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Acanthodactylus is a widespread lacertid genus occurring from the Iberian Peninsula and western North Africa
to western India including the Middle East, Cyprus, and the Arabian Peninsula. The genus is in dire need of a
taxonomic revision, and the phylogenetic relationships amongst and within its species remain unclear. In particu-
lar, the taxonomy and relationship of the allopatric, narrow-ranged Acanthodactylus schreiberi and its close rela-
tive, the widespread Acanthodactylus boskianus asper, are poorly understood. We estimated the phylogenetic and
phylogeographical structure of A. schreiberi across its distribution range, and evaluated its relationships to A. b. asper,
using mitochondrial and nuclear data. The phylogenetic results indicate that both species are paraphyletic,
with A. schreiberi nested within A. b. asper, and the subspecies A. schreiberi syriacus nested within a distinct lineage
of A. b. asper. We suggest that the group is in need of a taxonomic revision because the identified lineages and
genetic diversity are incongruent with the currently recognized taxonomy. We tentatively conclude that A. schreiberi
is restricted to Cyprus and Turkey, reduced to a single form, and that the populations in Lebanon and Israel belong
to A. b. asper.
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INTRODUCTION 1982; Sindaco & Jeremcenko, 2008). Four fundamen-
tal studies constructed the systematic knowledge of
Acanthodactylus, mainly based on external morphol-
ogy, osteological characters, and the morphology of the
hemipenes: Boulenger (1918), Salvador (1982), Arnold
(1983), and Harris & Arnold (2000). The latter three
studies divided the genus into species groups, a divi-
sion that is commonly used today, although the as-
signment of some species to groups is debated (e.g.
Acanthodactylus blanfordii Boulenger, 1918, and
Acanthodactylus masirae Arnold, 1980; Harris & Arnold,
2000). The systematics of some species groups is unclear
and unstable because of high intraspecific variability
*Corresponding author. E-mail: karintmr@gmail.com of some species and morphological convergence of similar

The genus Acanthodactylus Fitzinger, 1834, is com-
monly known as the fringe-fingered lizards and is the
largest genus in the family Lacertidae with over 40
described species (Uetz, 2013). Members of this genus
are small- to medium-sized, diurnal, terrestrial, and
oviparous species that inhabit semi-arid to desert
ecosystems from the Iberian Peninsula, through
North Africa, to the Middle East and west India, in-
cluding Cyprus and the Arabian Peninsula (Salvador,
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species (e.g. the description of Acanthodactylus
mechriguensis Nouira & Blanc, 1999; Fonseca et al.,
2008). Even though it is fairly easy to assign species
to species groups, the boundaries between species and
relationships within species groups are often unclear
and unresolved (Salvador, 1982; Arnold, 1983; Harris
& Arnold, 2000; Crochet, Geniez & Ineich, 2003; Harris,
Batista & Carretero, 2004; Fonseca et al., 2008, 2009).
Thus, the most problematic and interesting issues in
Acanthodactylus systematics are the relations amongst
and within species groups, the taxonomy of the genus,
and its biogeography.

The Acanthodactylus boskianus species group is a
striking case of taxonomic uncertainty. Although it is
a small group of only three species, its geographical
range is the largest in the genus (Salvador,
1982; Sindaco & Jeremdcéenko, 2008). It includes
Acanthodactylus boskianus (Daudin, 1802),
Acanthodactylus schreiberi Boulenger, 1878 (Salvador,
1982; Arnold, 1983), and Acanthodactylus nilsoni
Rastegar-Pouyani, 1998. Acanthodactylus nilsoni is
known only from western Iran (Anderson, 1999).
Acanthodactylus boskianus is the most widespread
species of its genus (~8 000 000 km?; S. Meiri, unpubl.
data), ranging through North Africa and the Sahel, the
whole Arabian Peninsula, eastwards to Iran, and north-
wards to Turkey (Salvador, 1982; Schleich, Kistle &
Kabisch, 1996; Rastegar-Pouyani, 1999; Sindaco et al.,
2000; Sindaco & Jeremdéenko, 2008). Acanthodactylus
boskianus has been divided into five subspecies:
A. boskianus boskianus (Daudin, 1802) from the Nile
delta and parts of Sinai, A. boskianus asper (Audouin,
1827) from much of the distribution range of the species,
A. boskianus euphraticus Boulenger, 1919, from Iraq,
A. boskianus khattensis Trape & Trape, 2012, from Mau-
ritania, and A. boskianus nigeriensis Trape, Chirio &
Geniez, 2012, from Niger.

Acanthodactylus schreiberi was described from Cyprus
where it is the only representative of Acanthodactylus,
and it also inhabits south-western Asia. This species
has been divided into three allopatric subspecies. The
nominate subspecies, A. schreiberi schreiberi Boulenger,
1878, is endemic to Cyprus. Acanthodactylus schreiberi
syriacus Bottger, 1879, inhabits isolated patches of the
Mediterranean coastal areas of Israel and southern
Lebanon (although its terra typical is given
as ‘Syria’, it does not occur in modern Syria. In
the late 19th century ‘Syria’ included modern-day
Syria, Lebanon, and parts of modern-day Israel).
Acanthodactylus schreiberi ataturi Yalginkaya & Gogmen,
2012, is known from a single coastal locality in south-
ern Turkey. This population was originally referred to
A. s. schreiberi by Franzen (1998) because of the mor-
phological similarity to the Cypriot form, and it was
later described as a new subspecies by Yalcinkaya &
Gogmen (2012).

The huge geographical range of A. boskianus in-
cludes areas with very different climates (from sub-
Mediterranean climate on the sea coasts of North Africa
to the hyperarid climate of Central Sahara). This wide
range leads to adaptations to different environments,
with great geographical variation (Boulenger, 1921,
Salvador, 1982; Arnold, 1983; Pincheira-Donoso & Meiri,
2013) and consequent taxonomic confusion. This problem
is well known (Salvador, 1982; Arnold, 1983; Baha El
Din, 2006) and has great effect when examining closely
related species in an attempt to assess their system-
atic status. Arnold (1983) suggested that A. boskianus
and A. schreiberi might be sister species as they share
a relatively high number of primitive features. He also
suggested that A. schreiberi may have originated as
an isolate of A. boskianus. Previous morphological studies
on the A. boskianus species group indicated that the
relationship between A. boskianus and its sister taxon,
A. schreiberi, is far from resolved (Salvador, 1982; Arnold,
1983). The most obvious morphological differences
between the Cypriot A. schreiberi schreiberi and the
continental A. schreiberi syriacus are the size and degree
of keeling of the dorsal and temporal scales (Boulenger,
1918, 1921; Salvador, 1982; Arnold, 1983; Franzen,
1998). Boulenger (1921) decided to unite A. schreibert
and A. syriacus, until then considered different species,
as this difference is not greater than those found in
variants of other species. By contrast, Franzen (1998)
implied that those intraspecific differences indicate spe-
cific distinctiveness. In addition, the great intraspecific
morphological variation of A. boskianus means that these
characters fail to firmly distinguish it from
A. sc. syriacus. Salvador (1982) presented the geo-
graphical variation of A. boskianus, admitting that the
differences between it and A. schreiberi are unre-
solved and unsatisfactory.

The systematics of many lacertid lizards have re-
cently been re-evaluated using molecular data (e.g. Arnold,
Arribas & Carranza, 2007; Kapli et al., 2008; Greenbaum
et al., 2011; Ahmadzadeh et al., 2012, 2013). The only
molecular phylogenetic study on the entire
Acanthodactylus genus, however, was published by Harris
& Arnold (2000), who suggested that the genus origi-
nated in south-west Asia and later dispersed west-
wards into Africa. This study also indicates that
A. boskianus may be paraphyletic as samples from Arabia
and Morocco formed successive basal branches (Harris
& Arnold, 2000). Four additional molecular studies on
Acanthodactylus were conducted, focusing on
Acanthodactylus erythrurus and Acanthodactylus pardalis
species groups, in an attempt to understand the within-
group systematics and relationships (Harris et al., 2004;
Fonseca et al., 2008, 2009; Carretero et al., 2011). To
date, the only molecular study with samples of the
A. boskianus species group was conducted by Poulakakis
et al. (2013). They concluded that A. s. schreiberi is a
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relatively recent colonist in Cyprus, arriving from the
mainland through transmarine dispersal around
0.85 Mya. In that study, based solely on 16S rRNA data,
and including a single sample of A. s. syriacus, they
found that the examined individual branched within
the specimens of A. boskianus asper. In another study
by Trape, Trape & Chirio (2012), also based solely on
16S rRNA data, one sample of A. schreiberi formed a
polytomy with the A. boskianus samples. These mo-
lecular results present an additional dimension to the
already enigmatic taxonomic relationships between the
populations of A. schreiberi and A. boskianus.

The present taxonomic status of A. schreiberi is there-
fore unresolved as the differentiation amongst its sub-
species is debated (Boulenger, 1921; Franzen, 1998),
and the relationship with its closest relative,
A. boskianus, should be revised.

In order to clarify the systematics and to reveal the
phylogenetic relationships between A. schreiberi and
A. boskianus in the eastern Mediterranean, and to de-
termine the role of geological barriers in the evolu-
tionary history of these two species, fragments of two
mitochondrial genes [12S rRNA (12S), cytochrome b
(Cytb)] and three nuclear genes [melano-cortin 1 re-
ceptor (MCIR), acetylcholinergic receptor Muscarinic
4 (ACM4), oocyte maturation factor MOS (c-mos)] were
sequenced and analysed for genetic variation. We aimed
to examine the genetic relationships between
A. schreiberi and the geographically close taxon, the
widespread A. b. asper, with emphasis on the rela-
tions amongst the A. schreiberi subspecies.

MATERIAL AND METHODS

DNA EXTRACTION, AMPLIFICATION, AND
SEQUENCE ANALYSIS

Samples of the three known subspecies of A. schreibert,
from Cyprus, Turkey, Lebanon, and Israel, and samples
of A. b. asper from North Africa, the Middle East, and
Arabia were included in this study (Fig. 1). The local-
ities, specimen codes, and GenBank accession numbers
are listed in Table 1. The genus Acanthodactylus is
divided into three clades (Harris & Arnold, 2000; Pyron,
Burbrink & Wiens, 2013; K. Tamar, S. Carranza, R.
Sindaco, J. Moravec, JF. Trape & S. Meriri, unpubl.
data); hence, representatives of five species from the
same clade as the A. boskianus species group were used
as the closest outgroups (i.e. Acanthodactylus blanfordii,
Acanthodactylus cantoris, Acanthodactylus felicis,
Acanthodactylus masirae, and Acanthodactylus
opheodurus). In addition, we used samples of
Acanthodactylus scutellatus, from another clade, as the
distant outgroup and used it to root the tree.
Genomic DNA was isolated from ethanol-preserved
tissue samples using the DNeasy Blood & Tissue Kit

(Qiagen, Valencia, CA, USA). All individuals were se-
quenced for two mitochondrial gene fragments, 12S and
Cytb, and three nuclear gene fragments, MCIR, ACM4,
and c-mos. Gene fragments were amplified and se-
quenced for both strands using published primers. The
primers, references, and PCR conditions are listed in
Table S1.

Chromatographs were checked manually, assem-
bled and edited using GENEIOUS 5.3.6 (Biomatter Ltd).
For the nuclear genes MCIR, ACM4, and c-mos,
heterozygous individuals were identified and coded ac-
cording to the International Union of Pure and Applied
Chemistry (IUPAC) ambiguity codes. Coding gene frag-
ments (Cytb, c-mos, ACM4, and MCI1R) were trans-
lated into amino acids. No stop codons were observed,
suggesting that the sequences were all functional. DNA
sequences were aligned for each gene independently
using the online version of MAFFT v. 6 (Katoh & Toh,
2008) with default parameters. In order to remove
regions without specific conservation and poorly aligned
positions of the 12S rRNA we used G-blocks (Castresana,
2000) with low stringency options (Talavera &
Castresana, 2007). Inter- and intraspecific uncor-
rected p-distances and the number of variable and par-
simony informative sites were calculated in MEGA v.
5 (Tamura et al., 2011).

PHYLOGENETIC ANALYSES AND HYPOTHESIS TESTING

Phylogenetic analyses were performed for the com-
plete data set simultaneously both with partitions based
on genes and partitions specified using PartitionFinder
v. 1.1.0 (Lanfear et al., 2012). PartitionFinder was per-
formed with the following parameters: linked branch
length; all models; Bayesian information criterion (BIC)
model selection; all schemes search; data blocks of the
complete 12S and by codons for the other protein-
coding genes (Cytb, MCIR, ACM4, c-mos). JModelTest
v. 0.1.1 (Posada, 2008) was used to select the most ap-
propriate model of sequence evolution under the Akaike
information criterion (Akaike, 1973) for each parti-
tion. A summary of DNA partitions and relevant models
is listed in Table 2.

Phylogenetic analyses were performed using maximum
likelihood (ML) and Bayesian inference (BI) methods.
ML analyses were performed with RAxML v. 7.4.2
(Stamatakis, 2006) using RAXMLGUI v. 1.3 (Silvestro
& Michalak, 2012) with a general time-
reversible + Gamma distribution (GTR + G) model of
evolution, parameters estimated independently for each
partition, and 100 addition replicates. Reliability of the
ML tree was assessed by bootstrap analysis (Felsenstein,
1985) including 1000 replications. Bayesian analyses
were performed with MrBayes v. 3.1.2 (Huelsenbeck &
Ronquist, 2001; Ronquist & Huelsenbeck, 2003) with
the best-fitting models applied to each partitionand all
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Figure 1. Sampling localities of the Acanthodactylus schreiberi and Acanthodactylus boskianus specimens used in this
study, with the global distribution range of the species (data modified from Sindaco & Jereméenko, 2008; IUCN, http://
www.iucnredlist.org/). Locality codes and colours correlate to specimens in Table 1 and in Figures 2 and 3. (Colour version
of figure available online.)
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Table 2. Information on the partitions used in the phylogenetic analyses with the different partition approaches (i.e. by
gene and by PartitionFinder; C, codon) including the length, model of sequence evolution selected by JModelTest and
PartitionFinder, and the results of the test of rate homogeneity (LRT) run in MEGA (see Material and methods)

Partition approach Partition Length (bp) Model LRT
By gene 128 ~387 GTR+I1+G Not rejected (P < 0.7396)
Cytb 405 TTN+I+G Rejected (P < 2.1819E-7)
MCIR 663 GTR +1 Not rejected (P < 1)
ACM4 429 HKY +1 Not rejected (P < 1)
c-mos 522 TPM1uf + G Not rejected (P < 1)
PartitionFinder — 128, Cytb (C1) 2406 GTR+1+G
Concatenated c-mos(C1), Cytb (C2) TrNef+ 1+ G
Cytb (C3) TN +I1+G
ACMH4 (C1,2), MCIR (C1) TrN
MCIR (C2) F81
MCIR (C3) HKY + G
ACM4 (C3), c-mos(C2, 3) TrNef+ I+ G
PartitionFinder — 128, Cytb (C1) 792 SYM+1+G
mtDNA Cytb (C2) TrN+I1+G
Cytb (C3) TN +I1+G
PartitionFinder — ACMH4 (C1,2), c-mos (C1,2), 1614 HKY +1
nuclear DNA MCIR (C1)
MCIR (C2) F81
MCIR (C3) HKY + G
ACM4 (C3), c-mos (C3) K80 +1

Gene abbreviations: 12S, 12S rRNA; ACM4, acetylcholinergic receptor Muscarinic 4; c-mos, oocyte maturation factor MOS,;

Cytb, cytochrome b; MCIR, melano-cortin 1 receptor.

Model abbreviations: F81, Felsenstein 1981; GTR, general time-reversible; HKY, Hasegawa Kishino-Yano; K80, Kimura
1980; SYM, symmetrical model; TPM1uf, Kimura three-parameter model; TrN, Tamura-Nei. Any of these models can
include invariable sites (+I), gamma distribution (+G), or both (+I+G).

parameters unlinked across partitions (Table 2). Two
independent runs of 2 x 10”7 generations were carried
out with a sampling frequency of every 1000 genera-
tions. After examining the standard deviation of the
split frequencies between the two runs and the po-
tential scale reduction factor diagnostic, burn-in was
performed, discarding the first 25% trees of each run,
and the remaining trees were combined in a majority
consensus tree. In both ML and BI alignment gaps were
treated as missing data and the nuclear gene se-
quences were not phased. Nodes were considered strong-
ly supported if they received ML bootstrap values > 70%
and posterior probability (pp) support values > 0.95 (Wilcox
et al., 2002; Huelsenbeck & Rannala, 2004).

A total of 59 haplotypes was identified amongst the
A. boskianus species group using 792 bp of the con-
catenated 12S and Cytb data set (see Table 1). Haplotype
networks were constructed for the three nuclear genes
MCIR, ACM4, and c-mos (only full-length sequences).
SEQPHASE (Flot, 2010) was used to convert the input
files, and the software PHASE v. 2.1.1 to resolve phased
haplotypes (Stephens, Smith & Donnelly, 2001; Stephens
& Scheet, 2005). Default settings of PHASE were used
except for phase probabilities, which were set as >0.7.

All polymorphic sites with a probability of < 0.7 were
coded in both alleles with the appropriate IUPAC am-
biguity code. The phased nuclear sequences were used
to generate median-joining networks using NET-
WORKS v. 4.6.1.1 (Bandelt, Forster & Rohl, 1999).

In order to assess alternative topologies between
A. schreiberi and A. b. asper, topological constraints that
could be statistically rejected were constructed. We en-
forced alternative topologies by hand and compared with
the unconstrained tree (best ML tree) using the ap-
proximately unbiased (AU; Shimodaira, 2002) and
Shimodaira—Hasegawa (SH; Shimodaira & Hasegawa,
1999) tests. Per-site log likelihoods were estimated in
using RAXMLGUI v. 1.3 (Silvestro & Michalak, 2012)
and P-values were calculated using CONSEL
(Shimodaira & Hasegawa, 2001).

SPECIES DELIMITATION

In order to reveal the main lineages with the concat-
enated analysis and as a prior for species groupings,
a mitochondrial phylogeny of 59 haplotypes was per-
formed with BEAST v. 1.6.2 (Drummond & Rambaut,
2007) without the outgroups. Three individual runs were

© 2014 The Linnean Society of London, Zoological Journal of the Linnean Society, 2014
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performed for 5 x 107 generations with a sampling fre-
quency of 10 000. The results were combined to infer
the ultrametric tree after discarding 10% of the samples
from each run. Models and prior specifications applied
were as follows (otherwise by default) for partitions
by genes and by PartitionFinder. For gene partitions:
GTR + I + G, strict clock (12S), Hasegawa-Kishino-
Yano + Invariable sites + Gamma distribution
(HKY + I + G), strict clock, molecular clock model (es-
timate, 0-1) (Cytb); coalescence: constant size process
of speciation; random starting tree; alpha Uniform (0,
10); GTR Uniform. For partitions by PartitionFinder:
GTR + I + G, strict clock (partition 1 = 12S + Cytb codon
1 and 2), Tamura-Nei + Gamma distribution (TrN + G),
strict clock (partition 2 = Cytb codon 3); coalescence:
constant size process of speciation; random starting tree;
alpha Uniform (0, 10). Parameter values both for clock
and substitution models were unlinked across parti-
tions. For all analyses implemented in BEAST, the three
runs were analysed in TRACER v. 1.5 (Rambaut &
Drummond, 2007) confirming convergence. The trees
were combined in LogCombiner and TreeAnnotator
(available in BEAST package) was used for the pro-
duction of the final tree.

For estimating species limits directly from the Bayes-
ian phylogenetic tree produced with the concat-
enated mitochondrial data, we used the independent
generalized mixed Yule-coalescent (GMYC) method (Pons
et al., 2006). The GMYC model estimated the number
of phylogenetic clusters or ‘species’ by identifying the
shifts between intraspecific (coalescence) and interspecific
(diversification) branch rates (Pons et al., 2006). We
performed the GMYC function in the R v.3.0.2 ‘splits’
package (Ezard, Fujisawa & Barraclough, 2009). A
likelihood-ratio test was used to determine if the GMYC
model with a shift in the branching processes provid-
ed a better fit to the data than the null model with
no shifts. We used a single threshold value (Monaghan
et al., 2009), which has already been applied success-
fully to different groups of organisms (Pons et al., 2006;
Fontaneto et al., 2007; Monaghan et al., 2009).

ESTIMATION OF DIVERGENCE TIMES

The lack of internal calibration points in Acantho-
dactylus (no fossils are known) prevents the direct
estimation of time in our phylogeny. Therefore, we used
the mean substitution rates and their standard error
of the same 12S and Cytb mitochondrial regions ex-
tracted from a fully calibrated phylogeny of another
lacertid group, the lizards of the genus Gallotia endemic
to the Canary Islands (Cox, Carranza & Brown, 2010;
as was implemented in Carranza & Arnold, 2012). The
inferred calibration rate was estimated using the age
of El Hierro Island (Canary Islands), estimated at
1.12 Mya (Guillou et al., 1996). They assumed coloni-

zation of the island by members of the lacertid genus
Gallotia (Gallotia caesaris caesaris, endemic to El Hierro
Island) immediately after its formation from the neigh-
bouring La Gomera Island (inhabited by the endemic
Gallotia caesaris gomerae). These two subspecies are
monophyletic sister taxa with low intraspecific vari-
ability (Maca-Meyer et al., 2003; Cox et al 2010) and
thus suitable for calibration.

For the estimation of divergence times one repre-
sentative of each independent GMYC lineage was used
from the ultrametric tree (for the representatives see
Table 1). We used a likelihood-ratio test implemented
in MEGA 5.2 (Tamura et al., 2011) to test if the dif-
ferent partitions (by genes) included in the dating analy-
sis were evolving in a clock-like fashion (Table 2). This
information was used to choose between the strict clock
and the relaxed uncorrelated lognormal clock priors
implemented in BEAST (Monaghan et al., 2009). The
data set included one representative from each lineage
from the GMYC analysis using sequences from all five
partitions (nuclear genes unphased). Three individ-
ual runs were performed for 5 x 107 generations with
a sampling frequency of 10 000 and the results were
combined to infer the ultrametric tree after discard-
ing 10% of the samples from each run. Models and prior
specifications applied were as follows (otherwise by
default): GTR + I + G, relaxed uncorrelated lognor-
mal clock, molecular clock model (estimate) (12S, Cytb),
HKY, strict clock (MCIR, c-mos), and TrN + I, strict
clock (ACM4); Yule process of speciation; random start-
ing tree; yule.birthRate (0, 1000); alpha Uniform (O,
10); ucld.mean of 12S Normal (initial value: 0.00553,
mean: 0.00553, SD: 0.00128); ucld.mean of Cytb Normal
(initial value: 0.0164, mean: 0.0164, SD: 0.00317). Pa-
rameter values both for clock and substitution models
were unlinked across partitions.

RESULTS

The data set of this study is comprised of 19 samples
of A. schreiberi, 65 samples of A. b. asper, and 11
outgroup samples (Table 1; Fig. 1). The data set in-
cluded mitochondrial DNA (mtDNA) gene fragments
of 128 (~387 bp) and Cytb (405 bp), and nuclear DNA
(nDNA) gene fragments of MCIR (663 bp), ACM4
(429 bp), and c-mos (522 bp) totalling to ~2406 bp. The
number of variable (V) and parsimony-informative
(Pi) sites for the ingroup are listed in Table S1. The
two partition approaches (i.e. by gene and by
PartitionFinder) gave similar results for both the ML
and BI analyses. The results of the phylogenetic analy-
ses of the complete concatenated data set using ML
and BI methods produced very similar topologies but
differed, to some extent, at the less supported nodes
at the intraspecific level (Fig. 2). Separated analyses
of the nuclear data sets are presented in Figure S1.

© 2014 The Linnean Society of London, Zoological Journal of the Linnean Society, 2014
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_LA. boskianus Ab113 - Jordan
A. boskianus Ab282 - Israel
A. boskianus Ab233 - Jordan
[ A. boskianus Ab206 - Israel
A. boskianus Ab171 - Sinai, Egypt
A, boskianus Ab73 - Israel
A. boskianus Ab78 - Israel
= A, boskianus Ab238 - Jordan
A, boskianus Ab237 - Jordan
A. boskianus Ab12 - Israel
'A. boskianus Ab80 - Israel
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Figure 2. Maximum likelihood (ML) tree of the Acanthodactylus boskianus and Acanthodactylus schreiberi specimens
inferred using 12S rRNA, cytochrome b mtDNA and melano-cortin 1 receptor, acetylcholinergic receptor M4, and oocyte
maturation factor MOS nuclear gene fragments. Posterior probability in the Bayesian analysis is indicated by black dots
on the nodes [values > 0.95 shown, for both gene partitions and partitions by PartitionFinder (PF)], and ML bootstrap
support values are indicated in parentheses (values > 70% shown; ML, ML-PF). Age estimates with BEAST are indicat-
ed near the relevant nodes and include the mean and, in brackets, the HPD 95% confidence interval. Sample codes relate
to specimens in Table 1 and in Figures 1 and 3. Colours: blue, Acanthodactylus boskianus asper; yellow, Acanthodactylus
schreiberi ataturi; red, Acanthodactylus schreiberi syriacus; green, Acanthodactylus schreiberi schreiberi. (Colour version

of figure available online.)

.

<

Together, A. b. asper and A. schreiberi form a
monophyletic group within Acanthodactylus (Fig. 2).
Within the group, however, both taxa are paraphyletic,
with A. schreiberi as a whole nested within A. b. asper.
Our analyses distinguish three major clades: (1) clade
A, formed by A. b. asper from Syria; (2) clade B, in-
cludes the two subspecies, A. sc. ataturi from Turkey
together with A. sc. schreiberi from Cyprus; (3) clade
C, which includes specimens of A. b. asper from the re-
maining localities in its distribution range together with
A. sc. syriacus from Israel and Lebanon. Clade A is very
well supported and includes specimens of A. b. asper
from central and northern Syria (Fig. 1), splitting from
other specimens at the basal node of the group is es-
timated to have occurred c. 6.54 Mya [95% highest pos-
terior density (HPD): 3.92-9.52 Mya]. The level of genetic
differentiation
(p-distance) between these specimens and the remain-
ing A. b. asper and all A. schreiberi specimens is 3.7—
4.6% for 12S and 10.7-11.9% for Cytb. Clade B is also
very well supported and includes two of the three
nominal subspecies of A. schreiberi: A. s. schreiberi the
nominotypical subspecies endemic to Cyprus, and A. s.
ataturi from Turkey. The Turkish subspecies is nested
within the Cypriot specimens and the two forms have
low genetic distances from each other (12S: 0.16%; Cytb:
1.23%). This clade is nested between the two A. b. asper
clades (clades A and C) in both the concatenated
and the nuclear tree although the nodes are not well
supported. Clade C is not very well supported. It in-
cludes a cluster of A. b. asper and A. s. syriacus. This
clade includes two inner clades that split around
5.58 Mya (95% HPD: 3.56—8 Mya) and divided into three
poorly supported geographical inner groups (Fig. 2):
northern Jordan and northern Oman (group C1), North
Africa (group C2), and samples from the Middle East
(Egypt, south Israel, and south Jordan) with samples
from Yemen and southern Oman (group C3) — the latter
including all specimens of the subspecies A. s. syriacus.
The diversification within the North African group is
estimated to have started around 4.56 Mya (95% HPD:
2.82-6.47 Mya). The Israel-Lebanon endemic subspe-
cies A. s. syriacus is genetically highly distinct from

A. s. schreiberi and A. s. ataturi, making A. schreiberi
paraphyletic (p-distance: 12S: 4.31, 4.16%; Cytb: 11.8,
12.02%, respectively).

The networks constructed for the phased haplotypes
of the full length nuclear markers (MCIR, ACM4, and
c-mos) are presented in Figure 3. The nuclear network
analyses show similar results for each of the three genes
and closely agree with the phylogenetic tree. The Cypriot
A. s. schreiberi and Turkish A. s. ataturi subspecies share
alleles for all three genes, and both are distinct from
the third subspecies A. s. syriacus. Acanthodactylus
schreiberi syriacus shares no alleles with the other sub-
species of A. schreiberi, but does share alleles with
A. b. asper for each of the genes. Acanthodactylus
schreiberi syriacus shares MCIR alleles with A. b. asper
specimens from Tunisia, Syria, and Israel, ACM4 alleles
with Egyptian, Israeli, Jordanian, and North African
specimens, and c-mos alleles only with Israeli A. b. asper
specimens. Syrian A. b. asper samples share one allele
with A. s. syriacus and two with other A. b. asper speci-
mens from Egypt, Israel, and North Africa in the MCIR,
one allele with an Egyptian A. b. asper in the ACM4,
and none in the c-mos gene.

In order to better understand the relationships between
A. schreiberi and A. boskianus, we performed three to-
pology tests in which we forced monophyletic group-
ings: (1) monophyly of A. schreiberi (all three subspecies
together); (2) monophyly of A. b. asper; (3) monophyly
of A. b. asper and of A. schreiberi. The results of the
topological tests indicate that our data set cannot reject
the alternative hypotheses of monophyly of A. schreiberi
(AU: P =0.091, SH: P =0.062) and that of A. b. asper
(AU: P=0.11, SH: P = 0.072) if we allow A. schreiberi
to nest within A. b. asper or a monophyletic A. b. asper
nesting within A. schreiberi. When forcing monophyly
of both A. schreiberi and of A. b. asper together in the
same tree, the results are inconclusive (AU: P = 0.046,
SH: P =0.051).

The single-threshold model in GMYC yield a topol-
ogy that is clearly different from the known taxono-
my. The GMYC results present a total of 25 and 24
ML independent lineages from the Bayesian haplotype
mitochondrial phylogeny of the two species for the two
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Figure 3. Haplotype networks of the nuclear gene fragments melano-cortin 1 receptor (MCI1R), acetylcholinergic recep-
tor M4 (ACM4), and oocyte maturation factor MOS (c-mos) with colours corresponding to Figures 1 and 2. Codes corre-
late to the two alleles (i.e. a and b) of specimens in Table 1. Circle sizes are proportional to the number of alleles. (Colour

version of figure available online.)

P

<

partition approaches (i.e. by gene and by PartitionFinder,
Figs S2, S3, respectively). The two partition ap-
proaches gave similar clusters, but at the less sup-
ported nodes they differed at the positions of several
lineages. The single threshold GMYC result is indi-
cated for a single line at 0.0037 Mya for the gene par-
titions and at 0.02 Mya for PartitionFinder (vertical
lines in Figs S2, S3). The topology and clusters re-
vealed in this analysis correspond to the lineages from
the phylogeny of the ML and BI methods, both for the
paraphyly of the two species and the geographical group-
ings within A. b. asper. The GMYC results mainly differ
from the ML and BI methods in the position of
A. schreiberi from Cyprus and Turkey as a sister clade
to the Syrian A. b. asper.

DISCUSSION

We have provided a comprehensive and thorough as-
sessment of the intraspecific phylogenetic relation-
ships within A. schreiberi and its closest relative
A. b. asper. Our results, based on mitochondrial and
nuclear DNA data from 84 specimens across the entire
distribution range of A. schreiberi and most of the dis-
tribution range of A. b. asper, reveal that A. schreiberi
is paraphyletic and nested entirely within the
A. boskianus subspecies.

HISTORICAL BIOGEOGRAPHY

Acanthodactylus schreiberi is thought to comprise
three subspecies, corresponding to three allopatric
populations in Cyprus, Turkey, and Israel-Lebanon.
The Cypriot endemic, nominotypical, subspecies,
A. sc. schreiberi, and the Turkish subspecies,
A. sc. ataturi, cluster together (to form clade B; Fig. 2),
nesting between A. b. asper clades. This lineage is sister
to a clade of A. b. asper including A. sc. syriacus (clade
C; Fig. 2). We estimate the divergence time of the
Cypriot—-Turkish lineage of A. schreiberi to have been
during the late Miocene around 6 Mya, although there
is no support for this split in the tree. In other analy-
ses using the whole genus, this split is well support-
ed in Bayesian analyses (K. Tamar, S. Carranza, R.
Sindaco, J. Moravec, JF. Trape & S. Meriri, unpubl.
data). Based on mitochondrial data Poulakakis et al.
(2013) found that both the Cypriot and Turkish sub-
species are monophyletic, and diverged from each other
0.85 Mya (0.38-1.56 Mya). According to our results this
date corresponds to an inner divergence of the

A. sc. schreiberi lineage rather than to the date at which
A. sc. schreiberi colonized Cyprus.

The discrepancy in the phylogenetic relationship of
A. sc. schreiberi raises questions regarding the arrival
on Cyprus. Cyprus originated with the raising of the
Troodos Massif during the upper Cretaceous, c. 91 to
88 Mya (Clube & Robertson, 1986; Mukasa & Ludden,
1987). During the middle to late Miocene only a small
proportion of Cyprus was exposed above the Mediter-
ranean (McCallum & Robertson, 1990; Robertson, 1990).
Towards the end of the Miocene ~5.96 Mya, with the
closing of the passage between the Atlantic Ocean and
the Mediterranean basin, the Messinian salinity crisis
began (Krijgsman et al., 1999). This resulted in the
drying up of much of the Mediterranean Sea and high
sea-mounts emerged to form land bridges with the
surrounding land (Hsti et al., 1977). By the end of the
Miocene and early Pliocene, ~5.33 Mya, the passage
with the Atlantic Ocean reopened and the Mediterra-
nean basin was refilled (Krijgsman et al., 1999). Re-
sulting from compressions, raising, and uplifting of the
surrounding areas, towards and during the Pleisto-
cene, Cyprus was a complete emergent island (McCallum
& Robertson, 1990). The possible connection of Cyprus
to the mainland (i.e. to Turkey/Syria) during the
Messinian is debated, as are suggestions of a land con-
nection at later periods (Steininger & Rogl, 1984; Jolivet
et al., 2006; Bache et al., 2012). Such a connection, if
it existed, could have provided access for terrestrial
organisms with poor overseas dispersal ability, such
as lizards, to colonize the island. Several studies argue
that post-Messinian sea level changes are unlikely to
have formed connections between Cyprus and the main-
land (Steininger & Rogl, 1984; Jolivet et al., 2006). Thus,
our dating of the split between the Cypriot A. schreiberi
and A. b. asper at c. 6 Mya leads us to suggest that the
ancestor of A. s. schreiberi colonized Cyprus from the
mainland through a land bridge connection at the be-
ginning of the Messinian crisis, rather than by a much
later/more recent transmarine dispersal as suggested
by Poulakakis et al. (2013). Owing to its close rela-
tions with A. b. asper, the ancestor of A. schreiberi was,
presumably, mainland A. boskianus, and the cladogenesis
leading to A. schreiberi thus rendered A. b. asper
paraphyletic.

The Turkish subspecies, A schreiberi ataturi, was rec-
orded for the first time by Franzen (1998) at a very
restricted area, of around 15 km of coastal strip (between
Botas and Yukar1 Burnaz, Hatay Province). Owing to
the remarkable morphological similarity between
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A. sc. ataturi and the Cypriot population, the speci-
mens were initially identified as A. sc. schreiberi
(Franzen, 1998). Yal¢inkaya & Gogmen (2012), however,
described this population as a new distinct subspe-
cies, A. s. ataturi, presenting several differences between
the two, in both morphology and blood-serum pro-
teins. The origin of A. s. ataturi remains uncertain, as
it is debated whether the newly discovered Turkish
population is a relict or an introduction from Cyprus.
Franzen (1998) described this population as a pos-
sible introduction from Cyprus through the harbour
of Botas, but Sindaco et al. (2000) suggested that
it might be a relict of a previously larger popula-
tion because its present distribution is similar to
that of some insects and lizards [Archaeolacerta
(Phoenicolacerta) laevis and Ablepharus budakil.
Yalcinkaya & Gogmen (2012) proposed that A. sc. ataturi
arrived in Turkey from the nominate population in
Cyprus during the Messinian crisis. The phylogenetic
results, haplotype networks, and low levels of genetic
divergence we found suggest that the two subspecies
from Cyprus and Turkey have not been genetically
isolated for a long period of time (i.e. they share alleles
in all three nuclear genes and A. s. ataturi is nested
within A. s. schreiberi in the phylogeny; Figs 2, 3). Our
results therefore contrast with the two latter sce-
narios of a relict population or a Messinian disper-
sal. Both divergence time and the genetic similarity
of the two subspecies agree with the original sugges-
tion of Franzen (1998) that these animals were intro-
duced into Turkey from Cyprus. Further support for
this hypothesis is that A. s. ataturi is restricted to the
vicinity of the Botas-Adana harbour and is absent in
other suitable habitats (coastal sand dunes) wide-
spread in south-eastern Turkey. Its close morphologi-
cal features to A. s. schreiberi (Franzen, 1998) likewise
support an introduction scenario.

The third subspecies, A. s. syriacus, is nested within
A. b. asper in the concatenated, mtDNA and nDNA trees
and is clearly genetically distinct from the Cyprus and
Turkey A. schreiberi lineage. The close relations of
A. s. syriacus with A. boskianus may shed light on the
origin of the former. Acanthodactylus schreiberi syriacus
is distributed on stable sands of the coastal plain of
the eastern Mediterranean in Israel and southern
Lebanon (Salvador, 1982; Hraoui-Bloquet et al., 2002;
Bar & Haimovitch, 2011), habitats resembling those of
A. s. schreiberi from Cyprus (Baier, Sparrow & Wiedl,
2009). The oldest divergence of the A. b. asper clade
that includes A. s. syriacus is estimated to have oc-
curred during the late Miocene around 5.58 Mya, but
no further dates are available for the grouping of
A. s. syriacus, as a result of low support values. The
coastal plain of the eastern Mediterranean was sub-
merged during the late Miocene, and re-emerged only
toward the Pliocene (Nir, 1970; Horowitz, 1979). The

sands of the coastal plain, where A. s. syriacus occurs
(Salvador, 1982; Arnold, 1983; K. Tamar & S. Meiri,
pers. observ.), were repeatedly submerged and re-
emerged during the Pleistocene sea-level changes (during
interglacial and glacial periods, respectively). A pos-
sible scenario for A. sc. syriacus’s origin includes several
waves of dispersal of Middle Eastern A. boskianus, which
occurs on coarse substrates (Amitai & Bouskila, 2001;
Disi et al., 2001; Baha El Din, 2006; pers observ.) toward
the Mediterranean shore. Acanthodactylus boskianus
asper is absent from Mediterranean climate habitats
in Lebanon and Israel. It occupies only xeric zones,
suggesting an invasion to the coastal plain when sandy
habitats allowed desert flora and fauna to migrate north-
wards (Yom-Tov, 1988). These populations adapted to
sandy soils and evolved morphological features that
distinguish them from the desert hard substrate forms
of A. b. asper. We view this as the most likely scenario
given the biogeography, the phylogenetic results, and
the habitat preferences and adaptations of these lizards.
An alternative scenario, according to which the an-
cestor of A. schreiberi originated in Cyprus and dis-
persed to the shores of Israel and Lebanon (or originated
in the coastal plain of the Eastern Mediterranean and
dispersed to Cyprus), we regard as far less likely. Such
a scenario requires much closer genetic relationships
between these two forms, and is further weakened by
the close relationship between A. s. syriacus and the
geographically adjacent A. b. asper populations.
Acanthodactylus boskianus asper is highly variable,
both morphologically (Salvador, 1982; Arnold, 1983) and
genetically (this study). The subspecies is paraphyletic,
as A. schreiberi is nested within it. The topology of the
A. b. asper tree shows four different geographical group-
ings: Syria (clade A), north Jordan plus north Oman,
North Africa, and Middle East plus south Arabia (groups
C1, C2, C3, respectively). The different groups in this
subspecies are estimated to have first diverged during
the late Miocene approximately 6.5 Mya with the split
of the Syrian population. The Syrian lineage is ge-
netically distant from A. schreiberi and the other
A. b. asper specimens. The nuclear networks indicate
that this group is closer to the other A. b. asper samples
rather than to A. schreiberi. The geographical splits
in the rest of the A. b. asper range (clade C) are esti-
mated to have started around 5.58 Mya. These groups
are supported as a distinct clade, but are closely related
to each other in both the concatenated and nuclear trees
(Figs 2, S1, respectively). The diversification within this
clade is estimated to have occurred during the late
Miocene to early Pliocene, when A. b. asper dispersed
widely, west to North Africa and in Arabia. The di-
vergence within the North African group (group C2)
is estimated to have occurred during the Pliocene, ap-
proximately 4.56 Mya, with the Egyptian, Nigerian, and
Sudanese populations later dispersing west and north
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in Africa. This diversification correlates to the arid climate
starting in southern Sahara during the early-mid Plio-
cene and later in northern Africa between the Plio-
cene and the Pleistocene (Le Houérou, 1997), as has
been suggested for the dispersal of Mesalina guttulata
in Africa (Kapli et al., 2008). Other evidence relates
dry climate in North Africa to an earlier period around
7 Mya (Schuster et al., 2006) as has been suggested
for the genus Chalcides and other reptiles (Carranza
et al., 2008; Metallinou et al., 2012 and reference therein).
The aridification of North Africa has most likely con-
tributed for the successful dispersal of A. b. asper west
from south-west Asia into Africa. Morphological studies
of A. boskianus show relatively uniform populations in
North Africa, suggesting recent migration (Salvador,
1982; Arnold, 1983). The other two geographical group-
ings of A. b. asper from the Middle East and Arabia
(groups C1 and C3) are located in two distinct inner
clades, but their location within each inner clade is
poorly supported. The topology of the concatenated tree
(Fig. 2) shows that the group from northern Jordan
and northern Oman (group C1) is closer to the North
African one than to the geographically close Middle-
Eastern and south Arabian group (group C3). The taxo-
nomic separation between north and south Oman has
been recognized in other species of reptiles and sup-
ported by the topography of Oman (e.g. Echis coloratus
and Echis omanensis; Arnold, Robinson & Carranza,
2009). In the nuclear tree (Fig. S1) these two groups
are closer to one another, and with the North African
group form clade C. Therefore, the low support values
amongst these groupings prevent an appropriate and
thorough analysis of this subspecies. The close rela-
tionship amongst the geographical groups may reflect
close phylogenetic relationships amongst these popu-
lations, suggesting recent migration, divergence, and
ongoing gene flow.

SYSTEMATICS AND TAXONOMIC IMPLICATIONS

The relationships within the A. boskianus species group
conflict with the current known taxonomy of A. schreiberi
and A. b. asper (samples of the other subspecies of
A. boskianus and of A. nilsoni were unavailable for this
study). Both species have been found to be closely
related and paraphyletic. The constrained topology tests
exemplify the close entangled relationship between the
two species as the separate monophyly of the two species
was not rejected, and the enforced monophyly of them
both together was inconclusive.

Several causes can be responsible for paraphyly in
species such in the A. boskianus species group (Funk
& Omland, 2003 and references therein): (1) inad-
equate phylogenetic information; (2) imperfect taxono-
my (incorrect/inaccurate species limits) derived from
misidentifying intraspecific variation; (3) interspecific

gene flow — hybridization through interspecific mating
and the subsequent backcrossing of hybrids into the
parental populations; (4) incomplete lineage sorting
because of recent speciation events; (5) unrecognized
paralogy. We suggest that the relationships between
A. schreiberi and A. b. asper, based on mitochondrial
and nuclear data, are most likely explained by incor-
rect taxonomy, probably because of the great variabil-
ity of the latter species, and to convergence. As was
the case in the molecular studies of the A. pardalis
and A. erythrurus species groups (Harris et al., 2004;
Fonseca et al., 2008, 2009; Carretero et al., 2011 and
reference therein), there are many problems with the
current taxonomic status of several species groups within
Acanthodactylus.

Taking the molecular results of our study into account,
there are several systematic approaches to classify-
ing the A. schreiberi-A. b. asper clade. The Cypriot and
Turkish populations of A. schreiberi are very closely
related, with the latter nested in the former, and the
two subspecies share nuclear alleles (Fig. 3). Further-
more, the low uncorrected p-distance is positively cor-
related with subspecies-level distances within other
lacertid species (i.e. 1.6% of Cytb in Lacerta bilineata
chloronota; Godinho et al., 2005). We therefore con-
clude that Cypriot animals were recently introduced
to Turkey, and that the Turkish population does not
merit a subspecific rank. We suggest that A. s. ataturi
Yal¢inkaya & Go¢gmen 2012 is a junior synonym of
A. s. schreiberi Boulenger, 1878.

Regarding the relationships between A. schreiberi and
A. b. asper, a few scenarios are possible. One is to sink
A. schreiberi within A. boskianus to create one species
(A. boskianus) with high genetic and morphological vari-
ability ranging over a broad distribution. Another is
for the two taxa be regarded as a species complex (the
A. boskianus-schreiberi complex) until further inves-
tigation on the subject. However, although A. schreiberi
is nested within A. b. asper, the populations from Cyprus
and Turkey represent a distinct evolutionary lineage
with distinct genetic and morphological features, and
thus it is logical to retain the specific status. Two other
solutions are possible. The first is to re-evaluate the
Syrian populations and to consider elevating them, as
well as the more divergent lineages (and subspecies)
of A. boskianus to specific status. This would neces-
sitate an examination of the phylogeny and morphol-
ogy of the other four subspecies of A. boskianus
(A. b. boskianus, A. b. euphraticus, A. b. khattensis, and
A. b. nigeriensis), and the identification of distinctive
phenotypic features in the Syrian lizards. Another so-
lution is to recognize the maintenance of gene flow
amongst mainland populations of A. b. asper after the
divergence of the insular endemic A. schreiberi, and
thus the evolutionary cohesion of the paraphyletic
A. b. asper. Arnold (1983) noted that A. schreiberi may
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have originated as an isolate from A. boskianus because
of their shared morphology and hemipenis features.
Our results support this scenario, which includes the
dispersal of A. schreiberi to Cyprus from a mainland
population that was most probably A. boskianus. It may
be assumed that the ancestor of the Cypriot A. schreiberi,
after arriving on Cyprus, remained isolated for a long
period of time and thus evolved to the modern form
of A. schreiberi. Meanwhile, the same ancestral con-
tinental populations, not isolated from each other, con-
tinued to exchange genes to varying degrees, remaining
A. boskianus.

The Israeli-Lebanese subspecies A. sc. syriacus is only
distantly related to the nominate form A. sc. schreiberi.
This subspecies is highly phylogenetically divergent from
the Cypriot and Turkish populations, having higher
p-distances (12S: 4%; Cytb: 11-12%) than those found
between other lacertid species (e.g. 7.4-8.2% of Cytb
amongst Iberolacerta aranica, Iberolacerta aurelioi, and
Iberolacerta bonnali, and 4.1-5.8% of Cytb between
Lacerta bilineata and Lacerta viridis; Crochet et al.,
2004; Godinho et al., 2005, respectively). The nuclear
haplotype networks further show that Lebanese and
Israeli populations share alleles only with A. b. asper,
but not with the nominotypical, Cypriot, form. Arnold
(1983) suggested that the geographical variation of
A. boskianus reflects niche differences, with animals
from xeric areas with dense, rigid, and spiny vegeta-
tion having larger dorsal scales than animals from more
mesic areas. As was assumed for A. schreiberi, we
suggest that other mainland populations of A. b. asper
were the ancestors of the Lebanese-Israeli Coastal plain
forms. We suggest that A. s. syriacus is an ecomorph
of A. b. asper that dispersed from the usual xeric
habitats of the species and adapted to the new, more
mesic environment of the stable sands of the coastal
plains of the eastern Mediterranean. As a conse-
quence, this ecomorph converged on the morphology
of A. s. schreiberi, which inhabits the coastal sands of
Cyprus (Baier et al., 2009), but still maintains differ-
entiating features by having coarser dorsal scales and
sharp keels (Salvador, 1982; Arnold, 1983; Franzen,
1998). This convergence led to the description of
A. s. syriacus as a member of A. schreiberi. The mor-
phological assessment and the close morphological simi-
larities between A. b. asper and A. s. syriacus may
explain the wrong classification. A similar, erro-
neous, reasoning led Reed & Marx (1959) to identify
specimens with fine scales from Iraq as A. schreiberi.
Salvador (1982) re-examined these specimens and as-
signed them to A. boskianus. The morphological dif-
ferences between the two forms are less prominent,
especially where the two forms occur in close geo-
graphical proximity, in the southern coastal plain
and north-western Negev Desert of Israel (Bar &
Haimovitch, 2011). According to our results, A. s. syriacus

actually belongs to A. b. asper, being a coastal-dune
ecomorph, convergent with, but evolutionarily dis-
tinct from, A. schreiberi. Thus, our preferred scenario
is to treat the name Acanthodactylus schreiberi syriacus
Bottger, 1879 (which was originally described as
A. boskianus var. syriacus by Bottger, 1879) as a junior
synonym of the name Acanthodactylus boskianus asper
(Audouin, 1827).

Recognizing A. s. syriacus as a junior synonym of
A. b. asper may have important implications for the con-
servation of this coastal sand dune form, which is clas-
sified as critically endangered in Israel (Dolev &
Pervolutzki, 2004). However, as the Israeli and Leba-
nese coastal dune ecosystem has probably developed
only very recently during the Quaternary (Nir, 1970;
Horowitz, 1979), this form represents a remarkable case
of rapid evolutionary change. It is also a remarkable
case of convergent evolution (with the Cypriot
A. sc. schreiberi). Thus, we feel that these popula-
tions are unique evolutionary entities that merit special
conservation efforts.

The use of nuclear genes is a valuable method for
estimating species divergence and lineage sorting, and
helps evaluate isolated lineages and evolutionary history.
The incorporation of mitochondrial and nuclear data
provides thorough topologies, informative networks, and
divergence times that reveal useful information for a
problematic taxonomy such as that of the A. boskianus
species group. We have shown that phylogenetic ap-
proaches to the confusing taxonomy of two closely related,
and morphologically similar, species can shed light on
their unclear relationships, resolve between homoplasy
and shared ancestry, and identify patterns of species
evolutionary history and biogeography.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Bayesian inference tree of the Acanthodactylus boskianus and Acanthodactylus schreiberi speci-
mens inferred using melano-cortin 1 receptor (MC1R), acetylcholinergic receptor Muscarinic 4 (ACM4), and oocyte
maturation factor MOS (c-mos) nuclear gene fragments. Posterior probability in the Bayesian analysis is in-
dicated by black dots on the nodes (values > 0.95 shown) and maximum likelihood bootstrap support values
are indicated in parentheses (values > 70% shown). Sample codes and colours correlate to specimens in Table 1
and in Figures 1-3.

Figure S2. Phylogenetic tree of the generalized mixed Yule-coalescent model based on the Bayesian mtDNA
haplotype data with a single threshold model for the partitions by genes. The threshold between intra- vs.
interspecific variation is indicated by a vertical red line.

Figure S3. Phylogenetic tree of the generalized mixed Yule-coalescent model based on the Bayesian mtDNA
haplotype data with a single threshold model for the partitions based on PartitionFinder. The threshold between
intra- vs. interspecific variation is indicated by a vertical red line.

Table S1. Information on the length and primers used (orientation, reference, and PCR conditions) for all genes
in this study and the number of variable (V) and parsimony-informative (Pi) sites in the alignment calculated
for the ingroup only.
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