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Abstract

Absence of phenotypic differentiation can challenge the study of diversification by concealing evolutionary divergence through morphological
similarity. Such cryptic species diversity is found particularly often in extreme environments, including arid mountain ranges. In the Hajar Moun-
tains of southeastern Arabia, the Pristurus rupestris species complex comprises divergent lineages with notable phenotypic variation. Here, we
investigate the evolutionary dynamics of this radiation by integrating geometric morphometric analyses with whole-genome sequencing and
phylogenomic reconstructions. We analyzed five species—PF ali, P assareen, R feulneri, R omanensis, and P rupestris—including all previously
identified genetic lineages within those species, and generated a new reference genome for an Old World sphaerodactylid gecko (R rupestris
sensu stricto). Morphometric analyses of comprehensive two- and three-dimensional morphological datasets indicate strong overlap in both body
and head shape. Despite considerable phenotypic similarities, our results reveal deep interspecific divergences exceeding 16 million years and
contrasting demographic histories. While we detected introgression restricted to specific lineage pairs, phenotypic crypticity persists across the
entire complex, suggesting stabilizing selection in harsh environments. Our study highlights the P rupestris species complex as an ideal model
for investigating the role of environmental constraints in limiting morphological divergence and shaping diversification dynamics in arid mountain
ecosystems.
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Introduction Schrodl, 2013; Struck et al., 2018). While such apparent
crypticity can partly reflect the limits of morphological di-
agnosis, it should not be treated merely as a taxonomic in-
convenience, but as a window into the processes governing
morphological evolution, lineage cohesion, and speciation.
At a broader scale, cryptic species are now recognized as
widespread across vertebrates, and because many lineages
remain formally undescribed, accounting for cryptic diver-
sity is critical to accurately estimate species richness, speci-
ation and extinction rates, and diversification dynamics, as
well as to inform conservation measures (Zhang & Wiens,
2026). For example, Chan et al. (2026) demonstrated that
cryptic diversity can be shaped by gene flow, particularly for
lineages diversifying within the “gray zone” of speciation,
where divergence and cohesion interact over extended peri-
ods of time. Consistent with this, recently diverged species
often exhibit minimal phenotypic differences when there is
significant ecological overlap (Gabaldon et al., 2013; Scriven
et al., 2016). Still, it is intriguing that phenotypes can also

Diversification of lineages accompanied by pronounced
morphological differentiation includes some of the most
spectacular examples of evolution in action. This pattern,
classically exemplified by so-called adaptive radiations, has
long shaped our intuition that lineage divergence is typi-
cally coupled with ecological and phenotypic divergence. Yet
comparative studies demonstrate that rates of lineage di-
versification and morphological evolution can be markedly
decoupled (Adams et al., 2009). While adaptive radiations
are often characterized by rapid bursts of morphological
disparity (Garcia-Navas et al., 2018; Warheit et al., 1999),
other clades diversify with little or no obvious phenotypic
change, revealing that evolutionary branching does not nec-
essarily entail phenotypic innovation and may instead re-
sult in patterns consistent with nonadaptive radiations. Lin-
eages that exhibit pronounced genetic structure but minimal
observable morphological differentiation are commonly de-
scribed as cryptic species (Bickford et al., 2007; Jorger &
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remain strikingly similar over long evolutionary time, a pat-
tern that has often been suggested to result from a lack of
ecological opportunity (Losos & Mabhler, 2010; Meier et
al., 2019; Stroud & Losos, 2016; Wellborn & Langerhans,
2015). Facing global biodiversity loss (Butchart et al., 2010),
it is crucial to both identify undescribed species and under-
stand factors driving crypticity. Struck et al. (2018) identi-
fied recent divergence, parallelism, convergence, and stasis
as the main evolutionary processes shaping cryptic species,
highlighting the disparity between morphological distinct-
ness and genetic divergence—a framework applicable also
to empirical systems (Schembri et al., 2025).

Extreme environments provide powerful natural labo-
ratories for investigating these dynamics. Strong and con-
sistent selective pressures can promote phenotypic conver-
gence among distantly related taxa, e.g., in poeciliid fishes
adapted to sulfidic springs (Tobler et al., 2011) or in subter-
ranean amphipods (Delic et al., 2025; Lefébure et al., 2006).
Conversely, morphological stasis despite genetic divergence
also occurs in deep-sea taxa (Brandt et al., 2014; Brasier et
al., 2016; Etter et al., 1999; Vrijenhoek et al., 1994), and,
strikingly, in sympatric interstitial Stygocapitella annelids
that diverged about 140 million years ago (mya) (Cerca
et al., 2020). Among terrestrial biomes, arid and semi-
arid regions—covering one-third of Earth’s land—harbor
unique and understudied biodiversity shaped by extreme
conditions (Brito et al., 2014; Durant et al., 2012; Smid
et al., 2021). Considerable cryptic diversity has been docu-
mented in desert taxa worldwide, including Saharan rodents
(Boratynski et al., 2012), Australian tiger beetles (Lopez-
Lépez et al., 2016), Central Asian scorpions (Graham et al.,
2019), and Californian beetles (Rubinoff et al., 2020). Squa-
mate reptiles are particularly diverse in arid and semi-arid
regions (Cox & Cox, 20135; Pianka, 1989; Roll et al., 2017;
Smid et al., 2021; Tejero-Cicuéndez et al., 2022), with cryp-
tic lineages reported in agamids, lacertids, skinks, snakes,
and especially geckos (Agarwal et al., 2014; Barata et al.,
2012; Burriel-Carranza et al., 2025a; Carter et al., 2025;
Garcia-Porta et al., 2017; McDonald et al., 2024; Mendes
et al., 2018; Prates et al., 2024; Schield et al., 2018; Sim6-
Riudalbas et al., 2017, 2018; Smith et al., 2011; Tamar et
al., 2019a, 2019b).

The Hajar Mountains in southeastern Arabia exemplify
diversification in arid mountain systems, with up to 49 squa-
mate lineages identified (Burriel-Carranza et al., 2025b).
This ~600 km mountain range, originating ~40 mya (~90
mya for proto-Hajars, Hansman et al., 2017), is divided into
Western, Central, and Eastern Hajars, with the Central Ha-
jars reaching over 3,000 m above sea level (masl). Isolated by
the Rub Al Khali desert and northern coastal plains, this old
and complex mountain system is a hotspot of endemicity in
Arabia—particularly for squamates—harboring 23 endemic
reptile species (Burriel-Carranza et al., 2025b).

Geckos dominate this endemicity (19 species) with
the families Gekkonidae (genera Hemidactylus and Tra-
chydactylus), Phyllodactylidae (genera Asaccus and Ptyo-
dactylus), and Sphaerodactylidae (genus Pristurus) (Burriel-
Carranza et al., 2022; Carranza et al., 2021). Particularly
the genus Pristurus, also known as “semaphore geckos,” in-
cludes extensive cryptic diversity (Burriel-Carranza et al.,
2025a; Garcia-Porta et al., 2017). With 32 described species
(Uetz et al., 2025) across Africa, Arabia, Socotra, and the
Persian Gulf, they display strong ecological specialization
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and body size disparity, making them an excellent system
for studying diversification dynamics (Arnold, 1993, 2009;
Garcia-Porta et al., 2016, 2017; Tejero-Cicuéndez et al.,
2021, 2023).

In the Hajar Mountains, a remarkable radiation is the
Pristurus rupestris Blanford, 1874, species complex, once
considered a single widespread taxon (Arnold, 2009). Phylo-
genetics later revealed multiple, independently evolving lin-
eages (Badiane et al., 2014). One major clade, distributed
along the western and southern coast of the Arabian Penin-
sula, was subsequently recognized as Pristurus guweirensis
Haas, 1943, one of the most abundant species in its genus
(Burriel-Carranza et al., 2023b). In contrast, another clade
represents a cryptic species complex within the southeast-
ern Arabian P. rupestris group. Molecular analyses using
Bayes factor delimitation (BFD) identified 12 deeply diver-
gent lineages within this group, highlighting its consider-
able genetic diversity (Burriel-Carranza et al., 2025b). A
recent integrative taxonomic revision of the systematically
challenging P. rupestris species complex identified four new
cryptic species: P. ali Burriel-Carranza, Koppetsch, Garcia-
Porta & Carranza, 20285, P. assareen Burriel-Carranza, Kop-
petsch, Garcia-Porta & Carranza, 2025, P. feulneri Burriel-
Carranza, Koppetsch, Garcia-Porta, Els & Carranza, 20235,
P. omanensis Burriel-Carranza, Koppetsch, Garcia-Porta &
Carranza, 2025 (Burriel-Carranza et al., 2025a). While
Garcia-Porta et al. (2017) found support for morphologi-
cal segregation within the P. rupestris species complex with
both a “robust” and “slender” phenotype, more detailed
analyses using a comprehensive morphological characteri-
zation based on linear measurements revealed a high de-
gree of phenotypic overlap and strong crypsis for the four
species listed above and P. rupestris sensu stricto (s. strc.)
(Burriel-Carranza et al., 2025a). Despite all species occur-
ring sympatrically with at least one other representative of
the species complex, ddRADseq data analyses of genome-
wide SNPs did not indicate ongoing genetic exchange among
the species (Burriel-Carranza et al., 2025a).

The lack of clear morphological differentiation despite
deep divergence makes the P. rupestris complex a power-
ful system for studying cryptic diversification in arid moun-
tains. Although linear measurements show strong interspe-
cific overlap and broad intraspecific variation, it remains un-
clear whether some species possess subtle anatomical traits
indicating ecological segregation despite sympatry. Particu-
larly, head shape is linked to various ecologically adaptive
traits, e.g., diet, habitat use, locomotion, or behavior in dif-
ferent lizard taxa (Herrel et al., 2001; Kaliontzopoulou et
al., 2012, 2015; Openshaw & Keogh, 2014; Verwaijen et
al., 2002). It is also unclear whether phenotypic crypticity
in these Pristurus geckos is shaped by similar extreme en-
vironmental conditions, or rather by similar demographic
histories or genetic exchange. While ddRADseq data analy-
ses based on a limited number of genome-wide SNPs recov-
ered unique evolutionary units within the P. rupestris com-
plex (Burriel-Carranza et al., 2025a), in-depth analyses of
demographic history, genetic diversity or recent and ancient
genetic exchange requiring more complete genomic data
are still missing. More reliable divergence time estimates
are needed to clarify separation among deeply divergent
lineages, as shown in other Hajar Mountains geckos, e.g.,
Asaccus caudivolvulus Arnold & Gardner, 1994 (Burriel-
Carranza et al., 2024).
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Figure 1. Geographic map showing the distribution of the species of the Pristurus rupestris species complex and the origin of the specimens used for
(A) morphological and (B) phylogenomic analyses. Photos on the left depict single representatives of the five Pristurus species.

Here, we present an integrative analysis of the diversifi-
cation dynamics of the extraordinary radiation of Pristu-
rus geckos in the Hajar Mountains, using comprehensive
two- and three-dimensional morphological datasets in par-
allel with whole genome sequencing (WGS) data. In addi-
tion to linear measurements, we obtained p-computed to-
mography (u-CT) scans for 84 individuals covering all the
five species and 12 genetic lineages of the P. rupestris species
complex (Figure 1), and explored the phenotypic variation
in this group using a geometric morphometric approach. We
assembled a reference genome for P. rupestris and generated
WGS data for 28 specimens of the entire radiation, as well
as two individuals of the sister species P. flavipunctatus Riip-
pell, 1835. Using the comprehensive genomic dataset, we
performed a range of analyses to investigate the divergence,
the role of ongoing and ancient hybridization, and the de-
mographic history of the entire P. rupestris species complex.
Building on previous systematic work (Burriel-Carranza et
al., 2025a), we move beyond species delimitation by study-
ing associations of morphological traits in the context of the

radiation’s dynamic evolutionary past to evaluate the pheno-
typic crypticity in this group. With our in-depth analyses of
both phenotypic and genomic data, we highlight the impor-
tance of an integrative framework to understand the identity
and origin of intricate species complexes.

Materials and methods

Specimens

In this study, we use a combination of phenotypic and molec-
ular data to characterize the diversification dynamics of the
P. rupestris species complex. All specimens used in this study
were collected between 2005 and 2022. Vouchers were pre-
served in 99% ethanol and stored at —20 °C. Tail tips were
taken from the specimens used for WGS and stored in 99%
ethanol at —20 °C prior to DNA extraction. Specimens were
collected and manipulated with the authorization and under
strict control and permission of the government of Oman
(Environment Authority), who issued all the necessary col-
lecting and export permits for this study (Refs: 08/2005;
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16/2008; 38/2010; 12/2011; 13/2013; 21/2013; 37/2014;
601 31/2016; 6210/10/21). Specimens were captured and
processed following the guidelines and protocols stated in
the collecting permits and agreements obtained from the
competent authorities of Oman. As a result of the charac-
teristics of this study and the total control and compliance
with the laws, regulations, and procedures of this kind of
biodiversity study in Oman, it did not need the approval of
an Institutional Animal Care and Use Committee (IACUC)
or ethics committee.

For the morphological characterization, 84 specimens
were selected representing all species of the P. rupestris
species complex, including all the genetic lineages (“BFD1”
to “BFD12”) identified by Burriel-Carranza et al. (2025a)
(Figure 1; Table S1). Additionally, 28 specimens selected for
the molecular analyses in the present work comprise the en-
tire radiation of the P. rupestris species complex: 4 individu-
als of Pristurus ali (all of BFD4), 2 P. assareen (all of BFD12),
12 P. feulneri (2 of BFD7,BFDS8, BFD9, BFD11, respectively;
4 of BFD10), 4 P. omanensis (2 of BFD5 and BFD6 respec-
tively), 6 of P. rupestris s. strc. (2 of BFD1, BFD2, and BFD3,
respectively). In addition, two individuals of the sister species
of P. rupestris, P. flavipunctatus, were chosen as an outgroup
(Table S2). The specimen used for the reference genome as-
sembly for P. rupestris s. strc. was collected on 24 February
2022 and originated from the type locality in Muscat, Oman
(Table S2).

Morphological data

Linear measurements and u-CT

For a morphological characterization, we obtained nine lin-
ear measurements from 84 Pristurus specimens represent-
ing all lineages within the P. rupestris complex (Table S1).
Characters were partially selected from previous taxonomic
and morphological analyses of Pristurus geckos (Burriel-
Carranza et al., 2025a; Garcia-Porta et al., 2017). All mea-
surements were taken by T.K. using a Vernier caliper to
the nearest 0.1 mm. For all specimens, sex and the follow-
ing meristic characters were determined: snout-vent length
(SVL, snout to the cloaca); trunk length (TrL, distance be-
tween the internal parts of fore and hind limb insertions);
head length (HL, snout to anterior-most point of ear open-
ing); head height (HH, laterally at anterior-most point of
ear opening); head width (HW, at anterior-most point of
ear opening); humerus length (LHu, from elbow to fore-
limb insertion); ulna length (LUn, from wrist to elbow); fe-
mur length (LFe, from knee to hindlimb insertion); and tibia
length (LTb, from ankle to knee).

To study osteological morphology, each specimen was
scanned with a Skyscan 1173 p-CT (Bruker, Billerica/USA)
at the Museum Koenig in Bonn, Germany. The specimens
were firmly positioned individually and fixed with foam
in 70% EtOH-filled tubes, which were glued on a stub
before scanning. Scans were performed with the follow-
ing parameters: voltage: 49 kV; current: 133 pA; rotation
steps: over 360°-0.21°; exposure time: 850 ms; image pixel
size: 18.1 um; frame averaging: 6; random movement: 15.
All scans are part of the digital collection of the Museum
Koenig (LIB) and can be obtained from T.K. or B.W. Scans
were reconstructed with NRecon (Bruker, Billerica/USA),
imported into Amira v.6.1.2 (Thermofisher) for skull separa-
tion, and volume-rendered in VG Studio 3.3 (Volume Graph-
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ics). Three-dimensional skull models were exported in ASCII
polygon (.ply) format.

Comparative phenotypic and statistical analyses

To explore body shape in the P. rupestris species complex,
linear morphometric analyses were conducted on a set of
log-transformed body measurements of 83 specimens of the
P. rupestris species complex (the singleton of P. assareen was
excluded from the analysis) (Table S1). Size effects were re-
moved via regression on SVL. Because sexual dimorphism
in SVL and the evaluated shape variables have been shown
to be negligible in the Pristurus rupestris species complex
(Garcia-Porta et al., 2017), we combined males and females
in all subsequent analyses and did not include sex as a factor.

To capture the head shape of the 83 Pristurus skull mod-
els, we prepared a 3D-landmarking scheme consisting of 15
fixed landmarks, and 24 sliding semilandmarks on equidis-
tant curves (Figure S1 and Table S3). The Stratovan Check-
point software (Stratovan Corporation) was used to place
and digitize fixed landmarks at specified osteological traits,
as well as gliding semilandmarks to capture the shape and
size of the eyes and orbits. Definitions and descriptions of
the landmarking scheme are provided in Table S3. Land-
mark data were analyzed in R v.4.2.3 using geometric mor-
phometrics (Adams et al., 2013). First, missing landmarks
were estimated using the thin-plate spline (TPS) interpola-
tion (see sensu: Bookstein et al., 1999; Gunz et al., 2009).
Next, a generalized Procrustes analysis (GPA) was used to
align the landmark configurations and remove nonshape in-
formation, including size. During this procedure, semiland-
marks were slid along their respective curves to minimize
bending energy, and symmetry was assessed using a prede-
fined symmetry landmark matrix to extract symmetric shape
components. Upon superimposition, shape variables were
generated from the final configurations of all 3D-landmarks
via orthogonal projection to tangent space. All morphomet-
ric analyses were performed using geomorph v.4.0.1 (Adams
et al., 2021; Baken et al., 2021). Specimen information and
associated environmental data were imported from a com-
piled dataset (Table S1). One species, P. assareen, was ex-
cluded from this analysis because it was represented by only
a single specimen.

For statistical analyses of both body shape based on lin-
ear measurements and head shape based on 3D geometric
morphometrics, principal component analyses (PCA) were
used to explore patterns of shape variation across species,
genetic lineages, elevation groups (high elevation >1,500
masl; low elevation <1,500 masl), and geographic regions
(categorized as Western, Central, and Eastern Hajars) as de-
fined in Burriel-Carranza et al. (2025b). To formally test
for morphological differences, type-2 Procrustes analyses of
variance (ANOVA) (function procD.lm; Baken et al., 2021)
were performed separately on both body shape and head
shape data using a linear model framework. Significance was
assessed using distributions obtained from a resampling of
1,000 permutations using geomorph v.4.0.1 (Adams et al.,
2021; Baken et al., 2021). Pairwise statistical comparisons
were then conducted to evaluate differences in shape means
between candidate species using RRPP (Collyer & Adams,
2018, 2023). To account for multiple testing, pairwise com-
parisons were assessed using a p-value of 0.05, and variance
was evaluated using permutation-based statistical tests.
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For head shape only, a trajectory analysis was performed
to assess patterns of cranial shape variation across species
and elevation groups (Collyer & Adams, 2013). Differ-
ences in mean shape trajectories, trajectory convergence,
and shape disparity were evaluated using permutation-
based statistical tests. Cranial shape variation was visu-
alized by predicting extreme shapes along the first two
principal components using shape.predictor() (Baken et al.,
2021). Shape deformations were illustrated with plozRe-
fToTarget() (Baken et al., 2021), and a representative spec-
imen was used for 3D mesh warping. To account for
asymmetry, visualizations were generated using a symmet-
ric reference shape. A phylomorphospace was constructed
using gm.prcomp() (Baken et al., 2021), onto which we
mapped the time-calibrated Bayesian individual-level phy-
logeny (including all 83 specimens) from Burriel-Carranza
et al. (2025b) (publicly available from the Dryad Digital
Repository (https://doi.org/10.5061/dryad.r7sqv9sj3; file:
Trees/Calibrated_BI_Gene_trees/07Prup.tree) and originally
presented in their Figure $18). This tree includes all individ-
uals incorporated in the morphometric analyses and thus al-
lows direct specimen-level mapping.

Molecular data
DNA extraction, library preparation, and sequencing

We extracted high molecular weight genomic DNA from
tail tips of 30 individuals of the specimens listed in Table
§2. We followed the manufacturer’s protocol of the MagA-
ttract HMW Kit (Qiagen) and sequenced a total of 30 Illu-
mina libraries, aiming for a coverage of ~15x in paired-end
reads (150 bp) on a NovaSeq6000 lane. Sequencing was con-
ducted by Novogene Co. High molecular weight DNA for
the reference genome assembly was obtained from muscle
tissue of a Pristurus rupestris s. strc. specimen (Table S2),
following the same protocol as above. Long-read data were
obtained for this specimen through PacBio HiFi sequencing
aiming for a 60x coverage.

Genome assembly

The reference genome was assembled using Hifiasm v.0.18.2
(Cheng et al., 2021). Quality assessment and general met-
rics for the HiFi assembly were carried out with QUAST
v.5.0.2 (Gurevich et al., 2013), while Merqury v.1.3 (Rhie
et al., 2020) was used to evaluate base quality and k-mer
completeness. BUSCO+ v.5.5.0 (Manni et al., 2021) was
used for assessing completeness, and HiFi reads were aligned
to the assembly with Minimap2 v.2.17 (Li, 2018), fol-
lowed by processing with SAMtools v.1.10 (Li et al., 2009).
The BUSCO scores and read coverage were analyzed with
BlobToolKit v.3.1.4 (Challis et al., 2020), and contamination
was assessed using a local NCBI database, identifying and
discarding putative contaminations with BLAST+ v.2.13.0
(Boratyn et al., 2013). Purge dups (Guan et al., 2020) was
used to remove potential duplicates from the primary as-
sembly. The k-mer distribution (kK = 21) was generated us-
ing Jellyfish v.2.3 (Marcais & Kingsford, 2011). SmudgePlot
v.0.2.4 and GenomeScope v.2.0 (Ranallo-Benavidez et al.,
2020) were used to assess genome ploidy, size, repetitiveness,
and heterozygosity.
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Processing of WGS data

Raw Illumina reads of 30 individuals were preprocessed
with fastp v.0.23.2 (Chen et al., 2018) for adapter and
polyG trimming, quality filtering (Phred Z Q15), and re-
moval of reads <30 bp. Contigs <20 kb were discarded
before mapping. The reference genome was indexed with
BWA v.0.7.17 (Li, 2013), and reads were mapped using bwa-
mem?2 (Vasimuddin et al., 2019). Resulting BAM files were
indexed with SAMtools v.1.17 and duplicates marked with
Picard v.2.26.10 (https://broadinstitute.github.io/picard/). A
mappability mask was generated using overlapping 100 bp
fragments mapped back to the reference, excluding sites
where <95% of fragments mapped perfectly, using the pro-
gram SEQBILITY (https://github.com/lh3/misc) and follow-
ing the SNPable pipeline (http://lh3lh3.users.sourceforge.
net/snpable.shtml). Mapping statistics were obtained with
SAMtools v.1.12 (Li et al., 2009), coverage with Mosdepth
(Pedersen & Quinlan, 2018), and quality control with Qual-
imap (Garcia-Alcalde et al., 2012). Variants were called
with GATK’s “HaplotypeCaller” and “GenotypeGVCFs”
(GATK v.4.4.0.0; McKenna et al., 2010) and summarized
with BCFtools v.1.17 (Li, 2011). Genome soft-masking was
performed using Red (Repeat Detector) (https://github.com/
nextgenusfs/redmask).

To ensure high call reliability, we applied strict variant
filtering using BCFtools v.1.15.1 (Li, 2011). Monomorphic
sites were removed, and low-quality genotypes (FMT/DP
<4, FMT/GQ <20) were set to “missing.” Sites were
discarded if they failed thresholds for strand bias (FS
> 20), normalized quality (<2), RMS mapping quality
(<30), read depth (<150 or >300), positional/mapping bias
(MWU<—-0.5), inbreeding coefficient (<—0.5), or strand
odds ratio (>3). Indels were normalized and sites with-
out reference alleles removed. Low minor allele count in-
dels (<2) were filtered with make_indel_mask.rb (Ronco et
al., 2021), and both the mappability and repeat masks ap-
plied. Spanning deletions were replaced with missing data
using replace_spanning_deletions.rb (Ronco et al., 2021),
and sites no longer polymorphic were removed. Missingness
per site was calculated with BCFtools, and sites with >50%
missing data were excluded. Filtered scaffolds were concate-
nated with GATK’s “GatherVCFs” (McKenna et al., 2010),
producing the “permissive dataset” of 86,977,236 SNPs. A
more stringent “strict dataset” applied similar filtering but
with FMT/DP < 5, EMT/GQ < 25, FS > 15, RMS map-
ping quality <40, and strand odds ratio >2, resulting in
2,098,690 SNPs.

Phylogenomic analyses

To investigate the divergences and relationships within the
Pristurus radiation of the Hajar Mountains, we conducted
phylogenomic reconstructions using the “strict dataset” of
genome-wide nuclear SNPs. We assigned the individuals to
the respective genetic lineages defined by Burriel-Carranza et
al. (2025b) and defined P. flavipunctatus as sister to all other
species to construct a time-calibrated phylogenetic tree un-
der the multispecies coalescent (MSC) model with SNAPP
(Bryant et al., 2012), using its implementation in BEAST2
v.2.7.3 (Bouckaert et al., 2019) and the strict molecular
clock model, following Stange et al. (2018). We generated
the input file for SNAPP using snapp_prep.rb (https://github.
com/mmatschiner/snapp_prep), applying a constraint on the

920z 8unr g0 uo 1sanB AQ 6800998/1 | € 1/9/08/3101E/N|0AS/W00"dNO"01WSPED.//:SARY WOy PAPEOJUMOQ


https://doi.org/10.5061/dryad.r7sqv9sj3;
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag062#supplementary-data
https://broadinstitute.github.io/picard/
https://github.com/lh3/misc
http://lh3lh3.users.sourceforge.net/snpable.shtml
https://github.com/nextgenusfs/redmask
https://github.com/mmatschiner/snapp_prep

1316

divergence between P. flavipunctatus and the P. rupestris
species complex with a lognormal prior distribution cen-
tered at 20.82 mya with a standard deviation of 0.08, based
on the mean and the 95% highest posterior density (HPD)
interval estimated by Burriel-Carranza et al. (2025b). Due
to the high computational demand of SNAPP, we reduced
the number of SNPs of the strictly filtered dataset from
2,098,690 to 10,000 randomly chosen SNPs, and simulta-
neously removed sites without genotype information for one
or more species, as well as tri-allelic sites and tetra-allelic
sites. We performed three replicate SNAPP runs, each with
a length of 500,000 generations, sampling every 50 gener-
ations. We checked for convergence and stationary of the
resulting combined Markov Chain Monte Carlo (MCMC)
simulations in Tracer v.1.7.1 (Rambaut et al., 2018).

Introgression analyses

To investigate the presence of introgression within the P. ru-
pestris species complex, we calculated both Patterson’s D-
statistic and f4-ratio using Dsuite (Malinsky et al., 2021)
with both permissive and strict datasets. The D-statistic
quantifies imbalance in the sharing of ancestral and derived
alleles among two sister lineages (P1 and P2), a third lineage
(P3) diverged from their common ancestor, and an ancestral
fourth lineage (P4). Individuals were assigned to species and
genetically identified lineages (sensu Burriel-Carranza et al.,
2025a), with P. flavipunctatus as the ancestral taxon, and
the SNAPP genomic tree used as the underlying topology.
The D-statistic and f4-ratio were calculated for all possible
lineage trios and visualized in a heatmap.

Since the D-statistic can produce misleading signals
when lineages have different evolutionary rates, we also
ran tree-based introgression tests that have been shown
to be reliable under these conditions (Koppetsch et al.,
2024): Dy, a test equivalent to D-statistic but based on
frequencies of alternative rooted tree topologies for a given
species trio (Ronco et al., 2021), and Species Networks
applying Quartets (SNaQ), a maximum-likelihood infer-
ence method of phylogenetic networks under the MSC
model with hybridization (Solis-Lemus & Ané, 2016).
As input for these two tests, local trees sampled across
the genome were generated as follows: contigs with <10
SNPs were removed using BCFtools v.1.15 (Li, 2011),
and the remaining variants were phased with beagle v.5.4
(Browning & Browning, 2007). Genotypes previously
missing or masked were re-masked after phasing (Ronco et
al., 2021). Alignments of 5,000 bp were prepared, select-
ing one individual per lineage with the least missingness.
Alignment blocks were extracted using extract_blocks.rb
(https://raw.githubusercontent.com/mmatschiner/tutorials/
refs/heads/master/analysis_of_introgression_with_
chromosome_length_alignments/src/extract_blocks.rb)
and filtered to exclude blocks with <25 parsimony-
informative sites or >10 hemiplasies. Maximum-likelihood
phylogenies were inferred using IQ-TREE v.2.2.2 (Minh
et al., 2020), specifying P. flavipunctatus as outgroup.
Uninformative trees with internal branches <0.001 substi-
tutions per site were removed (Ronco et al., 2021), and the
remaining trees were concatenated. Dy was run using an-
alyze_tree_asymmetry.rb (Ronco et al., 2021), with counts
of alternative rooted tree topologies tested for introgression
significance via a one-sided binomial test. The same tree
set was used as an input for SNaQ (Solis-Lemus & Ané,

Koppetsch et al.

2016), testing up to two reticulation events by quantifying
concordance factors for unrooted species quartets and
calculating likelihoods under the MSC with hybridization.

Demographic history analyses

To infer the demographic history of the P. rupestris species
complex, we used the pairwise sequential Markovian coales-
cent (PSMC) software (https://github.com/lh3/psmc). Het-
erozygous positions were identified from BAM files us-
ing SAMtools v.1.13 (Li et al., 2009), excluding samples
with mapping or base quality <30. A generation time of
1 year was assumed for species of the P. rupestris complex
(Ackermann, 2018), and the mutation rate was set to the
mean squamate mutation rate (1.75 x 10~ per site per year;
Gemmell et al. (2020)). To evaluate variability in N, esti-
mates, 15 bootstrap replicates were conducted per individ-
ual, and results were plotted per lineage and species using
gnuplot v.5.4.2. We also calculated 7 using pixy (Korunes
& Samuk, 2021) to estimate N, under a constant popula-
tion size assumption. Variants called with GATK (see above)
were hard-filtered using GATK’s “VariantFiltration” (GATK
v.4.4; McKenna et al., 2010) for contigs >10 Mbp, exclud-
ing variants with strand bias >60 or strand odds ratio >3.
Additional quality filters were mapping quality <40, map-
ping quality rank sum <—12.5, quality by depth <2, and
read position rank sum <—38.0. Variants were further fil-
tered with BCFtools v.1.15.1 (Li, 2011) to exclude depth <3,
genotype quality <20, or reference genotype quality <20,
retaining only high-confidence genotypes. Multiallelic sites
and indels were removed. 7 was then calculated in 100,000
bp windows for all contigs, and mean 7 was inferred per
genetic lineage.

Results

Phenotypic differentiation

Linear morphometric analyses of 83 individuals showed a
broad overlap in body shape morphospace across the P. ru-
pestris species complex (excluding the single individual of P.
assareen) (Figure 2). The pairwise Procrustes distance com-
parisons based on the principal components of the PCA (ex-
plaining more than 50% of all shape variance) revealed no
significant shape differences between P. feulneri and either P.
omanensis or P. rupestris s.strc. In contrast, significant differ-
ences were found between P. ali and P. feulneri, P. omanensis,
and P. rupestris s.strc. (p = 0.001—0.006), as well as between
P. omanensis and P. rupestris s.strc. (p = 0.023) (Table S4).
However, variance analyses indicated no significant differ-
ences in phenotypic dispersion among all the four species (p
> 0.05) (Table S4). Procrustes ANOVA based on genetic lin-
eage identity revealed significant variation in body shape (p
= 0.001, Z = 5.06) (Tables S5 and S6). Also, pairwise Pro-
crustes distance comparisons indicated that some lineages
exhibited significant differences in body shape. Particularly,
lineage BFD4 of P. ali showed the strongest divergence from
all the other lineages (p = 0.001-0.051). However, some lin-
eages, such as BFD11 and BFD6, displayed minimal differ-
entiation from each other (p > 0.1). No significant differ-
ences in body shape were found among geographic regions
(p =0.367) (Figure S2). Also, phenotypic differences in body
shape variation across elevations were not statistically signif-
icant (p = 0.838) (Figure S3).
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Figure 2. Reconstructed morphospace based on linear measurements of the different species (symbols) and genetic lineages (colors) across the
Pristurus rupestris species complex. The first two principal components of the PCA explain more than 50% of all shape variance. The morphospace was
constructed based on nine independent linear measurements of 84 Pristurus specimens corrected for the effect of body size (see the “Materials and
Methods" section and Table S1). Neither species nor genetic lineages are well-separated in morphospace.

Geometric morphometrics based on 3D landmarks cap-
turing head shape across the same 83 individuals of the P.
rupestris species complex showed a strong overlap in mor-
phospace among species (Figure 3). Procrustes ANOVA re-
vealed no significant overall differences in head shape among
P. ali, P. feulneri, P. omanensis, and P. rupestris s.strc. (p
= 0.314) (Table S7). Pairwise Procrustes distance compar-
isons identified some degree of interspecific differentiation
in head shape, though none of these differences were statis-
tically significant (p > 0.05) after accounting for multiple
comparisons. Variation in head shape was not significantly
different across species (p = 0.515-0.932), with the lowest
observed variance in P. ali (0.00315) and the highest in P. 7u-
pestris s.strc (0.00353) (all not significant; p > 0.05) (Table
S7). Among the genetic lineages, the Procrustes ANOVA re-
vealed significant variation in head shape (p = 0.011) (Tables
S8 and S9). Pairwise comparisons highlighted high similar-
ity in head shape, with 44 of 55 comparisons (80%) yielding
nonsignificant differences (p > 0.05). Only 11 comparisons
(20%) showed significant differentiation. Notably, lineages
BFDS8 (p = 0.003-0.030) and BFD11 (p = 0.003-0.045) of
P. feulneri exhibited some distinctness in head shape relative
to the other lineages. Head shape did not differ significantly
among geographic regions (p = 0.298) (Figure S4). Variance
was slightly lower at high elevations (0.0032) than at low el-
evations (0.0037), but this difference was not significant (p
= 0.286) (Figure S3). Trajectory analysis revealed that P. ali
exhibited a significantly greater path distance than P. feul-
neri (p = 0.011), and indicated cranial shape convergence at
high elevations (p = 0.075) (Figure S6). Phylomorphospace
patterns of comparisons between P. ali, P. feulneri, and P.
rupestris s. strc. showed no clear disparity differences but
strong clade overlap (Figure S7).

Genome assembly

Using PacBio HiFi sequencing, we obtained the first de novo
reference genome assembly for the genus Pristurus. The fi-
nal assembly for P. rupestris s. strc. spans 2.3 Gbp, with a
scaffold N50 length of 7.5 Mbp, and a longest scaffold with
a length of 57 Mbp (Figure S8). The BUSCO analysis re-
vealed a 98.5% completeness of metazoan ortholog groups,
and a GC content of 44.8% (Figure S8). The BlobToolKit
test showed that only 3.9 Mbp (0.17%) of the final assem-
bly were assigned to non-Chordata or did not match to a
metazoan phylum at all (Figure S9). Diploidy was confirmed
with the k-mer analysis using SmudgePlot, indicating 81%
of all heterozygous k-mer pairs as diploid and only about
19% as triploid or tetraploid (Figure S10 and S11). The fi-
nal genome assembly was stored and is available on NCBI
under the BioProject PRINA1444514.

Phylogenomic reconstruction

To investigate the evolutionary relationships within the P. ru-
pestris species complex, we inferred a time-calibrated phy-
logenetic tree under the MSC model (Figure 4). We recov-
ered a monophyletic clade formed by P. ali, P. assareen, P.
feulneri, P. omanensis, and P. rupestris s. strc. The topology
within this clade is congruent with a recent phylogeny based
on ddRAD data (Burriel-Carranza et al., 2025a), as well
as previous phylogenetic analyses of the complex (Badiane
et al., 2014; Garcia-Porta et al., 2017). Interspecific diver-
gence times within the P. rupestris species complex were
found to be even older than those reported recently by
Burriel-Carranza et al. (2025a), ranging from about 16.5
to 6 million years ago (Ma), and more similar to the esti-
mates of Garcia-Porta et al. (2017). We estimated the time
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Figure 3. Reconstructed morphospace based on landmark-based 3D shape analyses of head shape for the different species (symbols) and genetic
lineages (colors) across the Pristurus rupestris species complex represented by the first two principal components of the PCA (explaining more than
34% of all shape variance). The morphospace was constructed based on 67 landmarks and semilandmarks of 84 Pristurus specimens and corrected for
the effect of body size (see the “Materials and Methods” section). Both species and genetic lineages show a great overlap across their morphospace.
Extreme head shape phenotypes along the first two principal components are given below the corresponding coordinate axes. A typical
three-dimensional skull model of Pristurus rupestris (lateral view; see Figure S1 for landmarking scheme) is shown in the top-right panel of the PCA plot.
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Figure 4. Robust genomic phylogeny of the entire radiation of the Pristurus rupestris species complex. Time-calibrated tree inferred under the
multispecies coalescent model for the genetic lineages and species of the Pristurus rupestris species complex defined in Burriel-Carranza et al. 2025b.
Two P flavipunctatus specimens are used as outgroup. Mean divergence-time estimates are shown at each node. All nodes are supported by a posterior
probability of 1. The strict dataset comprising 2,098,690 SNPs was used for the phylogenomic reconstruction (see the “Material and Methods"” section ).
The geological time scale is color coded according to the International Chronostratigraphic Chart. Inset picture shows a specimen of P feulneri.
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Figure 5. Signals of introgression among the genetic lineages of the Pristurus rupestris species complex. Upper matrix: Patterson’s D-statistic with
corresponding p-values for all possible combinations of trios of the 12 genetic Pristurus lineages defined. Lower matrix: Signals of introgression among
11 lineages of the Pristurus rupestris species complex indicated by the Dyee-statistic. This test is equivalent to the D-statistic, but based on frequencies
of alternative rooted tree topologies for a given species trio. The heat map is showing the Dyee-statistic with corresponding p-values for all possible
combinations of trios of the genetic Pristurus lineages defined. Lineage BDF 11 of R feulneri (in gray) was excluded due to a high proportion of missing
data. The two different approaches uncovered genetic exchange both among and across P feulneri and R rupestris s. str.

of divergence between P. flavipunctatus and the P. rupestris
species complex at 20.75 Ma (95% HPD: 17.73-24.07
Ma). Within the latter radiation, P. omanensis was found
to have split 16.48 Ma (95% HPD: 13.83—19.07 Ma) from
the other representatives of the species complex. Then P. ali
diverged 11.58 Ma (95% HPD: 9.81-13.52 Ma) from a
monophyletic group encompassing two clades that diverged
8.57 Ma (95% HPD: 7.16—9.91 Ma): one clade with P. as-
sareen and P. rupestris s. strc., and another clade with P. feul-
neri. Around 6.21 Ma (95% HPD: 5.25—7.24 Ma), P. assa-
reen separated from P. rupestris s. strc. Divergence times of
the intraspecific genetic lineages defined by Burriel-Carranza
et al. (2025b) ranged from 4.02 Ma (95% HPD: 3.37—4.7
Ma) within P. feulneri to 0.23 Ma (95% HPD: 0.11-0.36
Ma) within P. omanensis.

Introgression analyses

Using the permissive dataset of 86,977,236 SNPs, we tested
for the presence of introgression between the different
species and genetic lineages of the P. rupestris species com-
plex. By calculating the commonly used D-statistic and f4-
ratio, as well as applying the two tree-based introgression
tests, Dyee and SNaQ, we found both intra- and interspe-
cific signals of genetic exchange. The D-statistic significantly
supported introgression within P. rupestris s. strc. between
the genetic lineages BDF1 and BDF3 with D = 0.256 (p

= 2.3 x 107'6) (Figure 5). Allele sharing between these
two clades was also supported by the corresponding f4-ratio
(0.188) (Figure S12). In addition, the D-statistic revealed
positive signals of interspecific genetic exchange between the
five genetic lineages of P. feulneri and three lineages of P. ru-
pestris s. strc. with significant D-values ranging from 0.156
to 0.192 (Figure 5). The results of the Dy..-test confirmed
the introgression events detected by the D-statistic, but re-
vealed an additional significant signal of intraspecific genetic
exchange (D = 0.113) within P. feulneri between the lineages
BFD7 and BFDS (Figure 5). The species-level topology of the
backbone tree recovered by SNaQ was concordant with the
phylogenomic reconstruction using SNAPP, with only minor
differences for the internal positions of some genetic lineages
within P. feulneri and P. rupestris s. strc. (Figure 6). Given
a maximum number of two reticulation events, SNaQ sup-
ported a reticulation involving the common ancestor of P.
feulneri and P. feulneri BFDS, suggesting genetic exchange
within P. feulneri between a presumably unsampled ghost
lineage and P. feulneri BFD8 (Figure 6). Another reticulation
event was found between P. rupestris s. strc. lineage BDF1
and the ancestor of P. feulneri (Figure 6).

Demographic histories

The demographic history of each representative of the P.
rupestris species complex was inferred with PSMC analy-
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Figure 6. Phylogenetic network indicating occurrence and direction of genetic exchange among the Pristurus rupestris species complex. Topology and
reticulation events were uncovered by Species Networks applying Quartets (SNaQ), a maximum-likelihood inference method of phylogenetic networks
based on the multispecies coalescent model with hybridization. Reticulation events are represented by blue dotted lines, with numbers indicating the
proportion of alleles inherited from each involved lineage (arrow indicating direction of genetic exchange from donor lineage to recipient lineage).

ses, which revealed strong interspecific differences in past
population dynamics (Figure 7), but for some taxa, com-
parable changes in N, among intraspecific lineages (Figures
S13—S15). While P. assareen and P. omanensis did not show
rapid changes in past population size, opposite patterns were
found for the other species of the radiation. Effective pop-
ulation sizes for the three genetic lineages of P. rupestris s.
strc. fluctuated between 1 million and 100,000 years ago,
with particular sharp increases and declines in N, for lineage
BDF2, while all lineages showed a population decline about
30,000 years ago. Between 1 million and 300,000 years ago,
both P. ali and P. feulneri showed a moderate decline in N,.
For P. ali, increasing levels in population size were found
about 100,000 years ago, followed by a slight decline about
30,000 years ago, and a moderate to rapid increase about
20,000 years ago. Some lineages of P. feulneri showed popu-
lation growth about 100,000 years ago, and fluctuations and
a more rapid increase toward the presence, about 20,000
years ago. Effective population sizes calculated with pixy
under the assumption of a constant population size comple-
mented the results of the PSMC analysis (Figure 7). Using
pixy, the highest N, was found for P. ali with about 1.3 mil-
lion individuals. For the lineages of P. rupestris s. strc., N,
ranged from about 640,000 to 1 million individuals, for P.
feulneri from about 520,000 to 1 million individuals, for P.
omanensis from 635,000 to 690,000 individuals, and for P.
assareen about 680,000 individuals (Figure 7).

Discussion

Recent years have seen an exponential growth in the avail-
ability of reference genome data for vertebrates (Rhie et
al., 2021). However, the proportion of high-quality genome
assemblies relative to described species diversity remains
substantially lower in squamates and amphibians than in

mammals and birds. Among squamates (Card et al., 2023;
Gable et al., 2023; Pinto et al., 2023), Gekkota are partic-
ularly underrepresented, with approximately 30 available
reference genomes despite encompassing 2,466 recognized
species (Uetz et al., 2025). The family Sphaerodactylidae
alone comprises 239 species, yet genomic resources remain
scarce: Apart from the two New World species Sphaero-
dactylus glaucus Cope, 1866 and S. townsendi Grant, 1931,
this study provides only the third reference genome for
an Old World sphaerodactylid gecko, P. rupestris s. strc.,
alongside Euleptes europaea (Gené, 1839) and Teratoscin-
cus roborowskii Bedriaga, 1906 (Feiner et al., 2025).

In the present study, we integrated geometric morpho-
metric analyses with phylogenomic reconstructions across
deeply divergent lineages within the extraordinary radia-
tion of Pristurus geckos in the southeastern Arabian Ha-
jar Mountains, accounting for intraspecific genetic structure.
We investigated phenotypic differentiation and its evolution-
ary significance for the five species of the P. rupestris species
complex—P. ali, P. assareen, P. feulneri, P. omanensis, and
P. rupestris s. strc. We present whole-genome data for all
genetic lineages previously identified within this radiation
(Burriel-Carranza et al., 2025a; Garcia-Porta et al., 2017)
and generated a reference genome for a topotypical speci-
men of P. rupestris s. strc. Despite a lack of clear phenotypic
differences among species, our findings reveal deep diver-
gences within this radiation, dating back more than 16 Ma
and extending the age estimates recently reported by Burriel-
Carranza et al. (2025b). Moreover, we found evidence of ge-
netic exchange both within and across species, along with
striking interspecific differences in demographic histories.
Our study underscores the prevalence of strong phenotypic
crypticity despite deep phylogenetic divergence, highlighting
the complex evolutionary history of this radiation of Pristu-
rus geckos.
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Figure 7. Demographic history analysis and effective population size of the Pristurus rupestris species complex. Demographic histories were
reconstructed with pairwise sequential Markovian coalescent (PSMC) for all species and genomic lineages of the P rupestris species complex in the
Hajar Mountains. A generation time of one year and a substitution rate of 1.75 x 1072 per site per year were assumed. Estimates of effective population
size (Ne) shown on the left of each PSMC plot were calculated with pixy under the assumption of a constant population size over time.

Our morphometric analyses of both external phenotypic
traits and internal cranial osteology highlight a substantial
overlap in both body shape and head shape within the P.
rupestris species complex (Figures 2 and 3). Previous stud-
ies have already suggested a high degree of crypsis for this
Pristurus radiation (Badiane et al., 2014; Garcia-Porta et al.,
2017), as extensive morphological variability within and be-
tween species obscures clear external diagnostic characters
(Burriel-Carranza et al., 2025a). Moreover, the broad over-
lap in head shape indicates that no clear differentiation in
skull morphology exists among species, further supporting
interspecific similarities in various ecological and functional
traits associated with cranial morphology, e.g., bite force
or feeding ecology (Herrel et al., 2001; Kaliontzopoulou
et al., 2012). Additionally, the existence of two ecologi-
cally distinct phenotypes—a robust high-elevation morpho-
type and a slender low-elevation morphotype—could not be
clearly assigned to specific species or genetic lineages. In-
stead, our findings suggest that this pattern may be driven
by the apparent convergence in head shape among individ-
uals from high elevations as suggested by Garcia-Porta et al.
(2017) (Figure S6), reflecting the presence of ecological con-

straints specific to arid high-altitude mountains. While in-
traspecific morphological differentiation was found for spe-
cific lineages, for example, among lineages of P. feulneri, no
significant differences in morphological disparity were de-
tected at the interspecific level. Further insights into pat-
terns of intraspecific variation would require a more com-
prehensive and balanced sampling across lineages and en-
vironmental categories. So far, the possible causes of no-
table phenotypic similarity in the P. rupestris species com-
plex remain unclear. In other small-sized geckos, miniatur-
ization has been linked to reduced skull variation and a high
degree of morphospace overlap, likely due to strong struc-
tural constraints on skull architecture (Daza et al., 2008;
Rieppel, 1984). This pattern has been particularly well-
documented in the nonadaptive radiation of miniaturized
day geckos of the genus Lygodactylus (Lobén-Rovira et
al., 2024), where evolutionary constraints limit cranial di-
versification despite species richness. Such constraints may
similarly contribute to the observed overlap in skull mor-
phology within the miniaturized species of the P. rupestris
complex, potentially restricting the extent of morphological
divergence.
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Morphological stasis in the P. rupestris species complex
may have been driven by niche conservatism and a strong re-
liance on rocky microhabitats in arid environments (Arnold,
1993, 2009). These factors could have shaped adaptive op-
tima that are maintained by stabilizing selection, prevent-
ing significant morphological divergence despite deep evolu-
tionary splits. Similar patterns have been observed in other
phenotypically cryptic yet phylogenetically divergent squa-
mate species (Guarnizo et al., 2016; Marin et al., 2018),
where strong selective pressures constrain morphological
evolution. Smith et al. (2011) demonstrated that species
in a cryptic agamid lizard complex (Diporiphora) exhibit
a history of constrained phenotypic evolution, with lin-
eages showing a tendency to revert to an intermediate mor-
phological state over time. While our trajectory analysis
of head shape variation (Figure S6) indicates that cranial
shape evolved independently at high elevations in a lineage-
specific manner for P. rupestris and P. ali, P. feulneri ex-
hibits little to no morphological change with elevation. This
suggests that in extreme high-elevation environments, sta-
bilizing selection may help maintain morphological simi-
larity despite ongoing genetic divergence. This pattern of
constrained phenotypic evolution aligns with broader evi-
dence that environmental constraints can shape and main-
tain morphological stasis in squamates across evolutionary
timescales, particularly in harsh habitats. Such cases have
been documented for other geckos from harsh arid envi-
ronments, e.g., cryptic Diplodactylus species, which also ex-
hibit striking phenotypic similarities despite deep phyloge-
netic splits (McDonald et al., 2024), further supporting the
role of ecological pressures in limiting morphological diver-
gence. Overall, while ecological pressures may drive con-
vergence in certain lineages of the P. rupestris species com-
plex, the pervasive morphological similarity across the ra-
diation likely also reflects developmental or structural con-
straints that limit diversification, reinforcing the combined
roles of intrinsic and extrinsic factors in shaping phenotypic
stasis.

Characteristic for Pristurus geckos is their unique behav-
ior and intraspecific communication by body compression,
limb and throat extension, and caudal signaling, the lat-
ter involving tail waving and curling (Ackermann, 2018;
Ackermann & Zwanzig, 2018; Arnold, 1993, 2009). The
strong overlap in head shape (Figure 3) and overall similar-
ity in body morphometrics (Figure 2) shown by our pheno-
typic analyses confirm the lack of clear external morpholog-
ical diagnostic traits allowing to distinguish taxa within the
P. rupestris species complex. However, the absence of dis-
tinct visual traits does not preclude the possibility that these
species exhibit behavioral differences facilitating species-
specific recognition. Differences in communication signals,
territorial displays, and mate choice could play a crucial
role in maintaining species boundaries despite morpholog-
ical similarity.

Phylogenomic reconstruction and divergence time esti-
mates revealed deep evolutionary splits within the Pristurus
radiation in the Hajar Mountains (Figure 4). Interspecific
divergences within the P. rupestris species complex range
from approximately 16.5 to 6 million years ago, substan-
tially older than estimates reported recently for the same
group by Burriel-Carranza et al. (2025a) and more compara-
ble to estimates from Garcia-Porta et al. (2017). These deep

Koppetsch et al.

Miocene splits indicate that recent divergence cannot ex-
plain the pronounced phenotypic similarity observed among
lineages. This stands in contrast to examples of other species-
rich yet phenotypically constrained groups of geckos, such
as the recently diverged nonadaptive radiation of the New
Caledonian genus Bavayia, occurring as recently as the
Pliocene (Bauer et al., 2022). The relatively old age of the
P. rupestris species complex, combined with its pronounced
phenotypic similarity, underscores its unique evolutionary
history among geckos and reinforces the Hajar Mountains
as a long-term biodiversity reservoir. These deep divergences
demonstrate that morphological stasis can be maintained
over tens of millions of years, making this one of the oldest
known cases of cryptic diversification in an Arabian reptile
hotspot (Burriel-Carranza et al., 2025b). Remarkably, the in-
trageneric splits within this radiation are older than those in
many other gecko groups at comparable taxonomic levels,
further highlighting the extraordinary evolutionary persis-
tence of morphologically similar lineages in this system. For
instance, whereas most intrageneric and generic diversity in
various diplodactylid geckos has accumulated relatively re-
cently (Oliver & Sanders, 2009; Skipwith et al., 2016), the
deep splits between major clades at higher taxonomic lev-
els in their phylogeny are more comparable in age to those
observed at species level within the Pristurus radiation.
Introgression analyses (Figure 5) revealed that hybridiza-
tion is confined to specific lineage pairs, and so it cannot
explain the widespread phenotypic similarities across the P.
rupestris species complex. The restricted pattern of intro-
gression detected here most likely reflects historical episodes
of secondary contact rather than ongoing gene flow among
extant populations, contrasting with patterns reported for
other geckos in the Hajar Mountains, e.g., Trachydactylus
hajarensis (Burriel-Carranza et al. 2023a). Such ancient ad-
mixture events could represent past range shifts and cli-
matic oscillations that may have facilitated transient con-
tact between now-divergent lineages, leaving localized ge-
nomic signatures of introgression. Given the deep diver-
gences, prezygotic barriers, such as Muller—-Dobzhansky in-
compatibilities, may prevent ongoing genetic exchange de-
spite sympatric or even syntopic occurrences of represen-
tatives of the P. rupestris species complex, as observed for
P. assareen and P. rupestris s. str. (Burriel-Carranza et al.,
2026). Therefore, rather than being the result of ongoing
gene flow producing intermediate phenotypes, these mor-
phological similarities are more likely driven by shared en-
vironmental pressures and stabilizing selection that limit di-
vergence in skull morphology, despite the deep genetic splits.
In addition, pronounced fluctuations in population dynam-
ics (Figure 7) underscore the distinct demographic histories
of the five species within the Pristurus radiation. The obser-
vation of unexpectedly high estimates of effective popula-
tion sizes in range-restricted species, such as P. ali, suggests
complex historical shifts in population densities or distribu-
tion ranges. These patterns may reflect past environmental
fluctuations, habitat fragmentation, or varying levels of con-
nectivity between populations over time. Still, unlike other
species-rich gecko diversifications, such as Cyrtodactylus—
the third most speciose vertebrate genus (Grismer et al.,
2021a, 2021b)—our morphometric analyses revealed that
species of the P. rupestris complex do not exhibit a strong
correlation between microendemism and ecomorphological
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diversification. This is despite the fact that some species, like
P. ali or P. assareen, are highly microendemic and have very
restricted distributions, with the latter restricted to Wadi
As Sareen Nature Reserve (Burriel-Carranza et al., 2026),
ranking among the Arabian reptiles with the most restricted
ranges (Burriel-Carranza et al., 2025a; Meiri et al., 2018).

Overall, our results highlight the P. rupestris species com-
plex in the Hajar Mountains as a remarkable system for
studying evolutionary history and adaptations in squamates,
offering a rare combination of deep phylogenetic divergence
and strong phenotypic similarity. The contrast between the
substantial genetic differentiation among species and their
overlapping external morphology underscores the complex-
ity of evolutionary processes shaping this radiation. In light
of Struck et al.’s (2018) framework, our data suggest that the
crypticity in the Pristurus radiation in the Hajar Mountains
is driven by phenotypic stasis in the face of ecological lim-
itations, rather than recent divergence, given the persistent
morphological similarity despite significant genetic differ-
entiation. Moreover, we found indications of an additional
level of cryptic differentiation within the P. rupestris species
complex, given that the high-elevation type evolved indepen-
dently from the low-elevation one in different species. With
the addition of extensive whole-genome data and a new de
novo reference genome for an Old World sphaerodactylid
gecko, this system provides an unparalleled opportunity to
investigate the interplay of selection, phenotypic stasis, and
gene flow in shaping diversification. Future studies integrat-
ing transcriptomic data could reveal whether specific genes
or regulatory elements contribute to maintaining morpho-
logical similarity despite evolutionary divergence. Addition-
ally, behavioral and ecological studies are needed to unravel
the mechanisms that maintain species boundaries in the ab-
sence of clear morphological differentiation, ultimately pro-
viding deeper insights into how squamates adapt and diver-
sify in extreme arid environments.

Supplementary material

Supplementary material is available online at Evolution.
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