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Abstract
Anatolia is characterized by a complex topological structure and a wide diversity of 
climatic regions. This geological context has been crucial during the evolution of 
the rock lizard genus Darevskia, promoting the origin of several species within this 
group of lizards. Our study focuses on the evolutionary history of the rudis species 
complex, comprised by Darevskia rudis, D. valentini and D. portschinskii, distrib-
uted across Anatolia and the Caucasus, with overlapping ranges. Previous studies 
have suggested the existence of ancient gene flow between these taxa, which, allied 
with poor sampling, led to weakly resolved phylogenies and mismatching topolo-
gies. Here, we employ two mitochondrial (cytb and ND4) and two nuclear (MC1R 
and C-mos) DNA fragments, coupled with ecological niche modelling and a sig-
nificant representation of the species’ wide distribution range to further assess re-
lationships. The specimens identified either as Darevskia rudis or as D.  valentini 
appear as paraphyletic and substructured into four clades, which started to differenti-
ate during the lower Pleistocene (around 1.3 Mya). We also differentiate genetically 
the recently described Darevskia bithynica and identify the Kizil River valley as a 
strong vicariant candidate to explain the origin of this species by allopatric specia-
tion. Moreover, the eastern Black Sea Mountains seem to have played an important 
role as glacial refugium for several populations of D. rudis. Overall, the present 
study confirms the circum-Black Sea as a potential Pleistocene refuge and supports 
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1 |  INTRODUCTION

A ‘refugia-within-refugia’ pattern during Pleistocene cli-
matic oscillations has been proposed for reptiles in Anatolia, 
similarly to the southern European refugia (Gómez & 
Lunt, 2007), with several studies describing secondary con-
tacts and hybridization events (Fritz et  al.,  2009; Guicking 
et al., 2009; Kindler et al., 2013; Stöck et al., 2012; Vamberger 
et al., 2013). However, the Irano-Anatolian region has a rela-
tively low reptile richness (e.g., Bellati et al., 2015; Ficetola 
et al., 2013; Fritz et al., 2009; Jablonski et al., 2019; Kapli 
et al., 2013; Kornilios et al., 2012; Mashkaryan et al., 2014), 
compared with other hotspots (Mittermeier et  al.,  2004). 
Although in recent years several studies are countering this 
regional bias (e.g., Ahmadzadeh, Carretero, et  al.,  2013; 
Ahmadzadeh, Flecks, Carretero, Mozaffari, et  al.,  2013; 
Arribas et  al.,  2013; Avcı et  al.,  2015; Bellati et  al.,  2015; 
Freitas, Rocha, et  al.,  2016; Freitas, Vavakou, et  al.,  2016; 
Ilgaz et  al.,  2005; Sindaco et  al.,  2000; Tarkhnishvili 
et al., 2013; Vamberger et al., 2013; Yıldız et al., 2012), some 
areas and taxa remain poorly assessed.

Anatolia is a predominantly mountainous region with com-
plex geomorphology and a high variety of climatic regions 
and vegetation types (Sindaco et  al.,  2000). Furthermore, 
several mountain ranges have played an important role in 
reptile speciation and in the definition of different biogeo-
graphical sub-regions (Sindaco et  al.,  2000 and references 
therein). Further, through geological time Anatolia has been 
intermittently linked with the Balkans, the Caucasus and 
the Middle East; these connections and reconnections have 
further shaped the flora and fauna of the region (Dufresnes 
et al., 2016; Seddon et al., 2002; Veith et al., 2003; Wielstra 
et al., 2010).

The rock lizards genus Darevskia Arribas 1997 belong-
ing to the family Lacertidae constitutes the reptile group with 
the highest species richness in the Caucasus region, currently 
comprising 34 described species (Ahmadzadeh, Flecks, 
Carretero, Mozaffari, et  al.,  2013; Arnold et  al.,  2007; 
Tarkhnishvili et al., 2013; Uetz et al., 2019) distributed from 
West-Central Asia to the Balkans. Attempts to accurately dis-
tinguish some members of the genus have been hindered either 
due to evolutionary conservativeness in overall morphology 
or to convergence associated with repeated adaptation to sim-
ilar environments, coupled with comparatively high morpho-
logical variation within populations (Ahmadzadeh, Flecks, 

Carretero, Mozaffari, et al., 2013; Darevsky, 1967; Gabelaia 
et al., 2017; Tarkhnishvili et al., 2013; Tuniyev et al., 2011). 
This makes their morphological variation complex, often 
lacking simple diagnostic traits, and consequently mislead-
ing evolutionary reconstructions, as happens in other lizard 
groups (e.g. Podarcis lizards; Kaliontzopoulou et al., 2012). 
Delimitation of Darevskia species is further complicated 
by their frequent overlapping ranges and their weak habitat 
segregation (Ahmadzadeh, Flecks, Carretero, Mozaffari, 
et  al.,  2013; Darevsky,  1967; Freitas, Rocha, et  al.,  2016; 
Petrosyan et  al.,  2019). Also, evidence of recurrent hy-
bridization (past and present) was found across the genus, 
which might blur phylogenetic reconstructions (Danielyan 
et  al., 2008). Some of these hybridization events have pro-
duced parthenogenetic species, combining genomes of unre-
lated parental species with which they sometimes backcross 
locally (Danielyan et al., 2008; Freitas et al., 2019).

The first phylogenetic analyses of Darevskia, using mi-
tochondrial DNA sequences and/or allozyme data (Fu 
et  al.,  1997; Murphy et  al.,  1996, 2000), placed all sexual 
rock lizard species into three major monophyletic clades: 
caucasica, saxicola and rudis. The latter clade comprised the 
species D. rudis (Bedriaga, 1886), D. portschinskii (Kessler, 
1878), D. valentini (Boettger, 1892) and D. parvula (Lantz & 
Cyren, 1913). However, later assessments based on a single 
mitochondrial DNA phylogeny (Tarkhnishvili,  2012) pro-
posed the removal of D. parvula from the rudis clade, with 
D. rudis and D. valentini as sister taxa, and D. portschinskii 
as sister to both.

The same topology is also supported by Tarkhnishvili 
et  al.  (2013), who detected the existence of ongoing gene 
flow from D. rudis to D. portschinskiii, but not to D. val-
entini. Hence, although both studies suggest that divergent 
evolution within the rudis clade started in the middle or late 
Pleistocene, none of the lineages seem to have achieved the 
stage of complete lineage sorting. Detection of hybridization 
within the rudis clade has also been assessed using genomic 
data, with apparent gene flow between D. rudis and both 
D. valentini and D. portschinskii (Freitas, 2017). Moreover, 
a study based solely on the external morphology and oste-
ology of specimens from northwestern Anatolia (Arribas 
et al., 2013) proposed the elevation of D. rudis bithynica to 
the species rank as D. bithynica (Méhely, 1909) with two 
subspecies: D. b. bithynica and D. b. tristis (Lantz & Cyren, 
1936). More recently, genetic analysis suggested a polytomy 

the refugia-within-refugia hypothesis with the finding of several geographically  
coherent evolutionary units in the region.
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between samples identified as D. bithynica and D. rudis 
sensu stricto but limited sampling and markers prevented fur-
ther conclusions from being made (Koç et al., 2017).

It is important to highlight that in all previously cited 
studies performed on the rudis clade, estimates of phylogeny 
were based on a single mitochondrial marker (Cytochrome-b) 
and sampling was geographically very limited. Given the 
large geographic distributions of D. rudis and D. valentini, in 
such a heterogeneous and complex habitat, the low sampling 
of the above-mentioned studies is very likely responsible for 
under-representing intraspecific genetic structure. As a re-
sult, depending on the markers used and geographic locations 
sampled, D. rudis can appear as a sister species of D. valentini 
(Freitas, Rocha, et al., 2016), paraphyletic (Freitas, Vavakou, 
et  al.,  2016), sister species with D. portschinskii (Freitas, 
Rocha, et al., 2016) or even a sister clade to the D. portsch-
inskii and D. valentini sister pair (Freitas, 2017). However, 
these trees only included a very reduced number of D. rudis 
individuals, and one of the markers used (Cytochrome-b) has 
been shown to be an unreliable marker in several Darevskia 
studies (Freitas, Vavakou, et  al.,  2016; Saberi-Pirooz 
et al., 2018), as well as in other lacertid genera (e.g. Timon; 
Miraldo et al., 2012; Podarcis; Podnar et al., 2007) due to the 
existence of nuclear copies. Very recently, Murtskhvaladze 
et al.  (2020) analysed the phylogeny of Darevskia rock liz-
ards using mitogenomes, concluding that D. portschinskii 
and D. valentini are sister taxa, with D. rudis as their sister 
clade. The estimated divergence time among these groups 
was 1 Mya. Nevertheless, the sampling from this study was 
restricted to Georgia, one genomic compartment, and to one 
individual per species. On the other hand, the recent phylog-
enomic study of Garcia-Porta et al. (2019), based on a data 
set from 262 lacertid species, suggests that D. portschinskii 
is the sister taxon of D. rudis and D. valentini, and estimated 
cladogenesis is 1.34 Mya.

Clearly, there are still uncertainties about the way each rudis 
taxon is phylogenetically related, and how their biogeographi-
cal history and evolutionary niche shifts across Anatolia. This 
lack of clarity is mainly due to limited sampling of individuals 
across the region, and in some cases the use of a single marker.

To overcome these limitations, in this study, we combine 
a multilocus approach with ecological niche models using a 
significant sampling effort across the distribution of D. rudis 
and D. valentini. We aim to assess the genetic structure and 
phylogenetic relationships among the taxa, contrasting the 
genetic information with their historical and forecasted shifts 
in habitat suitability. We use two mitochondrial and two nu-
clear DNA markers coupled with geographic information 
associated with those genetically assessed records, in order 
to: 1) build a calibrated species tree; 2) analyse the effective 
population size changes through time of each taxon; and to 
3) infer the most likely phylogeographic shifts that might ex-
plain diversification events.

2 |  MATERIAL AND METHODS

2.1 | Sampling and study area

We collected and used a total of 151 Darevskia specimens, 
with species assignment performed in the field based on ex-
ternal morphological traits (Arakelyan et al., 2011; Arribas 
et  al.,  2013; Doronin, 2017). These included 114 D. rudis, 
24 D. valentini, six D. portschinskii, two D. clarkorum, one 
D. parvula and four D. praticola (information about each 
specimen is given in Table S1). The sampling was performed 
across the northern coast of Turkey, Southwest Georgia, 
Western Armenia and Nagorno-Karabakh (Figure 1).

2.2 | DNA extraction, 
amplification and sequencing

Genomic DNA was extracted from muscle tail tissue previ-
ously preserved in 96% alcohol, using a standard high-salt 
protocol (Sambrook et  al.,  1989). Polymerase chain reac-
tion (PCR) was used to amplify two mitochondrial (mtDNA; 
Cytochrome-b and ND4) and two nuclear DNA (nDNA) 
fragments (MC1R and C-mos). Amplification and sequenc-
ing of Cytochrome-b (cytb) was performed using the primers 
Gludg (Palumbi et al., 2002) and Peil (Ptacek et al., 1994). 
A fragment including the terminal portion of the ND4 gene 
and the tRNAs for Histamine, Serine and Leucine was ampli-
fied using the primers ND4 and Leu (Arévalo et al., 1994). 
Regarding the MC1R and the oocyte maturation factor (C-
mos) fragments, the primers MC1R_F and MC1R_R (Pinho 
et al., 2010), and LSC1 and LSC2 (Godinho et al., 2006) were 
used for both amplification and sequencing, respectively.

Amplifications were performed in 25 μL of 5x reaction buf-
fer, 3.2 mM MgCl2, 0.16 mM dNTP mixture, 0.16 mM of each 
primer, 1U of Promega GoTaq DNA polymerase and 10–25 ng 
of template DNA. PCRs consisted of an initial denaturation at 
94°C for 2 min, followed by 40 cycles that included a denatur-
ation step at 92°C for 30 s, annealing at 57–65°C for 30 s and 
extension at 72°C for 1 min. A final extension was conducted 
for 5 min. Minor adjustments to conditions were required in 
some reactions. All PCR products were visualized on 2% aga-
rose gels stained with GelRed nucleic acid stain (BIOTIUM), 
and successful amplifications were sent to Beckman Coulter 
Genomics (UK) for purification and Sanger sequencing.

GenBank DNA sequences for all genetic markers used in 
our study belonging to Darevskia chlorogaster, D. defilippii and 
Iranolacerta brandtii were added to our data set (Ahmadzadeh, 
Flecks, Carretero, Mozaffari, et al., 2013; Mendes et al., 2016; 
Pavlicev & Mayer, 2009), as well as sequences identified as D. 
valentini and D. rudis from previous studies (Freitas et al., 2019; 
Freitas, Rocha, et  al.,  2016; Saberi-Pirooz et  al.,  2018) (see 
Table S1 for accession numbers).
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2.3 | Phylogenetic analysis

We used Geneious Pro (Version 5.5.9; Drummond et al., 2010) 
to assemble the contigs and MAFFT (Version 7.0.17; Katoh 
& Standley, 2013) to align each set of sequences, using the 
default parameters. Phase reconstruction of the nDNA data 
set was performed using the program PHASE (Version 
2.1.1; Stephens & Donnelly,  2003; Stephens et  al.,  2001), 
considering a threshold of 60% (p = q=0.6), since this has 
been demonstrated to reduce the number of genotype uncer-
tainties with little or no increase in false positives (Garrick 
et al., 2010). PHASE input files were created in SeqPHASE 
(Flot, 2010), and all polymorphic sites with a probability of 
<0.6 were coded in both alleles with the appropriate IUPAC 
ambiguity code.

Phylogenetic analyses on the concatenated mitochondrial 
data were performed with Maximum Likelihood (ML) and 
Bayesian Inference (BI) methods using Iranolacerta brandtii 
as an outgroup (Garcia-Porta et al., 2019). Only individuals 
sequenced for both the cytb and the ND4 were used in this 
concatenated analysis.

In order to determine the best fitting nucleotide model 
and partition scheme for each phylogenetic analysis, we 
used the software PartitionFinder (Version 1.1; Lanfear 
et al., 2012). We tested in PartitionFinder schemes including 
codon partitions for ML analyses, whereas for BI analyses 
we selected among schemes with genes unpartitioned (to 
avoid over-parameterized models). Parameters used were 
branchlengths  =  linked and model_selection  =  BIC. We 
implemented partition schemes and models as described 
in Table  S2. Before running the ML inference, identical 
haplotypes were collapsed using the software ALTER 

(Glez-Peña et al., 2010). The ML analysis was conducted 
with the software GARLI (Version 2.0; Zwickl,  2006), 
where a tree search was performed using between 1,000 
and 3,000 generations (parameter genthreshfortopoterm), 
and considering a stochastic algorithm, each resulting in 
a single best tree. The resulting likelihood values were 
compared, and the best value was obtained for 2,000 gener-
ations. Bootstrap support was calculated from 1,000 boot-
strap (BP) pseudo-replicates (Felsenstein,  1985), using 
genthreshfortopoterm set to 2,000 and the best tree as a 
starting tree. A majority rule consensus tree was gener-
ated using the software Phyutility (Version 2.2; Smith & 
Dunn, 2008).

The software BEAST (Version 1.8.4; Drummond & 
Rambaut,  2007) was used for BI analyses. Clock models 
were unlinked, and trees linked as mitochondrial markers are 
actually linked in the genome, and a strict clock was imple-
mented. A coalescent constant size prior was selected for the 
tree. Two individual runs of 30x106 generations were per-
formed with a sampling frequency of 3,000. Convergence for 
all model parameters was assessed by examining trace plots 
and histograms in Tracer (Version 1.7; Rambaut et al., 2018) 
after obtaining an effective sample size (ESS)> 200. Runs 
were combined using LogCombiner (discarding 10% of 
the initial runs), and maximum credibility trees with diver-
gence time means and 95% highest probability densities 
(HPDs) were produced using Tree Annotator (both part of 
the BEAST package). Trees were visualized using FigTree 
(Version 1.4.0; Rambaut, 2009).

We inferred the phylogenetic relationships among haplo-
types for each mtDNA locus, using a Median Joining net-
work (Bandelt et  al.,  1999). To construct these haplotype 

F I G U R E  1  Map representing the 
sampling localities and IUCN geographic 
range of the species comprising theD. 
rudisgroup: the polygon in orange represents 
the known distribution ofD. rudis,D. 
valentiniin purple andD. portschinskiilight 
blue (Tok et al., 2009a,2009b; Tuniyev 
et al., 2009) [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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networks, we used the software PopART (Version 1.7; Leigh 
& Bryant,  2015), with the parameter epsilon set to 0. For 
each of the nuclear markers, we also used the parsimony con-
nection criterion implemented in the software TCS (Version 
1.21; Clement et  al.,  2000), and the layout was improved 
using tcsBU (Santos et al., 2016).

MEGA (Version 7.0.26; Kumar et al., 2016) was used to 
estimate uncorrected p-distances between lineages for each 
mtDNA marker, and DnaSP (Version 5; Rozas et al., 2003) to 
calculate several genetic diversity parameters.

2.4 | Species tree and divergence 
time estimation

We implemented a multispecies model with *BEAST, not 
only to determine the age of the most recent common ances-
tor (MRCA), but also to assess the relationships between the 
main clades recovered in the mtDNA phylogenetic analyses. 
This was performed using both mitochondrial and phased nu-
clear loci, and best partition and nucleotide models inferred 
using PartitionFinder (see Table S2). All markers were run 
with unlinked trees, sites and clock models so that each locus 
and respective priors used would not constrain the calcula-
tion of the parameters for the other marker, such as mutation 
rate, tree topology or branch length. A strict molecular clock 
was assumed, using the mutation rate for ND4 estimated for 
the lacertid genus Podarcis Wagler, 1830 (Pinho et al., 2007) 
and co-estimated for cytb. The clock.rate prior parameter for 
ND4 was set as a normal distribution with a mean of 0.0226 
and a standard deviation of 0.0031, so that mutation rate var-
ied between 0.0278 and 0.0174 mutation/site/million years. 
A uniform Yule prior was selected for the tree, with a ran-
dom starting one. Two individual runs of 2  ×  108 genera-
tions were performed with a sampling frequency of 10,000. 
Convergence for all model parameters was assessed by ex-
amining trace plots and histograms in Tracer (Version 1.7; 
Rambaut et  al.,  2018) after obtaining an effective sample 
size (ESS) > 200. Runs were combined using LogCombiner 
(discarding 10% of the initial runs), and maximum credibil-
ity trees with divergence time means and 95% highest prob-
ability densities (HPDs) were produced using Tree Annotator 
(both part of the BEAST package). Trees were visualized 
using FigTree (Version 1.4.0; Rambaut, 2009).

2.5 | Bayesian phylogeography

We inferred the diffusion of mitochondrial lineages through 
time for the whole D. rudis complex (including D. bithynica 
and D. valentini) using a continuous Bayesian phylogeogra-
phy approach (Lemey et al., 2010), under a Gamma Relaxed 
Random Walk model (RRW). This method estimates 

population size changes through time and also ancestral 
population locations. A random ‘jitter’ was added to each tip 
(window size 0.05) to aid in inference of individuals with 
identical GPS coordinates, and the same clock rate for ND4 
from Pinho et al. (2007) was applied, as explained previously.

We used marginal likelihood estimation (MLE) and 
Bayes factors (BF) to select between a strict and relaxed 
clock model for the data. We conducted marginal likelihood 
estimation using Path Sampling (PS) and Stepping Stone 
(SS) analyses in BEAST (Version 1.8.4; Baele et al., 2012). 
Each clock model was first tested with analyses running 
for 10 × 106 generations, with sampling every 100 gener-
ations. MLE analyses were run for 50 path steps for 106 
generations within each step and sampling every 1,000 
generation. Bayes factors were calculated as two times the 
difference in marginal likelihood estimates between com-
peting models and significance was determined if the BF 
value was >10 (Kass & Raftery,  1995). For all analyses, 
two independent analyses were pooled using LogCombiner. 
The relaxed clock was favoured over the strict (Table S3). 
Hence, the final Gamma RRW analysis was performed 
with the TN93  +  I+G DNA substitution model for each 
mtDNA partition (as in the previous Bayesian coalescent 
analysis; see Table S2), with linked trees, and considering 
a relaxed clock. Two independent analyses were run for 
25  ×  106 generations, sampling every 2,500 generations, 
and then combined using LogCombiner. A maximum cred-
ibility tree was produced using Tree Annotator. We used 
the program Spread (Version 1.0.6; Bielejec et al., 2011), 
to produce KML files showing the 80% HPD regions of the 
diffusion of lineages through time on the landscape, and the 
TimeSlicer function to look at specific time windows.

2.6 | Population size changes

We estimated changes through time in effective population 
size of each mtDNA lineage using the Extended Bayesian 
Skyline Plot (EBSP; Heled & Drummond,  2008), imple-
mented in BEAST. We used an uncorrelated relaxed clock 
prior, linked trees and the ND4 clock rate after Pinho 
et  al.  (2007). The prior for the root height of the tree 
was given a wide uniform distribution over the interval 
[1, 1000] and an uninformative gamma prior (shape = 1; 
scale = 500) for the parameter Demographic.popMean. The 
first prior is meant to accommodate the large variation in 
coalescent times that can be expected under the coalescent 
process. The MCMC was run for a total of 2 × 108 genera-
tions (sampling every 2 × 105 steps and excluding the first 
10% as burn-in). We assessed convergence by examining 
parameter trends between two separate runs using Tracer 
and built the plots using the Python scripts described in the 
software's tutorial.
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2.7 | Environmental data

Climatic variables were obtained from WorldClim online 
data (www.world clim.org; Hijmans et  al.,  2005). From the 
initial set of 19 bioclimatic variables available, we excluded 
BIO3, BIO14 and BIO15, as they are biased when projected 
to past scenarios (Bedia et  al.,  2013; Varela et  al.,  2015). 
From the remaining variables, we then selected seven with a 
Pearson correlation lower than 0.6 (Table S4). Three past cli-
mate scenarios were used: one for the Last Interglacial (LIG: 
~130–116 kyr years BP; Otto-Bliesner et al., 2006) and two 
(CCSM and MIROC) for the Last Glacial Maximum (LGM: 
~22 kyr years BP; Hijmans et  al.,  2005). The spatial reso-
lution of climate variables for current and LIG past climate 
scenario was of 30 arc-seconds (approximately 1 km2), and 
for the LGM past scenarios was of 2.5 arc-minutes (approxi-
mately 5 km2).

2.8 | Ecological niche models

We modelled the realized niches (sensu Sillero, 2011) of the 
main clades (see below) at the present. Then, we projected 
the current models to the past climate scenarios. Ecological 
niche models were calculated using the Maximum Entropy 
algorithm implemented in Maxent (Version 3.4.1; Phillips 
et al., 2006, 2017). This algorithm does not predict the ob-
served distribution of the species, but the suitable habitats 
for each clade in the study area, independently of whether 
they are occupied or not (Sillero, 2011). Maximum Entropy 
is a general-purpose machine learning method that uses 
presence and background data (Phillips et al., 2006, 2017). 
Background records are randomly selected and provide a 
spectrum of available conditions for the species in the whole 
area of study (Phillips et  al.,  2009). Maxent is particularly 
well suited to noisy or sparse information and is capable of 
simultaneously dealing with continuous and categorical vari-
ables (Phillips et al., 2006, 2017).

Maxent runs were performed with linear and quadratic 
features. Due to the limited number of presence points 
within each identified clade (see below), we performed 
the runs with all the points as training data for the clades, 
but with a ‘leave-one-out’ procedure to assess model per-
formance (Olden & Jackson,  2000; Shcheglovitova & 
Anderson,  2013). For each clade, we iteratively removed 
one presence point from the data set and built a model with 
the remaining points (Pearson et al., 2007; Vale et al., 2016). 
We created models with different regularization multiplier 
values (from 0 to 2) and selected the value that maximized 
the model performance (Merow et al., 2013; Shcheglovitova 
& Anderson, 2013). A regularization multiplier lower than 
one produces a more restricted prediction, while a higher 
value results in a broader prediction (Phillips et al., 2006; 

Shcheglovitova & Anderson,  2013). We calculated the 
arithmetic mean and the standard deviation of 10 repli-
cates for each main clade, as machine learning method has 
a probabilistic component (Sillero & Carretero, 2013). We 
ran Maxent in clog-log format (Phillips et  al.,  2017) and 
duplicated records (i.e. records inside the same pixel) were 
removed.

Model performance was analysed with the area under the 
curve (AUC) of the receiver-operating characteristics (ROC) 
plot (Liu et al., 2005) and the true skill statistics (TSS; Allouche 
et al., 2006). Random models have an AUC equal to 0.5; the 
closer an AUC is to 1, the more discriminant the model is. 
TSS ranges from −1 to +1, where +1 indicates perfect agree-
ment and values of zero or less indicate a performance no bet-
ter than random. Additionally, we calculated a set of 100 null 
models following the methodology outlined by Raes and Ter 
Steege (2007). For this, we created 100 different data sets with 
the same number of random points as the species presences 
following a Poisson distribution. We ran these data sets and 
obtained the AUC values of the ROC plots. We compared the 
AUC species models values with the ones calculated for a null 
model using the Kruskal–Wallis test. Null models were cal-
culated in R (Version 3.4.4; R Core Team, 2018) using the 
‘dismo’ package (Hijmans et al., 2017).

The importance of each environmental variable was de-
termined by the average percentage of contribution and per-
mutation importance of each variable to the models (Phillips 
et al., 2006) through factor analysis: (a) a jackknife analysis 
of the average AUC using training and test data; and (b) a 
calculation of the average percentage contribution of each 
variable to the models. For this purpose, the variables were 
excluded in turn and a model was created with the remain-
ing variables. A model was then created using each variable. 
Finally, the models were averaged so that each clade gets 
one habitat suitability map for the present and two for the 
past, using Quantum GIS (Version 3.4; Qgis Development 
Team, 2020).

3 |  RESULTS

3.1 | Phylogenetic analysis and molecular 
dating

We found a striking lack of monophyly in the mitochondrial 
phylogenetic analysis among the Darevskia rudis and D. val-
entini individuals (Figure 2c). Both Bayesian and Maximum 
Likelihood phylogenetic analyses using cytb (963  bp) and 
ND4 (840 bp) mitochondrial markers recovered four distinct 
geographically coherent clades, although their phylogenetic 
relationships were slightly different between the two meth-
odologies (Figure  2c and Figure  S1). One clade comprises 
the individuals from western Anatolia, fully coinciding with 

http://www.worldclim.org
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the geographic distribution reported for Darevskia bithynica 
(Figure 2a, in green) (Arribas et al., 2013). Its sister clade in-
cludes the individuals distributed across north-eastern Anatolia 
and southern Armenia, while the individuals occurring in 
north-central Anatolia represent another clade (Central Clade). 
Finally, two individuals from the Trabzon-Rize region (eastern 
Anatolia) cluster together to form a differentiated mitochon-
drial clade. Although with very low support (51.9%), the ML 
analysis (Figure S1) rendered D. rudis/ D. valentini paraphyl-
etic due to the phylogenetic position of D. portschinskii, while 
according to the BI topology (Figure 2c), the group remained as 
a highly supported monophyletic.

The uncorrected genetic p-distances between clades ob-
tained ranged from 3.8% (Trabzon-Rize and East) to 4.8% 

(bithynica and Central clades) for the cytb and from 3.4% 
(bithynica and East) to 4.1% (bithynica and Trabzon-Rize) 
for the ND4 marker (Table  1). The bithynica and Central 
clades were those presenting the highest values of mitochon-
drial genetic diversity, which is also evidenced by the hap-
lotype networks (Figure  2b; Figure  S2). The Trabzon-Rize 
clade was represented solely by two individuals which were 
identical for both mtDNA markers.

The parsimony haplotype networks obtained for each nu-
clear marker showed considerable haplotype sharing among 
mitochondrial clades, especially for the MC1R. Nevertheless, 
the C-mos gene fragment shows the existence of exclusive 
haplotypes for the West clade, and other haplotypes from the 
East clade endemic to Armenia (Figure 3).

F I G U R E  2  Map representing the geographic distribution of each clade (a), the median joining haplotype network (b) and Bayesian 
phylogenetic tree (c) estimated for the concatenated mtDNA data set (cytb + ND4). In (a), the squares represent individuals assigned asD. 
rudisand the stars asD. valentini. Inset map depicts the geographic location of individuals not assigned to any mitochondrial clade. The colours 
in the haplotype network match with the groups obtained in the phylogenetic tree. The sizes of the circles are proportional to the frequency of 
each haplotype. Black circles represent hypothetical haplotypes, and the mutations are shown as lines in the branches. Asterisks next to the 
nodes represent the posterior probabilities ≥90%. Detailed information about each specimen is given in Table S1 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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3.2 | Species tree estimation

The topology obtained with the multilocus species tree 
(Figure 4) is similar to that from the mitochondrial BI phy-
logeny except regarding the position of D. parvula, for which 
only one individual was used. The most important result from 
this analysis was the paraphyly of the D. rudis/D. valentini 
group, contrary to what was attained in other studies (Freitas, 
Rocha, et al., 2016; Tarkhnishvili et al., 2013) phylogenetic 
position of the Trabzon-Rize clade is highly supported (92%), 
but the other relationships are not. The diversification of the 
group started around 1.3 Mya (during the lower Pleistocene), 
with the Trabzon-Rize clade having a basal position. The 
remaining clades diversified afterwards, with the West and 
East taxa separating last, around 0.97 Mya.

3.3 | Bayesian phylogeography

According to the obtained gamma relaxed diffusion model, 
the diversification of the rudis group's MRCA started approx-
imately 1.3 Mya in the Ordu province, Turkey (Figure  5). 
During this period, the geographic distribution of the species 
was estimated to be subdivided into a West and an East re-
gion, which has been maintained across time. Around 1.16 
Mya, the West group started to expand eastwards and the East 
group regressed. Nearly 1 Mya the geographic distribution of 

the species was very similar to what is observed 1.3 Mya. 
Finally, nearly 0.5 Mya all the extant taxa had already diver-
sified and were distributed across a West, Central and East 
Anatolian geographic areas, hence, in a very similar way to 
what is observed today (Figure 2a).

3.4 | Population size changes

Because the Trabzon-Rize clade is composed of only two 
individuals, the EBSP was not performed for this group 
(Figure  6). This analysis shows that all other clades have 
maintained a stable population size across time. This is sup-
ported by the lack of star-shape haplotypes in the mtDNA 
networks (Figure 2b; Figure S2) and a RRW model not indi-
cating any great population geographic expansion (Figure 5). 
The West clade is the one depicting a higher ancestral popula-
tion effective size and the East clade the lowest, which is still 
observed today by their current genetic diversity (Table 1).

3.5 | Ecological niche models

The Maxent models were not performed for the Trabzon-
Rize clade, due to the low number of presence points 
(only two). For the three other main clades, the models 
were built on 15 presence points for the West clade, 11 

T A B L E  1  Genetic distances between clades for each mitochondrial locus (cytb and ND4), and genetic diversity within clade

Genetic p-distance Genetic Diversity Cytb (ND4)

ND4
Cytb

West 
(bithynica) East Central

Trabzon-
Rize Naa Hdb πc 

West (bithynica) 0.03431 0.03868 0.04098 29 (25) 0.973 (0.961) 0.02157 (0.01864)

East 0.04137 0.03457 0.03945 9 (11) 0.781 (0.840) 0.00942 (0.00977)

Central 0.04780 0.03825 0.03941 19 (25) 0.966 (0.989) 0.02214 (0.02002)

Trabzon-Rize 0.04218 0.03808 0.03945 1 (1) 0.000 (0.000) 0.000 (0.000)
aNumber of haplotypes. 
bHaplotype diversity. 
cNucleotide diversity. 

F I G U R E  3  Haplotype networks 
estimated under the parsimony connection 
criterion for each nuclear marker (MC1R 
and C-mos). The colours match with the 
groups obtained in the phylogenetic tree 
from Figure 2 [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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for the East clade and 12 for the Central clade. All mod-
els attained mean AUC values higher than 0.9 (West: 
x  =  0.962, SD  =  0.004; East: x = 0.956, SD  =  0.006; 
Central: x = 0.942, SD = 0.010). The clade models were 
significantly better than the null models (Kruskal–Wallis; 
West: χ2 = 38.768, df = 1, p = 4.7E-10; East: χ2 = 29.465, 
df  =  1, p  =  5.69E−08; Central: χ2  =  31.859, df  =  1, 
p = 1.66E−08). The TSS values showed also good model 

performance (West: x = 0.804, SD  =  0.044; x = East: 
0.777, SD = 0.059; Central: x = 0.667, SD = 0.066).

The variables that more strongly contributed to the west-
ern and Central models were temperature seasonality, mean 
temperature of the wettest quarter and mean diurnal range 
(Table  S4). For the eastern clade model, annual precipita-
tion, maximum temperature of the warmest month and mean 

F I G U R E  4  Species tree depicting phylogenetic relationships between the main lineages of theD. rudis/D. valentinispecies group, inferred with 
*BEAST using mitochondrial (cytb and ND4) and nuclear (MC1R and C-mos) DNA sequence data. Posterior Probability values of each node are 
reported next to the branches, and the blue bars indicate 95% HPDs of estimated divergence times. Below the tree is represented the timeline and 
duration of each geological time [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  Continuous diffusion phylogeographic reconstruction for theD. rudis/D. valentinispecies group at three time slices (1.3 Mya, 
1.16 Mya, 1 Mya and 0.5 Mya), as represented in the species tree on the left. The MCC gene tree is denoted with a red-black colour gradient 
corresponding to the relative age of dispersal. The polygons in the map represent the 80% HPD intervals for the location of each node of the 
sampled genealogies, a measure of the uncertainty of the estimated location. The colours of the polygons at each time slice are the same as the ones 
represented in the species tree time scale. The red dot in the 1.3 Mya time slice corresponds to the estimated location of the MRCA [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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temperature of the wettest quarter were the ones that affected 
the model the most.

The current suitable area of the western clade was mostly 
located along the west coast of Anatolia (Figure 7). On the 
contrary, the current suitable habitat for the eastern clade was 
mostly at the east coast of Anatolia, Georgia, and slightly in 
Armenia and southern Russia. The current suitable area for 
the Central clade is restricted to a small area at the Pontus and 
Paphlagonia regions.

When projecting to the past scenarios, there was almost no 
suitable area for the bithynica and the Eastern clades during 
the LIG, but larger areas during the LGM than at present. The 
opposite happens with the Central clade, with a wide suitable 
area during the LIG and almost none during the LGM.

4 |  DISCUSSION

Due to its geographic position and complex orogeny, the 
Anatolian Peninsula has repeatedly acted as both a bar-
rier and a bridge for biodiversity between Asia and Europe 
(Bilgin, 2011). In particular, the Pontic Mountains in north-
ern Anatolia and immediately south of the Black Sea clearly 
separate the Pontic region from the Anatolian Plateau. Within 
the Pontic region, the rivers Kizil and Yezil dissect the 
Pontic Mountains into western and eastern sections (Sindaco 
et al., 2000). During glacial stages, high mountains acted as 
barriers to species dispersal, while during interglacial phases, 
individuals dispersing from their refugia will often meet, 
promoting secondary contacts and hybridization among par-
tially distinct lineages. Indeed, such orographic and climatic 
patterns disrupting gene flow and promoting isolation have 
been invoked to explain the great cryptic genetic diversity 
observed in multiple Anatolian herpetofaunal taxa including 
amphibians (Akın et al., 2010; Gvoždík et al., 2015; Stöck 
et  al.,  2012; Veith & Steinfartz,  2004), chelonians (Fritz 
et  al.,  2008, 2009; Mashkaryan et  al.,  2014; Vamberger 

et al., 2013), lizards (Bellati et al., 2015; Kapli et al., 2013; 
Kornilios et al., 2019), worm lizards (Sindaco et al., 2014) 
and snakes (Guicking et  al.,  2009; Jablonski et  al.,  2019; 
Kindler et al., 2013; Kornilios et al., 2011).

According to our results, the individuals identified either 
as Darevskia rudis or as D. valentini appear as paraphyletic 
and substructured into four mitochondrial clades. These 
started to differentiate during the lower Pleistocene (around 
1.3 Mya, Figure 4), soon after the separation of D. portsch-
inskii from their common ancestor. The estimated timing of 
divergence obtained here is slightly older than that reported 
in previous studies (Mid-Pleistocene in Tarkhnishvili, 2012; 
Tarkhnishvili et  al.,  2013), but similar to the estimates in 
Murtskhvaladze et  al.  (2020) (1  Mya) and Garcia-Porta 
et  al.  (2019) (1.34  Mya). However, the proposed estimates 
of relationships among these taxa seem to be as many as 
the studies investigating them. For instance, in some stud-
ies, D. portschinskii and D. rudis appear as sister taxa, with 
D. valentini in a basal position (Freitas, Rocha, et al., 2016; 
Freitas, Vavakou, et  al.,  2016), while in others D. portsch-
inskii clusters with D. valentini, and D. rudis is their sister 
taxon (Freitas, 2017; Murtskhvaladze et al., 2020). Although 
the support of D. portschinskii as sister taxon to D. rudis and 
D. valentini is strong in our study, the same cannot be said 
concerning the remaining clades (Figure 4). This newly ob-
tained phylogenetic pattern showing a lack of differentiation 
between D. rudis and D. valentini specimens is essentially 
the consequence of our improved sampling in compari-
son to the previous studies. Indeed, in every prior study 
(Freitas, Rocha, et al., 2016; Freitas, Vavakou, et al., 2016; 
Tarkhnishvili, 2012; Tarkhnishvili et al., 2013), all sequenced 
individuals of D. valentini were from Armenia, while sam-
pling of D. rudis was limited to eastern Anatolia. Essentially, 
the phylogenetic relationships obtained from these studies are 
a subset of our results; from the eastern clade, previous stud-
ies only included Armenian D. valentini, a few specimens 
of D. rudis from the Central clade, and none from western 

F I G U R E  6  Extended Bayesian Skyline Plot (EBSP), representing the effective population size through time for the West, East and Central 
mtDNA clades of theD. rudis/D. valentinigroup. The median population size (dotted line) is represented together with the lower and higher bounds 
of its 95% HPD (grey area). The x-axis represents the temporal scale in millions of years (Mya). Population size is represented in the y-axis 
(units = population size × generation time) [Colour figure can be viewed at wileyonlinelibrary.com]
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Anatolia or the Trabzon-Rize region. Hence, unsurprisingly, 
their results supported D. rudis and D. valentini as two mono-
phyletic taxa.

Furthermore, after a sampling weighted towards the 
Caucasus region, Tarkhnishvili et al.  (2013) concluded that 
the common ancestor of D. valentini and D. rudis came prob-
ably from the Lesser Caucasus and outside the immediate 
Black Sea area. In contrast, our results from the Bayesian 
phylogeography analysis (Figure  5) suggest that the diver-
sification of this group took place most likely in the Ordu 
area (Anatolia), followed by the establishment of two dis-
tinct geographic clusters separated by the Kizil River val-
ley, a well-recognized barrier dividing the Pontic Mountains 
into western and eastern sections (Sindaco et  al.,  2000). 
Remarkably, along with the diversification of D. rudis and 
D. valentini, the Kizil River has remained a permanent geo-
graphic barrier and a strong vicariant candidate to explain the 
origin of D. bithynica by allopatric speciation. Indeed, the 
Pontic Region has already been identified as a possible refu-
gium and the origin for radiation in the Anatolian mountain 
frogs (Veith et  al.,  2003), and an important dispersal route 
for many Euro-Siberian reptiles, including the lizard Lacerta 
viridis (Mashkaryan et al., 2014) and the snakes Coronella 
austriaca, Zamenis longissimus and Vipera trauscaucasi-
ana (Billing et al., 1990). Interestingly, Arribas et al. (2013) 
had already suggested that the Pontic mountains had played 
an important role in the speciation and differentiation of D. 
bithynica, but in this study we were able to pinpoint the most 
likely geographic barrier for the species, promoting its isola-
tion and diversification from the remaining members of the 
rudis complex.

Additionally, beyond the preliminary genetic analysis by 
Koç et al.  (2017), our study is also the first one corrobo-
rating D. bithynica as a full species, with supporting evi-
dence from both mitochondrial and nuclear DNA markers. 

However, the recognition of this species together with the 
clade structure and evidence of gene flow between the other 
clades strongly questions the validity of the taxonomic ar-
rangement with D. rudis and D. valentini as two indepen-
dent taxa.

The hypothesis of vicariance as the speciation process 
generating D. bithynica is also supported by their present po-
tential ecological niche models (Figure 7). Between the west-
ern (bithynica) and central clades, there is clear ecological 
niche overlap, both sharing the same bioclimatic variables 
contributing to their distribution models (Table S4). The east-
ern and western clades also share part of their potential dis-
tribution range. During allopatric speciation, the preservation 
of ecological similarity among populations over time (niche 
conservatism; Peterson,  2011; Wiens & Graham,  2005) is 
common. Limited adaptation to the ecological conditions 
at the geographic barrier can promote genetic isolation and 
differentiation between vicariant populations (Ahmadzadeh, 
Flecks, Carretero, Böhme, et al., 2013; Ahmadzadeh, Flecks, 
Carretero, Mozaffari, et al., 2013; Cadena et al., 2012; Hua 
& Wiens,  2013; Kozak & Wiens,  2007; Rato et  al.,  2015; 
Wiens,  2004). This is the most likely scenario responsible 
for D. bithynica's speciation from the remaining clades of the 
rudis group.

In general, the Bayesian phylogeography model (Figure 5) 
does not show notable geographic expansion events during 
the differentiation of the rudis complex. This is corroborated 
by the EBSP analysis, which showed there were no changes 
in the effective population size through time (Figure  6). 
Accordingly, neither mtDNA nor nDNA haplotype networks 
(Figures 2b and 3; Figure S2) display a star-shaped config-
uration, which would be typical of a population expansion.

According to the projections of the ecological niche mod-
els to the past, during the Last Interglacial (~120–40 kyr years 
BP) the environment was unsuitable for both the western and 

F I G U R E  7  Models of the present distribution of the West (green), Central (yellow) and East (red) clades and projections to the past scenarios 
(LIG and LGM) [Colour figure can be viewed at wileyonlinelibrary.com]
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eastern clades, while favourable for the central clade with a 
massive niche shift compared to their present distribution. 
However, during the Last Glacial Maximum (~22 kyr years 
BP), the distribution of both the western and eastern clades 
increased considerably, and the opposite occurred for the 
central clade. Currently, the suitable areas for both western 
and eastern clades are smaller when compared to the ones 
during the LGM and slightly larger regarding the central 
clade. Despite these inferred range fluctuations over time, the 
molecular markers used in this study did not detect any popu-
lation size differences. Presumably, the decrease in the range 
from the LGM to the present erased any signs of ancient pop-
ulation expansion, since it seems unlikely that a past niche 
shift would have had no populational effect.

Surprisingly, aridification of the habitat and colder 
temperatures during glacial periods seem to have provided 
favourable environmental conditions for both D. bithyn-
ica and the eastern clade, contrary to a wetter LIG envi-
ronment. During glacial periods, they were likely pushed 
to the Pontic mountain tops where they were able to thrive. 
As far as we know, Late Pleistocene Anatolian glaciers 
developed solely in high mountains, such as Taurus (in 
south-eastern Anatolia) and the eastern Black Sea (Sarikaya 
& Ciner, 2015). Consequently, at least around the western 
and central regions of the Black Sea, the populations were 
probably not organized in isolated ‘pockets’, but instead 
connected and able to spread. On the other hand, the east-
ern Black Sea Mountains might have acted as a refugium 
for the Trabzon-Rize clade. Although we could not assess 
the ecological niche models for this clade due to its small 
sample size, these mountains are a candidate for the ori-
gin and point of diversification for the Trabzon-Rize clade 
during Pleistocene's climatic oscillations. Indeed, several 
studies have demonstrated the hypothesis of a circum-Black 
Sea Pleistocene refugia for populations of distinct herpeto-
faunal groups (e.g. Fritz et al., 2009; Guicking et al., 2009; 
Gvoždík et al., 2015; Stöck et al., 2012), as seems to be the 
case in the rudis species complex.

When present and/or past gene flow occurs among taxa, 
evolutionary biologists are sometimes challenged with poorly 
resolved phylogenetic relationships and a lack of mono-
phyly inferred from individual genealogies. Initial studies 
(Tarkhnishvili et al., 2013) detected little current gene flow 
between D. rudis and D. valentini, in contrast to the high 
level of recombinant gene flow from D. rudis to D. portsch-
inskii. However, more recently, the existence of past gene 
flow between D. rudis and both D. valentini and D. portsch-
inskii has been described using genomic data (Freitas, 2017). 
In fact, while both the species tree and BI analysis show that 
the most basal split among these three species separates D. 
portschinskii of the D. rudis/D. valentini pair (as in Garcia-
Porta et  al.,  2019), we cannot ignore that the ML analysis 
(Figure  S1) produced an alternative topology, although 

without strong support. According to the ML phylogeny, D. 
portschinskii is sister to the Trabzon-Rize clade, both hav-
ing a basal position, and rendering the rudis group as para-
phyletic. We interpret this as further evidence that the rudis 
group is comprised of recently separated species, making it 
difficult to obtain fully resolved phylogenies.

Although we cannot ascertain if gene flow is currently tak-
ing place among all species of the rudis group, both mt- and 
nDNA results clearly indicate past hybridization at different 
time scales between D. rudis and D. valentini; mitochondrial 
phylogenies show a lack of monophyly, and nDNA haplotype 
networks display a clear pattern of incomplete lineage sort-
ing with several shared haplotypes. The only exception is D. 
bithynica, which has exclusive haplotypes for C-mos, corrob-
orating its recognition as an independent taxon.

In fact, hybridization among Darevskia species is well-
known and the base for the creation of parthenogenetic 
forms in this lizard group. These events took place during 
the Pleistocene climate cycles (Freitas, Rocha, et al., 2016), 
when subsequent expansion–contraction of populations 
would have allowed the secondary contact among sexual 
Darevskia lineages in incomplete stages of reproductive iso-
lation(Vrijenhoek,  1989). Most likely, these hybridization 
episodes occurred several times and in separate geographic 
areas. In some cases, such episodes originated parthenoge-
netic hybrids with limited backcrossing with the parentals 
(Freitas et al., 2019; Freitas, Rocha, et al., 2016), while in 
cases such as the one reported here, it seems to have resulted 
in massive introgression and incomplete gene sorting.

Overall, this is yet another study endorsing the complex-
ity within Darevskia rock lizards regarding both speciation/
differentiation and biogeography. Beyond the karyological 
traits shaping reproductive compatibility between members 
of the genus in other areas (Kupriyanova,  2010; Murphy 
et  al.,  2000), the biogeographical context and in particular 
the current and past topographic and climatic characteristics 
of the region played a fundamental role in the diversification 
of North Anatolian Darevskia.

To conclude, our research highlights the importance 
of extensive sampling across a group's distribution range, 
in order to obtain a more accurate phylogenetic/phylogeo-
graphic pattern. By including a more representative data set 
of the total distribution range, we were able to uncover the 
complexity of this lizard group inferring its evolutionary 
dynamics in space and time. Besides the focus on the group 
of species, this study also shows how the biogeographical 
complexity of a region will be reflected in a compound 
evolutionary history of its current biodiversity. However, 
further sampling is still of paramount importance to fully 
assess the evolutionary history of the rudis species complex; 
specifically, more specimens identified as D. valentini from 
south-western Georgia and south of the Pontic Mountains 
are needed, covering the entire range of this taxon. Our 
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study also raises questions concerning the validity of both 
D. rudis and D. valentini as two independent species, high-
lighting the need for further taxonomic changes within the 
rudis group.
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