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a  b  s  t  r  a  c  t

The  Iranian  Plateau  is an  area  of  highly  complex  landscape  and  incredibly  diverse  habitats,  from  salt
deserts  to  temperate  forests.  Such  a heterogeneous  environment,  at the  crossroads  of  Asia,  Europe,  and
Africa, fuels  the  high  diversity  and  uniqueness  of the  Iranian  fauna  and  flora.  Nevertheless,  our  under-
standing  of the  historical  processes  that  shaped  the  Iranian  biodiversity  remains  limited.  In this  context,
we  revisit  the evolutionary  history  of  the  two  most  widespread  lizard  species  on the  Iranian  Plateau
(Eremias  persica  and Mesalina  watsonana)  to explore  whether  these  two taxa  of  similar  ecology  have  been
subjected  to  similar  historical  processes.  To achieve  that,  we performed  a series  of phylogenetic  analyses
and  thoroughly  tested  all possible  alternative  topologies  based  on  available  mitochondrial  sequences
(cytochrome  b  and  12S  ribosomal  RNA).  Additionally,  we  estimated  the  number  of mitochondrial  clus-
ters based  on  a novel  single-locus  delimitation  method  and  the  time  of  their  divergence,  using  recently
inferred  evolutionary  rates  for  lacertid  species.  The results  indicate  that  the  two  taxa  have  been  shaped
by  similar  physiographic  and  climatic  barriers  since  both  phylogenies  split  into  similar  geographical  clus-

ters. However,  E. persica  has twice  as  long  evolutionary  time  on  the  Iranian  Plateau  than  M. watsonana.
The  first  divergence  of  E. persica  was  estimated  in  the Middle  Miocene  (∼13  Mya),  at  the time  of the
major  uplift  of the  Zagros  mountain  range.  The  Upper  Miocene  tectonic  rearrangement  that  resulted
in  the uplift  of  the  Alborz  mountains  coincides  with the  original  split  in  M. watsonana  (∼6.6  Mya)  and
several  contemporaneous  splits  within  E. persica.

© 2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The Iranian Plateau is a unique geological formation of Western
sia, located among the continental plates of Eurasia, Arabia, and

ndia. A series of tectonic movements among these plates resulted
n the gradual uplift of the Plateau and the extensive mountain
ystem surrounding it (Crawford, 1972; Sborshchikov et al., 1981).
ost of the estimates for the initial collision among Arabia and

urasia range between 35 and 20 Mya  (Khadivi, 2010; McQuarrie

nd Van Hinsbergen, 2013; Van Hinsbergen et al., 2012). At about
he same time [25 to 20 Million years ago (Mya)], a “hard” colli-
ion episode is presumed to have occurred between the Indian and

∗ Corresponding author.
E-mail address: k.pashalia@gmail.com (P. Kapli).

ttp://dx.doi.org/10.1016/j.jcz.2017.09.003
044-5231/© 2017 Elsevier GmbH. All rights reserved.
the Eurasian plates (Van Hinsbergen et al., 2012). Eventually, the
combined tectonic movements led to the uplift of the four moun-
tain ranges around Iran, i.e., the Zagros on the west border of the
Plateau neighboring Iraq and Turkey, the Alborz range along the
coast of the Caspian Sea, the Kopet Dagh on the border of Iran
and Turkmenistan, and finally, the mountain ranges of Makran in
the southeast (Fig. 2). There has been a broad spectrum of esti-
mates for the initial uplift of the Zagros (Alavi, 1994; Berberian and
King, 1981; Jassim and Goff, 2006), but the most recent findings
suggest a Middle Miocene (∼14Mya) onset of the deformation of
the High Zagros (Mouthereau et al., 2012). Nevertheless, the major
orogeny did not occur before 12.4 Mya, after which both the Zagros

Mountains and the Iranian Plateau were rapidly uplifted in less
than 5 My  (Khadivi, 2010). During the same period, deformation is
also reported in the Alborz (Guest et al., 2007; McQuarrie and Van
Hinsbergen, 2013) and the Kopet Dagh mountains (Hollingsworth

dx.doi.org/10.1016/j.jcz.2017.09.003
http://www.sciencedirect.com/science/journal/00445231
http://www.elsevier.com/locate/jcz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcz.2017.09.003&domain=pdf
mailto:k.pashalia@gmail.com
dx.doi.org/10.1016/j.jcz.2017.09.003
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t al., 2010; McQuarrie and Van Hinsbergen, 2013). Later, at the
iocene-Pliocene border, the latest major tectonic activity shaped

he area into its current configuration. During this period, the
lborz Mountains and the entire Plateau were uplifted to their
urrent elevations (Allen et al., 2004; Axen et al., 2001).

The geographical position of Iran at the crossroads of Asia, Africa,
nd Europe, as well as the surrounding mountains that filter the
ispersal in and out of the Plateau, has fueled the high biodiversity
nd endemicity in the area (Anderson, 1999; Bernor, 1986; Firouz,
005; Frey and Probst, 1986; Madjnoonian et al., 2005). In addition
o the vast mountain systems, the diverse habitat synthesis, from
semi-) arid to temperate (Madjnoonian et al., 2005 and references
herein) interrupted by the non-habitable deserts of the Dasht-e
avir and Dasht-e Lut (Blanford, 1876; Hedge and Wendelbo, 1978)
reate a dynamic mosaic environment that further reinforces the
ichness and uniqueness of the Iranian fauna and flora.

In spite of the extensive bibliography regarding the tectonics
nd paleogeography of the area, the systematic studies on the
ranian fauna lag behind, and our understanding of its phylogeog-
aphy and biodiversity remains limited (Ahmadzadeh et al., 2013).
n this study, we attempt to gain insight into the main biodi-
ersity patterns of the Iranian Plateau by studying the historical
iogeography of two of its most widely distributed lizards, Eremias
ersica Blanford, 1876, and Mesalina watsonana (Stoliczka, 1872).
he two lacertids overlap extensively in the Central Plateau and
artially in Pakistan and Afghanistan, however, their congeneric
pecies are distributed allopatrically. West of Iran, Mesalina Gray,
838 is found up to Morocco (Schleich et al., 1996), with a typical
aharo-Arabian distribution while Eremias Fitzinger, 1834 occurs
ast of Iran into central Asia (Sindaco and Jeremčenko, 2008). Sev-
ral phylogenetic studies on the lacertid family acknowledge the
wo genera as sister taxa (Fu, 2000; Harris et al., 1998; Mayer and
avlicev, 2007). Nonetheless, the relationships of the family remain
ignificantly unresolved (Kapli et al., 2011; Mayer and Pavlicev,
007; Mendes et al., 2016), but see (Pyron et al., 2013). Both M.
atsonana and E. persica are assumed to form species complexes,

evealing much higher genetic divergence than expected among
ongeneric lacertid species (Kapli et al., 2015; Pouyani et al., 2010;

ˇmíd and Frynta, 2012). The two complexes exhibit similar ecolog-
cal requirements, occurring in the lowlands and mountain hills
f the Iranian Plateau (except very high elevations) in arid and
emi-arid habitats (Anderson, 1999; Ebrahimi et al., 2013). Recent
stimates (Kapli et al., 2015) suggest that the initial divergence
ithin Mesalina occurred in early Miocene and resulted in two

ineages east (M. watsonana) and west (the rest of the Mesalina
pecies) of Zagros. However, the first split within M. watsonana
as estimated in late Miocene (Kapli et al., 2015) [∼7 Mya (Kapli

t al., 2015; Šmíd and Frynta, 2012)]. The initial split in the E. persica
omplex was estimated earlier, ca. 11 Mya  (Pouyani et al., 2010).
owever, a later study on the phylogeny of the entire Eremias genus
laced the event much later, ca. 6 Mya  (Guo et al., 2011), an estimate
uch closer to the equivalent for M.  watsonana.

In this study, we aim to identify whether the evolutionary his-
ory of the two lizard species has been subjected to similar historical
rocess on the Iranian Plateau. In this framework, we  perform

 series of phylogenetic analyses to reconstruct the evolutionary
elationships of the two taxa based on Maximum Likelihood and
ayesian Inference. Additionally, we estimate the number of mito-
hondrial clusters based on single-locus delimitation methods, and
he time of their divergence using recently inferred evolutionary
ates for lacertid species (Carranza and Arnold, 2012). The com-
arative analysis of the two taxa under the same assumptions and

ethods allows us to evaluate previous findings, identify similari-

ies in their evolutionary history and associate them with the most
lausible paleogeographic events in the area.
 Anzeiger 270 (2017) 49–56

2. Material and methods

2.1. Sequences

We  assembled two sequence datasets for the Iranian E. per-
sica and for M. watsonana by retrieving sequences from NCBI
(www.ncbi.nlm.nih.gov). For E. persica we  relied on two mitochon-
drial markers [12S ribosomal RNA (12S) and cytochrome b (cyt
b) sequences] which were originally published in Pouyani et al.
(2010). Out of the 129 sequences, 125 belonged to the E. persica
complex (E. persica, E. sp., E. nigrolateralis, E. montanus)  and four of
them corresponded to three outgroup taxa (E. velox, Ophisops ele-
gans, and Mesalina brevirostris). For the dataset of M.  watsonana, we
combined the cyt b sequences produced in two previous phyloge-
netic studies, one aiming at resolving the relationships of the genus
Mesalina (Kapli et al., 2015) and the other one focusing on M.  wat-
sonana (Šmíd and Frynta, 2012). The combined dataset consisted
of 29 M. watsonana samples that covered the distribution of the
species and eight sequences belonging to outgroup taxa (Eremias
brenchleyi, Gallotia caesaris, G. galloti,  G. stehlini,  G. atlantica, M. gut-
tulata). The choice of the outgroup was based on the original articles
(Kapli et al., 2011; Pouyani et al., 2010; Šmíd and Frynta, 2012).

2.2. Phylogenetic inference

All alignments were performed with MAFFT (Katoh and
Standley, 2013) under the default settings. The best-fit model
of DNA substitution for each gene was chosen with jModelTest
2.1.1 (Darriba et al., 2012), under three substitution schemes and
accounting for base frequencies, gamma shape and invariable sites
(excluding the combination of invariable sites and � distribution).
For each dataset, we performed all the analyses, including and
excluding the outgroup taxa.

Phylogenetic inference for each of the assembled datasets was
carried out with Bayesian Inference (BI) and under the Maximum
Likelihood (ML) criterion. For both analyses, the alignment sites
were used as discrete, unordered characters. We performed three
independent BI analyses with the software MrBayes 3.1.2 (Ronquist
and Huelsenbeck, 2003), for 5*106 generations and four chains, and
a sampling frequency of 0.01. Subsequently, we  assessed the per-
formance of each run with Tracer v1.5 (Drummond and Rambaut,
2007) and discarded 10% of the posterior samples as ‘burn-in.’ From
the remaining trees, we  calculated the majority rule consensus
topology and the posterior probabilities [(≥ 95% indicated signifi-
cant support according to Huelsenbeck & Ronquist (2001)]. The ML
analysis was  carried out with RAxML v. 8.0.20 (Stamatakis, 2014) for
each dataset under the GTR + � evolutionary model. For M.  watso-
nana there was  only one partition, while for E. persica the alignment
was partitioned into the two loci (12S and cyt b) and a distinct sub-
stitution model was assigned to each. To assess the confidence of
the ML  topology, we performed 1000 bootstrap searches under the
GTR + � model.

2.3. Single-locus species delimitation

Several previous systematic studies of the two taxa assume
a “species complex” status for both M.  watsonana and E. persica
(Kapli et al., 2015; Pouyani et al., 2010; Šmíd and Frynta, 2012).
So far, however there has been no attempt to draw the limits
among the independently evolving lineages involved in each phy-
logeny. Here, we  make a first attempt by quantify the number
of mitochondrial clusters for E. persica and M.  watsonana using

the recently introduced, single-locus species delimitation method,
“multi-rate Poisson Tree Processes model” (mPTP, Kapli et al.,
2017). The (m)PTP model attempts to identify the shifting point
from the speciation to the coalescent processes, assuming that the

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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wo processes produce phylogenies of distinct branching patterns
hich can be described by a two (PTP) or more (mPTP) parameter
odel. The mPTP model is a generalization of its predecessor PTP

Zhang et al., 2013) since it additionally assumes that the genetic
ariation of putative species may  differ. The method requires as
nput a rooted phylogenetic tree, hence, we used the phylogenies
ecovered by RAxML and rooted it based on the outgroup taxa.

 complication that comes up in phylogenetic inference is that
he relationships among identical or almost identical sequences
i.e., of different length or involving different or different num-
er of degenerate characters) are represented by very short branch

engths, since zero branch lengths implies multifurcation which
s not considered in phylogenetic inference. Such branch lengths
re significantly smaller than the remaining ones, thus, mPTP may
alsely classify these two sets of branch lengths into within and
etween species processes, respectively. To avoid such delimita-
ion errors, before the analysis we calculated a threshold for the

inimum branch length that should be considered in the delimi-
ation process (“–minbr” option) by providing the phylogeny and
he alignment for each dataset.

Multiple studies show that single-locus delimitation methods
rovide reliable species boundaries estimates (Esselstyn et al.,
012; Fujisawa and Barraclough, 2013; Kapli et al., 2017; Tang
t al., 2014). However, it is also broadly known that they fail to
etect several evolutionary processes, such as recent speciation,
itochondrial introgression events or sex biased dispersal, while

hey can be vulnerable to sampling biases or deep population sub-
tructure. Hence, we will consider the clusters delimited by mPTP
s an initial re-assessment of the underestimated diversity of the
wo complexes that should be explored further based on additional
ata. Multiple unlinked molecular loci combined with morpho-

ogical and distributional data, in the framework of integrative
axonomy (Dayrat, 2005), could refine the species delimitation esti-

ates for each complex.

.4. Divergence time estimation − alternative topology tests

We  used BEAST (Drummond et al., 2012) to estimate the diver-
ence times among the major splits within each species complex
nd assess how the paleogeography of the Iranian Plateau may  have
riven their evolution. For this analysis we used a subset of the
riginal sequence-data representing the interspecific diversity in
ach case, to avoid estimation errors due to different (speciation
nd population) time-scales (Ho et al., 2011). In this framework,
ased on the clusters identified by mPTP we selected a single rep-
esentative per cluster to form a subset of sequences that reflects
he speciation process of each dataset. In the absence of calibra-
ion points in both datasets, we estimated the divergence times,
sing the most recently updated substitution rates for cyt b and
2S inferred for the Gallotia species in Carranza and Arnold (2012)
nder a relaxed lognormal clock prior. Each analysis was run twice

or 107 generations with a sampling frequency of 10−3. To assess
onvergence between the independent runs we used likelihood
race plots and ESS values, provided in Tracer v.1.6.0 (Drummond
nd Rambaut, 2007).

The BEAST analysis was ran for all alternative topologies result-
ng from the phylogenetic inference. To assess which of the
opologies fit the data better, we calculated the marginal likelihood
nder the topological constraints of each scenario, using only rep-
esentatives of the ingroup sequences. For the marginal likelihood

stimation (MLE) we used the two sampling techniques available in
EAST, i.e., the Stepping Stone and the Path Sampling (Baele et al.,
012). For each analysis we performed 20 path sampling steps each
f which was ran for 5*106 MCMC  steps. To compare the estimated
 Anzeiger 270 (2017) 49–56 51

marginal likelihoods we used the Bayes Factor (BF, Kass and Raftery,
1995).

3. Results

3.1. Alignment − phylogenetic trees − alternative topologies

For E. persica we  obtained 1535 alignment sites (cyt b: 1144;
12S: 391) out of which 673 were informative (cyt b: 546; 12S: 127)
including the outgroup sequences, while for the ingroup sequences
only, it was  512 (cyt b: 434; 12S: 77). For M.  watsonana the align-
ment length of cyt b was  821 bases out of which 306 and 200
were variable with and without the outgroup taxa, respectively. All
phylogenetic inference analyses for both datasets identified four
major clades: the (A) Western, (B) the Quom (“Tehran” in Pouyani
et al., 2010), (C) the North-Eastern (D) and the South-Eastern Iran
(Figs. 1 and 2). The topology recovered for E. persica (Fig. 1A), when
the outgroup sequences were included in the analyses, was highly
supported by both posterior probabilities and bootstrap values
for the majority of clades. Fig. 1A shows the retrieved phylogeny
and the correspondence of the lineages to four major geographic
areas. The Western clade (A) appears as sister to all the remain-
ing clades of E. persica while the second split of the genus leads
to the North-Eastern (C) and the two sister clades, the Quom (B)
and the South-Eastern (D). In a newick representation, the phylo-
genetic relationships of the four phylogeographic areas for E. persica
would be (((D,B),C),A). When the outgroup taxa were not included
in the analysis the resulting topology was different. In particular,
none of the five rooting possibilities of the recovered unrooted
tree (Table 1), would resemble the rooted topology based on the
outgroup taxa.

Regarding M. watsonana, the different analyses resulted in sim-
ilar topologies, including the four primary clades (A, B, C and D),
regardless if the outgroups were included or not. The four clades
were highly supported as well as the relationships among them
with the exception of the position of clade B (Quom) which was
unresolved based on both BI and ML  (posterior probability <0.95
and bootstrap support < 50). On the contrary, the Eastern (D) and
the North-Eastern (C) always appeared as sister clades. Taking into
account the ambiguity of placing the Quom clade, there are three
possible rooted tree topologies, i.e., (A,(B,(C,D))), ((A,B),(C,D)), and
(B, (A,(C,D)).

Using BEAST under the settings described earlier, we calculated
the MLE  for all the alternative scenarios stemming from the phy-
logenetic analyses for each taxon. For E. persica we  compared six
alternative scenarios, one of which corresponds to the rooted topol-
ogy based on the outgroup taxa and five to the potential rooted
phylogenies compatible with the topology inferred based on the
ingroup taxa alone (Table 1). For M.  watsonana we calculated the
MLE  for three topologies which correspond to all possible scenar-
ios regarding the position of clade B (Table 1). The MLE  comparison
based on the BF favored the topological configurations presented
in Fig. 3, which are congruent with the topologies in Fig. 1. Based on
these results, the two phylogenies agree on identifying the West-
ern clade as the sister to all the rest but differ in the relationship
among the remaining three lineages.

3.2. mtDNA clusters − divergence times

The mPTP model identified six and 13 clusters for the M.  wat-
sonana and the E. persica mitochondrial phylogenies, respectively.

The most divergent lineage of E. persica was the South-Eastern (D)
which comprises five clusters, followed by the Western (A) and the
Quom (B) with three clusters each, while the least variable was
the North-Eastern one (C) with two  clusters. For M. watsonana, two
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Fig. 1. Phylogenetic relationship of the two species complexes A) E. persica and of B) M. watsonana based on the Bayesian inference method. The asterisk symbols (*) on the
nodes  indicate the bootstrap support values and the posterior probabilities, red asterisks stand for bootstrap values higher than 50% and posterior probabilities higher than
0.95,  while gray asterisks stand for either bootstrap values higher than 50% or posterior probabilities higher than 0.95. (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.)

Table 1
Marginal likelihood Estimates (MLE) for the three alternative topologies of M. watsonana and the six of E. persica (the first one corresponds to the rooted topology based on the
outgroup and the remaining five to all possible rooting scenarios based on the phylogeny of the ingroup taxa alone). The MLE  was estimated using the two sampling strategies
“Path  Sampling” and “Stepping Stone”. “Rank” shows the ranking of the alternative topologies sorted by highest to lowest MLE, while “BF” stands for “Bayes Factors”, the
measure for comparing the best with the alternative hypotheses.

Taxon Phylogeny Rank Path Sampling BF Rank Stepping Stone BF

M.  watsonana (A,(B,(C,D))) 1 −1991.01861 1 −1993.196089
((A,B),(C,D)) 2 −1993.171747 4.306274161 2 −1993.995615 1.599051912
(B,  (A,(C,D))) 3 −1995.378404 8.71958942 3 −1995.559165 4.726151176

E.  persica (A,(C, (D,B))) 1 −5964.742493 1 −5954.263503
((D,C), (A,B)) 2 −5971.589461 13.69393547 5 −5972.443973 36.36094012
(D,(C, (A,B))) 3 −5972.916007 16.34702858 3 −5968.324814 28.12262219
(A,(B,(C,D))) 4 −5974.142525 18.80006389 4 −5969.168507 29.81000722
(C,  (D, (A,B))) 5 −5974.5694 19.65381438 6 −5981.674807 54.82260735
(B,  (A,(C,D))) 6 −5974.629317 19.77364775 2 −5968.200791 27.87457677
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ig. 2. The map  shows the geographic region of the four main clades (oblique lines)
anges and the extensive deserts Kavir and Dasht-e-Lut. The localities of the sample

lusters were identified in Quom (B) and South-Eastern (D) Iran
hile th Western (A) and the North-Eastern (C) lineages comprise

 single cluster each.
The independent BEAST runs for each dataset under the best

opological hypothesis (based on the BF) produced congruent
esults. The trace plots indicated that all analyses had reached con-
ergence for all parameters with good mixing (effective sample size
200). The inferred divergence times suggest that the origin of E.
ersica dates back to the mid-Miocene (∼13Mya) and M. watsonana

ater on, to the late Miocene (∼6-7 Mya).

. Discussion

The study of molecular phylogenies in the framework of com-
arative biogeography is a powerful tool for identifying broad
iodiversity patterns and the processes that shaped them. Such
omparative studies are particularly important in poorly studied
reas, such as the Iranian Plateau, and enhance both the system-
tic and evolutionary biogeographic knowledge of the area. In the
resent study, we identify four major regions in Iran based on
he mitochondrial phylogenies of M.  watsonana and E. persica, i.e.,
uom, Eastern, North-Eastern, and Western Iran. The fact that the

elationships among these regions and the times of their origins dif-
er indicates that the similarity in the geographical clusters is due to
cological and geophysical barriers rather than shared evolution-

ry history among the two taxa. In the following text, we outline
he major paleogographic events that correspond to the divergence
imes among the four areas for each taxon and comment on their
axonomy based on the mitochondrial clusters delimited by mPTP.
ered in the phylogeny of M.  watsonana and E. persica as well as the main mountain
shown in gray circles for M.  watsonana and in black for E. persica.

4.1. Historical biogeography

The E. persica complex dates back to the mid-Miocene and has
been in the Iranian Plateau for twice as long as M. watsonana, which
originated much later, in the upper Miocene. The two complexes
speciate at a similar pace based on the rates recovered by BEAST,
even though it is slightly higher for M. watsonana (0.2 speciation
events/My) than for E. persica (0.14 speciation events/My). The sim-
ilarity in speciation rates further support the longer evolutionary
time of E. persica compared to M. watsonana given the number of
independent mtDNA clusters found for E. persica which is twice as
high, i.e., six versus 13 clusters, respectively.

The current assumption for a Middle Miocene origin of E. per-
sica is far older than a previous estimation that placed the event
earlier, in the Early Pliocene (∼5.3 Mya  Guo et al., 2011). Both
attempts are indirectly based on the divergence of the Gallotia
species which were estimated using the time of emergence of the
Canary islands. With reference to Arnold et al. (2007), Guo et al.
(2011) used the split among Lacertinae and Eremiadinae as a cal-
ibration point, while we used the evolutionary rates reported in
Carranza et al. (2012). Both reference papers, Arnold et al. (2007)
and Carranza et al. (2012), estimated the divergence times of the
lacertid species using the emergence of the Canary islands as cal-
ibration points. However, Carranza et al. (2012) included multiple
calibration points with more appropriate time constraints (Cox
et al., 2010) which yielded older divergence times among the Gallo-

tia species. The phylogeographic scenario for E. persica in Pouyani
et al. (2010) assumes more similar divergence times to the ones
inferred here, though still younger. However, these estimates were
calculated assuming a strict clock and using directly the uplift of
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Fig. 3. Calibrated trees of A) E. persica and B) M. watsonana. The values of the nodes correspond to the median posterior estimation of the divergence time, while for the splits
o ashed
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ranian Plateau since the Miocene, the first one is estimated to have started in the 

ajor tectonic activity occurred later, at the Miocene-Pliocene boundary.

he Zagros Mountains as the calibration point. Based on the mid-
iocene origin of E. persica,  the ancestral populations have been

resent in the broader area at the onset of the major paleotectonic
nd paleoclimatic changes that shaped the Plateau into its current
orm. The original split of the complex was estimated at ∼13.4 Mya,

hich coincides with the initial folding along the Zagros mountain
ange (Khadivi, 2010). The major uplifting of the range was  initi-
ted shortly after that (∼12.4 Mya, Khadivi, 2010) and lasted ∼5 My.
aking into account that this split separates the E. persica lineages
ast and west of the Zagros mountain range, the data corrobo-
ate the assumption (Pouyani et al., 2010) that the mid-Miocene
xhumation of Zagros caused a vicariant event among the ances-
ral populations of the complex. The second split of E. persica was
stimated much later, in the upper Miocene (∼10 Mya), and led to
he isolation of the North-Eastern from the Eastern and the Quom
opulations. Previous studies assume that this split was  associ-
ted with the latest major tectonic events of the Iranian Plateau
Pouyani et al., 2010). Nevertheless, the estimation here predates
hose events significantly. The effect of the orogenetic events in the
iversification of E. persica was possibly amplified by the coeval
limatic changes occurring in the Plateau, since the Mid-Miocene
limatic optimum. In particular, evidence from stable oxygen and
arbon isotopes in Northern Iran (Ballato et al., 2010), suggest that

here have been three major climatic phases during the Miocene,
) of increased aridity, particularly between 17.5 and 13.2 Mya,
ollowed by 2) a period (13.2 and 10.3 Mya) with increased pre-
ipitation [resembling the record from southern Europe (Böhme
 line. The gray shades indicate the two major orogenetic events occurring on the
e Miocene (∼14 Mya) but the activity did not pick before the 12.7 Mya, the second

et al., 2008; Van Dam, 2006)], inducing semi-arid conditions, and a
period of 3) further decreased aridity from ca. 9.6–7.6 Mya, which
coincides with the similar climatic changes recorded in Asia and
India.

Similarly to E. persica, the initial split of the Iranian M.  watsonana
was among the Western and the rest of the Iranian lineages, albeit
much later. The estimated time of this split is ∼6.6 Mya, which
corresponds very well to the second major phase of the tectonic
activity in the Iranian Plateau. During this period, the major uplift
of the Alborz mountain range occurred (Axen et al., 2001) and it was
followed by the uplift of the entire Plateau (Allen et al., 2004). The
isolation of the Quom from the remaining populations could be due
to these tectonic events coupled with the presence of the salt flats in
the Dasht-e Kavir. The salt desert, in the lowland of area southeast
of Quom, had already formed since the last seawater retreat (Popov
et al., 2004). It is worth noting that the almost simultaneous diver-
gence of the Western and the Quom lineages of M. watsonana from
the others is the potential reason for the ambiguous resolution of
the Quom clade with respect to the remaining phylogeny. The iso-
lation of the equivalent Quom lineage in E. persica indicates that the
combined effects of the Zagros, the Alborz, and the Dasht-e Kavir
desert have led to a particularly isolated lowland area with poten-
tially high endemicity. At approximately the same period, several

splitting events in E. persica occur, potentially driven by the uplift
of the main Plateau.

The Pliocene-Pleistocene divergence in the two complexes may
be the result of climatic rather than tectonic changes in the area.
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limatic geochronological data of Iran are mostly available until
he Holocene and the Upper Pleistocene (Djamali et al., 2012,
011, 2008; Kehl, 2009). For the earlier Quaternary period and the
liocene the data for the climate conditions and the age estimates
f the climate shifts remain sparse. Overall, researchers agree that
here have been several Quaternary climatic changes with periodi-
al changes from dry and cold to moist and warm during glacial and
nterglacial periods, respectively (Kehl, 2009). Such climatic oscil-
ations could result in the retreating to allopatric refugia during
lacial periods and consequent further isolation of the populations
f the Plateau.

.2. Comments on taxonomy

The taxonomy of both species has been considered problematic
n several previous studies (Kapli et al., 2015; Pouyani et al., 2010;
ˇmíd and Frynta, 2012). The delimited mtDNA clusters, based on
he mPTP model, corroborate the species complex status for both

. watsonana and E. persica and call for further systematic studies
nd potential taxonomic revisions. The estimated number of clus-
ers for E. persica is twice that of M.  watsonana, which is further
upported by the independent estimation of the divergence times
hich, as discussed earlier, yielded double the evolutionary time

or E. persica in comparison to M.  watsonana.  Partial morphologi-
al data on the former, support the phenotypic divergence among
ome clusters (Pouyani et al., 2010), which may  additionally imply
onger evolutionary isolation among them. A thorough morpholog-
cal revision would add significant insight to the taxonomic status of
he delimited clusters. On the contrary, M.  watsonana is morpholog-
cally much more homogeneous, and slight differences have mostly
een attributed to sexual dimorphism and geographical latitude
Yousefkhani et al., 2013). The lack of morphological clustering in
he M.  watsonana populations may  be due to the limited time since
ivergence. However, cryptic morphology should not be ignored for
his taxon, especially if we take into consideration the limited pholi-
otic variation across the entire genus. For instance, M. watsonana
nd M.  guttulata are identical except for the shape of the collar scales
Anderson, 1999), and until recently they were regarded as the
ame species (Arnold, 1986a) even though they are two of the most
istantly related lineages of the genus (Kapli et al., 2015). Similarly,
everal Mesalina species are not recognizable by pholidotic charac-
ers and they can only be distinguished based on their geographic
rigin or their hemipenial structure [e.g., M.  simoni vs. M. olivieri, M.
ahaeldini vs. M.  guttulata (Arnold, 1986a, 1986b)]. The evolution-
ry process responsible for the limited morphological divergence in
esalina could be convergent evolution as an adaptive response to

he homogenous xeric habitats across the distribution of the entire
enus (even though morphological stasis could not be ruled out).
n either case, the systematic study of the complex based on exten-
ive sampling and multi-locus data would be particularly useful in
uantifying its species number (Ahmadzadeh et al., in progress).
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