Head morphological variation in Podarcis muralis and Podarcis
sicula: a landmark-based approach
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Abstract. The geometry of the cephalic scales in lizards is easily represented by using landmark based approaches. The
cephalic scales may prove useful structures in the investigation of the evolution and morphogenesis of lizards because of their
biomechanical relationships with the underlying bones and muscular anatomy. In the present paper the head morphology in
Podarcis muralis and Podarcis sicula is compared by using geometric morphometrics and Euclidean distance matrix analysis.
The head shape in these two species is largely influenced by a shared allometric pattern, with P. sicula displaying a reduced
range of variation. This pattern is probably influenced by the cranial morphogenesis at the fronto-parietal suture, and by the
parieto-occipital musculature involved in diet and social behaviours. Minor species-specific differences are evidenced, and

should be further investigated.

The dermic scales of reptiles may prove useful
as tool in the study of the intra- and inter-species
morphological variations (Bruner et al., 2005;
Kaliontzopoulou et al., 2007). Many species of
lacertids possess well shaped cephalic scales
whose geometric properties make them suitable
markers for phylogenetic, biogeographic or tax-
onomic investigations (e.g. Arnold, 1989). Fur-
thermore, the tight relationship between the der-
mal, muscular, and skeletal systems makes the
study of the scales useful in the investigation of
growth patterns and morphogenesis.

The diversification of the genus Podarcis
probably started in the Miocene, with P. mu-
ralis and P. waglieriana separating at about 11
Myrs, from a common group that separated at
15-17 Mys from the P. sicula lineage (Oliverio
etal., 1998, 2000). In the present work we inves-
tigate the causes underlying the morphological
variation of the cephalic scales in two small-
sized lacertids, namely Podarcis muralis (Lau-
renti, 1768) and Podarcis sicula (Rafinesque-
Schmaltz, 1810). Such approach allows the de-
scription of the patterns of structural covariation
which is necessary in order to draw hypotheses
on morphogenesis and functional anatomy, rep-
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resenting the first step to delineate the general
anatomical model, and the basic phenotypic or-
ganisation.

The bilateral configuration used to analyse the geometri-
cal head variation is based on 14 bidimensional landmarks,
localised at the boundaries of the frontal, frontoparietal,
interparietal, parietal, and occipital scales (fig. 1a). Land-
marks were sampled from photographs taken in dorsal view,
using tpsDig 1.20 (Rohlf, 1998a). The sample numbers 66 P.
muralis and 66 P. sicula, collected in the surrounding areas
of Roma between 2000 and 2005, from 6 different areas.
When occurring in the same regions, P. muralis is preva-
lently found in wet and wooded areas, while P. sicula prefers
open and sunny areas (Capula et al., 1993). The sample in-
cludes both specimens photographed in the field and prey
remains of Eurasian kestrels (Falco tinnunculus). Only adult
specimens were considered. Although sex dimorphism can
be relevant in lizards, a large percentage of individuals in
the current sample cannot be properly a priori sexed, be-
cause of their incomplete status of preservation. Taking into
account that a subjective a posteriori sex determination is
not recommended to provide an actual analysis of the sexual
dimorphism, and considering the main target of the present
paper (a descriptive analysis of the main structural patterns
in these two species), sexes are pooled.

Coordinates were superimposed using the Procrustes
registration (Bookstein, 1991). Shape differences between
the two species were tested by using the Integrated Mor-
phology Package (Sheets, 2004). Pairwise comparisons be-
tween average configurations were performed by using
Morpheus et al. (Slice, 2000). Procrustes superimposition
was also used to perform a multivariate ordination analy-
sis according to the principles of geometric morphometrics
(Zelditch et al., 2004). A Principal Component Analysis of
the shape variables was computed with tpsRelw 1.18 (Rohlf,
1998b). Centroid size and allometric vectors were computed
using tpsRegr 1.20 (Rohlf, 1998c), to compare the patterns
of static allometry. Size and shape correlation was tested by
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Figure 1. Fourteen two-dimensional landmarks were sampled on the lizard’s head using dorsal photographs (a). The average
configuration from Podarcis sicula (bold links) is superimposed to the average configuration from Podarcis muralis (thin
links) (b). Spatial differences are visualised using thin-plate spline interpolation grids (magnified x3). The morphospace
computed using the shape variables shows two major axis of variation, and scree after the seventh components (c). The first
component (31% of the total variance) is largely size related, accounting for the whole allometric variation (d), while the
second (17%) separates P. sicula because of occipital and interparietal reduction.

using tpsPLS 1.11 (Rohlf, 2002). APS 2.41 (Penin, 2001)
was used to test the contribution of each principal compo-
nent to the allometric vector through multivariate regression
onto centroid size. APS was also used to compute a discrim-
inant analysis between the two species. In the regression
and discrimination analyses, only the right hemiconfigura-
tion was used, to exclude redundancies and the correlated
problems of matrix algebra associated with the symmetrical
geometry. Stand6b (Sheets, 2004) was used to standardise
the shape variation of the two species at the average pooled
centroid size, according to their species-specific allometric
patterns. Univariate and bivariate statistics were computed
by using PAST 1.59 (Hammer et al., 2001) and Statistica
5.1 (StatSoft Inc.).

The two species were also analysed by using the Euclid-
ean distance matrix analysis (EDMA; Richstmeier et al.,
1992), by visualising the actual differences through Form
Difference Maps (Bruner et al., 2005). Form Difference
Maps are based on interpolating functions computed at each
landmark using the average value of all the ratios describing
the variation of the distances from that point to all the others.

Maps therefore describe the degree of increasing/decreasing
distance between the set of landmarks. They are very ef-
fective in showing compression/dilation surface in absolute
terms, thus according to the actual form differences. EDMA
was performed using WinEdma (Cole, 2002), and maps
were computed using Surfer 7.0 (Golden Software, Inc.).

The differences in shape between P. muralis
and P. sicula were significant after Procrustes
registration (Goodall test: Fjg 1300 = 4.18;
P < 0.001; permutation test: 1000 permuta-
tions, P < 0.001). The differences between the
mean configurations concern (in P. sicula) the
reduction of the occipital scale, a minor back-
ward stretching of the interparietal scale, and
enlargement of the anterior half of the fron-
toparietal structures with relative shortening of
the frontal scale (fig. 1b). The centroid size
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is not normally distributed in the pooled sam-
ple (Shapiro-Wilk: P < 0.002). P. sicula dis-
plays greater average size (Mann-Whitney U
test; P = 0.02) but reduced variation (F test:
P = 0.01; Levene test: P = 0.003).

The PCA shows a morphospace largely char-
acterised by the first two components (i.e., a
“planar” morphospace; fig. 1c), with a scree
plateau after the seventh component. We thus
used the first two axes to describe the main vari-
ations, and the first seven to analyse the allomet-
ric and discriminant vectors. PC1 and PC2 ex-
plain 31% and 17% of the total variance, respec-
tively, and together they account for 48% of the
morphological variability. Along the PC1 axis,
the two groups display the same average value
(Mann-Whitney U test; P = 0.80) but with a
lower variation in P. sicula (F-test: P = 0.01;
Levene test: P = 0.004). Along this compo-
nent the occipital scale shortens, the interpari-
etal enlarges anteriorly, the frontoparietal dis-
plays longitudinal compression, and the frontal
scale lengthens showing a relative widening of
the anterior breadth (fig. 1d). The second com-
ponent is associated with occipital and interpari-
etal contraction (fig. le). Considering the dis-
tribution of the two species on this axis, P. sic-
ula shows higher average value for this pattern
(Mann-Whitney U test; P = 0.03) but no differ-
ences in the variance (F-test: P = 0.55; Levene
test: P = 0.31).

The shape variables are size-related (Wilk’s
lambda: P < 0.001; Goodall: Fy4 1320 = 23.40,
P < 0.001; permutation test: 1000 permuta-
tions P < 0.001; R = 0.70; fig. 2a). Al-
lometric changes involve occipital stretching,
interparietal compression, frontoparietal lon-
gitudinal enlargement, and frontal shortening
(fig. 2b). A multivariate regression on centroid
size using the first seven principal components
is significant, but entirely loaded onto PC1 (nor-
malised multivariate correlation coefficient =
0.97; R2 =044, P < 0.001). The other com-
ponents show no relevant contribution to the al-
lometric vector. Along the entire allometric vec-
tor, P. sicula shows a reduced variation (Levene:
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P < 0.05). The analysis of covariance fails to
account for the differences in the overall shape
between the two species when the centroid size
is taken into account as a covariate (P = 0.36).
The differences between the two species using
only the PC1 values, on the other hand, are sig-
nificant when corrected by using the centroid
size as a covariate (Fj 129 = 4.72; P = 0.03).
According to the centroid size vs. PC1 major
axis regression, similar slopes but different in-
tercepts are identified in the two species using
the 95% confidence intervals.

The allometric vectors computed indepen-
dently for each group show some minor differ-
ences (fig. 2c, 2d). In P. muralis there is a wider
range of allometric variation, the frontal short-
ening is mostly related to the anterior lateral
landmark (leading to a more lance-shaped mor-
phology), the interparietal reduction is loaded
onto all the three landmarks, and the occipi-
tal stretching is directed backward. In P. sicula
the allometric range is more limited, the frontal
shortening is associated with a more generalised
longitudinal reduction, the interparietal com-
pression is more marked at the anterior edge,
and the occipital stretching includes a certain
narrowing.

Considering the same slopes but different in-
tercepts for these two trajectories, the individ-
uals have been scaled allometrically to a com-
mon average pooled centroid size, but accord-
ing to their species-specific allometric vector.
Differences between the two scaled groups are
still significant (Hotelling Fig 113 = 7.74; P <
0001, Goodall F14,1828 = 4.94; P < 0001,
permutation n = 400; P = 0.0025). The shape
differences between the two scaled means in-
volve in P. sicula the longitudinal frontal short-
ening, fronto-parietal bending and widening,
and occipital compression (fig. 2e). These non-
allometric differences are also supported by a
discriminant analysis between the two groups
performed on the first 7 components (R? =
0.20, F7,124 = 4.18, P < 0.001), showing in P.
sicula shorter and more squared frontal scales,
larger fronto-parietal anterior areas, anterior re-
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Figure 2. The correlation between the size and shape vectors (a) after partial least-square analysis pooling P. muralis (black
dots) and P. sicula (grey dots) shows a shared allometric component (b). However, the species-specific allometric vectors
in P. muralis (c) and P. sicula (d) display some differences in both magnitude and direction of the vectors. The main non-
allometric differences can be visualised comparing the mean shapes after species-specific allometric standardisation (e) and
the discrimination vector (f), both from P. muralis to P. sicula. The analyses and the deformation grids are computed using

the right (unilateral) hemi-configuration.

duction of the interparietal scale, and reduced
occipital surface (fig. 2f).

The Euclidean distance matrix analysis shows
significant differences between the two species
(bootstrap T: P < 0.001), with P. sicula dis-
playing only minor absolute differences in the
interlandmarks lengths (mean ratio = 1.07; me-
dian: 1.07; SD: 0.03; range: 0.98-1.12). Consid-
ering the interlandmark distances which on av-
erage are above or below one standard devia-
tion from the mean P. sicula/P. muralis ratio,
P. sicula is characterised by a smaller frontal
length and occipital width, and larger anterior
development of the frontoparietal area. The in-
terparietal scale is more narrow and posteriorly
elongated (fig. 3a). The Form Difference Map
efficiently synthesises these differences, stress-
ing the frontal relative shortening, occipital re-

duction, interparietal posterior stretching, and
frontoparietal enlargement (fig. 3b). It is worth
noting that the mean values are always larger
than one (that is, the mean diameters are always
larger in P. sicula), so differences are related to
a larger and smaller degree of lengthening, and
no actual shortening takes place.

Although the morphological ranges of vari-
ation largely overlap, P. muralis and P. sicula
show differences both in size and shape. P. sic-
ula has a larger average size, but P. muralis is
more variable, at least in the present sample.
The reduced variability in P. sicula compared to
P. muralis can be interpreted in two ways: sam-
pling bias or biological signals. In the first case,
the use of kestrel prey remains and differential
predation may have biased the sample, even if
the data available on the kestrel diet preferences
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Figure 3. EDMA comparison between P. muralis and P. sicula; a) the arrows show the most increasing (divergent arrows)
and decreasing (convergent arrows) diameters (half configuration) onto the P. muralis vs. P. sicula deformation grid; b) the
Form Difference Map shows the interpolated values (half configuration) using the average ratio for each landmark (dark:
shortening; light: lengthening). The scale bar refers to the ratio value (1 means no differences).

of the two species of Podarcis do not corrobo-
rate this hypothesis (Costantini et al., 2005). If
the data is to be interpreted otherwise, on the
other hand, the reduced variability might be re-
lated to a biological (evolutionary or physiologi-
cal) signal, which requires further investigation.
The fact that P. muralis has been hypothesised
to display a high degree of phenotypic plasticity
because of its variable morphology and molecu-
lar homogeneity should be noted (Oliverio et al.,
2000), and the hypothesis of actual different de-
grees of variation between the two species thus
finds further evidence.

The mean shape differences are rather small,
represented in P. sicula by the enlargement of
the anterior half of the fronto-parietal scales (in-
volving relative shortening of the frontal area),
narrowing of the interparietal scale, and reduc-
tion of the occipital scale. The first axis of vari-
ation is represented by a shared allometric com-
ponent, involving frontal shortening, longitudi-
nal stretching of the fronto-parietal scales, com-
pression of the interparietal area, and backward
stretching of the occipital structures. The sec-
ond axis is influenced by species-specific differ-

ences associated (in P. sicula) with a contraction
of the occipital and interparietal areas.

If we visualise the allometric pattern through
the vectorial displacement, two blocks can be
recognised: a group of anterior landmarks con-
verging towards the centre of the frontal scale,
and a group of posterior landmarks involv-
ing the compression of the posterior surfaces
(fig. 4a). If we visualise the opposite pattern
(i.e., from larger to smaller individuals) be-
yond the actual range of variation, a plane of
structural compression crossing the frontopari-
etal scale is evidenced (fig. 4b). That region cov-
ers the fronto-parietal suture of the skull exactly,
separating the frontal from the parietal bones
(see Barahona and Barbadillo, 1998). As sug-
gested also in the case of L. bilineata (Bruner
et al., 2005), this suture is clearly a very signif-
icant source of morphogenetic variation in the
lizard’s head morphology along the ontogenetic
patterns, and possibly within the evolutionary
radiation of this group. The fronto-parietal su-
ture is supposed to be a paedomorphic trait in
lizards, whose ontogenetic change extends fur-
ther than is usual in the primitive lizard taxa
(Arnold, 1989). In fact, most advanced lacertids
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Figure 4. The allometric pattern is visualised through vector displacement onto the head of P. muralis (a), showing the anterior
and posterior blocks of landmarks. The opposite pattern, visualised through thin-plate spline deformation and exaggerated
beyond the variation of the current adult sample, shows a creasing area localised above the fronto-parietal suture (b). This
area is supposed to be relevant in the head morphogenesis, as a major source of growth and development.

show a simple fronto-parietal suture similar to
states often found in juveniles of more primitive
forms. The number and degree of development
of the fronto-pairetal interdigitations are also in-
volved in the skull’s kinetic. Their increase is
known to cause the loss of movement in the
mesokinetic axis, a condition which is wide-
spread in lacertid lizards (Arnold, 1993; Bara-
hona and Barbadillo, 1998). It seems therefore
that the morphogenetic processes at the fronto-
parietal boundary are one major determinant
of the allometric variation, possibly related to
secondary structural changes such as a relative
frontal shortening (anteriorly) and anterior com-
pression of the interparietal area (posteriorly).
On the other hand, we hypothesise that the pos-
terior areas (interparietal and occipital regions)
are influenced by a second major allometric
component, represented by the biomechanical
relationship with the associated muscular sys-
tem. This structural network is characterised by
the development of the parietal muscles, the
masticatory functions, and the nuchal muscles
found in the furthest posterior surfaces (Guibe,
1970; Haas, 1973). A positive allometry for
the parietal structures has also been evidenced
in large teiids (Monteiro and Abe, 1997), and
in the ossification of the lacertid skull in gen-
eral (Barahona and Barbadillo, 1998). Through

the functional interface of the muscular system,
diet composition and prey capture are known
to be the major factors underlying the lizard
skull morphology because of the relationship
between mouth size and jaw adduction (Ver-
waijen et al., 2002; Stayton, 2005). However,
both species of Podarcis feed mostly on in-
sects, and their diet largely overlaps in terms of
prey types (Capula et al., 1993). We recently
hypothesised also the possible role of behav-
ioural components related to intra-specific male
to male and male to female interactions, jaw bit-
ing force, and parieto-occipital musculature in
shaping skull morphology (Bruner et al., 2005).

Minor differences between the species-speci-
fic allometric trajectories can be nevertheless
evidenced. The species-specific allometric vec-
tors suggest differences in the way the frontal
scale shortens, and in the changes at the inter-
parietal and occipital areas. Assuming different
intercepts but non-significant differences in the
slope of the allometric vectors (as supported by
the present analysis), the comparison between
allometrically-scaled means of the two species
stresses the anterior enlargement of the fronto-
parietal scale and occipital reduction in P. sic-
ula. The discrimination analysis adds also in
this species the anterior narrowing of the in-
terparietal scale. Interestingly, all these infor-
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mations are well synthesised by the form diffe-
rence maps, accounting for the absolute metric
changes.

In the present analysis the different ap-
proaches involved suggest that the head mor-
phology in P. muralis and P. sicula is largely
characterised by a common allometric pat-
tern, in which the bone growth at the fronto-
parietal suture and the development of the
occipito-parietal muscular system mould the
dermal structures, probably representing the
most significant structural determinants of the
cephalic scale morphology. Furthermore, P. mu-
ralis shows a larger degree of variation, and
some traits (associated in P. sicula with occip-
ital reduction and anterior enlargement of the
frontoparietal areas) may be species-specific.
These differences will deserve further attention.
Clearly the present survey should be integrated
with future studies on sexual dimorphism in
these two species, that may reveal more sub-
tle and detailed structural trajectories account-
ing for the intra-specific variation. Furthermore,
taking into account the degree of morphological
variation in these taxa and the geographical lo-
calisation of the current sample, it will be in-
teresting to test possible inter-populational dif-
ferences. Both species display an ample degree
of variability, which has lead to the discussion
of a possible subspecific taxonomy, of local en-
demisms, and of the limited existing knowl-
edge of the genetic boundaries between popula-
tions (Corti and Lo Cascio, 1999; Sindaco et al.,
2006). Nevertheless, considering the functional
relationships between cranial structures and the
evolutionary niche in vertebrates, the study of
the cephalic scales in lizards should be regarded
as a useful case study in the investigation of
the network between ontogenetic, ecological,
and behavioural components, relying upon the
anatomy of elements with a clear geometrical
organisation.
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