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Odontocetes (toothed whales) have amongst the most radically altered skull of any mammal, but no study has tested 
how these modifications have altered its phenotypic integration. Here, we perform the first rigorous assessment 
of modularity in Delphinus delphis, using a combination of cluster analysis, covariance ratio tests and maximum-
likelihood methods, on 27 landmarked skulls. Cluster analysis identified ten semi-autonomous regions (modules), 
five consisting of bilaterally paired landmarks, while the remaining landmarks were distributed among modules 
representing the face, zygomatic, nasals, pterygoids and vault. The novel ten-module hypothesis, as well as a 
simplified version consisting of only the five major modules, was then compared with existing hypotheses formulated 
for terrestrial mammals based on developmental origin and/or function. We found our novel hypotheses to perform 
best, except when cranial asymmetry was removed. With the loss of asymmetry, a six-module hypothesis developed 
for terrestrial mammals was found to best fit the data. Anatomical changes in the skull related to the evolution of 
echolocation, as well as loss of mastication, best explain the novel modules identified in this study. Our study also 
provides strong evidence that the evolution of cranial asymmetry is a substantial driver of changes in modularity 
within whales.

ADDITIONAL KEYWORDS: cranial asymmetry – cranial shape – cranial telescoping – echolocation – EMMLi – 
mastication – modularity – phenotypic integration – odontocete.

INTRODUCTION

The association and covariation of traits through 
evolution and ontogeny, as patterned by development 
and function, is a basic principle of evolutionary biology 
(Olson & Miller, 1958; Pigliucci & Preston, 2004). 
These trait associations, or phenotypic integrations, 
have a significant impact on how different taxa 
adapt to new environments and lifestyles, shaping 
the development of novel features and directing 
changes along preferred trajectories. In recent years, 
many studies of morphological integration have 
focused on the mammalian skull (Cheverud, 1995; 
Goswami, 2006a, b; Mitteroecker & Bookstein, 2008; 
Drake & Klingenberg, 2010; Shirai & Marroig, 2010; 

Porto et al., 2013; Santana & Lofgren, 2013; Parr 
et al., 2016; Machado et al., 2018) with some studies 
focusing mostly on developmental origin (Drake & 
Klingenberg, 2010), whereas other studies have used 
exploratory approaches to identify modules related 
to function as well (Cheverud, 1982, 1995; Goswami, 
2006a, b). Although the exact number of modules and 
the landmarks associated with specific modules may 
vary between studies, there is an emerging consensus 
that six modules can be identified within the therian 
mammal skull, representing complexes of traits 
associated with the basicranium, vault, zygomatic-
pterygoid, orbit, molars, and the anterior oral and 
nasals regions (Cheverud, 1995; Goswami, 2006b; 
Goswami & Finarelli, 2016), although integration is 
low within some of these modules. These modules all 
have strong functional correlations. The zygomatic-
pterygoid, molars, and anterior oral region and nasals 
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are all are related to mastication, while the orbit 
reflects vision, the vault is associated with the brain, 
and the basicranium reflects support for the head and 
attachment to the axial skeleton (Goswami, 2006a).

The above studies have, however, largely focused 
on terrestrial mammals, although some studies have 
incorporated pinnipeds (Machado et al., 2018). While 
the patterns identified appear to hold true for most 
mammals, clades that have experienced very different 
adaptive pressures may deviate from the common 
pattern of modularity, as they also deviate in cranial 
morphology

One such group are the echolocating whales 
(Odontoceti). Odontocetes have some of the most 
radically modified skulls of any living mammal. These 
modifications include retrograde cranial telescoping 
(Miller, 1923; Whitmore & Sanders, 1976; Geisler 
& Sanders, 2003; Churchill et al., 2018), extreme 
bilateral asymmetry (Ness, 1967; Huggenberger 
et al., 2017) and simplification of dentition (Werth, 
2000; Armfield et al., 2013; Peredo et al., 2018). As a 
consequence of retrograde cranial telescoping, the 
frontal and maxillae are greatly expanded in size and 
contact or nearly contact the supraoccipital, almost 
completely eliminating the intertemporal region 
and parietal from dorsal view (Whitmore & Sanders, 
1976). Significant overlapping of bones occurs, with 
the ascending process of the maxillae expanding 
over the surface of the frontal, and occluding it from 
view except as a narrow wedge. Furthermore, in most 
odontocetes, significant differences in the development 
and position of bones of the face can be detected for the 
right and left sides of the skull. The midline of the skull 
is skewed towards the left, with the right premaxilla 
larger than those on the left (Ness, 1967; Huggenberger 
et al., 2017). Finally, extant odontocetes generally 
possess simplified homodont or nearly homodont 
dentition (Armfield et al., 2013), and a tendency for 
either increases in tooth count (polydonty; Fordyce, 
1982; Armfield et al., 2013), or reductions to or even 
complete loss of dentition (Werth, 2006; Deméré et al., 
2008; Peredo et al., 2018).

Given the bizarre morphology evident in odontocete 
skulls, different patterns of modularity may be 
present. However, while the unusual nature of whale 
cranial morphology has long been recognized (Miller, 
1923), only one study has examined modularity in 
whales, and that study quantified modularity in an 
ontogenetic series, rather than across adult specimens, 
and tested only a single model of modularity based on 
developmental origin of cranial regions (del Castillo 
et al., 2017). Consideration of alternative models, 
especially those related to functional structures, is 
sorely needed, because modifications of the skull 
observed in odontocetes are almost certainly related 
to changes in functions of the skull. For instance, 

unlike terrestrial mammals, odontocetes no longer 
perform mastication (Hocking et al., 2017), and 
rather than relying on vision or smell to find prey 
as do many mammals, odontocetes use echolocation 
(Au, 1993); this has led to major changes in the facial 
and narial region related to the production of high-
frequency clicks (Heyning & Mead, 1990; Cranford 
et al., 1996). These changes could have substantially 
impacted the functional relationships among traits, 
with commensurate changes in the pattern of cranial 
modularity.

In this study, we perform the first assessment of 
modularity within an odontocete taxon, the common 
dolphin (Delphinus delphis, Linnaeus 1758), to 
determine the impact that cranial telescoping 
and asymmetry may have had on the phenotypic 
integration of traits and the overall structure of cranial 
modularity. With this assessment, we can quantify the 
level of difference in modularity between terrestrial 
mammals and an echolocating whale, and estimate 
the functional constraints that may have influenced 
the evolution and diversification of odontocetes.

MATERIAL AND METHODS

Sampling

To assess modularity within the dolphin skull, 
we collected three-dimensional (3D) laser scans 
of 27 common dolphin skulls present within the 
mammalogy collections of the American Museum of 
Natural History (AMNH), a complete list of which is 
provided in Table 1. All specimens scanned belong to 
adult individuals, as assessed via a combination of 
skull size and suture closure. Incomplete and damaged 
skulls were not scanned or excluded from our sample 
prior to analyses.

Within our sample set, 11 individuals were male, 13 
were female and three were of uncertain sex. Although 
minor amounts of sexual dimorphism in body size are 
evident in some D. delphis populations, representing 
up to a 5% difference in body size between adults 
(Heyning & Perrin, 1994), no evidence of dimorphism in 
cranial shape has been found (Bell et al., 2002). If some 
degree of dimorphism does exist in the populations 
studied here, it is likely to be so minor as to have little 
influence on the results of the modularity hypotheses 
being tested.

The majority of the individuals within our analysis 
(24 individuals) probably belong to D. delphis 
bairdi, Dall 1873, the eastern Pacific long-beaked 
common dolphin (Committee on Taxonomy, 2017), 
and were collected from the Pacific coast of Mexico. 
Two individuals  (AMNH 35401 and AMNH 
130119) represent individuals belonging to D. delphis 
delphis, the common dolphin, and were collected in New 
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York. A further two Delphinus specimens lack specific 
identity or locality data, and can only be referred to as 
D. delphis ssp. Taxonomy within the genus Delphinus 
remains largely unresolved, and it is possible these 
two forms represent separate species (Natoli et al., 
2006; Cunha et al., 2015; Segura-García et al., 2016); 
however, for the purpose of this study, and given the 
overall similarity in morphology, we have treated 
them as one taxon. Exploratory principal component 
analysis of landmark data supports this decision, with 
the Atlantic specimens overlapping in morphospace 
with those taxa from the North Pacific. All 3D scan 
data were collected with a Creaform Handyscan 700 
laser scanner, with files exported to .ply format at 0.2-
mm resolution.

geometric morphometricS

We placed 67 landmarks on digital models of the skull 
(Fig. 1), using the program IDAV Landmark (Wiley 
et al., 2005). Landmarks chosen were modified from 
those used by Galatius et al. (2012), and a description of 
the landmarks can be found in Supporting Information 
Appendix S1.

All of the skulls examined possessed obvious cranial 
asymmetry. To determine the relative impact of cranial 
asymmetry on modularity, three sets of landmark files 
were produced. In the first set, the entire skull was 
landmarked, with no alteration of landmarks. In the 
second and third sets, landmarks from the right or left 
side of the skull were removed, leaving those landmarks 
on the opposite side of the skull and midline intact. 
These two datasets each contained 39 landmarks per 
skull. Within the R package ‘morpho’ (Schlager, 2017) 
and using the ‘mirrofill’ function, we then mirrored the 
bilateral landmarks along an axis defined by six points 
on the midline of the skull, creating new landmarks 
based on the positions of existing points on the right 
or left side of the skull. This mirroring resulted in two 
new datasets, one based on the left side of the skull, and 
one based on the right side of the skull, representing 
complete and now symmetrical skulls containing 
all 67 landmarks. We produced accurate mirrored 
images of almost all landmarks used in this study. The 

exception were landmarks from the tip of the rostrum, 
which often showed very different and unrealistic 
orientations when mirrored. This problem with 
mirroring of the tip of the rostrum was almost entirely 
due to variable post-mortem drying and separation of 
the premaxilla during osteological preparation. Due to 
this issue, we did not mirror these two landmarks and 
rather maintained the original set of landmarks across 
all three datasets. All landmark datasets were then 
subjected to Procrustes superimposition, using the R 
package ‘geomorph’ (Adams & Otarola-Castillo, 2013).

teSting modelS of modularity

We tested whether novel or existing hypotheses of 
modularity best explain the patterns of correlation 
of morphological traits using a combination of 
exploratory (hierarchical cluster analysis; Legendre 
& Legendre, 1998), confirmatory (CR coefficient; 
Adams, 2016) and maximum-likelihood approaches 
(Goswami & Finarelli, 2016). First, we took the 64 
landmarks on the dolphin skull and assigned them 
into modules defined from five existing hypotheses of 
cranial modularity (Appendix S1). All but one of these 
models (the three-module hypothesis of del Castillo 
et al., 2017) are derived from analyses of modularity of 
terrestrial mammalian skulls, and in some cases use 
very different landmarks from those typically used in 
morphometric analysis of cetacean skulls (antorbital 
notch, etc). When a given landmark on the dolphin 
skull did not align with existing landmarks within 
these module hypotheses, we approximated what 
module they would belong to on the basis of the regions 
of the skull and bones they were associated with, 
and where those points would exist on a terrestrial 
mammal skull. Known module hypotheses selected for 
use in this study include: the two-module hypothesis 
of Drake & Klingenberg (2010), where landmarks are 
segregated into a facial or neurocranial region; the 
three-module hypothesis of del Castillo et al. (2017), 
where landmarks are sorted into three modules on the 
basis of developmental origin (rostrum, neurocranium 
and basicranium); the six-module hypothesis of 
Cheverud (1995), which sorts cranial landmarks into 

Table 1. American Museum of Natural History (AMNH) specimens used in this study, with locality and sex information

Locality Sex Specimen number(s)

Offshore of Cabo San Lucas, 
Mexico

Female AMNH 239125, 239129, 239131, 239134, 239136, 239139, 239140, 239144, 
239145, 239146, 239151

Offshore of Cabo San Lucas, 
Mexico

Male AMNH 239124, 239126, 239128, 239133, 239135, 239137, 239138, 239141, 
239143, 239147, 239148, 239149

Ulster Co., NY, USA Male AMNH 130119
New York Co, NY, USA Unknown AMNH 35401
Unknown Unknown AMNH 176, AMNH 77931
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modules on the basis of a combination of functional 
and developmental relationships (oral, nasal, orbit, 
vault, zygomatic and base); the six-module hypothesis 
of Goswami (2006a), which divides the skull into 
anterior oral-nasal, molar-palatal, orbit, zygomatic-
pterygoid, vault and basicranial regions; and finally 
an eight-module hypothesis, based on the ten-module 
hypothesis of Parr et al. (2016), which divides the 

skull into regions associated with the distal snout and 
palatine, the proximal palatine and anterior braincase, 
the proximal snout, the olfactory, the basicranium 
and occipital condyles, the zygomatic and temporal-
mandibular joint (TMJ), and the anterior basicranium. 
For the last of these hypotheses, we used eight modules 
rather than ten, as the original hypothesis segregated 
the zygomatic and TMJ into three regions with bilateral 

Figure 1. Cranial landmarks in posterodorsal (top), lateral (middle) and ventral (bottom) view on the skull of Delphinus 
delphis (AMNH 239149). Landmarks are listed and described in Appendix S1.
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asymmetry: the left zygomatic arch and left TMJ; the 
right TMJ; and the right zygomatic arch. As some of 
our analyses explicitly remove asymmetry of the skull, 
we concluded that merging these modules into one 
module would be more appropriate for our study.

Although the above hypotheses cover a broad range 
of possible models for cranial organization, they 
were not tailored to take into account either cranial 
telescoping or asymmetry (other than the amendment 
noted above), nor were they implemented using 
landmarks typically used in cetacean morphometric 
analysis (e.g. Galatius et al., 2012; Galatius & Goodall, 
2016; del Castillo et al., 2017). Because of this, we 
cannot fully exclude the existence of unique patterns 
of phenotypic variation in the skull that might best 
represent odontocete cranial variation. To test whether 
novel cranial modules exist for odontocetes, we carried 
out exploratory approaches using hierarchical cluster 
analysis. The interpretation of cranial modules derived 
from cluster analysis should be viewed cautiously; 
some datasets may have low co-phenetic variation 
(Zelditch et al., 2009), and by default a cluster analysis 
will always find clusters, even if there is poor structure 
in the dataset (Goswami & Polly, 2010). However, as 
an exploratory method it allows the assessment of 
correlations between landmarks without a priori 
assignment of landmarks to modules.

To perform the cluster analysis, covariance 
matrices produced as a consequence of our Procrustes 
superimposition were then converted to landmark 
distance correlation matrices via the R package 
‘paleomorph’. These distance matrices were then used 
to produce hierarchical cluster plots using Wards 
linkage method in the R package ‘pvclust’ (Suzuki & 
Shimodaira, 2006), with P values assigned to each 
cluster. The least inclusive clusters with P ≤ 0.05 were 
used to define modules; landmarks which were not 
found to cluster with any other group of landmarks were 
left unassigned to a module. The modules identified in 
analyses of the whole skull, the right mirrored skull 
and the left side mirrored skulls were used to define 
new hypotheses of phenotypic modularity to be tested 
alongside the five prior hypotheses (Appendix S1).

After assignment of landmarks to modules, we then 
tested the degree of modularity in the hypothetical 
modules using the covariance ratio (CR) coefficient 
(Adams, 2016). CR is a measure of the pairwise 
covariance of landmarks between and within modules, 
and the CR modularity test compares this value with 
that expected if landmarks were randomly assigned to 
different modules. Thus, significant P values (P ≤ 0.05) 
indicate a higher degree of integration within modules 
than expected from chance alone. CR coefficients were 
generated for all three datasets and all hypotheses 
(existing and novel) using the modularity.test function 
in ‘geomorph’ (Adams & Otarola-Castillo, 2013).

While the CR coefficient is a useful tool to assess 
hypotheses of modularity, it can only confirm if 
hypotheses are significantly different from a null 
hypothesis of random distribution. CR coefficients 
are incapable of determining, if multiple hypotheses 
are significant, which individual hypothesis best fits 
the data. To determine which hypothesis best fit the 
data, we used a maximum-likelihood approach with 
model parameterization, using the R package ‘EMMLi’ 
(Goswami & Finarelli, 2016). EMMLi uses maximum 
likelihood and Akaike’s information criterion (AIC) 
to examine and compare different trait correlation 
matrices with different levels of complexity. Not 
only does this allow us to determine which proposed 
module hypothesis best fits the data, but we can also 
vary model parameters that influence integration 
between and within modules. Models examined for 
this test included a hypothesis of no modularity in the 
dataset, as well as the existing and novel hypotheses 
tested above. For the existing and novel hypotheses, 
we varied the correlation coefficient (ρ; Table 2), by 
using the same ρ for within and between modules, 
separate ρ for within and between modules, the same 
ρ for within modules but different ρ between modules, 
and different ρ for within modules but the same ρ 
for between modules, following Goswami & Finarelli 
(2016). Overall, we tested 31 models with two to 57 
parameters, depending on the number of assigned 
modules and the number of parameters varied.

RESULTS

cluSter analySiS and identification of novel 
moduleS

Cluster analysis of the entire skull, unaltered by 
mirroring, resulted in the recovery of ten distinct 
modules (Fig. 2). The same clusters are identified when 
asymmetry is removed from the landmarks and either 
the left or the right side is mirrored. Clusters that were 
significantly supported correspond to the following 
regions: face, consisting of landmarks associated with 
the lacrimal, the antorbital process of the frontal, the 
anterior infraorbital foramen, the posterior portion 
of the premaxilla, and the nasal septum; zygomatic, 
consisting of landmarks associated with the postorbital 
process of the frontal, the zygomatic process of the 
squamosal, the paraoccipital and the palatine–maxilla 
suture; nasals, consisting of landmarks associated 
with the nasals and the intersection of the parietal/
interparietal and frontal; pterygoids, consisting of 
landmarks associated with the posterior palatine, 
pterygoid hamuli and Eustachian notch; the anterior 
tip of the pterygoids; vault, consisting of landmarks 
associated with the occipital; the posteriormost 
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Table 2. Model descriptions and parameters, for all 43 models used in EMMLi model selection analysis

Model ID Base model structure Number of 
modules

Model description Number of 
parameters

1 No modules 0 One ρ for all correlations 2
2A Drake & Klingenberg (2010) 2 Same ρ for within and between 

modules
3

2B Drake & Klingenberg (2010) 2 Separate ρ for within and between 
modules

4

3A del Castillo et al. (2017) 3 Same ρ for within and between 
modules

3

3B del Castillo et al. (2017) 3 Same ρ for within modules but 
separate ρ between modules

5

3C del Castillo et al. (2017) 3 Separate ρ for within modules but 
same between modules ρ

5

3D del Castillo et al. (2017) 3 Separate ρ for within and between 
modules

7

4A Cheverud (1995) 6 Same ρ for within and between 
modules

3

4B Cheverud (1995) 6 Same ρ for within modules but 
separate ρ between modules

17

4C Cheverud (1995) 6 Separate ρ for within modules but 
same between modules ρ

8

4D Cheverud (1995) 6 Separate ρ for within and between 
modules

22

5A Goswami (2006a) 6 Same ρ for within and between 
modules

3

5B Goswami (2006a) 6 Same ρ for within modules but 
separate ρ between modules

17

5C Goswami (2006a) 6 Separate ρ for within modules but 
same between modules ρ

8

5D Goswami (2006a) 6 Separate ρ for within and between 
modules

22

6A Parr et al. (2016_ 7 Same ρ for within and between 
modules

3

6B Parr et al. (2016) 7 Same ρ for within modules but 
separate ρ between modules

23

6C Parr et al. (2016) 7 Separate ρ for within modules but 
same between modules ρ

9

6D Parr et al. (2016) 7 Separate ρ for within and between 
modules

29

7A Novel ten-module 10 + unintegrated Same ρ for within and between 
modules

4

7B Novel ten-module 10 + unintegrated Same ρ for within and between 
modules, separate ρ for 
unintegrated

3

7C Novel ten-module 10 + unintegrated Same ρ for within modules but 
separate ρ between modules

48

7D Novel ten-module 10 + unintegrated Separate ρ for within modules but 
same between modules ρ

13

7E Novel ten-module 10 + unintegrated Separate ρ for within modules but 
same between modules ρ, separate 
ρ for unintegrated

12

7F Novel ten-module 10 + unintegrated Separate ρ for within and between 
modules

57
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infraorbital foramina; the anterior palatine; the tip of 
rostrum; and the palatine process of the premaxilla. 
Of all the landmarks incorporated, only one set of 
bilateral landmarks did not clearly form a significant 
cluster with any other landmark including each other: 
the distal alveoli of the upper tooth row.

However, at least five of these modules are represented 
by bilateral landmarks, and are not clearly associated 
with any other set of landmarks. These included the 
tip of the rostrum, the dorsal posterior infraorbital 
foramina, palatine process of the premaxilla, anterior 
tip of the pterygoid and anterior tip of the palatine. To 
avoid having a novel hypothesis so heavily weighted 
towards single landmarks, we also tested a condensed 
version of the ten-module hypothesis in which the 
above points were not assigned to any specific module, 
resulting in a new five-module hypothesis.

modularity teStS

CR tests found varying significant support for the 
different hypotheses, on both asymmetrical and 
mirrored skulls (Table 3). The three-module (del 
Castillo et al., 2017), six-module [both Cheverud 
(1995) and Goswami (2006a)] and novel five- and ten-
module hypotheses were supported (P ≤ 0.05) for all 
three datasets. The two-module hypothesis (Drake & 
Klingenberg, 2010) was only significant when the right 
side of the skull was mirrored, while the eight-module 
hypothesis (Parr et al., 2016) was significant only for 
the asymmetrical skull.

EMMLI analysis also showed that model fit varied 
with the dataset being used (Table 4; Appendix S2). For 
the unaltered asymmetrical skull, the most complex 
model (varying ρ for within and between models) of 

Figure 2. Hierarchal Euclidean cluster analysis of cranial 
landmarks for Delphinus delphis, based on the complete 
skull. Clusters indicated by black boxes have a P value ≤0.05. 
The ten modules indicated are named on the right. Results of 
cluster analysis for left and right mirrored skulls are identical.

Model ID Base model structure Number of 
modules

Model description Number of 
parameters

8A Novel five-module 5 + unintegrated Same ρ for within and between 
modules

4

8B Novel five-module 5 + unintegrated Same ρ for within and between 
modules, separate ρ for 
unintegrated

3

8C Novel five-module 5 + unintegrated Same ρ for within modules but 
separate ρ between modules

13

8D Novel five-module 5 + unintegrated Separate ρ for within modules but 
same between modules ρ

8

8E Novel five-module 5 + unintegrated Separate ρ for within modules but 
same between modules ρ, separate 
ρ for unintegrated

7

8F Novel five-module 5 + unintegrated Separate ρ for within and between 
modules

17

Table 2. Continued D
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the novel ten-module hypothesis was found to best fit 
the data. Variations of this model or the five-module 
hypothesis all had the lowest corrected AIC (AICC) 
scores and best fitted the data.

When either the left or the right side of the skull was 
mirrored, the most complex model of the six-module 
(Cheverud, 1995) hypothesis was always recovered as 

best fitting the data. When the left side of the skull 
was mirrored, variations of this hypothesis, as well 
as the novel ten- and five-module hypotheses, also 
had particularly low AICC scores. When the right 
side was mirrored, variations of the Parr et al. (2016) 
eight-module hypothesis, as well as novel module 
hypotheses, all had low AICC scores.

Table 3. Results of modularity tests implemented through the Geomorph package in R

Module hypothesis Entire skull Entire skull,  
left side mirrored

Entire skull,  
right side mirrored

Drake & Klingenberg (2010)  
(two-module)

CR = 0.87
P = 0.11

CR = 1.03
P = 0.13

CR = 1.01
P = 0.001

del Castillo et al. (2017)
(three-module)

CR = 0.82
P = 0.02

CR = 1.03
P = 0.002

CR = 1.02
P = 0.002

Cheverud (1995)
(six-module)

CR = 0.73
P = 0.03

CR = 1.05
P = 0.001

CR = 1.04
P = 0.001

Goswami (2006a)
(six-module)

CR = 0.70
P = 0.001

CR = 1.07
P = 0.01

CR = 1.07
P = 0.05

Parr et al. (2016)
(eight module)

CR = 0.70
P = 0.001

CR = 1.11
P = 0.22

CR = 1.09
P = 0.09

Novel ten-module CR = 0.57
P = 0.001

CR = 1.22
P = 0.01

CR = 1.22
P = 0.07

Novel five-module CR = 0.84
P = 0.21

CR = 1.57
P = 0.32

CR = 1.70
P = 0.932

CR, covariance ratio. Statistically significant results are in bold type.

Table 4. Results of EMMLi model selection analyses on five landmark datasets

Model ID Log likelihood Number of 
parameters

AICC ΔAICC
Model log likelihood Model posterior 

probability

Entire skull
7F 3234.74 57 −6352.4 0 1 1
7D 3171.65 13 −6317.13 35.28 2.19E-08 2.19E-08
7E 3168.56 12 −6312.97 39.43 2.74E-09 2.74E-09
8F 3120.02 17 −6205.77 146.63 1.44E-32 1.44E-32
8D 3110.25 8 −6204.43 147.97 7.38E-33 7.38E-33
Entire skull, left side of cranium mirrored
4D −1940.51 22 3925.48 0 1 1
7F −2168.88 57 4456.83 531.35 4.17E-116 4.17E-116
4B −2231.88 17 4498.03 572.55 4.71E-125 4.71E-125
8F −2504.04 17 5042.36 1116.87 2.98E-243 2.98E-243
4C −2601.36 8 5311.53 1386.07 1.04E-301 1.04E-301
Entire skull, right side of cranium mirrored
4D −1423.02 22 2890.5 0 1 1
7F −1618.63 57 3354.34 463.84 1.90E-101 1.90E-101
4B −1814.28 17 3662.84 772.34 1.94E-168 1.94E-168
6D −1830.08 29 3718.95 828.45 1.27E-180 1.27E-180
8F −1905.89 17 3846.06 955.56 3.19E-208 3.19E-208

Only the top five models out of 44 are shown for each dataset. The single best model is indicated in bold type, and Model IDs are listed in Table 2. For 
full results, please see Appendix S2.
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DISCUSSION

changeS in feeding apparatuS and cranial 
modularity

The dolphin skull is extremely modified when 
compared to most terrestrial mammal skulls, which 
has substantially altered the modularity of the skull. 
These modifications are the result of adaptations 

to an aquatic lifestyle, and include the loss of 
mastication and specializations towards raptorial and 
suction feeding (Werth, 2000; Hocking et al., 2017), 
development of echolocation to navigate underwater 
(Au, 1993) and streamlining of the body for high-speed 
aquatic locomotion (Fish & Hui, 1991; Cozzi et al., 
2017). Below we discuss the specific modules recovered 
for the Delphinus skull (Fig. 3), and how they may 

Figure 3. Cranial landmarks with module association in posterodorsal (top), lateral (middle) and ventral (bottom) view on 
the skull of Delphinus delphis (AMNH 239149).
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reflect the above adaptations. For the purpose of this 
discussion, we will only focus on the more complex 
module hypotheses presented by Cheverud (1995), 
Goswami (2006a) and Parr et al. (2016). The two- and 
three-module hypotheses of Drake & Klingenberg 
(2010) and del Castillo et al. (2017) were generally not 
supported in the EMMLi analyses as being the best 
fits to the data. In addition, they are largely based 
on development origins, not function, and thus do not 
translate as well for a discussion focused on aquatic 
adaptations.

One substantial change associated with adaptations 
to an aquatic lifestyle are changes in the feeding 
apparatus, as a result of changes in prey capture, 
manipulation and processing (Hocking et al., 2017; 
Kienle et al., 2017). Although detailed studies 
of feeding mode are absent for Delphinus, it is 
probably a ram feeder, much like its close relative 
Tursiops (Bloodworth & Marshall, 2005). After prey 
are captured, they are swallowed whole, with no 
mastication. Adaptations towards ram feeding and 
loss of mastication have resulted in the development of 
a polydont and homodont dentition situated in a long, 
narrow rostrum (Armfield et al., 2013).

Changes in the above features have probably 
impacted the modularity of the skull in several ways. 
First, significant rostral elongation in Delphinus 
has resulted in isolation by distance of one bilateral 
pair of landmarks, the tips of the premaxillae, from 
all the other landmarks. Thus, it is not surprising 
that this pair of landmarks is recovered as its own 
unique module, and cannot be associated with 
any other module. Previous modularity studies on 
terrestrial mammals have placed similar landmarks 
with the oral (Cheverud, 1995), anterior oral-nasal 
(Goswami, 2006a) or distal snout (Parr et al., 2016) 
modules. Polydonty and homodonty of the dentition, 
as well as variation in dental count, prevented us 
from locating some traditional mammalian cranial 
landmarks that rely on tooth locus (e.g. landmarks 
relative to canines and molars). In extant cetaceans 
there are few unambiguous, homologous features on 
the skull between the tip of the rostrum and the face 
to provide additional landmarks. These landmarks, if 
they existed, could help to associate rostral landmarks 
with other modules. Other potential landmarks along 
the rostrum seem variable and difficult to place; for 
instance, posterior terminus of the palatine process 
of the premaxilla can often be hard to identify in 3D 
scans of Delphinus skulls, due to the difficulty in 
distinguishing this suture on the scans available to us.

Because of homodont and polydont dentition, as well 
as variation in tooth count and development within 
the species, we only applied one dentition-related 
landmark, position of the distal tooth alveolus. This 
is in contrast to other modularity studies, which have 

employed five (Goswami, 2006a) or 14 (Parr et al., 
2016) landmarks related to dentition. It is perhaps 
not surprising then that our study was unable to 
confidently place this pair of landmarks with any 
other modules, much like the landmarks at the tip of 
the snout. Goswami (2006a) found a distinct molar 
module which also includes the palatine and jugal; we 
do not find such an association. The lack of significant 
unambiguous landmarks associated with the 
dentition of whales makes it difficult to test the role of 
mastication in modularity within whales. Dolphins do 
not use their teeth in chewing, and the upper dentition 
of odontocetes mostly functions in piercing and holding 
prey, rather than physically breaking down food items 
(Hocking et al., 2017). If mastication is no longer a 
constraint on skull shape, we might see both loss of 
landmarks in the relevant area of the skull along with 
loss of modularity, and untangling these influences 
is not easy. Further work, using surface landmarks 
rather than fixed points, is needed to test the impact of 
loss of mastication on modularity.

Loss of mastication not only influences dentition, 
but may influence the palate as well, severing the 
link between the teeth and palate. The loss of these 
functional constraints may also explain our failure to 
recover the anterior tip of the palatine as belonging to 
any other module of the skull, although this landmark 
was also difficult to identify in many specimens, due 
to obliteration of the suture between the palatine and 
maxilla in some specimens.

evolution of echolocation and changeS in 
cranial modularity

Another major adaptation for an aquatic lifestyle 
seen in odontocetes is the use of echolocation for 
underwater navigation, which uses the echoes from 
the whale’s own vocalizations to produce accurate 
sonar maps of the environment (Au, 1993). During 
echolocation, high-frequency sound is produced 
by a forcing air through and adjacent to a pair of 
structures in the nasal passages called the monkey 
lips/dorsal bursae complex (MLDB), or phonic lips 
(Cranford et al., 1996, 2011). As air passes through 
these structures, they cause vibrations in a set of 
fat-filled sacs referred to as the anterior and dorsal 
bursae; these vibrations are then passed into a large 
and fat-filled melon (Cranford et al., 2014). The melon 
focuses and emits these sounds forward through the 
water (Mckenna et al., 2011). As a consequence of this 
radical modification of facial soft anatomy, muscles 
formerly associated with facial expression have been 
completely lost or heavily modified (Mead, 1975), with 
most of the facial musculature now devoted to sound 
production and focusing, as well as to respiration 
(Cozzi et al., 2017).
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Adaptations towards underwater sound production 
may thus drive the apparent ‘split’ of the orbit module 
(sensu Cheverud, 1995; Goswami, 2006a) into two 
distinct modules: face and zygomatic. The face consists 
of features of the skull associated with the facial 
fossa, the antorbital region, the lateral portion of the 
external nares, the anterior infraorbital foramen and 
the parietals. Numerous nasofacial muscles (nasal 
plug muscle, pars anterointernus, etc.) associated with 
the nasal complex originate in this area (Mead, 1975; 
Heyning, 1989; Heyning & Mead, 1990; Cozzi et al., 
2017). Landmarks associated with the parietal on the 
lateral side of the skull (e.g. junction of the exoccipital, 
parietal and squamosal bones; dorsal point of the 
squamosal) are also associated with this module. This 
rearrangement may be a result of cranial telescoping 
placing the face into a more posterior position 
(Churchill et al., 2018), constraining and influencing 
the size of the temporal fossa.

Also related to echolocation is the pterygoid module. In 
typical terrestrial mammals, the pterygoids are relatively 
small, but in odontocetes they form prominent yet 
delicate structures that make up the medial and lateral 
walls of the pterygoid sinus (Rommel et al., 2006). These 
sinuses are part of a much larger and more complex air 
sac system unique to whales (Racicot & Berta, 2013) 
that reaches its greatest morphological diversity within 
odontocetes (Fraser & Purves, 1960). This sinus system 
may function in both the reflection of sound produced 
during echolocation (Norris, 1964; Racicot & Berta, 2013), 
as well as to acoustically isolate the sound-generating 
and sound-conducting regions of the skull (Cranford 
et al., 2008a, b; Racicot & Berta, 2013). The importance 
of the pterygoid bones in constraining the shape and 
size of the pterygoid sinus is likely to play a role in 
these landmarks forming their own module, in contrast 
to previous studies on terrestrial mammals where 
these landmarks are linked with the basion (Cheverud, 
1995), the zygomatic (Goswami, 2006a), or various other 
modules associated with the ventral surface of the skull 
(Parr et al., 2016). Whether this module association 
evolved with echolocation in odontocetes, or evolved 
alongside underwater hearing, requires further testing 
of archaeocete and mysticete whales.

As demonstrated above, the development of 
echolocation seemingly had a major influence on the 
modularity of the skull. Echolocation in odontocetes 
has replaced vision as the most important sense used 
in navigation, to the extent that some taxa, such as 
the Ganges and Indus River dolphins Platanista, are 
nearly blind, resulting in reduced importance of a 
single integrated orbit module. However, modularity 
being influenced by the evolution of echolocation 
has not been found for other groups of mammals, 
with bats showing no major shift in modularity as a 
result of specialization towards echolocation (Santana 

& Lofgren, 2013). Differences in the influence of 
echolocation on modularity between these two groups 
is probably a result of differences in the underlying 
anatomy used by the two clades of mammals. While 
odontocetes exhibit substantial modification of the 
skull related to the production of sound used in 
echolocation, bats show relatively minor changes 
in the nasal cavity, and otherwise have typical 
mammalian skulls. At least some of these differences 
may be due to the additional adaptations that whales 
required to hear underwater, preceding the evolution 
of echolocation, adaptations that bats did not require.

With the split of the orbit module into two new 
modules, the postorbital process of the frontal is now 
linked with the zygomatic process of the squamosal, 
which it nearly contacts. The postorbital process of the 
frontal forms part of the zygomatic arch (Fordyce & 
Mead, 2009), which provides important attachment 
sites for muscles associated with feeding (Cozzi et al., 
2017). Thus, the two parts of the whale orbit have very 
different functional purposes (feeding vs. echolocation/
breathing), and are linked to different modules. Loss 
of mastication has resulted in reduction of masseter 
and temporalis muscles, which in turn has reduced 
the size of attachment sites on the skull, including the 
zygomatic arch and temporal fossa (Marshall, 2017).

naSal and vault moduleS of the dolphin Skull

The nasals form their own isolated module, similar in 
composition to that module in Cheverud (1995), although 
with a smaller number of landmarks associated with it. 
In odontocetes, the nasals form the posterior wall of the 
nasal passage, and are reduced in size, and dorsoventrally 
thick (Fordyce & Mead, 2009), largely as a consequence of 
retrograde cranial telescoping and shifting of the external 
nares posteriorly (Churchill et al., 2018). Beyond the 
landmarks associated with the nasal bones, this module 
also includes the intersection of the sutures between 
the frontals and interparietal, a midline landmark 
that in Delphinus is located adjacent to the nasals, due 
to retrograde telescoping of the skull. In terrestrial 
mammals, the nasal forms a module with elements of the 
rostrum, and is largely associated with feeding (Goswami, 
2006a). With telescoping posteriorly displacing the nasals, 
they no longer are bound to any elements associated with 
the feeding apparatus (Goswami, 2006a; Parr et al., 2016). 
They do not appear to possess significant attachment sites 
for muscles associated with sound production (Heyning, 
1989), and so do not group with the landmarks of the face 
either. It is unclear exactly what functional relationship 
this module has, but may be associated simply with 
posterior movement of the external nares and positioning 
of the air passages.

The final major module recovered in this study is the 
vault, which includes landmarks associated with the 
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supraoccipital as well as the basion. In composition, 
this module is most similar to the vault module of 
Cheverud (1995), but also includes the intercondyloid 
notch, associated with the basion module of that study. 
Goswami (2006a) placed landmarks associated with 
this module into two distinct modules, one representing 
the vault and the other representing the basicranium. 
Parr et al. (2016) found landmarks associated with 
this module as belonging to three distinct modules, one 
that includes the basicranium and occipital condyles, 
the olfactory module, and a module that includes the 
zygomatic and TMJ. In whales, the landmarks found 
for this module are associated with attachment sites 
for neck muscles, or otherwise are related to neck 
mobility. In contrast to many terrestrial mammals, 
odontocetes have relatively stiff and immobile necks, 
capable of some varying degree of flexion and rotation, 
but no extension (Cozzi et al., 2017). This constraint 
seems to be related to the relative streamlining of 
the odontocete bauplan and stabilization of the head, 
enabling high-speed swimming (Buchholtz, 2001).

aSymmetry and cranial modularity

Odontocete skulls possess an unusually high degree 
of bilateral asymmetry (Ness, 1967). This asymmetry 
typically takes the form of greater development and 
expansion of cranial bones on the right side of the skull. 
The degree of asymmetry is variable across odontocetes, 
with some clades showing little asymmetry in size and 
development of cranial bones (e.g. phocoenids and 
pontoporiids), while in other taxa, bones on different 
sides of the face may have completely different 
morphologies, as in kogiids (Ness, 1967; Huggenberger 
et al., 2017). Within Delphinus, the right premaxilla 
extends farther posteriorly to nearly contact the nasal, 
whereas these two bones are widely separated on the 
left side. The right premaxilla is also much broader 
than the left in the facial region. There are also more 
subtle differences in the expansion of the maxilla over 
the frontal dorsally, as well as differences in the shape 
of the nasals and position of the dorsal infraorbital 
foramen on each side. Cranial asymmetry is ancient 
within odontocetes and evolved multiple times (Geisler 
et al., 2014), including within the Xenorophidae, one 
of the earliest diverging lineages of odontocete whale 
(Geisler et al., 2014; Churchill et al., 2016). Some stem 
cetaceans (i.e. those outside of crown Cetacea, Neoceti) 
also have subtle asymmetry (Fahlke et al., 2011), 
although this differs in important ways from that in 
Odontoceti and is probably not homologous (Gatesy 
et al., 2013; Fahlke et al., 2015). Why odontocetes 
possess such varying degrees of cranial asymmetry is 
not known, but cranial asymmetry probably plays a 
role in sound production associated with echolocation 
(Yurick & Gaskin, 1998; Huggenberger et al., 2017), and 

may also be influenced by differences in the position 
of the larynx and pharynx, associated with feeding on 
different-sized prey underwater (Macleod et al., 2007).

Our study suggests that asymmetry plays an 
important role in the modularity of the Delphinus skull, 
as do other aspects of their cranial evolution, including 
retrograde telescoping. When we remove asymmetry 
from their skulls, we find that our novel hypothesis 
was not supported as strongly as more simple models 
of modularity. Instead, the terrestrial mammal module 
hypothesis of Cheverud (1995), based on data from 
anthropoid primates, was found to best fit our data.

This shift in model support when asymmetry is 
corrected for in the odontocete skull implies that, in 
addition to the influence of echolocation and aquatic 
feeding, cranial asymmetry plays a huge role in the 
evolution of modularity and integration of the dolphin 
skull, and appears to drive increased cranial modularity 
in odontocetes, relative to typical, more symmetrical, 
mammals. Asymmetry probably influences both 
echolocation and feeding, which, as discussed above, 
influences the modularity of the skull. This result 
suggests that work on examining modularity in other 
whale taxa with lesser or greater degrees of cranial 
asymmetry may reveal different results, with taxa 
with minor or no cranial asymmetry (e.g. Pontoporia) 
perhaps possessing patterns of modularity similar to 
those of terrestrial mammals. Furthermore, some whale 
taxa have even more extreme cranial asymmetry. For 
instance, pygmy and dwarf sperm whales (Kogia) not 
only have some of the most extreme cranial asymmetry 
of any whale, but also completely lack nasals, possess 
a distinctive supracranial basin and have an extremely 
well-developed lacrimal–jugal (Heyning, 1989). These 
modifications suggest that Kogia and other physeteroid 
whales may have their own unique pattern of modularity, 
and we may find an unusually high degree of variation 
in modularity patterns within whales in general, 
especially taking into account other oddball taxa such 
as Monodon and Platanista, and extinct whales such as 
xenorophids and Odobenocetops. Further studies, using 
larger sample sizes of taxa, and a more diverse set of 
taxa, should be performed to assess whether the novel 
module hypothesis recovered in our study applies to 
all or most odontocetes, and to further test the role of 
cranial asymmetry in influencing modularity.
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