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Abstract

Understanding the role of the developmental pathways in shaping phenotypic
diversity allows appreciating in full the processes influencing and constraining
morphological change. Podarcis lizards demonstrate extraordinary morpholog-
ical variability that likely originated in short evolutionary time. Using
geometric morphometrics and a broad suite of statistical tests, we explored
the role of developmental mechanisms such as growth rate change, ontoge-
netic divergence/convergence/parallelism as well as morphological expression
of heterochronic processes in mediating the formation of their phenotypic
diversity during the post-natal ontogeny. We identified hypermorphosis — the
prolongation of growth along the same trajectory — as the process responsible
for both intersexual and interspecific morphological differentiation. Albeit the
common allometric pattern observed in both sexes of any species constrains
and canalizes their cephalic scales variation in a fixed portion of the
phenotypic space, the extended growth experienced by males and some
species allows them to achieve peramorphic morphologies. Conversely, the
intrasexual phenotypic diversity is accounted for by non-allometric processes
that drive the extensive morphological dispersion throughout their ontoge-
netic trajectories. This study suggests a model of how simple heterochronic
perturbations can produce phenotypic variation, and thus potential for further
evolutionary change, even within a strictly constrained developmental
pathway.
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Introduction

Understanding the processes producing phenotypic var-
iation is a major goal in evolutionary studies since
Darwin. Intraspecific diversity provides the raw material
for the evolutionary change (Darwin, 1858) and repre-
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sents one major element of biodiversity (Gaston, 1996;
Takacs, 1996). Yet, we still have a limited knowledge of
the processes and mechanisms through which morpho-
logical variation is produced and maintained both within
and among species. In principle, morphological diversity
is produced by the interplay between natural selection
and developmental processes (McKinney, 1988; Gould,
2002; Futuyma, 2005). The dynamic interaction between
external (selective) and internal (developmental) forces
produces, selects and constrains phenotypic variation,
thus representing the essence of morphological evolution
(e.g. Gould, 1977; Alberch, 1982; Hall, 1992; Klingen-
berg, 2005). The role of the selective processes driving
phenotypic diversity to adaptative changes in morphology
has been elucidated in several model systems throughout
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the animal kingdom. Classical examples include studies
of adaptive radiations such as Darwin’s finches of
Galapagos Islands, Anolis lizards of Caribbean islands,
and cichlids of the African Great Lakes where an
exceptional amount of phenotypic diversity occurs in
short evolutionary times as a result of selective pressure
provided by interspecific competition and ecological
opportunity (Schluter, 2000; Losos, 2009). On the other
hand, little investigation has been devoted to the devel-
opmental processes producing and constraining the pheno-
typic diversity on which natural selection acts. This is an
exciting research theme when considering that in adap-
tive radiations a burst of morphologies is produced in a
short evolutionary time. Although in all the above-
mentioned examples, the allometric transformation rep-
resents a key process underlying the diversification in
size and shape of morphological traits, the ontogenetic
component of such transformations remains largely to be
established. Few studies investigated whether the exten-
sive morphological diversity associated with evolutionary
radiations is explained by a less canalized — i.e. more
plastic — developmental system and/or by processes of
ontogenetic divergence/convergence/parallelism (but
see Losos et al.,, 2000; Klingenberg, 2010).

Among developmental processes, heterochrony - i.e.
the changes in onset, offset and/or rates of growth
processes — is widely regarded as one of the most
important evolutionary mechanism driving morpholog-
ical variation and evolution (Gould, 1977; Alberch et al.,
1979; McKinney & McNamara, 1991; Mabee et al., 2000;
see Table 1 for a synopsis of the main heterochronic
processes). Heterochrony occurs at interspecific (phylo-
genetic) and intraspecific (tokogenetic) levels (see Reilly
etal., 1997). On a phylogenetic level, the study of
variation among species in the timing and rate of
development provided important insights into the recon-
struction of evolutionary relationships (Werneburg &
Sénchez-Villagra, 2009; Piras et al., 2010) and the iden-
tification of developmental constraints (Gould, 1977;

Table 1 Heterochronic processes and their morphological expres-
sion. o, the age at the onset of development; f3, the age at offset
of development; ko, the rate of development (i.e. the rate of
change in shape); and ks, the rate of growth (i.e. the rate of
change in size). Each parameter can differ in two directions,
yielding the eight heterochronic perturbations. See Fig. 3 also.

Control Incremental Morphological
parameter change Process expression
o —oo Predisplacement Peramorphosis
+00 Post-displacement Paedomorphosis
p U Progenesis Paedomorphosis
+of8 Hypermorphosis Peramorphosis
Ko —o0ka Neoteny Paedomorphosis
+oka Acceleration Peramorphosis
ks —0ks Proportional giantism
+0ks Proportional dwarfism

Maynard-Smith ef al.,, 1985) and helped to understand
the evolution of morphological traits (Alberch, 1981;
Cardini, 2003) and processes such as convergence and
evolution of growth in related organisms (Yeh, 2002;
Adams & Nistri, 2010; Wilson & Sanchez-Villagra, 2010).
At the intraspecific level, variation in ontogenetic devel-
opment between individuals and sexes was shown to
produce phenotypic variation (Hall, 1992; Reilly, 1994;
Mabee et al.,, 2000; Badyaev et al., 2001; Hollander et al.,
2006; Fisér et al., 2008). Detailed assessment of variation
in ontogenetic development across individuals, sexes,
and related species is necessary for understanding the
role of developmental pathways in shaping the pheno-
typic diversity and to reveal the processes by which
phenotypic variation arises (Hall, 1992; Reilly et al,
1997; Holtmeier, 2001).

In this study, we investigated the role of post-natal
ontogenetic processes in the evolution of intra- and
interspecific phenotypic diversity in a diverse group of
lizards that experienced an extraordinary broad and rapid
phenotypic diversification.

The wall lizards genus Podarcis (Squamata, Lacertidae)
form a homogeneous group of Palaearctic ground-dwell-
ing species, which is the predominant reptile group in
southern Europe (Arnold ef al., 2007). These lizards are a
particularly appropriate group in which to investigate the
role of the ontogenetic processes in generating pheno-
typic variation for several reasons. First, members of this
genus exhibit a spectacular amount of intraspecific and
interspecific variability in size, coloration, scalation and
pholidosis patterns (Arnold, 1993, 2002; Kaliontzopou-
lou, 2010). Morphological variability and differentiation
in these lizards are primarily influenced by sexual
dimorphism and adaptation to ecological conditions. As
a result of sexual constraints, males and females of
different species share several common morphological
features related to male-male and male—-female interac-
tions (Kaliontzopoulou et al.,, 2007). Ditferent Podarcis
species and populations show convergence on a mor-
phological body plan in peculiar environmental condi-
tions encompassing a continuum variation in
morphological traits from ground- to rock-dwelling
ecomorphs as a response to the ecological opportunity
provided by saxiculus — open habitats (Kaliontzopoulou
et al, 2010; but see also Losos, 1990; Arnold, 1998;
Vanhooydonck & Van Damme, 1999; Calsbeek & Irs-
chick, 2007; Revell et al, 2007 for other examples).
Second, morphological diversification in these lizards
occurred in a very short evolutionary time after the
group underwent a fast radiation during the latest
Miocene (Poulakakis et al., 2005; Brown et al., 2008;
Kaliontzopoulou ef al,, 2011). In some cases, consider-
able phenotypic diversification in size, coloration and
pholidosis can arise in Podarcis populations in few
decades, as demonstrated by the high number of
distinctive island morphs originated during recent colo-
nizations (see, e.g. Capula & Ceccarelli, 2003 and Podnar
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et al., 2005 for a discussion on the up to 52 subspecies of
Podarcis sicula). Third, several studies have shown that in
these lizards, allometric changes associated with size (and
consequently with age) and environment account for a
considerable component of both the intraspecific (intra-
sexual) and the interspecific morphological differentia-
tion (Bruner & Costantini, 2007; Kaliontzopoulou et al.,
2007, 2008, 2010; Ljubisavljevic et al., 2010). However, a
detailed intra- and interspecific analyses of the develop-
mental pathways aimed at understanding their role in
shaping phenotypic diversity between sexes and species
are still lacking. Moreover, the rapid and extensive
morphological diversification observed in Podarcis lizards
make this group similar in some aspects to other lizard
group such as Anolis that experienced adaptive radiation,
thus allowing the discussion of the patterns and process
of phenotypic variation observed in Podarcis in a broader
evolutionary framework.

We used landmark-based geometric morphometrics
(GM) and a suite of statistical tests for multivariate
allometry to analyse and compare the intra- and inter-
specific developmental patterns of the cephalic scales
morphology during post-natal ontogeny in Podarcis
lizards. First, we tested the hypothesis of a common
multivariate allometric pattern across species and sexes
for both the rate of growth (i.e. slopes) and for their
morphological differences at the very early post-hatching
and adult morphologies. Second, we contrasted the
ontogenetic trajectories to each other at the species level
in order to assess their convergence, divergence or
parallelism. Third, we used residuals coming from
sex/species-specific multivariate regressions of shape on
size to explore how morphospace occupation in allom-
etry-free morphospace varies between individuals, sexes
and species.

The main aim of this study is to investigate whether
developmental processes were a source of the phenom-
enal amount of morphological variation observed in
Podarcis lizards and to discuss the role of such processes
in the broader framework of evolutionary radiations.

Material and methods

Material

We took digital pictures of the head dorsal surface in 891
individuals belonging to the species Podarcis filfolensis,
P. muralis, P. sicula and P. tiliguerta from the collections of
the Museo di Storia Naturale (Sezione di Zoologia ‘La
Specola’), Universitd di Firenze (MZUF). For each
species, a balanced number of males and females was
included in the study. Sex determination was made on
the basis of femoral pores morphology (Arnold, 2002).
Young individuals with non-developed secondary sexual
characters were excluded from the analyses. The sample
of each species encompasses the sizes range reported for
adult specimens of any species (Corti & Lo Cascio, 2002).

© 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) 2705-2720
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We selected the four species as to include (i) evolu-
tionary extremes in the genus, from genetically uniform
species (P. sicula, Capula & Ceccarelli, 2003; Podnar ef al.,
2005) to possible species complex (P. tiliguerta, Harris
et al., 2005); (ii) both mainland widely distributed species
(P. sicula and P. muralis that inhabit an extensive area in
southern Mediterranean regions) and strictly insular
species (P. tiliguerta and P. filfolensis from Corso-Sardinian
and Maltese and Pelagic islands, respectively). Specimens
of P. muralis (N = 70) come from two localities of Veneto
region (Venice and Verona, Italy), specimens of P. filfol-
ensis (N = 65) from Sicily (Linosa and Lampione islands)
and the Maltese archipelago (Malta, Gozo, Filfa and
Comino islands). In order to accurately assess intraspe-
cific morphological diversity (see Intra- and interspecific
morphological diversity paragraph), for two species,
P. tiliguerta and P. sicula, we included specimens coming
from a large part of their occurrence areas. As for
P. tiliguerta (N = 424), we analysed specimens from
Sardinia, Corsica and many micro-archipelagos. P. sicula
specimens (N = 331) come from Italian Peninsula (Tus-
cany, Tuscan Archipelago, Calabria, and Sicily) and from
Sardinia and Corsica islands. The complete list of material
examined is reported in the Appendix S1.

Geometric morphometrics

We used landmark-based GM to quantify overall cephalic
scales configuration shape (Bookstein, 1991; Rohlf &
Marcus, 1993; Adams et al., 2004; Zelditch et al.,, 2004;
Mitteroecker & Gunz, 2009). GM quantifies the shape of
anatomical objects from the coordinates of repeatable
landmark locations, after the effects of non-shape vari-
ation are mathematically held constant. In quantitative
studies of ontogeny, GM is particularly appropriate
because it allows the effective separation of size and
shape components in morphological analyses, which is a
basic to understand allometric changes during growth
(Adams et al., 2004). In addition, GM has found fruitful
applications in the study of lizard head morphology
because this structure in lizards is covered by relatively
large scales, which facilitates the definition of landmarks,
and which could be taxonomically, evolutionarily and
functionally informative (Arnold, 1989; Bruner et al.,
2005; Kaliontzopoulou et al., 2007, 2008, 2010).

The dorsal cephalic scales configuration was captured
by means of 33 digitized landmarks. Landmark defini-
tions, positions and their corresponding configurations
along with cephalic scales nomenclature used in the text
are shown in Fig. 1. We argue that our 2D configuration
of dorsal head surface is a good approximation of the
actual morphology that, although tridimensional, is
rather flat. We specifically eliminated the asymmetric
component of shape variation according to the method-
ology implemented in MorpuoJ software (Klingenberg,
2011). Only the symmetric component (Klingenberg
et al., 2002) of shape variation was then used.
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Fig. 1 Two-dimensional configuration of 33 landmarks on cephalic
scales of Podarcis lizards used in this study. Scales nomenclature is
as follows: PT, parietal; OC, occipital; IP, interparietal; FP, front-
oparietal; S, subocular; F, frontal; PF, prefrontal; FN, frontonasal;
SN, supranasal; R, rostral.

Successively, we aligned the set of landmark coordinates
using a common generalized Procrustes analysis (GPA),
which superimposes specimens to a common coordinate
system after accounting for differences in position,
orientation and scale (Rohlf & Slice, 1990; Bookstein,
1991; Goodall, 1991). From the aligned specimens,
Procrustes shape coordinates were obtained and used as
shape variables in subsequent statistical analyses (e.g.
Bookstein et al.,, 1999; Mitteroecker & Bookstein, 2008).
As a measure of individual size, we used the centroid
size, which is defined as the square root of the sum of
squared differences between landmark coordinates and
centroid coordinates for any dimension. The centroid of a
configuration is the average location of all landmarks
from one specimen. Centroid size was retained for
subsequent allometric analyses. Then, we performed a
suite of multivariate analyses for (i) comparing ontoge-
netic allometry of species and sexes and (ii) exploring the
phenotypic variation across individuals, sexes, and spe-
cies in an allometry-free empirical morphospace.

Comparing ontogenetic allometry

All subsequent analyses were performed on Procrustes
coordinates of symmetric component obtained after a
common GPA by developing a set of script made in R (R
Development Core Team, 2011) by two of us (GF and
PP), which are available from the authors upon request.
To test the hypothesis that species differ in their
allometric trajectories, we used a modified version of
permutational procedure in Adams & Nistri (2010) and
Piras et al. (2010). Allometric trajectories were estimated
by means of multivariate regression between shape (i.e.
multivariate) and size for any sex of any species
separately (Monteiro, 1999). Successively, regression

coetficients, predicted values and residuals are differently
used in the various tests described here below.

The approach used in this study looks for differences
between pairs of allometric trajectories assessed using a
modification of phenotypic trajectory analysis (Adams &
Collyer, 2007, 2009; Collyer & Adams, 2007). The
observed allometric trajectory for each sex of each
species was estimated by the set of coefficient vectors of
separate regressions of shape on size. Besides the differ-
ences in slope, we tested specific hypotheses about
convergence, divergence or parallelism between trajec-
tories. This, however, does not inform about the com-
plete overlapping of two trajectories or about truncation
along a common trajectory, as pointed out by Mitteroec-
ker et al. (2005). For this reason, Mitteroecker et al.
(2005) suggest a permutation test on sums of squared
residuals (SSs) calculated for two trajectories. Under the
assumption of identical trajectories, the original test
statistic should not be an outlier in the permutation
distribution of summed squared residuals. For N permu-
tations, the hypothesis of identical trajectories in size—
shape space is rejected when (C+ 1)/(N + 1) <o (the
significance level set a priori), where C is the number of
cases that result, a smaller test statistic than that for the
original data. However, two distributions can still lie
along an identical trajectory having different SSs; it can
happen it one group is more dispersed along the
trajectory than the other. Or, conversely, SSs can be
identical without identical trajectories if two trajectories
are parallel and the dispersion along the fitting line is the
same across the two groups.

In order to test all these patterns, we suggest a suite of
different multivariate tests for modelling allometric tra-
jectories. In particular, (i) multivariate ontogenetic con-
vergence test for testing divergence (Fig. 2a), parallelism
(Fig. 2b) or convergence (Fig. 2C), (ii) permutation test
for differences in mean squared error (MSE) for testing
dispersion of observed data along the trajectories
(Fig. 2d), (iii) a specific permutation test to check
whether two distributions with equal slopes differ actu-
ally in elevation (Fig. 2e,f), (iv) a specific test for
peramorphosis in order to test whether one group is
peramorphic relatively to the other (Fig. 2gh), (v) a
heteroskedasticity test to assess whether non-size-depen-
dent morphological variability significantly increases or
decreases with size (Fig. 2i,jk); heteroskedasticity is
defined as the non-constant variance of dependent
variable(s) — shape in our case — when regressed against
a given independent variable — size in our case.

The patterns illustrated in Fig. 2 can be evaluated by
applying the entire suite of specific tests presented below.

An important caveat should be made here about the
estimation of multivariate slopes and intercepts in onto-
genetic trajectories. In a recent paper, Huttegger &
Mitteroecker (2011) highlighted that evaluating dis-
tances and angles between trajectories imply the Euclid-
ean nature of the morphospace. This condition is rarely
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Fig. 2 Different patterns for ontogenetic trajectories in a common size-shape space. These patterns can be unambiguously identified by
performing al/l the multivariate tests presented in the text. (a) divergent trajectories; (b) parallel trajectories; (c) convergent trajectories;

(d) identical trajectories but unequal dispersion around fitted scores; (e) parallel trajectory where the group with juvenilized shape at
equal size has a truncated growth and is paedomorph; (f) parallel trajectories where the group that is juvenilized at equal size continues to

growth and is peramorphic at the end of growth; (g) identical trajectory (and equal dispersion); (h) truncation along common trajectory
(equal dispersion); (i) canalized heteroskedasticity; (j) inversely canalized heteroskedasticity. (k) randomly distributed heteroskedasticity.

met in complex phenotypic spaces that often possess
affine properties. In affine spaces, not all metrics used in
Euclidean spaces are meaningful (such as Euclidean
distances or angles). This is due to the fact that trajec-
tories could be oblique for some directions relatively to
size, making incommensurable the angles between them.
However, we preliminarily visually checked in three
dimensions — the first three Principal Components (PCs)
coming from Principal Component Analysis (PCA)
performed on the predicted shapes coming from separate
multivariate regressions between shape and size against
size. Usually, the first PCs of this kind of PCA explain a
very high percentage of variance. If all trajectories
develop in the same direction, that of course will be
dependent on size, we can exclude obliquity as source of
error in our calculation.

Ontogenetic convergence test

The estimation of permutation P-values of a multivariate
slope test does not tell us whether distances between

© 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) 2705-2720

predicted shapes of two groups (in a pair comparison) at
observed small sizes are different (smaller or larger) from
those at observed large sizes.

To test whether developmental trajectories were con-
vergent, parallel or divergent, we quantified in any pairs
(from intraspecific-intersexual and interspecific-intra-
sexual comparisons) the Procrustes distances between
predicted shapes at small and large sizes. To avoid
distortions in predicting shapes at different size values,
the predicted shapes were calculated for both size classes
(small and large) at the same size values in any pairwise
comparison. These size values to predict the shape were
calculated as the cross product between the coefficient
matrix of the regression model and the corresponding
design matrix containing the same size values in the pair
of interest. We calculated pairwise distances for each sex
of the four species at both small and large sizes and
contrasted them. If the morphological distance between
two species is significantly larger at adult stages as
compared to those at juvenile stages, there is evidence
for ontogenetic divergence (Fig. 2a); if distance remains
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the same (i.e. the difference was not statistically signif-
icant), there is evidence for parallelism (Fig. 2b). Finally,
convergence would be proven if the distance between
species is significantly smaller in adults than in juveniles
(Fig. 2¢). To test the null hypothesis of parallelism against
convergence (or divergence), we consider a random
permutation procedure. A random permutation test
compares the value of the test statistic (in this case the
distance) for the original data to the distribution of test
statistics when the data are permuted; the P-value of the
permutation test is then obtained by counting the
number of times that the statistic from permuted data
exceeds the statistic for the original data and then
dividing by the number of permutations performed.
The reason to do a permutation test is that we do not
need to depend on an assumption about the distribution
of the data. In this context, given two species of interest,
group affiliation was randomly reassigned via sample
permutation (i.e. without replacement) across the spe-
cific pair of species of interest. Then, the difference in
distances between shapes predicted at small and large
sizes for each randomized sample was obtained. As
previously described, the observed difference was then
compared to the relevant permutation distribution of
differences, consisting of 999 iterations, to obtain the
corresponding P-value. We specify here that the pairwise
permutational comparisons were obtained by permuting
any times just across any possible pair comparison,
disregarding the other groups not in that pair. Thus, given
n groups, there are (n® — n)/2 possible pairwise compar-
isons and the same number of permutation procedures
(each with 999 randomizations) that were executed (for
a similar — but not identical — approach for assessing
parallel evolution, see Adams, 2010; Adams & Nistri,
2010; Piras et al.,, 2010). For this reason, from here to fore
we call our approach ‘multipermutation procedure’.

The ontogenetic convergence test provides evidence
for convergence, parallelism or divergence, but cannot
identify identical trajectories (they would result as
parallel) or shifts in elevation or along common slope.
To test these hypotheses, additional tests are necessary
for discerning other patterns of allometric growth.

Test for ontogenetic trajectories’ shift in elevation

Under a common slope, we tested differences in onto-
genetic trajectories’ elevation similarly to the test
for common slope by using a multivariate intercept test.

For any group in a pair, we first performed a multi-
variate regression between shape and size. We then
calculated the Euclidean distances between vectors of
intercept coefficients (i.e. one intercept coefficient for
any dependent variable, 66 in our case, i.e. 33 landmarks
in two dimensions), and we used the multipermutation
procedure described above to generate a random distri-
bution of distances. Successively, we compared (pair-
wise) the observed distances with the random

distribution. If the observed distance between two groups
falls outside the 95th percentile of the random distribu-
tion, the two groups significantly differ in elevation (as in
Fig. 2e,f), otherwise their elevation is the same (as in Fig.
2d).

Test for dispersion along allometric trajectories

If two trajectories overlap in shape space and the
ontogenetic convergence test is not significant, one
cannot conclude that these trajectories are identical in
the size—shape space. In fact, assuming two completely
overlapping trajectories, one group could be more
dispersed than the other around the regression line
(Fig. 2d). Testing for dispersion along allometric trajec-
tories, Mitteroecker ef al. (2005) suggest performing a
permutation test upon separate per-group multivariate
regressions between shape and size. For any regression,
SSs are calculated. Successively, species affiliation is
randomized, and the SSs are recalculated. If the observed
SSs are within the 95% of the permutation distribution,
we cannot reject the null hypothesis of identical regres-
sion lines (Fig. 2g).

We argue that SSs must be corrected for the sample
size because very different sample sizes do not allow
direct comparison of SSs. On this basis, we used this
permutation test using the MSE instead of SSs.

However, this strategy does not provide, alone, evi-
dence of identical regression. Only if one has demon-
strated that two regression lines have the same slope (i.e.
they are parallel) and the same elevation (and then they
coincide as in Fig. 2d,g), this test could provide their
complete overlapping, thus allowing to distinguish
between patterns depicted in Fig. 2d,g. For this reason,
the multivariate ontogenetic convergence test, the mul-
tivariate intercept test and the MSE test should be
evaluated all together.

Peramorphosis test

Following Godfrey & Sutherland (1995), it is hard to infer
heterochronic processes from size and shape data with-
out information on age. Therefore, using size as predictor
of shape, the different heterochronic processes can be
mainly distinguished on the basis of final morphological
expression (peramorphosis or paedomorphosis) instead
of actual morphogenetic processes. The different pro-
cesses and their corresponding morphological expres-
sions are reported in Fig. 3 and Table 1. In order to test
this, we built a multipermutation procedure on distances
between the shapes predicted at maximum size values
recorded for any group. In order to assess significance, as
described above, group affiliation is randomly reassigned
and any time distances are recalculated. Then, the
observed distance is compared to the randomly generated
distribution. Finally, once we had assessed the signifi-
cance for shape distances, we quantified the multivariate
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JOURNAL OF EVOLUTIONARY BIOLOGY © 2011 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Multiple perturbations that
change offset shape
2
<=
=y
S
=
<
et
[
=
=) I .....
= e
2 o
2
oy
S
=
S
=
)
<
=%

Time

Fig. 3 Formalism for heterochronic processes and their morpho-
logical expression as proposed by Reilly et al. (1997) (redrawn)
inspired by Alberch et al. (1979). Paedomorphosis and
peramorphosis can result from multiple perturbations of the three
developmental parameters: rate, onset and offset. Each of the simple
perturbation trajectories (shaded boxes) can be shifted by one, the
other, or both of the other two parameters (circles and rectangles). o,
the age at the onset of development; f5, the age at offset of
development; ko, the rate of development (i.e. the rate of change in
shape); and ks, the rate of growth (i.e. the rate of change in size). See
also Table 1.

distances between predicted shapes at maximum per-
group size value and origin, i.e. the origin of coordinate
system. This metric gives the information on which
trajectory (in a pair) lies below the other, i.e. possesses
the relatively more ‘adultized” shape, as depicted in
Fig. 2e,f,h.

Heteroskedasticity test

In order to assess whether non-size-dependent morpho-
logical variability significantly increases (or diminishes)
with size, we performed a specific test able to detect
patterns figured in Fig. 2i,1,m. Ideally, one should collect
the same morphology on the same individuals during
their growth. This hardly happens in experimental
biological studies, and more often we deal with ontoge-
netic series represented by different individuals of differ-
ent ages and sizes. In keeping with this, we built a
procedure able to detect the course of size-independent
morphological dispersion during ontogeny.

As first, we estimated linear regression models, with
size as independent variable and shape (multivariate) as
dependent, for each group separately. Thus, for any
model, we performed the Breush—Pagan test, a test for
heteroskedasticity (multivariate) in linear models avail-
able in R package ‘Imtest’. If this test is significant, we are
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not able to recognize how and where the heteroskedas-
ticity of residuals is concentrated along the regression
curve. For this reason, we partitioned the independent
variable (size in our case) in n = 10 intervals, each of
which contained (1/7)% of individuals. Successively, for
each interval, we computed the MSE on the basis of the
whole linear model previously computed. Finally, we
performed a linear regression between the n ordinal
MSE:s interval positions and their corresponding 7 MSEs
values. If the regression is statistically significant, we
obtain evidence for a positive (or negative, depending on
the beta-coefficient sign) relationship between size and
size-independent morphological dispersion.

Visualizing ontogenetic allometry

We visualized allometric trajectories using predicted
shapes along the regression curve (Mitteroecker et al.,
2005). Here, we used the allometric vector computed in
MorruoJ software (Klingenberg, 2011) to perform sep-
arate linear regressions of shape on size (log;oCS) for
each species. Predicted values are obtained and plotted
against size. As with patterns in Procrustes shape
variables, each point in morphospace was scaled by its
centroid size, allowing a visual assessment of allometry.

The allometric patterns of growth from juvenile to
adult stages were visualized by means of thin-plate spline
deformation grids. In the thin-plate spline analyses, the
configuration of each specimen is integrated in a grid,
which deformation illustrates as shape changes relative
to a reference (average) configuration. Technical details
about this procedure can be found in Bookstein (1989,
1991).

Intra- and interspecific morphological diversity

Evaluating differences in morphological disparity in an
allometry-free empirical morphospace, we used for the
following analyses the allometry-free data represented by
residuals from group-specific regressions between shape
and size (males and females separately for the four
species, thus eight regressions were performed). To test
multivariate dispersion of allometry-free shape data
around their centroid, we computed per-group morpho-
logical disparity as the average Euclidean distance from
group centroid and then we performed a permutation
test using ‘betadisper’ and ‘permutest’ functions available
in R package ‘vegan’ (Oksanen et al., 2011). We pairwise
contrasted the multivariate morphological dispersions of
each group around group centroid and by means of our
multipermutation procedure. We assessed the signifi-
cances in disparity differences via pairwise comparisons.
We argue that our results are meaningful mainly for
P. sicula and P. tiliguerta for which we have a very large
sample in comparison with other species, which allows
us testing whether intraspecific-intersexual differences
in morphological disparity occur.
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Results

Ontogenetic changes

In the four studied Podarcis species, an evident dorso-
rostral morphological variation in dorsal view is clearly
visible during the ontogenetic change and in female—
male comparison, with a marked sexual dimorphism.
These ontogenetic changes are depicted in the deforma-
tion grids in Fig. 4 and are described following scales
nomenclature reported in Fig. 1.

During the post-natal ontogeny in both sexes of each
species, lengthening of the rostral portion of the cephalic
scales configuration is observed as well as a lateral
expansion of occipital portion. Moreover, a marked
lengthening of frontoparietal scales with, consequently,
an anterior shortening of frontal scale is evident. The
inter-parietal scale shows a strong reduction in size, from
juvenile to adult stages, with a development of occipital
scale anteriorly. This is due to the posterior growth of
head, with enlargement of parietal scales and the
lengthening of frontoparietals. In the rostral portion, a
slight lengthening of frontonasal and rostral scale ante-
riorly and a posterior lengthening of prefrontal scales are

Females
P. filfolensis

juveniles

P. tiliguerta

juveniles adults

Ly T

P. muralis

juveniles

present. The subocular scales show a slight posterior
lengthening with a lateral compression due to the lateral
development of frontoparietal scales and frontal one.
However, local morphological change differed between
sexes. In males, the frontoparietal scales become longer
than frontal scales and the posterior contour of parietal
scales become large, acquiring a convex lateral profile at
the level of parietal-subocular contact. The occipital scale
becomes longer than interparietal scale due to lengthen-
ing of the former. In females, lengthening of the
frontoparietal scales is less pronounced than in males so
that at adult stage the extension of these scales is
comparable to that of the frontal scale. During growth,
the enlargement of parietal scales in females is smaller
with respect to males and evenly distributed along the
length of this scale, resulting in an overall tapered profile
of the whole cephalic scales configuration.
Notwithstanding common patterns of ontogenetic
change between and within sexes, some species-specific
pattern of scales shape change during growth can also be
pointed out. In males of P. filfolensis and P. muralis, a
marked posterior lengthening of the occipital scale (and
also of the intraparietal scale in the former) during
growth produces a slightly convex profile at the posterior

Males
P. filfolensis

P. tiliguerta

juveniles adults

P. muralis

juveniles

Fig. 4 Thin-plate spline deformation grids showing shape changes associated with growth for the eight groups separately (sexes and species).
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side of encephalic shield. Whereas in P. filfolensis and
P. tiliguerta, the frontonasal scale undergoes a posterior
lengthening with a consequent length reduction of the
prefrontal scales, in P. sicula and P. muralis a reverse
pattern occur with an anterior lengthening of the
prefrontal scales and a consequent posterior shortening
of the frontonasal scale. In adult females of P. filfolensis, a
marked lengthening of frontoparietal scales is evident,
and in P. sicula females, a strong reduction in size of
interparietal scale is associated with lengthening of
occipital one. Finally, some species show peculiarities in
cephalic scales shape at juvenile and adult stages. In
juveniles of P. muralis, the frontoparietal scales are longer
than in other species, and in P. tiliguerta and P. sicula
juveniles, subocular scales are laterally expanded. The
adult males of P. tiliguerta have a frontal scale posteriorly
shortened.

Comparison of ontogenetic trajectories

The Podarcis lizards studied show a common allometric
pattern in cephalic scales morphology during post-natal
ontogeny. Species and sexes clearly exhibit a overlap in
the morphospace occupation and show a shared direction
of the ontogenetic change relative to first three PCs
(explaining about 70% of total variance) (Fig. 5a).
Overall, the ontogenetic trajectories of males and females
of any species are extremely similar in their course
(Fig. 5b,c).

Visual inspection of first three PCs computed on
predicted shapes coming from separate multivariate
regressions between shape and size does not reveal
evident obliquities between trajectories, thus allowing
testing differences in slope and intercept.

The ontogenetic convergence test does not show any
divergence or convergence between predicted shapes at
common small and large sizes (ontogenetic conver-
gence test, P> 0.05; see Table 2). In the observed
common size range, the distances between predicted
shapes (at common small and large sizes) remain
constant in all pairwise comparisons, thus suggesting
that ontogenetic trajectories of both sexes of any
species are parallel.

The test for shift in elevation among ontogenetic
trajectories found differences in elevation for three pair
comparisons (P.til. 3—P.til.Q, P.til.3-Psic.3, and P.til.3—
P.mur.3; multivariate intercept test, P < 0.05; see Ta-
ble 2). The comparison between males of P. muralis and
P. tiliguerta is at the limit of significance level (multivar-
iate intercept test, P = 0.048). On the basis of these
results, we can assert that the majority of the trajectories
lie along the same line and have the same intercept.

The dispersion along ontogenetic trajectories was
unequal in four pair comparisons, three of which
concern males of P. tiliguerta that were more dispersed
than conspecific females and than males of P. sicula and
P. filfolensis (MSE test, P < 0.05; see Table 2). The other
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Fig. 5 Allometric scatterplots of shape variation in sexes and species.
In all graphics points, dimensions are proportional to size. (a)
visualization of allometric trajectories by means of PCA on original
aligned shapes. (b) visualization of allometric trajectories as visual-
ized by MorpruoJ allometric vector; (c) visualization of allometric
trajectories as linear regressions of per-group predicted shape

and size (log;oCS).
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Table 2 Results of pairwise comparison of ontogenetic trajectories.
Significant P-values are given in bold. P. fil., Podarcis filfolensis;

P .mur., P. muralis; P. sic., P. sicula; P. til., P. tiliguerta; 3: males; 9:
females.

Multivariate
ontogenetic ~ Multivariate Mean

Pairwise convergence intercept squared  Peramorphosis
comparison test test error test  test
P.fil. 2=P.fil. 3 0.052 0.116 0.613 0.146
P.fil. 9-P.mur.% 0.825 0.578 0.681 0.007
P.fil. 9-P.sic.? 0.274 0.071 0.087 0.010
P.fil. 9-P.1il.? 0.438 0.177 0.244 0.023
P.mur.9—P.mur.3 0.838 0.550 0.201 0.001
P.mur.9-P.sic.?  0.068 0.439 0.032 0.013
P.mur.9—P.til.9 0.982 0.542 0.098 0.001
P.sic.9-P.sic.3 0.993 0.370 0.979 0.001
P.sic.9-P.til.© 0.689 0.209 0.964 0.002
P.til.9-P.til. 3 0.914 0.013 0.049 0.001
P.fil. 3-P.mur.3 0.727 0.153 0.221 0.002
P.fil. 3-P.sic.3 0.790 0.283 0.063 0.001
P.fil. 3-P.til. 3 0.724 0.357 0.016 0.071
P.mur.3-P.sic.3  0.998 0.202 0.353 0.001
P.mur.3-P.til.3 0.865 0.048 0.149 0.002
P.sic.3-P.til.3 0.723 0.006 0.020 0.001

significant pair comparison returned P. sicula females as
having a larger MSE than of P. muralis females.

The differences between shapes predicted at maximum
per-group size values were highly significant in all
comparisons (peramorphosis test, P < 0.05, see Table 2)
except for the comparisons between P. filfolensis females
and males and between the latter and P. tiliguerta males
(peramorphosis test, P > 0.05). Thus, a wide occurrence
of paedo-peramorphosis is evident in the contrasted
trajectories. In all intraspecific comparison between the
two sexes (except in P. filfolensis), males were signifi-
cantly peramorphic in comparison with females because
peramorphosis tests were highly significant and male
shapes showed a higher multivariate distance (Euclid-
ean) from origin (see Table 3).

Results from tests concerning non-size-dependent mor-
phological variability around ontogenetic trajectories are
provided in Table 4. In all the females and in the males of
P. sicula and P. muralis, the non-size-dependent morpho-
logical variability does not change during the ontogeny. In
males of only two species, P. filfolensis and P. tiliguerta, the
morphological variability increases (see the pattern in
Fig. 2j) with size (heteroskedasticity test, P < 0.05, see
Table 4), although the former case is at the limit of
significance level (heteroskedasticity test, P = 0.04).

Intra- and interspecific morphological diversity and
differentiation

Evaluating differences in morphological disparity, we
found an extensive intraspecific morphological variation
that is not evenly distributed across sexes. Indeed, in

Table 3 Multivariate distance (Euclidean) from origin for shape
predicted at maximum observed size values for any group.
Abbreviations as in caption of Table 2.

Group Multivariate distance
P.fil.¢ 1.000352
P.fil. 3 1.000355
P.mur.? 1.000184
P.mur.3 1.000736
P.sic.? 1.000151
P.sic.3 1.000716
P.tl.Q 1.000295
P.til. 3 1.000542

Table 4 Results of heteroskedasticity test. Significant p-values
are given in bold. Abbreviations as in captions of Table 2.

Group Breusch-Pagan test P-value R?

P.fil.¢ < 0.0001 0.948 -0.124
P.fil.3 < 0.0001 0.037 0.368
P.mur.? < 0.0001 0.693 -0.102
P.mur.3 < 0.0001 0.272 0.042
P.sic.9 < 0.0001 0.182 0.112
P.sic.3 < 0.0001 0.484 —-0.054
P.tl.Q < 0.0001 0.659 -0.096
P.til.3 < 0.0001 0.012 0.514

most of the species, males show higher morphological
disparity than females, and this difference is statistically
significant in P. muralis, while in P. filfolensis, females are
significantly more dispersed than males (Disparity tests,
P < 0.05; see Table 5).

Discussion

Ontogenetic patterns in Podarcis

Several studies show that variation in ontogenetic pat-
terns may contribute to morphological variation both at
intra- and interspecific levels (see Hollander et al., 2006).
Although developmental pathways may canalize the
phenotypic variation of species and sexes in definite
portions of the morphospace, thus representing an
evolutionary constrain, recent studies demonstrate that
ontogenetic plasticity lets allometries themselves to
evolve, allowing the phenotypic variation to explore
further portions of the morphospace (Adams & Nistri,

Table 5 Results of disparity test between groups based on residuals
between shape and size. Abbreviations as in captions of Table 2.

Pairwise comparison Disparity test P-value

P.fil.9-P.fil.3 0.043
P.mur.9—-P.mur.3 0.011
P.sic.9-P.sic.3 0.114
P.til.9—P.til.3 0.090
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2010; Wilson & Sanchez-Villagra, 2010; for an exhaus-
tive discussion, see Klingenberg, 2010). What is the
contribution of the ontogenetic trajectories variation in
shaping intraspecific (intersexual) and interspecific pat-
terns of morphological differentiation in Podarcis lizards?

The results of this study provided straightforward
evidence for a common allometric pattern in the Podarcis
lizards cephalic scales morphology during post-natal
ontogeny. In all Podarcis lizards studied here, the rate of
ontogenetic growth per unit size (as we have no indica-
tions about ages of individuals) was the same across sexes
and species. The hypotheses of morphological ontoge-
netic convergence or divergence between species or
between sexes are rejected because the shape differences
between sexes and species remain unvaried during
growth. Differences in the ontogenetic trajectories’
intercept and dispersion were found only in P. tiliguerta
males relative to females and to P. sicula and P. filfolensis
males. Also in two Iberian Podarcis species (P. carbonelli
and P. bocagei), Kaliontzopoulou et al. (2008) pointed out
that sexes of both species follow ontogenetic trajectories
with similar slope but different intercept. However, in the
case of P. tiliguerta, a caution is required because this
species likely represents a species complex (Harris et al.,
2005), and as such, ontogenetic assessments may con-
flate allometry with species or locality differences.
Unfortunately, as the number and the geographical
distribution of the evolutionary entities embodied in this
species complex are still unknown, it is not possible to
incorporate locality in our analyses and determine
whether this greatly affects the resulting ontogenetic
pattern and its interpretation.

Taking into account all these results, we argue that the
pattern of allometric growth in Podarcis lizards affects and
constrains the morphological change of all species and
sexes in the same way. During post-natal ontogeny,
allometry channels cephalic scales morphology variation
of these lizards in occupying a fixed portion of pheno-
typic space. In view of the fact that some straightforward
ecological (including dietary) differences exist between
the studied species (Capula et al., 1993; Pérez-Mellado &
Corti, 1993; Vanhooydonck et al., 2000; Arnold, 2002;
Corti & Lo Cascio, 2002), the common allometric growth
pattern of Podarcis lizards would reflect their shared
evolutionary history rather than a common morphology
corresponding to a functional optimum. However, selec-
tion cannot be ruled out, as it can act directly in
maintaining the shared developmental trajectory itself.
Moreover, in these lizards, sexual selection constrains
could drive the output of the heterochronic processes
acting along the trajectories itself as discussed in the next
section.

Intraspecific and interspecific heterochrony

The importance of integrating intraspecific and interspe-
cific comparisons when studying heterochronic processes
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has been invoked by Reilly efal. (1997) and then
followed by few studies concerning fishes (Mabee et al.,
2000; Holtmeier, 2001). These studies, where ontoge-
netic variation is addressed through both intraspecific
and interspecific comparisons, reported a weak relation-
ship between intraspecific and interspecific heterochron-
ic processes. Notwithstanding the common allometric
growth pattern we observed in Podarcis lizards, what is
the role of the intraspecific and interspecific heterochro-
ny in shaping the morphological variation within and
among species?

Omne of the central findings of our work is that the
heterochronic processes responsible for the intraspecific
(intersexual) differentiation also account for the inter-
specific differentiation, and result in paedo-peratypic/
paedo-peramorphic shapes (sensu Reilly et al., 1997). To
our knowledge, this is the first study that explores the
variation in ontogeny within and between species and
where a consistent pattern of heterochrony is found
across the intraspecific and interspecific levels.

At the intraspecific level, we found in all the intersex-
ual comparisons males to be peramorphic (peratypic sensu
Reilly et al., 1997) relative to females, except in P. filfol-
ensis (discussed below). The sexual dimorphism in
cephalic scales configuration in these lizards is entirely
due to the allometric shape change associated with larger
size achieved by males. It is hard to infer heterochronic
processes from size and shape data without information
on age (Godfrey & Sutherland, 1995). Yet, we suggest
that the morphogenetic process underlying the peramor-
phic male condition (i.e. just a morphological expression)
is the hypermorphosis due to the truncation of female
growth in comparison with males [see the pattern in
Fig. 2h and the heterochronic process classification pro-
posed by Alberch efal. (1979) in Table 1]. We can
reasonably exclude that the larger size observed in males
is due to an accidental bias in the maximum age between
males and females included in our sample (which
consists of around 900 individuals). Indeed, it was
demonstrated that Podarcis males reach larger size than
females with the same age (Raia ef al, 2010). Thus,
whereas in females the offset of growth occurs earlier, in
males the investment of resources in growth remains
significant so that they achieve larger head sizes and the
associated morphological peramorphic condition. How-
ever, a contribution of developmental acceleration in the
ontogenetic hypermorphosis of Podarcis males head shape
cannot be ruled out with our data. In other species, for
which the timing of the ontogenetic events was better
known, the peramorphic males condition is due to
developmental acceleration in males as compared
to females (Kelly & Adams, 2010).

The evolutionary significance of larger head male size
in lizards has been deeply investigated. As pointed out
also in previous studies in Podarcis, the increase in head
size is associated with a general head enlargement due to
a positive allometric pattern of the parietal area (Bruner

JOURNAL OF EVOLUTIONARY BIOLOGY © 2011 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



2716 P. PIRAS ET AL.

& Costantini, 2007; Kaliontzopoulou et al., 2007, 2008;
Ljubisavljevic et al, 2010). A wider and larger head
allows the development of enlarged nuchal and jaw
adductor muscles and thus an increased bite force
performance of males, which is implied in competitive
behaviour and copulation (Mouton & van Wyk, 1993;
Herrel et al., 1996, 2001; Verwaijen et al., 2002; Husack
et al., 2006). Thus, head size in lizards is a sexually
selected trait (Brafla, 1996; Olsson et al., 2002; Kaliontz-
opoulou et al., 2007). In this study, we identity the
ontogenetic process of hypermorphosis as the proximate
mechanism through which sexual selection demand on
head shape and size are optimized within a strictly
constrained developmental pathway.

Interestingly, in the insular lizard P. filfolensis, we did
not find a relationship of paedo-peramorphosis between
females and males, and in general any trace of sexual
dimorphism in cephalic scales configuration. Moreover,
we observed a trend of increasing sexual size dimorphism
from insular species (P. filfolensis and P. tiliguerta) to
mainland species (P. sicula and P. muralis) as highlighted
in Table 6. These results are consistent with the expec-
tation of the ‘island syndrome” hypothesis, which pre-
dicts that island population of small vertebrates are less
sexually dimorphic (including rodents, birds, and lizards,
see Raia et al, 2010 for an overview but also for the
‘reversed island syndrome’ hypothesis). Nevertheless, an
explicit test and an appropriate experimental design are
needed to confirm this preliminary hypothesis.

Likewise, also at the interspecific level, the phenotypic
differentiation implies a paedo-peramorphic patterning.
Due to their larger maximum sizes, the cephalic scale
morphology of some species appears peramorphic rela-
tive to other species. A reverse pattern was observed
between males and females. In male-male comparisons,
mainland species (P. sicula and P. muralis) are peramor-
phic relative to island species (P. filfolensis and P. tiligu-
erta), whereas female island species are peramorphic
relative to female mainland species. This pattern is a
consequence of the higher size achieved by male main-
land species and female island species as discussed above.

In the studied Podarcis lizards, both the intraspecific
(intersexual) and the interspecific phenotypic differenti-

Table 6 Size (logCS) range and mean for each group. Abbreviations
as in captions of Table 2.

Group logCS min logCS max logCS mean
P.fil.9 2.836 3.264 3.076
P.fil.3 3.102 3.382 3.255
P.mur.? 2.971 3.189 3.115
P.mur.3 2.994 3.447 3.276
P.sic.? 2.931 3.442 3.163
P.sic.3 3.105 3.648 3.362
P.til.9 2.855 3.254 3.037
P.til.3 2.877 3.430 3.209

ation is exclusively driven by allometric (heterochronic)
factors related to post-natal ontogeny as demonstrated by
the fact that both slope and elevation, and dispersion
along trajectories are shared by the most of pairwise
intersexual and interspecific comparisons.

In addition, Bruner & Costantini (2007) found that the
morphological differentiation in cephalic scale morphol-
ogy between P. sicula and P. muralis is mostly explained
by allometric variation, although in their study only
adult specimens were considered and sexes were pooled,
thus preventing the identification of intersexual and
ontogenetic patterns. On the other hand, for the two
Iberian species P. bocagei and P. carbonelli, some morpho-
logical sexual dimorphism independent from size was
found both at juvenile at and adult stages (Kaliontzo-
poulou et al., 2008).

Patterns of intra- and interspecific morphological
variation and differentiation

A shared allometric patterning does not imply a cutback
of the phenotypic diversity in these species. We have
showed how the ontogenetic mechanism of trajectories
truncation/elongation enlightens the phenotypic differ-
entiation between sexes and species. However, an addi-
tional source of variation accounts for the phenomenal
amount of morphological diversity observed in Podarcis
lizards. Indeed, the high degree of individual (intra-
sexual) morphological dispersion along common allo-
metric trajectories accounts for a large occupation of the
allometric space in both sexes of any species allowing for
the high morphological diversity observed at any size.
The morphological dispersion along the ontogenetic
trajectories does not vary with size, with the only
exception of P. tiliguerta and P. filfolensis males, which
showed increased morphological variability at large sizes.
Thus, there is a considerable amount of phenotypic
diversity that is not accounted for by ontogenetic
allometry and is present at any age stage in these lizards.
This result, in combination with the rejection of the
hypotheses of ontogenetic convergence or divergence
between the ontogenetic trajectories, suggests that the
cephalic scales variation is equally developmentally
constrained during the growth from juveniles to
adults but also that this constrain allows a large
degree of morphological variation. Understanding which
evolutionary process engendered and shaped this non-
allometric component of phenotypic diversity requires
further investigation. For example, investigating the
relationship between genetic divergence and size varia-
tion across the entire Podarcis clade could clarify whether
this group experienced a sort of least evolutionary
resistance trajectory (Marroig & Cheverud, 2005) during
its evolution. However, this is behind the scope of the
present study.

To explore how the non-allometric component of
phenotypic diversity is distributed within and among
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species, we analysed each sex of any species in an
allometry-free morphospace. Intraspecific morphological
variation is not evenly distributed across sexes. In most of
the species, males were always more variable than
females as evidenced by their higher average morpho-
logical disparity. The contribution of the ontogenetic
processes in the unequal morphological diversity be-
tween sexes could stem from the additional portion of
the morphospace experienced by males, but not by
females, during growth. Because of hypermorphosis,
males keep growing longer than females attaining
extended shape. This additional subset of morphological
states related to large sizes of males, together with the
non-size variation around them, could account for (or at
least contributes to) their higher morphological diversity.

Main implications and conclusion

This study outlines the importance of integrating intra-
and interspecific comparisons in order to properly
appreciate the role of developmental processes in shaping
the phenotypic diversity across sexes and species. The
few previous studies that explored the ontogenetic
variation within and between species (Mabee et al.,
2000; Holtmeier, 2001) found a weak relationship
between heterochronic processes at the intra and inter-
specific level. By contrast, we found the heterochronic
process of hypermorphosis as the mechanism responsible
for both the intraspecific (intersexual) and interspecific
morphological ditferentiation in Podarcis lizards.

A more plastic developmental system is a general
expectation for groups that experienced extensive mor-
phological diversification, so that either phenotypic
variation can arise through the alteration in develop-
mental constraints or from environmentally induced
components of developmental variation (Hall, 1992;
Fusco & Minelli, 2010; see also Klingenberg, 2011). In
Podarcis lizards, we found that a shared allometric pattern
between sexes and species constrains and canalizes their
morphological variation in a fixed portion of the pheno-
typic space. Neither growth rate changes nor ontogenetic
convergence/divergence are the mechanisms mediating
the generation of phenotypic diversity in these lizards.
Rather, heterochronic processes of truncation/elongation
of the ontogenetic trajectories account for the extensive
phenotypic differentiation between sexes and species.
Interspecific and intersexual variation arises from a
simple hypermorphic transformation that allows males
and some species to occupy an extended portion of the
morphospace marked by wider and larger head. Given
the obvious evolutionary implications of this trait from
intra and intersexual competition to interspecific and
intersexual differentiation in microhabitat use, diet and
behaviour (see e.g. Butler & Losos, 2002; Verwaijen et al.,
2002; Husack et al., 2006), it is clear that hypermorphosis
could contribute substantially to the ecomorphological
diversity of these lizards. The observed pattern of
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post-natal ontogeny in Podarcis suggests that hetero-
chronic processes such as those concerning changes in
onset or offset of morphogenetic growth processes could
produce remarkable morphological variation. Moreover,
a broad diversification of morphological traits that are
functionally and ecologically relevant can be generated
as quickly as it does not imply any change in the overall
ontogenetic trajectory. Therefore, heterochronic pro-
cesses are candidate mechanisms for rapid (and exten-
sive) phenotypic diversification, which is one central
prediction of adaptive radiations. These findings suggest a
model of how, even within a strictly constrained devel-
opmental pathway, simple heterochronic perturbations
can produce phenotypic variation that is functionally and
ecologically significant, and thus potential for adaptive
evolutionary change. Several common features of the
Podarcis system with the classic and well-known Anolis
model suggest the relevance of these ontogenetic pro-
cesses in the framework of adaptive evolutionary radia-
tions. Likewise in Podarcis, Anolis interspecific and
intersexual variation concern the same morphological
traits, so that the sexes differ for the same morphological
characters (e.g. size, body length, limb length), which
discriminate species adapted to distinctive habitats (eco-
morphs) (Butler et al., 2007). Given the allometric basis
of the morphological differentiation and the mosaic
nature of morphological evolution (de Beer, 1954;
Frankino et al., 2005; Clarke & Middleton, 2008), it
becomes of interest testing whether heterochronic pro-
cesses played a role in the processes of ecomorphological
evolution during adaptive radiation of anoles and other
groups. Interestingly, these insights come in times when
the recent availability of full genomes of some Anolis
lizards and progresses in understanding their develop-
mental biology (Sanger et al, 2008) allow for more
thorough analyses of developmental and evolutionary
basis of morphological variation.
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