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Situated at the junction of three continents, Europe, Asia and Africa, the Eastern Mediterranean is an ideal region 
to study the effects of palaeogeography, ecology and long human presence on animal evolution. Laudakia stellio 
(Squamata: Agamidae) is found across this region and offers an excellent opportunity for such studies. The high 
morphological variation across their range suggests that these lizards might represent a species complex. This is the 
first study exploring their evolutionary history, using molecular markers and individuals from all described subspecies. 
We employed the latest phylogenetic and species-delimitation methods to identify all distinct evolutionary lineages, 
their genetic variation and divergence times. The phenotypical diversity of L. stellio matches its genetic differentiation: 
almost all subspecies correspond to well-supported retrieved subclades and additional distinct lineages representing 
intermediate morphs have been retrieved. ‘Laudakia stellio’ represents three distinct evolutionary entities that 
diverged during the Plio-Pleistocene transition, which we propose as distinct species. One includes Greek and Turkish 
populations, as well as cryptic Anatolian lineages. The second comprises all other Near East populations and the third 
is endemic to Cyprus. Our results indicate a role of humans in shaping present distribution patterns, and highlight the 
importance of the Aegean, Anatolia and the Levant as glacial refugia and diversity hotspots.

ADDITIONAL KEYWORDS:  molecular phylogeny – molecular systematics – phylogeography – phylogenetic 
systematics – species delineation – subspecies – taxonomy.

INTRODUCTION

Lizards of the family Agamidae are among the most 
diverse and widespread squamates, belonging to 551 
species and 67 genera, and are distributed across the 
Old World, from Africa and West Asia, to South-East *Corresponding author. E-mail: emykarameta@gmail.com
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Asia and Australia (Uetz et al., 2021). Laudakia stellio 
(Linnaeus, 1758) is one of the few agamids present in 
Europe (Speybroeck et al., 2020) and, like most of its 
African and Asian counterparts, it is a robust, rock-
dwelling, diurnal lizard. The taxonomic history of 
this species is complex. Along with other Palaearctic 
species, it was initially placed within the genus Agama 
Daudin, 1802 that was later split into six distinct 
genera (Moody, 1980). One of them was named ‘Stellio’ 
after the focal species, albeit this name had already 
been made unavailable (Henle, 1995). ‘Stellio’ was 
later divided into Acanthocercus Fitzinger, 1843 and 
Laudakia Gray, 1845 by Baig and Böhme (1997).

The phylogenetic position of L. stellio in the 
genus Laudakia has historically been considered 
controversial. The first phylogenetic studies, 
using mitochondrial markers, rendered this genus 
paraphyletic (Macey et al., 2000, 2006), whereas 
subsequent studies, including both mitochondrial 
and nuclear markers, supported its monophyly 
(Melville et al., 2009; Edwards & Mellvile, 2011). This 
controversy led to a morphology-based reassessment 
of the genus (Baig et al., 2012), which was then split 
into three genera: Paralaudakia Baig et al., 2012, 
Laudakia and the monotypic Stellagama Baig et al., 
2012. However, an extensive phylogenetic study using 
five mitochondrial and seven nuclear markers strongly 
supported the monophyly of Laudakia, rendering the 
aforementioned division unjustified (Pyron et al., 2013). 
Even though this study was lacking a lot of data from 
particular squamate families, and in view of additional 
new data that support the split of Laudakia into 
three different genera (Wagner et al., unpubl. data), 
we will use the name Laudakia stellio in compliance 
with the Taxonomic Committee of Societas Europaea 
Herpetologica (SEH), which proposes the inclusion of 
the ‘genera’ Stellagama and Laudakia/Paralaudakia 
within Laudakia, until new published studies suggest 
otherwise (Speybroeck et al., 2020).

The entire distribution of L. stellio falls within an 
important biodiversity hotspot, the East Mediterranean 
(Myers et al., 2000; Blondel, 2010; Mittermeier et al., 
2011), which stretches from northern Africa and the 
Levant to Turkey and Greece. Throughout this range, 
L. stellio occupies a variety of habitats, from Aegean 
island coasts to the mountain tops in inner Anatolia, 
and from the Negev desert to the humid forests along 
the Black Sea coast. This habitat variability goes hand 
in hand with phenotypic variation that has led to the 
description of seven subspecies since the beginning of 
the 19th century (Crochet et al., 2006 and references 
therein; Baig et al., 2012 and references therein).

In North Africa, the species is mainly represented by 
L. s. vulgaris (Sonnini & Latreille, 1802), which occurs 
in north-eastern Egypt. In addition to L. s. vulgaris, 

described from Alexandria (and introduced to Giza 
in 1896 and Cairo in 1901), Flower (1933) noted the 
existence of two more morphs. The first corresponds 
to Laudakia s. brachydactyla (Haas, 1951), which is 
found in the northern Sinai, southern Israel, Jordan 
and Saudi Arabia. As its name suggests, brachydactyla 
has shorter toes in comparison to the other subspecies. 
It is mainly associated with the Negev desert, whereas 
another intermediate morph, namely the ‘Near-East 
L. s. ssp.’, inhabits the northern Mediterranean parts 
of Israel (Werner, 1988; Panov & Zykova, 1997, 2016; 
Federman & Werner 2007). The other morph observed 
by Flower (1933) refers to Laudakia s. salehi (Werner in 
Lachman et al., 2006), which is restricted to the granite 
mountains of the southern Sinai. This population was 
initially classified as L. s. brachydactyla, but later 
was identified as a distinct subspecies, joining the 
other endemic reptiles found in this high-elevation 
and relatively cold area, such as Mesalina bahaeldini 
Segoli Cohen & Werner, 2002 (Kapli et al., 2008, 2014), 
Eirenis coronella ibrahimi Sivan & Werner, 2003 and 
Hemidactylus mindiae Baha El Din, 2005. However, a 
recent study has suggested that L. s. salehi should be 
synonymized with L. s. vulgaris (Kadry et al., 2020).

The smallest of all subspecies, L. s. picea (Parker, 
1935), is present in Syria, Jordan and Saudi Arabia. 
Having a distinctive dark coloration with orange spots 
(Parker, 1935; Werner, 1992), it is characteristic of 
the Black Lava desert of Syria, its type locality. The 
Lebanon and the Golan heights’ populations had 
been erroneously attributed to L. s. picea, but today 
are assigned to the ‘Near-East L. s. ssp.’ that broadly 
encompasses all populations from eastern Anatolia 
to the Negev and Jordan (excluding L. s. picea and 
L. s. brachydactyla) (Werner, 1988, 1992; Panov & 
Zykova, 1997; Federman & Werner, 2007).

Further north in Anatolia, distribution of subspecies 
remains a puzzle. Initially, all Anatolian populations 
had been classified as L. s. stellio (Bodenheimer, 1944; 
Daan, 1967), with some intermediate morphs being 
present in south-eastern Anatolia (Bird, 1936; Clark & 
Clark, 1973). Later, L. s. daani was described by Beutler 
& Frör (1980) from the East Aegean island of Ikaria. 
It differs from the nominate subspecies mostly in 
colour. However, a subsequent extensive morphological 
review by Baran & Öz (1985) assigned the western 
and southern Anatolia populations to daani and the 
south-eastern Anatolian populations to stellio, and 
highlighted the differentiation of the Hatay population. 
In contrast, more recent studies have suggested that 
all Anatolian populations were similar to L. s. daani, 
again excluding the Hatay population (Almog et al., 
2005; Gül et al., 2010 and references therein; Kumlutaş 
et al., 2004, 2015; Gül & Tosunoglu, 2011). The high 
phenotypical variation of the latter, as well as of other 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022



PHYLOGENY OF LAUDAKIA STELLIO COMPLEX 3

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

south-east Anatolian populations, has been supported 
by additional morphological examination (Kete & 
Yýlmaz, 2006) and by a molecular study that revealed 
that south-eastern Anatolian populations correspond 
to one of the two distinct mitochondrial lineages found 
in Turkey (Özdemir et al., 2011). Thus, the boundaries 
of L. s. stellio and L. s. daani in Anatolia, as well as the 
taxonomic status of all reported intermediate morphs, 
still pose questions that are waiting to be answered.

Both these subspecies are present in Greece, where 
they have a mainly insular distribution: L. s. daani 
is found in most East Aegean islands, in some of the 
Cyclades (Paros and Naxos) and has been introduced 
to Thessaloniki and Crete (Klaptocz, 1910; Spaneli 
& Lymberakis, 2014), whereas L. s. stellio is found 
exclusively in the Cyclades (Mykonos, Delos, Mikros 
Rematiaris and Rineia) and has been introduced to 
Corfu (Ionian Sea) (Koch, 1932). In the past, L. s. stellio 
from Mykonos and the nearby islets was described as 
a different subspecies ‘Laudakia stellio mykoniensis’ 
(Xyda, 1983, 1986). The presence of L. s. stellio and 
L. s. daani in separate but nearby Cycladic islands 
raises the question about their origin. Crossing the 
Aegean Sea barrier and reaching the Cyclades would 
be possible for L. s. daani, but not for L. s. stellio, 
whose nearest population is found in south-eastern 
Anatolia. A study by Brammah et al. (2010), focusing 
on the genetic divergence among these populations 
using microsatellite data, yielded contrasting results, 
leaving the question on their origin and their non-
overlapping current distribution unanswered.

The only exclusively insular subspecies is 
L. s. cypriaca (Daan, 1967). Apart from its larger body 
size, it also has a distinctive tail segmentation pattern 
(Osenegg, 1989). Along with Phoenicolacerta troodica 
(Werner, 1936), Hierophis cypriensis (Schätti, 1985) 
and Telescopus fallax cyprianus Barbour & Amaral, 
1927, it is one of the most prominent endemic reptiles 
of Cyprus. Although the morphological distinctiveness 
of L. s. cypriaca has not been challenged by past 
research, its origin and genetic affinity to nearby 
mainland populations has not yet been investigated.

The phenotypical variance exhibited by L. stellio 
has yet to be examined in view of the complex 
palaeogeographic and palaeoclimatic history of the 
eastern Mediterranean. Anatolia is recognized as 
an important evolutionary hotspot and a major 
glacial refugium that hosts species originating from, 
or expanding to, Eurasia, Africa and the Arabian 
Peninsula (Bilgin, 2011 and references therein; Gür, 
2013, 2016; Korkmaz et al., 2014; Ali et al., 2019). Its 
complex geomorphology consists of imposing mountain 
ranges and massifs, such as the Pontides, Caucasus, 
Taurus and Amanos mountains (Yılmaz, 1993; Popov 
et al., 2006; Seyrek et al., 2008) surrounding the 
Central Anatolian plateau and lake system. Acting 

as a physical and/or ecological barrier to dispersal, 
mountain ranges like the Anatolian Diagonal (Davis, 
1971; Ekim & Güner, 1986) have promoted endemism 
and high intraspecific diversity in various reptiles and 
other animals and plants (Çıplak et al., 1993; Rokas 
et al., 2003; Gündüz et al., 2007; Mutun, 2010; Bilgin, 
2011; Gür, 2016; Allegrucci et al., 2017; Arslan et al., 
2020). The adjacent Aegean archipelago consists of 
numerous islands forged by tectonic plate movements 
leading to volcanism and orogenesis, sea introgression 
and subsequent land fragmentation. These islands 
vary in landscape heterogeneity and environmental 
conditions (Fassoulas, 2018 and references therein), 
enabling animal dispersal, especially during the 
Messinian Salinity Crisis (MSC = 5.96–5.33 Mya) when 
extensive land-bridge connections existed between 
islands (Krijgsman et al., 1999, 2010; Duggen et al., 
2003). Moreover, Pleistocene climatic fluctuations 
contributed to repeated events of island isolation/
reconnection due to eustatic sea-level changes (Webb & 
Bartlein, 1992; Raymo et al., 1996). The combined effect 
of these processes gave rise to complex biogeographic 
patterns and a high degree of endemism, rendering 
the eastern Mediterranean an ideal place to study 
evolution and species diversification (Lymberakis 
& Poulakakis, 2010; Sfenthourakis & Triantis, 2017; 
Poulakakis & Parmakelis, 2018).

Considering the high intraspecific polymorphism 
exhibited by L. stellio along a range of ecologically 
different habitats, one might presume that it is 
a species-complex (Panov & Zykova, 1997, 2016). 
Nevertheless, all the aforementioned studies on the 
taxonomy of L. stellio are mainly comparisons among 
subspecies, based exclusively on colour features and 
other morphological and osteological characters. In 
addition, numerous intermediate morphs have an 
unknown taxonomic status because they do not fit 
with the description of any described subspecies. This 
volume of research has provided detailed information 
about phenotypical variation, but has not addressed 
the evolutionary history of this taxon, nor how it was 
shaped by palaeogeography and palaeoclimate. Only 
three studies so far have attempted to resolve the 
phylogenetic relationships among different subspecies 
using molecular data, but included few populations 
and just one or two genetic markers (Brammah et al., 
2010; Özdemir et al., 2011; Kadry et al., 2020). Thus, 
the phylogenetic relationships in this putative species 
complex still remain unresolved.

Here we present the first comprehensive study 
of the evolutionary history of L. stellio based on 
genetic data extracted from all known subspecies and 
populations throughout its distribution. We follow a 
multilocus approach and apply the latest phylogenetic 
and coalescence-based species-delimitation methods 
in order to: (1) reconstruct the phylogenetic history of 
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L. stellio; (2) estimate the degree of genetic variation 
and the extent to which subspecies represent distinct 
evolutionary lineages; (3) explore the pattern of 
divergence and distribution of the encompassed 
evolutionary lineages; (4) shed new light on their 
origin and possible effects of major palaeogeographic 
and palaeoclimatic events; and (5) revise the taxonomy 
accordingly.

MATERIAL AND METHODS

SampleS and laboratory procedureS

Tissue samples for DNA extraction were collected from 
a total of 140 individuals, representing all nominal 
subspecies of L. stellio and covering its entire range, 
from north-western Greece to eastern Turkey and 
south to the Sinai Peninsula (Fig. 1). Specimens from 
type localities were available for L. s. daani (Ikaria) 
and L. s. stellio (Mykonos and Delos). For the other 
subspecies, we examined specimens collected more 
recently from areas near the type localities. Additional 
information on specimen localities, voucher codes and 

GenBank accession numbers for all amplified genetic 
loci is presented in Supporting Information, File S1.

Three mitochondrial DNA (mtDNA) markers (ND4, 
the adjacent histidine, serine, leucine tRNAs and 
16S rRNA) were sequenced for all 140 individuals. 
Of those, 75 samples were additionally sequenced for 
six nuclear DNA (nuDNA) markers (CMOS, MC1R, 
NKTR, PNN, RAG1 and R35) representing all well-
supported mitochondrial lineages produced by the 
phylogenetic analyses, and all ‘independently evolving 
entities’ delimited by the Bayesian implementation 
of the Poisson tree processes (PTP) model for 
species delimitation (Zhang et al., 2013) (Supporting 
Information, File S2). Moreover, 13 sequences of other 
agamids were used as outgroups and for calibrating 
the species tree: Agama agama (Linnaeus, 1758), Α. 
boensis Monard, 1940, Α. bottegi Boulenger, 1897, Α. 
boueti Chabanaud, 1917, Α. boulengeri Lataste, 1886, 
Α. impalearis Boettger, 1874, Α. planiceps Peters, 1862, 
Α. sankaranica Chabanaud, 1918, Α. spinosa Gray, 
1831, Paralaudakia (= Laudakia) caucasia (Eichwald, 
1831), Phrynocephalus mystaceus (Pallas, 1776), 
Pseudotrapelus sinaitus (Heyden, 1827) and Xenagama 

Figure 1. Map showing the distribution of all known morphological subspecies of Laudakia stellio in the East Mediterranean.
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taylori (Parker, 1935) (Supporting Information, File S1; 
Leaché et al., 2014). Thus, two datasets were created: 
one with mitochondrial markers (mtDNA, N = 153) 
and one with concatenated sequences (mtDNA and 
nuDNA, N = 88).

Total genomic DNA was extracted using different 
protocols depending on condition, age and mass of 
each sample. Older samples were initially washed in 
0.01 mol/L Tris-HCl (changed daily) for a seven-day 
period and extracted using commercially available 
DNA extraction kits (DNeasy Blood & Tissue Kit – 
Qiagen, Germantown, MD, USA, NucleoSpin Tissue 
kit – Macherey-Nagel, Düren, Germany). DNA from 
relatively fresh samples was extracted following the 
Ammonium Acetate based method (Bruford et al., 
1998). Primer sequences and polymerase chain 
reaction (PCR) amplification conditions for each 
marker are given in Supporting Information, File S1. 
When PCR amplification failed for a certain marker 
using external primers, nested primer pairs were 
designed using Primer3 (Rozen & Skaletsky, 2000) 
on the GENEIOUS 8.1.2 bioinformatics software 
platform (Kearse et al., 2012, Biomatters Ltd, San 
Diego, CA, USA) (Supporting Information, File S1). 
Sanger sequencing data were collected using BigDye 
Terminator cycle sequencing chemistry (v.3.1) on 
an ABI3730XL automated sequencer (Applied 
Biosystems, Foster City, CA, USA).

SequenceS alignment, genetic diStanceS and 
haplotype networkS

Sequences of each locus were aligned using MAFFT 
v.7.017 (Katoh et al., 2002) with default parameters 
and FFT-NS-1 algorithm in GENEIOUS 8.1.2. All 
coding sequences were translated into amino acids 
to check for the presence of premature stop codons. 
Genetic divergence among all main evolutionary 
lineages produced by the phylogenetic analyses were 
estimated using the uncorrected pairwise genetic 
distance (p-distance) in MEGA v.10.0.5 (Kumar et al., 
2018), based on pairwise deletion of gaps or missing 
data and including both transitions and transversions.

Sequences of nuclear genes containing heterozygous 
positions were resolved using the coalescent-based 
Bayesian method implemented by the PHASE 
algorithm (Stephens et al., 2001; Stephens & Donnelly, 
2003) in DNASP v.6.12.03 (Rozas et al., 2017), using 
the default settings (100 burn-in iterations and 100 
additional iterations with thinning interval equal 
to 1). Then, they were used to produce a haplotype 
network reconstruction using the default settings of 
the statistical parsimony algorithm TCS (Templeton 
et al., 1992) as implemented in PopART (http://popart.
otago.ac.nz) (Leigh & Bryant, 2015). For visualization 

purposes, haplotypes were assigned to different clades 
(in agreement with the phylogenetic analyses results) 
using a trait file, according to the PopART manual.

phylogenetic analySeS

Phylogenetic reconstruction was performed separately 
on the mtDNA and the concatenated datasets, using 
both Bayesian inference (BI) (Yang & Rannala, 1997; 
Huelsenbeck et al., 2001) and maximum likelihood 
(ML) methods (Felsenstein, 1973, 1981). Data-
partitioning schemes (by codon position for each 
protein-coding fragment) and the best-fit models of 
DNA substitution (excluding +G+I models; Yang, 
2006) were estimated under the Bayesian information 
criterion (BIC) implemented in PartitionFinder2 (PF) 
(Lanfear et al., 2016). PartitionFinder2 analyses were 
done separately for BI (setting models = mrbayes) and 
ML (setting models = all; and specifying the option 
- - raxml in the command line), using the greedy 
algorithm and linked branch lengths. Model selection 
for each phylogenetic method (BI and ML) was 
performed in three separate runs: first, for the mtDNA 
dataset, second for the mitochondrial sequences 
included in the concatenated dataset and third for 
the nuclear sequences of the concatenated dataset. 
The final concatenated alignment was partitioned 
into 25 blocks (18 corresponding to the six nuDNA 
genes, three to ND4, three to the tRNAs and one to 
the non-coding 16S rRNA). The resulting partition 
schemes and best-fit nucleotide substitution models 
were subsequently used in the phylogenetic analyses 
(Supporting Information, File S3).

Bayesian inference was performed using MrBayes 
v.3.2.7a (Ronquist et al., 2012) with four independent 
runs consisting of five Markov chain Monte Carlo 
(MCMC) chains each, for 2 × 107 generations and 
recording samples every 103 generations. Partitions 
were allowed to have their own nucleotide substitution 
model  parameters  [unl ink statefreq = (al l ) 
revmat = (all) shape = (all) pinvar = (all)] and evolve at 
different rates [prset applyto = (all) ratepr = variable]. 
The first 25% of samples per run were discarded 
as burn-in (relburnin = yes burninfrac = 0.25). 
Convergence of independent runs was assessed by 
the standard deviation of split frequencies (< 0.01) 
as well as the potential scale reduction factor (PSRF) 
diagnostic (= 1.0). Results were further inspected in 
TRACER v.1.7.1 (Rambaut et al., 2018) by examining 
the traceplots of multiple runs and the effective 
sample sizes (ESS) of all parameters. The produced 
majority-rule consensus tree (contype = halfcompat) 
was visualized in TreeGraph v.2.14.0 (Stöver & Müller, 
2010) and nodes were considered to be strongly 
supported when posterior probability values were 
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> 0.95 (Huelsenbeck & Rannala, 2004). Maximum 
likelihood analyses were performed using RaxmlHPC 
v.8.2.12 (Stamatakis, 2014). The RAxML rapid hill-
climbing algorithm was run under the GTRGAMMA 
model and rapid bootstrapping was halted using the 
autoMRE criterion. Both phylogenetic reconstruction 
analyses were conducted on CIPRES Science Gateway 
platform v.3.3. (Miller et al., 2010).

SpecieS tree and divergence time eStimation

Species tree and divergence time estimation was 
based on all loci, but using two individuals per well-
supported subclade, produced by the BI analysis on 
full mitochondrial data. Laudakia s. salehi was omitted 
from this analysis because we did not obtain sequences 
for its nuclear genes. The final species tree dataset 
contained a total of 37 samples (two ingroup sequences 
per 12 populations, plus 13 outgroup species). Analyses 
were conducted on CIPRES Science Gateway platform, 
using the StarBEAST2 v.0.15.5 package (Ogilvie et al., 
2017) on Beast2 v.2.6.1 (Bouckaert et al., 2014). The 
input file was formatted in BEAUti2 v.2.6.2 (Bouckaert 
et al., 2019; Supporting Information, File S4).

Data partitions and DNA substitution models 
were set according to PF analyses as described above 
(setting models = beast), only this time each protein-
coding fragment was set as one block (Supporting 
Information, File S3). The dataset was not phased; 
therefore, heterozygous positions were treated as 
unknown (N). Site and clock models were ‘unlinked’ 
across loci. Gene trees were also ‘unlinked’ for the 
nuclear loci and ‘linked’ for the mitochondrial ones. 
Moreover, gene ploidy was equal to 2 for the first and 
0.5 for the latter. Population model was set to ‘linear 
with constant root’ and the ‘uncorrelated lognormal’ 
clock was used for all partitions. The species tree was 
estimated under a ‘birth–death’ model with all priors 
set to default, apart from the ‘lwcrPopScale.species’ 
that was set to lognormal. Seven dates that represent 
splits among other Agamidae species (Leaché et al., 
2014) were used as calibration points. We should note 
that this calibration scheme could lead to compounded 
inaccuracy of estimated divergence times, as it is based 
on secondary dates, but it was a necessary option due 
to the lack of available fossil calibration points for the 
genus Laudakia. In order to account for uncertainty 
in these dates, divergence times were set as means 
of a normal prior distribution with S values adjusted 
so that the 5% and 95% quantiles contained the 95% 
highest posterior density (HPD) interval of each node 
(Supporting Information, File S5).

Four runs with random starting seeds were 
performed, with chain lengths of 500 million 
generations and sampling every 5000 steps. The first 
25% of samples were discarded as burn-in. Results 

were inspected in TRACER (Rambaut et al., 2018) to 
ensure that the posterior distributions of parameters 
were congruent among runs. Log f i les were 
subsequently combined and resampled (every 20 000) 
in LogCombiner v.2.6.2 (Beast2 package) and the 
outcome was re-inspected in TRACER to ensure that 
effective sample sizes (ESS) were high enough (> 200) 
(Rambaut & Drummond, 2009) for all parameters. 
Species trees from both runs were also combined 
and resampled so that a final dataset of 75 000 trees 
was used as input in TreeAnnotator v.2.6.2 (Beast2 
package) to produce a maximum clade credibility 
tree and to calculate mean node ages (mean heights) 
and their 95% highest posterior densities (HPD). The 
calibrated species tree produced was visualized in 
TreeGraph2 v.2.14.0.

SpecieS delimitation: bayeSian phylogeneticS 
and phylogeography (bpp) and heuriStic 

SpecieS delimitation uSing the genealogical 
divergence index (gdi)

Species delimitation was conducted on the concatenated 
dataset, following a multispecies coalescence-
based approach, the Bayesian phylogenetics and 
phylogeography (BPP; Rannala & Yang, 2003; Yang 
& Rannala, 2010). Individuals were assigned to 
different populations (putative species) as described 
in the calibrated species tree analysis and outgroups 
were excluded. Nuclear sequences were phased as 
previously described.

The BPP analyses A10 (species delimitation using 
a fixed guide tree) and A11 (joint species delimitation 
and species tree estimation) were performed in 
BPP3.4a (Flouri et al., 2018). Because the retrieved 
phylogenetic position of the cypriaca phylogenetic 
lineage was found to be ambiguous (see Results), all 
analyses were run under three different scenarios: 
cypriaca as sister to Clade 1 (scenario 1), as sister to 
Clade 2 (scenario 2) and as sister to both major sister-
clades (1 and 2) (scenario 3). The rest of the guide-
tree topology agrees with the species-tree produced 
by the StarBEAST analysis. MtDNA was considered 
as one locus (heredity scalar = 0.25) in contrast to 
the nuclear loci that were set as separate (heredity 
scalar = 1 in each case). Individual assignment to 
putative species was done in the Imap file provided 
as input to BPP. Analyses were run with the rjMCMC 
algorithm = 1 and under ten different prior settings: 
we investigated the consistency of results under a 
more diffuse (α = 3) and a more informative (α = 21) 
inverse-gamma prior, with β values varying by orders 
of magnitude following the example of Flouri et al. 
(2018) (Supporting Information, File S6). MCMC was 
set to 100 000 samples with sample frequency equal to 
5 and 10 000 samples set as burn-in.
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Moreover, both A10 and A01 analyses were repeated 
under all three scenarios, this time using empirical 
priors, calculated from the dataset: α = 3 was set as a 
diffuse prior for both theta (θ) and tau (τ), and β was, 
respectively, estimated from the equation: m = β/
(α – 1), for α > 1, with ‘m’ being equal to the mean 
nucleotide diversity in the case of (θ) and the mean 
node height (according to the StarBEAST analysis 
results) in the case of (τ) (Supporting Information, 
File S6). MCMC was set to 200 000 samples with 
sample frequency equal to 5 and 10 000 samples set 
as burn-in.

Given that the species-delimitation method 
based on the MSC model implemented in BPP may 
actually reflect population splits rather than species 
divergence events (Jackson et al., 2017; Sukumaran 
& Knowles 2017), we also employed the genealogical 
divergence index (gdi) (Jackson et al., 2017) coupled 
with a thorough likelihood analysis (Leaché et al., 
2019) under all three scenarios. First, empirical priors 
were used to perform the A00 analysis in BPP in order 
to estimate the parameters of species divergence 
times and population sizes (τs and θs) under the 
MSC model. Three separate runs were performed, 
inspected for convergence and then combined in order 
to create the posterior distribution of all sampled MSC 
parameters (200 000 samples, sample frequency = 5, 
burn-in = 10 000 in each run). Then, gdi was calculated 
following the equation gdi = 1 – e–2τ/θ (Jackson et al., 
2017; Leaché et al., 2019). Given two populations, 
A and B, 2τ AB/θ A is used to decide whether population 
A is distinguished from population B. When gdi is 
lower than 0.2, the two populations are considered as 
belonging to the same species, while the opposite is 
true when gdi is greater than 0.7. Intermediate values 
(0.2 > gdi < 0.7) represent ambiguous species status 
results. The analysis was performed multiple times, 
by progressively collapsing sister-clades and thus 
allowing the comparison of internal branches and of 
all phylogenetic subclades.

RESULTS

SequenceS alignment and phylogenetic 
reconStruction

The mitochondrial dataset contains a total of 1311 bp 
(ND4: 681 bp, tRNAs: 163 bp, 16S: 467 bp) from 153 
(140 ingroup and 13 outgroup) individuals and the 
concatenated dataset has a total length of 5547 bp from 
88 (75 ingroup and 13 outgroup) individuals (mtDNA: 
1312 bp, MC1R: 669 bp, NKTR: 638 bp, RAG1: 1009 bp, 
PNN: 854 bp, R35: 705 bp, CMOS: 360 bp). The best-fit 
nucleotide substitution models and data-partitioning 
schemes for the phylogenetic analyses (BI, ML), as 
well as for the calibrated species-tree reconstruction 

(StarBEAST2), are presented in Supporting 
Information, File S3.

Bayesian inference (LnL = –12,762.22) and ML 
(LnL = –12,759.57) analyses on the mtDNA dataset 
yielded trees with similar topologies (Fig. 2). In 
ML, rapid bootstrap was halted after 456 replicates 
according to the MRE based-criterion. The focal 
taxon, L. stellio, consists of 13 different evolutionary 
subclades grouped into two major clades (1 and 2), 
along with a distinct phylogenetic lineage from Cyprus. 
All known morphological subspecies correspond to 
distinct subclades, with the exception of L. s. vulgaris 
that clusters with the brachydactyla subclade from 
Egypt and Israel.

Clade 1 consists of four subclades with unresolved 
phylogenetic relationships: (1) the brachydactyla 
subclade that includes L. s. brachydactyla from Israel 
and Egypt and the unique specimen of L. s. vulgaris 
(1/100); (2) the picea subclade that contains L. s. picea; 
(3) the Jordan subclade that appears to have a sister-
group relationship with the picea lineage, although 
with low statistical support; and (4) the salehi 
subclade from Sinai. The well-supported (1/97) lineage 
of cypriaca, which corresponds to L. s. cypriaca from 
Cyprus, appears as the sister to Clade 1, although 
support for this relationship was low in BI (PP = 0.80) 
but not in ML (bs = 85).

Clade 2 contains populations from north and north-
west Syria, Lebanon, Greece and Turkey (Fig. 2).  
Within this clade, two insular populations from the 
east Aegean (Symi and Kastellorizo), along with 
individuals from the neighbouring region of south-
western Turkey (Kaş), form a well-supported subclade 
(1/90), hereafter named Symi–Kaş (Figs 2, 3), which 
is sister to all the rest. After that, two well-supported 
subclades diverge: the Hatay subclade (1/100), which 
extends along the Syrian–Turkish borders, from Aleppo 
(Syria) in the south towards Adıyaman (Turkey) in the 
north and the Amanos (Nur) mountains in the west, 
and the Lebanon subclade (1/99), which is found in a 
narrow strip parallel to the Mediterranean coast, from 
north-western Lebanon towards the western side of 
the Syrian Coastal Mountain Range (Fig. 3). These two 
subclades have a sister-group relationship (0.95/79) 
forming the ‘Near East’ group (Fig. 2).

The ‘Near East’ group has a sister-group relationship 
with the rest of Clade 2, which comprises the Greek 
and Turkish populations, broadly corresponding to 
the subspecies L. s. stellio and the L. s. daani. Three 
subclades are recognized in L. s. stellio: the first from 
the Greek insular populations (Delos, Mykonos and 
Corfu) and populations from Adana and Osmaniye 
(stellio GR-TR), the second from south and central 
Anatolia populations (stellio TR) and the third from 
eastern Anatolia (1/97) (Anatolia). Together, they 
cluster with the last two subclades: the daani subclade, 
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which includes all the L. s. daani specimens from east 
Aegean islands and Turkey, and its sister-subclade of 
West Taurus (1/96) (W Taurus). According to its name, 
the latter subclade is limited to the western Taurus 
mountain range (south of Lake Beyşehir), whereas the 
mainland population of Thessaloniki (N. Greece) and 
the recently discovered population from the island of 
Crete (Spaneli & Lymberakis, 2014), which clusters 
with specimens from Rhodes (East Aegean, Greece), 
cluster with the daani subclade (Figs 2, 3).

On the concatenated multilocus dataset, BI 
(LnL = –23,373.67) and ML (LnL = –24,078.21) analyses 
produce similar topologies (Fig. 4). In ML, rapid 
bootstrap was halted after 252 replicates according 
to the MRE based-criterion. Again, the position of 
cypriaca is unresolved, forming a polytomy with the 
other two major clades (in BI) or being sister to Clade 
1 (in ML), but with low support (bootstrap value = 57). 
Comparing the mitochondrial and the concatenated 
analyses, apart from small changes in support, the 
greatest difference lies in the phylogenetic position of 
the Symi–Kaş subclade. In the former, it appears to be 
sister to all other subclades within Clade 2, whereas in 
the latter, it has sister-group relationship to subclades 
daani and W Taurus (1.0/81).

genetic diStanceS and haplotype networkS

The pairwise uncorrected p-distances for the 
mitochondrial and nuclear markers are presented in 
Tables 1 and 2 and Supporting Information, File S7. In 
the ingroup, they reach 13.8% in ND4-tRNAs and 4.6% 
in 16S rRNA. In ND4-tRNAs the highest distance is 
observed between Anatolia and brachydactyla (13.8%) 
and the lowest between daani and W Taurus (1.8%). 
Divergence reaches 5% in Clade 1, 4.9% in Clade 2 and 
13% between these two major clades. Moreover, the 
cypriaca lineage differs by approximately 10% from all 
subclades.

The p-distances in 16S rRNA follow the same 
pattern as in ND4-tRNAs. The greatest distance is 
recorded between Jordan and cypriaca (4.6%) and the 
lowest between daani and stellio TR, as well as daani 
and Lebanon (0.6%). Divergence within the two major 
clades (1 and 2) is roughly 1% in each case and reaches 
2.8% between the two (Table 2). Again, cypriaca is 
highly divergent with a 4% distance from Clade 1 and 
a 3.8% distance from Clade 2.

In nuclear loci, maximum p-distances measured are 
0.3% in CMOS, 0.9% in R35, 1.0% in NKTR, 1.7% in 
PNN, 1.8% in RAG1 and 2.1% in MC1R (Supporting 
Information, File S7). As in the mtDNA, the largest 
values are recorded between any subclades belonging 
to the two distinct major clades (1 vs. 2), followed by the 
ones between cypriaca and the rest of the subclades.

Figure 2. Phylogenetic tree based on mtDNA (ND4-tRNAs 
and 16S rRNA). Bayesian posterior probabilities (PP) 
and maximum likelihood bootstrap support (bs) values 
are represented in the form PP/bs above or beside nodes. 
(Agama spp. contains Agama agama, A. boensis, A. bottega, 
A. boueti, A. boulengeri, A. impalearis, A. planices, 
A. sankaranica and A. spinosa).
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Haplotype networks inferred from all nuclear 
markers are given in Supporting Information, Files S8 
and S9. The highest level of variation, expressed as the 
highest number of haplotypes, is observed in NKTR, 
followed by MC1R and R35, whereas the lowest is 
in CMOS. Patterns of nuclear haplotypes generally 
agree with the results of phylogenetic analyses, with 
higher levels of allele sharing within each of the two 
major clades (1 and 2). In contrast, cypriaca alleles are 
mostly private and grouped with those of Clade 2.

SpecieS tree and divergence time eStimation

The multilocus calibrated species tree with the mean, 
and the posterior probability support of estimated 
divergence times are presented in Figure 5 and 
Supporting Information, File S1. The effective sample 
size (ESS) values are high (> 716). The topology is 
similar to the one produced by the concatenated 
dataset, placing cypriaca as sister to Clade 1, and the 
Symi–Kaş subclade, together with the ones of daani 
and W Taurus, but with low support in both cases.

Laudakia stellio diverged during the Middle Miocene 
(13.7 Mya, 95% HPD: 8.7–19.0). The first split, which 

took place during the Early Pleistocene (2.7 Mya, 95% 
HPD: 1.8–3.7), separated Clade 2 from Clade 1 and 
cypriaca. The differentiation of the latter from Clade 1 
followed shortly, around 2.4 Mya (95% HPD: 1.5–3.3). 
All other splits are relatively recent. The temporal 
differentiation of Clade 1 started 1.2 Mya (95% HPD: 
0.7–1.8) and coincides with the split of the Near-East 
subclades (Hatay and Lebanon) from the rest of Clade 
2 (1.00 Mya, 95% HPD: 0.6–1.4). The differentiation 
of stellio and daani (including their sister subclades) 
occurred around 0.8 Mya (95% HPD: 0.5–1.2).

SpecieS delimitation

The BPP analyses A10 (species delimitation using a 
fixed guide tree) and A11 (joint species delimitation 
and species tree estimation) produced overall similar 
results (Supporting Information, File S 6). Results are 
not sensitive to different prior combinations (including 
empirical ones), nor to topological differences of 
starting-trees (A11) and fixed guide-trees (A10) 
among the three scenarios. In almost all analyses, 12 
evolutionary entities are delimited, each corresponding 
to a well-supported phylogenetic subclade. In A10, run 

Figure 3. Map showing the sampling localities of specimens used in the present study. Different colours represent the 
phylogenetic subclades indicated in Figures 2 and 4.
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8 resulted in 11 and ten evolutionary entities, with 
the merging of the Hatay and Lebanon subclades in 
all scenarios, and the additional merging of daani–W 
Taurus–Symi–Kaş in scenario 2. In A11 analyses, 

run 8 produced similar results, with the additional 
lumping of brachydactyla with Jordan, which lowers 
the number of specified evolutionary entities to eight 
(in scenario 1).

Figure 4. Phylogenetic tree based on the concatenated dataset (mtDNA & nuDNA). Bayesian posterior probabilities (PP) 
and maximum likelihood bootstrap support (bs) values are represented in the form PP/bs above or beside nodes. (Agama 
spp. contains Agama agama, A. boensis, A. bottega, A. boueti, A. boulengeri, A. impalearis, A. planices, A. sankaranica and 
A. spinosa).
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The BPP approach strongly supports the splitting 
of all phylogenetic subclades in the majority of the 
analyses. However, the heuristic calculation of the 
gdi shows a different picture. The results of four 

combined runs, after a multiple-step progressive 
hierarchical lumping of sister-taxa, are shown in 
Figure 6. In all scenarios (Fig. 6A1–3), stellio GR-TR, 
stellio TR, WTaurus, Symi–Kaş and Jordan subclades 

Table 2. Sequence divergence (p-distance, %) among the main clades of Laudakia stellio and two outgroups (Laudakia 
caucasia and Phrynocephalus mystaceus). Values below the diagonal represent distances of mtDNA fragments (ND4-
tRNAs), whereas values above the diagonal represent the mtDNA fragment 16S rRNA. Values in diagonal are the within 
lineages sequence divergences (ND4-tRNAs and 16S rRNA). Dashes refer to non-estimated values. All values are rounded 
to two decimal places

Clade II Clade I cypriaca L. caucasia P. mystaceus

Clade II 4.85 & 1.01 2.75 3.80 15.78 14.81
Clade I 13.03 5.02 & 1.22 4.04 16.08 15.16
cypriaca 10.44 10.64 0.44 & 0 14.87 14.30
L. caucasia 22.13 22.99 21.42 - 14.38
P. mystaceus 22.17 22.96 21.68 21.34 -

Figure 5. Multilocus calibrated species-tree produced by StarBEAST2. Numbers above branches represent mean 
divergence times (Myr), while numbers below represent posterior probabilities. Asterisks represent posterior probabilities 
equal to 1. (Agama spp. contains Agama agama, A. boensis, A. bottega, A. boueti, A. boulengeri, A. impalearis, A. planices, 
A. sankaranica and A. spinosa).
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fall within the ambiguous zone (0.2 < gdi <0.7), 
whereas Hatay, Lebanon and daani have a gdi ≤ 0.2. 
The picea and brachydactyla subclades exhibit 

marginal gdi values (Fig. 6A2) that are slightly 
greater (Fig. 6A1) or smaller (Fig. 6A3) than 0.2. 
Last, the highest gdi values (> 0.7) are exhibited 

Figure 6. Summary of heuristic BPP delimitation based on the gdi under three topological scenarios (1, 2 and 3). Four BPP 
runs were combined in every step of a multiple analysis of progressive hierarchical lumping of sister taxa. Boxplots in the 
left (A) refer to the gdi of each well-supported phylogenetic subclade while those on the right (B) correspond to the three 
distinct evolutionary entities: Clade 1 (I), Clade 2 (II) and cypriaca (III).
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by Anatolia and cypriaca, with the latter exhibiting 
values close to 1.

Progressive merging of subclades allowed the 
estimation of gdi values for the two major clades (1 
and 2) under the three scenarios explained above  
(Fig. 6B1–3). Irrespective of its topological placement, 
cypriaca exhibits gdi values close or equal to 
1. However, the two major clades (1 and 2) exhibit 
values that shift along the ambiguity zone, depending 
on the position of cypriaca: when cypriaca is sister to 
Clade 1, the two major clades exhibit higher values 
(Fig. 6B1), while the opposite is true if the two clades 
have a sister-relationship (Fig. 6B3). Finally, when 
Clade 2 is sister to cypriaca, it shows a gdi value close 
to 0.2, and Clade 1 shows a gdi value close to 0.7 (Fig. 
6B2).

DISCUSSION

This is the first multilocus molecular study that 
explores the phylogenetic history of the ‘L. stellio’ 
complex, including samples from its entire distribution 
and of all  currently accepted morphological 
subspecies. Phylogenetic analyses (BI and ML) 
and species delimitation analysis, combined with 
the latest heuristic estimation of the genealogical 
divergence index (BPP and gdi), complement the 
existing, thorough morphological assessment of this 
taxon. Our results reveal that the striking phenotypic 
differentiation within ‘L. stellio’ is paralleled by high 
levels of genetic diversity. All but one (L. s. vulgaris) 
of the subspecies described on morphological grounds 
correspond to well-supported evolutionary subclades, 
which, together with a few new ones, form two major 
clades (1 and 2). The Cypriot population corresponds 
to a distinct genealogical lineage, with uncertain 
phylogenetic position regarding the two major clades.

SpecieS delimitation

The current taxonomy of ‘L. stellio’ does not precisely 
reflect its genetic diversity. Several populations do 
not fall clearly within the morphological subspecies 
described so far, leaving many open questions about 
their status and distribution. Species delimitation 
analysis mostly supports a scheme of 12 distinct 
evolutionary entities, each one corresponding to a well-
supported phylogenetic subclade. Nevertheless, these 
delimitations may actually reflect population splits 
rather than speciation events (Jackson et al., 2017; 
Sukumaran & Knowles, 2017). This issue becomes 
more evident when comparing these results with the 
ones produced by the coupling of Bayesian parameter 
estimation with the genealogical divergence index 
(gdi) assessment (Leaché et al., 2019). The majority of 

the 12 evolutionary entities produced by BPP actually 
exhibit small gdi values, placed on the lower end of the 
‘speciation gradient’ (Fig. 6A1–3). The only exception 
is the cypriaca phylogenetic lineage, which is clearly 
distinct under all possible topological scenarios, with gdi 
values ranging from 0.99 to 1. Moreover, gdi estimation 
for the two major clades through progressive merging 
of sister subclades, reveals greater values (Fig. 6B1–3), 
towards the higher end of the ‘speciation spectrum’. 
Given the discrepancy of species delimitation results 
and taking into account the phylogenetic analyses and 
the divergence times estimated in the present study, 
it appears that ‘L. stellio’ actually comprises three 
distinct evolutionary species: Clade 1, Clade 2 and 
cypriaca, with high intraspecific divergence.

divergence timeS and genetic diStanceS

Laudakia stellio originated in the Middle Miocene 
(13.7 Mya) and further diversified in the Late Pliocene 
(2.7 Mya) with the split of Clade 2 from Clade 1 
and cypriaca. Cypriaca subsequently branched off 
from Clade 1, in the Early Pleistocene (2.4 Mya). 
This relatively short period of time between these 
cladogenetic events, could be the reason behind the 
uncertainty of the phylogenetic position of cypriaca. 
This trifold diversification is also reflected by the 
mtDNA genetic distances among Clade 1, Clade 
2 and cypriaca. Distances between Clades 1 and 
2 reach 13.0% in ND4 and 2.7% in 16S rRNA, with 
cypriaca exhibiting equally high distances from both 
(c. 10% in ND4 and 4% in 16S rRNA). These results 
are comparable to the p-distances observed among 
species of the lacertid genus Podarcis Wagler, 1830 
(16S: 2.2–7.3%; Psonis et al., 2017), the agamid genera 
Phrynocephalus Kaup, 1825 (ND4: 6.3%, 16S: 4.5%; 
Pang et al., 2003) and Agama Daudin, 1802 (ND4: 
13.1%; Gonçalves et al., 2012). They are also similar to 
the intraspecific distances among candidate L. nupta 
species (De Filippi, 1843) (ND4: 1.3–9.7%; Sanchooli 
et al., 2015). The two major clades (1 and 2) diversified 
further and almost simultaneously during the 
Pleistocene, in a relatively short period of time (from 
1.2 to 0.3 Mya).

phylogenetic relationShipS

Clade 1 extends from North Africa to the Levant, more 
specifically from Egypt and Israel to Jordan and south 
Syria (Fig. 3). It is divided into the brachydactyla 
subclade that corresponds to L. s. brachydactyla, and 
the picea–Jordan subclades, comprising L. s. picea and 
the Jordan populations of Wadi Araba, respectively. 
All specimens from Egypt form a small cluster in the 
first subclade, but without support (Fig. 2). This is also 
the case for the specimen representing L. s. vulgaris 
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(no. 172), as it shows no genetic differentiation from the 
rest of brachydactyla. On the other hand, L. s. salehi 
represents a distinct subclade that has an uncertain 
position in Clade 1 (Fig. 2). These results contradict 
the findings of Kadry et al. (2020) who suggested 
the synonymy of L. s. brachydactyla and L. s. salehi. 
However, that study was limited in both sample size 
and loci sequenced. Moreover, the southern part of 
the Sinai Peninsula is considered to be a biodiversity 
hotspot for reptiles, hosting a number of endemic taxa 
(Milto, 2017). Taking into account the disagreement 
over the extent of morphological differentiation 
between L. s. vulgaris and L. s. brachydactyla 
[Lachman et al. (2006) vs. Panov & Zykova (2016)], 
and the incongruence of molecular findings regarding 
L. s. vulgaris, the question regarding the validity of 
both L. s. salehi and L. s. vulgaris still remains open.

Subclade brachydactyla also encompasses a 
small group of lizards originating from the Gilboa 
mountains that is weakly supported (Figs 2, 4). This 
small population corresponds to part of what has been 
previously termed as the ‘Near-East L. s. ssp.’  [the 
colour morph ‘F’ according to Daan (1967)], named 
after individuals originating from Mount Hermon, 
the Golan Heights and those distributed along the 
Lebanon -Israeli borders (Werner, 1988; Sivan & 
Werner, 1992; Panov & Zykova, 1997). It has also been 
used to describe morphs of ‘L. stellio’ that inhabit 
the Mediterranean landscapes of northern Israel, in 
contrast to L. s. brachydactyla, which is mainly found 
in the Negev desert (Panov & Zykova, 2016). Toe-length 
differences between the two have been attributed 
to adaptation to these different habitats (Izhaki & 
Haim, 1996). Apart from ecological and morphological 
differences, an allozyme analysis showed that the 
‘Near-East L. s. ssp.’ and L. s. brachydactyla exhibit 
a genetic distance comparable to the one between the 
latter and L. s. salehi (Nevo, 1981; Panov & Zykova, 
1997; Federman & Werner, 2007). Nevertheless, our 
results do not reveal two distinct phylogenetic lineages 
in Israel. According to the study of Federman & Werner 
(2007), the southward development of irrigation, 
road network expansion and human-mediated 
transportation has led to the mingling of the two 
morphs, and thus the reduction of their morphological 
differences, especially in the contact zone. Indeed, our 
results reflect this morphological continuum, because 
all samples form one well-supported subclade (1/100) 
(Figs 2, 4) and a clear division in central or southern 
Israel is lacking. Whether the small, weakly supported 
cluster of the Gilboa population represents a particular 
subspecies awaits further investigation considering the 
morphological, behavioural and ecological differences 
reported between the latter and L. s. brachydactyla 
(Panov & Zykova, 1997, 2016), and the fact that this 
wider area in northern Israel and Jordan is home to 

other endemic taxa, such as Lacerta media israelica 
Peters, 1964 and Ablepharus rueppellii festae Peracca, 
1894 (Disi, 2011; Loos et al., 2011).

The rest of Clade 1 consists of L. s. picea (picea  
subclade) and its sister-taxon, in Jordan (Jordan 
subclade). Laudakia s. picea, the smallest and darkest 
subspecies, forms a well-supported phylogenetic lineage 
extending from Palmyra in central Syria, to the eastern 
side of the Anti-Lebanon mountains in the west, and 
from the Sea of Galilee to the Black lava desert in 
the south (Fig. 3), where a great number of endemic 
reptiles can be found (Disi & Böhme, 1996; Disi, 2011). 
The Jordan subclade refers to a population limited 
on the mountainous strip extending from the Dead 
Sea to Petra (Fig. 3). Restricted to the Mediterranean 
ecotone between Jordan and Israel, this group has 
also been characterized as ‘L. s. ssp.’ by Disi (2011). 
The morphological differentiation of this population 
is reflected in the results of the present study, as it 
represents a well-supported (1/100) subclade (Figs 2, 4).

Clade 2 contains the rest of the Levant and European 
populations from Lebanon, north-west Syria, Turkey 
and Greece (Fig. 3), which are allocated to seven 
subclades that can be clustered into three major groups 
(Figs 2, 4). The first one is formed by the Lebanon and 
the Hatay subclades. Mitochondrial genetic distances 
between the two are comparable to the ones they have 
with other members of Clade 2. The Lebanon subclade 
occupies a narrow area, from the high elevations of 
Mount Lebanon to the western side of the Syrian coastal 
mountain range (An-Nusayriyah) and the neighbouring 
coast (Fig. 3). The phylogenetic differentiation of this 
subclade agrees with the observations by Zinner (1967), 
who was the first to note the striking differences in 
colour and behaviour of Laudakia lizards, as he moved 
from the coast of northern Lebanon towards higher 
elevations, finally reaching the Beqaa valley.

The Hatay subclade is found in the north-western 
part of Syria and extends towards the Nur (Amanos) 
mountains in Hatay and the south-eastern Taurus 
mountain range, both in Turkey (Fig. 3). In the 
past, numerous researchers have reported the 
great phenotypic variation exhibited by the eastern 
Anatolian populations (Bird, 1936; Clark & Clark, 
1973), which has caused much taxonomic confusion 
on whether they belong to L. s. stellio or L. s. daani 
(Baran & Öz, 1985; Göçmen et al., 2003; Almog et al., 
2005 and references therein; Kumlutaş et al., 2015). 
The Hatay population has certain morphological 
(neck and dorsal coloration and tail pholidosis) and 
osteological differences from L. s. daani and L. s. stellio 
(Göçmen et al., 2003; Gül & Tosunoğlu, 2011) and has 
been characterized as a hybrid between the two (Kete 
& Yýlmaz, 2006). The distinctiveness of Hatay partly 
agrees with a previous study (Özdemir et al., 2011), 
which showed the presence of two mitochondrial 
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lineages in Anatolia (although with low support), one 
of which matches the Hatay subclade described above.

The second major group of subclades of Clade 2 
consists of stellio and daani subclades, corresponding 
to the homonymous subspecies, along with three 
geographically restricted subclades, namely Anatolia, 
W Taurus and Symi–Kaş. The phylogenetic position of 
the latter is not clear. It appears as sister to all other 
subclades within Clade 2 in the mtDNA analyses, 
in contrast to the concatenated gene tree and the 
calibrated species tree, where it appears to have sister-
group relationship to its neighbouring, daani and W 
Taurus subclades. Considering its geographic position, 
genetic distances and divergence times, the last scenario 
seems more plausible. The differentiation of the W 
Taurus subclade is also supported by its coloration and 
meristic features (Kumlutaş et al., 2004). The only 
mainland European population, located in the broader 
area of Thessaloniki (Greece), belongs to L. s. daani and 
so does the newly discovered insular population from 
Crete (Spaneli & Lymberakis, 2014), as it clusters with 
specimens from the island of Rhodes.

These results help to clarify the limits of L. s. daani in 
Anatolia. From the E. Aegean islands and the Turkish 
coast, L. s. daani reaches the west side of Taurus 
mountains and is replaced by L. s. stellio on the east 
side of the mountain range. This Turkish population 
of L. s. stellio (stellio TR subclade) corresponds to 
the second mitochondrial lineage found by Özdemir 
et al. (2011) that was misallocated to L. s. daani and 
has a sister-relationship with the Greek populations 
of L. s. stellio, which form a well-supported (1/100) 
subclade (stellio GR-TR) (Figs 2, 4). Finally, the 
easternmost group of lizards, the Anatolia subclade, is 
sister to these two stellio subclades.

The Cypriot population is a well-defined, distinct 
evolutionary entity, according to phylogenetic and 
species delimitation analyses. Individuals of this insular 
lineage are also the largest (Osenegg, 1989; Baig, 1992) 
and have a unique tail pattern (Baig et al., 2012). The 
phylogenetic relationship of cypriaca with the other two 
major clades still remains ambiguous because they all 
diversified in a relatively short period of time. According 
to the mtDNA and the multilocus StarBEAST analysis, 
cypriaca is sister to Clade 1, but with low statistical 
support. In the concatenated dataset phylogenetic 
analyses, it forms a polytomy with both Clades 1 and 
2. On the other hand, most nuclear haplotype networks 
show that the private alleles of cypriaca are closer to 
Clade 2 rather than Clade 1.

evolutionary hiStory

The diversification of ‘L. stellio’ took place in the Middle 
Miocene when a global cooling trend and fluctuating 
CO2 levels led to the expansion of arid ecosystems 

and subsequent evolutionary shift in many plant and 
animal taxa (Kürschner et al., 2008). Apart from this 
drastic climatic change, the split between L. stellio 
and L. caucasia could have been initiated by the 
division of Anatolia by the central Paratethys during 
the Early Serravallian (13.8 Mya) (Rögl, 1999a, b) and 
maintained by the Lesser Caucasus and the Zagros 
mountain ranges, limiting the range of L. stellio to the 
west and L. caucasia to the east of these mountains. The 
opening of eastern Anatolia to the central Paratethys 
has shaped the evolution of other reptile species found 
in this area, such as the Anatolian lizards of the genus 
Apathya Méhely, 1907 (Kapli et al., 2013).

Further diversification during the Plio-Pleistocene 
transition led to the formation of three distinct 
evolutionary groups: Clade 1, Clade 2 and cypriaca. 
This period, from Late Pliocene to Middle Pleistocene, is 
known as the second orogenic phase of the Middle East 
and the Levant, when intense tectonic movements led 
to the uplifting of mountain masses and the creation 
of folds and faults along the northern, eastern and 
western boundaries of the Arabian Plate (Lateef, 2007). 
The mountains of northern Lebanon, the Palmyrides 
mountain belt and the Bitlis–Pütürge Massifs, have 
probably contributed to further diversification of the 
two major clades (1 and 2), limiting Clade 1 to the 
Near East and Clade 2 mostly to Anatolia. A similar 
pattern of differentiation between Anatolian and Near 
Eastern populations has also been reported for other 
reptiles, such as the striped skink, Heremites vittatus 
(Olivier, 1804) (Baier et al., 2017).

Several other mountain ranges have either promoted 
or halted diversification by acting as local refugia or 
barriers to dispersal. Within Clade 1, salehi occurs 
exclusively on the granite mountains of the southern 
Sinai, whereas the Jordan subclade is limited to the 
highlands east of the Wadi Araba–Jordan valley (Fig. 
3). Located along the fault between Africa and Arabia, 
the Wadi Araba represented an obstacle to animal 
dispersal between the two and thus has shaped 
the evolutionary history of other lizard species as 
well; for example, of the genus Mesalina Gray, 1838 
(Kapli et al., 2008, 2014). On the other hand, a water 
barrier could have contributed to the separation of 
brachydactyla from its sister Jordan–picea subclade. 
That would be the Sedom Lagoon, formed by ingression 
of the Mediterranean Sea water into the Dead Sea 
depression during Late Pliocene–Early Pleistocene, 
and extending from the broader area of the Galilee Sea 
to the Jordan–Arava valley (Stein, 2001). A similar 
pattern of divergence, shaped by the presence of the 
Sedom Lagoon, is exhibited by chameleons inhabiting 
the Gilboa highlands (Yaacov et al., 2012).

Within Clade 2, the Syrian coastal mountain range 
and the adjacent Ghab plain keep the two ‘Near East’ 
subclades, Lebanon and Hatay, separate from each 
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other. Further north, this division is sustained by 
the Amanos (Nur) mountains and the adjacent Amik 
plain. The two are further isolated from the rest of 
Clade 2 by the Anatolian Diagonal mountains. This 
complex geomorphological landscape has acted as a 
biogeographic barrier for several other lizard species 
belonging to Heremites (Baier et al., 2017), Apathya 
(Kapli et al., 2013) and Lacerta (L., 1758) (Ahmadzadeh 
et al., 2013). The Taurus massif limited the westward 
expansion of stellio TR in southern Anatolia. On its 
western side, daani and its sister-subclades (W Taurus 
and Symi–Kaş) replace stellio, extending to the East 
Aegean islands and some of the Cyclades (Paros 
and Naxos).

The general pattern of daani in the west and stellio 
in the east is disrupted by the presence of both on the 
Cyclades (stellio on Mykonos and Delos, and daani on 
Naxos and Paros), raising questions about their origin. 
The Cyclades were separated from the E. Aegean 
islands by an extensive sea transgression initiated in 
the end of the Middle Miocene (12 Mya), leading to the 
fragmentation of the Aegean area, and the creation of 
the northern and eastern Aegean Sea in the Tortonian 
(Fassoulas, 2018 and references therein). This Aegean 
Sea Barrier has shaped the evolution of several groups 
of organisms. Many taxa were unable to cross it, but 
only a handful succeeded (Lymberakis & Poulakakis, 
2010; Poulakakis et al., 2015; Kornilios et al., 2019). 
Taking into account (1) the sister-relationship of stellio 
from Mykonos–Delos and stellio from south-eastern 
Anatolia, (2) that two mitochondrial haplotypes from 
south-eastern Anatolia cluster with the Cycladic 
ones, and (3) the fact that both Delos and the gulf of 
Alexandretta (Iskenderun) hosted important ports 
during ancient times (Akar, 2009; Kron, 2013), the 
presence of stellio in the Cyclades could be attributed 
to human-mediated dispersal. This result contradicts 
Brammah et al. (2010) according to which the two 
subspecies derived from a single ‘stellio-type’ species 
occurring in the Protocycladic Block. Whether daani 
crossed the Aegean Sea Barrier by natural or human 
dispersal awaits further research. Human-mediated 
dispersal, both in the past and in the present, 
explains the presence of daani in Thessaloniki and 
Crete (Klaptocz, 1910; Spaneli & Lymberakis, 2014), 
of stellio in Corfu (Koch, 1932) and brachydactyla in 
Giza and Cairo (Flower, 1933). It could also explain 
the disjunct distribution of the Symi–Kaş subclade, 
as it comprises specimens from south-western Turkey 
and Kastellorizo and Symi from Greece, the latter 
being geographically more distant from the rest, but 
connected to Kastellorizo via ship transport. Finally, 
looking at the fossil record, the absence of post-Pliocene 
agamid remains from the Balkans suggests that the 
extant Greek populations do not represent a relict 
widespread European population, but are the result of 

a more recent, anthropochorous or natural dispersal 
from the east (Delfino et al., 2008), corroborating the 
results of this study.

Climatic fluctuations during the Pleistocene, acting 
synergistically with mountain uplifting, led to the burst 
of diversification within the two major clades (1 and 2). 
Cold and dry glacial periods were followed by hotter 
and warmer interglacial periods (Webb & Bartlein, 
1992), causing repeated contraction of species to refugia 
and outward re-expansion, thus promoting speciation 
in many different animal groups (Hewitt, 1996; Avise 
et al., 1998). Apart from the Iberian, the Italian and 
the Balkan peninsulas (Blondel, 2010 and references 
therein), Anatolia also acted as a major glacial refugium 
(Rokas et al., 2003; Gündüz et al., 2007; Mutun, 2010; 
Bilgin, 2011; Arslan et al., 2020). Indeed, Clade 2 seems 
to have persisted and diverged in several areas of 
southern Anatolia that served as local refugia for other 
reptile species during the Pleistocene, such as Lacerta 
trilineata Bedriaga, 1886 (Ahmadzadeh et al., 2013; 
Sagonas et al., 2014), Ophisops elegans Ménétries, 1832 
(Kyriazi et al., 2008) and Heremites vittatus (Baier et al., 
2017). Moreover, the diversification pattern revealed by 
this study is almost identical to the one exhibited by 
the Turkish worm lizard Blanus strauchi (Bedriaga, 
1884) (Sindaco et al., 2014), the Eurasian blindsnake 
Xerotyphlops vermicularis (Merrem, 1820) (Kornilios 
et al., 2011, 2012), the Anatolian lizard Anatololacerta 
anatolica (Werner, 1900) (Bellati et al., 2015; Karakasi 
et al., 2021) and the snake-eyed skink Ablepharus 
kitaibelii Bory de Saint-Vincent, 1833 (Skourtanioti 
et al., 2016). The biogeographical subregions or 
biodiversity hotspots of Anatolia shaping this common 
evolutionary pattern and hosting distinct evolutionary 
lineages are: Cilicia and Pamphylia, on the eastern and 
western sides of the Taurus, respectively, and Lycia in 
south-western Anatolia.

The roughtail rock lizards of Cyprus formed a 
well-supported and distinct phylogenetic lineage. It 
diversified in the Early Pleistocene (2.4 Mya), soon 
after the split of Clade 2 from Clade 1 + cypriaca 
(2.7 Mya). Cyprus is an oceanic island that took its 
present form during the last 2.6 Myr, and was never 
connected to the mainland (Simmons, 1999; Aksu et al., 
2005). Therefore, colonization of Cyprus by various 
amphibian and reptile species has been attributed 
mainly to human or natural overseas dispersal, 
starting in the Miocene and continuing through the 
Pleistocene (Böhme & Wiedl, 1994; Simonato et al., 
2007; Poulakakis et al., 2013; Baier et al., 2017). The 
time of divergence estimated for cypriaca suggests 
that it colonized the island via overseas dispersal 
rather than human-mediated transport. However, the 
origin of the ancestor population cannot be specified 
in this study as there are affinities with both major 
clades. In some analyses it appears closer to Clade 1 
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(BI of mtDNA and calibrated species-tree) but with 
low support, whereas in others it is closer to Clade 2 
(nuDNA haplotype networks). The greatly overlapping 
divergence-time ranges of Clades 1, 2 and cypriaca 
imply that the first colonizers of Cyprus could belong 
to the common ancestor of all three lineages. On that 
note, some amphibian and reptilian taxa inhabiting 
Cyprus are closer to their Near Eastern counterparts 
(Kornilios et al., 2012; Baier et al., 2017), while 
others show a greater affinity to Turkish populations 
(Gvoždík et al., 2010; Skourtanioti et al., 2016).

taxonomic implicationS

This study reveals that ‘L. stellio’ comprises three 
species with high intraspecific diversity that 
correspond to Clade 1, Clade 2 and cypriaca. Therefore, 
we propose the following taxonomy:

Laudakia vuLgaris (Sonnini & latreille, 1802) 
stat. nov.

Included taxa: Laudakia s. picea (Parker, 1935), 
L. s. brachydactyla (Haas, 1951), L. s. vulgaris (Sonnini 
& Latreille, 1802), L. s. salehi (Werner, 2006) and the 
Jordan phylogenetic subclade.

Type specimen:  Agama stellio vulgaris (Sonnini & 
Latreille, 1802), FMNH 153134 (neotype) Crochet 
et al. (2006) (Field Museum of Natural History, 
Chicago, USA).

Type locality: El Amiria, Alexandria, Lower Egypt, by 
present neotype designation.

Distribution: All localities from Egypt, Jordan, 
Israel and south-western and western Syria (east to 
Palmyra).

Remarks: According to the principle of priority of the 
ICZN (International Code of Zoological Nomenclature), 
this distinct genetic lineage was named vulgaris as that is 
the oldest available name. It includes the morphological 
subspecies of L. s. picea, L. s. brachydactyla, L. s. vulgaris 
and L. s. salehi, as well as a new phylogenetic subclade 
that corresponds to the Jordan populations from the 
eastern side of the Wadi–Araba valley, previously reported 
as an unnamed subspecies. The subspecific description of 
the latter is under preparation, but we have to note that 
the subspecific status of L. s. vulgaris and L. s. salehi is 
ambiguous and requires further investigation.

Laudakia steLLio (linnaeuS, 1758) s.s.

Included taxa: Laudakia s. stellio (Linnaeus, 1758), 
L. s. daani (Beutler & Frör, 1980) and the subclades 

from the western Taurus, Symi–Kaş, Anatolia, Lebanon 
and Hatay, as shown in this study (Figs 2, 4).

Type specimen:  Laudakia stellio stellio (Linnaeus, 
1758), ZFMK 2063 (neotype), Crochet et al. (2006) 
(Zoologisches Forschungsmuseum Alexander Koenig, 
Bonn, Germany).

Type locality:  Delos Island, Cyclades, Greece.

Distribution: All localities from Greece (Cyclades, 
Crete, Thessaloniki, Corfu and East Aegean islands) 
and Turkey, north-western Syria and northern Lebanon.

Remarks: According to the principle of priority of the 
ICZN, this distinct genetic lineage should be named 
stellio because that is the oldest available name. It 
includes already described morphological subspecies 
and other cryptic lineages of Clade 2, revealed by this 
study: the nominal L. s. stellio and its sister Anatolia 
subclade, L. s. daani and its sister W Taurus–Symi–Kaş 
subclades, as well as the Lebanon and Hatay subclades. 
The subspecific status of L. s. stellio and L. s. daani is 
retained, while the elevation of the Lebanon and Hatay 
lineages to the subspecies level is under preparation.

Laudakia cypriaca (daan, 1967) stat. nov.

Included taxa: Laudakia s. cypriaca (Daan, 1967).

Type specimen:  Agama stellio cypriaca Daan, 1967. 
BMNH 1930.10.5.6. (holotype) (Natural History 
Museum, London, UK).

Type locality:  Limassol, Cyprus.

Distribution:  Endemic to Cyprus.

Remarks: This species exhibits distinctive morphology, 
ecology and behaviour, all of which further corroborate 
molecular evidence and support its elevation to species 
rank.

CONCLUSION

This is the first comprehensive genetic study shedding 
light on the evolution of the ‘L. stellio’ species complex, 
using both mitochondrial and nuclear markers, bridging 
the gap between genetic divergence and morphology-
based taxonomy. Our findings confirm that the reported 
phenotypical diversity matches the genetic differentiation 
of several evolutionary entities encompassed within 
‘L. stellio’ and highlight the importance of Anatolia and 
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the Levant as glacial refugia in the past that turned into 
biodiversity hotspots in the present.

According to the present study, albeit monophyletic, 
‘L. stellio’ represents not just one, but three distinct, well-
supported evolutionary entities that should be considered 
distinct species. The Cypriot population, previously 
considered a subspecies, is elevated to species level, 
L. cypriaca (Daan, 1967), given its distribution, divergence 
time, genetic differentiation and morphological features. 
Its phylogenetic relationship with the other two species 
remains unclear since clade divergence seems to have 
happened in a narrow time period. Further investigations 
focusing on population-level analyses, using more 
specimens from the neighbouring mainland (Turkey, Syria, 
Lebanon and Israel), should resolve the details of this three-
partite divergence. The other two species correspond to the 
two major phylogenetic Clades 1 and 2. The first (L. picea) 
includes the populations from North Africa, Jordan, Israel 
and south-western Syria, corresponding to L. s. picea, 
L. s. brachydactyla, L. s. vulgaris and L. s. salehi. The status 
of the currently recognized subspecies L. s. vulgaris and 
L. s. salehi needs to be further explored using more samples 
from the type localities. The second (L. stellio), comprises 
L. s. stellio, L. s. daani and populations from Lebanon and 
Hatay, whose morphological and ecological divergence has 
already been highlighted by numerous researchers. The 
elevation of the latter two, as well as the Jordan subclade, 
to subspecies status is under preparation. Future research 
should focus on the population-level phylogeographic 
analysis that will help towards clarification of divergence 
patterns of these variable lizards at a finer temporal and 
spatial scale.

ACKNOWLEDGEMENTS

The authors are grateful to Loukia Spilani, Eleftherios 
Bitzilekis and Johannes Foufopoulos for providing tissue 
samples from specimens from Symi and Naxos, to Erez 
Maza and Shai Meiri for providing tissue samples from 
specimens in the collection of ‘The Steinhardt Museum 
of Natural History’, Department of Zoology, Tel-Aviv 
University, and to Dr Eraqi Khannoon from Fayoum 
University for providing specimens from Egypt. We also 
thank the two anonymous referees and the editors for 
their constructive comments. Finally, we thank Andreas 
Dimitrou for his assistance with lab work.

DATA AVAILABILITY

The data underlying this article are available in 
GenBank Nucleotide Database at https://www.ncbi.
nlm.nih.gov/genbank, and can be accessed with 
accession numbers given in File S1. 

REFERENCES

Ahmadzadeh F, Flecks M, Rödder D, Böhme W, Ilgaz Ç, 
Harris DJ, Engler JO, Üzüm N, Carretero MA. 2013. 
Multiple dispersal out of Anatolia: biogeography and 
evolution of oriental green lizards. Biological Journal of the 
Linnean Society 110: 398–408.

Akar M. 2009. The role of harbour towns in the re-urbanization 
of the Levant in the middle Bronze Age (1800–1600 BC) 
perspectives from eastern Cilicia and the Amuq Plain 
of Hatay. ArchAtlas workshop: routes and landscapes in 
Eurasia: exchange and movement from prehistory to the 
present. Sheffield: Dept. of Archaeology, University of 
Sheffield.

Aksu AE, Hall J, Yaltırak C. 2005. Miocene to recent tectonic 
evolution of the eastern Mediterranean: new pieces of the old 
Mediterranean puzzle. Marine Geology 221: 1–13.

Ali T, Muñoz-Fuentes V, Buch AK, Çelik A, Dutbayev A, 
Gabrielyan I, Glynou K, Kachour L, Khaliq I, Kitner M, 
Nigrelli L. 2019. Out of Transcaucasia: origin of Western and 
Central Palearctic populations of Microthlaspi perfoliatum. 
Flora 253: 127–141.

Allegrucci G, Ketmaier V, Di Russo C, Rampini M, 
Sbordoni V, Cobolli M. 2017. Molecular phylogeography of 
Troglophilus cave crickets (Orthoptera, Rhaphidophoridae): a 
combination of vicariance and dispersal drove diversification 
in the East Mediterranean region. Journal of Zoological 
Systematics and Evolutionary Research 55: 310–325.

Almog A, Bonen H, Herman K, Werner YL. 2005. 
Subspeciation or none? The hardun in the Aegean (Reptilia: 
Sauria): Agamidae: Laudakia stellio. Journal of Natural 
History 39: 567–586.

Arslan Y, Demi ̇rtaş S, Herman JS, Pustilnik JD, 
Searle JB, Gündüz İ. 2020. The Anatolian glacial refugium 
and human-mediated colonization: a phylogeographical 
study of the stone marten (Martes foina) in Turkey. Biological 
Journal of the Linnean Society 129: 470–491.

Avise JC, Walker D, Johns GC. 1998. Speciation durations 
and Pleistocene effects on vertebrate phylogeography. 
Proceedings of the Royal Society B: Biological Sciences 265: 
1707–1712.

Baier F, Schmitz A, Sauer-Gurth H, Wink M. 2017. Pre-
Quaternary divergence and subsequent radiation explain 
longitudinal patterns of genetic and morphological variation 
in the striped skink, Heremites vittatus. BMC Ecology and 
Evolution 17: 132.

Baig KJ. 1992. Systematic studies of the Stellio-group of 
Agama (Sauria: Agamidae). Unpublished D. Phil. Thesis, 
Quaid-i-Azam University Islamabad, Pakistan.

Baig KJ, Böhme W. 1997. Partition of the‘ Stellio’ group of 
Agama into two distinct genera: Acanthocercus Fitzinger, 
1843, and Laudakia Gray, 1845 (Sauria: Agamidae). In: 
Böhme W, Bischoff W, Ziegler T. eds. Proceedings of the 
8th ordinary general meeting of the Societas Europaea 
Herpetologica, Bonn: SEH.

Baig KJ, Wagner P, Ananjeva NB, Böhme W. 2012. A 
morphology-based taxonomic revision of Laudakia Gray, 
1845 (Squamata: Agamidae). Vertebrate Zoology 62: 213–260.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022

https://www.ncbi.nlm.nih.gov/genbank
https://www.ncbi.nlm.nih.gov/genbank
https://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlab107#supplementary-data


20 E. KARAMETA ET AL.

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

Baran İ, Öz M. 1985. Anadolu Agama stellio (Agamidae, 
Reptilia) populasyonlarının taksonomik araştırılması 
[A taxonomic investigation of Anatolian Agama stellio 
populations (Agamidae, Reptilia)]. Doğa Bilimleri Dergisi 9: 
161–169.

Bellati A, Carranza S, Garcia-Porta J, Fasola M, 
Sindaco R. 2015. Cryptic diversity within the Anatololacerta 
species complex (Squamata: Lacertidae) in the Anatolian 
Peninsula: evidence from a multilocus approach. Molecular 
Phylogenetics and Evolution 82: 219–233.

Beutler A, Frör E. 1980. Die Amphibien und Reptilien der 
Nordkykladen (Griechenland). Mitteilungen der Zoologischen 
Gesellschaft Braunau 3: 255–290.

Bilgin R. 2011. Back to the suture: the distribution of 
intraspecific genetic diversity in and around Anatolia. 
International  Journal  of  Molecular  Sciences  12: 
4080–4103.

Bird C. 1936. The distribution of reptiles and Amphibians in 
Asiatic Turkey, with notes on a collection from the vilayets of 
Adana, Gaziantep, and Malatya. Journal of Natural History 
18: 257–281.

Blondel J. 2010. The Mediterranean region: biological diversity 
in space and time. Oxford: Oxford University Press.

Bodenheimer FS. 1944. Introduction into knowledge of 
the Amphibia and Reptilia of Turkey. Review of Faculty of 
Science University of Istanbul 9: 1–78.

Böhme W, Wiedl H. 1994. Status and zoogeography of the 
herpetofauna of Cyprus, with taxonomic and natural history 
notes on selected species (genera Rana, Coluber, Natrix, 
Vipera). Zoology in the Middle East 10: 31–52.

Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu CH, 
Xie D, Suchard MA, Rambaut A, Drummond AJ. 2014. 
BEAST 2: a software platform for Bayesian evolutionary 
analysis. PLoS Computational Biology 10: pe1003537.

Bouckaert  R ,  Vaughan TG ,  Barido-Sottani  J , 
Duchêne S, Fourment M, Gavryushkina A, Heled J, 
Jones G, Kühnert D, De Maio N, Matschiner M. 2019. 
BEAST 2.5: an advanced software platform for Bayesian 
evolutionary analysis. PLoS Computational Biology 15: 
pe1006650.

Brammah M, Hoffman JI, Amos W. 2010. Genetic divergence 
between and within two subspecies of Laudakia stellio on 
islands in the Greek Cyclades. Herpetological Journal 20: 
91–98.

Bruford MW, Hanotte O, Burke T. 1998. Multi and single 
locus DNA fingerprinting. In: Hoelzel AR, ed. Molecular 
genetic analysis of populations: a practical approach. Oxford: 
IRL Press at Oxford University Press, 225–269.

Çıplak B, Demirsoy A, Bozcuk AN. 1993. Distribution of 
Orthoptera in relation to the Anatolian Diagonal in Turkey. 
Articulata 8: 1–20.

Clark RJ, Clark E. 1973. Report on a collection of amphibians 
and reptiles from Turkey. Occasional Papers of the California 
Academy of Sciences 104: 1–62.

Crochet PA, Lymberakis P, Werner YL. 2006. The 
type specimens of Laudakia stellio (Linnaeus) (Reptilia: 
Agamidae) and its subspecies. Journal of Natural History 
40: 461–471.

Daan S. 1967. Variation and taxonomy of the Hardun, Agama 
stellio (Linnaeus, 1758) (Reptilia, Agamidae). Beaufortia 14: 
109–134.

Davis PH. 1971. Distribution patterns in Anatolia with 
particular reference to endemism. In: Davis PH, Harper PC, 
Hedge IC, eds. Plant life of South West Asia. Edinburgh: 
Botanical Society of Edinburgh, 15–27.

Delfino M, Kotsakis T, Arca M, Tuveri C, Pitruzzella G, 
Rook L. 2008. Agamid lizards from the Plio-Pleistocene 
of Sardinia (Italy) and an overview of the European fossil 
record of the family. Geodiversitas 30: 641–656.

Disi AM. 2011. Review of the lizard fauna of Jordan: (Reptilia: 
Sauria). Zoology in the Middle East 54: 89–102.

Disi AM, Böhme W. 1996. Zoogeography of the amphibians 
and reptiles of Syria, with additional new records. Herpetozoa 
9: 63–70.

Duggen S, Hoernle K, Van den Bogaard P, Rüpke L, 
Morgan JP. 2003. Deep roots of the Messinian salinity 
crisis. Nature 422: 602–606.

Edwards LE, Melville E. 2011. Extensive phylogeographic 
and morphological diversity in Diporiphora nobbi (Agamidae) 
leads to a taxonomic review and a new species description. 
Journal of Herpetology 45: 530–546.

Ekim T, Güner A. 1986. The Anatolian Diagonal: fact or 
fiction? Proceedings of the Royal Society of Edinburgh 
Section B: Biology 89: 69–77.

Fassoulas C. 2018. The geodynamic and paleogeographic 
evolution of the Aegean in the Tertiary and Quaternary: 
a review. In: Sfenthourakis S, Pafilis P, Parmakelis A, 
Poulakakis N, Triantis KA, eds. Biogeography and 
biodiversity of the Aegean. In honour of Prof. Moysis Mylonas. 
Nicosia: Broken Hill Publishers Ltd, 25–46.

Federman R, Werner YL. 2007. Man-made environmental 
changes affect the boundary between two taxa of Laudakia. 
Journal of Zoology 273: 281–288.

Felsenstein J. 1973. Maximum likelihood and minimum-
steps methods for estimating evolutionary trees from data 
on discrete characters. Systematic Zoology 22: 240–249.

Felsenstein J. 1981. Evolutionary trees from DNA sequences: 
a maximum likelihood approach. Journal of Molecular 
Evolution 17: 368–376.

Flouri T, Jiao X, Rannala B, Yang Z. 2018. Species tree inference 
with BPP using genomic sequences and the multispecies 
coalescent. Molecular Biology and Evolution 35: 2585–2593.

Flower MSS. 1933. Notes on the recent reptiles and 
amphibians of Egypt, with a list of the species recorded from 
that kingdom. Journal of Zoology 103: 735–851.

Göçmen B, Tosunoğlu M, Taşkavak E. 2003. A taxonomic 
comparison of the Hardun, Laudakia stellio (Reptilia, 
Agamidae), populations of southern Turkey (Hatay) and 
Cyprus. Zoology in the Middle East 28: 25–32.

Gonçalves DV, Brito JC, Crochet PA, Geniez P, Padial JM, 
Harris DJ. 2012. Phylogeny of North African agama lizards 
(Reptilia: Agamidae) and the role of the Sahara Desert in 
vertebrate speciation. Molecular Phylogenetics and Evolution 
64: 582–591.

Gül Ç, Tosunoğlu M. 2011. External morphological and 
osteological features of Turkish populations of Laudakia 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022



PHYLOGENY OF LAUDAKIA STELLIO COMPLEX 21

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

stellio (Linnaeus, 1758) (Squamata: Sauria: Agamidae). 
Herpetozoa 24: 73–88.

Gül Ç, Dinçaslan Y, Tosunoğlu M. 2010. A new locality of 
the roughtail rock agama Laudakia stellio (Linnaeus 1758), 
from Sinop, North Anatolia. Herpetozoa 23: 98–100.

Gündüz İ, Jaarola M, Tez C, Yeniyurt C, Polly PD, 
Searle JB.  2007. Multigenic  and morphometric 
differentiation of ground squirrels (Spermophilus, Scuiridae, 
Rodentia) in Turkey, with a description of a new species. 
Molecular Phylogenetics and Evolution 43: 916–935.

Gür H. 2013. The effects of the Late Quaternary glacial-
interglacial cycles on Anatolian ground squirrels: range 
expansion during the glacial periods? Biological Journal of 
the Linnean Society 109: 19–32.

Gür H. 2016. The Anatolian diagonal revisited: testing the 
ecological basis of a biogeographic boundary. Zoology in the 
Middle East 62: 189–199.

Gvoždík V, Moravec J, Klütsch C, Kotlík P. 2010. 
Phylogeography of the Middle Eastern tree frogs (Hyla, 
Hylidae, Amphibia) as inferred from nuclear and mitochondrial 
DNA variation, with a description of a new species. Molecular 
Phylogenetics and Evolution 55: 1146–1166.

Haas G. 1951. A new subspecies of Agama stellio (L.) from 
southern Israel (Negev), Agama stellio brachydactyla, subsp. 
nov. Annals and Magazine of Natural History 4: 1052–1053.

Henle K. 1995. A brief review of the origin and use of ‘stellio’ 
in herpetology and a comment on the nomenclature and 
taxonomy of agamids of the genus Agama (sensu lato). 
Herpetozoa 8: 3–9.

Hewitt GM. 1996. Some genetic consequences of ice ages, and 
their role in divergence and speciation. Biological Journal of 
the Linnean Society 58: 247–276.

Huelsenbeck JP, Rannala B. 2004. Frequentist properties of 
Bayesian posterior probabilities of phylogenetic trees under 
simple and complex substitution models. Systematic Biology 
53: 904–913.

Huelsenbeck JP, Ronquist F, Nielsen R, Bollback JP. 
2001. Bayesian inference of phylogeny and its impact on 
evolutionary biology. Science 294: 2310–2314.

Izhaki I, Haim A. 1996. Adaptive morphometric variation 
in lizards of the genus Agama in Israel. Israel Journal of 
Zoology 42: 385–394.

Jackson ND, Carstens BC, Morales AE, O’Meara BC. 2017. 
Species delimitation with gene flow. Systematic Biology 66: 
799–812.

Kadry MA, Al-Qahtani AR, Amer SA. 2020. Morphometric 
and molecular differentiation between Egyptian Stellagama 
stellio vulgaris and S. stellio salehi (Reptilia: Agamidae). 
Zoology in the Middle East 66: 295–301.

Kapli P, Lymberakis P, Poulakakis N, Mantziou G, 
Parmakelis A, Mylonas M. 2008. Molecular phylogeny of 
three Mesalina (Reptilia: Lacertidae) species (M. guttulata, 
M. brevirostris and M. bahaeldini) from North Africa and 
the Middle East: another case of paraphyly? Molecular 
Phylogenetics and Evolution 49: 102–110.

Kapli P, Botoni D, Ilgaz Ç, Kumlutaş Y, Avcı A, Rastegar-
Pouyani N, Fathinia B Lymberakis P, Ahmadzadeh F, 
Poulakakis N. 2013. Molecular phylogeny and historical 

biogeography of the Anatolian lizard Apathya (Squamata, 
Lacertidae). Molecular Phylogenetics and Evolution 66: 
992–1001.

Kapli P, Lymberakis P, Crochet PA, Geniez P, Brito JC, 
Almutairi M, Ahmadzadeh F, Schmitz A, Wilms T, 
Pouyani NR, Poulakakis N. 2014. Historical biogeography 
of the lacertid lizard Mesalina in North Africa and the 
Middle East. Journal of Biogeography 42: 267–279.

Karakasi D, Ilgaz Ç, Kumlutaş Y, Candan K, Güçlü Ö, 
Kankılıç T, Beşer N, Sindaco R, Lymberakis P, 
Poulakakis N. 2021. More evidence of cryptic diversity 
in Anatololacerta species complex Arnold, Arribas and 
Carranza. 2007 (Squamata: Lacertidae) and re-evaluation of 
its current taxonomy. Amphibia-Reptilia 42: 201–216.

Katoh K, Misawa K, Kuma KI, Miyata T. 2002. MAFFT: 
a novel method for rapid multiple sequence alignment 
based on fast Fourier transform. Nucleic Acids Research 30: 
3059–3066.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, 
Sturrock S, Buxton S , Cooper A , Markowitz S , 
Duran C ,  Thierer  T ,  Ashton B ,  Meintjes  P , 
Drummond A. 2012. Geneious basic: an integrated and 
extendable desktop software platform for the organization 
and analysis of sequence data. Bioinformatics  28: 
1647–1649.

Kete R, Yýlmaz İ. 2006. Antakya ve Gaziantep Bölgesinde 
yaşayan Laudakia stellio (Linnaeus, 1758) (Agamidae, 
Lacertilia) üzerine morfolojik-taksonomik bir araştırma. 
[A morphological-taxonomical investigation on the lizard 
Laudakia stellio (Linnaeus, 1758) (Agamidae, Lacertilia) 
distributing in Antakya and Gaziantep regions.] Anadolu 
Üniversitesi Bilim ve Teknoloji Dergisi 7: 377–386.

Klaptocz A. 1910. Beitrag zur Herpetologie der europäischen 
Türkei. Zoologische Jahrbücher Abteilung für Systematik, 
Geographie und Biologie der Tiere 29: 415–424.

Koch C. 1932. Sammeltage auf der Insel Korfu, Oktober–
November 1929. Blätter für Aquarien - und Terrarien - 
Kunde, Braunschweig 43: 200–203.

Korkmaz EM ,  Lunt DH ,  Çıplak B ,  Değerl i  N , 
Başıbüyük HH. 2014. The contribution of Anatolia to 
European phylogeography: the centre of origin of the 
meadow grasshopper, Chorthippus parallelus. Journal of 
Biogeography 41: 1793–1805.

Kornilios P, Ilgaz Ç, Kumlutaş Y, Giokas S, Fraguedakis-
Tsolis S, Chondropoulos B. 2011. The role of Anatolian 
refugia in herpetofaunal diversity: an mtDNA analysis 
of Typhlops vermicularis Merrem, 1820 (Squamata, 
Typhlopidae). Amphibia-Reptilia 32: 351–363.

Kornilios P, Ilgaz Ç, Kumlutaş Y, Lymberakis P, 
Moravec J , Sindaco R , Rastegar-Pouyani N , 
Afroosheh M , Giokas S , Fraguedakis-Tsolis S , 
Chondropoulos B. 2012. Neogene climatic oscillations 
shape the biogeography and evolutionary history of the 
Eurasian blindsnake. Molecular Phylogenetics and Evolution 
62: 856–873.

Kornilios P, Thanou E, Lymberakis P, Ilgaz Ç, Kumlutaş Y, 
Leaché A. 2019. Genome-wide markers untangle the 
green-lizard radiation in the Aegean Sea and support a 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022



22 E. KARAMETA ET AL.

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

rare biogeographical pattern. Journal of Biogeography 46: 
552–567.

Krijgsman W, Hilgen FJ, Raffi I, Sierro FJ, Wilson DS. 
1999. Chronology, causes and progression of the Messinian 
salinity crisis. Nature 400: 652–655.

Krijgsman W, Stoica M, Vasiliev I, Popov VV. 2010. Rise 
and fall of the Paratethys Sea during the Messinian Salinity 
Crisis. Earth and Planetary Science Letters 290: 183–191.

Kron G. 2013. Classical Greek trade in comparative 
perspective: Literary and archaeological evidence. In: EM 
Harris, DM Lewis, DM Lewis, M Woolmer eds.  Beyond self-
sufficiency: household city-states and markets in the ancient 
Greek world. Cambridge: Cambridge University Press, 
29–138.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. 
MEGA X: molecular evolutionary genetics analysis across 
computing platforms. Molecular Biology and Evolution 35: 
1547–1549.

Kumlutaş Y, Öz M, Durmuş H, Tunç MR, Özdemir A, 
Düşen S. 2004. On some lizard species of the western Taurus 
range. Turkish Journal of Zoology 28: 225–236.

Kumlutaş Y, Uğurtaş İH, Koyun M, Ilgaz Ç. 2015. A 
new locality records of Stellagama stellio (Linnaeus, 
1758) (Sauria: Agamidae) in Anatolia. Russian Journal of 
Herpetology 22: 149–153.

Kürschner WM, Kvaček Z, Dilcher DL. 2008. The impact of 
Miocene atmospheric carbon dioxide fluctuations on climate 
and the evolution of terrestrial ecosystems. Proceedings of 
the National Academy of Sciences of the USA 105: 449–453.

Kyriazi P, Poulakakis N, Parmakelis A, Crochet PA, 
Moravec J, Rastegar-Pouyani N, Tsigenopoulos CS, 
Magoulas A, Mylonas M, Lymberakis P. 2008. Mitochondrial 
DNA reveals the genealogical history of the snake-eyed lizards 
(Ophisops elegans and O. occidentalis) (Sauria: Lacertidae). 
Molecular Phylogenetics and Evolution 49: 795–805.

Lachman E, Carmely H, Werner YL. 2006. Subspeciation 
befogged by the ‘Seligmann effect’: the case of Laudakia 
stellio (Reptilia: Sauria: Agamidae) in southern Sinai, Egypt. 
Journal of Natural History 40: 1259–1284.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, 
Calcott B. 2016. PartitionFinder 2: new methods for 
selecting partitioned models of evolution for molecular and 
morphological phylogenetic analyses. Molecular Biology and 
Evolution 34: 772–773.

Lateef AS. 2007. Geological history of the Bekaa Valley. In: 
Second International Conference on the geology of the Tethys. 
Cairo: Cairo University, 391–402.

Leaché AD, Wagner P, Linkem CW, Böhme W, Papenfuss TJ, 
Chong RA, Lavin BR, Bauer AM, Nielsen SV, Rodel M, 
Schmitz A, Lebreton M, Ineich I, Greenbaum E, 
Ofori-Boateng C, Eniang EA, Baha El Din S, Chirio L, 
Lemmon AR, Burbrink FT. 2014. A hybrid phylogenetic-
phylogenomic approach for species tree estimation in African 
Agama lizards with applications to biogeography, character 
evolution, and diversification. Molecular Phylogenetics and 
Evolution 79: 215–230.

Leaché AD, Zhu T, Rannala B, Yang Z. 2019. The spectre of 
too many species. Systematic Biology 68: 168–181.

Leigh JW, Bryant D. 2015. Popart: full-feature software for 
haplotype network construction. Methods in Ecology and 
Evolution 6: 1110–1116.

Loos J, Dayan T, Drescher N, Levanony T, Maza E, 
Shacham B, Talbi R, Assmann T. 2011. Habitat preferences 
of the Levant green lizard, Lacerta media israelica (Peters, 
1964) (Reptilia: Lacertidae). Zoology in the Middle East 52: 
17–28.

Lymberakis P, Poulakakis N. 2010. Three continents 
claiming an archipelago: the evolution of Aegean’s 
herpetofaunal diversity. Diversity 2: 233–255.

Macey JR, Schulte JA, Larson A, Ananjeva NB, Wang Y, 
Pethiyagoda R, Rastegar–Pouyani N, Papenfuss TJ. 
2000. Evaluating trans-Tethys migration: an example 
using acrodont lizard phylogenetics. Systematic Biology 49: 
233–256.

Macey JR, Schulte JA, Fong JJ, Das I, Papenfuss TJ. 
2006. The complete mitochondrial genome of an agamid 
lizard from the Afro-Asian subfamily Agaminae and 
the phylogenetic position of Bufoniceps and Xenagama. 
Molecular Phylogenetics and Evolution 39: 881–886.

Melville J, Hale J, Mantziou G, Ananjeva NB, Milto K, 
Clemann N. 2009. Historical biogeography, phylogenetic 
relationships and intraspecific diversity of agamid lizards 
in the Central Asian deserts of Kazakhstan and Uzbekistan. 
Molecular Phylogenetics and Evolution 53: 99–112.

Miller MA, Pfeiffer W, Schwartz T.  2010. Creating 
the CIPRES science gateway for inference of large 
phylogenetic trees in Proceedings of the Gateway Computing 
Environments Workshop (GCE), 14 Nov. 2010, New Orleans, 
LA. pp. 1–8.

Milto KD. 2017. New records of reptiles on the Red Sea Coast, 
Egypt, with notes on zoogeography. Russian Journal of 
Herpetology 24: 11–21.

Mittermeier RA, Turner WR, Larsen FW, Brooks TM, 
Gascon C. 2011. Global biodiversity conservation: the 
critical role of hotspots. In: Zachos F, Habel J, eds. Biodiversity 
hotspots. Berlin, Heidelberg: Springer, 3–22.

Moody SM. 1980. Phylogenetic and historical biogeographical 
relationships of the genera in family Agamidae (reptilia: 
Lacertilia). Unpublished D. Phil. Thesis, University of Michigan.

Mutun S.  2010. Intraspecific genetic variation and 
phylogeography of the oak gallwasp Andricus caputmedusae 
(Hymenoptera: Cynipidae): effects of the Anatolian Diagonal. 
Acta Zoologica Academiae Scientiarum Hungaricae 56: 
153–172.

M y e r s  N.  M i t t e r m e i e r  R A ,  M i t t e r m e i e r  C G , 
Da Fonseca GAB, Kent J. 2000. Biodiversity hotspots for 
conservation priorities. Nature 403: 853–858.

Nevo E. 1981. Genetic variation and climatic selection in the 
lizard Agama stellio in Israel and Sinai. Theoretical and 
Applied Genetics 60: 369–380.

Ogilvie HA , Bouckaert RR Drummond AJ.  2017. 
StarBEAST2 brings faster species tree inference and 
accurate estimates of substitution rates. Molecular Biology 
and Evolution 34: 2101–2114.

Osenegg K. 1989. Die Amphibien und Reptilien der Insel 
Zypern. Unpublished M. Sc. Thesis, University of Bonn.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022



PHYLOGENY OF LAUDAKIA STELLIO COMPLEX 23

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

Özdemir N, Gül Ç, Tosunoğlu M. 2011. Genomic variation 
within Laudakia stellio (Linnaeus, 1758) (Sauria: Agamidae) 
in Turkey, based on analyses of mitochondrial 12s rRNA 
sequences. Journal of Animal and Veterinary Advances 10: 
415–420.

Pang J, Wang Y, Zhong Y, Hoelzel AR, Papenfuss TJ, 
Zeng X, Ananjeva NB, Zhang YP. 2003. A phylogeny of 
Chinese species in the genus Phrynocephalus (Agamidae) 
inferred from mitochondrial DNA sequences. Molecular 
Phylogenetics and Evolution 27: 398–409.

Panov EN , Zykova LY.  1997. Differentiation and 
interrelations of two representatives of Laudakia stellio 
complex (reptilia: Agamidae) in Israel. Russian Journal of 
Herpetology 4: 102–114.

Panov EN, Zykova LY. 2016. Rock agamas of Eurasia. 
Moscow: KMK Scientific Press.

Parker HW. 1935. A new melanic lizard from Transjordania, 
and some speculations concerning melanism. Proceedings of 
the Zoological Society of London 135: 137–142.

Popov SV, Shcherba IG, Ilyina LB, Nevesskaya LA, 
Paramonova NP, Khondkarian SO, Magyar I. 2006. 
Late Miocene to Pliocene palaeogeography of the Paratethys 
and its relation to the Mediterranean. Palaeogeography, 
Palaeoclimatology, Palaeoecology 238: 91–106.

Poulakakis N, Parmakelis A. 2018. The Aegean Archipelago: 
from zoogeography to phylogeography. In: Sfenthourakis S, 
Pafilis P, Parmakelis A, Poulakakis N, Triantis KA, eds. 
Biogeography and biodiversity of the Aegean. In honour of 
Prof. Moysis Mylonas. Nicosia: Broken Hill Publishers Ltd, 
269–278.

Poulakakis N, Kapli P, Kardamaki A, Skourtanioti E, 
Göçmen B, Ilgaz Ç, Kumlutaş Y, Avcı A, Lymberakis P. 
2013. Comparative phylogeography of six herpetofauna 
species in Cyprus: late Miocene to Pleistocene colonization 
routes. Biological Journal of the Linnean Society 108: 
619–635.

Poulakakis N, Kapli P, Lymberakis P, Trichas A, 
Vardinoyiannis K, Sfenthourakis S, Mylonas M. 
2015. A review of phylogeographic analyses of animal 
taxa from the Aegean and surrounding regions. Journal 
of Zoological Systematics and Evolutionary Research 
53:18–32.

Psonis N, Antoniou A, Kukushkin O, Jablonski D, 
Petrov B, Crnobrnja-Isailović J, Sotiropoulos K, 
Gherghel I, Lymberakis P, Poulakakis N. 2017. Hidden 
diversity in the Podarcis tauricus (Sauria, Lacertidae) 
species subgroup in the light of multilocus phylogeny and 
species delimitation. Molecular Phylogenetics and Evolution 
106: 6–17.

Pyron RA, Burbrink FT, Wiens JJ. 2013. A phylogeny and 
revised classification of squamata, including 4161 species 
of lizards and snakes. BMC Ecology and Evolution 13: 
1–54.

Rambaut A, Drummond AJ. 2009. Tracer: MCMC trace 
analysis tool, v.1.5. Oxford: University of Oxford.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 
2018. Posterior summarization in Bayesian phylogenetics 
using Tracer 1.7. Systematic Biology 67: 901–904.

Rannala B, Yang Z. 2003. Bayes estimation of species 
divergence times and ancestral population sizes using DNA 
sequences from multiple loci. Genetics 164: 1645–1656.

Raymo ME, Grant B, Horowitz M, Rau GH. 1996. Mid–
Pliocene warmth: stronger greenhouse and stronger 
conveyor. Marine Micropaleontology 27: 313–326.

Rögl F. 1999a. Mediterranean and Paratethys facts and 
hypotheses of an Oligocene to Miocene paleogeography 
(short review). Geologica Carpathica 50: 339–349.

Rögl F.  1999b. Palaeogeographic considerations for 
Mediterranean and Paratethys seaways. Annalen des 
Naturhistorischen Museums in Wien 99A: 279–310.

Rokas A, Atkinson RJ, Webster L, Csóka G, Stone GN. 2003. 
Out of Anatolia: longitudinal gradients in genetic diversity 
support an eastern origin for a circum-Mediterranean oak 
gallwasp Andricus quercustozae. Molecular Ecology 12: 
2153–2174.

Ronquist F, Teslenko M, Van der Mark P, Ayres DL, 
Darling A, Höhna S, Larget B, Liu L, Suchard MA, 
Huelsenbeck JP. 2012. MrBayes 3.2: efficient Bayesian 
phylogenetic inference and model choice across a large model 
space. Systematic Biology 61: 539–542.

Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-
Rico S, Librado P, Ramos-Onsins SE, Sánchez-
Gracia A. 2017. DnaSP 6: DNA sequence polymorphism 
analysis of large data sets. Molecular Biology and Evolution 
34: 3299–3302.

Rozen S, Skaletsky HJ. 2000. Primer3 on the WWW for 
general users and for biologist programmers. In: Krawetz S, 
Misener S, eds. Bioinformatics methods and protocols: 
methods in molecular biology. Totowa: Humana Press, 
365–386.

Sagonas K, Poulakakis N, Lymberakis P, Parmakelis A, 
Pafilis P, Valakos ED. 2014. Molecular systematics and 
historical biogeography of the green lizards (Lacerta) in 
Greece: insights from mitochondrial and nuclear DNA. 
Molecular Phylogenetics and Evolution 76: 144–154.

Sanchooli N , Rahimian H , Rastegar-Pouyani N , 
Rastegar-Pouyani E. 2015. Sequence variation in the 
mtDNA, ND4-tRNALEU, segments of Laudakia nupta 
(De Filippi, 1843) in Iran. Iranian Journal of Animal 
Biosystematics 11: 157–164.

Seyrek A, Demir T, Pringle M, Yurtmen S, Westaway R, 
Bridgland D, Beck A, Rowbotham G. 2008. Late Cenozoic 
uplift of the Amanos Mountains and incision of the Middle 
Ceyhan river gorge, southern Turkey; Ar-Ar dating of the 
Düziçi basalt. Geomorphology 97: 321–355.

Sfenthourakis S, Triantis KA. 2017. The Aegean archipelago: 
a natural laboratory of evolution, ecology and civilisations. 
Journal of Biological Research – Thessaloniki 24: 1–13.

Simmons AH. 1999. Faunal extinction in an island society: 
pygmy hippopotamus hunters of Cyprus. New York: Springer 
Science and Business Media.

Simonato M, Mendel Z, Kerdelhue C, Rousselet J, 
Magnoux E, Salvato P, Roques A, Battisti A, Zane L. 
2007. Phylogeography of the pine processionary moth 
Thaumetopoea wilkinsoni in the Near East. Molecular 
Ecology 16: 2273–2283.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022



24 E. KARAMETA ET AL.

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

Sindaco R, Kornilios P, Roberto S, Lymberakis P. 2014. 
Taxonomic reassessment of Blanus strauchi (Bedriaga, 
1884) (Squamata: Amphisbaenia: Blanidae), with the 
description of a new species from south-east Anatolia 
(Turkey). Zootaxa 3795: 311–326.

Sivan N, Werner YL. 1992. Survey of the reptiles of the Golan 
Plateau and Mt Hermon, Israel. Israel Journal of Zoology 
37: 193–211.

Skourtanioti E, Kapli P, Ilgaz Ç, Kumlutaş Y, Avcı A, 
Ahmadzadeh F, Crnobrnja-Isailović J, Gherghel I, 
Lymberakis P, Poulakakis N. 2016. A reinvestigation of 
phylogeny and divergence times of the Ablepharus kitaibelii 
species complex (Sauria: Scincidae) based on mtDNA and 
nuDNA genes. Molecular Phylogenetics and Evolution 103: 
199–214.

Sonnini CS, Latreille PA. 1802. Histoire naturelle des reptiles: 
avec figures dessinées d’après nature. Paris: Crapelet.

Spaneli V, Lymberakis P. 2014. First record of Stellagama 
stellio (Linnaeus, 1758) from Crete, Greece. Herpetology 
Notes 7: 367–369.

Speybroeck J, Beukema W, Dufresnes C, Fritz U, 
Jablonski D, Lymberakis P, Martínez-Solano I, 
Razzetti E, Vamberger M, Vences M, Vörös J. 2020. 
Species list of the European herpetofauna-2020 update 
by the Taxonomic Committee of the Societas Europaea 
Herpetologica. Amphibia-Reptilia 41: 139–189.

Stamatakis A. 2014. RAxML v.8: a tool for phylogenetic analysis 
and post-analysis of large phylogenies. Bioinformatics 30: 
1312–1313.

Stein M. 2001. The sedimentary and geochemical record of 
Neogene–Quaternary water bodies in the Dead Sea Basin – 
inferences for the regional paleoclimatic history. Journal of 
Paleolimnology 26: 271–282.

Stephens M, Donelly P. 2003. A comparison of Bayesian methods 
for haplotype reconstruction from populations genotype data. 
American Journal of Human Genetics 73: 1162–1169.

Stephens M, Smith NJ, Donnelly P. 2001. A new statistical 
method for haplotype reconstruction from population data. 
American Journal of Human Genetics 68: 978–989.

Stöver BC, Müller KF. 2010. TreeGraph 2: combining and 
visualizing evidence from different phylogenetic analyses. 
BMC Bioinformatics 11: 1–9.

Sukumaran J, Knowles LL. 2017. Multispecies coalescent 
delimits structure, not species. Proceedings of the National 
Academy of Sciences of the USA 114: 1607–1612.

Templeton AR, Crandall KA, Singh CF. 1992. A cladistic 
analysis of phenotypic associations with haplotypes inferred 
from restriction endonuclease mapping and DNA sequence 
data. III. Cladogram estimation. Genetics 132: 619–633.

Uetz P, Freed P, Aguilar R, Hošek J. 2021. The reptile 
database. Available from: http://www.reptile-database.org 
(accessed September 2021).

Webb T, Bartlein PJ. 1992. Global changes during the last 3 
million years: climatic controls and biotic responses. Annual 
Review of Ecology, Evolution, and Systematics 23: 141–173.

Werner YL. 1988. Herpetofaunal survey of Israel (1950–85), 
with comments on Sinai and Jordan and on zoogeographical 
heterogeneity. Monographiae Biologicae 62: 355–388.

Werner YL. 1992. Identity and distribution of Agama stellio 
picea Parker (Sauria: Agamidae), endemic to the volcanic 
desert of Jordan. Zoology in the Middle East 6: 41–44.

Xyda A. 1983. Differentiation between the local Greek and 
Cypriot populations of Agama stellio (Reptilia: Agamidae). 
Unpublished Ph. D. Thesis, National and Kapodistrian 
University of Athens.

Xyda A. 1986. Supplementary evidence on the biometry and 
ecology of the lizard Stellio stellio of Greece and Cyprus. 
Biologia Gallo-Hellenica 12: 451–458.

Yaacov DB, Arbel-Thau K, Zilka Y, Ovadia O, Bouskila A 
Mishmar D. 2012. Mitochondrial DNA variation, but not 
nuclear DNA, sharply divides morphologically identical 
chameleons along an ancient geographic barrier. PLoS One 
7: pe31372.

Yang Z. 2006. Computational molecular evolution. Oxford and 
New York: Oxford University Press.

Yang Z, Rannala B. 1997. Bayesian phylogenetic inference 
using DNA sequences: a Markov chain Monte Carlo method. 
Molecular Biology and Evolution 14: 717–724.

Yang Z, Rannala B. 2010. Bayesian species delimitation 
using multilocus sequence data. Proceedings of the National 
Academy of Sciences of the USA 107: 9264–9269.

Yılmaz Y. 1993. New evidence and model on the evolution 
of the southeast Anatolian orogen. Geological Society of 
America Bulletin 105: 251–271.

Zhang J, Kapli P, Pavlidis P, Stamatakis A. 2013. A 
general species-delimitation method with applications to 
phylogenetic placements. Bioinformatics 29: 2869–2876.

Zinner H. 1967. Herpetological collection trips to the Lebanon 
1965 and 1966. Israel Journal of Ecology and Evolution 16: 
49–58.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

File S1. Specimens and outgroups, mtDNA and concatenated DNA datasets, GenBank accession numbers, 
primers and PCR condition information, 95% HPD intervals of divergence times (.xlsx).
File S2. PTP results (.txt).
File S3. PartitionFinder2 results (.docx).
File S4. BEAUti2.xml file (.xml).
File S5. Calibration points used in the StarBeast2 analysis from Leaché et al. (2014). Divergence times (Myr) 
are presented in red above branches and the 95% HPD interval (Myr) is presented in black below branches (.pdf).

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022

http://www.reptile-database.org


PHYLOGENY OF LAUDAKIA STELLIO COMPLEX 25

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–25

File S6. Summary of BPP (A10 & A11) analyses results (.xlsx).
File S7. Sequence divergence (p-distance, %) for the nuDNA fragments MC1R, NKTR, RAG1, PNN, R35 and 
CMOS (.docx).
File S8. TCS haplotype networks for L. stellio inferred from six nuclear loci (.docx).
File S9. Codes of haplotypes corresponding to samples used in this study, inferred from the six nuclear loci (.xlsx).

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlab107/6517658 by guest on 01 February 2022


	Introduction
	MATERIAL AND METHODS
	Samples and laboratory procedures
	Sequences alignment, genetic distances and haplotype networks
	Phylogenetic analyses
	Species tree and divergence time estimation
	Species delimitation: Bayesian phylogenetics and phylogeography (BPP) and heuristic species delimitation using the genealogical divergence index (GDI)

	RESULTS
	Sequences alignment and phylogenetic reconstruction
	Genetic distances and haplotype networks

	Discussion
	Species delimitation
	Divergence times and genetic distances
	Phylogenetic relationships
	Evolutionary history
	Taxonomic implications
	Laudakia vulgaris (Sonnini & Latreille, 1802) stat. nov.

	CONCLUSION

