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mode; Understanding how phenotypic diversity evolves is a major interest of evo-
phenotype; lutionary biology. Habitat use is an important factor in the evolution of phe-
shape; notypic diversity of many animal species. Interestingly, male and female

size; phenotypes have been frequently shown to respond differently to environ-

tempo. mental variation. At the macroevolutionary level, this difference between
the sexes is frequently analysed using phylogenetic comparative tools to
assess variation in sexual dimorphism (SD) across taxa in relation to habitat.
A shortcoming of such analyses is that they evaluate the degree of dimor-
phism itself and therefore they do not provide access to the evolutionary
trajectories of each sex. As such, the relative contribution of male and
female phenotypes on macroevolutionary patterns of sexual dimorphism
cannot be directly assessed. Here, we investigate how habitat use shapes
phenotypic diversity in wall lizards using phylogenetic comparative tools to
simultaneously assess the tempo and mode of evolution in males, females
and the degree of sexual dimorphism. We find that both sexes have globally
diversified under similar, but not identical, processes, where habitat use
seems to drive macroevolutionary variation in head shape, but not in body
size or relative limb length. However, we also observe small differences in
the evolutionary dynamics of male and female phenotypes that have a
marked impact on macroevolutionary patterns of SD, with important impli-
cations for our interpretation of what drives phenotypic diversification
within and between the sexes.

matching, and habitat use has been frequently pin-

Introduction pointed as an important factor driving the evolution of

Understanding how environmental variation drives
phenotypic diversification is a major objective in evolu-
tionary biology. The animal kingdom thrives with
examples of morphological traits that are recurrently
linked to life in a specific environment. Morphological
variation in relation to structural niche represents one
of the most striking patterns of phenotype—environment
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phenotypic diversity in many animal species. This asso-
ciation represents a classic case of the ecomorphological
paradigm (Arnold, 1983), where an association
between ecological and morphological variation is
established through evolutionary influences on func-
tional traits. Here, selection operates on whole-organ-
ism performance so as to maximize the ability of
individuals for fulfilling their ecological tasks. This evo-
lutionary influence then translates into morphological
variation across habitats through biomechanical links
between morphology and performance (Irschick et al.,
2008).

Interestingly, ecomorphological variation is not
always uniform in both sexes. This is because, in many
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cases, the functional and morphological traits used for
fulfilling ecological tasks are also relevant for social
functions, meaning that both natural and sexual selec-
tion are frequently involved in determining how they
vary across different environments (Cox et al., 2007).
Indeed, the different reproductive roles adopted by
males and females in anisogamous organisms yield dif-
ferences in the selective regimes experienced by indi-
viduals of each sex (Fairbairn, 1997; Blanckenhorn,
2000). A review of available data indicates that natural
and sexual selection operate in the same direction, at
least at the intraspecific level (Irschick et al., 2008).
However, several studies also suggest that complex evo-
lutionary interactions may take place, as males and
females have been frequently reported to respond dif-
ferently to environmental factors, causing variation in
the degree of SD across different habitats, both at the
intraspecific (Stuart-Fox & Moussalli, 2007; Kaliontzo-
poulou ef al, 2010a) and macroevolutionary levels
(Butler et al., 2000; Butler & Losos, 2002). As such,
comparisons of SD across populations of a single spe-
cies, or macroevolutionary comparisons among species,
seek to understand how differences in ecological or
other traits modity this balance across populations or
taxa (Fairbairn et al., 2007).

There are, however, substantial procedural differ-
ences when examining variation in SD in relation to
habitat use within species versus when investigating
macroevolutionary SD patterns. For the former, one
typically collects phenotypic data on males and females
among populations exploiting different habitats and
then uses regression-type models to test how sex and
habitat type are associated with the response pheno-
typic trait(s). In such studies, a significant contribution
of the interaction term in explaining phenotypic vari-
ance across individuals indicates a variation of SD
across habitats and suggests different ecomorphological
responses in males and females. Further data analyses
then seek to provide insight on the underlying biologi-
cal mechanisms. By contrast, analyses of SD variation
across species are typically conducted in a phylogenetic
comparative framework, where species phenotypic data
are compared in the light of the phylogenetic hypothe-
sis of their evolutionary relationships (Harvey & Pagel,
1991). With this approach, phylogenetic history is
explicitly incorporated into analytical procedures in the
form of the phylogenetic covariance matrix (Felsen-
stein, 1985). Inferences about the influence of habitat
use on phenotypic evolution are then made using phy-
logenetic generalized least squares (PGLS: Grafen, 1989;
Rohlf, 2001) and/or by comparing the fit of different
evolutionary models (Felsenstein, 1988; Butler & King,
2004).

From an inferential point of view, though, macroevo-
lutionary analyses examining variation of the degree of
SD in relation to some grouping factor (e.g. habitat) do
not fully coincide with the procedure followed using
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intraspecific data. Unlike what happens in individual-
based intraspecific analyses, comparative modelling
does not provide direct access to the underlying male
and female trait variances, because the degree of sexual
dimorphism itself is evaluated, rather than the original
male—female trait values. The reason for this is that if
sex where to be treated as a factor when examining
macroevolutionary responses to habitat use, it would
require two values per species (male and female pheno-
types), whereas the phylogeny contains only one tip
per species. Thus, the phylogenetic covariance matrix is
incommensurate with the dimensionality of the pheno-
typic data if both sexes are included. As such, the only
means of assessing whether both sexes respond differ-
ently to habitat variation — or variation in other traits
of interest — at the macroevolutionary level is by treat-
ing SD as a trait and tracing its evolution on the phy-
logeny.

A caveat related to this macroevolutionary approach
is the fact that SD is not — strictly speaking — a species
trait, but rather an emergent property, which, as
described above, depends on the balance of evolution-
ary influences on male and female phenotypes. For this
reason, the comprehension of how SD varies across
environments requires the explicit examination of phe-
notypic evolution in male and female traits. This is
because variation in estimated model parameters across
the sexes will be reflected in model parameters esti-
mated for SD, thus crucially influencing evolutionary
inferences. For instance, variation in the direction and
strength of the evolutionary dynamics of male and
female phenotypes may translate into different alterna-
tive macroevolutionary SD patterns (Fig. la). Con-
versely, apparently similar macroevolutionary SD
patterns may emerge due to different combinations of
underlying male and female processes of phenotypic
evolution (Fig. 1b). Only a detailed examination of
model parameters across male phenotypes, female phe-
notypes and SD will actually allow a correct evolution-
ary interpretation of the data.

Lizards have been extensively used as model organ-
isms both for establishing the role of habitat use in
shaping ecomorphological variation (e.g. Losos, 1990a,
b; Garland & Losos, 1994; Vitt et al., 1997, Melville &
Swain, 2000; Collar et al.,, 2010, 2011) and for under-
standing SD evolution (e.g. Butler et a/., 2000; Butler &
Losos, 2002; Olsson et al., 2002; Cox et al., 2003; Butler
& King, 2004). This aids evolutionary inference, by pro-
viding predictions on the expected mode of evolution
with respect to potential effects of habitat use and to
male—female differentiation. For instance, sexual size
dimorphism has been associated to sexual selection on
male body size in many lizard species, where larger
males exhibit an evolutionary advantage for territory
defence and mate acquisition (Stamps, 1983; Anders-
son, 1994; Cox et al, 2007). Similarly, trunk length is
known to be under fecundity selection in female
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lizards, as it determines the space available for egg stor-
age and it may enhance progeny quality and/or quan-
tity (Brana, 1996; Olsson et al, 2002). Head size and
shape also vary extensively in lizards and are function-
ally relevant for feeding, refuge and habitat use, as well
as for competitive interactions and mating in males.
Through associations with biting performance, head
traits are thus potentially under the influence of both
natural (Herrel ef al, 1996, 2001) and sexual (Husak
et al., 2006; Herrel et al, 2007; Lailvaux & Irschick,
2007; Kaliontzopoulou et al., 2012b) selection. Finally,
limb length is tightly linked to locomotor performance,
and it is differentially optimized in relation to predator
escape and territory exploitation and defence in differ-
ent structural habitats in many lizard groups (e.g.
Losos, 1990a,b; Garland & Losos, 1994; Melville &
Swain, 2000; Herrel et al, 2002; Elstrott & Irschick,
2004; Tulli et al., 2011).

Our objective in this study was to explore the macro-
evolutionary dynamics of phenotypic evolution in rela-
tion to habitat use in Iberian and North African Podarcis
wall lizards in a phylogenetic comparative framework.
Based on previous ecomorphological studies in lizards,
we expect habitat use to mainly influence body size,
head shape and relative limb length. However, which
traits may exhibit a stronger association to habitat use,
and whether this association may occur in unison, or

differ, between both sexes and consequently cause, or
not, macroevolutionary variation in the degree of SD
across habitats is difficult to predict for Podarcis. First, a
lack of an evolutionary association between habitat use
and locomotion-related morphological traits has been
reported for lacertids at the family level (Vanhooydonck
& Van Damme, 1999). Second, lizards of the genus
Podarcis are not habitat specialists, but instead occupy a
large variety of habitats (Arnold, 1987, 1998; Kaliontzo-
poulou et al., 2010a). The Iberian and North African
clade in particular consists of lineages which exhibit
mainly parapatric distribution ranges (Carretero, 2008),
such that habitat segregation due to coexistence is rare.
Nevertheless, habitat use and geographic variation are
known to influence body size and shape at the intra-
specific level, where morphological responses differ
between the sexes (Kaliontzopoulou et al., 2010a,c),
which suggests that environmental factors may have
different effects on males and females. Finally, an
examination of morphological diversity across all Ibe-
rian/North African Podarcis lineages suggested that the
high variation observed in head height and limb length
might be associated with habitat use (Kaliontzopoulou
et al., 2012a). Together, these studies imply that differ-
ent body parts have evolved under different regimes in
male and female Podarcis, and point to an important
contribution of sex-specific morphological responses to
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environmental variation in the evolution of phenotypic
diversity. To infer whether this is the case, and examine
which traits respond to habitat variation in this group
of lizards, we compare different evolutionary models to
explore whether and how the tempo and mode of phe-
notypic evolution vary across traits and between the
sexes.

Materials and methods

Study organisms

Wall lizards of the genus Podarcis are a characteristic
element of Mediterranean ecosystems and an emerging
model in ecology and evolution (e.g. Calsbeek et al.,
2010; Camargo et al., 2010; Runemark et al., 2010; Piras
et al., 2011; Schulte et al, 2011; Amaral ef al., 2012;
Salvi ef al., 2013). The genus has a circum-Mediterra-
nean distribution, ranging from the Iberian Peninsula
to Turkey and from the south of Germany to the high
Atlas mountain range in Morocco (Harris & Arnold,
1999). Despite intensive research, phylogenetic rela-
tionships among Podarcis species are not fully resolved
(Harris et al., 2005; Poulakakis et al.,, 2005). However,
four main, monophyletic groups with geographic coher-
ence are supported by most molecular studies, includ-
ing a Balkan, an Italian, a western insular and an
Iberian/North African clade (Harris & Arnold, 1999;
Harris et al.,, 2005). Here, we focus on the westernmost
clade of the genus (the Iberian/North African clade),
for which a robust phylogenetic hypothesis is available.
This clade occupies all the Iberian Peninsula, and in
North Africa, it extends from Morocco, through Algeria,
to north-eastern Tunisia (see Fig. 2 in Kaliontzopoulou
et al., 2011). It is considered a cryptic species complex,
with 16 known mtDNA lineages (Kaliontzopoulou
et al., 2011) which are supported by both morphologi-
cal (Kaliontzopoulou ef al.,, 2012a) and nuclear (Pinho
et al., 2008) data.

Morphological data

We examined a total of 2453 specimens, captured across
75 localities distributed throughout the Iberian Penin-
sula and North Africa and representing 15 of the 16
mtDNA lineages of the Iberian/North African clade of
Podarcis (Kaliontzopoulou ef al,, 2011). We sampled
multiple localities per lineage to include in our sample a
full representation of individual variation. We only con-
sidered adult specimens, identified based on minimum
adult snout-vent length for lineages for which detailed
studies on reproductive biology are available (Galan,
1996, 2003; Carretero ef al., 2006; Kaliontzopoulou
et al., 2006). When information on sexual maturity was
not available, we identified adult individuals by the
presence of copulatory marks and eggs in females and
by the presence of secondary sexual traits in males.
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Fig. 2 Time-dated molecular phylogeny of the Iberian and North
African clade of Podarcis wall lizards obtained based on the
calibration of node ages of the most recent mtDNA phylogenetic
hypothesis for the group (Kaliontzopoulou et al., 2011). Habitat
use reconstruction obtained through ML is indicated in different
colours (green: saxicolous; blue: generalist).

For each individual, we quantified the following lin-
ear biometric traits, measured to the closest 0.01 mm
using electronic calipers: snout-vent length (SVL),
trunk length (TRL), head length (HL), head width
(HW), head height (HH), forelimb length (FLL) and
hindlimb length (HLL; all data from Kaliontzopoulou
et al., 2012a). These traits were chosen because they
are relevant for different functions, and as such, they
are expected to evolve under different selective mecha-
nisms (see above). We used SVL as a representation of
total body size. All variables were log-transformed prior
to statistical analyses to better approximate a normal
distribution, buffer the effect of trait scale on variable
variance and facilitate SD comparisons.

Species data and phylogenetic relationships

We used phylogenetic comparative methods to test
hypotheses concerning the tempo and mode of pheno-
typic evolution in Podarcis. Our goal was to examine
evolutionary responses to habitat use at the macroevo-
lutionary level, considering male phenotypes, female
phenotypes and the degree of SD. Because of this, we
performed three sets of parallel comparative analyses:
the first on male trait values, the second on female trait
values and the third on the degree of SD. For all analy-
ses, we first calculated a mean male and female value
for each trait within each mtDNA lineage. Because
allometry of different body parts is known to be a
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major proximate determinant of adult SD in lizards
(Brana, 1996; Cox et al., 2007; Kaliontzopoulou et al.,
2008b, 2010b; UroSevi¢ et al, 2012; Sanger et al,
2013), we filtered our data to obtain an estimate of
maximal adult male and female body size for each
mtDNA lineage. This minimized the effects of random
sampling of individuals on the macroevolutionary pat-
terns observed and reduced the potential noise in our
data due to allometric variation across lineages. For this
purpose, we used the ten largest male and the ten larg-
est female individuals encountered across the sample
available for each mtDNA lineage, which provide us
with an approximation of asymptotic body size, and
corresponding body shape, for each evolutionary group
considered.

Although size and shape SD have been frequently
examined from a multivariate perspective, combining
several traits (e.g. Butler & Losos, 2002), here we pre-
ferred to restrict our analyses to single-trait compari-
sons. The decision for evaluating patterns in each trait
individually was based on several biological reasons.
First, because each trait is involved in different eco-
logical and social functions, we were interested in
examining them separately to establish links between
macroevolutionary patterns in male and female phe-
notypes and those observed for SD in each trait. Sec-
ond, we were interested in conducting comparisons
across traits, which at present can only be achieved
for univariate data. As such, the degree of SD for
each trait and lineage was represented by the differ-
ence between log-transformed male and female val-
ues, corresponding to the ratio between male and
female trait values for the raw data (Smith, 1999).
Size SD was represented by the difference between
males and females in SVL. Trait shape SD was
obtained as the difference between males and females
in the logarithm of size-corrected traits, after correct-
ing for size effects through phylogenetic regression of
each trait on SVL.

Phylogenetic relationships among taxa were found
using the most recent mtDNA phylogenetic hypothesis
available for the Iberian/North African clade of Podarcis
wall lizards, inferred based on 2291 bp from five mito-
chondrial regions (Kaliontzopoulou ef al., 2011). This
topology was subjected to a semiparametric penalized
likelihood procedure (Sanderson, 2002), as imple-
mented in the chronopl function of ape R-package (Par-
adis et al., 2004), to obtain a time-dated chronogram.
Calibration points for this analysis were the divergence
time estimates obtained based on a compiled data set
including Iberian, North African and Greek Podarcis spe-
cies, and considering the end of the Messinian Salinity
Crisis as a reference point (INAG calibration scheme,
Table 2 in Kaliontzopoulou et al.,, 2011). Because the
‘Azazga’ lineage was not present in our phenotypic data
set, this taxon was dropped from the chronogram
(Fig. 2).

Habitat use

To investigate whether habitat use has influenced mor-
phological evolution, we classified mtDNA lineages into
one of two habitat types. Iberian/North African Podarcis
constitute the most saxicolous clade within the genus
(Arnold, 1987), which means that they all show a pref-
erence for walls, rocks and other rocky surfaces. Conse-
quently, variation in habitat use in the Iberian/North
African clade can be found in the frequency with
which different lineages exploit other types of habitats.
Some forms, such as P. hispanica type 1A, are highly
saxicolous, inhabiting exclusively large rocks or
human-constructed walls (Kaliontzopoulou et al.,
2012b). Others, such as P. bocagei, exhibit more general-
istic habits and are frequently encountered in other
types of habitats, including dunes, sparse vegetation
and the ground of forested areas (Kaliontzopoulou
et al, 2010a). Based on the few existing bibliographic
data and, mainly, on our own observations during
fieldwork, we classified as generalists seven of the 15
lineages, comprising P. vaucheri from south-central
Spain, P. vaucheri from Morocco and Algeria, and
P. vaucheri from southern Spain, as well as P. hispanica
from Batna, Algeria, P. bocagei, P. carbonelli and P. liol-
epis. Conversely, the eight remaining lineages were clas-
sified as saxicolous, including P. hispanica from Tunisia
and Algeria, P. hispanica from Jbel Siroua, P. hispanica
from Albacete and Murcia, P. hispanica sensu stricto,
P. hispanica type 2, P. hispanica type 1A, P. hispanica
type 1B and P. hispanica Galera (Fig. 2). Based on this
classification, we inferred the ancestral state of habitat
at the internal nodes of the phylogeny using maximum
likelihood as implemented in the ace function of R-
package ape (Paradis et al., 2004).

Phylogenetic comparative analyses

Because there is considerable size variation among spe-
cies, we accounted for body size variation in species
means by applying a phylogenetic size correction of
each morphological trait on SVL (Revell, 2009). Phylo-
genetic size correction was performed using the phyl.re-
sid function of the phytools R-package (Revell, 2012).
We then tested whether lineages occupying different
habitat types differ morphologically for body size and
shape, whereas accounting for phylogenetic relation-
ships, using phylogenetic generalized least squares
(Rohlf, 2001). By implementing this analysis on males,
females and the degree of SD, we could infer how the
two sexes respond morphologically to habitat variation
and examine how differences in their responses may
cause variation in the degree of SD across taxa.

To investigate the evolutionary processes through
which habitat use influences the degree of SD, and link
such variation across taxa to the underlying male and
female mechanisms of phenotypic evolution, we used

© 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 80-94
JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



phylogenetic comparative modelling to contrast differ-
ent evolutionary hypotheses. For instance, habitat use
may trigger differences in the pace of phenotypic diver-
sification (Collar et al, 2010, 2011; Rabosky et al.,
2014). That is, lineages that use a wider ecological
niche (i.e. generalists) may also exhibit increased phe-
notypic variance, which would be diagnosed as a
higher evolutionary rate in those lineages. Similarly,
adaptive evolution towards one or more phenotypic
optima can be identified by examining the fit of evolu-
tionary models with a selective component. To test
these hypotheses in our data set, we fit four models of
phenotypic change on the phylogeny, for each male,
female and SD trait separately. The first model was a
single-rate Brownian motion (BM: Edwards & Cavalli-
Sforza, 1964; Felsenstein, 1985, 1988; Harvey & Pagel,
1991), which is generally considered to represent neu-
tral phenotypic evolution by drift, or a balance between
drift and mutation (Felsenstein, 1985, 1988; Hansen &
Martins, 1996), where phenotypic variance accumu-
lates with the same rate across all lineages. The second
model was a BM with separate evolutionary rates for
each habitat type, and it was implemented using the
noncensored test proposed by O’Meara ef al. (2006).
The third model represented an Ornstein—Uhlenbeck
(OU) process with a single adaptive optimum for all lin-
eages (OU1); under this hypothesis, directional selec-
tion drives the means of all lineages towards the same
value (Hansen & Martins, 1996; Butler & King 2004).
The last model considered represented an OU process
with different phenotypic optima for each habitat type
(OUM); under this scenario, phenotypic evolution
shows signs of diversitying selection, where the pheno-
types of species belonging to each habitat group evolve
towards different optimal values (Hansen & Martins,
1996; Butler & King 2004; Beaulieu e al., 2012). All
evolutionary models were fit using the OUwie R-pack-
age (Beaulieu & O’Meara, 2012), and their goodness-
of-fit to the data was compared using the Akaike infor-
mation criterion (with a correction for small sample
size, AICc) and likelihood ratio tests (LRTs, for pairs of
nested models). By fitting these models to male traits,
female traits and the degree of SD, we could infer how
SD has evolved as a response to habitat use, and link
the evolution of SD with the dynamics of phenotypic
evolution of males and females.

Because both PGLS and model comparison revealed
variation in phylogenetic variance across traits and
between the sexes, we specifically focused on the pace
of phenotypic evolution by testing for variation in evo-
lutionary rates across traits and between the sexes. This
provided us with a means of evaluating whether the
accumulation of phenotypic diversity varies for differ-
ent traits, as may be predicted if selective influences
vary across traits. Under the same reasoning, evolution-
ary rates may vary across the sexes for a specific trait, if
phenotypic diversity across lineages accumulates faster
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in one sex than in the other. To test these hypotheses,
we used a recently proposed maximum likelihood pro-
cedure (Adams, 2013) to compare a single-rate model
to a model encompassing different rates for each trait.
This analysis was implemented in a pairwise manner,
to examine variation in evolutionary rates for a single
phenotypic trait across the sexes and to test for differ-
ences in evolutionary rates between pairs of traits in
females, males and SD separately.

All statistical analyses were conducted using the R
language for statistical programming (R Core Team,
2013). Phenotypic data, the ultrametric phylogeny
used, and habitat type distribution across phylogeny
nodes are available from the Dryad Digital Repository:
doi: 10.5061/dryad.d5jc3.

Results

Phylogenetic anova revealed that Podarcis lizards with
different habitat preferences differ in relative head
dimensions, but not in body size, relative trunk or rela-
tive limb length (Table 1). However, habitat use influ-
enced different traits in each sex: females of generalist
lineages exhibited wider heads compared to saxicolous
ones, whereas males of generalist lineages had higher
heads in comparison to saxicolous ones (Table 1;
Fig. 3). These differences across the sexes translated
into a difference between habitats in the degree of head
height SD, where generalist lineages were more dimor-
phic than saxicolous ones (Table 1, Fig. 3).

Model comparison revealed that the effect of habitat
use on phenotypic evolution varied across traits, where
differences in male vs. female evolutionary dynamics
translated into varying macroevolutionary patterns of
SD (Tables 2 and 3). The best-fit model for total body
size (SVL) was a simple BM for both males and females,
receiving the lowest AICc scores, highest AIC weights
(about 0.5 in both sexes), and with a likelihood score
that was not significantly lower than that of more com-
plex models (Tables 2 and 3). By contrast, a two-rate
BM model was best supported for size SD, which
received the highest AIC weight (=0.7), exhibited a

Table 1 Results of phylogenetic anova considering the effect of
habitat type on lineage mean values of body size (SVL) and size-
corrected traits. Significant p-values are marked in bold.

Females Males SD

F P F P F P

Snout-vent length 1.01 0.34 0.99 0.33 0.05 0.82

Trunk length 0.03 0.88 0.87 0.32 0.69 0.42
Head length 1.82 0.19 0.86 0.35 0.02 0.89
Head width 6.90 0.02 2.58 0.12 0.02 0.91
Head height 2.97 0.10 6.30 0.02 5.89 0.04
Forelimb length 0.03 0.86 0.16 0.71 0.30 0.58
Hindlimb length 0.00 0.97 0.03 0.86 0.03 0.86
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Fig. 3 Least squares means of size-corrected head length (HL),
head width (HW) and head height (HH) in the two habitat types
considered (green: saxicolous; blue: generalist) for females, males

and SD. Vertical bars denote 95% confidence intervals.

significantly higher likelihood than a simple BM and
indicated that size SD evolved about 10 times faster in
generalist than in saxicolous lineages (Table 2, Table
S1). A similar pattern was observed for size-corrected
trunk length (TRL). For this trait, an OU model with a
single phenotypic optimum was best supported for both
sexes (OU1; 0.743 and 0.599 of AIC weight for males
and females respectively, Table 2), exhibiting a signifi-
cantly higher likelihood than a simple BM model (Table
S1). Note that the phylogenetic half-life parameters
(t1/, Hansen, 1997) estimated for both males and
females were very low, indicating strong selection for
this trait in both sexes (Table 2). Although parameter
estimates may be somewhat unstable in this case, as
indicated by wunrealistically high evolutionary rates
inferred for TRL, the estimated stochastic variance (o2/
2*p) approximates trait variance in both sexes. This
implies that there may not be sufficient information in
our data set to accurately estimate ¢® and « indepen-
dently. Nevertheless, strong stabilizing selection on
male and female TRL is supported by the data (Hansen,
1997). By contrast, the best-fit model for size-corrected
trunk length SD was again a two-rate BM
(AICw = 0.557, Table 2), where trunk length SD
evolved more than five times faster in generalists, as
compared to saxicolous lineages.

Contrary to what was observed for body size and
trunk length, the phenotypic evolution of head dimen-
sions exhibited signs of diversifying selection due to
habitat use (Table 3). For size-corrected head length
(HL), OU1 was the model that received the highest sup-
port in females (AICw = 0.70), whereas a simple BM
was the best-fit model in males (AICw = 0.66). This
translated into stabilizing selection for head length SD
(OU1: AICw = 0.7; Table 2), mirroring the hypothetical
evolutionary scenario of Fig. 1b2. By contrast, a
two-optimum OU model (OUM) was supported for size-
corrected head width (HW) in both sexes, exhibiting
high (0.74) and moderate (0.31) AIC weights in females
and males, correspondingly, and a significantly higher
likelihood than BM1 or OUI1 in both sexes (Table 2,
Table S1). However, head width SD evolution was bet-
ter described by a single-peak OU model (AICw = 0.74;
Table 2). An almost inverse evolutionary pattern was
observed in the case of size-corrected head height (HH).
Here, a single-optimum OU model (OU1) was best sup-
ported for female HH, despite a moderate AIC weight
(0.39) and a high likelihood ratio compared to the OUM
model (Table S1). By contrast, the two-optimum OUM
model was best supported male HH and the degree of
SD observed in this trait (Table 3). Males of generalist
lineages evolved towards higher HH values than saxico-
lous ones, which, combined to a uniform evolution
across habitat types in females, results in an increased
phenotypic optimum for SD in this trait (Table 2).

In contrast to ecomorphological predictions, we
found no evidence for an evolutionary effect of habitat
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Table 2 Parameter estimates and model fitting for the phenotypic traits examined in females, males and the degree of SD in Iberian and
North African Podarcis wall lizards. The best-fit model (inferred through examination of both AICc weights and likelihood ratio tests, see
Table S1) is highlighted in bold letter. k: number of parameters in the model, AICc: Akaike information criterion for small sample sizes,
AICw: Akaike weight, ¢*: estimated evolutionary rate, t,,,: phylogenetic half-life (In(2)/a); B: estimated optimum for OU models. Note that
for the two-rate model (BMS), the relative rate between saxicolous and generalists (azsaxlazgen) is given. Similarly, for the two-optimum
model (OUM), the difference in optima between saxicolous and generalists (Bsax - Bgen) is given. Note that the phylogeny was rescaled to
unit total tree length. SVL: snout-vent length, TRL: trunk length, HL: head length, HW: head width, HH: head height, FLL: forelimb

length, HLL: hindlimb length.

Females Males SD
Trait Model k AlCc AlCw  ¢° tiso B AlCc AlCw  ¢° tyso B AlCc AlCw  ¢° tiso B
SVL BM 2 -13.25 0.511 0.026 - - -10.73 0.519 0.031 - - —47.39 0.120 0.003 - -
BMS 3 -1095 0.162 2.358 - - —7.66 0.112 1.294 - - -50.92 0.698 0.097 - -
OUt 4 -—11.85 0254 0117 0.183 4.032 —9.57 0.291 0.448 0.055 4.063 —47.94 0.158 0.193 0.010  0.029
OUM 5 —937 0073 0242 0081 -0.080 —6.96 0.079 0396 0058 -0.079 -44.19 0.024 0.635 0.003 -0.005
TRL BM 2 5447 0.055 0.002 - - —64.24 0191 0.001 - - —61.64 0246 0.001 - -
BMS 3 5546 0.090 0245 - - —61.47 0.048 0.586 - - —63.27 0.557 0.190 - -
OUi 4 -59.69 0.743 0.116 0.008 0.008 -66.53 0.599 0.006 0.092 -0.001 -60.74 0.157 0.003 0.279 —0.006
OUM 5 -5591 0412 0301 0003 0003 -63.93 0.163 0004 0.123 0014 -58.03 0.041 0.003 0.237  0.020
HL  BM 2 -6270 0.015 0.001 - - —67.87 0.661 0.001 - - —54.77 0150 0.002 - -
BMS 3 —60.91 0.006 0291 - - —64.70 0.136 0.843 - - —51.81 0.034 1499 - -
OuUt 4 -70.41 0.701 0.056 0.008 -0.002 -64.98 0.156 0.001 0.719 0.001 -57.87 0.709 0.025 0.039  0.004
OUM 5 -6856 0278 0.145 0.003 -0.012 —62.61 0.048 0001 0523 -0.025 -54.09 0.107 0.016 0.061 —0.003
HW  BM 2 —46.90 0.043 0.003 - - —-53.45 0.299 0.002 - - —-48.12 0105 0.003 - -
BMS 3 —4451 0013 0192 - - —52.14 0155 0.313 - - —46.61 0.049 5858 - -
OUl 4 -5003 0205 0.030 0056 -0.002 -5297 0.235 0.005 0267 -0.002 -52.02 0.736 0.165 0.009 —0.002
OUM 5 -52.60 0.740 0.397 0.003 -0.041 -53.54 0.312 0.005 0.229 -0.048 —48.22 0.110 0.628 0.002  0.002
HH  BM 2 —40.42 0176 0.004 - - —37.97 0.390 0.005 - - —44.71 0.097 0.003 - -
BMS 3 -—39.52 0.112 14016 - - —3521 0.098 3.734 - - —4157 0.020 0.846 - -
OUi 4 -4201 0.390 0.053 0.054 -0.001 -35.37 0.106 0.009 0.635 -0.002 -4556 0.148 0.016 0.138  0.002
OUM 5 —41.63 0.322 0.034 0067 -0.044 -—38.06 0.407 0.007 0.435 -0.126 -48.76 0.735 0.010 0.148 —0.063
FLL  BM 2 —4432 0.068 0.003 - - —-43.91 0.520 0.003 - - -57.80 0.328 0.001 - -
BMS 3 —4295 0.035 0.354 - - —40.73 0106 1.110 - - —57.31 0257 0210 - -
OUt 4 -4919 0.780 0.222 0.008 -0.002 -42.87 0.309 0.010 0.291 -0.001 -57.85 0.336 0.004 0.236  0.001
OUM 5 —4540 0117 0597 0003 -0.003 -—39.72 0.064 0010 0.270 -0.029 -54.96 0.079 0.004 0.216 -0.019
HLL BM 2 -39.23 0.049 0.005 - - —41.78 0250 0.004 - - —60.89 0.086 0.001 - -
BMS 3 -3697 0016 0502 - - —38.62 0051 1.132 - - —61.78 0134 0222 - -
OUtl 4 -44.84 0.814 0.289 0.008 0.002 -43.53 0.599 0.020 0.130 0.004 -64.97 0.661 0.005 0.114  0.003
OUM 5 —41.02 0121 0794 0.003 -0.001 —39.94 0.100 0.017 0.153 -0.014 —61.53 0.119 0.005 0.132 —0.008

Table 3 Best-fit evolutionary model for each trait in females,
males and SD, based on likelihood ratio tests (see also Table 2,
Table S1). BM1: single-rate Brownian motion; BMS: Brownian
motion with separate rates for each habitat type; OU1: single-
optimum Ornstein—Uhlenbeck; OUM: Ornstein—Uhlenbeck with
different optima for each habitat type.

by a single-optimum OU model (OU1l) in females
(AICw = 0.78), whereas a simple BM was the best
supported model for male FLL and the degree of SD in
this trait (Table 2). Signs of stabilizing selection were
found for size-corrected hindlimb length (HLL) in both
sexes, for which OUl was also the best supported
model.

Females Males SD

The comparison of evolutionary rates between males
SvL BM1 BM1 BMS and females indicated that phenotypic traits evolve at
TRL ouT out BMS the same pace in both sexes, where the two-rate model
HL out BM1 ot never exhibited a significantly higher likelihood than
HW OUM OUM Out . .
i OUT OUM OUM the single-rate model (Fig. 4, Table S2). By contrast,
FLL out BM1 BM1 evolutionary rates varied extensively among traits, par-
HLL out out out ticularly in males (Table 4; Table S3). Head length was

use on limb length in either males, females or the
degree of SD (Table 3). Variation across lineages in
size-corrected forelimb length (FLL) was best explained

the slowest evolving trait in both sexes (Table 4;
Fig. 4). In males, two blocks of traits emerged, consid-
ering evolutionary rates: trunk length, head length and
head width evolved at a slower pace, whereas head
height and limb length exhibited higher evolutionary
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Fig. 4 Evolutionary rates for different traits in females, males and
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estimators, calculated through the Hessian matrix of the likelihood

function. TRL: trunk length, HL: head length, HW: head width,
height HH: head, FLL: forelimb length, HLL: hindlimb length.

rates (Table 4; Fig. 4). Rate variation across traits was
less prominent for the degree of SD, where we only
found evidence of faster evolution for head height SD,
at least when compared to trunk length and hindlimb
length SD (Table 4; Fig. 4).

Discussion

Understanding how male and female phenotypes evo-
lutionarily respond to environmental factors is essential
for our comprehension of the processes underlying the
generation of phenotypic diversity. Our results suggest
that males and females of Iberian and North African
wall lizards have globally diversified under similar, but
not identical, processes. Indeed, the tempo of pheno-
typic evolution was uniform across the sexes for all
traits studied, whereas the same was the case for evolu-
tionary mode in most cases. Contrary to predictions
made under the ecomorphological paradigm, habitat

Table 4 Relative evolutionary rates observed between pairs of
traits (below the diagonal; calculated as Crrait1 >/ Oprair2?) and p-value
of the LRT between a two-rate and a single-rate model (above the
diagonal). Significant p-values and corresponding relative rates are
marked in bold. TRL: trunk length, HL: head length, HW: head
width, HH: head height, FLL: forelimb length, HLL: hindlimb
length. See Table S2 for detailed model statistics.

Females Trait 2

Trait 1 TRL HL HW HH FLL HLL
TRL 0.29 0.33 0.07 0.19 0.05
HL 0.58 0.05 0.01 0.02 0.00
HW 1.66 2.87 0.40 0.74 0.32
HH 2.55 4.42 1.54 0.62 0.88
FLL 1.97 3.41 1.19 0.77 0.51
HLL 2.76 4.78 1.67 1.08 0.65

Males Trait 2

Trait 1 TRL HL HW HH FLL HLL
TRL 0.64 0.17 0.00 0.01 0.01
HL 0.79 0.07 0.00 0.00 0.00
HW 2.05 2.61 0.05 0.22 0.14
HH 5.76 7.34 2.81 0.44 0.62
FLL 3.88 4.94 1.89 1.49 0.78
HLL 4.47 5.69 2.18 0.78 1.15

SD Trait 2

Trait 1 TRL HL HW HH FLL HLL
TRL 0.38 0.09 0.03 0.62 0.92
HL 1.68 0.39 0.20 0.70 0.43
HW 2.46 1.56 0.66 0.22 0.10
HH 3.09 1.96 1.25 0.10 0.04
FLL 1.29 0.82 0.52 2.39 0.69

HLL 1.05 0.66 0.43 0.34 0.81

use does not seem to have influenced the evolution of
limb length in either males or females of Iberian and
North African Podarcis. By contrast, habitat use is an
important determinant of macroevolutionary variation
in head shape, in accordance with observations in other
lizard groups. Despite the general concordance in evo-
lutionary patterns across the sexes, however, the analy-
ses conducted indicate that even small differences in
the evolutionary dynamics of male and female pheno-
types can have a marked impact on macroevolutionary
patterns of SD. Together, the results obtained here pro-
vide a different perspective on how habitat use influ-
ences male and female phenotypic evolution in lizards
and have important implications for our comprehension
of the evolution of sexual dimorphism, both from an
organismal and conceptual perspective.

Effects of habitat on phenotypic evolution

Habitat use is a major factor in the evolution of pheno-
typic diversity of many lizards, where locomotor perfor-
mance has been documented as the main mediator of
this link (Garland & Losos, 1994). Our analyses indicate
an association between habitat use and macroevolu-
tionary phenotypic patterns in Iberian and North
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African wall lizards, but this association is apparently
not linked to locomotor performance in this system, as
we did not detect habitat-related macroevolutionary
variation in traits involved in locomotor performance
(i.e. total body size, fore and hindlimb length, trunk
length; Table 1). Indeed, total body size and limb
length of both males and females are best described by
either a BM or a single-peak OU evolutionary model
(Table 3). Although this result contradicts predictions of
the ecomorphological paradigm and is in discordance
with previous results in other lizard groups, it may be
explained whether we take into consideration the habi-
tat preferences of the species in question. Indeed, as
mentioned before, Iberian and North African Podarcis
exploit different habitats with different frequencies, but
lack the extreme specializations observed in other lizard
groups. For instance, major habitat shifts such as transi-
tion to grass swimming or branch climbing are absent
among wall lizards. As such, lineages of this group may
have preserved an ‘all-purpose’ locomotor morphology,
which allows them to perform equally well under dif-
ferent ecological conditions. Such a hypothesis may also
be supported by the observation that different locomo-
tor capacities do not seem to trade off in this family, as
may be expected due to morphological specialization
for a certain type of locomotion (Van Damme et al.,
1997; Vanhooydonck & Van Damme, 2001). Indeed,
preliminary data on two coexisting species (i.e. P. boca-
gei and P. hispanica type 1A; V. Gomes, M. A. Carretero
& A. Kaliontzopoulou, unpublished data) reveal that
the morphology-locomotion-habitat link may not be as
evident in this group as it is in other lizards. Confirm-
ing this hypothesis would require the direct quantifica-
tion of locomotor performance in the lineages
examined here and its examination in the light of the
evolutionary history of the group.

Instead of being related to body size and limb length,
then, the association between habitat and morphology
in Iberian and North African wall lizards appears
restricted to head dimensions. A comparison of lineage
means while accounting for the expected covariance
due to shared evolutionary history revealed significant
differences between saxicolous and generalist lizards of
both sexes in head dimensions (Table 1). In addition,
we found that an OU model with different optima for
each habitat type fit the data better than simpler evolu-
tionary models for some traits (Table 3), lending sup-
port to a hypothesis of adaptive evolution of head
shape as a response to habitat use variation in Iberian
and North African wall lizards. This evolutionary pat-
tern is most probably related to physical constrains
imposed by refuge use, commonly observed in rock-
dwelling lizards (Revell et al., 2007). As is also the case
in other lizard groups (Vitt et al.,, 1997), saxicolous Ibe-
rian and North African Podarcis, which use small rock
crevices and holes to hide from predators, exhibited sig-
nificantly flatter and narrower heads and evolved
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towards lower optima for these head dimensions than
those with more generalist habitat preferences (Table 2;
Fig. 3). Although our study encompasses a relatively
short evolutionary period (i.e. between 9.44 and 13.94
MY depending on the calibration method used, Kali-
ontzopoulou ef al., 2011), such a pattern seems evolu-
tionarily repeatable in lacertids, as it has also been
reported at the intraspecific (Kaliontzopoulou et al.,
2010a), genus (UroSevi¢ et al, 2012) and family
(Vanhooydonck & Van Damme, 1999) levels.

The difference observed across traits when consider-
ing macroevolutionary morphological responses to hab-
itat use may also be associated to the escape tactics
used by wall lizards. Among the ecological tasks for
which locomotor performance — and associated mor-
phological traits — is relevant, escape from predators is
known to constitute an important selective pressure
(Husak & Fox, 2006). Despite varying in microhabitat
preferences, wall lizards generally inhabit areas with at
least some complexity in terms of structural habitat,
with an increased availability of refuges, and they are
scarcely found in completely open areas such as sand
dunes lacking vegetation (Arnold, 1987, 1998). As a
result, they rely more on hiding than on long-distance
speed running when eluding predators. Indeed, they
usually remain in a relatively short distance from their
refuges, to which they flee when threatened (Amo
et al.,, 2003; Diego-Rasilla, 2003). This kind of antipre-
datory behaviour may vyield mechanical constraints
related to refuge use more relevant than locomotor per-
formance, resulting in a higher evolutionary pressure
on head dimensions than on relative limb length.

Interestingly, our results indicate that although habi-
tat use drives the evolution of head shape in Iberian
and North African Podarcis, there is no evidence that it
has caused a direct modification of diversification rates
in this group. An effect of habitat use on diversification
rates has been recently reported in some lizard groups
(e.g. Agamidae: Collar et al., 2010; Varanus: Collar et al.,
2011; Scincidae: Rabosky et al,, 2014), although along
larger evolutionary time scales than those investigated
here, and it would be a reasonable hypothesis for our
study system, due to the classification of habitat varia-
tion. In fact, the ‘generalist’ representatives of this
group by definition utilize a wider variety of structural
habitats, which may be expected to provide the condi-
tions for an increase in evolutionary variance through
the exploitation of wider ecological niches (Collar et al.,
2010). By contrast, saxicolous habitat preferences could
be expected to limit diversification rates by imposing
constraints on morphological evolution and establishing
a narrow adaptive peak for ecologically relevant traits
(Hansen & Martins 1996; Collar ef al. 2010). However,
this does not seem to be the case here, as evolutionary
rates did not differ between habitat types for any of the
examined traits of either males or females (Table 2; but
see below for SD). Whether this is a general trend
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observed in the entire genus of wall lizards, or it is
rather due to the low habitat variation observed in the
Iberian and North African clade, would need to be fur-
ther investigated.

Habitat use and the evolution of sexual dimorphism

Separate examination of males and females reveals that
habitat use has shaped phenotypic variation across lin-
eages of Iberian and North African wall lizards (as is
also the case in other lizard groups: e.g. Losos, 1990a,b;
Vitt et al., 1997; Melville & Swain, 2000; Collar et al.,
2010, 2011). But how does phenotypic evolution of
males and females translate into macroevolutionary
patterns of sexual dimorphism? Although some differ-
ences exist, general patterns of ecomorphological evolu-
tion are shared across the sexes in Iberian and North
African wall lizards. Habitat effects are restricted to
head morphology in both sexes. In both males and
females, body size variation across lineages is best
explained by a BM evolutionary model, not bearing
signs of either directional or diversifying selection
(Table 3). Instead, in both sexes, there is evidence of
directional selection on trunk length, for which an OU
model with a single adaptive peak exhibited the best fit
to the data (Table 3). Male and female body size and
shape evolve at the same pace (Fig. 4). Together, these
results support the view that, despite the presence of
marked sexual dimorphism, the members of both sexes
are influenced in common ways by habitat variation
and their phenotypes are driven by similar evolutionary
processes. This may be in part the result of a largely
shared pool of genes and genetic limitations to sexual
differentiation (Lande, 1980) potentially leading to sex-
ual conflict (Parsch & Ellegren, 2013).

Further, the evolution of some traits may be subject
to anatomical constraints, which therefore link male
and female patterns of variation to one another. For
instance, the directional pattern of evolution observed
for trunk length in members of both sexes, together
with the slower evolutionary rate of this trait (Fig. 4;
Table 4), suggest that this character is evolutionarily
less labile compared to other body parts. Variation in
trunk length is known to be associated with a modifi-
cation of the number of vertebrae (Van Damme &
Vanhooydonck, 2002; Bergmann & Irschick, 2012).
Although body elongation has been repeatedly modi-
fied across the Squamata (Sites ef al, 2011), it is an
evolutionary innovation that involves substantial
embryonic reprogramming of a clock-and-wave mech-
anism controlling the production of somites (Gomez
et al., 2008), which may not be easily attained across
closely related taxa. The slow evolution of vertebral
number in lacertids, as compared to other squamate
groups, may suggest that this trait is evolutionarily
preserved in this family (Bergmann & Irschick, 2012),
which translates into reduced evolutionary rates as

compared to other traits. Although sexual dimorphism
in vertebral number is a derived feature of the Lacerti-
dae (Arnold, 2004) and is known to occur in several
Podarcis species (Arnold, 1973; Kaliontzopoulou et al.,
2008a), it appears then that both male and female
vertebral evolution are constrained in this group of liz-
ards.

Despite the global concordance between male and
female phenotypic patterns, however, small differences
between the sexes in evolutionary tempo and mode yield
macroevolutionary SD patterns that vary remarkably
across traits. This is particularly evident for head dimen-
sions, where the balance between sex-specific responses
critically influences macroevolutionary patterns of SD.
On the one hand, our analyses indicate that head width
evolved towards different optima in saxicolous and gen-
eralist lineages in both sexes, but this effect does not
translate into variation in head width SD across habitats
(Table 3). This means that, although diversifying selec-
tion is driving males and females of generalist lineages
towards a higher phenotypic value for HW, as compared
to saxicolous ones, this effect is similar enough in both
sexes to preclude variation of SD across habitat types for
this trait. Indeed, the estimated difference in phenotypic
optima between saxicolous and generalist lineages was
similar in males (fsax — fgen = —0.048) and females (B«
— fgen = —0.041; Table 2), suggesting that the amount of
evolutionary divergence due to habitat use is similar
across the sexes. By contrast, we found evidence for
diversifying selection due to habitat in head height for
males, but not for females (Table 3). This difference in
evolutionary mode between the sexes translates into an
evolutionary variation of head height SD across habitats,
where generalist lizards are more dimorphic (Fig. 3).
Sexual differences in head height are a common pattern
in lizards (Brana, 1996; Herrel et al., 1996, 2007; Olsson
et al., 2002; Kaliontzopoulou et al., 2008b), and they are
known to be driven by sexual selection on male bite
force enhancing fighting capacity and dominance
(Stamps, 1983; Huyghe et al., 2005; Husak et al., 2006;
Lailvaux & Irschick, 2007). On the other hand, physical
constraints imposed by a saxicolous lifestyle are expected
to counteract the effect of sexual selection, limiting the
potential of males for optimizing head shape in relation
to bite force, as natural selection would drive both male
and female phenotypes towards relatively flatter heads
in these habitats (Vitt et al., 1997; Stuart-Fox & Moussal-
li, 2007). This kind of interaction is observed at the intra-
specific level in Podarcis bocagei (Kaliontzopoulou et al.,
2010a), and our results suggest that it also occurs at a
higher evolutionary level for Iberian and North African
wall lizards more generally.

However, interpreting the association between mac-
roevolutionary patterns of SD and the underlying male
and female mechanisms of phenotypic evolution is not
always straightforward. In some cases, this is due to the
fact that some of the statistical tools necessary for a full
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assessment of biological patterns are not yet available.
For instance, when using phenotypic models to investi-
gate the evolution of hindlimb length we found that
male, female and SD lineage values are best explained
by a model of directional evolution (OUl: Table 3).
This means that, although the best-fit evolutionary
model is the same for both sexes in this case, the
detailed evolutionary dynamics and corresponding
model parameters probably differ, as OUI is also given
the highest support for HLL SD (Table 3), mirroring the
hypothetical scenario of Fig. 1a2. Such a hypothesis
would imply that either the distance between the
ancestral and optimal trait value or the strength of
selection differ between male and female phenotypes,
leading to different evolutionary interpretations in each
case. However, a statistical framework for comparing
these model parameters across traits has not been yet
developed. Recent advances in phylogenetic compara-
tive methods already allow the comparison of evolu-
tionary rates across traits (i.e. Adams, 2013) or
variation in mode-related model parameters across time
(i.e. Slater, 2013). A statistical framework that would
allow the comparison of OU model parameters across
different traits would therefore be a useful extension of
these methods.

It is also important to remark that when using phylo-
genetic comparative tools to investigate the evolution of
emergent species properties such as sexual dimorphism,
it is important to always link inferences on the emer-
gent trait to the underlying raw traits, in order to verity
whether the inferred macroevolutionary mechanisms
are biologically meaningful. For instance, the results
obtained with respect to the evolution of body size and
relative trunk length may seem sensible when male/
female phenotypes and the degree of sexual dimorphism
are examined in isolation. Joint examination, however,
reveals that evolutionary inference may be flawed in
this case. Indeed, we found that habitat use triggers a
faster evolution of body size and size-corrected trunk
length sexual dimorphism in generalist lineages
(Table 3). However, examination of the evolution of
male and female phenotypes reveals that this increase
in evolutionary rates observed for the degree of sexual
dimorphism is not attributable to a habitat-related shift
in evolutionary variances or trait mean values of either
of the sexes, as the best-fit models where a simple BM
and a single-peak OU for body size and relative trunk
length correspondingly (Table 3). From a biological
point of view, such a result is evolutionary impossible,
as the degree of sexual dimorphism cannot be modified
without a corresponding modification of the underlying
male and female phenotypes that comprise it. More
generally, it seems biologically reasonable to predict that
emergent species properties could never evolve under
an evolutionary model more complex than that driving
the evolution of the underlying raw traits. This is
because the parameters of evolutionary models that aim
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at describing the change of an emergent species prop-
erty across a phylogeny (e.g. sexual dimorphism) need
to be in concert with the evolutionary dynamics of the
raw traits of interest (e.g. male and female phenotypes).
Again, the development of methods for comparing and
integrating model inference across traits would be a
fruitful direction of theoretical development, which
could aid us to understand how the balance of different
evolutionary processes determine the macroevolution-
ary phenotypic patterns we observe in nature.

Acknowledgments

We thank the Adams-Valenzuela-Serb joint laboratory
group, and especially E. Sherratt, as well as D. Fairbairn
and an anonymous reviewer, for critical comments on
previous versions of the manuscript. AK was supported
by a post-doctoral grant (SFRH/BPD/68493/2010) by
Fundagao para a Ciéncia e a Tecnologia (FCT, Portugal).
This research was supported by FCOMP-01-0124-
FEDER-007062 FCT projects POCI/BIA-BDE/55865/
2004 and PTDC/BIA-BEC/101256/2008 (to MAC and
AK), by NSF grant DEB-1257827 (to DCA), and par-
tially by project ‘Biodiversity, Ecology and Global
Change’ cofinanced by North Portugal Regional Opera-
tional Programme 2007/2013 (ON.2 — O Novo Norte),
under the National Strategic Reference Framework
(NSRF), through the European Regional Development
Fund (ERDF).

References

Adams, D.C. 2013. Comparing evolutionary rates for different
phenotypic traits on a phylogeny using likelihood. Syst. Biol.
62: 181-192.

Amaral, M.J., Carretero, M.A., Bicho, R.C., Soares, A.M.V.M.
& Mann, R.M. 2012. The use of a lacertid lizard as a model
for reptile ecotoxicology studies - Part 1 Field demographics
and morphology. Chemosphere 87: 757-764.

Amo, L., Lopez, P. & Martin, J. 2003. Risk level and thermal
costs affect the choice of escape strategy and refuge use in
the wall lizard, Podarcis muralis. Copeia 2003: 899-905.

Andersson, M. 1994. Sexual size dimorphism. In: Sexual Selec-
tion: Monographs in Behaviour and Ecology (J.R. Krebs & T.H.
Clutton-Brock, eds), pp. 247-293. Princeton University Press,
Princeton, New Jersey.

Arnold, E.N. 1973. Relationships of the Palearctic lizards
assigned to the genera Lacerta, Algyroides and Psammodromus
(Reptilia: Lacertidae). Bull. Br. Mus. Nat. Hist. (Zool.) 25: 289—
366.

Arnold, S.J. 1983. Morphology, performance and fitness. Am.
Zool. 23: 347-361.

Arnold, E.N. 1987. Resource partition among lacertid lizards in
southern Europe. J. Zool. Lond. (B) 1: 739-782.

Arnold, E.N. 1998. Structural niche, limb morphology and
locomotion in lacertid lizards (Squamata, Lacertidae); a preli-
minary survey. Bull. Br. Mus. Nat. Hist. (Zool.) 64: 63—89.

Arnold, E.N. 2004. Overview of morphological evolution and
radiation in the Lacertidae. In: The Biology of Lacertid Lizards.

© 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 80-94
JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



92 A. KALIONTZOPOULOU ET AL.

Evolutionary and Ecological Perspectives (V. Pérez-Mellado, N.
Riera, & A. Perera, eds), pp. 11-36. Recerca 8, Institut
Menorqui d’Estudis, Menorca.

Beaulieu, J.M. & O’Meara, B.C. 2012. OUwie: Analysis of evo-
lutionary rates in an OU framework. R package version
1.24.http://CRAN.R-project.org/package=OUwie

Beaulieu, J.M., Jhwueng, D.C., Boettiger, C. & O’Meara, B.C.
2012. Modeling stabilizing selection: expanding the Orn-
stein-Uhlenbeck model of adaptive evolution. Evolution 66:
2369-2383.

Bergmann, P.J. & Irschick, D.J. 2012. Vertebral evolution and
the diversification of squamate reptiles. Evolution 664: 1044—
1058.

Blanckenhorn, W.U. 2000. The evolution of body size: what
keeps organisms small? Quart. Rev. Biol. 75: 385-407.

Brana, F. 1996. Sexual dimorphism in lacertid lizards: male
head increase vs female abdomen increase? Oikos 75: 511—
523.

Butler, M.A. & King, A.A. 2004. Phylogenetic comparative
analysis: a modeling approach for adaptive evolution. Am.
Nat. 164: 683-695.

Butler, M.A. & Losos, J.B. 2002. Multivariate sexual dimor-
phism, sexual selection, and adaptation in Greater Antillean
Anolis lizards. Ecol. Monogr. 72: 541-559.

Butler, M.A., Schoener, T.W. & Losos, J.B. 2000. The relation-
ship between sexual size dimorphism and habitat use in
Greater Antillean Anolis lizards. Evolution 54: 259-272.

Calsbeek, B., Hasselquist, D. & Clobert, J. 2010. Multivariate
phenotypes and the potential for alternative phenotypic
optima in wall lizard (Podarcis muralis) ventral colour mor-
phs. J. Evol. Biol. 23: 1138-1147.

Camargo, A., Sinervo, B. & Sites, J.W. 2010. Lizards as model
organisms for linking phylogeographic and speciation stud-
ies. Mol. Ecol. 19: 3250-3270.

Carretero, M.A. 2008. An integrated assessment of the specific
status in a group with complex systematics: the lizard
genus Podarcis (Squamata, Lacertidae). Integr. Zool. 4: 247—
266.

Carretero, M.A., Ribeiro, R., Barbosa, D., Sa-Sousa, P. & Har-
ris, D.J. 2006. Spermatogenesis in two Iberian Podarcis liz-
ards: relationships with male traits. Anim. Biol. 56: 1-12.

Collar, D.C., Schulte, J.A. II, O’'Meara, B.C. & Losos, J.B. 2010.
Habitat use affects morphological diversification in dragon
lizards. J. Evol. Biol. 23: 1033-1049.

Collar, D.C., Schulte, J.A. II & Losos, J.B. 2011. Evolution of
extreme body size disparity in monitor lizards (Varanus). Evo-
lution 65: 2664-2680.

Cox, R.M., Skelly, S.L. & John-Alder, H.B. 2003. A compara-
tive test of adaptive hypotheses for sexual size dimorphism
in lizards. Evolution 57: 1653-1669.

Cox, R.M., Butler, M.A. & John-Alder, H.B. 2007. The evolu-
tion of sexual size dimorphism in reptiles. In: Sex, Size & Gen-
der Roles: Evolutionary Studies of Sexual Size Dimorphism (D.J.
Fairbairn, W.U. Blanckenhorn & T. Szekely, eds), pp. 38-49.
Oxford University Press, Oxford.

Diego-Rasilla, F.J. 2003. Influence of predation pressure on
the escape behaviour of Podarcis muralis lizards. Behav. Pro-
cess. 63: 1-7.

Edwards, A.W.E. & Cavalli-Sforza, L.L. 1964. Reconstruction of
evolutionary trees. In: Phenetic and Phylogenetic Classification
(V.H. Heywood & J. McNeill, eds), pp. 67-76. Systematics
Association, London.

Elstrott, J. & Irschick, D.J. 2004. Evolutionary correlations
among morphology, habitat use and clinging performance in
Caribbean Anolis lizards. Biol. J. Linn. Soc. 83: 389-398.

Fairbairn, D.J. 1997. Allometry for sexual size dimorphism:
patterns and process in the coevolution of body size in males
and females. Ann. Rev. Ecol. Syst. 28: 659—687.

Fairbairn, D.J., Blanckenhorn, W.U. & Szekely, T. 2007. Sex,
Size & Gender Roles: Evolutionary Studies of Sexual Size. Oxford
University Press, Oxford.

Felsenstein, J. 1985. Phylogenies and the comparative method.
Am. Nat. 125: 1-15.

Felsenstein, J. 1988. Phylogenies nd quantitative characters.
Ann. Rev. Ecol. Syst. 19: 445-471.

Galan, P. 1996. Sexual maturity in a population of the lacertid
lizard Podarcis bocagei. Herpetol. J. 6: 87-93.

Galan, P. 2003. Reproductive characteristics of an insular pop-
ulation of the lizard Podarcis hispanica from Northwest Spain
(Cies Islands, Galicia). Copeia 2003: 657—665.

Garland, T.J. & Losos, J.B. 1994. Ecological morphology of
locomotor performance in squamate reptiles. In: Ecological
Morphology: Integrative Organismal Biology (P.C. Wainwright &
S.M. Reilly, eds), pp. 240-302. University of Chicago Press,
Chicago.

Gomez, C., Ozbudak, E.M. Wunderlich, J.,, Baumann, D.,
Lewis, J. & Pourquié, O. 2008. Control of segment number
in vertebrate embryos. Nature 454: 335-339.

Grafen, A. 1989. The phylogenetic regression. Philos. Trans. R.
Soc. B 326: 119-157.

Hansen, T.F. 1997. Stabilizing selection and the comparative
analysis of adaptation. Evolution 51: 1341-1351.

Hansen, T.F. & Martins, E.P. 1996. Translating between micro-
evolutionary process and macroevolutionary patterns: the
correlation structure of interspecific data. Evolution 50:
1404-1417.

Harris, D.J. & Arnold, E.N. 1999. Relationships of wall lizards,
Podarcis (Reptilia: Lacertidae) based on mitochondrial DNA
sequences. Copeia 1999: 749-754.

Harris, D.J., Pinho, C., Carretero, M.A., Corti, C. & Bohme, W.
2005. Determination of genetic diversity within the insular
lizard Podarcis tiliguerta using mtDNA sequence data, with a
reassessment of the phylogeny of Podarcis. Amphibia-Reptil.
26: 401-407.

Harvey, P.H. & Pagel, M. 1991. The Comparative Method in Evo-
lutionary Biology. Oxford University Press, Oxford.

Herrel, A., Van Damme, R. & De Vree, F. 1996. Sexual dimor-
phism of head size in Podarcis hispanica atrata: testing the die-
tary divergence hypothesis by bite force analysis. Neth. J.
Zool. 46: 253-262.

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

Herrel, A., Meyers, J.J. & Vanhooydonck, B. 2002. Relations
between microhabitat use and limb shape in phrynosomatid
lizards. Biol. J. Linn. Soc. 77: 149-163.

Herrel, A., McBrayer, L.D. & Larson, P.M. 2007. Functional
basis for sexual differences in bite force in the lizard Anolis
carolinensis. Biol. J. Linn. Soc. 91: 111-119.

Husak, J.F. & Fox, S.F. 2006. Field use of maximal sprint speed
by collared lizards (Crotaphytus collaris): compensation and
sexual selection. Evolution 60: 1888-1895.

Husak, J.F., Lappin, A.K., Fox, S.F. & Lemos-Espinal, J.A.
2006. Bite-force performance predicts dominance in male

© 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 80-94
JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



venerable collared lizards (Crotaphytus antiquus). Copeia 2006:
301-306.

Huyghe, K., Vanhooydonck, B., Scheers, H., Molina-Borja, M.
& Van Damme, R. 2005. Morphology, performance and
fighting capacity in male lizards, Gallotia galloti. Funct. Ecol.
19: 800-807.

Irschick, D.J., Meyers, J.J., Husak, J.F. & Le Galliard, J.-F.
2008. How does selection operate on whole-organism func-
tional performance capacities? A review and synthesis. Evol.
Ecol. Res. 10: 177-196.

Kaliontzopoulou, A., Carretero, M.A., Llorente, G.A., Santos, X.
& Llorente, C. 2006. Patterns of shape and size sexual dimor-
phism in a population of Podarcis hispanica* (Reptilia: Lacerti-
dae) from NE Iberia. In: Mainland and Insular Lacertid Lizards: A
Mediterranean Perspective. (C. Corti, P. Lo Cascio & M. Biaggini,
eds), pp. 73-89. Vol. 8. Firenze University Press, Firenze.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. 2008a.
Interspecific and intersexual variation in presacral vertebrae
number in Podarcis bocagei and P. carbonelli. Amphibia-Reptil.
29: 288-292.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. 2008b.
Head shape allometry and proximate causes of head sexual
dimorphism in Podarcis lizards: joining linear and geometric
morphometrics. Biol. J. Linn. Soc. 93: 111-124.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. 2010a.
Intraspecific ecomorphological variation: linear and geomet-
ric morphometrics reveal habitat-related patterns within
Podarcis bocagei wall lizards. J. Evol. Biol. 23: 1234-1244.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. 2010b.
Sexual dimorphism in traits related to locomotion: ontoge-
netic patterns of variation in Podarcis wall lizards. Biol. J.
Linn. Soc. 99: 530-543.

Kaliontzopoulou, A., Carretero, M.A. & Sillero, N. 2010c. Geo-
graphic patterns of morphological variation in the lizard
Podarcis carbonelli, a species with fragmented distribution.
Herpetol. J. 20: 41-50.

Kaliontzopoulou, A., Pinho, C., Harris, D.J. & Carretero, M.A.
2011. When cryptic diversity blurs the picture: a cautionary
tale from Iberian and North African Podarcis wall lizards. Biol.
J. Linn. Soc. 103: 779-800.

Kaliontzopoulou, A., Carretero, M.A. & Llorente, G.A. 2012a.
Morphology of the Podarcis wall lizards (Squamata: Lacerti-
dae) from the Iberian Peninsula and North Africa: patterns
of variation in a putative cryptic species complex. Zool. J.
Linn. Soc. 164: 173-193.

Kaliontzopoulou, A., Adams, D.C., van der Meijden, A., Pere-
ra, A. & Carretero, M.A. 2012b. Relationships between head
morphology, bite performance and ecology in two species of
Podarcis wall lizards. Evol. Ecol. 26: 825-845.

Lailvaux, S.P. & Irschick, D.J. 2007. The evolution of perfor-
mance-based male fighting ability in Caribbean Anolis liz-
ards. Am. Nat. 170: 573-586.

Lande, R. 1980. Sexual dimorphism, sexual selection, and
adaptation in polygenic characters. Evolution 34: 292-305.
Losos, J.B. 1990a. Ecomorphology, performance capability,
and scaling of West Indian Anolis lizards: an evolutionary

analysis. Ecol. Monogr. 60: 369-388.

Losos, J.B. 1990b. The evolution of form and function: mor-
phology and locomotor performance ability in West Indian
Anolis lizards. Evolution 44: 1189-1203.

Melville, J. & Swain, R. 2000. Evolutionary relationships
between morphology, performance and habitat openness in

Habitat use and sexual dimorphism 93

the lizard genus Niveoscincus (Scincidae: Lygosominae). Biol.
J. Linn. Soc. 70: 667-683.

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

O’Meara, B.C., Ané, C., Sanderson, M.J. & Wainwright, P.C.
2006. Testing for different rates of continuous trait evolution
using likelihood. Evolution 60: 922-933.

Paradis, E., Claude, J. & Strimmer, K. 2004. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics 20:
289-290.

Parsch, J. & Ellegren, H. 2013. The evolutionary causes and
consequences of sex-biased gene expression. Nat. Rev. Genet.
14: 83-87.

Pinho, C., Harris, D.J. & Ferrand, N. 2008. Non-equilibrium esti-
mates of gene flow inferred from nuclear genealogies suggest
that Iberian and North African wall lizards (Podarcis spp.) are
an assemblage of incipient species. BMC Evol. Biol. 8: 63.

Piras, P., Salvi, D., Ferrara, G., Maiorino, L., Delfino, M., Ped-
de, L. et al. 2011. The role of post-natal ontogeny in the evo-
lution of phenotypic diversity in Podarcis lizards. J. Evol. Biol.
24: 2705-2720.

Poulakakis, N., Lymberakis, P., Valakos, E., Zouros, E. & Mylo-
nas, M. 2005. Phylogenetic relationships and biogeography
of Podarcis species from the Balkan Peninsula, by bayesian
and maximum likelihood analyses of mitochondrial DNA
sequences. Mol. Phylogen. Evol. 37: 845-857.

R Core Team. 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0, URL http://www.R-project.
org/.

Rabosky, D.L., Donnellan, S.C., Grundler, M. & Lovette, L.J.
2014. Analysis and visualization of complex macroevolution-
ary dynamics: an example from Australian Scincid lizards.
Syst. Biol. 63: 610-627.

Revell, L.J. 2009. Size-correction and principal components for
interspecific comparative studies. Evolution 63: 3258-3268.
Revell, L.J. 2012. phytools: an R package for phylogenetic
comparative biology (and other things). Methods Ecol. Evol. 3:

217-223.

Revell, L.J., Johnson, M.A., Schulte, J.A. 1I, Kolbe, J.J. &
Losos, J.B. 2007. A phylogenetic test for adaptive conver-
gence in rock-dwelling lizards. Evolution 61: 2898-2912.

Rohlf, F.J. 2001. Comparative methods for the analysis of con-
tinuous variables: geometric interpretations. Evolution 55:
2143-2160.

Runemark, A., Hansson, B., Pafilis, P., Valakos, E.D. & Svens-
son, E.I. 2010. Island biology and morphological divergence
of the Skyros wall lizard Podarcis gaigeae: a combined role for
local selection and genetic drift on color morph frequency
divergence? BMC Evol. Biol. 10: 269.

Salvi, D., Harris, D.J., Kaliontzopoulou, A., Carretero, M.A. &
Pinho, C. 2013. Persistence across Pleistocene ice ages in
Mediterranean and extra-Mediterranean refugia: phylogeo-
graphic insights from the common wall lizard. BMC Evol.
Biol. 13: 147.

Sanderson, M.J. 2002. Estimating absolute rates of molecular
evolution and divergence times: a penalized likelihood
approach. Mol. Biol. Evol. 19: 101-109.

Sanger, T.J., Sherratt, E., McGlothlin, J.W., Brodie, E.D. III,
Losos, J.B. & Abzhanov, A. 2013. Convergent evolution of

© 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 80-94
JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



94 A. KALIONTZOPOULOU ET AL.

sexual dimorphism in skull shape using distinct developmen-
tal strategies. Evolution 67: 2180-2193.

Schulte, U., Hochkirch, A., Lotters, S., Rodder, D., Schweiger,
S., Weimann, T. et al. 2011. Cryptic niche conservatism
among evolutionary lineages of an invasive lizard. Global
Ecol. Biogeogr. 21: 198-211.

Sites, J.W. Jr, Reeder, T.W. & Wiens, J.J. 2011. Phylogenetic
insights on evolutionary novelties in lizards and snakes: sex,
birth, bodies, niches, and venom. Ann. Rev. Ecol. Evol. Syst.
42: 227-244.

Slater, G.J. 2013. Phylogenetic evidence for a shift in the mode of
mammalian body size evolution at the Cretaceous-Palaeogene
boundary. Methods Ecol. Evol. 4: 734-744.

Smith, R.J. 1999. Statistics of sexual size dimorphism. J. Hum.
Evol. 36: 423-458.

Stamps, J. 1983. Sexual selection, sexual dimorphism and ter-
ritoriality. In: Lizard Ecology: Studies of A Model Organism
(T.W. Huey, R.B. Pianka & E.R. Schoener, eds), pp. 169—
204. Harvard University Press, Cambridge, MA.

Stuart-Fox, D.M. & Moussalli, A. 2007. Sex-specific ecomor-
phological variation and the evolution of sexual dimorphism
in dwarf chameleons (Bradypodion spp). J. Evol. Biol. 20:
1073-1081.

Tulli, M.J., Abdala, V. & Cruz, F.B. 2011. Relationships among
morphology, clinging performance and habitat use in Liolae-
mini lizards. J. Evol. Biol. 24: 843-855.

UroSevi¢, A., Ljubisavljevi¢, K., Jeli¢, D. & Ivanovi¢, A. 2012.
Variation in the cranium shape of wall lizards (Podarcis spp.):
effects of phylogenetic constraints, allometric constraints and
ecology. Zoology 115: 207-216.

Van Damme, R. & Vanhooydonck, B. 2002. Speed versus
manoeuvrability: association between vertebral number and
habitat structure in lacertid lizards. J. Zool. Lond. 258: 327-334.

Van Damme, R., Aerts, P. & Vanhooydonck, B. 1997. No tra-
de-off between sprinting and climbing in two populations of
the lacertid lizard Podarcis hispanica (Reptilia: Lacertidae).
Biol. J. Linn. Soc. 60: 493-503.

Vanhooydonck, B. & Van Damme, R. 1999. Evolutionary rela-
tionships between body shape and habitat use in lacertid liz-
ards. Evol. Ecol. Res. 1: 785-805.

Vanhooydonck, B. & Van Damme, R. 2001. Evolutionary tra-
de-offs in locomotor capacities in lacertid lizards: are splen-
did sprinters clumsy climbers? J. Evol. Biol. 14: 46-54.

Vitt, L.J., Caldwell, J.P., Zani, P.A. & Titus, T.A. 1997. The role
of habitat shift in the evolution of lizard morphology: evi-
dence from tropical Tropidurus. Proc. Natl. Acad. Sci. 94:
3828-3832.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Table S1 Results of likelihood ratio tests between pairs
of nested models fit on each phenotypic trait for
females, males and the degree of SD.

Table S2 Relative evolutionary rate (Relative o? =
Omale>! Otemale>), likelihood for a two-rate (logLik,g) and
a single-rate (logLik,r) model, likelihood ratio and corre-
sponding P-value for comparisons of evolutionary rates
across the sexes.

Table S3 Relative evolutionary rate (Relative o> =
Grait1 >/ Owairz?), likelihood for a two-rate (logLik,g) and a
single-rate (logLik,g) model, likelihood ratio and corre-
sponding p-value for comparisons of evolutionary rates
between pairs of traits.

Data deposited at Dryad: doi:10.5061/dryad.d5jc3

Received 5 September 2014; revised 17 October 2014; accepted 29
October 2014

© 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 80-94
JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



