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Comparative assessment of outline-based vs. virtual 
modeling-based methods to analyze the ammonoid whorl profile

Daniel A. Morón-Alfonso, Ninon Allaire, and Samuel Ginot

ABSTRACT

In this report we compare two geometric morphometric methods (Outline-based
vs. Virtual Modeling-based) aiming to analyze the ammonoid whorl profile shape (des-
ignated as whorl cross-section shape in previous contributions). A dataset including 50
ammonoid whorl profiles is used to evaluate the two approaches, and the resulting
morphospaces are compared. The morphological variations depicted by PC1 and PC2
are consistent across methods and are congruent with previously reported patterns
(the predicted morphologies are similar). PC1 captures from 66% to 70% of the total
variance; along this axis the morphological transformation is mainly associated with the
degree of conch compression. For PC2 the variation is associated with the elongation/
compression of the whorl profile, and with the relative height of the imprint zone
(degree of whorl overlap). The variation summarized across the first two principal com-
ponents is about 88% for the Virtual Modeling Method (VMM) and about 94% for the
Outline-based Method (OBM). The principal differences between the two approaches
lie in the way they quantify the imprint zone. The transformations associated with the
shape of this region are related to PC3 and are more specifically linked to the shape
and lateral dimensions of the umbilical walls. VMM allows a more accurate quantifica-
tion of the imprint zone shape, while OBM shows more limited performances for quan-
tifying this specific zone of the whorl profile.
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INTRODUCTION

Geometric morphometrics (GM) is one of the
most widely applied methodologies for studying the
shape of biological structures in both extant and
extinct organisms (Adams et al., 2004; Mittero-
ecker and Schaefer, 2022). GM summarize the
geometry of an object by employing a set of land-
marks, curves, or surfaces, that are then trans-
formed enabling their analysis through various
multivariate methods. The application of GM
addresses many limitations of traditional morpho-
metrics, including the difficulties in distinguishing
form and shape geometric variation (i.e., in the
context of GM, shape = form + size), of comparing
complex irregular shapes, and the lack of indepen-
dence among linear dimensions (Mitteroecker and
Schaefer, 2022). Adams et al. (2004) proposed a
classification of GM methods, into two principal
approaches: Landmark-based and Outline-based
methods. The former describes anatomical fea-
tures using sets of two- or three-dimensional coor-
dinates (configurations) that are subsequently
superimposed, usually using Procrustes Analysis
(standardizing the scale, size, and relative loca-
tion). The results of this procedure can be further
analyzed using Principal Component Analysis
(PCA) to build a morphospace that facilitates com-
parisons, illustrates the main transformations, and
relative relationships between the studied configu-
rations. In contrast, for Outline-based methods the
standard approach involves digitizing points along
an outline and fitting these points with a mathemat-
ical function—commonly a form of Fourier analy-
sis— followed by the comparison of the curves
using the coefficients of these functions as shape
variables in multivariate analyses (including PCA).

Normally, landmark-based methods are pre-
ferred when the definition of homologous points in
the sample is feasible. On the contrary, outline-
based methods are more suitable when these con-
ditions are not met, often exhibited in cases
addressing rounded shapes or structures charac-
terized by multiple curves. It should be noted that,
in addition to these GM methods, nowadays there
are several alternatives, including: different ways of
superimposing landmarks configurations, the defi-
nition of sliding landmarks (semi-landmarks) to
define curves, among many other variations

(Adams et al., 2013; Mitteroecker and Schaefer,
2022).

GM methods have been extensively applied in
ammonoids. This is an extinct group of cephalo-
pods that retained an external shell during all its
evolutionary history from the early Devonian up to
the end of the Cretaceous, surviving briefly across
the Cretaceous/Paleogene limit (Machalski and
Heinberg, 2005; Landman et al., 2012; Klug et al.,
2015a). Fossils of this external conch represent
one of the most common findings in marine assem-
blages, showing a highly diverse and abundant
record around the world (Saunders and Swan,
1984; Dommergues et al., 1996; Saunders et al.,
2004; Korn and Klug, 2012; Monnet et al., 2015;
Morón-Alfonso et al., 2023, figs. 3-4). Because the
ammonoid conch grew along with the animal soft
body, this structure frequently records valuable
information including morphological modifications
that occurred during ontogeny (Kullmann and
Scheuch, 1970; Kant, 1973; Korn, 2012; Korn and
Klug, 2012; Erlich et al., 2016). According to Tajika
and Klug (2020) the most effective method for
investigating morphological transformations in-
volves extracting transversal cross-sections of the
conch at 30° steps or lower, usually obtained from
tomographic datasets. However, it’s pertinent to
note that despite its perceived precision, this
approach is uncommon. Instead, researchers often
opt for the more accessible and less time-consum-
ing 180° step method, often utilizing polished sec-
tions through the center. In general, data extracted
from these procedures are plotted as ontogenetic
trajectories that illustrate the variation of either a
morphological parameter or another informative
variable (e.g., septal spacing) against a size proxy
(Ebbighausen and Korn, 2007; Korn, 2010; Klug et
al., 2015b). A similar analytical approach can be
applied using GM, focusing on the variation of the
whorl profile (i.e., the shape of the whorl in a cross-
section of the conch). In this context, both land-
mark-based and outline-based methods have been
applied in ammonoid studies (e.g., Neige, 1999;
Allen, 2007; Korn and Klug, 2012; Klein and Korn,
2014; Courville and Crônier, 2016; Wegerer et al.,
2018; Bischof and Lehmann, 2020; Bischof et al.,
2021).

In previous contributions (Morón-Alfonso et
al., 2021; 2023), we introduced a method wherein
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virtual models are transformed into semi-land-
marks utilizing a subdivision surface algorithm
referred here as Virtual Modeling Method (VMM).
The semi-landmark configurations obtained from
this procedure can be evaluated following a Land-
mark-based approach. This methodology was
applied to examine the whorl profile of a sample
comprising 300 ammonoid genera. The resulting
morphospace structure exhibits similarities with the
one obtained by Allaire et al. (2023) that used an
alternative outline-based method, relying on Fou-
rier analysis (designed hereafter by OBM). How-
ever, a formal comparison between these
approaches (VMM versus OBM) has not been pre-
sented to date, so these common patterns are still
poorly understood. In this study, employing a ran-
dom sample of whorl profiles representing 50
ammonoid genera, we scrutinize the differences
and similarities between these two methodologies.
We explore their resulting morphospaces and the
transformations resumed by their principal compo-
nents. Additionally, we introduce innovations to
VMM, incorporating more complex configurations
(up to 56 semi-landmarks). These modifications
are applied to the available datasets to reanalyze
previous results and consider further possible
implications.

MATERIAL AND METHODS 

Dataset

The sample utilized in this study represents a
subset of the dataset employed in Morón-Alfonso
et al. (2023) featuring 300 whorl profiles represent-
ing different ammonoid genera ranging from the
Devonian to the Cretaceous. This sample was
compiled from the literature, photographs, and CT
volumes available in multiple repositories: Colec-
ción de Paleontología de la Universidad de Buenos
Aires (CPBA, Argentina), Colección de Paleoinver-
tebrados del Instituto Antártico Argentino (IAA-pi,
Argentina), Colección de Paleontología del Museo
José Royo y Gómez (RGM, Colombia), Ruhr-Uni-
versität Bochum Repository (RUB-Pal, Germany),
The Digital Atlas of Ancient Life (virtual repository
by Hendricks et al., 2015, https://www.digitalatlaso-
fancientlife.org), Muséum National d’Histoire Nat-
urelle (MNHN virtual Repository, France, https://
www.mnhn.fr/en/databases), GB3D Type Fossils
Online (a virtual repository of the Oxford University
Museum of Natural History, UK, https://www.3d-
fossils.ac.uk), and the Natural History Museum
Dataset (2014, a virtual repository, UK, https://

data.nhm.ac.uk). The dataset, along with its origi-
nal references, is provided in Appendix 1.

The subset employed in this work constitutes
50 randomly selected representatives from the
original sample employing the Mersenne Twister
algorithm (Gilli et al., 2019). This relatively low
number of configurations is practical to determine
the location of the taxa within the generated mor-
phospaces, thus facilitating the comparisons
between the different methods. A preliminary eval-
uation of this subset indicates that both the number
and the location of the specimens, were appropri-
ate to depict the general structure of the larger
morphospace presented in Morón-Alfonso et al.
(2023; see Appendix 2).

Analytical Methods

The procedure corresponding to each method
Outline Based Method (OBM) vs Virtual Model
Method (VMM) is summarized in Figure 1. The
original illustrations of the whorl profiles were
translated into virtual models using the process
detailed in Morón-Alfonso et al. (2021). This proce-
dure was performed using Blender 4.0 (Blender
Online Community, 2022); in this case, we
employed two subdivisions to create the virtual
models that were exported as 3D objects (.OBJ
files) and further utilized to generate the necessary
data (Figure 1A-B).

For the VMM method, the vertices were
extracted from the virtual models and recorded in a
text file (Figure 1F-H). Subsequently, a Python
function (Vertex Extractor 0.0.1) was employed to
isolate the vertices along the outline, which were
subsequently compiled into separate files (Figure
1G; Appendix 2). Initially, this process yielded con-
figurations comprising 56 semi-landmarks (SL).
However, it was observed that the points in the
imprint zone were disproportionately overrepre-
sented compared to the rest of the whorl profile.
This discrepancy arose from the subdivision of the
vertices describing both the imprint zone and the
umbilical walls from the original simplified model. In
the simpler 18 SL configurations (Morón-Alfonso et
al., 2021, 2023), the relatively low number of points
defining this region may not significantly impact the
results. However, with the multiplication of points,
the results could vary for more complex models. To
prevent potential biases resulting from this over-
representation, adjustments were made to the con-
figurations by subsampling the number of points
associated with the conflicted area. The refinement
resulted in a configuration of 44 semi-landmarks
(Figure 1H; Appendix 2). Then, the configurations
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were standardized via Procrustes Analysis using
the R package Morpho 2.11 (Schlager, 2020).

For the OBM, the virtual models were ren-
dered as black and white silhouettes in Blender 4.0
(Figure 1C), and then translated to outlines using
the R package Momocs 1.4.1 (Bonhomme et al.,
2014). Subsequently, we followed the procedure
described by Allaire et al. (2023), in which the out-
lines were converted into a sequence of 200 evenly
distributed semi-landmarks (Figure 1D). These
semi-landmarks were then superimposed using

functions within the package, and the resultant
coordinates were modeled into harmonic coeffi-
cients through elliptical Fourier analysis (Appendix
2). For this procedure, we employed six harmonics
representing 99% of the cumulative Fourier har-
monic power as was implemented in the original
study.

In both cases, following the superimposition
(and Fourier analysis for OBM), the resulting data
was processed using Principal Component Analy-
sis (PCA). The morphospaces obtained were com-

FIGURE 1. Example of the procedures used to create the required data for OBM and VMM. 
A. Whorl cross-section extracted from a CT volume of a specimen of Hypacanthoplites cf. corrugatus Casey, 1965
(lower Albian from Werner Beckert glacial deposits, Germany).
B. Virtual model of the whorl profile. 
C. Silhouette generated from a render of the virtual model. 
D. horl profile contour translated into 200 evenly spaced SL for OBM. 
E. Basic 18 SL model of the whorl profile. 
F. Complex 173-SL model generated from two subdivisions of E. 
G. 56-SL configuration obtained after extracting the coordinates of the vertices along the outline of F. 
H. Refinement of the 56-SL translated into a 44-SL configuration to avoid possible biases derived from the overrepre-
sentation of points located in the imprint zone.
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pared, and the predicted configurations were
illustrated to analyze the transformations summa-
rized by each principal component. To accomplish
this goal, ‘back-transforms’ of the morphospaces
(Olsen, 2017) were generated using the R package
Morphospace 0.0.1 (Milla Carmona, 2022). Fur-
ther, the first three PCs for each setting were com-
pared using simple Pearson correlation tests to
assess the relationship between corresponding
PCs. Additionally, Mantel tests were performed to
compare the bidimensional (PC1 and PC2) and the
three-dimensional (PC1, PC2, and PC3) morpho-
spaces. These analyses were executed using the
package Vegan 2.6.4 in R; the method selected
was Spearman Correlation with 9999 permutations
(see Appendix 2). Finally, two-block Partial Least
Squares (PLS) analysis was employed to test cor-
relations between matrices representing each mul-
tidimensional morphospace, using the function
“two.b.pls” from the “geomorph” package v. 4.0.4
(Baken et al., 2021; Adams et al., 2022; Collyer
and Adams, 2018; 2021), with P-values being com-
puted based on 1000 permutations.

RESULTS

Here, we compiled the results for three dis-
tinct test settings: 1) VMM using 56 semi-land-
marks (VMM 56-SL), 2) VMM using 44 semi-
landmarks (VMM 44-SL), and 3) OBM. Table 1
summarizes the percentage of variation repre-
sented by each principal component for each set-
ting. Table 2 shows the results of the Pearson
correlation tests, Table 3 summarizes the results
for the Mantel tests, and Table 4 displays the
results for the two-block PLS analyses between
pairs of multidimensional morphospaces. The

scripts and the complementary illustrations for the
VMM 44-SL setting are provided in Appendix 2. It
is worth noting that the variation for PC1 is similar
across methods, ranging from 66% to 70%. Con-
versely, the values diverge significantly for the sub-
sequent PCs. Specifically, PC2 ranges between
17% to 20% for VMM and is about 28% for OBM.
The remaining PCs show very low values following
a trend, whereby the percentage of variation for
OBM is roughly half that of VMM (Table 1). Further-
more, the results of the Pearson correlation tests
are congruent with these observations, indicating
that PC1 is very similar across the three evaluated
settings (Table 2). PC2 tends to be more variable,
showing a less pronounced relationship, particu-
larly between OBM and VMM (Table 2). The differ-
ence between these approaches is exacerbated
when we analyze PC3, where no correlation is
observed between OBM and VMM. Results of the
Mantel tests for both the bidimensional (PC1 and
PC2) and three-dimensional morphospaces (PC1,
PC2, and PC3) show a significant association
between the distance matrices of the studied set-
tings, also linked to high correlation values (Table
3). Therefore, these observations would confirm
the similarity of the general structure of the mor-
phospaces obtained. Mantel tests usefulness for
spatial analysis has been put in doubt by Legendre
et al. (2015). However, given that in this study we
are comparing morphospaces formed by principal
components, the assumptions required for this test
are fulfilled (i.e., linear relationships, and corre-
spondence of values between distance matrices;
see Legendre et al., 2015; Appendix 2). In addition,
the Mantel test results are further confirmed by the
strong significant correlations found between the

TABLE 1. Percentages of variance and cumulative variance for the first ten PCs corresponding to the three evaluated
settings: VMM 56-SL, VMM 44-SL, and OBM.

VMM  (56-SL) VMM (44-SL) OBM
#PC %Var Ac.Var %Var Ac.Var %Var Ac.Var

1 68.29 68.29 70.15 70.15 66.54 66.54

2 19.89 88.18 17.47 87.62 27.87 94.41

3 5.59 93.77 6.01 93.63 2.59 97.00

4 3.12 96.89 3.15 96.77 1.42 98.42

5 1.41 98.30 1.57 98.35 0.57 98.99

6 0.94 99.24 0.97 99.32 0.28 99.27

7 0.43 99.67 0.32 99.64 0.16 99.43

8 0.18 99.85 0.22 99.86 0.11 99.54

9 0.08 99.92 0.09 99.95 0.04 99.58

10 0.07 100.00 0.05 100.00 0.02 99.60
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multidimensional morphospaces using two-block
PLS analyses (Table 4).

Considering the transformations encom-
passed by each PC, the obtained predicted mor-
phologies are similar between the two methods,
and they are identical for both cases of VMM (Fig-
ure 2, Appendix 2). The transformations along PC1
and PC2 are consistent with previous findings.
PC1 remains primarily associated with the degree
of compression and, to a lesser extent, with the lat-
eral extension of the imprint zone. PC2 involves a

dorsoventral elongation/compression along the
axis of symmetry and defines the height of the
imprint zone (or in other words, the degree of whorl
overlap). However, the most notable distinction lies
in how each method represents the imprint zone. In
the case of OBM, this region appears as a smooth
curve that connects both flanks (Figure 2B). Gen-
erally, there is a lack of definition in the umbilical
walls, suggesting a limitation derived from the
curve generation process. This peculiarity appears
to be more prominent in the subsequent principal
components, especially for PC3, which apparently
determines the overall shape of the umbilical walls
(Figures 3-5). However, it should be noted that the
amount of variance represented by PC3 is small,
accounting for less than 3% for OBM and for about
6 % for VMM.

Concerning the distribution of the genera
within the two-dimensional morphospace (formed
by PC1 and PC2), differences can be seen
between the relative distribution of some taxa
depending on the method employed. Nevertheless,
it is evident that certain clusters and some relative
positions are consistent between the two
approaches (Figure 5). Notably, most of the differ-
ences between these clusters might be related to
the imprint zone as well. These differences are
more evident when PC3 is taken into account (Fig-
ures 3-5). In this sense, for OBM the morphospace
formed by PC1 and PC3 shows a general crescent
shape, displaying the lowest values around the
extreme PC3 scores (Figure 3B). In contrast, the
morphospace for both VMM configurations exhibits
no distinct shape, and the taxa are distributed rela-
tively evenly (Figure 3A). Furthermore, for both
methods, it is also noted that the most densely
populated area is situated within the interval PC1
score = [0.1; -0.2]; which is congruent with previ-
ous findings documented by Morón-Alfonso et al.
(2023).

DISCUSSION

The results of this study align with previous
findings concerning the variation in the whorl pro-
file. Specifically, the transformations represented
by PC1 and PC2, which are consistent across
methods and contribute to the robustness of the
variation patterns previously reported (Figure 2;
Morón-Alfonso et al., 2023, figure 8). However, an
important difference with respect to previous find-
ing lies in the percentage of variance represented
by PC1, which reaches up to 70% for the VMM 44-
SL setting, and slightly drops to 68% and 66% for
VMM 56-SL and OBM, respectively. This value is

TABLE 2. Results of the Pearson correlation tests per-
formed to evaluate the correlations between each of the
three first PCs respectively corresponding to the three
evaluated settings (VMM 56-SL, VMM 44-SL, and OBM).
The values of the correlation coefficient (ρ) for all possi-
ble pair comparisons are provided.

TABLE 3. Results of Mantel tests to evaluate the correla-
tion between the bidimensional (PC1 and PC2) and
three-dimensional morphospaces (PC1, PC2, and PC3)
for each setting. Ρ is the Mantel correlating statistic. 

TABLE 4. Results of the two-block PLS analyses show-
ing the relationships between pairs of multidimensional
morphospaces, r-PLS is the correlation value, Z is the
regression coefficient.

PC1 VMM (44-SL) OBM

VMM (44-SL) 1.000 0.941

VMM (56-SL) 0.992 0.953
PC2 VMM (44-SL) OBM

VMM (44-SL) 1.000 0.899

VMM (56-SL) 0.985 0.952
PC3 VMM (44-SL) OBM

VMM (44-SL) 1.000 0.059

VMM (56-SL) 0.991 0.064

PC1 + PC2 Ρ p-value

VMM (44-SL) vs. VMM (56-SL) 0.990 <0.05

VMM (44-SL) vs. OBM 0.866 <0.05

VMM (56-SL) vs. OBM 0.895 <0.05
PC1+PC2+PC3 Ρ p-value

VMM (44-SL) vs. VMM (56-SL) 0.990 <0.05

VMM (44-SL) vs. OBM 0.866 <0.05

VMM (56-SL) vs. OBM 0.895 <0.05

 r-PLS Z p-value

VMM (44-SL) vs. VMM 
(56-SL)

0.997 6.0331 <0.05

VMM (44-SL) vs. OBM 0.958 5.5997 <0.05

VMM (56-SL) vs. OBM 0.959 5.4915 <0.05
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notably higher compared to results obtained using
simpler VMM 18 SL configurations (i.e., around
56% for Morón-Alfonso et al., 2021; and 55% for
Morón-Alfonso et al., 2023). The differences
observed between the 18 SL and the other condi-

tions can be attributed to the fact that the 18 SL
served as an economical, albeit less accurate, bio-
logical model for the whorl profile shape compared
to the newer settings. However, as with any simpli-
fied biological model, it is likely that some observed

FIGURE 2. Morphospaces obtained when plotting the first two PCs, A) VMM 56-SL and B) OBM. The predicted whorl
profile morphologies are illustrated in the background.

FIGURE 3. Morphospaces obtained when plotting PC1 and PC3, A) VMM 56-SL and B) OBM. The predicted whorl
profile morphologies are illustrated in the background. 
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variation might have been misrepresented or dis-
tributed across other principal components (PCs,
Gunawardena, 2014). Increasing the number of SL
enables the evaluation of additional regions of the
whorl profile that were not previously accounted
for, thus altering the resulting variation. Further-
more, the percentage of variance attributed to PC1
is derived from subtracting its value from the cumu-
lative variance of the remaining PCs (Table 1). As a
result, the transformation represented in PC1
would likely be more significant in defining the
whorl profile shape than previously assumed. How-
ever, to confirm this statement, a replication test
applying these methods (OBM and VMM) to the
complete sample of 300 specimens will be neces-
sary.

Concerning the two SL configurations for
VMM (44-SL vs 56-SL), we do not find consider-
able differences between settings, showing only
approximately 2% less variance explained by PC1
for 56-SL (Tables 1-2). This value also correlates
with a slightly higher percentage of variance attrib-
uted to PC2 for 56-SL, which is likely associated
with the elongation or compression of the imprint
zone (degree of whorl overlap) characteristic of
PC2. As follows, these observations suggest that
reducing the number of semi-landmarks in the
imprint zone does not greatly impact the obtained
results. Nonetheless, it should be noted that sim-
pler configurations could be more suitable for stud-
ies where the quantity of landmarks is pertinent for
the calculations, such as cladistic analyses (Cata-

lano et al., 2010; Goloboff and Catalano, 2011;
2016; Catalano and Goloboff, 2018).

Regarding the distinctions among the evalu-
ated methods, the most significant difference lies in
how each approach describes the imprint zone. In
OBM, this region is rendered as a smooth curve,
most likely resulting from the outline transformation
process required for Fourier Analysis. This effect
may also be explained by the fact that the VMM
methods, even the 44 SL configuration, have a
dense sampling of landmarks around the imprint
zone, while the Fourier method describes smaller
details as additional harmonics. Consequently, the
transformations linked to the umbilical wall are pri-
marily represented in PC3, producing a segrega-
tion of taxa with either a smooth or pronounced
imprint zone, showing two distinct groups. The
observed differentiation contributes to the resultant
crescent-shaped distribution in the bidimensional
morphospace (Figure 3B, Appendix 2). Conversely,
the transformations associated with PC3 for VMM
are also related to the shape of the imprint zone,
but they are more specifically linked to the lateral
dimensions of the umbilical walls (Figure 3A).
Hence, the resulting three-dimensional morpho-
space lacks a distinctive shape, with specimens
being distributed relatively evenly (Appendix 2). In
Morón-Alfonso et al. (2023), it was observed that
some of the less significant principal components
(i.e., PC3 onwards) might be important in defining
certain internal clades of ammonoids. Therefore, if
PC3 is indeed affected by a limitation within the

FIGURE 4. Morphospaces obtained when plotting PC2 and PC3, A) VMM 56-SL and B) OBM. The predicted whorl
profile morphologies are illustrated in the background.
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OBM approach, it is plausible that specific groups
might not be precisely identified in more extensive
analyses.

With respect to the application of the meth-
ods, as it is presented in this work, employing vir-
tual models proves to be useful for generating the
data required for each analysis. In general, OBM
stands out as a faster and more practical
approach, because the virtual shapes created by
the program can be directly rendered into silhou-
ettes utilized the functions of the R package
Momocs (Bonhomme et al., 2014). On the con-
trary, VMM is a labor-intensive method, requiring
the extraction of vertices from the virtual models.
VMM typically involves an intermediate step in
which the coordinates of the boundary semi-land-
marks are extracted using a function that is
adjusted to the evaluated configuration, which
implies that implementing this method is compara-
tively more challenging. However, the resulting pre-
dicted morphologies and the relative distance
between points appear to be more accurate. Based
on these observations, OBM might be optimal for
cases where the taxa under evaluation have a lim-
ited imprint zone (i.e., evolute morphologies) or a
smooth umbilical wall (e.g., such as Pictetia or
Crioceratites, Hoffmann et al., 2009; Bert et al.,
2021), and in cases dealing with large datasets,
which would be too time-consuming to assess with
VMM. On the other hand, VMM would be better
suited for cases where this region is well-defined,

with either stepped umbilical walls or acute angles
in the imprint zone (e.g., Acutimitoceras, Pachydis-
cus, Macellari, 1986; Ebbighausen and Bockwin-
kel, 2007).

CONCLUSIONS

The transformations depicted by PC1 and
PC2 seem consistent across methods and are con-
gruent with previously reported variation patterns.
For VMM the variation summarized by these princi-
pal components are 87% for 44-SL and 88% for
56-SL. For OBM the variation resumed by these
two components is about 94%. Compared to previ-
ous findings employing simpler 18 semi-landmark
configurations for VMM, where PC1 accounted for
55%, here we show that PC1 accounts for up to
70% of the variation with a 44 semi-landmarks con-
figuration and 68% with a 56 semi-landmark con-
figuration. Reducing the number of semi-
landmarks representing the imprint zone in VMM
does not significantly impact the obtained results.
The variation in the imprint zone does not appear
to be the most crucial aspect of shape variation, as
it is predominantly reflected in PC2 or PC3. There-
fore, it seems that at this intergeneric scale, the pri-
mary signal (PC1) is related to more or less dorso-
ventrally elongated whorl profiles. Differences
between methods (VMM vs OBM) lies principally in
their interpretation of the imprint zone and the
transformations linked to this region, primarily

FIGURE 5. Comparison of the morphospaces respectively obtained by applying the two tested methods, when PC1
and PC2 are plotted. A) VMM 56-SL and B) OBM. The colored dotted lines highlight a similar disposition of points
between morphospaces, while dotted black boxes signal the taxa that delimit the boundaries of each morphospace.
Dotted grey boxes emphasize some isolated taxa within the morphospace, showing similar locations.
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reflected by PC3. Overall, VMM exhibits a finer
quantification of the imprint zone compared to
OBM and would be preferable for taxa exhibiting
highly defined umbilical walls. Conversely, OBM
would be suitable for taxa with smooth umbilical
walls or with a reduced imprint zone (evolute taxa).
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APPENDIX 1. 

Dataset and complementary information for the 50 ammonoid representatives used in this work. (Available 
for download in zipped file at https://palaeo-electronica.org/content/2024/5365-gm-in-ammonoids-obm-vs-
vmm.)

APPENDIX 2. 

Scripts and additional illustrations for the 44-SL setting. (Available for download in zipped file at https://
palaeo-electronica.org/content/2024/5365-gm-in-ammonoids-obm-vs-vmm.)
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