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abstract: Species diversification often results from divergent evolu-
tion of ecological or social signaling traits. Theoretically, a combination
of the twomay promote speciation, however, empirical examples study-
ing how social signal and ecological divergence might be involved in di-
versification are rare in general and typically do not consider range over-
lap as a contributing factor. We show that ecologically distinct lineages
within the Australian sand dragon species complex (including Cteno-
phorus maculatus, Ctenophorus fordi, and Ctenophorus femoralis) have
diversified recently, diverging in ecologically relevant and social signal-
ing phenotypic traits as arid habitats expanded and differentiated. Diver-
sification has resulted in repeated and independent invasion of distinct
habitat types, driving convergent evolution of similar phenotypes. Our
results suggest that parapatry facilitates diversification in visual signals
through reinforcement as a hybridization-avoidance mechanism. We
show that particularly striking variation in visual social signaling traits
is better explained by the extent of lineage parapatry relative to ecolog-
ical or phylogenetic divergence, suggesting that these traits reinforce
divergence among lineages initiated by ecologically adaptive evolution.
This study provides a rare empirical example of a repeated, intricate re-
lationship between ecological and social signal evolution during diver-
sification driven by ecological divergence and the evolution of new
habitats, thereby supporting emergent theories regarding the importance
of both ecological and social trait evolution throughout speciation.

Keywords: agamid, aridification, Ctenophorus, diversification, eco-
logical adaptation, social signal evolution.

Introduction

Rapid species diversification has been attributed to a few
key causes, including selection on ecologically relevant traits
(Grant and Grant 2008; Gavrilets and Losos 2009; Schluter

2009) and evolution of social signaling traits, which are in-
volved in inter- and intraspecific interactions (Masta and
Maddison 2002; Mendelson and Shaw 2005; Maia et al.
2013). However, singular forms of selection may not be
able to drive speciation to completion (Nosil et al. 2009;
Servedio and Bürger 2014). While recent empirical studies
suggest that both social signal and ecologically adaptive
evolution might be important in diversification (Arnegard
et al. 2010; Carlson et al. 2011; Wagner et al. 2012), these
two processes are generally considered in isolation (e.g.,
Maan and Seehausen 2011), and studies explicitly account-
ing for range overlap are rare (Scordato et al. 2014). Con-
sequently, there are few empirical studies exploring how
both ecologically adaptive and social signal evolution con-
tribute to diversification (Maan and Seehausen 2011). Thus,
the combined importance of these factors remains unclear, es-
pecially when accounting for geographical context (Scordato
et al. 2014).
The effects of ecological factors on the evolution of so-

cial signaling traits are potentially multifaceted (Safran
et al. 2013). Reinforcement may drive social signal and
preference evolution to limit hybridization, representing
sexual selection for good genes (Hoskin and Higgie 2010;
Maan and Seehausen 2011). Selection against hybridization
may accelerate speciation in sympatry or parapatry (West-
Eberhard 1983; Butlin 1987; Gavrilets 2004), particularly
between ecologically distinct taxa (Nosil et al. 2009). Eco-
logical divergence may also stimulate evolution of social
signals in different environments for maximal perception/
transmission (e.g., sensory drive; Endler and Basolo 1998;
Boughman 2002) by modifying signal design and sensory
properties (Boughman 2001; Seehausen et al. 2008) or by
impacting mate preferences (Maan and Seehausen 2011).
Furthermore, some form of divergent ecological selection
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on sexually selected traits may be required for speciation to
be driven by sexual selection (Servedio and Bürger 2014).

Ecological adaptation and social signal evolution have
been independently inferred as having driven the diversifi-
cation of the species-rich amphibolurine lizard radiation in
Australia (family Agamidae). Adaptive diversification has
been suggested for many lizard taxa, including amphibol-
urines, as indicated by rapid body size evolution (Harmon
et al. 2003), and, more specifically, in the amphibolurine ge-
nus Ctenophorus, through association between ecomorpho-
logical traits and fitness in different habitats (Melville et al.
2001). Alternatively, Stuart-Fox and Owens (2003) argued
that sexual selection, resulting in diverse visual social signals,
better predicts species richness in amphibolurines and thus
underlies their diversification. Evidence of this is observed
in the Ctenophorus genus, where limited gene flow is ob-
served between incipient species with divergent visual social
signals (McLean et al. 2014). However, the processes driving
species diversification in amphibolurines may be far more
complex.

Studies of phenotypic trait evolution have largely been
used to investigate the processes driving diversification, and
these can be grouped into two categories—those related to
fitness and those used for social signaling. Yet, distinctions
between these two trait categories may not be so simple.
Ecomorphological trait evolution in lizards is seen as purely
linked to fitness (Losos 1990;Melville et al. 2001;Wollenberg
et al. 2013). The evolution of dorsal marking traits, often
considered to be driven by ecological selection for crypsis
against predators (Stuart-Fox and Owens 2003; Rosenblum
2006), may also be influenced by sexual selection for dimor-
phic coloration (Chen et al. 2012). Social signaling traits (i.e.,
visual color and chemical signal traits) are associated with
mate choice (i.e., female preferences), interspecific interac-
tions (i.e., male territory marking), or both (Endler 1992,
1993), and so their evolution is almost always inferred as be-
ing driven by sexual selection. The evolution of visual signal-
ing traits (i.e., chest/throat patch pattern, shape, and extent),
used in signaling to mates or conspecific males through head-
or chest-raising behaviors, are putatively under sexual se-
lection in amphibolurine agamids (Ord and Stuart-Fox
2006; Chen et al. 2013) but in other lizards have been shown
to be influenced by ecological factors (Robertson and Rosen-
blum 2009). Chemical signaling traits here are secondary
sexual traits consisting of pores around the cloaca and ex-
tending down the ventral surface of the legs (femoral and
preanal pores) that deposit volatile chemical cues associated
with mate choice and/or are intraspecific through territorial-
marking behaviors in lizards (Cooper 1994). These traits are
not necessarily indicative of the chemical composition of
such signals. Nevertheless, evolution of the structures that
deliver chemical cues could thus be subject to either sexual
selection (as driven by mate choice for greater numbers of

pores reflecting dominance or species status) or ecological
selection (as driven by more optimal delivery of cues in dif-
ferent ecological contexts), with stronger support for the lat-
ter in lizards specifically (Alberts 1992; Iraeta et al. 2011).
Therefore, studying the evolution of combinations of a

range of phenotypic and ecological traits offers opportuni-
ties to distinguish whether social signal, adaptive evolu-
tion, or both can explain species diversification (Scordato
et al. 2014). To empirically characterize the relationship be-
tween ecological divergence and social signal evolution,
we explore the evolution of ecologically linked traits (i.e.,
ecomorphological and dorsal markings) and social signal-
ing traits (i.e., visual and chemical signaling) in relation
to ecological diversification in a closely related subgroup
of amphibolurine agamid lizards, the Ctenophorus macu-
latus species complex (also including Ctenophorus fordi
and Ctenophorus femoralis; fig. 1). Lineages within this
species complex, commonly referred to as sand dragons,
occupy a range of coastal and inland sand dune and plain
regions, representing shrubland, mallee woodland, and spi-
nifex grass habitats (Wilson and Swan 2008). These short-
lived lizards (life span is 1 to several years; Henle 1991)
comprise 11 parapatric/allopatric lineages and occupy some
of the most recently derived arid sand habitats in Australia
(Fujioka et al. 2009; Fujioka and Chappell 2010; Hesse
2010; fig. 1). Species display phenotypic differences typically
associated with adaptive evolution, namely, divergence in
background coloration and pattern as well as body shape
(fig. 1). While it is thought that there is no female choice
in some sand dragons (i.e., presence/absence of blue head
color inC. fordi; Olsson 2001), traits typically associatedwith
visual social signaling in lizards (i.e., markings on the throat
and chest; Stuart-Fox and Ord 2004; fig. 1) vary considerably
between lineages and may function in species recognition.
Furthermore, femoral and preanal pore traits that release
volatile chemical signals (termed chemical social signaling
traits; see above; not shown in fig. 1) also vary considerably
between lineages.
Given the recent origin of arid habitats in Australia and

the striking variation in ecologically linked traits in the C.
maculatus species complex (fig. 1), we predict that ongo-
ing adaptive divergence to diversifying habitats has led to
a significantly greater degree of subclade disparity in eco-
morphological traits—indicative of widespread convergent
adaptive evolution—than expected under random diver-
sification (e.g., Brownian motion). Such niche expansion
might also be expected to drive diversification in sexual sig-
naling traits. However, considering significant parapatry in
many lineages (fig. 1), we predict that ecologically driven
evolution alone is unlikely to explain the dramatic variation
in social signaling traits, particularly visual signaling traits,
but that interspecific interactions mediated by spatial over-
lap also explain social signaling divergence. We test these
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hypotheses using integrative approaches drawing from eco-
logical, genetic, and phenotypic lines of enquiry. Our study
represents a rare empirical exploration of how the evolu-
tion of traits associated with fitness and social signaling re-
late to ecological diversification and geographic context in
a recently derived biome, the arid zone of Australia.

Methods

Sampling and Data

Sampling strategy and specimens.We sampled 153 individ-
uals (fig. S1; table S1; figs. S1–S16 and tables S1–S12 avail-
able online) from 11 lineages in the Ctenophorus macu-
latus species complex from the Australian Museum, South
Australian Museum (Australian National Biological Tissue
Collection), Western Australian Museum, Museum Victo-
ria, and the Australian National Wildlife Collection (Com-
monwealth Scientific and Industrial Research Organisation
[CSIRO]). Samples cover the geographic, morphological, ge-
netic, and ecological variation encompassed by the group
(fig. S1; table S1) and were informed from distribution-wide

mtDNA screening (see data deposited in the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.7nm09 [Edwards
et al. 2015]). Coalescent species delimitation approaches (Ed-
wards and Knowles 2014; fig. S2) and morphological distinc-
tion among lineages (figs. S3, S4; tables S2–S4) support the
evolutionary distinction of lineages.
Genetic data. Multilocus genetic data were collected for

six loci, including two mtDNA loci (ND2, 16S) and four
nuclear loci (PRLR, BACH1, NTF3, GAPD; table S5) using
the methods outlined in Edwards et al. (2007, 2012). Allelic
states for nuclear genetic data were resolved using PHASE
(Scheet and Stephens 2006).
Environmental data. Environmental variables (table S6)

were derived from publicly available climate (WorldClim,
http://www.worldclim.org; Hijmans et al. 2005), vegetation
(NASA-MODIS/Terra data set, http://modis.gsfc.nasa.gov
/data/dataprod/), and soil (Australian Soil Information Sys-
tem, http://www.asris.csiro.au/) data. Specific treatment of
these variables is outlined below.
Phenotypic data. Morphological data (table 1) were col-

lected where possible (81 males and 43 females), including
ecologically relevant and social signaling characters. Con-

Figure 1: Distribution of lineages within the Ctenophorus maculatus species complex, including drawings of the dorsal surface (showing
body proportions and dorsal markings) and visual social signals (i.e., ventral throat and chest pattern). Dorsal drawings are scaled to mean
male snout-vent length (see C. m. dualis for scale bar). Extent of the arid zone is also shown (dotted line). Illustrations by Corrine Edwards.
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tinuous variables were log transformed prior to analysis.
Continuous morphometric characters were corrected for
allometric shape using the equation specified in Lleonart
et al. (2000). Scale count variables were regressed against
body size (i.e., snout-vent length), with the residuals used
in subsequent analyses. Male and female data were ana-
lyzed separately due to sexual dimorphism in several con-
tinuous characters (detected using regression comparisons
between male and female data; results not shown).

Phylogenetic Relationships and Timing of Divergence

We jointly estimated the evolutionary relationships and tim-
ing of divergence among lineages within the C. maculatus
species complex to determine how the phylogenetic di-
vergence of lineages relates to the evolution of sand habi-
tats within Australia using *BEAST (Heled and Drummond
2010). Species divergences were estimated using the calibra-
tion method outlined in McCormack et al. (2011), as no in-
ternal fossil calibrations exist for the C. maculatus species
group. We estimated the mean rate of evolution ND2 using
a BEAST (Drummond and Rambaut 2007) analysis across
the Agamidae family, using Leiolepis belliana as an outgroup.
BEAST analyses were run for 15 million generations with a
10% burn-in and utilized two fossil calibrations previously
used for divergence dating in amphibolurine lizards (for
settings, see Edwards and Melville 2011), namely, a Pliocene
phrynocephaline fossil (Zerova andChkhikvadze 1984) and a
Miocene amphibolurine fossil (Covacevich et al. 1990). Log
files were checked for stationarity using Tracer v1.5 (Ram-
baut and Drummond 2007), and high effective sample size
(ESS) values were confirmed. Tree files were summarized
using TreeAnnotator, version 1.7.4 (Drummond and Ram-
baut 2007), showing congruent divergence dates (fig. S5) with
previous analyses for amphibolurine agamids (Hugall et al.
2008).

A mean rate of 0.013 (fig. S5) for ND2 was fixed in spe-
cies tree analyses under a strict clock model (McCormack
et al. 2011) using multilocus genetic data in *BEAST (Heled
and Drummond 2010). Analyses were run for three inde-
pendent iterations of 100 million generations, sampling ev-
ery 1,000 with a 10% burn-in. Tree files were combined af-
ter convergence (i.e., high ESS values using Tracer v1.5;
Rambaut and Drummond 2007), and topological congru-
ence was confirmed. The median time-calibrated species
tree was then used in all further comparative analyses,
along with 1,000 trees sampled from the posterior distribu-
tion where appropriate.

Patterns of Niche Divergence through Time

Tests of niche divergence were used to assess changes in
niche space in a phylogenetic context using a modified

version of the multivariate niche comparison approach de-
veloped by McCormack et al. (2010). Lineage occurrences
(see appendix) were used to extract environmental data to
calculate environmental differences between paired lineage
comparisons relative to the background environmental dif-
ferences, to determine whether niches between compared
lineages were conserved or divergent. Environmental vari-
ation was first reduced to relevant niche axes using the dudi
.pca R function of the ade4 package (Dray and Dufour
2007). Biological interpretations were drawn from the most
heavily loaded variables in each niche axis (McCormack
et al. 2010), with the majority of environmental variance
(190% overall variance) consistently described in 10 prin-
cipal component (PC) axes (table S7). We limit our inter-
pretation to axes both explaining a modest proportion of
variation (13%) and having clear biological interpretations
(McCormack et al. 2010).
Significance of pairwise tests was determined by calcu-

lating the difference between observed niche overlap (Dobs)
between lineages relative to the null distribution (back-
ground) of niche overlap (Dnull) between lineages on each
niche axis. Divergence between lineage niches was inferred
when Dobs 1Dnull, while niche conservation was inferred
when Dobs !Dnull. Significance of this test was determined
using two criteria: (a) Dobs was outside the 95% confidence
limits of Dnull and (b) paired t-tests showed significant dif-
ferences between Dobs in paired lineage comparisons (niche
divergence only; McCormack et al. 2010). In setting up
comparisons, our goal was to determine the predominant
patterns of niche divergence/conservation at each node in
the median phylogeny (fig. 2). Therefore, we tested all pos-
sible sister-group comparisons among extant lineages. Sig-
nificance of paired t-tests was corrected using Bonferroni
correction for multiple comparisons. Patterns of niche di-
vergence/conservation were considered predominant if 75%
or more of the comparisons at each node showed the same
pattern.

Trait Data for Characterizing Ecological
and Phenotypic Evolution

Each data set underwent variable reduction prior to fur-
ther analyses. Continuous trait sets (climate, vegetation,
soil, and ecomorphology) were reduced using the dudi.pca
R function of the vegan package (Oksanen et al. 2013).
Trait sets containing only categorical data (visual signaling
and dorsal markings) were reduced using correspondence
analysis undertaken using the MCA R function of the
FactoMineR package (Husson et al. 2013). For trait sets
with both continuous and categorical data (chemical sig-
naling), the dudi.mix R function from the vegan package
(Oksanen et al. 2013) was used to reduce the data set. Given
the potential for differences in the diversification of line-
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ages climatic and structural (vegetation and soil) niche
space, we chose to separate these elements in subsequent
analyses. Environmental data were extracted from the indi-
viduals measured for phenotypic characters, and standard-
ized variables were collected into three data sets: climate
(15 Bioclim variables; table S6), vegetation, and soil.

Ecological and Phenotypic Divergence through Time

We used disparity-through-time (DTT) analyses to track
the trajectory of observed relative subclade disparity in
relation to a null distribution, whereby traits evolve under
Brownian motion (BM), allowing interpretation of how av-
erage subclade disparity has changed through time (Har-
mon et al. 2003). High observed subclade disparity in rela-
tion to the null suggests trait variation within subclades,
rather than between, which indicates subclades have diver-

sified in trait space and lineages have evolved to fill similar
regions of trait space (Harmon et al. 2003). Conversely, low
observed subclade disparity compared to the null suggests
trait variation is distributed between subclades with little
trait diversification and no overlap among subclades in trait
space (Harmon et al. 2003), which can indicate constrained
evolution (Smith et al. 2011). Furthermore, changes in rel-
ative subclade disparity can suggest mechanisms of trait
evolution. High relative subclade disparity followed by a de-
cline toward the tips indicates an early burst of diversifica-
tion that has typified adaptive radiation, while the opposite
trend may suggest recent increasing rates of trait diversifi-
cation (Harmon et al. 2003).
DTT analyses were undertaken using lineage means for

axes describing 95% of the variation for each ecological
and phenotypic trait set and the dtt function (geiger;
Harmon et al. 2008) using the average squared Euclidean

Table 1: Morphological characters collected within each trait set for the Ctenophorus maculatus species complex and a description of
how characters were measured

Character set, character Description of measurement Units/categories

Ecomorphological characters:
Snout-vent length (SVL) Distance between tip of nose and cloaca mm
Axillo-groin length (AG) Distance between posterior of forelimbs and

anterior of hind limbs mm
Arm length (AL) Length of arm from tip of claw on fourth

digit to where arm joins body mm
Finger length (FiL) Distance between metacarpal and tip of claw

on fourth digit of hand mm
Toe length (ToL) Distance between metatarsal and tip of claw

on fourth digit of foot mm
Leg length (LL) Length of leg from tip of claw on fourth digit

to where leg joins body mm
Tail length (TL) Length of tail from tip to cloaca mm
Fourth finger lamellae (FS) No. lamellae on fourth digit of hand Count
Fourth toe lamellae (TS) No. lamellae on fourth digit of foot Count

Chemical signaling characters:
Femoral pores (Pores)a Avg. no. femoral pores (averaged across left

and right legs) Count
Femoral pore arrangement (PArr)a Extent of femoral pores along foreleg Midleg/knee
Femoral pore visibility (FPVis)a Visibility/obviousness of femoral pores Yes/no/weakly

Dorsal marking characters:
Paravertebral lines (PVL) Presence, clarity, and color of PVLs Absent/indistinct/clear/black
Paravertebral spots (PVSpots) Presence and color of PVSs Absent/white/black/black and white
Dorsal background color (BGCol) Predominant coloration on dorsal surface Gray-black/yellow-brown/orange-

brown/red-orange/brown-black
Visual signaling characters:

Chest patch pattern (CPPatt)a Shape of chest patch None/block/diamond/spotted/
mottled/mottled T

Chest patch extent (CPE)a Extent of chest patch None/arms (inc. chest)/chest only
Throat markings (TM)a Presence, clarity, and shape of male throat

markings
Absent/unclear chevron/clear
chevron/mottled/lines

a Measured only in males.
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distance index. Given our small sample sizes, the impacts
of measurement error are potentially large. However, we
also note that other studies have used this technique to an-
alyze patterns of trait evolution using similarly sized trees
(e.g., Evans et al. 2009; Smith et al. 2011). To ensure our
results were robust to variance in tip state, we created 20 data
sets by randomly sampling one replicate specimen within
each lineage. Each replicate data set was analyzed using the
median species tree (fig. 2). For standard DTT analyses, we
accounted for phylogenetic uncertainty and uncertainty in
divergence times using a custom script to iterate DTT anal-
yses across 1,000 trees from the posterior distribution, in ad-
dition to the median supported species tree (fig. 2). For each
replicate tree, we calculated trait disparity under the null
(BM model) using 1,000 simulations and compared this to
the observed trait disparity. Interpretation of these analyses
was based on plots of observed relative subclade disparity
for each of 1,000 posterior trees and the median species tree
(fig. 2). To represent the null distribution, we also plotted the
95% confidence interval (CI) from 1,000 simulations from
each of 1,000 posterior trees.

We further investigated the mode of ecological and phe-
notypic trait evolution by testing which model of trait
evolution fits the first two axes of each trait set. We com-
pared four relevant models: Brownian motion, Ornstein-
Uhlenbeck (OU), Pagel’s delta (PD), and white noise (WN).
Under BM, traits evolve along a randomwalk, whereas under
OU, traits evolve toward a single optimum phenotype (But-
ler and King 2004). PD tests for fit to the AC/DC model of
trait evolution (Blomberg et al. 2003; Harmon et al. 2010),
where high values of delta predict trait diversification is con-
centrated toward the tips, while values !1 suggest trait evo-
lution is consistent with an early burst model of evolution
(Pagel 1999). Alternatively, support for a WN model would
suggest traits across the phylogeny were drawn randomly
from a normal distribution, suggesting a lack of phylogenetic
signal (Hunt 2007). Model fits were undertaken using the
fitContinuous function (geiger; Harmon et al. 2008). Consid-
ering our small sample sizes may lead to lack of power to
differentiatemodels using corrected Akaike information cri-
terion (AICc) comparisons, we undertook model choice us-
ing the likelihood ratio test approach implemented in the
pmc R package (Boettiger et al. 2012) using 1,000 bootstrap
replicates.

The Relationship between Phenotypic
and Ecological Evolution

Evolutionary correlation between traits can suggest trait
coevolution (Garland et al. 1992). Furthermore, such cor-
relational tests can also measure the scale and direction of
evolutionary change in one trait given the evolution of an-
other (Pennell and Harmon 2013). For example, signifi-

cant correlations between ecological and phenotypic traits
typify ecologically driven phenotypic evolution (Garland
et al. 1992; Glor 2010), which is expected in adaptive trait
evolution. Furthermore, evolutionary correlations among
phenotypic traits may suggest related functional roles (Gar-
land et al. 1992) or, if traits are uncorrelated, may reflect di-
vergent functional roles (Cheverud et al. 1989).
Tests for correlated evolution among phenotypic traits

and between ecological and phenotypic traits were un-
dertaken using phylogenetic independent contrasts (PIC).
Ortho-normal contrasts were calculated for the major axes
of variation (PC1 and PC2) of each trait using the pic.ortho
function (ape; Paradis et al. 2004), which implements Fel-
senstein’s (2008) method for incorporating intraspecific var-
iance. Trait correlations were then tested using linear regres-
sion that force the intercept though the origin (Felsenstein
1985; Garland 1992), accounting for phylogenetic uncer-
tainty by iterating analyses over 1,000 random trees from
the posterior distribution. Significance was calculated from
the mean correlation across trees relative to its standard error
using a t-distribution with n2 2 degrees of freedom, where
n equals the number of taxa. Phylogenetic correction was
warranted (Revell 2010) in cases where phylogenetic signal
in the regression residuals of all trait comparisons was esti-
mated using the phylosig function (phytools; Revell 2012)
and Blomberg’s K statistic (Blomberg et al. 2003). Signifi-
cance of tests for phylogenetic signal was assessed using
1,000 replicates and incorporating intraspecific variation.
To ensure type I errors and estimates of R2 were not inflated
by using phylogenetically corrected tests where not appro-
priate (i.e., no phylogenetic signal in residuals; Revell 2010),
we estimated the relationship between traits without phy-
logenetic correction for those trait comparisons.

The Relative Influence of Ecology and Spatial
Overlap on Trait Variation

Variation partitioning was used to distinguish between the
ecological and spatial sources of variance in social signal-
ing (visual and chemical) traits relative to male traits pre-
dominantly associated with fitness (i.e., dorsal markings).
Only male fitness traits were used here as a direct compar-
ison to those involved in social signaling. Variance parti-
tioning treats explanatory variables as nonmutually exclu-
sive contributors to variance in the response variable using
redundancy analysis, calculating variance explained by each
factor independently and in concert (Borcard et al. 1992).
We tested the proportions of variation in phenotypic traits
explained by environmental factors, phylogeny, and spatial
distributional overlap in variance partitioning analyses. If
phenotypic variation is predominantly explained by environ-
mental factors, this supports the hypothesis that ecological
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divergence explains phenotypic evolution. Alternatively, if
spatial overlap principally explains phenotypic variation, this
supports the hypothesis that phenotypic divergence is bet-
ter explained by parapatric/spatially proximate lineages—
providing evidence that social interactions between lineages
promotes divergence in phenotypic traits.

Multivariate response variable data were lineage means
across all phenotypic axes describing ∼95% of the varia-
tion. Environmental variables were averaged lineage means
across axes describing 95% of the variation in climate, veg-
etation, and soil niche traits. To calculate a biologically
meaningful measure of spatial overlap, species distribution
models (SDMs) were used to estimate lineage distributions
using MaxEnt (see appendix for methodological details),
applying a cutoff to distributions using the maximum train-
ing plus specificity threshold (Liu et al. 2005). Pairwise spa-
tial overlap between lineages was calculated using custom
scripts in R (in km2), and the results were log transformed
prior to further analysis. To account for phylogenetic re-
lationships, the median species tree was converted to pa-
tristic distances (fig. 2). We used the pcnm function (space-
makeR; Dray 2013) to convert distance matrices (spatial
overlap and phylogeny) to multivariate data. To reduce co-
linearity of explanatory variables, we ran forward variable
selection onmultivariate trait sets, and significant axes were
used in a variation partitioning analysis using the functions
ordiR2step and varpart (vegan; Oksanen et al. 2013), respec-
tively. Significance of fractions of interest was determined
using the rda function (vegan; Oksanen et al. 2013).

Results

Phylogenetic Relationships and Timing of Divergence

The species tree shows rapid evolution of the Ctenophorus
maculatus species group over the past ∼3 million years
(fig. 2). This analysis confirms that several named species
are not monophyletic and provides good support for most
relationships among lineages (see also Edwards and Knowles
2014).Major divergence events are dated between 1.5million
and 3 million years ago, the majority of speciation events
between sister lineages occurring within the past 500,000–
300,000 years. The relationships inferred suggest multiple
invasions of the arid zone frommore temperate regions, both
recently (group 1) and deeper in the phylogeny, followed by
rapid diversification (group 2). Additionally, there has been
diversification of lineages into temperate regions from the
arid zone (figs. 1, 2).

Patterns of Niche Divergence through Time

Principal component analyses (PCA) identified 10 axes
explaining 91.97% of the observed environmental variance

among lineages (table S7), however, we limited interpreta-
tion to the first 5 PC axes, given that these axes each
explained13% variation andwere biologically interpretable
(McCormack et al. 2010; table S7). These five axes cumula-
tively explained 170% of the observed environmental vari-
ation (table 2). Biological interpretations included temper-
ature (PC1), precipitation (PC2), soil (PC3), and vegetation
(PC5) variation, while PC4 included variation in a complex
of elevation, soil, vegetation, and precipitation. Detailed
results from comparisons among lineages are listed in ta-
ble S8. Members of group 1 were divergent in thermal niche
(PC1) and conserved in precipitation niche (PC2; table 2;
fig. 2). Niche conservatism was apparent in thermal niche
(PC1), while divergence in soil niche (PC3) was evident
in comparisons between Ctenophorus maculatus dualis
and members of groups 2, 3, and Ctenophorus femoralis.
Comparisons between group 3 and C. femoralis 1 group 2
were inconclusive, while between C. femoralis and group 2
there was divergence in vegetation niche (PC5) and con-
servation of temperature (PC1) and complex (PC4) niches.
Among lineages occupying the most arid regions (group 2;
figs. 1, 2), there was divergence in precipitation (PC2) and
complex (PC4) niches but conservation in temperature
(PC1) and vegetation (PC5) niches. There were no obvious
trends in overall lineage comparisons.

Ecological and Phenotypic Divergence through Time

Most (195%) of the variance in phenotypic and ecological
traits could be accounted for by 3–9 axes after data reduc-
tion (table S9). Despite our small sample sizes, we found
limited evidence that this affects the patterns inferred from
DTT analyses (figs. 3, S6). DTT plots show that phyloge-
netic uncertainty was limited to variation concentrated early
in the phylogeny (fig. 3). In general, the difference between
the null (Brownianmotion) and observed subclade disparity
increased toward the present in all phenotypic and ecologi-
cal traits, indicating that lineages have diversified among
subclades and have independently converged in trait space
(Harmon et al. 2003). This trend was most strongly seen
in the plots where average subclade disparity clearly ex-
ceeded the null, particularly toward the present, in visual
and chemical social signaling, dorsal marking, and vegeta-
tive niche traits (fig. 3).
Analyses assessing trait evolution model fit (table 3)

revealed AC/DC model (PD) best-fit axes PC1 and PC2
for climatic niche (fig. S7) and female ecomorphological
traits (fig. S8). Values of delta1 1 suggest that rates of trait
diversification have increased toward the present for many
traits and are thus consistent with a late burst of trait diver-
sification (Blomberg et al. 2003; table 3). This was also the
case for PC1 for chemical signaling (fig. S9), male (fig. S10)
and female dorsal marking (fig. S11), and vegetation niche
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traits (fig. S12). Increasing rates of trait diversification are
consistent with increasing average subclade disparity relative
to the null, as observed in figure 3, and while a single-peak
OU model may also explain this pattern (Harmon et al.
2003), we do not observe an OU model as the model of best
fit for the aforementioned traits. An AC/DC model (PD)
could not be excluded for most remaining traits, but we
were unable to distinguish between an AC/DC (PD) model
and an OU model for PC1 for male ecomorphological traits
(fig. S13) and for PC2 for chemical signaling (fig. S9), soil
niche (fig. S14), and vegetation niche traits (fig. S12). PC1

for soil niche traits (fig. S14) fit either a WN or BM model,
but these were generally indistinguishable for all traits using
a likelihood ratio test (figs. S7–S15), and in this case, theWN
model received much lower support using model log likeli-
hood (table 3). The BM/WN and AC/DC (PD) models were
indistinguishable for visual social signaling traits (PC1 and
PC2; fig. S15), dorsal marking PC2 (male: fig. S10; female:
fig. S11), and male ecomorphological traits PC2 (fig. S13).
Indistinguishable models may be due to small sample sizes
(Blomberg et al. 2003), which is likely here given that log-
likelihood scores for the AC/DC (PD) model were generally

Table 2: Niche comparisons among lineages at different nodes across the species tree (fig. 3)

Taxonomic group, niche divergence pattern
PC1

(25.31%)
PC2

(48.12%)
PC3

(56.89%)
PC4

(64.34%)
PC5

(70.74%)

Within group 1a:
C 0 3 2 1 1
D 3 0 0 2 1
N 0 0 1 0 1

Ctenophorus maculatus dualis vs. Ctenophorus femoralis 1
groups 1 and 2b:

C 6 1 0 2 3
D 1 5 6 3 2
N 0 1 1 2 2

Group 3 vs. C. femoralis 1 group 2c:
C 6 5 5 6 2
D 4 5 5 3 6
N 0 0 0 1 2

C. femoralis vs. group 2d:
C 2 3 0 4 0
D 2 1 2 0 4
N 0 0 2 0 0

Within group 2e:
C 6 0 2 0 5
D 0 5 4 5 0
N 0 1 0 1 1

All lineage comparisonsf:
C 30 26 19 26 20
D 25 27 22 23 20
N 0 2 14 5 15

Top four variables for axis (Bio11)
(Bio6)
Bio14
(Bio1)

Bio19
(Bio4)
Bio12
Bio13

(Aclay)
ACond.
AWater
Elevation

Elevation
(Bio3)
STLAI

(ACond.)

(LAI)
(TREE)
NDVI
Bio2

Biological interpretation Temperature Precipitation Soil Complex Vegetation

Note: The number of lineage comparisons showing significant niche divergence (D), conservatism (C), or not meeting statistical criteria (N) are calculated for
hierarchical groups for the first five principal component (PC) scores. Boldface indicates predominant patterns in lineage comparisons (175% comparisons).
The top variables contributing to each PC factor are shown, with negatively loaded variables in parentheses.

a np 3, P ! .017.
b np 7, P ! .007.
c np 10, P ! .005.
d np 4, P ! .0125.
e np 6, P ! .0083.
f np 55, P ! .0009.
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Figure 3: Disparity-through-time (DTT) plots for phenotypic and ecological traits across the Ctenophorus maculatus species complex. The
median observed relative subclade trait disparity is shown (black line; fig. 2), in addition to phylogenetic uncertainty from 1,000 posterior
trees (red lines; aqua dotted line indicates median). The median (yellow dotted line) and 95% confidence interval from 1,000 simulations of
the null Brownian motion model from each of 1,000 posterior trees (gray shading) is also shown. Time is in millions of years before present.
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Table 3: Model parameters and log likelihood (L) scores for trait evolution models compared for fit to trait data

PC1 PC1

Trait type, set, model Log L MLE parameters Log L MLE parameters

Male traits:
Ecomorphological:

BM 223.36 X0 p 2.06, d2 p 5.28 27.21 X0 p .06, d2 p .06
OU 219.68 d2 p 197.33, a p 48.93 28 d2 p 210.95, a p 1,745.26
PD 219.62 d2 p .83, D p 11.27 27.05 d2 p .04, D p 2.49
WN 222.6 X0 p .39, d2 p 3.52 210.44 X0 p .06, d2 p .28

Dorsal marking:
BM 212.24 X0 p .06, d2 p .51 28.33 X0 p 2.16, d2 p .24
OU 211.03 d2 p 44.03, a p 45.29 29.86 d2 p 92.59, a p 112.25
PD 211.1 d2 p .23, D p 6.16 27.94 d2 p .17, D p 2.32
WN 215 X0 p .01, d2 p 1.10 213.27 X0 p 2.09, d2 p .82

Chemical signaling:
BM 216.86 X0 p 2.004, d2 p 1.15 212.25 X0 p 2.07, d2 p .39
OU 215.31 d2 p 160.26, a p 89.87 27.6 d2 p 97.40, a p 648.10
PD 214.79 d2 p .38, D p 7.54 27.65 d2 p .06, D p 100.82
WN 218.74 X0 p 2.03, d2 p 2.21 210.76 X0 p .01, d2 p .41

Visual signaling:
BM 2.77 X0 p 2.06, d2 p .04 27.12 X0 p .11, d2 p .19
OU 21.75 d2 p 21.71, a p 123.14 28.2 d2 p 83.22, a p 128.25
PD 2.54 d2 p .03, D p 2.25 26.41 d2 p .12, D p 2.32
WN 25.68 X0 p 2.02, d2 p .18 212.86 X0 p 2.06, d2 p .76

Female traits:
Ecomorphological:

BM 227.26 X0 p 2.82, d2 p 7.84 212.32 X0 p 2.10, d2 p .31
OU 226.8 d2 p 875.15, a p 57.09 212.76 d2 p 211.32, a p 228.79
PD 225.98 d2 p 3.28, D p 6.44 211.79 d2 p .21, D p 2.16
WN 230.01 X0 p 21.45, d2 p 16.92 215.9 X0 p 2.37, d2 p 1.08

Dorsal marking:
BM 211.89 X0 p 2.003, d2 p .50 28.88 X0 p 2.02, d2 p .28
OU 211.97 d2 p 174.18, a p 154.43 29.47 d2 p 146.43, a p 171.11
PD 210.77 d2 p .23, D p 5.46 28.01 d2 p .16, D p 2.53
WN 214.89 X0 p 2.002, d2 p 1.10 213.52 X0 p .07, d2 p .87

Ecological traits:
Climatic niche:

BM 223.1 X0 p .07, d2 p 3.75 222.75 X0 p .25, d2 p 3.47
OU 222.82 d2 p 536.95, a p 65.54 220.72 d2 p 354.722, a p 62.17
PD 222.05 d2 p 1.79, D p 4.00 220.37 d2 p 1.07, D p 7.87
WN 226.41 X0 p .01, d2 p 9.18 224.26 X0 p .06, d2 p 6.12

Vegetative niche:
BM 210.35 X0 p 2.04, d2 p .29 4.68 X0 p .03, d2 p .01
OU 210.26 d2 p 77.90, a p 116.79 9.65 d2 p 2.05, a p 746.15
PD 210.05 d2 p .14, D p 13.31 9.72 d2 p .002, D p 91.17
WN 213.53 X0 p 2.22, d2 p .79 7.54 X0 p .28, d2 p .01

Soil niche:
BM 28.95 X0 p .22, d2 p .19 26.64 X0 p 2.07, d2 p .14
OU 210.5 d2 p 167.62, a p 340.35 26.48 d2 p 63.67, a p 226.69
PD 29.07 d2 p .16, D p 2.20 26.6 d2 p .07, D p 31.94
WN 215.55 X0 p 2.05, d2 p 1.15 29.6 X0 p .02, d2 p .37

Note: Boldface indicates models supported by likelihood ratio tests. Italics indicate models that could not be distinguished using the lowest log (L). PC p

principal component, MLE p maximum likelihood estimate, BM p Brownian motion, OU p Ornstein-Uhlenbeck, PD p Pagel’s delta, WN p white noise.
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more optimal compared to other models when likelihood
ratio tests suggested indistinguishable models (table 3).

The Relationship between Phenotypic
and Ecological Evolution

There were many traits for which phylogenetic corrected
tests were warranted, as indicated by significant phyloge-
netic signal in residuals (table S10), but there were also
many that did not require correction. Tests for correlated
evolution among phenotypic traits (table S11) revealed
correlated evolution of chemical social signaling (CS) traits
and dorsal markings, and visual social signaling traits. An-
alyses indicated significant evolutionary correlations be-
tween ecological niche traits and all phenotypic traits (ta-
ble 4). Evolution in ecomorphological traits was significantly
correlated with vegetation and climate in males but not fe-
males. In contrast, evolution in dorsal markings was signif-
icantly correlated with all ecological traits in females but
only for climate and soil in males. The evolution of chemi-
cal social signaling traits was significantly correlated with
all ecological traits, while only vegetation was significantly
correlated with visual social signaling traits (table 4).

The Relative Influence of Ecology and Spatial
Overlap on Trait Variation

The most important variable explaining dorsal marking
variation was phylogeny (18%; Fp 3.4; P! .01), with com-
paratively smaller effects explained by spatial overlap (3%;
Fp 1.4; P1 .05) and environmental factors (9%; Fp 2.2;
P ! .05; table S12). For chemical signaling traits, environ-
mental factors were the most important in predicting var-
iation (49%; Fp 6.1; P! .001), where spatial overlap (4%;
Fp 1.8; P 1 .05) and phylogeny (fig. 4A; 2%; Fp 1.3;
P 1 .05) appeared less important. Spatial overlap (33%;
Fp 4.4; P! .01) predicted the greatest proportion of vari-
ance in visual social signaling traits relative to moderate
amounts of variation explained by environmental factors
(15%; Fp 3.7; P! .05) and phylogeny (fig. 4B; 13%;
Fp 3.4; P1 .05). Variation in all traits predicted by combi-
nations of variables was relatively small. Spatial overlap and
environment accounted for a small proportion of variation
in dorsal marking (1%; Fp 2.0; P! .05) and chemical (8%;
Fp 5.7; P ! .001) and visual (0.4%; Fp 4.7; P! .001) social
signaling traits. Other fractions of explainable variation in
chemical signaling traits included a combination of spatial
overlap and phylogeny (3%; Fp 2.0; P1 .05). For visual
signaling (VS) traits and dorsal markings (DM), a combi-
nation of environment and phylogeny (VS: 1%; Fp 5.7;
P ! .001; DM: 12%; Fp 3.9; P ! .01) explained a significant
fraction of variation. For visual signaling traits alone, a com-
bination of environment, phylogeny, and spatial overlap to-

gether (3%; Fp 4.8; P! .001) explained a significant frac-
tion of variation. Negative variation proportions for shared
variation (fig. 4) among partitions are due to suppressor
variables (i.e., the explanatory variable has low/no corre-
lation with the response variable but covaries with other
explanatory variables related to the response variable) or to
strong correlations among explanatory variables of oppo-
site signs (Peres-Neto et al. 2006). Unexplained variance
was moderate for both the chemical social signaling (39%)
and visual social signaling (39%) traits but high for dorsal
marking (60%) traits (fig. 4). Environmental variation in
climate only contributed to variance in spatial overlap
(Fp 1.5; P! .05), suggesting that, for the most part, spatial
overlap does not necessarily correlate with ecological over-
lap between lineages.

Discussion

Phylogenetic Divergence and the Development
of Australian Arid Habitats

The creation of new ecological niches often drives rapid
adaptive speciation (Rundle et al. 2000; Grant and Grant
2008), resulting in phylogenetic divergence associated with
the timing of niche creation (Rabosky 2009; Glor 2010).
Several important events linked to the creation and diversi-
fication of arid sand habitats, in which the Ctenophorus mac-
ulatus species complex exclusively occurs (Wilson and Swan
2008), correspond to patterns of lineage divergence (fig. 2).
This result suggests that the creation of new ecological niches
was involved in the speciation of C. maculatus lineages.
Aridification of Australia began in the late Miocene (Bowler
1976), with the appearance of arid habitats amid intensify-
ing aridity driven by northern hemisphere glaciation∼3mil-
lion years ago (Hesse 2010). During this time, deep sand
deposits formed in southwestern Australia (Clarke 1994).
The ancestor of the C. maculatus complex originated within
this period (fig. 2), and all basal lineages are currently dis-
tributed within southwestern Australia (figs. 1, 2). Extensive
dune system formation throughout Australia is linked to
the establishment of Milankovitch cycling (∼1million years
ago; Fujioka et al. 2009; Hesse 2010), with dune systems de-
veloping ∼500,000 years ago and dramatically expanding
∼350,000 years ago (Fujioka and Chappell 2010). Diversifi-
cation of arid sand habitats tightly corresponds with a clus-
ter of speciation events within the C. maculatus species
complex (fig. 2) and thus may be linked to the recent diver-
sification in the group.

Patterns of Ecological and Phenotypic Evolution

Ecological opportunity (i.e., exposure to new habitats) and
associated increases in phenotypic diversity are key compo-
nents involved in the rapid diversification process that leads
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to adaptive radiation (see review in Yoder et al. 2010). In the
C. maculatus species complex, we show that there has been
considerable diversification in both ecological niche traits
and phenotypic traits, including those linked to fitness
and social signaling. Persistent niche divergence indicates
that lineages differ dramatically in ecological space, rather
than simply representing allopatric ecological analogues.
Phylogenetically informed comparisons (table 2; fig. 2) sug-
gest that shifts in temperature niche may have been impor-
tant in allowing lineages to colonize arid regions as the
turnover between humid and arid ecosystems progressed
(Bowler 1976). Tests to identify the best-fit model of trait evo-
lution suggest that rates of many ecological and phenotypic
traits have increased toward the present (table 3; figs. S7–
S15), albeit with limited support in some traits likely due to
small sample sizes in our data set (Boettiger 2012). High
subclade disparity relative to the null, in general, but particu-
larly toward the present, further supports that lineages in dif-
ferent subclades have increasingly diversified in ecological
niche and phenotypic trait space toward the present but
also that lineages have reinvaded similar trait spaces inde-
pendently (Harmon et al. 2003; fig. 3). Increasing relative
subclade disparity in phenotypic and ecological traits has

been seen to a more limited extent in some adaptive radia-
tions (Boucher et al. 2012; Muschick et al. 2012), but the
striking increases observed in our study are noteworthy and
suggest rampant diversification and independent convergent
evolution.
Increasing niche diversity, seen particularly in vegeta-

tive niche traits, was likely created by climatic events driv-
ing sand plain and dune system development in the Aus-
tralian arid zone (Fujioka et al. 2009; Fujioka and Chappell
2010; Hesse 2010), which are also linked to speciation
events in the C. maculatus species complex (fig. 2). Dune sys-
tems can vary dramatically in vegetation cover, resulting in
variation in the extent of open sand swathes and sand move-
ment (Hesse and Simpson 2006), but dunes tend to harbor
sparser vegetation than sand plain habitats, which are char-
acterized by shallow stable sands and thicker vegetation
(Mabbutt 1968).

Ecological Adaptation and Social Signal
Evolution as Drivers of Diversification

Our study represents the first of its kind to quantify ecolog-
ical niche and phenotypic evolution in Australian desert

Table 4: Results of tests for correlated evolution between ecological and phenotypic data sets for the two main axes of variation

Climate Vegetation Soil

Sex, data set, axis 1 2 1 2 1 2

Female:
Ecomorphological traits:

1 2.10B .02B 2.07B 2.05B .24B 2.10B

2 .04B 2.06A .09A 2.07A 2.03B 2.06B

Dorsal marking traits:
1 .51**,B .10B .34*,B .14B 2.08B .26B

2 .03A .30*,B 2.10A .45*,A .60**,B .003A

Male:
Ecomorphological traits:

1 2.10B 2.03B 2.05B 2.10B .02B 2.09B

2 .35*,B 2.10A .45*,A .00B .02A .28A

Dorsal markings traits:
1 .85***,B .17B .15B 2.05B .03B .11B

2 2.04A .23B 2.03A .11A .07B .36*,A

Visual signaling traits:
1 .11A 2.17A .52**,A 2.11A 2.11A .19A

2 .01A 2.10A .22A 2.11A 2.08A .19A

Chemical signaling traits:
1 .08B .64**,B .50**,B .08B .00B .35*,B

2 2.04B 2.10B 2.09B .14B 2.07B 2.10B

Note: Results are reported from analyses either correcting for phylogenetic signal where warranted (indicated by a superscript A), as indicated by significant
phylogenetic signal in regression residuals (table S12), or alternatively uncorrected analyses (indicated by a superscript B). For phylogenetically corrected analyses,
shown are average adjusted R2 values across 1,000 trees from the posterior distribution, with significant relationships shown in boldface. Average adjusted R2 values are
shown for uncorrected analyses.

* P ≤ .05.
** P ≤ .01.
*** P ≤ .001.
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taxa, despite the fact that for many taxa (reviewed in Byrne
et al. 2008), and especially the amphibolurine agamids
(Melville et al. 2001; Harmon et al. 2003), the creation of
these habitats has been qualitatively inferred as a driver of
diversification. Moderate to strong evolutionary correla-
tions among ecological niche traits, vegetation niche partic-
ularly, and all phenotypic traits suggest that a recent burst
of phenotypic diversification in ecomorphological, dorsal
marking, and visual and chemical social signaling traits is
adaptive (table 4). The lack of an evolutionary correlation
between ecological factors and ecomorphology in females,
which is present in males, may reflect lower sampling in
females (Harmon and Losos 2005); however, ecomorpho-
logical associations with habitat have been found to be
stronger in male lizards (Herrel et al. 2002). Limited evi-
dence for correlated evolution between ecomorphological
traits and ecological factors compared to other phenotypic
traits could reflect slower rates of ecomorphological evolu-
tion compared with other phenotypic traits (Streelman and
Danley 2003) or divergent functional roles among pheno-
typic traits (Cheverud et al. 1989). Both are supported by
a lack of correlated evolution between ecomorphology
and other phenotypic traits (both sexes). Ecomorphological
evolution in lizards is often driven by natural selection on
locomotory performance in different habitats (Garland and
Losos 1994; Melville and Swain 2000; Herrel et al. 2002;
Goodman et al. 2009). We hypothesize that the relationship
with vegetation observed here reflects repeated evolution
of different body forms in open dune habitats versus more
heavily vegetated sand plain habitats (Mabbutt 1968; Hesse
and Simpson 2006) and that ecological selection is stronger
on males than it is on females.

While evolution in dorsal marking traits in amphibol-
urine agamids is considered constrained by natural selec-
tion and related to predator avoidance (Stuart-Fox and

Ord 2004), other studies have shown that dorsal color
and pattern complexity may be under strong sexual selec-
tion (Chen et al. 2012, 2013). Correlated evolution between
dorsal marking characters and climate and soil (both sexes)
and vegetation (females only; table 4) suggests natural se-
lection influences dorsal markings in theC. maculatus com-
plex. Dorsal coloration in lizards signals early adaptive spe-
ciation driven by soil color (Rosenblum 2006; Rosenblum
et al. 2007; Rosenblum and Harmon 2010) and is subject
to local adaptation (Stuart-Fox et al. 2004). Ecologically
driven divergence is also supported by the substantial dif-
ferences in background coloration observed between C. mac-
ulatus lineages (fig. 1), which are likely driven by soil color
variation across the sand plains and dunes of southern
Australia (Nanson et al. 1992; Pell et al. 1999). Sexual differ-
ences in the strength of ecological selection in dorsal mark-
ing traits, shown here in the broader association between
ecological and dorsal marking traits in females relative to
males, have also been observed in other amphibolurines
(Stuart-Fox et al. 2004), suggesting selection for crypsis is
stronger in females.
Alternatively, differences between the sexes may reflect

different functional roles, in that dorsal marking complex-
ity in males may also function in social signaling (Chen
et al. 2012, 2013). Correlated evolution of chemical social
signaling traits with visual social signaling and dorsal mark-
ing traits supports a common male social signaling role
for these traits, but it could also indicate simultaneous
and multifarious ecological selection (e.g., Rosenblum and
Harmon 2010; table 4). The implication that ecological
factors mediate the evolution of social signaling traits in
lizards (chemical: Alberts 1992; Iraeta et al. 2011; visual:
Endler 1992, 1993; LeBas and Marshall 2000) is supported
by the evolutionary correlation between all ecological fac-
tors and chemical signaling traits and between vegetative

Figure 4: Proportions of variance independently explained by the environment (white), spatial overlap (dark gray), and the phylogenetic
relationships among lineages (light gray) are shown for chemical (A) and visual (B) signaling traits. Circle overlap shows the proportion
of variance explained by combinations of these factors, with unexplained variance listed outside circles.
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niche and visual signaling traits in the C. maculatus species
complex (table 4). Chemical signaling traits in lizards have
been noted to covary with precipitation regime, which is
hypothesized to impact the stability of volatile chemical
cues delivered through these structures (Iraeta et al. 2011).
We see evidence of this in the C. maculatus species com-
plex, with lineages occupying semiarid habitats showing
both larger and more extensive chemical signaling traits
than lineages occupying arid habitats. Adaptive evolution
of visual social signaling traits with vegetation could reflect
natural selection on visual signal transmission related to
habitat openness (Endler 1992, 1993) or substrate reflec-
tance (LeBas and Marshall 2000). Regardless of the specific
ecological mechanism, ecological divergence mediates so-
cial signaling trait evolution in C. maculatus lineages, likely
by acting on the delivery and perception of those signals in dif-
ferent ecological contexts.

Still, given that chemical signaling traits are linked to
conspecific chemosensory cues involved in territory mark-
ing and mate choice (Cooper 1994) and that evolution in
visual signaling and dorsal marking traits has been linked
to sexual selection (LeBas and Marshall 2000; Stuart-Fox
and Ord 2004; Chen et al. 2012, 2013), a role in social in-
teractions for these traits cannot be excluded. Considering
that lineage parapatry does not explain variation in either
dorsal marking or chemical signaling traits (fig. 4), this
could mean that these traits are involved in social interac-
tions between conspecifics in specific environments or that
they are purely adaptive in nature. Alternatively, our re-
sults clearly show that variation in visual social signals, rather
than being explained by purely ecological selection (e.g., Ng
et al. 2013) or the phylogenetic relationships among taxa,
are better explained by the spatial overlap between lineages
(fig. 4). Spatial overlap between lineages, a proxy represent-
ing the opportunity for interactions between lineages, thus
potentially illustrates trait divergence in response to premat-
ing reinforcement of lineage boundaries (West-Eberhard
1983; Butlin 1987), as has been found in other lizards (i.e.,
Robertson and Rosenblum 2009), and supports our predic-
tion that social interactions between lineages promote diver-
gence in visual signaling traits but with some ecological ef-
fects. Without information on the presence of coevolving
divergent female preferences and visual social signals and
how this relates to the incidence of hybridization, it is dif-
ficult to explicitly infer an interaction between ecological
and sexual selection here. However, reinforcement is often
evidence for sexual selection for good genes (Maan and See-
hausen 2011). Our results suggest that, in this case, ecolog-
ically driven divergence among speciating lineages is rein-
forced via visual social signaling traits, themselves under
an element of divergent ecological selection, where ecologi-
cally distinct lineages have the potential to interact, thus ex-
plaining dramatic diversification in these traits.

Conclusions

While often considered in isolation, the combined effects
of adaptive and social signal evolution could be incredibly
important in organismal diversification. The Ctenophorus
maculatus species complex represents a group whose di-
versification is associated with the development and diver-
sification of arid sand habitats across southern Australia.
The creation of the arid zone coincides with the beginning
of a subsequent accumulation of increasingly divergent hab-
itats, particularly vegetative habitats, which have driven the
evolution of a multifarious suite of traits involved in maxi-
mizing locomotory performance, predator avoidance, and
social signaling. We speculate that differences in the role
of ecology and spatial overlap in chemical versus visual so-
cial signals could exemplify their differential roles in con-
specific versus interspecific signals, respectively. We also
suggest that boundaries among ecologically distinct line-
ages are reinforced by visual social signaling traits in par-
apatry. Contrary to previous studies, our results suggest that
a combination of adaptive evolution and social signal evo-
lution likely explain rapid diversification in amphibol-
urine agamids, thus highlighting the importance of empirical
studies on the evolution of ecological and social signaling
traits together. Furthermore, our study provides an empiri-
cal example supporting theories that sexual selection and
ecological selection alone are unlikely to lead to speciation
(Nosil et al. 2009; Servedio and Bürger 2014) and that the
potential for species interactions may be key to allowing
these two forces to work together.
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