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Late Cenozoic stepwise aridiﬁcation has transformed Central Asia into an arid environment, and the Pleistocene
climatic oscillations exerted further ecological impact. Therefore, both aridiﬁcation and glaciation would have
considerably inﬂuenced the evolution of many midlatitude species in arid Central Asia (ACA). However, strong
biotic evidence supporting this role is still lacking. Here, we test this perspective using a phylogeographic study
of Eremias velox, which is an arid-adapted lizard, across ACA using sequences from mitochondrial cytochrome b
and 12S rRNA genes. Phylogenetic analyses of the concatenated data, including 595 specimens from 107 localities, revealed ten geographically correlated lineages that diverged by 1.1–15.4% for the cytochrome b gene
and 1.0–10.3% for the 12S rRNA gene, which were estimated to have coalesced ∼6.23 million years ago.
Ancestral area estimations suggested that E. velox originated from the Iranian Plateau and then dispersed into
Central Asia. The intensiﬁcation of aridiﬁcation across Central Asia during the Late Pliocene may have facilitated
the rapid radiation of this arid-adapted lizard throughout this vast territory. Subsequently, the geological events
(e.g., uplift of the Kopet-Dagh, Tianshan and Greater Caucasus Mountains) and glacial oscillations during the
Pleistocene triggered the progressive diversiﬁcation of E. velox. The most recent common ancestor of the
Caucasus-Central Asia clade was dated to approximately 2.05 Ma. Speciﬁcally, the diversiﬁcation between the
Caucasus clade (VI, VII) and the Central Asia clade (VIII, IX, X), and within the Central Asia clade may have been
established and partially maintained by repeated transgressions of the Caspian Sea during the Pleistocene and
Holocene. In contrast to demographic and/or range contractions in response to climatic changes during the Last
Glacial Maximum (LGM) of the populations (Clades VI and X) from the Caucasus-Central Asia clade, mitochondrial evidence and ecological niche modeling support the signature of demographic and range expansions
during the LGM for the Clade V populations (E. v. roborowskii, being endemic to the Turpan Depression). The
eﬀect of Pleistocene climatic changes on the historical demography of this arid-adapted species may be lineagespeciﬁc, depending predominantly on animal physiology and geography. Finally, we discuss the taxonomic
implications, such as the appearance of the Turkmenistan populations as a distinct species, and E. v. roborowskii
deserving a full species status.

1. Introduction
Geological events and climate ﬂuctuations have played key roles in
shaping the current patterns of genetic diversity on Earth (Hewitt,
2000, 2004). Spatial or temporal environmental heterogeneity is one of
the major drivers of population divergence (Wang and Bradburd, 2014)
and ultimately species diversiﬁcation (Coyne and Orr, 2004; Tews

⁎

et al., 2004). Consequently, a positive association between habitat
discontinuity (e.g., the occurrence of physical barriers) and intraspeciﬁc diversity (genetic structure and/or structured lineage distribution) is expected (Avise, 2000). In the same context, historically
stable habitats, which allow populations to remain in place over time,
are positively correlated with high levels of intrapopulation genetic
variability and demographic equilibrium (Carnavalet al., 2009). The
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diﬀerentiation and population dynamics.
The rapid racerunner, Eremias velox Pallas, 1771 belongs to the
Eurasian genus Eremias and is one of the most taxonomically complex
taxa within the Lacertidae family (Guo et al., 2011). As one of the most
typical and widespread desert lizards within ACA, E. velox occurs in a
variety of habitats from sand dunes and gravel deserts to plateau
mountains (Szczerbak, 1974, 1975, 2003; Zhao et al., 1999). This lizard
also has limited dispersal ability (Wang and Autumn, 1990). Thus, the
arid-adapted species E. velox can serve as an excellent model for investigating how geography and past climate changes aﬀected the evolution of biodiversity in ACA. However, morphology-based taxonomy
or molecular-based phylogeny techniques have previously failed to
congruently recognize the intra- or even interspeciﬁc diﬀerentiations of
this lizard. It is now widely recognized that E. velox constitutes a
complex assembly of more or less well separated populations and
subspecies. Traditionally, based on morphological traits, four geographically distinct populations were allocated subspecies statuses
(Eremchenko and Panﬁlov, 1999; Szczerbak, 1974, 1975, 2003). Several recent molecular phylogenetic studies (Liu et al., 2014; RastegarPouyani, 2009; Rastegar-Pouyani et al., 2012), using either mitochondrial markers (cytochrome b and 12S rRNA) or ISSR-PCR ﬁngerprints,
have identiﬁed seven geographically distinct lineages. Among these
lineages, three Iranian lineages and one Uzbekistan lineage were suggested either as species or subspecies, respectively, while the other
three were congruent with traditional morphological recognition, i.e.,
E. v. velox from most parts of Central Asia and western Xinjiang, China;
E. v. caucasia from eastern Transcaucasia, northeastern Russian Caucasus and western Kazakhstan; E. velox roborowskii from the Turpan
Depression in northwest China. Consequently, the lack of a comprehensive phylogenetic analysis of the lizard hindered the research on its
biogeography (Liu et al., 2014), and, hence, our understanding of the
evolutionary history of E. velox. To date, large gaps in geographic
sampling in Central Asia still exist for this species, especially in the
great arid landmass across Central Asia in Kazakhstan.
Our analyses were motivated by the goals to obtain a more detailed
picture of the genetic structure of the population and to trace the population history of E. velox across its distribution range. We used a
phylogeographic approach complemented with ecological niche modeling. Speciﬁcally, we aimed to (i) document the phylogeographic
structure and the timing of genetic diversiﬁcation within the rapid racerunner; (ii) reconstruct the center of origin and colonization routes;
(iii) explore the relationship between historical demographic changes
and past climate ﬂuctuations; and (iv) test GM expansion versus GM
contraction models for E. velox. Analyses of the mtDNA sequences tell
only one part of a potentially more complex story (Ballard and
Whitlock, 2004; Galtier et al., 2009), yet they provide valuable insights
into the evolutionary history of a species, including consequences of
habitat changes, impacts from climate ﬂuctuations, and divergence and
colonization. To incorporate the data published by Liu et al. (2014) and
especially the data from the Iranian Plateau (Rastegar-Pouyani et al.,
2012), we ampliﬁed the mitochondrial cytochrome b and 12S rRNA
genes in this study.

opposite situation is expected for areas that have been repeatedly exposed to Pleistocene climatic oscillations, during which populations
exhibit signatures of demographic decline or growth, depending largely
on the adaptation of organisms (e.g., environmental tolerance and
dispersal ability) (Avise, 2012).
One example of a dynamic and heterogeneous scenario is arid
Central Asia (also called the arid Asian interior, ACA, in this paper),
which accounts for one-third of the arid regions in the world, and the
processes of aridiﬁcation and Pleistocene glaciation cycles would have
had important evolutionary consequences for the biota in this area
(e.g., Jia et al., 2012; Melville et al., 2009; Shi et al., 2013). Arid Central
Asia ranges from approximately 35–53°N, stretching from the Caspian
Sea to the western border of China. This region covers the ﬁve postSoviet Central Asian countries, northern Iran and Afghanistan, northwest China, and the southern Mongolian Plateau. Late Cenozoic stepwise aridiﬁcation in Central Asia is thought to be one of the most
prominent climate changes in the Northern Hemisphere (An et al.,
2001; Guo et al., 2002; Sun et al., 2010). Aridiﬁcation of the ACA has
generally been linked to the Tibetan Plateau uplift (Guo et al., 2008),
Paratethys shrinkage (Bosboom et al., 2011; Zhang et al., 2007) and
global cooling (Lu et al., 2010; Miao et al., 2012; Tang et al., 2011). At
present, ACA is characterized by multiple landscapes, including
mountains, valleys and desert basins. Arid Central Asia also harbors one
of the world’s biodiversity hotspots, i.e., the Mountains of Central Asia
(Myers et al., 2000), suggesting a complex evolutionary history of the
local biota in this region. However, the ecological and evolutionary
consequences of the Late Cenozoic stepwise aridiﬁcation in Central Asia
have been much less examined from a phylogeographic perspective
(Garcia-Porta et al., 2012; Shi et al., 2013). In fact, the phylogeography
of the world’s arid regions has been studied very little in general (Byrne
et al., 2008).
Global cooling during the Pleistocene glacial maxima (GM) imposed
a further signiﬁcant impact on the evolution of biodiversity (Hewitt,
2000). The Last Glacial Maximum (LGM; 0.026–0.019 Ma) (Clark et al.,
2009) was an important climatic event characterized by low temperatures and precipitation in comparison to the current climate. The ranges
of temperate-adapted taxa are generally inferred to have contracted
during the LGM, as ice cover and unsuitably cold and dry climates
forced species into glacial refugia, from which they subsequently expanded as the climate warmed (Hewitt, 2004; Provan and Bennett,
2008). Despite the historical focus on locating glacial refugia, it has
become apparent that this model of GM contraction is not universally
applicable to biota from unglaciated regions or cold-adapted taxa in the
Northern Hemisphere (Galbreath et al., 2009; review by Kearns et al.,
2014), even to systems for which it might typically be assumed. For
example, the arid-adapted Grey Butcherbird (Cracticus torquatus) in
Australia was shown to ﬁt a model of GM expansion (Kearns et al.,
2014), which is contrary to the common assumption of contraction to
refugia. In addition, two recent studies of the temperate salamander
species Plethodon serratus and steppe and meadow vipers (Vipera ursinii
and Vipera renardi), rejected the universal applicability of the GM
contraction model to temperate taxa and reiterated the importance of
considering the natural history of individual species (Newman and
Austin, 2015; Zinenko et al., 2015). Given that the GM largely resulted
in the expansion of arid zones in ACA, at least in northwest China (Fang
et al., 2002; Lu et al., 2013; Yang et al., 2006), it could be expected that
arid-adapted species might have undergone demographic and range
expansion at the GM. Under the GM expansion model, range restrictions
and isolation might have occurred only during the short interglacial
times; thus, low genetic structuring should be expected between populations of arid-adapted species due to the short time spent in isolation. Examples are accumulating in the northwest China area of ACA,
lending some preliminary support to this idea (Cheng et al., 2017; Lv
et al., 2016; Wang et al., 2013). As such, widespread arid-adapted
species constitute a promising system to assess the joint eﬀects of
geographic complexity and glacial cycles on intraspeciﬁc population

2. Materials and methods
2.1. DNA extraction, ampliﬁcation and sequence analysis
We analyzed 595 specimens of Eremias velox collected at 107 sites
(Table S1; Fig. 1), from across its known distribution range. Of these,
155 specimens from 30 localities were taken from the studies of
Rastegar-Pouyani et al. (2012) and Liu et al. (2014). A detailed list of
information about all specimens and sequences is provided in Table S1.
Genomic DNA was extracted from ethanol-preserved liver or tail
tissue samples using the universal high-salt procedures (Aljanabi and
Martinez, 1997). Two mitochondrial genes coding cytochrome b (cyt b)
and 12S rRNA were ampliﬁed. Detailed ampliﬁcation and sequencing
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Fig. 1. Collection sites for the samples
of E. velox used in this study. Sites are
numbered as in Table S1 and clades
are highlighted by diﬀerent color. The
background outlines the current distribution of E. velox according to
Szczerbak (1974) and Sindaco and
Jeremcěnko (2008). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to
the web version of this article.)

China
India

et al., 2012) based on the concatenated dataset. Due to a lack of reliable
fossil evidence, we used secondary calibrations of robust divergence
time calculations, choosing a two-step approach similar to that employed by Brandley et al. (2010). First, in order to introduce the calibration points, we retrieved the cyt b and 12S rRNA sequences from
GenBank corresponding to 74 species in the Lacertidae family and one
outgroup species (Table S2). We randomly selected one representative
from each clade of E. velox reconstructed in the BI analyses (Fig. 2). We
then combined the dataset to date the most recent common ancestor
(MRCA) of E. velox. Models, priors and parameters are speciﬁed in
Table S3. We set nine calibration points with a normal distribution of
probability densities (Fig. S4). The ﬁrst calibration point, C1, representing the MRCA of the subfamily Lacertinae based on the result of
Pavlicev and Mayer (2009), was set at 13.75 ± 0.01 million years ago
(Ma). C2, based on the result of Tseng et al. (2014) on the divergence
times in the genus Takydromus, was set at 5.2 ± 0.9 Ma. For C3–C9, we
used calibration points for other lacertids, Gallotia and Podarcis, as
described in Tamar et al. (2016). In addition, we also employed the
mean sequence evolution rates of the cyt b and 12S rRNA genes (as
estimated in Carranza and Arnold, 2012) to cross-check the divergence
time estimates of diﬀerent taxa in the Lacertidae family.
In the second step, all sequences of E. velox were used to estimate
the split time of interior lineages with the above age estimate for the
MRCA of E. velox (6.23 ± 0.79 Ma). To ensure that the tree prior does
not have a negative impact on molecular dating (Ritchie et al., 2017),
we conducted analyses using two diﬀerent tree priors, birth-death
process and constant-size coalescent, for comparison with each other.
Models, prior settings and parameters are listed in Table S3.

methods followed Liu et al. (2014). All PCR products were commercially puriﬁed, and sequenced for double strands. Sequences were deposited in GenBank with accession numbers MG478510–MG479389.
All novel cyt b gene sequences were translated into amino acid sequences using MEGA v7.0.26 (Kumar et al., 2016) to verify the data. Six
outgroup sequences of Eremias lizards (E. argus, E. persica and E.
strauchi) were retrieved from GenBank (Table S2). The produced sequences were aligned using Clustal X v2.0 (Larkin et al., 2007). No
indel was found in cyt b matrices, while two indels were found in 12S
rRNA matrices when outgroup sequences were included. The general
characterizations of DNA variation and haplotypes were calculated in
DnaSP v5.0 (Librado and Rozas, 2009).
2.2. Phylogenetic analysis
We used Bayesian inference (BI) and maximum likelihood (ML) to
reconstruct phylogenetic relationships among the mitochondrial haplotypes. The dataset was ﬁrst partitioned by genes, with the cyt b gene
being separated into the following subsets: 1st, 2nd, and 3rd codon
positions. We further used PartitionFinder v1.1.1 (Lanfear et al., 2012)
to select the best partitioning strategy and the optimal nucleotide
substitution model for the dataset using the Bayesian information criterion (BIC). A summary of DNA partitions and relevant models as
determined by PartitionFinder is given in Table S3. Bayesian inference
analysis was conducted using MrBayes v3.2.2 (Ronquist et al., 2012).
Two independent runs were carried out with four Monte Carlo Markov
chains (MCMCs) for 20 million generations with parameters and
topologies sampled every 1000 generations. Convergence of the runs
was assessed by the standard deviation of split frequencies (< 0.01). A
50% majority-rule consensus tree and posterior probability (PP) of
clades were assessed by combining the sampled trees from the two
independent runs after a 25% burn-in phase. All ML analyses were
implemented in RAxML v8.2.4 (Stamatakis, 2014) under the
GTR + G + I model with 100 replicates with a complete random
starting tree. Bootstrap support (BS; Felsenstein, 1985) for the clades
was assessed with a suﬃcient number of pseudoreplicates (450), which
was automatically determined by using the default cutoﬀ threshold.
Additionally, the uncorrected p-distances of 12S rRNA and cyt b sequences were calculated with MEGA between and within each clade.

2.4. Ancestral area reconstruction
The possible ancestral range of E. velox was reconstructed by statistical dispersal-vicariance analysis (S-DIVA) and Bayesian binary
MCMC (BBM) analysis in RASP v3.2 (Yu et al., 2015). Following the
criteria used in Sanmartín (2003) and Shi et al. (2013), six areas were
considered on the basis of paleogeographical history and environmental
conditions in the distribution range of E. velox: (A) Iranian Plateau, (B)
Turkmenistan, (C) Turpan Depression, (D) Transcaucasia, (E) Ciscaucasia and adjacent western Kazakhstan, and (F) Uzbekistan, Kazakhstan
and northwestern China (Fig. 3). Thirty thousand trees previously
produced in the BEAST run for the whole dataset of E. velox were used
as the input ﬁle. Ten thousand random trees were selected after the ﬁrst
10,000 trees were discarded as burn-in. We ran both analyses with
default settings, except the number of maximum areas, which was set to

2.3. Molecular dating
We used a relaxed lognormal clock approach to estimate the divergence time of lineages as implemented in BEAST v1.7.5 (Drummond
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Fig. 2. Hypothesized relationships of E. velox
included in this study, illustrated by the 50%
majority-rule consensus tree resulting from partitioned Bayesian analyses. Bayesian posterior
probabilities and maximum likelihood bootstrap
values are shown. Colored alphabet labels correspond to clades referring to the Results and
Discussion, which can be used to interpret Tables
S1, S6 and S9. Representative photographs of
male adults show the dorsal and lateral diﬀerentiation among four clades. Eremias velox caucasia (Clade VII) was redrawn based on http://
www.lacerta.de/, photo by Torsten Panner. (For
interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web
version of this article.)

(see Fig. S1). Four subareas were deﬁned for E. v. velox: (i) western
Kazakhstan, (ii) southeastern Kazakhstan, (iii) Ily River Valley, and (iv)
Junggar Depression; and two subareas were considered for Clade VI:
Ciscaucasia and adjacent western Kazakhstan.

two in consideration of the limited dispersal ability of the lizard.

2.5. Population genetic analysis
We used DnaSP to calculate the number of haplotypes (nh), the
haplotype diversity (h), the nucleotide diversities (π) and the average
number of nucleotide diﬀerences (k) for each clade. We examined the
spatial distribution of genetic variation within E. velox lineages using
the analysis of molecular variance (AMOVA; Excoﬃer et al., 1992) in
Arlequin v3.5 (Excoﬃer and Lischer, 2010). The statistical signiﬁcance
of the variance components in the AMOVA was tested with 10,000
permutations. In addition, we employed the inverse distance weighted
(IDW) method to explore the geographic pattern of genetic diversity
visually with ArcGIS v10.2 (ESRI, Redlands, CA, USA). Furthermore, to
evaluate the genealogies of the haplotypes and their relatedness with
their geographic origin, the median-joining network (MJN) reconstruction method (Bandelt et al., 1999) was applied for the two
genetically deﬁned subspecies of E. velox (i.e., Clade X for E. v. velox,
Clade V for E. v. roborowskii) and the newly recognized Clade VI (see
Results). Due to the small sample sizes for the other seven clades, we
did not infer the haplotype network for them. The MJN method followed by the maximum parsimony (MP) option to clean up the network
was implemented with NETWORK v4.6.1.3 (http://www.ﬂuxusengineering.com). To evaluate whether there is any geographic structure among haplotypes in the speciﬁc lineage, geographic subareas
were deﬁned according to the paleogeographic history and topography

2.6. Bayesian species delimitation
We employed two distinct species delimitation methods (coalescent
and non-coalescent statistical algorithms) to assess lineage separation
in E. velox. First, we took a Bayesian implementation of the Poisson tree
processes (bPTP) model (Zhang et al., 2013) as implemented on the
bPTP server (http://species.h-its.org/ptp/) using a rooted consensus
tree from the Bayesian phylogenetic analysis. We ran bPTP analyses
twice with or without outgroup taxa included. The parameter settings
were left as the default, except 300,000 generations were used for the
MCMC. The convergence of the analyses was assessed with likelihood
trace plots. Second, we employed a coalescent-based method with BPP
v3.3 (Yang and Rannala, 2010). We used both A10 and A11 models
(Yang and Rannala, 2014) to delimit the potential species. The consensus tree inferred from the above BEAST analysis was used as a guide
tree. We assigned all of ten major clades as diﬀerent putative species.
Given that diﬀerent priors favor models with fewer or more species, we
checked diﬀerent priors following the approach of Leaché and Fujita
(2010). Reversible-jump Markov chain Monte Carlo (rjMCMC) algorithm 1 with the parameters combination (α, m) = (1, 0.5) and speciesmodelprior = 1 was used to repeat the BPP runs twice with
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Fig. 3. Chronogram of E. velox based on the
mitochondrial data and the estimated ancestral areas inferred from S-DIVA and BBM
analyses. The main nodes on the tree are
numbered as 1–15. Exact age estimates for
all nodes are listed in Table S7. Mi, Miocene.
Bayesian posterior probabilities are shown
above the branches; results from S-DIVA and
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referred to the web version of this article.)
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simulations. The goodness-of-ﬁt between observed and expected distributions was tested by calculating Harpening’s Raggedness index (Rg)
and the sum of squares deviation (SSD). Third, extended Bayesian
skyline plots (EBSP) were implemented in BEAST to estimate the
changes in eﬀective population size on an evolutionary time scale. We
used the substitution rate of the 95% highest posterior density (HPD)
interval inferred from the above BEAST analysis for the whole E. velox
dataset; the lower bound was set to 2.6 × 10−8 per site per year, and
the upper bound was set to 6.5 × 10−8 per site per year. Models, prior
settings and parameters are listed in Table S3.

diﬀerent starting seeds to assess the consistency between runs. The
rjMCMC analysis was conducted for 100,000 generations in each run
with a sampling interval of two and a burn-in of 4000.

2.7. Inference of demographic histories
Due to the small sample sizes of most clades, we conducted demographic analyses for the three clades (V, VI, and X) with three common
methods, respectively. First, three types of neutrality tests were performed: (i) R2 statistics (Ramos-Onsins and Rozas, 2002), with 1000
coalescent simulations to calculate the signiﬁcance using DnaSP; (ii)
Fu’s Fs (Fu, 1997) and (iii) Tajima’s D (Tajima, 1989), with signiﬁcance
tested using 10,000 bootstrap replicates with Arlequin. Second, mismatch distributions (MD) of pairwise nucleotide diﬀerences were calculated for the three clades using DnaSP, with 10,000 coalescent

2.8. Present and past distribution modeling
We employed ecological niche modeling (ENM) to predict the distribution of major lineages during three periods, that is, at the present
248
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Bayesian inference and ML analyses produced highly congruent
topology, with only minor conﬂicts on recent nodes (see Figs. S2, S3).
Thus, only the BI tree with both PP and BS from ML is presented (Fig. 2;
composition of haploclades is given in Table S1). Ten matrilineal
lineages with strong PP and BS values were uncovered, except for the
relatively low BS (60%) for Clade X and 66% for Clade II (Fig. 2). Most
of the clades correspond to distinct geographic ranges; no haplotype
was shared among the diﬀerent subspecies. These lineages exhibited a
signiﬁcant diﬀerence in pairwise uncorrected p-distance (Table S6) in
diﬀerent genes (i.e., cyt b gene and 12S rRNA). Overall, the pairwise
uncorrected p-distance in the 12S rRNA gene (Table S6.1) varied from
1.0% (VI and X) to 10.3% (I and IX) and was mostly lower than 5%
between other clades. The 12S rRNA gene was more conservative
among the lineages than the cyt b gene, which varied from 1.1% (VIII
and IX) to 15.4% (I and X), with the latter mostly higher than 5% between other clades (Table S6.2). The relationship between the three
Iranian geographic lineages (Clades I, II, and III) were similar to those
in Rastegar-Pouyani et al. (2012). The relationship among III, IV and
the remaining downstream clades (V–X) is unresolved via the data used.
Clade V was restricted to the Turpan Depression and recognized as E. v.
roborowskii by Liu et al. (2014). Eremias velox roborowskii formed the
sister taxon to the Caucasus-Central Asia clade (including Clades VI,
VII, VIII, IX and X), which is in accordance with that in Liu et al. (2014).
Clade VI included populations from the Ciscaucasia and adjacent western Kazakhstan, corresponding to the previously recognized E. v. caucasia in Liu et al. (2014). However, the relationship among VI, VII and
VIII-IX-X is unresolved due to the low PP (0.56) and BS (35%). Clade
VIII, comprising three populations from the northern bank of the Aral
Sea and one from central Kazakhstan, formed the sister taxon to Clade
IX, which was previously recognized as an Uzbekistan lineage in
Rastegar-Pouyani et al. (2012). Clade X, encompassing the broadest
range, including western and southeastern Kazakhstan as well as western China, is traditionally recognized as the nominate form E. v. velox
(Szczerbak, 1974, 1975, 2003).

time, the LGM (0.026–0.019 Ma) and the Last Interglacial (LIG;
0.14–012 Ma), and also to determine ecological divergence between
each lineage. We used the maximum entropy algorithm to model the
ecological niches of the species in MAXENT v3.3.3 (Phillips et al., 2006;
Phillips and Dudík, 2008). Because there are very few occurrence localities in other lineages, which may prevent the reliable estimation of
the model parameters (Phillips et al., 2006; Wisz et al., 2008), we focused on only two subspecies (i.e., Clade X for E. v. velox, Clade V for E.
v. roborowskii) and the newly recognized Clade VI. We compiled 19
ecological variables (bioclimate variables) for each period from the
WorldClim database (http://www.worldclim.org) (Hijmans et al.,
2005), with a resolution of 2.5 arc-minutes for the LGM environmental
layer, and 30 arc-seconds for the LIG and “present-day” environmental
layers. For the LGM, we used the predictions of two general circulation
models, i.e., community climate system model (CCSM) and the model
for interdisciplinary research on climate (MIROC). Because strong colinearity between environmental variables could inﬂate model accuracy
(Synes and Osborne, 2011), we excluded those variables with Pearson
correlation coeﬃcients r > 0.85 based on pairwise comparison of
raster ﬁles in SDMtoolbox v1.1c (Brown, 2014). Eleven variables were
retained for subsequent analysis (see Table S4). Georeferenced occurrence records were obtained from our ﬁeld surveys. To ensure that
input occurrence data are spatially independent and to reduce sampling
bias, all sampling localities were also rareﬁed at a spatial distance of
10 km using SDMtoolbox in ArcGIS. Thus, the reserved occurrence
points included 58 localities for E. v. velox, ten for Clade VI, and seven
for E. v. roborowskii (Table S5).
Ecological niche models were constructed according to current environmental factors and then projected for the three diﬀerent time
periods. Maxent analyses were carried out with 70% of the species records for training and 30% for testing the model, 100 subsample replicates and 5000 iterations. The area under the receiving operator
characteristics curve (AUC) was used to evaluate the performances of
the models. Logistic thresholds of ten percent training presence that
were generated in the Maxent output were used to deﬁne the minimum
probability of suitable habitat. We then measured the niche diﬀerences
between ecological niche models by calculating Schoener’s D
(Schoener, 1968) and Hellinger’s I (Warren et al., 2008) in ENMTooLs
v1.4.4 (Warren et al., 2010). We conducted an identity test to build
niche models based on 100 pseudoreplicates generated from a random
sampling of data points pooled for each pair of lineages. The observed
measures of niche similarity between lineages were compared with the
null distribution.
Principal components analysis (PCA) was conducted to compare
niche diﬀerentiation between lineages to determine whether the genetic groups were ecologically diﬀerentiated. The PCA can convert a set
of possibly correlated environmental variables into a set of values of
independent variables. Principal components with eigenvalues > 1 that
explained > 10% of the variation were retained. A permutational
multivariate analysis of variance (MANOVA) implemented in SPSS
v19.0 (SPSS, Chicago, USA) was conducted on all environmental variables simultaneously for each lineage pair and for the three lineages to
evaluate whether environmental conditions diﬀered signiﬁcantly between their sites of occurrence because these may have been the drivers
responsible for demographic and divergence patterns.

3.2. Timeframe for the diversiﬁcation of E. velox

3. Results

Our two diﬀerent Bayesian dating analyses that employed calibration points and substitution rates yielded congruent results (see Figs.
S4, S5). However, Bayes factor (BF) (Kass and raftery, 1995) strongly
favored the calibration point approach over the substitution rate approach (2lnBF > 400). Hence, we preferred the estimates of divergence time based on calibration point. The results indicated that the
MRCA of E. velox and the closely related outgroup diverged approximately 9.72 million years ago (Ma) [95% highest posterior density interval (HPD), 7.71–11.85 Ma] (Fig. S4). As shown in Fig. S4, the MRCA
of E. velox was dated in the Late Miocene (6.23 Ma; 95% HPD,
4.66–7.91 Ma). The molecular dating for the major splits of E. velox
yielded similar results with the two diﬀerent tree priors (see Table S7).
However, the birth-death process outperformed the constant-size coalescent tree prior (2lnBF > 460). Hence, we preferred the results with
the birth-death process to the constant-size coalescent (Fig. 3). Clades I
and II diverged during the Late Miocene-Early Pliocene. The Iranian
Clade II diverged at approximately 4.58 Ma. Clade V (E. v. roborowskii)
diverged from the Caucasus-Central Asia clade (comprising Clades
VI–X) approximately 2.99 Ma (node 4). Subsequent rapid divergence
events occurred in the Quaternary.

3.1. Sequence characteristics and phylogenetic relationship

3.3. Ancestral geographic distribution

We generated a concatenated alignment comprising 1143 bp of cyt b
and 373 bp of 12S rRNA (including indels) genes. A total of 598 concatenated sequences (including three outgroups) revealed 325 haplotypes. The dataset comprised 891 invariable sites (625 in cyt b and 266
in 12S rRNA), 615 polymorphic sites (518 in cyt b and 97 in 12S rRNA)
and 495 parsimony-informative sites (421 in cyt b and 74 in 12S rRNA).

The ancestral area reconstructions of E. velox by S-DIVA and BBM
are shown in Fig. 3, with the diﬀerent optimal historical area reconstructions indicated at the nodes. The BBM reconstructions for
terminal (3, 4, 5) nodes were more restricted than those of S-DIVA. The
most parsimonious scenario was postulated in the S-DIVA analysis with
six dispersals (colonization events), ﬁve vicariances (allopatric
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roborowskii; PP = 0.91), Clade VII (PP = 0.84), Clade VIII (PP = 0.97),
and Clade IX (PP = 0.77) (Fig. S3).

divergence events) and one extinction, while this occurred in the BBM
analysis with ten dispersals, ﬁve vicariances and 0 extinctions (Table
S8). As shown in Fig. 3, both analyses indicated that E. velox may have
originated from the Iranian Plateau (area A) with strong statistical
support. Although the ancestral area of the clade comprising Clades
III–X (node 3) was not clear in the S-DIVA analysis, the BBM analysis
apparently pointed to the ancestral area in Iran (A), which suggested
that E. velox dispersed into Central Asia from the Iranian Plateau. Iran
(A) was inferred as the ancestral area for the lineage (node 6) leading to
Clade III and Clade IV in the BBM analysis, while S-DIVA analysis indicated Iran (A) and Turkmenistan (B) as the ancestral area of node 6.
The ancestral area of Caucasus-Central Asia clade (node 5) was deciphered as DF (P = 46.48%) or EF (P = 49.44%) in S-DIVA analysis,
while the BBM analysis indicated that the most possible ancestral area
was F (P = 62.53%). The BBM analysis assumed that the ancestral area
of the Caucasus clade (node 10; including Clades VI and VII) was distributed in area D (P = 59.28%) or E (P = 26.09%), while the S-DIVA
analysis showed DE as the ancestral range of the Caucasus clade. Both
the S-DIVA and BBM analyses inferred F as the ancestral areas for nodes
13–15.

3.6. Historical demographic change
Clades X, VI, and V showed similar results for Tajima’s D, Fu’s Fs and
R2. For Clade X (E. v. velox) and Clade V (E. v. roborowskii), the values of
Fu’s Fs and Tajima’s D were negative and statistically signiﬁcant, as well
as the signiﬁcantly small R2 value (Table S9), indicating demographic
expansion. Clade VI presented a non-signiﬁcantly negative Fu’s Fs value
but signiﬁcantly negative Tajima’s D and small R2 values, indicating
demographic expansion. The MD analysis of Clade X suggested a clear
recent history of population expansion, as indicated by the typical
smooth, unimodal distribution (Fig. S8), consisting of low and signiﬁcant SSD but nonsigniﬁcant Rg values (Table S9). Clades V and VI
were characterized by multimodal and ragged and erratic MD (Fig. S8),
while both exhibited nonsigniﬁcant Rg values, indicating a scenario of
demographic expansion (Table S9). The demographic scenario for E.
velox determined through EBSP analyses suggested diﬀerent patterns
for the three clades. The EBSP estimates of Clade X visualized changes
in the eﬀective population size over time, revealing a two-stage increase in the eﬀective population size of E. v. velox during the Pleistocene (Fig. 4). The eﬀective population size of E. v. velox has detected an
expansion event commencing approximately 0.25 Ma, reaching the
peak at approximately 80 ka, then following a bottleneck event ending
approximately 24 ka, ﬁnally following a rapid expansion (Fig. 4). The
EBSP estimates of Clade V suggested that the population has expanded
approximately nine-fold, beginning at approximately 0.025 Ma, with no
evidence of contraction afterwards. In contrast, Clade VI showed a
stable condition in terms of the eﬀective population size during the LIG
and the LGM, along with a recently weak demographic expansion since
the beginning of the Holocene (Fig. 4).

3.4. Genetic diversity and genetic structure
The genetic diversity indices are given in Table S9. The nucleotide
diversity of the mtDNA was 4.21% and ranged from 0.07% (Clade VIII)
to 3.72% (Clade III) among the clades. The geographic patterns of the
genetic diversity interpolated using the IDW method are shown in Fig.
S6, with the highest genetic diversity distributed in Iran. AMOVA
showed a maximum percentage of variance (93.74%) when the populations were grouped into ten clades (Table S10). The variances between sampled localities (populations) within clades and within populations were 3.03% and 3.23%, respectively. When the CaucasusCentral Asia clade was considered one group, signiﬁcant genetic
structure still existed among groups (Φct = 0.87, P < 0.001), with
86.99% variance (Table S10).
For E. v. velox (Clade X), the MJN produced a complex pattern (Fig.
S7a), with the network comprising multiple conﬁgurations, including
one star-like network, with the central sequences being the most frequent haplotype (Hap45). Although 205 haplotypes were detected, the
network shows relatively shallow genetic divergence and little evidence
of an overt geographic structure. For Clade VI, a similar network
structure to E. v. velox was detected, exhibiting no apparent geographic
structure rather than a star-like topology (Fig. S7b). Haplotypes from
western Kazakhstan were at least eight mutational steps away from the
haplotypes in the Ciscaucasia. Likewise, no geographic structure among
the populations from the Turpan Depression was detected in the MJN
for E. v. roborowskii (Fig. S7c).

3.7. Ecological niche modeling
The predicted distributions of the three clades (X, VI, V) during the
LIG, LGM, and the present day are illustrated in Fig. 5. For each distribution model, the AUC value approached one (≥0.95), indicating a
better than random prediction. In addition, the projected present-day
distribution is consistent with collection records. For the LGM period,
the two general models, CCSM and MIROC, predicted largely incongruent results. We took the results of the CCSM model as reliable predictions, as the estimations (Fig. 5) were in accordance with our expectations and the estimations for suitable habitats from the MIROC
model were outside of the possible distribution ranges of E. velox (Fig.
S9). The predicted distributions showed that the suitable range for E. v.
velox expanded across the Caucasus, western and southeastern Kazakhstan, western China and even the Iranian Plateau during the LIG,
while the habitats almost vanished in all areas except for a small part in
southern Ciscaucasia and a minor area in the Ily River Valley in Kazakhstan, possibly in response to climatic cooling during the LGM.
However, the current areas of predicted E. v. velox presence expanded
to western Kazakhstan, southeastern Kazakhstan and western China.
For Clade VI, the predicted distribution range during the LIG covered
most part of Transcaucasia and the eastern edge of the Greater Caucasus
Mountains near the coast of the Caspian Sea, and other territories that
are unlikely to be occupied by Clade VI. During the LGM, the suitable
habitats largely contracted to the southwestern shores of the Caspian
Sea, while the current areas of the predicted presence range covered the
Caucasus and adjacent western Kazakhstan. For E. v. roborowskii, the
predicted distribution range was constrained to the Turpan Depression
during the LGM and present, except implausible areas predicted in the
LGM, such as western Kazakhstan and the northern Tarim Basin. During
the LIG, the predicted habitats seemed to encompass areas north of
foothills of the Tianshan Mountains in the Turpan Depression to most
part of the Junggar Depression.

3.5. Species delimitation
We repeated the BPP analysis 12 times under a variety of diﬀerent
algorithms, prior distributions and starting seeds. The convergence
between two independent runs using diﬀerent starting seeds was assessed, and then we combined the two runs to assess the posterior
probabilities under diﬀerent species delimitation models. For both the
A10 and A11 models, analyses under a prior combination of θ ∼ G (2,
2000) and τ0 ∼ G (2, 2000) recognized ten genetic structures with
strong support (PP > 0.95), while under a prior combination of θ ∼ G
(1, 10) and τ0 ∼ G (2, 2000), Clades VIII and IX may form one species
with low PP support in both (0.309 in A10, 0.288 in A11) (Table S11).
For the A10 model, analysis under a prior combination of θ ∼ G (1, 10)
and τ0 ∼ G (1, 10) supported full species delimitation with strong
support (PP = 0.986), while for the A11 model, the analysis supported
nine species scenarios with low support (PP = 0.355). However, the
bPTP analysis identiﬁed only ﬁve out of ten clades as distinctive species
with relatively high support, i.e., Clade I (PP = 0.85), Clade V (E. v.
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This study provides strong support for the hypothesis that E. velox
originated from the Iranian Plateau and then dispersed into Central
Asia, which is consistent with the results of Rastegar-Pouyani et al.
(2012). The extremely high genetic diversity in Iran (see Table S9; Fig.
S6) also suggests this area as a potential center of origin for E. velox.
However, congruent with the divergence time estimate for E. velox in
Guo et al. (2011) at 5.3 ± 1.4 Ma, our molecular dating with respect to
the MRCA age of E. velox at ∼6.23 Ma (4.66–7.91 Ma) postdates the
previous rough estimate (10.7 ± 1.4 Ma) by Rastegar-Pouyani et al.
(2012). This diﬀerence could be explained using diﬀerent approaches
and calibration points. We believe that using Bayesian molecular dating
by considering variations in rates of change across lineages (relaxed
molecular clock), not just rate constancy (“strict clock”), as in RastegarPouyani et al. (2012), is one of the best currently available alternatives.
The divergence time estimates indicate that genetic split among most
lineages of E. velox occurred during the Late Miocene and Pleistocene.
Although caution is needed when interpreting these results because of
the poor paleogeographical data and fossil records, the estimated
timescales for the inferred historical events are congruent with the
known geological and climate scenarios for the geographic areas (see
discussion below).
As noted by Rastegar-Pouyani et al. (2012) and Liu et al. (2014), the
separate coalescence of the Iranian clades most likely resulted in allopatry during past periods of geographic isolation. Furthermore, the
separation of the diﬀerent lineages in Iran seems to ﬁt the topography
of the country. The geographic division between Clade I and Clade II/
Clade III coincides with the Alborz Mountains. Thus, the divergence
times and the phylogenetic patterns (Fig. 3) support the assumption
that the evolutionary history of E. velox on the Iranian Plateau was
correlated with the formation of isolated habitats due to aridiﬁcation
during the rapid uplift of the west-central Alborz Mountains by ca. 6 Ma
(Axen et al., 2001).
Although our S-DIVA analysis did not decipher the most possible
ancestral area for the clade, including Clades III–X (node 3 in Fig. 3),
the BBM postulated that the ancestral area was in Iran with 95.92%
marginal probability, which indicated that the populations from Iran
dispersed into the territory of Central Asia (P = 0.46; Table S8). This
scenario promoted us to assume that some Clade III-like ancestral populations invaded Central Asia via the land bridge between the Caspian
Sea and the Badkyz and Pamir Plateaus, where they had evidently become arid as a result of the regressions of the Caspian Sea during the
Pliocene Productive Series (Axen et al., 2001; Forte and Cowgill, 2013;
Popov et al., 2010). Based on a correlation to an oxygen-isotope record,
the ages of the Productive Series was estimated as 5.9 Ma and 3.1 Ma
for the lower and upper boundaries, respectively (Abreu and
Nummedal, 2007). In the Mid-Pliocene, the lizards seemed to have
dispersed into Central Asia rapidly owing to unoccupied niches and lack
of ecological competitors. This ﬁts well with a scenario of further intensiﬁed desertiﬁcation in ACA during the Late Pliocene (Lu et al.,
2010). The expanding arid habitat in ACA provided an opportunity for
dispersal of the ancestral populations of E. velox, and may facilitate the
arid-adapted lizards to radiate into this vast territory.
Although the relationship among Iranian Clade III, Turkmenistan
clade IV and the remaining downstream (V–X) clades is unresolved,
these clades diverged at approximately 3.75 Ma (node 3 in Fig. 3),
which coincided well with the most intense uplifting of the Kopet-Dagh
Mountains at approximately 3–4 Ma (Shabanian et al., 2009). Therefore, the barrier of gene ﬂow between the populations from Iran and
Central Asia may be correlated with the uplifting of the Kopet-Dagh
Mountains in the Late Pliocene. The dispersal of Clade IV to the north
was obviously limited by the Pra-Amudarya River, which ﬂowed from
the uplifting Hindikush Mountains to the southeastern coast of the
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Fig. 4. Extended Bayesian Skyline Plots show the demographic trends in the
three clades (X, VI, V). The y-axes represent the estimated eﬀective population
size on a log scale (Neτ/106, the product of the female eﬀective population size
and generation length in years); x-axes represent time in millions of years ago
(Ma). Vertical dark-grey bars represent the duration of the last glacial maximum (LGM), or the last interglacial (LIG). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

Ecological niche identity tests conﬁrmed the existence of niche
diﬀerentiation between the three lineages (i.e., Clades X, VI, V)
(Fig. 6a). ENMTOOLS showed that empirically observed values for I and
D were signiﬁcantly lower than those expected from the pseudoreplicated dataset in all paired analyses (Clade X vs. VI, VI vs. V, V vs. X,
P < 0.01). Principal component analysis showed that 69.30% of the
total variance was explained by the ﬁrst two principal components
(PC1: 44.94%, PC2: 22.36%, respectively) (Table S4). The ﬁrst principal component represented precipitation and temperature (the lower
the value, the colder and drier), while the second principal component
represented climatic variability (the lower the value, the less variable).
Habitats for Clade V (E. v. roborowskii) appeared to be cooler, drier and
more variable than those for Clade VI and Clade X (E. v. velox) (Fig. 6b).
The MANOVA conducted on 11 variables distinguished signiﬁcant differences between three lineages with regard to environments occupied
(Wilk’s λ = 0.409, F = 16.332, P < 0.001). This result provided
ecological and physiographic explanations for the distinct demographic
histories of each lineage.
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(a) Clade X (E. v. velox)
LIG

LGM

Present

LIG

LGM

Present

LGM

Present

(b) Clade VI

(c) Clade V (E. v. roborowskii)
LIG

Fig. 5. Projected distributions of the three clades (X, VI, V) during the LIG, the LGM, and the present-day across arid Central Asia. Red color on the maps indicates
predicted distribution areas, as the average values of ten percentile training presence logistic thresholds are 0.3942 for Clade VI, 0.1911 for Clade V (E. v. roborowskii)
and 0.3097 for Clade X (E. v. velox), respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

onset of the Northern Hemisphere glaciations approximately 2.7 Ma
(Raymo, 1994).
Glacial cycles are responsible for the major transgressions and regressions of the Black and Caspian Seas in the ancient Paratethyan region (Ryan et al., 2003; Sorokin, 2011; Forte and Cowgill, 2013). The
initial separation of the Black and Caspian basins dates to approximately 3 Ma (Tudryn et al., 2013). From that time, recurrent transgressions led to reconnections of the two basins. The period
3.75–2.45 Ma (nodes 3 and 7 in Fig. 3) roughly falls within the time
frame of the periodic ﬂooding of the Middle Caspian (Forte and
Cowgill, 2013). This temporary drop in sea level appears to have allowed the lineage leading to node 5 (perhaps having the range DEF) to
reach the Caucasus region (areas DE) from Central Asia (area F). Subsequently, at approximately 2.05 Ma, a possible allopatric subdivision
of the ancestral range at node 5 gave rise to the clades leading to node
10 and node 13 (see Fig. 3). Glaciations could facilitate the diversiﬁcation of the Caucasus-Central Asia clade through the Akchagylian
transgression (3.4–1.6 Ma) of the Caspian Sea (Abreu and Nummedal,
2007; Jones and Simmons, 1996; Steiniger and Rögl, 1984), creating
the geographic barrier between the populations from the Caucasus
Mountains and Central Asia.
It is well acknowledged that the Caucasus region harbored glacial
refugia during Pleistocene for diverse fauna and ﬂora taxa (e.g.,
Arnerup et al., 2004; Dubey et al., 2006; Grassi et al., 2008; Neiber and
Hausdorf, 2015; Tarkhnishvili et al., 2001). Our ENM analyses indicate
that eastern Caucasus acted as potential refugia during the LGM for

Caspian Sea in the Middle-Late Pliocene (Atamuradov, 1994).
The origin of E. v. roborowskii appears to reﬂect further eastern
colonization of rapid racerunners via the Turkestan ridges and/or the
dry Eastern Paratethys Sea towards the Tianshan Mountains. The divergence time between E. v. roborowskii (Clade V) and the CaucasusCentral Asia clade (node 4 in Fig. 3) was dated at approximately
2.99 Ma, which coincides well with the youngest rapid uplift of the
Bogda Mountain from the eastern Tianshan Range at ∼3 Ma (Wang
et al., 2015). This allopatric divergence is likely associated with vicariance (P = 0.32; node 4 in Table S8) caused by the intense uplift of
the Tianshan Mountains in the Late Pliocene (Trifonov et al., 2012).
Some populations were trapped in the Turpan Depression and eventually gave rise to the current E. v. roborowskii, which had shifted its
niche towards more arid habitats at lower altitudes (Fig. 6b). Those
lineages in Central Asia/Caucasus became the Caucasus-Central Asia
clade (e.g., E. v. velox, E. v. caucasia), thus being geographically separated from E. v. roborowskii.
4.2. Pleistocene glaciations, repeated transgressions of the Caspian Sea, and
further diversiﬁcation of the Caucasus-Central Asia clade
One of the most important ﬁndings in this study is that the diversiﬁcation of the Caucasus-Central Asia clade appears to have been
further molded by Pleistocene glaciations along with the repeated
transgressions of the Caspian Sea. The coalescent time of this clade was
dated to approximately 2.05 Ma (node 5 in Fig. 3), ﬁtting well with the
252

Molecular Phylogenetics and Evolution 130 (2019) 244–258

J. Liu et al.

(a)

(b)
Warmer
Wetter

20

2.0

15

1.0
I: 0.7204

10

PC1 (44.93%)

0

D: 0.4107

D

0.9

0.93

0.87

0.8

0.84

0.73

0.69

0.66

0.6

-2.0
0.63

0

0.57

-1.0

0.54

5
0.49

number of randomizations

Clade X (E. v. velox) vs Clade VI

-3.0

Cooler
Drier

I

Clade VI

Clade V

Clade X

Clade VI vs Clade V (E. v. roborowskii)

More
Variable

number of randomizations

10
8
6

I: 0.2053

3.0

4 D: 0.0448

2.0

2

1.0
0

0
0.29 0.48 0.54 0.6 0.67 0.73 0.79 0.86 0.92 0.98
D

-1.0

I

-2.0

Less
Variable

Clade V (E. v. roborowskii) vs Clade X (E. v. velox)

number of randomizations

PC2 (22.36%)

4.0

Clade VI

Clade V

Clade X

18
16
14
12
I: 0.3418
10
8
6D: 0.1586
4
2
0

D

I

Fig. 6. (a) The results of a niche identity test between the three clades (X, VI, V) of E. velox, and (b) the results from comparison of environmental (means ± 95%
CIs) conditions at sampling sites for the three clades. The x-axis indicates the value of D and I, while the y-axis shows the number of randomizations. The arrow
indicates the value in actual Maxent runs. Habitats where Clade V occurs are signiﬁcantly cooler, drier and more variable than those occupied by Clade VI and Clade
X. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

through the Volga River; this caused an extensive transgression and the
northern margin of the Caspian Sea reached the present middle Volga
River (Tudryn et al., 2013). Either the Caspian Sea overﬂowed to the
Black Sea through the Kuma-Manych Strait (Dolukhanov et al., 2010) or
ice-marginal lakes provided connections between the Caspian Sea and
the Arctic Ocean via the ancient Turgai Strait (Väinölä et al., 2001).
Hence, the possibility of populations colonizing eastward after the LGM
is excluded. In addition, we observed ancestral haplotypes for Clade X
not in western Kazakhstan but the Ily River Valley and Junggar Depression (Fig. S7a). Thus, we consider the Ily River Valley to be a
plausible refugium for Clade X.
In the Caucasus clade, the divergence of Clades VI-VII was estimated

Clade X (E. v. velox) and Clade VI, while another predicted refugium for
E. v. velox was located in the Ily River Valley (Fig. 5). On the one hand,
if we consider the southeastern Ciscaucasia as a potential refugium for
E. v. velox, this requires the following additional assumptions: (i) the
existence of undiscovered populations of E. v. velox in this area, or (ii)
all populations of E. v. velox in this area became extinct except for those
that colonized eastward after the LGM. On the other hand, if we consider niche conservatism (Peterson et al., 1999; Wiens and Graham,
2005), the above ﬁrst assumption is rejected because southeastern
Ciscaucasia hosts suitable habitat for Clade VI, and the niches of E. v.
velox and Clade VI diﬀerentiated signiﬁcantly from each other (Fig. 6).
After the LGM, boreal glacial lakes drained south to the Caspian Sea
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to be approximately 1.48 Ma (node 10; Fig. 3), ﬁtting well with the
intense uplift of the Greater Caucasus Mountains during the Pleistocene
(Mosar et al., 2010). The Greater Caucasus chain has been identiﬁed as
a major barrier hampering the dispersal of Ciscaucasia by animals from
Transcaucasian refugia (Dubey et al., 2006; Manceau et al., 1999;
Seddon et al., 2002; Tarkhnishvili et al., 2000). Accordingly, it seems
implausible that there were potentially suitable habitats in the Transcaucasia for Clade X (E. v. velox) and Clade VI during the LIG (see
Fig. 5). If so, Clade VI may be restricted to only the narrow belt of
foothills of the eastern Greater Caucasus Mountains along the coast of
the Caspian Sea, while E. v. velox may have widely spread across Ciscaucasia, western and southeastern Kazakhstan, and western China
during the LIG.
The ensuing evolution of the Central Asia clade may have been
caused by the repeated retraction and expansion of the population
ranges in response to Quaternary glaciations, along with rapid sorting
of ancestral polymorphisms and local adaptation. Populations from the
VIII, IX and X clades probably came into secondary contact in midwestern areas of Kazakhstan. One mechanism that may have contributed to the establishment and maintenance of the boundaries between the clades through the midwestern Kazakhstan is transgressions
of the Caspian Sea. The midwestern areas of Kazakhstan were strongly
inﬂuenced by the sea level changes in the Caspian Sea during the
Pleistocene and Holocene, with some transgressions surpassing presentday sea levels (Forte and Cowgill, 2013; Mamedov, 1997; Rychagov,
1997). The vicariance event between Clade X and Clades VIII and IX at
approximately 1.03 Ma (HPD 0.48–1.61 Ma) (node 13; Fig. 3) may have
been triggered by the Apsheronian transgression of the Caspian Sea
from ca.1.8 Ma to 0.7 Ma (Abreu and Nummedal, 2007; Green et al.,
2009; Jones and Simmons, 1996; Steiniger and Rögl, 1984; Zubakov,
2001). The VIII-IX divergence (∼0.63 Ma) within area F (node 15;
Fig. 3) may be associated with several transgressive episodes in the
Caspian Sea in the Holocene, which were dated to approximately 8 ka,
7 ka, 6 ka and 3 ka (Rychagov, 1997). The populations of E. v. velox in
western Kazakhstan may be recently derived populations, as E. v. velox
spread westward from its refugia in the Ily River Valley. This assumption is conﬁrmed by the haplotype network of E. v. velox (see Fig. S7a),
which indicated that haplotypes from western Kazakhstan occupied the
tip positions.

Sea (see Fig. 5). Geographically, however, the main thrust of the
Greater Caucasus Mountains intruded eastward into the coast of the
Caspian Sea near Transcaucasia (Mosar et al., 2010), which may have
acted as geographic barriers for populations of Clade VI to disperse into
Transcaucasia. Therefore, the areas occupied by Clade VI occupied
during the LGM may have been restricted to only the foothills of the
eastern Greater Caucasus Mountains near the coast of the Caspian Sea.
Haplotype diversity (h) and nucleotide diversity (π) can reveal the
general demographic history of populations (Avise, 2000). Clade VI
showed high h and low π, which suggests population growth from an
ancestral population (see Table S9). Moreover, a star-like network
suggests that the Clade VI might have experienced recent expansion
(see Fig. S7). Furthermore, the EBSP shows that the Clade VI was stable
during the LIG and the LGM, along with expansion starting at 10 ka
after the LGM (see Fig. 4). This ﬁnding is congruent with the ENM
analyses, which indicated present substantial range expansions (see
Fig. 5). Likewise, for E. v. velox, rapid range expansions are supported
by a similar star-shape network with a level of high h and low π (see
Table S9). This result is consistent with the signiﬁcantly negative Tajima’s D and Fu’s Fs statistics and the mismatched distributions for E. v.
velox. The EBSP analysis even depicts a clear temporal scenario of the
demographic history of E. v. velox, with population expansion during
the LIG, then a population bottleneck following during the LGM, and
ﬁnally population expansion again after the LGM. This scenario is also
highlighted by our ENM analyses, which show a wide distribution of E.
v. velox during the LIG, a restricted distribution in the Ily River Valley
during the LGM, and current widespread distribution in western Kazakhstan, southeastern Kazakhstan and western China. Thus, niche
modeling and phylogeographic analyses indicate that E. v. velox persisted through the LGM in very limited suitable habitats in the Ily River
Valley (potential refugia) and achieved its current wide distribution via
westward, northward and eastward dispersal after the retreat of the
permafrost. Taken together, both Clade VI and E. v. velox apparently
underwent substantial range and population size expansions after the
LGM, which is consistent with the predictions of the GM contraction
model (Hewitt, 2004).
The arid-adapted species in the desert in northwestern China might
have been primarily inﬂuenced by climate cooling and changes in the
precipitation regime instead of glaciers covering the areas adjacent to
their distribution areas (Cheng et al., 2017; Wang et al., 2013). In the
Eastern Tianshan Mountains, because of the extra continental climate,
glaciers/permafrost did not advance below 2400 m a.s.l. during the
LGM (Shi et al., 2006). Eremias velox roborowskii is restricted to the
Turpan Depression, which is the second lowest place in the world at
155 m below sea level. Hence, the suitable habitats for E. v. roborowskii
were not covered by ice during the LGM. Ecological niche modeling
suggests that this low-elevation lineage is more cold/arid-tolerant than
the other two lineages (Clade VI, Clade X) (Fig. 6b). If true, then E. v.
roborowskii is less likely to suﬀer from climatic cooling than high-elevation species/lineages. Late Pleistocene cooling appears to have had a
rather positive eﬀect on the population size of E. v. roborowskii. The
neutrality tests and EBSP analysis identiﬁed signs of population expansion, and this process may contribute to the understanding of the
low structure among populations of E. v. roborowskii. The date of rapid
expansion is in accordance with an important climatic event (LGM) that
is likely to have aﬀected the population history of this lineage (Fig. 4).
Disappearance of the Pleistocene lakes (Murzaev, 1966; Yang and
Scuderi, 2010; Yang et al., 2011) and rapid desert expansion in the
Turpan Depression during the Late Pleistocene (Bubenzer et al., 2016)
may have favored the colonization of new sites and promoted the
contact and gene ﬂow among populations that were previously isolated.
Furthermore, our ENM analyses mirrored that from genetic data in that
the potential range of this lineage has increased within the Turpan
Depression since the LGM (see Fig. 5). A plausible reason lays in the fact
that a progressive drying of the climate in the Holocene and disappearance of the Pleistocene lakes in the Turpan Depression opened

4.3. Lineage-speciﬁc response to Quaternary climate oscillations
Responses to Pleistocene glacial cycles are expected to vary among
species/lineages and geographical regions, in part because of diﬀerential cold/arid tolerance (Hewitt, 1996, 2004). Our analyses revealed
a complex phylogeographic history for E. velox, with diﬀerent demographic processes aﬀecting each of the major lineages (Clades X, VI, V).
This diﬀerence may have been due to the diﬀerent populations/lineages
of E. velox having diﬀerent biological attributes and/or because the
environmental conditions during glaciations were diﬀerent in diﬀerent
distribution areas of the species. The phylogeography inferred from the
mtDNA has a resolution restricted to the timespan of the Pleistocene,
while the integrated frequency analyses of haplotypes, EBSP and ENM
provide novel insights into the demographic history of the species.
During the Plio-Pleistocene, the climatic conditions in the mountains and plains of Central Asia varied repeatedly (Aubekerov and
Gorbunov, 1999). The expansion of permafrost across the plains of
Kazakhstan during the LGM (Vandenberghe et al., 2014) would have
promoted distribution contractions or shifts and population isolation.
On the other hand, island patterns of Pleistocene lowland permafrost in
Central Asia, as low as 900 m a.s.l. (Aubekerov and Gorbunov, 1999),
potentially left space for scattered Pleistocene refugia for arid-adapted
lizards. During glaciations, E. v. velox took potential refugia in the Ily
River Valley where there were semiarid deserts and steppes, while
Clade VI retreated further south into the foothills of the eastern Greater
Caucasus Mountains and Transcaucasia near the coast of the Caspian
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in Kazakhstan. Thus, concerning the subspecies status of the Uzbekistan
Clade VIII (Liu et al., 2014), we propose that Clade IX should be recognized as a separate subspecies.
We also clarify the taxonomic status of E. v. roborowskii from the
Turpan Depression, northwest China. The male adults of this form have
a dorsal pattern of irregular dark spots, and laterally rows of blue eyelike spots with bright dark-edge (see Fig. 2; Szczerbak, 2003; Zhao
et al., 1999). Our recent morphological work also indicated apparent
scalation deviations between E. v. velox and E. v. roborowskii (Chirikova
et al., unpubl. data); the latter have signiﬁcantly lower amounts of femoral pores and a higher percentage of specimens with one enlarged
preanal scale (72.7%). Furthermore, E. v. roborowskii harbors high genetic diﬀerentiation from other clades (p-distance exceeding 10% in cyt
b gene), and is delimitated as a distinct genetic lineage by both of BPP
and bPTP analyses. Thus, taking multiple lines of evidence together, E.
v. roborowskii deserves recognition at the species level under the general
lineage concept of species (de Queiroz, 2007) and associated operational species-delimitation criteria (Wiens and Penkrot, 2002; Torstrom
et al., 2014).

space for the spread of the racerunners under suitable arid conditions.
Surprisingly, our ENM results also suggest that most of the Junggar
Depression where E. v. velox is currently distributed was a potentially
suitable area for E. v. roborowskii during the LIG. However, it is unlikely
that E. v. roborowskii colonized the Junggar Depression during the LIG
because the Tianshan Mountains served as geographic barriers to dispersal (e.g., Cheng et al., 2017; Guo and Wang, 2007; Ludt et al., 2004).
Moreover, compared to the range of E. v. roborowskii during the LIG,
ENM analyses suggested expansions into the interior of the Turpan
Depression during the LGM; this may have been facilitated by the desiccation of the mega-lake since ca. 30 ka (Yang et al., 2011). Hence, the
current distribution of E. v. roborowskii is more similar to its LGM distribution than its LIG distribution, supporting in situ survival and expansion during the last glaciation. This scenario is apparently diﬀerent
from that predicted by the GM contraction model (Hewitt, 2004) but
similar to that predicted by the GM expansion model (Galbreath et al.,
2009).
4.4. Taxonomical implications
By increasing E. velox samples across its distribution range, we uncovered three more lineages than recognized by Liu et al. (2014). At
present, the taxonomic situation of E. velox is far from being fully
clariﬁed. Because taxonomy reﬂects history, clariﬁcation is a prerequisite if we want to further study the evolutionary mechanisms accounting for the diﬀerentiation of the species. Traditionally, populations from Caucasus and adjacent western Kazakhstan were recognized
as independent subspecies, E. v. caucasia, with diﬀerentiated morphological characteristics of dorsal patterns, pholidosis and body size as
compared to the nominate form (Szczerbak, 1974, 1975). The type
locality of this subspecies is located in Azerbaijan. In this study, we
identiﬁed two well-diﬀerentiated clades with p-distances of 2.0% in 12S
rRNA and 6.9% in cyt b gene (Table 1), corresponding to distinct
geographic areas, i.e., Clade VII covering populations from Azerbaijan
(area D) and Clade VI comprising populations from Ciscaucasia and
adjacent western Kazakhstan (area E). Compared to other studies
(Torstrom et al., 2014; and references therein), these genetic distances
are similar to subspecies status. Furthermore, both BPP and bPTP
analyses indicated that Clade VII represents a distinct genetic lineage.
Although no apparent morphological diﬀerentiation between the populations from the two areas has been reported (Szczerbak, 1974,
1975), this divergence in E. v. caucasia sensu lato can be appreciated
based on biogeography and mitochondrial DNA data. Thus, considering
the type locality, we designate Clade VII as the traditionally recognized
E. v. caucasia sensu stricto, while Clade VI may be assigned to an undescribed subspecies.
Populations of E. velox from Turkmenistan exhibit great morphological deviations compared to the nominate form (Szczerbak, 1974,
1975). In addition to populations from the Iranian Plateau, populations
in Turkmenistan (Clade IV) harbor high genetic diversity (Table S9; Fig.
S6) and substantial genetic diﬀerentiation from other clades (p-distance
over 8.0% in cyt b gene) (see Table S6.2). Although the molecular basis
required to recognize Turkmenistan Clade IV as a distinct genetic
lineage is provided by this study, the integrative taxonomic approach
(see Padial et al., 2010 for review) seems to be necessary to determine
the species boundaries and determine the diagnostic morphological
characteristics. This approach incorporates diﬀerent sets of characteristics as separate lines of evidence (e.g., genetic, morphological, and
ecological) and then uses each line of evidence when considering the
taxonomic status of species/subspecies. Clade IX comprising populations from midwestern Kazakhstan showed modest divergence from E.
v. velox (p-distance of 2.4% in cyt b gene between IX and X) and the
Uzbekistan Clade VIII (p-distance of 1.1% in cyt b gene between VIII
and IX). Both species delimitation analyses recognized the clades VIII
and IX as distinct genetic lineages. In addition, Chirikova (2004) observed a clinal variations among E. velox populations from west to east

5. Concluding remarks
Our ﬁndings suggest that the intensiﬁed aridiﬁcations from the Late
Pliocene onwards drove the diversiﬁcation of E. velox in general, and
particularly the “Out of Iranian Plateau” origin of the widespread E.
velox, while geography and the Quaternary glaciations further shaped
the evolution of this lizard. Speciﬁcally, the diversiﬁcation between the
Caucasus and Central Asia clades, and within the Central Asia clade
may have been established and maintained in part by repeated transgressions of the Caspian Sea during the Pleistocene and Holocene. Our
observations of the widespread E. velox likely underscore a general
biogeographic/evolutionary process that has been operating on many
other temperate organisms in ACA. Unlike in the high-latitude regions
where Pleistocene glaciation cycles might have erased entire populations (Hewitt, 2004), in the western part of midlatitude Asian continent
(i.e., ACA), many organisms may have more successfully adapted to
various climatic stresses and were able to thrive during severe glacial
periods because of the great ecological and geographic heterogeneity in
the region. The eﬀect of the Late Pleistocene climatic changes on the
historical demography of arid-adapted species may be lineage-speciﬁc,
depending predominantly on animal physiology and geography. We
envisage that ACA served as crucial refugia during past environmental
crises, and the vast dynamic areas with complex habitat diversity acted
as important corridors for populations exchange, the generation of new
lineages and species and fostered genetic diversity across the ACA.
Further studies using the rigorous testing of hypotheses are likely to
yield an understanding of the drivers of evolutionary change.
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