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The lacertid lizards of the genus Mesalina inhabit the arid regions of the Old World, from North Africa to NW
India. Of the 19 recognized species within the genus, eleven occur in Arabia. In this study, we explore the genetic
variability and phylogeographic patterns of the less studied M. adramitana group from southern Arabia and the
Socotra Archipelago within the phylogenetic and biogeographic context of the entire genus. Our unprecedented
sampling extends the distribution ranges of most Mesalina species and, for the ﬁrst time, sequences of M. ayunensis are included in a phylogenetic analysis. We perform analyses of concatenated multilocus datasets and
species trees, conduct species delimitation analyses, and estimate divergence times within a biogeographic
framework. Additionally, we inferred the environmental suitability and identiﬁed dispersal corridors through
which gene ﬂow is enabled within M. adramitana. Our results show that the Socotra Archipelago was colonized
approximately 7 Mya by a single oversea colonization from mainland Arabia. Then, an intra-archipelago dispersal event that occurred approximately 5 Mya resulted in the speciation between M. balfouri, endemic to
Socotra, Samha and Darsa Islands, and M. kuri, endemic to Abd al Kuri Island. Similar to previous studies, we
uncovered high levels of genetic diversity within the M. adramitana species-group, with two highly divergent
lineages of M. adramitana living in allopatry and adapted to locally speciﬁc climatic conditions that necessitate
further investigation.

1. Introduction
Mesalina Gray, 1838 is a Saharo-Sindian lacertid genus widespread
across North Africa, the Middle East, and the Iranian Plateau, eastwards
to Pakistan, with some species reaching the Sahel, the Horn of Africa
and the Socotra Archipelago (Fig. 1). Currently, the genus comprises 19
species and is the third most diverse genus within the Eremiadini tribe
of the family Lacertidae, after Acanthodactylus and Eremias (Arnold
et al., 2007; Uetz et al., 2017). All Mesalina species are small, fast,
ground-dwelling, diurnal lizards well adapted to desert and xeric
shrublands.
Taxonomic studies of Mesalina have been hampered by the wide
geographic distribution of the genus, including several politically unstable regions, and the existence of several genetically highly divergent
species complexes, some of them with paraphyletic and polyphyletic
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species and relatively high levels of cryptic diversity (Kapli et al., 2008,
2015; Šmíd and Frynta, 2012). Despite these problems, recent systematic revisions shed light on two of these species complexes (M.
brevirostris and M. guttulata; Šmíd et al., 2017; Sindaco et al., 2018,
respectively). At present, all Mesalina taxa can be divided according to
their phylogenetic relationships into the following seven assemblages:
(i) M. watsonana, (ii) M. martini, (iii) the still unrevised M. olivieri
species complex, (iv) M. rubropunctata, (v) the M. adramitana group, (vi)
the M. brevirostris group and (vii) the M. guttulata group. The latter three
groups occur throughout the Arabian Peninsula, an area that has played
a crucial role in shaping the current diversity and geographical distribution of the fauna inhabiting Africa and Eurasia (i.e., Šmíd et al.,
2013; Metallinou et al., 2012, 2015; Tamar et al., 2016a, 2016b, 2018).
The Arabian Peninsula has a complex geological history and varying
levels of connectivity with Africa and Eurasia that have enabled ancient
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Fig. 1. Localities of the Mesalina samples included in this study. Colors correspond to groups visualized in the lower right tree (same tree as Fig. 2A). Inset picture
shows a specimen of M. adramitana from northern Oman.

2008). It has been found inhabiting sandy or gravelly plains with some
vegetation, from sea level up to 1300 m (pers. obs.). Despite their capacity to tolerate high temperatures (around 50 °C), adults and juveniles often climb on small shrubs to minimize contact with the hot
ground (Arnold, 1980). Although M. adramitana includes distinct populations with remarkable morphological diﬀerentiation and color
variations (especially specimens from Dhofar; Arnold, 1980, 1986a; van
der Kooij, 2001), no molecular studies have been carried out to investigate its systematics. On the contrary, the South Arabian M. ayunensis is only known from a few localities in Dhofar, where it can occur
in sympatry with M. adramitana (Arnold, 1980). Little is known on its
biology and it has never been included in a molecular phylogenetic
analysis. The other two Arabian species of the M. adramitana group are
exclusively found in the Socotra Archipelago. Mesalina balfouri inhabits
open ﬂat sandy areas but also gravel and rocky substrates on Socotra,
Samha and Darsa Islands and M. kuri is only found in ﬂat areas on sandy
or hardened ground in Abd al Kuri Island (Razzetti et al., 2011).
The present work aimed to explore the genetic variability and
phylogeographic patterns of the largely unstudied M. adramitana group
within the phylogenetic and biogeographic context of the entire genus.
We performed phylogenetic analyses of concatenated multilocus datasets and species trees, conducted species delimitation analyses, and
estimated divergence times within a biogeographic framework.
Additionally, we infer environmental suitability and identify dispersal
corridors through which gene ﬂow is enabled within M. adramitana.

vicariance splits and uneven movements of terrestrial fauna across open
seas or land bridges (Bohannon, 1986; Bosworth et al., 2005; Fernandes
et al., 2006). The tectonic separation between Arabia and Africa resulted in the formation of the Red Sea and the Gulf of Aden during the
late Oligocene (23–31 million years ago [Mya]; Bosworth et al., 2005).
This continental break-up triggered the separation of the Socotra Archipelago from the Dhofar region in southern Oman approximately 24
Mya (Autin et al., 2010; Fournier et al., 2010). Subsequently, the collision between the Arabian plate with Eurasia led to the gradual closure
of the Tethyan Seaway and the formation of the Gomphotherium land
bridge during the Early-Middle Miocene (around 15–18 Mya;
Harzhauser et al., 2007; Harzhauser and Piller, 2007; Rögl, 1999). In
turn, sea level ﬂuctuations during the Miocene (∼6–14 Mya) permitted
the formation of temporary land connections between Africa and
Arabia (Haq et al., 1987; Jones, 1999; Bosworth et al., 2005; Fernandes
et al., 2006). Additionally, global climate changes and oscillations
during the Cenozoic have also been suggested as one of the main drivers
of diversiﬁcation and distributional patterns of North African and
Arabian faunas (e.g., Douady et al., 2003; Guillaumet et al., 2008;
Gonçalves et al., 2012; Metallinou et al., 2012, 2015; Šmíd et al., 2013;
Tamar et al., 2014, 2016a, 2016b, 2018). It is generally accepted that
subsequent aridiﬁcation processes and climatic ﬂuctuations that occurred during the Miocene and the Pleistocene dramatically altered the
landscapes of North Africa and Arabia, triggering the expansion and
contraction of desert areas and sand seas (Zachos et al., 2001; Griﬃn,
2002; Edgell, 2006).
Eleven species of Mesalina are currently recognized in Arabia, inhabiting arid and semi-arid areas from sea level up to 3,500 m a.s.l. (see
Uetz et al., 2017; Sindaco et al., 2018). Although areas of sympatry
occur between some species, their distribution within the Arabian Peninsula is essentially allopatric or parapatric (Arnold, 1980). Apart from
the M. brevirostris and M. guttulata groups, there are four endemic
Arabian taxa: M. adramitana (Boulenger, 1917), M. ayunensis Arnold,
1980, M. balfouri (Blanford, 1881), and M. kuri Joger and Mayer, 2002,
all included within a clade called hereinafter the M. adramitana group.
The monophyly of this group has been supported in previous studies
never including M. ayunensis (Joger and Mayer, 2002; Kapli et al., 2015;
Tonini et al., 2016). However, the relationships within the M. adramitana group are still poorly understood and the biogeographic history of
Mesalina in the Socotra Archipelago hovers in mystery.
Mesalina adramitana was originally described from the Hadhramaut
area in southern Arabia. It is an abundant species, found widely across
the southern and western Arabian Peninsula (Sindaco and Jeremčenko,

2. Materials and methods
2.1. Taxon sampling, datasets, DNA ampliﬁcation, sequencing and
alignment
In total, sequences of 349 Mesalina specimens sampled from its
entire distribution range were used in this study, including representatives of 18 of the 19 recognized species (Table S1; M. ercolinii
was not sampled; sequences retrieved from GenBank are from Kapli
et al., 2008, 2015; Šmíd et al., 2017; Sindaco et al., 2018). The
monophyly and phylogenetic position of Mesalina within the tribe
Eremiadini was established in previous studies (Mayer and Pavlicev,
2007; Pyron et al., 2013). Therefore, in some analyses we included as
outgroups 15 specimens of the genera Gallotia (Subfamily Gallotiinae)
and Podarcis (Subfamily Lacertinae, Lacertini tribe) that were also used
for the divergence time estimation (see Tamar et al., 2016a). Sample
codes, localities and GenBank accession numbers are given in Table S1.
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M. adramitana group, we applied a combination of two species delimitation approaches. Mitochondrial divergent lineages were ﬁrst estimated using the Generalized Mixed Yule-coalescent analysis (GMYC;
Pons et al., 2006) and its Bayesian implementation (bGMYC; Reid and
Carstens, 2012). These analyses rely on single locus data; therefore, we
assembled dataset 2, which included a total of 307 unique haplotypes of
the concatenated 16S and cytb sequences, as these two genes include
the most complete sampling of individuals (Tables S1 and S2). The
mitochondrial phylogenetic tree for dataset 2 was inferred in BEAST as
detailed in Table S2, with partitions and models of sequence evolution
inferred in PartitionFinder with the same parameters as listed above.
The GMYC function was performed using the “splits” package (Ezard
et al., 2009) in R3.3.3 (R Core Team, 2017), applying a single threshold.
The bGMYC analysis was performed using the R package “bGMYC”
(Reid and Carstens, 2012). In this analysis, a random subsample of 250
trees from the posterior distribution of the BEAST runs was used to
calculate marginal posterior probabilities of the model. MCMC chains
were run for 103 generations with a burn-in of the ﬁrst 10% of trees.
The results of the bGMYC species delimitation analysis of Mesalina
with dataset 2 were used to deﬁne the lineages that should be implemented in the multilocus species-tree of the M. adramitana group
(see bGMYC results in Fig. S3). The species-tree was inferred in *BEAST
(v.1.8.2; Heled and Drummond, 2010) with dataset 3, which included
the four independent phased nuclear loci only. Details on the composition of dataset 3 and on the *BEAST analysis are presented in Tables
S1 and S2. jModelTest v.2.1.7 (Darriba et al., 2012; Guindon and
Gascuel, 2003) was used to select the best model of nucleotide substitution for each locus of dataset 3 under the Bayesian information
criterion (BIC). Unfortunately, one of the recovered bGMYC lineages
within the M. adramitana group had no nuclear sequences (specimens
NHMC80.3.142.2, NHMC80.3.142.3, and NHMC80.3.164.8; see Table
S1) and therefore this bGMYC lineage was not included in dataset 3.
As a second step of the species delimitation process in the M.
adramitana group, we carried out a nuclear multilocus Bayesian coalescent species delimitation and species tree analyses performed with
Bayesian Phylogenetics and Phylogeography (BP&P v.3.3; Yang and
Rannala, 2010) using dataset 3 (see details in Tables S1 and S2). We
carried out two analytical approaches: (a) conducting Bayesian species
delimitation analyses using a ﬁxed guide tree (the species-tree recovered from *BEAST; see above), (b) implementing a joint analysis
conducting Bayesian species delimitation while estimating the species
tree (Yang and Rannala, 2014). For both approaches algorithms 0 and 1
were used, assigning each species delimitation model equal prior
probability. As the prior distributions of the ancestral population size
(θ) and root age (τ) can aﬀect the posterior probabilities of the models
(Yang and Rannala, 2010), we tested four diﬀerent combinations of
gamma-distributed priors (see details in Table S2). The locus rate
parameter that allows variable mutation rates among loci was estimated with a Dirichlet prior (α = 2). Since our dataset was autosomal
only, the heredity parameter that allows θ to vary among loci was not
used. We ran each rjMCMC analysis twice to conﬁrm consistency between runs. We considered speciation probability values ≥0.95 as
strong evidence for speciation.

All sampled localities are shown in Fig. 1. A summary of the four datasets used to address the diﬀerent objectives of this study is shown in
Table S2.
DNA of alcohol-preserved muscle or liver tissue samples was extracted using the SpeedTools Tissue DNA Extraction kit (Biotools,
Madrid, Spain). In total, sixty-nine individuals were newly sequenced
for up to seven loci (both strands), which included three mitochondrial
gene fragments, the ribosomal 12S and 16S rRNA (12S and 16S, respectively), and the protein-coding cytochrome b (cytb), and four protein-coding nuclear gene fragments: the acetylcholinergic receptor M4
(ACM4), the oocyte maturation factor MOS (c-mos), the melano-cortin 1
receptor (MC1R), and the recombination activating gene 1 (RAG1). A
complete list of all primers used, PCR conditions and source references
is given in Table S3.
Chromatographs were checked, assembled and edited using
Geneious v.7.1.9 (Kearse et al., 2012). Heterozygous positions in the
nuclear genes were identiﬁed and coded according to the IUPAC ambiguity codes. Sequences were aligned for each gene independently
using the online application of MAFFT v.7.3 (Katoh and Standley, 2013)
with default parameters, except for the 12S and 16S fragments to which
we applied the Q-INS-i strategy that considers the secondary structure
of the RNA. Poorly aligned gap regions of the 12S and 16S genes were
eliminated with Gblocks (Castresana, 2000) using the less stringent
options (Talavera and Castresana, 2007). No stop codons were detected
after translation of the protein-coding genes to amino acids, suggesting
that all genes are functional and no pseudogenes were ampliﬁed. Uncorrected p-distances (with pairwise deletion) for the members of the
M. adramitana group were calculated for the three mitochondrial
fragments (12S, 16S, cytb) in MEGA v.7 (Kumar et al., 2016).
2.2. Phylogenetic analyses of the genus Mesalina
Dataset 1 was assembled with the objective of inferring the phylogenetic relationships of the genus Mesalina. It is the most complete
dataset and included 349 specimens of 18 species of Mesalina sequenced
for up to seven loci (mitochondrial data is available for all specimens;
Tables S1 and S2). PartitionFinder v.2 (Lanfear et al., 2016) was used to
infer the best partitioning scheme and models of sequence evolution
with the following parameters: linked branch length; BEAST models;
BIC model selection; all scheme search algorithm; each marker as a data
bloc. Phylogenetic relationships within Mesalina were inferred under
maximum likelihood (ML) and Bayesian inference (BI) frameworks.
Prior settings, partitions, and models for the analyses are listed in Table
S2. We treated alignment gaps as missing data and the four nuclear
genes were not phased. The BI analyses of dataset 1 were performed in
BEAST v.1.8.2 (Drummond et al., 2012). The .xml ﬁle was manually
modiﬁed to set useAmbiguities=“true” for the nuclear gene partitions
in order to account for variability in the heterozygous positions instead
of treating them as missing data. The ML analyses of dataset 1 were
carried out in RAxML v.8.1.2 (Stamatakis, 2014) as implemented in
raxmlGUI v.1.5 (Silvestro and Michalak, 2012). Reliability of the ML
tree was assessed by bootstrap analysis including 1000 replications. In
all analyses, nodes were considered well supported if they received ML
bootstrap values ≥70% and posterior probability (pp) support values
≥0.95.
For all the BI analyses of this study (BEAST and *BEAST), convergence was assessed by conﬁrming that all parameters had reached
stationarity and had suﬃcient eﬀective sample sizes (ESS > 200) using
Tracer v.1.6 (Rambaut et al., 2014). Results from independent runs
were combined in LogCombiner discarding 10% of trees as burn-in and
an ultrametric maximum clade credibility tree was produced with
TreeAnnotator (both provided with the BEAST package).

2.4. Divergence times and ancestral range reconstructions
To infer divergence times and to reconstruct the ancestral areas
within Mesalina we assembled dataset 4. This dataset included one representative of each of the 52 bGMYC lineages of Mesalina. For species
with bGMYC lineages distributed in more than one discrete biogeographical region, we included specimens representing all occupied regions (i.e., we added a total of 11 specimens for M. olivieri, M. rubropunctata, M. brevirostris, M. bernoullii). We also added 15 Gallotia and
Podarcis specimens as outgroups for calibration purposes (Tables S1 and
S2). The divergence time estimation and the biogeographic analysis
were carried out simultaneously using the Bayesian stochastic search

2.3. Species delimitation analyses and species-tree
To evaluate the species boundaries within Mesalina and within the
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Fig. 2. Results of phylogenetic analyses and geographical distribution of the Mesalina adramitana group. (A) Summary Bayesian concatenated tree of Mesalina
inferred with the complete dataset (dataset 1; see Table S2 for information on the dataset, and Figs. S1 and S2 to see the complete BI and ML trees with information on
the tips, respectively). Bootstrap and posterior probability values are indicated near the nodes, respectively. The M. adramitana group is highlighted in red. (B)
Enlarged Bayesian concatenated tree of the Mesalina adramitana group shown in A. Bootstrap and posterior probability values are indicated near the nodes, respectively. Mean age estimates and 95% highest posterior densities inferred with dataset 4 (Table S2 and Fig. 3) are indicated in italics near relevant nodes. Each
sample is labelled with the specimen code followed by a locality number (see Table S1 and Fig. 2D). (C) Unrooted haplotype networks of the nuclear markers (ACM4,
c-mos, MC1R, RAG1) analyzed for the M. adramitana group. Circle size is proportional to the number of alleles with colors corresponding to those shown in (B). Small
transverse bars show the number of mutational steps between two haplotypes. (D) Localities of the M. adramitana group samples with colors corresponding to those
shown in (B). (E) *BEAST multilocus species-tree of the M. adramitana group inferred with the nuclear genes (dataset 3; Table S2). Posterior probabilities values are
indicated above the nodes. White circles indicate nodes with BP&P speciation probabilities of ≥ 0.95 in all analyses. Inset picture shows a specimen of M. balfouri.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

303

Molecular Phylogenetics and Evolution 137 (2019) 300–312

M. Simó-Riudalbas, et al.

note that for the southern lineage we used only the Omani part of its
range, ﬁrstly because the Saudi populations conﬁrmed to belong to this
lineage based on genetic data (Fig. 2; see below) are too geographically
disparate from the rest of the species and secondly, the known Yemeni
populations have not been screened genetically and their phylogenetic
placement thus remains unresolved. The models were developed on a
background represented by a 200 km buﬀer surrounding two convex
hulls drawn separately around the southern and northern records (Fig.
S4). Variables considered for modelling included the recently derived
set of 19 bioclimatic variables (Karger et al., 2017), altitude, slope, and
land cover (UN Environment Programme; http://www.unep.org/), all
at the ﬁnest available resolution of 30 arc sec. We used ENMTools
(Warren et al., 2010) to test for spatial correlation between variables
and only those with Pearson’s r < 0.75 and biologically meaningful for
the species were retained. Of those, BIO8 (mean temperature of wettest
quarter) and BIO18 (precipitation of warmest quarter) presented obvious spatial artifacts with inconsistent spatial patterns, likely due to
interpolations, and were not considered in subsequent analyses. The
ﬁnal set used for the modelling contained the following 11 variables:
altitude, slope, land cover, BIO3 (isothermality), BIO7 (temperature
annual range), BIO10 (mean temperature of warmest quarter), BIO11
(mean temperature of coldest quarter), BIO15 (precipitation seasonality), BIO16 (precipitation of wettest quarter), BIO17 (precipitation of
driest quarter), BIO19 (precipitation of coldest quarter). The models
were developed using the maximum entropy approach implemented in
Maxent v.3.3 (Phillips et al., 2006) with the following settings: maximum number of iterations = 5000; regularization multiplier = 1;
maximum number of background points = 10,000; replicates = 10;
replicated run type = cross validate. To account for the likelihood of
detection of M. adramitana in reptile-targeted ﬁeld surveys conducted
in Oman and the UAE in the past two decades we generated a kernel
density layer based on all reptile records form these countries (8978
records in total; Fig. S4; Gardner, 2013; Carranza et al., 2018; BurrielCarranza et al., 2019). We used this layer as a bias ﬁle in the modelling
process because, as has been shown, including a bias ﬁle can substantially improve the quality of model predictions (Kramer-Schadt
et al., 2013). The area under the receiver-operating curve (AUC) of each
replicate run was taken as a measure of model accuracy and ﬁnal
models were averaged over ten replicates. We reclassiﬁed the continuous predictive models into binary presence/absence maps using the
maximum training sensitivity plus speciﬁcity (MTSS) threshold, which
maximizes the combined rate of correctly predicted presences (sensitivity) and absences (speciﬁcity) and is considered to accurately predict
the potential presence of a species (Jiménez-Valverde and Lobo, 2007).
Because the potential niches developed in Maxent may be overpredicted as they do not account for species dispersal limitations or
interspeciﬁc interactions such as competition (Graham and Hijmans,
2006; Peterson, 2011), we intersected the predicted binary range of
each lineage with a 50 km-buﬀered minimum convex polygon encompassing all records of that lineage. To test whether the predictive
models are signiﬁcantly better than random we generated 100 sets of
records randomly distributed in the same study area with the number of
records equal to the actual number of records for each lineage (Raes
and ter Steege, 2007). We used ENMTools to generate the random sets
and run Maxent with the same setting as above. A model is signiﬁcantly
better than random if it ranks among 5% of the best performing models
based on random records.

variable selection (BSSVS; Lemey et al., 2009) implemented in BEAST.
In order to account for the diﬀerent phylogenetic position of M. martini
in the BI and ML analyses of dataset 1 (see results), the BSSVS analysis
was run twice, constraining the topology obtained in the BI and ML
trees (only the group comprising M. martini). Details on the composition
of dataset 4 and on the analyses carried out are speciﬁed in Tables S1
and S2. Partitions and models of sequence evolution were inferred in
PartitionFinder with the same parameters as detailed above. The calibration points and priors applied to the divergence time analysis have
been used in other lacertid studies (e.g., Kaliontzopoulou et al., 2011;
Kapli et al., 2015; Tamar et al., 2015, 2016a) and are as follows (for
Gallotiinae, Cox et al., 2010; Carranza and Arnold, 2012; for Podarcis,
Brown et al., 2008): (a) the split between Gallotia and Psammodromus
algirus (age of the oldest of the Canary Islands Fuerteventura and Lanzarote; Normal distribution, mean 18, stdev 2); (b) the split between G.
galloti and G. caesaris (age of La Gomera Island; Normal distribution,
mean 6, stdev 3); (c) the split between G. galloti palmae and the ancestor
of G. g. galloti and G. g. eisentrauti (age of La Palma Island; Normal
distribution, mean 1, stdev 0.5); and (d) the splits between G. gomerana
and G. simonyi machadoi and between G. caesaris caesaris and G. c. gomerae (age of El Hierro Island; Normal distribution, mean 0.8, stdev
0.2); (e) the separation between Podarcis pityusensis and Podarcis lilfordi
(endemic to the Balearic Islands) at the end of the Messinian Salinity
Crisis (Normal distribution, mean 5.32, stdev 0.05). For the ancestral
area reconstruction, all Mesalina specimens included in dataset 4 were
assigned to one of the following four discrete biogeographic areas based
on the current distribution of the genus: (1) Asia – Iran to northwest
India; (2) Arabia – Iraq to the Sinai Peninsula and the Arabian Peninsula; (3) Socotra Archipelago; and (4) North Africa – Egypt to
Mauritania.
2.5. Nuclear networks of the Mesalina adramitana group
Nuclear haplotype networks were constructed to infer the genealogical relationships among the M. adramitana group members. To resolve the multiple heterozygous single nucleotide polymorphisms, the
on-line web tool SeqPHASE (Flot, 2010) was used to convert the input
ﬁles, and the software PHASE v.2.1.1 (Stephens et al., 2001; Stephens
and Scheet, 2005) to resolve phased haplotypes, with the probability
threshold set to 0.7. The phased sequences were used to generate nuclear networks using the TCS statistical parsimony network approach
(Clement et al., 2000) in the program Population Analysis with Reticulate Trees (PopART; Leigh and Bryant, 2015).
2.6. Distribution modelling of Mesalina adramitana
Two deeply separated lineages were identiﬁed within M. adramitana
(see results). To assess their distribution and compare environmental
niches we ﬁrst modelled their potential distributions. We used all presence records that were available for M. adramitana (Gardner, 2013;
Carranza et al., 2018) and that could be assigned to the lineages either
based on genetic screening or geographic origin. Both lineages are
generally parapatric and some populations in the contact zone that
were not sampled for the genetic analyses could not be assigned with
certainty to either of them. Therefore, in order not to bias the modelling
process by including localities of one lineage in the modelling of the
other, we excluded records between 20.258° and 21.746° of latitude
(including those from Masirah Island, see Figs. 4 and S4). After removing duplicate entries, the southern lineage had 45 and the northern
113 unique records. To reduce spatial sampling bias with some regions
having dense sample coverage (typical for easily accessible urban areas)
while others being rather underrepresented, we thinned both data sets
separately using the thin function of the “spThin” R package (AielloLammens et al., 2015) with a 5 km minimum distance separating any
two records. The thinning procedure reduced the number of records to
32 for the southern and 76 for the northern lineage. It is important to

2.7. Identifying dispersal corridors in Mesalina adramitana
To visualize spatial connectivity within the M. adramitana lineages
while accounting for habitat heterogeneity and its varying role in dispersal in combination with genetic diﬀerentiation within each lineage,
we calculated least-cost corridors (LCC) among the genetically sampled
localities using SDMtoolbox (Brown, 2014) in ArcGIS 10.3 (ESRI, Inc.)
(see Chan et al., 2011). We inverted the predictive models of habitat
304

Molecular Phylogenetics and Evolution 137 (2019) 300–312

M. Simó-Riudalbas, et al.

either sister to all other taxa except M. watsonana in the BI tree, or to
the M. olivieri complex in the ML tree. The M. olivieri complex, distributed mostly across North Africa eastwards to Israel, was well-supported and comprised three non-monophyletic taxa: M. olivieri, M.
pasteuri, and M. simoni. The M. adramitana, M. brevirostris, and M. guttulata groups cluster together in one clade in all analyses, being sister to
M. rubropunctata, although with low support in both BI and ML trees. In
all analyses, the M. guttulata group was sister to the M. adramitana and
M. brevirostris groups. The Arabian M. brevirostris group comprises four
species, which are mostly distributed across the Arabian Peninsula and
adjoining parts of Iran, with M. brevirostris also ranging further east up
to central Pakistan. Within this group, M. bernoullii was recovered as
sister to the remaining taxa and M. microlepis was recovered, with low
support, as sister to a clade comprising M. saudiarabica and M. brevirostris. The M. guttulata group comprises ﬁve species: the Southwest
Arabian M. arnoldi was recovered as sister to the other taxa, which are
divided into two sister clades, the Arabian M. bahaeldini with the North
African M. guttulata, and the South Arabian M. austroarabica with the
Central and North Arabian Mesalina sp. (an unnamed species identiﬁed
by Sindaco et al., 2018). The relationships within the M. adramitana
group are described below.

suitability to create friction layers for the LCC calculations. We used
haplotypes of three genes with the best spatial coverage (12S, 16S,
MC1R) and established corridor layers between two localities that only
had shared haplotypes. The percentage of least-cost path value was
used to select the LCC with the high, mid, and low cutoﬀ values being
respectively 5, 2, and 1. Because the dispersal corridors calculated independently for the 12S, 16S and MC1R showed congruent spatial
patterns, we averaged them to create one population connectivity layer
for each M. adramitana lineage.
2.8. Niche overlap of Mesalina adramitana
To compare similarity of the niche spaces occupied by the M.
adramitana lineages we calculated Schoener’s D (Schoener, 1968) using
ENMTools. This metric permits direct niche comparison by comparing
probabilistic distribution models of two species (Warren et al., 2008).
Its values range between 0 (no overlap) and 1 (niches identical). To
assess whether the predicted distributions exhibit signiﬁcant ecological
diﬀerences, we run 100 niche identity tests also in ENMTools. For the
identity tests, the two sets of original records are pooled and two new
sets are drawn at random, with the number of records in the new sets
being identical to the empirical data. Further, to test if the niche similarity or diﬀerence is purely a result of environmental conditions
available in the geographical regions occupied by the two lineages, we
run 100 background tests. The background tests compare a predicted
distribution of one species (based on its actual records) with a given
number of predicted distributions of the other species, whose records
are randomly scattered within its presumed range.

3.2. Phylogeny of the Mesalina adramitana group
Five distinct lineages were found within the M. adramitana group,
though with a level of allele sharing in the nuclear networks (Fig. 2B
and C). The distribution of the ﬁve lineages (Fig. 2D) is either in the
Arabian Peninsula (i.e., M. adramitana from northern Oman, M. adramitana from central and southern Oman and western Saudi Arabia, and
M. ayunensis from southern Oman, and central Yemen), or in the Socotra Archipelago (i.e., M. balfouri from Socotra, Samha and Darsa Islands and M. kuri from Abd al Kuri Island). Within this group, M.
ayunensis was recovered as sister to a clade formed by the two Socotran
species (M. balfouri and M. kuri), however, with a low support in the BI
analyses. These three taxa cluster together in all the analyses as a sister
group to M. adramitana (see Fig. 2B). The specimens identiﬁed as M.
adramitana sampled from across Oman were phylogenetically divided
into two deep sister lineages (named hereinafter M. adramitana North
and M. adramitana South), a relationship strongly supported in all the
analyses performed (Fig. 2B). The contact zone between both lineages is
situated south of the Sharqiyah Sands, where two samples from localities 10 and 11 are located, less than 30 km apart at the same latitude
(Fig. 2D). The uncorrected genetic distances between these two lineages
was relatively high, with 2.9% in 12S, 4.9% in 16S, and 11% in cytb,
and was comparable with the level of genetic variability observed between the other species of the M. adramitana group, which ranged

3. Results
3.1. Phylogenetic inference within the genus Mesalina
The overall phylogenetic relationships within Mesalina inferred
from dataset 1 (the complete Mesalina dataset) using the BI and ML
methods were mostly concordant across analyses and are presented in
Fig. 2A (for full BI and ML trees see Figs. S1 and S2, respectively). We
found seven main clades within Mesalina: (i) M. watsonana, (ii) M.
martini, (iii) M. olivieri complex, (iv) M. rubropunctata, and the (v) M.
adramitana, (vi) M. brevirostris, and (vii) M. guttulata groups. The seven
clades recovered in the BI and ML trees were distinct, well-supported,
and mostly consistent with previous studies.
Our phylogenetic analyses (see Figs. S1 and S2) place the Asian M.
watsonana from Afghanistan, Iran, and Pakistan as sister to the remaining taxa with high support in all analyses. The phylogenetic placement of M. martini was less supported and remains unresolved, being

Table 1
Sequence divergence (p-distance; in %) derived from the mitochondrial gene fragments of 12S, 16S, and cytb between and within species that compose the Mesalina
adramitana group, including the two recognized lineages of M. adramitana.
Gene

Taxon

M. adramitana_N

M. adramitana_S

M. ayunensis

M. balfouri

M. kuri

12S

M.
M.
M.
M.
M.

adramitana_N
adramitana_S
ayunensis
balfouri
kuri

0.37
2.9
2.3
4
3.1

0.28
2.5
4.1
3.7

0.78
4.5
4.4

0.48
2.7

0

M.
M.
M.
M.
M.

adramitana_N
adramitana_S
ayunensis
balfouri
kuri

0.42
4.9
6.4
6.5
4.8

1.2
5.7
6.2
4.3

0.23
6.8
5.7

0.34
6.8

0.09

M.
M.
M.
M.
M.

adramitana_N
adramitana_S
ayunensis
balfouri
kuri

NA
11
10
13.1
11.7

2.54
11
12.8
10.8

2.99
12.4
10.9

0.56
12.2

0.23

16S

cytb
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(15.1%), and BIO19 (14.9%) for the northern lineage, and BIO19
(47.6%), BIO16 (17.8%), and slope (16.1%) for the southern lineage.
The predicted range of M. adramitana North covers the ﬂat plains along
both sides of the Hajar Mountains (Fig. 4). It stretches in a narrow stripe
along the Gulf of Oman from the Musandam Peninsula through Muscat
to Ras Al Hadd, the easternmost tip of Oman. West of the Hajar
Mountains it extends further to the Persian Gulf coast in the UAE. There
is a large isolated patch of suitable habitat in the Ad Dakhiliyah and Ash
Sharqiyah North Governorates of Oman west from the Sharqiyah Sands.
The habitat identiﬁed as suitable for M. adramitana South covers most
of Dhofar and the southern half of Al Wusta Governorates (Fig. 4 and
S4). In most of Dhofar, the potential range is limited to the dry and arid
interior of the country and does not extend to the wetter, monsoonaﬀected, sea side of the mountains. Contrary to the predicted, fragmented, distribution of the northern lineage, the predicted range of the
southern lineage is more compact with no disjunct parts (see Fig. 4).

between 2.3 and 4.5% in 12S, 4.3–6.8% in 16S and 10–13.1% in cytb
(see Table 1).
The nuclear networks are presented in Fig. 2C (unfortunately M.
balfouri could not be ampliﬁed for the ACM4 gene). All haplotypes of M.
ayunensis in the ACM4 and RAG1 nuclear networks were private, but
this taxon shares alleles with M. kuri and M. balfouri in the c-mos and the
MC1R networks, respectively. The sister taxa, M. kuri and M. balfouri,
do not share any alleles in the c-mos, MC1R and RAG1 networks. The
results also show that the two deep lineages of M. adramitana share
alleles in the ACM4, c-mos and MC1R networks, while all haplotypes are
private in the RAG1 network.
The GMYC and bGMYC species delimitation analyses for the entire
genus, inferred with dataset 2 (Mesalina mitochondrial haplotypes),
recovered eight and six mitochondrial lineages within the M. adramitana group, respectively (Fig. S3). The more stringent bGMYC results
were used in all subsequent analyses, maximizing the reliability of the
lineages identiﬁed. As explained before, one of these lineages, corresponding to the most isolated populations of M. adramitana from Saudi
Arabia, was excluded because of the lack of nuclear data (see Table S1).
The species-tree inferred with dataset 3 (M. adramitana group nuclear
dataset) supports the interspeciﬁc relationships inferred with the ML
and BI methods (Fig. 2B and E). The results of the BP&P species delimitation analyses yielded a model with ﬁve putative species and an
identical topology to the phylogenetic trees, with consistent results
regardless of the analytical approach, the rjMCMC algorithm, the θ and
τ priors, and the starting tree used (Fig. 2E).

3.5. Dispersal corridors
The dispersal networks for both lineages were correlated with their
predictive models, which is not surprising given that the models were
used as the input friction layers. The population connectivity layer for
the southern lineage shows very little spatial structuring across its
predicted range (Fig. 4). On the contrary, that for the northern lineage
exhibits a clear pattern of dispersal routes following coastal and lowland areas around and through the Hajar Mountain massifs. The predictive model identiﬁed the Hajar Mountains as unsuitable but the
dispersal network shows that the wide valleys that cut through the
mountain blocks between the Eastern Hajars and Jebel Akhdar (Semail
Valley) and at the northern end of the Western Hajars form dispersal
corridors that permit gene ﬂow.

3.3. Divergence time estimation and biogeographic inference
The GMYC and bGMYC species delimitation analyses for the entire
genus (dataset 2) recovered 79 and 52 mitochondrial lineages, respectively (Fig. S3). The divergence time estimation analysis using dataset 4
(complete dataset of bGMYC representatives) indicates that the genus
started diversifying during the Oligocene-Miocene transition, approximately 22.7 Mya (17.4–29.2 Mya, 95% highest posterior densities
[HPD]; Fig. 3). Deep divergence within the genus appears to have occurred during the Middle-Late Miocene and between the species mostly
during the Late Miocene and the Pliocene. The origin of the M. adramitana group was estimated to around 8 Mya (95% HPD: 6–10.2 Mya).
Colonization of the Socotra Archipelago occurred approximately 7 Mya
(95% HPD: 5.4–8.8 Mya), and speciation between M. kuri and M. balfouri took place ca. 5 Mya (95% HPD: 3.5–7.1 Mya), nearly concurrently with the diversiﬁcation of the two lineages identiﬁed within
M. adramitana in Arabia (see Fig. 2B).
The BI and ML topologies of the ancestral range reconstructions
resulted in almost identical probabilities for the seven main clades
within Mesalina, though the probabilities of the deeper nodes diﬀered
between the two analyses. The biogeographic origin of Mesalina was
most likely conﬁned to southwestern Asia (with higher probability in
the BI topology; Fig. 3). This origin was followed by several radiations
within the Arabian Peninsula and North Africa, with numerous dispersal events between both regions. As expected, the M. adramitana
group most likely originated in the Arabian Peninsula (99%), with a
single colonization of the Socotra Archipelago by its continental ancestor.

3.6. Niche overlap
Niche overlap between the two lineages is relatively low, with
Schoener’s D = 0.196 (Fig. 5). The niche identity tests yielded D values
between 0.663 and 0.882 and the results thus show that the niches of
the two lineages are not identical, i.e., are more diﬀerent than expected
by chance. On the contrary, the background tests resulted in very low D
values (0.022–0.082 for the original northern records against randomized south; 0.048–0.085 for the original southern records against
randomized north), indicating that the niches of the lineages are more
similar than expected by the underlying environmental conditions
(Fig. 5). Fig. 5 also shows visual comparisons of the niche spaces occupied by the two lineages with respect to the environmental space of
the study background.
4. Discussion
Our study constitutes the most up-to-date and comprehensive timecalibrated phylogeny of Mesalina. The molecular results are mostly
congruent with the current taxonomy and present further undescribed
diversity in Arabia, similar to other recent taxonomic studies on this
area (Carranza and Arnold, 2012; Šmíd et al., 2017; Metallinou and
Carranza, 2013; Vasconcelos and Carranza, 2014; Carranza et al., 2016;
Simó-Riudalbas et al., 2017, 2018; Machado et al., 2019; Sindaco et al.,
2018). Pending the inclusion of M. ercolinii, which is endemic to the
Horn of Africa, the genus is currently composed of seven well-supported
clades (Fig. 1), including the M. adramitana group, one of the main
subjects of this work. Discovering hidden diversity highlights the importance of South Arabia as a biodiversity hot spot and a priority focal
point for reptile conservation.

3.4. Distribution modelling
Maxent produced models of good predictive accuracy for both
lineages (i.e., AUC > 0.8; following Araújo et al., 2005) with the AUC
means and standard deviations being 0.855 ± 0.041 for the northern
and 0.812 ± 0.035 for the southern lineage. The low standard deviation values for both lineages indicate low variance and, therefore, stability of predictions across models. Both models performed signiﬁcantly
better than null models (data not shown). The most important environmental predictors were BIO10 (29.3% contribution), slope

4.1. Evolutionary history of the genus Mesalina
Our data support an ancestral diversiﬁcation of Mesalina in
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Fig. 3. Ancestral area reconstructions of Mesalina inferred with BSSVS using the full dataset of representatives (dataset 4; Table S2). Two topological constraints were
enforced according to the BI (A) and ML (B) analyses using dataset 1 (changes in the phylogenetic position of the group comprising M. martini). Pie charts describing
the probability of ancestral areas are presented near the major nodes (ranges in the lower left legend). Branch colors indicate inferred ancestral range and posterior
probability values are indicated above the nodes. Sample codes correspond to those in Table S1. Inset picture shows an individual of M. kuri.

These taxa are divided into three ancestral clades: the M. olivieri complex, M. martini from North Africa, and a clade including M. rubropunctata and the M. brevirostris, M. adramitana, M. guttulata groups
from Arabia. The ancestor of the latter clade diverged also during the
Middle Miocene (around 13.9 Mya) most likely in Arabia into M. rubropunctata, which then dispersed to North Africa, and the Arabian
ancestor of the M. brevirostris, M. adramitana, and M. guttulata groups.
These groups radiated throughout the Middle-Late Miocene with four
dispersals out of Arabia: one of M. guttulata to North Africa during the
Late Miocene, and another of M. balfouri and M. kuri to the Socotra
Archipelago at the Miocene-Pliocene boundary. Recent dispersals into
Asia took place in the M. brevirostris group when M. bernoullii and M.
brevirostris colonized Iran in the Pleistocene.

southwest Asia during the Oligocene-Miocene transition (23 Mya; similar to Kapli et al., 2015), prior to the formation of the Gomphotherium
land bridge connecting Afro-Arabia with Eurasia (∼15–18 Mya; Rögl,
1999). In this initial split, the ancestor of M. watsonana, currently distributed in the Iranian Plateau, diverged from the remaining taxa ranging across Arabia and North Africa (Fig. 3). Following the split of M.
watsonana, the ancestor of the remaining Mesalina taxa diversiﬁed
during the Miocene and the Pliocene, dispersing back and forth from
Arabia to Africa and vice versa. This temporal framework is congruent
with previous studies on the diversiﬁcation of North African and Arabian reptiles (e.g., Amer and Kumazawa, 2005; Wüster et al., 2008;
Pook et al., 2009; Metallinou et al., 2012, 2015; Portik and Papenfuss
2012, 2015; Šmíd et al., 2013; Tamar et al., 2014, 2016a, 2016b, 2018).
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Dispersal networks

M. adramitana North

Suitable habitats

Population
connectivity
High
Low
300 km

M. adramitana South

300 km

Fig. 4. Distribution models and dispersal
corridors of Mesalina adramitana. Left panels: Suitable habitats for M. adramitana
North (upper, orange) and M. adramitana
South (lower, blue) as identiﬁed by distribution modelling and after conversion to
binary layers using the MTSS threshold.
Black dots indicate localities used for developing the models. Right panels: Dispersal
networks for M. adramitana North (upper)
and South (lower) depicting the connectivity through their suitable habitats.
Population connectivity layers were calculated as averages of networks generated independently for the 12S, 16S and MC1R
haplotypes. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this
article.)

Population
connectivity
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Low
300 km

300 km

subjected to recurrent tectonic events and several marine transgressions
that shaped its current geomorphology (Fleitmann et al., 2004). During
the last glacial maximum, most of the Socotra platform emerged and a
land connection was established between the islands of Socotra, Samha
and Darsa creating ‘greater Socotra’ (Lambeck and Chappell, 2001;
Siddall et al., 2004; Cheung and DeVantier, 2006; Van Damme, 2009).
On the contrary, Abd al Kuri is isolated from the other islands by deep
seas (between 200 and 1000 m deep), exceeding the Pleistocene sealevel changes (Cheung and DeVantier, 2006). Our results support a
single colonization of Socotra Archipelago by a long-range transmarine
dispersal by an Arabian ancestor approximately 7 Mya, after the archipelago’s isolation. Mesalina kuri and M. balfouri diverged around 5
Mya by a colonization event from Socotra Island to Abd al Kuri or vice
versa. Despite the recent phylogenetic, phylogeographic, systematic and
conservation research on the reptiles of the Socotra Archipelago
(Sindaco et al., 2012; Gómez-Díaz et al., 2012; Vasconcelos et al., 2016;
Tamar et al., 2019) the genus Mesalina is the only example of an intraarchipelago colonization between Socotra and Abd al Kuri Islands.
The mitochondrial and nuclear data clearly suggest an old divergence between the two allopatric lineages found within M. adramitana
(5.5 Mya; M. adramitana North and South), currently distributed from
north Oman to the arid regions in the southern part of the country. This
divergence is evident in the genetic distance (2.9–10.6% in 12S,
5.3–14.5% in 16S and 11.4–21.6% in cytb), which is relatively high in
comparison to the other recognized species of the M. adramitana group
(see Table 1). Despite the presence of a narrow contact zone between
them (see Fig. 2D), the geographic distributions and environmental
niches of M. adramitana North and South suggest that environmental
conditions have had a strong inﬂuence on their diﬀerentiation. Both
lineages prefer habitats with no slope (e.g., ﬂat plains), as has also been
shown for other Mesalina species (Hosseinian Yousefkhani et al., 2013).

As Mesalina is an arid-adapted genus preferring hard substrate
grounds (Schleich et al., 1996; Baha El Din, 2006; Sindaco and
Jeremčenko, 2008), its diversiﬁcation history was likely inﬂuenced by
the global climate changes of the Middle-Late Miocene, which led to
aridiﬁcation processes and to the formation and episodic expansions
and contractions of the sand deserts in the Arabian Peninsula (Zachos
et al., 2001; Griﬃn, 2002). The complexity of these processes most
likely aﬀected the levels of isolation of the Mesalina populations, which
are delimited by the spatial distribution of the ergs in the Arabian Peninsula (Edgell, 2006). This pattern has also been observed in other
widespread reptiles (Amer and Kumazawa, 2005; Carranza et al., 2008;
Metallinou et al., 2012, 2015; Tamar et al., 2016a, 2016b, 2018).
4.2. The Mesalina adramitana group
The Arabian M. adramitana group comprises four well-deﬁned species: the two endemic species from the Socotra Archipelago (M. balfouri
and M. kuri), the elusive M. ayunensis from southern Arabia, and M.
adramitana with its two deep lineages (M. adramitana North and M.
adramitana South). Similar to previous molecular studies that did not
include M. ayunensis (Kapli et al., 2008, 2015; Šmíd et al., 2017;
Sindaco et al., 2018), M. kuri and M. balfouri were recovered here as
sister taxa. Despite the high levels of diversity and endemicity of the
reptiles of the Socotra Archipelago (Razzetti et al., 2011; Vasconcelos
et al., 2016), these two species are the only lacertids among the reptiles
of this continental archipelago.
The Socotra Archipelago is located in the Arabian Sea, on a continental platform attached to the Horn of Africa, just 100 km from
Somalia and 350 km from Arabia. It comprises four islands: Socotra,
Samha and Darsa (The Brothers), and Abd al Kuri (Fig. 2D). Once the
archipelago became isolated from Arabia (∼16–24 Mya), it was
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Fig. 5. (A) Scatter plots showing the environmental space of the study background (grey) and its respective parts occupied by the predicted distributions of M.
adramitana North (orange) and South (blue). The four variables that best predict the potential distributions are plotted. (B) Niche similarity between the two lineages
and results of the niche identity and background tests. Red bar shows the actual niche overlap (Schoener’s D = 0.196). Grey bars are results of the identity tests (100
runs) and show that models based on randomized localities present signiﬁcantly higher similarity. Orange and blue bars are results of the background tests and show
that the niches are more similar than expected by the environmental background in which they occur. Orange bars are for the comparisons of the original M.
adramitana North records against randomized South (100 runs), blue bars for the original M. adramitana South records against randomized North (100 runs). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Hajars. A similar pattern has been documented in northern Oman for
other groups such as Trachydactylus (de Pous et al., 2016), Asaccus
(Simó-Riudalbas et al., 2018) and Pristurus (Garcia-Porta et al., 2017).
Interestingly, in the dry areas of Dhofar, M. adramitana South occurs
together with M. ayunensis, diﬀering from it in several morphological
features and habitat occupation (Arnold, 1980). Mesalina ayunensis has
never been found on the ﬂat areas typical for M. adramitana and seems
to prefer coarse gravel slopes with scarce vegetation where it is not very
abundant (pers. obs.). Despite that a sister relationship between M.
adramitana and M. ayunensis had been suggested (Joger and Mayer,
2002), the considerable geographical variation observed within the
former prevented the conﬁrmation of this hypothesis based only on
morphological data (Arnold, 1980). Indeed, only M. adramitana populations from Dhofar can be easily diﬀerentiated from the two other
Mesalina found in southern Oman (M. ayunensis and M. austroarabica).
Outside this region (i.e., in northern Oman, the UAE and the Hadhramaut area), where the latter two species do not occur, M. adramitana
overlaps with these species in some morphological traits (Arnold, 1980,
1986a, b). Our molecular results suggest that M. ayunensis is a sister
taxon to the Socotran species (with apparent nuclear allele sharing
between them), forming together a clade sister to M. adramitana, even
though the support in some of the phylogenetic analyses performed is
low. Future studies using additional samples and loci may help estimate
the position of M. ayunensis. Moreover, for future taxonomic work on
the M. adramitana group it will be necessary to examine the morphology of the two lineages found within M. adramitana, especially
from the contact zone in central Oman. Further sampling from the type
locality in the Hadhramaut area is required to determine the taxonomic
status of the two lineages.

However, M. adramitana South is more tolerant to lower temperatures
(BIO10), while M. adramitana North generally occurs in areas with over
30 °C in the warmest quarter of the year. Also, M. adramitana South can
occupy areas with extremely low precipitation, below 20 mm and
40 mm in the coldest (BIO19) and wettest (BIO16) quarter of year, respectively, while M. adramitana North prefers higher precipitation (up
to 100 mm in both BIO16 and BIO19; Fig. 5A).
The niche comparisons show that the niches of M. adramitana North
and South are very distinct, yet they are more similar to each other than
expected given the environmental conditions of their respective regions. This indicates that the dramatic diﬀerence in the niche space of
the two lineages is a product of their allopatric distributions, i.e. different parts of the species range have diﬀerent climate. However, even
with such varying climatic conditions across the species range, the niches of M. adramitana North and South are more similar than would be
expected by chance, which can be taken as evidence for phylogenetic
niche conservatism (Warren et al., 2014).
There are no apparent barriers of dispersal within the range of M.
adramitana South as evidenced by the model of potential distribution
and connectivity analysis (Fig. 4). The whole of southern Oman is
suitable for this lineage and populations share haplotypes across its
entire range, suggesting an isolation-by-distance mode of dispersal. On
the contrary, the distribution of the northern lineage surrounds the
Hajar Mountains of northern Oman, which are not suitable for the
species and therefore form a barrier for dispersal and restrict gene ﬂow.
Although altitude does not seem to be the limiting factor, the mountains
obviously represent an insurmountable barrier due to their steep slopes.
As a result, the northern lineage is more structured with gene ﬂow
permitted only along the mountain foothills and through the wadis that
cut through between the Eastern Hajars, Jebel Akhdar, and the Western
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