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A B S T R A C T   

Past climatic events are one of the major drivers for divergence of species that could shape the 
present biodiversity and species dispersal patterns. Irano-Anatolian region is one of the 
biodiversity hotspots in the world. This region is predicted to serve various refugia during 
Quaternary glaciations. The eastern three-lined lizard (Lacerta media media) is a medium-sized 
lacertid species, which is originated from central Anatolian and is currently distributed almost 
across Irano-Anatolian region. In this study, the phylogeography, demographic history of the 
subspecies using mtDNA genes (cyt b, 12S and 16S) along with the species distribution models 
(SDMs) under past-present-future scenarios have been investigated. The results revealed that 
four distinct clades are well-established within the L. m. media which may intensely diverge 
during Pleistocene climatic fluctuations since the Mid-Pleistocene Transition (MPT). The past 
climate oscillations may isolate the population in various refugia throughout the Irano- 
Anatolian region which has been led to this divergence. The results of SDMs also indicates 
several localities with suitable climate conditions for eastern three-lined lizard in the region 
since LGM (21 thousand years ago) until the current date. This suitability can be expanded 
under future climate scenarios considering the existence of various low and high altitude 
refugia. Some conservation implications arise from the results that emphasize the importance of 
the region and its multiple refugia in preserving biodiversity. It can be suggested that, future 
conservation practices should be focused on the obtained biogeographical units such as central 
Anatolia, west and northwestern Iran, which encompass high levels of diversity including 
distinct clades within the eastern three-lined lizard.   

1. Introduction 

The Quaternary period can be characterized by its periodic intense climate oscillations (2.5 million years ago (Mya) to present; 
Lisiecki and Raymo, 2005; Hansen et al., 2013) which shaped biogeographic patterns and genetic structures of many species (Hewitt, 
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2004). A series of these remarkable oscillations has commenced since the Mid-Pleistocene Transition (MPT; Also called the 
Mid-Pleistocene Revolution or MPR; Maslin and Ridgwell, 2005) which was started around ~1.25 and completed by ~0.7 Mya. This 
transition is characterized by alternation in the intervals of glacial-interglacial cycles (from 41 Ka (thousand years) to 100 Ka) with 
higher amplitudes (Willeit et al., 2019). The new situation followed by post-MPT colder climate conditions and more intense fluc-
tuations (Clark et al., 2006; Willeit et al., 2019). Throughout the fluctuations, species restricted and expanded their distribution ranges. 
In glacial cycles, they were restricted to refugia with mild and temperate climates, and in the interglacial periods, species recoloni-
zation reversed direction toward cool regions (Bennett and Provan, 2008; Provan and Bennett, 2008). During these climatic fluctu-
ations, the lower latitudes such as regions in the Middle East and North Africa, which currently are categorized as arid and semiarid 
regions, have experienced a variety of dry and humid climate conditions (Schuster et al., 2006; Wanner et al., 2008; Ahmadzadeh et al., 
2013a). Moreover, the higher altitudes have borne drier and colder climates than the lower altitudes (Hofreiter and Stewart, 2009; 
Kehl, 2009). Since the Last Glacial Maximum (LGM), the climate has substantially shifted from cooler and arid to moderate conditions 
in the Holocene with extending steppe habitats in lower altitudes of the Middle East (Kuhle, 2008; Djamali et al., 2008). 

The Irano-Anatolian region is a global biodiversity hotspot (Mittermeier et al., 2005; Noroozi et al., 2018). The landmass has 
specific geomorphology including various lowlands and highlands, particularly in the Anatolia and the Zagros Mountains ranges. Due 
to complex topography and positioning, it is assumed that the area contains several refugia during the past temperature fluctuations in 
the Quaternary period. This would be a possible explanation of the rich diversity in the region (Mittermeier et al., 2005; Kehl, 2009; 
Bilgin, 2011; Giokas et al., 2011; Noroozi et al., 2018; Malekoutian et al., 2020). So, according to its relatively complex geological 
structure, unique climatic environment and complicated evolutionary history of its species, understanding the historical aspect of 
many species distribution in the region has been the focus of several studies (Ahmadzadeh et al., 2013b, 2016; Shahabi et al., 2017). 

The region plays a vital role in small vertebrate diversification (Torki et al., 2011; Ahmadzadeh et al., 2012; Hendrix et al., 2014; 
Aghbolaghi et al., 2019). In recent years, several studies indicated that the genetic structures and distribution patterns of many species 
are related to past climate change in the Irano-Anatolian region (Farasat et al., 2016; Afroosheh et al., 2019; Aghbolaghi et al., 2020). 
Despite this, the phylogeography, speciation and demography history of many small vertebrates were poorly understood. Small 
vertebrates like most amphibians and reptiles are generally known as species with critical temperature and humidity requirements 
(Agustí et al., 2009; Kafash and Yousefi, 2017; Kafash et al., 2020). 

Reptiles are exothermic species, so they are sensitive to climatic fluctuations that cause drastic changes in their distribution pat-
terns. Lacertid lizards are perfect animal models to study the influence of paleo and present climate conditions on their genetic 
structure and distribution (Ahmadzadeh et al., 2013b). The green lizards of the genus Lacerta are medium-sized members of Lacertidae, 
including several species groups with a high level of morphological and habitat diversities. Of the which, Lacerta trilineata group 
comprises three species, i.e., Lacerta trilineata, Lacerta pamphylica, Lacerta media (Arnold, 1973; Arnold et al., 2007). Originated in the 
Anatolia, Lacerta media is widely distributed in the eastern coasts of the Mediterranean Sea throughout Anatolia to the west of Iran 
(Ahmadzadeh et al., 2013c; ŠMÍD et al., 2014). Lacerta media forms a complex species with five subspecies. The nominate one, Lacerta 
media media (eastern three-lined lizard) is distributed from the center and east of Turkey to western Iran (Ahmadzadeh et al., 2013b,c). 
The eastern three-lined lizard has not been properly investigated in terms of genetic diversity and geographical structure, as well as the 
impact of climate fluctuations on the subspecies, has not been well recognized (Ahmadzadeh et al., 2013c). 

Integrating the multidisciplinary approaches, including molecular phylogeography and species distribution modeling (SDMs), help 
researchers to investigate how such paleo-environmental conditions shaped the current species diversity and distribution. With the aid 
of molecular techniques and appropriate markers, it is possible to understand the geographical genetic variations of organisms. In 
addition, using the SDMs will provide valuable data regarding the influences of environmental factors on the distribution patterns of 
species (Guisan and Thuiller, 2005; Jeschke and Strayer, 2008; Ahmadzadeh et al., 2013a). In the present study, L. m. media has been 
examined using multidisciplinary approaches including molecular genetics and species distribution models (SDMs). Therefore, mtDNA 
genes (12S, 16S and cyt b) were used to find genetic structures within the subspecies, and SDMs following the modern niche concept 
(Soberón, 2007). SDMs were applied to reconstruct the past distribution range, predict the current situation and forecast the future 
climatic condition under different scenarios. The main aim of the present study is to determine various biogeographic processes that 
shaped the genetic structures of L. m. media in its distribution range and also evaluate the effects of climate oscillations on the 
structures. 

2. Materials and methods 

2.1. Sampling, DNA extraction and sequencing 

The eastern three-lined lizard has been collected and investigated across its geographical distribution range (Fig. 1; Table S1). A 
small portion of distal tip muscle tissue of the tail was removed and stored in 96% ethanol and − 20◦C for long-term maintenance. 
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DNA extraction was performed using the high-salt method (Sambrook et al., 1989). Partial sequences of cytochrome b (cyt b), 12S 
ribosomal RNA (12S) and 16S ribosomal RNA (16S) genes were amplified using the primers GluDg/Peil (Palumbi, 1991; Engström et al., 
2007), 12Sa/12Sb (Kocher et al., 1989) and 16Sa/16Sb (Palumbi, 1991), respectively. The Polymerase chain reactions (PCRs) were 
carried out on an MJ Mini™ thermocycler (Bio-Rad) and the reactions mix were prepared in a total volume of 25 µl containing 12.5 µl of 
Master Mix Red (Ampliqon, Copenhagen, Denmark), 0.5 µl of each primer, 10.5 µl double distilled water (ddH2O) and 1 µl of template 
DNA (50–100 ng). PCRs were carried out separately for each gene under the conditions mentioned in Godinho et al. (2005) and 
Ahmadzadeh et al. (2013c). The final products were examined with agarose gel 1% stained with Safe-Red™. The suitable amplicons 
were sent to Niagene Noor Inc. (Niagene, Iran) for purification and sequencing. Sequences were edited using Geneious Prime® V. 
2021.0.0 program (Biomatters, https://www.geneious.com/). The generated sequences were submitted to the GenBank database. 

2.2. Phylogenetic analysis 

Phylogenetic relationships of the L. trilineata group (Lacerta pamphylica, L. trilineata , L. media ) and also three subspecies of L. media 
(L. m. media , L. m. ciciliensis and L. m. wolterstroffi ) were re-examined using three mtDNA genes (cyt b, 12S and 16S). Additional 
sequences from species of Lacertidae retrieved from the NCBI (www.ncbi.nlm.nih.gov) were added to our dataset (see Table S1). Two 
samples of Timon princeps were used as outgroups for the analysis. Each gene was aligned with MAFFT v.6 (Katoh et al., 2017) and then 
was combined, containing in 1359 base pairs (bp) alignment (cyt b: 646 bp, 12S: 322 bp and 16S: 391 bp). The best-fitting nucleotide 
substitution model was chosen for each gene separately under Akaike’s Information Criterion (Akaike, 1974) using MrModeltest v.2.3 
(Nylander, 2004). The best-fitting model for cyt b was HKY+I+G (G = 2.20 and p-inv = 0.57). GTR+G (G = 0.11) and GTR+G+I 
(G = 1.11 and p-inv = 0.56) were selected as the best-fitting model for 12S and 16S, respectively. A Maximum Likelihood (ML) tree 
was constructed using RAxML v.7.2 (Stamatakis, 2006) under the GTRGAMMA model with 1000 pseudoreplicates to assess the 
confidence of branches. Bayesian Inference (BI) analysis was carried out by MrBayes v.3.2 (Huelsenbeck and Ronquist, 2001) with 
5 × 107 generations and four chains, and subsampling parameters and trees every 100 generations. Finally, 10% of the posterior 
samples were discarded as burn-in. Subsequently, convergence to the stationary distribution was evaluated using Tracer v.1.6 
(Rambaut and Drummond, 2009). 

Fig. 1. The distribution range of Lacerta trilineata group in the Irano-Anatolian region. The distribution of Lacerta media media is marked with a 
green crosshatch. The pink, blue and dark green circles represent the distribution points of L. m. wolterstroffi , L. m. ciciliensis and the presence 
records of L. m. media (used for SDM analysis), respectively. The location of samples used for the molecular study for L. m. media are shown with 
signs including triangle (Clade A), asterisk (Clade B), star (Clade C) and plus (Clade D). The mentioned Low and High elevation values are specific to 
the depicted distribution range (green crosshatch). 
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Uncorrected genetic distances (p-distances) within clades of L. m. media were estimated with PAUP v.4.0a10 (Swofford, 2003) for 
cyt b gene. 

2.3. Estimating divergence time 

The divergence times were estimated with BEAST v.1.7.2 (Drummond and Rambaut, 2007) using the assembled datasets. To 
calibrate the molecular clock, a secondary calibration approach was taken based on the age estimated for the L. trilineata group (4.0 
Mya; Ahmadzadeh et al., 2013c). This calibration point was applied at the L. trilineata group node (lognormal distribution, Mean: 1.4, 
Standard deviation: 0.085). A lognormal relaxed clock model was used to account for lineage-specific rate heterogeneity; A Yule model 
of speciation was used for the tree prior. The analysis was run for 5 × 107 generations, subsampling parameters and trees every 100 
generations. Tracer v.1.6 was used to further evaluate convergence to the stationary distribution. 

Lineage Through Time plotting (LTT) for L. trilineata group was performed using Tracer v.1.6. 

2.4. Demographic analysis 

To explore the demographic history, slow evolving rRNA genes (12S and 16S) were excluded and mitochondrial protein-coding 
gene (PCG; cyt b) was used only (Araya-Anchetta et al., 2015). 

Molecular diversity indices, including the number of haplotypes (H), haplotype diversity (h), and nucleotide diversity (π) were 
evaluated within L. m. media using Arlequin v.3.5 (Excoffier and Lischer, 2010). 

The demographic expansion was investigated with the mismatch analysis and neutrality tests. To explore the demographic history 
of L. m. media , neutrality test analysis i.e., Tajima’s D (Tajima, 1989), and Fu’s Fs (Fu, 1997) indices were estimated with Arlequin 
v.3.5. Mismatch Distribution (MMD, frequency of pairwise nucleotide-site differences between sequences) was performed using the 
Arlequin v.3.5, with the statement of sudden expansion with spatial parameters. 

To investigate variations in the effective population size (Ne) against time for L. m. media , the Bayesian skyline plot (BSP; 
Drummond et al., 2005) was performed. The analysis was obtained with BEAST v1.7.2 under the strict clock at the rate of 1.47 × 10− 2 

per site per Mya (previously calculated by Saberi-Pirooz et al., 2021). The analysis was run for 5 × 106 generations with subsampling 
trees and parameters were saved every 100 iterations. 

2.5. Biogeographic analysis 

To reconstruct the possible ancestral range of lineages within the L. m. media , the statistical dispersal-vicariance analysis (S-DIVA) 
and Bayesian binary MCMC (BBM) analysis done using RASP 2.1 beta (Yu et al., 2015). The analyses were run using cyt b sequences 
because of a higher mutation rate compared to the other genes in the study. Four different areas (including the Hamedan-Ardebil or 
Northwestern Iran, Van-Armenia, the Zagros Mountains and central Anatolia regions) within L. m. media distribution range were 
considered for this investigation. These areas are related to the main subclades within the subspecies (see results). To consider 
phylogenetic uncertainty, 20,000 trees generated from the BI tree were set as the input file for S-DIVA. The BBM analysis was run for 
5 × 106 generations under ten MCMC and the sampling frequency was every 100 generations. The fixed Jukes-Cantor model with 
equal among-site rate variation was used for the BBM analysis. 

The parsimony haplotype network was implemented using TCS v.1.21 (Clement et al., 2000) for the cyt b marker under the 95% 
limit of parsimony. 

2.6. Species distribution modeling (past-present-future) 

2.6.1. Presence records 
Georeferenced localities information of the subspecies L. m. media was compiled during the fieldwork and from available literature 

sources. In total, 73 records were available for model building covering the whole known geographic range of the subspecies, mapped in 
ArcGIS to spot potential errors. Duplicate records (39 points) were deleted in ENM tools (34 points were used after; Fig. 1; Warren et al., 2010). 
To prevent spatial autocorrelation and reduce the sampling error of presence points, ‘Global Moran’s I′ function has been used in ArcGIS 10.8. 

2.6.2. Climate data and Variable selection 
The 19 so-called BIOCLIM variables with a spatial resolution of 2.5 arc.min were downloaded from the second version of the 

WorldClim database (Fick and Hijmans, 2017; Hijmans et al., 2005; http://www.worldclim.org/bioclim). In order to reduce the 
Hijmans multi-collinearity of predictors, the variance inflation factor (VIF) utilized to detect collinearity. The VIF step function in the 
usdm package in R was used, with predictor variables failing the test removed from the analysis for that iteration (Naimi et al., 2014). 
The final set of variables were BIO8 = Mean Temperature of Wettest Quarter, BIO11 = Mean Temperature of Driest Quarter, 
BIO13 = Precipitation of Wettest Month, BIO18 = Precipitation of Warmest Quarter and BIO19 = Precipitation of Coldest Quarter. 

The past data included averages of Mid-Holocene (~6000 years Before Present (BP)) and Last Glacial Maximum (LGM; ~21000 BP) 
Global Climate Models (GCMs) simulations following the r1i1p1 ensemble, which were obtained and downscaled using PMIP3 
database (Paleoclimate Modeling Intercomparison Project Phase III, https://pmip3.lsce.ipsl.fr/; Bartlein et al., 2011; Braconnot et al., 
2012). A total of 11 scenarios were available as estimates of mid-Holocene climate (BCC-CSM1–1, CCSM4, CNRM-CM5, CSIROMk3–0, 
CSIRO-Mk3 l-1–2, FGOALS-g2, GISS-E2-R, IPSL-CM5A-LR, MIROC-ESM, MPIESM-P, and MRICGCM3) and seven scenarios were 
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available for the LGM (CCSM4, CNRMCM5, FGOALS-g2, IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-P, MRI-CGCM3). 
Also, averages of 8 GCMs (BCC-CSM2-MR, CNRM-CM6–1, CNRMESM2–1, CanESM5, IPSL-CM6A-LR, MIROC-ES2L, MIROC6, and 

MRI-ESM2–0) applied for the future climate projections in four emission scenarios of the newest Intergovernmental Panel on Climate 
Change (IPCC) report version 6 (https://www.ipcc.ch/assessment-report/ar6/). These emission scenarios or Shared Socio-economic 
Pathways (SSPs), which include SSPs 126, 245, 370 and 585 cause an atmospheric temperature increase to 2.1, 3.3, 4.5, and 5.5 ℃ 
on average, respectively (Eyring et al., 2016). 

2.6.3. SDM analysis 
Given that the use of individual models increases the likelihood of inaccurate results (Fechter and Storch, 2014), one solution is to 

use an ensemble approach in which the results of several models are combined to form a single result more accurately (Araújo and 
New, 2007). In this study, the sdm package used in R ver. 4.0 (Naimi and Araújo, 2016). The ensemble model was created by combining 
nine SDMs including generalized linear models (GLM; McCullagh and Nelder, 1989), generalized additive models (GAM; Hastie and 
Tibshirani, 1986), boosted regression trees (BRT; Friedman, 2001), support vector machine (SVM; Vapnik, 1995), multiple adaptive 
regression splines (MARS; Friedman, 1991), classification and regression trees (CART; (Brieman et al., 1984), random forest (RF; 
Breiman, 2001), maximum entropy (MaxEnt, Phillips et al., 2006), and flexible discriminant analysis (FDA; Hastie et al., 1994). 

The models’ performance was evaluated based upon the both threshold-dependent and threshold-independent criteria including 
the True Skill Statistic (TSS, from − 1 to 1), Deviance (from 1 to 0), Correlation (COR, from 0 to 1), and Area under the ROC Curve 
(AUC, from 0 to 1) (Allouche et al., 2006; Giovanelli et al., 2010; Morán-Ordóñez et al., 2017). Percentage contribution of all layers 
with model-based approach was calculated. 

Environmental conditions exceeding the training range of the SDM were quantified using multivariate environmental similarity 
surfaces (MESS). Also based on the SDM projections under current, mid-Holocene, and LGM conditions, a Habitat suitable consistency 
overtime (Stability through time) map was prepared in Arc GIS 10.8. So that, habitats which were jointly favorable for the species 
under current, mid-Holocene, and LGM conditions were identified. 

3. Results 

3.1. Phylogenetic analysis 

The BI consensus tree showed a similar topology to the ML tree. The results (Fig. S1) indicated that three subspecies of L. media 
(L. m. media, L. m. wolterstorffi and L. m. ciliciensis ), were separated from each other with high support values (BS = 100, PP = 1.00). 
Based on phylogenetic analysis, four reciprocally monophyletic clades were recognized within L. m. media , Clade A (Hamedan- 
Ardebil; Northwestern Iran), Clade B (Van-Armenia), Clade C (Zagros Mountains) and Clade D (central Anatolia). Clade A formed a 
sister clade to other clades within L. m. media . At the intraspecific level, clades of the subspecies were well-supported (BS = 100, 
PP = 1.00; Clade D: BS = 80.3; Fig. S1). 

The uncorrected genetic distances for cyt b among clades are displayed in Table 1. The genetic distances between Clade A and the 
rest of the clades are approximately 2%. Clade D had a lower distance to Clade B (1.02%). 

3.2. Estimating divergence time 

Based on the dated tree, L. m. media separated from L. m. ciliciensis 2.44 Mya (95% Highest Posterior Density (HPD): 1.62–3.37 Mya,  
Fig. 2). These subspecies diverged from L. m. wolterstorffi around 3.46 Mya (95% HPD: 2.57 – 4.28 Mya). The subspecific divergence 
within L. m. media happened about 1.11 Mya (95% HPD: 0.72–1.64 Mya). The result indicated Clade A diverged from the ancestor of 
other clades around 1.11 Mya (95% HPD: 0.72–1.64 Mya). Clade B, 0.87 Mya (95% HPD: 0.53–1.32 Mya) separated from Clade C/D 
and Clade C and Clade D separated from each other about 0.71 Mya (95% HPD: 0.43–1.05 Mya; Fig. 2). 

The LTT plot revealed a recent increase in the number of lineages over time (nearly 3.5 Mya) for L. trilineata group (Fig. S2). 

3.3. Genetic structure and demographic analysis 

The molecular diversity indices were demonstrated in Table 2 for L. m. media and its clades with cyt b marker. The diagrams of 
mismatch distribution (MMD) for the gene showed multimodal distribution, usually associated with constant population size 
(Fig. S3A). Tajima’s D (Tajima’s D = 0.469, p > 0.05), and Fu’s Fs (Fu’s Fs = − 0.0973, p > 0.05) were non-significant for cyt b. 

The BSP of L. m. media (for cyt b) showed a nearly stable in Ne from approximately 400 Kya (thousand years ago), with a slight 
decline in Ne from 50 Kya and then a mild increase (Fig. S3B). 

Table 1 
Uncorrected genetic distances (p-distances) between four clades of Lacerta media media based on cyt b marker.   

Clade A Clade B Clade C Clade D 
Clade A     
Clade B 0.0210    
Clade C 0.0235 0.0145   
Clade D 0.0203 0.0102 0.0135   
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3.4. Biogeographic analysis 

Based on S-DIVA analysis, two dispersal and three vicariance events occurred in L. m. media . Node 77 and 86 showed dispersal 
events, these nodes referred to the most recent common ancestor (henceforth MRCA) of Clade B/D and Clade (B-D)/A, respectively. 
Nodes 72, 85 and 86 demonstrated vicariance events. Node 85 is assigned to the MRCA of Clade B and D/C (Fig. 3A). The BBM analysis 
also showed dispersal and vicariance events in 72, 85 and 86 nodes (Fig. 3B). 

The parsimony haplotype network showed one super-haplogroup, with 15 haplotypes based on cyt b (Fig. 4). Each clade in the 
analysis formed a sub-haplogroup, therefore, four sub-haplogroups were indicated for L. m. media . The result signified that A and C 
sub-haplogroups were separated by several step-mutations from others. The B and D sub-haplogroups were located near each other 
with three step-mutations. The sub-haplogroup D contains more haplotypes (seven) rather than other sub-haplogroups which comprise 
two or three haplotypes. 

3.5. Species distribution modeling (past-present-future) 

3.5.1. Model evaluation and variable contribution 
Although the predictive performance was different between the algorithms for all four evaluated criteria, the resulting SDMs often 

showed relatively good model performances (Fig. S4A). The RF and MAXENT models gave the best performance for AUC and SVM and 
MAXENT models gave the best performance for COR criteria as threshold-independent performance measures (Fig. S4A). In the case of 
threshold-dependent criteria, the MAXENT demonstrated the best performance for both Deviance and TSS measures, followed by RF 
and FDA (Fig. S4A). 

Fig. 2. Time-calibrated phylogenetic trees using the combined dataset (cyt b, 16S and 12S). Blue bars show 95% highest posterior density intervals 
of estimated node ages; numbers the above branches are mean node ages (Million years ago, Mya). The three-lined lizard photo copyright by 
©Faraham Ahmadzadeh. 

Table 2 
Molecular diversity indices based on cyt b for Lacerta media media and its clades including the sample size (N), the number of haplotypes 
(H), haplotype diversity (h), and nucleotide diversity (π).   

N H h π 

L. m. media 34 15  0.92  0.0135 
Clade A 8 2  0.42  0.0006 
Clade B 5 3  0.70  0.0012 
Clade C 8 3  0.46  0.0016 
Clade D 13 7  0.91  0.0052  
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The Mean Temperature of Wettest Quarter (Bio 8 = 37.8%) and Mean Temperature of Coldest Quarter (Bio 11 = 21.2%) have been 
found which had the strongest effect on the L. m. media distribution (Table 3; Fig. S4B). 

3.5.2. Change of the distribution area since the Last Glacial Maximum 
Based on Fig. 5, the areas with the highest suitability include central Turkey, western and northwestern Iran and the Zagros 

Mountains which continues as a separate patch in western Afghanistan (Fig. 5). Climate suitability in the mid-Holocene (~6k BP) 
showed that the range of species distribution was north of the Zagros Mountains and southeastern Turkey, but in the current climatic 
conditions, it covers a large part of the Zagros Mountains. The suitable climate of L. m. media in LGM showed three detached habitat 
patches, one in the central part of the Zagros Mountains in Iran and the two others in central Turkey and western Afghanistan. Ac-
cording to the results of the stability map through time in this study, the Zagros Mountains, northwestern Iran, southeastern and 
central Turkey as well as western Afghanistan acted as climate refugia for the L. m. media during climate change (Fig. 5). 

3.5.3. Prediction of the future potential distribution 
The ensemble models projected into the future showed that the four climate change scenarios (SSPs 126, 245, 370, and 585) for 2040, 

2060, 2080, and 2100 can change the distribution potential of the L. m. media in Iran and Turkey and from northern Afghanistan to the 
border of Afghanistan with Turkmenistan and south Turkmenistan. The results showed that the suitable climate area increases in SSPs 
245, 370, and 585 for the year 2100, while it will decrease, more or less, in the three-time periods. Generally, stability through time for 
this species suggests that the north Zagros Mountains, western Afghanistan and central Turkey could act as potential refugia (Fig. S5). 

4. Discussion 

In the present study, we examined the phylogenetic relationship, demographic history, and habitat suitability of the eastern three- 
lined lizard using genetic and SDMs approaches. We also investigated the historical phylogeography of the eastern three-lined lizard to 
understand the impact of the Pleistocene climatic oscillations on its genetic structure. 

Fig. 3. The biogeographic analysis of Lacerta media media using S-DIVA (A) and BBM (B) based on cyt b. The blue and red circles around the nodes 
show dispersal and vicariance events, respectively. The node numbers have been put within the circles. 
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The results of the phylogenetic study using the three mitochondrial genes (cyt b, 12S and 16S) revealed that the L. media creates a well- 
supported monophyletic clade within the L. trilineata group (Fig. S1). In addition, the results indicated four highly supported clades 
within the eastern three-lined lizard (A-D); Clade A was recovered as sister to the rest of clades within the subspecies. The findings are in 
line with the results of Ahmadzadeh et al. (2013c), although the study included limited specimens from a sole location in Iran. 

Based on the time-calibrated tree, the divergence of L. trilineata group (L. media and L. trilineata – L. pamphylica ) happened around 4 
Mya (95% HPD: 3.33–4.64) in the Pliocene epoch (Fig. 2). Moreover, the LTT plot showed that the diversification within L. trilineata 
group occurred about 3.5 Mya with a rapid divergence (Fig. S2). The time and rapid diversification probably related to geological and 
environmental changes in the Anatolian plateau, such as the emergence of the Taurus and the Amanos Mountain ranges in the south, 
the Pontic Mountains in the north, and the Anatolian Diagonal in the east (Davis, 1971; Kosswig, 1955; Bilgin, 2011; Ahmadzadeh 
et al., 2013c). The intraspecific divergence of L. media can be explained mainly through past climatic events during Pliocene and 
Pleistocene epochs. The subspecies of L. media originated from Anatolia, dispersed through multiple separate routes southward to the 
Mediterranean region and eastward to Armenia, northwestern Iran and the Zagros Mountains (Ahmadzadeh et al., 2013c). Based on 
our findings, the diversification of L. m. media happened about 1.11 Mya (95% HPD: 0.72 – 1.64 Mya). It can be suggested that, climatic 
fluctuations in the Pleistocene epoch and in particular, the Mid-Pleistocene Transition (MPT; approximately 0.7 – 1.25 Mya; Clark 
et al., 2006; Willeit et al., 2019) had a crucial influence on initiating the divergence within the L. m. media . During MPT, a change 
occurred in the glacial and interglacial cycles both in the terms of duration and amplitude (i.e., temperature change). The periods have 
shifted from the pre-MPT cycles with a dominant length of 41,000 years and low-amplitude to the prolonged post-MPT cycles having 

Fig. 4. Parsimony haplotype network of the Lacerta media media using cyt b gene. The individuals of each subclade are color-coded with the gradient 
of green (A: dark green, B: forest green, C: bright green, and D: lime green), respectively (see Fig. 2). Step-mutations (missing or gap values) are 
shown with dark cycles in the line. 

Table 3 
The contribution of the evaluated layers on the distribution 
of Lacerta media media.  

Variable Percentage contribution 

BIO 8 37.8% 
BIO 11 21.2% 
BIO 13 16.8% 
BIO 18 14.12% 
BIO 19 10.08%  
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an average length of approximately 100,000 years with higher amplitude (i.e., both colder glacial and warmer interglacial in com-
parison with pre-MPT cycles, specifically the Eemian interglacial before LGM; Maslin and Brierley, 2015; Willeit et al., 2019). These 
intense fluctuations (i.e., extremely cold glacial and warm interglacial periods) may have induced periodic restrictions and expansions 
between various high- and low-altitude refugia in the Irano-Anatolian region and as the result, triggered the divergence within clades 
in the eastern three-lined lizard. The new climate conditions continued during the post-MPT periods which could probably have 
continued this divergence (Burke et al., 2018; Clark et al., 2006; Hansen et al., 2013; Lisiecki and Raymo, 2005; Willeit et al., 2019). 
Climate fluctuations during the Holocene epoch, as a complementary hypothesis, could have also affected the distribution of today’s 
populations. The high humidity at the beginning of this period (Morellón et al., 2018) has probably dispersed the populations in the 
low altitudes. As the result, the connectivity of populations was easier (Ehlers and Gibbard, 2004; Kaufman et al., 2004). Nevertheless, 
as the climate shifted since Mid- to late Holocene, which has resulted in drier climate in the middle latitudes having weaker monsoons 
(Wanner et al., 2008), populations have possibly moved to the higher altitudes. The results obtained from habitat modeling in the 
present study (the impact of Bio 8 and Bio 11 factors on the species distribution) and also some other ecological investigations (Loos 
et al., 2011; Mazanaeva and Askenderov, 2016; Heidari, 2020) proved that the three-lined lizard is highly linked to the cold climates 
with high humidity and woodlands. According to previously mentioned, the LTT plot (Fig. S2) demonstrated a rapid diversification 
within L. trilineata group. Previous studies have stated that subfamily Lacertinae diversified rapidly and their distribution ranges are 
fragmented (Pavlicev and Mayer, 2009). Beside the mentioned geological and environmental events, it is believed that, this (rapid 
divergence and fragmented dispersal range) may have occurred, because the distribution range of Lacertids could have diminished or 
populations have experienced several climatic fluctuations which probably have isolated in different refugia as the result (Ahmad-
zadeh et al., 2013b; Saberi-Pirooz et al., 2021). 

The results of SDIVA and BBM analyses (Fig. 3) revealed the role of vicariance and dispersal events in the divergence of L. m. media 
clades which may be attributed to the mentioned periodic restrictions and expansions during the climatic fluctuations. Possibly, the 
existence of complex topography and multiple refugia across the distribution range of the subspecies have led to the present diversity 
and distribution pattern of clades. The effect of this specific geomorphology and the rich biodiversity of the Irano-Anatolian region has 
been mentioned frequently in previous studies (e.g., Giokas et al., 2011; Noroozi et al., 2018, 2019; Malekoutian et al., 2020). 
Considering the findings of previous studies (e.g., Ahmadzadeh et al., 2013c; Sagonas et al., 2014), the hypothetical ancestor and 
origin of L. trilineata group and L. m. media as well, are assumed to be located in central Anatolia. The existence of several sub-clades 
and also high haplotype diversity (h = 0.91; see Table 2), in Clade D (from central Anatolia) could be the result of the occurrence of the 
clade in the origin of the diversification (Ahmadzadeh et al., 2013c; Sagonas et al., 2014). Populations in the Clade A may have isolated 
earlier and undergone several climatic fluctuations in northwestern Iran during MPT. Genetic differences (based on mtDNA) between 
the populations from northwestern Iran (Clade A) and the other populations (see Table 1) and also the earlier separation of the clade 
from the origin of subspecies (Fig. 2) are in line with the result of the haplotype network (distant positioning of Clade A haplotypes 
with several step mutations from other clades; Fig. 4). 

The demographic analyses (Fig. S3) based on the cyt b sequences suggest that L. m. media demonstrated stability in the population 
size. The existence of several clades in the widespread distribution range of the subspecies could be also related to the presence of 
multiple refugia. The presence of multiple refugia (different refugium for each clade) could explain both the rich genetic diversity and 
prolonged demographic stability of L. m. media and it is probably in concordance with ‘refugia-within-refugia’ scenario (Gómez and 
Lunt, 2007; Canestrelli and Nascetti, 2008; Noroozi et al., 2018; Ahmadzadeh et al., 2020; Amiri et al., 2021). 

The results of SDM analyses demonstrated habitat suitability in the central Anatolia and northern and central parts of the Zagros 
Mountains as well as northeastern Iran and western parts of Afghanistan during LGM, and these areas probably served suitable low- 
altitude refugia at the glacial periods. This suitability has expanded through earth warming till the current time (Fig. 5). The distribu-
tion of the subspecies is anticipated to expand under future climatic scenarios. This expansion from LGM towards the present and future 
could be explained by the presence of high-altitude habitats in the Irano-Anatolian region which was also occupied by this subspecies in 
the past periods, especially during the interglacial periods. The areas around northern parts of the Zagros Mountains have shown more 
stable conditions for L. m. media than central Anatolia since LGM (but this stability is not more than Western Afghanistan). The habitat 
suitability and possible existence of refugia as well as biodiversity hotspots in northwestern Iran and the northern Zagros Mountains have 
been proven in several studies (Ahmadzadeh et al., 2013b; Noroozi et al., 2019; Heidari, 2020). However, several past and present 
suitable habitats in western Afghanistan are not known to have been inhabited by the subspecies (there is no occurrence record). 

The results obtained from molecular approaches are in line with SDM analyses and both methods emphasize the importance of the 
refugia in species survival during glacial periods. According to the findings, the Anatolian and Zagros Mountains were considered as 
refugia during past earth’s temperature fluctuations in the northern hemisphere (Giokas et al., 2011; Malekoutian et al., 2020). In the 
case of L. m. media , it can be observed that the Iranian part of Irano-Anatolian region had a crucial role in preserving unique pop-
ulations like the samples in Clade A. Although, for further evaluation of these implications using more samples and markers (especially 
nuclear markers) is recommended. The application of both mtDNA and nuclear markers (multilocus evidence) would help to infer 
more robust results. However, based on the previous study, the combination of protein-coding markers and rRNA genes to reconstruct 
the phylogenetic relationships and resolve the controversial genealogy is helpful (Rubinoff and Holland, 2005). Since the present study 
is a sequential investigation of the previous studies on L. media , the same molecular markers were used. So, lacking the nuclear DNA 

Fig. 5. The potential distribution range of the Lacerta media media under current climatic conditions, mid-Holocene (6 K), last glacial maximum, 
LGM (21 K). Stability through time may indicate potential refugia in Irano-Anatolian region (including central Anatolia, NW Iran and the central 
Zagros Mountains). 
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genes in the study is a result of the limited use of the nuclear markers in the previous investigations. 
Although the present study limits using nuclear genes and estimation of gene flows and admixture between the populations (and 

haplotypes), some conservation implications can be raised. Based on the obtained results, four main genetic structures have recognized 
within the subspecies using mtDNA. Among them, Clade D contains a rich diversity (h = 0.91) and its geographical distribution (i.e., 
central Anatolia) as the hypothetical origin that, has a high conservation value (Srinivas et al., 2021). Also, distinctness of a clade such 
as Clade A, has its specific conservation importance. As a peripheral clade, the populations of Clade A probably have limited contact 
with populations within other clades (considering higher genetic distances with other clades, Table 1). According to the previous 
literature, peripheral populations could have their own conservation values (Lesica and Allendorf, 1995; Channell, 2004; Cadotte and 
Jonathan Davies, 2010; Buerki et al., 2015; Pollock et al., 2015). The concordant results of stability through time analysis, provide 
further evidence and indicate that central Anatolia, NW and Western Iran and central Zagros Mountains had more stable conditions 
during the past climatic fluctuations (Fig. 5), which supposed to preserve well the populations within the eastern three-lined lizard. It is 
believed that climate stability of an area could explain genetic diversity of its biota and emphasize on conservation priority of that area 
(Carnaval et al., 2009; de Oliveira et al., 2015). In the broad sense, the methods utilized for the present study (molecular and SDMs), 
can be enlightening for more critical conservation practices at the biogeographical scales (Richardson and Whittaker, 2010.). 

5. Conclusion 

The specific geomorphology and climatic oscillations especially the Mid-Pleistocene Transition are major drivers for species 
divergence in the Irano-Anatolian region. The evolution process of the eastern three-lined lizard has started by MPT around 1 Mya in 
the region. This special climatic event diverged four separate clades across the distribution range of the subspecies. These clades are 
probably preserved by multiple refugia in both low and high altitudes. Besides, the results of SDM prove the stability of climatic 
conditions of mentioned regions at least since 20 Kya. Analyzing more samples from each clade, and using suitable nuclear markers to 
investigate the species, lineages, are suggested. Furthermore, the use of microsatellite markers for detailed population genetics is also 
proposed. 
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Ahmadzadeh, F., Carretero, M.A., Harris, D.J., Perera, A., Böhme, W., 2012. A molecular phylogeny of the eastern group of ocellated lizard genus Timon (Sauria: 

Lacertidae) based on mitochondrial and nuclear DNA sequences. Amphib. -Reptil 33 (1), 1–10. 
Ahmadzadeh, F., Carretero, M.A., Rödder, D., Harris, D.J., Freitas, S.N., Perera, A., Böhme, W., 2013a. Inferring the effects of past climate fluctuations on the 
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ŠMÍD, J., Moravec, J., Kodym, P., Kratochvíl, L., Yousefkhani, S.S.H., Frynta, D., 2014. Annotated checklist and distribution of the lizards of Iran. Zootaxa 3855 (1), 

1–97. 
Soberón, J., 2007. Grinnellian and Eltonian niches and geographic distributions of species. Ecol. Lett. 10 (12), 1115–1123. 
Srinivas, Y., Pande, A., Gole, S., Jothi, P.P., Magesh, K.M., Pathan, S., Dudhat, S., Shekar, R., Ghanekar, C., Kukadia, D., Johnson, J.A., 2021. Mitochondrial 

phylogeography reveals high haplotype diversity and unique genetic lineage in Indian dugongs (Dugong dugon). Aquat. Conserv. 31 (4), 818–829. 
Stamatakis, A., 2006. RAxML-VI-HPC: Maximum Likelihood-based Phylogenetic Analyses with Thousands of Taxa and Mixed Models, Bioinformatics, 22. Oxford 

University Press, pp. 2688–2690. 
Swofford, D.L., 2003. ‘PAUP*: phylogenetic analysis using parsimony, version 4.0 b10′ . 
Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 123, 585–595, 585_595.  
Torki, F., Ahmadzadeh, F., Ilgaz, Ç., Avci, A., Kumlutacs, Y., 2011. Description of four new Asaccus Dixon and Anderson, 1973 (Reptilia: Phyllodactylidae) from Iran 

and Turkey. Amphib. -Reptil. 32, 185–202. https://doi.org/10.1163/017353711×556998. 
Vapnik, V., 1995. The Nature of Statistical Learning Theory. Springer-Verlag. 
Wanner, H., Beer, J., Bütikofer, J., Crowley, T.J., Cubasch, U., Flückiger, J., Goosse, H., Grosjean, M., Joos, F., Kaplan, J.O., Küttel, M., 2008. Mid-to Late Holocene 

climate change: an overview. Quat. Sci. Rev. 27 (19–20), 1791–1828. 
Warren, D.L., Glor, R.E., Turelli, M., 2010. ENMTools: a toolbox for comparative studies of environmental niche models. Ecography 33 (3), 607–611. 
Willeit, M., Ganopolski, A., Calov, R., Brovkin, V., 2019. Mid-Pleistocene transition in glacial cycles explained by declining CO2 and regolith removal. Sci. Adv. 5 (4), 

eaav7337. 
Yu, Y., Harris, A.J., Blair, C., He, X., 2015. RASP (Reconstruct Ancestral State in Phylogenies): a tool for historical biogeography. Mol. Phylogenet. Evol. 87, 46–49. 

S. Ghane-Ameleh et al.                                                                                                                                                                                               

http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref64
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref64
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref65
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref66
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref66
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref67
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref68
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref69
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref69
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref70
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref70
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref71
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref72
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref73
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref73
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref74
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref75
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref75
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref76
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref76
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref77
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref77
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref78
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref79
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref79
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref80
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref80
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref81
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref81
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref82
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref82
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref83
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref83
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref84
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref85
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref85
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref86
http://tree.bio.ed.ac.uk/software/tracer
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref87
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref87
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref88
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref88
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref89
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref89
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref90
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref91
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref92
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref92
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref93
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref93
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref94
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref95
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref95
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref96
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref96
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref97
https://doi.org/10.1163/017353711&times;556998
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref99
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref100
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref100
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref101
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref102
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref102
http://refhub.elsevier.com/S2351-9894(21)00389-9/sbref103

	Mid-Pleistocene Transition as a trigger for diversification in the Irano-Anatolian region: Evidence revealed by phylogeogra ...
	1 Introduction
	2 Materials and methods
	2.1 Sampling, DNA extraction and sequencing
	2.2 Phylogenetic analysis
	2.3 Estimating divergence time
	2.4 Demographic analysis
	2.5 Biogeographic analysis
	2.6 Species distribution modeling (past-present-future)
	2.6.1 Presence records
	2.6.2 Climate data and Variable selection
	2.6.3 SDM analysis


	3 Results
	3.1 Phylogenetic analysis
	3.2 Estimating divergence time
	3.3 Genetic structure and demographic analysis
	3.4 Biogeographic analysis
	3.5 Species distribution modeling (past-present-future)
	3.5.1 Model evaluation and variable contribution
	3.5.2 Change of the distribution area since the Last Glacial Maximum
	3.5.3 Prediction of the future potential distribution


	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supporting information
	References


