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ABSTRACT Podarcis bocagei and P. carbonelli are two
closely related lacertid species, very similar morphologi-
cally and ecologically. We investigated sexual dimor-
phism patterns presented by both species in allopatry
and in sympatry. Sexual size and shape dimorphism pat-
terns were analyzed using both multivariate and geo-
metric morphometric techniques. Multivariate morpho-
metrics revealed a marked sexual dimorphism in both
species—males being larger with more robust habitus
and females presenting a longer trunk. General patterns
of sexual size dimorphism are not modified in sympatry,
although there is evidence for some morphological
change in male head size. The application of geometric
morphometrics offered a more detailed image of head
shape and revealed that males present a more developed
tympanic area than do females, while females have a
more rounded head. Differences in the degree of sexual
shape dimorphism were detected in sympatry, but no
consistent patterns were observed. From the results of
the study, and based on previous knowledge on the pop-
ulations studied, we conclude that the morphological dif-
ferences observed are probably not caused by exploita-
tive competition between the species, but rather appear
attributable to the modification of the relative influence
of sexual and natural selection on both sexes. J. Mor-
phol. 268:152—-165, 2007  © 2007 Wiley-Liss, Inc.

KEY WORDS: sexual dimorphism; Podarcis; Lacertidae;
geometric morphometrics; sympatry; Portugal

Sexual dimorphism (SD) is a common trait in ani-
mals, most species being dimorphic rather than
monomorphic (Schoener, 1977; Mouton and van
Wyk, 1993; Andersson, 1994). Different evolution-
ary mechanisms have been proposed for the devel-
opment of sexual dimorphism in various animal
taxa. However, most of them can be summarized by
three major forces differentially acting on males
and females of a population: sexual, fecundity, and
natural selection. In those species where males
engage in fights and copulation is forced, sexual
selection may act via male—male combats or/and
female choice and thus favor bigger male body size,
whereas fecundity selection may favor bigger
female body size (Olsson et al., 2002; Cox et al.,
2003). Moreover, natural selection acting on both
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sexes might pose constraints to the evolution of cer-
tain characters, for example via habitat use. In any
case, it is clear that different selective pressures
acting on members of the two sexes can produce
sexual differences (Slatkin, 1984).

Most species of Lacertidae present a male-biased
SD. In many lacertid lizards, as in other lizard fami-
lies, males present larger body size and head dimen-
sions (Cooper and Vitt, 1989; Anderson and Vitt,
1990; Mouton and van Wyk, 1993; Andersson, 1994,
Brana, 1996; Herrel et al., 1996, 1999, 2001a,b; Kra-
tochvil et al., 2003; Molina-Borja, 2003; Uller and
Olsson, 2003), while females have a longer trunk
(Andersson, 1994; Brana, 1996; Butler and Losos,
2002; Olsson et al., 2002; Schwarzkopf, 2005). More-
over, both head dimensions and trunk length have
been shown to present a positive allometric relation-
ship with total size in males and females, respec-
tively, offering indirect support of sex-specific selec-
tion for these traits (Carothers, 1984; Brana, 1996;
Hews, 1996; Olsson et al., 2002; Kratochvil et al.,
2003). Abdomen length has been shown to be posi-
tively correlated to clutch size in various lacertid spe-
cies (Brafia, 1996; Olsson et al., 2002), while head
dimensions are directly related to the jaw muscula-
ture and affect jaw force, a structure implicated not
only in competitive behavior and copulation, but also
in feeding, antipredatory behavior, and refuge use
(Herrel et al., 1996, 1999, 2001a,b).

Apart from sexual differences in total body size,
the variation of relative size and shape of different
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body parts is of special interest in SD studies,
because it could reveal differential selection acting
on body parts of each sex (Butler and Losos, 2002).
In lizard studies, total size is usually represented
by snout-vent length (SVL) (Hews, 1996; Butler
and Losos, 2002; Kratochvil et al., 2003), and shape
variation is analyzed via statistical size correction
of the rest of the body-parts. However, in recent
years the development of geometric morphometrics
has allowed the direct study of shape variation
(Bookstein, 1984; Rohlf, 1990; Rohlf and Slice,
1990; Corti, 1993; Adams and Rohlf, 2000; Adams
et al., 2004). Although the application of geometric
morphometrics in SD studies still needs to be
explored, some authors report interesting SD pat-
terns revealed by the application of such techniques
in various animal taxa (Hood, 2000; Rosas and Bas-
tir, 2002; Loy et al., 2004; Rufino et al., 2004; Valen-
zuela et al., 2004; Bruner et al., 2005). Until the
present, geometric methods have not been exten-
sively applied to study the external morphology of
lizards, and very few authors have applied such
methods in reptiles (Monteiro et al., 1997; Claude
et al., 2003; Marugan-Lob6n and Buscalioni, 2003;
Manier, 2004; Bruner et al., 2005; Stayton, 2005;
Vidal et al., 2005). In the case of lacertid lizards,
geometric morphometrics could be of great use,
since SD patterns in this group involve sexual vari-
ation in head dimensions and shape. The lizard
head, covered by relatively large scales, is ideal for
geometric morphometrics, since it facilitates the
definition of landmarks that could be both evolutio-
narily and functionally informative.

Podarcis bocagei and P. carbonelli are two closely
related species that were thought to be conspecific
until recently, P. carbonelli being considered a sub-
species of P bocagei (Pérez-Mellado, 1981a,b,
1997a). However, morphological and molecular
studies corroborate the specific status of P. carbon-
elli (Sa-Sousa et al., 2000; Sa-Sousa, 2001a; Sa-
Sousa and Harris, 2002) and confirm that the two
species are separated by a considerable genetic dis-
tance and are not sister taxa (Harris and Sa-Sousa,
2001, 2002; Pinho et al., 2004, 2006). The two spe-
cies are found in sympatry in a restricted contact
zone in the south of the estuary of the river Douro
in Portugal, where they maintain their genetic
(Pinho et al., 2006) and morphological (Kaliontzo-
poulou, 2004) identities.

This contact zone is of special interest, because it
is the only known area of strict syntopy between
the two species (Carretero et al., 2002). Podarcis
bocagei and P. carbonelli are very similar both mor-
phologically (Harris and Sa-Sousa, 2001; Sa-Sousa
et al., 2000; Sa-Sousa and Harris, 2002; Kaliontzo-
poulou, 2004; Kaliontzopoulou et al., 2005) and eco-
logically, both having ground-dwelling habits—a
characteristic that differentiates them from the rest
of the Iberian Podarcis which are mainly saxicolous
(Pérez-Mellado, 1997b; Sa-Sousa, 2001a,b; Carre-
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tero et al., 2002). Therefore, the coexistence of both
could stimulate differential evolutionary processes
and result in the variation of SD patterns (Slatkin,
1980). According to the character displacement
theory, SD is expected to decrease in sympatry, if
competition by exploitation takes place, in order to
lower intersexual competition under the pressure of
interspecific competition (Schoener, 1977; Eben-
man, 1986). Moreover, interactions between two
closely related species could affect both sexes in dif-
ferent ways. Natural selection on both sexes due to
the presence of congeneric competitors, sexual
selection on males, and fecundity selection on
females are mechanisms that acting simultaneously
could modify SD patterns in the two species in sym-
patry.

We investigated sexual size and shape dimor-
phism patterns presented by both species in allopa-
try and then compared them to those when in sym-
patry, in order to identify possible variation related
to the species’ coexistence. To obtain a full image of
morphological patterns, we examined size and rela-
tive size variation, scaling of certain dimorphic
characters, and shape variation through the appli-
cation of geometric morphometrics.

MATERIALS AND METHODS
Specimens Studied

Animals were captured in NW Portugal between April 2001
and August 2002, killed by cold torpor, and were preserved in
96% ethanol until their examination. Specimens used for this
study were initially collected for analyzing the diet and reproduc-
tive biology of the populations in question (Carretero et al.,
unpublished data), studies that required sacrificing the animals.
However, both species are very abundant in the study areas and
inspections of the populations in the three years following field
work did not reveal any demographic decrease.

Sex and state of sexual maturity were verified after dissection
(Carretero et al., 2006) and only adults were included in the
study, since we were interested in adult SD patterns. Three
study sites separated by a maximum distance of 40 km, exposed
to very similar climatic conditions (Direc¢do Geral do Ambiente,
1995) and with similar habitats corresponding to coastal Atlantic
dunes (Barreto-Caldas et al., 1999) were selected, in order to
minimize the effect of the environment on the lizards’ morphol-
ogy (Fig. 1). A total of 55 adult males and 48 adult females of
Podarcis bocagei were collected from Mindelo-Vila Cha (UTM
29T NF27). Simultaneously, 53 adult males and 46 adult females
of P. carbonelli were collected from Torreira, in the sand bar of
Séo Jacinto situated in the north part of the Aveiro coastal
lagoon system (UTM 29T NF21). Finally, the only known site
where the two species are found in strict syntopy (sharing both
the same geographic area and habitat, Carretero et al., 2002)
was studied. This site is found in Espinho-Granja, 15 km south
to the estuary of Douro in Porto (UTM 29T NF24, NF34). This
has been considered to be a very recent contact zone between the
two species (Sa-Sousa, 2001b). From this site, we collected a total
of 42 adult males and 24 adult females of P. bocagei and 52 adult
males and 44 adult females of P. carbonelli.

Multivariate Morphometrics

To quantify sexual size dimorphism (SSD) in the populations
studied, we measured 10 biometric characters (Fig. 2): snout-
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Fig. 1. Location of the study areas on the map of Portugal (right).

vent length (SVL), trunk length (TRL), head length from the tip
of the snout to the posterior border of the collar (HL), pileus
length (PL), distance from the middle of the eye to the tip of the
snout (ESD), head width (HW), head height (HH), mouth open-

ing (MO) defined as the distance between the tip of the snout
and the posterior border of the last supralabial scale, front and
hind foot length (FFL and HFL respectively). All measurements
were taken to the closest 0.01 mm, using an electronic calliper

Fig. 2. Linear measurements that were recorded.
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Fig. 3. Landmarks recorded on the dorsal and lateral view of the lizards’ head. Descriptions
of landmarks in Table 1.

and by following the suggestions of Pérez-Mellado and Gosa
(1988) on the biometry of the Lacertidae, unless mentioned oth-
erwise. One-way ANOVAs were applied to each species sepa-
rately to examine variation between the sexes and the two (allo-
patric and sympatric) populations in SVL, which is the usual
total body size measure in lizard studies. Next, one-way and mul-
tivariate ANCOVAs were run to investigate variation in the rest
of the characters, using SVL as a covariate. Because multiple
comparisons were evaluated simultaneously, we implemented
the Positive False Discovery Rate (pFDR) procedure to evaluate
the significance of statistical tests (Storey, 2002). For this pur-
pose, we used the g-value package for R (Dabney and Storey,
2004) to estimate g-values corresponding to each of the P-values
calculated. The g-value for a particular character is the expected
proportion of false positives incurred when calling that feature
significant (Storey and Tibshirani, 2003), we therefore evaluated
g-values at significance level a < 0.05 to determine the signifi-
cance of each test. Discriminant (DA) and canonical variate anal-
yses (CVA) were also conducted, in order to detect the characters
that most differentiate sexes and populations. We used Squared
Mahalanobis Distances (D?) between both sexes (derived from
separate DAs for each population) as a multivariate measure of
SSD. Three D? were calculated for each population, taking into
account (i) all the biometric variables studied, (ii) only head
dimensions and (iii) only limb lengths, in order to examine possi-
ble variation in SD of different body parts.

The scaling of head characters with SVL was examined (after
log-transformation of variables), treating the two sexes sepa-
rately. To do this, reduced major axis (RMA) regression was
applied, using the software developed by Bohonak (2002), as or-
dinary least-squares regression would provide biased values for
the allometry equations due to the presence of measurement
error in both the independent and the dependent variables
(McArdle, 1988; Sokal and Rohlf, 1995). Deviation from isometry
was tested using the formulae given in Clarke (1980). Homogene-
ity of slopes of the allometric equations between sexes was eval-
uated by inspection of the 95% confidence intervals and slopes
were considered to differ significantly when lack of overlap was
observed.

Geometric Morphometrics

We took high-resolution photos of all specimens using a digital
camera (Canon PowerShot G3, resolution 4.0 MP) and both the
dorsal and lateral view of each lizard’s head was captured. For
the lateral view, we always recorded the right side of the lizard’s
head. We placed graph paper underneath the head in order to re-

cord scale. All images were downloaded to a PC and a file in tps
format was created for each of the groups studied using tpsUtil
(Rohlf, 2004). In continuation, we recorded 30 and 16 landmarks
on the dorsal and lateral view, respectively, using tpsDig2 (Rohlf,
2005a) (Fig. 3, Table 1). Specimens with malformations or abnor-
malities in general, in which any of the landmarks could not be
defined properly, were excluded from the study (see results and
tables for sample sizes). Because the dorsal side of the head is
structurally symmetrical and because we were not at present
interested in studying asymmetry, we averaged both sides to
avoid effects of lateral asymmetry in the analysis (Corti and
Rohlf, 2001). To do this, landmark No. 1 of the dorsal side was
set at the origin with landmarks 12, 15, 16, 20, and 25 lying
along the x-axis, and then the rest of the corresponding land-
marks were averaged across the midline. Subsequent analyses of
the dorsal view were conducted on these half configurations.
However, deformation grids are presented for the total dorsal
configuration of landmarks, in order to make easier the visual-
ization of shape change.

Using the tpsSmall software (Rolhf, 2003a), we confirmed that
shape variation between the specimens was sufficiently small
and therefore the distribution of points in the shape space can be
represented satisfactorily by their distribution in the tangent
space. We then applied a Generalized Procrustes Analysis (GPA,
Rolhf and Slice, 1990; Rolhf, 1999) using tpsRelw (Rolhf, 2005b),
in order to standardize the size and to translate and rotate the
configurations of landmark coordinates. The effect of species,
sex, and sympatry on shape was evaluated running MANOVAs
on the partial warps matrix. We extracted relative warp scores
with @ = 0, using the tpsRelw software (Rohlf, 2005b). Using rel-
ative warps, we computed canonical scores for males and females
of each population in order to visualize sexual shape dimorphism
(SShD). Deformation grids were produced by regression of shape
variables against canonical scores using tpsRegr (Rohlf, 2003b)
to view shape changes related to the patterns observed in the ca-
nonical space. We used Squared Mahalanobis Distances between
both sexes (based on separate discriminant analyses for each
population) for the dorsal and lateral side of the head as a meas-
ure of SShD.

RESULTS
Sexual Size Dimorphism

The ANOVAs and ANCOVAs conducted showed
that a marked SSD exists in all the populations
studied—the effect of sex being statistically signifi-
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TABLE 1. Description of landmarks used for
capturing head shape

Landmark N° Description

Dorsal view
1 Point of maximum curvature on the
tip of the snout

2,11 Joint of the 1st supraocular and the
prefrontal

3, 10 Joint between the two middle supraoculars
and the frontal

4,9 Posterior border of the last supraocular

5,8 Joint of the last supratemporal and the
parietal

6,7 Posterior borders of the occipital

12 Anterior border of the frontonasal

13, 14 Middle-posterior borders of the frontonasal

15 Posterior border of the frontonasal

16 Anterior border of the frontal

17, 18 Middle-anterior borders of the frontal

19, 21 Middle-posterior borders of the frontal

20 Posterior border of the frontal
Lateral border of the frontoparietal
Middle-anterior border of the interparietal
25 Anterior border of the interparietal
Posterior borders of the interparietal
Joint of the two middle supraoculars

and the supraciliary granules

1 Posterior border of the last supraocular

2 Joint between the 3rd and 4th supraocular

3 Anterior border of the 1st supraocular

4 Anterior upper border of the subocular

5 Posterior upper border of the subocular

6 End of the mouth opening. Posterior
border of the last supralabial

7 Posterior lower border of the subocular

8 Anterior lower border of the subocular

9,15 Extreme of the lower and upper jaw
respectively

10 Posterior border of the rostral

11 Joint of the rostril, the postnasal and the
supralabial that borders it

12 Posterior border of the 2nd chin shield

13 Anterior border of the last chin shield

14 Joint of the last supratemporal and the
parietal

16 Point of maximum curvature on the tip

of the snout

In the dorsal view, when two landmarks are described together,
the first always refers to the left and the second to the right
side of the head.

cant in all cases (Table 2). Males present higher
SVL values than do females in all the populations,
but snout-vent length dimorphism does not vary
between sympatric and allopatric populations. A
male-biased SSD exists in both species for all the
characters studied, except for trunk length, for
which females always present a higher mean rela-
tive to SVL. The effect of sympatry is only signifi-
cant in some cases. A significant interaction of sex
and sympatry was detected for head length in both
species and hind foot length in P. bocagei. It is
interesting to note that the Bonferroni post hoc
comparisons for head length revealed that males of
both species present a relatively longer head in
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sympatry, while males of P. bocagei also present
shorter hind limbs in sympatry. Moreover, males of
Podarcis bocagei present a wider head in sympatry,
while those of P. carbonelli have higher heads in
sympatry. The discriminant analyses conducted for
each species separately showed that the characters
involved in the discrimination of sexes and popula-
tions are those related to head size, as well as
snout-vent length and hind foot length (Table 3). A
perfect (100% correct) discrimination between the
sexes is possible on the basis of biometric charac-
ters; however, the percentages of correct classifica-
tion between allopatric and sympatric populations
are low (Table 4).

Head Character Scaling

Snout-vent length and head dimensions seem to
be the most important variables in the discriminant
analyses; therefore, we examined the scaling of
head characters in males and females of the popula-
tions studied (Table 5). Head height presents a posi-
tive allometric relationship with snout-vent length
(slope >1) in males of both species, both in allopatry
and in sympatry. The rest of the characters are
always isometric, except for head length and pileus
length in females of Podarcis bocagei in sympatry.
No significant differences in RMA slopes were
found between males and females of the popula-
tions studied.

Sexual Shape Dimorphism

Multivariate ANOVAs run on the shape variables
of the dorsal and lateral view of the head confirmed
that the effect of sex and sympatry, as well as the
interaction between them, are significant for both
species (P < 0.05 in most cases). The only exception
is observed in the dorsal view of Podarcis carbon-
elli, where the interaction of sex and sympatry is
not significant (P = 0.19). Discriminant analyses
conducted on the relative warp scores of the dorsal
and lateral projections of both sexes of the allopa-
tric and sympatric populations of each species pro-
vide a highly correct classification of individuals,
both of sexes and of allopatric and sympatric popu-
lations. Percentages of correct classification are
slightly higher for the dorsal view (88.57% in P.
bocagei and 84.30% in P. carbonelli vs. 71.25% in P.
bocagei and 80.77% in P. carbonelli for the lateral
view, Table 6). Discriminant and canonical variates’
analyses were also run separately for the different
populations and histograms of canonical scores can
be seen in Figure 4. In all the groups examined,
SShD on the lateral view primarily involves the
tympanic area, which is more developed in males
than in females (Fig. 5). SShD of the dorsal view of
the head is more difficult to describe; however, the
heads of females are more rounded than those of
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TABLE 2. Descriptive statistics of the biometric variables for males and females of the populations studied
and ANOVA (for SVL) or ANCOVA (rest of the characters) comparisons for the factors of sex and symp. with q-values
from Positive False Discovery Rate (pFDR) procedure

AN(C)OVA (sex, symp, sex*symp)

character Males allopatry Females allopatry Males sympatry Females sympatry F P-value g-level
Podarcis bocagei
SVL 57.00 + 4.22¢ 53.11 = 4.07 57.60 + 4.11 52.84 + 4.19 41.64 1.17E-09 1.001E-08
47.93-64.90° 44.81-64.02 46.98-64.20 45.89-59.71 0.06 0.809 0.239
55¢ 48 42 24 0.43 0.515 0.184
TRL 25.28 + 2.88 28.15 = 2.70 25.09 = 2.89 28.46 * 2.68 171.43 0.001 0.001
20.65-31.95 20.47-33.72 19.99-32.83 20.65-30.62 0.09 0.762 0.239
55 48 42 24 1.41 0.238 0.097
HL 19.66 = 1.40 17.48 + 0.93 19.95 = 1.44 17.41 = 1.26 578.72 0.001 0.001
17.01-22.74 14.60-18.89 16.66-22.92 14.79-19.07 1.71 0.193 0.083
55 48 42 24 4.28 0.040 0.026
PL 13.25 = 0.99 11.58 = 0.64 13.36 = 0.95 11.66 = 0.83 669.07 0.001 0.001
11.42-15.13 9.75-12.28 11.45-15.04 9.86-12.63 2.66 0.105 0.056
55 48 42 24 0.06 0.801 0.239
ESD 7.06 + 0.50 6.32 + 0.37 7.10 + 0.51 6.29 + 0.47 383.46 0.001 0.001
5.95-8.15 5.36-6.75 6.10-8.17 5.28-6.87 0.02 0.875 0.250
55 48 42 24 0.68 0.410 0.160
HW 8.86 = 0.71 7.54 £ 0.42 8.44 + 1.01 7.37 = 0.58 170.08 0.001 0.001
7.55-10.47 6.34-8.06 5.21-10.14 6.11-7.85 13.16 3.82E-04 0.003
55 48 42 24 2.34 0.128 0.060
HH 6.52 = 0.84 548 + 0.45 6.68 = 0.71 5.43 * 0.39 185.03 0.001 0.001
4.87-9.46 4.34-6.25 5.34-8.19 4.15-5.73 0.46 0.497 0.184
55 48 42 24 2.09 0.150 0.067
MO 11.83 = 1.00 10.26 = 0.74 11.77 + 0.96 10.27 = 0.94 268.05 0.001 0.001
9.27-13.93 8.46-11.45 9.50-13.64 8.29-11.97 0.09 0.761 0.238
55 48 42 24 0.22 0.642 0.219
FFL 18.36 = 1.33 16.21 = 0.77 17.95 = 1.07 16.18 = 0.94 215.87 0.001 0.001
15.36-21.65 13.02-17.14 15.98-20.24 14.10-17.36 3.45 0.065 0.037
55 48 42 24 2.53 0.113 0.056
HFL 29.70 = 2.17 25.51 = 1.46 28.86 = 1.85 25.56 = 1.40 256.54 0.001 0.001
25.66-34.60 21.10-27.63 24.34-33.49 22.25-27.14 3.58 0.060 0.036
53 45 42 24 4.43 0.037 0.026
Podarcis carbonelli
SVL 49.69 = 4.71 48.44 * 3.78 50.48 + 0.67 48.15 = 3.61 8.34  4.32E-03 7.15 E-03
40.20-58.92 42.73-57.28 38.97-60.55 40.34-57.72 0.17 0.684 0.496
53 46 52 44 0.75 0.386 0.335
TRL 22.69 * 2.65 25.20 = 2.62 22.40 = 0.15 25.26 = 2.70 2178.60 0.001 0.002
17.20-28.39 18.47-31.01 15.98-27.51 19.98-30.19 0.53 0.469 0.372
53 46 52 44 1.22 0.271 0.274
HL 17.41 = 0.07 15.62 = 1.03 17.72 = 0.07 15.62 = 0.94 655.46 0.001 0.002
14.84-20.67 13.77-18.42 13.66—22.37 13.27-18.58 4.87 0.029 0.040
53 46 52 44 4.33 0.039 0.048
PL 11.73 = 0.05 10.40 = 0.67 11.86 *= 0.05 10.44 = 0.64 812.42 0.001 0.002
9.84-13.91 8.93-11.99 9.52-14.76 8.68-11.91 3.40 0.067 0.081
53 46 52 44 0.76 0.385 0.335
ESD 6.31 = 0.03 5.67 £ 0.36 6.31 = 0.03 5.67 £ 0.37 358.66 0.001 0.002
5.12-7.31 4.97-6.49 4.9-7.66 4.62-6.53 0.00 0.957 0.590
53 46 52 44 0.00 0.972 0.590
HW 7.76 = 0.05 6.67 £ 0.43 7.70 = 0.05 6.69 * 0.62 431.79 0.001 0.002
6.43-9.02 5.77-17.72 5.98-9.68 5.75-9.75 0.30 0.585 0.444
53 46 52 44 0.02 0.883 0.575
HH 5.66 = 0.05 4.88 + 0.51 5.85 = 0.05 4.98 = 0.42 242.80 0.001 0.002
3.87-7.36 3.78-5.87 4.22-7.81 3.47-5.82 7.72 6.01E-03 9.12 E-03
53 46 52 44 0.63 0.428 0.354
MO 10.20 = 0.06 9.03 = 0.71 10.33 = 0.06 9.05 £ 0.78 370.95 0.001 0.002
7.87-12.50 7.39-10.59 7.88-13.14 7.19-11.38 1.47 0.226 0.242
53 46 52 44 0.85 0.358 0.334
FFL 16.14 = 0.20 14.30 = 0.88 16.31 = 0.10 14.42 = 0.94 307.37 0.001 0.002
13.02-18.85 12.31-16.43 12.53-19.05 12.11-16.47 1.87 0.173 0.196
53 46 52 44 0.08 0.777 0.524
HFL 26.16 = 0.14 22.79 + 1.13 26.66 = 0.15 23.17 = 1.43 499.67 0.001 0.002
21.95-30.50 20.16-26.09 21.86-32.04 19.27-26.47 8.58 3.82E-03 6.95 E-03
53 45 51 44 0.14 0.708 0.496

d.f. = 1 for all comparisons. a: Mean * SD (in mm), b: Range, c¢: Sample size.
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TABLE 3. Summary of the discriminant analysis conducted on biometric variables between males and females of allopatric and
sympatric populations of Podarcis bocagei and P. carbonelli

Wilks’ Lambda Partial Lambda F-remove® P-level Toler. 1-Toler. (R-Sqr.)
Podarcis bocagei
SVL 0.098 0.818 10.953 1.54E-06 0.061 0.939
TRL 0.082 0.975 1.253 0.293 0.181 0.819
HL 0.088 0.907 5.066 0.002 0.094 0.906
PL 0.089 0.898 5.622 0.001 0.058 0.942
ESD 0.082 0.973 1.360 0.257 0.107 0.893
HW 0.097 0.822 10.664 2.18E-06 0.442 0.558
HH 0.082 0.977 1.138 0.336 0.444 0.556
MO 0.081 0.981 0.954 0.416 0.188 0.812
FFL 0.082 0.980 0.983 0.402 0.256 0.744
HFL 0.085 0.940 3.142 0.027 0.282 0.718
Podarcis carbonelli
SVL 0.154 0.788 16.139 2.47E-09 0.036 0.964
TRL 0.122 0.994 0.387 0.763 0.126 0.874
HL 0.128 0.949 3.253 0.023 0.076 0.924
PL 0.139 0.878 8.351 3.14E-05 0.029 0.971
ESD 0.129 0.941 3.744 0.012 0.075 0.925
HW 0.126 0.964 2.241 0.085 0.175 0.825
HH 0.123 0.986 0.824 0.482 0.178 0.822
MO 0.123 0.992 0.505 0.680 0.105 0.895
FFL 0.122 1.000 0.016 0.997 0.189 0.811
HFL 0.130 0.933 4.322 0.006 0.168 0.832

aF-remove (3.148) for Podarcis bocagei; F-remove (3.180) for Podarcis carbonelli.

males, whose posterior border of the pileus is
broader (Fig. 6).

Because the interaction of sex and sympatry was
significant in most cases, we conducted a discrimi-
nant and canonical analysis on the relative warp
scores for all the groups studied, in order to visual-
ize overall shape changes. The means of each
group’s first and second canonical root for the dorsal
and lateral view are presented in Figure 7. Con-
cerning the dorsal view of the head, Podarcis car-
bonelli change little from allopatry to sympatry,
whereas a marked shape change is observed in P.
bocagei, especially in females. As for the lateral
view of the head, P. carbonelli and males of P. boca-
gei present some, however small, differentiation

TABLE 4. Classification matrices of the discriminant analyses
based on biometric variables between males and females
of allopatric and sympatric populations for
Podarcis bocagei and P. carbonelli

% FA FS MS MA
correct (P =0.28) (P=0.14) (P=0.25 (P=0.33)

Podarcis bocagei

FA 95.56 43 2 0 0
FS 26.09 17 6 0 0
MS 70.00 0 0 28 12
MA 88.68 0 0 6 47
Total 77.02 60 8 34 59
Podarcis carbonelli
FA 50.00 22 21 0 1
FS 60.00 18 27 0 0
MS 56.86 0 0 29 22
MA 69.81 0 0 16 37
Total 59.59 40 48 45 60

FA, females in allopatry; FS, females in sympatry; MA, males
in allopatry; MS, males in sympatry.
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from sympatry to allopatry, but shape change is
more marked in females of P. bocage:i.

Degree of Sexual Dimorphism

Results on the degree of SD quantified by differ-
ent methods gave variable results. Although it is
impossible to compare different methods, from the
D? (Table 7) we deduce that overall SSD, based on
linear body measurements, decreases in sympatry
for both species. However, when analyzing SSD for
the head and the limbs separately, patterns become
more complicated. On the basis of linear measure-
ments, the degree of head SD is not affected by
sympatry in Podarcis bocagei and is just marginally
higher in sympatry for P. carbonelli, contrasting
the findings for male head length. The results from
geometric morphometric methods are also confus-
ing, showing different patterns for the dorsal and
lateral configuration of landmarks and between the
two species. SShD seems to decrease in sympatry
for P. bocagei and increase for P. carbonelli when
examining the dorsal side of the head. The opposite
pattern is observed for the lateral side of the head.
P. bocagei showing higher and P. carbonelli lower
SShD in sympatry.

DISCUSSION

Trying to isolate the effect of species coexistence
on morphology is a complicated task, mainly due to
the many factors that could be acting on it simulta-
neously. When examining SD patterns, we have to
keep in mind that sexual and/or natural selection
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TABLE 5. Intercept and slope obtained by Reduced Major Axis regression of head characters against SVL
Character N Intercept CI Intercept 95% Slope CI Slope 95% R?
Podarcis bocagei

FA HL 48 —0.022 —0.199 0.155 0.724 0.621 0.826 0.772
PL 48 -0.243 —0.389 —0.098 0.748 0.663 0.832 0.855

ESD 48 -0.595 —0.780 —0.409 0.799 0.692 0.907 0.795

HW 48 —0.468 —0.657 -0.279 0.770 0.660 0.880 0.770

HH 48 -1.211 -1.574 —0.847 1.118 0.907 1.328 0.597

MO 48 —0.684 0.992 -0.376 0.972 0.793 1.151 0.616

FS HL 24 —0.398 —0.720 -0.075 0.940 0.753 1.128 0.797
PL 24 —0.546 -0.875 -0.216 0.925 0.734 1.116 0.781

ESD 23 -1.005 -1.375 —0.636 1.0385 0.821 1.249 0.792

HW 24 —0.953 —1.364 —0.543 1.045 0.807 1.284 0.734

HH 23 -0.744 —1.065 —0.423 0.845 0.659 1.031 0.764

MO 23 —0.866 -1.237 —0.494 1.076 0.860 1.292 0.805

MA HL 56 —0.358 -0.507 —0.209 0.946 0.861 1.031 0.892
PL 56 —0.598 -0.739 —0.457 0.985 0.905 1.065 0.911

ESD 56 -0.771 -0.912 —0.630 0.928 0.847 1.008 0.899

HW 56 —0.893 -1.070 -0.716 1.053 0.953 1.154 0.877

HH 54 -1.784 -2.117 -1.451 1.484 1.294 1.674 0.789

MO 55 —0.810 -1.051 —0.568 1.078 0.940 1.216 0.785

MS HL 42 -0.413 -0.613 -0.212 0.980 0.866 1.094 0.868
PL 42 —0.579 —0.805 —0.354 0.976 0.848 1.104 0.831

ESD 42 —0.888 -1.167 —0.609 0.995 0.837 1.153 0.752

HW 40 —0.829 -1.144 -0.513 1.010 0.830 1.189 0.709

HH 42 -1.691 -2.141 -1.241 1.437 1.182 1.693 0.690

MO 42 —0.878 -1.239 -0.517 1.115 0.910 1.320 0.668

Podarcis carbonelli

FA HL 45 —0.245 —0.444 —0.046 0.849 0.731 0.968 0.797
PL 45 -0.412 —0.583 -0.241 0.844 0.742 0.945 0.848

ESD 45 -0.628 —0.868 —0.388 0.816 0.673 0.959 0.678

HW 45 -0.614 —0.882 —0.347 0.849 0.691 1.008 0.632

HH 45 -1.707 -2.104 —1.309 1.414 1.179 1.650 0.707

MO 45 -0.776 -1.070 —0.482 1.023 0.849 1.198 0.694

FS HL 44 -0.183 —0.360 —0.006 0.813 0.707 0.918 0.828
PL 43 -0.397 -0.570 —0.224 0.835 0.732 0.938 0.847

ESD 44 —0.796 -1.083 —0.509 0.916 0.745 1.086 0.644

HW 43 -0.612 -0.918 —0.306 0.846 0.664 1.029 0.535

HH 42 —0.940 -1.295 —0.585 0.965 0.754 1.175 0.533

MO 43 -1.028 —1.345 -0.712 1.172 0.984 1.360 0.742

MA HL 52 —0.342 -0.477 —0.207 0.935 0.855 1.014 0.910
PL 52 —0.589 -0.701 -0.476 0.979 0.913 1.046 0.943

ESD 53 —0.962 —1.146 -0.779 1.041 0.932 1.149 0.862

HW 52 —0.807 -1.001 —0.612 0.999 0.884 1.114 0.836

HH 51 -1.801 —2.100 -1.503 1.508 1.332 1.684 0.836

MO 53 —0.810 —1.009 —0.611 1.074 0.956 1.191 0.849

MS HL 51 —0.581 -0.722 —0.440 1.080 0.997 1.162 0.929
PL 51 -0.703 —0.838 —0.568 1.049 0.969 1.128 0.931

ESD 51 —1.002 -1.179 —0.826 1.064 0.960 1.167 .0.885

HW 51 —0.853 -1.022 —0.684 1.027 0.927 1.126 0.887

HH 51 -1.961 -2.312 -1.610 1.608 1.402 1.814 0.801

MO 50 —0.965 -1.162 —0.768 1.168 1.052 1.284 0.884

Slopes that significantly deviated from isometry (1) are marked in bold letter. FA, females in allopatry; FS, females in sympatry;

MA, males in allopatry; MS, males in sympatry.

could be acting on both sexes, resulting in the mor-
phological patterns observed. On the other hand,
genetic correlations between the sexes (Lande,
1980), as well as phylogenetic inertia, could be fac-
tors affecting the observed morphologies.

Podarcis bocagei and P. carbonelli offer a good
model for studying the possible effects of species coex-
istence on SD patterns and the factors acting on males
and females. The sites studied present very similar
habitat structures and environmental conditions. Pre-
liminary analyses on the lizards’ feeding ecology show
that the diets of the two species are more similar in
sympatry than in allopatry, suggesting that no or little

competition for food takes place (unpublished data).
Consequently, habitat variation and trophic competi-
tion probably can be excluded as factors affecting the
species morphology, and morphological modifications
most probably appear as a result of other types of
intra- and interspecific interactions.

Size Dimorphism and Ecological
Considerations

Although both species are sexually dimorphic fol-
lowing the patterns observed in most lacertid liz-
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TABLE 6. Classification matrices of the discriminant analyses
based on shape variables of the dorsal and lateral view of the
head between males and females of allopatric and sympatric

populations for the two species studied

% correct FA FS MS MA
Podarcis bocagei

Dorsal
FA 90.48 38 2 2 0
FS 86.96 1 20 1 1
MS 87.80 1 2 36 2
MA 88.24 0 1 3 30
Total 88.57 40 25 42 33

P=03 P=016 P=029 P=0.25

Lateral
FA 68.89 31 5 7 2
FS 73.91 5 17 0 1
MS 65.38 10 0 34 8
MA 80.00 1 1 6 32
Total 71.25 47 23 47 43

P=028 P=0.14 P=033 P=025
Podarcis carbonelli

Dorsal
FA 85.00 34 3 3 0
FS 82.50 4 33 0 3
MS 80.85 4 1 38 4
MA 88.89 0 2 3 40
Total 84.30 42 39 44 47
P=023 P=023 P=027 P=0.27
Lateral
FA 78.95 30 4 2 2
FS 75.61 6 31 2 2
MS 86.54 1 2 45 4
MA 80.39 2 4 4 41
Total 80.77 39 41 53 49

P=021 P=022 P=029 P=028

FA, females in allopatry; FS, females in sympatry; MA, males
in allopatry; MS, males in sympatry.

ards, SSD patterns are not modified in sympatry.
Males are generally larger than females, with more
robust heads and longer extremities, but size differ-
ences between the sexes remain constant when the
two species are syntopic. This, combined with the mi-
nute differences in diet between sympatric and allo-
patric populations, excludes the hypothesis of charac-
ter displacement and, hence, exploitative competition
as a cause for the shifts observed in SD patterns in
both species (Schoener, 1967, 1977; Watkins, 1996).
Furthermore, if morphological differences in sympa-
try were due to niche competition (Schoener, 1977),
we would expect modifications of head dimensions in
both sexes, whereas our results only revealed such
changes in males. As no evidence on habitat segrega-
tion between males and females was recorded in the
population studied (Carretero and Kaliontzopoulou,
personal observation), this hypothesis can also be
excluded as a reason for the different patterns
observed in both sexes.

Therefore, explanations for the variation of SD
patterns should be sought in sexual and/or natural
selection acting differentially on males and females
of the sympatric and allopatric populations, thus
modifying intersexual differences in morphology.

Journal of Morphology DOI 10.1002/jmor

A. KALIONTZOPOULOU ET AL.

Evidence for Sexual and Natural Selection

Separate examination of morphological charac-
ters revealed some patterns that could be explained
on the basis of selective mechanisms. Head relative
size seems to be an important trait for males and
there is evidence that it is modified when both spe-
cies are syntopic. SD in relative head length was
more marked in sympatry than in allopatry because
of the fact that males of both species have longer
heads than their allopatric conspecifics. Moreover,
head height was found to be positively allometric in
males of all the populations studied. Additionally,
geometric morphometric analyses revealed that
males present an over-development of the tympanic
area compared with females.

Head size is known to be a sexually selected trait
in lacertids and in lizards in general—males usu-
ally presenting bigger heads than females (Brana,
1996; Olsson et al., 2002). The head is involved in
mating in the Lacertidae both directly, males grab-
bing females in order to immobilize them and copu-
late with them (Verbeek, 1972; Heulin 1988; Hews,
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Fig. 4. Canonical scores of shape variables of males (black
bars) and females (white bars) of the different groups. A: Podar-
cis bocagei in allopatry. B: Podarcis bocagei in sympatry. C:
Podarcis carbonelli in allopatry. D: Podarcis carbonelli in sym-
patry.



Fig. 5. Deformation grids between males

and females of the four groups studied for D

the lateral view of the head. A: Podarcis
bocagei in allopatry. B: Podarcis bocagel in
sympatry. C: Podarcis carbonelli in allopa-
try. D: Podarcis carbonelli in sympatry.

Fig. 6. Deformation grids between males
and females of the four groups studied for the
dorsal view of the head. A: Podarcis bocagei in
allopatry. B: Podarcis bocagei in sympatry. C:
Podarcis carbonelli in allopatry. D: Podarcis
carbonelli in sympatry.
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Fig. 7. Means of each group’s scores on the first and second
canonical root of the canonical variate analysis conducted on
relative warps for the dorsal and lateral view. The two first
roots resume information on shape patterns of each group and
differences between groups can be evaluated. PBFA: Podarcis
bocagei females, allopatry; PBFS: Podarcis bocagei females,
sympatry, PBMA: Podarcis bocagei males, allopatry; PBMS:
Podarcis bocagei males, sympatry, PCFA: Podarcis carbonelli
females, allopatry; PCFS: Podarcis carbonelli females. sympa-
try; PCMA: Podarcis carbonelli males, allopatry; PCMS: Podar-
cis carbonelli males, sympatry.

1990; Gvozdik and Van Damme, 2003), and indi-
rectly when fights between males for territory
defense take place (Verbeek, 1972; Stamps, 1983;
Heulin 1988; Gvozdik and Van Damme, 2003, Perry
et al., 2004). Moreover, it has been stated by various
authors that characters that present positive allom-
etry with body size in one of the two sexes, probably
represent sexually selected traits (Green, 1992; Pet-
rie, 1992; Bonduriansky and Day, 2003). Given that
head dimensions, and especially head height, have
been shown to be directly related to the volume and
power of the jaw muscle (Herrel et al., 1996, 1999,
2001a,b), the positive allometry of HH in these two
Podarcis species suggests sexual selection. This hy-
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pothesis is corroborated by the sexual differences
present in the shape of the lateral view of the head
involving the tympanic area, but the relation
between lateral head shape and jaw musculature
should be further explored in the future. Moreover,
correlation of head shape data with male reproduc-
tive traits could offer more details on the possible
effect of head shape on male reproductive success.

Apart from intraspecific pressures, males seem to
be subjected to selection driven by interspecific
interactions when both species are sympatric. The
increase of males’ head size in sympatry could be
explained if interspecific male-male combats take
place or if access to females is restrained because of
the presence of a closely related species. Although
no behavioral studies are available for the popula-
tions in question, a bigger head is known to be ad-
vantageous in fights between male lizards (Fitch,
1981; Anderson and Vitt, 1990; Mouton and van
Wyk, 1993; Perry et al., 2004) and the pattern
observed could be the result of the presence of both
conspecific and interspecific rivals when both spe-
cies coexist. The absence of such morphological
modifications in females does not contradict such a
hypothesis, because there is no evidence for com-
bats between female lizards, at least in these spe-
cies (Carretero and Kaliontzopoulou, personal ob-
servation). Behavioral field studies on the species
in question, analyzing intra- and interspecific inter-
actions in sympatry could shed light into the pre-
cise mechanisms involved.

Considering females, although no significant
modifications of body parts were observed in sym-
patry, there is evidence for fecundity selection shap-
ing body proportions. Longer trunks in females
than in males of both species could be an evidence
of natural selection related to the fecundity advant-
age attained with a longer trunk, by facilitating
more space for the allocation of eggs and enhancing
clutch size. However, such a hypothesis needs to be
tested by correlating morphological and reproduc-
tive traits in these species.

Multivariate vs. Geometric Morphometrics

The simultaneous application of multivariate and
geometric morphometrics for the study of SD pat-

TABLE 7. Squared Mahalanobis Distances between males
and females of each population, estimated by the different
methods applied and for different body parts in the case
of linear biometry

P. bocagei P. carbonelli
allopatry sympatry allopatry sympatry
Multivariate, 44.82 31.62 31.86 25.43
whole body
Multivariate, head 9.71 9.51 3.80 4.60
Geometric, dorsal 18.77 13.46 8.26 16.41
Geometric, lateral 4.50 26.81 12.39 9.50
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terns in these two Podarcis species offers the
chance for a first approach to the application of geo-
metric morphometrics to the study of head shape in
lacertid lizards. To begin with, geometric morpho-
metrics seems to be a powerful tool for the detection
of small-scale morphological differences because it
allows a quite good discrimination of very closely
related populations, much Dbetter than that
achieved by multivariate methods. Moreover, we
have to note that this high discriminative power of
GM vs. multivariate methods would probably be
still more marked if we used only head dimensions
for multivariate analyses. Although the shape dif-
ferences detected are difficult to describe, they coin-
cide with the available knowledge on head charac-
teristics of the Lacertidae. The sexual differences
detected in the tympanic area coincide with differ-
ences in head dimensions and are in accordance
with previous studies on the structural and func-
tional differences between male and female lacer-
tids. Similarly, the representation of sexual differ-
ences on the dorsal configuration of landmarks by
deformation grids coincides with the empirical
notion of specialists that males have a more “ro-
bust” habitus, while females a more “rounded”
head, and with the single previous study available
on head shape dimorphism in the Lacertidae
(Bruner et al., 2005).

The lack of concordance in the results on the grade
of SD between multivariate and geometric methods
does not constitute an incongruence. Because size
and shape are, in principle, different traits and do
not necessarily follow the same patterns, they could
be driven by different evolutionary forces. The simul-
taneous application of multivariate and geometric
morphometrics helps us to analyze different morpho-
logical aspects and determine the evolutionary proc-
esses involved. However, the application of geometric
morphometrics for the study of head shape in lacertid
lizards still needs to be explored, for example, to
determine what part of the information captured by
landmark methods constitutes a phylogenetic signal.
Although the results of this study reveal a great dis-
criminatory capability of geometric morphometrics
for closely related populations, it would be interest-
ing to investigate what happens when higher taxo-
nomic units are compared. Moreover, considering the
hypotheses formulated during this study, the combi-
nation of geometric morphometric techniques and
data available on the populations’ ecology and repro-
ductive characteristics may shed light into the evolu-
tionary mechanisms implicated. From a purely mor-
phological point of view, examination of the ontoge-
netic trajectories and allometric patterns of head
shape could help in further understanding the forces
implicated in the evolution of SD in this trait
(Stamps, 1993; Watkins, 1996; Fairbairn, 1997).

The results of our study give evidence for a con-
siderable morphological modification of the species
studied in a relatively short (on the evolutionary
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time-scale) period of time, resulting in a change in
SD patterns. The evolution of sexual differences in
morphology could be viewed as a case of mosaic evo-
lution, with the mechanisms of sexual, natural, and
fecundity selection acting differentially on both
sexes and on different body parts. In sympatry, the
effect of intersexual competition is combined with
that of interspecific interactions, thus modifying SD
patterns.

ACKNOWLEDGMENTS

The authors thank JC Brito and MA Sans, as well
as two anonymous reviewers, for their useful sugges-
tions during the preparation of the manuscript and
DJ Harris for the revision of English. Thanks are due
to D Barbosa for helping in the collection of lizards.
Collecting permits were provided by ICN (Portugal).

LITERATURE CITED

Adams DC, Rohlf FJ. 2000. Ecological character displacement
in Plethodon: Biomechanical differences found from a geomet-
ric morphometric study. Proc Natl Acad Sci USA 97:4106—
4111.

Adams DC, Rohlf FJ, Slice DE. 2004. Geometric morphometrics: Ten
years of progress following the “revolution.” Ital J Zool 71:5-16.

Anderson RA, Vitt LJ. 1990. Sexual selection versus alternative
causes of sexual dimorphism in teiid lizards. Oecologia 84:
145-157.

Andersson M. 1994. Sexual size dimorphism. In: Krebs JR,
Clutton-Brock T, editors. Sexual Selection. Monographs in
Behaviour and Ecology. New Jersey: Princeton University
Press, p 246-293.

Barreto-Caldas F, Honrado J, Paiva AP. 1999. Vegetacdo da
area de paisagem Protegida do Litoral de Esposende (Por-
tugal). Quercetea 1:39-59.

Bohonak AdJ. 2002. Software for reduced major axis regression,
V.1.2. San Diego State University.

Bonduriansky R, Day T. 2003. The evolution of static allometry
in sexually selected traits. Evolution 57:2450—2458.

Bookstein FL. 1984. A statistical method for biological shape
comparisons. J Theor Biol 107:475-520.

Brana 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’lOmo G. 2005. Mor-
phological variation and sexual dimorphism of the cephalic
scales in Lacerta bilineata. Acta Zool 86:245-254.

Butler MA, Losos JB. 2002. Multivariate sexual dimorphism,
sexual selection, and adaptation in Greater Antillean Anolis
lizards. Ecol Monogr 72:541-559.

Carothers JH. 1984. Sexual selection and sexual dimorphism in
some herbivorous lizards. Am Nat 124:244-254.

Carretero MA, Sa-Sousa P, Barbosa D, Harris DdJ, Pinho C.
2002. Sintopia estricta entre Podarcis bocagei y Podarcis car-
bonelli. Bol Asoc Herp Esp 13:20-24.

Carretero MA, Ribeiro R, Barbosa D, Sa-Sousa P, Harris DJ.
2006. Spermatogenesis in two Iberian Podarcis lizards: Rela-
tionships with male traits. Anim Biol 56:1-12.

Clarke MRB. 1980. The reduced major axis of a bivariate sam-
ple. Biometrika 67:441-446.

Claude J, Paradis E, Tong H, Auffray JC. 2003. A geometric
morphometric assessment of the effects of environment and
cladogenesis on the evolution of the turtle shell. Biol J Linn
Soc 79:485-501.

Cooper WE Jr, Vitt Ld. 1989. Sexual dimorphism of head and
body size in an iguanid lizard: Paradoxical results. Am Nat
133:729-735.

Journal of Morphology DOI 10.1002/jmor



164

Corti M. 1993. Geometric morphometrics: An extension of the
revolution. Trends Ecol Evol 8:302-303.

Corti M, Rohlf FJ. 2001. Chromosomal speciation and pheno-
typic evolution in the house mouse. Biol J Linn Soc Lond
73:99-112.

Cox RM, Skelly SL, John-Alder. HB. 2003. A comparative test
of adaptive hypotheses for sexual size dimorphism in lizards.
Evolution 57:1653—-1669.

Dabney A, Storey JD. 2004. The qvalue Package: Q-value esti-
mation for false discovery rate control. Available at http:/
faculty. washington.edu/~jstorey/qvalue/.

Direccdo Geral do Ambiente. 1995. Atlas do Ambiente. Lisboa:
Direccao Geral do Ambiente.

Ebenman B. 1986. Sexual size dimorphism in the great tit
Parus major in relation to the number of coexisting conge-
ners. Oikos 47:355-359.

Fairbairn DdJ. 1997. Allometry for sexual size dimorphism: Pat-
tern and process in the coevolution of body size in males and
females. Ann Rev Ecol Syst 28:659-687.

Fitch HS. 1981. Sexual size differences in reptiles. Misc Pub
Mus Nat Hist 70:1-72. (Kansas: University of Kansas.)

Green AJ. 1992. Positive allometry is likely with mate choice, com-
petitive display and other functions. Anim Behav 43:170-172.

Gvozdik L, Van Damme R. 2003. Evolutionary maintenance of
sexual dimorphism in head size in the lizard Zootoca vivip-
ara: A test of two hypotheses. J Zool (Lond) 259:7-13.

Harris DJ, Sa-Sousa P. 2001. Species distinction and relation-
ships of the Western Iberian Podarcis lizards (Reptilia, Lacer-
tidae) based on morphology and mitochondrial DNA sequen-
ces. Herpetol J 11:129-136.

Harris DJ, Sa-Sousa P. 2002. Molecular phylogenetics of Iberian
Wall Lizards (Podarcis): Is Podarcis hispanica a species com-
plex? Mol Phylogenet Evol 23:75-81.

Herrel A, Van Damme R, De Vree F. 1996. Sexual dimorphism
of head size in Podarcis hispanica atrata: Testing the dietary
divergence hypothesis by bite force analysis. Neth J Zool
46:253-262.

Herrel A, Spithoven L, Van Damme R, De Vree F. 1999. Sexual
dimorphism of head size in Gallotia galotti: Testing the niche
divergence hypothesis by functional analyses. Funct Ecol 13:
289-297.

Herrel A, De Grauw E. Lemos-Espinal JA. 2001a. Head shape
and bite performance in xenosaurid lizards. J Exp Zool
290:101-107.

Herrel A, Van Damme R, Vanhooydonck B. De Vree F. 2001b.
The implications of bite performance for diet in two species of
lacertid lizards. Can J Zool 79:662—670.

Heulin B. 1988. Observations sur l'organisation de la reproduc-
tion et sur les comportements sexuels et agonistiques chez
Lacerta vivipara. Vie Milieu 38:177-187.

Hews DK. 1990. Examining hypotheses generated by field
measures of sexual selection on male lizards, Uta palmeri.
Evolution 44:1956-1966.

Hews DK. 1996. Size and scaling of sexually-selected traits in
the lizard, Uta palmeri. J Zool (Lond) 238:743-757.

Hood CS. 2000. Geometric morphometric approaches to the study
of sexual size dimorphism in mammals. Hystrix 11:77-90.

Kaliontzopoulou A. 2004. Efecto de la simpatria en la morfolo-
gia de dos especies del género Podarcis en Portugal, DEA
Thesis. Barcelona: University of Barcelona. (In Spanish).

Kaliontzopoulou A. Carretero MA, Llorente G. 2005. Differences
in the pholidotic patterns of Podarcis bocagei and P. carbon-
elli and their implications for species determination. Rev Esp
Herpetol 19:71-86.

Kratochvil L. Fokt M. Rehak I, Frynta D. 2003. Misinterpreta-
tion of character scaling: A tale of sexual dimorphism in body
shape of common lizards. Can J Zool 81:1112-1117.

Lande R. 1980. Sexual dimorphism, sexual selection, and adap-
tation in polygenic characters. Evolution 34:292-305.

Loy A, Spinosi O, Carlini R. 2004. Cranial morphology of
Martes foina and Martes martes (Mammalia, Carnivora, Mus-
telidae): The role of size and shape in sexual dimorphism and
interspecific differentiation. Ital J Zool 71:27-35.

Journal of Morphology DOI 10.1002/jmor

A. KALIONTZOPOULOU ET AL.

Manier MK. 2004. Geographic variation in the long-nosed snake
Rhinocheilus lecontei (Colubridae): Beyond the subspecies
debate. Biol J Linn Soc 83:65-85.

Marugan-Lobon J, Buscalioni AD. 2003. Disparity and geometry
of the skull in Archosauria (Reptilia: Diapsida). Biol J Linn
Soc 80:67-88.

McArdle BH. 1988. The structural relationship: Regression in
biology. Can J Zool 66:2329-2339.

Molina-Borja M. 2003. Sexual dimorphism of Gallotia atlantica
atlantica and Gallotia atlantica mahoratae (Lacertidae) from
the Eastern Canary Islands. J Herpetol 37:769—722.

Monteiro LR, Cavalcanti MJ, Sommer HJS III. 1997. Compara-
tive ontogenetic shape changes in the skull of Caiman species
(Crocodylia, Alligatoridae). J Morphol 231:53—-62.

Mouton N, van Wyk JH. 1993. Sexual dimorpism in cordylid liz-
ards: A case study of the Drakensberg crag lizard, Pseudocor-
dylus melanotus. Can J Zool 71:1715-1723.

Olsson M, Shine R, Wapstra E, Ujvari B, Madsen T. 2002. Sex-
ual dimorphism in lizard body shape: The roles of sexual
selection and fecundity selection. Evolution 56:1538—-1542.

Pérez-Mellado V. 1981a. La lagartija de Bocage, Podarcis boca-
gei (SEOANE, 1884): primeros datos sobre su distribucion,
colorido y ecologia. Amphib-Reptil 3—4:253—-268.

Pérez-Mellado V. 1981b. Nuevos datos sobre la sistematica y
distribuciéon de Podarcis bocagei (SEOANE, 1884) (Sauria,
Lacertidae) en la Peninsula Ibérica. Amphib-Reptil 2:259—
265.

Pérez-Mellado V. 1997a. Podarcis bocagei (Seoane, 1884). In: Sal-
vador A, Coordinator. Fauna Ibérica, Vol. 10. Reptiles. Madrid:
Museo Nacional de Ciencias Naturales, CSIC. p 243-257.

Pérez-Mellado V. 1997b. Género Podarcis (Wagler, 1830). In:
Salvador A, Coordinator, Fauna Ibérica, Vol. 10, Reptiles. Ma-
drid: Museo Nacional de Ciencias Naturales, CSIC. p 242—
306.

Pérez-Mellado V, Gosa A. 1988. Biometria y folidosis en Lacerti-
dae (Sauria, Reptilia). Algunos aspectos metodologicos. Rev
Esp Herpetol 3:105-119.

Perry GK, LeVering I, Girard, Garland T Jr. 2004. Locomotor
performance and social dominance in male Anolis cristatellus.
Anim Behav 67:37-47.

Petrie M. 1992. Are all secondary sexual display structures
positively allometric and, if so, why? Anim Behav 43:173—
175.

Pinho C, Ferrand N, Harris DJ. 2004. Genetic variation within
the Podarcis hispanica species complex—new evidence from
protein electrophoretic data. In: Pérez-Mellado V, Riera V,
Perera A, editors. The biology of lacertid lizards. Evolutionary
and ecological perspectives. Menorca: Institut Menorqui d’
Estudis. Recerca. p 269-277.

Pinho C. Ferrand N, Harris DJ. 2006. Reexamination of the
Iberian and North African Podarcis (Squamata: Lacertidae)
phylogeny based on increased mitochondrial DNA sequencing.
Mol Phylogenet Evol 38:266-273.

Rohlf FJ. 1990. Morphometrics. Annu Rev Ecol Syst 21:299—
316.

Rohlf FJ. 1999. Shape statistics: Procrustes superimpositions
and tangent spaces. J Class 16:197-223.

Rohlf FJ. 2003a. tpsSmall, version 1.20. Department of Ecology
and Evolution, State University of New York at Stony Brook.
Rohlf FJ. 2003b. tpsRegr, version 1.28. Department of Ecology
and Evolution, State University of New York at Stony Brook.
Rohlf FJ. 2004. tpsUtil, file utility program, version 1.26.
Department of Ecology and Evolution, State University of

New York at Stony Brook.

Rohlf FJ, 2005a. tpsDig, digitize landmarks and outlines, ver-
sion 2.04. Department of Ecology and Evolution, State Uni-
versity of New York at Stony Brook.

Rohlf FJ. 2005b. tpsRelw, relative warps analysis, version 1.42.
Department of Ecology and Evolution, State University of
New York at Stony Brook.

Rohlf FJ, Slice D. 1990. Extensions of the Procrustes method
for the optimal superimposition of landmarks. Syst Zool
39:40-59.



SEXUAL DIMORPHISM VARIATION IN PODARCIS LIZARDS

Rosas A, Bastir M. 2002. Thin-plate spline analysis of allometry
and sexual dimorphism in the human craniofacial complex.
Am J Phys Anthropol 117:236-245.

Rufino M, Abello P, Yule AB. 2004. Male and female carapace
shape differences in Liocarcinus depurator (Decapoda, Bra-
chyura): An application of geometric morphometric analysis
to crustaceans. Ital J Zool 71:79-83.

Sa-Sousa P. 2001a. A controversa sistematica das lagartixas do
género Podarcis Wagler, 1830 (Sauria, Lacertidae) em Portu-
gal. Ph.D. Thesis. Lisbon: University of Lisbon.

Sa-Sousa P. 2001b. Comparative chorology between Podarcis
bocagei and P. carbonellae (Sauria: Lacertidae) in Portugal.
Rev Esp Herpetol 15:85-97.

Sa-Sousa P, Harris DdJ. 2002. Podarcis carbonelli (Perez-Mel-
lado, 1981) is a distinct species. Amphib-Reptil 23:459—
468.

Sa-Sousa P. Almeida AP, Rosa H, Vicente L, Crespo EG. 2000.
Genetic and morphological relationships of the Berlenga wall
lizard (Podarcis bocagei berlengensis: Lacertidae). J Zoolog
Syst Evol Res 38:95-102.

Schoener TW. 1967. The ecological significance of sexual dimor-
phism in size in the lizard Anolis conspersus. Science 155:
474-4717.

Schoener TW. 1977. Competition and the niche. In: Gans C,
Tinkle DW, editors. Biology of the Reptilia, Vol. 7: Ecology
and behaviour A. New York: Academic Press. p 35-136.

Schwarzkopf L. 2005. Sexual dimorphism in body shape without
sexual dimorphism in body size in water skinks (Eulamprus
quoyii). Herpetologica 61:116-123.

Slatkin M. 1980. Ecological character displacement. Ecology
61:163-177.

165

Slatkin M. 1984. Ecological causes of sexual dimorphism. Evolu-
tion 38:622-630.

Sokal RR, Rohlf FdJ. 1995. Biometry: The principles and practice
of statistics in biological research, 3rd ed. New York: W. H.
Freeman. 887 p.

Stamps J. 1983. Sexual selection, sexual dimorphism and terri-
toriality. In: Huey RB, Pianka ER, Schoener TW. editors. Liz-
ard Ecology: Studies of a Model Organism. Cambridge: Har-
vard University Press. p 169-204.

Stamps J. 1993. Sexual size dimorphism in species with asymp-
totic growth after maturity. Biol J Linn Soc 50:123-145.

Stayton CT. 2005. Morphological evolution of the lizard skull: A
geometric morphometrics survey. J Morphol 263:47-59.

Storey JD. 2002. A direct approach to false discovery rates. J
Roy Stat Soc B 64:479-498.

Storey JD, Tibshirani R. 2003. Statistical significance for
genomewide studies. Proc Natl Acad Sci USA 100:9440-9445.

Uller T, Olsson M. 2003. Prenatal sex ratios influence sexual
dimorphism in a reptile. J Exp Zool 295A:183-187.

Valenzuela N, Adams DC, Bowden RM, Gauger AC. 2004. Geo-
metric morphometric sex estimation for hatchling turtles: A
powerful alternative for detecting subtle sexual shape dimor-
phism. Copeia 2004:735-742.

Verbeek B. 1972. Ethologische Untersuchungen an einigen
europaischen Eidechsen. Bonn Zool Beitr 23:122-151.

Vidal MA, Ortiz JC, Ramirez CC, Lamborot M. 2005. Intraspe-
cific variation in morphology and sexual dimorphism in Lio-
laemus tenuis (Tropiduridae). Amphibia-Reptilia 26:343-351.

Watkins GG. 1996. Proximate causes of sexual size dimorphism
in the iguanid lizard Microlophus occipitalis. Ecology 77:
1473-1482.

Journal of Morphology DOI 10.1002/jmor



