recognition that para-
sites might be responsible for at least some paleopathies came comparatively late 
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in paleopathological research on ammonoids (compare Hengsbach 1991a). Engel 
(1894) was the first to suspect parasites and other pathogens (“Schmarotzer”) to be 
responsible for some of these pathologies. Hölder (1956) introduced a classification 
of pathologies based on their morphological expressions into ‘forma’ types, each 
of which encompasses a disease and/ or healing pattern. He was also the first to 
attribute ammonoid gigantism to bacterial infection following reports from patho-
logical gigantism in gastropods. Rieber (1963) was the first to explain asymmetrical 
growth of suture lines and shells by parasitism. Wetzel (1964) dedicated an entire 
article to parasitism in the ammonoid shell, which was later reinterpreted as bio-
erosion by fungi that might have occurred post-mortem (Keupp 2012). Significant 
contributions to the study of ammonoid parasites were published by Hengsbach 
(1979a, 1986a, 1986b, 1991a, 1996) and Keupp (1976, 1977, 1979, 1986, 1995, 
2000, 2012). Additional contributions were made by various authors (e.g., House 
1960; Schindewolf 1962, 1963; Rieber 1963; Bayer 1970; Hölder 1970; Morton 
1983; Landman and Waage 1986; Rein 1989; Manger et al. 1999; Kröger 2000; 
Seltzer 2001, 2009; Larson 2007; De Baets et al. 2011, 2013b; Mironenko 2012; 
Rakociński 2012).

Proving a parasitic origin of these shell structures is not straightforward (Hengs-
bach 1991a, 1996). Among extant Nautilus, only parasitic copepods have been re-
ported in natural environments (e.g., Ho 1980), which are of little help to the in-
terpretation of these structures since they are not known to influence shell growth. 
A variety of parasites have been described from extant coleoids (Hochberg 1983, 
1989, 1990; Castellanos-Martínez and Gestal 2013; Keupp and Hoffmann 2014), 
the closest relatives of ammonoids (Kröger et al. 2011), but comparatively little re-
search has been carried out on pathological reactions on their shells (Keupp 2012). 
Initially, we will briefly discuss the definition of parasitism and their recognition 
in both extant and extinct cephalopods. Then, we demonstrate the importance of 
comparative work on pathologies in other shelled mollusks, particularly bivalves 
and gastropods, to identify causes and host reactions to parasites. We also discuss 
how pathologies caused by parasitic infestations can be recognized.

20.2  Definitions

Parasitism is usually defined as a symbiotic relationship whereby one individual, the 
parasite, derives benefits (e.g., energy, matter, nutrition, protection) at the expense 
of another, the host, by means of close or long-term association (Conway-Morris 
1990; Rohde 2005); parasitism often tends to result in demonstrable negative effects 
on the host (Kinne 1980). An organism can be parasitic for its whole life (holopara-
sitism) or only part of its life cycle (meroparasitism). The (metabolic) dependence 
of the parasite may be facultative or obligate. Ectoparasites live externally on the 
host body, while endoparasites live inside cells (intracellular), between cells (inter-
cellular) or within alimentary tracts, cavities, kidneys, and other open spaces inside 
the host (extracellular; Kinne 1980). Most species of parasites are obligate parasites 
which means that they need a host for survival at least during certain stages of their 
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life cycle. Parasites can have a simple or direct life cycle with a single host, or a 
complex or indirect one with various additional intermediate hosts (Rohde 2005). 
Intermediate hosts harbor immature, developing stages, while definitive or final 
hosts harbor the sexually mature stage of a parasite. Paratenic hosts harbor larval 
forms that do not develop within the host (Rohde 2005) and are therefore not crucial 
to the development of a particular species of parasite; but these hosts can serve an 
important role in maintaining the life cycle of that parasite (Combes 2001). The eco-
logical definition of parasitism sometimes grades into other symbioses (Zapalski 
2011) and different long-term interactions between organisms including epizoism 
(Hengsbach 1991a) or ( in-vivo) bioerosion (Wisshak and Tapanila 2008) which can 
also harm or influence the growth of their hosts (Keupp 2012). In some cases, in 
vivo epizoism can be detrimental to both the epizoa and their hosts (e.g., Meischner 
1968, Hengsbach 1991a, Larson 2007; Keupp 2012; Keupp and Hoffmann 2014). 
In the fossil record, parasitism can mostly only be recognized by negative effects on 
its host and by comparisons with extant parasite-host associations.

20.3  Parasites of Extant Cephalopods

Measured by the number of times it evolved independently in several lineages and 
how many parasitic species are presently in existence, parasitism is one of the most 
successful modes of life displayed by living organisms (Poulin and Morand 2000). 
Although research has advanced significantly in the last decades, parasites of many 
groups of extant cephalopods are still poorly known (Hochberg 1983, 1989, 1990; 
Pascual et al. 1996; 2007; Gonzalez et al. 2003; Castellanos-Martinez and Gestal 
2013). Adult specimens of commercially exploited species which have been the 
most investigated, are all known to harbor multiple groups of parasites (Pascual 
et al. 2007). Morphological determination of the systematic affinity of these para-
sites is not always straight forward, because of their high degree of specialization 
compared with their free-living relatives, high degree of reduced/ simplified mor-
phology related with their parasitic lifestyle, and sometimes complex life cycles 
consisting of morphologically distinct ontogenetic stages (Brooks and McLennan 
1993). An anecdotal example for cephalopods is the original description of the 
hectocotylus or modified arm of some male cephalopods as a parasitic helminth 
(Della Chiaje 1825; Cuvier 1829, 1830). The heterogeneous distribution and differ-
ing prevalence of parasites (and host reactions) within the infected tissues, within 
certain individuals and/ or regions, might also hamper their discovery when species 
have been poorly investigated or sampled. Molecular techniques have become use-
ful complementary taxonomic tools to parasite diagnosis and specific identification 
in many groups including cephalopods (Pascual et al. 2007), but are of course un-
available in long extinct fossil forms.

The only parasites known from the extant externally shelled cephalopods ( Nau-
tilus and Allonautilus) in the wild (natural environments) are copepods living on 
the gills (Willey 1897; Haven 1972; Ho 1980; Hochberg 1983, 1990; Carlson 1987; 
Ward 1987). A possible exception might be a bacterial infection and a nematode 
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infestation reported by Barord et al. (2012) in a captive Nautilus soon after it was 
captured from the wild. Many different kinds of parasites have been reported from 
extant coleoids, which are now generally accepted to be more closely related to 
ammonoids than to nautilids (e.g., Jacobs and Landman 1993; Kröger et al. 2011). 
Parasites have been recovered from almost all tissues and organs of these cephalo-
pods (Hochberg 1983, 1989, 1990). They are most commonly located on gills, in di-
gestive tracts, the excretory organs, mantle cavities, gonads, and in the musculature 
(Hochberg 1989, 1990; Pascual et al. 2007; Castellanos-Martinez and Gestal 2013). 
Pathogens of extant coleoids (Hanlon and Forsythe 1990; Hochberg 1983, 1989, 
1990; Castellanos-Martinez and Gestal 2013) include bacteria, fungi, Sarcomasti-
gophora, Apixcomplexa, Ciliophora, Dicyemida, parasitic flatworms (Monogenea, 
Trematoda, Cestoda), Acanthocephala, Nematoda, Annelida (Hirudinae, Polychae-
ta), and various crustacean Arthropoda (Copepoda, Isopoda, Branchiura, Malacos-
traca). Parasites can actively penetrate the host’s body or be passively obtained 
through feeding or respiration. Many cephalopod species serve as primary hosts 
for protozoans, dicyemids, helminths, and crustaceans, but more commonly serve 
as secondary, third or reservoir (paratenic) hosts for intermediate (larval) stages 
of helminths such as digeneans, cestodes, and nematodes (Hochberg 1983, 1989, 
1990). Cephalopods thus play a vital role in the transfer of parasites through the 
food web of marine ecosystems to final hosts such as elasmobranchs, fishes, and 
marine mammals (Hochberg 1983, 1989, 1990; Pascual et al. 2007). Crustaceans 
are macroparasites that mainly inhabit the mantle cavity and gills of cephalopods 
(Castellanos-Martinez and Gestal 2013), although they can also be found on exter-
nal surfaces of the body such as on the arms or the head (Hochberg 1990).

Many parasites are acquired through contact with hosts in their habitat or through 
feeding, so that they might even give information about the feeding grounds or ecol-
ogy of extinct cephalopods. Parasites cannot only provide information on cephalo-
pod predator-prey interactions, but also on their distribution in the water column. 
Benthic and coastal cephalopods usually have different parasites then pelagic and 
oceanic species (compare Hochberg 1983; Pascual et al. 1996; Gonzalez et al. 2003).

20.4  Parasites of Fossil Cephalopods

Despite the ubiquity of the parasitic life style, its independent appearance in sev-
eral unrelated lineages, and hypothesized ancient origins, relatively few clues can 
be derived from the fossil record. This is related with the fact that parasites (at 
least in some stages) are commonly small (+/− microscopic), frequently lack hard 
parts, often live within the (soft parts of the) host for the longest portion of their 
lifecycle (endoparasites), and/or might be isolated from their host post-mortem 
(Conway-Morris 1981; De Baets et al. 2011). These phenomena weigh against the 
preservation and recognition of fossil parasitoses, and as a consequence, the detec-
tion of parasitic biota is rare and mostly restricted to localities with exceptional 
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preservation such as Konservat-Lagerstätten (Littlewood and Donovan 2003;  
Boucot and Poinar 2010). Additionally, even when preserved and detected, the 
quality of preservation will hamper precise identification of such fossil parasites. 
Soft part preservation is also rare in ammonoids (e.g., Klug et al. 2012; Klug and 
Lehmann 2015) and therefore, no direct evidence for parasitism in the form of body 
fossils has yet been found.

Ammonoid workers (like many other palaeontologists), therefore, have to rely 
on host shell pathologies which are characteristic of parasitism. Similar pathologies 
can however be caused by different agents that are difficult to assign to a particu-
lar extant parasite lineage and in some cases might belong to extinct lineages of 
parasites. Just as with trace fossils, different parasites can create similar pathologies 
when infesting similar tissues or behaving in the same way. The same parasite can 
induce different pathologies depending on their abundance, behavior, as well as the 
state of and position within the host.

20.5  Identifying Parasitism as A Cause for Ammonoid 
Pathologies

Identifying a parasitic cause for pathologies is not straight forward, but some gen-
eral guide lines can be given (compare also Hengsbach 1991a, 1996; Keupp 2000, 
2012; De Baets et al. 2011):

1. Preservation of parasite remains: The perfect evidence for parasitism in ammo-
noids would be the remains of the parasites preserved with the ammonoids show-
ing these pathologies. Unfortunately, such cases have not been documented. The 
closest thing so far are blister pearls, which are interpreted to have enclosed 
the dead parasite remains and partially reproduced its shape as well as size. 
Examples include organic tubes preserved in some Housean pits in the Devonian 
(De Baets et al. 2011) and elliptical (now recrystallized) egg-shape inclusions in 
Jurassic ammonoid blister pearls (Keupp 1986, 2000, 2012). It should also be 
noted that traces of small soft-bodied parasites are known to vanish during pearl 
formation (Lauckner 1983).

2. Comparison with pathologies in extant externally shelled mollusks (Fig. 20.1): 
Interpretation of parasitism should be biologically plausible (Hengsbach 1991a), 
so that similar, characteristic pathologies in extant shelled mollusks could indi-
cate that a related parasite or a parasite behaving in the same way might have 
caused these injuries in ammonoids. One must remain cautious if alternative 
interpretations for these phenomena also exist. Gigantism could be related to 
parasitic castration (which is often caused by parasitic flatworms in extant gas-
tropods and bivalves), but can also be explained by different pathologies, a nat-
ural rarity of larger individuals, and/ or considerable intraspecific variation in 
adult size, which is not unusual in extant cephalopods. Therefore, gigantic size of 
individuals on its own is insufficient to prove a parasitic infestation (Klug et al. 
2014; De Baets et al. 2015).
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Fig. 20.1  Comparisons of similar pathologies in extant shelled mollusks and ammonoids (modi-
fied from Keupp 2012 unless otherwise stated). a, b progressive development of a deep slit-shaped 
recess in the apertural margin attributed to parasitic infestation in Pila sp. (a) Recent, Egypt and 
forma umbilicata in Dactylioceras anguinum (b) Early Toarcian (Jurassic), Altdorf near Nürnberg 
(Germany), SHK PA-1694a, dm 39 mm. c, d development of shell lamellae related with a local 
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3. Misinterpretation of normal shell features as pathologies: Parasitism should be 
excluded if features misidentified as pathologies are part of the normal growth or 
anatomy (e.g., soft-tissue). In some cases, muscle attachment scars might be con-
fused with certain pathologies ( forma umbilicata of Kröger 2000; Fig. 20.1b), 
but are restricted to internal moulds and always orientated towards the back of 
the body chamber (Keupp 2012).

4. Lack of external injury: Parasitic or other endogenous causes are often put for-
ward in absence of external injuries or epizoa. In rare cases, parasitic infestations 
or infections might have happened preferentially after soft-tissue was exposed 
due to injury causing short-term swellings such as forma inflata (compare 
Keupp 1976, 2000, 2012), although the injury and the pathology are not directly 
related. Lack of proof as an argument for endogenous cause on its own cannot be 
accepted (Zapalski 2011), as one never knows if such an absence is caused by a 
true absence or only that it is impossible to identify it (soft parts not preserved).

5. Characteristics of the structures: The position, distribution, size, and morphol-
ogy of these structures might also reveal a parasitic origin, particularly, when 
similar structures are known from extant shelled molluscs. Even when similar 
structures are absent in extant shelled molluscs, the position of these pathologies 
deep in the soft-tissue and/or far away from the aperture which could only be 
reached and/or inhabited by parasitic organisms feeding on tissues or benefitting 
from the host in different ways, can still corroborate their parasitic nature.
a. Asymmetric development: Deviations from bilateral symmetry or symme-

tropathies (Hengsbach 1991b) have been attributed to parasitism including 
asymmetry of the suture line or shell sculpture and whorl section. In sev-
eral taxa, the position of the lateral lobe as well as siphon are tightly con-
strained and asymmetry of suture line can even be species-specific and not of 
pathological origin (Keupp 2012). A progressive development of asymmetry 
of whorl section or suture line could potentially relate to the asymmetrical 
swellings which could be caused by local infections and parasitic infestations 
(Hengsbach 1991a, 1996). However, a gradual development of asymmetry 
of the suture line might also be related with non-pathological asymmetrical 
growth of soft-tissues during ontogeny, particularly towards maturity (e.g., 
Yacobucci and Manship 2011). The low prevalence and irregular appearance, 
variation in its development between individuals, sudden to temporary devel-
opment in post-embryonic stages, and lack of traces of external injuries or 
epizoa are therefore of key importance to corroborate a parasitic origin of 
these phenomena (Hengsbach 1991a, 1996; Keupp 2000, 2012).

detachment of the mantle in a captive Nautilus pompilius, Recent (1990–1993), aquarium of the 
Jura-Museum Eichstätt, SHK PN-12, dm 110 mm (c) and a specimen of Cleoniceras besairiei, 
Albian (Cretaceous), Ambatolafia (Madagascar), PA-33582–1, dm 85 mm (d). e, f blister pearl in 
Nautilus macromphalus, Recent, New Caledonia, AMNH, max dm of pearl: 6 mm (e) and casts of 
two blister pearls on an internal mold of Dactylioceras anguinum f Toarcian (Jurassic), Altdorf near 
Nürnberg (Germany), SHK PA-643, dm 59 mm. The formation of blister pearls is typically induced 
by irritants (organic material, parasites, sediment grains, epizoa, etc.), which get lodged between 
the mantle and the shell
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b. Prevalence of pathologies within population: The prevalence of parasites (and 
associated pathologies) in their host populations can be quite variable (from about 
1 % to over 70 % or higher, but usually significantly below 100 %) and hard to 
predict. Typically, not all specimens of a species within a population are infested 
and even less might develop deformities indicative of parasitism. According to 
some authors, the number of pathological specimens attributable to parasitism 
should be consistently low (1–10 %: compare Keupp 2012). Higher prevalence 
(70 % or more) might be related with a specialist among parasites (e.g., Hengs-
bach 1991a, 1996; but compare Keupp 2000, 2012 for a different viewpoint). 
In certain cases, one kind of parasitosis might be particularly common in some 
regions, while in other areas, they might be rare or absent (even in large sam-
ples of the same taxon with similar preservation). Some authors have interpreted 
a high prevalence of a pathology as a sign that a certain area supported a high 
population of parasites (Morton 1983; Keupp 2000, 2012), but this could also be 
related with higher infection rates (in response to different feeding or living habits 
in separate regions), different immune responses or to ammonoids being acciden-
tal hosts (which do not normally harbor the parasite) in these environments. If the 
phenomenon occurs in 100 % of the representatives of a taxon and if its appear-
ance is consistent from one individual to another (same side affected, same degree 
of development), parasitism is unlikely and genetic causes can be suspected. It 
can be difficult to classify a feature as pathology if all specimens have it (Keupp 
2012) and most postnatal causes with the exception of obligate symbiosis can be 
ruled out (Hengsbach 1996). However, symbiosis is hard to verify in the fossil 
record (Zapalski 2011).

6. Appearance after hatching and later in ontogeny: In most cases, species are 
infested directly or by taking in infested food after hatching, which means that 
the pathologies should at the earliest develop after hatching or probably much 
later, when the ammonoid came in contact with the parasite or their larvae (inter-
mediate stages). Structures being present at or before birth might be related with 
teratological causes (e.g., congenital disorders). The blister pearls in certain 
species of Paleozoic ammonoids occur early in ontogeny (but always clearly 
after the embryonic shell) and more importantly, appear at different points in 
the ontogeny of different individuals within the same species. In the case of 
parasitism, such variability and no correlation with growth of the organism (e.g., 
ontogenetic stages, septal spacing) is expected (Hengsbach 1996; De Baets et al. 
2013b).

7. Host specificity: Not all ammonoid taxa at a locality show identical patholo-
gies; parasites are often quite host-specific and might cause different reactions in 
separate taxa, so that the pathologies might often be restricted to a single species, 
clade or lineage. Sometimes, ecology might play a bigger role than phylogeny, 
so that certain parasitic infestations can be present in one or multiple (not neces-
sarily closely related) taxa with a particular ecology (food source, mode of life, 
habitat).

8. Gradual development of irregular, ontogenetically long-lasting pathologies: 
Rieber (1963) interpreted a pathological ammonoid individual with a progres-
sive displacement of the keel and the siphuncle after at least three normal whorls 
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as the results of parasite infestation, which has been generally accepted as a 
plausible explanation. This probably reflects a struggle between the host and 
the infesting parasite(s). After the death of the parasites, the malformation might 
remain this way or gradually disappear depending on the damage as well as 
the need and available mechanisms to return to normal morphology (Hengsbach 
1991a, 1996). In cases of swellings, the pathologies might disappear as suddenly 
as they have developed.

These guidelines can be used to evaluate the plausibility and certainty of several pa-
thologies attributed to parasites in ammonoids. Due to the difficulties in identifying 
the potential parasitic culprits; we will discuss possible cases of parasitism in am-
monoids grouped by the morphological expression of pathologies or paleopathies.

Several structures and pathologies have been related with parasitism in shelled 
cephalopods with various degrees of certainty (Hengsbach 1991a, 1996; Keupp 
2000, 2012; De Baets et al. 2011; Fig. 20.2). These pathologies range from (blis-
ter) pearls, symmetropathies (asymmetry of shell tube and suture line), temporal 
increase in shell volume and ornamentation, anomalies in shell secretion to vari-
ous other pathologies. Parasitic flatworms have most commonly been implicated in 
several pathologies, including pathological gigantism (Manger et al. 1999), blister 
pearls (Keupp 1986; De Baets et al. 2011, Fig. 20.1f), and certain perturbations in 
shell growth (e.g., forma umbilicata: Keupp 2000, 2012; Fig. 20.1b) in analogy with 
prevalence of these parasites in extant cephalopods and cause of similar pathologies 
in extant shelled molluscs (Fig. 20.1). These hypotheses are not unlikely as parasitic 
flatworms have probably been around since the Ordovician based on the extrapola-
tion of extant parasite-host relationships (Littlewood 2006), but so far, direct fossil 
evidence is lacking prior to the Permian (Dentzien-Dias et al. 2013). Earlier records 
of parasitic flatworms are still debated (Upeniece 2001); no remains have been 
found directly associated with ammonoids. It seems likely that other parasites were 
also present including forms that were unable to leave any trace (e.g., parasitic crus-
taceans and bacterial infections: compare Hölder 1956) and some traces might even 
relate to now extinct groups of parasites (Boucot and Poinar 2010).

20.5.1  Disturbances in Apertural Shell Growth

Keupp (1979) described a pathology, where the shell formation is delayed near 
the umbilicus leading to the progressive development of a deep slit-shaped recess 
(and ribbing vertices similar to forma verticata) in the apertural margin of some 
specimens of Jurassic Dactylioceras (Fig. 20.1b). In the absence of external inju-
ries, he attributed this to parasitism based on the protected position of the paleop-
athies and comparisons to other specimens in the local population. Superficially 
similar structures (“Rippenscheitelungen”) can also be formed in association 
with external injuries, traditionally described as forma verticata and forma semi-
verticata (compare Hengsbach 1991a, 1996; Keupp 2000, 2012; Zatoń 2010). 
Kröger (2000) introduced the term forma umbilicata for these pathologies in ab-
sence of external injuries. Their parasitic origin is corroborated by a similar phe-
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Fig. 20.2  Examples of different pathologies attributed to parasitic infestations with various degrees 
of certainty from the Devonian to Cretaceous (modified from Keupp 2012; unless stated otherwise): 
a Amoeboceras alternans with progressive enlargement of the ventral ornamentation ( forma augata 
Kröger 2000), Oxfordian (Jurassic), Kucha near Hersbruck (Germany), SHK PA-785, dm 12 mm. 
b Quenstedtoceras leachi with a conspicuous, temporary bulbous swelling of the ventral shell and 
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nomenon in the freshwater gastropod Pila (Keupp 2000, 2012; Fig. 20.1a), where 
the infestation with intermediate stages of trematode flatworms in the mantle tis-
sue of the apertural margin leads to the formation of similar abnormal slit-shaped 
openings in the aperture, which becomes progressively broader with the increas-
ingly infested tissue. These structures should not be confused with muscle scars 
(“Muskelleisten”: compare Keupp 2012) which are restricted to internal moulds 
from the back of the body chamber to the phragmocone (as opposed to the front 
of the body chamber on both the shell and internal mould).

These pathologies have also been reported from rare specimens of Epivirgatites 
from the Tithonian and Quenstedtoceras from the Callovian of Russia (Keupp 2012, 
pp. 223–224). These specimens demonstrate that the infestations are not always 
restricted to the umbilical margin and can vary even within the same taxon which 
probably depends on the position of the parasite; some specimens were able to 
subsequently close the recess with smooth or irregular shell material (Keupp 2012). 
So far, the structures are only confidently known from these three genera of Juras-
sic Ammonitida (Keupp 2012). These pathologies are best known from the Early 
Toarcian of Altdorf near Nürnberg (Germany), where they are restricted to dactyli-
oceratids (Fig. 20.1b) and absent from all other ammonoid taxa (Harpoceratidae, 
Hildoceratidae, Phylloceratidae, Lytoceratidae). This might indicate that these para-
sites are host specific. These structures are rare in dactylioceratids in other regions, 
which might suggest that the ecology (mode of life, predator-prey relationships) of 
these taxa in this region also increased their infection risk. The prevalence is quite 
high in the Toarcian of Altdorf where up to 5 % of Dactylioceras display these struc-
tures which Keupp (2012) attributed to a high regional population of these parasites.

20.5.2  Pathological Gigantism

Parasites are well known to alter the behavior, growth, and morphology of their 
hosts (Miura et al. 2006). Gigantism is one of the most striking modifications in 

ornamentation ( forma augata Kröger 2000), Callovian (Jurassic), Dubki near Saratov (Russia), SHK 
PA-20114, dm 58 mm. c Orthosphinctes with conspicuous, temporary bulbous swelling of the shell 
without ornamentation behind the aperture ( forma inflata Keupp 1976), Kimmeridgian (Jurassic), 
Hartmannshof (Germany), SHK PA-1871, dm 60 mm. d Dactylioceras athleticum with a progressive 
development of shovel-like ribs ( forma augata Kröger 2000), Kimmeridgian (Jurassic), Hartmannshof 
(Germany), SHK PA-1871, dm 60 mm. e, f Pleuroceras spinatum with a unilateral thickening of the 
body chamber resulting in a significant left-right asymmetry of the whorl section, SHK PA-5170, 
Pliensbachian (Jurassic), Unterstürmig (Germany), dm 41 mm. g, h Hildoceras bifrons showing mul-
tiple oscillations of the keel around its normal ventral position ( forma undaticarinata), SHK PA-6245, 
Toarcian (Jurassic), Grand Causses (France), dm 23 mm. i, j Cleviceras elegans with Morton’s syn-
drome (sensu Landman and Waage 1986), SHK PA-543, Toarcian (Jurassic), Altdorf near Nürnberg 
(Germany), dm 55 mm. k, l Pseudosageceras multilobatum with Morton’s syndrome (sensu Landman 
and Waage 1986), SHK PA-9204, Early Triassic, Vikinghøgda south of Sassendalen (Spitzbergen), 
dm 34 mm. m Amoeboceras sp. with a progressive asymmetric shift of the keel ( forma juxtacarinata 
Hölder 1956; similar to the case described by Rieber 1973), SHK PA-786, Oxfordian (Jurassic), Scar-
borough (United Kingdom), dm 20 mm (previously unpublished). n Latanarcestes noeggerathi with an 
exentrical position of the external lobe ( forma juxtalobata Hölder 1956), Emsian (Devonian), Tafilalt 
(Morocco), dm 27 mm
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morphology and growth, which can be induced by parasitic organisms and can sig-
nificantly alter the size-structure, use of resources, and intraspecific competitive in-
teractions of the host population. It is one of the common paleopathies to be linked 
with parasitic infestations in ammonoids (Hölder 1956; Hengsbach 1991a, 1996; 
Manger et al. 1999; Keupp 2000, 2012). Hölder (1956) was the first to suspect that 
parasite-caused gigantism might have occurred in ammonoids based on studies of 
the present-day terrestrial snail Zebrina by Boettger (1953a, 1953b), who docu-
mented parasite-caused delay in sexual maturation, corresponding castration, and 
retardation in growth.

Pathological gigantism should only be used to refer to rare specimens of a cer-
tain taxon which have abnormally large sizes (Tasnadi-Kubacska 1962) that were 
triggered by pathogens, hormonal disorders or other endogenic causes. Hengsbach 
(1996) introduced the term forma gigantea to refer to pathological gigantism in 
ammonoids (which effects only a small fraction of ammonoid populations). Oth-
er causes for size differences such as continuous and discontinuous (e.g., sexual 
dimorphism) intraspecific variability in adult size or ecological causes should be 
ruled out (De Baets et al. 2015; Keupp and Hoffmann 2015). So far, pathologi-
cal gigantism caused by parasitic castration has only been suggested by Manger 
et al. (1999) to explain rare exceptionally larger individuals of some Carboniferous 
ammonoid and nautiloid taxa. Manger et al. (1999) suggest that infestation of the 
gonads by trematode larvae and castration might have been responsible. Several 
gastropod species exhibit growth to abnormally large sizes following infection by 
trematodes or other parasites (Sousa 1983; Sorensen and Minchella 2001), which 
can be caused by enhanced growth, sexual retardation, or even castration. Castra-
tion in extant bivalves and gastropods is most commonly caused by parasitic flat-
worms (Lafferty et al. 2009; but see Boettger 1953a, b for an example with a bacte-
rial cause). However, not all infestations or even castrations result in abnormally 
larger sizes or noticeable effects on (shell) growth in molluscs. Some specimens can 
become mature before castration or continue to grow after castration. Additionally, 
gigantism has only been documented in short-lived and primarily fresh water and 
terrestrial gastropods, while studies on long-lived marine gastropod species have 
found that trematodes have either no effect on growth or even stunt growth (Sousa 
1983; Sorensen and Minchella 2001; Miura et al. 2006). Castration and pathological 
gigantism have so far not been reported from extant cephalopods, which are com-
monly infested by parasitic flatworms and other parasites, highlighting the need for 
independent evidence for parasitic infestation of these specimens other than size.

However, there is no direct proof in the form of shell reactions or preserved parasite 
remains (compare Hengsbach 1996; De Baets et al. 2011; Klug et al. 2014 for a review) 
to corroborate the views of pathological gigantism caused by parasitism in ammonoids. 
Indications used to support this interpretation comprise the large size of these cephalo-
pod fossils (two to four times as big as “normal” specimens from the same layers), the 
scarcity of specimens of this size belonging to members of a species that are common, 
and the absence of indications for adulthood. Ivanov (1971, 1975) introduced the term 
“megaconch” to refer to rare abnormally large specimens of Jurassic ammonoid species 
which show no signs of maturation, although he did not specifically discuss parasitism 
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as a cause for this phenomenon and these criteria might be hard to interpret in incom-
plete specimens. Rare larger specimens in semelparous accumulations might reflect the 
general paucity of larger individuals as well as multiple spawning seasons and areas in 
cephalopods (Rocha et al. 2001). Castrated ammonoids are usually interpreted to not 
have reached maturity and/or grew beyond their normal size (Hölder 1956; Manger 
et al. 1999). The absence of signs of adulthood could also be explained by various other 
factors, including incomplete preservation of the body chamber of the specimens, a 
common taphonomic and collection bias in larger specimens, and the lack of no clear 
signs of maturity in the shell or continuous growth until death which is not uncommon 
in some taxa of ammonoids (compare Davis et al. 1996; Bucher et al. 1996). Further-
more, some commonly caused adult modifications such as septal crowding might be 
useless in some cases as they can also be induced by environmental stress (Kraft et al. 
2008). Although it is difficult to impossible to prove the absence of pathogens or the 
normal levels of hormones in these giants, we suggest that the most likely explanation 
for many cases of supposedly pathologic gigantism might just be highly variable adult 
sizes (not uncommon in extant cephalopods and can sometimes be discontinuous: com-
pare De Baets et al. 2015) and/or reproductive strategies, where only a few individuals 
achieved maturity out of a thousand eggs. More evidence is necessary to ascribe giant 
size of rare specimens of a species to pathologies and even more to attribute this to para-
sitism, although it is biologically plausible (Klug et al. 2015).

20.5.3  Pearl Formation

The formation of blister and free pearls in bivalves has often been linked with parasitic 
flatworms (Conway-Morris 1981; Combes 2001; Littlewood and Donovan 2003; Bou-
cot and Poinar 2010). Nevertheless, various other parasitic organisms such as fungi, 
unicellular organisms, nematodes or arthropods (and their eggs) as well as various other 
irritants including inorganic material which get stuck between mantle and shell can in-
duce pearl formation (Götting 1974, 1979; Lauckner 1983). Nevertheless, the morphol-
ogy of some parasite-induced structures in extant bivalves are believed to be very spe-
cific to parasitic flatworms such as pits in shells and igloo-shaped shell secretions or to 
polychaete worms such as borings and can be traced back in the fossil record (Liljedahl 
1985, Ruiz and Lindberg 1989; Ituarte et al. 2001, 2005; Huntley 2007; De Baets et al. 
2011). Blister pearls (Fig. 20.1f) in ammonoids have therefore often been linked with 
parasitic infestations (House 1960; Keupp 1986; Hengsbach 1996; Davis and Mapes 
1999; De Baets et al. 2011, 2013b). Furthermore, the fact that blister pearls (cephalo-
pods, bivalves, and gastropods) and free pearls (bivalves, gastropods) are known from a 
wide variety of fossil and extant taxa (Binder 2002; Boucot and Poinar 2010 and refer-
ences therein) suggest that every shelled mollusc is capable of forming such structures 
(Landman et al. 2001). In the fossil record, these pearls can be preserved as pits on 
internal moulds (steinkerns).

House (1960) was the first to describe more or less regularly distributed pits on 
internal moulds of Early to Middle Devonian ammonoids (Fig. 20.3, 20.4, 20.5). 
Many authors (Chlupáč and Turek 1983; Becker and House 1994; Klug 2002a, 



 

Fig. 20.3  Types of Housean pits and morphological details. Images from De Baets et al. (2011). 
a, b lateral and ventral views of Sellanarcestes cf. ebbighauseni, PIMUZ 28582, Sellanarcestes 
wenkenbachi Zone, Emsian, Jebel Ouaoufilal, Tafilalt, Morocco. c, d ventral and lateral view 
of Crispoceras tureki Klug, 2002, PIMUZ 28591, Pinacites jugleri Zone, Eifelian, Jebel Ouaou-
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2002b, 2007; Bockwinkel et al. 2009; Ebbighausen et al. 2011) published specimens 
showing these pits, but without discussing them in detail. House (1960) and others 
concluded that these pits represent the moulds of pearls that must have formed dur-
ing the ammonoid’s life on the inside of the shell within the body chamber, i.e., the 
part of the shell that contained the soft parts and lacked chambers. These pits/pearls 
are commonly arranged spirally, radially or chaotically on the flanks and venter of 
these ammonoids and are oval to circular in outline, occurring in varying numbers. 
House (1960) lacked sufficient information to decide whether these pits represent 
traces of a parasite or particles that entered between mantle and shell, causing an 
irritation and the formation of a pearl-like structure. Davis and Mapes (1999) named 
these features “Housean pits” in honor of House and favoured a parasitic origin. 
Hengsbach (1991a, 1996) included these pathological shell concretions together 
with more isolated blister pearls (e.g., Keupp 1986) in a paleopathology he dubbed 
forma concreta.

De Baets et al. (2011) reviewed the morphology and distribution of these struc-
tures and distinguished five types of pits on Devonian ammonoids (Fig. 20.4):

• Type 1: fairly large oval pits, which are lengthened in a longitudinal direction, 
predominately ordered in large spiral rows and often paired. They are common 
in Anarcestes and Sellanarcestes.

• Type 2: multiple, small pits, arranged in more or less radial rows or more cha-
otically. They were initially thought to be restricted to the late Early Devonian 
to Middle Devonian (Late Emsian to Givetian: Anarcestes, Afromaenioceras, 
Crispoceras, Sobolewia and Subanarcestes), but were recently also reported 
from the Late Devonian ( Felisporadoceras: Rakociński 2012).

• Type 3: rare circular pits with a central deepening, which have so far only been 
reported from five specimens of Sobolewia from the Givetian of Algeria. Al-
though similar pits might also be present in Aulatornoceratinae (Jürgen Bock-
winkel, personal communication 2013)

• Type 4 (Opitzian pits): flat, large, radially arranged, paired pits which have so far 
only been reported from Ivoites from the early Emsian Hunsrück Slate (De Baets 
et al. 2013b) and absent from the same taxon at other localities (De Baets et al. 
2013a)

• Type 5: kidney-shaped pits in the middle of the venter, which are found in cer-
tain taxa of Early Emsian ammonoids ( Chebbites, Gracilites, Lenzites). These 
pits usually coincide with the most posterior points of the hyponomic sinus of 
their growth lines (compare Becker and House 1994; Klug 2001; Korn and Klug 
2002; Klug et al. 2008)

filal, Tafilalt, Morocco. e, f Sobolewia nuciformis (Whidborne 1889), three specimens kept under 
the same number (MNHN−R.08459), Givetian, Redjel Iamrad, Algeria, Jacques Follot coll., g, 
h Chebbites reisdorfi Klug, 2001, PIMUZ 7484. i Ivoites opitzi, Lehmann col., early Emsian, 
Bundenbach, Germany. j-k Longitudinal section through PIMUZ 28583 of Sellanarcestes spp., 
wenkenbachi Zone, Emsian, Oufrane (S of Tata), Morocco. j median section displaying many 
“Housean pits” ( arrows), most with internal tube; overview. k three closely spaced pits, two with 
internal tubes, note the continuous ammonoid shell layer covering pits and septum. l corroded pit 
with tube, note the continuation of the innermost ammonoid shell layer. m two fused pits, the right 
pit shows the delicate internal tube, mural part of septum on the left
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Fig. 20.4  Morphology and Distribution of Opitzian (type 4), Housean (type 1–3) and other pits 
(type 5) known from Devonian ammonoids updated from De Baets et al. (2011) to include Late 
Devonian records discussed in the text: red arrow list the extended range of type 2 ( green: Rako-
cinski 2012) and type 3 ( pink) pits in Tornoceratina. Note the coevolution of Devonian ammonoids 
and their parasites as reflected in the arrangement and shape of the blister pearls. a Host phylogeny. 
b Parasite phylogeny. The ammonoid phylogeny is based on a majority consensus tree consisting 
of the11 most parsimonious trees original shortest tree length (compare Korn 2001; Korn and Klug 
2002; De Baets et al. 2011). c Ivoites opitzi (early Emsian, middle Kaub Formation, Hunsrück, 
Germany: from De Baets et al. 2013b). d Sobolewia nuciformis (Givetian, Redjel Iamrad, Algeria). 
e Subanarcestes sp. (Eifelian, Erg El Djemel, Algeria; after House 1960). F. Afromaenioceras sul-
catostriatum (Givetian, Jebel Ouaoufilal, Morocco). G. Sobolewia aff. nuciformis (Givetian, Corn-
wall). H. Anarcestes sp. (late Emsian, Koněprusy, Czech Republic). I. Crispoceras tureki (Eifelian, 
Jebel Ouaoufilal, Morocco). J. Anarcestes sp. (Eifelian, Wissenbacher Schiefer, Germany). K. 
Anarcestes sp. (late Emsian, Jebel Mech Agrou, Morocco). L. Anarcestes latissimus (late Emsian, 
Hassi Moudaras, Morocco). M. Sellanarcestes cf. ebbighauseni (late Emsian, Jebel Ouaoufilal, 
Morocco). N. Sellanarcestes ebbighauseni (late Emsian, northern Jebel Amessoui, Morocco). O. 
Sellanarcestes neglectus (late Emsian, southern Jebel Mech Agrou, Morocco)
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De Baets et al. (2011) demonstrated that the Housean pits were the casts of blister 
pearls at least for type 1 pits which were overgrowing organic tubes, because they 
found these structures in specimens where the associated shell and the blister pearls 
were preserved (Fig. 20.3). The tubes are interpreted to be the remains of parasitic 
organisms which lodged themselves between mantle and shell due to their position 
far away from the aperture (other symbiotic relationships or long-term guests such 
as epizoa are therefore unlikely) and which were overgrown by shell material (prob-
ably after the death of the parasite). No borings in the shell or inorganic particles 
were found inside of the pearls. Tubes are also present in type 3 pits suggesting a 

Fig. 20.5  Specimen of Ivoites opitzi from the Hunsrück Slate showing the morphology of Opit-
zian pits and their local influence on rib angle and spacing. Note, the lack of a general correlation 
of pit pair spacing with growth rhythms or septal spacing (modified from De Baets et al. 2013b). 
a Schematic drawing of the retrodeformed specimen with position of pits, ribs, and septa and 
analysed parameters. The arrow marks the starting point of the analyses (0 on the graphs), which 
proceed counter-clockwise. b Correlation between pit pair and septal spacing. c Plot of rib angle 
λ versus accumulated whorl angle Σ α. Note the drop in the angle between the rib before and fol-
lowing the pit pair and the subsequent rise between the rib and the second rib after the pit pair. d 
Plot of rib spacing A versus accumulated whorl angle Σ α. Note the rise in rib spacing A coinciding 
with the position of the pit pair. e Plot of septal spacing A versus accumulated whorl angle Σ α. 
Note a drop in septal spacing which more or less follows on each pit pair. The septal spacing has 
been translated for a rib angle corresponding to the body chamber length of about 115° (cf. Bucher 
et al. 1996)
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similar parasitic cause for these blister pearls. Type 2 is tentatively interpreted as 
being of parasitic origin as well due to their similarities in morphology and distri-
bution with type 1 and type 3 pits. Type 1–3 are typical Housean pits because they 
form at the back of the body chamber. Type 4 pits are an exception because they 
are formed at the front of the body chamber and locally affect shell growth at the 
aperture (Fig. 20.4, 20.5). Similarities with the other pit types and the fact that not 
all specimens of a species have them suggest a similar origin, but specimens with 
pristine shell preservation are necessary to directly test the hypotheses that they 
are casts of blister pearls and have a parasitic origin. A parasitic origin is also cor-
roborated by a lack of correlation with growth rhythms (long-term rib and septal 
spacing), although they did temporarily and locally affect rib spacing and angle (De 
Baets et al. 2013b; Fig. 20.5). This apertural location might reflect an evolutionary 
change in site specificity of the parasite that formed pit types 1–3 or a different 
type of parasite (De Baets et al. 2011). De Baets et al. (2013b) therefore introduced 
the name “Opitzian pits” for these type 4 pits after Opitz (1932), who first figured 
a specimen showing these paired pits. A pathological origin is also corroborated 
by the fact that Housean and Opitzian pits are not known from all specimens of 
a species and the ratio even varies between regions (Fig. 20.6) as well as signs of 
healing of damaged mantle tissue (e.g., spiral traces: Fig. 20.3) in some specimens 
(De Baets et al. 2011, 2013b). Type 5 pits probably do not have a parasitic origin as 
they are clearly linked with growth and occur in all specimens of these taxa, so that 
they probably should not be called “Housean pits” at all. It is tempting to attribute 
Housean (Type 1–3) and Opitzian (Type 4) blister pearls to parasitic flatworms as 
they are known to cause shell concretions (mostly after death of the parasite: com-
pare Lauckner 1983) in living bivalves, but so far no identical structures are known 
from extant cephalopods and the identity of these Devonian parasites remains a 
mystery. Other structures like igloo-shaped concretions can be formed when both 
the bivalve and parasite are alive (Ituarte et al. 2001, 2005).

The types of pearls correspond well with large groups of ammonoids suggesting 
a certain degree of parasite-host coevolution (De Baets et al. 2011; Fig. 20.4). The 
pits become rarer during the Givetian (Fig. 20.6) which might also explain why they 
have initially been overlooked in the Late Devonian (House 1960; De Baets et al. 
2011). Rakociński (2012) subsequently described type 2 pearls in Felisporadoceras 
from the Famennian of Poland extending their range into the latest Devonian. They 
might also be present in other Late Devonian taxa (e.g., Frasnian aulatornoceratids: 
Jürgen Bockwinkel, personal communication 2013). Superficially similar pits in 
Cymaclymenia figured by Schindewolf (1934) are probably borings (House 1960). 
Housean pits seem to have disappeared at the end of the Devonian which might in-
dicate the extinction of this particular lineage of parasites or that ammonoids found 
countermeasures against them or that the parasites stopped inducing the formation 
of pearls. It is unclear if the absence in derived ammonoids reflect changes in the 
complexity of food webs, because pearls might suggest the presence of complex 
parasite life cycles and food webs involving bivalves as well as jawed vertebrates 
(compare De Baets et al. 2011). Clusters of blister pearls (or their possible casts) 
have also been reported from Silurian nautiloids (Stridsberg and Turek 1997; Manda 
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and Turek 2009; Turek and Manda 2010) and Late Jurassic ammonoids (Mironenko 
2012), although they are never long-lasting and not regularly arranged in rows as 
with Devonian Housean or Opitzian pits (De Baets et al. 2011). It is unclear what 
causes their repeated and rather regular appearance in the Devonian, however, it 
might be linked to an episodic release of new parasitic stages as these rhythms are 
not related with the growth rhythm of the ammonoid itself (e.g., apertural growth or 
septal spacing: De Baets et al. 2011, 2013b). Furthermore, the parasite might target 
certain tissues or organs which possibly contribute to their regular position or paired 
arrangement (compare De Baets et al. 2011).

Isolated blister pearls and their casts have been reported from the Devonian ( Chei-
loceras: Keupp 2012), Triassic ( Ceratites: Kirchner 1927), and Jurassic (Keupp 
1986, 2000, 2012; Mironenko 2012), but not all might be of parasitic origin. Blister 
pearls are also reported from extant Nautilus (Landman et al. 2001; Fig. 20.1e) and 
fossil nautiloids (Kieslinger 1926; Manda and Turek 2009), although their causes 
are not well investigated. They are mostly located in a lateral (Fig. 20.1e) or dorsal 
position on the shell (compare Kieslinger 1926). On internal moulds, casts of blis-
ter pearls could be confused with borings or dissolved epicoles which grew post-
mortem on the inner part of the shell (e.g., Miller 1938; House 1960; Keupp 2012). 
A boring in the shell would, however, result in a positive structure in the internal 
mould rather than in a negative structure (De Baets et al. 2013b). The best evidence 

 

Fig. 20.6  Prevalence of Opitzian and Housean Pits in Early to Middle Devonian ammonoids. Ivo-
ites opitzi and I. schindewolfi derive from the early Emsian, Sellanarcestes from the late Emsian; 
Anarcestes from the late Emsian to early Eifelian; Afromaenioceras from the Givetian. Data com-
piled from Chlupáč and Turek (1983) and De Baets et al. (2011). Note the large variability between 
taxa and within Sellanarcestes depending on the region (left: Barrandian, Czech Republic, right: 
Anti-Atlas, Morocco) as well as the low prevalence of Housean pits in Givetian Afromaenioceras. 
The 95 % binomial confidence intervals (following Raup 1991 and De Baets et al. 2012) were 
calculated using the binom.confint function of the Binom Package in R (using the exact approach)
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for pearls derives from specimens where the shell, the blister and potentially even 
the irritant are preserved together. Inorganic material and fossilized parasite hard 
parts can be preserved in the nucleus of these pearls, while soft-bodied remains of 
parasites can be erased during the pearl formation process (Lauckner 1983).

Keupp (1986) was the first to describe blister pearls in ammonoids and to discuss 
their parasitic nature for at least some blister pearls in the Jurassic. He described similar 
indentations along with the adhering shell and egg-like concretions in two specimens of 
Dactylioceras anguinum from the Toarcian of Germany (Fig. 20.1, 20.7). The strange 
elliptical concretions are attributed to an overgrown parasite (Keupp 2012), potentially 
parasitic flatworms (Keupp 1986). These particular types of blister pearls were recently 
also reported from the Tithonian of Russia ( Kachpurites: Mironenko 2012) which ex-
tended their range from the Early into the Late Jurassic.

20.5.4  Volume and Ornamentation-Enlarging Pathologies

Temporary increases in the volume of the shell and ornamentation have been linked 
with parasitism by Keupp (1976) who described all these phenomena as forma in-
flata. Subsequent authors have consistently attributed these temporary swellings to 
mantle tissue infections and infestations caused by parasites (Keupp 1976, 2000, 
2012; Hengsbach 1979b, 1991a, 1996; Kröger 2000). Nevertheless, this needs to 
be further corroborated by studies on extant bivalves or other shelled molluscs. 
Since the work of Kröger (2000) two main types have been defined: shell volume-
enlarging pathologies ( forma inflata Keupp 1976; Fig. 20.2c) and ornamentation-
enlarging pathologies ( forma augata Kröger 2000; Fig. 20.2a, b, d).

Fig. 20.7  Cross section through a blister pearl from a Dactylioceras anguinum, Toarcian (Juras-
sic), Altdorf near Nürnberg (Germany), PA-1696 (modified from Keupp 2012). Note, the egg 
shaped cavity (dm 3 mm) within the blister pearl, now filled with cement, interpreted to be the 
original shape of overgrown parasite (compare Keupp 1986, 2012)
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Keupp (1976, 2000) described a pathological specimen of Amoeboceras (Fig. 20.1a) 
in which the crenulated keel temporally and progressively developed several large pro-
tuberances (superficially similar to the keel in Creniceras), which he attributed to a 
short-term infestation of the ventral apertural mantle tissue by parasites. Keupp (1984, 
1997, 2000) described a similar phenomenon in Dactylioceras (Fig. 20.1d); in the mate-
rial described therein, the ribs suddenly and progressively developed into large shovel-
like bands on the venter which subsequently return back to normal ribs.

Such malformations which progressively develop and return to normal, have only 
been reported from single specimens of taxa from the Early and Late Jurassic which 
have been related to the parasitic infestation of the ventral mantle epithelium (Keupp 
1976; Hengsbach 1996). The appearance of this anomaly seems to be dependent on the 
type of ornamentation and its development program (e.g., transformation of the crenu-
lated keel to large protuberances in Amoeboceras or the enlargement of ventral ribs to 
successive shovel-like bands in Dactylioceras; compare Keupp 2000). The increase in 
development of ornamentation might give rare specimens a polygonal outline (Keupp 
2012), although this should not be confused with other types of pathologies resulting 
in a polygonal shape possibly linked to endogenic causes ( forma polygonia Hüne and 
Hüne 2006) or taxa where a polygonal whorl is normal and all specimens have it (e.g., 
triangular Soliclymenia from the Late Devonian: Korn et al. 2005b or the tetrangular 
Entogonites from the Carboniferous: Korn et al. 2005a). Fernandez-Lopez (1987, pl. 
1, Fig. 1) figured a specimen of Bajocisphinctes with a similar pathology which can be 
attributed to the struggle between ammonoid and parasite (Hengsbach 1996). Keupp 
(2012) described phenomena resulting from the single swelling of ornamentation from 
the Late Triassic ( Arcestes), Early Jurassic ( Pleuroceras), Middle Jurassic ( Quensted-
toceras; Fig. 20.2b), and Late Jurassic ( Orthospinctes). The normal ornamentation sur-
rounding these structures suggests that the mantle tissue at the apertural margin was 
probably not infected. These phenomena were originally described as forma inflata, 
but Kröger (2000) introduced the forma augata to refer to this ornamentation-enlarging 
phenomena, particularly in case of multiple swellings. Further examples of forma au-
gata in Quenstedtoceratinae were also figured by Keupp (1985), Seltzen (2001, 2009) 
and Larson (2007).

The forma inflata should be restricted to conspicuous, temporary bulbous swell-
ings of the shell behind the aperture which are typically associated with the regen-
eration of external injuries (Kröger 2000; Keupp 1995, (2006, 2012; Fig. 20.2c). 
The swellings are mostly smooth indicating that the mantle tissue at the aperture 
was not involved in their formation, although in rare cases, damages to the ap-
ertural mantle tissue might have resulted in phenomena similar to forma augata 
during further growth. Such temporary swellings were first figured by Lehmann 
(1975) which he related to the mantle protruding considerably outside of the shell 
after some injuries behind the aperture. Keupp (2012) pointed out that Lehmann’s 
explanation would be rather unlikely because of the consistency of the mantle mus-
culature as well as the offset between the injuries and the bulbous swellings. Ac-
cording to Keupp (1976, 1995, 2000, 2006, 2012), the temporarily exposed mantle 
tissue (as consequence of an injury) was more prone to infection and infestation 
by parasites, thus resulting in the temporary swelling. The forma inflata is known 
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from a wide variety of taxa (Lehmann 1975; Keupp 1976, 1995, 2000, 2006, 2012; 
Hengsbach 1996; Kröger 2000) from the Early to Late Jurassic (e.g., Dactylioceras, 
Pleuroceras, Rehmannia, Divisosphinctes, Orthosphinctes: Fig. 20.2c) and the Late 
Cretaceous (e.g., “Jeletzkytes”, now synonymized with Hoploscaphites by Land-
man et al. 2010).

Keupp (1995, 2012) also described additional volume increasing phenomena 
which might be linked to parasitism. They correspond with a gradual thickening 
of one side of the whorl resulting in significant left-right asymmetry of the whorl 
section which could be interpreted as volume enlargement of the soft-tissue along 
one side of the body in response to a parasitic infestation and/or tumor-like swelling 
(extant cephalopods are not believed to develop real tumors: Sparks 1972). So far, 
these unilaterial swellings have been reported from a Pleuroceras (Early Jurassic: 
Keupp 1995; Fig. 20.2e, f) and a “Jeletzkytes” (Late Cretaceous: Keupp 2012).

20.5.5  Symmetropathies

Hengsbach (1991b) introduced the term “symmetropathy” to refer to pathological 
asymmetry or deviations from the plane of bilateral symmetry. Several symme-
tropathies in both the phragmocone and conotheca in absence of external injuries or 
epizoa have been attributed to parasitism with various degrees of certainty (Hengs-
bach 1991a, 1996; Keupp 2000), including asymmetry in the position of the keel or 
the entire shell as well as asymmetry of the siphuncle and ventral lobe.

Rieber (1963) was the first to interpret a parasitic cause for a paleopathy he 
observed in Cardioceras with an asymmetrically situated keel ( forma juxtacari-
nata Hölder 1956; compare Fig. 20.2m) and siphuncle ( forma juxtalobata). The 
formation of the septa by the mantle is spatially and temporarily separated from 
the formation of shell material at the aperture, so that pathologies that affected both 
the phragmocone and the aperture are usually rare (Keupp 2012). Rieber (1963) 
interpreted this lateral displacement of the keel as being the result of an infestation 
of the ventral mantle by parasites. A parasitic infestation seems plausible as the 
Cardioceras specimen showed a lateral displacement of both medial elements after 
at least three normal whorls without indications for external injuries and with a 
progressively increasing degree of deviation of the keel (and the siphuncle) adaper-
turally. Several authors have discussed similar cases and followed Rieber (1963) in 
attributing similar deviations in symmetry of the ventral elements of the conotheca 
to parasitic infestations (Bayer 1970; Hölder 1970; Hengsbach 1991a, 1996; Keupp 
2000, 2012).

Heller (1958) described a Pleuroceras with an asymmetrical keel that shows 
multiple oscillations and only normalizes towards the end of the body chamber. 
Heller (1958) dubbed this phenomenon forma undaticarinata (Fig. 20.2g, h). It 
can probably be best explained by a temporary parasite infestation of the ventral 
mantle epithelium. This is supported by the fact that it can be associated with a flat-
tening and asymmetrical appearance of the keel crenulation, which is reminiscent 
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of pathologies dubbed forma cicatricocarinata (Heller 1964) caused by injuries to 
the ventral mantle epithelium as well as unilateral temporary disappearance of the 
groove surrounding the keel. This phenomenon is not only known from the Amal-
theidae, but also from the Harpoceratidae and Hildoceratidae (Fig. 20.2g, h) as well 
as potentially other taxa with keeled or sharp venters (Keupp 2012). Rare quantita-
tive analyses (Fig. 20.8) show a 10 times higher prevalence of this pathology in 
Pleuroceras than in Hildoceras (compare Keupp 2012). The keel can maximally 
deviate about 90° from the planispiral position and if it exceeds this value, it can re-
sult in one or multiple reestablishments of the keel and an associated chaotic, zigzag 
pattern of the ornamentation ( forma choatica of Keupp 1977).

Landman and Waage (1986) introduced the term Morton’s Syndrome to refer to 
forms of shell asymmetry in which the midline of the shell venter is deflected to 
the right or left of the plane of symmetry (Fig. 20.2i, j, k, l, 20.8). The name was 
based on the work of Morton (1983), who described a high proportion (8.1 %) of 
both macro- and microconchs of Graphoceras from the Aalenian, whose whorls 
grew over to one side resulting in unilateral deformation of the whorl cross sec-
tion and an excentrical position of the planispiral plane after initial normal growth. 
Morton (1983) attributed this displacement to parasitic infestation or disease, an 
opinion shared by Hengsbach (1991b, 1996) and Keupp (2000, 2012). It can result 
in a bowl-shaped morphology which could be described with the term forma ex-
centrica (Hölder 1956) and can also be caused by in vivo encrustations of epizoa. 

Fig. 20.8  Prevalence of Morton’s syndrome and similar phenomena ( forma undaticarinata) in 
Early Jurassic to Late Cretaceous ammonoids (in chronological order). Data compiled from Mor-
ton (1983), Landman and Waage (1986) and Keupp (2012). The 95% binomial confidence inter-
vals (following Raup 1991 and De Baets et al. (2012) were calculated using the binom.confint 
function of the Binom Package in R (using the exact approach).
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According to Keupp (2012), these pathologies can be associated with countero-
scillations of the ornamentation or even the entire whorl ( forma undatacarinata 
or undaticoncha, respectively) in rare cases. Keupp and Ilg (1992) introduced the 
term forma undatispirata to refer to temporal oscillations of whorls, while Hengs-
bach (1996) used the term forma undaticoncha, particularly when associated with 
oscillations of the ventral keel or groove. Landman and Waage (1986) described a 
deviation of the flattened external side from the median plane in Discoscaphites 
and Hoploscaphites (also known as forma juxtasulcata of Gezcy 1965) as Morton’s 
syndrome (Fig. 20.8). Hölder (1970) used the prefix juxta- for cases in which there 
is a separation of medial elements that are normally coincident with one another 
(compare Hengsbach 1996). Comparable deviations have become known from a 
wide variety of taxa (reviewed by Keupp 2012) with mostly planulate to discocone 
conchs ranging from the Early to Middle Triassic ( Pseudosageceras, Columbites, 
Tropigastrites), over to the Early to Middle Jurassic (Amaltheidae, Graphoceratidae 
such as Graphoceras, Hildoceratidae such as Cleviceras, Dumortiera or Pleydel-
lia, Cardioceratidae such as Quenstedtoceras) to Cretaceous ( Deshayesites: Dogu-
zhaeva et al. 1990; Saynoceras: Ploch 2007). Similar pathologies might be present 
in the Devonian as well (compare Bockwinkel et al. 2013, Fig. 6D for a report of 
a specimen of Pseudoprobeloceras pernai with possible Morton’s Syndrome), but 
the deviations from normal coiling of the inner whorls in this case might also be 
related with external injuries or epizoa (compare Klug and Korn 2001) which are 
now overgrown and not detectable anymore.

The proportion of these pathologies is variable between populations and lo-
calities (0.05– 8.1 %; Fig. 20.8). The high proportion of these structures in some 
populations (e.g., Graphoceras of the Isle of Skye: Morton 1983; Hoploscaphites 
nebrascensis: Landman and Waage 1986; Fig. 20.8) might point to a large para-
site population at certain localities (e.g., Keupp 2012), although they might also 
be related with other factors such as a particular ecology (food, mode of life) or an 
oversensitivity of a population or that these ammonoids were false or facultative 
hosts at some sites.

In most ammonoid taxa, the midventral position of the siphuncle and of the ventral 
lobe of the suture line is constant, however, in some taxa the ventral placement can 
be quite variable or its lateral displacement is even species-specific (Keupp 2012; Fig. 
20.9) and it can also change towards the end of ontogeny through the asymmetrical 
growth of organs (Yacobucci and Manship 2011). This phenomenon has been docu-
mented from the Devonian to the Cretaceous (Ziegler 1958; Kemper 1961; Hengsbach 
1977a, 1977b, 1977c, 1978, 1979a, 1986a, 1986b; Landman and Waage 1986) with 
differing prevalences in separate taxa and populations. It also shows no clear bound-
ary (smooth transition) between pathological and normal development of this asym-
metry (Keupp 2012; Fig. 20.9). Hölder (1956) introduced the term forma juxtalobata 
(Fig. 20.2n) to refer to the pathological ventral displacement of the siphuncle and the 
ventral lobe of the suture to one side which should only affect a certain portion of the 
ammonoid population. According to Keupp (2012), only a small fraction of ammonoid 
specimens should be affected by parasites (~1 %) and show pathologies, while others 
like Hengsbach (1996) still attribute a significantly higher prevalence of these patholo-
gies (up to 70 %) to specialized parasitic infection. In the absence of external injuries 
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or developmental disorders, the forma juxtalobata could potentially be related with 
various endogenic diseases such as those caused by parasitic infestations (Hengsbach 
1991b, 1996; Keupp 2012). Hengsbach (1986a, 1986b, 1991a, 1996) argued that at least 
some sutural asymmetry-paleopathies in Jurassic taxa were caused by parasitism. He 
attributed them to an infestation of the septal mantle at or near the siphuncle of young 
ammonoids (potentially resulting in an asymmetrical swelling) which caused a displace-
ment of the septal root and hence the ventral lobe. According to Keupp (2000, 2012), a 
pathological cause for the asymmetry of septa in several groups of Jurassic ammonoids 
with a high proportion of asymmetry (including the cases discussed by Hengsbach) are 
still speculative.

This is related to the fact that the direction and degree of asymmetry of the suture 
line seems to be constant (genetically fixed?) in some taxa to highly variable in other 
taxa (Keupp 2012). Furthermore, a parasitic (or a different pathological) cause appears 
rather unlikely in many cases as the asymmetry of the suture often lacks a gradual devel-
opment and can show a continuum between a very low to very high prevalence within 
some genera (Keupp 2000, 2012; Fig. 20.9, 20.10). Hengsbach (1986a) reported a 26 % 
prevalence of asymmetry in Glochiceras, while Keupp (2012, p. 253), based on the 
material of Ziegler (1958), stated that the prevalence within this taxon differs between 
species from 0–100 % (compare Keupp 2012, p. 253; Fig. 20.10).

Fig. 20.9 Prevalence of asymmetry of the ventral lobe and siphuncle (not restricted to pathologi-
cal cases: forma juxtalobata: see discussion in text) in Devonian to Cretaceous ammonoids (in 
chronological order). Data derive from Ziegler (1958), Hengsbach (1976, 1977a, 1977b, 1977c, 
1978, 1979a, 1980, 1986a, 1986b) and Landman and Waage (1986); fide Keupp (2012). The 95 % 
binomial confidence intervals (following Raup 1991 and De Baets et al. 2012) were calculated 
using the binom.confint function of the Binom Package in R (using the exact approach).
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Exceptions include the specimen described by Rieber (1963) and potential simi-
lar cases, where both the siphuncle and the keel progressively develop a lateral 
displacement after a certain amount of normal coiling as discussed above. Extant 
Nautilus is of little help to interpret the asymmetry of the ventral lobe because its 
siphuncle is located centrally, so that the parasitic cause remains unproven.

Parasitism remains attractive to explain asymmetry, even in the buccal mass, 
where Schweigert (2009) suggested parasites to be responsible for assymmetrical-
ly arranged deformations in anaptychi without an apparent orientation preference 
(e.g., Schweigert and Dietl 2001). Kruta and Landman (2008) investigated injuries 
and anomalies in Nautilus jaws which are probably mostly related to diet or mating 
behavior. They hypothesized that one type of anomaly might potentially be linked 
to parasitism, however, only parasitic copepods have been reported from Nautilus in 
the wild (see 3.6.3) which are not known to cause these pathologies.

20.5.6  Other Pathologies attributed to Parasitism

Some other pathologies without clear signs for external injuries or epizoa have also 
been attributed to parasitism or more generally to endogenic causes (see Hengsbach 
1996; Keupp 2012 for a more general reviews). Shell lamellae ( forma aptycha of 
Keupp 1977; forma conclusa of Rein 1989; Fig. 20.1d) have also been discussed to 
encapsulate foreign bodies (Lehmann 1990, p. 194) such as parasites (Rein 1989) 
or an injured or diseased area. Such secondary shell lamellae (Keupp 1977; Rein 
1989; Lehmann 1990; Rein 1994; Keupp 1994, 1996, 1998, 2000, 2012) have been 

Fig. 20.10  Prevalence of asymmetry of the ventral lobe and siphuncle in Glochiceras as listed in 
Keupp (2012; compare Ziegler 1958)
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reported from several ammonoid taxa ranging from the Triassic ( Ceratites, Neva-
dites) to the Jurassic ( Chondroceras, Dactylioceras, Elatmites, Kosmoceras, Pleu-
roceras, Sigaloceras, Virgatites) and in to the Cretaceous ( Audouliceras, Pavlovia/ 
Strajevskya).

Similar lamellae have been reported from extant captive Nautilus (Keupp and 
Riedel 1995; Keupp 2012, p. 231–234; Fig. 20.1c), where the shell material is se-
creted by the mantle and a local detachment of the mantle and shell occurs (Keupp 
2012). No parasitic cause is necessary to explain these structures and according to 
Keupp (2012), they are mostly related with external injuries. However, parasitic or 
other endogenic causes cannot be completely ruled out if no obvious injury can be 
found (compare Keupp 2012, p. 161).

The temporary loss or diminution of ornamentation (described by Lange 1941 
as forma cacoptycha) might also be related to endogenic causes (Keupp 2012), 
including parasitism or metabolic-physiological disorders (Hengsbach 1996); 
however, similar phenomena are also known during regeneration of injuries. 
Hengsbach(1996) suggested that parasitism could have been involved in cicatrisa-
tions of the crenulated keel ( forma cicatricocarinata of Heller 1964) and Keupp 
(2012) suggested that endogenic causes might be involved in keel-like raised cica-
trices along the venter and flanks of some ammonoids ( forma pseudocarinata of 
Fernandez-Lopez 1987), although more comparative studies and data are necessary 
to corroborate these hypotheses.

20.5.7  Negative Effects of Bioerosion and Epizoa

Parasitism should not be confused with other symbiotic or long-term associations such 
as epizoa and bioerosion which can also affect the growth of ammonoids (but do nec-
essarily bring advantage to the bioeroding or encrusting agents). Epizoa (Fig. 20.11, 
20.12) can form long-term associations and may cause damage or influence growth 
of ammonoids (e.g., Davis et al. 1999; Klug and Korn 2001; Checa et al. 2002; Lar-
son 2007; Keupp 2012). They are, however, not necessarily parasites since many 
grew on shells of both living and dead ammonoids as sclerobionts or epicoles (Fig. 
20.11, 20.12; Keupp and Hoffman 2015), colonizing their floating shell or their 
shell when it is already deposited on the seafloor forming a benthic island (Seilacher 
1982; Paul and Simms 2012; De Baets et al. 2013b). We follow the terminology 
suggested by Davis et al. (1999) to refer to epizoa as organisms living on other 
organisms while both are alive, while we will use epicoles to refer to organisms 
that live on a hard substrate or shells also when the host is already dead and gone. 
In vivo encrusters of ammonoid shells are known from the Devonian (Klug and 
Korn 2001) to the Cretaceous (reviewed by Keupp 2012) and include algae, fora-
minifers, tabulate corals, bryozoans, brachiopods, annelids, lepadomorphs, gastro-
pods, bivalves, and crinoids (see also Rakociński 2011). Various other organisms 
ranging from fungi to cystoids have also been documented to encrust ammonoid 
shells, but so far there is no evidence that this happened during their life. Some re-
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Fig. 20.11  Epizoans and post-mortem epicoles from the Devonian: a, b cf. Latanarcestes sp. with 
tabulate coral epizoans, PIMUZ 31083, late Emsian, Hamar Laghdad (morocco), dm 22.5 mm. c, 
d body chamber of Latanarcestes sp., GPIT 1881–2, dm 11 mm with tabulate coral epizoans. c, 
dorsal view, note the last septum and the imprint zone, x 4. d detail of c, note the imprints of the 
overgrown corals. e, detail of a Endosiphonites muensteri with a crinoid epicole, GPIT 1850–10, 
late Famennian, Ouidane Chebbi (Morocco), dm 72 mm, x 1. f Paranarcestes chalix, elliptical 
coiling due to epizoans, GPIT 1871–206, late Emsian, Ouidane Chebbi (Morocco), dm 7.9 mm. g 
Rherisites tuba with tabulate coral epicoles, GPIT 1869–7, late Emsian, Jebel Mech Agrou, Tafilalt 
(Morocco), dm 52.2 mm. h Cymaclymenia involvens with auloporid coral epicole (? Cladochonus 
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ports of epicoles might be actually conellae (inorganic growths) which have some-
times been confused and wrongly described (Keupp 2012) as barnacle-like epicoles 
(Maubeuge 1949, Gerasimov 1955) or limpet gastropods (Quenstedt 1884; Busse 
1976). When correctly recognized, epizoa can provide important information on 
ammonoid growth (Bucher et al. 1996) and ecology (Seilacher 1960; Keupp et al. 
1999) including shell orientation in the water column (Hauschke et al. 2011; Rit-
terbush et al. 2014). In vivo epizoism can be easily recognized when epizoa are 
attached on both sides or overgrown by the ammonoid shell (Paul and Simms 2012) 
which often influence the growth of the ammonoid resulting in changes in shell 
morphology such as asymmetry of the whorl section and deviations from normal 
coiling (Checa et al. 2002). When the final size is reached, in vivo epizoism can only 
be recognized by a preferential orientation of epizoa to currents (Seilacher 1960). 
Multiple generations of epizoa showing a clear size gradation and exceptional pres-
ervation of ammonoid remains (presence of buccal mass) might also point to the 

Fig. 20.12  Epizoans and post-mortem epicoles from the Mesozoic: a Arnioceras miserabile, with 
a serpulid epizoan, which forced the ammonite to alter its shell morphology, Early Sinemurian, 
Semicostatum Zone, Charmouth, Dorset (UK), dm 30 mm. b, c Mammites nodosoides with four 
specimens of the crustacean epicole Stramentum sp., Turonian, Goulmima (Morocco), dm 75 mm. 
d Ceratites pulcher with 15 juvenile brachiopod epicoles of Discinisca discoides, PIMUZ 31080, 
Anisian, Triassic, dm 37 mm

sp.), GPIT 1850–22, late Famennian, Madene El Mrakib (Morocco), dm 60 mm. i, j lateral and 
dorsal view of Chlupacites praeceps with the cystoid epicole Eucystis sp., GPIT 1881–5, late 
Emsian, Tazoulait, Morocco, dm 46 mm. k Sellanarcestes cf. tenuior with the cystoid epicole 
Eucystis sp., late Emsian, Filon 12 (Morocco), dm 64 mm. l Cymaclymenia sp. with a coral epicole 
(Cleistoporidae gen. et sp. indet.), late Famennian, Lambidia (Morocco), dm 60 mm. Images c to 
j from Klug and Korn (2001)
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fact that organisms encrusted the ammonoid shell during its lifetime (Keupp et al. 
1999). Multiple generations of epizoa would take a while to grow superseding the 
phase of post-mortem drift. After a long postmortem drift or slow burial, one would 
not expect the exceptional preservation with in situ buccal masses (compare Wani 
2007; Keupp 2012) and renal concrements or uroliths.

The type of relationship between the epizoa and the ammonoids probably varied 
from taxon to taxon. In some cases, only the ammonoid might have had disadvan-
tages as his mobility was constrained by increased drag, additional weight, and 
the influence on growth because of the epizoa. In some cases, in vivo infestation 
brought negative effects for both the epizoa and the host (compare Larson 2007; 
Keupp 2012), for which Meischner (1968) introduced the term “perniciöse Epökie”. 
This was particularly the case for epizoa which could not change their relative posi-
tion after fixation on the substrate or which grew longitudinally, because they soon 
ended up away from their preferred current orientation and were eventually over-
grown by the ammonoid shell (Keupp 2012, p. 183). The epizoa in turn influenced 
ammonoid growth as well as shell shape and therefore the orientation and drag in 
the water column of the shells.

Whether or not carbonate boring fungi, found as trace fossils (Wetzel 1954; 
Schindewolf 1962, 1963; Wetzel 1964; Keupp 2012) and more rarely as body fossils 
(Weitschat 1986; Lehmann 1990) in ammonoid shells, already infested ammonoids 
during their life and can be treated as parasites is still debated (Keupp 2012). Algae 
and some parasites are also known to be actively involved in bioerosion of shelled 
mollusks (e.g., the foraminifer Hyrrokin: Beuck et al. 2008). These and other micro-
borers could already have infested the ammonoid during their lifetime (Schindewolf 
1962, 1963; Wetzel 1964), but often do so after death (Dullo 1981; Keupp 2012). 
The traces described by Schindewolf (1962) as Mycelites from ammonoid shells are 
definitively microborings, although this ichnogenus and its ichnospecies are no lon-
ger applied following the invention of the cast-embedding technique (Wisshak and 
Tapanila 2008). The study of microborings has greatly advanced and a lot of ich-
notaxa have been erected that were formerly subsumed under terms like Mycelites. 
Most of the traces are reminiscent of Orthogonum lineare (Glaub 1994) which are 
produced by a heterotrophic organism based on its distribution down to aphotic 
depths and fungi have been tentatively assigned to be the most likely producer. Not 
all traces reported by Schindewolf are produced by heterotrophic organisms (Max 
Wisshak, personal communication 2012). However, the hypothesis of Schindewolf 
(1962, 1963) and Wetzel (1964) of a syn vivo infestation of the microborers is not 
inconceivable and has been reported from oysters, balanids, and serpulids (Max 
Wisshak, personal communication 2012). The periostracum might, however, serve 
as a barrier for many microendoliths, but not for all. Some microborings have been 
described, which even specifically penetrate or entirely dwell within the periostra-
cum (e.g, in the deep-sea bivalve Bathymodiolus: Hook and Golubic 1988, 1992). 
Bioerosion already starts during the animal’s lifetime in extant Nautilus (Seuss et 
al. 2015). So far, no direct evidence for a syn vivo-infestation of ammonoids (such 
as active countermeasures) have been documented, so it appears more reasonable 
to assume that in many cases, the boring traces were mostly formed postmortem 
unless demonstrated otherwise (Keupp 2012).
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20.6  Conclusions and Future Perspectives

Pathologies in ammonoid shells show that they were frequently infested- and af-
fected by parasites of various kinds. Among the most convincing manifestations of 
such parasitoses are blister pearls (Devonian-Jurassic: Keupp 1986; De Baets et al. 
2011), asymmetry of the shell in absence of external injuries or epizoa (Triassic-
Cretaceous: Rieber 1963; Morton 1983; Keupp 2012), and disturbances in shell 
growth (Jurassic: Keupp 1979; Kröger 2000) which is corroborated by comparative 
studies on extant and fossil shelled mollusks. Pathological gigantism (Carbonifer-
ous: Manger et al. 1999) and pathological enlargement of shell volume or ornamen-
tation (Triassic-Cretaceous: Keupp 1976; Kröger 2000) could also be related with 
parasitism, although more evidence is necessary to further confirm these hypoth-
eses. Only in some cases (e.g., Rieber 1963), asymmetry of the suture line (Devo-
nian-Cretaceous: Keupp 2012), could potentially also be related with parasitoses. 
Parasitic infestations were more widespread than suspected from counting such pa-
leopathies in the ammonoid shell because most soft-tissue parasites did not leave 
direct traces in the fossil record and only a fraction caused shell growth patholo-
gies in their hosts. For the same reasons, the identity of the parasites causing these 
pathologies is so far mostly unknown. Parasitic flatworms were among the likely 
suspects which is based on extant parasite-host relationships, their high prevalence 
in extant coleoids, and studies of similar pathologies they cause in other externally 
shelled mollusks today. Various other extant and even extinct lineages of parasites 
with similar behavior might also have been responsible. Furthermore, many com-
mon cephalopod parasites like bacteria, helminths, as well as crustaceans living in 
gills of both Recent coleoids and Nautilus have a low fossilization potential. The 
high concentration or restriction of these anomalies to certain taxa or timeframes 
(Housean pits in Devonian Anarcestina, Pharciceratina and Tornoceratina: De Baets 
et al. 2011, “forma umbilicata” in Dactylioceratidae of the Early Toarcian: Keupp 
1979, 2000, 2012; particular cases of “forma augata” in Quenstedtoceratidae of the 
Early Callovian: Seltzer 2001, 2009; Larson 2007; Keupp 2012) suggests parasitic 
culprits with a high degree of host specificity and makes them potentially an im-
portant tool for investigating coevolution in deep time (e.g., De Baets et al. 2011). 
It has been suggested that the presence of blister pearls in the earliest ammonoids 
might also indicate the presence of complex parasite life cycles and food webs 
already in the Devonian because extant parasitic flatworms inducing pearls are 
transmitted from intermediate host to final hosts by feeding (compare Fig. 20.13). 
Keupp (2000) suggested that the prevalence of possible trematode-induced pearls 
in Jurassic Dactylioceras might corroborate their planktic lifestyle as intermediate 
hosts today are mostly mollusks feeding on plankton. However, more studies on 
the distribution of pathologies are necessary to confirm such hypotheses, as they 
might not only give important information on the evolutionary history of their hosts 
but also on their mode of life and predator-prey relationships. Such hypotheses can 
only be adequately corroborated by finding exceptionally preserved parasites in 
ammonoid soft parts which is highly implausible, but not impossible (cf. Klug et al. 
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2012). Further comparative work on pathologies in extant and fossil cephalopods 
and other molluscs with an accretionary shell, particularly bivalves and gastropods, 
can also be useful to identify their parasitic causes and the behavior of the culprit. 
The influence of in vivo epizoa and bioerosion during the lifetime of ammonoids 
also needs to be further investigated.
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21.1  Introduction

21.1.1  Definition of (Paleo-)Pathological Phenomena

“Normality is fiction” (Hölder 1956) and is best understood as arithmetic average. 
Deviations from the “normal” phenotype of a given population that are caused by 
endogene or exogene growth anomalies are called pathologies. Paleopathologies, 
as a rule, are constrained to growth anomalies of mineralized hardparts that passed 
down in the fossil record. In case of ammonoids these hardparts are the conch and 
subordinate jaw elements, especially the calcareous aptychi, often found isolated 
from their host.

21.1.2  Historical Aspects

During early scientific time, pathological ammonoids were regarded as monstrous 
curiosities till the end of the nineteenth century, e.g., d’Orbigny 1842–1851; Fraas 
1863; Quenstedt 1885–1888. Modern scientific treatment appeared at the begin-
ning of the twentieth century with the publication of Engel (1894) who conducted 
research regarding the causes of such phenomena. Finally, the summarizing paleo-
pathological descriptions of Moodie (1926) and Tasnadi-Kubacska (1962) focused 
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on vertebrate paleontology and introduced the field of paleopathology as an inde-
pendent paleobiological discipline (Hengsbach 1991).

Engel (1894) mentioned four factors causing paleopathological phenomena: 
(1) “Krüppel ab ovo” (cripple within the egg), (2) “Bastarde bzw. senile Formen” 
(bastards respectively senile forms), (3) “kranke Formen” (ill forms), (4) “verletzte 
Formen” (injured forms). Today, according to Lehmann (1976), anomalies are un-
derstood as conch modifications that only affect single or few specimens of a spe-
cies and can be attributed to diseases, injuries or other interactions between organ-
isms, e.g., parasites, epizoa (Keupp 2012). Disease that affect the whole population 
(= “Überindividuelle krankhafte Erscheinungen” of Schwegler 1939), and higher 
taxonomic units e.g., heteromorph ammonoids, specific modification of the aper-
ture, or ontogenetic changes in ornamentation patterns, that were described by for-
mer authors as “ill”, “abnormal” or “degenerated” (Quenstedt 1858; Engel 1894; 
Pompeckj 1894; Tornquist 1896; Schindewolf 1929), do not represent pathological 
phenomena.

For paleontologists, confirmation or identification of conch anomalies that are 
caused by genetic dysfunctions (Engel 1894: “ab ovo” or crossing) is difficult be-
cause the mutagenic character hinders a differentiation between intraspecific vari-
ability or speciation (development of new species). In many cases traumatic events 
during an early/juvenile ontogenetic stage that caused phenotypical modifications 
also in later ontogenetic stages were misinterpreted as being caused by genetic dys-
functions. Such cases are the source of taxonomic confusion and phylogenetic mis-
conceptions in paleontology (e.g. Maubeuge 1957). Based on singular pathologi-
cal cases, several new species have been raised; Keupp (2012) lists 40 such cases. 
Two cases will be explored in more detail in the following: (1) fastigate ceratitids 
from the German Muschelkalk, and (2) ring-ribbed pleuroceratitids from the middle 
Lower Jurassic.

The species “Ammonites fastigatus” was established by Credner (1875) based 
on a single ceratitid ammonite from the German Muschelkalk, whose strong ven-
tral ribs extended over the otherwise smooth ventral side (= ring ribs; Fig. 21.1). 
Afterwards, additional specimens of fastigate ceratitids from different species 
were found (e.g., Eck 1879; Zimmermann 1883; Blankenhorn 1887; Philippi 1901; 
Riedel 1916; Bülow 1918; Böttcher 1938; Müller 1954, 1970a, b, c; Busse 1954; 
Wenger 1957; Weyer 1964; Mayer 1966, 1974, 1978, 1981; Rummel 1973; Rein 
1989, 1991; Claus 1992). In most cases, the preservation as internal moulds pre-
vents the recognition of the causing injury of the juvenile ceratitid aperture. Only 
the more or less pronounced asymmetry of the ornamentation perturbance itself in-
dicates a traumatic event (Keupp 1985). The misinterpretation of these anomalies as 
genetic dysfunction led to new “fastigo-species” (Rothe 1949, 1955; Wunsch 1957; 
Mundlos 1963). Müller (1976) interprets fastigate ceratitids as “prologism”, i.e. 
single specimen genetically implement ornamentation patterns that become regular 
later during the Jurassic. Considering the fact that ceratitids represent a blind ending 
group of ammonoids that is not phylogenetically connected to the younger groups 
of Jurassic and Cretaceous ammonoids, demonstrates the unreliability of that hy-
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pothesis. Hence, fastigate ceratitids are the result of traumatic events that caused a 
so-called “compensations ornamentale” (Guex 1967).

Two Lower Jurassic pleuroceratitids with ring-ribs were described in a simi-
lar way. The lack of the typical “Zopfkiel” was caused by an injury of the shell-
secreting, ventral mantle epithelium during an earlier ontogenetic stage, but was 
misinterpreted as genetic dysfunction by Kolb (1955). The resulting phenotype re-
sembles some Aegoceratidae, the phylogenetically ascending keel-less group from 
which the Amaltheidae arise. Kolb (1955) therefore argued that this phenomenon 
might represent atavism. Maubeuge (1957) re-examined the same two specimens. 
He draws the same conclusion as he did before for similar cases (Maubeuge 1949a), 
that these ring-ribbed pleuroceratitids represent independent valid taxa, which he 
transferred to the genus Androgynoceras and Oistoceras, respectively. Both genera 
are restricted to the Lower Pliensbachian.

The morphological variability of anomalies causing ring-ribs is reflected in 
the assignment to two different aegoceratid genera. Strength of expression of that 
anomaly depends on the intensity of the injury and degree of regeneration of the in-
jured epithelia; both allow for differing growth rates of the ventral part of the conch 
(Fig. 21.2). Hölder (1956) introduced for these anomalous ring-ribbed ammonites 
the forma aegra circumdata (forma aegra will be abbreviated as f. a. onwards) as 
one of his “standardized anomalies” (see below). That was based on his obersav-
tions of ring-ribbed Schlotheimia that was earlier described by Martin (1858) as 
“Ammonites circumdatus”

Fig. 21.1  a Reproduction of “Ceratites fastigatus” from Credner (1875). b fastigate Ceratites 
nodosus (Schlotheim) from Oberstetten/Mainfranken, already described by Eck (1897), Philippi 
(1901) and Wenger (1957) (original housed at Staatliches Museum für Naturkunde Stuttgart, Nr. 
21076)
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21.1.3  Taxonomic Handling: Symptom versus Syndrome

Hölder (1956) introduced an open nomenclature below the species level for charac-
teristic, so-called “standardized” anomalies that occur in different ammonoid taxa 
and cause similar phenomena (= forma aegra). In many cases different causes, partly 
endogenic or exogenic underlie the descriptive-phenomenologically defined types 
of forma aegra. Therefore in most cases an etiology of the phenomenon cannot be 
clarified. A summarizing table of all hitherto known 42 types of forma aegra defined 
for ammonoids was presented by Keupp (2012) and is reproduced here (Tab. 21.1).

Two different ways of treatment has been established in order to handle cases 
where several anomalous phenomena (= symptoms) due to larger perturbances of 
the shell geometry occur. One option is to describe the sequence of anomalous mor-
phologies by application of the correct f. a. types (e.g., Keupp 1976, 1984). On the 
other hand, several anomalies can be combined and described as a complex medical 
syndrome under its own name (e.g., “Morton’s syndrome” by Landman and Waage 
1986). As a rule, only the reaction of the organism, here the ammonoids, to the 
disturbing factor should be considered to characterize a pathological phenomenon. 
However, in some cases also the potential trigger of growth disturbances like the 
configuration of shell injuries have been determined in a nomenclatorical manner 
(e.g., characteristic bite marks; f. a. seccata Hölder 1956, f. a. mordata Hengsbach 
1996). Accordingly, Kröger (2000) suggested in dependence to Ward (1987) three 
different types of characteristic injuries of the peristome. These are “typus stupi-
dus”, “typus acutus” and “typus parvus”.

Fig. 21.2  Three specimens 
of Pleuroceras spinatum 
(Bruguière) from the Upper 
Pliensbachian of Buttenheim/
Germany (leg. J. Schobert): 
a normal conch morphol-
ogy, b pathological specimen 
(f. a. circumdata), that after 
a traumatic loss of its keel 
resembles Androgynoceras, 
c after loss of its keel during 
early ontogeny this ring-
ribbed Pleuroceras resembles 
Oistoceras
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21.2  Exogenic Reasons

For practical reasons, pathological phenomena caused by exogenic factors and rec-
ognizable on the shell (injuries, epibiosis) are differentiated from endogenic distur-
bances (illness, parasitoses). For the first case, intensity of anomalies is constantly 
decreasing during regeneration. Contrary, intensity of anomalies is constantly in-
creasing for the latter case of intrinsic growth irregularities.

21.2.1  Injuries

The majority of conch injuries were caused by predator-prey interactions. While in-
juries of lethal attacks are hard to distinguish from post-mortem shell damages (Roll 
1935; Mayr 1967; Keller 1977; Lehmann 1990; Radwanski 1996; Keupp 2008, 
2012; Wani et al. 2012), the post-traumatic reaction of shell growth document the 
syn-vivo character of sublethal injuries. Mainly the interplay of four factors controls 
the phenotype of anomalies caused by injuries:

• Position at the conch (peristome, rear part of the body chamber, phragmocone)
• Configuration of the injury which depends on the predator
• Intensity of injury (shell only or additionally the shell-secreting mantle epithe-

lium)
• Genetically-fixed Bauplan (whorl parameter, sculpture, etc.) of a certain ammo-

noid.

Injuries which did not affect the shell secreting epithelium, caused only short-term 
anomalies during the post-traumatic phase (Fig. 21.3). Oblique anomalies of the 

Fig. 21.3  Simple, regenerated injuries of the former peristome only affecting the shell not the 
shell secreting epithelium (f. a. substructa Hölder 1973): a clymeniid from the Upper Devonian 
of the south Urals (from Keupp 2012), b, c Labeceras bryani (Whitehouse), Upper Aptian of 
Walsh River, Australia. Injuries often depend on the construction and configuration of their pro-
ducer. Vertebrates, due to their isolated tooths, can cause partly characteristic bite marks (Fig. 21.4; 
Kauffman and Kesling 1960; Mapes and Hansen 1984; Sims et al. 1987; Hansen and Mapes 1990; 
Keupp 1985; 1991, 2000b, Kauffman 1990; Martill 1990; Hewitt and Westermann 1990; Mapes 
et al. 1995; Tsujita and Westermann 1998; King 2009; Richter 2009a, b), and partly non-specific 
u-shaped exposures along the peristome (Keupp 2012)
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sculpture of the regenerated shell are caused due to the underpinning of the break 
edge by the peristomal epithelium and depend on the size of the injury. In adoral di-
rection obliqueness of the sculpture decreases and merges into the normal sculptural 
pattern. Regenerated shell portions of window-like injuries of the body chamber be-
hind the peristome show a distorted sculpture if the position of the puncture allows 
for a generation of the injury by the retracted peristomal epithelium. Shell areas of 
regenerated punctures are smooth without growth lines when these were repared by 
the mantle epithelium of the rear part of the body chamber.

Injuries along the phragmocone were predominantly lethal, especially for brevi-
domic ammonoids (Kröger 2000). For nautilids, some cases of small injuries of 
the phragmocone were reported which did not cause a lethal fluting of the shell but 
could be successfully sealed from the outside. One prerequisite is the position of 
the injury within the zone influenced by the soft body (Stumbur 1960; Kröger and 
Keupp 2004; Tsujino and Shigeta 2012).

Fig. 21.4  Vertebrate bite 
marks, regenerated (a, b) and 
lethal (c, d, e ): a u-shaped 
exposure caused by a fish 
( Gymnites sp., Anisian of 
Epidauros, Greece), d, e 
pycnodontid bite mark on 
both sides (Oxycerites, Upper 
Bajocian, Sengenthal, south-
ern Germany), b Desmoceras 
latidorsatum Michelin from 
the Lower Albian of Ambato-
lafia, Madagascar with typi-
cal bite mark of a semionotid 
fish, c Placenticeras sp. from 
the Upper Cretaceous of 
South Dakota with presumed 
bite marks of a mosasaur 
(original: Ruhrland-Museum, 
Essen, Germany, coll. no. RE 
551 763 333 A 3073)
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21.2.2  Characteristic Phenomena and their Producers

Arthropoda: Benthic crustacea (malacostraca) which radiated during the Mesozoic 
played an important role as predators. With their specialized limbs they could pro-
duce characteristic injuries. On the one hand, they could cause point-like injuries 
with their claws at the peristome which usually also perforated the peristomal epi-
thelium. On the other hand, they could cut the body chamber starting at the peri-
stome and produce far-reaching back “band cuts” (Kröger 2000). Usually broad 
band cuts are reported for Lower Paleozoic ammonoids; their producers are to be 
sought among the chelicerates (Keupp 2012). The stomatopods with their special-
ized angled pair of maxillipeds, which can be thrown with high active force against 
the hard parts of potential prey, evolved during the Upper Paleozoic. They crush 
preferred molluscan shells and produce characteristic window-like holes in the 
shells (Baluk and Radwanski 1996; Radwanski 1996; Keupp 2006).Thylacocepha-
lan arthropods that ranged from Early Cambrian to Late Cretaceous had similar 
raptorial limbs as recent stomatopods. (Schram et al. 2003). They are too are hy-
pothesised to prey as ambush predators, throwing the limbs with high active force 
stabbing the prey (Fig. 21.5).

Nautilids/ coleoids: One basic character of cephalopods is the chitinous, parrot-
like jaw apparatus, which allows nautilids and coleoids a predatory lifestyle. Only 
certain ammonoids, due to their microphageous and partly planktotrophic diet, 
modified the jaw apparatus (Keupp 2000b; Kruta et al. 2011; Tanabe 2011). With 
the advent of the aptychus some ammonoid jaws were no longer able to cause sig-
nificant bite marks. The most frequently occurring nautilid and coleoid bite marks 
during the early Paleozoic are typical trigonal in their configuration (Fig. 21.6).

If in addition to the conch, the shell secreting mantle is injured, long-term post-
traumatic conch anomalies with decreasing intensity during the process of regen-
eration of the epithelium are the results. However, in many cases a complete regen-
eration of the shell-forming function was not possible, so that anomalous phenom-
ena were built permanently. The mechanism of the “compensations ornamentale” 
(Guex 1967) causes significant deformation of conch features after a partial fail-
ure of the peristomal epithelium. The intact, not included in the injury parts of the 
epithelium were dragged under strain at the site of injury, in order to take over the 
shell-forming function. Single parts of the ammonoid peristomal epithelium seem 
to be strictly genetically programmed in favour of a realisation of a narrow part of 
the sculpture pattern. Therefore, this regeneration mechanism results in a shift and 
distortion of certain sculptural elements during the post-traumatic shell formation. 
In the case the ventral epithelium of the keel-bearing ammonite migrates towards 
the flank, the keel was not built at the median position, but dislocated by the amount 
of dislocation of the epithelium. Usually the keel was not only dislocated but de-
formed as well (= f. a. juxtacarinata Hölder 1956; Fig. 21.7). Another characteristic 
phenomenon of “compensations ornamentale” is the f. a. calcar (Zieten; see Hölder 
1956). The latter two rows of marginal nodes merge to a single row of median cusps 
by shortening of the ventral epithelium. Accordingly, Zieten (1830) has described a 
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Fig. 21.5  Regenerated arthropod attacks: a, b ribbing vertex (f. a. verticata Hölder 1956) Divi-
sosphinctes sp., Upper-Oxfordian of Sakaraha, SW-Madagascar (a), and Douvilleiceras inae-
quinodosum Parona and Bonarelli from the Lower Albian of the Mahajanga Basin, Madagascar. 
c, d “Band-cuts” Clionites acutocostatum (Klipstein), Ladinian of Nifukokko, Timor (c) and 
“Kranaosphinctes” sp. from the Oxfordian of Sakaraha, Madagascar (d). e tongue-shaped anom-
aly of dwarf and juvenile amaltheids caused by paginurid crustaceans (Keupp and Schobert 2011). 
f broad “Band-cuts” are characteristic injuries of Devonian ammonoids: cheiloceratid ammonoid, 
Upper Devonian, Tafilalt, Morocco. g, h stomatopod attacks left window-like punctures on the 
shell of Mesozoic ammonoids (Keupp 2006): “Divisosphinctes” sp. from the Upper Oxfordian of 
Sakaraha, Madagascar (g), Cleoniceras besairiei Collignon from the Lower Albian of Ambatola-
fia, Madagascar
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Distichoceras from the Callovian as a separate species “Ammonites calcar”. Such 
cases are not only found in ammonoid taxa with marginal rows of nodes (e.g. cera-
titids, kosmoceratids, mammitids, scaphitids), but is analogous and transferable to 
parabolic nodes (Fig. 21.8; Keupp 1993, 2012). Prerequisite for the functioning 
of the “compensatio ornamentale” is a targeted and differentiated mobility of the 
mantle edge. A differentiated dislocation of epithelia in ammonoids may have been 
favored by the complex attachment of the soft body in the shell. Thus, at least 
three independent paired retractor systems have been recognized, which are ventral, 
ventrolateral and dorsolateral in position (Doghuzhaeva and Mutvei 1991, 1996; 
Richter 2002). The unpaired dorsal tissue attachment, which also occurs in endo-
cochleate cephalopods, probably served as an attachment of the septal shell sac to 
the septa.

It seems that nautiloids, by their comparatively simple attachment to the conch 
by means of the annular ring and a pair of large ventro-lateral muscles (Keferstein 

Fig. 21.7  Examples for “compensations ornamentale”: a, b Pleuroceras spinatum f. a. juxtacari-
nata Hölder 1956 from the Upper Pliensbachian of Unterstürmig, southern Germany, c Kosmoc-
eras sp. f.a. juxtasulcata Geczy 1965 from the Callovian of Rijasan, Russia

 

Fig. 21.6  Regenerated 
cephalopod bite marks with 
trigonal outline. a cheilocera-
tid from the Upper Devonian 
of the Tafilalt, Morocco (Ø 
8 mm). b Pelekodites sp. 
from the Bajocian of Gerzen, 
Germany (Ø 2.5 cm)
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1861; Mutvei 1957), were not capable of the necessary mantle mobility. Herewith, 
the mechanism of the “compensations ornamentale” is regarded as species-specific 
in ammonoids.

Fig. 21.8  Examples for “compensatio ornamentale”: a, b, d f.a. calcar (Zieten 1830), Disticho-
ceras bicostatum (Stahl) from the Callovian of Thanheim, Württemberg (a), Mammites sp. from 
the Lower Turonian of Asfla, Morocco (d), Discoscaphites sp. from the Pierre Shale (Upper Cre-
taceous), Fox Hills, South Dakota (c) analogue to the shortening of the ventral epithelium in a 
perisphinctid causes clasp-like ventrally furcating ribs due to the lack of marginal nodes (Upper 
Oxfordian, Sakaraha, southwest Madagascar), e analogue phenomena of parabolic nodes of a peri-
sphinctid (Lower Kimmeridgian, Hartmannsdorf, southern Germany) do also belong to the f. a. 
calcar
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21.2.3  Chaotic Sculptures

A continuous shell growth obviously was not possible after a disruption of the lat-
eral shell-secreting epithelium, due to a large scale injury or endogenic reasons that 
exceeds the maximal tolerable dislocation. The result is a “chaotic” sculptural phe-
nomenon characterized by a repeated redeployment of shell formation. The specific 
mode of regeneration is particularly evident in keel-bearing ammonites. A saw-
tooth-like course of the keel was achieved by the iterative attachment of parts of the 
shell partly in order to bring the keel back to an approximately normal position but 
sliding back to the maximum tolerable juxtaposition. A case study of 286 pleuroc-
eratids from the middle Lower Jurassic of southern Germany bearing an anomalous 
keel position demonstrated two different scenarios. First, a lateral dislocation of the 
keel by 20 % of the whorl height usually results in a permanent keel-dislocation; 
contrary dislocations of about 25–50 % of the whorl height cause usually a chaotic 
course of the keel (Fig. 21.9, 21.10 Keupp 2012).

Fig. 21.9  Chaotic sculptures triggered by large-scaled injuries a Eleganticeras elegantulum 
(Young and Bird), Lower Toarcian, “Ahrensburger Geschiebegruppe” i.e. wellestablished glacial 
erratic boulder association) versus endogenic dysfunction. b Pleuroceras solare Phillips, Upper 
Pliensbachian of Buttenheim, southern Germany. c Cleviceras exaratum (Young and Bird), Lower 
Toarcian of Altdorf, southern Germany)
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21.2.4  Internal Growth-Disturbations

Damage of the aperture/peristome sometimes lead to secondary phenomena. These 
secondary phenomena could only be recognized in the internal mould within the 
body chamber. Thus, the retraction of the peristomal epithelium could occasion-
ally cause a detachment of mantle segments from the inner surface of the conch. 
That detachment triggered the formation of one or more mineralized internal sheets/
lamellae showing nacre ultrastructure (Fig. 21.11). Keupp (1977) introduced for 

Fig. 21.10  Tolerance of permanent dislocation of the keel varies between taxonomic groups. a 
Pleuroceras spinatum (Bruguière), Lower Jurassic of Unterstürmig, Germany (n = 286) tolerates 
permanent dislocation of the keel (= f. a. juxtacarinata Hölder 1956) up to 20 % of the correspond-
ing whorl height, above that dislocation will cause chaotic sculptures. b Contrary, the limit of 
tolerance in hildoceratids from the Lower Toarcian of Altdorf, Germany (n = 35) is only 90–95 % 
of the whorl height (after Keupp 2012)

 

Fig. 21.11  Internal shell lamellae (f. a. aptycha Keupp 1977) significantly restrict the body cham-
ber: c Pleuroceras spinatum Brug. from the Upper Pliensbachian of Unterstürmig, southern Ger-
many, a, b median section showing the phragmocone of Cleoniceras besairiei Coll. (Lower Albian 
of Ambatolafia, Madagascar) with a multiple insertion of internal lamellae and fitting of septa 
afterwards
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such phenomena the f. a. type aptycha. For the same phenomenon observed for 
Middle Triassic (Muschelkalk) Ceratites, Rein (1989) suggested the f. a. conclusa 
(Lehmann 1990; Keupp 1994). The principle mechanism of formation of internal 
shell lamellae was observed in modern Nautilus, which were aquarium-reared at 
unnatural water chemistry by Keupp and Riedel (1995). Under these artificial con-
ditions the peristome grew outwards in a bead-like form. The resulting gap between 
soft body and shell is like an open shell injury bridged by underpinning with a re-
generative shell. A multiphased, repeatedly initiated underpinning of the shell-bulge 
prevents growth progress (Fig. 21.12) and causes a continuously shortening of the 
body chamber due to the progression of septal formation.

Injuries of shell area related to tissue attachment site usually cause, similar to 
intrinsic disruption, internal problems, especially for the attachment of the large 
retractor-muscles. These problems generated ridge-like structure at the inner shell 
surface (f. a. intracarinata Keupp 2000a; Fig. 21.13).

21.2.5  Aptychi

There is a long controversial discussion about the function of the double-valved, 
calcareous aptychi interpreted as lower jaw, lid, or a combination of both (e.g., 
Schindewolf 1958; Lehmann 1972, 1990; Morton 1981; Lehmann and Kulicki 
1990; Seilacher 1993; Keupp and Veit 1996; Keupp 2003; Schweigert 2009; Kruta 
et al. 2011; Tanabe 2011; Keupp and Mitta 2013). Regenerated injuries causing 

Fig. 21.12  Recent Nautilus pompilius Linné from the aquarium of the Jura-Museums Eichstätt, 
with anomalous shell bulge bridged by multiple internal shell lamellae. The lacking continuation 
of body chamber growth causes an extreme shortening of the body chamber due to continuous 
septal formation
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partly long-term growth anomalies like growth line vertices or longitudinal bulges 
are also recorded for aptychi (Schindewolf 1958; Keupp et al. 1999; Engeser and 
Keupp 2002, see Fig. 21.14). Usually these anomalies start along the aboral margin 
of the aptychus pointing towards the inner body. Due to the exposed position for 
potential predators (usually crustaceans) of the rear edge of the aptychus when in 
the locked-position, injuries of the aptychus were used by Keupp et al. (1999) and 
Keupp (2012) as an argument for a potential lid-function of that structure. Contrary, 
Schweigert and Dietl (2001) and Schweigert (2009) assume a specialized jaw func-
tion for the aptychi. These authors interpret growth anomalies as a possible conse-
quence of parasites. Damage of the lower jaw by the hard parts of their potential 

Fig. 21.13  Anomalous 
internal ridges serving as 
attachment sites of the large 
retractor muscle; a dorsolat-
eral muscle of Divisosphinc-
tes (Oxfordian, Sakaraha, 
SW-Madagascar), b ventro-
lateral muscle of Amaltheus 
gibbosus (Pliensbachian, 
Buttenheim, Germany)

 

Fig. 21.14  Growth anomalies of Laevaptychus latus from the Kimmeridgian presumably caused 
by injuries of the aboral edge: a, b growth line vertices, aptychus from Nusplingen. c longitudinal 
bulges, aptychus in living position, from Kirchheim, Ries, southern Germany
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prey, as described by Kruta and Landman (2007) for modern nautilids, is unlikely 
for aptychi-bearing ammonoids (Aptychophora—see Engeser and Keupp 2002) due 
to the mostly microphageous diet (Keupp 2000b; Kruta et al. 2011; Tanabe 2011).

21.2.6  Paleobiological Aspects of Sublethal Injuries

The analysis of shell injuries allows for new insights in aut- and synecological as-
pects. One autecologic aspect, i.e., group-specific variable tolerance to compensate 
for growth asymmetries, was exemplified for the permanent dislocation of the me-
dian keel in succession of the “compensations ornamentale” (see above). In gen-
eral, it seems likely that ammonoids that lived as demersal in low-energy water had 
a higher tolerance of shell asymmetries compared to taxa that lived close to the 
surface water in a high energetic milieu. Injuries are also useful to identify construc-
tural limits of survival. Two examples below illustrate that issue

21.2.6.1  Efficiency of the Hydrostatic Apparatus

The amount of liquid, that was retained within the nautilid phragmocone in order 
to balance weight changes, is negligibly small (Ward 1979) with a maximum of 7 g 
(= about 2 % of the total chamber volume). Therefore, shell loss of more than 5 g 
(= 4 % of the total shell mass) exceeds the limits of compensation (Ward 1986) and 
is lethal for Nautilus due to buoying upwards to the surface waters.

Kröger (2000, 2002a) calculated for Jurassic ammonoids the sudden shell loss of 
large-scaled (up to 20 % of the total shell mass) but re-generated, i.e. survived, shell 
breakages (Fig. 21.15). Thereby, he recognized that ammonites could survive shell 
loss (decreasing weight) being five times higher compared to modern Nautilus. Ac-
cordingly, Kröger (2000, 2002a) concluded that ammonoids had flooded a larger 
part of their phragmocone.

21.2.6.2  Mobility of the Soft Body in the Body Chamber

Kröger (2002b) demonstrated for meso- and longidomic ammonites (cf. Wester-
mann 1996), that shell injuries extending from the aperture to approximately half 
the length of the body chamber could be survived and repaired. Similar cases were 
reported by Keupp (2012, p. 109) for brevidomic taxa. The regenerated shell, in 
particular of those species with long body chambers (dactylioceratids, perisphinc-
tids), shows growth lines and sculptural elements. They prove that the peristomal 
epithelium could withdraw up to the aboral edge of injury. The required flexibility 
of the ammonoid soft body, was facilitated due to the differentiated retractor muscle 
system consisting of the paired dorsolateral, ventrolateral, and attachment sites, as 
already pointed out for “compensations ornamentale”. The ability of the potential 
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retraction of the soft body reveals the ammonoid body chamber fundamentally had 
a volume that significantly exceeds that of the soft body.

Comparative quantitative analysis of the abundance of injuries and types of in-
juries observed for ammonoid taphocoenosis also provides interesting insight into 
synecological aspects, in particular predator-prey relationships. Using this detour 
may help to elucidate different life habits of ammonoids with different shell mor-
phologies. Accordingly, Keupp and Ilg (1992) interpret decreasing abundances of 
regenerated injuries caused by benthic crustaceans, observed for an ammonite fauna 
from the Upper Callovian of Normandie, as indicator for different frequencies of 
demersal contacts. Therefore, Keupp and Ilg (1992) assumed a demersal lifestyle 
for the coarse ribbed peltoceratids (rate of injuries ca. 14 %), a habitat in the mid-
dle of the water column for cosmoceratids and Quenstedtoceras (rate of injuries 
3–4 %), and for hecticoceratids a habitat close to the sea surface (rate of injuries 
1 %). A similar interpretation can be drawn from the analysis of Upper Oxfordian 
ammonoids from Madagascar (Fig. 21.13). The strongly ornamented perisphinctids 
show the highest rate of injuries (13 %). About 1/3 of these injuries were caused 
by benthic crustaceans. Contrary, less sculptured lytoceratids (Protetragonites) and 
phylloceratids show significant lower rates of injuries (1.25–2.21 %) are presumed 
fish attacks.

The analysis of a total number of 1190 weakly ornamented (“leiostracans” and 
328 strongly ornamented (“trachyostracans”) ammonoids from the Upper Trias-
sic of SW-Timor (Keupp 2012, Fig. 7) shows significant differences between the 
rates of injuries of smooth shelled species (2–6 %) and sculptured species (8–17 %). 
These differences confirmed that the phylogenetic megatrend within the ammonoids 
towards sculptured species, were a defensive strategy (Ward 1981), particularly  

Fig. 21.15  Regenerated 
shell area of “Lithacoceras” 
torquatiforme Collignon 
from the Upper Oxfordian of 
Sakaraha, SW-Madagascar 
(67 mm in diameter, coll. 
Keupp, PA-10675), equates 
a relative weight proportion 
of 20 % of the complete shell 
(Kröger 2000), demonstrat-
ing that ammonoids could at 
least compensate fivetimes 
the amount of shell loss com-
pared to modern Nautilus
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since the earliest Mesozoic, in order to counteract the increasing predation pressure 
in the benthic regime (Vermeij 1977, 1982, 1983, 1987). The increasing predatory 
pressure was predominantly due to the radiation of malacostracan crustaceans since 
the beginning of the Triassic (Walker and Brett 2002).

Kröger (2002c), on the basis of another quantitative analysis of 1500 specimens 
of Jurassic ammonites with sublethal injuries, postulated a connection between 
characteristic shell features (shell form, body chamber length and sculpture) and 
susceptibility for injuries. His results show that the antipredatory traits were in adap-
tational conflict with traits demanded for high manoeuverability and streamlining.

Taxon Individuals Nr. of sublethal 
injuries

Portion of crab attacks 
(f. a. verticata)

Rate of 
injuries (%)

1 Taramelliceras cf. 
externnodosum

440 5 3 1.14

2 Protetragonites 
fraasi

400 5 0 1.25

3 Phylloceratidae 
div. sp.

1356 30 0 2.21

4 Aspidoceras sp. 864 31 11 (= 35 %) 3.6
5 Epaspidoceras 
jeanneti

215 5 1 2.3

6 Perisphinctidae 
div. sp.

2593 337 113 (= 33.5 %) 13 

Fig. 21.16  Different rates of injuries within taphocoenoses (n = 5868) from the Upper-Oxfordian 
of Sakaraha, Madagascar
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21.2.7  Epizoans and Reactions of Shell Growth

The external shells of ammonoids were a welcome hard substrate for a plethora of 
different colonizers. Two categories can be distinguished within the group of epi-
zoans: On the one hand, sessile suspension feeder, attached with their body to the 
shell and being partly pseudoplanctonic as free-rider on a mobile raft that ensures a 
varied diet. On the other hand, mobile benthic-organisms, occupying the shell and 
use it as a temporarily feeding ground, consuming organic particles on the shell 
surface or incorporated in the shell. While the first group usually colonize the shell 
surface during the lifetime of the ammonoid animal (= “true epoecy” sensu Linck 
1956), but also colonize empty shells floating in the water column or lying on the 
ground as substrate islands (= “false epoecy” sensu Linck 1956). Contrary, the sec-
ond group of grazing animals attack the shells usually post-mortem (Schindewolf 
1962; Wetzel 1964; Kase et al. 1998; Seilacher 1998; Keupp and Richter 2010). 
Following Davis et al. (1999) we summarize, as an umbrella term, the colonization 
of the shell surface by filter feeding organisms, independently whether the emplace-
ment took place during the lifetime of the host or after its death, as Epicoles. The 
subset of epicoles, that colonize the shell surface during the lifetime of the host are 
called Epizoa (= Epoecy).

In particular syn vivo epizoa are of interest in connection with paleopathological 
studies, since the affected ammonoids usually show characteristic reactions docu-
mented in their shell growth.

Evidence of syn-vivo colonization can be drawn in two ways:

1. By means of morphological reactions of the host during shell growth (cf. Lange 
1932; Merkt 1966; Hölder 1970; Keupp 1984, 1992b, 1996; Davis et al. 1999; 
Klug and Korn 2001).

2. With the help of shell-morphological reactions of the epizoans.

A prerequisite to document noticeable reactions in shell growth of ammonoids is 
the colonization of a juvenile, actively growing shell. Significantly reactions are the 
overgrowth of free riders, which were settled in the overlapping area of the whorls. 
The process of overgrowth causes a whorl-bend (Philippi 1897; Ilovaisky 1917; 
Sornay 1955; Hölder 1970; Keupp 1984/1985, 1992b, 1996, 1997, 2000b, 2012; 
Klug and Korn 2002; Checa et al. 2002). Such morphologies can mimic the shape 
of heteromorphy ammonoids due to the loss of the epizoa by taphonomy (Quenst-
edt 1858, 1886/1887; Hyatt 1889; Vadász 1908; Lange 1932; Schindewolf 1934; 
Tasnadi-Kubacska 1962; Mitta et al. 1999; Keupp 1992b, 2000b, 2012; Keupp and 
Schweigert 2009; Wannemacher 2010; Frerichs 2011). On the other side, laterally 
attached epizoa caused counter-steering in growth direction in order to maintain 
balance. A trend towards a trochospiral shell was activated in some cases (Merkt 
1966; Keupp 1984), but predominantly caused an oscillation of the whorls around 
the median plane ((Fig. 21.17) Keupp and Ilg 1992; Checa et al. 2002).

The morphological reactions of the epizoans are mainly related with their po-
sitioning at the ammonoid shell and their response to the spiral growth of the  
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ammonoid shell (Seilacher 1954, 1960; Meischner 1968, 2002; Baird et al. 1989; 
Keupp et al. 1999; Hauschke et al. 2011; Keupp et al. 2012). For example epizoa 
orientate during their settlement as larvae streamlined in terms of their own suspen-
sion feeding activities. During growth of the ammonoid shell, bivalves, brachiopods 
and other organisms attached to the shell, rotate away from their preferred position 
( = “perniciöse Epökie” sensu Meischner 1968).

Fig. 21.17  Reactions in shell growth due to epizoans: a Owenites koeneni (Hyatt and Smith), 
Upper Skythian, Crittenden Springs, Nevada with a bending whorl. b Quenstedtoceras sp. colo-
nized with oysters, Upper Callovian, Dubki near Saratov, Russia. d Apparently gyrocone shell 
caused by diagenetically triggered Serpula-epoecy on Gagaticeras neglectum (Simpson), Sine-
murian of Whitby, United Kingdom. c Eccentric growth in order to balance for laterally attached 
epizoa: perisphinctid from the Upper Bajocian of Sengenthal, southern Germany. e Apparently 
ancylocone shell of a Pleuroceras spinatum (Bruguière), Upper Pliensbachian of Aubächle near 
Blumberg, southern Germany. f Douvilleiceras albense Spath (Lower Albian of Mahajanga, Mad-
agascar) showing oscillating whorls due to infestination with a soft bodied epizoan (Keupp 2012)
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Especially serpulids (Annelida) could offset the rotations from their preferred 
position by synchronizing the growth of their living tubes with the growth of the 
ammonoid shell (Lange 1932; Schindewolf 1934; Keupp et al. 2012; Fig. 21.14).

21.2.8  Paleobiological Aspects of Anomalies Caused by Epizoans

The interpretation of close organismic interactions between the now extinct am-
monoids and their epizoa, whose modern representatives allow us to draw some 
conclusions about their needs, open up a broad range of interesting paleobiological 
aspects, for example:

• habit and life style of ammonoids (position of the peristome, predominant swim-
ming direction)

• age
• efficiency of the hydrostatic apparatus

The nature of organismic interactions between host and epizoans whether symbi-
osis, commensalism, or parasitism, usually remains speculative (Zapalski 2011). 
In most cases the alliance between host and epizoan was to the detriment of both 
(= “perniciöse Epökie”: Meischner 1968). The interaction between Serpula rari-
costa Quenstedt and various evolute ammonoids is largely restricted to the Lower 
Jurassic (Lange 1932; Schindewolf 1934; Merkt 1966; Müller 1982; Jäger 1991; 
Hungerbühler 1992; Keupp 1992b, 2000b, 2012), and indicates a possible adapta-
tive relationship due to a single strategy. This strategy implies that the larvae of Ser-
pula infested the umbilical area of juvenile ammonoids. During growth the shortest 
route was chosen to bring their living tube to the flow-exposed, ventral site of the 
shell. In order to keep its position the tubeworm could compensate further growth 
of the ammonite shell by lengthwise growth of its tube in the same direction. Older 
portions of the Serpula tube become overgrown by the spiral shell of the ammonite 
and incorporated between two whorls forming a double helix of same growth direc-
tion (Fig. 21.18 right).

Accumulations of colonized ammonoid shells were mainly reported from the 
margins of marine basins, due to the distribution of suspensions feeders that at-
tached their shells to the substrate (here the ammonoid shell), in coastal, high-ener-
getic shallow marine settings (e.g., ceratitids of the German Muschelkalks: Philippi 
1897; Linck 1956; Wenger 1957; Mayer 1975; Hagdorn and Simon 1985; Rein 
1996; Suchopar 1997; Knoch 1989; Meischner 1968, 2002; Quenstedtoceras from 
the Callovian of Saratov, Russia: Seltzer 2001; Larson 2007; Keupp 2012; or aspi-
doceratids from the Kimmeridgian of Brunn, southern Germany, Bavaria: Keupp 
et al. 1999, 2012; Seilacher and Keupp 2000 and others). The colonization of the 
ventral center of mass by various epizoa (Seilacher 1960; Keupp et al. 1999, 2011; 
Seilacher and Keupp 2000) shows two things: the position of the peristome dur-
ing the life time of the ammonoids and that the affected individuals had an “epi-
demersal” life style (Westermann 2013), otherwise the downward hanging epizoa 
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(cirripeds, serpulids, bivalves) would be stifled. Studies of the Upper Kimmeridgian 
Physodoceras from the platy limestones of Brunn (southern Germany) show that 
epizoans (such as cirripeds, serpulids, and bivalves) tend to be concentrated on the 
ventral center of mass indicating the peristome had an orientation of about 70–80° 
upwards (Fig. 21.15; Keupp et al. 1999). This is consistent with calculated values 
by Trueman (1941) derived from the ratio of phragmocone to body chamber length 
and demonstrates their basic orientation in the water column. Also the settling of 
Stramentum (cirripeds) at the centre of mass of the orthocone Sciponoceras (Upper 
Cretaceous) points toward a horizontal orientation of this heteromorph ammonoid 
with an upwardly directed peristome (Fig. 21.19; Hauschke et al. 2011). Another 
argument comes from mathematical modelling of some Pavlovia shells from the 
Tithonian of Russia. The whorls of these specimens bend and oscillate due to at-
tached oysters and serpulids. The models show that the deformation of the shell 
served to keep a constant position of the peristome during shell growth/ ontogeny 
(Fig. 21.21; Checa et al. 2002).

Cirripeds always orient their feeding apparatus against the water current 
(Seilacher and Keupp 2000). The ammonoid shells infested with cirripeds clearly 
show a preferred orientation towards the peristome (Keupp et al. 1999; Hauschke 
et al. 2011). This proves that ammonoids preferred a frontal water current hitting 
the peristome first. Accordingly, Seilacher and Keupp (2000) assumed a predomi-
nantly forward migration pattern for all Mesozoic ammonoids. It reveals that, in 
accordance with the loss of the ventral sinus, since the beginning of the Triassic the 
jet propelling mechanisms plays no important role for movement.

There are several attempts to reconstruct the potential period of growth and age 
of ammonoids based on the growth rate of epizoans. Although such calculations are 

Fig. 21.18  Left: Concentration of epizoa attached to the centre of mass of a Physodoceras sp. (cir-
ripeds: Pollicipes) and serpulid tube growing synchronous with the spiral shell of an ammonoid, 
both indicating syn-vivo infestination and an upward orientation of the aperture; Upper Kimmerid-
gian, platy limestones of Brunn, southern Germany, Bavaria. Right: Concordant growth direction 
of the ammonoid shell and serpulid tubes attached to the shell of Schlotheimia angulosa Lange 
(Hettangian of Holzen, Germany) suggests a possible adaptation of the worm to its favoured sub-
strate (Keupp 2000b)
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Fig. 21.19  Position of Stramentum pulchellum (Sowerby), a cirriped, at the ventral centre of mass 
of a Sciponoceras sp. shell from the Upper Cenomanian of Lengerich, NW-Germany indicates 
a horizontal swimming position with upwardly directed peristome (from: Hauschke et al. 2011)

 

Fig. 21.20  Concentration of Epizoa on a Physodoceras sp. shell from the Upper Kimmeridgian 
of Brunn, southern Germany (Bavaria), platy limestone, marking the centre of mass and points 
to a 70–80° upward orientation of the peristome. The forward orientation of the filter apparatus 
of these suspension feeders like Pollicipes sp. (cirripeds in a and b) and serpulids (c) indicate a 
predominantly forward migration pattern of these ammonoids
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subject to many uncertainties, Schindewolf (1934); Seilacher (1960); Merkt (1966), 
and Meischner (1968, 2002), independently come to the same conclusion, that an 
average-sized ammonite had several years of growth followed by at least 3 more 
years as adults. The life expectancy of ammonoids thus corresponds approximately 
with that what is known for the modern Nautilus (Landman and Cochran 1987) 
reaching sometimes an age of about 20 years (Dunstan et al. 2011).

While modern nautilids tolerate only small amounts of epizoa (3–16 % of the 
shell surface or 1 % of the shell weight; Zann 1985; Landman et al. 1987), ammo-
nite shells nearly completely covered with epizoa seem to keep their epi-demersal 
life-style (Keupp et al. 1999). It proves that ammonoids, as compared to modern 
Nautilus, possessed a much more effective hydrostatic apparatus. Kröger (2000), 
based on a number of large sublethal injuries, calculated that Jurassic ammonoids 
could handle significantly larger amounts of liquid within the phragmocone (see 
above) and could tolerate more than five times the shell losses compared with the 
extant Nautilus.

21.3  Endogenic Reasons

Anomalies that are not caused by injuries or epizoans are best summarized as en-
dogenic or intrinsic. External causes for this type of pathologies cannot be recog-
nized. Intrinsic pathologies are characterized by an usually increasing intensity of 
the anomaly.

Fig. 21.21  Mathematical simulation made by T. Okamoto of bending whorls caused by epizoans 
for Pavlovia cf. iatrensis Ilovaisky from the Tithonian of the polar Ural; it shows that during the 
phase of anomalous shell growth the peristome was orientated constantly in its normal position 
(from Keupp 2000b)
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Most endogenous ammonoid shell anomalies, attributed to dysfunctions of the 
soft body due to parasite infestation or at least the possibility of a parasitic infesta-
tion, is discussed (e.g., Rieber 1963; Keupp 1976, 1979, 1984/1985, 1995, 1997; 
Hengsbach 1990, 1991, 1996; Kröger 2000; Larson 2007; De Baets et al. 2011, 
2015).

21.3.1  Gigantism and Dwarfism

Extraordinarily large ammonoid species repeatedly occur during transgressive 
phases of Earth history (Wiedmann 1973; Johnson 1984; Stephens 1988; Klug 
1999). For example, some Upper Devonian manticoceratids and Permian meta-
legoceratids achieve shell diameters up to 60 cm, while some Upper Cretaceous 
parapuzosiids reached up to 3 m in shell diameter (Krüger 1984; Stephens 1988). 
Other cases of genetically controlled size differentiation within a certain ammonoid 
species can be seen in pronounced sexual dimorphism (Callomon 1963; Makowski 
1963; Lehmann 1990; Keupp 2000b).

For pathological cases of gigantism, that affected only single specimens of oth-
erwise growth-restricted species, Ivanov (1975) introduced the name megaconch. 
They can be seen as a pathological deregulation of the species specific growth limi-
tation. Therefore, the shells of these megaconchs generally show no signs of growth 
limitation like septal crowding or deterministic differentiation of the aperture.

Manger et al. (1999) list a larger number of Upper Paleozoic species, the phe-
nomenon of pathological gigantism. They also reported that affected individuals 
exceed the shell diameter by two to four times as compared to their normal coun-
terparts with whom these are associated in the same beds (Stephen 1997). As a 
potential reason for pathological gigantism Manger et al. (1999) discussed a pos-
sible infestation of the gonads with trematod larvae. Analogous to modern cases 
of gigantism in terrestrial, tropical gastropods, trematod larvae prevent the advent 
of sexual maturity, and with it the hormone-controlled growth stop (Hölder 1956, 
1960; Bucher et al. 1996; Davis et al. 1996).

The term dwarfism for dwarfish ammonites was coined by Tasch (1953). Ager 
(1963) distinguishes between genetically-fixed dwarfism and ecologically-related 
growth limitations (“stunting”). The former, partly representing phylogenetic end 
members of a neotenic development, e.g., Cymbites laevigatus (Sowerby) from the 
Pliensbachian (Donavan 1957), Trochleiceras magneti Collignon from the Albian, 
or partly representing a pronounced sexual dimorphism (e.g., Oecoptychius from 
the Callovian; Schweigert and Dietze 1999) are not related with pathological phe-
nomena.

The so-called “Miniconchs”, which Matyja (1986) described for Callovian 
Quenstedtoceras, possibly documents a hormonally controlled early onset of sexual 
maturity in the sense of “Microgerontie” (Schmidt 1926). Miniconchs usually grow 
no larger than 1/3 of the normal sized microconchs and 1/8 of macroconchs. Keupp 
(2012) discussed a possible dwarfism for Pleuroceras apyrenum (Buckman), since 
no sexual dimorphism was detected for pleuroceratids (Fig. 21.22).
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21.3.2  Disturbance of the Septal Apparatus

The chamber formation in ammonoids was performed by the rear of the mantle 
sack. Septal formation was, most likely, temporally, spatially, and functionally in-
dependent of the growth processes at the peristome (Keupp and Riedel 1995). A 
regular and episodic phenomenon was observed on pre-adult shells, which ensured 
the regulation of weight equilibration of the growing and weight gaining animal. 
Ammonoid septal formation, however, was subject of a high flexibility in their spe-
cies-specific but also individual configuration (Keupp 1995). Thus, orientation and 
symmetry of the septa within the conotheca (conch), as well as the relative distance 
from each other, vary considerably from specimen to specimen (Bayer 1977b).

The reactive flexibility to spontaneous changes in the geometry of the tube-
shaped outer shell, which represents the frame in which the septum was formed, 
was considerable but independent from phylogenetic and ontogenetic controlled 
complexity. Perhaps, the punctual attachment of the organically preformed septa 
within the tube promoted that flexibility (Seilacher 1975). Sculptured ammonoids 
with a corrugated-metal-like shell for example were able to adapt their septa to 
constricted intercostals and widened costal sections of the conotheca. In addition, 
ammonoids were also able to cope with extreme changes of the whorl cross-section, 
due to pathological processes and proceed with the septal formation. This applies to 
both reduced and expanded cross-sections through anomalous internal shell lamel-
lae (f. a. aptycha Keupp 1977) or bubble-like outgrowths (f. a. inflata Keupp 1976) 
(Fig. 21.23; Keupp 1994, 1995, 2000b, 2012). The extreme adaptability during the 
formation of the septal apparatus ensures its hydrostatic function and can be as-
sumed as an essential survival strategy.

Fig. 21.22  Possible 
“Miniconch” of Pleuroc-
eras apyrenum compared 
with normal-sized specimen 
(middle Lower Jurassic, 
Buttenheim, Germany). The 
small specimen shows char-
acteristic features of an adult 
shell like final flattening of 
the ribs, and the depression of 
the ventral crenulated keel
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First evidences of dysfunctions of the septal apparatus of fossil cephalopods with 
an external shell caused by pathologies go back to Kieslinger (1926). He described 
incompletely preserved septa for Mesozoic nautilids. However, the nature of the 
phenomenon described by Kieslinger remains controversial. It either could repre-
sent primary incompletely formed septa or was due to partial diagenetic dissolution 
(Hölder 1956).

For ammonoids a number of different phenomena of anomalous septal formation 
can be distinguished based on numerous findings:

21.3.2.1  Anomalous Septal Spacing and Orientation

In most cephalopods a growth stop is correlated with the onset of sexual maturity. 
Septal crowding indicates the final growth phase for pre-adult to adult ammonoids. 
Pre-adult septal crowding were partly triggered by rhythmic deceleration of growth 
due to specific and regular modifications of the sculpture (e.g., Horrioceras, Callo-
vian; Bayer 1977b; Keupp 2012), and partly due to pathological growth anomalies 
during the regeneration of injuries or due to intrinsic or ecological reasons (Eichler 
and Ristedt 1966). Septal spacing can be reduced to almost zero in extreme cas-
es, which results in the impression that the septa are in direct contact or bifurcate 
(Fig. 21.24 Right; Blind and Jordan 1979).

The opposite of septal crowding is the anomalous enlargement of septal spacing, 
which gives the impression of a septal loss (= f. a. dissepta Hölder 1956). Although 
most of these cases are better attributed to selective diagenetic secondary dissolu-
tion of the septa (Hölder 1956; Keupp 2012), individual cases in goniatites and 
ceratites seem to be primary in nature (Becker et al. 2000; Müller 1978; Rein 1990, 
1997). One-sided enlargements of septal spacing can also by caused by anomalous 
inclination of individual septa (Fig. 21.25).

• Perturbance of the septal morphology

Fig. 21.23  Two examples showing the high flexibility of septal formation after anomalous 
changes of the whorl cross section. a Cleoniceras besairiei Collignon (Lower Albian, Mahajanga 
Basin, Madagascar), despite the reduction of the whorl height by 35 % caused by the f. a aptycha 
it could form new septa. b Orthosphinctes sp. (Lower Kimmerdigian of Neumarkt, southern Ger-
many) shows complexly folded suture lines also within its bubble-like extension of the whorl 
cross-section (f. a. inflata Keupp 1976)
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The general flexibility of the septal formation enabled many individuals, even if 
the whorl cross section was modified, e.g., deformation of the outline, increasing 
or decreasing volumes (Keupp 1994, 1995), to form their septa morphologically 
modified. This could cause asymmetric septal surfaces (= “adaptive septal-malfor-
mation” Keupp 2012; Fig. 21.26).

21.3.2.2  Disturbance of Suture Line Symmetry

A symmetropathy of the body chamber usually does not cause a corresponding 
asymmetry of the phragmocone due to the independent formation mechanisms and 
functions of the conotheca and phragmotheca (Nicolesco 1921, p. 49). Thus, only 
a few individual observations of a coupled asymmetry of conotheca and phrag-
motheca exist (e.g., Fraas 1863, pl. 1: 1.3; Rieber 1963).

Fig. 21.24  Left: Median section through the phragmocone of a perisphinctid (Upper Oxfordian, 
SW-Madagascar, coll. Keupp, coll. no. PA-32896) with anomalous, pre-adult (endogenic) septal 
crowding, Right: Cleoniceras besairiei Collignon (Lower Albian, Mahajanga Basin, Madagascar) 
with apparently bifurcated septum caused by extreme pre-adult septal crowding
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If one side of the rear soft body is deformed, and causes an asymmetric position 
within the shell, the described flexibility during the septal attachment would allow 
a modification of the septal formation. Thereby the original inclination is reflected 
by the asymmetric suture line. That process often results in different degrees of 
complexity of the suture line on both sides (Schindewolf 1961; Hengsbach 1976; 
Keupp 2012).

A frequently encountered phenomenon since the Paleozoic is the offset of the 
siphuncle from its ventral, median position (Fig. 21.27). Accordingly, the external 
lobe was displaced towards the right or left flank. At the same time the bilateral 
symmetry of the conotheca was retained. Other parts of the suture line, includ-
ing the internal lobe are usually not affected by the asymmetry (Hölder 1956;  
Wiedmann 1972; Hengsbach 1986a). However, an analogue asymmetry was ob-
served for the attachment site of the ventro-lateral retractor musculature (Landman 
and Waage 1986). New calculations of the effect of an offset siphuncle of Ba-
douxia columbiae (Frebold) from the Sinemurian (Lower Jurassic) by Longridge 
et al. (2009) have shown that the effect of the eccentric position of the siphuncle is 
negligible for the position and the balance of the ammonoid shell within the water 
column due to its small mass as compared to the soft body of the animal. The asym-
metric position of the siphuncle simply forced expansion of the septal suture line 
and septal folds on the non-siphuncle side of the shell but no significant counterbal-
ance was in effect.

Within the ammonoids, we can distinguish three different groups in terms of the 
preferred constancy of the position of the external lobe:

Fig. 21.25  Anomalous inclination of septa shown for Pleuroceras salebrosum (Hyatt) from the 
Upper Pliensbachian of Buttenheim, southern Germany (a) and for Cheiloceras undulosum (Mün-
ster) from the Upper Devonian of Fezzou/Morocco (b)
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• A species-specific constant eccentric position of siphuncle and external lobe for 
example characterizes the Lower Cretaceous platylenticeratids (particularly in 
the Boreal Realm, Kemper 1961) and Anahoplites (Hölder 1956; Hengsbach 
1978).

• In some taxa [e.g., cheiloceratids and armatids (Upper Devonian), psiloceratids 
(Blind 1963) and schlotheimiids (Hettangian), arnioceratids (Sinemurian), Cym-
bites (Pliensbachian), Hecticoceras (Callovian), glochiceratids (Ziegler 1958), 
Physodoceras (Upper Jurassic), different hoplitid taxa, as well as numerous 
scaphitids (Upper Cretaceous)], the onset of an unstable positioning of the ex-
ternal lobe after the ammonitella stage results in frequent deviation from sym-
metry of larger portions of the population (Lange 1929, 1941; Hölder 1956; 

Fig. 21.26  Adaptive septal 
malformation caused by 
perniciöse epoecy deforming 
the conch tube (conotheca). 
Quenstedtoceras sp., Upper 
Callovian of Dubki near 
Saratov, Russia
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Schindewolf 1961; Hengsbach 1976, 1977a, 1977b, 1980, 1986a, b). The degree 
of asymmetry varies between negligible and significant without a preferred di-
rection (left or right).

• For Hoploscaphites nicoletti from the Upper Cretaceous, Landman and Waage 
(1986) have shown that asymmetries predominantly occur during the final 
growth phase of macroconchs. About 86 % of the affected specimens indicate a 
deviation to the right.

• Most Mesozoic ammonoid taxa are characterized by a constant ventral, median 
position of the siphuncle and the external lobe. Deviations are pathological and 
affect single specimens of a population.

• Hölder (1956) introduced the f. a. juxtalobata based on his observations of Har-
poceras (Toarcian) and Taramelliceras (Upper Jurassic) for such cases.

21.3.2.3  Suture-Inversion

To date the question to what extent the different orientation of the septal concavity 
between nautiloids and ammonoids refers to different pressure regimes during the 
septal formation, is controversial. Ward (1987) demonstrates for the modern Nau-
tilus that low/negative pressure exists after the preforming organic phragma of the 
septum was mineralized. That negative pressure creates an aboral oriented tension 
to the corresponding concave septum. The last chamber is still filled with liquid 
during the septal formation process and initial mineralization processes. Therefore, 
a uniformly directed pressure to all sides exists and the septum itself is formed with-
out facing directed stress. Several authors postulated for ammonoids with gener-

 Fig. 21.27  Latanarcestes 
noeggerathi (Buch), Lower 
Devonian, Tafilalt, southern 
Morocco with eccentric posi-
tion of the siphuncle and the 
external lobe (= forma aegra 
juxtalobata Hölder 1956; 
from Keupp 2012)
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ally convex, arched (towards the peristome) septa (Westermann 1975; Bayer 1977a, 
1977b; Checa and Garcia-Ruiz 1996), a septal formation under high pressure or 
stressed conditions. In this case, stress was caused by muscular tension (Seilacher 
1975; Seilacher and LaBarbera 1995). Bayer (1978) assumes that high pressure 
conditions within the ammonoid chambers are necessary for the morphogenesis of 
the septa that are punctually attached to the conotheca (“Pneu-Modell”). According 
to this concept the configuration of the suture line, with its rounded saddle endings 
and pointed lobe endings, represent the expression of that tension. Any reversal of 
the suture line morphology, i.e., the formation of pointed saddles and rounded lobes, 
was therefore excluded categorically by Bayer (1978). However, Ward and Wes-
termann (1976) and Henderson et al. (2002) report such a suture line inversion for 
the two heteromorph ammonoid genera Glyptoxoceras and Baculites. For the for-
mer the suture line inversion, including pointed saddles and rounded lobe endings, 
only occur temporarily during the juvenile stage (septa 2–6). During subsequent 
growth stages, the suture line returned to normal. For Baculites from the Santonian 
of the Western Interior, the overall morphology of the suture line and septal spacing 
was similar to its conspecifics. However, a continuous modification with pointed 
saddles and rounded lobe endings was reported. The authors conclude, from these 
extremely rare cases of suture line inversion, that the configuration and formation of 
the ammonoid septa was carried out under uniform hydrostatic pressure and there-
fore comparable to the modern Nautilus. The reason for the suture line inversion 
reported for Baculites is seen by these authors as a genetic defect. Thus, the rear 
visceral mass including the surrounding mantle has been shaped independently. On 
the other hand, particularly for Baculites, the difference between pointed lobe- and 
rounded saddle endings are less significant. Following the “pneu-model”, the ten-
sion and the postulated high pressure in the last chamber would already have been 
small. The assumption that straight shells had flooded a large part of their phrag-
mocone with liquid in order to ensure a more or less horizontal swimming position 
(Hauschke et al. 2011) supports the idea of a more or less uniform pressure load on 
the forming septum. Therefore, the restricted observation of suture line inversions 
just for heteromorph ammonoids supports the “pneu model” of septal formation of 
normal planspirally coiled ammonoid shells.

21.3.2.4  Anomalous Simplification of Sutures

In this context the description of a Brasilia from the Middle Jurassic of Dorset 
with a pathological simplification of the suture by Rieber (1979) is interesting to 
be mentioned (Fig. 21.28). The specimen shows an inclined septum with one side 
unusually distant from the preceding septum. Its configuration shows simplified 
saddles and lobes. The non-subdivided lateral lobe appears broadly rounded and 
the rudimentary umbilical saddles have rather pointed protuberances. Rieber (1979) 
interprets the anomaly due to the asymmetric detachment of the rear subepithelial 
musculature and thus a shift of the “Muralleiste” (= mural ridge, sensu Blind 1975). 
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The mural ridge as forming organ for the septal wall no longer takes the usual 
course. An alternative interpretation can be drawn from the fact that the suture line 
is not only simplified but also inverted. This can be explained by a detachment of 
the aboral body portion that causes an anomalous low pressure and subsequently a 
collapse of the final, exceedingly large, chamber.

21.3.2.5  Pneumosepta

The term “pneumosepta-syndrom” was coined by Keupp and Mitta (2004) based 
on a Quenstedtoceras (Upper Callovian). The anomalous forward projected septum 
shows that during its formation there was a high pressure, which had already de-
formed the organic pre-septum. The reason for that septal projection is a breakaway 
of the siphuncle from its ventral position and could be visualized using computed 
tomography images. Thus, the foramen (point of passage of the siphuncle through 
the septum) was displaced dorsally due to the anomalous bulged septum. Another 
case of a “pneumoseptum” was reported by Keupp (2012) for Douvilleiceras (Low-
er Albian).

Occurrence of pneumosepta within planispiral ammonoids again support the 
“pneu-model” for chamber formation (Bayer 1978). The examples (Fig. 21.29) 
have shown that at least for individual cases the chamber formation and suture line 
configuration can also take place under adorally directed tension. Thus, it becomes 
conceivable that ammonoids, contrary to the modern Nautilus, form their chambers 
regularly under slightly higher pressure conditions.

Fig. 21.28  Anomalous 
simplified and inverted suture 
line of Brasilia decipiens 
(Buckman) from the Middle 
Jurassic of Horn Park near 
Beaminster, diameter 17.7 
cm. Drawing after Rieber 
(1979, Fig. 2; from Keupp 
2012)
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21.4  Anomalies Caused by Physiological Disturbations

Only a few descriptions about physiological malfunctions in succession of diseases 
(e.g., virulent tumors) are available for extant cephalopods (e.g., Octopus see Han-
lon and Forsyte 1990; Rungger et al. 1971). In fact, these are fairly common in 
other molluscs (e.g., bivalves see Sparks 1972). In contrast, multiple disruptions of 
shell formation, especially the increased incorporation of black lines due to ecologi-
cal stress especially of aquarium reared nautilids, were described (Carlson 1987). 
Adult nautilids develop a marginal thickening of their peristome and a black band 
of conchiolin which is of individual thickness in their natural habitat (Ward 1987). 
Almost all captive nautiloids show a typical response to stressed conditions in their 
shell, namely the reduced growth of the conotheca. The slowdown which simulates 
a complete growth stop for short episodes causes the occurrence of a sequence of 
pre-adult black bands. These pre-adult black bands will be incorporated into the 
shell during the next growth phase. The result is a shell with a high proportion 
of black polymeric proteins incorporated within the strong growth lines (Saunders 
and Landman 1987). Potentially, the stretch zones that were reported by Landman 
and Waage (1986) for ammonoids represent similar phenomena. Growth stress dur-
ing the morphological transformation of the final, hook-shaped living chamber of 

Fig. 21.29  Anomalous bulged septa indicate high pressure conditions within the chambers during 
the septal formation process (“pneumosepta-syndrom”). a Quenstedtoceras sp. from the Upper 
Callovian of Dubki near Saratov, Russia (from Keupp and Mitta 2004), b Douvilleiceras mammil-
latum (Schlotheim) from the Lower Albian, Mahajanga Basin, Madagascar (from Keupp 2012)
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Upper Cretaceous scaphitids causes an anomalous sculpture at the rear living cham-
ber according to Landman and Waage (1986). That sculpture consists of an anoma-
lous ventral depression and is reduced to densely packed growth lines.

Comparable temporary growth retardations can also be found in perisphinctids 
in connection with the formation of parabolic ribs (Fig. 21.30). Stretch zones are 
not to be confused with the final weakening of the sculpture, e.g., on the adult body 
chamber, which were described as so-called “senile-sculptures” in Pleuroceras 
from the Lower Jurassic (Frentzen 1937). Pre-adult stretch zones, without changes 
of the shell, rather indicate a physiological or ecological stress.

“Kümmerwuchs” (stunting sensu Ager 1963) has been postulated for various 
assemblages. Stunted populations of a certain species or species associations are 
due to certain environmental parameters. Therefore, these stunted forms rep-
resent ecophenotypes and thus, they are not pathological. However, it is diffi-
cult to distinguish between ecologically-induced stunting and true pathologies. 
Stunted ammonoid fauna, in which all representatives are smaller compared 
to other localities have usually been described as “dwarf fauna” (e.g., Sturani 
1971). Stunted fauna can be caused by specific environmental situations. These 
parameters, including food availability, oxygen depletion, hazardous substances, 
or geographical restriction of the habitat, could have negatively influenced the 
growth of ammonoids (Tasch 1953; Vogel 1959; Hallam 1965; Clausen 1968; 
Wendt 1971; Krystyn et al. 1971; Wagenplast 1972; Mignot 1993; Mignot et al. 
1993; Besnosov and Mitta 1996; Marchand et al. 2002). Another example comes 
from the Upper Triassic of Southern Tyrol with its peculiar miniaturized mollusc 
and brachiopod fauna. Richthofen (1860) and Laube (1869) discussed unfavour-
able life conditions within the Cassianian Basin, while Fürsich and Wendt (1977) 
interpreted them as remains of a sea-weed meadow. However, due to the presence 
of primary small ammonoids (e.g., Lobites), preservation of numerous juvenile 
forms (Fuchs 1871) and due to taphonomic phenomena, a stunting fauna was 
in some cases partly faked. Only the fully chambered inner whorls and juvenile 
specimens were recorded within the marly facies (Urlichs 2001, 2004). Compara-
tive studies of septal spacing between the Cassian fauna and the contemporaneous 
Hallstatt limestones showed that no septal crowding occurred in trachyceratids, 

Fig. 21.30  Kranaosphinctes 
rabei Collignon with a stretch 
zone sensu Landman and 
Waage (1986) in connection 
with the development of par-
abolic ribs (Upper Oxfordian, 
Sakaraha, SW-Madagascar)
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proarcestids, lecantitids, and megaphyllitids from the Cassianian Basin, i.e. a true 
stunting was not verifiable for these taxa. For Lobites it seems apparent that the 
amount of very small “stunted” form is rather artificial and related to the intense 
collecting of the larger specimens (Urlichs 1994).

21.5  Conclusions

The presented pathological phenomena in ammonoids, which are related with shell 
anomalies and disturbances in the growth of aptychi, are caused partly exogenously 
(injuries, epibiosis), and partly endogenously (“diseases”, parasitism). It turns out 
that repeatedly occurring morphologically similar “standardized” anomalies are of-
ten overinterpreted and led to incorrect taxonomic and phylogenetic evaluations. 
For these “standardized” anomalies Hölder (1956) introduced in open nomencla-
ture the term forma aegra which currently is in common usage. The etiology of 
anomalies and the reaction of affected ammonoids open a broad range of paleobio-
logical interpretations. This applies equally to aut- and synecological aspects. As 
examples of autecological aspects we discussed: the hydrostatic efficiency of the 
phragmocone, the mobility of the soft body in the living chamber, life- and feeding 
habits, and the lifespan of the ammonites. Synecological aspects were developed 
on the basis of possible coevolutionary processes of parasites and epizoa, and espe-
cially of predator-prey relationships.
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δ13C, 803, 805, 810, 811, 813, 814, 818
δ15N, 814
δ18O, 799, 801–803, 805, 807, 809–813, 815, 

816, 818–824, 827, 828
Δ47, 811–813

A
Acceleration reaction force, 668
Acceleration, 668, 669, 673
Accretionary growth, 208, 217, 226, 239
Ackerly’s model, 220, 221, 244
Aconeceras, 508, 509, 586, 591–593, 598, 

603, 605
Actualistic comparison, 521, 665, 679
Added mass coefficient, 668
Added mass, 668, 673
Additional external layers of shell wall, 603, 

604
Adult apertural modifications, 259
Adventive lobe, 49
Advolute, 4, 9
Afromaenioceras, 851
Agathiceras, 259, 272
Agoniatites, 46
Agoniatitoidea, 655
Akmilleria, 532, 537, 539–542
Allocrioceras, 289, 508, 510, 514, 515
Allometry, 20, 221–223
Amaltheus, 228
Amino acid Trophic Level, 814
Ammonitella size (AD), 122
Ammonitella, 113, 115, 116, 118, 120, 123, 

157, 158, 161, 166, 172, 178, 322, 
323, 328, 331, 332, 351

Ammonoid bauplan, 521
Ammonoid buccal mass structure, 486
Ammonoid development, 673–675

Ammonoid egg-laying, 184, 185, 193
Ammonoid gigantism, 838
Ammonoid life-habits, 617, 618
Ammonoids, 25, 28, 31, 33, 36, 37, 40, 41, 

689–694, 696, 698, 700, 701, 703, 
704, 707–709, 727, 733, 740, 742, 
748, 749, 752, 754, 759

A-mode, 49
Amoeboceras, 857
Amphipopanoceras, 47
Anaptychus-type jaws, 468, 471, 477
Anarcestes, 851
Anetoceras, 257, 271
Anterior mantle edge, 332, 333
Anthracoceras. See Rhadinites
Anticlastic, 17, 47, 48, 58
Antidimorph, 264, 265, 267, 268, 272, 278, 

286, 289, 301, 303
Antimarginal undulations, 229
Apertural height, 9
Apertural lip, 226, 237
Aptychus-type jaws, 467, 468, 472, 473
Aragonite, 36, 796–798, 800–803, 805, 807, 809
Arcestes, 259, 264
Argonauticeras, 68, 69
Arms, 516–520
Arteries, 533, 537, 539, 540, 543
Arthropoda, 840
Attachment (of the soft body), 101 
Auguritidae, 655, 679, 680
Austrotrachyceras, 522
Autecology, 690, 693, 748, 749

B
Bactritida, 655
Baculites, 259, 289, 508, 510, 515
Beccublast attachment scars, 431, 432, 469, 

470
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Benthic, 690, 698, 702, 705, 708, 710, 722, 
726, 736, 747, 757, 762

Biocalcification, 333
Bioerosion, 838, 839, 863, 866, 868
Biogeometric model, 222
Black band, 254, 263
Black layer, 103, 261–263
Blister pearls, 841, 843–845, 849, 851–856, 

867, 868
Blood vessels, 103
Body chamber angle (BCA), 4, 667
Body chamber lengths, 547–550, 567, 570, 

571
Bolinus, 235, 239, 242
Brevidomic, 2
Buccal mass structure, 431, 432, 436, 468, 470
Buccal mass, 429, 431, 434, 436, 470, 476
Buckland hypothesis, 64, 75
Buckman’s law of covariation, 228, 673
Buoyancy compensation, 96
Buoyancy regulation, 534, 541
Buoyancy, (neutral/negative/positive 

buoyancy), 613, 614, 616–619, 621, 
626, 629, 634, 635, 639, 640

C
Cadomoceras, 258
Calcification temperature, 796, 811, 820, 824, 

828
Calcite, 797, 802, 804, 805, 807, 811, 822
Cameral liquid, 616, 619–621, 625, 627, 628, 

640
Cameral membranes, 92, 94–96, 564
Cameral sheets, 92
Carbon isotope, 796, 813
Carbonate clumped isotope thermometry, 

810–813
Carboniferous, 25, 30
Cartesian Diver Model, 63
Central fluting, 17, 49
Central vein, 533, 534, 539, 540
Cephalic cartilage, 515, 516
Cephalopod radula variation, 502
Cephalopod radula, 485, 486, 490, 492, 501
Ceratites, 258, 267, 278, 509, 511, 855, 863
Cerion, 222
Cestode, 840
Chamber formation cycle, 71, 76
Chamber formation, 95, 100, 103
Cheiloceras, 855
Clystoceras, 590, 602, 606
Coating layers in shells with broad umbilicus 

(Gaudryceras), 603, 604
Coiling, 207–209, 212–217, 220, 221, 240, 

257, 259, 272, 288 

Colour pattern, 261, 268
Commarginal undulations, 229
Complexity, 45, 47, 53, 59, 61, 62, 68, 74, 

75, 77
Composite Model, 58, 59
Computed tomography, 616, 634, 635
Concave, 13, 14, 17
Conch width index (CWI), 9, 11, 20
Conchal furrow, 103, 105
Connective tissue, 533, 537, 539, 540, 542
Constriction, 13, 16, 20, 207, 238, 255, 258, 

259, 264, 292
Constructional morphology, 65, 263, 264
Continuous variation, 362, 367–370, 372, 376, 

377, 379, 380, 386, 400
Convergence, 208, 215, 223
Convex, 13, 14, 16, 17
Corrugated septa, 47, 48
Cost of transportation, 669–672
Cottreauites, 54
Covariation, 57, 65, 66, 207, 208, 221, 222, 

228, 229, 368, 370, 375, 376, 382, 
383, 409

CRDT model, 234
Cretaceous, 25, 27, 29, 30, 33, 37, 38, 40, 41
Criocone, 9
Crispoceras, 851
Crop and stomach, 511–515
Crussoliceras, 258

D
Dactylioceras, 845, 847, 856–858, 863, 867
Dactylioceratidae, 340
Dead spiral model, 225, 232
Deceleration, 668
Decoupling, 621–633
Detorsion, 241
Devonian, 28, 31, 32, 40
Diagenesis, 336, 344, 351, 796, 802, 804, 805, 

807, 813, 822
Diameter, 4, 6–9, 11
Didymoceras, 257, 289
Diet, 512, 515
Digenean, 840
Digestive tract, 508
Dimorphism, 265, 266, 268, 269, 271, 273, 

278, 285, 301
Dischizotomous, 14
Discoidal, 9
Disturbance in shell growth, 845
Dorsal band, 549, 551, 552
Dorsal internal ridge, 551, 552, 570
Dorsal small discrete marks, 551, 552
Dorsal wall, 323, 331, 340, 341
Douvilleiceras, 11, 15
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Drag bands, 98
Drag coefficient, 661–663, 665, 670
Drag force, 660, 661, 665
Drag lines, 91, 96, 98–103
Drag, 659–665

E
Ebrayiceras, 259, 290
Ecophenotypic variability, 362–364, 394–397
Ectoparasite, 838
EDS analysis (electron dispersive 

spectroscopy), 99, 100
Efficiency, 651, 660, 666, 670
Eggs, 509, 510
Eigenshape analysis, 65
Elastic rod model, 234, 235
Eleganticeras, 509, 521, 522
Elephantoceras, 259, 304
Embryonic development, 113–115, 123, 

171–175, 177
Embryonic shell ornamentation, 158–162
Embryonic shell shape, 181
Embryonic stage, 322–324
Empirical models, 657, 658
Encrusting layer, 344
Endocochleate experiments aimed at shell 

strengthening, 590, 603, 604, 606
Endoparasite, 837–840
Energy availability, 667
Epithelial invaginations, 57
Epithelium, 532, 534, 536, 537, 539–541
Epizoa, 839, 843, 853, 858–860, 862, 863, 

865, 866, 868
Epizoan, 650, 651, 675, 864, 865
Epizoism, 839, 865
Erbenoceras, 11, 257, 271
Eubostrychoceras, 220
Euhoplites, 11
Euphotic zone, 41
Eurites, 20
Eurycephalites, 269, 271
Evolute, 4, 9
Evolution, 263, 264, 267, 271
Exceptional preservation, 485, 522
Extant phylogenetic bracket, 510, 520, 522
External lobe, 53, 70
Extrapallial cavity, 229
Extrapallial fluid, 73, 74, 229, 333

F
Facies, 692, 693, 696, 703, 722, 727, 733, 734, 

739, 741, 742, 747, 754
Falcate, 14
False color patterns, 25, 28–30, 40

Feeding and dietary habits, 473, 475
Feeding habits, 502, 503
Felisporadoceras, 851, 854
Fibulate, 14
Final host, 839, 840, 867
Finite element analysis, 225
Flatworm, 840, 841, 845, 847–849, 854, 856, 

867, 868
Fluid decoupling, 96
Fluid mechanics, 53
Folioles, 47, 53, 57, 61, 63, 77
Fossillagerstätten, 508
Fractal dimension, 53
Fractionation factor, 797, 801
France, 33, 37, 41
Frenet equations, 218
Frenet frame, 217, 218, 220
Friction, 661, 662, 673
Functional morphology, 62, 263, 264

G
Gas/liquid diffusion, 640
Gas-pressure theory, 50, 51
Gastroplites, 665, 667, 670
Gaudryceras, 51, 66, 67, 70, 533, 538, 539, 

541, 585–587, 593, 603–605
Geographic Information System. See GIS
Geometric models, 209, 210
Gills, 520, 521
GIS, 65, 75
Glaphyrites, 507, 509, 520, 523, 524, 533, 

538, 539, 541
Globular, 9
Goniatites, 11, 61
Grinding tomography, 616, 634–636, 638
Growing tube model, 217–219
Growth curves, 237
Growth halts, 206, 239, 240
Growth lines, 13, 16
Growth rate, 796, 801, 815–818, 821, 822, 

827, 828
Growth vector model, 221–223
Gyroceratites, 49, 76

H
Habitat depth, 794, 796, 818, 820, 822–824, 

828
Habitat, 689–691, 694, 697, 708, 710, 716, 

720, 722, 727, 740, 743, 745, 746, 
748, 755, 756, 759

Haemolymph, 225, 233
Hamulina, 257
Hecticoceras, 261, 265
Hele-Shaw cell, 73, 77
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Helicoidal logarithmic spiral, 210–212
Helicolateral deposits (Clystoceras), 590, 602, 

603
Helminth, 839, 840, 867
Heteroceras, 257
Heteromorph shell (Ptychoceras), 590, 601
Heteromorph, 4, 9, 689, 691, 694, 697, 698, 

700, 720, 723, 726, 737, 741, 
744–746, 749, 752, 754

Heteromorphy, 217–219, 244, 335, 338, 340, 
652, 657, 672, 677

Holoparasitism, 838
Homologization, 511
Homology, 511
Hood, 430, 435, 456, 467, 472, 627
Hoploscaphites, 289, 292, 301, 679
Horizontal membranes, 94
Host reaction, 838, 839
Housean pits, 841, 850, 851, 853–855, 867
Hyattoceras, 258, 259
Hybonoticeras, 509, 516, 519
Hydrodynamics, 673–675
Hydrostatic apparatus, 639, 640
Hydrostatic pressure, 47, 49, 51, 57, 64, 65, 

71, 74, 75
Hydrostatics, 616, 619–623
Hyponome, 522, 523, 659, 660, 668, 680

I
Implosion depth, 650
Imprint zone width, 8, 11
Indosphinctes, 586, 588, 589, 596, 603
Initial chamber, 114–121, 123, 156, 158, 162, 

166, 167, 172, 173, 322–324, 329, 
331, 346

Ink sac, 522
Inner prismatic layer, 323, 324, 329, 331, 333, 

338, 340, 344
Insertion of muscles, 63
Interlamellar membrane, 80, 81, 336
Intermediate host, 839, 867
Intermediate-type jaws, 473, 477
Internal lobe, 47, 61, 66, 67, 69
Internal shell features, 116, 169
Intracameral membranes, 350, 351
Involute, 4, 9
Iridescent color patterns, 31, 33, 41
Isometry, 223
Ivoites, 851–853, 855

J
Jaw apparatus, 429, 436, 440, 456, 463
Jaw morphotypes, 440, 456, 471, 472, 474
Jet-powered swimming, 659

Jurassic, 25, 28, 31, 33, 36, 41
Juvenile, 690, 691, 693, 698, 699, 701–704, 

709, 710, 712–717, 743, 745, 748, 
751, 752, 759, 761

K
Kachpurites, 856
Kinematic models, 221, 225
Kosmoceras phaeinum, 259, 290
Kosmoceras, 323, 328, 346

L
Laplace equation, 53
Lateral fluting, 17, 49
Lateral inhibition models, 230, 232, 236, 244
Lateral lobe, 53, 70
Lateral mantle V-shaped marks, 558
Lateral sinus-like attachment marks, 556, 557
Life mode, 38, 40
Lilloettia, 271
Lirae, 13, 15
Lobites, 259
Lobolytoceras, 67, 70
Lobules, 47, 51, 53, 55, 59, 61–63, 74, 77
Local osmosis, 622, 623, 624, 629
Logarithmic spiral, 207, 209–211, 216, 221, 

223
Longidomic, 4
Longitudinal bands, 7, 40, 41
Lotka-Volterra predator-prey models, 231
Lumbricaria, 513
Lytoceras, 263
Lytoceratoidea, 62, 64, 66, 67, 71

M
Macrocephalites, 11
Macroconch, 261, 264–269, 292, 301
Macroevolutionary patterns, 244, 245
Madagascar, 33, 35, 37, 41
Manticoceras, 49
Mantle and attachment marks fossilization, 

568, 569
Mantle attachment, 551
Mantle, 507–510, 512
Mathematical models, 649, 651, 652
Mature growth, 292
Mature modifications, 254, 255, 257, 267, 

271, 289
Mechanical models, 652–657
Megaconch, 266, 848
Megastriae, 13
Menuites, 292, 302
Meroparasitism, 838
Mesodomic, 4
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Metabactrites, 257
Metabolic output, 669, 670
Metabolic rate, 665, 666, 670
Metabolism, 62
Microconch, 258, 259, 264, 265, 267, 269, 

292, 302
Microphagous, 512
Microstructure, 321–323, 340, 349
Mimagoniatitoidea, 655
Mimosphinctes, 49
Mimosphinctoidea, 655
Miniconch, 266
Mode of life, 690, 692, 696, 698, 709, 712, 

720, 726, 735, 744, 748, 751, 754, 
793, 818, 823

Modern Nautilus, 542
Monomorphism, 265, 266
Monoschizotomous, 14
Morita’s model, 225, 226, 232
Morphogen diffusion, 57
Morphogen, 207–209, 217, 219, 222, 225, 

230–232, 235, 236, 239, 244
Morphogenesis, 49, 58
Morphological indications of jet-powered 

swimming, 565–567
Morphology, 6, 9, 17, 21, 691–694, 701, 712, 

722, 723, 727, 733–735, 739, 748, 
754, 759, 762

Morphospace, 209, 214–216, 221, 244
Mortoniceras, 259, 289
Moving reference model, 220, 244
Murex, 235, 239
Muricidae, 235, 239, 242
Muscle and mantle attachment marks on shell 

wall, 551
Muscle attachment, 545, 548, 551, 569, 571
Muscle imprints, 106
Muscle scars, 261, 265
Muscles, 659, 660, 666, 668, 680
Muscular mantle, 554, 565, 567, 568, 570
Myoadhesive band, 79

N
Nacreous layer, 328, 329, 333, 335, 336, 338, 

340, 344, 346
Natural fractals, 53
Nautilus, 652, 659, 660, 665, 667, 669, 670, 

676, 680, 838–840, 855, 862, 863, 
866, 867

Nematode, 839, 840, 849
Neo-Darwinian theory, 245
Nepionic swelling, 328
Neritic, 690, 698, 704, 707, 727, 736–738, 

742, 754, 759, 761

Neuronal models, 230
Neutron tomography, 638, 639
Nipponites, 219, 220
Nitrogen isotope, 813, 828
Normal-type jaws, 456, 471, 472
Normannites, 264, 286
North Dakota, 33
Nostoceras, 289
Oecoptychius, 258, 259, 264, 271, 278, 302
Oesophagus, 510, 511
Okamoto’s model, 218, 219
Ontogenetic and evolutionary regularities of 

body chamber lengths, 550, 551, 
564, 568

Ontogeny, 17, 690, 692, 710, 712, 715, 717, 
720, 722, 725, 729, 760

Ophiceras, 508, 509, 521
Opitzian pits, 851, 853–855
Organic-mineral bridges, 81
Ornament, 258, 259, 267, 287, 289, 292, 662, 

669, 672, 673
Ornamentation, 4, 13–15, 20, 207–209, 218, 

228, 229, 235, 236, 237, 242, 332, 
340

Orthocerida, 655
Osmotic pressure, 616, 619, 622
Osmotic pump, 51
Outer prismatic layer, 323, 324, 329, 332, 333, 

335, 338
Ovary, 512
Oxycone, 3
Oxygen isotope thermometry, 797, 801, 810, 

811, 813
Oxygen isotope, 797, 801, 810–813, 823

P
Pachyconic, 9
Paleobiology, 485, 632, 689, 734, 746
Paleoceanography, 793, 797, 817, 824
Paleoecology, 692–694, 813, 815, 827
Paleopathy, 858
Paleotemperatures, 797
Palliovisceral band, 79
Parabolic structures (Indosphinctes), 603
Paracanthoplites, 533, 538, 539, 541
Parafrechites, 239, 240
Parasites, 837–841, 844, 845, 847, 848, 852, 

854, 856–858, 860, 862, 863, 
866–868

Parasitic shell pathology, 843, 844, 857
Parasitism in cephalopods, 837–839, 845
Parasitosis, 844
Paratenic hosts, 839, 840
Parkinsonia, 11
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Pathological asymmetry, 858
Pathological gigantism, 838, 845, 847, 848, 

867
Pathology, 843–845, 851, 857, 859
Pearl, 841, 844, 845, 849, 851–856, 867
Pelagic, 700, 702, 703, 708, 717, 762
Pellicle, 62, 70
Periostracal groove, 229, 234, 333, 335
Periostracum, 79, 229, 234, 333, 335, 351
Pernoceras, 256, 257
Phlycticeras, 264, 271, 278
Phosphatic preservation, 95, 100
Phosphatization, 540
Phragmocone, 45, 49, 63–65, 75
Phylloceras, 263
Phylogeny, 49, 53, 59, 65, 69 
Pigment color patterns, 41
Pigmentation, 229–232
Pinacitidae, 655, 679, 680
Pinacoceras, 47
Placenticeras, 288, 302
Planar logarithmic spiral, 210, 211
Planispiral, 689, 694, 695, 699, 726, 727, 739, 

754, 761
Planktic, 689, 690, 694, 695, 698, 700–705, 

708, 710, 734, 737, 740, 741, 748, 
755, 759, 762, 763

Platycone, 5
Pleuroacanthites, 69
Pneumocompensation, 75
Poland, 33, 35, 36, 41
Polymorphism, 265, 266, 285, 362, 369, 379, 

380, 388, 395, 409
Polyschizotomous, 14
Postembryonic stage, 332–339
Power consumption, 665, 667
Power, 659, 665–667
Pravitoceras, 258, 289
Pre-pattern, 231
Preseptal gas hypothesis, 50
Preseptal membrane, 55, 59
Prevalence, 839, 843–845, 847, 855, 859–862, 

867
Primary host, 840
Primary varix, 322–324, 328
Prochoanitic, 347–350
Prolobites, 590, 603, 606
Promicroceras, 234
Propulsive muscular system, 659
Proradiate, 13
Prorsiradiate, 13
Proseptum, 322–324, 331, 346
Protoconch, 322
Protophites, 258

Pseudohexagonal trillings, 328
Pseudophyllites, 61, 66, 70
Pseudosepta, 98, 100
Pseudosiphuncular tube, 67
Pseudosutures, 59, 61, 77, 95, 96, 98–103
Psiloceras, 263
Ptychoceras, 590, 594, 595, 597, 599, 

601–603, 605, 606
Puzosia, 54
Pyritization, 31, 36, 37

Q
Quantitative methods, 391, 400, 409
Quantitative tomography, 637
Quenstedtoceras, 323, 324, 329, 331, 332, 

335, 338

R
Radial fluting, 15, 49
Radionuclide, 821
Radula composition, 487–490
Radula evolution, 490
Radula function, 502, 503
Radula structure, 486, 490, 499
Radular taphonomy, 486, 490, 493, 501
Radular teeth, 487, 490, 497, 499, 500
Raup’s model, 212, 214–216, 244
Reaction-Diffusion Model, 57, 74, 230, 231
Rectiradiate, 13
Reproductive strategy, 114, 181, 182
Retraction, 257
Retrochoanitic, 346, 347, 349
Reynolds number, 661, 662, 665, 672, 673, 

675
Rhadinites, 509, 516, 518
Rhaeboceras, 94, 95
Rhynchaptychus-type jaws, 467, 472
Ribbing types, 6
Ribs, 13, 14
Rice’s model, 222
Ritzstreifen, 340, 341
Rollmark, 522
Runzelschicht, 340, 341
Rursiradiate, 13
Russia, 33, 35, 36, 41

S
Saccocoma, 513, 515
Saffman-Taylor instability, 73
Saghalinites, 322, 349
Salinity, 796, 807, 809, 813
Saynoceras, 259, 292
Scaphites, 259, 289, 301, 302, 322
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Sciponoceras, 508, 511, 516, 519, 523
Secondary function of aptychi, 475, 476
Sellanarcestes, 8, 850–852, 855
Sensory organs, 515, 516
Septal approximation, 65
Septal attachment, 564, 565
Septal crowding, 254–272
Septal fluting, 49
Septal formation models, 52
Septal frilling, 64, 73
Septal furrow, 103, 105
Septal lobe, 49, 61, 62, 64–67, 69–71, 74
Septal lobes (Gaudryceras), 605
Septal mantle, 51, 55, 57, 59, 61, 63, 71, 73, 

75–77 
Septal morphogenesis, 102, 103
Septal precipitation model, 79–81
Septal thickness, 64, 254, 257
Serpenticone, 3
Sexing, 268, 301
Sexual maturity, 255
Shell density, 629, 631
Shell evolution, 225
Shell functional morphology, 619, 634
Shell morphology, 209, 223, 226, 228, 240
Shell orientation, 650–652, 655, 657, 673, 675
Shell properties, 635
Shell shape, 360, 361, 372, 375, 380, 383, 

394, 395, 397–399, 409, 650, 651, 
664, 667–669, 673, 675, 676, 679

Shell thickening, 25, 28
Short adult body chamber (Aconeceras), 593, 

600
Sigaloceras, 508, 509, 516, 518, 519
Simultanskelett, 80
Sinusoidal, 14
Siphuncle, 508–510, 514, 532–534, 537–542, 

614, 616, 620–623, 625, 627, 631
Siphuncular cord, 537, 540
Siphuncular membranes, 92, 94–101
Siphuncular sheets, 93, 94
Sobolewia, 851, 852
Soft tissue attachments, 103
Soft tissue, 91, 103, 105
Soft-body density, 632
Space curve models, 217, 218
Sphaerocone, 5
Sphenodiscus, 665, 667
Spindle-shaped, 9
Spirula, 532, 539–542
Stable isotopes (δ13c, δ18o), 704, 710, 715
Standard shell wall structure, 590–593, 601
Stokes Flow, 661, 662, 670
Streamlining, 650

Subanarcestes, 6, 11, 851, 852
Subevolute, 9
Subinvolute, 9
Subprismatic layer, 328, 329
Sustainable swimming speed, 666
Sutneria, 258, 290
Sutural complexity, 257
Suture line, 4, 16, 20, 21, 360, 361, 380–384
Swimming modes, 679, 680
Symmetropathy, 858
Synchrotron tomography, 616, 638
Synclastic, 17, 47
Synecology, 690, 749

T
Taphonomic biases, 363, 368, 393
Taphonomic problem, 440–455
Taphonomy, 515, 518
Taxonomic evaluation, 471, 472
Taxonomy, 700
Temperature, 796, 797, 799, 801–804, 

809–812, 815, 817, 818, 820, 822, 
824–828

Tennessee, 33, 37, 41
Tension model, 102, 103
Tension wrinkles, 106
Teratology, 240
Terminal apertural constriction, 259
Terminal countdown, 288, 289
Terminal shell thickening, 255, 259
Terminology, 4–6, 11
Texoceras, 257
Theoretical modelling, 207, 208, 217, 244
Theoretical models, 649
Thermal structure, 796, 820, 821, 823–826, 

828
Tie Point Model, 52–54, 57, 59, 63, 102
Tomography, 616, 634, 635, 637, 638
Torsion, 212, 218
Translocation (of the soft body), 101–103
Transverse bands, 28, 29, 31, 40
Transverse membranes, 92, 95
Traveling waves, 229
Triassic, 25, 30, 40, 41 
Tuberculate sculpture, 323, 331
Turing structures, 230, 231
Twin nozzle-Hypothesis, 680

U
Ultrastructure, 321, 335, 350–352
Umbilical egression, 257, 272, 287
Umbilical large tongue-like marks, 554–556
Umbilical lobe, 49
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Umbilical membrane (Prolobites), 590, 603, 
606

Umbilical plug, 344
Umbilical small discrete marks, 552–554
Umbilical width index, 7, 9, 11, 20
Umbilical width, 5, 8, 9, 11
U-mode, 49
Urdy et al.’s model, 222, 224
Valanginites, 259, 292
Variability, 17–20, 254, 271, 301–303
Varices, 207, 239
Velocity, 661, 662, 665, 667, 668, 670, 672
Venezoliceras, 9
Ventral band, 549, 562, 563
Ventral internal ridge, 563, 570
Ventral small discrete marks, 549, 562
Ventrolateral elevation, 561

Ventrolateral lobe-like marks, 549, 558–560
Ventrolateral marks, 545–548
Viscous fingering model, 102
Viscous Fingering Model, 52, 53, 59, 71, 73, 

77
Vital effect, 801, 802, 807, 812, 813
Volume-enlarging pathologies, 856–858
Volumetrics, 635
Whorl cross section, 257, 259, 269, 287, 289
Whorl expansion rate (WER), 6, 7, 12, 20
Whorl height, 8, 11
Whorl width index (WWI), 7, 12, 20
Whorl width, 5, 8, 9, 11, 12, 20. See also 

Whorl width index (WWI)
Wocklumeria, 257, 259, 304
Wrinkle layer, 263, 341, 585, 590, 603, 606
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