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Abstract

Aim: Hyper-arid sandy and rocky fields rank among the least biologically diverse
habitats of the desert biome, yet knowledge of local biodiversity patterns is also ex-
tremely poor. In the Sahara Desert, palaeoclimate oscillations affected the extent of
hyper-arid habitats, but it is unclear how these dynamics determined the evolution
and distribution of local specialists. Herein, we assessed cryptic diversity, diversifica-
tion patterns and spatial connectivity within a Sahara-widespread group of dryland-
adapted lizards.

Location: Sahara-Sahel ecoregions.

Taxon: Acanthodactylus scutellatus species group.

Methods: Inter- and intraspecific phylogenetic structure, divergence times, spatial
genetic patterns and cryptic diversity were assessed using nuclear and mitochondrial
loci. The effects of topography and land cover on phylogeographic structure and di-
versity were tested with generalized linear models. Interspecific hybridization was
evaluated using 11 microsatellites across the group's major sympatry zone, predicted
based on ecological niche models.

Results: Species of Acanthodactylus scutellatus group exhibit Late Miocene origins,
followed by extensive intraspecific divergence throughout the Pliocene. The northern
Sahara worked as a major diversification hotspot, harbouring a patchwork of small-
ranged, divergent lineages. These lineages are parapatric or sympatric and present
concordant nuclear and mitochondrial differentiation, suggesting species status.
Genetic connectivity increases in southern latitudes, with wide-ranging lineages
spanning from the Red Sea to the Atlantic coast. Within these potential corridors,
mountain outskirts and sand fields in the Sahara interior seemingly acted as origins
for recent population expansions. Genetic diversity and connectivity are favoured by
terrain roughness and soft-sand cover respectively. Three species inhabit the Atlantic
Sahara sympatry zone without evidence of gene flow.

Main conclusions: Overlooked species-level diversity within a major specialist group

of Sahara drylands exposes the recurrent knowledge shortfalls present in hyper-arid
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1 | INTRODUCTION

Deserts and arid zones present the lowest species richness among
the Earth's biomes (Hughes et al., 2021). Biased by this poor di-
versity, we tend to perceive desert biomes as vast and homoge-
neous environments devoid of life, which consequently attract
less research and conservation interest (Durant et al., 2012) de-
spite providing key global ecosystems services (e.g., climate regu-
lation [Barkley et al., 2022]). However, many deserts experienced
a dynamic geological past (Pepper & Keogh, 2021) that generated
high levels of endemism (Smid et al., 2021) and unique biodiversity
adaptations to aridity (Ward, 2016). The Sahara Desert, together
with the neighbouring Sahel (Figure 1), is the largest warm desert
on Earth, exhibiting a wide variety of climate and topography (Brito
et al., 2014). It spans poor and low developed areas where remote-
ness, armed conflicts and socio-political instability have undermined
surveying and research for decades (Brito et al., 2018). Because of
this, Saharan biodiversity is possibly the least known among world
deserts (Brito & Pleguezuelos, 2020). Yet, severe anthropogenic
(Durant et al., 2014) and climatic (Soultan et al., 2019) disturbances
heighten the urgency to properly catalogue its extant species, un-
derstand their biogeographic and evolutionary history and identify
priority conservation zones (Brito et al., 2016).

The inventory of Saharan species diversity has long relied on
external morphology (e.g., Crochet et al., 2003), which can be mis-
leading given that species' morphology tends to converge due to the
harsh desert environments. This has led to a low-resolution taxon-
omy where distant populations without obvious morphological dif-
ferences were aggregated under the same unit (e.g., Mesalina spp.
[Pizzigalli et al., 2021]), thus creating an impression of low biological
turnover across the desert. The implementation of molecular tools
(reviewed by Brito et al., 2014 but see Velo-Antén et al., 2022) led
to the identification of unrecognized diversity within several wide-
ranging species (e.g., Tropiocolotes tripolitanus [Machado et al., 2020]),
questioning the presumed homogeneity of the Sahara. However, re-
search efforts are largely biased towards the milder and more acces-
sible areas (mountains [e.g., Liz et al., 2021] and desert margins [e.g.,
Velo-Anton et al., 2018]; Weiss et al., 2018), while the most xeric
habitats (i.e., Aridity Index <0.03 [Ward, 2016]; Figure 1) remain
genuinely understudied and perceived as biologically uniform (Brito
et al., 2014). These habitats exhibit more geological and ecological
diversity than what is often realized (Brito & Pleguezuelos, 2020),

desert environments. Humidity and sandy habitat shifts triggered potential suc-
cessions of population isolation and re-connectivity, which favoured cladogenesis

in northern desert regions and population expansions across southern east-west

climatic cycles, gene flow, hidden diversity, lizard, North Africa, phylogeography, sand corridor,
speciation, sympatry, xeric

harbouring specialists of a single type of substratum such as sand
dunes (ergs; e.g., Scincus spp. [Smid et al., 2020]) or rocky plains (regs
or hammadas; e.g., Uromastyx spp. [Tamar et al., 2017]). Incomplete
knowledge negatively impacts conservation efforts due to biased
biodiversity metrics (Brito et al., 2016); thus, phylogeographic stud-
ies of wide-ranging xeric species are needed to assess the extent of
knowledge shortfalls in the hyper-arid Sahara.

Speciation events and current biodiversity distribution patterns
in the Sahara have been influenced by dry/humid cycles since the
Late Miocene (Drake et al.,, 2011). The land cover changes that
resulted from climatic oscillations likely elicited contrasting re-
sponses from taxa with different ecological requirements (Brito
et al., 2014). Mountains are traditionally depicted as refugia and
speciation centres for mesic species (e.g., Agama spp. [Goncalves,
Pereira, et al., 2018]), but it is unclear how this pattern applies to
dryland specialists. These species may have experienced isolation
and divergence in xeric lowlands, which were fragmented during
green Sahara periods (such as the African Humid Period ~6 kya).
However, the climatic cores of xeric habitats could have become
too extreme to allow long-term population persistence during arid
phases, which would imply that xeric refugia are instead located
on the edge of these habitats or on the outskirts of mountain re-
gions. The intermittent expansion and interconnection of sand fields
opened opportunities for the dispersal of erg specialists, leading to
rapid trans-Saharan radiations (e.g. Scincus spp. [Smid et al., 2020]).
No comprehensive assessment exists on the location of these cor-
ridors, although the current distribution of some sand-adapted lin-
eages (e.g., Stenodactylus petrii [Metallinou et al., 2012]) suggests
that they stretched from east to west of the continent throughout
southern desert regions, potentially linked to southward desert
expansions during arid Sahara phases (e.g., Last Glacial Maximum
~21 kya; Steele, 2007). This contrasts with a widespread pattern of
range breaks across northern regions (e.g., Chalcides spp. [Carranza
et al., 2008]), where humid barriers between xeric habitats (Scerri
et al., 2014) likely prompted population fragmentation.

Wide-ranging dryland-adapted taxa with high ecological or
morphological variation are ideal to investigate the major driv-
ers of diversification in xeric species. Acanthodactylus fringe-
toed lizards present such high diversity, holding similar potential
for eco-evolutionary studies to Podarcis spp. in Europe (Yang
et al., 2021), but are still poorly studied. The A. scutellatus species
group (Boulenger, 1921; hereafter, Scutellatus group) comprises
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FIGURE 1 Top: Land cover map of the study area including the three desert-type variables (Bicheron et al., 2009), with main

ergs indicated in bold. Circles represent samples of Acanthodactylus scutellatus group used in the phylogenetic analysis, with species
differentiated by colour. The dashed polygon represents the group's range (modified from Roll et al., 2017). The sympatry zone Parc National
du Banc d'Arguin targeted in the population genetic analysis is highlighted. Map projection: WGS84. Bottom: Photographs of two hyper-arid
habitats, the erg Aoukar (left) and the reg Gleib el Outat (right) in Mauritania.

seven recognized species (A. aegyptius, A. aureus, A. dumeri-
lii, A. longipes, A. scutellatus, A. senegalensis and A. taghitensis)
which are abundant and conspicuous across xeric environments
of North Africa and the Middle East (Figure 1; Figure S1.1 in
Appendix S1; Sindaco & Jeremcéenko, 2008), and easily sampled
in accessible regions of the hyper-arid Sahara. Most species are
linked to sandy habitats, but their ecology varies from the soft-
sand specialist A. longipes to the more generalist A. scutellatus.
The only exception is A. taghitensis, which only occurs in gravel
plains. Despite the group's potential as a study system, base-
line knowledge of the species' distributions and phylogenetic
relationships is still preliminary (Harris & Arnold, 2000; Psonis
et al., 2016; Tamar et al., 2016) or limited to small areas (Velo-
Antén et al., 2018). These species show both a high interspecific
morphological conservatism and a large amount of intraspecific

variation (Arnold, 1983; Salvador, 1982), which hampers mor-
phological identification and systematics. The occurrence of
morphologically intermediate specimens has raised suspicion of
interspecific hybridization (Crochet et al., 2003) despite their
million-year-old divergence (Tamar et al., 2016). As with many
other groups of small vertebrates, distinguishing evolutionary
sensible units from geographical variations in morphology re-
quires molecular tools.

The main objective of this study is to understand the biogeo-
graphic and ecological drivers of evolutionary diversity in the
Scutellatus group across the Sahara-Sahel. To do so, we combine
ecological niche modelling with phylogenetic and population ge-
netic analyses. First, we examine the distribution of genetic di-
versity at inter- and intraspecific levels, unveiling a considerable
amount of previously unrecognized diversity, to: (1) identify

85U8017 SUOWWOD BAIeRID ded|(dde ayy Ag pausenob ae sajolfe YO ‘88N JO Sa|nu Joj Arig1TaUIIUO A8]IM UO (SUO R IPUOO-PLR-SWLB) LI A8 |IM A eI 1 [BU1UO//STNY) SUOIIPUOD PUe SWLB | 34} 885 *[2202/TT/E0] U0 Afeiqi8uluO AB|IM 1SN eUeI0D AG OTSKT I/ TTTT OT/I0p/L00 A8 | M AeIq1jeul Uo//Sdny Wwoij papeojumoq ‘0 ‘669259ET



LIZ eT AL.

4
“wicev

areas of higher diversity and distinctiveness (i.e., diversification
hotspots); and (2) map shared genetic diversity (i.e., recent con-
nectivity). Given palaeogeomodels and allopatric lineage distri-
butions in other sand-dwelling taxa across northern Sahara, we
expect multiple diversification hotspots in this region resulting
from recurrent fragmentation of xeric habitats. In contrast, we
expect widespread connectivity in the south of the Sahara and
in the Sahel, where fewer humid barriers among xeric habitats
exist as a result of great sand expansion dynamics during the Plio-
Pleistocene. Secondly, we (3) investigate the role of speciation
in generating evolutionary diversity in the Scutellatus group, by
examining if recent admixture takes place in an area of sympatry
where the number of overlapping evolutionary units is especially

large.

2 | MATERIALS AND METHODS
2.1 | Studyregion and data collection

Our study area comprises xeric areas of North Africa and adjacent
portions of the Middle East (Figure 1). It includes the ecoregions
Sahara Desert and parts of the Sahel savannah, as well as neigh-
bouring Mediterranean steppes and dry woodlands in North Africa
and the xeric shrublands from Sinai and southern Levant in the
Middle East (Dinerstein et al., 2017). For population genetics anal-
yses, we selected an area in coastal Mauritania, the Parc National
du Banc d'Arguin (PNBA; Figure 1), where A. aureus, A. dumerilii, A.
longipes and A. senegalensis are sympatric (Roll et al., 2017; and see
Section 3.3) and morphologically intermediate individuals have been
reported (Crochet et al., 2003).

For phylogenetic analyses, we used 542 georeferenced tissue
samples collected during field expeditions between 2003 and 2019
oracquired from museum collections, representing all the currently
accepted species within the Scutellatus group (Figure 1; Table S2.1
in Appendix S2). Previously published sequences from additional
124 georeferenced samples were retrieved from GenBank (Tamar
et al., 2014; Tamar et al., 2016; Velo-Antén et al., 2018). For eco-
logical modelling, we gathered species' occurrence records from
fieldwork, museums and bibliography, totalling 930 observations
(Table S2.1). Models targeted all recognized species except for the
monophyletic unit made of A. dumerilii and A. senegalensis (A. du-
merili/senegalensis hereafter), following the results of the genetic
analyses (see Section 3.1). Observations lacking genetic diagnosis
(28%) were only kept if they were located in congruent localities
and the taxonomic identification was not dubious. For population
genetics, we used a subset of 208 samples from the sympatry zone
(Table S2.1). These samples were preliminarily identified based on
external morphological characters (scalation and colour pattern;
Crochet et al., 2003) and included typical morphotypes for the
putative species A. aureus, A. longipes, A. dumerilii and A. senegal-
ensis, as well as morphologically intermediate individuals between
the latter two taxa.

2.2 | Ecological variables

For ecological models, we used multitemporal remote sensing
variables derived from preprocessed data of two NASA satellites
(dataset MODIS v4; EDENext project). These sources covered
the following bands and derived products: middle infra-red (MIR
[Jensen, 2007]); day and night time land surface temperatures;
normalized difference vegetation index (NDVI [Tucker, 1979]); and
enhanced vegetation index (EVI [Huete et al., 1997]). Additionally,
we included the eight precipitation-related bioclimatic variables
(bio12-bio19); WorldClim 2.0; Fick & Hijmans, 2017) and three
desert-specific land cover types (Globcover dataset; Bicheron
et al., 2009): erg, reg and bare-area. All variables were downloaded
or upscaled to 30 arc-sec resolution (~1 x1 km) and cropped to
the study area. Pairwise correlations were assessed based on
Spearman's R2 <0.7, selecting a final subset of 18 low-correlated
variables (Table S2.2). Extended details in variable selection and
processing are given in Text S3.1 in Appendix S3.

2.3 | DNA extraction, amplification,
sequencing and genotyping

Standard protocols for DNA extraction, amplification and sequenc-
ing were followed (see details in Text $3.2). For phylogenetic analy-
ses, two mitochondrial fragments, the 12S ribosomal RNA (12S; 368
base pairs) and the cytochrome-b (Cytb; 377 bp), and the nuclear
fragment oocyte maturation factor MOS (C-mos; 468 bp) were tar-
geted. Primers and PCR conditions are given in Tables $S2.3 and S2.4
respectively. For population genetic analyses, a selection of 14 mi-
crosatellites previously developed for the Scutellatus group (Lopes
et al., 2015; Table 52.5) was used to genotype the samples from the

sympatry zone.

2.4 | Phylogenetic inference, divergence dating and
lineage delimitation

Sequences were arranged into concatenated mitochondrial
(mtDNA; n = 555; 745 bp) and cytonuclear (mt-nuDNA; n = 482;
1213 bp) datasets (Table S2.1), including samples successfully
sequenced for all target markers. Outgroups included repre-
sentatives of the other two major Acanthodactylus clades (Tamar
et al., 2016), as well as of the closely related Mesalina genus
(Table S2.6).

Bayesian Inference (Bl) and Maximum Likelihood (ML) analyses
were performed with the mt-nuDNA dataset, using Beast v.1.10.4
(Suchard et al., 2018) and raxmLGUI (Silvestro & Michalak, 2012) re-
spectively. Beast was run on the CIPRES gateway (Miller et al., 2010)
in two independent runs of 108 generations, sampling at every 104,
with unlinked substitution and clock models (Drummond et al., 2006),
a constant population size coalescent tree prior (Kingman, 1982) and
considering ambiguities in the nuclear partition. For ML analyses,

5U80| 7 SUOWIWIOD 3AIEaID 3|qedljdde au Ag pauenoh a1e Sa[ole O ‘8N 0 S8|n1 10} Afeiq|T8UIUO AB]IM UO (SUORIPUOD-PUR-SWIBYWOD A3 | 1M ARe.q 1 Ul juO//:Sdny) SUORIPUOD PUe WS | 8U1 89S *[z202/TT/20] Uo ArigiTauliuo A8|IM e lIsnyeueI oD Aq 0TSYT [AITTTT OT/I0p/wW00 A3 1M Afeiq | puljuo//Sdny LWo1) papeojumoq ‘0 ‘6692S9ET



LIZ ET AL.

1000 bootstrap replications were performed. Extended details on
the phylogenetic analyses are given in Text $3.3 and Table S2.7.
Nodes in the resultant Bl and ML trees were considered well sup-
ported at posterior probabilities >0.95 and bootstrap values >85
respectively.

The Bl phylogenetic inference was time calibrated following the
strategy of Tamar et al. (2016). Another mt-nuDNA alignment was
produced using representatives of all intraspecific lineages (n = 74;
Table S2.1) and adding sequences of Gallotia, Psammodromus and
Podarcis spp. (Table S2.6). Biogeographic calibration events were
the end of the Messinian Salinity Crisis and the ages of the Canary
Islands (Table $2.8). Node split times were estimated in Beastv.1.10.4
(Suchard et al., 2018; see Table S2.7 for detailed settings).

Previously published lineages of A. aureus (Velo-Antén
et al., 2018) were the baseline threshold to delimit intraspecific lin-
eages within the Scutellatus group. Lineages were defined as those
reciprocally monophyletic, well-supported clades in the Bl mt-
nuDNA tree, with splits from sister taxa older than the most recent
lineage split within A. aureus (1.84 Mya). Our study includes a simi-
lar set of genetic markers (excluding cytochrome oxidase 1) to those
used in the original delimitation (Velo-Antén et al., 2018). Despite its
limitations, this strategy works well for assessing intraspecific diver-
sity patterns across the study area, and the general patterns recov-
ered remain consistent when applying more conservative thresholds
(e.g. first split within A. aureus 3.09 Mya).

Intraspecific haplotype networks were constructed for C-
mos and the mtDNA marker sequenced for the most samples
(12S; n = 635; Table S2.1) using Tcs v.1.21 (Clement et al., 2002),
with 95% parsimony threshold and visualized using TcsBU (Santos
et al., 2015). The nuclear haplotypes were reconstructed for each
species using the PHASE implementation in DNASP 5.10.01 (Librado
& Rozas, 2009), with 10% iterations and 10° of burn-in. Pairwise ge-
netic distances (p-distances) between species and lineages were
calculated on 12S using Meca v.7 (Tamura et al., 2013), based on
Kimura-2 parameter model.

2.5 | Spatial interpolations of genetic data

Intraspecific nucleotide diversity was calculated using the mtDNA
dataset with ‘Pegas’ R package (Paradis, 2010). For each species, we
measured the pairwise distance between samples and identified the
maximum nearest-neighbour distance. This distance was set as a ra-
dius of a neighbourhood from which a set of samples was selected
to calculate average nucleotide diversity (thus guaranteeing that at
least two samples were included in each neighbourhood). To reduce
bias due to the different number of samples within the neighbour-
hood of each location, from the set of haplotypes within the neigh-
bourhood, two of them were iteratively resampled with replacement
(1000 replicates) to calculate pairwise nucleotide diversity. Values
were averaged across replicates to obtain an estimation of genetic
distinctiveness for each mtDNA haplotype in relation to the whole
species' diversity. To predict patterns across species' ranges, genetic
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distinctiveness was spatially interpolated with the idw function of
‘phylin’ R package (Tarroso et al., 2019), using two spatial grid sizes to
account for differences in species' range sizes and sampling: 10x10
km for A. aegyptius, A. aureus, A. dumerilii/senegalensis and A. taghit-
ensis; and 50x50 km for A. longipes and A. scutellatus. Projections
were clipped to species' ranges (Roll et al., 2017).

2.6 | Landscape drivers of genetic
structure and diversity

Generalized linear models (GLMs; Matthiopoulos, 2011) with normal
errors were fitted in R to test the effect of different topographic and
land cover variables on genetic diversity and connectivity. Two inde-
pendent approaches were followed, where the response variables
were mtDNA haplotype distinctiveness (‘diversification model’) and
diameter of lineage Minimum Convex Polygon (MCP; ‘connectivity
model’) respectively. As predictors for the diversification model,
absolute values of altitude and index of terrain roughness (Title &
Bemmels, 2018), as well as coverage percentage of erg, reg and bare-
area (Bicheron et al., 2009), were extracted from each haplotype
locality, excluding duplicates; for the connectivity model, averages
of the same five variables were calculated within MCPs of all line-
ages using the Zonal Statistics tool of ArcGIS v.10.5 (ESRI, 2006).
Additionally, species was included as a predictor in both models,
while nearest-neighbour distance and number of lineage samples
were also included in the diversification and connectivity models
respectively. Model comparisons were performed using different
combinations of topographic and land cover predictors based on the
Akaike information criterion (AIC; Akaike, 1998), in order to build
the best-fitting models including only one topographic and one land
cover predictor. Lineages with a sample count <3 were excluded
from the connectivity model because it is not possible to construct

an MCP for these lineages.

2.7 | Ecological niche modelling

For each species, the initial pool of records was tested for spatial
clustering to account for potential sampling bias and to avoid model
overfitting (Boria et al., 2014) using the ecospat.mantel.correlogram
function of ‘ecospat’ R package (Di Cola et al., 2017), and thinned ac-
cordingly with ‘spThin’ (Aiello-Lammens et al., 2015). The final sets
contained: 37 records of A. aegyptius (minimum distance between
records: 7 km); 47 of A. aureus (16 km); 82 of A. dumerilii/senegalensis
(52km); 77 of A. longipes (67 km); 70 of A. scutellatus (49 km); and 17
of A. taghitensis (18 km).

The contemporary ecological niche of each species was mod-
elled using Biomop2 (Thuiller et al., 2021). Detailed procedures
are given in Text $3.4. Six algorithms were chosen to reduce
the uncertainties associated with modelling techniques (Thuiller
et al., 2019). Ten model replicates were run for each of the six al-
gorithms for each species, using 80% of presence data for training.
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A final ensemble model was built using model replicates for which
the area under the receiver operating characteristic curve (AUC;
Fielding & Bell, 1997) was >0.7. Replicates were weighted pro-
portionally according to predictive performance (Marmion
etal.,, 2009).

Ensemble models were clipped to species' ranges (Roll
et al., 2017). Projections of ensemble models were assessed using
clamping masks to identify and minimize errors in spatial extrapo-
lations beyond the training range of the models (Elith et al., 2010).
Ensemble models were converted to binary (i.e., suitable/unsuitable
habitat) using the TSS cut-off threshold. Binary projections between
species were overlapped in ArcGIS 10.5 (ESRI, 2006) to infer sym-

patry zones.

2.8 | Microsatellite analyses

Evidence of stuttering, null alleles and allelic dropouts was assessed
using Micro-CHecker 2.2.3 (Van Oosterhout et al., 2004). Tests for
genotypic linkage disequilibrium (LD) and Hardy-Weinberg equilib-
rium (HWE) were assessed in Generor'007 (Rousset, 2008), with in-
dividuals grouped based on the three recovered phylogenetic clades
(see Section 3.1). Subsequent sequential Bonferroni corrections
were applied in both cases.

Bayesian population clustering analyses were conducted in
StrucTure 2.3.4 (Pritchard et al., 2000) to estimate the optimal num-
ber of clusters, assign individuals to each resultant cluster and infer
the differentiation and relationships among clusters (see details in
Text S3.5). All genotyped samples were also sequenced for at least
one phylogenetic marker except for four cases of failed amplification
in A. aureus. Potential admixture was examined by assessing concor-
dance between mtDNA and microsatellites species assignment and
by examining individual ancestry based on microsatellites cluster-
ing. Admixed individuals would indicate contemporary hybridization
while cytonuclear discordance in species assignment would suggest
past introgression.

3 | RESULTS
3.1 | Phylogenetic inferences

The phylogenetic mt-nuDNA trees revealed five major, well-
supported, monophyletic clades, partially matching with six spe-
cies of the Scutellatus group (Figure 2; Figures S1.2 and S51.3).
Acanthodactylus aureus, A. taghitensis, A. longipes and A. scutella-
tus were recovered as reciprocally monophyletic clades that were
largely consistent with the preliminary field identification of the
specimens. Samples identified as A. dumerilii and A. senegalensis were
placed together in a single clade. Samples of A. aegyptius formed a
monophyletic group within A. longipes. The relationships between
the major clades were strongly supported except for the position of
A. taghitensis. Divergence estimates indicate that the diversification

of the group started in the Middle Miocene (Figures 2; Figure S1.4)
with the basal branching of A. aureus ~16.9 Mya (95% HPD: 12.7-
21.3). All remaining major clades split throughout the Late Miocene.
Within major clades, diversification onsets were placed in the Late
Miocene (around 7.6-7.9 Mya) for A. longipes and A. scutellatus, and
in the Early Pliocene (4.3-5.1 Mya) for A. taghitensis and A. dumerilii/
senegalensis. Diversification of A. aureus started in the Late Pliocene.
All major clades presented distinguishable nuclear haplogroups ex-
cept for A. dumerilii/senegalensis, in which some alleles from the in-
traspecific lineage ‘NW Sahara’ were embedded within A. scutellatus
(Figure S1.5).

The five major clades include several lineages with variable range
sizes (Figure 2) and degree of genetic differentiation (Figures $1.6
and S1.7a-S1.7c; Table S2.9). The A. aureus clade includes three
parapatric lineages distributed along the Atlantic Sahara but lacking
evidence for nuclear differentiation (concordant with Velo-Anton
et al., 2018). Samples of A. taghitensis are divided into two allopatric
lineages, one from each of the disjoint occurrence areas in Algeria
and Mauritania, exhibiting high mtDNA distance and lack of nuclear
allele sharing. The A. longipes samples form a diverse pan-Saharan
complex composed of eight lineages, including A. aegyptius, with
strongly supported relationships except for the position of lineage
‘Grand Western Erg’. Two of these lineages range from the Central
Sahara-Sahel to the Red Sea (‘E Sahara-Sahel’) and Atlantic (‘W
Sahara-Sahel South’) coasts, respectively; two others span over a
wide latitudinal axis (‘Central Sahara’ and ‘W Sahara-Sahel Inland’);
and all the remaining ones are found in smaller areas across north-
ern Sahara. The three basal lineages of the complex (‘Tunisia’, ‘Grand
Western Erg’, ‘A. aegyptius’) exhibit parapatric distributions relative
to adjacent lineages and present remarkable mtDNA distances and
private nuclear alleles that are not shared between them or with
any other lineage. The A. scutellatus clade is another pan-Saharan
complex structured in 10 lineages, with mostly unresolved relation-
ships. Among this diversity, one lineage is broadly distributed from
Mauritania to Egypt (‘Pansaharan’), another from the Central Sahara
to the Red Sea (‘N Sahara’) and the rest show restricted distributions
across northern Sahara and the Central Sahara highlands, where
they occur mostly in parapatry or even in sympatry. All lineages are
separated by several mtDNA mutation steps, whereas four lineages
also present private nuclear alleles and two only share one allele.
The A. dumerilii/senegalensis clade includes four lineages in two main
branches, with all relationships resolved except for the split be-
tween lineages ‘Merzouga’ and ‘NW Sahara’. One branch is formed
by a widespread lineage, spanning over the western Sahara-Sahel
throughout the southern distribution of A. dumerilii and the entire
range of A. senegalensis. The other branch is highly diverse, harbour-
ing three seemingly sympatric lineages restricted to a small area on
the Moroccan-Algerian border. These lineages exhibit high nuclear
differentiation in relation to the other main branch of A. dumerilii/
senegalensis. Lineage ‘Merzouga’ is represented by a unique nuclear
haplotype that is very distant from those of the other two local lin-
eages. Within lineage ‘NW Sahara’, one nuclear allele is highly sepa-
rated from the others, being placed close to lineage ‘Merzouga’.
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FIGURE 2 Left: Time-calibrated Bayesian mt-nuDNA tree showing species and intraspecific lineages within Acanthodactylus scutellatus group,
obtained from the concatenation of two mtDNA fragments and one nuclear gene (12S, Cytb, and C-Mos; 1213 bp). Black dots represent
supported nodes, with posterior probabilities (pp) >0.95; white dots represent unsupported nodes, where pp values are indicated at the right.
Split times (Mya) are given in bold for supported nodes (95% HPD between brackets). See Figure 51.2 for full sample names. Right: Distribution
maps of intraspecific lineages. Dashed rectangles depict small-ranged lineage hotspots zoomed in Figure S1.7. Map projections: WGS84.

3.2 | Patterns and drivers of genetic
structure and diversity

Lineage range size increases at lower latitudes, contrasting with
higher fragmentation in northern regions (Figure 3; Figures S1.7d-
S1.7f). High levels of mtDNA haplotype distinctiveness were found
in the north-western Saharan edge for A. longipes, A. scutellatus and
A. dumerilii/senegalensis (Figure 3), specifically in areas between the
High and Saharan Atlas, the Great Algerian ergs and the chott palae-
olakes. Distinctiveness also increased around Ténéré erg (Niger), the
Western and Sinai Deserts (Egypt), the Fezzan Mountains and palae-
olakes (Libya) and the Tassili-N'Ajjer (Algeria) for A. scutellatus; in the
Adrar (Mauritania) and Bilma erg (Niger) for A. longipes; and around
Aouker erg and palaeolakes (Mauritania) for A. dumerilii/senegalensis.

The GLMs including erg substrate and terrain roughness as pre-
dictors presented the lowest AIC to explain variations in lineage
range size and haplotype distinctiveness (Table $2.10). Among these
predictors, erg substrate and terrain roughness positively influ-
ence lineage range size and haplotype distinctiveness respectively
(Figure 3; Table 1).

3.3 | Ecological niche suitability

Ecological niche models achieved good performance (AUC ranged
between 0.80 and 0.97; Table S2.11). Species' potential distribu-
tions overall matched with their known ranges (Figures $1.8-51.10).
However, A. longipes and A. scutellatus presented some discrepancies,
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FIGURE 3 Top: Interpolations of mtDNA haplotype distinctiveness for species of Acanthodactylus scutellatus group, based on nucleotide
diversity of two concatenated markers (125 and Cytb; 745 bp). The linear relationships of haplotype distinctiveness with terrain roughness
and soft-sand coverage, at each sampling point, are shown at the right. Bottom: Minimum convex polygons (MCPs) of intraspecific lineages.
Dashed rectangles depict small-ranged lineage hotspots zoomed in Figure S1.7. The linear relationships of MCPs' diameter with MCP's
average terrain roughness and soft-sand coverage are shown at the right. Grey bands in the regression plots indicate confident intervals (Cl:

95%). Map projections: WGS84.

asrevealed by the denser concentration of suitable habitats in south-
ern and northern areas of the Sahara respectively. Environmental
predictors with the greatest contribution to models varied be-
tween species (Table $2.12), but some of those derived from day
and night time land surface temperature consistently presented high
contribution.

The main sympatry zone was predicted in the western Sahara-
Sahel (Figure 4), covering the Atlantic Sahara ecoregion and the
Adrar plateau, where up to four species may coexist. Models also
predicted high suitability for more than one species in Taberit erg
(Mali; A. longipes and A. dumerilii/senegalensis), the Great Eastern Erg
(Algeria; A. longipes and A. scutellatus) and the Afro-Arabian suture
zone (Egypt; A. aegyptius and A. scutellatus).

3.4 | Population genetics and hybridization analysis

All samples from the PNBA sympatry zone were successfully
genotyped for 14 microsatellite loci. Evidence of null alleles and

stuttering were revealed in, respectively, nine and six loci across
the three clades recovered in the phylogenetic analyses, while no
evidence of allelic dropout was found. No heterozygote excess was
observed, while eight loci showed heterozygote deficiency across
the clades. Two pairs of markers were found to significantly depart
from linkage equilibrium. Considering this information, three mark-
ers were removed, resulting in a final filtered dataset of 11 markers
(Table S2.13).

Delta K and L (K) methods recovered a best-supported number
of clusters of K = 3 (Figure S1.11). No further coherent structur-
ing was observed at higher K values. STRucTURE analyses revealed
three genetic clusters matching with the phylogenetic clades A.
aureus, A. dumerilii/senegalensis and A. longipes (Figure 4). The
pairwise F¢; values confirmed a high degree of genetic partition-
ing (Table S2.14). The three clusters were also clearly separated in
the FCoA (Figure 51.12). No admixed individuals were apparent in
the dataset and no differentiation between specimens morpholog-
ically identified as A. dumerilii or A. senegalensis (Table S2.1) was
revealed by any analysis.
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TABLE 1 GLMs of the effect of topography and soft-sand coverage on (a) mtDNA haplotype distinctiveness (n =421; diversification
model) and (b) lineage's range size (n =20; connectivity model) of Acanthodactylus scutellatus group

(A) Haplotype
distinctiveness

Intercept

Terrain roughness index

Erg coverage

Nearest-neighbour distance

A. aureus

A. dumerilii/senegalensis

A. longipes
A. scutellatus

A. taghitensis

Coefficient

7.1x107*
4.2x107*

-4.6x107*
45x%x107°

4.6x107°
2.6x107°

3.8x107°
2.0x107?
2.3%x107°

SE

3.8x107°
8.2x107°

2.0x107°
8.0x107*

44x107°
3.9x107°

41x107°
4.2x107°
7.6%x107°

Note: Significant results (p <0.01) are highlighted in bold.

Predicted specie:

t p
0.2 0.85
51 <0.01

-0.2 0.82
5.6 <0.01
1.0 0.30
0.7 0.51
0.9 0.35
48 <0.01

-0.3 0.76

(B) Lineage
range size
Intercept

Terrain
roughness
index

Erg coverage

N of lineage'
samples

A. aureus

A. dumerilii/
senegalensis

A. longipes
A. scutellatus

A. taghitensis

STRUCTURE

. A. aureus . A. dumerilii/senegalensis

[ A longipes

0

Coefficient

-682.7
-1.2

61.23

3.8

883.6
875.5

286.6
712.3
841.8

773 PN Banc d'Arguin

N

A

10 20
Km

SE

1080.0
72.9

19.4
4.8

1093.2
1159.3

1099.7
975.6
1165.6

-0.6
0.0

3.2
0.8

0.8
0.8

0.3
0.7
0.7

0.54
0.99

<0.01
0.44

0.44
0.47

0.80
0.48
0.49

FIGURE 4 Top: Sympatry zones within Acanthodactylus scutellatus group, derived from the overlap of binary projections of species'
ecological niche models. Right: Population structure of the group in the sympatry zone Parc National du Banc d'Arguin for the optimal
number of clusters (K = 3), based on 11 microsatellite loci using STrRucTure. Map projections: WGS84. Bottom: StrucTure bar plots of the
individual's assignment to each cluster, in relation to mtDNA assignments. Vertical bars represent single individuals.

4 | DISCUSSION

4.1 |
Sahara Desert

The amount of diversity uncovered in this work clearly refutes the idea
of biological homogeneity in hyper-arid desert habitats, which was

Overlooked species diversity in the hyper-arid

assumed across the Sahara for the Scutellatus group due to the lack of

morphological differentiation unveiled in early studies (Arnold, 1983;

Salvador, 1982). Indeed, our phylogeographic assessment revealed

high levels of unrecognized evolutionary diversity: several lineages

that are embedded within broader-named species based on current

taxonomy diverged before the Pleistocene (Figure 2) and are thus can-
didates for species-level status (see below). Among these candidate
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lineages, only A. aegyptius has been formally recognized, based on its
distinctive morphology and lack of intergradation in its narrow contact
zone with A. longipes (Baha el Din, 2007).

The A. longipes clade includes two lineages (‘Tunisia’ and ‘Grand
Western Erg’) which are older and more genetically distinct than A. aegyp-
tius (Figure 2; Figure S1.6b; Table S2.9), suggesting that they constitute
valid species. Species-level status is supported by private and well-
differentiated nuclear haplotypes in relation to those of other closely dis-
tributed lineages (Figure S1.7a). Similarly, the A. scutellatus clade includes
four lineages (‘Nile Delta’, ‘Atlas High Plateau’, ‘Tassili-N'Ajjer’ and ‘Tunisia
Coast’) that point to cryptic species. These lineages show no signs of nu-
clear admixture in spite of their adjacent or even locally overlapping dis-
tributions (e.g. ‘Tunisia Coast’ lineage; Figures S1.7b and S1.7c). In some
cases, their haplotypes appear clearly separated from the rest in the
nuclear network (‘Nile Delta’ and ‘Tunisia Coast’), whereas their mtDNA
distances reach ~5% (‘Nile Delta’ and ‘Tassili-N'Ajjer’; Table $S2.9). Among
them, the most evident candidate species is the Miocene-splitting lineage
‘Nile Delta’ (Figure 2), whose nuclear haplotypes are clearly differenti-
ated from those of the other three co-distributed lineages in the Afro-
Arabian suture zone (Figure S1.7c). The high diversity within A. longipes
and A. scutellatus mirrors the patterns recovered in other Sahara-Sahel
range-wide species (e.g., Ptyodactylus togoensis [Metallinou et al., 2015],
Tropiocolotes tripolitanus [Machado et al., 2020]), although the number
of candidate species is much higher in the case of these sand specialists.

The A. dumerilii/senegalensis and A. taghitensis clades present deep
splits with similar timing in the Early Pliocene (Figure 2). The resulting lin-
eages occur in allopatry without evidence of recent contact, given their
well-differentiated nuclear haplotypes (Figure S1.6) and high mtDNA
distances (Table S2.9). Further studies should assess the extent of repro-
ductive isolation between these allopatric lineages, to determine whether
they constitute real speciation events and which underlying processes

were involved (e.g., neutral evolution in isolation by distance [Irwin, 2002]).

4.2 | Diversification hotspots and drivers of
xeric diversity

The northern edge of the Sahara concentrates the highest levels of di-
versity, harbouring a patchwork of small-ranged endemic lineages con-
sistent across local species (Figure 3; Figures S1.7d-51.7f). Considering
the seemingly parapatric distribution of these lineages, their mtDNA
distinctiveness (Figure 3) and crown ages concordant with Saharan
dry/humid cycles occurring since the Late Miocene (Figure 2; Zhang
et al., 2014), the recovered phylogeographic patterns may be the re-
sult of historical episodes of population isolation (Brito et al., 2014).
In the north-western side, rivers flowing from the southern foothills
of the Saharan Atlas during humid phases could create barriers to
gene flow by fragmenting sandy habitats across Algerian ergs (Scerri
et al., 2014), like previously suggested for other sand-adapted taxa
(e.g., Chalcides ocellatus [Beddek et al., 2018]). The increased humidity
that allows intermittent north-south dispersal for more mesic species
(e.g., Psammophis schokari [Goncalves, Martinez-Freiria, et al., 2018])
may have created barriers to dryland-adapted taxa. An alternative

scenario to barriers is range shifts following climatic fluctuations, trig-
gering genetic differentiation in allopatry (e.g., Daboia spp. [Martinez-
Freiria et al., 2017]). In the Afro-Arabian suture zone, the observed
divergence may also result from a dynamic tectonic history, which
has been linked to speciation events and continental translocations of
Afro-Arabian fauna (Tejero-Cicuéndez et al., 2022).

In other taxa, lineages endemic to Sahara highlands have high-
lighted the role of topography and local climate stability in gener-
ating diversity (e.g., Acanthodactylus boskianus [Liz et al., 2021]).
While mountain habitats are far from the ecological optima of xeric
species, their refugia may be located in mountain outskirts as a way
to avoid the extreme climatic cores of the hyper-arid lowlands. Our
models predict the suitability of mountain outskirts and mid-altitude
environments for A. scutellatus (Figure 51.8), which seems to be able
to disperse across mountain barriers (lineage ‘Atlas High Plateau’;
Figures S1.7b), as well as A. longipes (lineage ‘Great Western Erg’;
Figure S1.7a). These two species and A. dumerilii/senegalensis pres-
ent high genetic variability around mountains areas, as shown by
mtDNA haplotype distinctiveness south of the High Atlas, around
Saharan Atlas, Fezzan and Adrar (Figure 3), by diverse nuclear haplo-
types around the High and Saharan Atlas (Figures S1.7a and S1.7b),
and by a seemingly endemic lineage to Tassili-N'Ajjer (Figure 2). We
found a positive, significant relationship between terrain roughness
and haplotype distinctiveness, supporting the mountain-outskirt
xeric refugia hypothesis (Figure 3; Table 1). Nevertheless, conclu-
sions are limited by the biased sampling across the study area, while
the observed phylogeographic patterns can also result from long-
term population persistence and divergence in the edge of nearby
erg habitats, triggered by a favourable combination of environmen-
tal drivers (e.g., milder climate, habitat fragmentation). Fine-scale
studies assessing diversification and palaeo-range patterns across
mountain-erg geographic gradients are needed to further under-

stand xeric refugia.

4.3 | Population connectivity and expansions
across sand corridors

A pattern of large longitudinal genetic connectivity was recovered
across southern latitudes (Figure 3), where lineages of A. dumerilii/
senegalensis, A. longipes and A. scutellatus exhibit east-west distribu-
tions from Central Sahara-Sahel regions to the Red Sea and Atlantic
coasts, including one lineage (‘Pansaharan’) ranging over an almost
complete trans-Saharan axis. Connectivity was significantly fa-
voured by soft-sand substrate (Figure 3; Table 1), which is recovered
as a main driver of habitat suitability for range-wide species (e.g., A.
longipes; Table $2.12). Our findings corroborate the hypothesis of re-
cent longitudinal sand corridors across southern desert regions, pre-
viously suggested by lineage distributions from the Central Sahara
to the Atlantic coast in other sand-adapted species (e.g., Mesalina
pasteuri; M. rubropunctata [Pizzigalli et al., 2021]; Stenodactylus petrii,
S. sthenodactylus [Metallinou et al., 2012]) and by similar trans-
Saharan distributions of xeric species (e.g. Uromastyx dispar [Tamar
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et al., 2017]). These corridors would explain the rapid desert coloni-
zation of sand specialists (e.g., Scincus spp. [Smid et al., 2020]), where
intermittent dispersals were potentially followed by climate-induced
allopatric diversification in northern latitudes (Brito et al., 2014).

The lack of accurate spatially explicit geological and land cover
data for the past hinders inferences on the historical fluctuation of
sand corridors and the direction of dispersals. Yet, areas of relatively
high mtDNA haplotype distinctiveness within a given lineage distri-
bution would imply long-term local population persistence (Carnaval
et al., 2009), while distant areas sharing closely related haplotypes
would suggest recent expansion. The A. dumerilii/senegalensis lin-
eage ‘W Sahara-Sahel south’ is a good candidate to explore these
patterns, since it is well sampled and associated with presumed xeric
corridors (Figure 2). Potential dispersal origins are inferred around
the Assaba and Afollé mountains, the Aouker erg and palaeolakes
(Mauritania) and Taberit erg (Mali), from where lineage populations
expanded north and westwards towards the Atlantic Sahara, and
eastwards until the Lake Chad (Figure 3). A similar scenario of dis-
persal from inland areas may apply to lineage ‘Pansaharan’ (A. scutel-
latus), which likely expanded from Ténéré erg (Niger) westwards until
Mauritania. Likewise, populations of lineage ‘E Sahara-Sahel’ (A. lon-
gipes) are distinctive around Bilma erg (Niger), which contrasts with
potential areas of recent expansion in Chad and Egypt.

4.4 | Hybridization assessment and systematic
clarifications

Population genetic analyses conducted within the main sympatry
zone of the Scutellatus group (PNBA) indicated no gene flow among
the three local species (Figure 4), despite suspicions of interspe-
cific hybridization in the area (Crochet et al., 2003). The range of
estimated F¢; values (Table $2.14) and separation of the FCoA clus-
ters (Figure S1.12) is concordant with the deep phylogenetic split
observed between these groups. The simplest explanation for the
absence of gene flow is a speciation process largely predating the
development of the sympatry zone (Figure 2). The area underwent
historical climatic and land cover fluctuations, including the intermit-
tent activation of the estuary of the giant Palaeoriver Tamanrasett
during humid Sahara phases (Skonieczny et al., 2015), and offers a di-
verse ecotone (e.g., humidity, sand substrate) for the co-occurrence
of closely related species. Ecological segregation between species is
supported by different species ecological preferences (Table 52.12).

The genetic structure observed across PNBA supports the
synonymy of A. senegalensis and A. dumerilii suggested by Tamar
et al. (2016). Morphological assessments differentiate two local
morphotypes, each assigned to an independent species (Table $2.1),
based on differences in scalation and colour pattern (i.e., number
of longitudinal rows of dorsal and ventral scales, number of femo-
ral pores and presence of vertebral line; Crochet et al., 2003). Our
genetic analyses lumped both morphotypes, as well as putative

hybrids, into one single nuclear cluster (Figure 4; Figure $1.12). In

e

addition, samples from the entire range of A. senegalensis and the
southern range of A. dumerilii are integrated within a single mtDNA
lineage (Figure 2). Therefore, the two morphotypes co-occurring in
coastal Mauritania (Crochet et al., 2003) seem to result from a large
morphological plasticity or variability within this single species.

Our results do not support the distribution of A. dumerilii as it is
currently recognized on its northern range eastwards from Taghit
(Algeria) to coastal Libya (Roll et al., 2017). The north-easternmost
points where we identified A. dumerilii are around Taghit and Béchar
(Algeria; Figure 2). Further east, all samples show either A. scutel-
latus or A. longipes nuclear haplotypes (Figures S1.7a and S1.7b).
Westwards from Taghit, the links between two local lineages of
A. dumerilii/senegalensis and A. scutellatus in the nuclear network
(Figure S1.5) raise uncertainties on the identification of these two
lineages. Nevertheless, the occurrence of A. dumerilii in this region is
well supported, according to the mtDNA and nuclear placement of
lineage ‘Merzouga’. An updated range for A. dumerilii/senegalensis is
provided in Appendix S4.
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