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The intriguing shapes of the ammonoid whorl

Daniel A. Morón-Alfonso, Marcela Cichowolski, René Hoffmann, Dieter Korn, 
Verónica V. Vennari, and Ninon Allaire

ABSTRACT

Here we study the variation of the Paleozoic to Mesozoic ammonoid whorl profile
shape (WPS, in previous contributions referred as the whorl cross-section shape)
employing a geometric morphometric approach, virtual modelling, and statistical tools
to assess possible biological phenomena. For this approach, a dataset covering 300
individuals (each belonging to a different genus) was generated from revised speci-
mens and published literature data. From this dataset, we proposed several predictors
(e.g., several size parameters) that could be applied in linear models using the princi-
pal components (resulting from the geometric morphometric analyses) as response
variables. The whorl profile area from the specimens was calculated from virtual mod-
els of their original whorls. The results show that the variation in the whorl profile in this
sample is resumed by 10 principal components, of which the first three cover 87% of
the total variation. PC1 (54.5%) illustrates transformations mainly from the degree of
compression and, to a lesser extent, the degree of whorl overlap. Furthermore, the sta-
tistical results indicate a significant association between PC1 with several ammonoid
subtaxa and whorl size. A correlation between PC1 and the whorl area is also rec-
ognised. PC2 (24.8%) reflects morphological transformations that emulates stretching
and compression of the whorl profile shape; it is likely related to the hydrodynamic per-
formance of the resulting conch morphology. PC3 (7.4%) encompasses changes on
the shape of the venter (from flat to rounded), and the curvature of the flanks, and it
seems to be related to minor modifications required to achieve some extreme shapes. 
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INTRODUCTION

The considerable variation of the external
conch morphology in ammonoids is a longstanding
subject of discussion (e.g., Saunders and Swan,
1984; Leonova, 2002; Korn and Klug, 2012; De
Baets et al., 2013; Klug et al., 2015b), not only
involving the key aspects of the classification of the
group but also as the source of many macroevolu-
tionary hypotheses (Monnet et al., 2015a). Con-
cerning the latter, the recurrent morphologies
suggesting several cases of convergence within
ammonoid lineages have encouraged the proposi-
tion of many physical and/or morphogenetic con-
straints (Ubukata et al., 2008; Monnet et al., 2011;
Ritterbush and Bottjer, 2012; Brosse et al., 2013;
Monnet et al., 2015a; Erlich et al., 2016). Under-
standing these limitations is crucial, not only to
assess the evolutionary history of the group, but
also to identify the recurring factors involved in
such morphological changes (e.g., the expected
response to environmental stress such as sea level
or temperature variations; Bayer and McGhee
1984; Korn, 1995; Bucher et al., 1996; De Baets et
al., 2015). Fossils of ammonoids are abundant and
nearly globally distributed; they range from the
Early Devonian to the Cretaceous–Paleogene
boundary, with some taxa surviving into the earliest
Palaeocene (=Danian; Machalski and Heinberg,
2005; Landman et al., 2012). Accordingly, under-
standing the drivers leading the morphological vari-
ability in this group is useful to assess the
palaeoenvironmental changes across different
basins over long periods. However, the conch mor-
phology can be difficult to evaluate, as it is usually
studied using morphometric parameters that
exhibit complex logarithmic allometric variations
through the conch ontogeny. This is particularly
true for lower taxonomic levels (i.e., genus, spe-
cies), and sometimes higher levels, as the variation
of these parameters can be very small at these lev-

els, and other characters such as the sutural/septal
and siphuncular features that characterise superior
hierarchies cannot be employed (Allen, 2007;
Korn, 2010; Klug and Hoffmann, 2015; Wegerer et
al., 2018). Moreover, many other attributes of the
ammonoid conch are not discrete or even code-
pendent, sometimes varying slightly between spe-
cies (e.g., the density of the ribbing pattern), and
hence their definition for cladistic analyses is prob-
lematic (Yacobucci, 2004; Bardin et al., 2014;
Moulton et al., 2015). 

One of these complex continuous features is
the shape of the whorl in a transversal cross-sec-
tion of the conch, to which we will refer as the whorl
profile (WP, Figure 1). The ammonoid conch mor-
phology can be understood as a by-product of the
variation of the whorl profile shape (WPS) through
the growth phase of the organism following com-
monly (but not uniquely) a continuous spiral
arrangement (Chirat et al., 2021; Hoffmann et al.,
2021). The shape variation of the WP is strongly
linked to the processes of shell generation, and
therefore, it is susceptible to register valuable data
of the producer (Erlich et al., 2016, fig. 1). The
ammonoid WPS is usually studied using morpho-
metric parameters (and derived indices and rates,
Figure 1A) and often presented as ontogenetic tra-
jectory plots (Okamoto, 1996; Korn, 2010; Korn
and Klug, 2012; Knauss and Yacobucci, 2014;
Klug et al., 2015b). However, despite their effective
use as descriptive and diagnostic tools, these mor-
phometric parameters have intricate interactions
between each other and the overall size of the
conch, so it is difficult to differentiate morphological
variations caused by independent factors. In this
regard, changes in the WPS can be caused by a
response to changes in lifestyle but might be
resumed by the variations of the same parameters
(Monnet et al., 2011; Brosse et al., 2013). For
example, during growth there could be an increase
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in the compression of the conch, but there might be
additional changes related to the curvature of the
flanks that can be overlooked using linear mea-
surements (Figure 1). An alternative approach
using geometrics morphometrics (GM) has been
employed to address this issue in biologic studies
(Klingenberg, 2016, 2020). As stated by Klingen-
berg (2016, p. 119): “The key advance of geometric
morphometrics by comparison to earlier
approaches is that it uses the complete information
about a configuration of landmarks: not just a
selected set of distances, but all aspects of the rel-
ative arrangement of the landmarks and all the
interrelations among them”. Therefore, the shape
is formally defined as all the geometric features of
a given landmark configuration including propor-

tions, angles, and the relative arrangement of
parts, independently from the size, position, and
orientation. Formerly, GM has been employed
before to study effectively the conch morphology in
ammonoids and other cephalopods (Neige, 1999;
Simon et al., 2010; 2011; Monnet et al., 2011; Korn
and Klug, 2012; Klein and Korn, 2014; Courville
and Crônier, 2016; Gerber, 2017; Bischof et al.,
2021; Nätscher et al., 2021). More recently, a new
methodology combining virtual modelling and GM
presented by Morón-Alfonso et al. (2021) allowed
translating the WP to a configuration of semi-land-
marks including uncoiled taxa. The obtained
results provided a general overview of the morpho-
space of the ammonoid WPS, and of possible
mechanisms explaining the constraints involved.

FIGURE 1. Summary of the morphometric and geometric morphometric (GM) models used in this work. A) Cross-sec-
tion of an ammonoid showing the standard morphometric model to study the ammonoid conch morphology presented
by Korn (2010) and Klug et al. (2015). Abbreviations: ah, aperture height; dm, diameter; iz, imprint zone; wh, whorl
height, ww, whorl width. B-E) Geometric morphometric model to study the whorl shape presented in Morón-Alfonso et
al. (2021). B) Basic virtual model (grey area) showing the corresponding configuration based on 18 semi-landmarks.
C) GM model adapted to the specimen shown in A. D) GM model applied to the whorl of an evolute specimen. E) GM
model applied to the whorl profile of an involute specimen (modified from Raup 1967).
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Herein, we advance in this research, by exploring
more deeply the obtained morphospace including
300 representatives of distinct genera, and by
applying statistical tools to assess possible biologi-
cal phenomena. 

MATERIALS AND METHODS

Data Frame

For the construction of the data frame, a list of
ammonoid genera across the Phanerozoic was
downloaded from the Paleobiology Database
(PBDB). At the starting date of this project (January
2021) we found 3307 genera recorded in the
PBDB including their respective references and
possible synonyms (Appendix 1). These genera
were numbered, and an algorithm was used to
generate a random selection without duplicates.
For each genus, a specimen with a clean apertural
view or a transversal cross-section was searched
for, either at the available repositories or published
in the literature (Appendix 2). Additional informa-
tion for the statistical analyses was recorded when
available. Finally, based on the resolution and for-
mat type, a quality value going from one (excellent,
with a resolution of at least 300 dpi) to three
(acceptable, with a resolution between 150 and
300 dpi) was qualitatively assigned to the images
of the selected specimens. This quality scale might
be useful to help authors to decide if the data pre-
sented here can be improved for review papers or
include specimens showing better preservation in
the future. In some instances, only schematic rep-
resentations depicted by the original authors were
available, for these cases, a quality value of two
was determined indicating the implicit subjective
interpretation. Accordingly, the data frame gener-
ated in this work is dynamic and apt to be updated
as new information is included.

The original ammonoid database was sam-
pled until fulfilling the goal of retrieving data for a
target of 300 genera. During this process, more
than 700 genera were reviewed and 43% of these
had the required data and data quality for this
study. Images of the WPs extracted from subadult
phragmocones in both apertural views and conch
transversal cross-sections were collected. WPs
from subadult phragmocones are ideal for these
analyses; they seem to exhibit reasonable morpho-
logical stability before the possible adult modifica-
tions suffered during adulthood both by the
phragmocone and the body chamber (Klug et al.,
2015a). These images consisted of high-resolution
photographs, tomographic datasets, and sche-

matic diagrams of the selected genera. We com-
piled data provided from the following repositories:
Colección de Paleontología de la Universidad de
Buenos Aires (CPBA, Argentina), Colección de
Paleoinvertebrados del Instituto Antártico Argen-
tino (IAA-pi, Argentina), Colección de Paleon-
tología del Museo José Royo y Gómez (RGM,
Colombia), Ruhr-Universität Bochum Repository
(RUB-Pal, Germany), The Digital Atlas of Ancient
Life (virtual Repository, Hendricks et al., 2015),
Muséum National d’Histoire Naturelle (MNHN vir-
tual Repository, France), GB3D Type Fossils
Online (virtual repository of the Oxford University
Museum of Natural History, UK), and the Natural
History Museum Dataset (2014, virtual repository,
UK). Data also include figures from 178 works
regarding ammonoids, source materials are cited
here and a list is provided in Appendix 1.

Geometric Morphometrics

The geometric morphometric methodology
used here was described by Morón-Alfonso et al.
(2021). It employs a basic landmark configuration
derived from the morphometric parameters that is
translated from virtual models of the selected sam-
ples using a subdivision surface algorithm (Figure
1). These models (and their corresponding semi-
landmark configurations) are analysed employing a
geometric morphometric approach, which consists
of a Generalised Procrustes Analysis (GPA), fol-
lowed by a Principal Component Analysis (PCA,
Figure 2). The resulting principal components
(PCs) summarise the transformations between dif-
ferent WPSs; the obtained morphospace is used to
visualise the variation found in the original sample
(Figure 2). Posteriorly, these PCs can be analysed
using Generalised Linear Models against distinct
variables to identify different trends and relation-
ships. The virtual models were constructed using
Blender 3.0.1 (Blender Online Community, 2022).
In this case, a basic 18-semilandmark configura-
tion was used as a template (Figure 1). The GPA
and the PCA were performed using Morpho 2.9
(Schlager, 2020) and Geomorph 4.0.1 (Adams et
al., 2021) R Packages. Back-transform morpho-
spaces were constructed using the morphospace
package (Carmona, 2022). Both analyses and their
results can be inspected from an interactive file in
Appendix 2.

Statistical Analyses

A data validation test was performed to check
if the sample was representative of the known
ammonoid diversity across the Phanerozoic. For
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this, a Kernel density curve for the selected genera
and the mean age was computed using the R
package ggplot2 (Wickham, 2009; Figure 3). The
mean age was calculated from the first and the last
record appearance of the species; if not available,
it was calculated from a known available time inter-
val estimated for the taxon. Further, this diversity
curve was compared to diversity curves obtained
from the literature to check possible discrepancies
(Sepkoski, 1996; Bambach et al., 2004; Figure 3).
Once the data was validated, several Generalised
Linear Models (GLMs) were proposed. GLMs
encompass regression models in which a depen-
dent (response) variable is expressed as a linear
function of designed predictors (independent or
explanatory variables). As follows, the PCs
obtained from the PCA were established as the
dependent variables and several possible factors
were proposed as independent variables. 

The first variable proposed to explain the WP
variation is the body size, which appears to have
increased through the ammonoid evolutionary his-
tory. In extant cephalopods, the size of the organ-
ism is usually registered as the length of the
mantle. As this measurement cannot be obtained
from fossils, the conch diameter is usually used
instead as a proxy value (Figure 1). However, the
diameter cannot be employed in non-spiral taxa, so
another variable must be used instead to evaluate
the WPs. In such cases, the centroid size, defined
as the square root of the sum of squared distances
of all the semi-landmarks from their centroid
(obtained by averaging the x and y coordinates of
all the landmarks), can be employed as a size vari-
able (Klingenberg, 2016). The centroid size is

widely used in GM as a scale factor, but to be use-
ful for this purpose, all the virtual models (and in
consequence the semilandmark configurations)
had to be scaled to their real size values in mm.
Furthermore, WPs tend to grow following a near
logarithmic function due to the spiral geometry of
the conch (Bucher et al., 1996). Consequently, the
logarithm of the centroid size was used in the sta-
tistical analyses. 

The second selected predictor was the palae-
olatitude of the original locality for each specimen
(PLAT), which was approximated by subdividing an
updated palaeogeographic map (for different peri-
ods) in a 2.5° latitude grid and tracking down the
position of the locality through time (Scotese, 2014;
Scotese and Wright, 2018). This was done using
Icy 2.4.0.0 (de Chaumont et al., 2012) for the
image processing, and Google Earth Pro 7.3.4.8
for building the dynamic maps. PLAT was
employed to explore the spatial distribution of the
selected taxa through time, and their relation to the
WPS (Figure 4).

Statistical exploration of the data showed a
relationship between the PCs and several subtaxa
within the Ammonoida. The occurrence of these
subtaxa is consistent with the history of the group
influenced by bottlenecks caused by extinction
events (Figures 3–5). As previously mentioned,
most of these subtaxa are considered natural
groups typified by changes in the septal/sutural
structures and the siphuncle (Wright et al., 1996;
Leonova, 2002; Korn et al., 2003; Korn and Klug,
2012; Klug and Hoffmann, 2015; Monnet et al.,
2015c). Dependence between these subtaxa and
time implies a case of multicollinearity in which a

FIGURE 2. Workflow employed in this work. The squares identify the produced data, and the hexagons indicate the
analyses and procedures.
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FIGURE 3. Density plot of the ammonoid genera through time. Occurrences of major extinction events are signalled
as dashed lines, minor extinction events relevant to ammonoid diversity are illustrated as dotted lines based on Bam-
bach et al. (2004). 

FIGURE 4. Paleolatitude of the original locality for each ammonoid specimen through time. Note the widespread distri-
bution of the clade.
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factor is correlated with a continuous variable (i.e.,
Mean Age, Figure 5); this can be tested by calcu-
lating a Generalised Variance Inflation Factor
(GVIF, Appendix 3). Multicollinearity between
explanatory variables can lead to wider confidence
intervals producing less reliable results in a linear
model. Considering all these circumstances, it was
concluded that these subtaxa were required to
adjust to a statistical distribution and were consid-
ered as the effect of the phylogeny in the statistical
analyzes. As follows, 10 subtaxa were selected to
represent these subpopulations at the order level
within Ammonoida. The most diverse orders,
Ammonitida and Goniatitida, were further subdi-
vided in their respective suborders to provide a
more exact evaluation of these groups (Hoffmann
et al., 2022). We also decided to include the cur-
rent informal group “Ancyloceratina” which encom-
passes the uncoiled forms (Hoffmann et al., 2022;
Figure 6). Once all the variables were defined, sev-
eral GLMs were tested by employing the back-
wards elimination technique (Wang et al., 2007). A
summary of this procedure can be found in Appen-
dix 3.

Measurements

Additional measurements were taken from the
scaled virtual models of the specimens. The sur-
face area in mm2 was measured using an Add-on
included in the modelling software (3D Printing
Toolbox Addon in Blender 3.0.1, Appendix 1). 

Measurements were also taken from the pre-
dicted WPs obtained from the PCA to evaluate the
parametric changes caused by the variation of the
PCs. A valuable remark is that during the GPA, all
the models were rescaled to the same unit (to sub-
tract the size). Therefore, the predicted area, the
predicted imprint zone rate (i.e., the relation
between the imprint zone and the whorl height, Fig-
ure 1), and the predicted whorl width index (i.e., the
relation between the whorl width and whorl height,
Figure 1) are dimensionless.

RESULTS

Geometric Morphometric Results

The PCA results show that the first two PCs,
respectively, summarise 54.5% and 24.8% of the
total variance in the sample (i.e., together around

FIGURE 5. Major subclades (order level) within Ammonoida based on sutural/septal classification through time.
Occurrences of major extinction events are signalled as dashed lines, minor extinction events relevant to ammonoid
diversity are illustrated as dotted lines based on Bambach et al. (2004).
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80%, Table 1). The third PC only explains 7.3% of
the total variance (Figures 6–10). Details of this
procedure are provided in Appendix 2, and an
interactive 3D plot showing the subtaxa is provided
in Appendix 3. Two dimensional representations of
the morphospace are discussed below. 

The PC1/PC2 scatter plot shows a heteroge-
neous distribution of the specimens with an
increase in density reaching the highest values
around the intervals PC1score = [-0.1; 0.2] and
PC2score = [-0.2; 0.01] from where the density
decreases towards the margin of the occupied
morphospace (Figure 7A-B). Further, additional
regions of aggregation can be observed around the
intervals PC1score = [-0.5; -0.2] and PC2score = [-
0.1; 0.2], and the intervals PC1score = [0.3; 0.5] and
PC2score = [-0.1; -0.2] (Figure 7A-B).

In the PC1/PC3 scatter plot, the density plot
shows the most populated regions around the
interval PC3score = [-0.1; 0.1], with a limited num-
ber of specimens showing extreme score values
(Figure 7C-D). At least two regions reaching the
highest densities can be differentiated following

PC1 around the intervals PC1score = [0.0; -0.5] and
PC1score = [0.1; 0.3] (Figure 7C-D).

However, the most important result is the dis-
tribution pattern of the WP morphologies in the
PC1/PC2 diagram (Figure 8). It should be consid-
ered that essentially three morphological charac-
ters can be depicted in this diagram:
(1) The whorl width / whorl height ratio (whorl 

width index: WWI).
(2) The rate of encompassment of the preced-

ing whorl (the degree of whorl overlap), 
measured by the imprint zone (imprint 
zone rate: IZR, here going from zero, 
meaning no overlap, to positive values with 
increasing whorl overlap).

(3) The general outline of the WP, such as the 
shape of the venter (e.g., acute, convex, 
flat, or concave), the ventrolateral shoulder 
(rounded or angular), the flanks (conver-
gent, parallel, or divergent) and the umbili-
cal margin (rounded or angular).

Among these three characters, the first two
can easily be recognised in their different expres-
sions in the PC1/PC2 diagram (Figure 8), because
they have easily ascertainable quantitative proper-

FIGURE 6. Boxplots for the first three principal components for the subtaxa used in this work. A) Subtaxa against
PC1. B) Subtaxa against PC2. C) Subtaxa against PC3.
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ties. Both parameters, WWI and IZR, are repre-
sented in both PC1 and PC2: a rising WWI is
reflected in decreasing PC1 and decreasing PC2
values; a rising IZR is represented by a decreasing
PC1 and an increasing PC2 value. This means that
ammonoids with stout involute conchs plot at the
top-left area of the morphospace, ammonoids with
slender involute conchs occupy the top-right cor-
ner, ammonoids with stout evolute conchs occupy
the bottom-left corner and ammonoids with slender
evolute conchs occupy the bottom-right corner
(Figures 8–10). The consensus or “average” shape
(moderately stout, moderately umbilicate, moder-
ate overlapping degree) is illustrated in the centre
of the morphospace (Figure 8).

Variations in the whorl shape involving the
curvature of the flanks and the venter are summa-
rised by PC3 (Figures 9–10). Ammonoids with con-
vergent flanks and concave or flat venter show
high PC3 scores, while specimens with strongly
convex flanks and narrowly rounded or acute ven-
ter show lower PC3 scores values (Figure 10).

TABLE 1. Results of the geometric morphometric analy-
ses showing the percentage of variance summarised by
each principal component.

PC Eigenvalues % Variance Cumulative %

1 0.060 54.566 54.566

2 0.028 24.875 79.441

3 0.008 7.475 86.917

4 0.006 5.187 92.104

5 0.004 3.198 95.302

6 0.002 1.688 96.990

7 0.001 0.988 97.978

8 0.001 0.843 98.820

9 0.000 0.400 99.221

10 0.000 0.266 99.487

11 0.000 0.195 99.682

12 0.000 0.159 99.841

13 0.000 0.097 99.938

14 0.000 0.057 99.995

15 0.000 0.005 100.000

16 0.000 0.000 100.000

FIGURE 7. Morphospace for the WPS based on the first three principal components showing the density curves. A)
Scatter plot for PC1 and PC2. B) Density heat map for PC1 and PC2. C) Scatter plot for PC1 and PC3. D) Density
heat map for PC1 and PC3.
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Statistical Results for PC1

Results of the statistical model for PC1 show
a relationship between this principal component,
the centroid size, and the subtaxa selected (Model
1 in Table 2, Appendix 3). It is important to note
that these two predictors do not show interaction
between each other (i.e., simple additive model,
Appendix 3). The palaeolatitude and the diameter
are not significant factors (Model 2 in Table 2); the
mean age was not considered due to the unusual
case of multicollinearity (Appendix 3). To sum-
marise, we can observe that for each unit of the
logarithm of the centroid size, the PC1 score
decreases in average between 0.001 to 0.07 with
95% confidence (independently of the subtaxa,
Figure 11, Table 1). Therefore, changing the whorl
size causes a modest but statistically significant
change in the WP morphology (Figure 11A). Fur-
thermore, predicted values of PC1 for the subtaxa
exhibit significant differences among each other
(comparing at the same sizes). The disparity
between the subtaxa is more noticeable when
Paleozoic and Mesozoic taxa are compared (Fig-
ure 11B). Lastly, PC2 and PC3 do not follow a par-
ticular statistical distribution, probably suggesting a
multimodal effect, which hints of the presence of
subpopulations not accounted for in this study. As
follows, we were unable to propose a statistical

model that could be applied to these principal com-
ponents. 

Statistical Results for the Measured Area

Three statistical models were proposed to
study the measured area from the specimens
(mm2), each using a different size proxy for
ammonoids (i.e., the diameter, the whorl height,
and the centroid size; Table 3, Appendix 4). In gen-
eral, there is a direct exponential relationship
between all these parameters and the measured
area as expected from an increase in size (Table
3). The data involving the centroid size show the
highest dispersion of the three size predictors, and
the subtaxa have a significant effect. The model
employing the centroid size predicts that increasing
a unit of the logarithm of this variable implies an
increase in the area between 5.47 to 6.35 mm2 in
average with a 95% of confidence (Model 3 in
Table 3). The subtaxa were not a significant factor
for the linear models including both the diameter
and the whorl size (Models 4 and 5, respectively, in
Table 3). The results show that increasing the loga-
rithm of the diameter implies an area increment
ranging between 6.21 to 6.93 mm2 in average with
95% confidence (Figure 12, Table 3). For the loga-
rithm of the whorl height the area increment ranges
between 6.18–6.82 mm2 in average with 95% con-
fidence (Figure 12, Table 3).

FIGURE 8. A) Backtransform morphospace for PC1 and PC2 showing the variations on the semilandmark configura-
tions. B) Bivariate plots for the predicted configurations obtained from A for PC3score = 0. 
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Morphometric Parameters of the Predicted 
Whorl Profiles

Analyses of the predicted WP morphologies
obtained from the principal components, highlight
some of the possible interactions observed in
ammonoids (Appendix 5). On this matter, the pre-
dicted area is an important factor linked to PC1. In
this case (and following the polarity used in this
work), increasing the PC1 score implies an expan-
sion of the predicted area until reaching a local
optimum around the interval PC1scores = [0.1; 0.2]
at which point the predicted area begins to
decrease (Figure 13A). Interestingly, this interval
corresponds to the most densely occupied part of
the morphospace (Figure 7). Contrary to PC1,
increasing the PC2 score leads to a reduction of
the predicted area following a negative exponential
curve (Figure 13B). Lastly, increasing the PC3
score shows a moderate linear effect with respect
to the predicted area (Figure 13C).

Regarding the variation of the predicted whorl
width index (WWI), increasing the scores of both
PC1 and PC2 imply an increase in the whorl com-
pression (Figure 13 G-I). Furthermore, there is no
relevant effect for PC3 at low PC1 values, but this
becomes significant at high PC1 values showing
an additional increase in whorl compression (Fig-
ure 13I). As follows, high values of the first three
principal components correspond to the most com-
pressed WPs (Figure 10). 

The predicted IZR has a negative logarithmic
relationship with PC1, and a positive relationship

with PC2 (Figure 13D-F). It also shows an irregular
variation for PC3 caused by the deformation of the
ventral and dorsal regions of the predicted WPs at
high PC3 scores (Figure 13F). 

DISCUSSION

The Whorl Profile Morphospace

Results of this work are congruent with previ-
ous morphological trends observed on the
ammonoid WP and the general conch morphology
showing close similarities to other morphospaces
(Saunders et al., 2004; Korn and Klug, 2012;
McGhee, 2012; Ritterbush and Bottjer, 2012; Tend-
ler et al., 2015; Gerber, 2017). In this regard, the
rates of variance and the transformations obtained
for the principal components agreed with previous
results (Morón-Alfonso et al., 2021) indicating that
most of the WP variation is summarised by the first
three principal components (around 87%). Here we
provide a more extensive depiction of this morpho-
space showing representations of the predicted
morphologies and their possible variations (Figures
8–10). 

The results indicate that there is a complex
interaction between the transformations sum-
marised by each PC, in some cases acting as driv-
ers to a particular WPS (e.g., a high score for PC1,
PC2, and PC3 results in a very compressed WP
with a high imprint zone), and in others buffering
their effect (e.g., a high score for PC1, but low
scores for PC2 and PC3 indicates a moderately

FIGURE 9. A) Backtransform morphospace for PC1 and PC3. B) Same as A but for PC2 and PC3. 
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FIGURE 10. Bivariate plots illustrating the shape variation from the obtained morphospace for the first three principal
components. Shadowed cells indicate the space that is occupied by the ammonoid genera. 

TABLE 2. Statistic results for the simple additive linear models for PC1. Model 1 considers the centroid size (CS) and
the subtaxa as predictors. Model 2 considers the diameter and the subtaxa as predictors. Non-spiral ammonoid speci-
mens were omitted. Bold entries refer to significant factors. CI refers to the 95% confidence interval.

Model 1 PC1 Model 2 PC1

Predictors Estimates CI p Predictors Estimates CI p

(Intercept) 0.10 -0.07 – 0.28 0.251 (Intercept) -0.15 -0.32 – 0.03 0.105

CS [log] -0.03 -0.07 – -0.00 0.025 D [log] 0.03 -0.00 – 0.06 0.070

ST [Goniatitina] -0.14 -0.29 – 0.00 0.054 ST [Goniatitina] -0.12 -0.27 – 0.03 0.108

ST [Tornoceratina] -0.08 -0.24 – 0.08 0.307 ST [Tornoceratina] -0.04 -0.20 – 0.12 0.614

ST [Clymeniida] -0.11 -0.32 – 0.10 0.293 ST [Clymeniida] -0.09 -0.30 – 0.11 0.364

ST [Prolecanitida] 0.25 0.04 – 0.47 0.022 ST [Prolecanitida] 0.29 0.07 – 0.50 0.008

ST [Ceratitida] 0.05 -0.11 – 0.20 0.554 ST [Ceratitida] 0.04 -0.11 – 0.19 0.625

ST [Lytoceratina] 0.13 -0.10 – 0.35 0.272 ST [Lytoceratina] 0.11 -0.11 – 0.34 0.320

ST [Phylloceratina] 0.02 -0.17 – 0.22 0.808 ST [Phylloceratina] 0.00 -0.19 – 0.20 0.972

ST [Ammonitina] 0.08 -0.05 – 0.22 0.238 ST [Ammonitina] 0.06 -0.07 – 0.20 0.374

ST [Ancyloceratina] 0.16 0.00 – 0.32 0.047 ST [Ancyloceratina] 0.15 -0.03 – 0.32 0.107

Observations 300 Observations 288

R2 / R2 adjusted 0.165 / 0.136 R2 / R2 adjusted 0.153 / 0.123
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compressed WP with a reduced imprint zone).
Therefore, the combinations of these principal
components resume the complex interactions
between the whorl parameters (WWI and IZR; Fig-
ure 13). Nonetheless, despite the similar transfor-
mations resumed by these principal components,

some clear differences can be noted. In this
respect, PC1 seems to be closely related to
changes in the relative whorl area, a pattern that
can be observed on both the density plots and the
predicted whorl morphologies (Figures 7, 13).
Note, the data aggregation around the interval

FIGURE 11. Predicted score PC1 values for the simple additive model 1 presented in Table 2 including the centroid
size (CS), and the subtaxa, as predictors. Estimates with 95% of confidence. A) Predicted values for the centroid size
(CS). B) Predicted values of PC1 for the selected subtaxa. 

TABLE 3. Statistic results for the simple additive linear models for the measured area in mm2. Model 3 considers the
centroid size (CS) and the subtaxa as predictors. Model 4 employs the diameter as the predictor. Non-spiral ammonoid
specimens were omitted. Model 5 employs the whorl height as the predictor. CI refers to the 95% confidence interval.

Model 3 Area (mm2) Model 4 Area (mm2)

Predictors Estimates CI p Predictors Estimates CI p

(Intercept) 0.25 0.16 – 0.37 <0.001 (Intercept) 0.21 0.17 – 0.26 <0.001

ST [Goniatitina] 1.07 0.77 – 1.50 0.677 Log (D) 6.56 6.21 – 6.93 <0.001

ST [Tornoceratina] 0.88 0.61 – 1.27 0.492 Observations 288

ST [Clymeniida] 1.03 0.64 – 1.66 0.891 R2 marginal 0.731

ST [Prolecanitida] 0.93 0.57 – 1.52 0.762 Model 5 Area (mm2)

ST [Ceratitida] 1.11 0.79 – 1.57 0.539 Predictors Estimates CI p

ST [Lytoceratina] 1.73 1.03 – 2.90 0.038 (Intercept) 0.97 0.83 – 1.13 0.698

ST [Phylloceratina] 1.12 0.71 – 1.77 0.62 Log (H) 6.49 6.18 – 6.82 <0.001

ST [Ammonitina] 1.47 1.07 – 2.00 0.016 Observations 300

ST [Ancyloceratina] 1.73 1.20 – 2.50 0.003 R2 marginal 0.74

Log (CS) 5.89 5.47 – 6.35 <0.001 -

Observations 300

R2 marginal 0.731
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PC1score = [0.1; 0.2] coincides with the optimal pre-
dicted area measured from the predicted WPs. 

Contrary to PC1, increasing the PC2 score
restricts the expansion of the predicted area (Fig-
ure 13A). Note that the PC2 transformations emu-
late the stretch of the whorl following the vertical
axis (e.g., like an elastic cylinder when a force is
applied along its axis, Figures 8, 10), in conse-
quence, there is an increase in whorl compression
at the cost of the available area (Figure 13B).
Another interesting observation is that an increase
of the PC3 score leads to an expansion of the pre-
dicted area as well (Figure 13C). A high score
value for the first three principal components
implies a very compressed WPS with a reduced
imprint zone (e.g., Figure 10, PC3score=0.3).
Hence, having a high PC3 value might mitigate the
net loss of the available area caused by the com-
bined effect of high scores for PC1 and PC2, a pat-

tern that is also observed in the scatter plots
(Figures 7B, 13C).

A valuable issue comes out of examining the
predicted WPs at extreme score values in the mor-
phospace, to understand why some of these mor-
phologies are rarely or never exhibited by
ammonoids. The first possible reason is related to
a sampling bias. Ammonoids might have explored
such morphologies but those are not represented
in the dataset due to the low representation of
some taxa (either from the original sample pool or
as a result of their scarce fossil record). Further-
more, for high PC1 scores (i.e., higher than 0.3)
there seems to be a constraint related to the rela-
tive whorl area (Figure 13A), showing that
ammonoids rarely occupy the morphospace
beyond this value (Figure 7A). This suggests that
the WPS tends towards an optimal relative area,
and in consequence, it will likely be a common

FIGURE 12. Variation of the measured area against different response variables. A) Relationship between the area
and the diameter. B) Relationship between the area and the whorl height in mm. C). Relationship between the area
and centroid size (CS). D) variation of the measured area for each of the selected subtaxa.
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cause of convergence in this group. The highest
PC1 scores are only attained under very low PC2
scores (implying a low degree of whorl overlap or
no overlap at all, i.e., advolute conch; Figure 8)
thus allowing to surpass the threshold around PC1-
score = 0.3 (Figure 7A). This observation suggests a
possible explanation for WPs with reduced or non-
existent imprint zones, maximising the relative area
available over other possible constraints to the WP,
a phenomenon that has been inferred before by
Saunders et al. (2008) and Tendler et al. (2015).
Additionally, for a very low PC1 score (under -0.4)
the relative area available might be insufficient to
allocate the soft parts of the organisms (Figures
8B, 10). The same possible explanation can be

applied to very high (>0.4) or very low (<-0.3) PC2
scores, where the predicted WPs are very narrow,
implying a limited habitable area (Figures 8B, 10).
For high PC2 scores, there seems to be an addi-
tional limitation related to the width and the exten-
sion of the flanks around the region involving the
imprint zone. In general, wide flanks are exclu-
sively observed on shortened WPs, and very nar-
row flanks are rarely observed (Figure 10). This
might imply restrictions related to the mantle prop-
erties or the distribution of some soft parts of the
organism. 

In the case of PC3, the highest and lowest
scores are only attained under specific circum-
stances. The former is reached in accordance with

FIGURE 13. A-I) Variation of the predicted whorl area, the whorl width index (WWI=ww/wh), and the imprint zone rate
(IZR=iz/wh) considering the first three PCs measured from the virtual models presented in Figure 10. The predicted
area has no spatial units. A) Predicted area for PC1 at different PC2 values. Note PC1 has a local maximum depend-
ing on the score values of PC2 and PC3. B) Predicted area for PC2 at different PC1 values. C) Predicted area for PC3
at different PC1 values. D) Predicted WWI for PC1 at different PC2 values. E) Predicted WWI for PC2 at different PC1
values. F) Predicted WWI for PC3 at different PC1 values. Note that at low PC1 values changes for the WWI are not
noticeable, and only at high PC1 values the changes become significant for PC3. G) Predicted IZR for PC1 at different
PC2 values. H) Predicted IZR for PC2 at different PC1 values. I) Predicted IZR for PC3 at different PC1 values.
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high scores for both PC1 and PC2 (Figures 9–10).
In this case, at low PC1 and PC2 values of the
morphospace, the WPs have an expanded flat ven-
ter implying a high drag coefficient (depending on
Reynolds number) possibly hindering the hydrody-
namic performance of the resulting conch morphol-
ogy (e.g., Figure 10: PC3score= 0.3, PC1score= -0.2,
and PC2score= -0.2; Jacobs, 1992; Naglik et al.,
2015; Hebdon et al., 2020). The lower PC3 values
are only reached around the interval PC1score=
[0.0; 0.1]. The most probable explanation for this
unoccupied region is related to the expansion rate.
In this respect, at high PC1 scores, the imprint
zones of the predicted WPs are laterally narrow but
elongated, implying that the previous whorl would
be very small, and therefore, it would require a very
high expansion rate to reach the predicted WP
(e.g., Figure 10: PC3score= -0.3, PC1score= 0.3,
and PC2score= 0.1). The opposite pattern would be
observed on low PC3 and PC1 scores, where the
expansion rate should be very low to obtain the
predicted WP (e.g., Figure 10: PC3score= -0.3,
PC1score= - 0.2, and PC2score= -0.1). 

Summarising these observations, it is inferred
that the ammonoid WPS seems to be constrained
by the relative available area, the size of the flanks
compromising the imprint zone, the expansion rate,
and the hydrodynamic performance of the resulting
conch morphology. About the latter, given that the
changes resumed by PC2 are closely associated
with the exposure of the umbilicus and the com-
pression degree (in all cases deterring the avail-
able area in favour of a compressed WS with long
flanks hiding the umbilicus), it would be reasonable
to infer that this principal component is linked to
streamlining; a tendency of aquatic organisms to
have compressed body shapes allowing to reduce
the fluid resistance during movement (i.e., leading
to low drag coefficient for the resulting conch mor-
phology, Jacobs, 1992; Fish, 2009; Langerhans
and Reznick, 2010; Naglik et al., 2015; Peterman
et al., 2019; Hebdon et al., 2020; Peterman et al.,
2020). PC3 seems to encompass additional modifi-
cations of the ventral region and the curvature of
the flanks, probably allowing to reach some
extreme WP morphologies at specific PC1 and
PC2 scores (e.g., such as extremely compressed
shapes, Figure 10). 

Statistical Analyses

Statistical results for the model involving PC1
show that the centroid size and the considered
subtaxa are significant factors to predict PC1.

Noticeably, these predictors do not interact with
each other (Figure 11, Table 2), suggesting a phys-
ical cause for the centroid size, as this pattern is
observed across different taxa occurring at notable
temporal gaps. However, despite being statistically
significant, the effect size for the centroid size is
small, showing just a slight decrease in the PC1
score towards higher sizes, therefore, this relation-
ship might not be biologically noticeable (Table 2).
In contrast, the selected subtaxa show a major
effect in response to PC1, about an order of magni-
tude greater than the centroid size (Table 2). Fol-
lowing, the statistical model for PC1 involving the
diameter (excluding the non-spiral forms), shows
that this parameter is not statistically significant
(i.e., near the threshold p-value), and possesses a
small effect size (Table 2). These results contradict
previous findings where the diameter was found to
be a significant factor in the statistical models
(using a smaller sample size n = 50, Morón-
Alfonso et al., 2021), which might have been
caused by a tendency of some subtaxa to reach
greater sizes resulting in statistical interference
(i.e., the overlap of two probability distributions). As
a corollary, the results of these models indicate that
the selected subtaxa are the most important factor
to predict PC1, and hence that the evolutionary his-
tory (i.e., the phylogenetic effect) plays a major role
in the WP variation. Regarding the subtaxa, it
should be noted that despite representing the
stated metapopulations (separated mainly by tem-
poral gaps, and being required to propose the sta-
tistical models), there is an inherent lack of
independence due to the phylogenetic relation-
ships among them. Furthermore, some of these
subtaxa are also poorly represented in the sample
due to the random selection. Considering these
observations and the statistical results for PC1, it
should be acknowledged that GLMs might not be
the most favourable method to study the WP varia-
tion, and phylogenetic analyses can be more suit-
able for these data (e.g., Goloboff and Catalano,
2011). This would also imply the requirement to
consider additional characters in future analyses.

About the statistical models using the mea-
sured area of the specimens in mm2, an exponen-
tial relationship is observed between this variable
and the size proxies used in this study (i.e., the
centroid size, the diameter, and the whorl height,
Table 3, Figure 12). The model considering the
centroid size requires the inclusion of the subtaxa
to approximate a statistical distribution (Table 3).
The data for this model also show more dispersion
around the mean values, which might indicate that
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different WPSs reach equivalent whorl areas; an
observation congruent from prior results obtained
from the morphospace in this study. In general,
Mesozoic taxa show higher whorl profile areas
than Paleozoic taxa, and groups within Ammonitida
reach the highest measured areas among the sub-
taxa (controlled by size, Appendix 4, Figure 1). In
this sense, members of the “Ancyloceratina” and
Lytoceratina reach the highest measured areas.
Furthermore, the diameter and the whorl height
show a similar exponential pattern compared to the
centroid size; in both cases the slope values are
similar as well (Table 3, Figure 12). These results
suggest a tendency for the diameter and the whorl
height to reach particular whorl areas, a relation-
ship expected from an increase in the body size,
but also closely linked to the constraints for buoy-
ancy (Naglik et al., 2015). An alternative explana-
tion involving the organism’s biomineralizing
surface, the general volume/area, and the size was
inferred by Guex (2003) who signalled different
trade-offs among these factors. In this context, our
results indicate that ammonoids exhibit a tendency
to greater whorl areas through time and might be
related to Cope’s rule as well (Guex, 2003). 

Closing Remarks

Here we summarise some of the possible
constraints that might play a role in the WPS varia-
tion of ammonoid conchs that can lead to morpho-
logical convergence in this group. We also provide
statistical evidence that the WPS might sustain
phylogenetic value. In this sense, even though we
were unable to provide statistical models for PC2
and PC3, there is a clear tendency for particular
taxa to reach extreme scores for these principal
components (e.g., members of the Lytoceratina
reach very low PC2 scores, Figure 6B). This con-
cerns some of the remaining principal components
as well, hinting that some WP variations are char-
acteristic of specific taxa (Appendix 4). Further-
more, observed covariations of morphometric
parameters reflect complex interactions between
the transformations resumed by the obtained prin-
cipal components, possibly explaining the inconsis-
tencies concerning Buckman’s rules of covariation
(Monnet et al., 2015c). The exact mechanisms
causing these transformations are unknown, but a
compromise between the area and the streamlin-
ing is inferred. This has been proposed previously
by Tendler et al. (2015) and Klug et al. (2016), and
our findings seem to support this assessment. Fur-
thermore, given the relationship between PC1 and
the WP area, it is likely that the biological mecha-

nism involved is associated with the ontogenetic
growth in ammonoids. Note that herein we used a
basic 18 semi-landmarks configuration to study the
WP, so there is an implicit simplification of the orig-
inal data, which can lead to additional errors in the
analyses. In this regard, new advances in the
method allowed the inclusion of more accurate
models (up to 174 semi-landmarks). Experiments
using these configurations in a subsample of the
data frame indicate that the variance explained by
PC1 might be underestimated by around 8 to 10%
(summarising the same transformations), reducing
some of the variation explained by the remaining
principal components. These results remain to be
corroborated using the complete sample. 

CONCLUSIONS

We provide a detailed depiction of the whorl
profile morphospace illustrating the morphological
changes found in ammonoid taxa. Such variation
can be summarised by 10 principal components,
the first three comprising around 87% of the varia-
tion found in the sample. Shape variation along
PC1 is mainly associated with the degree of conch
compression, but changes in the degree of whorl
overlap and in the whorl section area also play a
role in the distribution of the whorl profiles along
this axis. By studying the predicted WP areas for
PC1, we found an optimal score for this parameter
corresponding to the most densely occupied
regions of the morphospace. Above this optimal
score the WP area is reduced, and the morpho-
space is unoccupied. Statistical analyses based on
a linear additive model for PC1 indicate a signifi-
cant association with several subtaxa within
Ammonoida and the whorl size (the centroid size),
suggesting that these two predictors do not interact
between each other. 

PC2 compromises morphological transforma-
tions involving stretching and compression of the
WPS along the vertical axis leading to changes in
the degree of whorl overlap (so to IZR) as well.
Given that an increase in PC2 implies a cost to the
whorl area, and a more streamlined WS (possibly
reducing the drag coefficient), this principal compo-
nent might be related to the streamlining phenome-
non observed on other organisms leading to an
enhanced hydrodynamic performance of the final
conch morphology. 

PC3 involves changes in the shape of the
venter (from flat to rounded), and in the curvature
of the flanks. This principal component appears to
be related to modifications of the whorl shape, nec-
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essary to achieve some extreme WPSs (e.g., such
as very compressed whorls).

Based on these results, the ammonoid whorl
profile morphology appears to be constrained by
the relative available whorl profile area, the size of
the flanks around the imprint zone, the expansion
rate, and the hydrodynamic performance of the
resulting conch morphology. Moreover, the mea-
sured whorl profile area shows an exponential rela-
tionship with the ammonoid size proxies (i.e., the
centroid size, the diameter, and the whorl height).
In this regard, Mesozoic taxa were characterised
by higher whorl profile areas than Paleozoic taxa.
Furthermore, members of Ammonitida possessed
the highest whorl profile area among the subtaxa
evaluated.
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APPENDICES

APPENDIX 1. 

Dataset with supplementary data including the references for the specimens used in this work. Semi-land-
mark coordinates are provided as well. See https://palaeo-electronica.org/content/2023/3825-shapes-of-
the-ammonoid-whorl for zipped file.

APPENDIX 2. 

Summary of the Generalised Procrustes Analysis and Principal Component Analysis (this file is in html for-
mat, see https://palaeo-electronica.org/content/2023/3825-shapes-of-the-ammonoid-whorl

APPENDIX 3. 

Summary of the statistical analyses performed for PC1 using Generalised linear models (this file is in html 
format, see https://palaeo-electronica.org/content/2023/3825-shapes-of-the-ammonoid-whorl

APPENDIX 4. 

Summary of the statistical results for the predicted area measured from the specimens. Figure 1. Statistical 
results for the area against the subtaxa. Note Mesozoic taxa reach higher whorl areas than Paleozoic taxa 
(this file is in html format, see https://palaeo-electronica.org/content/2023/3825-shapes-of-the-ammonoid-
whorl

APPENDIX 5. 

Summary of the results for the predicted parameters measured from the predicted whorl profiles. Figure 1. 
Statistical results for the area against the subtaxa. Note Mesozoic taxa reach higher whorl areas than 
Paleozoic taxa (this file is in html format, see https://palaeo-electronica.org/content/2023/3825-shapes-of-
the-ammonoid-whorl

APPENDIX 6.

Additional references for Appendix materials. See https://palaeo-electronica.org/content/2023/3825-
shapes-of-the-ammonoid-whorl for pdf file.
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