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Abstract

Influenced by rapid changes in climate and landscape features since the Miocene, widely distributed species provide suitable models to study
the environmental impact on their evolution and current genetic diversity. The dice snake Natrix tessellata, widely distributed in the Western
Palearctic is one such species. We aimed to resolve a detailed phylogeography of N. tessellata with a focus on the Central Asian clade with 4
and the Anatolia clade with 3 mitochondrial lineages, trace their origin, and correlate the environmental changes that affected their distribution
through time. The expected time of divergence of both clades began at 3.7 Mya in the Pliocene, reaching lineage differentiation approximately
1 million years later. The genetic diversity in both clades is rich, suggesting different ancestral areas, glacial refugia, demographic changes, and
colonization routes. The Caspian lineage is the most widespread lineage in Central Asia, distributed around the Caspian Sea and reaching the
foothills of the Hindu Kush Mountains in Afghanistan, and Eastern European lowlands in the west. Its distribution is limited by deserts, moun-
tains, and cold steppe environments. Similarly, Kazakhstan and Uzbekistan lineages followed the Amu Darya and the Syr Darya water systems
in Central Asia, with ranges delimited by the large Kyzylkum and Karakum deserts. On the western side, there are several lineages within the
Anatolia clade that converged in the central part of the peninsula with 2 being endemic to Western Asia. The distribution of both main clades was
affected by expansion from their Pleistocene glacial refugia around the Caspian Sea and in the valleys of Central Asia as well as by environmental
changes, mostly through aridification.
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The region from Anatolia to Central Asia played an important
role in the evolution of the current diversity of reptiles in the
Western Palearctic (Sindaco and Jeremcenko 2008; Sindaco
et al. 2013). Whereas the Anatolian area is well-studied and
provides several biogeographic hypotheses on the evolution
of regional biota (e.g., Bilgin 2011), Central Asia (countries
east of the Caspian Sea from Kazakhstan to Pakistan in the
south and north-western China and Mongolia in the east)
remains comparatively less explored. Several scenarios have
been presented for the diversification of herpetofauna in
Central Asia (e.g., Solovyeva et al. 2018; Asadi et al. 2019;
Dufresnes et al. 2019; Zhou et al. 2019), suggesting that
the diversity and expansion of various species in the region
were linked with the Mid-Miocene climatic transition char-
acterized by the rapid cooling and progressing aridification.

Such diversification has been driven also by fluctuations of
the Paratethys Sea which responded to the Messinian Salinity
Crisis (Van Baak et al. 2017), one of the major events shaping
the evolution, diversity, and distribution of the current her-
petofauna in the Western Palearctic (Poulakakis et al. 20135).
Further population divergence was formed by the Pliocene
and Pleistocene climatic oscillations.

As the Eastern Paratethys (Euxinic-Caspian basin, semi-
closed or closed) was present in the area from the current
Black Sea to the mountains of Central Asia (Popov et al.
2006; Krijgsman et al. 2019), it raises the question of whether
it affected the evolution of reptiles requiring aquatic habitats.
The widely distributed dice snake, Natrix tessellata (Laurenti,
1768), is a suitable model to answer such a question. This
species is currently distributed from Central Europe, through
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Egypt and the Middle East, Central Asia, to western China.
Previous research on the phylogeny and phylogeography of
the species detected 9 mitochondrial lineages with the basal
radiation occurring in Western Asia (Guicking et al. 2002;
2009; Guicking and Joger 2011; Kyriazi et al. 2013). It was
assumed that the diversification within the species is linked
to the major aridification and cooling that occurred during
the Tortonian period of the Miocene (Kyriazi et al. 2013)
and progressed with the late Miocene aridification events,
primarily the Messinian Salinity Crisis. This is paralleled by
the evolution of other animals in that region (Poulakakis et
al. 2015), and further supported by similar results from the
closely related grass snake Natrix natrix sensu lato (Fritz et al.
2012; Kindler et al. 2013,2017). In contrast, the major clades
of N. tessellata originated in the Central Palearctic (Western
and Central Asia), whereas those for the N. natrix sensu lato
have their roots in the Western Palearctic realm (northern
Africa and Western and Central Europe).

In contrast to the large effort in the last decade for under-
standing the evolution and biogeography of the snake fauna
in the Western Palearctic, the genetic diversity in Asian dice
snake populations was only partially understood. Rastegar-
Pouyani et al. (2017) focused on the genetic diversity and
distribution of lineages found in Iran, however, without dis-
cussing biogeographic consequences. Asztalos et al. (2021)
presented an updated view on the phylogeography of N. tes-
sellata based on previous and new samples from Anatolia and
compared the phylogeographic structure and local hybridiza-
tions with N. natrix. These authors also found several cases
of hybridization between both studied species. Nevertheless, a
detailed phylogeographic study on populations from Central
Asia and related populations is missing. Thus, we aimed to
fill these gaps to provide insights into 1) the phylogeographic
structure of the species in Central Asia and adjacent regions;
2) the geographic origin of detected lineages, and their pos-
sible refugia; and 3) conditions that affected the colonization
and distribution in the arid and mountainous areas of Central
Asia.

Material and Methods

Data collection

We obtained DNA data from 33 new samples of N. tessel-
lata from Western and Central Asia. Tissues were transferred
into absolute ethanol and stored at -20°C. DNA was isolated
using the DNAeasy Tissue Kit (QIAGEN), following the man-
ufacturer’s protocols, and stored at —20°C. The material was
obtained through fieldwork in areas that were not covered
in previous studies (e.g., Afghanistan, Kyrgyzstan, Pakistan,
and Tajikistan). Additional data were from museum collec-
tions and compiled with published sequences related to the
studied region (Guicking et al. 2006, 2009; Kyriazi et al.
2013; Rastegar-Pouyani et al. 2017; Asztalos et al. 2021;
Supplementary Table S1).

Amplification and sequencing

The complete mitochondrial DNA cytochrome b gene
(1,200 bp; cytb) was amplified with primers L14724NAT
(Guicking et al. 2002) and H16064 (Burbrink et al. 2000;
modified by De Queiroz et al. 2002) using the following
PCR program: 7 min denaturing step at 94°C followed by
40 cycles of denaturing for 40 s at 94°C, primer annealing
for 30 s at 46-50°C, and elongation for 1 min at 72°C, with

151

a final 7 min elongation step at 72°C. The same primers were
applied for sequencing. Cytochrome b is the most common
marker used in molecular phylogenetic analyses of reptiles,
including studies on Eurasian snakes (Guicking et al. 2009;
Jablonski et al. 2019). In case of lower quality DNA of old
tissue samples (e.g., sample from specimen ZFMK 95022
from Kunduz, Afghanistan) we used universal cytb prim-
ers CB1—CCATCCAACATCTCAGCATGA and CB2—
CCCTCAGAATGATATTTGTCC (modified after Kocher
et al. 1989) to amplify a fragment of approximately 350 bp
length. PCR products were purified using the ExoSAP-IT
enzymatic clean-up (USB Europe GmbH, Staufen, Germany;
manufacturer’s protocol). The sequencing was performed
by Macrogen Europe Inc. (Amsterdam, The Netherlands;
http://www.macrogen-europe.com), and new sequences were
deposited in GenBank under accession numbers OQ122168-
0Q122200 (Supplementary Table S1).

Phylogenetic analyses

DNA sequences were manually checked, aligned, and
inspected using Sequencher 5.4 and BioEdit 7.0.9.0 (Hall
1999). No stop codons were detected when the sequences
were translated using the vertebrate mitochondrial genetic
code in the program DnaSP 6.00 (Rozas et al. 2017). The
same program was used to calculate uncorrected p-dis-
tances among the main clades, and to estimate the number
of haplotypes (h) and nucleotide diversity (). The best-fit
codon-partitioning schemes and the best-fit substitution mod-
els were selected using PartitionFinder 2 (Search algorithm:
all, linked branch lengths; Lanfear et al. 2017), according to
the Bayesian information criterion. Phylogenetic trees for the
dataset were inferred using the Bayesian approach (BA) and
maximum likelihood (ML) by MrBayes 3.2.6 (Ronquist et al.
2012) and RAxXML 8.0. (Stamatakis 2014), respectively. The
best-fit substitution model with each codon position treated
separately for the BA analysis was as follows: HKY + I + G
(first and second positions), GTR + G (third position), while it
was GTR + I + G in each codon position in the ML analysis.
The first 20% of trees were discarded as the burn-in after
inspection for stationarity of log-likelihood scores of sampled
trees in Tracer 1.7.1 (Rambaut et al. 2018; all parameters
had an effective sample size [ESS] of > 200). A majority-rule
consensus tree was drawn from the post-burn-in samples
and posterior probabilities were calculated as the frequency
of samples recovering any clade. The ML clade support was
assessed by 1,000 bootstraps. Nodes with posterior probabil-
ity/bootstraps values >0.95/>70 were considered as moderate
or well-supported.

For the dating approach, we complemented our new
cytb sequences with data available in GenBank, including
all sequences of N. tessellata used in Guicking et al. (2006,
2009), and selected sequences from Kyriazi et al. (2013),
Rastegar-Pouyani et al. (2017), and Asztalos et al. (2021)
(Supplementary Table S1 and Figure S1). The resulting data
set consisted of 251 sequences (1,117 bp). The time-calibrated
BA was performed based on the codon-partitioned data in
BEAST 2 v.2.7.0 (Bouckaert et al. 2019) using the bModel-
Test (Bouckaert and Drummond 2017) package in BEAST 2
to infer the nucleotide substitution models during the Markov
chain Monte Carlo (MCMC) analysis. To ensure that the tree
prior does not have a negative impact on molecular dating
(Ritchie et al., 2017), we conducted analyses using 2 different
diversification processes, Yule (pure birth) and a birth—-death.
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Both models were compared using the Bayes factor (BF). The
marginal likelihoods for the BF calculations were estimated
based on the steppingstone (ss; Xie et al. 2011) and path
sampling (ps; Lartillot and Philippe, 2006) methods using
in BEAST 2 with 100 million generations, a chain length of
1 million, and 100 path steps. Statistical support was then
evaluated via 2InBF using the ps/ss results sensu Kass and
Raftery (1995). The dating approach followed Kyriazi et al.
(2013) using “external” calibration age constraints and set-
ting the prior on the calibration nodes so that the youngest
age of the distribution corresponded to the youngest possible
age at which that lineage existed using a log-normal distribu-
tion. Briefly, 6 fossil records were implemented: C1 (earliest
Coluber and Masticophis fossils; mean = 0.0, SD = 0.843,
offset = 11.0), C2 (earliest Salvadora fossil; mean = 0.0, SD =
0.843, offset = 20.0), C3 (earliest Lampropeltis fossil; mean
= 0.0, SD = 0.843, offset = 15.0), C4 (earliest Pantherophis
fossil; mean = 0.0, SD = 0.843, offset = 16.0), C5 (earliest
Thamnophis fossil; mean = 14.0, SD = 4.70, offset = 13.4),
and C6 (the first fossil appearance of the tribe Thamnophinii;
mean = 19.0, SD = 4.75, offset = 18.8). Eight runs were per-
formed each with 100 million generations, and a thinning
range of 10,000. Replicate runs were then combined with
BEAST 2 LogCombiner v.2.7.0 by resampling logs and trees
from the posterior distributions at a lower frequency and
using a burn-in of 10% for each dataset, resulting in a final
set of approximately 18,000 trees. Convergence and station-
ary levels were verified with Tracer v.1.7.1 (Rambaut et al.
2018). We annotated the tree information with TreeAnnotator
v.2.6.7 and visualized it with FigTree v.1.4.2.

We also constructed TCS haplotype networks for each
mtDNA phylogenetic lineage detected in the studied region.
For this, we included only long-length sequences (>900 bp).
We analyzed all lineages except Anatolia III which was rep-
resented by one sequence only. To build networks we used
the software PopArt 1.7 (http://popart.otago.ac.nz; Leigh and
Bryant 2015) with the incorporated 95% connection limit.
This approach allows us to present intraspecific evolution
and thus, better recognizes relationships between populations
(Posada and Crandall 2001).

Demography

The past population dynamics were estimated using the
Bayesian skyline plot (BSP; Drummond et al. 2005), as
implemented in BEAST 2 v.2.7.0. This method computes the
effective population size through time directly from sampled
sequences. The BSPs were applied to the Caspian, Kazakhstan,
and Uzbekistan lineages of the Central Asiatic clade and the
Anatolia IV lineage of the Anatolia clade, that is, lineages that
had enough sequences. We used a uniform prior for the mean
substitution rate for the cytb with the initial value of 0.00736
mutations per site/Mya taken from the final molecular clock
analysis (see above). Preliminary analyses were run using
both a strict molecular clock and the uncorrelated lognor-
mal relaxed molecular clock provided similar data that were
in accordance with the published estimations. Given that the
parameter of the standard deviation of the uncorrelated log-
normal relaxed clock was close to zero, the final analyses were
run enforcing the strict molecular clock model. The best-fit-
ting partitioning scheme was estimated using PartitionFinder
2 (all codon positions being treated together as one partition),
and the HKY substitution model was selected as the best-fit-
ting model. The final BSP analysis was run in duplicates to
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check for consistency between runs, each run for 10-50
million generations and sampled every 1,000 generations.
Convergence, ESS > 200, stationarity, and the appropriate
number of generations to be discarded as burn-in (10%) were
assessed using Tracer v.1.7.1. with the maximum time as the
mean of the root height parameter.

Ancestral area estimation in continuous space

The ancestral areas of the main detected N. tessellata line-
ages and the spatial-temporal patterns of diffusion through-
out their distribution range were estimated using the Bayesian
phylogeographic analysis in continuous space implemented
in BEAST v.1.10.4 (Lemey et al. 2010). We performed sep-
arate analyses with the same settings for each main clade
identified by the previous phylogenetic analysis, to avoid any
potential bias caused by population structure (Heller et al.
2013; Chiocchio et al. 2021). We applied a Yule tree prior,
the “Cauchy” model for spatial diffusion, and a strict molec-
ular clock model with 1.35% sequence divergence per mil-
lion years (Guicking et al. 2006). Geographical coordinates
were provided for each sequence, applying a jitter of =0.001
to duplicated coordinates. Analyses were run for 200 million
generations, sampling every 20,000 generations. The conver-
gence of the MCMC chains was inspected using Tracer v.1.7.1
to ensure adequate mixing and convergence. Finally, the sam-
pled trees were annotated using TreeAnnotator v.2.6.2 and
the final tree was analyzed in SpreaD3 v.1.0.7 (Bielejec et al.
2016) to visualize the ancestral area for each lineage.

Occurrence data species distribution modeling

We performed species distribution modeling (SDM) to illus-
trate the past and recent geographical distribution of N.
tessellata. Grids of 19 standard bioclimatic variables were
downloaded from the WorldClim (http://www.worldclim.
org) and CHELSA (https://chelsa-climate.org/) databases for
the Last Glacial Maximum (LGM) (~22 Kya; Karger et al.
2023), Mid-Holocene (~6 Kya; Fordham et al. 2017; Brown
et al. 2018), and current climate. All layers were clipped to
the extension of the known N. tessellata range and projected
to WGS84 using ArcGIS 10.8 (ESRI, Redlands, CA, USA).
To reduce the autocorrelation of climate data we removed
highly correlated variables based on the current climate data
sets and Pearson’s correlation coefficients (r > 0.7) using the
python script SDMtoolbox v.2.5 (Brown 2014) available for
ArcGIS. The final bioclimatic data sets comprised 8 variables:
BIO1 = annual mean temperature, BIO2 = mean diurnal tem-
perature range, BIO4 = temperature seasonality, BIO8 = mean
temperature of wettest quarter, BIO12 = annual precipitation,
altitude (CHELSA data), BIO14 (WorldClim data) = precipi-
tation of driest month, BIO15 = precipitation seasonality, and
BIO19 = precipitation of coldest quarter.

Based on the recent climate data set, for these variables,
we carried out a principal components analysis (Figure 5D)
with SDMtoolbox and used the Eigenvalues of the resulting
3 components (88.79, 7.42, and 3.80) to assess the weighted
climatic heterogeneity (Figure SE) across the area of interest.
To eliminate spatial clusters of localities we spatially filtered
our presence data by Euclidian distances (min 2 km, max
25 km; 5 distance classes) according to climate heterogene-
ity using the rarefying module in SDMtoolbox; as a result, 3
points were excluded. Prior to the SDMs, background points
were selected by a buffered minimum-convex polygon based
on known occurrences using a buffer distance of 200 km. The
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final 2 models were generated with MaxEnt v.3.4.3 (Phillips et
al. 2004, 2006) which is adequate for analyzing presence-only
data and based on the principle of maximum entropy. Model
performance and the importance of the environmental varia-
bles to the model were assessed using the mean area under the
curve (AUC) of the receiver operating characteristics (Hanley
and McNeil 1982; Robin et al. 2011), and jack-knife testing;
models with AUC values above 0.75 are considered poten-
tially informative (Elith et al. 2006), good between 0.8 and
0.9, and excellent for AUC between 0.9 and 1 (Préau et al.
2018). For projecting the MaxEnt models based on past cli-
mates, we used again the SDMtoolbox in ArcGIS.

Results

Molecular phylogeny, time divergence, and
phylogeography

The ML and BA gene trees based on a data matrix of 194
DNA sequences (190 without outgroup taxa) yielded almost
identical tree topologies with 7 major, well-supported clades
of N. tessellata (except the Greece clade in ML and Jordan
clade in BA tree) (Figure 1; for BA trees see Supplementary
Figures S1 and S2). These clades are named as follows: Iran,
Jordan, Greece, Crete, Europe, Anatolia (=Turkey lineage),
and Central Asia (modified from Guicking et al. 2009). The
last two, sister clades comprise 4 lineages (I-IV) in the Anatolia
clade (Anatolia III is represented by a single sequence from
Armenia) and 3 lineages in Central Asia clade (Caspian [=
Caucasus modified from Guicking et al. 2009], Kazakhstan,
and Uzbekistan; Figure 1). In the Anatolia clade, lineages
Anatolia I and Anatolia II (both endemic to Anatolia), consti-
tute the sister position, whereas the widely distributed lineage
Anatolia IV shows a sister relationship with the Armenian lin-
eage (Anatolia III). In the Central Asia clade, the Kazakhstan
lineage is sister to both Caspian and Uzbekistan lineages
that diverged later than the first one (see Figure 1A, B and
Supplementary Figures S1 and S2).

We performed molecular dating under Yule and a birth—
death model. Both approaches provided different but com-
parable results (Supplementary Table S2). For the final
phylogenetic inference, we applied a birth-death process
because this prior has been shown to be more suitable for
shallow and balanced phylogenies (Brown and Yang 2010),
while the Yule tree prior is more suitable for between species
branching (Drummond et al. 2007). Moreover, mean dating
results under birth-death model are more comparable with
other published data (Kyriazi et al. 2013). Overall, the age
estimations under the birth—-death process are younger than
those inferred under the Yule model. The birth—death model
also strongly outperformed the Yule model (2InBF > 20);
Table S3). Hence, we preferred the results under the birth—
death process to the Yule model. Molecular dating estima-
tions in N. fessellata suggest divergence from ancestral N.
tessellata begun in the late Miocene with the expected split
of the Iran clade at 9.6 Mya (11.6-7.1 Mya of 95% highest
posterior density—HPD), followed by the Greece clade at 7.8
Mya (9.6-5.9), Jordan clade at 7.1 Mya (8.3-5.4), and finally
Crete plus Europe clades at 6.0 Mya (7.5-4.5). The latter 2
clades diverged from each other probably between the end of
the Pliocene and the middle of the Pleistocene approximately
2.3 Mya (3.1-1.3 Mya), whereas Anatolia and Central Asia
clades diverged earlier around 3.7 Mya (4.5-2.6 Mya). In
Anatolia and Central Asia, 4 and 3 lineages were detected,
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respectively, that is, Anatolia I-IV and Caspian, Kazakhstan,
and Uzbekistan. These lineages started their divergence dur-
ing the early Pleistocene with the initial split of Anatolia lin-
eages around 2.4 Mya (3.0-1.6 Mya) and around 2.5 Mya
(3.1-1.6 Mya) among Central Asia lineages (Figure 1A, B
and Supplementary Figure S2). The phylogenetic positions of
clades have been well resolved and supported, except for the
weaker support and uncertain placement of the Jordan clade
(Figure 1A).

The genetic diversity of Anatolia and Central Asia
clades shows a clear geographical pattern (Figure 2A)
with well-recognizable internal structures (Figure 1B and
Supplementary Figure S2). In the western part of the range
(Anatolia, Transcaucasia, and Black Sea region) 5 lineages
are present (Anatolia I-IV, Caspian), and 4 lineages are in
the region south and east of the Caspian Sea (Anatolia 1V,
Caspian, Kazakhstan, and Uzbekistan). Lineages Anatolia
I and II are geographically restricted with a distribution
in central-south (Cilicia) and western Turkiye where they
approach the Europe clade of N. tessellata. The distinct lin-
eage from Armenia (sequence ID 2986) originates from an
area where geographically widespread lineages Anatolia IV
and Caspian meet. These 2 lineages also meet in northern
Iran, that is, along the Talysh and Alborz Mountains where
they possibly form a contact zone with the deeply diverged
Iran clade (Figure 2A). The geographically most widespread
Caspian lineage is also present as a distant single record in
the southern Zagros Mountains (see Discussion). Similarly,
the Anatolian IV lineage that continuously represents
records from Cyprus to Central and Eastern Anatolia, and
across Transcaucasia, has also been detected as an isolated
record in north-central Iran (Figure 2A). The Caspian line-
age occupies the area around the Caspian Sea and north of
it, approximately 3,000 km from central Kazakhstan and
Afghanistan to Eastern Europe (Crimean Peninsula and
Southern Bug River, Ukraine). Southeast of the Caspian Sea,
this lineage continues east along the Kopet Dag Mountains
limited north by the inhospitable Karakum Desert in
Turkmenistan, and equally south by the arid areas of Dasht-
e-Kavir in Iran and Sistan Basin in southern Afghanistan
(Figure 2A). The Caspian lineage reaches its easternmost
site in central Afghanistan, probably following the Hari
River. Finally, the Caspian lineage possibly meets the
Kazakhstan and Uzbekistan lineages north to the Aral Lake.
The Kazakhstan lineage is restricted to the Syr Darya basin
(northern Uzbekistan, southern Kazakhstan, and northern
and central Kyrgyzstan), and geographically limited due to
the Kyzylkum Desert and mountains of Tajikistan. Adjacent
to the south, the Uzbekistan lineage is linked to the Amu
Darya basin (western and southern Uzbekistan, Tajikistan,
and northern Afghanistan) and geographically constrained
by the Kyzylkum Desert in the north and the Karakum
Desert in the south. In Afghanistan, the Uzbekistan line-
age possibly meets the Caspian lineage somewhere around
Paropamisus and foothills of the Hindu Kush Mountains.
The Uzbekistan lineage also expanded east along Amu
Darya and Panj river systems into the Pakistani Hindu
Kush close to Karakoram (Figure 2A) and the Indus River
(Gilgit area; northern Pakistan), which constitutes the bor-
der between the Palearctic and the Oriental zoogeographical
realms. Noteworthy, the Uzbekistan lineage is characterized
by a high number of missing/extinct haplotypes and the
highest nucleotide variability (7 = 1.2%) compared to the
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Figure 1 The maximum likelihood tree reconstruction of Natrix tessellata (1,117 bp; Supplementary Table S1) with time divergences based on the
molecular clock analysis (A), and the inset to relationships between Anatolia and Central Asia clades (B). Numbers at nodes represent the expected
time of the divergence. Terminal branch labels consist of the sample ID (new material) or GenBank accession number, and the name of the country
or region of origin (see also Figure 1 and Supplementary Table S1). (C) Bayesian skyline plots showing the historical demography for the investigated
lineages representing enough number of sequence data: the central line shows the mean value of the population size (N, x T x u; where N, is the
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indicates the time of the Last Glacial Maximum. Inset photographs: Daniel Jablonski and M. M. Beskaravaynyi.

other lineages, which are less structured with a nucleotide
variability equal to or lower than 0.5% (Supplementary
Figure S2).

The average of genetic distances among studied line-
ages of the N. tessellata varied from 2.1% (Kazakhstan vs.
Uzbekistan lineages) to 5.0% (Anatolia II vs. Caspian lin-
eages). Intralineage divergence reached the highest value
of 0.9% in the Anatolia I lineage (Table 1). The average of

genetic distances between Anatolia and Central Asia clades
was 3.9%.

Demographic history

The BSP analysis (Figure 1C) showed different population
demography of the investigated lineages. The mean value of
the population growth (N ) was detected in all lineages except
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Table 1 Average uncorrected p-distances (%) calculated among the cytochrome b sequences of the main lineages of Anatolia and Central Asian clades
of Natrix tessellata. In diagonal (italics) are the average intraclade p-distances. The highest value of p-distance between Anatolia 2 and Caspian lineage is

highlighted in bold

P-distance Anatolia Anatolia Anatolia Anatolia Kazakhstan Caspian Uzbekistan
(%) 1(n=6) 11 (n = 4) M (n=1) IV (n = 29) (n =20) (n=27) (n=14)
Anatolia I 0.9

Anatolia IT 2.3 0.4

Anatolia III 2.7 2.8 0

Anatolia IV 2.6 2.9 2.6 0.4

Kazakhstan 3.9 3.9 2.8 4.3 0.4

Caspian 3.9 5.0 4.1 4.0 3.2 0.7

Uzbekistan 3.7 3.6 2.6 4.1 2.1 4.0 0.7
Uzbekistan where certain stability was observed before and Discussion

after the LGM. The sign of the population growth started
before the LGM is visible in the Anatolia IV lineage (mean 40
Kya) and the Caspian lineage (35 Kya), and after the LGM in
the Kazakhstan lineage (19 Kya).

Ancestral areas, refugia, and SDM

The ancestral areas of the lineages (all except Anatolia III)
were restricted to distant regions across and east of Anatolia,
the Black and Caspian Seas (Figure 2B), and river val-
leys or lower elevated areas of Central Asia. For the wide-
spread Caspian lineage, the ancestral areas were detected
in the Kopet Dagh area of north-eastern Iran and southern
Turkmenistan (time to the most recent common ancestor—
TMRCA—95% HPD: 1.2-0.2 Mya), in the Transcaucasian
region (TMRCA: 0.9-0.4 Mya), and in the area north of
Black Sea and Caucasus (Crimea; TMRCA: 0.69-0.3 Mya).
Further to the east, putative ancestral areas of the Uzbekistan
lineage were mainly located along the Amu Darya, Pamirs,
and the Hindu Kush (TMRCA: 1.7-0.82 Mya), while the
Kazakhstan lineage had its ancestral areas probably in
river valleys of the Tian Shan in southern Kazakhstan and
northern Kyrgyzstan (TMRCA: 1.3-0.4 Mya; Figure 2B and
Supplementary Figure S2).

The ancestral area estimations were partially consistent with
the environmental niche model projection (SDM) on climatic
conditions during the LGM, representing putative glacial ref-
ugia (Figure 3A). Accordingly, the main refugia during the
LGM were apparently located in the Aral-Caspian depression
(Caspian lineage), especially in the Kura-Aras lowland that
delimitated the Greater and Lesser Caucasus and the lowland
north of the Caspian Sea, that is, Peri-Caspian lowland and in
the lowlands of Syr Darya and Chu rivers (Kazakhstan line-
age) in southern Kazakhstan, northern Kyrgyzstan, and in the
Fergana Valley (Uzbekistan lineage). One of the refugia of the
Caspian lineage was probably located in the northwestern part
of the Black Sea area. The projection during the Mid-Holocene
(6 Kya; Figure 3B) shows the increased areal size to the north
and west along climatically suitable areas, and the present
model corresponds well to the current species range (Figures
2A and 3C).

The current climate across the modeled area is spatially
heterogeneous, particularly in Anatolia, the Caucasus, south
of the Caspian Sea, and further east in the mountain valleys
of Central Asia (Figure 3D). All these areas share similar cli-
matic conditions (indicated by similar color, Figure 3E), and
are known distributions of N. tessellata.

The evolution and phylogeography of the dice snake N. tessel-
lata have been previously addressed with studies by Guicking
et al. (2006, 2009), Guicking and Joger (2011), Kyriazi et
al. (2013), Rastegar-Pouyani et al. (2017), and Asztalos et
al. (2021). We complemented them with additional samples
from the species’ eastern distribution, the most poorly stud-
ied regions of Central Asia. Our study also comprised the
first genetic data from the barely accessible river valleys of
the Paropamisus and Hindu Kush Mountains in Afghanistan
and Pakistan. The results confirmed the published molecular
phylogeny of N. tessellata (Guicking et al. 2009; Kyriazi et al.
2013) and identified at least 7 lineages within the Central Asia
and Anatolia clades. Our results further support the proposed
scenario of the species’ origin in southwestern Asia (Guicking
et al. 2009; Guicking and Joger 2011), followed by the diver-
sification of ancestral lineages from Iran (9.6 Mya), westward
to Egypt and Levant, Greece, and the rest of Europe during the
Miocene, and Anatolia and Central Asia during the Pliocene.
We also support the results of Kyriazi et al. (2013) that dated
the basal divergence of N. tessellata (split of the Iranian clade)
to an older age than previously reported by Guicking et al.
(2009) and parallels the basal diversification within the sister
species complex, N. natrix, around the same period (Fritz et
al. 2012). This age is also consistent with early divergence
times of other reptile groups with a similar distribution range
in Western and Central Asia (e.g., Phrynocephalus; Solovyeva
et al. 2018), and suggests a parallelism in the evolution of
regional biota, driven by environmental changes (Central
Asian aridification) since the Miocene (Guo et al. 2004).
However, for a better resolution of N. tessellata divergence
and phylogeography in space and time, it will be necessary to
study multilocus dataset or genomic data.

We have evaluated and refined several contact zones
between clades. The current distribution ranges of the large
Anatolia and Central Asia clades meet in the Transcaucasian
region, particularly in the Armenian Highlands, Lesser
Caucasus Mts., and Alborz Mts. in Iran. This confirms the
relevance of that area for phylogeographic studies (Tuniyev
1995; Ahmadzadeh et al. 2013; Zinenko et al. 2015; Jablonski
et al. 2019, 2021; Stratakis et al. 2022). Possible contact
zones between other clades of N. fessellata were detected
in western Tiirkiye (Anatolia with the Europe clade), the
Levant (Anatolia and Jordan clades), Iran (Anatolia, Central
Asia, and Iran clades), and in the easternmost Balkans and
Bessarabia in Moldova (Central Asia and Europe clades;
Figure 2). These multiple contact zones in Western Asia are
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Figure 3 The environmental niche model projection and the climate heterogeneity raster based on WorldClim data. (A) Climatic conditions at the Last
Glacial Maximum (LGM). The white arrows suggest examples of potential glacial refugia of the species during the LGM. (B) The model for the Mid-
Holocene. (C) Present model with the layer of data distribution points (white circles) downloaded from GBIF (2022). Yellow circles represent data used
for the SDM projection. (D) Warm colors depict high areas of climatic heterogeneity in the present time. (E) Principal components analysis (PCA) of
filtered WorldClim variables, showing climate space: the more similar the colors the more similar values. The maps were designed in QGIS 3.20 using

Min—-Max as the stretching histogram.

reflected by the highest genetic variation within N. tessellata,
because of clades having evolved separately over a long time
(Figure 1A) and thus, offer a particularly suitable window for
studies on gene flow, potential hybridization, and the evolu-
tionary dynamics between clades and lineages (see Asztalos
et al. 2021).

The separation of the Anatolia and Central Asia clades
began approximately 3.7 Mya (Figure 1) and continued dur-
ing the end of the Pliocene and beginning of the Pleistocene

probably within separated refugia in Anatolia, Caucasus, and
Black Sea regions, as well as lowlands and mountain valleys of
Central Asia; a phylogeographic evolution similar to the par-
tially sympatric N. natrix (Asztalos et al. 2021). We detected
at least 4 lineages within the Anatolia clade, 2 of them (I and
II) endemic to Western Asia, that is, the Anatolian region
(cf. Guicking et al. 2009; Asztalos et al. 2021; and Figure
2 this study). The ancestral diversification of these lineages
occurred at the beginning of the Pleistocene (2.4 Mya; Figures
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1B and 2B), separately in south/western Anatolia (I and II)
and Armenian highlands (Il and IV; Figure 2B). This separa-
tion appears to be related to the heterogeneous topography
in large parts of Anatolia, such as the biogeographic break
termed Anatolian Diagonal or its derivatives (see related
examples of snake biogeography; Jablonski et al. 2019; Smid
et al. 2021), that creates a multitude of ecosystems from
cold streams in tall mountains down to large humid-warm
wetlands adjacent to the Mediterranean and Black Seas.
Currently, dice snakes reach maximum elevations between
2,500 and 3,000 m above sea level (e.g., Yakovleva 1964;
Tuniyev et al. 2011). Anatolian lineages could survive glacial
periods along rocky shores of the southern Black Sea coast,
where the temperature profile was more suitable compared
to the adjacent highlands as demonstrated by mean annual
sea surface temperatures that fluctuated between 6 and 9°C
during glaciation (Wegwerth et al. 2015). These conditions
resemble those that dice snakes experience today in northern
relict populations (e.g., Kotenko et al. 2011, Litvinov et al.
2011), or colder regions of the Pontic Mountains, Armenian
Highlands, and along the Kura-Aras river system (Figure
3A). Anatolian lineages I and IV probably survived in refu-
gia west and east of the Euphrates River, with the lineage IV
expanding during post-glacial warming westward across the
Euphrates and forming a mixed distribution pattern with the
southern Anatolian lineage I. This is, however, preliminary as
we miss the genetic data from Iraq and Syria. Similarly, the
endemic lineage Anatolia III consists of a single record from
Armenia, which might represent a local population diver-
gence restricted to Lake Sevan in Armenia, and where they
now occur in sympatry with the Caspian and Anatolia IV lin-
eages. Again, more genetic data are needed from that region,
especially from Armenia, Azerbaijan, Georgia, and northern
Iran, to better understand the phylogeographic patterns of N.
tessellata. We assume that dice snakes of central to eastern
Anatolia may have persisted during the coldest glacial period
in open microrefugia of xerophytic steppes, semi-deserts, and
south-exposed mountain slopes with plenty of solar radiation
reaching the ground level, which is relevant for proper ther-
moregulation (Adams and Faure 1997; Mebert et al. 2013;
Pickarski et al. 2015), thus experiencing further population
growth and expansion (see Anatolia IV lineage, Figure 1C). A
similar evolutionary diversity has been suggested in other rep-
tile species of the Anatolian-Transcaucasian region, including
snakes (Fritz et al. 2009; Sindaco et al. 2013; Hofmann et al.
2018; Jablonskietal. 2019, 2021; Asztalos et al. 2021; Smid et
al. 2021), thus, reflecting the effects of natural barriers across
those complex landscapes (Bilgin 2011). The occurrence of
the Anatolia IV lineage in Cyprus suggests transmarine dis-
persal, for example, through floating objects, swimming (N.
tessellata is tolerant to saline water, see Gruschwitz et al.
1999), or human-induced colonization by shipping activities
in the past (Gogmen and Mebert 2011; Kyriazi et al. 2013;
Burton 2021).

In Central Asia, clade diversification of N. tessellata
began between the late Pliocene and the early Pleistocene
around 2.5 Mya (Figures 1 and 2), with subsequent splits
at 1.9 Mya (Caspian from Uzbekistan). The intralineage
variation is comparable across lineages, suggesting similar
environmental conditions that drove their mutual evolution
and rapid dispersion across large corridors. This is consist-
ent with the phylogeography of some amphibians and rep-
tiles in Central Asia, such as the green toads (Bufotes spp.;
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Dufresnes et al. 2019), racerunners (Eremias spp., Guo et
al. 2011) or toad-headed agamas (Phrynocephalus spp.,
Melville et al. 2009; Solovyeva et al. 2018) that adjusted to
aridification, alterations in the Parathetys Basin, formation
of large rivers (particularly the Amu Darya and Syr Darya),
and tectonic uplifts during the Pliocene and the Pleistocene.
Even though the dates listed above are in good agreement
with results on time divergence within the Central Asian
lineages of N. tessellata, the historical reconstruction of this
species is complicated by the high dynamics of paleo-en-
vironments with cycles of flooding events and drainages,
leading to large geophysical changes of lowland rivers, trib-
utaries, lakes, and basins during this epoch that lasted up
to 1.8 Mya. However, we can expect that the evolution of
3 major lineages in Central Asia is connected to a variety
of water habitats (Caspian lineage) and the development
of river systems (Kazakhstan and Uzbekistan linages),
particularly the formation of deeply incised valleys in the
Parathetys Basin (e.g., palaeo-Amu Darya) during the Plio-
Pleistocene (Popov et al. 2006). Furthermore, vegetational
changes impacted the regionally available habitats, such as
the depletion of the floristic composition of vegetation, and
the replacement of savannahs, forests, and forest-steppes
by open steppes and deserts (Naidina and Richards 2020;
Lazarev et al. 2021).

The intralineage diversity of the Caspian, Kazakhstan, and
Uzbekistan lineages suggests surviving in different Pleistocene
microrefugia (Figure 2B), particularly in river valleys (Fergana,
Chu, Amu Darya, and Syr Darya), and along the southern
slopes of Alai and Tian Shan Mountains (Kazakhstan lineage),
as well as western Alai, Pamir, and Hindu Kush Mountains
(Uzbekistan lineage; see Figure 3A). Whereas the Kazakhstan
lineage is divided into 2 sublineages of geographically mixed
populations today (Figure 1B and Supplementary Figure
S3), the pattern in the Caspian lineage shows a clear struc-
ture of 3 areas that likely represent Pleistocene refugia as
more land masses and their wetlands along the coasts were
exposed due to sea level decrease by 20-120 m globally (e.g.,
Ganopolski et al. 2010). These refugia could be allocated in
1) north-eastern Iran and central Afghanistan, 2) western Iran
and Transcaucasia, and 3) steppe areas north of the Black Sea
(e.g., shallow brackish wetlands of the Odesa Bay and the Sea
of Azov), east to lowlands north of the Caucasus and the Peri-
Caspian region (Figures 2B and 3A). The Uzbekistan lineage
lacks readable phylogeographic structure, even though our
data indicate microrefugia in the Amu Darya Basin or even in
river systems of the southern Hindu Kush that were sources
of further colonization events. Comparable refugia also apply
to other biotas, for example, the Central Asian green toads of
the Bufo viridis complex (Zhang et al. 2008; Dufresnes et al.
2019), and even walnut trees (Aradhya et al. 2017).

We assume that the primary expansion of the ancestors’
population of Central Asian N. tessellata correlated with the
increased pluvial conditions in the Late Pliocene and Early
Pleistocene, caused by the great Akchagylian transgression,
respectively, extension, of the Caspian Basin with a reduced
salinity from 5%o to 9%o at the beginning and 18-25%o at the
end of that epoch, and lasting from 3.6 to 1.8 Mya or 2.95-
2.13 Mya, depending on the source (see Gerasimov 1976;
Esin et al. 2019; Lazarev et al. 2021). In addition, the colo-
nization of the area between the Black and the Caspian Seas
was enabled through the Manych-Kerch Strait, a spillway
connecting these seas in the Late Pleistocene (Svitoch 2013).
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The Pleistocene and the Holocene colonization routes of
N. tessellata in Central Asia correspond with rivers (and their
drainage systems) and lakes suitable for this semi-aquatic
snake (see Mebert 2011; Mebert and Masroor 2013; Mebert
et al. 2013). The best example is Central Asian populations
where particular lineages correspond to a specific river
basin. Similar linkage has been shown in the semiaquatic
colubrid snake Thermophis baileyi, inhabiting hot springs
in the high-elevated Tibetan Plateau, where the phylogeo-
graphic pattern corresponded clearly to the drainage system
(Hofmann et al. 2014).

The Caspian lineage (= Caucasus sensu Guicking et al.
2009) inhabits huge areas (ca. 3,300 km from west to east)
around the Caspian Sea and north of the Black Sea, that is,
the area of the former Paratethys. This shows the unprece-
dented colonization properties of N. tessellata, as they have
been observed to quickly find and populate preferred habi-
tats and build large (articles in Mebert 2011; Pauwels et al.
2020). The Caspian region with its wide shallow water areas,
a large number of ground-dwelling gobiid fish (Gruschwitz et
al. 1999; Tuniyev et al. 2011), and massive shoreline habitat
have probably become a center of dispersion for N. tessellata.
From there dice snakes expanded into different directions,
particularly from the southeast (today eastern Iran, cen-
tral or western Afghanistan) to the northwest and possibly
back to Central Asia from areas north of the Caspian Sea
(Figures 1A and 2B). Around the Aral Sea, it approached the
Kazakhstan and Uzbekistan lineages where the exact position
of their potential contact zones is currently unknown. The
expansion was probably rapid as suggested by the structure
of the haplotype network, exhibiting a high number of closely
related haplotypes, and the BSP analysis (Figures 1 and 2 and
Supplementary Figure S3). The Caspian lineage was able to
reach the European continent in central-southern Ukraine
and was detected even in one isolated and distant sample in
southern Iran (SUHC 1842: Rastegar-Pouyani et al. 2017).
However, this single record from southern Iran should be
taken with caution as the material was provided by an ille-
gal snake catcher with an unprecise, perhaps incorrect, origin
from somewhere in the Fars Province (Rastegar-Pouyani pers.
comm.). Hence, further investigations are required, for exam-
ple, based on material from Fars Province that was studied
only morphologically (Rajabizadeh et al. 2011).

The Uzbekistan and Kazakhstan lineages apparently
expanded westward along the Amu Darya and the Syr Darya
between Kyzylkum and Karakum deserts. The Uzbekistan lin-
eage also crossed the Hindu Kush Mountains following rivers
in north-eastern Afghanistan and reaching the Karakoram
Mountains in Pakistan (Mebert and Masroor 2013; Mebert et
al. 2013; and Figure 2B). The lack of signals indicating popula-
tion expansion after LGM in the Uzbekistan and Kazakhstan
lineages may suggest their long-term refugia (and possible bot-
tleneck) in Central Asian Mountain ranges during Pleistocene
glaciations. Given the strictly semiaquatic biology of N. tes-
sellata (Mebert 2011) we suggest that the species expanded
its range repeatedly during warm periods northeast along the
base of the Tien Shan Mountains, around the lakes Issyuk Kul,
Balkhash, and Alakol and their drainage systems. Proceeding
from these regions, they could colonize the Chinese Junggar
Basin, Turfan Depression, and the Tarim Basin, as records of
dice snakes in north-western China indicate (Liu et al. 2011).
However, these populations have not been genetically studied
so far and the exact colonization route to the easternmost
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places of the species range is still hypothetical (Figure 2B). A
relatively large number of genetic differences between haplo-
types inside the Uzbekistan lineage might be triggered by the
rugged and highly elevated topography of the Hindu Kush
and Karakoram Mountains. It likely promoted frequent tem-
porary isolations of populations during climatic fluctuation
in the Pleistocene, which is corroborated by the lack of pop-
ulation growth after the LGM (Figure 1C). Especially at the
edge of the species distribution in Pakistan, the haplotypes
from the south-eastern-most population at Ghakuch are very
distant from other populations (Supplementary Figure S3),
suggesting prolonged isolation. While the exact limit of N.
tessellata has not been established, the Indus River approxi-
mately 70 km downstream from Ghakuch, beginning east of
Gilgit-Jalal Abad turns into a fast-flowing sediment-rich river,
which likely is an inferior fishing ground. Another 100 km
farther downstream Indus River, the presence of the ecologi-
cally very similar Asiatic water snake Fowlea piscator possi-
bly prohibited the further expansion of N. tessellata (Mebert
and Masroor 2013; Mebert et al. 2013). An assessment of the
status and biogeographic history of these lineages requires a
wider sampling in the area.

There is also evidence of a significantly wider distribution of
the dice snake during the Early and Middle Holocene, respec-
tively, the Holocene Climatic Optimum (HCO or Atlantic
epoch). During the HCO, the northern hemisphere has been
characterized by regionally higher temperatures and wetter
climate (9.3-5.7 Kya; Yakovleva and Bakiev 2010; Marosi
et al. 2012; Mebert et al. 2013). In such warmer periods, N.
tessellata expanded to the north of western Eurasia (Figure
3B) outside of its contemporary distribution (Ratnikov 2009;
Ratnikov and Mebert 2011). Simultaneously, the same inter-
glacial event probably reduced the species range in Central
Asia where significant desertification has developed. On the
other hand, the huge Caspian Sea likely acted as a large repos-
itory for dice snakes in Central Asia, promoting expansion
into adjacent tributaries, whenever conditions became suita-
ble. The rapid colonization within a few years of various new
artificial islands in the Caspian Sea, located at distances of
8-50 km from the mainland (Pauwels et al. 2020), is a perfect
example of the high expansion potential of N. tessellata, a fact
that is evident from its wide distribution range today. It high-
lights the high versatility of N. tessellata, a species that will
provide us with many more fascinating attributes to study.
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