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Abstract
Extant odontocetes (toothed whales) exhibit differences in body size and brain mass, biosonar mode, feeding strategies, 
and diving and habitat adaptations. Strong selective pressures associated with these factors have likely contributed to the 
morphological diversification of their skull. Here, we used 3D landmark geometric morphometric data from the skulls of 
60 out of ~ 72 extant odontocete species and a well-supported phylogenetic tree to test whether size and shape variation are 
associated with ecological adaptations at an interspecific scale. Odontocete skull morphology exhibited a significant phylo-
genetic signal, with skull size showing stronger signal than shape. After accounting for phylogeny, significant associations 
were detected between skull size and biosonar mode, body length, brain and body mass, maximum and minimum prey size, 
and maximum peak frequency. Brain mass was also strongly correlated with skull shape together with surface temperature 
and average and minimum prey size. When asymmetric and symmetric components of shape were analysed separately, a 
significant correlation was detected between sea surface temperature and both symmetric and asymmetric components of 
skull shape, and between diving ecology and the asymmetric component. Skull shape variation of odontocetes was strongly 
influenced by evolutionary allometry but most of the associations with ecological variables were not supported after phyloge-
netic correction. This suggests that ecomorphological feeding adaptations vary more between, rather than within, odontocete 
families, and functional anatomical patterns across odontocete clades are canalised by size constraints.

Keywords Toothed whales · Macroevolution · Geometric morphometric · Skull · Odontocetes · Ecomorphology · Biosonar

Introduction

Cetaceans are a monophyletic group of aquatic mammals 
and comprise two clades: Odontoceti (toothed whales) and 
Mysticeti (baleen whales). Odontocetes are pursuit predators  
that use echolocation to locate prey, while mysticetes feed  
on large aggregations of smaller organisms using their sieve-
like baleen. Odontocetes diverged from mysticetes about 34 
Mya (Marx et al. 2016) and are much more diverse; they 
comprise 10 extant families, including at least 72 species and 
32 genera, with the families Delphinidae (oceanic dolphins) 
and Ziphiidae (beaked whales) showing the largest number of 
species (Hooker 2009). Compared to mysticetes, this group 
displays wide variation in body size and skull morphology 
related to feeding ecology (Werth 1992, 2006a; Cozzi et al.  
2016). Skull synapomorphies of Odontoceti include the pres-
ence of a concave facial area to accommodate the melon (a  
fatty organ functioning as a lens for the propagation of echo-
location sounds), the presence of premaxillary foramina and 
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premaxillary sac fossa, posterior expansion of maxilla over 
the supraorbital region covering the frontal bones, and direc-
tional facial asymmetry, all features that are related to their 
highly specialized sonar system (Cranford et al. 1996; Uhen 
2004; McKenna et al. 2012; Geisler et al. 2014; Marx and 
Fordyce 2015; Marx et al. 2016; Martínez-Cáceres et al. 
2017; Churchill et al. 2018; Coombs et al. 2020, 2022).

Due to such a highly specialised system, the odontocete 
skull has received particular attention in studies of functional 
morphology (Rommel et al. 2009; Mourlam and Orliac 2017; 
Gillet et al. 2019; Park et al. 2019; Roston and Roth 2019; 
Coombs et al. 2020, 2022). One general evolutionary trend in 
odontocetes since the Oligocene is the telescoping of the skull 
(Churchill et al. 2018). Winge (1918) introduced this term and 
Miller (1923) subsequently formalised it to describe the unique 
posterior elongation of the rostral elements relative to the back-
ward shift of the bony nares. It is now recommended that the 
term be used more specifically to refer to the maxillo-occipital 
proximity provided by the extensive bone overlap of cranial 
elements in the skull (Roston and Roth 2019). Such a dra-
matic anatomical innovation resulted in an overlap of adjacent 
facial bones in a manner reminiscent of an antique folding tel-
escope (Winge 1918, 1921; Miller 1923; Rommel et al. 2009; 
Roston and Roth 2019). This provides improved functionality 
of the toothed whale skull in an aquatic environment and is 
accompanied by the evolution of echolocation and associated 
changes in the ear (Geisler et al., 2014; Mourlam and Orliac 
2017), increased hydrodynamicity (Fordyce and de Muizon 
2001; Marx et al. 2016), changes in thermoregulation (Manger 
2006; Werth, 2007; Marino et al. 2008), and eye pigmentation 
(Fasick and Robinson 2016), as well as the evolution of new 
oxygen storage units such as different types of myoglobin and 
respiratory pigments that increase the oxygen carrying capac-
ity (Noren and Williams 2000; McClellan et al. 2005).

The skull of odontocetes is also shaped by sensory, cog-
nitive and feeding functions. The parts of the skull that  
are more relevant to feeding are the rostrum, the temporal 
fossa (origin of the temporalis muscle, the main adductor 
of the jaws in odontocetes), the zygomatic process of the  
squamosal bone (point of articulation with the mandible), 
the teeth, the hyoid apparatus, and the mandible (Perrin 
1975). The latter has received more attention in the litera-
ture due to its importance in both feeding strategies and the  
transmission of sounds to the ear (Werth 2006a; Rommel et al.  
2009). In addition, the presence of the melon greatly influ-
ences the external shape of the head in odontocetes. Indi-
rectly, skull morphology can provide ecological and trophic 
information, as the skull assists toothed whales in exploiting  
surrounding resources (Marshall 2009).

Previous studies of odontocetes demonstrated that inter-
specific differences in skull size are associated with repro-
ductive parameters, peak auditory frequencies, and prey 
size rather than dietary categories (MacLeod et al. 2007; 

Loy et al. 2011; Barroso et al. 2012; Guidarelli et al. 2014, 
2018; McCurry et al. 2017b), and a link between skull size 
and deep diving abilities has been described (MacLeod et al. 
2006; McCurry and Pyenson 2019). Nevertheless, a com-
prehensive ecomorphological analysis of odontocete skull 
evolution within a phylogenetic framework is still lacking.

It is expected that skull shape and size correlate with 
ecological factors. As ecological factors such as predation 
have been suggested to be one of the major selective pres-
sures that drove the evolution of biosonar mode in toothed 
whales (Galatius et al. 2018; Jensen et al. 2018), a strong 
relationship can be predicted between skull size and bio-
sonar mode. Since mammalian skull morphologies appear 
to show a strong phylogenetic signal, it is also possible that 
this expected association might eventually be obscured after 
clade evolutionary history is accounted for (Marcus et al. 
2000). Comparative methods like the phylogenetic general-
ised least squares (PGLS) was introduced to overcome this 
issue (Martins and Hansen 1997), especially in conjunction 
with geometric morphometric (GM) data (Monteiro 2013). 
GM is an ideal tool to study skull morphological evolution 
across ecomorphologically diverse vertebrate groups since 
it allows separation of size from shape variation, simultane-
ously providing effective visualization (Rohlf and Marcus 
1993; Cardini and Polly 2013). Here, we investigated 60 
out of 72 species of toothed whales covering 32 living gen-
era (~ 86% of the current diversity) to test for association 
between the evolution and diversification of odontocete skull 
shape and size and various biotic and abiotic factors includ-
ing diet (MacLeod et al. 2007; Slater et al. 2010; McCurry 
et al. 2017a; Galatius et al. 2020; Coombs et al. 2022), 
biosonar mode and maximum/minimum peak auditory fre-
quencies (kHz)(Barroso et al. 2012; Galatius et al. 2018; 
Jensen et al. 2018), diving ecology (Noren and Williams 
2000; Werth 2006a; Würsig 2009), prey size (minimum, 
maximum, and average) (MacLeod et al. 2006), surface 
temperature (ST), encephalization quotient (EQ) and brain 
mass (Montgomery et al. 2013). Our study was designed 
within a comparative framework in order to determine the 
relative contributions of ecological adaptations to skull size 
and shape and therefore to reveal any potentially adaptive eco-
logical variation.

Material and methods

Specimens examined

Skull data were collected by DV from 111 individual toothed 
whale specimens representing 60 species (1–5 individuals 
per species) of nine families: Delphinidae, Iniidae, Kogiidae,  
Lipotidae, Monodontidae, Phocoenidae, Platanistidae, Pon-
toporidae, and Zaiphiidae. Only adult specimens were used 
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for this study; adult status of delphinids was confirmed by 
the caudal extension of the maxilla to the nuchal crest and 
the visibility of the frontal bones in dorsal view (Cozzi et al. 
2016), whereas non-delphinid adult specimens were selected 
comparing their skull size with total body length measure-
ments in the literature and in the museum’s database. The 
measured specimens were from the collections of the fol-
lowing institutions: Natural History Museum of London 
((NHM), Muséum National d’Histoire Naturelle (MNHN, 
Florence, Italy), Natural History Museum of the University 
of Pisa (MSNUP), La Specola (MZUF), National Museums 
Liverpool (NML, Liverpool, UK) and the Natural History 
Museum of Denmark (NHMD). All measured specimens 
are listed in Online Resource 1. In addition, 3D models  
were downloaded from the website Phenome 10 k (Goswami 
2015) to cover more individuals per species as well as the 
species Orcaella heinsohni.

Sampling: Photogrammetry protocol

A 3D model for each skull specimen was reconstructed from 
a set of photographs taken in three different orientations 
(ventral, dorsal, and lateral). Photographs were taken using 
a digital camera Canon EOS 1100D 12.2-megapixel resolu-
tion digital single-lens reflex camera with 18-55 mm lens, on 
a tripod. Specimens were fixed vertically on a rotating table 
and ~ 100–150 photographs were taken at intervals of approxi-
matively 10 degrees. For larger specimens (i.e., Hyperoodon 
spp., Ziphius cavirostris, and Indopacetus pacificus) the oper-
ator (DV) moved the tripod with a mounted camera around 
the object placed on a pad on the floor, and the “walk-around 
method” was used (Mallison and Wings 2014). Millimetre 
scale measurements (rostrum length and bizygomatic width) 
were taken for further scaling reference of the virtual models. 
Images were imported into Agisoft PhotoScan Professional 
(Agisoft 2018) and photos from each chunk/orientation were 
aligned in order to generate three dense point clouds (ventral, 
dorsal and vertical orientation) that were subsequently merged 
together (Falkingham 2012; Katz and Friess 2014; Mallison 
and Wings 2014; Evin et al. 2016; Linder 2016; Muñoz‐
Muñoz et al. 2016; Agisoft 2018; Mallison 2018). 3D models 
with texture were exported as. PLY files and scaled by dividing 
the scaling factor identified in Meshlab by the scale measure-
ments (in mm) (Cignoni et al. 2008a, 2008b).

Landmark data

A total of 28 landmarks (Fig. 1; Table 1; raw data and 
scripts are available at: https:// github. com/ Vicar iD/ Macro-  
Data. Vicari- et- al. git) were taken on skull virtual models 
using IDAV Landmark software (Wiley et al. 2005). The 
landmarks were selected based on previous studies (Churchill  
et al. 2018; Galatius et al. 2020; Vicari et al. 2022a, b)  

to describe broad anatomical skull regions relevant to the 
research questions, including the rostrum, the temporal 
region, and the facial concavity. The landmark scheme 
used in this study was assessed on the mean shape data-
set using the Landmark Sampling Error Curve function 
(LaSEC) within the LaMBDA R package (Watanabe, 2018). 
This function subsamples the dataset by randomly select-
ing three landmarks, and generating a median fit obtained 
shape (= Procrustes) distances between the original dataset 
and the subsampled one for each selected number of itera-
tions. Results showed that 11 landmarks provided a median 
fit value of 0.90 and 15 provided a median fit value of 0.95, 
confirming that our 28-landmark scheme was dense enough 
to achieve a fit R value of 1 that characterised both toothed 
whale shape and size. Size was quantified from the original 
3D landmark coordinates as centroid size (CS), which is the 
square root of the sum of the squared distances between each 
landmark and the centroid of the entire configuration, while 
shape data were extracted using the generalised Procrustes 
analysis (GPA; Bookstein 1991).

Generalized Procrustes analysis is an iterative procedure  
where variation in size is first removed by scaling each land-
mark configuration so that it has a CS of 1.0; rotation and 
translation are taken into account by centring and rotating 
the original landmark coordinates in order to obtain an opti-
mal solution that minimizes the quadratic distances between 
homologous points (Procrustes method). The thin plate 
spline (TPS) (Gunz et al. 2009) was used to reconstruct the 
positions of missing landmarks using individuals belong-
ing to the same species and/or genus (when not possible 
within the same species) as reference specimens. Missing 

Fig. 1  Landmark location on photogrammetric-based 3D model skull 
of Grampus griseus SW1933.14 NHM (London). Landmarks are 
indicated by large green circles labelled by numbers on the skull in: 
a. dorsal; b. ventral; c. lateral; and d. occipital views. Scale bar equals 
5 cm. For landmark descriptions, see Table 1

https://github.com/VicariD/Macro-Data.Vicari-et-al.git
https://github.com/VicariD/Macro-Data.Vicari-et-al.git
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landmarks were identified in 34 specimens (Table 1), and 
in most cases, they were concentrated in the pterygoids. To 
detect their impact on subsequent analyses, sensitivity analy-
ses were performed on two separate datasets, one including 
28 landmarks and another with a smaller number of land-
marks (n = 26).

Skull asymmetry and measurement error

Landmark recording was taken twice in four different ses-
sions on 111 individuals in order to quantify skull directional 
asymmetry (Klingenberg et al. 2002) and, indirectly, meas-
urement error (Fruciano 2016), repeatability, and digitizing 
ability of the operator (DV). A Procrustes ANOVA was per-
formed using MorphoJ on the shape component and the per-
centage of variance explained by the measurement error was 
calculated by examining Mean Square (MS) values follow-
ing the formula described in Sherratt (2015) and Fruciano 
(2016). The plotOutliers function in the package geomorph 
vs 4.0.3 was used (Adams et al. 2016) to reveal outliers, and 
misplaced or inaccurate landmarks (Fruciano 2016). Prin-
cipal Component Analysis (PCA) in R Team (2015) using 

geomorph package (Adams et al. 2016), the Unweighted Pair 
Group Method with Arithmetic Mean (UPGMA) (Cardini 
2014) in PAST 2.17 (Hammer et al. 2001), and Mantel tests 
in MorphoJ (Klingenberg et al. 2011) were performed to 
identify individuals adversely affected by measurement error 
(Online Resources 2 and 3).

Geometric morphometric (GM) analyses

The registered shape coordinates and log transformed CS were 
averaged for each species for subsequent macroevolutionary  
analyses (Meloro and Tamagnini 2021). Geometric Mor-
phometrics (GM) permits partitioning of the asymmetric and  
symmetric components of shape variation (Klingenberg et al. 
2002). As many species of toothed whales show a high degree 
of asymmetry in their crania (MacLeod 2002; MacLeod et al. 
2007; Fahlke et al. 2011; Galatius and Goodall 2016; del Castillo 
et al. 2017; Huggenberger et al. 2017; Coombs et al. 2020) and  
as the asymmetric component is relevant to answer the intended 
research questions, these variables were partitioned using the 
function bilateral.symmetry in geomorph package (Adams 
et al. 2016). Analyses were also performed on the whole skull 

Table 1  Description of landmarks taken on odontocete skulls for our GM analysis

Area No. Landmark description

Facial region: area into which the maxilla and premaxilla expand 
during telescoping; it is bounded posteriorly by the nuchal crest 
and laterally by the orbitotemporal crest

1–2 Anterior tips of the right and left premaxillae
3–4 Point between the maxillary flange and the antorbital notch on the 

right and left lateral portions of the maxilla
5 Septum nasi osseum
6 Apex of the nuchal crest or lambdoid crest (posteriormost structure) 

in the midline of the skull/dorsomedial margin of the supraoccipital 
at the intersection of this margin and the external occipital crest

Planum parietale: or temporal fossa, the origin of the temporalis 
muscle. This area is bounded by the parietal, squamosal,  
frontal, and alisphenoid bones

7–8 Junction of nuchal crest, temporal, parietal, occipital and frontal 
sutures on the dorsal border of the temporal fossa

9–10 Posteriormost point on the temporal crest/on the curve of the 
parietal

11–12 Junction of squamosal, exoccipital on the ventral border of temporal 
fossa/the suture between exoccipital and squamosal

13–14 Anteriormost point on the squamosal part (pars squamosa) of the 
temporal bone (squama temporalis)

Occipital area: consists of the interparietal, supraoccipital, and 
exoccipital ossifications

15 Opisthion: middle point of the dorsal border of the foramen  
magnum on the intercondyloid notch

16–17 Lateralmost margins of the foramen magnum
18 Basion: point located in the middle of the ventral margin of the  

foramen magnum in the incisura intercondyloidae
Paroccipital process: lies lateral to the posterior end of the  

basioccipital crest and the hypoglossal canal
19–20 Medial tip of the paroccipital process/ventralmost point of the 

paroccipital
process

Palatine: posterior portion of the hard palate, at the opening of 
the internal bony nares. It is bounded by the maxilla, frontal, 
vomer, and pterygoid

23–24 Pterygoid hamulus; posterior margin of the hard palate and the 
border of the internal bony nares

25–26 Anteriomost point of the palatine
Pars orbitalis: Orbital surface of the frontal region bounded 

anteriorly by the zygomatic process, posteriorly by the temporal 
fossa

21–22 Posteroventral point of the supraorbital process of the frontal on the 
postorbital process

27–28 Anteroventral point of the preorbital process of the frontal
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shape data, without partitioning into symmetric and asymmetric 
components.

A PCA was performed on the whole mean shape (with-
out splitting the shape into symmetric and asymmetric com-
ponent) of the Procrustes coordinates to identify patterns 
of variation between species at a macroevolutionary scale 
(Reznick and Ricklefs 2009).

We examined four categorical ecological variables (sur-
face temperature, diet, dive depth, biosonar mode) and nine 
continuous variables (adult average body mass, adult average 
body length, maximum hearing frequency minimum hearing 
frequency, encephalization quotient, absolute brain mass and 
mean, maximum, and minimum prey size) (Online Resource 4). 
Surface temperature (ST) is defined as the surface temperature 
at the area of the maximum abundance for each species and 
included the following categories: warm, temperate, cold, and 
cold-temperate as defined in Wursig and Perrin (2009). Diet  
was defined following Slater et al. (2010) and then grouped into 
three categories: fish, squid, and fish/mammals eaters. Diving 
depth was quantified by compiling diving range depths from 
Galatius et al. (2020) and Würsig and Perrin (2009), and com-
paring these with Würsig (2009). Species were additionally 
grouped into three diving categories: deep (> 600 m), semi-
pelagic (between 100 m and 500 m), and shallow (< 100 m). 
Biosonar mode was defined following Surlykke et al. (2014) 
and Jensen et al. (2018) as broad-band (BB), narrow-band high-
frequency (NBHF), and frequency modulated (FM). As the 
sperm whale (Physeter macrocephalus Linnaeus,1758) is not 
present in the dataset, the multi-pulsed (MP) category was not 
considered. Body mass (kg) and length (m) were calculated as 
mature adult average measures (Online Resource 4). Frequen-
cies at maximum and minimum energy (dB) of the echolocation 
clicks (kHz) were considered following Jensen et al (2018). The 
encephalization quotient (EQ) was included to quantify the vari-
ation in brain mass not explained by the allometric component 
(Montgomery et al. 2013). Absolute brain mass and EQ were 
compiled from (Montgomery et al. 2013). Mean, minimum, and 
maximum prey size were compiled from MacLeod et al. (2007).

The Procrustes ANOVA (function “procD.lm”) in geomorph 
(Adams et al. 2016) was employed to test for allometry (with 
log CS as the predictor variable and Procrustes shape coordi-
nates as the response) and to test the association between skull 
size, whole shape, symmetric and asymmetric shape against 
the variables listed above. Echolocation peak frequencies, prey 
size, EQ and brain mass were not available for all the species, 
so analyses were run on four separate datasets with 60, 56, 31, 
and 26 species respectively (taxa included in each dataset can 
be found in Table 2 and Online Resource 5).

Comparative methods

Species-level phenotypic data are not statistically independ-
ent due to their phylogenetic history and so the phylogenetic 

component of the interspecific variation must be estimated. 
To test if level of species similarity differs with respect to 
phenotypic traits, we quantified phylogenetic signal in skull 
data (both size and shape) using the K statistic (see sec-
tion below). Secondly, the phylogenetic generalised least 
squares (PGLS) (Rohlf 2001) approach was implemented 
using the function “procD.pgls” (Adams and Collyer 2015). 
This allowed incorporation of the phylogenetic covariance 
matrix as an error term in the Procrustes ANOVA models.

Our analyses used the time-calibrated phylogenetic tree from 
McGowen et al. (2009) (Fig. 2) as it covered most species in our 
dataset (selected using the function “drop.tip”, R package ape 
5.0, Paradis and Schliep 2019), except for Orcaella heinsohni, 
Sousa plumbea and S. teuszii. These three missing species were 
added to the topology manually using Mesquite (Maddison and 
Maddison 2021) by breaking each branch leading to Sousa and 
Orcaella in half and attaching the missing species; all three 
Sousa species were treated as a polytomy.

The phylogenetic signal for skull size and shape data was 
quantified using the “K” statistic (for log CS) and its multi-
variate equivalent Kmult, applying the function “physignal” in 
the geomorph package (Blomberg et al. 2003; Adams 2014). 
Higher K or  Kmult values represent stronger phylogenetic signal 
in a trait or character. A value of K or  Kmult = 1 indicates the trait 
evolved under Brownian Motion (BM) (Blomberg et al. 2003), 
while K or  Kmult < (or > 1) means that closely related species 
resemble each other either less than or more than expected by 
BM, respectively (Blomberg et al. 2003).

Results

Skull asymmetry and measurement error

Matrix correlation between replicates supported a strong 
positive and significant correlation for both skull size 
and shape in the whole dataset of 28 landmarks (r = 0.99; 
p < 0.0001). The repeatability index calculated on the mean 
square of the replicas was 0.92 (Table 3), while it was 0.99 
with the function “rep_index” (Marcy et al. 2018). The Pro-
crustes ANOVA (Table 3) showed that both the percentage 
of variance explained by fluctuating asymmetry (FA) was 
greater than that explained by directional asymmetry (DA). 
This is shown in the effects of between-individuals varia-
tion on shape as well as measurement “side” representing 
the directional asymmetry (DA), and interaction between 
individual and side, representing fluctuating asymmetry  
(FA, which are both significant (Table 3).

Overall skull shape

The first two principal component (PC) vectors together 
accounted for 67.5% of the total variance (Fig. 3), while  
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Table 2  Presence (1) and 
absence (0) of each variable per 
species

Species Diet, ST, BM, L, 
Diving, Biosonar

Prey size (Min, 
Avg., Max)

Brain mass EQ kHz 
(Min / 
Max)

Berardius arnuxii 1 1 0 0 0
Cephalorhynchus commersoni 1 1 1 1 1
Cephalorhynchus eutropia 1 1 0 0 0
Cephalorhynchus heavisidii 1 1 0 0 1
Delphinapterus leucas 1 1 1 1 1
Delphinus capensis 1 1 0 0 0
Delphinus delphis 1 1 1 1 0
Delphinus tropicalis 1 0 0 0 0
Feresa attenuata 1 1 0 0 1
Globicephala macrorhynchus 1 1 1 1 0
Globicephala melas 1 1 1 1 1
Grampus griseus 1 1 1 1 1
Hyperodont ampullatus 1 1 0 0 1
Hyperodont planifrons 1 1 0 0 0
Indopacetus pacificus 1 1 0 0 1
Inia geoffrensis 1 1 1 1 1
Kogia breviceps 1 1 1 1 1
Kogia sima 1 1 1 1 0
Lagenodelphis hosei 1 1 0 0 0
Lagenorhynchus acutus 1 1 0 0 0
Lagenorhynchus albirostris 1 1 1 1 0
Lagenorhynchus australis 1 1 0 0 1
Lagenorhynchus cruciger 1 1 0 0 1
Lagenorhynchus obliquidens 1 1 1 1 0
Lagenorhynchus obscurus 1 1 1 1 1
Lipotes vexillifer 1 0 1 1 0
Lissodelphis borealis 1 1 1 1 0
Lissodelphis peronii 1 1 0 0 0
Mesoplodon bidens 1 1 0 0 1
Mesoplodon bowdoini 1 0 0 0 0
Mesoplodon europaeus 1 1 1 1 1
Mesoplodon ginkgondens 1 0 0 0 0
Mesoplodon hectori 1 1 0 0 0
Mesoplodon mirus 1 1 1 1 0
Monodon monoceros 1 1 1 1 1
Neophocaena phocaenoides 1 1 1 1 1
Orcaella brevirostris 1 1 0 0 1
Orcaella heinsohni 1 1 0 0 0
Orcinus orca 1 1 1 1 1
Peponocephala electra 1 1 0 0 0
Phocoena dioptrica 1 1 0 0 0
Phocoena phocoena 1 1 1 1 1
Phocoena sinus 1 1 0 0 0
Phocoena spinipinnis 1 1 1 1 0
Phocoenoides dalli 1 1 1 1 1
Platanista gangetica 1 1 1 1 1
Pontoporia blanvillei 1 1 1 1 0
Pseudorca crassidens 1 1 1 1 1
Sotalia fluviatilis 1 1 1 1 0



Journal of Mammalian Evolution 

1 3

Table 2  (continued) Species Diet, ST, BM, L, 
Diving, Biosonar

Prey size (Min, 
Avg., Max)

Brain mass EQ kHz 
(Min / 
Max)

Sousa chinensis 1 1 0 0 1
Sousa plumbea 1 1 0 0 0
Sousa teuszii 1 1 0 0 0
Stenella attenuata 1 1 0 0 0
Stenella coeruleoalba 1 1 1 1 0
Stenella frontalis 1 1 0 0 0
Stenella longirostris 1 1 1 1 0
Steno bredanensis 1 1 1 1 0
Tursiops aduncus 1 1 0 0 1
Tursiops truncatus 1 1 1 1 0
Ziphius cavirostris 1 1 1 1 1
Total species 60 56 31 31 26

Fig. 2  Odontocete 3D skull size mapped onto a phylogenetic tree based  
on McGowen et  al. (2009). Colour range from blue to red shows 
the magnitude of differences in mean centroid size in each species;  

smaller species are in blue, while larger species are in red. Skull dif-
ferences across major toothed whale genera are shown
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PC3 accounted for only 9.7%; the remaining PCs each 
accounted for ≤ 4% of the total variation, and so will not 
be further discussed. PC1 (55.0% of var.) described rela-
tive changes in the proportion of the rostrum from narrow 
and elongated (as in 'river dolphins', PC1 negative scores) 
to short and wide (PC1 positive scores, i.e., Kogiidae). 
The braincase relative width and length similarly loaded 
positively on PC1. For PC1 negative scores, the foramen 
magnum, characterised by 4 landmarks (LM 15,16,17,18), 
assumed a more circular shape and ventral position. Also, 
landmarks on the pterygoid hamuli, which delimited the 
posterior margin of the hard palate and the border of the 
internal bony nares, shifted more anteriorly as PC1 scores 
increased. The PC2 (12.6% of var.) axis described changes 
in the overall area of the temporal fossa and the concavity 
of the profile of the facial region. PC2 negative values indi-
cated a reduction in the relative size of the temporal fossa, 
where the temporalis muscle (which elevate the mandible) 
originate. It also shows the dorsal shift of the unpaired land-
marks on the nuchal crest. PC2 positive values characterise a 
shortening of the pterygoids and an anterior shift of the nasal 
area as described by landmark 5, together with the anterior 
shift of the landmarks describing the ventral-most point of 
the paroccipital process.

When the categorical variables were mapped onto the 
morphospace, the PC2 separated species based on diet, bio-
sonar mode, and diving ecology (Fig. 4), showing a potential 
pattern of association with skull shape. The lower middle 
part of the PC scatterplot is occupied by species who are 
squid-eaters and deep divers, with beaked whales (deep 
divers that use FM biosonar) specifically occupying the 
lower left part of the plot.

The regression of shape coordinates versus log CS 
revealed a significant (p = 0.002) allometric component, with 
size explaining 9.0% of shape variance (Fig. 5). The lower 
part of Fig. 5 is occupied by small species belonging to the 
Phocoenidae, while the right side is occupied by larger spe-
cies belonging to the Ziphiidae. The Delphinidae occupies a 
broad range of sizes from small dolphins, such as the com-
mon dolphin (D. delphis), to large species, such as the killer 
whale (Orcinus orca).

Ordinary least squares (OLS) and phylogenetic 
generalized least squares (PGLS)

The Procrustes ANOVA showed a significant impact of 
nearly all ecological variables on both skull shape and size 
on the complete dataset (n = 60) (Table 4). However, prey 
size had no impact on skull shape and size, while surface 
temperature (ST) had no effect on size. Among all variables, 
skull shape was most closely associated with biosonar mode 
and surface temperature, which explained ~ 20% and 15% of 
the whole shape variance, respectively. Skull size was most 
closely associated with body length (86% of variation) and 
body mass (77% of variation).

A significant phylogenetic signal across odontocetes 
species could be detected, being stronger in skull size (K 
mult = 0.653, p < 0.001) than skull shape  (Kmult = 0.565, 
p < 0.001). After phylogenetic correction, skull size was 
found to be significantly influenced by biosonar mode (10% 
var.), brain mass (69% var.), and maximum peak frequencies 
(42% var.), PGLS also confirmed only body length, brain 
and body mass, average and minimum prey size, and sur-
face temperature to be significantly associated with skull 

Table 3  Procrustes ANOVA on skull size log centroid size (CS) and 
shape component. Directional (DA) and fluctuating asymmetry (FA) 
explained a considerably small % of total variation that was compara-

ble but lower than those explained by replicas. The Rsq of variation  
explains the contribution of each factor to overall variation. R is the 
intraclass correlation index

* p-values are in bold when significant (p < 0.05)

Toothed Whales Rep ANOVA

CS ~ SS MS df Rsq F P*

Species 2.9E + 07 490949.2427 59 0.98184 47.7  < 0.0001
Individual 535181 10291.93861 52 0.01814 2850.3  < 0.0001
Rep 397.191 3.610822 110 1.34E-05
Total 3E + 07

Shape ~ SS MS df Rsq F P R

Species 5.20561 0.0022 2360 0.9449 21.33  < 0.0001 0.0013
Individual 0.21513 0.0001 2080 0.03904 15.79  < 0.0001 0.0014
Side (DA) 0.02153 0.00058 37 0.0039 88.85  < 0.0001 0.92
IndSide (FA) 0.0269 6.6E-06 4107 0.00488 1.39  < 0.0001
Rep 0.03994 4.7E-06 8470 0.00725
Total 5.50913
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shape with brain mass explaining 13% of variation and 
all other significant variables explaining around 5% each. 
Moreover, significance of each of the variables listed above 
are due more to one component (asymmetric or symmet-
ric) of skull shape than whole (not-partitioned) skull shape 
(Online Resource 6). Analyses were also conducted using 
residuals of the regression of whole shape against log CS 
(Online Resource 7) demonstrating that diet and metric vari-
ables were not significantly associated with skull shape, and 
minimum and mean prey size were instead associated after 
phylogenetic correction.

Discussion

Foraging underwater has an enormous cost due to the challeng-
ing 3D environment and toothed whales have evolved ways of  
minimizing this cost, for example, evolving echolocation abili-
ties. It is well established that odontocete skulls show extensive  

asymmetry (Fahlke and Hampe 2015; Cozzi et  al. 2016; 
Coombs et al. 2020), and our results confirm previous expecta-
tions on the presence of directional asymmetry also at the inter-
specific scale (Fahlke and Hampe 2015). Directional asymmetry 
of the skull in toothed whales is driven by adaptations for high 
frequency sound production (Cranford et al. 1996; MacLeod 
et al. 2006; MacLeod et al. 2007; Geisler et al. 2014; Hirose 
et al. 2015; Park et al. 2019; McCurry et al. 2017b; Churchill 
et al. 2018; Coombs et al. 2020). The asymmetric shape and 
presence of specialized fats in the melon allow for the focus-
sing of vocalizations into a highly directional sonar beam for 
prey echolocation (Surlykke et al. 2014). This system of sound 
production for echolocation has diversified into distinct forms 
resulting in varying degrees of skull directional asymmetry 
within toothed whales (Fahlke et al. 2011; Huggenberger et al. 
2017; Coombs et al. 2020). Trade-offs between size, frequen-
cies emitted, and beam directionality are known (Jensen et al. 
2018), and our results confirm the correlation between skull  
size, biosonar mode and maximum peak frequencies. In fact, 

Fig. 3  Principal component analysis of whole odontocete skull con-
sensus shapes for all species (n = 60) belonging to nine families. Shape  
changes on the axes are shown by 3D warping. Letters indicates  
species abbreviations: Ba, Berardius arnuxii; Cc, Cephalorhynchus 
commersoni; Ce, Cephalorhynchus eutropia; Ch, Cephalorhynchus  
heavisidii; Dl, Delphinapterus leucas; Dc, Delphinus capensis; Dd, 
Delphinus delphis; Dt, Delphinus tropicalis; Fa, Feresa attenuata; 
Gma, Globicephala macrorhynchus; Gm, Globicephala melas; Gg, 
Grampus griseus; Ha, Hyperodont ampullatus; Hp, Hyperodont 
planifrons; Ip, Indopacetus pacificus; Ig, Inia geoffrensis; Kb, Kogia 
breviceps; Ks, Kogia sima; Lh, Lagenodelphis hosei; Laac, Lageno-
rhynchus acutus; Laal, Lagenorhynchus albirostris; Laau, Lageno-
rhynchus australis; Lac, Lagenorhynchus cruciger; Laobl, Lageno-
rhynchus obliquidens; Laobs, Lagenorhynchus obscurus; Lv, Lipotes 

vexillifer; Lib, Lissodelphis borealis; Lip, Lissodelphis peronii; Mbi, 
Mesoplodon bidens; Mbo, Mesoplodon bowdoini; Me, Mesoplodon 
europaeus; Mg, Mesoplodon ginkgondens; Mh, Mesoplodon hec-
tori; Mm, Mesoplodon mirus; Monmon, Monodon monoceros; Np, 
Neophocaena phocaenoides; Ob, Orcaella brevirostris; Oh, Orcaella 
heinsohni; Oo, Orcinus orca; Pe, Peponocephala electra; Pdi,  
Phocoena dioptrica; Pp, Phocoena phocoena; Ps, Phocoena sinus; 
Psp, Phocoena spinipinnis; Pda, Phocoenoides dalli; Pg, Platani-
sta gangetica; Pb, Pontoporia blanvillei; Pc, Pseudorca crassidens; 
Sf, Sotalia fluviatilis; Sch, Sousa chinensis; Sp, Sousa plumbea; St, 
Sousa teuszii; Sa, Stenella attenuata; Sco, Stenella coeruleoalba; Sfr,  
Stenella frontalis; Sl, Stenella longirostris; Sb, Steno bredanensis;  
Ta, Tursiops aduncus; Tt, Tursiops truncatus; Zc, Ziphius cavirostris 
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the narrow-band high frequency biosonar mode appears to 
have evolved four times in small distinct ecological groups 
of toothed whales, which also display a difference in size i.e., 
Kogidae, Phocoenidae, Pontoporiidae, and Lissodelphininae 
(Surlykke et al. 2014; Galatius and Goodall 2016; Galatius  
et al. 2018; Jensen et al. 2018).

Our results demonstrated that skull size is strongly associ-
ated with brain mass, and with maximum peak frequency, 
biosonar mode and prey size variables. This was expected 
as a pattern of body size constraints on sound production 
for prey detection is well-established (Jensen et al. 2018).

Brain mass occupies the larger portion of the toothed 
whale skull variation, and it is worth noting that encephali-
zation quotient (EQ) is not correlated with both skull shape 
and size. Moreover, the impact of body metrics on skull size 
is evidently a consequence of allometric changes that equally 
influence skull shape where brain mass explains generally 
the higher proportion of shape variance.

Sound is produced by high electrical potential, and having a 
large brain facilitates a greater information processing (Marino 
et al. 2004; Dudzinski et al. 2009), increases cognitive abilities, 
social ecology, communication (Montgomery et al. 2013), and 
the ability to control their hearing to maximize the returning 
echo (Nachtigall and Supin 2008; Pacini et al. 2011). Echoloca-
tion clicks are generated by right and left phonic (or monkey) 
lips which are both able to produce clicks, then focus them 
though the melon that acts as an amplifier to detect the prey/

target in the 3D environment (Cranford et al. 2011). Once the 
target has been detected, the ability to hear the returning echo is 
equal to their click production mechanism: they can detect all 
of the sounds they have emitted (Nachtigall and Supin 2008). 
That also means that the animal hearing differs depending on 
prey absence/presence, prey size and distance from it (Nachtigall 
and Supin 2008). In fact, when the target is present the toothed 
whales increase their hearing sensitivity and can select the larger 
target (Nachtigall 1980). While hile sound production is active, 
the hearing ability is a passive mechanism which has been dem-
onstrated that can be regulated by toothed whales (Natchgall and 
Supin 2013, 2015). This implies that creating a sound must be 
a requirement to hear the environment and detect the maximum 
and minimum prey size at minimum energy cost. Unsurpris-
ingly, the evolution of biosonar modes to detect their prey has 
occurred in parallel with cochlear shape adaptation to deep envi-
ronments (Park et al. 2019).

Furthermore, having a large body size increases the dive 
duration through an increase in the amount of oxygen stored in 
the muscles, and a decrease in the mass specific metabolic rate 
(Kleiber 1975). Thereby their ability to perform long dives at 
depth is improved, leading to the evolution of different biosonar 
types to enhance directional sonar beams for prey echolocation 
at specific depths (Surlykke et al. 2014). For instance, size and 
slow click rate in Ziphiidae plays an important role in foraging 
performance as having a large size increases their prey detec-
tion range (Jensen et al. 2018). Toothed whale species produce 

Fig. 4  Principal component analysis (PCA) plot representing: a. three 
diet groups (fish in red, fish/mammals in green, squid in blue); b. 
their diving ecology (deep in red, semipelagic in green, and shallow 
in blue); c. three biosonar mode groups (broad band in red, frequency 

modulated in green, and narrow-band-high-frequency); and d. four 
water surface temperature groups. Letters indicate species abbrevia-
tions listed in Fig. 3 and Online Resource 1
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different echolocation frequencies and the larger the animal is, 
the lower the frequency produced (Surlykke et al. 2014). Interest-
ingly this pattern is well established also in bats (Giacomini et al. 
2022) suggesting that there might be a biological “rule” within 
echolocating mammals. PC2 shape vector represented a poste-
riorly compressed braincase with a more concave profile of the 
facial region, mainly in Ziphiidae and Kogiidae (Fig. 3). This is 
a character associated with sound production, directionality of 
sonar clicks (Galatius and Gol’din 2011; Galatius and Goodall 
2016), and pelagic habitats (Cozzi et al. 2016). Along this axis, it 
is also possible to detect the elevation of the nuchal crest, which in 
ziphiids is linked to the presence of a very large melon (Bianucci 
et al. 2016). Changes in this area are associated with the develop-
ment of premaxillary crests, the general elevation of the vertex, 
and the increased surface area for attachment of facial muscles, 

which is associated with movements of the melon to focus the 
echolocation sound beam (Heyning 1986; Cranford et al. 2008). 
This elevation may also increase the surface insertion of the mus-
cles on the occipital plate. One of these is m. semispinalis, which 
originates from the dorsolateral surface of the skull and progresses 
in a caudal direction to the middle of the thoracic region (Cozzi 
et al. 2016). This muscle increases the swimming stability, and is 
usually associated with pelagic and deep-water ecology (Cozzi 
et al. 2016). However, our results show that at a macroevolution-
ary scale, changes in skull shape are more related to prey size 
and peak frequency emitted than to locomotion/diving abilities, 
which is consistent with a previous study (Bianucci et al. 2016; 
McCurry et al. 2017b).

Size-related variables also -influence shape variation at 
the interspecific scale, with brain mass always explaining 

Fig. 5  Regression of skull shape against centroid size. Colours indi-
cate families and letters indicate species abbreviation: Ba, Berardius 
arnuxii; Cc, Cephalorhynchus commersoni; Ce, Cephalorhynchus 
eutropia; Ch, Cephalorhynchus heavisidii; Dl, Delphinapterus leu-
cas; Dc, Delphinus capensis; Dd, Delphinus delphis; Dt, Delphinus 
tropicalis; Fa, Feresa attenuata; Gma, Globicephala macrorhynchus; 
Gm,  Globicephala melas; Gg, Grampus griseus; Ha, Hyperoodon 
ampullatus; Hp, Hyperoodon planifrons; Ip, Indopacetus pacificus;  
Ig, Inia geoffrensis; Kb, Kogia breviceps; Ks, Kogia sima; Lh, Lagen-
odelphis hosei; Laac, Lagenorhynchus acutus; Laal, Lagenorhynchus 
albirostris; Laau, Lagenorhynchus australis; Lac, Lagenorhynchus 
cruciger; Laobl, Lagenorhynchus obliquidens; Laobs, Lagenorhyn-
chus obscurus; Lv, Lipotes vexillifer; Lib, Lissodelphis borealis; Lip, 

Lissodelphis peronii; Mbi, Mesoplodon bidens; Mbo, Mesoplodon  
bowdoini; Me, Mesoplodon europaeus; Mg, Mesoplodon ginkgodens; 
Mh, Mesoplodon hectori; Mm, Mesoplodon mirus; Monmon, Mono-
don monoceros; Np, Neophocaena phocaenoides; Ob, Orcaella brev-
irostris; Oh, Orcaella heinsohni; Oo, Orcinus orca; Pe, Peponoceph-
ala electra; Pdi, Phocoena dioptrica; Pp, Phocoena phocoena; Ps,  
Phocoena sinus; Psp, Phocoena spinipinnis; Pda, Phocoenoides dalli; 
Pg, Platanista gangetica; Pb, Pontoporia blainvillei; Pc, Pseudorca 
crassidens; Sf, Sotalia fluviatilis; Sch, Sousa chinensis; Sp, Sousa 
plumbea; St, Sousa teuszii; Sa, Stenella attenuata; Sco, Stenella coer-
uleoalba; Sfr, Stenella frontalis; Sl, Stenella longirostris; Sb, Steno 
bredanensis; Ta, Tursiops aduncus; Tt, Tursiops truncatus; Zc, Ziph-
ius cavirostris 
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most of the variance in the symmetric shape component, 
followed by body mass, length and mean and minimum prey 
size. On other hand, the asymmetric component of shape 
was impacted by minimum peak frequencies, surface tem-
perature and diving ecology when corrected for phylogeny.

Our results show that skull shape correlates with surface 
temperature and minimum and average (mean) prey size, 
while general diet categories have no impact on both skull 
size and shape possibly due to relatively low variation that 
occurs within the odontocetes clades. Clearly shape is opti-
mised for dealing with the commonest prey items while 
maximum prey size might be the result of peculiar local 
adaptations still detectable in the morphology but not on a 
macroevolutionary scale.

A change in temperature is likely to change abundance, dis-
tribution and size of prey, which may induce changes in cranial 
shape between different temperature regimes (McCurry and 
Pyenson 2019). These oscillations influenced the evolution of 
rostral morphology in toothed whales in the Miocene and the 
Pliocene (McCurry and Pyenson 2019), which was linked to the 
emergence of different ecological feeding niches (McCurry et al. 
2017b). Moreover, many studies hypothesized the evolution of 
dolphin ecotypes that involve subtle differences in rostral shape 
due to ecological pressures (Natoli et al. 2004, 2006; Escorza-
Trevino et al. 2005; Adams and Rosel 2006; Morin et al. 2010; 
Charlton-Robb et al. 2011; Amaral et al. 2012; Mendez et al. 
2013; Moura et al. 2013). It indeed makes more sense that mean 
and minimum prey size exert selective pressure over long evo-
lutionary time scale on skull shape irrespective of phylogenetic 
history. Toothed whales need to detect both minimum and aver-
age prey size with their echosonar system as: i) prey captured of 
a certain size will meet better their forage daily requirements, but 
ii) they also need to know the minimum prey size as they do not 
chew their prey. This can be explained by looking at their skull 
anatomy. In toothed whales the nasal bones are shifted back-
wards and this results in a skeleton and anatomical rearrangement 
of air and food pathways. The larynx shifts to the left and it is 
encircled by the palatopharyngeal sphincter so that water does 
not enter in the airways (Reidenberg and Laitman 2018). In fact, 
toothed whales are left-side breathers and right-side swallowers. 
This shift allows whole prey to be swallowed, and our findings 
testify the association with minimum prey size swallowed and 
skull shape and size.

A possible link between prey size and prey capture mode 
has previously been hypothesized (MacLeod et al. 2006; 
McCurry et al. 2017a). Specifically, rostrum elongation divides 
longirostrine (e.g., Pontoporia) from brevirostrine (e.g., Kogia 
spp.) species. This is a major feature that relates to capture 
mode (Werth 2006a). Nonetheless, a nuance is present in feed-
ing adaptations, longirostrine species (i.e., common dolphin) 
have a long and slender rostrum that generally allows for the 
rapid capture of prey (ram feeding), and brevirostrine species 
have a broad, short rostrum and dental reduction (McCurry and 

Pyenson 2019) usually associated with suction feeding (Werth 
2006a, b). Indeed, suction feeding consists of a mechanism 
that allows a rapid decrease the intra-oral pressure in order 
to facilitate the entry of the prey (Werth 2006a, b). In addi-
tion, the longirostrine species consume a broader prey size 
range while suctions feeders tend to consume smaller prey. The 
PCA plot (Fig. 3) shows how selective pressures such as feed-
ing strategy may cause divergence and convergence of skull 
shape between families. Taxa originating from early diverg-
ing nodes in odontocetes evolution, such as the longirostrine 
Platanista and the brevirostrine Kogia, were quite divergent in 
morphology from all other odontocetes. This divergence had 
a significant influence on the identification of large sources of 
variation in the analysed skull dataset. In contrast, the extant 
paraphyletic group of ‘river dolphins’ (Platanista, Inia, Pon-
toporia, and Lipotes) provide a good example of convergence 
among disparate toothed whale lineages (Marshall 2009; Page 
and Cooper 2017). Nonetheless, Geisler et al. (2011), exam-
ined living and fossil odontocetes in a phylogenetic context and 
concluded that many features of the skulls of ‘river dolphins’ 
are retained from ancestors and did not necessarily evolve con-
vergently. It is clear from our PCA of skull shape data (Fig. 3) 
that related toothed whales tend to resemble one another. For 
example: i) species known to feed on marine mammals (Orci-
nus orca and Pseudorca crassidens) showed a similar robust 
skull shape (Vicari et al. 2022a), which is also advantageous 
for catching and killing large prey (Galatius et al. 2020); ii) 
many species (e.g. belonging to Globicephalinae and Lisso-
delphininae) have positions near their closest relatives in the 
morphospace (Galatius et al. 2020) and skull features are con-
served in Lissodelphininae compared to Delphininae, which 
occupies a larger range of PC1 scores (Galatius and Goodall 
2016; Galatius et al. 2020).

Conclusions

This study found significant associations between skull size 
and brain size, biosonar mode, prey size, maximum peak 
frequency, and body metric variables across 60 species of 
odontocetes. Biosonar mode and maximum peak frequencies 
clearly had an impact on skull size evolution only and not 
on shape, differently from minimum peak frequencies which 
impact the asymmetric component of skull shape.

Size is also a strong predictor of skull shape as evidenced 
by the allometric signal detected in this sample. In this study, 
most of the ecological relationships with skull morphology were 
not significant after removal of phylogenetic effects, and only a 
correlation between skull size and biosonar mode was detected 
together with the expected association between skull size, body 
length, brain mass, prey maximum and minimum, and maximum 
peak frequency. Brain mass, surface temperature, body mass 
and length, were also important drivers of toothed whales skull 



 Journal of Mammalian Evolution

1 3

shape evolution. Restricting the sample to the species for which 
prey size data were available provided support for an association 
between both skull size and shape and prey size. This also sug-
gests that hunting specialisation plays a key role in the evolution 
of skull morphology of odontocetes. This applies to average prey 
mass that impacts skull shape, while size correlates positively 
with both maximum and minimum prey size. Larger skulls might 
be argued to allow production of a stronger bite force necessary 
to catch and hold potential large prey, as seen in the killer whale 
(Orcinus orca), and false killer whales (Pseudorca crassidens), 
and to play an important role in foraging performance. Our find-
ing that, in toothed whales, the shape of the head differs mark-
edly from the shape of the skull demonstrates the importance of 
considering the orofacial morphology and the shape of the head 
when examining associations between ecological variables and 
morphological variation related to feeding.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10914- 022- 09642-4.

Acknowledgements The authors are grateful to museum staff, Christine 
Lefèvre, Amandine Blin, and Virginie Bouetel at MNHN, Roberto Portela 
Miguez at NHM, Morten Tange Olsen and Daniel Klingberg Johansson at 
NHMD, Paolo Agnelli at “La Specola”, and Chiara Sorbini at MSNUP for 
providing access to the collections and infrastructures. We wish to thank 
Isabelle De Groote and Alessio Veneziano who provided initial guidance 
on photogrammetry techniques, Carmelo Fruciano and Gabriele Sansalone 
for their constructive feedback. We would like to thank Morgan Churchill, 
two anonymous reviewers, the editor Daryl Croft and the associate editor 
D. Rex Mitchell who provided comments that greatly helped improve this 
manuscript, and the BioAcoustic Summer School (SeaBASS) at Syracuse 
University (NY) that provided DV with additional background information 
on marine mammals acoustics.

Author contributions DV collected the data and performed the sta-
tistical analyses. DV together with CM, RPB, MRM, RCS, OL, GB, 
wrote and revised the manuscript and its analytical interpretations. RCS 
helped DV during data collection at NHM. CM supervised the project.

Funding This project was funded by Liverpool John Moores University 
(LJMU) PhD scholarship and LJMU research grant (both awarded to D. 
Vicari) and SYNTHESYS Project which is financed by the European 
Community Research Infrastructure Action (FR-TAF-6867, and DK-
TAF-6759, both awarded to D. Vicari).

Data availability All data generated or analysed during this study are 
available at: https:// github. com/ Vicar iD/ Macro- Data. Vicari- et- al. git.

Declarations 

Competing interests The authors have no competing interests to 
declare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adams LD, Rosel PE (2006) Population differentiation of the Atlantic 
spotted dolphin (Stenella frontalis) in the western North Atlantic, 
including the Gulf of Mexico. Mar Biol 148(3):671–681. https:// 
doi. org/ 10. 1007/ s00227- 005- 0094-2

Adams DC (2014) A generalized K statistic for estimating phylogenetic 
signal from shape and other high-dimensional multivariate data. 
Syst Biol 63(5):685–697. https:// doi. org/ 10. 1093/ sysbio/ syu030

Adams DC, Collyer ML (2015) Permutation tests for phylogenetic 
comparative analyses of high-dimensional shape data: What you 
shuffle matters. Evolution (N Y) 69(3):823–829. https:// doi. org/ 
10. 1111/ evo. 12596

Adams DC, Collyer M, Kaliontzopoulou A, Sherratt E (2016) URL 
https:// CRAN.R- proje ct. org/ packa ge= geomo rph.

Agisoft (2018). Agisoft PhotoScan. Prof Ed Version 1.2. https:// www. 
agiso ft. com/ pdf/ photo scan- pro_1_ 2_5_ en. pdf

Amaral AR, Beheregaray LB, Bilgmann K, Freitas L, Robertson KM, 
Sequeira M, Stockin KA, Coelho MM, Möller LM (2012) Influ-
ences of past climatic changes on historical population structure 
and demography of a cosmopolitan marine predator, the common 
dolphin (genus Delphinus). Mol Ecol 21:4854–4871. https:// doi. 
org/ 10. 1111/j. 1365- 294X. 2012. 05728.x

Barroso C, Cranford TW, Berta A (2012) Shape analysis of odontocete 
mandibles: functional and evolutionary implications. J Morphol 
273(9):1021–1030.https:// doi. org/ 10. 1002/ jmor. 20040

Bianucci G, Celma CD, Urbina M, Lambert, O (2016) New beaked 
whales from the late Miocene of Peru and evidence for con-
vergent evolution in stem and crown Ziphiidae (Cetacea, Odon-
toceti). PeerJ 4:2479–2479. https:// doi. org/ 10. 7717/ peerj. 2479

Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic 
signal in comparative data: behavioral traits are more labile. 
Evolution 57(4):717–745. https:// doi. org/ 10. 1111/j. 0014- 3820. 
2003. tb002 85.x

Bookstein F (1991) Morphometric Tools for Landmark Data: Geom-
etry and Biology. Cambridge Univ. Press, New York https:// doi. 
org/ 10. 1017/ CBO97 80511 573064

Cardini A (2014) Missing the third dimension in geometric morpho-
metrics: how to assess if 2D images really are a good proxy 
for 3D structures? Hystrix 25(2):73–81. https:// doi. org/ 10. 4404/ 
hystr ix- 25.2- 10993

Cardini A, Polly DP (2013) Larger mammals have longer faces because 
of size-related constraints on skull form. Nat Commun 4(1):1–7. 
https:// doi. org/ 10. 1038/ ncomm s3458

Charlton-Robb K, Gershwin L, Thompson R, Austin J, Owen K, Mckechnie 
S (2011) A new dolphin species, the Burrunan dolphin Tursiops aus-
tralis sp. nov., endemic to southern Australian coastal waters. PLoS 
One 6(9):e24047. https:// doi. org/ 10. 1371/ journ al. pone. 00240 47

Churchill M, Geisler JH, Beatty BL, Goswami A (2018) Evolution 
of cranial telescoping in echolocating whales (Cetacea: Odon-
toceti). Evolution 72(5):1092–1108. https:// doi. org/ 10. 1111/ evo. 
13480

Cignoni P, Callieri M, Corsini M, Dellepiane M, Ganovelli F, Ranzuglia 
G (2008a) MeshLab: an open-source mesh processing tool. Euro-
graphics Ital Chapter. https:// doi. org/ 10. 2312/ Local Chapt erEve nts/ 
ItalC hap/ Itali anCha pConf 2008/ 129- 136

Cignoni P, Corsini M, Ranzuglia G (2008b) MeshLab: an open-source 
3D mesh processing system. ERCIM News. https:// doi. org/ 

https://doi.org/10.1007/s10914-022-09642-4
https://github.com/VicariD/Macro-Data.Vicari-et-al.git
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00227-005-0094-2
https://doi.org/10.1007/s00227-005-0094-2
https://doi.org/10.1093/sysbio/syu030
https://doi.org/10.1111/evo.12596
https://doi.org/10.1111/evo.12596
https://CRAN.R-project.org/package=geomorph
https://www.agisoft.com/pdf/photoscan-pro_1_2_5_en.pdf
https://www.agisoft.com/pdf/photoscan-pro_1_2_5_en.pdf
https://doi.org/10.1111/j.1365-294X.2012.05728.x
https://doi.org/10.1111/j.1365-294X.2012.05728.x
https://doi.org/10.1002/jmor.20040
https://doi.org/10.7717/peerj.2479
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1017/CBO9780511573064
https://doi.org/10.1017/CBO9780511573064
https://doi.org/10.4404/hystrix-25.2-10993
https://doi.org/10.4404/hystrix-25.2-10993
https://doi.org/10.1038/ncomms3458
https://doi.org/10.1371/journal.pone.0024047
https://doi.org/10.1111/evo.13480
https://doi.org/10.1111/evo.13480
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136


Journal of Mammalian Evolution 

1 3

10. 2312/ Local Chapt erEve nts/ ItalC hap/ Itali anCha pConf 2008/ 
129- 136

Coombs EJ, Felice RN, Clavel J, Park T, Bennion RF, Churchill M, 
Geisler JH, Beatty B, Goswami A (2022) The tempo of cetacean 
cranial evolution. Curr Biol 32(10):2233–2247. https:// doi. org/ 10. 
1016/j. cub. 2022. 04. 060

Coombs EJ, Clavel J, Park T, Churchill M, Goswami A (2020) 
Wonky whales: the evolution of cranial asymmetry in ceta-
ceans. BioMed Central 18(1):1–24. https:// doi. org/ 10. 1186/ 
s12915- 020- 00805-4.

Cozzi B, Huggenberger S, Oelschläger HA (2016) Anatomy of Dol-
phins: Insights Into Body Structure and Function. Academic 
Press, London.

Cranford TW, Amundin M, Norris KS (1996) Functional morphology 
and homology in the odontocete nasal complex: implications for 
sound generation. J Morphol 228(3):223–285. https:// doi. org/ 10. 
1002/ (SICI) 1097- 4687(199606) 228: 3< 223:: AID- JMOR1 >3. 0. 
CO;2-3

Cranford TW, Mckenna MF, Soldevilla MS, Wiggins SM, Goldbogen JA, 
Shadwick RE, Krysl P, St, Leger JA, Hildebrand JA (2008) Ana-
tomic geometry of sound transmission and reception in Cuvier’s 
beaked whale (Ziphius cavirostris). Anat Rec 291(4):353–378. 
https:// doi. org/ 10. 1002/ ar. 20652.

Cranford TW, Elsberry WR, Van Bonn WG, Jeffress JA, Chaplin MS, 
Blackwood DJ, Carder DA, Kamolnick T, Todd MA, Ridgway SH 
(2011). Observation and analysis of sonar signal generation in the 
bottlenose dolphin (Tursiops truncatus): evidence for two sonar 
sources. J Exp Mar Biol Ecol 407(1):81–96. https:// doi. org/ 10. 
1016/j. jembe. 2011. 07. 010

del Castillo L, Viglino M, Flores DA, Cappozzo HL (2017) Skull 
ontogeny and modularity in two species of Lagenorhyn-
chus: Morphological and ecological implications. J Morphol 
278(2):203–214. https:// doi. org/ 10. 1002/ jmor. 20629.

Dudzinski KM, Thomas JA, Gregg JD (2009) Communication in marine 
mammals. In: Perrin W, Würsig B, Thewissen J (eds) Encyclo-
pedia of Marine Mammals. Elsevier, Amsterdam, pp 260–269

Escorza-Trevino S, Archer FI, Rosales M, Lang A, Dizon AE (2005) 
Genetic differentiation and intraspecific structure of Eastern 
Tropical Pacific spotted dolphins, Stenella attenuata, revealed 
by DNA analyses. Conserv Genet 6(4):587–600. https:// doi. org/ 
10. 1007/ s10592- 005- 9013-9

Evin A, Souter T, Hulme-Beaman A, Ameen C, Allen R, Viacava P, 
Larson G, Cucchi T, Dobney K (2016) The use of close-range 
photogrammetry in zooarchaeology: Creating accurate 3D mod-
els of wolf crania to study dog domestication. J Archaeol Sci 
Reports 9:87–93. https:// doi. org/ 10. 1016/j. jasrep. 2016. 06. 028

Fahlke JM, Gingerich PD, Welsh RC, Wood AR (2011) Cranial 
asymmetry in Eocene archaeocete whales and the evolution of 
directional hearing in water. Proc Natl Acad Sci 108(35):14545–
14548. https:// doi. org/ 10. 1073/ pnas. 11089 27108.

Fahlke JM, Hampe O (2015) Cranial symmetry in baleen whales (Ceta-
cea, Mysticeti) and the occurrence of cranial asymmetry through-
out cetacean evolution. Sci Nat 102(9):58–58. https:// doi. org/ 10. 
1007/ s00114- 015- 1309-0

Falkingham PL (2012) Acquisition of high resolution three-dimensional 
models using free, open-source, photogrammetric software. Pal-
aeontol Electron 15(1). http:// palaeo- elect ronica. org/ conte nt/ 93- 
issue-1- 2012- techn ical- artic les/ 92- 3d- photo gramm etry.

Fasick JI, Robinson PR (2016) Adaptations of cetacean retinal 
pigments to aquatic environments. Front Ecol Evol 4:70. 
https:// doi. org/ 10. 3389/ fevo. 2016. 00070

Fordyce RE, Muizon CD (2001) Evolutionary history of cetaceans: a 
review. In Mazin M, de Buffrénil V (eds) Secondary adaptation 
of tetrapods to life in water. Verlag Dr. Friedrich Pfeil, Munich, 
Germany, pp 169–233

Fruciano C (2016) Measurement error in geometric morphomet-
rics. Dev Genes Evol 226(3):139–158. https:// doi. org/ 10. 1007/ 
s00427- 016- 0537-4

Galatius A, Gol’din PE (2011) Geographic variation of skeletal ontogeny 
and skull shape in the harbour porpoise (Phocoena phocoena). 
Can J Zool 89(9):869–879. https:// doi. org/ 10. 1139/ z11- 059

Galatius A, Goodall RNP (2016) Skull shapes of the Lissodelphininae: 
radiation, adaptation and asymmetry. J Morphol 277(6):776–785. 
https:// doi. org/ 10. 1002/ jmor. 20535

Galatius A, Olsen MT, Steeman ME, Racicot RA, Bradshaw CD, Kyhn 
LA, Miller LA (2018) Raising your voice: evolution of narrow-band 
highfrequency signals in toothed whales (Odontoceti). Biol J Linn 
Soc 126(2):213-224. https:// doi. org/ 10. 1093/ bioli nnean/ bly194

Galatius A, Racicot R, Mcgowen M, Olsen MT (2020) Evolution and 
diversification of delphinid skull shapes. Iscience 23(10):101543–
101543. https:// doi. org/ 10. 1016/j. isci. 2020. 101543.

Geisler JH, Mcgowen MR, Yang G, Gatesy J (2011) A supermatrix 
analysis of genomic, morphological, and paleontological data 
from crown Cetacea. BMC Evol Biol 11(1):1–33. https:// doi. org/ 
10. 1186/ 1471- 2148- 11- 112

Geisler JH, Colbert MW, Carew JL (2014) A new fossil species sup-
ports an early origin for toothed whale echolocation. Nature 
508(7496):383–386. https:// doi. org/ 10. 1038/ natur e13086

Giacomini G, Herrel A, Chaverri G, Brown RP, Russo D, Scaravelli D, 
Meloro C (2022) Functional correlates of skull shape in Chiroptera: 
feeding and echolocation adaptations. Integr Zool 17(3): 430–442. 
Wiley Online Library. https:// doi. org/ 10. 1111/ 1749- 4877. 12564

Gillet A, Frédérich B, Parmentier E (2019) Divergent evolutionary 
morphology of the axial skeleton as a potential key innovation 
in modern cetaceans. Proc R Soc B 286(1916):20191771. The 
Royal Society. https:// doi. org/ 10. 1098/ rspb. 2019. 1771

Goswami A (2015) Phenome10K: a free online repository for 3-D scans of 
biological and palaeontological specimens. www. pheno me10k. org.

Guidarelli G, Nicolosi P, Fusco G, de Francesco MC, Loy A (2014) 
Morphological variation and modularity in the mandible of three 
Mediterranean dolphin species. Ital J Zool 81(3):354–367. https:// 
doi. org/ 10. 1080/ 11250 003. 2014. 943685

Guidarelli G, Colangelo P, de Francesco MC, Nicolosi P, Meloro C, 
Loy A (2018) Phenotypic changes across a geographic gradient: 
the case of three sympatric dolphin species. Evol Biol 45(1):113–
125. Springer. https:// doi. org/ 10. 1007/ s11692- 017- 9435-6

Gunz P, Mitteroecker P, Neubauer S, Weber GW, Bookstein FL (2009) 
Principles for the virtual reconstruction of hominin crania. J Hum 
Evol 57(1):48–62. https:// doi. org/ 10. 1016/j. jhevol. 2009. 04. 004

Hammer Ø, Harper DA, Ryan DD (2001) PAST: Paleontological sta-
tistics software package for education and data analysis. Palaeon-
tol Electron 4(1):a03. http:// palaeo- elect ronica. org/ 2001_1/ past/ 
issue1_ 01. htm

Heyning JE (1986) Comparative facial anatomy of beaked whales 
(Ziphiidae) and a systematic revision among the families of 
extant Odontoceti. Dissertation, University of California, Los 
Angeles. https:// doi. org/ 10. 5962/p. 226812

Hirose A, Nakamura G, Kato H (2015) Some aspects on an asymmetry 
of nasal bones in toothed whales. Mammal Study 40(2):101–
108. https:// doi. org/ 10. 3106/ 041. 040. 0205

Hooker SK (2009) Toothed whales (Odontoceti). In: Perrin W, Würsig 
B, Thewissen J (eds) Encyclopedia of marine mammals. Elsevier, 
Amsterdam, pp 1173–1179

Huggenberger S, Leidenberger S, Oelschläger HHA (2017) Asym-
metry of the nasofacial skull in toothed whales (Odontoceti). J 
Zool 302(1):15–23. https:// doi. org/ 10. 1111/ jzo. 12425.

Jensen FH, Johnson M, Ladegaard M, Wisniewska DM, Madsen PT 
(2018) Narrow acoustic field of view drives frequency scal-
ing in toothed whale biosonar. Curr Biol 28(23):3878–3885. 
https:// doi. org/ 10. 1016/j. cub. 2018. 10. 037.

https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.1016/j.cub.2022.04.060
https://doi.org/10.1016/j.cub.2022.04.060
https://doi.org/10.1186/s12915-020-00805-4
https://doi.org/10.1186/s12915-020-00805-4
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3<223::AID-JMOR1>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3<223::AID-JMOR1>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3<223::AID-JMOR1>3.0.CO;2-3
https://doi.org/10.1002/ar.20652
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1002/jmor.20629
https://doi.org/10.1007/s10592-005-9013-9
https://doi.org/10.1007/s10592-005-9013-9
https://doi.org/10.1016/j.jasrep.2016.06.028
https://doi.org/10.1073/pnas.1108927108
https://doi.org/10.1007/s00114-015-1309-0
https://doi.org/10.1007/s00114-015-1309-0
http://palaeo-electronica.org/content/93-issue-1-2012-technical-articles/92-3d-photogrammetry
http://palaeo-electronica.org/content/93-issue-1-2012-technical-articles/92-3d-photogrammetry
https://doi.org/10.3389/fevo.2016.00070
https://doi.org/10.1007/s00427-016-0537-4
https://doi.org/10.1007/s00427-016-0537-4
https://doi.org/10.1139/z11-059
https://doi.org/10.1002/jmor.20535
https://doi.org/10.1093/biolinnean/bly194
https://doi.org/10.1016/j.isci.2020.101543
https://doi.org/10.1186/1471-2148-11-112
https://doi.org/10.1186/1471-2148-11-112
https://doi.org/10.1038/nature13086
https://doi.org/10.1111/1749-4877.12564
https://doi.org/10.1098/rspb.2019.1771
http://www.phenome10k.org
https://doi.org/10.1080/11250003.2014.943685
https://doi.org/10.1080/11250003.2014.943685
https://doi.org/10.1007/s11692-017-9435-6
https://doi.org/10.1016/j.jhevol.2009.04.004
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.5962/p.226812
https://doi.org/10.3106/041.040.0205
https://doi.org/10.1111/jzo.12425
https://doi.org/10.1016/j.cub.2018.10.037


 Journal of Mammalian Evolution

1 3

Katz D, Friess M (2014) 3D from standard digital photography of 
human crania-a preliminary assessment. Am J Phys Anthropol 
154(1):152–158. https:// doi. org/ 10. 1002/ ajpa. 22468

Kleiber M (1975) Metabolic turnover rate: a physiological meaning of 
the metabolic rate per unit body weight. J Theor Biol 53(1):90110–
90111. https:// doi. org/ 10. 1016/ 0022- 5193(75) 90110-1

Klingenberg CP (2011) MorphoJ: An integrated software package 
for geometric morphometrics. Mol Ecol Resour 11(2):353-357. 
https:// doi. org/ 10. 1111/j. 1755- 0998. 2010. 02924.x.

Klingenberg CP, Barluenga M, Meyer A (2002) Shape analysis of 
symmetric structures: quantifying variation among individuals 
and asymmetry. Evolution 56(10):1909-1920. https:// doi. org/ 10. 
1111/j. 0014- 3820. 2002. tb001 17.x

Linder W (2016) Digital photogrammetry: a practical course. Springer, 
Berlin. https:// doi. org/ 10. 1007/ 978-3- 662- 50463-5_1

Loy A, Tamburelli A, Carlini R, Slice DE (2011) Craniometric varia-
tion of some Mediterranean and Atlantic populations of Stenella 
coeruleoalba (Mammalia, Delphinidae): A three-dimensional 
geometric morphometric analysis. Mar Mamm Sci 27(2):65–78. 
https:// doi. org/ 10. 1111/j. 1748- 7692. 2010. 00431.x

MacLeod CD (2002) Possible functions of the ultradense bone in the 
rostrum of Blainville’s beaked whale (Mesoplodon densirostris). 
Can J Zool 80(1):178– 184. https:// doi. org/ 10. 1139/ z01- 188.

MacLeod CD, Santos MB, Lopez A, Pierce GJ (2006) Relative 
prey size consumption in toothed whales: implications for 
prey selection and level of specialisation. Mar Ecol Prog Ser 
326:295–307. https:// doi. org/ 10. 3354/ meps3 26295

MacLeod CD, Reidenberg JS, Weller M, Santos MB, Herman J, Goold 
J, Pierce GJ (2007) Breaking symmetry: the marine environment, 
prey size, and the evolution of asymmetry in cetacean skulls. 
Anat Rec 290(6):539–545. https:// doi. org/ 10. 1002/ ar. 20539

Maddison WP, Maddison DR (2021) Mesquite: a modular system 
for evolutionary analysis. See http:// www. mesqu itepr oject. org

Mallison H (2018) Dinosaurpalaeo. Photogrammetry tutorial 11: How to 
handle a project in Agisoft Photoscan ; tutorial 12:my workflow for 
Agisoft Photoscan. https:// dinos aurpa laeo. wordp ress. com/.

Mallison H, Wings O (2014) Photogrammetry in paleontology-a practical 
guide. J Paleontol Tech 12:1–31. http:// creat iveco mmons. org/ licen ses/ 
by- sa/3. 0/. www. jpale ontol ogica ltech niques. org.

Manger PR (2006) An examination of cetacean brain structure with a 
novel hypothesis correlating thermogenesis to the evolution of a 
big brain. Biol Rev Camb Philos Soc 81(2):293–338. https:// doi. 
org/ 10. 1017/ S1464 79310 60070 19

Marcus L, Hingst-Zaher E, Zaher H (2000) Application of landmark mor-
phometrics to skulls representing the orders of living mammals. 
Hystrix 11(1):27–47. https:// doi. org/ 10. 4404/ hystr ix- 11.1- 4135

Marcy AE, Fruciano C, Phillips MJ, Mardon K, Weisbecker V (2018) Low 
resolution scans can provide a sufficiently accurate, cost-and time-
effective alternative to high resolution scans for 3D shape analyses. 
Peer J 6:5032. https:// doi. org/ 10. 7717/ peerj. 5032

Marino L, Mcshea DW, Uhen MD (2004) Origin and evolution of large 
brains in toothed whales. Anat Rec 281(2):1247–1255. https:// 
doi. org/ 10. 1002/ ar.a. 20128

Marino L, Butti C, Connor RC, Fordyce RE, Herman LM, Hof PR, 
Lefebvre L, Lusseau D, Mccowan B, Nimchinsky EA (2008) A 
claim in search of evidence: reply to Manger’s thermogenesis 
hypothesis of cetacean brain structure. Biol Rev 83(4):417–440. 
https:// doi. org/ 10. 1111/j. 1469- 185X. 2008. 00049.x

Marshall CD (2009) Feeding morphology. In: Perrin W, Würsig B, 
Thewissen J (eds) Encyclopedia of marine mammals. Elsevier, 
Amsterdam, pp 406–414

Martínez-Cáceres M, Lambert O, Muizon C de (2017) The anatomy 
and phylogenetic affinities of Cynthiacetus peruvianus, a large 
Dorudon-like basilosaurid (Cetacea, Mammalia) from the late 
Eocene of Peru. Geodiversitas 39(1):7–163. https:// doi. org/ 10. 
5252/ g2017 n1a1

Martins EP, Hansen TF (1997) Phylogenies and the comparative method: 
a general approach to incorporating phylogenetic information into 
the analysis of interspecific data. Am Nat 149(4):646–667. https:// 
doi. org/ 10. 1086/ 286013

Marx FG, Fordyce RE (2015) Baleen boom and bust: a synthesis of 
mysticete phylogeny, diversity and disparity. R Soc Open Sci 
2(4):140434. https:// doi. org/ 10. 1098/ rsos. 140434

Marx FG, Lambert O, Uhen MD (2016). Cetacean Paleobiology. John 
Wiley and Sons.

McClellan DA, Palfreyman EJ, Smith MJ, Moss JL, Christensen RG, 
Sailsbery JK (2005) Physicochemical evolution and molecular 
adaptation of the cetacean and artiodactyl cytochrome b pro-
teins. Mol Biol Evol 22(3):437–455. https:// doi. org/ 10. 1093/ 
molbev/ msi028

McCurry MR, Pyenson ND (2019) Hyper-longirostry and kinematic 
disparity in extinct toothed whales. Paleobiology 45(1):21–29. 
https:// doi. org/ 10. 1017/ pab. 2018. 33

McCurry MR, Evans AR, Fitzgerald EMG, Adams JW, Clausen PD, 
Mchenry CR (2017a) The remarkable convergence of skull 
shape in crocodilians and toothed whales. Proc Royal Soc B 
284(1850):20162348. https:// doi. org/ 10. 1098/ rspb. 2016. 2348

McCurry MR, Fitzgerald EMG, Evans AR, Adams JW, Mchenry CR 
(2017b) Skull shape reflects prey size niche in toothed whales. Biol 
J Linn Soc 121(4):936–946. https:// doi. org/ 10. 1093/ bioli nnean/ 
blx032.

McGowen MR, Spaulding M, Gatesy J (2009) Divergence date estimation 
and a comprehensive molecular tree of extant cetaceans. Mol Phy-
logenet Evol 53(3):891–906. https:// doi. org/ 10. 1016/j. ympev. 2009. 
08. 018.

McKenna MF, Cranford TW, Berta A, Pyenson ND (2012) Morphol-
ogy of the odontocete melon and its implications for acoustic 
function. Mar Mamm Sci 28(4):690–713. https:// doi. org/ 10. 
1111/j. 1748- 7692. 2011. 00526.x

Meloro C, Tamagnini D (2021) Macroevolutionary ecomorphology 
of the Carnivora skull: adaptations and constraints in the extant 
species. Zool J Linn Soc 196(3):1054–1068. https:// doi. org/ 10. 
1093/ zooli nnean/ zlab0 75

Mendez M, Jefferson TA, Kolokotronis S, Krützen M, Parra GJ, Collins T, 
Minton G, Baldwin R, Berggren P, and Särnblad A (2013) Integrat-
ing multiple lines of evidence to better understand the evolution-
ary divergence of humpback dolphins along their entire distribu-
tion range: a new dolphin species in Australian waters? Mol Ecol 
22(23):5936–5948. https:// doi. org/ 10. 1111/ mec. 12535

Miller GS (1923) The telescoping of the cetacean skull (with eight plates). 
Smithson Misc Collect 76:1–5.

Monteiro LR (2013) Morphometrics and the comparative method: 
studying the evolution of biological shape. Hystrix 24(1):25-32. 
https:// doi. org/ 10. 4404/ hystr ix- 24.1- 6282

Montgomery SH, Geisler JH, Mcgowen MR, Fox C, Marino L, Gatesy 
J (2013) The evolutionary history of cetacean brain and body size. 
Evolution 67(11):3339–3353. https:// doi. org/ 10. 1111/ evo. 12197

Morin PA, Archer FI, Foote AD, Vilstrup J, Allen EE, Wade P, Durban 
J, Parsons K, Pitman R, and Li L (2010) Complete mitochondrial 
genome phylogeographic analysis of killer whales (Orcinus orca) 
indicates multiple species. Genome Res 20(7):908–916. http:// www. 
genome. org/ cgi/ doi/ 10. 1101/ gr. 102954. 109

Moura AE, Natoli A, Rogan E, and Hoelzel AR (2013) Atypical pan-
mixia in a European dolphin species (Delphinus delphis): impli-
cations for the evolution of diversity across oceanic boundaries. 
J Evol Biol 26(1):63–75. https:// doi. org/ 10. 1111/ jeb. 12032

Mourlam MJ, Orliac MJ (2017) Infrasonic and ultrasonic hear-
ing evolved after the emergence of modern whales. Curr Biol 
27(12):1776–1781. https:// doi. org/ 10. 1016/j. cub. 2017. 04. 061

Muñoz-Muñoz F, Quinto-Sánchez M, González-José R (2016) Pho-
togrammetry: a useful tool for three-dimensional morphometric 

https://doi.org/10.1002/ajpa.22468
https://doi.org/10.1016/0022-5193(75)90110-1
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1007/978-3-662-50463-5_1
https://doi.org/10.1111/j.1748-7692.2010.00431.x
https://doi.org/10.1139/z01-188
https://doi.org/10.3354/meps326295
https://doi.org/10.1002/ar.20539
http://www.mesquiteproject.org
https://dinosaurpalaeo.wordpress.com/
http://creativecommons.org/licenses/by-sa/3.0/.www.jpaleontologicaltechniques.org
http://creativecommons.org/licenses/by-sa/3.0/.www.jpaleontologicaltechniques.org
https://doi.org/10.1017/S1464793106007019
https://doi.org/10.1017/S1464793106007019
https://doi.org/10.4404/hystrix-11.1-4135
https://doi.org/10.7717/peerj.5032
https://doi.org/10.1002/ar.a.20128
https://doi.org/10.1002/ar.a.20128
https://doi.org/10.1111/j.1469-185X.2008.00049.x
https://doi.org/10.5252/g2017n1a1
https://doi.org/10.5252/g2017n1a1
https://doi.org/10.1086/286013
https://doi.org/10.1086/286013
https://doi.org/10.1098/rsos.140434
https://doi.org/10.1093/molbev/msi028
https://doi.org/10.1093/molbev/msi028
https://doi.org/10.1017/pab.2018.33
https://doi.org/10.1098/rspb.2016.2348
https://doi.org/10.1093/biolinnean/blx032
https://doi.org/10.1093/biolinnean/blx032
https://doi.org/10.1016/j.ympev.2009.08.018
https://doi.org/10.1016/j.ympev.2009.08.018
https://doi.org/10.1111/j.1748-7692.2011.00526.x
https://doi.org/10.1111/j.1748-7692.2011.00526.x
https://doi.org/10.1093/zoolinnean/zlab075
https://doi.org/10.1093/zoolinnean/zlab075
https://doi.org/10.1111/mec.12535
https://doi.org/10.4404/hystrix-24.1-6282
https://doi.org/10.1111/evo.12197
http://www.genome.org/cgi/doi/10.1101/gr.102954.109
http://www.genome.org/cgi/doi/10.1101/gr.102954.109
https://doi.org/10.1111/jeb.12032
https://doi.org/10.1016/j.cub.2017.04.061


Journal of Mammalian Evolution 

1 3

analysis of small mammals. J Zool Syst Evol Res 54(4):318–325. 
https:// doi. org/ 10. 1111/ jzs. 12137

Nachtigall PE (1980) Odontocete echolocation performance on object 
size, shape and material. In Busnel R-G, Fish JF (eds) Animal 
Sonar Systems. Springer, Boston, pp 71–95. https:// doi. org/ 10. 
1007/ 978-1- 4684- 7254-7_4

Nachtigall PE, Supin AY (2008) A false killer whale adjusts its hearing 
when it echolocates. J Exp Biol 211(11):1714–1718. https:// doi. 
org/ 10. 1121/1. 29342 53

Nachtigall PE, Supin AY (2013) A false killer whale reduces its hearing 
sensitivity when a loud sound is preceded by a warning. J Exp 
Biol 216(16):3062–3070. https:// doi. org/ 10. 1242/ jeb. 085068

Nachtigall PE, Supin AY (2015) Conditioned frequency-dependent 
hearing sensitivity reduction in the bottlenose dolphin (Tursiops 
truncatus). J Exp Biol 218(7):999–1005. https:// doi. org/ 10. 1242/ 
jeb. 114066

Natoli A, Peddemors VM, Hoelzel R, A (2004) Population structure 
and speciation in the genus Tursiops based on microsatellite and 
mitochondrial DNA analyses. J Evol Biol 17(2):363–375. https:// 
doi. org/ 10. 1046/j. 1420- 9101. 2003. 00672.x

Natoli A, Cañadas A, Peddemors VM, Aguilar A, Vaquero C, Fernandez-
Piqueras P, Hoelzel AR (2006) Phylogeography and alpha taxonomy 
of the common dolphin (Delphinus sp.). J Evol Biol 19(3):943–954. 
https:// doi. org/ 10. 1111/j. 1420- 9101. 2005. 01033.x

Noren SR, Williams TM (2000) Body size and skeletal muscle myoglo-
bin of cetaceans: adaptations for maximizing dive duration. Comp 
Biochem Physiol 126(2):182–185. https:// doi. org/ 10. 1016/ S1095- 
6433(00) 00182-3

Pacini AF, Nachtigall PE, Quintos CT, Schofield TD, Look DA, Levine 
GA, Turner JP (2011). Audiogram of a stranded Blainville's beaked 
whale (Mesoplodon densirostris) measured using auditory evoked 
potentials. J Exp Biol 214(14):2409–2415. https:// doi. org/ 10. 1242/ 
jeb. 054338

Page CE, Cooper N (2017) Morphological convergence in ‘river dolphin’ 
skulls. PeerJ 5:4090. https:// doi. org/ 10. 7717/ peerj. 4090

Paradis E, Schliep K (2019) ape 5.0: an environment for modern phylo-
genetics and evolutionary analyses in R. Bioinformatics 35:526–
528. https:// doi. org/ 10. 1093/ bioin forma tics/ bty633

Park T, Mennecart B, Costeur L, Grohé C, Cooper N (2019) Con-
vergent evolution in toothed whale cochleae. BMC Evol Biol 
19(1):195. https:// doi. org/ 10. 1098/ rsbl. 2016. 0060

Perrin WF (1975) Variation of spotted and spinner porpoise (genus 
Stenella) in the Eastern Pacific and Hawaii. Bulletin of the 
Scripps Institution of Oceanography, University of California

R Team (2015) RStudio: Integrated Development for R. https:// www. 
nrel. gov/ docs/ fy16o sti/ 65298. pdf.

Reidenberg JS, Laitman JT (2018). Anatomy of underwater sound pro-
duction with a focus on ultrasonic vocalization in toothed whales 
including dolphins and porpoises. In Brudzynski SF (ed) Hand-
book of behavioral neuroscience, vol 25. Elsevier, pp 509–519. 
https:// doi. org/ 10. 1016/ B978-0- 12- 809600- 0. 00047-0

Reznick DN, Ricklefs RE (2009) Darwin’s bridge between microevolu-
tion and macroevolution. Nature 457(7231):837–842. https:// doi. 
org/ 10. 1038/ natur e07894

Rohlf FJ, Marcus LF (1993) A revolution morphometrics. Trends 
Ecol Evol 8(4):129–132. https:// doi. org/ 10. 1016/ 0169- 5347(93) 
90024-J

Rohlf FJ (2001) Comparative methods for the analysis of continuous 
variables:geometric interpretations. Evolution 55(11):2143–
2160. https:// doi. org/ 10. 1111/j. 0014- 3820. 2001. tb007 31.x

Rommel SA, Pabst DA, Mclellan WA (2009) Skull anatomy. In: Perrin 
W, Würsig B, Thewissen J (eds) Encyclopedia of Marine Mam-
mals. Elsevier, Amsterdam, pp 1033–1047

Roston RA, Roth VL (2019) Cetacean skull telescoping brings evolu-
tion of cranial sutures into focus. Anat Rec 302(7):1055–1073. 
Wiley Online Library. https:// doi. org/ 10. 1002/ ar. 24079

Sherratt E (2015) Tricks 8: examining replicate error | R-bloggers. https:// 
www.r- blogg ers. com/ tips- tricks- 8- exami ning- repli cate- error/

Slater GJ, Price SA, Santini F, Alfaro ME (2010) Diversity versus dis-
parity and the radiation of modern cetaceans. Proc Royal Soc B 
277(1697):3097–3104. https:// doi. org/ 10. 1098/ rspb. 2010. 0408

Surlykke A, Nachtigall PE, Fay RR, Popper AN (2014) Biosonar. Springer.
Uhen MD (2004) Form, function, and anatomy of Dorudon atrox 

(Mammalia, Cetacea): an archaeocete from the middle to late 
Eocene of Egypt. Pap Paleontol Univ Mich 34:1–222.

Vicari D, Sabin RC, Brown RP, Lambert O, Bianucci G, Meloro C 
(2022a) Skull morphological variation in a British stranded 
population of false killer whale (Pseudorca crassidens): a three-
dimensional geometric morphometric approach. Can J Zool 
100(2):119–132. https:// doi. org/ 10. 1139/ cjz- 2021- 0112

Vicari D, Lorenzen ED, Skovrind M, Szpak P, Louis M, Olsen MT, 
Brown RP, Lambert O, Bianucci G, Sabin RC, Meloro C (2022b) 
Skull ecomorphological variation of narwhals (Monodon monoc-
eros, Linnaeus 1758) and belugas (Delphinapterus leucas, 
Pallas 1776) reveals phenotype of their hybrids. PLoS ONE 
17(8):e0273122. https:// doi. org/ 10. 1371/ journ al. pone. 02731 22

Watanabe A (2018) How many landmarks are enough to characterize 
shape and size variation? PLoS ONE 13(6):e0198341. https:// 
doi. org/ 10. 1371/ journ al. pone. 01983 41

Werth AJ (1992) Anatomy and evolution of odontocete suction feeding. 
Cambridge, Massachusetts, Harvard University

Werth AJ (2006a) Mandibular and dental variation and the evolution of 
suction feeding in Odontoceti. J Mammal 87(3):579–588. https:// 
doi. org/ 10. 1644/ 05- MAMM-A- 279R1.1

Werth AJ (2006b) Odontocete suction feeding: experimental analysis 
of water flow and head shape. J Morphol 267(12):1415–1428. 
https:// doi. org/ 10. 1002/ jmor. 10486

Werth AJ (2007) Adaptations of the cetacean hyolingual apparatus for 
aquatic feeding and thermoregulation. Anat Rec 290(6):546–568. 
https:// doi. org/ 10. 1002/ ar. 20538

Wiley DF, Amenta N, Alcantara DA, Ghosh D, Kil YJ, Delson E, 
Harcourt-Smith W, Rohlf FJ, John KS, Hamann B (2005) Evo-
lutionary morphing. VIS 05. IEEE Visualization 2005:431–438. 
https:// doi. org/ 10. 1109/ VISUAL. 2005. 15328 26

Winge H (1918) Udsigt over hvalernes indbyrdes slaegtskab. Vidensk 
Medd Fra Dansk Naturh Foren 70:59–142. https:// doi. org/ 10. 
5962/ bhl. title. 16220

Winge H (1921) A review of the interrelationships of the Cetacea. 
Smithson Misc Collect 72(8):1–97

Würsig B (2009) Ecology, overview. In: Perrin W, Würsig B, Thewissen 
J (eds) Encyclopedia of marine mammals. Elsevier, Amsterdam, 
pp 361–364

Würsig B, Perrin WF (eds) (2009) Encyclopedia of marine mammals. 
Academic Press

https://doi.org/10.1111/jzs.12137
https://doi.org/10.1007/978-1-4684-7254-7_4
https://doi.org/10.1007/978-1-4684-7254-7_4
https://doi.org/10.1121/1.2934253
https://doi.org/10.1121/1.2934253
https://doi.org/10.1242/jeb.085068
https://doi.org/10.1242/jeb.114066
https://doi.org/10.1242/jeb.114066
https://doi.org/10.1046/j.1420-9101.2003.00672.x
https://doi.org/10.1046/j.1420-9101.2003.00672.x
https://doi.org/10.1111/j.1420-9101.2005.01033.x
https://doi.org/10.1016/S1095-6433(00)00182-3
https://doi.org/10.1016/S1095-6433(00)00182-3
https://doi.org/10.1242/jeb.054338
https://doi.org/10.1242/jeb.054338
https://doi.org/10.7717/peerj.4090
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1098/rsbl.2016.0060
https://www.nrel.gov/docs/fy16osti/65298.pdf
https://www.nrel.gov/docs/fy16osti/65298.pdf
https://doi.org/10.1016/B978-0-12-809600-0.00047-0
https://doi.org/10.1038/nature07894
https://doi.org/10.1038/nature07894
https://doi.org/10.1016/0169-5347(93)90024-J
https://doi.org/10.1016/0169-5347(93)90024-J
https://doi.org/10.1111/j.0014-3820.2001.tb00731.x
https://doi.org/10.1002/ar.24079
https://www.r-bloggers.com/tips-tricks-8-examining-replicate-error/
https://www.r-bloggers.com/tips-tricks-8-examining-replicate-error/
https://doi.org/10.1098/rspb.2010.0408
https://doi.org/10.1139/cjz-2021-0112
https://doi.org/10.1371/journal.pone.0273122
https://doi.org/10.1371/journal.pone.0198341
https://doi.org/10.1371/journal.pone.0198341
https://doi.org/10.1644/05-MAMM-A-279R1.1
https://doi.org/10.1644/05-MAMM-A-279R1.1
https://doi.org/10.1002/jmor.10486
https://doi.org/10.1002/ar.20538
https://doi.org/10.1109/VISUAL.2005.1532826
https://doi.org/10.5962/bhl.title.16220
https://doi.org/10.5962/bhl.title.16220

	Ecomorphology of toothed whales (Cetacea, Odontoceti) as revealed by 3D skull geometry
	Abstract
	Introduction
	Material and methods
	Specimens examined
	Sampling: Photogrammetry protocol
	Landmark data
	Skull asymmetry and measurement error
	Geometric morphometric (GM) analyses
	Comparative methods

	Results
	Skull asymmetry and measurement error
	Overall skull shape
	Ordinary least squares (OLS) and phylogenetic generalized least squares (PGLS)

	Discussion
	Conclusions
	Acknowledgements 
	References


