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Recent radiations are important to evolutionary biologists, because they pro-

vide an opportunity to study the mechanisms that link micro- and

macroevolution. The role of ecological speciation during adaptive radiation

has been intensively studied, but radiations can arise from a diversity of

evolutionary processes; in particular, on large continental landmasses

where allopatric speciation might frequently precede ecological differen-

tiation. It is therefore important to establish a phylogenetic and ecological

framework for recent continental-scale radiations that are species-rich and

ecologically diverse. Here, we use a genomic (approx. 1 200 loci, exon cap-

ture) approach to fit branch lengths on a summary-coalescent species tree

and generate a time-calibrated phylogeny for a recent and ecologically

diverse radiation of Australian scincid lizards; the genus Cryptoblepharus.

We then combine the phylogeny with a comprehensive phenotypic dataset

for over 800 individuals across the 26 species, and use comparative methods

to test whether habitat specialization can explain current patterns of pheno-

typic variation in ecologically relevant traits. We find significant differences

in morphology between species that occur in distinct environments and con-

vergence in ecomorphology with repeated habitat shifts across the continent.

These results suggest that isolated analogous habitats have provided parallel

ecological opportunity and have repeatedly promoted adaptive diversifica-

tion. By contrast, speciation processes within the same habitat have

resulted in distinct lineages with relatively limited morphological variation.

Overall, our study illustrates how alternative diversification processes

might have jointly stimulated species proliferation across the continent and

generated a remarkably diverse group of Australian lizards.
1. Introduction
Understanding the processes that promote biological diversity is a major chal-

lenge in evolutionary biology. In this context, much has been gleaned from the

study of adaptive radiations; the rise of diverse ecological roles and phenotypic

disparity due to role-specific adaptations within a lineage [1,2]. Adaptive radi-

ations have drawn the attention of evolutionary biologists, because they

exemplify the mechanisms that link micro- and macroevolution. During an

adaptive radiation, ecological opportunity facilitates speciation and ecological

diversification [3,4]. Such ecological opportunity can arise when an isolated

area with a depauperate biota is colonized (i.e. islands or lakes) or when the

evolution of a key trait opens a new adaptive zone (i.e. key innovation) [5,6].

Young adaptive radiations in isolated geographical entities such as islands

or lakes are particularly well studied [7] and have highlighted the role of

ecological speciation [8] and sexual selection [9].

However, evolutionary radiations can be triggered by a wide range of biotic

and abiotic factors [10], and not all evolutionary radiations can be characterized

as adaptive radiations [1,2,11]. Allopatric speciation for instance, though unli-

kely to occur within a small island or lake, can be an important driver of
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Figure 1. Distribution of Australian Cryptoblepharus and the three habitat specialists. (a) Topographic map of Australia with the mean point of each species’
distribution plotted and coloured according to habitat type (for complete distribution maps, see [25]). In situ photographs of (b) arboreal, (c) littoral, and
(d ) rock specialists (green, blue, and red dots on the topographic map, respectively).
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evolutionary radiation on large continental landmasses.

Lineages within a new region might diversify via allopatric

speciation when an ancestral species crosses a geographical

barrier or when habitats become fragmented following a

climatic shift [10]. Speciation in such geographical isolates

can be driven via means other than ecologically mediated

divergent selection and precede significant ecological differ-

entiation. Ecological differentiation could subsequently still

arise in isolation, or via character displacement between

reproductively isolated lineages that come into secondary

contact. Thus, processes other than ecological speciation can

promote evolutionary radiation at a continental scale and

even generate patterns that resemble adaptive radiation

[11]. Indeed, the study of continental-scale radiations has pro-

vided wonderful examples of species proliferation and

adaptive phenotypic change across major taxonomic groups

[12–16]. Yet it can be challenging to identify the key evol-

utionary processes that have promoted speciation in such

older radiations. It is therefore important to establish a phy-

logenetic and ecological framework for recently emerged

continental clades that are widespread, species-rich, and eco-

logically diverse. The study of such recent radiations can

ultimately provide further insight into the factors that have

shaped macroevolutionary patterns across a continent

[10,11,17–20].

The study of species diversification and phenotypic radi-

ation has greatly benefited from the development of

phylogeny-aware comparative methods and molecular

approaches to generate large sequence datasets [4,21]. The

phylogenetic structure underlying rapid radiations has been
notoriously difficult to resolve due to a lack of phylogenetic

signal or incongruence in phylogenetic history between loci

[20–22]. This observed discordance emphasizes the need to

use multi-locus datasets for species tree inference and

to incorporate coalescent-based methods that account for

heterogeneity in coalescent histories [23]. In addition, analys-

ing large numbers of genetic markers will also optimize

branch length estimation and this increase in accuracy is par-

ticularly relevant for comparative analyses [24]. With a

complete phylogeny in place and information on contempor-

ary phenotypic variation, patterns of adaptive diversification

can be identified by comparing the fit of distinct models of

phenotypic change [13]. In this study, we use a phylogenomic

approach to generate a time-calibrated ultrametric tree for a

recent radiation of Australian lizards, and subsequently

employ comparative methods to test how habitat specializ-

ation may have influenced morphological diversification in

the course of this radiation.

Skinks of the genus Cryptoblepharus have radiated across

the entire Australian continent (figure 1a) while simul-

taneously colonizing different scansorial habitats (rocks

and trees; figure 1b,d ) which are largely unoccupied by

other species of the rich diurnal lizard fauna. Furthermore,

although terrestrial habitats are dominated by other genera

of ground-dwelling skinks, there are three littoral species of

Cryptoblepharus that are found in close association with rocks

on beaches (figure 1c)—another unique habitat. A recent taxo-

nomic revision using 45 (allozyme) loci and 33 morphological

markers increased the number of recognized Australian

species from seven to 25 [26,27]. Although this analysis was
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unable to resolve the phylogeny of the genus, a recent phyloge-

nomic analysis revealed that rock and arboreal specialists are

dispersed across the phylogeny [28]. Interestingly, the geo-

graphical distributions of rock and arboreal specialists are

often overlapping and many instances of sympatry have

been reported [27]. This genus therefore provides an excellent

opportunity to study the role of habitat specialization in

promoting adaptive diversification at a continental scale.

The overarching goal of this study is to examine the ecologi-

cal context of diversification of Australian Cryptoblepharus with

a combined assessment of morphological, ecological, and phy-

logenetic patterns. Specifically, we focus on whether habitat

specialization can explain current patterns of phenotypic vari-

ation in ecologically relevant traits. A statistical correlation

between phenotype and environment is a first indication of

adaptive diversification, but here we build further upon a

rich literature of ecomorphological research in lizards

[25,29–31]. By explicitly focusing on traits that are known to

improve performance within specific habitats [3], we examine

the adaptive consequences of habitat specialization and

quantify convergent change across the Australian continent.
2. Material and methods
(a) Taxon sampling for phylogenetic inference
A previous allozyme and morphological analysis identified 28

lineages of Australian Cryptoblepharus [26], of which 25 were

recognized as separate species. Three genetically divergent

lineages were morphologically, ecologically, and geographically

indistinguishable—two in C. ruber and one in C. tytthos—and

were therefore not elevated to species status. We selected a

single representative for each of the 28 lineages using mostly

the same individuals as examined allozymically by Horner &

Adams [26], except where tissues were depleted. For those

species, we used recently collected field samples where species

identification was verified based on morphological character-

istics and a mitochondrial marker (ND2). Further details can be

found in Blom et al. [28].

(b) Exon capture
We used a custom-designed exon capture approach [32], to gen-

erate a large multi-locus dataset of orthologous genetic markers

suitable for phylogenetic inference. The designs of the exon cap-

ture kit, sequencing strategy, and sequencing success, are

outlined in detail in Blom et al. [28] and references therein.

Briefly, our capture design included exon-targets based on ortho-

logues from seven transcriptomes of three genera closely related

to Cryptoblepharus (Carlia rubrigularis, Lampropholis coggeri, and

Saproscincus basiliscus; [33]). We used an in-solution hybridiz-

ation capture (Roche NimbleGen) and sequenced (100 bp

paired-end) the enriched libraries on a single Illumina HiSeq

2000 lane. We filtered and assembled the sequence data using

a workflow that was described previously by Singhal et al. [33]

and is available at https://github.com/MVZSEQ.

We have developed and applied a flexible bioinformatic

workflow for alignment and alignment filtering of exonic

sequences, EAPhy (v. 1.1, [34]). EAPhy automatically aligns

sequences using MUSCLE (v. 3.8.31, [35]), performs checks to

ensure coding of amino acids and removes missing data from

the end of the alignments. EAPhy assesses each alignment indi-

vidually and automatically generates either locus-specific or

concatenated alignments. We only concatenated loci where

each lineage with morphological data was present and the

alignment of each individual locus was longer than 150 bp.
(c) Phylogenetic inference
Estimating a species tree is particularly challenging for rapid

radiations [22,36]. We have previously employed summary-

coalescent methods and a thorough gene tree estimation

sensitivity analysis to infer the Cryptoblepharus species tree top-

ology [28]. In brief, we first screened loci based on gene tree

resolution and subsequently quantified the impact of stochastic

gene tree estimation error on summary-coalescent species tree

inference. Here, we use the inferred species tree topology that

was well-supported across analyses. However, we excluded two

lineages from the dataset for which no morphological measure-

ments were available (sub-species: C. pulcher clarus and a

divergent lineage of C. tytthos—‘carnA4’ in Horner & Adams [26]).

We generated an ultrametric tree from the concatenated

alignment with BEAST v. 2.1.3 [37], while constraining the top-

ology to that of the species tree (sensu [28]) and therefore only

fitted branch lengths. We used a GTR þ G substitution model

with four G rate categories, a strict clock, and estimated each sub-

stitution rate from the data. In the absence of suitable fossil

calibrations or a previous estimate of crown age for the genus,

we scaled branch lengths from a number of expected substi-

tutions per site to years, using an empirically obtained

molecular clock estimation (0.001 substitutions/site/Myr) for

another genus of lizards within the same family (Scincidae,

[38]). We ran the BEAST analyses in duplicate with separate start-

ing seeds. Each analysis was run for 10 million generations and

we sampled chains every 10 000 generations. We discarded the

first 10% of trees as burnin, used TRACER v. 1.5 to check for con-

vergence, and LOGCOMBINER v. 2.1.3 to combine the posterior

sample of trees across runs. The ultrametric species tree was sum-

marized using TREEANNOTATOR v. 2.1.2. Lastly, we tested whether

the rate of lineage accumulation changed over time using the ltt
function in the R-package ‘Phytools’ [39].
(d) Morphospace construction
To examine phenotypic changes in Australian Cryptoblepharus, we

combined our species tree estimate based on genomic data with

the morphological characters recorded during the last major taxo-

nomic revision [27]. Horner [27] recorded complete metric and

meristic measurements for 863 Australian Cryptoblepharus speci-

mens. Morphometric measurements were taken under an

illuminated magnifying lens, with electronic digital calipers to the

nearest 0.01 mm. Across the 26 taxa for which morphological data

were recorded, the 863 individuals represented an average of 33

individuals per species and all species were represented by four

measurements or more (electronic supplementary material, table

S1). From the suite of characters recorded for the taxonomic revision,

we selected metric characters known or suspected to be relevant to

the habitats used by Cryptoblepharus [30]. These include snout–vent

length (SVL), forelimb length (FL), rear-limb length (RL), snout

length (SE), eye to ear length (CHEEK), ear to limb length (NECK),

head height (HH), and head width (HW). We used SVL as a measure

for overall body size and divided the head length estimate into three

separate metrics (SE, CHEEK, NECK) to account for differences that

might not be appropriately captured by head length alone. To ident-

ify size-independent axes of trait variation, we calculated residual

values from phylogenetic regressions of each log-transformed trait

against log-SVL. For each trait, we first calculated the mean species

values and then used the function phyl.resid (Phytools; [40]), to

infer the size-independent trait values. We used the l correction to

avoid bias due to non-Brownian evolution, during the estimation

of the phylogenetically corrected regression.

To identify the major axes of variation and reduce the multi-

dimensionality of the data, we used a phylogenetic principal

component analysis (pPCA) on the size-corrected species trait

data (all traits excluding SVL), while simultaneously optimizing

l ( phyl.pca, Phytools). We used a scree plot to visualize and

https://github.com/MVZSEQ
https://github.com/MVZSEQ
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examine the amount of variation explained by each individual

component. The first two components jointly explained over

85% of the variation in the data and were retained for further

in-depth analysis.

We examined the degree of morphospace occupied by each

habitat type, using a three-dimensional phylomorphospace plot

( phylmorphospace3d, Phytools) where each axis represents a trait

that loaded strongly on PC1. By plotting the size-corrected

residual scores for each species, superimposing phylogenetic

relationships, and highlighting species by habitat type, the phy-

lomorphospace plot illustrates morphological variation between

and within habitat types for the traits that jointly explained

most phenotypic variation. In addition to visualizing habitat

specific differences in phylomorphospace, we also estimated

the degree of phenotypic disparity between all species combined

and within each habitat type, by calculating the average squared

Euclidean distance among all pairs of PC1 scores using the

disparity function from the R-package ‘Geiger’ [41].

(e) Associations between morphology and habitat
We examined whether trait values along the two major axes of

trait variation differed between species occurring in different

habitat types (rock, arboreal, and littoral). We used a multi-

variate analysis of variance (MANOVA) with habitat as a

predictor variable and the species’ PC scores for the first two

components as the dependent variables. To conduct a

MANOVA in a phylogenetic context, we used the aov.phylo func-

tion (1 000 simulations, Wilks’ l) in Geiger. We subsequently

examined differences for each individual PC separately. Based

on 1 000 simulations, we calculated the probability of

the observed differences in PC scores between each group

( phylANOVA, Phytools).

The ANOVA for each PC provides an overall view of differ-

ences along the two major axes of trait variation between species

occurring in different habitats. However, to examine changes

in individual morphological traits, we repeated the phylo-

ANOVA’s using the size-independent residual scores from

phylogenetic regression for each individual trait. Lastly, we

also tested differences in overall size (SVL) by comparing the

log-transformed species means.

( f ) Morphological evolution
To assess whether habitat shifts can explain current patterns of

phenotypic diversification, we used two different approaches to

estimate the evolutionary trajectory of phenotypic change.

Firstly, we quantified whether morphology varies following a

Brownian Motion (BM) process, where phenotypic differences

accumulate at random with time, or whether morphological

diversification is constrained around one or more optima (OU,

Ornstein–Ühlenbeck process). Recent expansions in the class of

OU models allow variable rates and strengths of selection

around the trait optima [42]. However, parameter estimation in

such complex models requires large numbers of taxa [42].

Because the number of Cryptoblepharus species and the frequency

of habitat shifts are relatively limited, we only evaluated the pres-

ence or the absence of multiple phenotypic optima rather than

estimating selection strength as well. We first estimated ancestral

states for each internal node (rerootingMethod, Phytools) and then

used the R-package OUwie [42] to fit three distinct models of

character evolution on PC1 scores. We fitted a single rate BM

model (BM1) and OU models with either a single optimum for

all species (OU1) or with multiple optima, but single rates of

selection (a) and stochastic motion around all optima (s2).

Secondly, we evaluated whether independent lineages con-

verged on similar phenotypic optima by using a comparative

approach implemented in R. SURFACE [43] uses a stepwise cor-

rected AICc (Akaike’s information criterion corrected for sample
size) approach to fit Hansen models and evaluates the most opti-

mal set of evolutionary regimes and regime shifts. SURFACE

analyses consist of two distinct phases; a ‘forward’ phase during

which regime shifts are added to the tree and a ‘backward’

phase during which shifts towards the same peaks are identified

and collapsed. The addition and collapsing of shifts is reiterated

until AICc scores cease to improve. SURFACE can identify cases

of convergence across a clade without the subjective a priori desig-

nation of candidate convergent taxa, and only takes the

phylogeny and multidimensional trait data as input. We ran SUR-

FACE on the size-corrected residuals for each log-transformed

trait and log-transformed species means for SVL. Finally, to visu-

alize how species that belong to distinct regimes differ in

phenotype, we plotted the size-corrected residual scores for each

species in two-dimensional trait space across all traits that were

inferred as significantly different between regimes.
3. Results
(a) Phylogenetic analyses
We used 1 195 loci (618 860 bp) and an empirically estimated

molecular clock to generate a time-calibrated ultrametric tree

(figure 3a). We fitted branch lengths on a summary-coalescent

species tree that is well supported, except for the node that

involves C. zoticus and C. mertensi. This analysis infers that Aus-

tralian Cryptoblepharus have diversified recently, within the last

10 million years overall, across the Australian continent. Two

distinct clades, with 11 and 15 taxa, respectively, have prolifer-

ated since the Pliocene and rock and arboreal specialists have

emerged within each radiation. The species accumulation

rate was elevated during the beginning of the continental radi-

ation and then decreased over time (g ¼ 22.070, p ¼ 0.04;

electronic supplementary material, figure S1).
(b) Morphospace and association with ecology
The main variation in size-corrected morphology was between

species from different habitats and in particular between rock

and other specialists. This is shown by the separation of the

rock species from all others along the first axis of the PCA

(figure 2a). PC1 (66.45%) and PC2 (18.93%) jointly explain

over 85% of all morphological variation, but only PC1 is sig-

nificantly correlated with habitat type (phylogenetic

MANOVA on both PC1 and PC2, d.f. ¼ 2, Wilks’ l ¼ 0.13,

p , 0.01; phylogenetic ANOVAs on PC1, d.f. ¼ 2, F ¼ 59.19,

p , 0.01, and on PC2, d.f. ¼ 2, F ¼ 1.43, p ¼ 0.40). PC1 loads

strongly on fore- and hindlimb length and HH (electronic sup-

plementary material, table S2), suggesting that species that

occur on rock substrates tend to have longer limbs and a

more compressed head shape than species that occur on

trees or in a littoral habitat. PC2 loads most strongly on features

pertaining to head length but does not correlate with habitat

type (electronic supplementary material, table S2).

In addition to assessing the correlation between mor-

phology and habitat type along the two major axes of trait

variation (i.e. PC1 and PC2), we also employed phylogenetic

ANOVAs and post hoc t-tests to examine differences in

individual traits. The overall pattern observed is similar for

HH, with species that occur on rock substrates having dor-

sally compressed skulls (d.f. ¼ 2, F ¼ 28.12, p , 0.01) and

no difference between arboreal and littoral specialists

(d.f. ¼ 2, T ¼ 20.06, p ¼ 0.97). Rock and arboreal species con-

sistently differ in limb length (forelimb, d.f. ¼ 2, T ¼ 28.78,
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p , 0.01 and hindlimb, d.f ¼ 2, T ¼ 27.35, p , 0.01).

Whereas (ground-dwelling) littoral specialists have similar

scores for PC1 as arboreal species, phylogenetic ANOVA of

individual traits show that the former have significantly

longer hindlimbs than their arboreal counterparts (d.f. ¼ 2,

T ¼ 23.24, p ¼ 0.04), but do not differ from rock specialists

(d.f. ¼ 2, T ¼ 21.88, p ¼ 0.23). Arboreal and littoral species

did not differ in FL (d.f. ¼ 2, T ¼ 22.20, p ¼ 0.10). There

was no significant correlation between habitat and any

other trait (SVL, HW, SE, CHEEK, or NECK).

Significant differences between habitat types in the three

divergent traits (fore-, hindlimb, and HH) are apparent

when mean species scores are visualized in morphospace

(figure 2b). Most notably, arboreal species tend to cluster clo-

sely and rock species are clearly distinct in terms of HH,

regardless of phylogenetic association between species.

These results were confirmed when comparing morphologi-

cal disparity metrics, which were more than twofold lower

for the arboreal species (electronic supplementary material,

table S3) than for the other habitat categories.

(c) Morphological evolution
An OU model with multiple phenotypic optima (OUM: AICc

score 2121.54) was substantially better supported than a BM

(AICc score 273.38) or OU1 model (AICc score 278.43),

suggesting that there is more than one phenotypic optimum

for traits that strongly load on PC1. The estimated optima

were found within the values realized for the extant species

(electronic supplementary material, table S4), indicating that

the model is a realistic description of current morphological

patterns and is not negatively biased by factors of uncertainty

such as potentially spurious ancestral state reconstruction. In

addition, the standard errors around the optima reflect the

observed variation in morphospace and disparity metrics for

each habitat category, further confirming that the inferred

optima of the model represent realistic differences between

habitat specialists (electronic supplementary material, table S4).

Having inferred multiple phenotypic optima, we tested

whether independent lineages converged on the same
optima and quantified the frequency of such shifts. The

Hansen model returned by the SURFACE analysis highlights

the presence of two regimes and four convergent regime

shifts. The AICc score improved by 29.34 units during the for-

ward phase and by another 25.6 units during the backward

phase. The AICc score for the final model suggests that the

phenotypic data match an OU model with two phenotypic

optima much better than a similar model under BM or an

OU model with a single optimum (electronic supplementary

material, figure S2), and is therefore consistent with the result

from the OUwie analysis.

The two optima identified coincide with phenotypes that

match species found on either an arboreal or a rock substrate,

with the four regime shifts corresponding to transitions from

trees to rocks (figure 3a). However, and interestingly, two of

the seven rock species did not converge in overall phenotype

with the other saxicolous species, nor did littoral specialists

occupy a distinct phenotypic optimum (figure 3a). Instead,

the two rock (C. zoticus and C. ustulatus) species in question

and all three littoral specialists (C. l. litoralis, C. l. horneri,
and C. gurrmul) belong to the same regime as the arboreal

specialists. When focusing on the three functional traits that

are distinct between rock and other specialists, it is apparent

why these species are matched to the arboreal regime by the

SURFACE analysis. Whereas the two rock species are conver-

gent in HH with other rock species, the length of their limbs

is not (figure 3b). Furthermore, as previously identified with

a phylogenetic ANOVA, littoral species differ in the length of

their hindlimbs but not in any other trait (figure 3b).
4. Discussion
(a) Habitat specialization
Cryptoblepharus skinks are the most prominent scansorial

specialists within the most species-rich family of lizards in

Australia and globally (Scincidae). Species that occur on distinct

substrates differ significantly in functionally relevant phenoty-

pic traits and our analyses suggest that the evolutionary
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scores from phylogenetic regression are plotted for each of the traits that were identified as distinct and coloured by their inferred convergent regime. Non-arboreal
species that belong to the arboreal regime are highlighted with a coloured dotted circle. Two rock specialists have not converged on the same adaptive peak as the
other rock dwelling species. These species are convergent in terms of HH, but have relatively short limbs. The three littoral species only differ from the arboreal
specialists in hindlimb length and are likely therefore not identified as a separate adaptive peak.
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trajectories of such traits have changed in a predictable direc-

tion based on biomechanical performance tests in other

lizards [30,31]. Rock species of Cryptoblepharus occupy steep

sandstone escarpments, where they move rapidly on perpen-

dicular cliffs and hide in shallow crevices between the rocks.

The reduction in HH enables species to shelter in narrow

cracks, sometimes just a few millimetres wide. Arboreal

species however, tend to move up into trees and hide between

the foliage, and likely do not experience a similar degree of

selection for reduced HH. The increase in limb length of rock

species aids locomotion on flat vertical surfaces by maintaining

the centre of mass (and balance) close to the substrate. By con-

trast, long legs might present challenges for arboreal lizards by

increasing the distance between the centre of mass and perch

[44]. The littoral species, that tend to climb less than arboreal

and rock specialists, mostly resemble arboreal species except

for the length of their hindlimbs, in which they are more similar

to rock species (figures 2b and 3b). Whereas scansorial species

tend to rely equally on fore- and hindlimbs for locomotion,

ground-dwelling lizards are expected to have relatively long

hindlimbs since they mostly use their back legs to thrust for-

ward for movement in a horizontal direction [45]. Overall,

the morphology of Cryptoblepharus skinks tends to match

habitat closely, such that these variants can be considered

as ecomorphs.
(b) Convergence
Morphological differences are not only correlated with

environment, but they also have evolved independently
and resulted in at least four convergent shifts towards the

same phenotypic optimum (figure 3a). Given the strong cor-

relation between habitat and functionally relevant traits, the

trait value optima of the SURFACE regimes can be inter-

preted as adaptive peaks for an arboreal and a rock

ecomorph. Interestingly, on visual inspection of the three-

dimensional phylomorphospace plot (figure 2b) and the

phenotypic disparity metrics, the phenotypic variation sur-

rounding the adaptive peaks is more limited for the

arboreal type than the rock type. Even though there are less

than half as many rock as arboreal lineages (7 versus 16),

and both ecomorphs span the phylogeny, phenotypic dis-

parity between the rock species is twofold greater than

between the arboreal lineages (electronic supplementary

material, table S3). Although we are unable to accurately esti-

mate the strength of selection surrounding phenotypic

optima with a limited number of species [42], this prominent

difference in phenotypic disparity within ecomorph groups

might indicate that the strength of selection is more variable

towards the rock optimum and more stringent for arboreal

species. This is exemplified by C. zoticus and C. ustulatus;

the two rock species that were identified as belonging to

the arboreal regime by the SURFACE analysis. These species

are clearly convergent with other rock species for HH

(figures 2b and 3b), but their fore- and hindlimbs are rela-

tively short compared to other rock species (figures 2b and

3b) and in particular C. fuhni, the rock specialist with the

most pronounced degree of limb elongation [27]. Further eco-

logical studies and performance tests should investigate

whether this difference has any consequence in terms of
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locomotion performance or whether this is mitigated by

alternative use of a similar habitat [46]. Similarly, the three lit-

toral species are joined with the arboreal regime because the

difference in hindlimb length alone is not significant enough

to identify a separate adaptive peak. Previous simulation

analyses have confirmed that SURFACE performs well

with datasets that include multiple convergent traits, but

instances of convergence were not always identified with

single (convergent) traits [43]. Thus, even though these two

rock and three littoral species significantly differ along

specific trait axes from arboreal types, they have not been

diagnosed as distinct.

Examples of lizard species that have repeatedly adapted

to rock environments and converged in limb length and

head depth, have been reported previously (i.e. [47]). How-

ever, the frequency of convergence within this recent

radiation of Cryptoblepharus is striking and likely correlated

with the rapid spread across the Australian continent. Inde-

pendent adaptive peak shifts between arboreal and rock

habitat have occurred in isolated sandstone ranges that are

surrounded by vast stretches of savannah woodland or

desert. It is unlikely that low-dispersal rock specialists can

easily migrate across such distinct habitats, such that these

sandstone ranges resemble islands in a sea of unsuitable habi-

tat where parallel evolutionary change has resulted in

convergent ecomorphological lineages. These repeated con-

vergent outcomes in functional traits strongly suggest that

adaptation to different habitats has promoted an increase in

ecological specialization and associated phenotypic disparity

in ecologically relevant traits between sister taxa [48]. Fur-

thermore, adaptation to distinct substrates has often

facilitated the sympatric coexistence of closely related

(sister) species [27]. In these respects, the recent radiation of

Australian Cryptoblepharus bears strong similarity to the

patterns that characterize adaptive radiations [2,3,49].
(c) Continental radiation
Our findings suggest that each of the two clades of Cryptoble-
pharus skinks have proliferated rapidly during the last

approximately 5 Myr (figure 3a) and have repeatedly devel-

oped phenotypic traits that are known to be of functional

importance within specific environments [30]. This strong

correlation between habitat and morphology underlines the

importance of ecologically mediated selection within this

system. Repeated habitat shifts have resulted in divergent

selection that has increased morphological disparity, while

uniform selection across geographical isolates on similar sub-

strates has likely limited morphological differentiation,

especially within the arboreal taxa. Indeed, the taxonomy of

Cryptoblepharus has traditionally been viewed as exception-

ally challenging due to the limited morphological

differences between species that occur in similar habitat.

Hence, many of these cryptic lineages were only identified

with the aid of genetic screening [26]. The presence of

strong selection, either uniform or divergent, can accelerate

the speciation process and is more likely to have promoted

species proliferation in this genus than neutral processes

[50] alone, especially given the recency of the radiation [51].

Interestingly, examination of the temporal pattern of diver-

sification suggests that the rate of species accumulation was

elevated during the beginning of the continental radiation

(electronic supplementary material, figure S1). Although this
is often interpreted as evidence of adaptive radiation

(i.e. ‘early-burst’ signal), processes other than initial niche fill-

ing could also result in a slowdown of diversification over time

[52]. Whereas a novel lineage on an isolated island or lake

might rapidly have access to all available niche space, it

might take a significant amount of time before a continental

clade has spread across all available habitats. Indeed, our

results indicate that habitat shifts have not predominantly

occurred in the beginning of the radiation, but both in the

deep and more recent past (figure 3a). The rapid accumulation

of lineages during the beginning of the radiation could there-

fore simply reflect geographical isolation following an early

range expansion, rather than initial diversification of niche use.

Our analyses highlight two seemingly contrasting pat-

terns of diversification: speciation within versus between

distinct habitat substrates. This suggests that the evolutionary

radiation of Australian Cryptoblepharus is not solely driven by

ecologically mediated divergent selection, as observed in

some sympatric systems that reside on isolated islands or

lakes [8,9], but rather parallels another enigmatic radiation,

the Anoles of the West Indies [31]. Anolis lizards have

radiated spectacularly and many distinct ecotypes occur in

sympatry on islands across the Caribbean basin. However,

there is no direct evidence that ecological specialists have

emerged in sympatry and within-island cladogenesis appears

to be limited to larger islands in the Greater Antilles, even

though some of the smaller islands exhibit the same degree

of environmental heterogeneity [31]. Furthermore, deep

intraspecific divergence within widespread species such as

A. cybotes [53] indicates that significant genetic differentiation

has accrued without extensive ecomorphological divergence

and highlights the potentially important role of macrohabitat

in the speciation history of Anolis lizards [54]. As such, with

contrasting patterns of differentiation between and within

habitat types, the continental radiation of Australian Crypto-
blepharus resembles the radiation of Caribbean Anoles and

perhaps many other continental (or large island, e.g. [55])

systems of different ages (i.e. [17,49]).

Whereas the radiation of Caribbean Anoles might span

40–60 Myr [31], the relatively young age of the Australian

Cryptoblepharus radiation invites further investigation into

the mechanisms that have promoted species diversification.

Of particular interest, is to understand whether the contrasting

patterns of phenotypic diversification within and between

habitats, also represent alternative speciation dynamics or

whether reproductive isolation has developed in a similar

manner and ecological differentiation has only occurred via

character displacement in secondary contact [11]. By model-

ling demographic and divergence history, future studies can

quantify the evolution of reproductive isolation between

lineages in ecologically similar refugia, such as has been

inferred for rainforest skinks from related genera [56]. Or alter-

natively, such studies can explicitly examine the geographical

context of diversification and gene flow [57], between ecomor-

phologically distinct young sister species with a parapatric

distribution (i.e. C. ruber and C. megastictus; figure 3a).

Hence, the outcomes of our study will function as a phylo-

genetic and ecological framework, and invite further

investigation into the proximate mechanisms that have

driven speciation within and between habitats.

The study of adaptive radiations within isolated insular

systems has provided important insights on the role of

ecology in driving species proliferation. However, it is
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important to ask to what extent similar mechanisms promote

the radiation of continental biota. Because it is challenging to

address this question by focusing on older radiations, the

evaluation of recent continental radiations can shed further

light on how commonly speciation precedes significant eco-

logical differentiation. Our analysis of the Cryptoblepharus
radiation for instance, highlights the importance of ecological

selection both within and between habitat types, but simul-

taneously suggests that species proliferation is not driven

by divergent selection alone. The importance of examining

other recent widespread radiations (e.g. the Sigmodontinae
of South America [58,59]) is therefore evident and will

inform our general understanding on the process of con-

tinental diversification. As such, the study of recent

radiations can provide a window into the origin of biodiver-

sity and how microevolutionary processes ultimately induce

macroevolutionary change at a continental scale.
:
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