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Abstract The origins of and potential constraints on the

evolution of phenotypic diversity remain one of the central

questions in evolutionary biology. The vertebrate skeleton

is governed by historical, developmental, architectural, and

functional constraints that all play a role in establishing its

final form. Whereas the factors underlying shape variation

in single bones are fairly well understood, this is less so the

case for complex assemblages of bones as observed in the

cranium or mandible. It is often suggested that the final

phenotype must reflect the mechanical constraints imposed

by the loading of the skeleton as bones remodel to with-

stand loading. Yet, in the cranium, in contrast to the

mandible, the final phenotype is likely constrained by

demands other than loading including the protection of

sensory systems and the brain. Architectural design con-

straints may further limit the final form of complex units

like the vertebrate cranium. Here we use geometric mor-

phometric approaches to quantify the shape of the cranium

and mandible in a lizard and test whether the observed

shape co-varies with both the muscles attaching to these

structures as well as functional traits such as bite force. Our

results show that co-variation between the cranium and

mandible is significant and likely driven by the muscles

that link the two systems. Moreover, our results show that

the patterns of co-variation are stronger between the

mandible and ventral side of the cranium. Muscular cross

sectional areas, bite force, and the ventral side of the cra-

nium, also co-vary more than the dorsal side of the cranium

does with muscle properties and function. Finally, our

results show sex-specific patterns of co-variation with

males showing a stronger degree of integration between the

cranium, mandible, muscles and bite force suggesting that

constraints on bite force drive the evolution of cranial

shape to a greater extent in males compared to females.

Keywords Morphometrics � Covariation � Function �
Cranium � Mandible

Introduction

Despite enormous advances in our understanding of evo-

lutionary processes, questions concerning the drivers and

origins of phenotypic diversity remain central in evolu-

tionary biology (e.g. Chen et al. 2013; Cox and Rabosky
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UMR CNRS/MNHN 7179, ‘‘Mécanismes adaptatifs: des

organismes aux communautés’’, 55 Rue Buffon, 75005 Paris,

France

e-mail: anthony.herrel@mnhn.fr

A. Herrel

Evolutionary Morphology of Vertebrates, Ghent University,

K.L. Ledeganckstraat 35, 9000 Ghent, Belgium

123

Evol Biol

DOI 10.1007/s11692-014-9286-3

http://dx.doi.org/10.1007/s11692-014-9286-3


2013; Fulton et al. 2013; Losos et al. 2013). Whereas it is

commonly assumed that historical, developmental, archi-

tectural, and functional constraints all play a role in

establishing the phenotype of an organism (Seilacher 1970;

Gould 2002), the relative roles and importance of these

factors in constraining or driving phenotypic diversity

remain poorly known. The factors underlying shape vari-

ation in single bones are fairly well understood (Currey

2002, 2003). Indeed, it is often suggested that the final

phenotype reflects the mechanical constraints imposed by

the loading of the skeleton as bones remodel continuously

in response to mechanical loading induced by movement

and muscle forces (e.g. Murray and Drachman 1969;

Pontzer et al. 2006). Consequently, mice raised on different

diets (hard versus soft) differ in the shape of the mandible

reflecting the different loading regimes (Renaud et al.

2010). Although this has been demonstrated for vertebrate

long bones and mandibles subjected to repeated loading

(e.g. Sharir et al. 2011; Slizewski et al. 2013), in more

complex bones or bone assemblages such as the cranium,

the final phenotype is likely constrained by additional

demands besides mechanical loading (Hallgrı́msson et al.

2009). For example, some bones in the vertebrate cranium

have been shown to function solely to protect sensory

systems and the brain (Ross 2001). This is often reflected in

the complex growth patterns of such structures (Clabaut

et al. 2009; Monteiro and Abe 1997). Moreover, architec-

tural design constraints may further limit the final form of

complex units like the vertebrate cranium (Barel et al.

1989, but see Hulsey et al. 2007).

Even in complex structures composed of multiple bones

and governed by multiple functional and spatial demands,

however, we may expect co-variation between shape and

function (Klingenberg and Marugan-Lobon 2013). Indeed,

if the demands on functional performance are strong then

the integration between the different structural elements of

a single functional unit should be greater. An ideal system

to test this hypothesis in is the vertebrate feeding system.

Not only is the feeding system subjected to constraints on

function imposed by natural selection on, for example,

feeding efficiency or bite force (Herrel et al. 1999;

Verwaijen et al. 2002), it must also function to protect the

brain and sensory organs and plays an important role

during respiration and drinking (Schwenk 2000). More-

over, differences in the selective pressures acting on the

cranial system between the sexes in sexually dimorphic

lizards (Huyghe et al. 2005, 2009, 2010; Husak et al. 2006)

can result in sexual dimorphism in head shape (e.g. Herrel

et al. 2007; Kaliontzopoulou et al. 2008), and allow a test

of the hypothesis that these stronger demands on bite force

in males should lead to greater co-variation without the

confounding effects of phylogeny. Essentially, males and

females are predicted to differ in the degree of co-variation

between the cranium, the mandible, the associated mus-

culature and functional traits, as selection on bite force is

greater in males due to the combined action of sexual and

natural selection.

Here we use geometric morphometric approaches to

quantify the shape of the cranium and mandible in a lizard

and test whether the shape of these two structures co-var-

ies. Furthermore, we test whether the shape of the cranium

and mandible co-varies with 1) the force generating

capacity (i.e. muscle cross sectional area) of the muscles

attaching to these structures and 2) bite force. Specifically,

we predict that shape co-variation will be greater between

the mandible and the associated musculature and bite force

than between the cranium and the associated muscles given

that the cranium is involved in additional functions

including the protection of the brain and sensory structures.

Moreover, given the different selective pressures driving

the evolution of bite force in both sexes we predict that the

degree of co-variation will be greater in males compared to

females given the combined natural and sexual selection

pressures exerted on bite force in males. We here use a

large omnivorous species of lizard, Tupinambis merianae,

as a model system. This species is of interest as it is known

to be dimorphic in head size, head shape, and bite force

(Herrel et al. 2009; Fabre et al. in press). Moreover, it has

been shown that the cranial structure changes shape during

growth involving an enlargement of the adductor area,

suggesting selection on biting in adults which may drive

patterns of co-variation (Monteiro and Abe 1997).

Materials and Methods

Animals and Husbandry

The animals used in this study were obtained from the

Jacarezário at the Universidade Estadual Paulista (Rio

Claro, São Paulo, in southeastern Brazil), which runs a

conservation breeding program for tegu lizards and other

reptiles (Instituto Brasileiro do Meio Ambiente e dos Re-

cursos Naturais Renováveis reg. 1-35-94-1088-8). At this

laboratory, the lizards are kept in small groups (5–10

individuals) in outdoor pens (5 m 9 10 m or 2 m 9 2 m)

and are provided with water and ground shelters, as well as

shade and sunny areas for thermoregulation. In spring and

summer, the animals are fed three times a week with

ground beef, fruits, and/or 1-d-old whole chickens.

Bite Forces

In vivo bite forces were measured using an isometric

Kistler force transducer (9311B; range ±5.000 N; Kistler,

Switzerland) mounted on a purpose-built holder and
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connected to a Kistler charge amplifier (5995A; Kistler,

Switzerland; see Herrel et al. 1999; Anderson et al. 2008

for a more detailed description of the setup). When the free

end of the holder was placed between the jaws of an ani-

mal, prolonged and repeated biting resulted. The place of

application of bite forces on the transducer was standard-

ized for all animals by mounting a metal bridge on the bite

plates (see Herrel et al. 1999). Consequently all animals

were biting at the level of the premaxillary teeth. Gape

angle was standardized by moving the bite plates away

from each other for larger animals resulting in gape angles

in between 20� and 30� for all animals. Measurements were

repeated five times for each animal, and the maximum

value obtained during such a recording session was con-

sidered to be the maximal bite force for that individual (see

Herrel et al. 2009; Table 1).

Dissections

Nineteen animals (ten males and nine females) were sac-

rificed for anatomical studies using an intramuscular

injection of an overdose of pentobarbital after having their

bite forces measured. Heads were dissected and all jaw

muscle bundles were removed one by one and weighed on

an Ohaus Scout Pro electronic balance. Muscle length was

measured from origin to insertion using digital calipers

(Mitutoyo). Muscle fiber lengths were determined by cut-

ting muscles lengthwise and measuring the length of the

fibers from origin to insertion using digital calipers

(Mitutoyo). Physiological cross sectional areas were

determined by multiplying the mass of each muscle by

muscle density (1.06 g/cm3; Mendez and Keys 1960) and

dividing by muscle fiber length (Table 1). We did not

correct for pennation angles as complex muscles were

dissociated into individual muscle bundles composed of

fibers running in the same direction. Total muscle cross

sectional areas for each muscle were calculated as the sum

of the cross sectional area of each muscle bundle.

Geometric morphometrics

After dissection, skulls were cleaned by hand and photo-

graphs were taken in lateral view of the mandible and in

dorsal and ventral views of the cranium with a grid as

background for scaling purposes. On the mandible 11

homologous type I landmarks and ten type II landmarks

were taken (Fabre et al. in press). On the dorsal view, 27

type I and 16 type II landmarks were taken on one half of

the cranium (Fabre et al. in press). On the ventral view, 23

type I and 17 type II landmarks were taken. All landmarks

Table 1 Muscle physiological cross sectional areas for the individuals used in this study

ind Sex svl hl bf Ptlat Ptmed MAME PsTS PsTP MAMP

19 m 270 61.20 240.29 2.3 2.6 4.5 0.6 0.8 0.4

15 m 357 70.97 278.29 5.3 2.5 7.2 1.5 1.7 1.0

27 m 370 80.09 423.59 11.1 4.7 6.6 1.4 1.3 1.9

55 m 372 76.05 357.65 9.0 5.6 9.9 1.4 1.2 0.7

1 m 385 86.30 429.18 15.2 3.6 5.7 1.4 1.3 1.4

17 m 385 80.63 411.29 12.1 2.1 6.5 1.2 0.9 1.0

50 m 393 81.54 502.94 12.7 5.4 9.3 2.3 1.2 1.9

34 m 405 99.65 464.94 23.1 9.1 12.1 5.5 1.4 1.8

39 m 405 87.86 534.24 20.8 8.1 12.1 4.0 2.7 2.8

8 m 425 92.42 451.53 21.8 5.3 8.3 2.5 2.4 1.8

69 f 297 62.53 184.41 2.6 1.4 3.5 1.4 1.4 1.5

22 f 300 66.38 233.59 2.9 1.7 3.0 0.8 1.0 1.2

14 f 310 62.15 312.94 3.3 2.2 3.4 0.9 1.0 1.6

10 f 322 61.46 185.53 3.2 3.2 3.5 0.7 0.8 1.0

40 f 333 66.79 260.41 4.3 0.9 2.5 1.4 0.8 0.8

7 f 335 63.95 235.82 3.7 1.9 5.7 1.0 1.1 1.2

72 f 335 65.05 301.76 3.3 1.8 2.0 0.8 0.8 0.3

4 f 345 70.67 228.00 4.5 2.7 5.9 1.5 1.4 1.5

42 f 348 69.30 245.88 3.3 1.5 2.7 1.0 0.3 0.7

Individuals (ind) are ranked by sex and by snout-vent length. Snout-vent length (svl) and head length (hl) are in mm, bite force (bf) in newton

(N) and physiological cross-sectional areas in cm2. Ptlat, m. pterygoideus pars lateralis; Ptmed, m. pterygoideus pars medialis; MAME,

m. adductor mandibulae externus; PsTS, m. pseudotemporalis pars superficialis; PsTP, m. pseudotemporalis pars profundus; MAMP, m. adductor

mandibulae posterior
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were taken in TPSDig (V. 2.17; available at: http://life.bio.

sunysb.edu/morph/). Landmarks were always taken by the

same person (A-CF). Two repetitions were done for each

individual in order to assess measurement error which was

found to be low.

Analyses

Shape variation of the cranium and mandible was assessed

using geometric morphometric approaches allowing an

analysis of size and shape components independently

(Zelditch 2004). Generalised procrustes superimposition

(Rohlf and Slice 1990) was performed on the point coor-

dinates using the package Rmorph (Baylac 2012) in the

program R (R Development Core Team 2010). Two-block

partial least squares analyses (PLS) implemented in the

Rmorph library were used to quantify and visualize shape

co-variation between the cranium and mandible as well as

between muscle and bone shape using pairs of orthogonal

vectors of each element (Rohlf and Corti 2000). Vectors

were calculated on the co-variance matrices of the Pro-

crustes coordinates of the cranium and the left hemi-man-

dible of the same individual. To test and statistically assess

the significance and the magnitude of the shape covariation

between the cranium and the mandible, we performed an

RV test in R (Escoufier 1973; Klingenberg 2009) using the

function RV.rtest in the ade4 library (Dray and Dufour

2007). The RV-coefficient provides a metric of the strength

of co-variation between two structures and returns a value

ranging between 0 and 1 (Goswami and Polly 2010). This

coefficient is more analogous to a correlation coefficient.

Its calculation mainly involves the division of the covari-

ance between the two sets of variables by the variance

of each data set or block. When the RV-coefficient is 0, no

co-variation between structures is present; when the RV-

coefficient is 1 the two structures are perfectly integrated.

We compared the RV-coefficient estimated from 100 per-

mutations. A p value is associated and allows one to assess

the significance level of the observed signal (Escoufier

1973; Klingenberg 2009). The P95-value is calculated by

comparison of the observed RV coefficient to those

obtained after re-sampling. If the RV coefficient was higher

than those obtained from permutated blocks, then its

associated P95-value is considered as significant.

Next, we ran principal component analyses on the

muscle cross sectional area data as these directly reflect the

force generation capacity of a muscle. We ran analyses for

all individuals as well as for males and females separately.

We tested whether these principal components summariz-

ing variation in muscle cross sectional area were correlated

with in vivo bite force data for the same individuals using

multiple regression analyses and did so for all individuals

as well as for each sex separately. Finally, we explored

relationships between muscle cross sectional areas with the

cranium and mandible shape using PLS analyses and RV-

tests as described higher. This was done using data for all

individuals as well as data for males and females

separately.

Results

Co-variation Between Cranium and Mandible

A two-block PLS analysis performed on the shape data for

the mandible and the cranium in dorsal view was signifi-

cant across all individuals with the first PLS explaining

77 % of the total co-variation in the data set. However,

only the first PLS axis was significant as indicated by the

RV coefficient and associated test (RV = 0.77; P = 0.01).

This analysis shows that the shorter and more robust

mandibles (i.e. with a taller mandibular body) on the

negative side of the first PLS axis and characterizing males

are associated with crania with shorter snouts and larger

adductor chambers (Fig. 1). A two-block PLS analysis

performed on the shape data for the mandible and the

cranium in ventral view was also significant (RV = 0.64;

P = 0.01) with the first PLS axis explaining 84.6 % of the

overall variation (Fig. 1). Here again, the robust mandibles

characterizing males are associated with crania with shorter

snouts yet larger adductor areas (Fig. 1). For males these

results remained significant (mandible–dorsal shape:

RV = 0.68, P = 0.01; mandible–ventral shape:

RV = 0.72, P = 0.01) with the first PLS explaining 49 and

60.8 % of the total co-variation in the two analyses

respectively (Fig. S1). Shapes associated with the extremes

of the first PLS axes also indicated that shorter, more robust

mandibles are associated with crania with shorter snouts

and larger adductor areas. For females only the PLS

between the jaw and the cranial shape in ventral view was

significant (RV = 0.65; P = 0.05) and explained 69.3 %

of the total co-variation (Fig. S2). The associated shapes

link a slightly more curved and deeper mandible with a

cranium that has a slightly longer snout and more anteriorly

positioned quadrate (Fig. S2).

Muscle, Bite Force, and Shape Covariation

A principal component analysis performed on the muscle

cross sectional areas extracted two axes together explaining

over 90 % of the variation in the data set (Table 2). In the

analysis including all individuals, the first axis was most

strongly and negatively determined by the m. pterygoideus

pars lateralis even though all muscles loaded negatively on

this axis suggesting that this axis represents overall muscle

cross sectional area (Table 2). This indicates that males
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and females differ predominantly in the cross sectional area

the muscles with males having stronger muscles, and

especially a bigger m. pterygoideus lateralis cross sectional

area (Fig. 2a). The analysis performed for males only

showed similar results with the m. pterygoideus lateralis

explaining most of the variation in the data set and

Fig. 1 Results of a two-block

partial least squares analyses

performed on a the mandible

and the shape of the cranium in

dorsal view; b the mandible and

the shape of the cranium in

ventral view. Illustrated are the

landmarks taken on the cranium

and mandible as well as the

shapes representing the

extremes along the first PLS

axis (red positive;

blue = negative). Closed

symbols represent males, open

symbols females (Color figure

online)
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differentiating smaller from larger males (Fig. 2b). In

females, however, the m. pseudotemporalis profundus

explained by far most of the variation in the data set

(Table 2, Fig. 3c).

The principal components summarizing variation in

muscle cross sectional areas were significantly correlated

with in vivo bite force (R2 = 0.84, P \ 0.001) across all

individuals. Whereas for males only this result held

(R2 = 0.89, P = 0.045) for females the relationship

between muscles and bite force was not significant

(R2 = 0.40, P = 0.81).

Dorsal cranial shape across all individuals co-varied with

the muscle cross sectional areas and the first PLS axis

explained 97.43 % of the total covariance (Fig. 3). The

associated RV-test suggested that this result is significant

(RV = 0.77, P = 0.01). Ventral cranial shape across all

individuals co-varied with the muscle data as well with

97.5 % of the co-variation explained by the first PLS axis.

The associated RV was significant (RV = 0.66, P = 0.01).

Finally, the mandible also co-varied with the muscle cross

Table 2 factor loadings of the principal component analysis per-

formed on the muscle physiological cross-sectional areas

PC1 PC2

All individuals

% variation explained 81.31 6.80

Ptlat 20.62 -0.52

Ptmed -0.45 0.58

MAME -0.41 0.37

PsTS -0.41 -0.43

PsTP -0.27 0.28

Males

% variation explained 80.90 9.00

Ptlat 20.61 0.74

Ptmed -0.40 -0.54

MAME -0.27 -0.29

PsTS -0.57 -0.25

PsTP -0.26 -0.08

Females

% variation explained 50.92 29.44

Ptlat -0.08 0.11

Ptmed -0.38 20.76

MAME -0.58 -0.04

PsTS -0.14 0.56

PsTP 20.70 0.32

Bold variables are those contributing most to each axis. Ptlat, m.

pterygoideus pars lateralis; Ptmed, m. pterygoideus pars medialis;

MAME, m. adductor mandibulae externus; PsTS, m. pseudotempo-

ralis pars superficialis; PsTP, m. pseudotemporalis pars profundus
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sectional areas with the first PLS explaining 98.97 % of the

overall covariance. The RV was again significant

(RV = 0.77; P = 0.01). The results when analyzing data for

males only were similar (dorsal shape–muscle:

PLS = 91.26 %, RV = 0.61, P = 0.01; ventral shape–

muscle PLS = 92.7 %, RV = 0.51, P = 0.04; mandible

shape–muscle: PLS = 96.46 %, RV = 0.56, P = 0.03; Fig.

S3). However, when analyzing data for females only none of

the analyses of covariance were significant (RV tests; all

P [ 0.05) and PLS 1 explained at most 63.1 % of the

covariance in the data set (ventral shape–muscle; Fig. S4).

Cranial shape in both dorsal (R2 = 0.95, P = 0.005)

and ventral (R2 = 0.92, P = 0.005) view was also corre-

lated with bite force, as was mandible shape (R2 = 0.96,

P \ 0.001) when taking into account all individuals. These

results were largely maintained when analyzing data for

males only (dorsal shape–bite force: R2 = 0.98,

P = 0.009; ventral shape–bite force: R2 = 0.92, P = 0.08;

mandible shape–bite force: R2 = 0.90, P = 0.009), but not

for females (all P [ 0.05).

Discussion

Co-variation

Our results showed strong patterns of co-variation between

the cranium and the mandible in the large omnivorous lizard,

T. merianae. A single PLS axis explained most of the vari-

ation in the data set with 77 % of the co-variation between

the mandible and the dorsal side of the cranium, and 84.6 %

of the co-variation between the mandible and the ventral side

of the cranium being explained. Interestingly, the co-varia-

tion between the mandible and the ventral side of the cranium

was greater than between the mandible and the dorsal side of

the cranium. Intuitively this makes sense as the ventral side

of the cranium provides most of the attachment area for the

jaw adductors that physically link both structures. Specifi-

cally, the pterygoids and the quadrate changed their position

and shape, resulting in animals with shorter, more robust

mandibles to have slightly posteriorly and laterally displaced

quadrates. The pterygoids move inward and the jugal for-

ward and outward resulting in a greater area available for the

jaw adductors. In addition the rostrum also shortens as the

mandible shortens, decreasing the out-lever for biting and

resulting in an overall design of the feeding system that

appears optimized towards the generation of higher bite

force. Individuals to the left of the first PLS axis that display

this shape are all males, suggesting strong differences

between the sexes (see below).

In contrast to our predictions, the cranial shape co-var-

ied equally with absolute variation in muscle cross sec-

tional area as did the mandible with muscle data explaining

around 97–98 % of the variation in cranial shape. Simi-

larly, mandibular shape was explained well explained by

bite force (96 %) as was cranial shape (95 and 92 % for

dorsal and ventral views respectively). The slight differ-

ences in the relationship between the ventral and dorsal

side of the cranium with bite force suggests that the role of

the ventral side of the cranium is to provide attachment

area for the jaw adductors. The shape of the mandible and

the dorsal side of the cranium may play an important role

in resisting feeding forces, in addition to providing inser-

tion sites for muscles given their very strong association

with bite force. The muscle cross-sectional areas were

strongly correlated to bite force as well, and explained

84 % of the variation in bite force. Interestingly, the

muscle that most strongly varied in the overall data set was

the m. pterygoideus pars lateralis. This muscle is known to

hypertrophy in males of many sexually dimorphic species,

including Tupinambis lizards (Herrel et al. 1999; Naretto

et al. 2013). Yet, this muscle is poorly positioned to gen-

erate bite force and as such has been suggested to poten-

tially play a role as a display structure (Herrel et al. 1999).

The predominance of variation in this muscle may also

explain why the ventral side of the cranium displayed the

strongest co-variation with the mandible as this muscle

attaches specifically on the pterygoid and ectopterygoid

bones at the ventral side of the cranium.

Cranial regions not involved in biting showed little shape

variation in our data set (e.g. orbits and nares; see Fig. 1).

This suggests that these regions are not constrained by var-

iation in jaw musculature. As such, their shape may have

evolved for purposes such as the protection of sensory

structures rather than to resist bite or feeding forces. How-

ever, this should be tested using finite element models. Given

that validated MDA models have been established for this

species (Gröning et al. 2013), this would be worth pursuing.

Moreover, such models could be used to test the role of the

pterygoideus muscle in bite force generation and may help us

understand how cranial shape evolves in these lizards.

Sexual dimorphism

We predicted that the degree of co-variation would be

greater in males compared to females given the strong

b Fig. 2 Results of the principal component analysis performed on the

muscle physiological cross sectional data. Illustrated is the distribu-

tion of the individuals in the space defined by the first two principal

components for all individuals (a), for males only (b), and for females

only (c). Loadings of the original variables on the axes are indicated

by vectors. Together the first two axes explain over 90 % of the total

variability in the data set when considering all individuals and males.

For females the first two axes explained just over 80 % of the overall

variability in the data set. Closed symbols represent males, open

symbols females
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selection on biting in males (Naretto et al. 2013).

Our results confirm this prediction. Whereas for males co-

variation between the cranium and mandible was strong

(Fig. S1), in females only the co-variation between the

mandible and the ventral side of the cranium was signifi-

cant. Moreover, the amount of shape co-variation

Fig. 3 Results of a two-block partial least squares analysis

performed on data for both males and females. a covariation between

the dorsal side of the skull and the muscle cross sectional areas;

b covariation between the ventral side of the skull and the muscle

cross sectional areas; c covariation between the mandible and the

muscle cross sectional areas. Illustrated are the landmarks taken on

the cranium and mandible as well as the shapes representing the

extremes along the first PLS axis (red positive; blue negative). Closed

symbols represent males, open symbols females (Color figure online)
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explained was rather low (64 %) suggesting that the strong

co-variation observed in males and in the overall data set is

indeed driven by the jaw adductors through selection on

biting. This is further supported by the strong correlations

with bite force in males. In females, most of the variation

in jaw muscles was situated in the deep pseudotemporalis

whereas in males the lateral part of the m. pterygoideus

drove much of the variation in the data set. Interestingly,

the co-variation in cranial and mandibular shape observed

in females corresponds to variation in the insertion site of

the deep pseudotemporalis that is associated with a deeper

mandibular corpus at the level of the coronoid, the inser-

tion site of this muscle. This suggests again that muscles

are driving patterns of co-variation, yet in a more localized

way compared to what was observed in the overall data set.

When comparing data for the two sexes, differences in

the importance of the lateral part of the m. pterygoideus

appear to drive most of the sexual shape dimorphism

(Fabre et al. in press). In the male data set, the first PCA

axis for the muscles as well as the first PLS axis of co-

variation between cranium and mandible appear to repre-

sent a size gradient ranging from the smallest male in our

study (individual 19, see Figs. 2, S1) to the largest males

we measured (individual 39).Thus growth patterns, at least

up to sexual maturity appear to involve an increase in this

muscle and a concordant change in shape of both the cra-

nium and mandible. Interestingly, this muscle only con-

tributes little to bite force in lizards in general (Herrel et al.

1998, 1999) and may thus serve other functions such as

display, as it is known that lizards with wider heads typi-

cally win male–male contests (Herrel et al. 1999; Huyghe

et al. 2005). Given that the size of this muscle fluctuates

seasonally (Naretto et al. 2013) and is known to respond to

fluctuating testosterone levels (Huyghe et al. 2010) it may

indeed function as a sexual signal (see Herrel et al. 1999).

A direct prediction following from our results would be

that cranial and mandible may also show seasonal changes

in shape, yet this remains to be tested.

In conclusion, our results demonstrate strong patterns of

co-variation between the cranium and mandible that appear

to be driven by the muscles bridging the two structures.

Further, evidence for an important role of biting and

muscle forces in driving this co-variation is provided by the

strong co-variation observed in males but not females.

Finally, our results suggest that parts of the cranium may

respond to loading induced by biting and muscle forces,

whereas others may play a role in providing attachment

areas and in the protection of sensory structures. Clearly,

the generality of these data remains to be tested and bio-

mechanical models such as finite element models may be

especially suited to explore some of the hypotheses put

forward here.
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