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ABSTRACT

Skull shape analysis provides useful information on wildlife ecology and potential local adaptations. Common bottlenose dolphins (Tursiops
truncatus) often differentiate between coastal and offshore populations worldwide, and skull shape analyses can be particularly useful in this
context. Here we quantify skull shape variation between coastal populations from the Gulf of Guayaquil (Ecuador) and the Mediterranean Sea,
compared to offshore specimens from multiple oceans. We analysed skull shape differences using 3D models from museum specimens through
geometric morphometrics (3DGM). Two complementary landmark approaches included single-point semi-landmarks in homologous features,
as well as pseudo-landmarks placed automatically. Results show skull shape distinction between both coastal populations and offshore speci-
mens. Offshore specimens showed little differentiation between distinct locations. Skull shape patterns mostly diverged in the shape and length
of rostrum, as well as the shape of the ascending processes of the maxilla, pterygoids, and occipital bones. However, both coastal populations
differed in the patterns and direction of change of those features and were also morphologically distinct. Our results are consistent with local data
on site fidelity and social structure in the coastal populations. Skull shape changes suggest divergent feeding and sound production patterns are
potential drivers, probably specific to the local environment of each community.
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INTRODUCTION structure can provide an important contribution to our under-

Mammals are ecologically diverse animals, and their highly standing of the evolutionary ecology and biogeography of wild

variable skull shape can provide a wealth of information re- animals, particularly in taxa where other data are challenging

garding the ecology, evolutionary history, and taxonomy of the to acquire. . )
animals (e.g. Smith 2006; Costa et al. 2016; Machado 2020). The bottlenose dolphin (Tursiops truncatus Montagu, 1821)

Therefore, analyses of skull variation and its geographical is a cosmopolitan, polymorphic, and widely recognized dolphin
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species. Throughout its range, researchers have described a dis-
tinction between coastal and offshore ecotypes based on multiple
criteria. Cranial features, in particular, can be used to distinguish
many coastal bottlenose dolphin populations from offshore dol-
phins. For example, along the west coast of the United States,
coastal specimens have narrower internal nares and palatine
width, and a higher number of teeth (Perrin ef al. 2011). Along
the east coast of the United States, coastal dolphins can also be
distinguished from offshore dolphins based on relative length
of internal nares, condylobasal length, and zygomatic width
(Kenney 1990; Mead and Potter 1995), while having a smaller
skull on average (Mead and Potter 1995; Costa et al. 2022). They
also have distinct physiological signatures and parasitological
patterns when compared to their offshore counterparts (Hersh
and Duffield 1990; Mead and Potter 1995; Costa et al. 2022).
Differences in skull structures have also been found in specimens
from the south-eastern Pacific with coastal specimens having
shorter anteorbital processes, narrow palatine bones, wide and
fragile pterygoids with a rounded apex, and broad separation be-
tween the occipital condyles (Van Waerebeek et al. 1990).

Coastal dolphins are often found in distinct shallow areas and
often show high site fidelity to bays and estuaries, while offshore
dolphins are thought to be part of a single unstructured popula-
tion found in pelagic, nearshore and insular waters worldwide
(e.g. Hoelzel et al. 1998; Natoli et al. 2004; Sellas et al. 2005;
Parsons et al. 2006; Quérouil et al. 2007; Tezanos-Pinto et al.
2009; Costa et al. 2016, 2021, 2022; Simoes-Lopes et al. 2019;
Moura et al. 2020). This ecological distinction has been sug-
gested to result from distinct foraging habits between coastal and
offshore dolphins, as demonstrated by differences in tooth num-
bers/size (Perrin et al. 2011; Costa et al. 2016), stable isotopes
(Fernandez et al. 2011; Gibbs et al. 2011; Giménez et al. 2017;
Diaz-Gamboa et al. 2018; Pereira et al. 2020; Borrell et al. 2021),
and stomach contents (Barros and Wells 1998; Gannon and
Waples 2004; McCabe et al. 2010; Gibbs et al. 2011; Giménez
etal. 2017).

Studies on genetics, behaviour and social structure in the
south-east Pacific have also identified coastal and offshore popu-
lations of bottlenose dolphins in the Gulf of Guayaquil, Ecuador
(Félix et al. 2017, 2018; Bayas-Rea et al. 2018; Félix and Burneo
2020). The coastal population is hierarchically structured, with
females grouping with each other and males forming alliances
for reproductive purposes (Félix 1997). This population was
also seen using specific foraging strategies such as fish stranding
(Jimenez and Alava, 2015), in some areas. Studies on mtDNA
variation showed that this coastal population is genetically dis-
tinct from other coastal and offshore populations living in the
south-east Pacific (Bayas-Rea et al. 2018). Morphometric studies
supported these findings when discerning skull shape between
these same populations (e.g. Peru and Ecuador; Santillén ef al.
2008). However, a comparison with bottlenose dolphins from
locations outside the Pacific has not been carried out.

Genetic studies have suggested a similar division in the
Mediterranean, with several communities showing high site
fidelity to coastal areas with varying degrees of social segrega-
tion from dolphins elsewhere. Overall, Mediterranean bottle-
nose dolphins occupy most coastal waters of the basin and, to
a lesser extent, offshore waters around islands and archipelagos
(Bearzi et al. 2005, 2008). They can form groups of between 4 to

20 individuals, depending on the ecological conditions of spe-
cific regions (Forcada et al. 2004). Some social groupings were
shown to be mostly unstable, regularly changing in composition
and size (Bearzi et al. 2005), without apparent sexual segregation
reported so far (Bearzi et al. 1997). However, stable social units
have been described in some locations. Most notably, dolphins
inhabiting the Ligurian sea have been shown to form two large
and stable social units along the coasts of Italy and Corsica that
do not often interact with dolphins from elsewhere (Gnone et al.
2011; Carnabuci et al. 2016). Although no fine-scale data exist
for the Ligurian sea, genetic studies elsewhere also found evi-
dence of genetic structure between geographically close regions
(Natoli et al. 2005; Gaspari et al. 2015a, b; Brotons et al. 2019).
Therefore, multiple studies have referred to the Mediterranean
Tursiops as having a meta-population structure (Nichols et al.
2007; Gaspari et al. 2015b; Carnabuci et al. 2016), which could
include animals with a more typical offshore ecology (Gaspari
et al. 2015b). However, no information to date exists on poten-
tial morphological differentiation between coastal and offshore
specimens in the Mediterranean.

In the study of morphological variation, geometric morpho-
metrics (GM) has been shown to be a useful tool to detect po-
tential adaptive skull shape patterns in several vertebrate species
and infer their driving factors (Christiansen 2008; Adams 2011;
Cooke 2011; Fabre et al. 2014; Forrest et al. 2018; Borgard et al.
2020). One main benefit is that it assesses shape changes in bio-
logical forms regardless of size, which can be highly plastic. The
method is based on placing key landmarks (LMs) distributed
over the structure of interest (Richtsmeier et al. 2002). Although
traditionally based on two-dimensional (2D) images, increas-
ingly the analyses of three-dimensional shapes are favoured
when using GM. Three-dimensional geometric morphometrics
(3DGM) limits errors related to distortion effects generated
from photographing or translating a 3D object into a 2D image
(Buser ef al. 2018), allowing a more robust evolutionary inter-
pretation of the morphological changes.

Geometric morphometrics has been used previously in
the analyses of cetaceans, providing important insights into
the patterns and processes determining skull shape changes in
several species. This includes understanding of ontogenic pat-
terns in porpoises (Galatius et al. 2011), identifying ecological
drivers of skull shape evolution across cetaceans (Galatius and
Goodall 2016; McCurry et al. 20173, b; Galatius et al. 2020), and
describing the geographical variation of skull shape within dol-
phin species (Loy et al. 2011; Ngqulana et al. 2019b; Nicolosi
and Loy 2019). Geometric morphometrics has been used to
analyse morphological differentiation in Tursiops (e.g. Indian
Ocean: Jedensjo et al. 2017, 2020; Gray et al. 2022; Ngqulana
et al. 2019a; Brazil: Hohl et al. 2020; Mexico: Esteves-Ponte et
al. 2022), although 3DGM has not yet been used extensively to
distinguish skull shape between coastal and offshore ecotypes of
bottlenose dolphins. A recent study used 3DGM in combination
with other morphological and genetic data to investigate the
evolutionary distinction between the ecotypes of the north-west
Atlantic, with results supporting distinct species (Costa et al.
2022). This shows the potential of 3DGM to identify morpho-
logical variation in cetacean skulls. In the south-east Pacific, only
2D morphometric studies exist (Santillan ef al. 2008), and none
was carried out in the Mediterranean region.
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Figure 1. Map showing sample number of common bottlenose dolphin individuals per location. Offshore populations in dark red, coastal
populations from Guayaquil (Ecuador) in purple, coastal populations from the Mediterranean Sea in orange.

In this study, we present the results of our 3DGM analysis on
skulls of bottlenose dolphins to identify cranial variation that is
congruent with differential habitat use, with a focus on the coastal
populations from the Gulf of Guayaquil and the Mediterranean
Sea relative to offshore specimens. We test the following hypoth-
eses: is there a significant distinction in skull shape between dol-
phins showing an offshore vs. coastal ecology in these regions? If
so, do the different coastal ecotypes differ in their skull shape de-
pending on location, or do they converge to similar skull shapes
due to ecological similarity? We also test if the observed 3D shape
changes can be used to predict the potential ecological drivers.
Previous studies suggest that feeding habits, communication sys-
tems, diving patterns and other environmental factors could be
responsible for skull shape patterns in Tursiops (e.g. Mead and
Potter 1995; Perrin et al. 2011; Costa et al. 2016), and skull shape
changes observed in coastal populations will be interpreted in
light of their relevant ecological characteristics.

MATERIAL AND METHODS

Data collection

We analysed physically mature skulls of common bottlenose
dolphins (Tursiops truncatus) kept at the Museo de Ballenas in
Salinas (Ecuador), the Museum d’Histoire Naturelle in Paris
(France), the Federal University of Santa Catarina (Brazil), the
Museum of Natural History of Milan (Italy), and the Museo
Civico di Storia Naturale ‘Giacomo Doria’ in Genova (Italy).

Physically immature specimens were not analysed, since
skull shape changes considerably during early life stages in
Delphinidae (Perrin and Heyning 1993).

The specimens originated from the south-east Pacific, the
Mediterranean Sea, north-east and south-west Atlantic (Fig. 1),
and included both putative coastal and confirmed offshore spe-
cimens. Putative coastal specimens included those originating
from the inner estuary of the Guayaquil Gulf (Ecuador) and
the Ligurian and Adriatic seas in the Mediterranean. Offshore
specimens were from the coast of Brazil [confirmed as offshore
by Costa et al. (2016)], and the French Atlantic coast (which,
based on previous genetic analyses, are most likely to be of the
offshore ecotype; Quérouil et al. 2007), and from the central
coast of Ecuador north of the Gulf of Guayaquil [as defined
by Bayas-Rea et al. (2018), based on genetic analysis]. Full de-
tails and accession numbers of the specimens used here can
be found in the Supporting Information, Table S1. Details re-
garding habitat classification also available in the Supporting
Information, Table S2.

Image acquisition and three-dimensional modelling

Three-dimensional (3D) models were created for all specimens,
using photogrammetric techniques based on 250 to 500 high-
resolution digital photographs covering the entire surface of
the skull. A standard photographing set-up protocol was repli-
cated for each session to avoid systematic errors related to the
equipment and image distortion. Photographs were taken using
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a high-resolution DSLR camera (> 8 Megapixel) and ensuring
a minimum lateral overlap of 60% and frontal overlap of 80%
between consecutive photographs. For each specimen, a fixed
focal length was used and kept constant throughout the pho-
tography session. Camera shooting settings depended on the
lighting conditions in the room and aimed to optimize image
sharpness and depth of field by finding a balance between the
smallest aperture combined with the highest shutter speed pos-
sible.

Three-dimensional reconstruction from digital photographs
was done using the open-source photogrammetry software
MESHROOM v.2019.2.0 (Griwodz et al. 2021). MESHROOM
applies a variety of algorithms to identify notable features within
each image, which can then be reliably matched between images.
Feature matching is then used to identify the relative position
of individual photographs in 3D space together with camera
specific information, such as focal length. Before model recon-
struction, images were edited to improve tonal contrast and
sharpening, to isolate the skulls from the background, and to
increase the number of notable features visible on the skulls.
Features were identified using the SIFT method (Scale-Invariant
Feature Transformation; Otero and Delbracio 2014 ). Because we
aimed at producing a 3D model of the entire skull that could be
tully rotated, the SIFT _float method was used. For the feature-
matching step, we used the option ‘Guided matching’, which im-
proves the number of recognized cameras by producing a second
stage in the matching procedure. Because the camera positioning
changed between photographs, we also disabled the ‘Use rig con-
straint’ option. For specimens with < 300 images, we also added
the ‘Akaze’ algorithm for feature identification (Alcantarilla
et al. 2013) and changed the prescriber preset to ‘High’ to in-
crease the number of features extracted from the pictures. We
also decreased the ‘Max Descriptors’ and ‘Number of matches’
to 0, as this maximizes the number of descriptors used for the
reconstruction and kept all matches recovered for downstream
processing. The Downscale level was set to 1 in the ‘Depth Map’
node to increase the precision of the modelling, and lowered the
‘minimum consistency camera’ and the ‘minimum consistency
camera similarity’ to 2 and 3, respectively, to maximize the com-
pleteness of the meshes in the final models. Full details of the
parameters used during 3D reconstruction can be found in the
Supporting Information, Table S3.

Landmark placement for geometric morphometrics

We performed GM skull shape analyses on the 3D models of
58 adult skull specimens, using two different landmarking strat-
egies: manual and automatic. Manual landmarking is based on
the prior selection of multiple landmarks in homologous fea-
tures that can be placed consistently in all individuals analysed
(Richtsmeier et al. 2002). It has been used extensively in GM
studies to identify variation in specific morphological struc-
tures and relate them to other mechanisms, such as ontogenic
development, ecologic, taxonomic, or biomechanic differences
(Mitteroecker and Gunz 2009; Lawing and Polly 2010; Cooke
and Terhune 2015). However, the process requires high preci-
sion and is time-consuming. Furthermore, it is typically based
on relatively sparse landmark configurations, which can lose
important geometric information by missing morphological

features of interest when comparing variation between prede-
fined groups.

Alternatively, automatic landmarking can be used to com-
pensate for the limitations of manual landmarking. It requires
less processing time and minimizes errors related to observer
subjectivity or natural variability occurring among individuals
(Gao et al. 2019). Automatic landmarking generates pseudo-
landmarks based on point cloud registration, distributed all
over the target 3D surface without considering homology.
Compared to manual landmarking, it increases the overall
surface coverage, which enables the capturing of more bio-
logical information. This is especially useful in structures with
poor geometric shapes, where homologous points are difficult
to determine (Gao et al. 2019). However, such methods are
‘blind’ to biological information and, therefore, carry the risk
of more noisy inference when comparing the ecological sig-
nificance of differences in biological structures. Therefore, in
this study the two approaches are used to complement each
other.

Manual landmarking

We imported 3D models into the software IDAV Landmark v.3.0
(Wiley 2005), and digitized 71 single-point LMs in homologous
skull features and 340 semi-landmarks based on eight line and
three patch guides (Fig. 2; Supporting Information, Table S$4).
For skulls where some of the target structures were missing (due
to post-mortem damage), we used the R-package ‘geomorph’
(v.3.2.0) to estimate 3D LMs by applying the function ‘esti-
mate.missing’ with the option thin-plate spline. The technique
estimates landmark locations using a thin-plate spline on speci-
mens with missing landmarks by first aligning it with a complete
reference individual based on their common set of landmarks
(Mitteroecker and Gunz 2009).

Automatic landmarking

We carried out automatic landmarking in the software 3D
SLICER (Rolfe et al. 2021) using the ALPACA extension
(Porto et al. 2021). ALPACA requires the selection of a 3D
reference mesh (source) from which it creates template point
clouds through global registration steps (Rusu et al. 2009). We
chose the 3D reference mesh based on the skull integrity, and
its shape being close to the mean skull shape determined by a
preliminary analysis. This preliminary analysis consisted of an
initial automatic landmarking on all individuals, using a well-
preserved skull as reference without consideration of its pos-
ition in the morphospace. This was followed by a preliminary
generalized Procrustes analysis (GPA) and subsequent prin-
cipal component analysis (PCA) on the landmarked skulls (as
described in more detail below), after which we could choose a
skull positioned at the centre of the morphospace. For the regis-
tration steps, we set the point density at 0.5, which automat-
ically defined 724 single-point pseudo-landmarks distributed
over the entire 3D skull meshes (Fig. 3). Then, the software
produced a deformable registration step on the source point
cloud to match the coordinates of the floating surface to the co-
ordinate of the target surface. This allowed corresponding land-
marks between source and target meshes to be transferred to all
target specimens.
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Figure 2. Three-dimensional landmarks used in this study, showed in dorsal (A), ventral (B), lateral (C), and occipital (D) aspects of the

bottlenose dolphin skull.
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Figure 3. 3D LMs points generated from the automatic landmarking from the bottlenose dolphin skull reference template.

Geometric morphometric shape analysis

For both manual and automatic landmark datasets, we per-
formed a GPA. It translated the centroids to a single origin, i.e.
centred all shapes, scaled the LMs to the same centroid size,
and rotated each shape around the centroid (Rohlf and Slice
1990). This produced a set of aligned Procrustes coordinates
for each specimen, on which the effects of size, rotation, and
translation were removed. Shape changes between specimens
were identified by performing a PCA, which finds the axes of
greatest variation in our dataset (principal components—PC),

and groups specimens by similarity across each PC (Rohlf
and Marcus 1993; Adams et al. 2004). GPA and PCA were
performed independently for each of the landmark datasets
produced earlier (manual and automatic) using the SLICER
extension slicermorph (Rolfe et al. 2021). We visualized shape
changes associated with PC axes using vector displacement
graphs (also known broadly as alollipop graphs) in slicermorph
(Rolfe et al. 2021), and coloured each landmark according to
their relative rate of change using the software PARAVIEW
(Ahrens et al. 2005).
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To test the differentiation in skull shape, we carried out mul-
tiple tests between a priori defined groups, which were imple-
mented in the software PAST (Hammer et al. 2001). First, we
determined five a priori groups distinguishing both habitat and
geographic origin. The Guayaquil group consisted of specimens
determined previously to belong to a resident population of the
inner estuary of the Gulf of Guayaquil, based on behavioural,
morphological, and genetic criteria (Félix 1997; Bayas-Rea et
al. 2018; Félix et al. 2019). Individuals from Ecuador that were
determined as not being part of this resident population were
categorized as being offshore specimens from the south-east
Pacific (OSEP). Further offshore groups included specimens
sampled along the coast of Brazil, known to be taxonomic-
ally distinct from the local coastal ecotype (Costa et al. 2016;
named Offshore South Atlantic—OSA), and specimens from
the Atlantic coast of France (named Offshore North Atlantic—
ONA). Finally, the Mediterranean group included specimens
from the Mediterranean Sea along the Ligurian and Adriatic
coasts. Since our tests showed no clear differentiation between
the three a priori geographically distinct offshore groups (i.e.
OSEP, OSA, ONA; see Results for more details, and Supporting
Information Fig. S1), they were then clustered into a single a
priori group consisting of offshore specimens.

All tests were based on the first 55 principal components
(PC) scores as they represent approximately 95% of the total
variance in our data. First, a non-parametric multivariate ana-
lysis of variance test (PERMANOVA) was performed on the
PC scores. Additionally, we carried out a linear discriminant
analysis (LDA) on the first S5 PC scores. This method carries
a pairwise comparison between all defined groups to test how
well individual specimens can be classified to their defined group
according to their skull shapes. We considered groups to repre-
sent different morphotypes when results from the LDA specified
that 90% or more of all specimens could be assigned to their re-
spective groups.

We also carried out a hierarchical cluster analysis (HCA),
which clusters the skulls based on their shape similarity defined
by the first S5 PCs, without consideration of a priori groups.
Ward’s method was used as a clustering procedure.

Alveoli count

In addition to the landmarking, we also counted tooth alveoli
numbers for both left and right upper tooth rows. When the ros-
trums were broken or tooth alveoli were undetectable, we did
not include the individual in the analysis. Tests for differences
in the alveoli counts between the a priori groups were carried
out in the software PAST (Hammer et al. 2001). Normality tests
for each a priori group were first carried out using the Shapiro-
Wilk test, while homogeneity of variances was assessed through
a Levene’s test. Because data were not normally distributed and
had unequal variances, differences in alveoli count were tested
using a non-parametric Kruskal-Wallis test, with pairwise differ-
ences between groups assessed using the Dunn’s post-hoc test.

RESULTS

The PCA morphospace results for the manual and automatic
landmarking approaches are largely consistent in the pat-
terns of shape differentiation between the samples analysed.

However, there are differences in the resulting level of dif-
ferentiation. Therefore, we present the PCA results from the
automatic landmarking in the main text below, showing both
results only when the downstream analyses are different. PCA
and vector displacement graphs for manual landmarking are
shown in the Supporting Information, Figs, S2, S4 and S6.

Shape variation between locations

The first three principal components together account for
24.9% of the total shape variation (PC1 = 10.6%, PC2 = 8.4%,
PC3 =5.9%) using the automatic landmarking. The PCA
morphospace plot reveals that the strongest differentiation is
between specimens from the Gulf of Guayaquil and specimens
from the Mediterranean (Fig. 4). Both locations also separate
well from confirmed offshore individuals, although there is
more overlap between the Mediterranean and offshore speci-
mens (Fig. 4). Visual analyses of the plot did not reveal any no-
ticeable separation between offshore specimens from different
regions (see Results further down for statistical testing results;
Supporting Information, Fig. S1). PCA plot based on manual
landmarking shown in Supporting Information, Fig. S2.

In terms of shape change, along PC1, a relative elongation of
the rostrum is noticeable, with most changes occurring on the
tip of the rostrum and the base of the rostrum, where elong-
ation and narrowing of the palate are noticeable, with an ac-
companying expansion of the pterygoid bones. There is also a
noticeable expansion of the supra-occipital region, causing an
apparent contraction of the upper parietal bone. There is also
a relative upward shift of the squamosal bone, which collect-
ively would lead to a noticeable change in the shape of the tem-
poral fossae (Fig. 4A; Supporting Information, Fig. S3). Along
PC2, there is a noticeable lengthening of the rostrum, with an
apparent narrowing and elongation of the upper part of the
premaxillae. There is a pronounced contraction upward of the
pterygoid bones, and a deepening of the ascending process of
the maxilla is also visible (Fig. 4B; Supporting Information, Fig.
$3). Along PC3, there is a shortening of the rostrum with an ac-
companying forward shift in the upper part of the premaxillae
near the internal nares. There is also a visible extension backward
of the lower edge of the temporal fossae, involving shifts of the
frontal, squamosal, and temporal bones, accompanied by a com-
pression of the occipital bone. Overall, specimens with positive
PC3 values showed convex curving of the rostral area, with a
more prominent rostral bump (Fig. 4C; Supporting Information,
Fig. S3). Corresponding shape change plots based on manual
landmarking available in Supporting Information, Fig. $4).

Opverall, coastal specimens from the Mediterranean show a
slender and longer skull, as revealed by the greater interlandmark
distances in the rostrum, parietal, and pterygoid areas
(Supporting Information, Fig. SS). Individuals from the Gulf
of Guayaquil have stouter skulls than the offshore and coastal
specimens from the Mediterranean, as revealed by the short-
ening of the frontal areas and a broadening of the exoccipital re-
gion (Fig. 4; Supporting Information, Fig. SS). Corresponding
shape change plots based on manual landmarking, available in
Supporting Information, Fig. S6.

In our dataset, three skulls showed considerable separation
of the maxillary and premaxillary bones along the mid-palate
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Figure 4. 3D PCA morphospace generated from the automatic landmarking procedure, with samples categorized by a priori groups. Shaded
areas correspond to 90% kernel density clouds for each cluster, as calculated in the R package KS (Duong 2007). Line graphs around the PCA
plot represent vector displacement graphs, which represent the difference in landmark position between the mean landmark configuration
and specimens grouped along the positive PC1 (A), PC2 (B), and PC3 (C). Darker colour shows a higher rate of shape change for the

corresponding landmark.

suture. This is a common modification in delphinid museum
specimens resulting from drying of the bones over time, and it
was not controlled for in our analyses. However, careful evalu-
ation of the PCA plots revealed that the skulls containing this
modification did not cluster together and were not ecotype-
specific. This modification was also not shown in the shape de-
formation grids for the principal components explaining most
of the variation. Therefore, although this deformation occurs in
our dataset, it is unlikely to influence the conclusions regarding
ecotype grouping. However, we cannot exclude other potential
biases that might result from this issue in our dataset.

Statistical differentiation tests

Pairwise PERMANOVA analysis among the five a priori de-
fined geographic groups found no significant differentiation in
shape among the three a priori offshore groups (OSEP, OSA,
ONA), but significant differentiation was observed between
Gulf of Guayaquil and Mediterranean Sea with the other groups
(Table 1). The significant differentiation between offshore and
both Guayaquil and Mediterranean coastal groups was still
present when all offshore specimens were pooled into a single

group (Table 2). We should note that there was no difference
in the statistical testing between the manual and the automatic
landmarking datasets. The linear discriminant function analysis
on the first SS PC scores discriminating offshore (N = 18), Gulf
of Guayaquil (N = 22), and the coastal Mediterranean (N = 18)
specimens showed that all specimens could be correctly as-
signed to their respective groups when using both manual and
automatic landmarking (Fig. ).

The HCA shows some differences between the manual and
automatic datasets. Both identify three main clusters among all
specimens (Table 3), but the relationships estimated between
those clusters change slightly (Fig. 6). When using automatic
LMs, 77.3% of the Guayaquil specimens (Total N = 22) are as-
signed to cluster 1, whereas 38.9% of offshore specimens (Total
N = 18) are assigned to cluster 2, and 88.9% of the Mediterranean
specimens (Total N = 18) are assigned into cluster 3 (Table 3).
Although more offshore individuals are assigned to cluster 3 than
cluster 2, cluster 2 is still mostly represented by offshore speci-
mens (63.6%) when compared to the other groups. When using
manual LMs, 90.9% of the Guayaquil specimens (Total N = 22)
are again assigned to cluster 1, whereas 77.8% of Mediterranean

€20z aunp 2z uo1sanb Aq | ¥690Z//220P.|Z/uBauulo0Z/S60 L 0 | /I0P/3|o1B-80UBAPE/UBSUUII00Z/WOD dNo"olWapeoe.//:sdny WwoJj papeojumoq



8 « Drombyetal

specimens (Total N = 18) and 61.1% of the offshore specimens
(Total N = 18) are now assigned to distinct clusters: cluster 2
and cluster 3, respectively (Table 3). Therefore, both datasets
show good correspondence between clusters identified and
our ecotype assignment, although the automatic landmarking
groups more offshore specimens in the same cluster as the
Mediterranean specimens. The two datasets also show different
relationships in shape similarity between the three clusters. The

automatic landmarking separates the Guayaquil specimens more
clearly from both offshore and Mediterranean groups (Fig. 6A).
However, the automatic landmarking places the offshore cluster
closer to Guayaquil in shape similarity, with the Mediterranean
being the most distinct (Fig. 6A). On the contrary, manual
landmarking appears to place the Mediterranean cluster closer
to the offshore one, but shows less cross-classification between
both clusters (Fig. 6B).

Table 1. Pairwise PERMANOVA analysis on the first 5§ PCs of principal component analysis (PCA) between a priori groups separating both
habitat and geographical areas. Results are shown for both manual (regular text) and automatic (bold text) landmarks. F-values are shown
above the empty diagonal cells, while P-values are shown below the empty diagonal cells. Significant comparisons are marked by an asterisk
(*). Population abbreviations: OSEP— Offshore Southeast Pacific; ONA—Offshore North Atlantic; OSA— Offshore South Atlantic.

Mediterranean Guayaquil OSEP OSA ONA
Mediterranean 9.208%/4.614* 2.195%/1.628* 3.277%/1.968* 2.633%/1.383
Guayaquil <0.001*/< 0.001* 4.228%/2.966* 2.425%/2.754* 2.914*/1.849*
OSEP <0.001*/0.010* <0.001%/<0.001* 1.406/1.092 1.329/1.230
OSA <0.001*/0.002* <0.001%/<0.001* 0.061/0.284 1.155/1.332
ONA 0.001*/0.054 <0.001%/0.002* 0.080/0.122 0.252/0.120

Table 2. Pairwise PERMANOVA analysis on the first S5 PCs of principal component analysis (PCA), between a priori groups separating
both coastal habitats from the offshore habitat using manual (regular text) and automatic (bold text) landmarks. F-values are shown above the
empty diagonal cells, while P-values are shown below the empty diagonal cells. Significant comparisons are marked by an asterisk (*).

Mediterranean Guayaquil Offshore
Mediterranean 9.208%/4.614* 3.676%/2.168*
Guayaquil <0.001*/< 0.001* 5.018%/3.673*
Offshore <0.001*/< 0.001* <0.001%/<0.001*
A 20 B 20
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Figure S. Linear discriminant analysis (LDA) on the first 55 PCs of principal component analysis (PCA) of the three a priori groups of
bottlenose dolphins, generated from: A, manual landmarking; B, automatic landmarking,

Table 3. Distribution of bottlenose dolphin skulls over three clusters as inferred by the hierarchical cluster analyses (HCA). Results are shown

for both automatic and manual landmarkings.

Automatic Manual

Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3
Oﬁshore 0% 38.9% 61.1% 16.7 % 222 % 61.1 %
Mediterranean 0% 11.1 % 88.9% 5.5% 77.8 % 16.7 %
Guayaquil 77.3% 9.1% 13.6% 90.9 % 0% 9.1%
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Figure 6. Ward’s clustering analysis based on the first 5§ PCs of principal component analysis (PCA) Euclidean distances: A, automatic
landmarking; B, manual landmarking. Location shown indicates the origin of the majority of specimens within each cluster.

Alveoli counts

The Guayaquil dolphins have fewer alveoli than the
Mediterranean and the offshore specimens. Guayaquil have
a mean 18.9 alveoli on each tooth row of the maxillae (range
18-22), while the Mediterranean and the offshore specimens
have mean 22.7 and 21.8 alveoli, respectively (range 20-2S and
20-23, respectively). Kruskal-Wallis test shows significant dif-
ferences between the groups (H = 29.89; P-value = 2.3 x 10*).
Pairwise Dunn’s test shows significant differences between the
Guayaquil and the other groups (all P-values <0.001), but no
significant differences between the Mediterranean and the off-
shore groups (P-value = 0.82; Table 4). For some individuals,
the alveoli of the first teeth at the tip of the rostrum were not vis-
ible. However, these were found in all groups equally, and there-
fore are unlikely to cause any bias.

DISCUSSION

Our GM study used a transoceanic approach to identify skull
shape variations between coastal and offshore populations of
bottlenose dolphins. Our results indicate that specimens from
both the Gulf of Guayaquil (Ecuador) and the Mediterranean
Sea differentiate well from offshore specimens originating from
diverse ocean basins. However, the coastal populations from the
Gulf of Guayaquil and the Mediterranean Sea are also clearly
divergent from each other, meaning that each possess specific
cranial morphological characteristics. There was an overlap
observed in the morphospace between coastal and offshore
specimens in both locations, although the overlap was more no-
ticeable in specimens from the Mediterranean Sea.

Overall, coastal specimens differed from the offshores
through the shape and length of their rostrum, the area sur-
rounding the ascending processes of the maxilla, pterygoid
bones and occipital regions. Results showed a relative short-
ening and broadening of Guayaquil dolphins’ rostrums, a
ventrodorsal contraction of the supraoccipital region, as well
as lengthening downward of the pterygoid hamuli. These shape
changes made the Guayaquil skulls appear generally stouter
when compared to the offshore specimens (all changes refer
to shape, as the analyses removed the effect of size). On the

Table 4. Pairwise Dunn’s test results for comparison between a priori
groups of teeth alveoli counts. P-values are shown above the empty
diagonal cells, while Z-statistic is shown below the empty diagonal
cells. Significant comparisons are marked by an asterisk (*).

Offshore Mediterranean Guayaquil
Offshore 0.82 1.31 x 10
Mediterranean 0.23 2.36 x 107
Guayaquil 4.84* S.17*

contrary, Mediterranean skulls displayed a slender shape, with a
relative lengthening of their rostrums and occipital region rela-
tive to offshore specimens. Skull shape changes that appeared
similar in both coastal populations relative to offshore include
a broadening and lengthening of the upper part of the maxillae
and premaxillae sac fossae, a frontward compression of the
lower edge of the temporal fossae, a flattening of the lacrimal
process (an exoccipital region further oriented toward the in-
side of the skull), and a lengthening of the posterior edge of the
pterygoid hamulus. The pterygoid, though, was more aligned
with the rest of the skull in the Mediterranean dolphins, while
in Guayaquil individuals there was a more acute angle with the
sagittal plane of the skull.

These results are consistent with previous morphometric
studies on Tursiops truncatus, which found skull morphological
differences between coastal and offshore environments around
the world (Mead and Potter 1995; Turner and Worthy 2003;
Santillan et al. 2008; Viaud-Martinez et al. 2008; Perrin et al.
2011; Costa et al. 2016; Hohl et al. 2020; Esteves-Ponte et al.
2022). Along the US Atlantic coast, coastal specimens could be
differentiated from offshore by a combination of skull length and
width, as well as width of the internal nares (Mead and Potter
1995), features that also distinguish coastal from offshore speci-
mens in this study. In California, the shape of the temporal fossa
was also found to differentiate between coastal and offshore
specimens (Perrin et al. 2011). In this study, we found changes
in several bones surrounding the mandibular joint, as well as
changes in the supraoccipital, which would result in changes to
the shape of the temporal fossa. In the coast of Brazil, another
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feature that separated the coastal from offshore specimens was
the shape of the premaxillary sac fossa and the prenarial tri-
angle (Costa et al. 2016), which is also a feature identified in this
study as being different between coastal and offshore specimens.
These morphological traits were also found to separate coastal
from offshore specimens in the Black Sea (Viaud-Martinez et
al. 2008) and the Guilf of California (Esteves-Ponte et al. 2022).
Previous studies with skulls from the south-east Pacific showed
differences between coastal and offshore specimens at the
anteorbital process, palatine, pterygoids, and form of occipital
condyles (Van Waerebeek ef al. 1990, 2017). Our study also de-
tected changes in the areas involving the pterygoids, the orbital
arches, and the basicranium. There were also changes detected
in the palate region, associated with an overall shape change in
the rostrum. However, our study showed that the magnitude of
change was larger for the pterygoid bones and features associ-
ated with the shape of the rostrum.

Although our study identified diagnostic changes along
common skull traits between coastal and offshore specimens,
it shows that different coastal populations can also differ from
each other. While previous studies did not always compare
their coastal populations to the same offshore specimens, dif-
ferent relative patterns were sometimes reported. For example,
while the coastals from the US Atlantic coast were reportedly
smaller with a slender rostrum compared to offshores (Mead
and Potter 1995; Costa et al. 2022), the California coastals
appear overall more robust in their skull shapes (Perrin et al.
2011). The coastal specimens from Brazil were larger relative
to offshore specimens (Costa et al. 2016). Our study com-
pares both putative coastal animals against the same offshore
specimens, which includes representatives from the Pacific
and Atlantic Oceans, and our inference does also suggest that
coastal animals from different locations display distinct skull
shapes.

In this context, our use of two distinct landmarking strat-
egies also provides insight regarding which context they might
be most useful. While both effectively distinguished the two
coastal populations, the automatic landmarking suggests that the
Mediterranean differentiation is subtler compared to Guayaquil.
This is not only consistent with the results obtained in the PCA
morphospace, but also consistent with known ecological differ-
ences (as discussed below). Thus, while manual landmarking
of known features might be more effective at identifying subtle
differences in individual cases where differentiation is known
to occur, automatic landmarking could be more suitable for the
identification of relative patterns of differentiation in broader
comparative studies.

Ecological data supporting local differentiation

The skull shape differentiation found in this study also matches
other lines of evidence from those coastal areas. Previous studies
on site fidelity and social behaviour in the Gulf of Guayaquil
suggest a strong level of demographic independence between
animals found frequently in the inner estuary of the Gulf, as
opposed to the ones found outside the Gulf (Félix ef al. 2019).
Studies on mtDNA differentiation also show evidence of genetic
differentiation, suggesting reduced gene flow between those two
ecotypes (Bayas-Rea et al. 2018).

The Ligurian sea, where most of the specimens analysed in this
study originated, was also suggested to include a localized social
unit that is demographically independent of animals found in
Sicily (Gnone et al. 2011; Carnabuci et al. 2016; Rossi et al. 2017;
Terranova et al. 2021). In the Mediterranean Sea, genetic studies
show population structuring from the Black Sea to the Atlantic,
with genetic breaks matching environmental barriers (Natoli et
al. 2005). The occurrence of individuals with a genetic profile
typical of Atlantic offshore animals suggests the occurrence of
the offshore ecotype within the Mediterranean (Gaspari et al.
2015b). Although bottlenose dolphins in the Mediterranean are
more frequently sighted in nearshore waters (Bearzi et al. 2008;
Gnone et al. 2011; Marini et al. 2015; Karamitros et al. 2020;
ACCOBAMS 2021), the larger overlap in shape observed be-
tween the Mediterranean and offshore specimens suggests the
occurrence of offshore animals in the Mediterranean and is con-
sistent with a potential metapopulation dynamic in the region
(Nichols et al. 2007; Gaspari et al. 2015b; Carnabuci et al. 2016).

Functional role of observed morphological changes

Our 3DGM approach allowed us to identify the main areas of
skull shape change between these groups, showing that most
changes involve rostrum shape, the concavity of the interorbital
shield, and the shape of bones surrounding the mandibular joint.
Those features naturally suggest roles for differences in feeding
and sound production (as the interorbital shield accommodates
the melon and associated musculature) (Harper et al. 2008).

Similar interpretations have been proposed by earlier studies,
with suggestions that differences in prey size might be particu-
larly relevant (McCurry et al. 2017a). In animals showing exag-
gerated extension of the rostrum (such as dolphins), the rostrum
and the mandibular joint were shown to be areas of high mech-
anical strain (McCurry et al. 2017c). Longer and more robust
rostrums with a higher number of teeth were often associated
with dolphins’ ability to capture large demersal prey living in
coastal environments (Perrin et al. 2011; Costa et al. 2016). In
addition, larger temporal fossae and maxillae in those individ-
uals would permit the attachment of larger temporal muscles,
allowing a more potent bite force when depredating larger prey
(Perrin et al. 2011; Cozzi et al. 2016; Galatius et al. 2020).

Dolphins from the Gulf of Guayaquil have been reported to
prey on demersal fish, such as sciaenids and small pelagic species
(Félix 1994), but also a variety of other species including mul-
lets, catfish, snooks, and carangids, as observed during feeding
periods (Félix, unpublished data). They also often show strand-
feeding behaviour, which is seen relatively rarely in this species
(Jiménez and Alava 2015). There is no information on potential
prey for offshore bottlenose in Ecuador, but studies elsewhere in
the Pacific suggest a preference for small pelagic and mesopelagic
fish (Walker et al. 1999; Van Waerebeek et al. 2017). Stomach
content studies show that Mediterranean animals predomin-
antly consume demersal fish, while offshore appear to feed on
a mixture of pelagic fish and cephalopods (Martin 1986; Blanco
et al. 2001; Santos et al. 2001; Bearzi et al. 2008). Differences in
prey size have been suggested to be an important driver of skull
shape changes in delphinids more broadly (Perrin et al. 2011;
McCurry et al. 2017b) and, therefore, prey size differences could
also be driving the skull shape differences described here.
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Another important ecological difference that could be
driving these skull differences is the behaviour required to ex-
ploit locally abundant prey. In Delphinids, the hamuli are dir-
ectly involved in sound production (Cozzi et al. 2016), and
a previous study suggested that thicker and longer hamuli in
offshore specimens could facilitate tracking of smaller and
more challenging prey via echolocation (Perrin et al. 2011).
Similarly, modifications of the maxillae were associated with
specific sound emission and reception, and some authors have
argued that larger premaxillae and interorbital shields (max-
illae and lacrimals involved) could act as a reflector in dolphins
(Geisler et al. 2014). Coastal dolphins in the Gulf of Guayaquil
live in an environment with poor visibility due to the sediment
charge of rivers, which could demand more frequent use of
echolocation compared to other environments with better visi-
bility.

In this study, offshore specimens showed a more prominent
rostral bump and more concave premaxillae at the interorbital
shield region. This area corresponds to the melon attachment
area (Harper et al. 2008). Previous studies identified diver-
gences in whistle patterns between populations of bottlenose
dolphins living in different Mediterranean basins (La Manna et
al. 2020). Therefore, the changes in rostral bump found in the
offshore specimens relative to those of the Mediterranean could
be related to divergent acoustic requirements associated with
their differing ecology. The higher concavity of the premaxillae
suggests a potentially larger melon, although we lack concrete
data to support this. A study comparing external morphology
in Brazil concluded that offshore animals had a proportionally
shorter rostrum relative to coastal, which translates into a notice-
ably larger melon, although no direct melon measurements were
taken (Simées-Lopes et al. 2019).

It is common for the bottlenose dolphin to develop complex
behaviours associated with specific foraging techniques. These
foraging techniques can be habitat-specific and have, in some
cases, been learned socially (Gazda et al. 2005; Pennino and
Floris 2013; Whitehead and Rendell 2014). Therefore, we hy-
pothesize that distinct environments could require different be-
havioural strategies for effective survival. The Mediterranean Sea
is a large and heterogenous body of water, although it is gener-
ally oligotrophic with high oxygen and salt concentrations and
low freshwater inputs (Bas 2009; Coll et al. 2010). The Ligurian
Sea, from where most of the skull specimens used in this study
originated from, is a relatively deep basin, with steep, narrow,
continental shelf areas in nearby coastlines (Pinardi ef al. 2006).
It is characterized by the convergence of multiple main-water
currents, leading to seasonal upwelling (Prieur et al. 2020).
Conversely, the inner estuary of the Guayaquil Gulf is a small,
semi-enclosed body of water, which records high fluctuations in
saline composition due to variations in freshwater input yearly
(Twilley et al. 2001). There is also a high tidal range (around
3 m) that produces strong currents (up to 100 cm/s). The two
coastal environments are, therefore, divergent and may also re-
quire specific adaptive behaviours.

CONCLUSIONS

In this study, we show that 3DGM, using either manual or auto-
matic landmarking, is a useful tool for identifying significant
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skull shape differences, not only between dolphins with differing
ecologies but also between the coastal specimens of Guayaquil
and the Mediterranean. Offshore specimens from different geo-
graphical locations showed considerable overlap in skull shape,
even between geographically distant areas.

Contrastingly, there was comparatively little overlap
between offshore specimens and both coastal popula-
tions, although this overlap was noticeably larger in the
Mediterranean. Skulls of Guayaquil dolphins looked relatively
more robust and had significantly lower tooth count than the
offshore and the Mediterranean populations. Contrastingly,
the Mediterranean skulls were longer and slenderer compared
to others, but did not differentiate in tooth count from off-
shore specimens. The patterns of shape changes are consistent
with previous suggestions that feeding (i.e. prey type and size)
and sound production might be ecological drivers. We, there-
fore, hypothesize that skull differentiation between the two
coastal environments may be a response to living in divergent
local environments.

Future studies should aim to compare 3D skull shapes be-
tween other coastal and offshore ecotypes of bottlenose dol-
phins. This would improve our understanding of the cranium
shape patterns in this clade by analysing the entire 3D surface
of each specimen. In addition, more studies are needed on local
differences in diets (i.e. stable isotopes or stomach contents), as
well as acoustic and genomic composition, providing a deeper
insight into the evolutionary ecology of this complex species.

SUPPLEMENTARY DATA

Supplementary data is available at XXXXXX Journal online.

Table S1. Accession numbers and details of the specimens
used in the analysis.

Table S2. The number of individuals per geographical area
and habitat type.

Table S3. Description of the parameters used for the 3D
modelling in MESHROOM.

Table S4. Description of the manual LMs used in this study,
as shown in Figure 2.

Figure S1. 2D PCA morphospace generated from the auto-
matic landmarking procedure, with samples categorized by habi-
tat and geographical area. Specimens from the Gulf of Guayaquil
shown in magenta; Offshore from the Southeast Pacific in light
blue (OSEP); Offshore from the South Atlantic in dark blue
(OSA); Offshore from the North Atlantic in red (ONA); speci-
mens from the Mediterranean Sea in orange.

Figure S2. 3D PCA morphospace and kernel density cloud
generated from the manual landmarking procedure, with sam-
ples categorized by habitat. Offshore populations in red, coastal
populations from Guayaquil (Ecuador) in magenta, and from
the Mediterranean in orange.

Figure $3. Landmark vector displacement plots (Lollipops)
between the three ecotypes from the automatic landmarking.
Lines represent the difference in landmark position between
the mean landmark configuration (black dots) and specimens
grouped along the positive PC axis. PC1 is represented in red,
PC2 in green and PC3 in blue.

Figure S4. Landmark vector displacement plots (Lollipops)
between the three ecotypes from the manual landmarking. Lines
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represent the difference in landmark position between the mean
landmark configuration (black dots) and specimens grouped
along the positive PC axis. PC1 is represented in red, PC2 in
green and PC3 in blue.

Figure SS. 3D PCA morphospace and kernel density cloud
generated from the automatic landmarking procedure, com-
paring Guayaquil vs. offshore specimens only (top), and
Mediterranean vs. offshore specimens only (bottom). Landmark
vector displacement plots (lollipops) represent the difference in
landmark position between the mean landmark configuration
and specimens grouped along the positive PC1 (A), PC2 (B),
and PC3 (C).

Figure S6. Landmark vector displacement plots (lollipops)
for manual landmarking between offshore and Guayaquil speci-
mens (left, magenta), and between offshore and Mediterranean
(right, orange). Lines represent the difference in landmark pos-
ition between the mean landmark configuration and specimens
grouped along the positive PC axis.
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