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Genetic homogeneity in a Pontocaspian crested newt species
(Triturus karelinii) suggests recent isolation of its three allopatric
range sections

Ben Wielstra'%*, Jan W. Arntzen?

Abstract. The integration of multilocus datasets and species distribution modelling in phylogeography allows for the
reconstruction of more detailed historical biogeographical scenarios than based on mtDNA data alone. We here combine
these approaches to investigate the range dynamics of the crested newt Triturus karelinii, an amphibian species endemic to
the Pontocaspian region, whose range comprises three allopatric range sections: a Crimean, a Caucasian and a Caspian range
section. In a previous mtDNA phylogeographical survey it was suggested that the Caucasian range section was colonized from
the Caspian one and that the Crimean range section was subsequently colonized from the Caucasian one. Newly collected
nuclear DNA data reveal little genetic differentiation between the three range sections and species distribution modelling
suggests that they only recently became isolated. Taken together, our analyses agree with a recent colonization of the Crimean
range section, but rather suggest long-term persistence in both the Caspian and Caucasian range sections, with extensive gene
flow between the two.

Keywords: amphibia, historical biogeography, ion torrent sequencing, Pleistocene, species distribution modelling.

Introduction MtDNA phylogeography has illuminated the
impact of the Pleistocene Ice Age’s climate
cycles on intraspecific biodiversity, with the
overarching pattern in temperate species being
glacial range retraction and interglacial range
expansion (Hewitt, 2000). A particularly infor-
mative development at this time scale is the
integration of species distribution modelling
in phylogeography (Svenning et al., 2011;
Alvarado-Serrano and Knowles, 2014), facil-
itated by the availability of climate recon-
structions for the Last Interglacial (~130 Ka),
the Last Glacial Maximum (~22 Ka) and the
mid-Holocene (~6 Ka) from the WorldClim
database (Hijmans et al., 2005). Because niche
conservation is a reasonable assumption over
such shallow geological time (Peterson, 2011),
projecting species distribution models based on
present locality and climate data can provide
good approximations of past distribution for this
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Mitochondrial DNA (mtDNA) has provided a
rich source of information for constructing his-
torical biogeographical scenarios (Avise, 2000;
Beheregaray, 2008). However, the mitochon-
drial genome represents just a single gene tree
and care should be taken not to over-interpret
the geographical structuring of mtDNA (Ballard
and Whitlock, 2004; Edwards, 2009). Recent
breakthroughs in next-generation sequencing
technology now make multilocus phylogeogra-
phy more cost-effective (Ekblom and Galindo,
2011; Garrick et al.,, 2015). With ‘next-
generation phylogeography’ (Puritz et al., 2012)
the plethora of mtDNA-based biogeographical
hypotheses available can now be tested and fine-
tuned (e.g. Spinks et al., 2014; Dufresnes et al.,
2020).

The Pontocaspian region is a geologically
and climatologically dynamic region (Krijgs-
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mtDNA) have revealed the importance of the
region as a glacial refugium and a source for
postglacial recolonization of temperate Eura-
sia (Fritz et al., 2009; Gvozdik et al., 2010;
Recuero et al., 2012; van Riemsdijk et al., 2017;
Ali et al., 2019). We here combine multilocus
data and species distribution modelling to test
a complex mtDNA-based biogeographical sce-
nario proposed in a newt endemic to the Ponto-
caspian region.

The distribution of the crested newt Tritu-
rus karelinii comprises three allopatric range
sections, distributed 1) in the lowland between
the Elburz mountain range and the Caspian
sea, 2) in the Caucasus mountains, and 3) on
the Crimean Peninsula (Wielstra et al., 2014b).
These range sections are hereafter referred to as
‘Caspian’, ‘Caucasian’ and ‘Crimean’ (fig. 1).
A previous mtDNA phylogeography revealed
considerable intraspecific genetic structuring of
Pleistocene origin (i.e. <2.58 Ma) and sug-
gested a biogeographical scenario in which T.
karelinii filled in its current range by a north-
wards stepping stone colonization pattern, col-
onizing the Caucasian range section from the
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Caspian range section relatively long ago and
recently the Crimean range section from the
Caucasian range section (Wielstra et al., 2010).
Yet, nuclear markers reveal surprisingly low
intraspecific diversity in T. karelinii compared
to the six other crested newt species (Wielstra et
al., 2019).

We here use next-generation phylogeography
in combination with species distribution mod-
elling to investigate the colonization history of
T. karelinii. With the mtDNA-based predictions
in mind we address the following two ques-
tions:

1) Does Bayesian clustering suggest a hier-
archical nested pattern, with the Crimean range
section nested in the Caucasian range section,
and the Crimean + Caucasian range section
nested in the Caspian range section?;

2) Does species distribution modelling sug-
gest recent (i.e. from the Last Interglacial
onwards) opportunity for gene flow between
the Crimean and Caucasian range sections, but
limited connectivity between the Caucasian and
Caspian range sections?

Figure 1. Sampling scheme for Triturus karelinii. Numbered localities were sequenced for nuclear DNA and correspond
to table 1. The black squares reflect additional localities for which mtDNA has been sequenced and the white stars reflect
localities that were on top of that used to create the species distribution model. Grey background shading reflects elevation

with darker colours reflecting higher elevation.
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Materials and methods
Re-analysis of mtDNA

Sequence data for a mtDNA marker (ND4) for 106 indi-
viduals were taken from Wielstra et al. (2013) (supple-
mentary table S1). A Median Joining network (Bandelt et
al., 1999) was created using Network 4.6.11 (www.fluxus-
engineering.com). We constructed a phylogeny with
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003), employ-
ing two, four-chain, twenty-million-generation runs, with
a sampling frequency of 0.001 and a heating parameter of
0.2. In the outgroup we included all other Triturus species
and the sister genus Calotriton (Wielstra et al., 2010). The
GTR + G + I model of sequence evolution was chosen as
most appropriate under the Akaike Information Criterion in
jModeltest 2.1.7 (Darriba et al., 2012). The first quarter of
the sampled trees was discarded as burn-in after analysis of
the output in Tracer 1.5 (Rambaut et al., 2018) and the infer-
ence was drawn from the remaining ‘forest’.

Nuclear DNA Ion Torrent sequencing and analysis

We included three individuals per population for eight popu-
lations (i.e. 24 individuals in total) for which DNAs were
available from Wielstra et al. (2013) (fig. 1, table 1). We
sequenced 50 nuclear markers (for two additional mark-
ers sequencing was unsuccessful), using an the Ion Torrent
next-generation sequencing protocol that can be applied to
infer interspecific gene flow and intraspecific genetic struc-
ture in Triturus newts (Wielstra et al., 2014a). In brief,
we amplified markers of c. 140 bp in length (excluding
primers), positioned in 3’ untranslated regions, in five mul-
tiplex PCRs. We pooled the multiplexes for each individ-
ual and ligated unique tags to be able to recognize the
product belonging to each individual. We sequenced the
amplicons on the Ion Torrent next-generation sequencing
platform and processed the output with a bioinformat-
ics pipeline that filters out poor quality reads, identifies
alleles and converts data to a format directly usable for
population genetic analysis (Wielstra et al., 2014a). We
obtained 852463 reads. Mean coverage was 683 (range
0-11118) reads per marker-individual combination and
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93.7% of marker-individual combinations were consid-
ered successful (meaning they had at least 20 reads avail-
able).

To explore population structure within 7. karelinii we
conducted non-spatial Bayesian clustering analysis with
Structure 2.3.3 (Pritchard et al., 2000) and spatially explicit
Bayesian clustering analysis with BAPS 6 (Corander et al.,
2008). In these programs we determined the optimal number
of gene pools k over a range of 1-8 (the upper limit defined
by the total number of populations included), using ten
replicates per k value. In Structure we used the admixture
model in combination with the correlated allele frequency
model, with 100000 iterations after 50000 iterations of
burn-in. CLUMPAK (Kopelman et al., 2015) was used to
summarize the replicates per k value. In BAPS we con-
ducted ‘spatial clustering’, meaning that we incorporated
the geographical origin of individuals, and tested for admix-
ture between gene pools. For Structure we used CLUMPAK
to determine the optimum k value according to the Ak cri-
terion (Evanno et al., 2005) and to identify the k value for
which Pr(K = k) is highest (see section 5.1 in the Structure
manual). Because the Ak criterion tends to underestimate
genetic structure we also used Structure to analyse succes-
sively smaller clusters of individuals at k = 2 (as in e.g.
Gowen et al., 2014; we hereafter refer to this analysis as
‘hierarchical Structure’) until Structure did not detect any
remaining nested clusters (here defined as support values for
all included individuals for allocation to a cluster dropping
below 0.9). We did not test for additional clusters within a
single population. BAPS determines the optimum k value
internally. The output of the different programs under the
chosen k values was visualized with DISTRUCT (Rosen-
berg, 2004).

Population genetic differentiation was further analysed
by principal component analysis (PCA) with Adegenet
(Jombart and Ahmed, 2011). Pairwise Fg; distances between
populations were calculated with GenePop (Rousset, 2008)
and we used FSTAT (Goudet, 1995) to determine gene
diversity and the number of alleles present for each popu-
lation and geographic region.

Table 1. Details on Triturus karelinii populations for which nuclear DNA was sequenced. Population numbers correspond to

fig. 1.
Number  Locality Latitude  Longitude  Group Average Average
gene number

diversity of alleles
1 Ukraine: Nikita 44.538 34.243 Crimean 0.068 0.068 1.118 1.118
2 Russia: Cape Malyi Utrish 44716 37.467 Caucasian 0.125 1.212
3 Russia: Psebay 44.071 40.847 Caucasian 0.083 1.135
4 Russia: Ersi 41.983 47.983 Caucasian 0.045 0.119 1.058 1.558
5 Georgia: Kobuleti 41.822 41.814 Caucasian 0.100 1.212
6 Georgia: Telavi 41.903 45.475 Caucasian 0.032 1.019
7 Azerbaijan: Avyarud 38.500 48.600 Caspian 0.043 1.080
8 Iran: Alandan 36.233 53467  Caspian 0036 0077 133 1212
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Species distribution modelling

Species distribution modelling was conducted with Maxent
3.3.3k (Phillips et al., 2006). To facilitate model extrapola-
tion we restricted the feature type to hinge features as this
produces a smoother model fit that emphasizes trends rather
than idiosyncrasies of the data (Elith et al., 2010). We used
the database of 148 T. karelinii localities taken from Wiel-
stra et al. (2014b) and the bioclimatic variables available at
a 2.5 arcminute resolution (¢. 5 x 5 km) from the World-
Clim database version 1.4 (Hijmans et al., 2005). Following
VanDerWal et al. (2009) we restricted the area from which
pseudo-absence data were drawn to a 200 km buffer zone
around known Triturus localities (see Wielstra et al., 2013
for details). Based on the recommendations of Guisan and
Thuiller (2005) and Peterson (2011), we used a subset of
layers deemed biologically meaningful and showing a Pear-
son’s correlation of r < 0.7: biol0 = mean temperature of
warmest quarter, biol 1 = mean temperature of coldest quar-
ter, biol5 = precipitation seasonality, biol6 = precipitation
of wettest quarter, and biol7 = precipitation of driest quar-
ter. For hindcasting we used bioclimatic variables, available
from WorldClim, for the Last Interglacial (~130 Ka) (Otto-
Bliesner et al., 2006), the Last Glacial Maximum (~22 Ka)
and the mid-Holocene (~6 Ka). For the latter two time peri-
ods we used data derived from two global climate models:
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CCSM4 (Brady et al., 2013) and MIROC-ESM (Sueyoshi
et al., 2013). To determine whether our species distribution
model performs better than random expectation, we tested
its AUC value against a null model based on 99 models
for random localities (Raes and ter Steege, 2007). Random
point data were created with ENMTools 1.3 (Warren et al.,
2010).

Results

The mtDNA phylogeny and haplotype network
show that the highest divergence among hap-
lotypes is found in the Caspian range section
of T. karelinii (fig. 2). The Crimean haplotype
is closely related to the haplotypes found in
the Caucasian range section. Haplotypes from
these two range sections form a significantly
supported monophyletic group (posterior prob-
ability = 1.00). This group is suggested to be
nested within a paraphyletic group of Caspian

—  TkarA16 I

0.01 TkarA14

TkarA18

1.00 0.72

TkarA08

1.00
TkarA09

TkarA11

0.56
1 TkarA12

— TkarAO1

p—TkarA02

1.00 — TkarA19

— TkarA03

—  TkarA04

TkarA06

TkarA07

B = Crimean

:[] = Caucasian:

B = Caspian

Figure 2. Phylogeny (left) and haplotype network for Triturus karelinii mtDNA. Haplotype codes (the prefix ‘“TkarA’ has been
excluded in the haplotype network) correspond to supplementary table S1. Colours reflect the three regions where haplotypes
originate from. Values at nodes are posterior probability values (<0.5 not shown). The outgroup is not shown.
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Figure 3. DISTRUCT plots showing allocation of Triturus
karelinii individuals to gene pools (k) based on the different
Bayesian clustering programs (noted on the left with the
preferred k value). See the main text for details. Population
numbers (noted at the top) correspond to fig. 1 and table 1.

haplotypes, although support for this relation-
ship is not significant.

For the nuclear DNA dataset, the Bayesian
clustering programs provided different results
regarding the optimal k. For Structure the Ak
criterion suggested k = 2 whereas k = 5 had
the highest Pr(K = k). BAPS suggested k = 4
as the most probable number of gene pools.
Bayesian clustering results are summarized in
Fig. 3 and admixture values for each individ-
ual based on the different analyses are in sup-
plementary table S2. The only consistent find-
ing is that the two eastern populations from the
Caucasian range (populations 4 and 6) cluster
together. With Structure under k = 2 this is the
only sub-structuring suggested. The only subse-
quent step in the hierarchical Structure analy-
sis that results in a highly supported clustering
splits the Iran population (population 8) from
populations 1,2, 3, 5 and 7, but the Crimean and
west Georgian populations and particularly the
Azerbaijan population also show affinity with
this Iranian cluster (results in supplementary
table S2 only). Structure under k = 5 and BAPS
under k = 4 recognize the Iranian population
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Second principal component axis (16.7%)
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Figure 4. Results of a principal component analysis of
nuclear genetic data for Triturus karelinii. Population num-
bers correspond to fig. 1 and table 1.

(population 8) as a distinct cluster. The Russian
populations 2 and 3 are mostly allocated to a
distinct cluster as well in both analyses. Finally,
Structure under k = 5 recognizes the Azerbai-
jan cluster (population 7) as a distinct cluster
to which several of the Caucasian clusters have
affinity.

The PCA (fig. 4) suggests the two eastern
populations from the Caucasian range (popula-
tions 4 and 6) and the Iran population (popu-
lation 8) are both relatively diverged from the
remaining populations, which cover all three
range sections (populations 1-3, 5 and 7). This is
in agreement with the pairwise Fy matrix (sup-
plementary table S3). Two measures of diver-
sity for populations/regions, average gene diver-
sity and the number of alleles, do not point
to the Caspian population/region as being par-
ticularly genetically diverse, compared to the
other populations/regions (table 1, supplemen-
tary table S4). In fact, the average gene diversity
and number of alleles is highest in the Cau-
casian populations.

The species distribution model (fig. 5) agrees
with distribution records (Wielstra et al., 2014b)
that at the present the Caspian and Caucasian
range sections are separated by unsuitable ter-
rain in eastern Azerbaijan. The Crimean range
section is predicted to be poorly suitable. In con-
trast, during the mid-Holocene and during the
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Figure 5. Species distribution model for Triturus karelinii projected on climate layers for the present, the mid-Holocene
(mid-Holo, ~6 Ka), the Last Glacial Maximum (LGM, ~22 Ka) and the Last Interglacial (~130 Ka). For the mid-Holocene
and the Last Glacial Maximum projections on data layers based on the CCSM4 (CCSM) and MIROC-ESM (MIROC) model
are shown. Warmer colours reflect a higher predicted suitability.

Last Interglacial, all range sections are predicted
to be suitable and furthermore connected by
suitable terrain. During the Last Glacial Max-
imum, the availability of suitable habitat was
much reduced. The area north of the Elburz
Mountains and south of Caspian Sea is sug-
gested to have retained climate conditions suit-
able for T. karelinii. Another area suggested
to have been highly favourable is the Colchis:
the area on the eastern shore of the Black
Sea, extending inland between the Greater and
Lesser Caucasus range. The Crimean range sec-
tion was unsuitable. In the Caucasian region
suitable conditions occurred in western Geor-
gia and to a lesser extent in eastern Georgia
(the latter only according to the CCSM4 climate
model). Between western and eastern Georgia,
between our populations 5 and 6, a barrier of
unsuitable conditions is apparent for all time
frames, albeit of variable width through time.

Discussion

The crested newt T. karelinii is endemic to the
Pontocaspian region and is distributed in three
allopatric range sections (fig. 1). Re-analysis
of mtDNA (fig. 2) underlines that the Crimean
haplotype is closely related to, and nested
within, the haplotype group occurring in the

Caucasian range section. The Caspian haplo-
types are suggested to constitute a paraphyletic
grouping in which the Caucasian/Crimean
assemblage is nested. Combining the results
from the nuclear DNA phylogeography and
species distribution modelling helps us to
improve the biogeographical scenario for T.
karelinii based on mtDNA.

Bayesian structuring analysis and a PCA
based on nuclear DNA do not recover the three
range sections as distinct populations (figs. 3
and 4; see supplementary table S3 for pairwise
F distances). The only consistently retrieved
grouping reveals sub-structuring within the
Caucasus range section. The species distribu-
tion model suggests a pattern of repeated isola-
tion and reconnection of the three range sections
of T. karelinii (fig. 5). However, this allopatry
appears to be recent: during interglacials the
three range sections were connected by suit-
able terrain. Glacial refugia are predicted to
have been present in the Caspian and Caucasian
range sections, but not the Crimean range sec-
tion. These results partially agree and partially
disagree with our mtDNA-based predictions, as
we discuss below.

All three approaches, mtDNA, nuclear DNA
and species distribution modelling, agree with
a scenario in which the Crimean range sec-
tion was colonized after the Last Glacial Maxi-
mum, from the Caucasian range section. From
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both the mtDNA and nuclear DNA perspec-
tive, T. karelinii from the Crimean range sec-
tion is closely related to T. karelinii from the
Caucasian range section and shows little genetic
divergence. The species distribution model pre-
dicts that at the mid-Holocene (~6 Ka) the two
range sections were connected by suitable habi-
tat. The current low suitability of the Crimean
range section itself, predicted by species distri-
bution modelling, suggests 7. karelinii might be
‘on its way out’ from this range section.

The mtDNA-based hypothesis that the Cau-
casian (and Crimean) populations were founded
from the Caspian range section is not sup-
ported. Rather than T. karelinii from the Cau-
casian range section being nested within 7. kare-
linii from the Caspian range section, we find
that most of the genetic diversity in 7. kare-
linii resides in the Caucasian range section. The
species distribution model suggests that both
the Caucasian and the Caspian range sections
acted as glacial refugia for T. karelinii. For other
Pontocaspian taxa the region along the southern
Caspian Sea coast, north of the Elburz moun-
tains and/or the Colchis in western Caucasia
have been predicted as glacial refugia as well
(Leroy and Arpe, 2007; Tarkhnishvili et al.,
2012; Dufresnes et al., 2016; van Riemsdijk et
al., 2017; Parvizi et al., 2019).

We suggest that the absence of clear genetic
structure in the nuclear genome of T. kare-
linii, despite long-term inhabitance of the cur-
rently geographically isolated Crimean, Cau-
casian and Caspian range sections, reflects
interglacial homogenization (Garrick et al.,
2019), reverting the built up of genetic varia-
tion in isolated glacial refugia (Hewitt, 2011).
This study illustrates how multi-marker (next-
generation) phylogeography and species dis-
tribution modelling can be used to improve
biogeographical history initially inferred from
mtDNA alone.
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