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ABSTRACT

Aim To understand the patterns of genetic, geographical and morphological
diversification in the Arabian gecko subspecies Pristurus rupestris rupestris, and
to discuss the various processes that generate and shape diversity in arid
mountain ranges.

Location Hajar Mountains, south-eastern Arabian Peninsula.

Methods We sampled 466 individuals across the entire range of P. r.
rupestris in the Hajar Mountains and sequenced one mitochondrial gene for
all the samples, and one extra mitochondrial and four nuclear genes for a
subset of 75 specimens. A total of 155 individuals were characterized mor-
phologically. Multilocus coalescent-based methods were used for species
delimitation, for phylogenetic inference of species trees and to investigate
the diversification dynamics. Multivariate statistics were used to analyse
morphological data.

Results Our molecular methods revealed 14 candidate species hidden within
the subspecies P. r. rupestris. Diversification started c¢. 15 Ma, but most of the
lineages have evolved in the last 7 Ma of the mountains’ orogeny, producing a
mosaic of allopatric taxa. Secondary interchange has occurred between high
and low elevation lineages, and along the mountain chain between unrelated
lineages formerly separated by mountain blocks. Morphological variation
between the 14 candidate species is slight, but a high elevation robust morpho-
type is identified.

Main conclusions Our results support the notion that mountain ranges con-
stitute important centres of diversification in arid regions, and also act as ‘spe-
cies pumps’ into surrounding areas. We also demonstrate that arid mountains
may constitute important reservoirs of cryptic diversity, even in common and
widespread species. This, and previous evidence, suggest that the Hajar Mountains
are a biological hotspot and an important reservoir of diversity. We therefore suggest
that these mountains should be a priority focal point for conservation in Arabia.

Keywords
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INTRODUCTION

Mountain regions are great reservoirs of diversity, containing
half of the currently defined biodiversity hotspots (Kohler &
Maselli, 2012). This is because they offer great opportunities
for adaptive and non-adaptive diversification. From an
adaptive standpoint, mountains have strong environmental
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gradients that can lead to ecological speciation (Fuchs et al.,
2011). From a non-adaptive (or not necessarily adaptive)
perspective, allopatric or peripatric speciation may occur in
mountains by isolation of populations as continuous species
ranges are fragmented during mountain orogenies, interrupt-
ing gene flow (Vuilleumier & Monasterio, 1986; Randi et al.,
2000; Antonelli et al., 2009; Schweizer et al., 2011).
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Such processes have an important role in arid regions,
where low rainfall and plant productivity do not provide
much room for high levels of diversity and diversification
(Wiens ef al, 2013). In such extreme environments,
mountain ranges potentially act as important pumps of
regional biodiversity.

This study focuses on one of such mountain ranges, the
Hajar Mountains, a long mountain range that borders the
Arabian Sea and the Gulf of Oman in the south-eastern Ara-
bian Peninsula (Fig. 1). These mountains are topographically
complex consisting of three distinct divisions separated by
lowlands, and reaching over 3000 m at Jebel Shams, in the
central mountain block (Fig. 1). The highest elevations con-
tain grassland, shrubs and an open juniper-olive tree wood-
land. Four distinct vegetative zones occur from c¢. 500 m to
the highest summit (Ghazanfar, 1991). Their isolation, cli-
matic diversity and complex structure make the Hajars one
of the most biotically diverse regions of southern Arabia,

with numerous endemic plants and animals (e.g. Arnold &
Gallagher, 1977; Ghazanfar, 1991; Brinkmann et al., 2009;

Carranza & Arnold, 2012; Carranza et al, 2016; de Pous
et al., 2016).

One of the most conspicuous reptiles is the small sphaero-
dactylid gecko Pristurus rupestris Blanford, 1874. Because of
its abundance and broad distribution its current conservation
status is of ‘Least Concern’ (IUCN, 2016). Pristurus rupestris
is characterized by being mostly diurnal, heliothermic and,
like other species of the genus, individuals signal each other
by waving their tails (Arnold, 1993, 2009; Badiane et al,
2014). A recent taxonomic revision restricted the range of P.
rupestris to the Hajar Mountains (subspecies P. r. rupestris)
and some coastal areas of western Iran (subspecies P. . iran-
icus) (Badiane et al., 2014; Yousofi et al., 2015).

Despite having a very broad distribution and probably being
the most abundant reptile in southern Arabia, the populations
of P. r. rupestris from the Hajar Mountains have always been
considered as a single, morphologically uniform subspecies
(Arnold & Gallagher, 1977; Arnold, 1980, 1986, 1993, 2009).
However, many recent studies have revealed the existence of
cryptic species complexes in common and widespread species

Figure 1 Map of the Hajar Mountains of
south-eastern Arabia and sampling locations
of Pristurus rupestris rupestris. The upper
right plot depicts the topographic
complexity of the Hajar Mountains with
topographic discontinuities that dissect the
range into northern, central and southern
blocks, physically separated by the Wadi
Jizzi and Semail gaps.
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in arid mountain ranges, including the Hajar Mountains
(Busais & Joger, 2011; Pepper et al., 2011; Barata et al., 2012a,
b; Carranza & Arnold, 2012; Brito et al., 2014; Metallinou
et al., 2015; Smid et al., 2015; Carranza et al., 2016; de Pous
et al., 2016), and previous preliminary studies suggested that
P. r. rupestris could be no exception (Badiane et al., 2014).

In this study we aim to explore three main questions: (1)
How much genetic and phenotypic diversity exists within P.
r. rupestris? (2) Is the phylogenetic structure and genetic
divergences within P. r. rupestris consistent with the existence
of multiple species? (3) What is the role of the Hajar Moun-
tains in producing this phylogenetic structure?

MATERIALS AND METHODS

Sampling

Eight field campaigns were carried out between 2005 and
2014 to explore the diversity of the reptiles in Oman, includ-
ing the endemic fauna from the Hajar Mountains. Numerous
collections were made along the 650 km length of the moun-
tains and the adjacent lowlands, covering the entire distribu-
tion range of P. r. rupestris. We selected 466 tissue samples
from 233 different localities and 155 vouchers to assess the
genetic and phenotypic structure of P. r. rupestris. Figure 1
illustrates the distribution of the sampling localities, and
information on the specimens included in the molecular and
morphological analyses is provided in Table S1.

Molecular analyses

Four molecular data sets were assembled for the phyloge-
netic, phylogeographical and species delimitation analyses.
Details of the laboratory, phylogenetic and species
delimitation protocols and analyses are in the Supporting
Information (see Appendix S1).

Identification and delimitation of mitochondrial
lineages

To obtain a first estimation of the genetic diversity within
P. 1. rupestris, the 12S mitochondrial gene was amplified
and sequenced for 466 samples. After removing identical
sequences, we aligned the remaining unique 221 sequences
(data set 1) with MAFFT 7 (Katoh & Toh, 2008) and pro-
duced an ultrametric tree and a set of 250 post-burn-in
trees using BEAST 1.8.0 (Drummond & Rambaut, 2007). We
then objectively identified and delimited deep mitochondrial
lineages with the general mixed Yule-coalescent model
(GMYC) (Pons et al., 2006; Fujisawa & Barraclough, 2013).
Using the summary tree, this model was implemented in a
maximum likelihood and Bayesian framework (using the
250 post-burn trees), by means of the packages’ ‘splits’
(Ezard et al., 2009) and DGMYC’ (Reid & Carstens, 2012),
respectively, both available in R (R 3.1.0, R Development
Core Team, 2014).
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Multilocus coalescent-based species delimitation

From the 16 lineages defined by GMYC (see Results), we
amplified and sequenced the mitochondrial c¢ytb and the
nuclear c-mos, ragl, rag2 and mclr genes for a subset of
specimens and assembled data set 2. This data set included
2,459 bp from 75 specimens, including at least four speci-
mens from each GMYC lineage (except lineage 16, from
which only a single specimen could be amplified for the
nuclear genes; see Table S1). The four nuclear loci were used
to test whether the mitochondrial lineages defined by the
GMYC model were also supported by nuclear data. We
assessed this using a coalescent-based species delimitation
approach in the program Bayesian Phylogenetics and Phylo-
geography (BP&P) 2.2 (Yang & Rannala, 2010; see also Olave
et al., 2014). To obtain the best tree for the analysis contain-
ing all 16 lineages defined by the GMYC model, we used
*BeasT 1.8.0 to calculate a species tree (guide tree; see
Fig. S2) from data set 2. We ran BP&P analyses with the
four nuclear genes (c-mos, ragl, rag2, and mclr), which
allowed us to evaluate the GMYC lineage delimitation
hypothesis with loci not used to generate it. We ran six dif-
ferent types of analyses, each one having a different combi-
nation of prior settings and rjMCMC algorithms. After
confirming convergence and good mixing in each analysis we
evaluated the posterior probabilities (pp) of all cladogenetic
events recovered in our guide tree. We only considered as
candidate species those that presented high support values
across all different runs (pp > 0.95).

Dating the radiation of P. r. rupestris

To date the onset of diversification within P. r. rupestris, we
assembled data set 3 by placing one representative from each
of the 14 candidate species delimited by BP&P (see Results)
in the phylogenetic context of a wide representation of all
species of geckos available in GenBank. Working at this large
phylogenetic scale allowed using five calibration points scat-
tered across the phylogeny of Gekkota, all external to our
group of interest. Data set 3 consisted of up to 1614 bp of
the mitochondrial 12§ and cytb and the nuclear c-mos, ragl
and rag2 genes for one representative of each of the 14 can-
didate species of P. r. rupestris plus 435 species downloaded
from GenBank, including representatives of 117 of the 123
recognized gecko genera (see Table S2; Uetz er al., 2016).
Phylogenetic analysis and divergence times were estimated in
BEAST 1.8.0 using methods and calibration points specified
in the electronic supplementary material.

Inference of a calibrated coalescent-based species
tree for the P. r. rupestris radiation

A species tree of the 14 candidate species of P. r. rupestris,
was estimated with data set 2 (see above) using *BEAST
(Heled & Drummond, 2010). To obtain the species tree in
units of time, we imported into our *BEAsT analysis the
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substitution rates for 12S, c-mos, ragl and rag2 genes and the
age of the root of the P. r. rupestris radiation obtained from
the BEAST analysis of data set 3 (see above).

Genetic distances

Uncorrected genetic distances (P-distances) of the 12S mito-
chondrial gene for the 14 candidate species were inferred
from data set 1 with MmEGA 7.0 (Kumar et al., 2016).

Geographical structure

We used three different approaches to understand the geo-
graphical structure within P. r. rupestris. First, to infer the
phylogeographical history and reconstruct the ancestral ori-
gin of P. r. rupestris in the Hajar Mountains we used the
Bayesian stochastic search variable selection (BSSVS; Lemey
et al, 2009) of the discrete phylogeographical model as
implemented in BEAsT 1.8.0. To maximize geographical rep-
resentation we used data set 4, which included all 466
sequences of 12S with the tree topology of the main lineages
constrained to match the *BEasT tree topology obtained
from the analysis of data set 2 (see Fig. S2). We established
the phylogeographical traits according to three discrete topo-
graphic discontinuities of the Hajar Mountains, the northern,
central and southern blocks, which are physically separated
by the Wadi Jizzi and Semail gaps (Fig. 1). Models, prior set-
tings and parameters were the same used for the BEAsT anal-
ysis of data set 1 (see the electronic supplementary material).
Secondly, to assess if diversification had occurred along alti-
tudinal gradients (Kozak & Wiens, 2007; Cadena et al,
2012), we compared the mean altitudes and ranges of the
candidate species in a phylogenetic framework by mapping
their means onto the phylogeny. To approximate altitudinal
change through time, we used the function ‘phenogram’ of
the R package ‘phytools’ (Revell, 2012) to reconstruct ances-
tral altitudes. Finally, we evaluated the degree of range over-
lap between candidate species by creating a 100 m buffer
around each one of the 233 unique localities with QGIS
2.6.1 and checking the number of different candidate species
coexisting within each buffered locality. The 100 m buffer
was selected because the Hajar Mountains can have dramatic
altitudinal and topographic changes within a few hundred
metres (Mandaville, 1977).

Morphological differentiation

We characterized the morphology of each candidate species
with 11 different measurements. Body size was measured
from the snout to the cloaca (snout-vent length = SVL); head
shape was defined by the length from the snout to the auricu-
lar opening (HL), by the maximum width (HW) and by the
maximum depth (HD). Body proportions were quantified by
the axilla to groin distance (AGL) and by the body width at
the level of the scapular and pelvic girdles (ASG and APG
respectively). Forelimb proportions included measurements
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of the length of the brachium (BL), length of the ante-
brachium (AL) and hindlimb proportions of the thigh (TL)
and crus lengths (CL). Tail length was not measured because
most of the specimens had regenerated tails. All measure-
ments were taken three times by the same person using a dig-
ital calliper (4 0.1 mm). To improve normality and
homoscedasticity, data were log;o-transformed and the means
were used in the analysis.

A total of 155 specimens (all adults) were measured, with
a minimum of two, a maximum of 24 and a mean of 11
specimens per candidate species (see Table S3). To remove
the effect of body size on the shape variables, we computed
their residuals against SVL. We tested for sex differences in
SVL and in each of the shape measurements (using the resid-
uals) by fitting linear models using each body measurement
as dependent variable and sex as the independent variable
(using the package ‘stats’). The morphospace occupied by
each candidate species was determined by a Principal Com-
ponent Analysis (PCA; package ‘ade4’s Dray & Dufour,
2007). To assess whether size and shape differences existed
between the candidate species, we conducted a permutational
ANOVA on body size (using the package ‘stats’) and a per-
mutational multivariate ANOVA (perMANOVA) on the first
eight PC axes of shape variation (using the R package ‘vegan’
Oksanen et al., 2013). Finally, a linear discriminate function
analysis with all log;-transformed measurements was used
to determine if specimens could be correctly assigned to the
candidate species identified by molecular data, with the R
package ‘MASS’ (Venables & Ripley, 2002).

RESULTS

Identification and delimitation of mitochondrial
lineages and multilocus coalescent-based species
delimitation

Pristurus rupestris rupestris is extensively distributed in the
Hajar Mountains and adjacent lowlands, with the exception of
the northern region above 25°25' N latitude, where not a sin-
gle specimen was found (Fig. 1). The results of the GMYC
and bGMYC analyses supported 16 different mitochondrial
lineages (see Fig. S1). The coalescent-based species delimitation
analyses (BP&P) produced different results depending on the
prior settings and jMCMC algorithms, giving low support val-
ues for some of the splits between the deep mitochondrial lin-
eages (see Fig. S2). The topological placement of the splits
having low support varied depending on the prior parameteri-
zation: when big population sizes were combined with deep
divergence times, the nodes separating lineages 4 and 5, and
10 and 11 received low support (pp < 0.93). However, when
big population sizes were combined with shallow divergences
times, or when small population sizes were combined with
shallow divergences times, only the split separating lineages 10
and 11 had low support (pp < 0.80). Consequently, we conser-
vatively collapsed the mitochondrial lineages 4 and 5 and 10
and 11 into putative species 4.5 and 10.11, respectively.
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Genetic distances for the 125 mitochondrial gene between
all 14 candidate species resulting from the BP&P analysis
were very high in most comparisons (5-20%), with the only
exception of sister species 1 and 2 (2.9%), and 6 and 7,
(2.8%), which present moderate levels of genetic divergence
(see Table S4).

Dating the radiation of P. r. rupestris

The topology of the phylogeny inferred with data set 3
including the 14 candidate species detected in P. r. rupestris,
plus 435 additional species of geckos was generally consistent
with previously published phylogenies of Gekkota (Gamble
et al., 2008, 2011, 2012; Pyron et al., 2013), with 62% of the
nodes having pp support values > 0.90 (see Fig. S3). Accord-
ing to our estimates, the age of the crown radiation of Gek-
kota occurred around 96.6 Ma [95% high posterior density
interval (HPD), 65-114 Ma], which is in the range of most
estimates from previous studies (Vidal & Hedges, 2005;
Hugall ef al., 2007; Gamble et al., 2008; Jones et al., 2013;
Garcia-Porta et al., 2016). The onset of diversification in the
genus Pristurus began c. 37 (HPD 30-47) Ma and in P. r.
rupestris began at ¢. 16 (HPD 10-22) Ma. Remarkably, diver-
gence times within P. r. rupestris are similar to those between
other species of Pristurus and to other species of geckos,
independently supporting the deep structure found within
this ‘subspecies’ (see Fig. S3).

Inference of a calibrated coalescent-based species
tree for the P. r. rupestris radiation

The species tree of the P. r. rupestris species complex pro-
duced with *Beast (Fig. 2) is consistent with the phyloge-
netic relationships of this radiation recovered in the large
phylogenetic tree that includes most gecko genera (see
Fig. S3). The species tree revealed four highly supported
clades whose detailed distribution ranges are shown in
Fig. S4. Clade 1 (candidate species 8 and 9) is mostly limited
to lowland areas of the southern block, clade 2 (candidate
species 6 and 7) is endemic to high elevations in the south-
ern block, clade 3 (candidate species 10.11, 12, 13, 14 and
15) is distributed throughout the whole region, including the
southern, central and northern blocks, and clade 4 (candi-
date species 1, 2, 3 and 4.5) is mainly distributed in the cen-
tral and southern blocks. Finally, candidate species 16, is an
isolated lineage from the southern block, and is associated
with low support to clade 4 in both *BeasT and BEAST anal-
yses of data sets 2 and 3 respectively (Fig. 2 and see Fig. S3).

Geographical structure

The results of the discrete phylogeographical analysis carried
out with data set 4 using the BSSVS model are presented in
Fig. 3a (see also Fig. S5) and suggest that diversification likely
started in the southern block (68%, 76%, 74% and 65% of
probability in the four deepest nodes of the phylogenetic tree;
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from deepest to shallowest). Diversification in clades 1, 2 and
3 also started in the southern block (92%, 99% and 73% of
probability respectively) with some specimens within clade 1
(candidate species 9), and several specimens within clade 3
(all specimens from candidate species 14 and most specimens
of candidate species 10.11) having colonized the central block
from the southern block. Moreover, within candidate species
10.11 there are some individuals that apparently have recently
colonized the northern block from the central block (91% of
probabilit). The origin of clade 4 is inferred to have been in
the central block (62% of probability), where candidate species
1, 2 and 4.5 are currently distributed. Candidate species 3 colo-
nized the southern block from the central block (63% of prob-
ability) and very recently it has back colonized the central
block (93% of probability).

Range overlap between candidate species within the 100 m
buffer zone is uncommon, occurring in only 12 of the 233
localities (see Table S5). The great majority of the candidate
species have disjunct distributions (94.9%), consistent with a
prevalent situation of allopatry in this species complex
(Rivas, 1964; Barraclough & Vogler, 2000). Moreover, all
sympatric localities had a maximum of two candidate spe-
cies: only one case included two sister candidate species (6
and 7) and the remaining 11 sympatric localities had pairs of
candidate species from different clades (see Table S5).

Morphological differentiation

Morphological differentiation was negligible between sexes
and therefore we pooled all sexes together in all posterior
analyses (results not shown). Our analyses detected some
morphological differentiation among candidate species. The
permutational ANOVA on body size was significant (P-value
< 0.00001) showing some size variation despite of the high
levels of size overlap observed among species (Fig. 4). The
perMANOVA analysis of the first eight components of the
PCA (explaining 96% of the shape variance) identified signif-
icant  differences among several candidate species
(P-value < 0.00001). The PCA analysis of body shape con-
cluded that most species overlap extensively in their mor-
phologies (Fig. 4), but candidate species 6, 7, 14 have more
robust phenotypes, with wider and deeper heads, wider
scapular and pelvic girdles (PC1), shorter extremities (PC2)
and shorter axilla-groin lengths (PC3) (see Table S6). The
position of candidate species 16 in the PCA is uncertain
because only two specimens were included in the analysis
(see Table S3). All three taxa with robust phenotypes live at
higher altitudes according to our elevational reconstructions
(Fig. 3b). However, the linear discriminate function analysis
failed to assign individual specimens to their respective can-
didate species in more than 70% of the comparisons (mean
correct assignment 26%) (see Table S7). Robust phenotypes
of candidate species 6, 7 and 14 were assigned to other
robust phenotypes in 64%, 90% and 80% of the compar-
isons, respectively, and correctly assigned to their respective
candidate species in 40% of the comparisons. Although the

5



J. Garcia-Porta et al.

Clade 1

242

15.20

9.23

Clade 2

15

14
4.67

329 13 Clade 3

281 —m12

95% of HDP

° Posterior probability > 0.95

15.2

6.05 2.11

10.11

16 16

>4 2.44

4.5

Clade 4

3.49 1

0.98

L2

53 0.0 Ma
|

| Miocene

|
I Pliocene |Pleistocene|

Figure 2 Time-calibrated multilocus coalescent-based species tree of Pristurus rupestris rupestris inferred in *Beast with data set 2
(two mitochondrial and four nuclear genes, 2459 bp) and supported by the BP&P species delimitation analysis. Numbers at nodes
indicate the mean divergence time and bars represent the 95% high posterior density interval of the time estimates. Filled circles at
nodes indicate posterior probability support values > 0.95. The photograph is P. r. rupestris from candidate species 7. See Supporting
information for more information on the genes, parameters and calibrations used.

robust and slender phenotypes are differentiated, most candi-
date species within each of these morphotypes are indistin-
guishable.

DISCUSSION

This study uncovers an unparalleled degree of species-level
diversification in an Arabian vertebrate, identifying 14 candi-
date species within a single subspecies of gecko inhabiting an
area of less than 25,000 km?2. This illustrates the unknown
diversity yet to be discovered in the planet’s desert regions.

6

Moreover, these results highlight the role of mountain ranges
in generating and preserving diversity in arid environments
(Sanders et al., 2003; McCain, 2007). Mountains provide
numerous possibilities for smaller scale geographical isolation
of demes and allopatric speciation, particularly during peri-
ods of orogeny (Antonelli et al., 2009), a relationship that
has been detected in a number of groups (Liu et al., 2006;
Antonelli et al., 2009; Bunce et al., 2009; Toussaint et al.,
2014; Merckx et al., 2015), and has probably contributed sig-
nificantly to cladogenesis in P. r. rupestris. Indeed, most of
its diversification occurred during the latter stages of
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Figure 3 Map of the Hajar Mountains of south-eastern Arabia showing the geographical and altitudinal distribution of the 14
candidate species of Pristurus rupestris rupestris. (a) BEAST summary tree of P. r. rupestris using the BSSVS method of ancestral area
reconstruction. Branch colour indicates inferred ancestral range (southern block, central block or northern block). A pie chart describing
the probability of each inferred area is presented near the relevant nodes. A more detailed version of this figure with the probability
values is shown in Fig. S5. (b) Altitudinal diversification through time of P. r. rupestris, based on ancestral state reconstructions of the

elevation in the nodes.

mountain uplift, beginning in the late Miocene and continu-
ing through the Pliocene and Quaternary, a time when eleva-
tions increased from 200 to 500 m (Kusky et al., 2005). The
appearance of new climatic environments and topographic
discontinuities, combined with repeated altitudinal shifts of
biotic communities during arid (glacial) and pluvial (inter-
glacial) phases of the Arabian Pleistocene (Burns et al., 2001)
likely stimulated multiple dispersal events from areas of ori-
gin and fragmented populations into isolated demes leading
to genetic divergence. Consistent with this, most of the sister
candidate species date from the early and middle Pleistocene
(Fig. 2).

Our ancestral area reconstruction (Fig. 3a and see Fig. S5)
suggests that range expansion first initiated in the southern
block and later proceeded northward, a pattern also reported
for Trachydactylus hajarensis (de Pous et al., 2016), and Asac-
cus gallagheri (work in progress), two gecko species endemic
to the Hajar Mountains. During their movements towards
north, Clades 3 and 4 have independently crossed the Semail
gap to the central block, creating an assemblage of poly-
phyletic candidate species on both mountain blocks.

Several lineages have undergone genetic divergence and
morphological diversification along elevational gradients
(Figs 3 & 4). High altitudes were reached three times inde-
pendently, and a robust morphology has convergently
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evolved consisting of wide heads, wide scapular and pelvic
girdles, short legs and short axilla-groin lengths. Nevertheless,
the morphospace of the majority of the candidate species
greatly overlaps within the robust and slender phenotypes,
resulting in a high degree of crypsis.

The lowlands (< 500 m), which are occupied by candi-
date species 8 and 9 (clade 1), have been independently
colonized two times by high-altitude ancestors, candidate
species 3 (clade 3) and 10.11 (clade 4). This pattern illus-
trates that mountains are not only centres of diversification
(Toussaint et al., 2014), but also act as ‘species pumps’, as
taxa disperse into the surrounding lowlands (Wollenberg
et al., 2008).

Similar radiations of genetically divergent but morphologi-
cally cryptic populations may evolve in other lizards living
on widespread but similarly coloured substrates that cover
geologically unstable and irregular mountain topographies.
In fact, radiations of cryptic mountain taxa have been
reported for the lacertid lizards of the genus Atlantolacerta
(Barata et al., 2012a, 2014) the diurnal geckos of the genus
Quedenfeldtia (Barata et al., 2012b) and the nocturnal geckos
of the genus Ptyodactylus (Perera & Harris, 2010) from the
Atlas Mountains, and more recently for the extensive radia-
tion of the Ptyodactylus species complex across the main
mountain ranges of Arabia (Metallinou et al., 2015).
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Figure 4 (a) Boxplot showing the log;,SVL variation of the 14 candidate species of Pristurus rupestris rupestris and (b) their
morphospace. The morphospace was obtained from the three first components of a PCA (reflecting 58% of the total variation)
performed on 10 body measurements. The three robust phenotypes of P. r. rupestris are indicated by their candidate species codes.
(c) The slender (candidate species 12) and robust (candidate species 7) phenotypes.

Overall, our results stress the importance of mountain
ranges as centres of speciation and diversification, especially
when compared to the surrounding low elevation arid envi-
ronments, where reduced ecological complexity and extreme
climatic conditions limit biodiversity. Thus, previous and
ongoing research indicate that the Hajar Mountains are a
biological hotspot and an important reservoir of diversity,
and therefore should be a priority conservation focal point
(Arnold & Gallagher, 1977 and other articles in the same
volume; Carranza & Arnold, 2012; Carranza et al., 2016; de
Pous et al., 2016). For example, candidate species 9, 3, 4.5
and 10.11 have wide distributions, but the remaining 10 can-
didate species appear to have very restricted ranges, some-
times being known from a single valley or slope and are
likely populations of high conservation concern (see Fig. S4).
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The cryptic diversity discovered in P. r. ruprestris not only
points to the need for a taxonomic revision, but it also high-
lights the problems faced by conservation planners. Without
knowledge of the hidden biodiversity in a region like the
Hajar Mountains, it is not possible to make meaningful con-
servation plans to protect these evolutionarily significant
units. Similar analytical methodology, and importantly, fine-
scale sampling is likely to uncover unknown diversity even in
the most widespread and common species.

ACKNOWLEDGEMENTS

We wish to thank Felix Amat, David Donaire, Elena
Go6mez-Diaz, Roberto Sindaco, Jiri Smid, Pilar Duenas and

Aimar Ferran for assisting in sample collection and to Josep

Journal of Biogeography
© 2017 John Wiley & Sons Ltd



Roca for his great laboratory help. Special thanks are due
to Saleh Al Saadi, Mohammed Al Shariani, Thuraya Al Sar-
iri, Ali Al Kiyumi, Mohammed Abdullah Al Maharmi and
the other members of the Nature Conservation Department
of the Ministry of Environment and Climate Affairs, Sul-
tanate of Oman and to the Centre for Environmental Stud-
ies and Research from the Sultan Qaboos University for
their help and support and for issuing all the necessary per-
mits. Sampling of Pristurus geckos was done with permis-
sion of the Nature Conservation Department of the
Ministry of Environment and Climate Affairs, Sultanate of
Oman (permit numbers 08/2005; 16/2008; 38/2010; 12/
2011; 12/2013; 13/2013; 21/2013; 37/2014). This work was
funded by grants CGL2012-36970 and CGL2015-70390-P
from the Ministerio de Economia y Competitividad, Spain
(co-funded by FEDER) and with support from the project
‘Field study for the conservation of reptiles in Oman’ Min-
istry of Environment and Climate Affairs (Ref: 22412027).
J.G.P., M.SR. and S.C. are members of the Grup de
Recerca Consolidat of the Generalitat de Catalunya:
2014SGR1532. J.G.P. was supported by a JAE predoctoral
grant from the CSIC, Spain and M.S.R. is funded by a FPI
grant from the Ministerio de Economia y Competitividad,
Spain (BES-2013-064248).

REFERENCES

Antonelli, A., Nylander, J.A.A., Persson, C. & Sanmartin, I.
(2009) Tracing the impact of the Andean uplift on
Neotropical plant evolution. Proceedings of the National
Academy of Sciences USA, 106, 9749-9754.

Arnold, E.N. (1980) The scientific results of the Oman flora
and fauna survey 1977 (Dhofar). The reptiles and amphib-
ians of Dhofar, southern Arabia. Journal of Oman Studies,
Special Report, 2, 273-332.

Arnold, ENN. (1986) A key and annotated checklist to the
lizards and amphisbaenians of Arabia. Fauna of Saudi Ara-
bia, 8, 385-435.

Arnold, E.NN. (1993) Historical changes in the ecology and
behaviour of semaphore geckos (Pristurus, Gekkonidae)
and their relatives. Journal of Zoology, 229, 353-384.

Arnold, E.N. (2009) Relationships, evolution and biogeogra-
phy of Semaphore geckos, Pristurus (Squamata, Sphaero-
dactylidae) based on morphology. Zootaxa, 2060, 1-21.

Arnold, ENN. & Gallagher, M.D. (1977) Reptiles and amphib-
ians from the mountains of northern Oman with special
reference to the Jebel Akhdar region. The scientific results
of the Oman flora and fauna survey 1975. Journal of
Oman Studies, Special Report, 1, 59-80.

Badiane, A., Garcia-Porta, J., Cervenka, J., Kratochvil, L.,
Sindaco, R., Robinson, M.D., Morales, H., Mazuch, T.,
Price, T., Amat, F., Shobrak, M.Y., Wilms, T., Simé4-Riu-
dalbas, M., Ahmadzadeh, F., Papenfuss, T.J., Cluchier, A.,
Viglione, J. & Carranza, S. (2014) Phylogenetic relation-
ships of Semaphore geckos (Squamata: Sphaerodactylidae:

Journal of Biogeography
© 2017 John Wiley & Sons Ltd

Biogeography of Pristurus rupestris rupestris in Arabia

Pristurus) with an assessment of the taxonomy of Pristurus
rupestris. Zootaxa, 3835, 33—58.

Barata, M., Carranza, S. & Harris, D.J. (2012a) Extreme
genetic diversity in the lizard Atlantolacerta andreanskyi
(Werner, 1929): a montane cryptic species complex. BMC
Evolutionary Biology, 12, 167.

Barata, M., Perera, A., Martinez-Freiria, F. & Harris, D.J.
(2012b) Cryptic diversity within the Moroccan endemic
day geckos Quedenfeldtia (Squamata: Gekkonidae): a mul-
tidisciplinary approach using genetic, morphological and
ecological data. Biological Journal of the Linnean Society,
106, 828-850.

Barata, M., Perera, A. & Harris, D.J. (2014) Cryptic variation
in the Moroccan high altitude lizard Atlantolacerta
andreanskyi (Squamata: Lacertidae). African Journal of
Herpetology, 64, 1-17.

Barraclough, T.G. & Vogler, A. (2000) Detecting the geo-
graphical pattern of speciation from species-level phyloge-
nies. The American Naturalist, 155, 419—434.

Brinkmann, K., Patzelt, A., Dickhoefer, U., Schlecht, E. &
Buerkert, A. (2009) Vegetation patterns and diversity along
an altitudinal and a grazing gradient in the Jabal al Akhdar
mountain range of northern Oman. Journal of Arid Envi-
ronments, 73, 1035-1045.

Brito, J.C., Godinho, R., Martinez-Freiria, F. et al. (2014)
Unravelling biodiversity, evolution and threats to conser-
vation in the Sahara-Sahel. Biological Reviews, 89, 215-231.

Bunce, M., Worthy, T.H., Phillips, M.J., Holdaway, R.N.,
Willerslev, E., Haile, J., Shapiro, B., Scofield, R.P., Drum-
mond, A., Kamp, P.J.J. & Cooper, A. (2009) The evolu-
tionary history of the extinct ratite moa and New Zealand
Neogene paleogeography. Proceedings of the National Acad-
emy of Sciences USA, 106, 20646—-20651.

Burns, S.J., Fleitmann, D., Matter, A., Neff, U. & Mangini, A.
(2001) Speleothem evidence from Oman for continental plu-
vial events during interglacial periods. Geology, 29, 623-626.

Busais, S.M. & Joger, U. (2011) Three new species and one
new subspecies of Hemidactylus Oken, 1817 from Yemen
(Squamata, Gekkonidae). Vertebrate Zoology, 61, 267-280.

Cadena, C.D., Kozak, K.H., Gémez, J.P., Parra, J.L., McCain,
C.M., Bowie, R.C.K., Carnaval, A.C., Moritz, C., Rahbek,
C., Roberts, T.E., Sanders, N.J., Schneider, C.J., VanDer-
Wal, J., Zamudio, K.R. & Graham, C.H. (2012) Latitude,
elevational climatic zonation and speciation in New World
vertebrates. Proceedings of the Royal Society B: Biological
Sciences, 279, 194-201.

Carranza, S. & Arnold, E.N. (2012) A review of the gecko
genus Hemidactylus (Squamata: Gekkonidae) from Oman
based on morphology, mitochodrial and nuclear data, with
descriptions of eight new species. Zootaxa, 95, 1-95.

Carranza, S., Simé-Riudalbas, M., Jayasinghe, S., Wilms, T.
& Els, J. (2016) Microendemicity in the northern Hajar
Mountains of Oman and the United Arab Emirates with
the description of two new species of geckos of the genus
Asaccus (Squamata: Phyllodactylidae). Peer], 4, e2371.



J. Garcia-Porta et al.

de Pous, P., Machado, L., Metallinou, M., Cervenka, J., Kra-
tochvil, L., Paschou, N., Mazuch, T., Smid, J., Simé-Riu-
dalbas, M., Sanuy, D. & Carranza, S. (2016) Taxonomy
and biogeography of Bumnopus spatalurus (Reptilia; Gekko-
nidae) from the Arabian Peninsula. Journal of Zoological
Systematics and Evolutionary Research, 54, 67-81.

Dray, S. & Dufour, A.-B. (2007) The ade4 package: imple-
menting the duality diagram for ecologists. Journal of Sta-
tistical Software, 22, 1-20.

Drummond, A. & Rambaut, A. (2007) BEAST: Bayesian evo-
lutionary analysis by sampling trees. BMC Evolutionary
Biology, 7, 214.

Ezard, T., Fujisawa, T. & Barraclough, T.G. (2009) SPLITS:
species’ limits by threshold statistics. R package version, 1.0-
11/r29. http://R-Forge.R-project.org/projects/splits/

Fuchs, J., Fjeldsa, J. & Bowie, R.C.K. (2011) Diversification
across an altitudinal gradient in the Tiny Greenbul (Phyl-
lastrephus debilis) from the Eastern Arc Mountains of
Africa. BMC Evolutionary Biology, 11, 117.

Fujisawa, T. & Barraclough, T.G. (2013) Delimiting species
using single-locus data and the Generalized Mixed Yule
Coalescent approach: a revised method and evaluation on
simulated data sets. Systematic Biology, 62, 707—724.

Gamble, T., Bauer, A.M., Greenbaum, E. & Jackman, T.R.
(2008) Evidence for Gondwanan vicariance in an ancient
clade of gecko lizards. Journal of Biogeography, 35, 88—104.

Gamble, T., Bauer, A.M., Colli, G.R., Greenbaum, E., Jack-
man, T.R., Vitt, L.J. & Simons, A.M. (2011) Coming to
America: multiple origins of New World geckos. Journal of
Evolutionary Biology, 24, 231-244.

Gamble, T., Greenbaum, E., Jackman, T.R., Russell, A.P. &
Bauer, A.M. (2012) Repeated origin and loss of adhesive
toepads in geckos. PLoS ONE, 7, e39429.

Garcia-Porta, J., Morales, H.E., Gémez-Diaz, E., Sindaco, R.
& Carranza, S. (2016) Patterns of diversification in islands:
A comparative study across three gecko genera in the
Socotra Archipelago. Molecular Phylogenetics and Evolution,
98, 288-299.

Ghazanfar, S.A. (1991) Vegetation structure and phytogeog-
raphy of Jabal Shams, an arid mountain in Oman. Journal
of Biogeography, 18, 299-309.

Heled, J. & Drummond, A.J. (2010) Bayesian inference of
species trees from multilocus data. Molecular Biology and
Evolution, 27, 570-580.

Hugall, A.F., Foster, R. & Lee, M.S.Y. (2007) Calibration
choice, rate smoothing, and the pattern of tetrapod diver-
sification according to the long nuclear gene RAG-1. Sys-
tematic Biology, 56, 543—-563.

IUCN (2016) The IUCN Red List of Threatened Species.
Version 2016-3. http://www.iucnredlist.org.

Jones, M.E.H., Anderson, C.L., Hipsley, C.A., Miiller, J.,
Evans, S.E. & Schoch, R.R. (2013) Integration of molecules
and new fossils supports a Triassic origin for Lepidosauria
(lizards, snakes, and tuatara). BMC Evolutionary Biology,
13, 208.

10

Katoh, K. & Toh, H. (2008) Recent developments in the
MAFFT multiple sequence alignment program. Briefings in
Bioinformatics, 9, 286—298.

Kohler, T. & Maselli, D. (eds) (2012) Mountains and climate
change — from understanding to action, 3rd edn. Published
by Geographica Bernensia with the support of the Swiss
Agency for Development and Cooperation (SDC), and an
international team of contributors, Bern.

Kozak, K.H. & Wiens, J.J. (2007) Climatic zonation drives
latitudinal variation in speciation mechanisms. Proceedings
of the Royal Society B: Biological Sciences, 274, 2995-3003.

Kumar, S., Stecher, G. & Tamura, K. (2016) MEGA7: Molec-
ular Evolutionary Genetics Analysis version 7.0 for bigger
datasets. Molecular Biology and Evolution, 33, 1870-1874.

Kusky, T., Robinson, C. & El-Baz, F. (2005) Tertiary-Qua-
ternary faulting and uplift in the northern Oman Hajar
Mountains. Journal of the Geological Society, 162, 871-888.

Lemey, P., Rambaut, A., Drummond, A. & Suchard, M.
(2009) Bayesian phylogeography finds its roots. PLoS
Computational Biology, 5, €1000520. doi:10.1371/jour-
nal.pcbi.1000520.

Liu, J.-Q., Wang, Y.-J., Wang, A.-L., Hideaki, O. & Abbott,
R.J. (2006) Radiation and diversification within the Ligu-
laria-Cremanthodium-Parasenecio complex (Asteraceae)
triggered by uplift of the Qinghai-Tibetan Plateau. Molecu-
lar Phylogenetics and Evolution, 38, 31-49.

Mandaville, J. (1977) The scientific results of the Oman flora
and fauna survey 1975. Plants. Journal Oman Studies Spe-
cial Report, 1, 229-267.

McCain, C.M. (2007) Could temperature and water availabil-
ity drive elevational species richness patterns? A global case
study for bats. Global Ecology and Biogeography, 16, 1-13.

Merckx, V.S.E.T., Hendriks, K.P., Beentjes, K.K., et al. (2015)
Evolution of endemism on a young tropical mountain.
Nature, 524, 347-350.

Metallinou, M., Cervenka, J., Crochet, P.-A., Kratochvil, L.,
Wilms, T., Geniez, P., Shobrak, M.Y., Brito, J.C. & Carran-
za, S. (2015) Species on the rocks: systematics and bio-
geography of the rock-dwelling Ptyodactylus geckos
(Squamata: Phyllodactylidae) in North Africa and Arabia.
Molecular Phylogenetics and Evolution, 85, 208-220.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens,
M.H.H. & Wagner, H. (2013) Package ‘vegan.” R Package.
https://github.com/vegandevs/vegan.

Olave, M., Sola, E. & Knowles, L.L. (2014) Upstream analyses
create problems with DNA-based species delimitation. Sys-
tematic Biology, 63, 263-271.

Pepper, M., Fujita, M.K., Moritz, C. & Keogh, J.S. (2011)
Palaeoclimate change drove diversification among isolated
mountain refugia in the Australian arid zone. Molecular
Ecology, 20, 1529-1545.

Perera, A. & Harris, D.J. (2010) Genetic variability within
the Oudri’s fan-footed gecko Ptyodactylus oudrii in North
Africa assessed using mitochondrial and nuclear DNA

Journal of Biogeography
© 2017 John Wiley & Sons Ltd


http://www.iucnredlist.org
info:doi/10.1371/journal.pcbi.1000520
info:doi/10.1371/journal.pcbi.1000520
https://github.com/vegandevs/vegan

sequences. Molecular Phylogenetics and Evolution, 54,
634-639.

Pons, J., Barraclough, T.G., Gomez-Zurita, J., Cardoso, A.,
Duran, D.P., Hazell, S., Kamoun, S., Sumlin, W.D. & Vog-
ler, A.P. (2006) Sequence-based species delimitation for
the DNA taxonomy of undescribed insects. Systematic
Biology, 55, 595-609.

Pyron, R.A., Burbrink, F.T. & Wiens, J.J. (2013) A phylogeny
and revised classification of Squamata, including 4161 spe-
cies of lizards and snakes. BMC Evolutionary Biology, 13, 93.

R Development Core Team (2014) R: A Language and Envir-
onment for Statistical Computing. Vienna, Austria : the R
Foundation for Statistical Computing. ISBN: 3-900051-07-0.
http://www.R-project.org/.

Randi, E., Lucchini, V., Armijo-Prewitt, T., Kimball, R.T., Braun,
E.L. & Ligon, J.D. (2000) Mitochondrial DNA phylogeny and
speciation in the tragopans. The Auk, 117, 1003-1015.

Reid, N.M. & Carstens, B.C. (2012) Phylogenetic estimation
error can decrease the accuracy of species delimitation: a
Bayesian implementation of the general mixed Yule-coales-
cent model. BMC Evolutionary Biology, 12, 196.

Revell, L.J. (2012) phytools: an R package for phylogenetic
comparative biology (and other things). Methods in Ecol-
ogy and Evolution, 3, 217-223.

Rivas, L.R. (1964) A reinterpretation or the concepts “sym-
patric” and “allopatric” with proposal of the additional
terms “syntopic” and “allotopic”. Systematic Zoology, 13,
42-43.

Sanders, N.J., Moss, J. & Wagner, D. (2003) Patterns of ant
species richness along elevational gradients in an arid
ecosystem. Global Ecology and Biogeography, 12, 93—102.

Schweizer, M., Seehausen, O. & Hertwig, S.T. (2011)
Macroevolutionary patterns in the diversification of parrots:
effects of climate change, geological events and key innova-
tions. Journal of Biogeography, 38, 2176-2194.

Smid, J., Moravec, J., Kratochvil, L., Nasher, A.K., Mazuch,
T., Gvozdik, V. & Carranza, S. (2015) Multilocus phy-
logeny and taxonomic revision of the Hemidactylus robus-
tus species group (Reptilia, Gekkonidae) with descriptions
of three new species from Yemen and Ethiopia. Systematics
and Biodiversity, 13, 346-368.

Toussaint, E.F.A., Hall, R., Monaghan, M.T., Sagata, K., Ibalim,
S., Shaverdo, H.V., Vogler, A.P., Pons, J. & Balke, M. (2014)
The towering orogeny of New Guinea as a trigger for
arthropod megadiversity. Nature Communications, 5: 4001.

Uetz, P., Goll, J. & Hallerman, J. (2016) The reptile database.
Available at: http://www.reptile-database.org (accessed
October 2016).

Venables, W. & Ripley, B. (2002) Modern applied statistics
using S-PLUS. Springer, New York, USA.

Vidal, N. & Hedges, S.B. (2005) The phylogeny of squamate
reptiles (lizards, snakes, and amphisbaenians) inferred
from nine nuclear protein-coding genes. Comptes Rendus
Biologies, 328, 1000—-1008.

Journal of Biogeography
© 2017 John Wiley & Sons Ltd

Biogeography of Pristurus rupestris rupestris in Arabia

Vuilleumier, F. & Monasterio, M. (1986) High altitude tropi-
cal biogeography. Oxford University Press, Oxford.

Wiens, J.J., Kozak, K.H. & Silva, N. (2013) Diversity and
niche evolution along aridity gradients in North American
lizards (Phrynosomatidae). Evolution, 67, 1715-1728.

Wollenberg, K.C., Vieites, D.R., Van Der Meijden, A., Glaw,
F., Cannatella, D.C. & Vences, M. (2008) Patterns of ende-
mism and species richness in Malagasy cophyline frogs
support a key role of mountainous areas for speciation.
Evolution, 62, 1890-1907.

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

Yousofi, S., Rastegar-Pouyani, E. & Hojati, V. (2015) Phylo-
genetic relationships among populations of Pristurus rupes-
tris Blanford, 1874 (Sauria: Sphaerodactylidae) in southern
Iran. Turkish Journal of Zoology, 39, 1-6.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Extended methods.
Appendix S2 Supplementary tables.
Appendix S3 Supplementary figures.

DATA ACCESSIBILITY

All sequences generated for this study are deposited in Gen-
Bank with accession numbers listed in the supporting infor-
mation (see Tables S1 and S2). All specimen measurements
are available in Table S3.

One of the main research lines of the Systematics, Biogeogra-
phy and Evolution of Reptiles and Amphibians lab at the
Institute of Evolutionary Biology (CSIC-Pompeu Fabra
University) in Barcelona, Spain is the study of the processes
that shape biodiversity across space and time, using Afro-
Arabian reptiles as model organisms.

http://molevol.cmima.csic.es/carranza/index.html

Author contributions: J.G.P. and S.C. conceived the study;
J.G.P., M.R. and S.C. collected samples; M.S.R. carried out
the molecular lab work; J.G.P. and M.S.R. measured speci-
mens and carried out the phylogenetic analyses; J.G.P. car-
ried out the statistical analyses, all authors drafted the
manuscript and gave final approval for publication.

Editor: Peter Linder

1


http://www.R-project.org/
http://www.reptile-database.org
http://www.reptile-database.org
http://molevol.cmima.csic.es/carranza/index.html

