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We explored individual variation and asymmetry in the skull shape of the common wall lizard (Podarcis muralis Laurenti, 1768)
across four populations representing different habitats, by employing geometric morphometrics. We found directional and
fluctuating asymmetry across the analysed populations, without differences in fluctuating asymmetry among populations.
Patterns of individual variation and fluctuating asymmetry were highly correlated within and among populations. Asymmetric
skull shape variation was similar in all populations, and was mostly related to the jaw adductor muscle chamber. Our results

imply that the uniform pattern of skull fluctuating asymmetry results from a high level of canalisation. Directional asymmetry

can be related to anatomical and behavioural lateralisation.
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INTRODUCTION

luctuating asymmetry (FA) is a pattern of small

deviations from the bilateral symmetry, and can
be used as a measure of developmental instability
(Palmer & Strobeck, 1986; Debat & David, 2001; Leamy
& Klingenberg, 2005). It can be induced by intrinsic
or extrinsic stress factors (Parsons, 1990; Mgller &
Swaddle, 1997; Klingenberg & Mcintyre, 1998). Intrinsic
stress factors can be genetic (Soulé, 1986; Caughley,
1994; Klingenberg & Nijhout, 1999), such as inbreeding
depression or genetic drift (Frankham, 1997, 1998;
Eldridge et al., 1999). Potentially important extrinsic
factors may include habitat fragmentation (Sarre, 1996;
Lens et al., 1999; Ljubisavljevi¢ et al., 2005), insularity
(Sarre & Dearn, 1991; Crnobrnja-lIsailovié¢ et al., 2005;
Bancila et al., 2010), undernourishment (Swaddle &
Witter, 1994), thermal stress (Savage & Hogarth, 1999),
high population densities (Mgller et al., 1995), parasites
(Mgller, 1992), increased intraspecific competition
(Witter & Swaddle, 1994; Rettig et al., 1997), pollution
(Kozlov et al., 1996; Eeva et al., 2000; Amaral et al., 2012)
and other anthropogenic disturbances in urban and sub-
urban environments (Doyle et al., 1977; Ditchkoff et
al., 2006; Tull & Brussard, 2007; Lucas & French, 2012;
Lazi¢ et al., 2013). Some studies further showed that
increased interspecific competition actually decreases
the intraspecific level of FA. Such patterns could be
explained by higher mortality and lower adaptive value
of asymmetric individuals, as they suffer more from

interspecific competition for resources and have less
reproductive success (Thornhill, 1992; Mgller et al.,
1998; Tomkins & Kotiaho, 2001).

The common wall lizard (Podarcis muralis Laurenti,
1768) is a suitable model-system for testing different
extrinsic factors which influence FA. Podarcis lizards
can be abundant, and inhabit places with varying levels
of potential stressors (Crnobrnja-lIsailovi¢ et al., 2005;
Amaral et al., 2012; Lazi¢ et al., 2013). For example, in
Podarcis species from the Iberian Peninsula, the degree
of isolation (distance of the island from the shore) and
history of colonisation can be related to FA levels (Bancila
et al., 2010). Also, the FA levels of various meristic traits
of P. muralis are higher in urban than in rural populations,
highlighting the significance of anthropogenic stress in
urban environments (Lazi¢ et al., 2013).

To explore individual variation and asymmetry in P.
muralis we analysed skull shape. The skull is a complex
morphological structure with high adaptive significance
often used in studies of developmental stability (Debat
et al., 2000; Willmore et al., 2005; Breno et al., 2011;
Joji¢ et al., 2011). Previous research on skull shape
variation among P. muralis populations (Urosevic et al.,
2014) showed that insularity significantly affects skull
shape of P. muralis, in addition to habitat sharing with
another lacertid species (P. melisellensis Braun, 1877).
Here, we deepened the study on morphological variation
by exploring the level and the pattern of FA, and its
correlation with individual shape variation. Podarcis
muralis is widely distributed in the Central Balkans,
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including small islands of the Skadar Lake archipelago
(Montenegro) which are of relatively recent, postglacial
origin (Stankovi¢, 1976). Since the level of genetic
differentiation between the populations studied is
minimal (Crnobrnja et al., 1994) and the islands in Skadar
Lake are of recent origin (Stankovié¢, 1976) we can rule
out the effects of the “genetic stress” and island age and
focus on the extrinsic factors which can affect the level of
FA — environmental stress.

The main aims of our study were to (i) examine
all populations for the presence of fluctuating and
directional asymmetry, (ii) test whether populations
differ in the extent of FA, and (iii) explore correlations
between individual variation and FA, describing patterns
of both symmetric and asymmetric shape variation.

MATERIAL AND METHODS

Sample collection

The common wall lizard is a small, insectivorous lacertid
lizard common to central, eastern and southern Europe.
The nominotypical subspecies P. muralis muralis inhabits
the central Balkan Peninsula (Crnobrnja et al., 1994).
In this study, we used samples from two mainland
populations (city of Belgrade, Serbia: 25 females and
23 males; Zeta, the bank of the Skadar Lake: 15 females
and 14 males) and two Skadar Lake insular populations
(Malo Starcevo island, Montenegro: 20 females and 17
males; Malo Besko island: 15 females and 15 males.
The Belgrade population is exposed to anthropogenic
influence, while the other populations are not considered
to be exposed to any major anthropogenic stressors. The
detailed descriptions of populations from Skadar Lake
area are provided elsewhere (DZuki¢, 1977; Crnobrnja
et al., 1994; Aleksic¢ et al., 2009). In Belgrade and Malo
Starcevo island, P. muralis is the single Podarcis species in
the habitat. However, P. muralis from the Zeta mainland
and Malo Besko island share their habitat with the P.
melisellensis, an ecologically and morphologically similar
species (Dzuki¢, 1977; Arnold, 1987).

All specimens were initially collected for use in other
studies and deposited in the Herpetological Collection
of the Institute for Biological Research ‘Sinisa Stankovic’,
University of Belgrade, Serbia. Details about the sample
were published previously (Aleksi¢, 1997; Aleksic¢ et al.,
2009; Urosevic et al., 2012, 2014).

Skull preparation and landmarks

The skulls of P. muralis were cleared by dermestid beetles
(Malo Starcevo population) or trypsin and potassium
hydroxide (Belgrade, Zeta and Malo Besko population,
Dingerkus & Uhler, 1977), stained with Alizarin Red S to
better distinguish between cranial elements and their
articulations, and preserved in glycerol. Digital images of
the ventral side of the skull submerged in glycerol, with
palatal view oriented parallel to the image plane, were
taken with a Sony DSC F828 (resolution 8.0 MP; Sony
Corp., Tokyo, Japan). The skulls were placed in the centre
of the optical field and the camera setup and placement
of the lens relative to each specimen (3 cm from each
cranium) were kept constant to minimise image error
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Fig. 1. Landmarks digitised on the ventral side of the
cranium: 1 - Tip of premaxilla (tip of the snout); 2, 19
- Suture between premaxilla and maxilla; 3, 20 - Suture
between vomer and palatine; 4, 21 - Anteriormost
point of subocular foramen; 5, 22 - Anteriormost point
of ectopterygoid; 6, 23 - Posterior tip of maxilla; 7, 24 -
Lateralmost point of cranium; 8, 25 - Posteriormost point
of subocular foramen; 9, 26 - Suture between pterygoid
and palatine; 10, 27 - Posterior tip of jugal; 11, 28 -
Anterior tip of basipterygoid process; 12, 29 - Posterior
tip of basipterygoid process; 13, 30 - Anteriormost point
of quadrate; 14, 31 - Lateralmost point of quadrate; 15,
32 - Posterior tip of pterygoid process; 16, 33 - Posterior
point of quadrate; 17, 34 - Posterior tip of otooccipital;
18 - Posteriormost point on the curve of the occipital
condyle.

related to distortion (Mullin & Taylor, 2002). Thirty-four
landmarks (16 symmetric and 2 median) were digitized
(by A.U.) on the ventral cranium using TpsDig 2 software
(Rohlf, 2008). We used a landmark configuration which
was the same as in the previous studies of the lacertid
lizards cranial morphology (Ljubisavljevi¢ et al., 2010;
2011; Urosevi¢ et al., 2012; 2013; 2014, Fig. 1). The
chosen landmarks were present on all specimens in the
sample and they sufficiently summarise the morphology
of the ventral cranium symmetric structures, contact
points between bones, tips of processes, or the point of
maximum curvature of structures.



Preliminary analyses: size and shape variation and
allometry

To assess the differences in skull size between sexes and
populations, we employed an ANOVA with CS as the
dependent variable and sex and population as factors. To
assess variation in skull shape, we employed an MANOVA
with Procrustes coordinates as the dependent variable
and sex and population as factors.

In a previous study it was shown that these populations
share same allometry based on separate-sex analyses
(Urosevic¢ et al., 2014). To test if sexes share a common
allometry, we performed a multivariate regression of
symmetric and asymmetric shape components on log
transformed CS for each sex, with populations pooled
within each group, before comparing the directions of
allometric vectors between sexes for both symmetric
and asymmetric components of shape variation. The
angle between the two allometric vectors was calculated
as an arccosine of the signed inner products between
the normalised regression vectors (Cheverud, 1982;
Klingenberg & Zimmermann, 1992; Klingenberg &
Mclntyre, 1998; Drake & Klingenberg, 2008). This angle
was assessed by comparisons of angles with pairs of
random vectors drawn in the multivariate tangent space.
P values were calculated according to the close-form
probability formula (Li, 2011) against the null hypothesis
of the dissimilarity of vectors (Klingenberg & Marugén-
Lobdn, 2013).

Fluctuating asymmetry

We employed a Procrustes method (Auffray et al., 1996;
Smith etal., 1997; Klingenberg & Mclintyre, 1998) modified
for landmark configurations with object symmetry as
proposed by Klingenberg et al. (2002). First, the total
shape variation of the symmetric structure was partitioned
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into the symmetric and asymmetric component through
Procrustes superimposition of the original landmark
configurations and their mirror images. The asymmetry
was quantified through the landmark deviations of the
original configuration from the symmetric consensus of
the original and mirror image (Mardia et al., 2000; Kent &
Mardia, 2001). To estimate error, each configuration was
digitised twice.

The sample sizes per population varied between 29
and 48 individuals (average 36), which is close to the
recommended size for the correct estimate of FA (n>40,
Palmer, 1994). Before pooling sexes for the main analyses,
we ran preliminary Levene tests on FA scores between
sexes, for each population (Joji¢ et al., 2011). Deviations
in the landmark configuration from the symmetric
consensus was assessed via Procrustes ANOVA (Palmer
& Strobeck, 1986; Palmer, 1994; Klingenberg & Mclintyre,
1998) with the among-specimen main effect as a measure
of individual variation, the main effect of side as a measure
of the directional asymmetry, the side x specimen
interaction as a measure of fluctuating asymmetry (the
deviation of each individual’s asymmetry from the overall
average asymmetry in shape), and the residual term
representing measurement error. When assessing the FA
via Procrustes ANOVA, we assumed that there is an equal
amount of variation around each landmark (“Isotropic
model”, Goodall, 1991; Klingenberg & MclIntyre, 1998).
The level of FA (in units of Procrustes distance) for each
group was estimated by the FA10a index of Palmer and
Strobeck (1986) from the asymmetric component of
shape variation. To estimate the statistical significance in
FA among groups, the Levene’s test was performed on the
shape FA scores (Joji¢ et al., 2011). Tukey’s HSD (honestly
significant difference) post hoc test was performed to test
for differences in FA scores between pairs of populations.

Table 1. Procrustes ANOVA for fluctuating asymmetry of the ventral cranium. Sum of squares (SS) and mean squares
(MS) values are in the units of Procrustes distance. This analysis assumes that all landmarks have the same amount of
isotropic variation. Pop. — Population. Ind. — Individual variation. Ref. — Reflection. Error — Measurement error.

Population Effect SS MS df F p (param.) % total
Belgrade Ind. 0.086882 0.000058 1504 10.47 <.0001 87.83
Ref. 0.000480 0.000015 32 2.72 <.0001 0.49
Ind. x Ref. 0.008298 0.000006 1504 5.20 <.0001 8.39
Error 0.003257 0.000001 3072
Zeta Ind. 0.058185 0.000065 896 11.39 <.0001 87.43
Ref. 0.000715 0.000022 32 3.92 <.0001 1.07
Ind. x Ref. 0.005107 0.000006 896 4.16 <.0001 7.67
Error 0.002540 0.000001 1856
Malo Starcevo Ind. 0.075001 0.000063 1184 9.88 <.0001 87.69
Ref. 0.000657 0.000021 32 3.20 <.0001 0.77
Ind. x Ref. 0.007593 0.000006 1184 6.49 <.0001 8.89
Error 0.002277 0.000001 2304
Malo Besko Ind. 0.056123 0.000061 928 9.89 <.0001 84.27
Ref. 0.001249 0.000039 32 6.38 <.0001 1.88
Ind. x Ref. 0.005674 0.000006 928 3.30 <.0001 8.52
Error 0.003555 0.000002 1920
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Table 2. Tukey’s HSD post hoc test for differences in FA
scores between populations. Differences are significant
at p<0.05.

Malo Malo

Belgrade Zeta Starcevo Besko

Belgrade 0.9951 0.2172 0.8097

Zeta 0.9951 0.4581 0.9386

Malo Starcevo 0.2172 0.4581 0.8237
Malo Besko 0.8097 0.9386 0.8237

We also employed a non-isotropic model, proposed by
Mardia et al. (2000) for structures with object symmetry.
It avoids the assumption of equal, independent and
isotropic variation of all landmarks. The model is based
on a Lawley—Hotteling trace ng(Seber, 1984) extended to
the two-factor MANOVA (Mardia et al., 2000). The mean
squares of the individual x reflection effect were used
as the error covariance matrix. For the parametric test,
significance levels were computed by an approximation
via the F distribution (Klingenberg et al., 2002). This
test takes variation of each landmark into account and
therefore has higher statistical power, especially for
testing directional asymmetry (Klingenberg et al., 2002).
Since the number of individuals in datasets from Zeta and
Malo Besko was lower than the number of landmarks,
we performed the two-factor MANOVA test on the
reduced number of landmarks. We excluded four pairs
of landmarks: 6 and 23, 10 and 27, 12 and 29, 13 and
30, which were already represented by at least one other
landmark (quadrate, basipterygoid, maxillar and jugal
bones).

To test if the developmental basis of FA is distinct from
individual variation in each population, we compared
covariance matrices of individual variation and individual
x reflection interaction within populations, including
diagonal entries of the matrices. If the developmental
processes that lead to individual variation also generate
fluctuating asymmetry, then the covariance matrices
should be similar (Klingenberg & Mcintyre, 1998;
Klingenberg et al., 2002). Partial covariance matrices
were compared using the Mantel matrix correlation test
(Mantel, 1967; Cheverud et al., 1989; Sokal & Rohlf, 1995)
adapted for geometric morphometrics of structures
with object symmetry (Klingenberg & MclIntyre, 1998;
Klingenberg et al., 2002). The significance of matrix
correlations was assessed by the matrix permutation
test with 10000 permutations against the null hypothesis
of complete independence of the matrices. Only paired
landmarks were used for the comparison of symmetric
and asymmetric components. To test if both the individual
variation and FA are correlated among populations, we
did pairwise comparisons of both individual variation
and FA covariance matrices among populations (Joji¢ et
al., 2011), using the same matrix comparison method as
above.

Landmark covariation patterns were further
investigated via principal component analysis (PCA). PCAs
display patterns of variation so they can be interpreted
biologically, since coefficients of principal components

(PCs) can be displayed directly as joint displacement of
landmarks (Klingenberg & Mcintyre, 1998). To refine
comparison of covariance matrices among populations,
we compared individual PCs for each individual variation
and FA by calculating an arccosine of the signed inner
products between their respective eigenvectors
(Cheverud, 1982; Klingenberg & Zimmermann, 1992;
Klingenberg & Mclntyre, 1998; Debat et al., 2000). A
statistical assessment of this angle was achieved by
a comparison with angles between pairs of random
vectors drawn in the multivariate tangent space. P values
were calculated according to the close-form probability
formula (Li, 2011) against the null hypothesis of the
dissimilarity of vectors (Klingenberg & Marugan-Lobdn,
2013). Since we had six pairwise comparisons for each PC
eigenvector, we applied a Bonferroni correction.

Procrustes ANOVA, Mantel tests, PCA, multivariate
regressions and vector comparisons were performed
using the Morphol program (Klingenberg, 2011).
Standard statistical procedures were performed via the
Statistica software package (Statistica for Windows;
StatSoft, Inc., Tulsa, OK, USA).

RESULTS

The populations significantly differed in skull size (ANOVA
F=161.41; p<0.0001), and sexual size dimorphism
(ANOVA F=437.18; p<0.0001). Differences in skull shape
were also significant among populations (MANOVA,
Wilks’ A=0.0006; p<0.0001) and sexes (MANOVA, Wilks’
A=0.0872; p<0.0001). The allometry of the symmetric
shape component was pronounced for both sexes
(11% of total variance explained, p<0.0001 for females;
10.9% of total variance explained, p<0.0001 for males).
Allometric trajectories of females and males were similar
(22.9°, p<0.0001). The allometry of the asymmetric
shape component was not statistically different between
populations (0.9% explained, p=0.8265 for females; 0.9%
explained, p=0.3574 for males) so we did not make further
assessments. Preliminary Levene’s test on FA scores
showed that, for each population, there is no difference

Table 3. MANOVA test for directional asymmetry and
fluctuating asymmetry of the ventral cranium, done
on the reduced set of landmarks. The error effect used
to test the main effect of reflection is the individual x
reflection interaction. Pop. - Population. Ind. -Individual
variation. Ref. - Reflection.

Pop. Effect. Pillai tr. p (param.)
Belgrade Ref. 0.85 0.0001
Ind x Ref 17.3 0.0001
Zeta Ref. 0.97 0.0173
Ind x Ref 16.81 0.0001
Malo Staré¢evo Ref. 0.87 0.0044
Ind x Ref 17.93 0.0001
Malo Besko Ref. 0.98 0.0022
Ind x Ref 15.45 0.0001
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Fig. 2. First two PCs of the symmetric component of shape variation for all of the populations. The lines between
landmarks 6, 7, 8, 10, 11, 12, 14 and 15 as well as 23, 24, 25, 27, 28, 29, 31 and 32 define the jaw adductor muscle

chambers.

in FA between sexes (ANOVA, F, ,=0.31; p=0.5791
for Belgrade; Fl, ,,=0.05; p=0.8190 for Zeta; FL ,=0.37,
p=0.5466 for Malo Starcevo and F, ,,=0.50; p=0.4842 for
Malo Besko). The reminder of the analyses were therefore
conducted on pooled sexes.

Procrustes ANOVA showed that the main effects of
individual variation, directional asymmetry, and FA were
highly significant (Table 1). Variation among individuals

accounted for the largest portion of shape variation in all
populations. Both directional (Reflection) and fluctuating
asymmetry (Individual x Reflection) were significant in all
populations, and FA values exceeded measurement error
in all cases. The percentage of shape variation explained by
directional asymmetry was smaller than shape variation
explained by both individual variation and FA (Table 1).

Table 4. Matrix correlations and the results of the matrix correlation test for the individual variation (Ind) and fluctuating

asymmetry (FA), within and among populations.

Comparison Correlation p

Ind. vs. FA in Belgrade 0.317 0.0017
Ind. vs. FA in Zeta 0.324 0.0027
Ind. vs. FA in Malo Starcevo 0.317 0.0017
Ind. vs. FA in Malo Besko 0.224 0.0382
Ind. vs. Ind. between Belgrade and Zeta 0.840 <.0001
Ind. vs. Ind. between Belgrade and Malo Starcevo 0.847 <.0001
Ind. vs. Ind. between Belgrade and Malo Besko 0.948 <.0001
Ind. vs. Ind. between Zeta and Malo Starcevo 0.728 <.0001
Ind. vs. Ind. between Zeta and Malo Besko 0.856 <.0001
Ind. vs. Ind. between Malo Starcevo and Malo Besko 0.854 <.0001
FA vs. FA between Belgrade and Zeta 0.639 <.0001
FA vs. FA between Belgrade and Malo Starcevo 0.579 <.0001
FA vs. FA between Belgrade and Malo Besko 0.604 <.0001
FA vs. FA between Zeta and Malo Starcevo 0.545 <.0001
FA vs. FA between Zeta and Malo Besko 0.588 <.0001
FA vs. FA between Malo Starcevo and Malo Besko 0.530 <.0001
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FA values were similar in all populations (Belgrade:
FA100=1.68 x1073; Zeta: FA10a=1.66 x103; Malo
Starcevo: FA100=1.86 x103; Malo Besko: FA10a=1.65
x1073). Levene’s test on FA scores showed that there is
no statistical difference in FA levels among populations
(ANOVA, Fs, 14,=0.56; p=0.646). The lack of statistically
significant differences in FA among populations was
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further confirmed by pairwise comparisons using
the Tukey HSD test (Table 2). The two-way MANOVA
confirmed significant DA (Side) and FA (Individual x
Reflection) in all populations (Table 3).

Matrix correlations between individual variation
and FA were significant for all populations (Table 4).
Correlations between all pairs of populations were highly
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Fig. 3. Patterns of the FA illustrated by the first four PCs, for all of the populations. The lines between landmarks 6,
7,8,10, 11, 12, 14 and 15 as well as 23, 24, 25, 27, 28, 29, 31, and 32 define the jaw adductor muscle chambers. A —

Belgrade, B — Zeta, C — Malo Starcevo, D — Malo Besko
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Table 5. The angles (in degrees) between eigenvectors of PC1 and PC2 for individual variation. P values are given after
the Bonferroni correction.

Comparison PC1 p PC2 p

Belgrade vs. Zeta 253 <.00001 52.3 >0.0001
Belgrade vs. Malo Staréevo 25.6 <.00001 58.7 0.0003
Belgrade vs. Malo Besko 11.2 <.00001 77 0.0348
Zeta vs. Malo Starcevo 37.5 <.00001 50.4 >0.0001
Zeta vs. Malo Besko 23.6 <.00001 71.6 0.0123
Malo Staréevo vs. Malo BeSko 235 <.00001 69.2 0.0072

significant for both individual variation and FA (Table 4).
For symmetric shape variation, principal component
analyses showed that PC1 alone accounted for more
than 50% of the individual variation in all populations
(Fig. 2). Variation in FA was more evenly spread across
PCs, and the first four PCs explained the highest portion
of variation (60.62% in Belgrade, 57.14% in Zeta,
59.34% in Malo Starc¢evo and 64.16% in Malo Besko).
For measurement error, PC1 explained the low level of
variation (11.25% for Belgrade, 15.39 for Zeta, 16.92%
for Malo Starc¢evo and 15.87% for Malo Besko), and the
variation slowly tapered in subsequent PCs.

For the symmetric shape variation, more positive
scores on the PC1 were associated with a larger skull
base, and smaller jaw adductor muscle chambers (Fig.
2). The shape differences associated with PC2 included
variation in the elongation of the rostrum and general
cranium width and length, as well as differences in
cranium base and jaw adductor muscle chambers. For
the lizards from Belgrade, specimens with positive PC
scores have a wider ventral cranium with shorter rostrum
and enlarged jaw adductor muscle chambers. In the Zeta
and Malo Starcevo populations, the trend was general
elongation and narrowing of the ventral cranium, with
enlargement of the cranium base, and Malo Besko
lizards showed a tendency toward a narrowing of the
cranium and shortening of the rostrum, with pronounced
enlargement of the cranium base (Fig. 2).

The first PCs were highly correlated among all groups,
and the angles between eigenvectors were relatively
small. The angles between second PCs had higher
values. After Bonferroni correction, the second PCs were
also correlated among all groups, albeit only marginally
significantly between Malo Besko and Belgrade as well as
Malo Besko and Zeta (Table 5).

Differences in fluctuating asymmetry were mostly
related to the jaw adductor muscle chamber, especially
to the placement of the tip of the jugal, quadrate bones
and basipterigoid processes. These patterns were similar
for all populations, especially on the PC1 and PC 2 (Fig.
3). However, the PCs were not correlated among all
populations — angles of PC1 eigenvectors significantly
differed between Belgrade and Zeta and Belgrade and
Malo Besko. Angles of PC2 differed between Belgrade and
Zeta and Belgrade and Malo Starcevo. PC3 eigenvectors
were not correlated between Zeta and Malo Besko. The
PC4 eigenvectors were only correlated between Belgrade
and Malo Staréevo and Malo Besko and Malo Starcevo
(Table 6).

DISCUSSION

Our study on four P. muralis populations showed that,
despite differences in skull shape among populations
and sexes, they are characterised by conserved allometry
(Urosevi¢ et al., 2014) and FA (present study). Such a
result can be explained by adaptive significance and the
high level of canalisation of skull shape, which would
prevent large fluctuations in FA levels among populations
exposed to different types and intensities of stressors
(Debat & David, 2001; Joji¢ et al., 2011). We also found
significant DA within each population. DA is common in
the animal kingdom (Auffray et al., 1996; Klingenberg
& MclIntyre, 1998; Tamura et al., 1999; Leamy et al.,
2001; Klingenberg et al., 2002; Willmore et al., 2005;
Joji¢ et al., 2011). One of the most important causes of
directional asymmetry in skull shape could be cerebral
lateralisation associated with behavioural and anatomical
asymmetries, and has been previously found in P. muralis
(Bonati et al., 2008). The strong covariance between

Table 6. The angles (in degrees) between eigenvectors of PC1, PC2, PC3 and PC4 for FA. p values are given after the
Bonferroni correction. Insignificant p values are given in italic.

Comparison PC1 p PC2 p PC3 p PC4 p

Belgrade vs. Zeta 81.254 0.0664 82.852 0.0817 65.674 0.0029  88.473 0.1472
Belgrade vs. Malo Starcevo 51.142 >0.0001 69.565 0.0077 64.354 0.0020 64.267 0.0019
Belgrade vs. Malo Besko 84.228 0.0963 68.501 0.0060  54.855 0.0001  88.527 0.1479
Zeta vs. Malo Starcevo 73.575 0.0185 83.749 0.0911 68.831 0.0065 85.27 0.10809
Zeta vs. Malo BeSko 46.33 >0.0001  56.525 0.0002 82.27 0.0759  84.778 0.10249
Malo Starcevo vs. Malo Besko 69.531 0.0077 76.353 0.0310  60.153 0.0005  74.336 0.02149
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individual variation and FA in all populations suggests
the absence of distinctive developmental mechanisms
that lead to FA. Such a pattern can be explained by the
interaction between developmental homeostasis and
individual fitness (Clarke, 1998; Klingenberg & Mclintyre,
1998; Debat et al., 2000). Some dissimilarities in
morphological patterns of FA emerged. For instance, the
Belgrade population differs from Zeta and Malo Besko
on PC1 and from Zeta on PC2, and Malo Starcevo differs
from Zeta on PC2. Differences in the morphological
pattern of FA between the Belgrade population and
Zeta and Malo Besko could be explained by the effect of
urban environment on developmental stability (Debat et
al., 2000; Lazi¢ et al., 2013), or phenotypic plasticity and
differential effects of functional and behavioural traits
(habitual asymmetries in the prey handling, territorial
or copulatory bites) on symmetric and asymmetric
components of morphological variation (Klingenberg et
al., 2002).

Shape differences associated with individual variation
appear similar to the shape differences associated
with sexual dimorphism and allometry - proportional
enlargement of the jaw adductor muscle chambers
and reduction of the cranium base in larger animals
(Ljubisavljevic¢ et al., 2010, 2011). The remainder of the
observed shape variation could be attributed to the
changes in cranium width and length, which is analogous
to the shape changes described previously (Urosevic
et al., 2014). Shape differences related to FA mainly
involved aspects of the jaw adductor muscle chamber.
Such differences are likely due to differences in adductor
muscle size and differences in strain on the surrounding
skeletal elements (Herring & Teng, 2000; Curtis et al.,
2011). It is possible that skeletal elements subjected
to relatively large strains show greater variability than
skeletal elements associated with weaker muscles
(Wood & Lieberman, 2001). The increased FA in cranial
elements associated with jaw musculature could be
related to bite side preference (lateralisation) or simply
the initial FA in the muscle development (Willmore et al.,
2005; Bonati et al., 2008). Our results do not coincide
with Lazi¢ et al. (2013), who showed higher FA levels in
urban populations of P muralis. However, differences in
FA level were detected on univariate meristic traits with
low functional relevance, which are expected to have
less developmental stability compared to traits with
high functional relevance, such as in the skull (Palmer &
Strobeck, 1986; Clarke, 1998).

In conclusion, the observed pattern of cranial FA in P.
muralis from the Central Balkans suggests a high level of
canalisation in skull shape. Including more populations
from various habitats in different parts of the species
range, such as more isolated, old insular populations or
those from more heavily polluted habitats (close vicinity
of industrial facilities, for instance) could reveal further
trends in individual variation and FA of the P. muralis
skull.
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