HERPETOLOGICAL JOURNAL 21: 65-72, 2011

Patterns of morphological variation in the skull
and cephalic scales of the lacertid lizard
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We applied a geometric morphometrics approach to examine sexual size and shape dimorphisms (SSD and SShD) in dorsal and
ventral skull portions and cephalic scales (pileus) in the lacertid lizard Algyroides nigropunctatus. We found significant sexual
dimorphism in all three structures that are mostly attributable to allometry. Males and females share allometric trajectories for
the pileus and dorsal portion of the skull, i.e. the significant differences in shape between sexes are due to differences in size.
Regardless of sex, allometric shape differences between small and large individuals show negative allometry in the anterior
parts and more pronounced positive allometry of the parietal region in the dorsal skull and pileus. We observed a marginally
significant divergence in sex-specific allometric trajectories of the ventral skull. The similar patterns of covariation between
the ventral skull and the dorsal skull portion and pileus indicate close relationships between the skull bones and cephalic
scales. The stronger covariation between the ventral and dorsal skull portion in males compared to females raises the question
whether sexual dimorphism in the structure of morphological variation of the lizard skull exists.
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INTRODUCTION

he lizard skull is a form—function complex that has

been subjected to many anatomical, morphologi-
cal, phylogenetic and functional studies (e.g. Estes et al.,
1988; Barahona & Barbadillo, 1998; Herrel et al., 1998;
Herrel et al., 2001; Metzger, 2002; Metzger & Herrel,
2005; Stayton, 2005; Arnold et al., 2007). The function-
al morphology of the lizard skull has become an active
field of investigation due to relatively new techniques
and approaches (micro-CT data analysis, multibody
dynamics and finite element analyses, and geometric
morphometrics) that allow for more detailed information
to be obtained (Herrel et al., 2007; Moazen et al., 2008a,b;
Costantini et al., 2010). Lacertid lizards are suitable ob-
jects for such studies because sexual size dimorphism
(SSD) and sexual shape dimorphism (SShD) in head size
and head shape are common (e.g. Brafia, 1996; Herrel et
al., 1999; Verwaijen et al., 2002; Kaliontzopoulou et al.,
2006; Aleksi¢ et al., 2009), and lacertid lizards are char-
acterized by distinct cephalic scales covering the dorsal
surface of the head (pileus), which could serve as a vis-
ible external reference to underlying cranial elements as
a result of functional and structural relationships between
them. The cranial osteodermal layer develops alongside
the underlying dorsal bones of the skull, and is closely
attached to them. It is laid down in discrete portions, each
corresponding to an epidermal scute (Arnold, 1989), and

it is therefore assumed that changes in the size and shape
of the pileus may reflect changes in the underlying bones
and muscular anatomy. A recent study has indicated that
the patterns of sexual shape differences in the ventral as-
pect of the lacertid skull (Ljubisavljevi¢ et al., 2010) are
similar to those previously found for the pileus (Bruner
et al., 2005; Kaliontzopoulou et al., 2007), but statisti-
cal comparisons of patterns of morphological covariation
between skull elements and the pileus are as yet lack-
ing. Further research on the structural relationships and
biomechanical interactions between cephalic bones and
scales within the framework of morphological integration
is of special interest (see also Costantini et al., 2010).

To explore the morphological covariation between ce-
phalic scales and skull in line with SSD and SShD, we
examined both dorsal and ventral portions of the skull and
the pileus of Algyroides nigropunctatus (Dalmatian Algy-
roides). The genus Algyroides has long been recognized as
an evolutionarily distinct clade of four well-differentiated
species of small lacertid lizards with disjunct distribu-
tions in southern Europe (Harris et al., 1999; Arnold et al.,
2007), despite recent evidence for paraphyly of the genus
(Pavlicev & Mayer, 2009). The Dalmatian Algyroides is
restricted to the Balkan Peninsula, usually occupying de-
graded scrub and rocky cliff areas along the coastal region
of the Adriatic and Ionian Seas (Bejakovi¢ et al., 1996;
Chondropoulos, 1997). Pronounced sexual dimorphism in
body size (Bejakovi¢ et al., 1996) provides an opportunity
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to explore patterns of sexual size and shape dimorphism
in the ventral and dorsal skull and pileus as well as the
pattern of covariation between these structures.

The skeletal elements of the ventral skull that are formed
by the upper jawbones and palate (parts of the dermatoc-
ranium) as well as the skull base (the neurocranium) are
directly involved in the mechanics of feeding, affecting
the bite force through connection to the jaw musculature
(Herrel et al., 2007). Muscle forces also act upon the der-
mal bones of the skull roof (Haas, 1973), whose elements
are mostly influenced by the development of the brain and
the sensory organs they support. These skeletal elements
and their connections, such as the frontoparietal suture,
also have important roles in cranial kinesis and reducing
stresses during biting and feeding (Moazen et al., 2008a,
2009). Numerous anatomical landmarks on both aspects
of the skull and well-defined cephalic scales allowed us
to obtain information on specific patterns of sexual di-
morphism in the size and shape of the skull and cephalic
scales. More specifically, we explored the possible sexual
differences in allometric slopes of the pileus, the dorsal
and ventral skull shape, and the pattern of covariation be-
tween these cephalic structures.

MATERIALS AND METHODS

Sample size, skull preparation and landmarks

A total of 24 male and 23 female A. nigropunctatus from
the Herpetological Collection of the Natural History
Museum of Montenegro in Podgorica were used in this
study; the specimens were collected on the island of Bis-
age in Lake Skadar in Montenegro (42°06'N, 19°21'E)
under permits provided by the Ministry of Tourism and
Environmental Protection, Republic of Montenegro (nos.
01-1519/4 and UPI-145/1). The maturity of each specimen
was determined on the basis of reproductive characteriza-
tions previously used in other lacertid species (see, for
example, Tomasevi¢-Kolarov et al., 2010).

The images of the pileus were taken prior to the clear-
ing and staining process using a Sony DSC-F828 digital
camera (resolution 8.0 MP) with the scale bar placed be-
side the pileus. The camera set-up and the placement of the
specimens relative to the camera lens were kept constant
to minimize image aberration due to parallax (distorted
images resulted from placing the camera too close to the
specimen) and to reduce error in the subsequent geomet-
ric morphometric analyses (Mullin & Taylor, 2002). The
skulls were cleared with trypsin and KOH (potassium hy-
droxide), stained with Alizarin Red S to better distinguish
cranial elements and their articulations (Dingerkus &
Uhler, 1977), and preserved in glycerol. Images of skulls
submerged in glycerol with the parietal (dorsal skull view)
and palate (ventral skull view), positioned parallel to the
photographic plane in the centre of the optical field to re-
duce and equalize distortion, were obtained with the same
camera and scale settings. We used TpsDig2 software
(Rohlf, 2005) to record 19 two-dimensional landmarks on
the pileus, 14 two-dimensional landmarks on the dorsal
skull and 18 landmarks on the ventral skull. Landmarks
were digitized by the same person (A.U.) on the right
side of each specimen to avoid redundant information in
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symmetric structures. The landmarks were chosen based
on their identification in all specimens and reliability in
providing an adequate summary of the skull and pileus
morphology (Fig. 1). The landmark configurations were
chosen in accordance with previous studies of head and
cranial size and shape variation in lacertid lizards (Bruner
et al., 2005; Kaliontzopoulou et al., 2007; Ljubisavljevié¢
et al., 2010). The landmarks on two skull views generally
represent contacts between bones, tips of processes, or
maxima of curvature of structures, whereas those on the
pileus are localized at the junction of scales and at the lo-
cal curvature (Bookstein, 1991).

Statistical analyses

A generalized Procrustes analysis (GPA) was applied to
obtain a matrix of shape coordinates from which differ-
ences due to position, scale and orientation were removed
(Rohlf & Slice, 1990; Bookstein, 1996; Dryden & Mardia,
1998). For the estimation of size, we used centroid size
(CS), defined as the square root of the summed squared
distances of each landmark from the centroid of the form
(Zelditch et al., 2004). Centroid size is a geometric meas-
ure of size that is not correlated with shape in the absence
of allometry (Bookstein, 1991).

Variation in size (CS) and the statistical differences in
mean size between sexes were analysed using an ANO-
VA. To quantify the level of SSD, the standard index of
SSD was calculated using CS values: I, = size of the
larger sex (males)/size of the smaller sex (females).

Variation in pileus, dorsal and ventral skull shape
between sexes were analysed by MANOVA on shape vari-
ables (partial warps and uniform components), which can
be used as input variables in any conventional statistical
analysis (Zelditch et al., 2004). The magnitude of differ-
ences in shape between sexes was quantified as Procrustes
distances. The Procrustes distance, a linear measure of
shape differences between landmark configurations, was
used as an index of sexual dimorphism in shape (I, ).
Procrustes distances were calculated between mean fe-
male and male landmark constellations for pileus, dorsal
and ventral skull, and the TwoGroup6 program, IMP se-
ries (Sheets, 2000) was used to perform Goodall’s F test
to estimate the statistical significance of differences be-
tween the mean shapes. To explore size-dependent shape
changes (allometric relations) between sexes, multivariate
analysis of covariance (MANCOVA) on shape variables
with sex as a factor and the CS as covariable was per-
formed. A significant CS x sex interaction indicates that
sexes differ in the allometric slopes. To analyse allometric
changes in shape between sexes, we used a multivariate
regression of the shape variables on CS. The null hypoth-
esis states that shape does not change with increase in size
(CS). The statistical test of the null hypothesis and the
percentage of variance explained by size were obtained
using the tpsRegr program (Rohlf, 2009).

We applied partial least squares analysis (PLS) to
explore covariation between three different structures
(pileus, dorsal and ventral skull) described with three dif-
ferent sets of landmarks. The PLS analysis permits the
comparison of two sets of shape data (Rohlf & Corti,
2000). This method has regularly been used to examine
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Fig. 1. Definitions and numbering of landmarks. A) Pileus: 1) point of maximum curvature on the tip of the snout;
2) joint between the two supranasals and the internasal; 3) middle-posterior border of the internasal; 4) joint
between the internasal and the two prefrontals; 5) joint between the frontal and the prefrontals; 6) joint between
the frontal, prefrontal and the 2™ supraocular; 7) lateral joint of the 1% supraocular and the prefrontal; 8) joint
between the two middle supraoculars and the frontal; 9) joint of the two middle supraoculars and the supraciliary
granules; 10) joint between the frontal, frontoparietal and the 3 supraocular; 11) joint between the frontal and the
two frontoparietals; 12) joint between the interparietal and the two frontoparietals; 13) joint between interparietal,
frontoparietal and the parietal; 14) joint between frontoparietal, parietal and the last supraocular; 15) lateral joint
of the last supraocular and the parietal; 16) anterior joint between the occipital and the parietal; 17) posterior joint
of the occipital and the parietal; 18) joint of the last supratemporal and the parietal; 19) maximum pileus width,
on the parietal outline.

B) Dorsal skull: 1) tip of premaxilla (tip of the snout); 2) suture between premaxilla and nasals; 3) lateral-most
point of nasal; 4) suture between nasal, frontal and maxilla; 5) suture between makxilla, prefrontal and frontal; 6)
anterior-most point of postorbital; 7) anterior-most point of postfrontal; 8) posterior-most point of prefrontal; 9)
suture between both frontals and parietal; 10) suture between frontal, postfrontal and parietal; 11) posterior-most
point of squamosal; 12) posterior tip of supratemporal process of parietal; 13) posterior tip of exoccipital; 14)
posterior-most point on the curve of the occipital condyle.

C) Ventral skull: 1) tip of premaxilla (tip of the snout); 2) suture between premaxilla and maxilla; 3) suture
between vomer and palatine; 4) anterior-most point of subocular foramen; 5) anterior-most point of ectopterygoid;
6) posterior tip of maxilla; 7) lateral-most point of skull; 8) posterior-most point of subocular foramen; 9) suture
between pterygoid and palatine; 10) posterior tip of jugal; 11) anterior tip of basipterygoid process; 12) posterior
tip of basipterygoid process; 13) anterior-most point of quadrate; 14) lateral-most point of quadrate; 15) posterior
tip of pterygoid process; 16) posterior point of quadrate; 17) posterior tip of oto-occipital; 18) posterior-most point
on the curve of the occipital condyle.

covariation in the shapes of different structures to inves-  analyses were performed, and the coefficients were com-
tigate morphological integration in anthropology (see  pared for both females and males. RV1 quantifies the
Slice, 2007, and references therein). The null hypoth-  covariation between the pileus and the dorsal skull, RV2
esis is complete independence between the two sets of  quantifies the covariation between the dorsal and ventral
landmarks. We used the permutation test against the null ~ skull, and RV3 quantifies the covariation between pileus

hypothesis that these sets of landmarks varied independ-  and ventral skull. The PLS analysis was performed us-
ently. As an overall measure of association between the  ing the MorphoJ program (Klingenberg, 2008-2009). All
two blocks, the Escoufier index RV (Escoufier, 1973),  standard statistical procedures were performed using the

a multivariate analogue of the squared correlation, was  Statistica® software package (STATISTICA for Windows;
calculated (Klingenberg, 2009). Three different PLS  StatSoft, Inc., Tulsa, OK).
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Table 1. Indices of sexual size dimorphism (I )
acquired by comparing centroid size (CS) of the pileus,
dorsal and ventral skull between males and females.
The statistical significance of difference in mean size
between females and males was obtained by one-way
ANOVA.

Table 2. Index of sexual shape dimorphism (I, )
computed as Procrustes distance, a linear measure
of shape differences between mean female and male
landmark configurations for pileus, dorsal and ventral
skull. The significance level of Goodall’'s F test was
obtained after 900 bootstrap iterations; df: degrees of
freedom.

| Anova SS F P View I, Goodall’s i df, df, P
Pileus 1.145 88.43 41.19 <0.0001 Pileus 0.027 11.41 34,1530 <0.01
Dorsal skull ~ 1.141 94.35 53.69 <0.0001 Dorsal skull ~ 0.021 9.91 24,984 <0.01
Ventral skull ~ 1.158 113.03 55.82  <0.0001 Ventral skull  0.036 31.62 32,1440 <0.01
RESULTS To analyse variation in shape between sexes, a

For all three structures analysed (pileus, dorsal and ventral
skull), significant sexual dimorphism in size was found
(Table 1). The calculated SSD index (Table 1) shows that
males are between 13% (for pileus and dorsal skull) and
14% (ventral skull) larger than females.

dorsal skull ventral skull

pileus

Fig. 2. Thin-plate spline grids that illustrate changes
between mean shapes: females to males (A) and males
to females (B) for the pileus, dorsal and ventral skull. For
each sex, transformations of the reference shape were
exaggerated three times. The outlines on the pileus grid
define the relative position of head scales. Landmarks
9, 10 and 12 on the dorsal skull deformation grid define
the parietal bone. Landmarks 6, 7, 8, 10, 11, 12, 14
and 15 on the ventral skull deformation grid define the
jaw adductor muscle chamber.
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MANOVA was performed. A significant variation in
shape between the sexes for pileus (Wilks’ lambda =
0.06853844, F,, ,=4.80, P<0.01), dorsal skull (Wilks’
lambda =0.096599, F,, ,,=8.572711, P<0.0001) and ven-
tral skull (Wilks’ lambda = 0.01677253, F32’ 14=25.64216,
P<0.0001) was found. To quantify variation in shape be-
tween females and males, we calculated the Procrustes
distances between the mean female and male shape sepa-
rately for each of the head structures analysed. The sexual
dimorphism indices (I, ) are given as the Procrustes
distances between the sexes (Table 2). The differences in
mean shape between the sexes was statistically significant
for all three structures (Table 2). We used the thin-plate
spline (Fig. 2) to visualize these changes. The main chang-
es in pileus shape between the sexes are rostral shortening
(between landmarks 1 and 2), internasal elongation and
narrowing (landmarks 2—4), shortening of the frontal area
(landmarks 5, 6, 8, 10, 11), general enlargement of fron-
toparietal and parietal scales (landmarks 11-19) causing
interparietal narrowing (between landmarks 12, 13 and
16), and lengthening of occipital scale (between land-
marks 16 and 17) in males.

The main shape changes in the dorsal skull are also
caused by general stretching and enlargement of the pa-
rietal, postorbital and postfrontal bones (landmarks 6,
7,9, 10, 12). The squamosal is more posteriorly placed
(landmark 11), with shortening of the snout (between
landmarks 1 and 2), whereas the midface at the position
of the nasal bones elongates and narrows (landmarks 2—4)
in males. The changes in the ventral skull are related to
shortening and widening of the skull base with quadrates
more posteriorly placed in males compared to females
(landmarks 13—18). The deformations obtained show the
coordinated displacement of landmarks positioned on the
palate (landmark 9), at the pterygoid (landmarks 8, 15),
at the ectopterygoid (landmark 5) and at the basipterygoid
(landmarks 11, 12), as well as those at the jaw articulation
point (landmarks 13, 14) and skull base (landmarks 17,
18). The shortening of the skull base in males is also evi-
dent from the dorsal skull view (landmarks 13 and 14).

Females and males shared common allometric slopes
for the pileus and dorsal skull shape, while allometric
slopes (CS x sex interaction) for the ventral skull appeared
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Table 3. The allometric relations between sexes, tested by a multivariate analysis of covariance (MANCOVA). df:
degrees of freedom; CS: centroid size. The significant CS x sex interaction indicates that allometric slopes of

females and males diverge.

View Effect My F Effect df Error df P
Pileus sex 0.111168 2.35 34 10 0.0758
CS 0.063032 4.37 34 10 0.0086
CS x sex 0.115296 2.26 34 10 0.0859
Dorsal skull sex 0.451457 1.01 24 20 0.4937
CS 0.079251 9.68 24 20 0.0001
CS x sex 0.442759 1.05 24 20 0.4614
Ventral skull sex 0.116677 2.84 32 12 0.0290
CS 0.061460 5.73 32 12 0.0013
CS x sex 0.132153 2.46 32 12 0.0495

to be of borderline significance (Table 3). As females and
males share common allometric slopes for dorsal skull
and pileus, we further explored the amount and the pattern
of size-dependent shape changes. A multivariate regres-
sion of shape on CS was performed for both structures,
revealing that shape changes were significantly correlated
with changes in size (Table 4). Allometry explained over
20% of the shape variation. We used the thin-plate spline
(Fig. 3) to visualize these changes, which were very simi-
lar between females (generally, specimens with smaller
CS) and males (specimens with larger CS).

The morphological covariations between the pileus
and the dorsal and ventral skull shape are high and statis-
tically significant. Higher covariation between the ventral
skull and the other two components appears in males, par-
ticularly between the two portions of the skull. Although
the shape of the pileus largely corresponds to the underly-
ing dermal skull bones, the covariation between these two
structures is lower than the covariation between the pileus
and ventral skull (both sexes) as well as between the dor-
sal and ventral skull portions (males, Table 5).

DISCUSSION

Algyroides nigropunctatus exhibits significant sexual di-
morphism in the size and shape of the cephalic scales and
in the dorsal and ventral skull portions, and the majority

of such differences is attributable to allometry. These re-
sults are in accordance with previous studies dealing with
sexual dimorphism of head scales (Bruner et al., 2005;
Kaliontzopoulou et al., 2007) and the ventral skull in oth-
er lacertid species (Ljubisavljevi¢ et al., 2010).

In A4. nigropunctatus, allometric shape changes between
individuals with smaller CS and individuals with larger
CS in the dorsal skull are largely similar to the changes
in the pileus, and correspond to differences between the
sexes. Both structures exhibit an anteroposterior growth
gradient, with a relative shortening of the anterior part of
the skull roof and pileus and relative development of their
posterior portions (Monteiro & Abe, 1997; Bruner et al.,
2005). However, there are many spatially localized shape
variations, which are probably caused by different devel-
opmental or functional patterns. Thus, the shape change
of relative shortening of the anterior part (rostrum) and
relative narrowing and elongation of the midface is par-
ticularly visible in the dermal bones, where the anterior
part of the nasal bone is enlarged whereas its posterior
part elongates and narrows with high intensity. The fron-
tal area is shorter and wider in larger individuals. As the
size of the skull increases, the anteriorly displaced mes-
okinetic joint (fronto-parietal suture) reduces the cranial
kinesis, influencing the fronto-parietal scale, whose ante-
rior part becomes relatively larger, and acting as a buffer
to the stress produced by biting (Costantini et al., 2010).

Table 4. The significance of allometry and percentage of shape changes explained by size for pileus and dorsal

skull.
View Myites F Effectdf  Error df P % explained  Goodall’s F test
Pileus 0.028470  12.044 34 12 0.0001 20.06 0
Dorsal skull 0.028650  31.078 24 22 0.0001 24.73 0
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Fig. 3. Thin-plate spline grids that illustrate allometric
shape changes. Transformations of the reference
shape were given in the original (1.0) range. The
outlines on the pileus grid define the relative position
of head scales. Landmarks 9, 10 and 12 on the dorsal
skull deformation grid define the parietal bone.

Finally, parietal and postorbital enlargement provides
additional space for larger jaw adductor muscles, which
consequently generate a higher bite force (Herrel et al.,
1999, 2007; McBrayer & Anderson, 2007).

Our results reveal marginally significant divergence
in the sex-specific allometric trajectories of the ventral
skull. This finding indicates sex-specific divergence in the
allometric slopes of the structure closely related to feed-
ing and foraging, but requires confirmation from other
lacertid species. The shapes of the pileus as well as the
dorsal and ventral skull have a similar pattern of morpho-
logical covariation, suggesting that these structures do not
vary independently. It is very likely that shape changes

Table 5. Results of PLS analysis. The RV coefficients
and the permutation test against the null hypothesis of
the independence between compared shapes. Number
of randomization rounds = 10,000.

Shapes

compared Females P Males P
Pileus/dorsal

skull RV1 0.4712 0.0153 0.4084 0.0267
Pileus/ventral

skull RV2 0.4882 0.0096 0.5617 0.0001

Dorsal skull/

ventral skull RV3 0.4348 0.0496 0.5515 0.0001

that correspond to relative compression of the braincase
space and the widening of parietal and temporal regions
allow the increased packing of jaw adductor musculature,
which would allow the consumption of larger and harder
prey and can be advantageous in male combats and in
grabbing females during copulation (e.g. Verwaijen et al.,
2002; McBrayer & Anderson, 2007). This probably led
to the stronger covariation between the ventral and dorsal
skull structures than between cephalic scales and the skull
roof, where close interactions such as stretching of the
dermal elements due to displacement of the bones during
modelling may induce somewhat smaller correspondence
between them (Costantini et al., 2010). The stronger cov-
ariation between the ventral and dorsal skull structures in
males than in females could indicate the possible existence
of sexual dimorphism in the structure of morphological
variation of the lacertid skull. Thus, integrative studies
of the modularity and integration of the lacertid skull as
well as of the functional and developmental relationship
between dermal bones and scales are needed and should
include a variety of lacertid taxa.

ACKNOWLEDGEMENTS

We would like to acknowledge the constructive reviews
provided by two reviewers that greatly improved inter-
pretation of our data. We thank Ondrej Vizi, Milo§ L.
Kalezi¢, Georg Dzuki¢ and Tanja Vukov for helpful sug-
gestions and support. This study was supported financially
by the Serbian Ministry of Science, grant nos. 143052 and
173043.

REFERENCES

Aleksi¢, 1., Ivanovié, A., Crnobrnja-Isailovi¢, J. & Kalezi¢,
M.L. (2009). Species and sex size/shape differences in the
lacertid community (Podarcis ssp. and Archaeolacerta sp.)
from the Skadar Lake region (Montenegro). ltalian Journal
of Zoology 76, 43-52.

Arnold, E.N. (1989). Towards the phylogeny and biogeography
of the Lacertidae: relationships within an Old-World family
of lizards derived from morphology. Bulletin of the British
Museum of Natural History (Zoology) 55, 209-257.

Arnold, E.N., Arribas, O. & Carranza, S. (2007). Systematics of
the Palaearctic and oriental lizard tribe Lacertini (Squamata:
Lacertidae: Lacertinae), with descriptions of eight new
genera. Zootaxa 1430, 1-86.

Barahona, F. & Barbadillo, L.J. (1998). Inter- and intraspecific
variation in the post-natal skull of some lacertid lizards.
Journal of Zoology 245, 393-405.

Bejakovi¢, D., Aleksi¢, 1., Tarasjev, A., Crnobrnja-Isailovic, J.,
Dzuki¢, G. & Kalezi¢, M.L. (1996). Life-history variation in
a community of lacertid lizards from the Lake Skadar region
(Montenegro). Herpetological Journal 6, 125-132.

Bookstein, F.L. (1991). Morphometric Tools for Landmark
Data. Cambridge: Cambridge University Press.

Bookstein, F.L. (1996). Combining the tools of geometric
morphometrics. In Advances in Morphometrics, 131-151.
Marcus, L.F., Corti, M., Loy, A., Nayulor, G.J.P. & Slice,
D.E. (eds). New York: Plenum Press.

Braia, F. (1996). Sexual dimorphism in lacertid lizards: male



head increase vs female abdomen increase? Oikos 75, 511—
523.

Bruner, E., Constantini, D., Fanfani, A. & Dell’Omo, G. (2005).
Morphological variation and sexual dimorphism of the
cephalic scales in Lacerta billineata. Acta Zoologica 86,
245-254.

Chondropoulos, B.P. (1997). Algyroides nigropunctatus
(Duméril & Bibron, 1839). In Atlas of the Amphibians
and Reptiles in Europe, 224-225. Gasc, J.P., Cabela, A.,
Crnobrnja-Isailovi¢, J., Dolmen, D., Grossenbacher, K.,
Haffner, P., Lescure, J., Martens, H., Martynez Rica, J.P.,
Maurin, H., Oliveira, M.E., Sofianidou, T.S., Veith, M. &
Zuiderwijk, A. (eds). Paris: Societas Europaea Herpetologica
and Museum National d’Histoire Naturelle (IEGB/SPN).

Costantini, D., Alonso, M.L., Moazen, M. & Bruner, E. (2010).
The relationship between cephalic scales and bones in
lizards: a preliminary microtomographic survey on three
lacertid species. Anatomical Record 293, 183—194.

Dingerkus, G. & Uhler, L.D. (1977). Enzyme clearing of alcian
blue stained whole small vertebrates for demonstration of
cartilage. Stain Technology 52,229-232.

Dryden, I.L. & Mardia, K. V. (1998). Statistical Shape Analysis.
New York: Wiley.

Escoufier, Y. (1973). Le traitement des variables vectorielles.
Biometrics 29, 751-760.

Estes, R., de Queiroz, K. & Gauthier, J. (1988). Phylogenetic
relationships within Squamata. In Phylogenetic Relationships
of the Lizard Families, 119-282. Estes, R. & Pregill, G.
(eds). Stanford: Stanford University Press.

Haas, G. (1973). Muscles of the jaws and associated structures
in the Rhynchocephalia and Squamata. In Biology of the
Reptilia, Vol. 4, 285-490. Gans, C. & Parsons,T.S. (eds).
London & New York: Academic Press.

Harris, D.J.,Arnold, E.N. & Thomas, R.H. (1999). Aphylogeny of
the European lizard genus Algyroides (Reptilia: Lacertidae)

based on DNA sequences, with comments on the evolution
of the group. Journal of Zoology 249, 49-60.

Herrel, A., Aerts, P. & De Vree, F. (1998). Ecomorphology of the
lizard feeding apparatus: a modelling approach. Netherlands
Journal of Zoology 48, 1-25.

Herrel, A., McBrayer, L.D. & Larson, P.M. (2007). Functional
basis for intersexual differences in bite force in the lizard

Anolis carolinensis. Biological Journal of the Linnean

The skull and cephalic scales in Algyroides nigropunctatus

89. Corti, C., Lo Cascio, P. & Biaggini, M. (eds). Florence:
Firenze University Press.

Klingenberg, C.P. (2008-2009). Morpho J. Manchester: Faculty
of Life Sciences, University of Manchester. Available at:
http://www.flywings.org.uk/MorphoJ page.html.

Klingenberg, C.P. (2009). Morphometric integration and
modularity in configurations of landmarks: tools for
evaluating a-priori hypotheses. Evolution and Development
11, 405-421.

Ljubisavljevié, K., Urosevi¢, A., Aleksi¢, I. & Ivanovié, A.

(2010). Sexual dimorphism of skull shape in lacertid lizard
species (Podarcis spp., Dalmatolacerta sp., Dinarolacerta
sp.) revealed by geometric morphometrics. Zoology 113,
168-174.

McBrayer, L.D. & Anderson, R.A. (2007). Sexual dimorphism
in head shape and bite force in the northern alligator lizard,
Elgaria coerulea. Journal of Herpetology 41, 554-559.

Metzger, K.A. (2002). Cranial kinesis in lepidosaurs: skulls in
motion. In Topics in Vertebrate Functional and Ecological
Morphology, 15-46. Aerts, P., Herrel, A., D’ Aout, K. & Van
Damme, R. (eds). Maastricht: Shaker Publishing.

Metzger, K.A. & Herrel, A. (2005). Correlations between lizard
cranial shape and diet: a quantitative, phylogenetically
informed analysis. Biological Journal of the Linnean Society
86, 433-466.

Moazen, M., Curtis, N., Evans, S.E., O’Higgins, P. & Fagan, M.J.
(2008a). Combined finite element and multibody dynamics
analysis of biting in a Uromastyx hardwickii lizard skull.
Journal of Anatomy 213, 499-508.

Moazen, M., Curtis, N., Evans, S.E., O’Higgins, P. & Fagan, M.J.
(2008b). Rigid-body analysis of a lizard skull: modelling the
skull of Uromastyx hardwickii. Journal of Biomechanics 41,
1274-1280.

Moazen, M., Curtis, N., O’Higgins, P., Jones, M.E.H., Evans,
S.E. & Fagan, M.J. (2009). Assessment of the role of sutures
in a lizard skull — a computer modelling study. Proceedings
of the Royal Society B 276, 39-46.

Monteiro, L.R. & Abe,A.S. (1997). Allometry and morphological
integration in the skull of Tupinambis merianae (Lacertilia:
Teiidae). Amphibia-Reptilia 18, 397-405.

Mullin, S.K. & Taylor, P.J. (2002). The effects of parallax on
geometric morphometric data. Computers in Biology and
Medicine 32, 455-464.

Society 91, 111-119.
Herrel, A., Meyers, J., Nishikawa, K. & De Vree, F. (2001). The
evolution of feeding motor patterns in lizards: modulatory

complexity and possible constraints. American Zoologist
41, 1311-1320.

Herrel, A., Spithoven, L., Van Damme, R. & De Vree, F. (1999).
Sexual dimorphism of head size in Gallotia galloti: testing
the niche divergence hypothesis by functional analyses.
Functional Ecology 13, 289-297.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. (2007).
Multivariate and geometric morphometrics in the analysis

of sexual dimorphism variation in Podarcis lizards. Journal
of Morphology 268, 152—-165.

Kaliontzopoulou, A., Carretero, M.A., Llorente, G.A., Santos,
X. & Llorente, C. (2006). Patterns of shape and size
sexual dimorphism in a population of Podarcis hispanica*
(Reptilia: Lacertidae) from NE Iberia. In Mainland and
Insular Lacertid Lizards: A Mediterranean Perspective, 73—

71

Pavlicev, M. & Mayer, W. (2009). Fast radiation of the subfamily
Lacertinae (Reptilia: Lacertidae): history or methodical
artefact? Molecular Phylogenetics and Evolution 52, 727—
734.

Rohlf, F.J. (2005). TpsDig 2.04. Stony Brook: Department of
Ecology and Evolution, State University of New York.
Available at: http://life.bio.sunysb.edu/morph

Rohlf, F.J. (2009). TpsRegr 1.36. Stony Brook: Department
of Ecology and Evolution, State University of New York.
Available at: http://life.bio.sunysb.edu/morph/

Rohlf, F.J.& Corti, M. (2000). The use of two-block partial least-
squares to study covariation in shape. Systematic Biology
49, 740-753.

Rohlf, F.J. & Slice, D.E. (1990). Extensions of the Procrustes
method for the optimal superimposition of landmarks.
Systematic Zoology 39, 40-59.

Sheets, H.D. (2000). Integrated Morphometrics Package.
Buffalo: Department of Physics, Canisius College. Available



http://www.ingentaconnect.com/content/external-references?article=0001-7272()86L.245[aid=7979885]
http://www.ingentaconnect.com/content/external-references?article=0001-7272()86L.245[aid=7979885]
http://www.ingentaconnect.com/content/external-references?article=0038-9153()52L.229[aid=6985832]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()13L.289[aid=2643834]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()268L.152[aid=7979883]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()268L.152[aid=7979883]
http://www.ingentaconnect.com/content/external-references?article=0021-8782()213L.499[aid=9478925]
http://www.ingentaconnect.com/content/external-references?article=0021-9290()41L.1274[aid=9478924]
http://www.ingentaconnect.com/content/external-references?article=0021-9290()41L.1274[aid=9478924]
http://www.ingentaconnect.com/content/external-references?article=0173-5373()18L.397[aid=7599694]
http://www.ingentaconnect.com/content/external-references?article=1055-7903()52L.727[aid=9478921]
http://www.ingentaconnect.com/content/external-references?article=1063-5157()49L.740[aid=3009320]
http://www.ingentaconnect.com/content/external-references?article=1063-5157()49L.740[aid=3009320]
http://www.ingentaconnect.com/content/external-references?article=0039-7989()39L.40[aid=523996]
http://www.ingentaconnect.com/content/external-references?article=0030-1299()75L.511[aid=6632749]
http://www.ingentaconnect.com/content/external-references?article=0028-2960()48L.1[aid=9478932]
http://www.ingentaconnect.com/content/external-references?article=0028-2960()48L.1[aid=9478932]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.111[aid=9478931]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.111[aid=9478931]
http://www.ingentaconnect.com/content/external-references?article=1520-541x()11L.405[aid=9478929]
http://www.ingentaconnect.com/content/external-references?article=1520-541x()11L.405[aid=9478929]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()86L.433[aid=9478926]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()86L.433[aid=9478926]
http://www.ingentaconnect.com/content/external-references?article=0010-4825()32L.455[aid=9478922]
http://www.ingentaconnect.com/content/external-references?article=0010-4825()32L.455[aid=9478922]
http://www.ingentaconnect.com/content/external-references?article=0039-7989()39L.40[aid=523996]
http://www.ingentaconnect.com/content/external-references?article=1063-5157()49L.740[aid=3009320]
http://www.ingentaconnect.com/content/external-references?article=1063-5157()49L.740[aid=3009320]
http://www.ingentaconnect.com/content/external-references?article=1055-7903()52L.727[aid=9478921]
http://www.ingentaconnect.com/content/external-references?article=0010-4825()32L.455[aid=9478922]
http://www.ingentaconnect.com/content/external-references?article=0010-4825()32L.455[aid=9478922]
http://www.ingentaconnect.com/content/external-references?article=0173-5373()18L.397[aid=7599694]
http://www.ingentaconnect.com/content/external-references?article=0021-9290()41L.1274[aid=9478924]
http://www.ingentaconnect.com/content/external-references?article=0021-9290()41L.1274[aid=9478924]
http://www.ingentaconnect.com/content/external-references?article=0021-8782()213L.499[aid=9478925]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()86L.433[aid=9478926]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()86L.433[aid=9478926]
http://www.ingentaconnect.com/content/external-references?article=1520-541x()11L.405[aid=9478929]
http://www.ingentaconnect.com/content/external-references?article=1520-541x()11L.405[aid=9478929]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()268L.152[aid=7979883]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()268L.152[aid=7979883]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()13L.289[aid=2643834]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.111[aid=9478931]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()91L.111[aid=9478931]
http://www.ingentaconnect.com/content/external-references?article=0028-2960()48L.1[aid=9478932]
http://www.ingentaconnect.com/content/external-references?article=0028-2960()48L.1[aid=9478932]
http://www.ingentaconnect.com/content/external-references?article=0001-7272()86L.245[aid=7979885]
http://www.ingentaconnect.com/content/external-references?article=0001-7272()86L.245[aid=7979885]
http://www.ingentaconnect.com/content/external-references?article=0030-1299()75L.511[aid=6632749]
http://www.ingentaconnect.com/content/external-references?article=0038-9153()52L.229[aid=6985832]
http://www.flywings.org.uk/MorphoJ_page.html
http://life.bio.sunysb.edu/morph
http://life.bio.sunysb.edu/morph/

K. Ljubisavljevi¢ et al.

at: http://www?3.canisius.edu/~sheets/morphsoft.html

Slice, D. (2007). Geometric morphometrics. Annual Review of
Anthropology 36, 261-281.

Stayton, C.T. (2005). Morphological evolution of the lizard skull:
a geometric morphometrics survey. Journal of Morphology
263, 47-59.

Tomasevi¢ Kolarov, N., Ljubisavljevi¢, K., Polovi¢, L., Dzukié,
G. & Kalezi¢, M.L. (2010). The body size, age structure
and growth pattern of the Balkan endemic Mosor rock lizard
(Dinarolacerta mosorensis, Kolombatovi¢ 1886). Acta
Zoologica Academiae Scientiarum Hungaricae 56, 55-71.

Verwaijen, D., Van Damme, R. & Herrel, A. (2002). Relationships
between head size, bite force, prey handling efficiency and
diet in two sympatric lacertid lizards. Functional Ecology
16, 842-850.

Zelditch, M.L., Swiderski, D.L., Sheets, D.H. & Fink, W.L.
(2004). Geometric Morphometrics for Biologists: A Primer.
San Diego: Elsevier Academic Press.

Accepted: 1 November 2010

72


http://www.ingentaconnect.com/content/external-references?article=0362-2525()263L.47[aid=7599720]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()263L.47[aid=7599720]
http://www.ingentaconnect.com/content/external-references?article=0084-6570()36L.261[aid=8580948]
http://www.ingentaconnect.com/content/external-references?article=0084-6570()36L.261[aid=8580948]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()16L.842[aid=6926278]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()16L.842[aid=6926278]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()16L.842[aid=6926278]
http://www.ingentaconnect.com/content/external-references?article=0269-8463()16L.842[aid=6926278]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()263L.47[aid=7599720]
http://www.ingentaconnect.com/content/external-references?article=0362-2525()263L.47[aid=7599720]
http://www.ingentaconnect.com/content/external-references?article=0084-6570()36L.261[aid=8580948]
http://www.ingentaconnect.com/content/external-references?article=0084-6570()36L.261[aid=8580948]
http://www3.canisius.edu/~sheets/morphsoft.html

