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A B S T R A C T   

Directional cranial asymmetry is an intriguing condition that has evolved in all odontocetes which has mostly 
been associated with sound production for echolocation. In this study, we investigated how cranial asymmetry 
varies across odontocete species both in terms of quality (i.e., shape), and quantity (magnitude of deviation from 
symmetry). We investigated 72 species across all ten families of Odontoceti using two-dimensional geometric 
morphometrics. The average asymmetric shape was largely consistent across odontocetes – the rostral tip, 
maxillae, antorbital notches and braincase, as well as the suture crest between the frontal and interparietal bones 
were displaced to the right, whereas the nasal septum and premaxillae showed leftward shifts, in concert with an 
enlargement of the right premaxilla and maxilla. A clear phylogenetic signal related to asymmetric shape 
variation was identified across odontocetes using squared-change parsimony. The magnitude of asymmetry was 
widely variable across Odontoceti, with greatest asymmetry in Kogiidae, Monodontidae and Globicephalinae, 
followed by Physeteridae, Platanistidae and Lipotidae, while the asymmetry was lowest in Lissodelphininae, 
Phocoenidae, Iniidae and Pontoporiidae. Ziphiidae presented a wide spectrum of asymmetry. Generalized linear 
models explaining magnitude of asymmetry found associations with click source level while accounting for 
cranial size. Using phylogenetic generalized least squares, we reconfirm that source level and centroid size 
significantly predict the level of cranial asymmetry, with more asymmetric marine taxa generally consisting of 
bigger species emitting higher output sonar signal, i.e. louder sounds. Both characteristics theoretically support 
foraging at depth, the former by allowing extended diving and the latter being adaptive for prey detection at 
longer distances. Thus, cranial asymmetry seems to be an evolutionary pathway that allows odontocetes to 
devote more space for sound-generating structures associated with echolocation and thus increases biosonar 
search range and foraging efficiency beyond simple phylogenetic scaling predictions.   

1. Introduction 

Directional asymmetry is the expression of a feature with consistent 
laterality, ranging from atomic level to bodily features (Neville, 1976; 
Palmer, 2009). In Cetacea (originating during the early Eocene ~54 
Mya) (Thewissen et al., 2001), directional asymmetry has mostly been 
described in internal structures, including the skeleton (Arvy, 1977). 
The post-cranial skeleton presents some examples of directionality in 
asymmetry (Arvy, 1977), such as the appendicular skeleton of some 
odontocetes (toothed whales) with larger structures on the right side, 

suggesting lateralized behaviour for swimming, foraging and social 
interaction (Galatius, 2005, 2006; Gómez-Campos et al., 2010). Most 
descriptions of cetacean asymmetry, however, relate to cranial struc-
tures. The observed asymmetries are unique among mammals and have 
drawn attention for a long time (Beddard, 1900; Ness, 1967; Mead, 
1975). They have been investigated in association with sound produc-
tion and hearing with diverse interpretations (Cranford et al., 1996; 
Fahlke and Hampe, 2015; Coombs et al., 2020; Laeta et al., 2020). In 
some stem Cetacea (archaeocetes) from the late Eocene-Oligocene, skull 
asymmetry has been proposed to be related to directional hearing 
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(Fahlke et al., 2011; Fahlke and Hampe, 2015). The suborder Odontoceti 
presents a broad spectrum of cranial asymmetry in terms of both shape 
variation and magnitude. These cranial asymmetries have mostly been 
associated with sound production (Mead, 1975; Heyning, 1989; but see 
Macleod et al., (2007) for an alternative interpretation related to prey 
swallowing). 

Cranial asymmetry in many extinct odontocete taxa is less conspic-
uous, or even absent compared to manifestations in extant taxa (Barnes, 
1978 apud Ichishima et al., 1994; Barnes, 1985 apud Ichishima, 1994; 
Coombs et al., 2020). The diversity in extinct taxa also includes in-
consistencies in directionality, with some structures larger on the right 
side, as described for Cotylocara macei Geisler, Colbert and Carew, 2014 
and Waipatia maerewhenua (Fordyce, 1994; Fordyce, 1994; Geisler et al., 
2014), although in many geologically younger taxa, there is a tendency 
towards asymmetry with an expression similar to that observed in 
modern taxa (Marx et al., 2016). This asymmetry may be related to the 
specialization of the nasal apparatus to sound production for echoloca-
tion as suggested for crown odontocetes (Fordyce, 2002; Geisler et al., 
2014; Murakami et al., 2014; Boessenecker et al., 2017). In extant spe-
cies, asymmetry is consistent in directionality as well as with respect to 
the bone structures involved, but magnitude and shape are variable 
(Mead, 1975; Heyning, 1989; Laeta et al., 2020). This may reflect ad-
aptations in the soft tissues responsible for sound production and 
propagation – nasal apparatus and melon, which in turn may be related 
to sound production (Norris, 1964 and Wood, 1964 apud Mead, 1975; 
Mckenna et al., 2012; Hirose et al., 2015). 

In all extant odontocetes, directional asymmetry is characterized by 
a leftward shift of the right premaxilla and nasal bones, accompanied by 
left-sided displacement of the dorsal midline in combination with an 
enlargement of the right nasal bone, premaxilla and maxilla (Mead, 
1975; Galatius and Goodall, 2016; Laeta et al., 2020), albeit the amount 
of asymmetry varies widely. In extant members of the earliest diverging 
families, the sperm whales (Physeter and Kogia) and the riverine, Plata-
nista, asymmetry is remarkable, while most of the beaked whales 
(Ziphiidae) and other ‘river dolphins’ Inia and Pontoporia present more 
subtle asymmetry (Ness, 1967; Hirose et al., 2015; Huggenberger et al., 
2016a). Extant members of the latest diverging families, Monodontidae, 
Phocoenidae and Delphinidae, forming the superfamily Delphinoidea 
(Milinkovitch et al., 1994; Waddell et al., 2000; McGowen et al., 2020), 
present highly variable levels of asymmetry (Ness, 1967; Galatius and 
Goodall, 2016; Laeta et al., 2020). 

Cranford et al. (1996) hypothesized a relationship between level of 
asymmetry and sound production, suggesting that less asymmetric 
odontocetes, e.g. Pontoporia and Phocoenidae, emitted clicks with a 
single peak in frequency because they were generated simultaneously 
and bilaterally from similarly sized phonic lips. More asymmetric taxa, 
e.g. the bottlenose dolphin Tursiops truncatus (Montagu, 1821), were 
then hypothesized to emit clicks with two spectral peaks as a conse-
quence of the asymmetric dimensions of right and left phonic lips. 
Subsequently, Madsen et al. (2010, 2013) and Ames et al. (2020) 
investigated several representatives of Delphinoidea, and detected click 
production only from the right pair of phonic lips in the subtly asym-
metric harbour porpoise Phocoena phocoena (Linnaeus, 1758), as well as 
in more asymmetric species, such as T. truncatus, false killer whale 
Pseudorca crassidens (Owen, 1846), and beluga whale Delphinapterus 
leucas (Pallas, 1776). 

Further studies investigating the relationship between magnitude of 
asymmetry and frequencies of echolocation clicks among odontocete 
taxa have not detected a clear signal. Huggenberger et al. (2016a) 
compared the highly asymmetric Kogia sima (Owen, 1866) and the 
subtly asymmetric Pontoporia blainvillei (Gervais and d′Orbigny, 1844), 
the phocoenids P. phocoena and Phocoenoides dalli (True, 1885), and the 
delphinid Cephalorhynchus commersonii (Lacépède, 1804), all of which 
emit clicks with a single peak frequency (also known as narrow-band 
high frequency clicks). Within the Lissodelphininae, which include 
species with varying levels of asymmetry emitting clicks with both single 

and dual spectral peaks in frequency, there is no association between 
magnitude of asymmetry and type of echolocation signal (Galatius and 
Goodall, 2016; Jensen et al., 2018; Galatius et al., 2019). Thus, this 
aspect of echolocation signals does not appear to be related to the level 
of cranial asymmetry. Coombs et al. (2020) detected a potential signal of 
echolocation frequency contributing to evolution of odontocete cranial 
asymmetry and called for further analysis of species-specific frequencies 
across Cetacea. Laeta et al. (2020) investigated relationships of source 
level, frequency, duration and bandwidth among Delphinoidea, and 
found that, among these characteristics, source level provided the 
strongest signal. The interpretation was that asymmetry was associated 
with the enlargement of the sound-generating structures on the right 
side, allowing the production of more powerful sounds, ultimately 
enabling the scanning of larger volumes of water, particularly by 
deep-diving members of the superfamily. 

Here, we analyze the variation of directional cranial asymmetry 
across all ten families of the suborder Odontoceti. We investigate the 
nature of asymmetry in terms of shape as well as the magnitude of 
asymmetry through two-dimensional geometric morphometrics. We 
also investigate potential relationships between these expressions of 
asymmetry and aspects of sound production – source level and fre-
quency, with further implications for adaptations to diverse habitats, 
such as rivers, coastal systems or deep oceanic waters. 

2. Material and methods 

2.1. Sample 

The investigated sample comprises 346 skulls of 72 species and one 
hybrid, encompassing all ten families of Odontoceti, which are held in 
the Museu Nacional - Universidade Federal do Rio de Janeiro, Brazil 
(MN); Grupo de Estudos de Mamíferos Marinhos do Rio Grande do Sul, 
Brazil (GEMARS); Museo Nacional de Historia Natural, Chile (MNHN- 
Chile); Natural History Museum of Denmark, Denmark (NHMDK); 
Natural History Museum, London, United Kingdom (NHMUK); Muséum 
national d′Histoire naturelle, France (MNHN-France); Museo di Storia 
Naturale dell’Università di Pisa, Italy (MSNUP); Museum of New Zea-
land Te Papa Tongarewa, New Zealand (Te Papa); California Academy of 
Sciences, United States of America (CAS:MAM); Florida Museum of 
Natural History, United States of America (UF-Mammals); National 
Museum of Natural History, Smithsonian Institution, United States of 
America (USNM); Natural History Museum of Los Angeles County, 
United States of America (LACM); San Diego Natural History Museum, 
United States of America (SDNHM); The Charleston Museum, United 
States of America (ChM); and University of Alaska Museum, United 
States of America (UAM:Mamm). Data from part of the skulls analyzed 
from NHMUK and USNM, and of all skulls from LACM and SDNHM were 
obtained from Goswami (2015); Sabin et al. (2018). Information on 
specimens is compiled in Supporting Information, Tables S1 and S2. 

Skulls were selected considering their completeness to allow the 
correct identification of taxa and inclusion of anatomical structures 
where the morphometric landmarks were plotted, aiming to obtain a 
high taxonomic diversity encompassing the ten currently recognized 
families of odontocetes. The identification of cranial structures was 
based on Mead and Fordyce (2009), Velez-Juarbe et al., (2015) and 
Huggenberger et al., (2016b). The skull sample was not separated by sex 
or age estimation, given the current absence of this information for most 
specimens. Most specimens were sub-adult or adult as assessed through 
fusion of the skull bones. The small set of physically immature in-
dividuals showing incomplete fusion of cranial sutures is listed in Sup-
porting Information (Supporting Information, Table S1). 

2.2. Skull image acquisition 

To investigate cranial asymmetry, we used bidimensional images of 
the dorsal aspect of the skulls obtained from two types of data: (1) 
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standardized photographs to avoid errors caused by equipment, 
parallax, or reliability of landmarks, and (2) skull surface and CT scans. 

For the photographed skulls, a portable tripod or copy stand were 
used, most being equipped with a bubble level. A Nikon™ D610 
equipped with a Nikon™ AF-S DX Nikkor 24–85 mm f/3.5–4.5 ED VR 
lens, a Nikon™ D7000 equipped with a Nikon™ AF-S DX Nikkor 
18–105 mm f/3.5–5.6 ED VR lens, a Canon™ EOS 1000D equipped with 
a Canon™ 25–40 mm f/4.5 lens and a Canon™ 5D equipped with a 
Contax Carl Zeiss Makro-Planar™ 60 mm f/2.8 lens were used to 
photograph skulls in dorsal view. Most skulls were placed on a mat (A1 
format, 620 × 900 × 2 mm) and centered using the greatest length and 
width of the skull. To ensure that the camera and the mat were in par-
allel planes, a second bubble level was placed on the mat. The focal 
distance was adjusted by zooming the lens to cover the sensor area with 
the skull as much as possible. A scale square of 1 × 1 cm placed in a 
similar location was used as a reference. The skull sagittal plane was 
delimited as a straight line between the midpoint of the rostral tip and 
the dorsal margin of the foramen magnum to bilaterally divide this 
structure. This posteriormost dorsal point was highlighted with a pencil 
since the foramen magnum landmark location was not visible in all skulls 
after positioning them on the mat. For almost all taxa, the camera was 
located at a distance of 90 cm to the mat, except for Ziphiidae, which 
were photographed at a distance of 220 cm. Another exception was 
Cephalorhynchus hectori (Te Papa MM002607) being photographed on a 
homogeneous dark background about 200–250 cm from the camera 
parallel to the base without using a bubble level, with the centimeter 
grid positioned diagonally from the usual position. 

To validate measurement errors in the repeatability and reliability of 
plotting anatomical landmarks, a sample of 150 specimens, containing 
representatives from all ten families of odontocetes, were photographed 
twice. 

The image files (*.jpeg) were imported to a computer using Adobe™ 
Lightroom (version 4.4) to correct the inherent lens distortions by 
implementing a specific profile adjustment for each lens. 

Images of scanned skulls were obtained from file extensions *. 
DICOM using the software InVesalius™ (version 3.1.1) (Amorim et al., 
2015). Then, to generate digitized images with *.gltf, *.obj, *.ply and *. 
stl extensions, the skull was positioned in the frontal plane, parallel to 
the dorsal view, with a scaled grid respecting its greatest length and 
width using the software Blender™ (version 2.92) (Community B.O., 
2018). In this scanned sample, the sagittal plane was also delimited as a 
straight line between the midpoint of the rostral tip and the dorsal 
margin of the foramen magnum, after highlighting the most posterior 
dorsal point of the latter, which is not visible in dorsal view in all skulls 
when positioned for photography in the dorsal aspect. A square of 1 × 1 
cm located in a comparable position among the photographed speci-
mens was used as a reference for scale. 

2.3. Landmark data acquisition 

Shape variation was investigated using 31 homologous anatomical 
landmarks (LMs) applying two-dimensional geometric morphometrics 
to characterize the shape profile and the spectrum of magnitude of 
directional asymmetry (Bookstein, 1991), in addition to testing the 
measurement error in all families of odontocetes. Landmark selection 
followed geometric morphometric studies of odontocete crania (Fig. 1;  
Table 1) (Monteiro-Filho et al., 2002; Galatius and Goodall, 2016; Laeta 
et al., 2020). Absence of nasal bone(s) in Physeter and Kogiidae restricted 
the inclusion of anatomical landmarks around this structure. To include 
variation close to the nasal bones, we added an anatomical landmark at 
the suture between the right and left frontal bones. The studied set of 
landmarks included points along the sagittal plane and bilateral paired 
landmarks on each side of the skull. 

Fig. 1. Two-dimensional landmarks shown in skull dorsal aspect of a representative odontocete, the Guiana dolphin Sotalia guianensis. Landmark descriptions are 
given in Table 1. 

Table 1 
Description of the anatomical landmarks used in this study, depicted in Fig. 1.  

Landmark  Landmark description 

1  Midpoint of the rostral tip 
2  Dorsal margin of the foramen magnum 
3  Anterior-most point of left maxilla 
4  Anterior-most point of right maxilla 
5  Anterior-most point in the left frontomaxillar border 
6  Anterior-most point in the right frontomaxillar border 
7  Left antorbital notch 
8  Right antorbital notch 
9  Lateral-most extension of left frontomaxillar border 
10  Lateral-most extension of right frontomaxillar border 
11  Posterior-most expansion of left frontoparietal suture 
12  Posterior-most expansion of right frontoparietal suture 
13  Posterior-most point on the curve of the left parietal bone 
14  Posterior-most point on the curve of the right parietal bone 
15  Posterior-most point on the curve of the left occipital condyle 
16  Posterior-most point on the curve of the right occipital condyle 
17  Posterior margin of anterior-most left infraorbital foramen 
18  Posterior margin of anterior-most right infraorbital foramen 
19  Maximum deflection point of left nasal opening 
20  Maximum deflection point of right nasal opening 
21  Lateral-most extension of left premaxilla in the posterior portion 
22  Lateral-most extension of right premaxilla in the posterior portion 
23  Posterior-most extension of left premaxilla 
24  Posterior-most extension of right premaxilla 
25  Maximum deflection point of left maxilla 
26  Maximum deflection point of right maxilla 
27  Posterior-most extension of left maxilla 
28  Posterior-most extension of right maxilla 
29  Midpoint of bony nasal septum at anterior border of bony nares 
30  Anterior-most point of the suture between the frontal bones 
31  Anterior-most point of the suture crest between the frontal and 

interparietal bones (Galatius and Goodall, 2016)  
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Our database of digital skull images in dorsal view was compiled 
using the TPSUtil™ (version 1.76) software (Rohlf, 2015). Bidimen-
sional Cartesian sets of landmark coordinates (x and y) were accessed by 
manipulating images – stored in *.tps format, in the TPSDig™ (version 
2.31) software (Rohlf, 2015). 

Despite our effort to select complete specimens, some landmarks 
could not be identified on the photographs, or the structures were 
missing from key taxa. In these cases, landmark positions were esti-
mated with the software R (version 4.2.2) (R Core Team, 2022) using the 
‘estimate.missing’ function with the thin plate spline option of the 
‘geomorph’ R package (version 3.2.0) (Adams et al., 2020). Usually, the 
specimens concerned were compared with their conspecifics, however 
Mesoplodon densirostris, Mesoplodon layardii, Mesoplodon carlhubbsi, 
Mesoplodon perrini, Mesoplodon peruvianus, Sousa teuszii and Orcaella 
heinsohni were compared with their congeners, and Hyperoodon ampul-
latus was compared with the other representatives of the family 
Ziphiidae for the estimation of missing landmarks (Supporting Infor-
mation, Table S1). 

To measure the accuracy of landmark digitalization (Arnqvist and 
Mårtensson, 1998; Klingenberg and McIntyre, 1998), we quantified the 
error between repeated landmarking images for 150 representatives of 
all families using Dahlberg’s error, 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
d2/2N

√
, where “d” is the differ-

ence between the landmarks from the first and second digitalization and 
“N” represents the sample size (Kim, 2013). 

2.4. Shape analyses 

Statistical analyses of shape variation regarding cranial asymmetry 
were performed using the software MorphoJ™ (version 1.06d) (Klin-
genberg, 2011). Bi-dimensional landmark coordinates computed with 
TPSDig™ were imported to MorphoJ™, under the ‘object symmetry’ 
configuration. Generalized Procrustes Analysis (GPA) allowed us to ac-
quire skull shape information after removing translation, scaling, and 
rotation effects from each landmark configuration through superimpo-
sition of the centroids (Rohlf and Slice, 1990; Dryden and Mardia, 1998; 
Klingenberg et al., 2002). Subsequently to GPA, the resulting landmark 
configuration of each specimen was compared to the standard sym-
metrical average shape, and the residuals provided the asymmetric 
shape configuration (Klingenberg et al., 2002). This individual asym-
metric component was used to identify and analyse the quality (i.e., 
shape) and quantity (i.e., magnitude) of directional asymmetry, as well 
as in the downstream statistical analyses. 

To map the relationship of shape variation from residuals of the 
symmetrical average shape among taxa, as well as its distribution along 
main trends of variation, Principal Component Analysis (PCA) was 
performed using the asymmetric component of shape in MorphoJ™ 
software. 

Centroid size (CS), a metric for skull size independent of shape was 
calculated for each specimen by the square root of the sum of squared 
distances of all landmarks to the averaged coordinates of the landmark 
configuration (Zelditch et al., 2012). CS was used to perform exploratory 
analyses in order to evaluate the magnitude of asymmetry in relation to 
taxa size and echolocation click characteristics. 

2.5. Quality of directional asymmetry 

The presence of a phylogenetic signal in the asymmetrical compo-
nent of shape was tested in a subset including most species, based on the 
molecular phylogeny of McGowen et al. (2020). The monodontid hybrid 
and the species Phocoena sinus, Sousa plumbea, Sousa sahulensis, Sousa 
teuszii, Sotalia fluviatilis, Lagenorhynchus cruciger, Cephalorhynchus 
eutropia, C. hectori and Tursiops truncatus gephyreus, were excluded from 
this analysis as they are not represented in the phylogenetic tree. To 
identify the presence of a phylogenetic signal, a permutation test was 
used applying ‘weighted’ and ‘unweighted’ squared-change parsimony 

calculation on the rooted tree by 10,000 randomizations with the soft-
ware MorphoJ™ (version 1.06d) (Klingenberg and Gidaszewski, 2010; 
Klingenberg, 2011). 

To characterize asymmetrical shape for each species, we calculated 
the mean directionality of the average asymmetry from the average 
symmetric shape. These mean directionalities of vectors were then 
compared between all species pairs, implementing the function ‘Vec-
Compare6’ of the software IMP™, with 900 bootstrap sets (Sheets, 
2007). 

2.6. Quantification of directional asymmetry 

The magnitude of asymmetry for each specimen was defined as the 
partial Procrustes distance of the asymmetric component of shape to the 
corresponding symmetric component. Species and taxon means were 
derived from these values. 

2.7. Asymmetry’s relation to sound production 

The relationships between species-specific sound production char-
acteristics, habitat use and skull size on the one hand and cranial 
asymmetry on the other hand were investigated using the compiled in-
formation on species-specific parameters of sound production: peak-to- 
peak source level (SL) and centroid frequency (cF). Furthermore, in-
formation on diving behaviour was represented by the maximum known 
dive depth (Depth) and size was represented by the median of CS 
(Table 2). Only the parameters SL, cF and CS were used as independent 
variables to model the species-specific median of magnitude of cranial 
asymmetry in Generalized Linear Models (GLMs). 

The data were analysed twice with different species composition as 
the sound production parameters for Kogia sima (Malinka et al., 2021) 
and Globicephala macrorhynchus (Pedersen et al., 2021) were estimated 
with some caveats. The authors considered that the source levels esti-
mated in these studies may not be representative of the maximum ca-
pacity of these species during deep water foraging. Thus, we analyzed a 
main dataset including the maximum estimated values of all parameters 
of sound production for all species, as well as a supplementary dataset 
excluding K. sima and G. macrorhynchus. 

Parameters of sound production and body size are related, with large 
animals generally producing louder sounds with lower centroid fre-
quency (Jensen et al., 2018). Thus, we investigated the correlation of 
each sound parameter – SL and cF, with median centroid size using the 
function ‘cor.test’ with the ‘Spearman’ option in R through ‘stats’ 
package (version 4.2.2) (R Core Team, 2022). For variables with sig-
nificant and strong correlation, linear regression models on the natural 
logarithm (to obtain a linear relationship) of these sound parameters on 
CS were performed using the function ‘lm’ in R ‘stats’ package (version 
4.2.2) (R Core Team, 2022). Residuals from these models were then used 
to represent the concerned sound variables in downstream analyses. 
Exploratory GLMs including all combinations of the sound variables SL 
and cF, as well as centroid size, were conducted including the species for 
which information for all variables were available, using the ‘glm’ 
function with Gamma error distribution and inverse link function in R 
implementing the ‘stats’ package (version 4.2.2) (R Core Team, 2022). 
To identify the best performing models for both datasets, we performed 
analyses of second-order Akaike Information Criterion (AICc) using 
delta < 2 (Burnham and Anderson, 2002; Burnham et al., 2011; Table 2), 
by applying the functions ‘model.sel’ and ‘dredge’ using ‘MuMIn’ 
package (version 1.43.17) (Bartón, 2020) in R. After the AICc selection, 
final GLMs were performed including species presenting all the predic-
tor variables contained in the selected models. 

Then, the AICc-selected models were repeated using Phylogenetic 
Generalized Least Squares (PGLS) based on the molecular phylogeny of 
McGowen et al. (2020), to investigate the potential effects of phylogeny 
on the relation between the magnitude of asymmetry and explanatory 
variables (Pagel, 1999; Table 2). PGLS analysis was performed in R using 
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Table 2 
Estimated values of median of species-specific magnitude of asymmetry, median of centroid size (CS), maximum dive depth – Depth (in meters), peak to peak source 
level – SL (dB re 1µPa at 1 m) and centroid frequency – cF (kHz) for specimens of the suborder Odontoceti used in the Generalized Linear Models (GLMs) with analyses 
of second-order Akaike Information Criterion (AICc), and Phylogenetic Generalized Least Squares (PGLS). ☼ maximum bottom depth estimated in the literature 
according to the environment bathymetry; ◆ depth estimated in the literature according to prey distribution; • received source level; ■ maximum values of sound 
parameters.  

Families / 
Subfamilies 

Species Magnitude of 
asymmetry 

Centroid 
size – CS 

Depth 
(m) 

Source 
level – SL 
(dB) 

Centroid 
frequency – cF 
(kHz) 

References 

Physeteridae Physeter macrocephalus 
(Pm)  

0.0597  467.06 ≥ 2250 240 15 Whitney (1968) apud Tyack et al., 2006; Norris 
and Harvey (1972) apud Best, 1999; Madsen 
et al., 2002; Møhl et al., 2003; Zimmer et al., 
2005a; Jensen et al., 2018 

Kogiidae Kogia sima (Ks)  0.0972  50.64 ≈ 1300◆ 197■ 129■ Maigret and Robineau (1981) apud Plön, 2004;  
Malinka et al., 2021 

Kogiidae Kogia breviceps (Kb)  0.1008  82.37 ≈ 1400◆ - 129 Nesis (1987) apud Plön, 2004; Madsen et al., 
2005 

Platanistidae Platanista gangetica (Pg)  0.0536  56.19 ≥ 120☼ 183 61 Miller et al., 2009; Jensen et al., 2013 
Ziphiidae Berardius bairdii (Bb)  0.0267  164.14 1777 - 28 Minamikawa et al., 2007; Stimpert et al., 2014 
Ziphiidae Berardius arnuxii (Ba)  0.0303  146.00 - - - - 
Ziphiidae Tasmacetus shepherdi (Ts)  0.0236  183.69 ≥ 1500☼ - - Donnelly et al., 2018 
Ziphiidae Ziphius cavirostris (Zc)  0.0485  130.89 2992 214 42 Zimmer et al., 2005b; Schorr et al., 2014 
Ziphiidae Hyperoodon planifrons 

(Hp)  
0.0477  169.79 - - - - 

Ziphiidae Hyperoodon ampullatus 
(Ha)  

0.0549  191.97 2339 203 43 Wahlberg et al., 2011a; Miller et al., 2015 

Ziphiidae Mesoplodon bidens (Mb)  0.0295  153.79 ≈ 1500☼ - 38 Cholewiak et al., 2013; NOAA, 2022a 
Ziphiidae Mesoplodon ginkgodens 

(Mk)  
0.0424  110.76 - - - - 

Ziphiidae Mesoplodon mirus (Mi)  0.0208  116.44 - - - - 
Ziphiidae Mesoplodon europaeus 

(Me)  
0.0201  114.45 - - 38 Jensen et al., 2018 

Ziphiidae Mesoplodon layardii (My)  0.0599  127.88 - - - - 
Ziphiidae Mesoplodon carlshubbsi 

(Mc)  
0.0230  98.90 - - - - 

Ziphiidae Mesoplodon bowdoini 
(Mw)  

0.0495  118.67 - - - - 

Ziphiidae Mesoplodon hectori (Mh)  0.0400  107.68 - - - - 
Ziphiidae Mesoplodon grayi (Mg)  0.0451  123.64 - - - - 
Ziphiidae Mesoplodon stejnegeri (Ms)  0.0298  108.31 ≥ 1500☼ - - NOAA, 2022b 
Ziphiidae Mesoplodon densirostris 

(Md)  
0.0353  117.80 1888 211 33 Joyce et al., 2017; Jensen et al., 2018 

Ziphiidae Mesoplodon perrini (Mr)  0.0446  150.60 ≥ 1000☼ - - Dalebout et al., 2002 
Ziphiidae Mesoplodon peruvianus 

(Mu)  
0.0388  129.26 - - - - 

Lipotidae Lipotes vexillifer (Lv)  0.0509  82.74 - - - - 
Iniidae Inia geoffrensis (Ig)  0.0286  75.95 ≥ 100☼ 190 101 Sioli, 1984; Ladegaard et al., 2015 
Pontoporiidae Pontoporia blainvillei (Pb)  0.0129  59.41 ≈ 50☼ - - Crespo, 2009; Danilewicz et al., 2009; Melcón 

et al., 2012; Amaral et al., 2018 
Monodontidae Hybrid Delphinapterus 

leucas (Dl) x Monodon 
monoceros (Mm)  

0.0863  123.71 - - - - 

Monodontidae Delphinapterus leucas (Dl)  0.0739  82.66 1275 218 - Au et al., 1987; Richard et al., 1998 
Monodontidae Monodon monoceros (Mm)  0.0877  96.19 ≥ 1400 210 53 Laidre et al., 2003; Rasmussen et al., 2015;  

Jensen et al., 2018 
Phocoenidae Neophocaena phocaenoides 

(Np)  
0.0259  34.31 < 50☼ - - Jefferson and Moore, 2020 

Phocoenidae Neophocaena 
asiaeorientalis (Na)  

0.0242  35.14 < 200☼ 178 129 Jefferson et al., 2015; Jensen et al., 2018 

Phocoenidae Phocoenoides dalli (Pd)  0.0220  52.18 94 183 137 Hanson and Baird, 1998; Kyhn et al., 2013 
Phocoenidae Phocoena phocoena (Pp)  0.0276  41.89 410 186 137 Nielsen et al., 2018; Jensen et al., 2018 
Phocoenidae Phocoena dioptrica (Pt)  0.0270  46.55 - - - - 
Phocoenidae Phocoena spinipinnis (Pi)  0.0370  36.92 ≤ 60☼ - 146 Reyes, 2009; Reyes et al., 2018 
Phocoenidae Phocoena sinus (Pu)  0.0346  37.48 ≤ 40☼ - - Silber, 1990 
Delphinidae Lagenorhynchus acutus 

(Lc)  
0.0338  66.62 ≈ 100☼ - - Winn, 1982 

Delphinidae Lagenorhynchus albirostris 
(La)  

0.0544  76.10 < 200☼ 204 94 Galatius and Kinze, 2016; Jensen et al., 2018 

Delphinidae Sousa plumbea (Sp)  0.0308  80.20 < 30☼ - - Kiani and Van Waerebeek, 2015 
Delphinidae Sousa sahulensis (Ss)  0.0295  84.95 ≈ 18 199 106 Parra, 2006; de Freitas et al., 2015 
Delphinidae Sousa teuzii (Sz)  0.0195  83.38 - - - - 
Delphinidae Sotalia fluviatilis (Sv)  0.0376  49.18 ≥ 100☼ 181 99 Sioli, 1984; Yamamoto et al., 2015 
Orcininae Orcinus orca (Oo)  0.0427  151.46 ≈ 767.5 203 37 Eskesen et al., 2011; Reisinger et al., 2015;  

Jensen et al., 2018 
Lissodelphininae Lissodelphis borealis (Lb)  0.0424  65.33 ≈ 250◆ - - Fitch and Brownell, 1968 
Lissodelphininae Lissodelphis peronii (Lp)  0.0455  64.81 ≈ 300◆ - - Baker, 1981 

(continued on next page) 
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‘ape’ (version 5.4) and ‘nlme’ packages (version 3.1–153) and applying 
the function ‘gls’ with restricted maximum likelihood to fit Pagel’s λ 
correlation, using ‘corPagel’, and estimate the scaling factor ‘λ’ under 
the assumption of Brownian motion (Paradis et al., 2020; Pinheiro et al., 
2021). 

3. Results 

3.1. Shape variation 

The Dahlberg’s error including representatives from all ten families 
of odontocetes was 0.003, which represents a lower value than the 
smallest species-specific deviation from symmetry at a partial Procrustes 
distance of 0.013, obtained for a specimen of Pontoporia blainvillei. 

Across all ten odontocete families, skull asymmetries showed similar 
landmark displacements, demonstrating a relatively consistent pattern, 
with some taxon-specific differences (Fig. 2A-J). The skull outline in 
dorsal position, as defined by the rostral tip of the premaxillae, the 
maxillae, antorbital notches and braincase, as well as the suture crest 
between frontal and interparietal bones, showed consistent right shifts, 
while the nasal septum and premaxillae displaced to the left side. 

Premaxillary and maxillary landmarks presented the greatest variety in 
displacement, but consistently, the right structure had the greatest di-
mensions in all species. 

Skull shape deviation among the superfamily Physeteroidea showed 
pronounced posterior extension of the right premaxilla and concomitant 
shortening of the left structure, in addition to a slight right shift of the 
suture between frontal bones. This was most pronounced in Kogiidae, 
which also showed the greatest shape variation, with a remarkable 
displacement of the nasal septum and anterior dorsal infraorbital 
foramina to the left. The posteriormost extension of the maxillae dis-
played a right shift, along with the frontomaxillar borders, with the right 
structure shifting anteriorly, whereas the left structure moved posteri-
orly (Fig. 2B). Physeter macrocephalus showed a similar displacement of 
the lateral extension of the frontomaxillar border and presented a 
marked right shift of the suture crest between the frontal and interpar-
ietal. The right maxilla had a remarkable posterior and lateral extension 
in this species, while the left structure displaced anteriorly (Fig. 2A). 

Among the ‘river dolphins’, the greatest displacement of landmarks 
was found for Platanista gangetica, followed by Lipotes vexillifer (Fig. 2C; 
2E-G). In P. gangetica, the anteriormost and lateral frontomaxillar border 
of the right maxilla was displaced anteriorly, while the left structure was 

Table 2 (continued ) 

Families / 
Subfamilies 

Species Magnitude of 
asymmetry 

Centroid 
size – CS 

Depth 
(m) 

Source 
level – SL 
(dB) 

Centroid 
frequency – cF 
(kHz) 

References 

Lissodelphininae Lagenorhynchus obscurus 
(Lo)  

0.0339  58.32 156 191 81 Bernasconi et al., 2011; Jensen et al., 2018 

Lissodelphininae Lagenorhynchus 
obliquidens (Lq)  

0.0330  58.20 ≈ 200◆ - - Black, 1994 

Lissodelphininae Lagenorhynchus australis 
(Lu)  

0.0406  55.86 ≈ 20☼ 185 129 Heinrich et al. (2008) apud Goodall, 2009; Kyhn 
et al., 2010 

Lissodelphininae Lagenorhynchus cruciger 
(Lg)  

0.0546  58.78 ≈ 200☼ 197 128 Jefferson et al., 1993; Kyhn et al., 2009 

Lissodelphininae Cephalorhynchus 
commersonii (Cc)  

0.0359  47.23 < 100☼ 177 133 Iñíguez and Tossenberger, 2007; Kyhn et al., 
2010; Dawson, 2018 

Lissodelphininae Cephalorhynchus eutropia 
(Ce)  

0.0354  55.86 ≈ 20☼ > 165● 126 Jefferson et al., 2008; Götz et al., 2010 

Lissodelphininae Cephalorhynchus heavisidii 
(Cv)  

0.0373  43.65 ≤ 200☼ 173 125 Morisaka et al., 2011; Gopal et al., 2016 

Lissodelphininae Cephalorhynchus hectori 
(Ct)  

0.0388  44.36 < 100☼ 177 128 Kyhn et al., 2009; Bräger and Bräger 2018 

Globicephalinae Orcaella heinsohni (Oh)  0.0619  49.14 ≈ 130☼ 200 98 van Andel and Veevers (1967) apud Lavering, 
1993; de Freitas et al., 2018 

Globicephalinae Orcaella brevirostris (Ob)  0.0443  51.21 ≈ 110☼ 195 95 Anderson (1879) apud Stacey and Arnold, 1999; 
Jensen et al., 2013 

Globicephalinae Steno bredanensis (Sb)  0.0431  89.46 399.5 - - Shaff and Baird, 2021 
Globicephalinae Grampus griseus (Gg)  0.0653  87.78 623 220 75 Madsen et al., 2004; Visser et al., 2021 
Globicephalinae Pseudorca crassidens (Pc)  0.0714  101.86 927.5 220 49 Madsen et al., 2004; Baird et al., 2014 
Globicephalinae Feresa attenuata (Fa)  0.0646  58.13 364 210 77.5 Jensen et al., 2018; Pulis et al., 2018 
Globicephalinae Peponocephala electra (Pe)  0.0561  70.57 471.5 - - Joyce et al., 2017; West et al., 2018 
Globicephalinae Globicephala 

macrorhynchus (Gy)  
0.0723  118.47 1.019 210■ 53■ Aguilar Soto et al., 2008; Pedersen et al., 2021 

Globicephalinae Globicephala melas (Ge)  0.0691  114.40 828 196 55 Heide-Jørgensen et al., 2002; Eskesen et al., 
2011 

Delphininae Sotalia guianensis (Sg)  0.0335  60.90 ≤ 35☼ - - Azevedo et al., 2007 
Delphininae Sousa chinensis (Sh)  0.0355  80.83 ≈ 30☼ 188 95 Fang et al., 2015; Parra and Jefferson, 2018 
Delphininae Tursiops truncatus (Tt)  0.0413  85.69 1000 200 77 Jensen et al., 2018; Fahlman et al., 2023 
Delphininae Tursiops t. gephyreus (Tg)  0.0383  90.57 - - - - 
Delphininae Tursiops aduncus (Ta)  0.0404  71.21 ≈ 200☼ 205 99 Wang and Yang, 2009; Wahlberg et al., 2011b;  

Jensen et al., 2018 
Delphininae Stenella frontalis (Sf)  0.0442  63.19 ≈ 60 209 86 Davis et al., 1996; Jensen et al., 2015 
Delphininae Stenella attenuata (Sa)  0.0426  61.06 213 212 83 Baird et al., 2001; Schotten et al., 2004 
Delphininae Stenella coeruleoalba (So)  0.0575  71.92 705 - - Minamikawa et al., 2003 
Delphininae Stenella clymene (Sc)  0.0450  58.13 ≤ 700 - - Mullin et al., 1994 
Delphininae Stenella longirostris (Sl)  0.0365  57.84 ≤ 600◆ 208 80 Perrin and Gilpatrick (1994) apud Perrin, 2009 ;  

Dolar et al., 2003; Schotten et al., 2004;  
Jefferson et al., 2015 

Delphininae Delphinus delphis (Dd)  0.0444  65.24 280 - - Leatherwood et al., 1982 
Delphininae Lagenodelphis hosei (Lh)  0.0534  70.20 ≈ 600◆ - - Dolar et al., 2003 

* In our study, the genus Neophocaena was represented by Neophocaena asiaeorientalis in terms of sound variables while in the phylogenetic tree of McGowen et al. 
2020, genetics from Neophocaena phocaenoides was representing the genus. Our shape variables for the genus derived only from Neophocaena asiaeorientalis for 
squared-change parsimony and phylogenetic generalized least squares (PGLS) models, while shape variables from both species were included in other analyses. 
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displaced posteriorly. The suture between the frontals shifted markedly 
to the left side, along with the displacement of the premaxillae and 
maxillae, with the right structures being wider. The braincase shifted 
noticeably to the right (Fig. 2C). L. vexillifer showed greater anterior 
narrowing and posterior widening at the right frontomaxillar border, 
while the structures on the left showed an opposite pattern (Fig. 2E). Inia 
geoffrensis and P. blainvillei showed slight displacements with an 
emphasis on the frontomaxillar borders, which presented similar antero- 
posterior movements between P. gangetica and P. blainvillei, and between 
L. vexillifer and I. geoffrensis (Fig. 2C; 2E-G). In P. blainvillei, the landmark 
displacements were consistent with the general pattern of other odon-
tocetes, showing similarity in directional asymmetry in the bone struc-
tures involved (Fig. 2). 

Ziphiidae presented posterior extension and widening in the right 
premaxilla, with the narrower left structure displaced anteriorly 
(Fig. 2D). The posterior maxillary extension demonstrated a similar 
pattern to that observed in Kogiidae, with the right maxilla showing a 
slight shortening and lateral widening relative to the left structure 
(Fig. 2D). 

Among Delphinoidea, the family Monodontidae presented the 
greatest landmark shifts in the frontomaxillar borders, the widened right 
border being shifted posteriorly, whereas the narrowed left structure 
displaced anteriorly, and the braincase presented a substantial right 
displacement similar to that seen in P. macrocephalus and P. gangetica. 
The suture between the frontals showed a marked shift to the left, with 
the premaxillae also showing a leftward displacement. Furthermore, the 
right premaxilla was slightly elongated, whereas the left premaxilla was 
shortened. The right maxilla showed the greatest lateral enlargement, in 
addition to a posterior extension, whilst the left structure is consistently 
narrower (Fig. 2H). Delphinidae presented an anterior displacement of 
the lateralmost extension of the right frontomaxillar border while the 
left structure shifted posteriorly. The left premaxilla was shorter and 
narrower compared to the longer and wider right premaxilla (Fig. 2J). 
Phocoenidae had the lowest landmark displacements among the Del-
phinoidea with frontomaxillary border shifts similar to Monodontidae, 
the right border moving posteriorly while the left structure shifted in the 
opposite direction. The posterior-most extension of maxillae shifted to 
the right as in Kogiidae (Fig. 2I). 

Fig. 2. Average asymmetrical skull shape of the ten families of Odontoceti, in dorsal view, showing asymmetric components (black), overlapping with symmetric 
components (grey). 
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The Principal Components (PC) of asymmetric shape revealed a 
grouping of species mainly along the first two PCs accounting for 50% of 
the variation – 30.1% in PC1, 19.8% in PC2 (Fig. 3; Supporting Infor-
mation, Fig. S1). PC1 described the skull outline and nasal septum 
moving to the left while the suture between the frontals and the poste-
rior extension of the maxillae were displaced to the right with a short-
ening of the right structure, and the right premaxilla showing posterior 
extension. Monodontidae had extremely low PC1 scores, followed by 
Globicephalinae and the ‘river dolphins’, while Physeteroidea had high 
scores, especially Kogiidae. PC2 mainly described a general widening of 
the right side of the skull by deviation of the nasal septum to the left and 
the frontomaxillar border to the right, along with a noticeable posterior 
extension and enlargement of the right premaxilla and maxilla, 
including displacement of the maxillae to the left side. Kogiidae, 
P. macrocephalus, Globicephalinae and Monodontidae were distributed 
in extreme opposite scores of the ‘river dolphins’, Ziphiidae and 
Phocoenidae. 

The phylogenetic signal in the average asymmetric skull shape 
among species was both statistically significant using unweighted (tree 
length = 0.025 and P < 0.0001) and weighted (tree length = 0.031 and 
P < 0.0001) squared-change parsimony on rooted trees. In the mor-
phospace mapping on phylogeny, members of the superfamily Phys-
eteroidea were close to each other, the ‘river dolphins’ were also 
grouped, and, among Delphinoidea, Monodontidae were distant from 
their relatives, as were to a lesser extent Globicephalinae, whereas 
Phocoenidae were closer to the ’river dolphins’ and Ziphiidae than to 
the other Delphinoidea taxa (Fig. 3; Supporting Information, Fig. S1). 

In terms of the angular differences of the species-specific vectors, the 
quality of cranial asymmetry among the ten families of odontocetes 
indicated a similar general pattern, with some variation. Closely related 
species mostly showed more similar expressions of asymmetry than 
distantly related species. The families with the most divergent patterns 
were Kogiidae and the ‘river dolphins’, especially P. blainvillei, resulting 
in the greatest angular difference in the data set of 30.7◦ between Kogia 
sima and P. blainvillei, while the most acute angle within the ‘river dol-
phins’ was a difference of 4.0◦ between L. vexillifer and P. blainvillei 
(Supporting Information, Table S3). The family presenting the greatest 
variation in angular difference among its species was Delphinidae, in 
which Globicephalinae stood out, exemplified by angles of 24.1◦ be-
tween Globicephala macrorhynchus and Sousa chinensis, followed by 23.7◦

for the comparison with Sousa plumbea and 23.6◦ with Stenella long-
irostris. The smallest variation in the angular difference among Delphi-
nidae species was 2.4◦ between S. plumbea and S. chinensis. The 
Delphininae species were very similar, showing small angular differ-
ences (2.6◦ between Stenella frontalis and Stenella attenuata and 2.6◦

between S. frontalis and Tursiops aduncus, closely followed by 2.7◦ be-
tween S. attenuata and Stenella clymene, 2.8◦ between S. longirostris and 
Delphinus delphis, and 2.9◦ between S. attenuata and D. delphis). The 
family with the smallest angular differences among its species was 
Phocoenidae (greatest angular difference was 7.9◦ between Neo-
phocaena phocaenoides and Phocoenoides dalli, smallest difference was 
3.2◦ between Phocoena phocoena and Phocoena dioptrica, followed by 
3.4◦ between N. phocaenoides and Neophocaena asiaeorientalis) (Sup-
porting Information, Table S3). 

Fig. 3. Morphometric space of asymmetric average skull shape by families and subfamilies of Odontoceti along Principal Components 1 and 2 including the 
phylogenetic tree mapped on shape by weighted squared-change parsimony. The polygon highlights the subfamilies of Delphinidae (light red). Skull wireframes in 
dorsal view are showing the asymmetric components (black), overlapping with symmetric components (grey). The green straight line represents the sagittal plane 
between the midpoint of the rostral tip and the dorsal margin of the foramen magnum, the pink structure is the right premaxilla, the blue structure is the right maxilla, 
and the orange structure is the right nasal bone. 
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3.2. Magnitude of asymmetry 

The wide spectrum of asymmetry magnitude of species (and one 
hybrid) across the ten families of odontocetes is illustrated in Fig. 4. In 
terms of the quantity of asymmetry, the greatest displacements were 
found in Kogiidae, Monodontidae and Globicephalinae, followed by 
Physeteridae, Platanistidae and Lipotidae, while asymmetry was lowest 
in Lissodelphininae, Phocoenidae, Iniidae and Pontoporiidae (Support-
ing Information, Fig. S2). 

The superfamily Physeteroidea demonstrated the most prominent 
landmark displacements relative to symmetry, and the family which 
showed the greatest magnitudes of asymmetry was Kogiidae, with Kogia 
breviceps being the most asymmetric species, closely followed by K. sima. 
Monodontidae also showed high asymmetry, particularly Monodon 
monoceros in both sexes. We also found high levels of asymmetry in the 
delphinid subfamily Globicephalinae, with G. macrorhynchus being the 
most asymmetric species, followed by Pseudorca crassidens, Globicephala 
melas, Grampus griseus and Feresa attenuata, while Orcaella brevirostris 
and Steno bredanensis were the least asymmetric species of this widely 
variable clade, showing modest asymmetry. Other representatives of 
Delphinidae among the most asymmetric species were Lagenorhynchus 
albirostris, the Delphininae Stenella coeruleoalba and Lagenodelphis hosei 
and the Lissodelphininae Lagenorhynchus cruciger. The least asymmetric 
Delphinidae was Sousa sp., the least asymmetric Delphininae was Sotalia 
guianensis, and among the Lissodelphininae these were Lagenorhynchus 
obscurus and Lagenorhynchus obliquidens. The least asymmetric delphi-
noid family was Phocoenidae, with Phocoena spinipinnis and P. dalli 
being the most and the least asymmetric, respectively. P. macrocephalus, 
P. gangetica, L. vexillifer and the ziphiids Mesoplodon layardii, Hyperoodon 
ampullatus and Ziphius cavirostris were highly asymmetric. Intermediate 
values comprised some Ziphiidae (e.g. Mesoplodon ginkgodens and Mes-
oplodon hectori), and the remaining of Delphinidae (e.g. Orcininae). 
Other ziphiids, as well as I. geoffrensis and P. blainvillei, were among the 
least asymmetric species. 

3.3. Asymmetry and sound production 

Spearman’s correlation coefficient was significant and strong be-
tween the two parameters of sound production and skull size. Source 

level (SL) and centroid size (CS) had a directly proportional relationship 
ρ = 73.15 (P < 0.001), while for centroid frequency (cF) and CS there 
was an even stronger correlation, with these variables presenting an 
inversely proportional relationship ρ = − 82.97 (P < 0.001) in the 
principal dataset with all species, including K. sima and 
G. macrorhynchus. Thus, to remove latent body size effects from acoustic 
parameters, the residual values for each of these sound parameters from 
the regression on the species medians of skull CS were used for down-
stream analyses. 

The model including SL and CS as predictor variables for asymmetry 
magnitude performed best (AICc = − 193.30; ΔAICc = 0.00; weight AICc 
= 0.565; logLik = 101.33; degrees of freedom = 34) in the AICc selection 
with delta < 2. In addition, the model with SL as the only predictor 
variable was also selected (AICc = − 192.8; ΔAICc = 0.52; weight AICc =
0.435; logLik = 99.79; degrees of freedom = 34). 

In the best performing GLMs, SL and CS explained 33.1% of the 
variation in magnitude of asymmetry, with only SL as predictor being 
statistically significant (P = 0.002 for SL; P = 0.076 for CS; AICc =
− 200.25; degrees of freedom = 35). The model including only SL as 
predictor was statistically significant (P = 0.002; AICc = − 199.12; de-
grees of freedom = 35), explaining 26.8% of the magnitude of cranial 
asymmetry (Fig. 5 – there is no pattern to the distribution of taxa 
emitting echolocation clicks using different frequencies along the 
magnitude of asymmetry). 

Using PGLS with Pagel’s λ in the selected models, SL was the only 
significant predictor variable in both models, including SL and CS 
(λ = 0.916; P = 0.016 for SL and P = 0.319 for CS), as well as SL was 
significant as a sole predictor variable (λ = 0.852; P = 0.006) (Table 3). 

In the supplementary dataset excluding K. sima and 
G. macrorhynchus, similar correlations between CS and sound parame-
ters were found, SL and cF having correlation coefficients of ρ = 73.22 
(P < 0.001) and ρ = − 81.37 (P < 0.001), respectively. The model with 
SL and CS performed best (AICc = − 192.8; ΔAICc = 0.00; weight AICc =
0.574; logLik = 101.11; degrees of freedom = 32). Another model with 
delta < 2 included SL, cF and CS (AICc = − 192.2; ΔAICc = 0.60; weight 
AICc = 0.426; logLik = 102.20; degrees of freedom = 32). In the best 
performing GLMs, SL was the only sound parameter consistently 
showing significant association with magnitude of cranial asymmetry. 
The model including SL and CS (R2 = 35.1%; P = 0.002 for SL; and 

Fig. 4. Box plot of skull asymmetry magnitude for each investigated species of the suborder Odontoceti. The lower limit of the box shows the first quartile (Q1), the 
bold line represents the median, and the top limit is the third quartile (Q3). The vertical whiskers represent 1.5 times the interquartile range. The outliers are shown 
as black dots. Each specimen is represented by a grey dot. 
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P = 0.022 for CS; AICc = − 194.21; degrees of freedom = 32), and SL, cF 
and CS (R2 = 39.4%; P = 0.026 for SL; P = 0.158 for cF; P = 0.018 for 
CS; AICc = − 194.41; degrees of freedom = 32) were statistically sig-
nificant for the predictor variables SL and CS. 

Using PGLS with Pagel’s λ in the selected models on the reduced 
dataset, only the predictor variable SL was significant in the model 
including SL and CS (λ = 0.913; P = 0.013 for SL; P = 0.038 for CS), and 
CS as predictor variable was significant for the model with SL, cF and CS 
(λ = 0.908; P = 0.088 for SL; P = 0.120 for cF; and P = 0.030 for CS) 
(Supporting Information, Table S4). 

4. Discussion 

4.1. Manifestations of cranial asymmetry 

Asymmetric shape variation was consistent in its directionality and 
in the structures involved across all ten odontocete families, with the 
skull midline and premaxillae shifting to the left as observed by Ness 
(1967), Mead (1975) and Heyning (1989). The skull outline and suture 
crest between the frontal and interparietal were displaced to the right 
with concomitant greater dimensions of the right premaxilla and maxilla 
compared to the left (Fig. 2), in accordance with Galatius and Goodall 
(2016), Huggenberger et al. (2016a) and Laeta et al. (2020). The land-
mark at the suture between the frontals, close to the nasal bones, in-
dicates a leftward deviation of the skull midline in this area. A similar 
shift of nasal bones in taxa retaining both nasals (Physeter only retains 
one nasal and Kogia spp. none) has been described previously (Hirose 
et al., 2015; Huggenberger et al., 2016a; Laeta et al., 2020). 

Mapping the asymmetric shape on phylogeny showed a clear rela-
tionship between shape and phylogeny, with related taxa generally 
being in proximity of each other, e.g. within Physeteroidea, ‘river dol-
phins’ and subfamilies of Delphinidae, along the PC1 scores (Fig. 3; 
Supporting Information, Fig. S1). There was also association between 
more distantly related taxa along the PC2 scores, e.g. Physeteroidea, 

Globicephalinae and Monodontidae, showing remarkable displacement 
of cranial structures, with a phenotypic similarity of asymmetry among 
these groups. 

Greater differences in the qualitative expressions of asymmetry were 
mostly observed between distantly related species, e.g. Kogia sima and 
Pontoporia blainvillei, or for some more closely related species occurring 
in distinct habitats, e.g. coastal Sousa chinensis and oceanic Lagenodelphis 
hosei. Highly similar expressions mostly occurred between closely 
related species e.g., within Ziphiidae or Phocoenidae, or between more 
distantly related species exploring similar strata of water, e.g. the deep- 
diving Monodon monoceros , Ziphius cavirostris and Globicephala spp. 
(Supporting Information, Table S3). Similar results were found within 
Delphinoidea by Laeta et al. (2020). 

Kogiidae, Monodontidae, Physeter macrocephalus, and Globicephali-
nae were the most asymmetric taxa, followed by Platanista gangetica and 
Lipotes vexillifer. Lissodelphininae, Phocoenidae, Inia geoffrensis and 
P. blainvillei, presented the lowest levels of asymmetry, in accordance 
with previous studies (Fig. 4; Supporting Information, Fig. S2) (Ness, 
1967; Galatius and Goodall, 2016; Huggenberger et al., 2016a; Laeta 
et al., 2020). 

Phylogeny has been demonstrated to play a major role, likely 
because factors influencing asymmetry are shared by closely related taxa 
(Coombs et al., 2020), as exemplified by similar habitat use and foraging 
patterns within many clades, e.g., Physeteroidea, Ziphiidae, Mono-
dontidae and Phocoenidae. We also identified similarities in the asym-
metric shapes among closely related taxa (Supporting Information, 
Fig. S1), and the high Pagel’s λ values in our models reinforces this 
strong phylogenetic signal (Table 3; Supporting Information, Table S4). 
Furthermore, cranial asymmetry may be driving the evolution of the 
interactions of cranial structures i.e. modularity (Churchill et al., 2019). 
Among the earliest diverging marine taxa, the physeteroids 
P. macrocephalus and Kogia spp. showed the greatest levels of asymme-
try, with an emphasis on posterior extension of the premaxillae. In 
Kogiidae, this included a remarkable displacement of the nasal septum 

Fig. 5. Scatter plot of the partial effects from 
Generalized Linear Models (GLMs) showing 
significant association between the species- 
specific median of magnitude of asymmetry 
and residuals of a regression of source level, in 
decibels (dB), on centroid size (Table 2). Red 
circle (dotted) is species that produces multi- 
pulsed clicks, blue circles (vertical stripes) are 
species that emit frequency modulated clicks, 
orange circles (solid fill) are species that emit 
broadband clicks and purple circles (grid) are 
species using narrowband high-frequency clicks 
(Table 2). The size of the circles is proportional 
to the species-specific sample sizes (Supporting 
Information, Table S1). The black line is the 
sample best fit line.   

Table 3 
Phylogenetic Generalized Least Squares (PGLS) analysis based on the molecular phylogeny of McGowen et al. (2020) in selected models by second-order Akaike 
Information Criterion (AICc) of the variables: species-specific median of magnitude of asymmetry as response variable (Asymmetry), and as predictor variables 
species-specific sound parameter residual (size-corrected) source level – SL (dB re 1µPa at 1 m) and species-specific median centroid size from skull samples – CS for 
specimens of the suborder Odontoceti using the maximum values of sound parameters to Kogia sima (Malinka et al., 2021) and Globicephala macrorhynchus (Pedersen et 
al., 2021). Number of parameters (df).  

Models Lambda df Predictor Variables Coefficient value Standard Error t-value p-value 

Asymmetry ~ SL+ CS λ = 0.916  31 SL  0.124  0.049  2.56  0.016 
CS  -0.00003  0.00003  -1.01  0.319 

Asymmetry ~ SL λ = 0.852  31 SL  0.142  0.047  2.99  0.006  
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(Figs. 2A-B and 4; Supporting Information, Fig. S2). Some peculiarities 
within these species are evidenced by large differences between the 
vectors describing species-specific asymmetry (Supporting Information, 
Table S3). In Ziphiidae, the asymmetry was low for most species studied 
here – except for Mesoplodon layardii, Hyperoodon spp. and Z. cavirostris, 
all of which showed marked deviation of the skull midline to the left 
with greater dimensions of the right premaxilla as compared to the left 
(Figs. 2D and 4). Heyning (1989) highlighted asymmetry between the 
premaxillae in Z. cavirostris, but later studies did not find marked 
asymmetry throughout Ziphiidae (Hirose et al., 2015; Coombs et al., 
2020). Coombs et al. (2020) attributed this low asymmetry to their se-
lection of landmarks, which did not reflect the peculiarities of asym-
metrical shape in the bone structure of this family, particularly with 
regard to the premaxillae. However, the present study investigated the 
anteroposterior premaxillary extremities, as well as the greatest width of 
the premaxillae, generally represented by the lateral extensions of the 
premaxillary crests (Fig. 1, Table 1), and although some taxa such as 
Z. cavirostris show high asymmetry, this is not the general condition in 
this family (Heyning, 1989; Hirose et al., 2015). 

Among the ‘river dolphins’, there is a general similarity in the quality 
of asymmetric shape, characterized by an anterior and lateral enlarge-
ment of the right frontomaxillar border and a left shift of the suture 
between frontals (Fig. 2C; 2E-G). These species showed a large range of 
magnitude of asymmetry, with P. gangetica and L. vexillifer highly 
asymmetric, while I. geoffrensis and, particularly, P. blainvillei, were the 
least asymmetric (Fig. 4; Supporting Information, Fig. S2). These find-
ings agree with previous studies where P. gangetica was recognized as 
the most asymmetric ‘river dolphin’ and P. blainvillei was the least 
asymmetric odontocete (Ness, 1967; Huggenberger et al., 2016a; 
Coombs et al., 2020). 

Within Delphinoidea, we also find large differences in the magnitude 
of asymmetry as reported by Ness (1967) and Yurick and Gaskin (1988). 
Monodontidae showed the greatest displacements, with greater di-
mensions of the right premaxilla and maxilla, and leftward displacement 
of the skull midline. Much more subtle manifestations of asymmetry 
occurred in Phocoenidae, which were the least asymmetric delphinoids 
(Figs. 2H-I and 4; Supporting Information, Fig. S2). In the Delphinidae, 
qualitative manifestations of asymmetry were relatively diverse with 
large differences between subfamilies such as Globicephalinae and 
Delphininae (Fig. 2J; Supporting Information, Table S3). A wide spec-
trum was also evident with respect to the magnitude of asymmetry, with 
most Globicephalinae showing high levels, approaching those of Mon-
odontidae for some species (Fig. 4; Supporting Information, Fig. S2). 
Among the least asymmetric delphinids were Sousa spp., Sotalia guia-
nensis, and the Lissodelphininae Cephalorhynchus sp., Lagenorhynchus 
obscurus and Lagenorhynchus obliquidens, overlapping with phocoenids 
(Fig. 4; Supporting Information, Fig. S2 and Table S3). These patterns 
are in agreement with previous findings (Galatius and Goodall, 2016; 
Huggenberger et al., 2016a; Laeta et al., 2020). 

4.2. Cranial asymmetry and sound production 

We found that the source level predicted the magnitude of asym-
metry more than any other biosonar parameter, as previously suggested 
by Laeta et al. (2020) (Fig. 5; Table 2). Asymmetry has previously been 
widely hypothesized to be associated with sound frequency (since 
Cranford et al., 1996), but neither Galatius and Goodall (2016) nor 
Huggenberger et al. (2016a) found such a relationship. Frequency only 
occurred in one of the selected models for the dataset excluding K. sima 
and Globicephala macrorhynchus, whereas source level and centroid size 
occurred much more prominently, with source level also occurring in 
the model including frequency. In the more complex model including all 
the predictor variables – source level, frequency and centroid size, only 
frequency was not significant (P = 0.026 for SL; P = 0.158 for cF; 
P = 0.018 for CS). As frequency is related to the size of the 
sound-producing apparatus (Jakobsen et al., 2013; Jensen et al., 2018), it 

is not surprising that it is among the selected models to explain asym-
metry. This variable can be a way to adapt the size of the sound pro-
ducing apparatus in animals with suggested unilateral sound production 
to echolocation clicks (Madsen et al., 2010, 2013; Ames et al., 2020), 
even if it is not a predictor of cranial asymmetry. As for the increasing 
source level, it may enable odontocetes to detect prey at long distances 
through scanning larger volumes in deep waters (Table 2). Higher 
source level may be attained by hypertrophy of the right sound pro-
duction organs at the expense of the left size. These relationships across 
all odontocetes are similar to those found within Delphinoidea (Laeta 
et al. 2020). They are further aligned with Jensen et al.’s (2018) proposal 
that increased cranial asymmetry may be related to the general evolu-
tionary hyperallometric development of large sound production struc-
tures in large odontocetes. Both the hypertrophy of the sound producing 
structures and the asymmetry can contribute to the production of high 
biosonar signal output, allowing greater volumes of water to be scanned 
by echolocation. Furthermore, Foskolos et al. (2019) found that larger 
(but still very small) volumes of air are used by the largest 
sound-generating structures on the right under the need to produce 
clicks as depth increases. This may be another factor associating depth, 
the size of the sound producing apparatus, and hence asymmetry, as 
odontocetes are generally expected to have unilateral click production 
on the right side (Madsen et al., 2010, 2013; Ames et al., 2020). 

The lateralized production of echolocation clicks (Madsen et al. 
2010, 2013; Ames et al., 2020) is consistent with the enlargement of 
bone structures on the right side (Galatius and Goodall, 2016; Hug-
genberger et al., 2016a; Laeta et al., 2020). This suggests functionality of 
the cranial asymmetry in relation to support of larger soft tissue organs 
on the right side – the nasal apparatus, melon and related muscular 
complex (Schenkkan, 1973; Heyning and Mead, 1990; Cranford, 1996). 
The magnitude of asymmetry, as well as its most important predictors 
found here, skull size and higher source level, are all subject to onto-
genetic development. The cranial facial and rostral development (Syd-
ney, 2010; Galatius et al., 2011; Del Castillo et al., 2017) and the 
maturation of sound-generating structures (Frainer et al., 2015; 2019), 
may be important for shaping biosonar signal properties e.g. enabling 
emission of more complex sounds and higher source level (Jensen et al., 
2018). However, it is still unclear how such functional changes to 
sound-generating structures may drive the observed increase in asym-
metry during ontogeny (Sydney, 2010; Lanzetti et al., 2022). 

Thus, our results imply that greater levels of asymmetry are related 
to hypertrophy of sound-generating structures on the right side, espe-
cially among taxa that use deep pelagic waters, represented by extreme 
cases such as physeteroids, monodontids and globicephalines. These 
species emit powerful echolocation clicks with peak-to-peak source level 
around 196–240 dB re 1µPa (Fig. 5; Table 2), enabling them to scan 
large volumes of water at great depths to locate prey in low densities 
over long distances. The range capability of such sounds to penetrate 
further increases the chance that there is sufficient energy for the echo to 
retain relevant information to be decoded after reaching a target (Au, 
2018). However, we did not observe a generalized high asymmetry 
among deep-diving ziphiids, which also use loud sounds 203–214 dB re 
1µPa (Fig. 5; Table 2). It is likely that there is some noise in our source 
level dataset, as an accurate measurement of this parameter requires an 
on-axis recording and this can be difficult for deep-diving species that 
might not use maximum biosonar outputs near the surface. Thus, there 
are likely several underestimates in the dataset, particularly for species 
with few recordings. Such noise may have caused our models to un-
derestimate this relationship of asymmetry and source level. 

The ability of deep-diving odontocetes to emit powerful sounds was 
critical to their evolutionary success in deep water ecological niches 
(Jensen et al., 2018; Foskolos et al., 2019; Madsen et al., 2023; Table 2). 
However, adaptations for the accommodation of large sound generating 
structures can also involve aspects of cranial morphology other than 
asymmetry (Churchill et al., 2018). For example, it has been suggested 
that the deeper cranial concavity of the facial region found in pelagic 
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phocoenids relative to coastal relatives allows larger sound-generating 
structures (Galatius et al., 2011). Concavity as a potential adaption for 
accommodating a large sound producing apparatus is repeated in the 
delphinid subfamily Lissodelphininae, particularly in Lagenorhynchus 
cruciger, which is also remarkably asymmetric compared to its close 
relatives (Galatius and Goodall, 2016; Del Castillo et al., 2017; Laeta et 
al., 2020). This may be the case for some ziphiids such as Mesoplodon sp., 
which show widespread low asymmetry while having very concave 
facial profiles that may alleviate the need for a higher degree of asym-
metry. Among fossil ziphiids, elevation of the cranial vertex has previ-
ously been proposed to be associated with adaptation of echolocation for 
deep diving (Bianucci et al., 2016). Furthermore, among extant ziphiids, 
the greater concavity of the facial region has been proposed to be 
associated with biosonar adaptations to a deep-diving lifestyle (Vicari 
et al., 2023). Both elevation of the vertex and increased facial concavity 
would facilitate accommodation of a larger sound producing apparatus, 
analogous to the increased directional asymmetry favouring the 
click-producing side in odontocetes with lateralized click production. 
The vertex elevation observed among the very asymmetric Physeter 
macrocephalus and Kogiidae (Ness, 1967; Heyning and Mead, 1990) may 
be another reflection of this adaptation, indicating that it has occurred 
convergently across Odontoceti. Vertex elevation and deep concavity of 
the facial region were also observed in stem and crown extinct phys-
eteroids (Velez-Juarbe et al., 2015; Lambert et al., 2017), including taxa 
with high cranial asymmetry, Orycterocetus and Aulophyseter (Coombs 
et al., 2020). Despite the potential functionality of such cranial shapes 
for the production of more powerful sounds, relationships to specific 
habitats such as deep waters have not been established among these 
fossils (Lambert et al., 2017). 

Platanista gangetica and Lipotes vexillifer, which are certainly not deep 
divers, showed relatively high levels of asymmetry. Both species live (or 
lived, as L. vexillifer is now considered extinct) in turbid rivers and have 
reduced vision, particularly P. gangetica (Herald et al., 1969; Zhou, 2009; 
Thewissen, 2009; Fig. 4; Supporting Information, Fig. S2). These taxa 
may have strategies to optimize sound production, even though they do 
not emit comparatively loud sounds (183 dB re 1µPa for P. gangetica; 
Fig. 5; Table 2), and L. vexillifer has also been described with strong 
asymmetry in the facial soft tissues (Hinton, 1936). 

In the evolutionary history of odontocetes, echolocation has evolved 
as an essential sensory modality (Geisler et al., 2014; Boessenecker et al., 
2017). The relationship between cranial asymmetry and the production 
of powerful sounds via hypertrophy of nasal structures on the right side 
as proposed by Laeta et al. (2020) for Delphinoidea was corroborated 
here for all ten families of odontocetes with a phylogenetic signal in both 
qualitative variation and quantitative asymmetry. Across toothed 
whales, evolutionary models have shown that the magnitude of asym-
metry was partially explained by source level so that animals producing 
larger source levels tend to have higher cranial asymmetry. This suggests 
that the unique asymmetry found in odontocete skulls is related to 
morphological adaptations that allow for larger investment in a biosonar 
sound generator, allowing them to detect prey at longer ranges. Where 
similarities in the magnitude of asymmetry are manifested in more 
distantly related taxa, there is likely an evolutionary convergence of 
asymmetry as an adaptation to allow production of loud sounds. How-
ever, a substantial part of the variation was not explained in our models. 
This may be due to other factors contributing to asymmetry, such as the 
complex interaction with other anatomical adaptations (e.g., concavity 
and allometry) related to the enlargement of the sound production 
apparatus, and to incomplete data on species-specific maximum source 
levels. The general similarity of expressions of asymmetry implies that it 
serves the same function throughout Odontoceti and is a shared derived 
character. With the data currently available, we cannot address the 
functional implications of the qualitative variation. Further light could 
be shed on these issues by the inclusion of fossil species, or more accu-
rate and extensive data on sound parameters and ecology of the species. 
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phylogenetic examination of the Delphinoidea trichotomy: congruent evidence from 
three nuclear loci indicates that porpoises (Phocoenidae) share a more recent 
common ancestry with white whales (Monodontidae) than they do with true 
dolphins (Delphinidae). Mol. Phylogenetics Evol. 15, 314–318. 

Wahlberg, M., Beedholm, K., Heerfordt, A., Møhl, B., 2011a. Characteristics of biosonar 
signals from the northern bottlenose whale, Hyperoodon ampullatus. J. Acoust. Soc. 
Am. 130, 3077–3084. 

Wahlberg, M., Jensen, F.H., Aguilar Soto, N., Beedholm, K., Bejder, L., Oliveira, C., 
Rasmussen, M., Simon, M., Villadsgaard, L., Madsen, P.T., 2011b. Source parameters 
of echolocation clicks from wild bottlenose dolphins (Tursiops aduncus and Tursiops 
truncatus. ). J. Acoust. Soc. Am. 130, 2263–2274. 

Wang, J.Y., Yang, S.H., 2009. Indo-Pacific bottlenose dolphin Tursiops aduncus. In: 
Perrin, W.P., Würsig, B., Thewissen, J.G.M. (Eds.), Encyclopedia of Marine 
Mammals, 2ed..,. Academic Press, San Diego, California, pp. 602–608. 

West, K.L., Walker, W.A., Baird, R.W., Webster, D.L., Schorr, G.S., 2018. Stomach 
contents and diel diving behavior of melon-headed whales (Peponocephala electra) in 
Hawaiian waters. Mar. Mamm. Sci. 34, 1082–1096. 

Winn, H.E., 1982. A characterization of marine mammals and turtles in the mid- and 
North Atlantic areas of the United States upper continental shelf, final report. Bureau 
of Land Management, Washington D.C. 

Yamamoto, Y., Akamatsu, T., da Silva, V.M.F., Yoshida, Y., Kohshima, S., 2015. Acoustic 
characteristics of biosonar sounds of free-ranging botos (Inia geoffrensis) and tucuxis 
(Sotalia fluviatilis) in the Negro River, Amazon, Brazil. J. Acoust. Soc. Am. 138, 
687–693. 

Yurick, D.B., Gaskin, D.E., 1988. Asymmetry in the skull of the harbour porpoise 
Phocoena phocoena (L.) and its relationship to sound production and echolocation. 
Can. J. Zool. 66, 399–402. 

Zelditch, M.L., Swiderski, D.L., Sheets, H.D., 2012. Geometric morphometrics for 
biologists: a primer, second ed. Elsevier Academic Press, San Diego.  

Zhou, K., 2009. Baiji: Lipotes vexillifer. In: Perrin, W.P., Würsig, B., Thewissen, J.G.M. 
(Eds.) (Eds.), Encyclopedia of Marine Mammals, second ed. Academic Press, San 
Diego, California, pp. 71–76. 

Zimmer, W.M.X., Madsen, P.T., Teloni, V., Johnson, M.P., Tyack, P.L., 2005a. Off-axis 
effects on the multipulse structure of sperm whale usual clicks with implications for 
sound production. J. Acoust. Soc. Am. 118, 3337–3345. 

Zimmer, W.M.X., Johnson, M.P., Madsen, P.T., Tyack, P.L., 2005b. Echolocation clicks of 
free-ranging Cuvier’s beaked whales (Ziphius cavirostris). J. Acoust. Soc. Am. 117, 
3919–3927. 

M. Laeta et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref118
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref118
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref118
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref119
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref119
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref119
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref120
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref120
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref121
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref121
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref121
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref121
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref122
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref122
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref123
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref124
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref124
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref124
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref124
https://www.fisheries.noaa.gov/species/sowerbys-beaked-whale
https://www.fisheries.noaa.gov/species/sowerbys-beaked-whale
https://www.fisheries.noaa.gov/species/stejnegers-beaked-whale
https://www.fisheries.noaa.gov/species/stejnegers-beaked-whale
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref125
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref126
https://CRAN.R-project.org/package=ape
https://CRAN.R-project.org/package=ape
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref128
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref128
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref128
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref129
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref129
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref129
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref130
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref130
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref130
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref130
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref131
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref131
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref131
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref132
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref132
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref133
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref133
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref133
https://cran.r-project.org/
https://cran.r-project.org/
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref135
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref135
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref135
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref136
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref136
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref136
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref137
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref137
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref137
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref138
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref138
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref138
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref139
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref140
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref140
https://doi.org/10.5519/0020467
https://doi.org/10.5519/0020467
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref142
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref142
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref143
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref143
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref143
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref144
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref144
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref144
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref144
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref144
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref145
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref145
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref145
https://www.animal-behaviour.de/imp/
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref146
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref146
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref147
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref147
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref148
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref149
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref149
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref149
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref149
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref150
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref150
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref150
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref151
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref151
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref152
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref152
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref153
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref153
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref153
https://doi.org/10.1007/s10914-022-09642-4
https://doi.org/10.1007/s10914-022-09642-4
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref155
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref155
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref155
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref156
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref156
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref156
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref156
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref156
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref157
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref157
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref157
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref158
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref158
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref158
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref158
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref159
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref159
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref159
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref160
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref160
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref160
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref161
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref161
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref161
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref161
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref162
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref162
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref162
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref163
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref163
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref164
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref164
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref164
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref165
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref165
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref165
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref166
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref166
http://refhub.elsevier.com/S0944-2006(23)00042-9/sbref166

	Cranial asymmetry in odontocetes: a facilitator of sonic exploration?
	1 Introduction
	2 Material and methods
	2.1 Sample
	2.2 Skull image acquisition
	2.3 Landmark data acquisition
	2.4 Shape analyses
	2.5 Quality of directional asymmetry
	2.6 Quantification of directional asymmetry
	2.7 Asymmetry’s relation to sound production

	3 Results
	3.1 Shape variation
	3.2 Magnitude of asymmetry
	3.3 Asymmetry and sound production

	4 Discussion
	4.1 Manifestations of cranial asymmetry
	4.2 Cranial asymmetry and sound production

	CRediT authorship contribution statement
	Declaration of competing interest
	Data Availability
	Acknowledgements
	Appendix A Supporting information
	References


