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Elusive but widespread? The potential distribution and genetic
variation of Hyalosaurus koellikeri (Glinther, 1873) in the Maghreb

Philip de Pous'?3, Elisa Mora!, Margarita Metallinou', Daniel Escoriza*, Mar Comas,

David Donaire®, Juan M. Pleguezuelos’, Salvador Carranzal”

Abstract. The genetic variability and the potential distribution under past (Last Glacial Maximum; LGM (MIROC and
CCSM simulations)) and present conditions were studied for the anguid Hyalosaurus koellikeri, using analyses of two
mitochondrial (ND1 and ND2) and one nuclear (PRLR) gene and species distribution modelling (SDM) including 19
geographical coordinates, covering most of its distribution range. Unexpectedly, the genetic results show that H. koellikeri
presents a very low level of variability both in the mitochondrial and nuclear genes studied. The present predicted distribution
of H. koellikeri revealed a large potential distribution in both north and eastwards directions, with suitable areas predicted
in places where the species has never been reported before, as for instance the Rif Mountains in Morocco, as well as into
most parts of northern Algeria and Tunisia. The LGM distribution is even larger compared to the present, with a continuous
predicted distribution from Morocco to Tunisia, and even into Libya under the MIROC simulation. The results of the genetic
and SDM analyses suggest that the now isolated populations from Debdou and Tlemcen have probably been in contact
during the LGM, but its absence from both present and past predicted suitable areas is still a mystery. Hyalosaurus koellikeri
depends mainly on closed deciduous forests (typically Cedrus atlantica and Quercus sp.) and open deciduous shrubland with
high amounts of annual rainfall. The results of this study and the absence of recent sightings of the species outside the core
distribution might indicate a regression of the species. Hence, a reevaluation of the conservation status of the species seems
warranted.

Keywords: Anguidae, calibration region, Hyalosaurus, Maxent, mtDNA, Pleistocene glaciations, species distribution mod-
elling.

Introduction til it was reported for the first time from
the Tlemcen region in western Algeria (Ma-
teo, Geniez and Bons, 1998). Bons and Ge-
niez (1996) already hypothesized the possible
occurrence of H. koellikeri in Algeria based
on the discovery of the species in the Deb-
dou area (until then the easternmost locality
in Morocco; Mellado and Mateo, 1992). How-
ever, old nineteen century literature sources
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The species Hyalosaurus koellikeri (Giinther,
1873) is the only known anguid living in
Africa and was considered to be a Moroc-
can endemic (Bons and Geniez, 1996) un-
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1861; Olivier, 1894) as hinted in Mateo, Ge-
niez and Bons (1998). In Morocco, H. koel-
likeri is a relatively widespread yet difficult
to find species, with a distribution that ranges
from the Rabat-Casablanca region to the Mid-
dle Atlas region and extends southwards into
the High Atlas Mountains (Bons and Geniez,
1996). Isolated populations exist in the Deb-
dou area, Jbel Siroua, Jbel Tazekka, Azemmour
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and around the Souss Valley, although some of
these records are old and unconfirmed (Bons
and Geniez, 1996). Surprisingly, the species has
never been reported from the Rif Mountains
despite extensive herpetological exploration in
this region (e.g. Real, Pleguezuelos and Fahd,
1997; Donaire and Bogaerts, 2003; Fahd et
al., 2005). Hyalosaurus koellikeri is associated
with semiarid and sub-humid areas with soft,
well structured soil and vegetation cover, and
is mostly found in Cedrus atlantica and Quer-
cus sp. forests, were it leads a partially fosso-
rial lifestyle (Bons and Geniez, 1996; Schleich,
Kastle and Kabisch, 1996). The species is con-
sidered as Least Concern on the current IUCN
Red List because of its wide distribution, pre-
sumed large population, and because it is un-
likely to be declining fast enough to qualify
for listing in a higher category (Geniez, 2000).
The species was described as Hyalosaurus koel-
likeri by Giinther (1873) based on one spec-
imen found when looking, together with Pro-
fessor Kolliker, at specimens in the notori-
ous Mr. Jamrach’s establishment, London, UK.
However, the species was subsequently con-
sidered by other authors as a member of the
genus Ophisaurus (Boulenger, 1885, and poste-
rior authors) until Macey et al. (1999) showed
that this genus was paraphyletic. As a result,
Macey et al. (1999) proposed that all taxa in
the Subfamily Anguinae should be considered
as part of the genus Anguis. However, an al-
ternative solution was also proposed by Macey
et al. (1999) according to which the genus
Ophisaurus should be restricted to the East
Asian and North American species, and that the
name Hyalosaurus would apply to the North
African species (H. koellikeri), and Pseudopus
to the European species (P. apodus). This taxo-
nomic arrangement was adopted by subsequent
authors (de Pous et al., 2010; Gvozdik et al.,
2010; Pleguezuelos et al., 2010) and it is also
used in the present work. According to Macey
etal. (1999), the Subfamilies Gerrhonotinae and
Anguinae split 50 mya as a result of the opening
of the North Atlantic Ocean in the late Eocene.
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Hyalosaurus koellikeri appears to be the sis-
ter taxon to the remaining members of the An-
guinae, reinforcing the hypothesis of a western
origin of this Subfamily with a posterior dis-
persal to East Asia and finally to North Amer-
ica across the Bering Land Bridge. According
to the genetic distances and dating estimates by
Macey et al. (1999), H. koellikeri diverged from
its sister taxa (Anguis and Pseudopus) more
than 10 mya, suggesting a historic presence of
the species in North Africa.

Nowadays there is very little knowledge
about the species’ distribution, ecology and ge-
netics and this paper therefore aims to (1) assess
the intraspecific genetic variation, (2) evaluate
the ‘potential’ distribution in the Maghreb under
past (Last Glacial Maximum) and present con-
ditions, and (3) identify the environmental niche
of the species.

Materials and methods
Taxon sampling and phylogenetic analyses

A total of 10 specimens of H. koellikeri covering most of its
distribution range were included in the molecular analyses.
Sequences from one specimen of Anguis c. colchica and one
Pseudopus a. apodus were downloaded from GenBank and
used as outgroups. Specimen data and GenBank accession
numbers of the gene fragments sequenced are given in
table 1 and a map with all the localities of H. koellikeri
included in the molecular study is shown in fig. 1. Two
mitochondrial and one nuclear fragment were sequenced
for most H. koellikeri samples. The two mitochondrial
genes were NDI (298 bp) and ND2 (506 bp). Specific
primers were designed and used in both amplification and
sequencing: ND1-Koel-F1 (5-AGC ACC CTT TGA CCT
AAC AGA G-3') and ND1-Koel-R1 (5'-GAG ATT GGG
AAT GAG ATA TGT C-3) for the ND1 fragment and ND2-
KO-FV2 (5-CGA GCC ACA GAA GCC TCA AC-3')
and ND2-KO-RV2 (5'-CAT GTT GTT GTT AGG TCT
TGG GTA G-3') for the ND2 fragment. PCR conditions for
amplification of the two fragments included a first step of
5" at 94°C, followed by 35 cycles of 30” at 94°C, 45" at
54°C (ND1) or 48°C (ND2) and 1’ at 72°C. A final step
of 10" at 72°C was also included. A fragment of 544 bp
of the nuclear gene prolactin receptor (PRLR) was also
sequenced for H. koellikeri. This marker was included in
the present study because Townsend et al. (2008) suggested
that it was the most variable one of their comparative study
and, more importantly, it has been used successfully in a
recent analysis of the closely related European genus Anguis
(Gvozdik et al., 2010). Polymerase Chain Reaction (PCR)
conditions and primers used for both amplification and
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Figure 1. The study area in the Maghreb showing the 19 records of Hyalosaurus koellikeri with precise locality data used for
the species distribution modelling (SDM). Specimens from some of these localities included in the molecular analyses are
also indicated (hk1-9). The main locality names, all available literature records and the Moulouya river basin are indicated.

sequencing of the PRLR gene fragment were as in Gvozdik
et al. (2010).

The mitochondrial DNA sequences were aligned using
ClustalX (Thompson et al., 1997). Translation into amino
acids using the vertebrate mitochondrial code yielded no
stop codons, suggesting that the sequences were probably
all functional. The phylogenetic analyses were performed
using Maximum Likelihood (ML) and Bayesian Inference
(BI). JModeltest v. 0.1.1 (Posada, 2008) was used to se-
lect the most appropriate model of sequence evolution, un-
der the Akaike information criterion (AIC, Akaike, 1974).
The models selected were HKY + I for the ND1 partition,
GTR+ G for the ND2 partition and GTR+1 for the concate-
nated dataset. Maximum Likelihood analysis of the latter
was performed with PhyML v. 3.0 (Guindon and Gascuel,
2003) using the best-fit model GTR + I. Reliability of the
ML trees was assessed by bootstrap analysis (Felsenstein,
1985), involving 1000 replications. MrBayes (Huelsenbeck
and Ronquist, 2001) was used for BI analysis. The dataset
was partitioned and the respective best-fitting models for
each gene were applied (see above). Four incrementally
heated Markov chains with the default heating values were
used. Two independent runs were performed for 2.5 x 100
generations with samplings at intervals of 1000 generations
producing 2500 trees. Tracer v. 1.4 (Rambaut and Drum-
mond, 2007) was used to verify that stationarity had been
reached and the first 625 trees were discarded before gener-
ating the majority rule consensus tree. Basic sequence statis-

tics and genetic distances were calculated with the program
MEGA v. 3.0 (Kumar, Tamura and Nei, 2004). Topological
incongruence among partitions was tested using a reciprocal
70% bootstrap proportion or a 95% posterior probabilities
(pp) threshold (Mason-Gamer and Kellogg, 1996). Topolog-
ical conflicts were considered significant if two different re-
lationships for the same set of taxa were both supported with
bootstrap values > 70% or pp values > 95%. A median-
joining haplotype network for the ND1 and ND2 concate-
nated gene fragments was constructed using the Fluxus Phy-
logenetic Network Analysis software v.4.6.0.0. (Bandelt et
al., 1999; http://www.fluxus-engineering.com).

Species distribution modelling

A total of 19 geographical coordinates of H. koellikeri
from Morocco and Algeria were used for species distri-
bution modelling (SDM) (see fig. 1 and table 1). Most
species records were collected in the field using GPS de-
vices (N = 15) and the additional species records were
derived from Bons and Geniez (1996) and Mateo, Ge-
niez and Bons (1998) (N = 4). Only literature records
and field data with precise locality information from 1980
onwards were used and a minimum distance of ten kilo-
meters was ensured between geographical coordinates to
account for spatial autocorrelation of the dataset because
this has proven to falsely inflate the accuracy of SDM
(Veloz, 2009). Initially, a total of 19 BioClim variables
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were downloaded from the WorldClim database version 1.4
(http://www.worldclim.org/) to form the present and past
(Last Glacial Maximum; LGM) climatic datasets (Hijmans
et al., 2005) at a scale of 30 arc seconds (nearly 1 x
1 km) and 2.5 arc minutes (nearly 5 x 5 km), respec-
tively. Two general atmospheric circulation models (GCM)
were used to generate past climate scenarios for each
period: the Community Climate System Model (CCSM,
http://www.ccsm.ucar.edu) and the Model for Interdisci-
plinary Research on Climate (MIROC, http://www.ccsr.
u-tokyo.ac.jp/~hasumi/MIROC/). Colinearity among the
initial 19 BioClim variables was measured with Pearson’s
correlation coefficient in SPSS 17 based on 1000 randomly
sampled (ensuring a minimal distance) points from Mo-
rocco, because colinearity of predictor variables can hin-
der model interpretation. Nine bioclimatic variables, all
of which had a correlation degree lower than 0.80 (Pear-
son coefficient), were retained. The Jackknife procedure
was implemented in Maxent (Maximum entropy mod-
elling) with the remaining nine bioclimatic variables to
find the best set of predictor variables following a par-
simony approach (Vega et al., 2010) based on the aver-
age (AUC) test of ten replicates. The final set of biocli-
matic predictor variables for the SDMs consisted of Annual
Precipitation (AP) and Mean Temperature of the Driest
Quarter (MTDQ). Landcover data (Mayaux et al., 2004)
were downloaded from the Global Environment Monitor-
ing database (http://bioval.jrc.ec.europa.eu) to assess the po-
tential present distribution of H. koellikeri in the Maghreb
(18 landcover classes within the study region). Species’
geographic distribution was modeled with Maxent v. 3.3.3e
(Phillips, Anderson and Shapire, 2006) for the present (us-
ing climate variables only (1) and using climate variables
with landcover data (2)) and the LGM (climate variables
only (3)). It has been shown that Maxent produces high
quality predictions that are often more successful when eval-
uated and compared with other predictive models (e.g. Her-
nandez et al., 2006; Jiménez-Valverde, Lobo and Hortal,
2008; Giovanelli et al., 2010). Additionally, Maxent has a
successful prediction power even when using low sample
sizes (Pearson et al., 2007; Wisz et al., 2008). This algo-
rithm uses environmental parameters in combination with
geographical coordinates in order to predict the distribution
of the species of interest. Maximum entropy is achieved by
the constraint that the expected value for each variable under
the estimated distribution has to match its empirical average
(the mean value of a random set of coordinates within the
distribution; Phillips, Anderson and Shapire, 2006). In other
words, this means that the model minimizes the relative en-
tropy between two probability densities (one from the pres-
ence data and one from the landscape) defined in covariate
space (Elith et al., 2011). The model output displays the rel-
ative occurrence probability of a species within the grid cells
of the study area. Maxent was used with default settings
while partitioning the geographical records between training
and test samples (75% and 25%, respectively). This tech-
nique has been proven to achieve high predictive accuracy
(Phillips and Dudik, 2008). Several studies have recently
addressed the importance of selecting pseudo-absence or

background locations in SDM (Phillips et al., 2009; Van-
DerWal et al., 2009; Anderson and Raza, 2010; Giovanelli
et al., 2010). Moreover, some of these studies reported that
using very large areas for model calibration, especially if
the species is absent from these areas, can result in seri-
ous ramifications for predictions and performance of SDMs
(VanDerWal et al., 2009; Anderson and Raza, 2010; Gio-
vanelli et al., 2010). We therefore followed the suggestion
of VanDerWal et al. (2009) and used an exploratory analy-
sis to define the most appropriate calibration region. Final
models were calibrated in a study region that encompassed
all known localities (fig. 1), as this resulted in more bio-
logically meaningful models (unpublished results, available
upon request) and was suggested by previous research (e.g.
Phillips, 2008; Warren, Glor and Turelli, 2008; Anderson
and Raza, 2010; Godsoe, 2010; Rodder and Lotters, 2010).
Subsequently, models were projected onto a larger area.
Ensemble forecasting (e.g. Aratdjo and New, 2007) of
ten models with randomly selected test samples was used
to produce predictive distribution maps, which were plot-
ted in logistic format. The “fade-by-clamping” option in
Maxent was used to remove heavily clamped pixels from
the final models. Furthermore, a comparison of the envi-
ronmental variables used for projection to those used for
training the model were made using visual interpretation
of multivariate similarity surface (MESS) pictures and the
most dissimilar variable (MoD) (Elith et al., 2010), because
hindcasting SDMs into different time periods with possible
non-analog climate is not only prone to error (Heikkinen
et al., 2006; Williamson, 2006) but it is also ecologically
and statistically invalid (Fitzpatrick and Hargrove, 2009;
Nogues-Bravo, 2009). The final models were reclassified in
ArcGIS 9.3.1 into binary presence-absence maps based on
the average lowest presence thresholds (LPT), guaranteeing
that all presences are predicted as suitable (Pearson et al.,
2007). A visual analysis of all existing H. koellikeri records
(Bons and Geniez, 1996) with the final predictive model
was performed in order to assess the percentile overlay as a
measure of model performance. Jackknife testing was used
to produce estimates of the average contribution and re-
sponse of each variable to the model. Thus, each variable
was excluded in turn and a model with the remaining vari-
ables was created. Additionally, a model using each vari-
able in isolation and a model using all variables were cre-
ated. All models were tested with receiver operating char-
acteristics (ROC) curve plots, which plot the true-positive
rate against the false-positive rate. The average area under
the curve (AUC) of the ROC plot of ten models was taken
as a measure of the overall fit of each model. Due to the
fact that Maxent operates only with presence records, the
AUC is calculated using pseudo-absences chosen at random
from the study area (Phillips, Anderson and Shapire, 2006).
The AUC values range between 0.00 (highly unsuitable) and
1.00 (highly suitable) and display the probability that a ran-
domly chosen presence site will be ranked above a randomly
chosen absence site (Phillips, Anderson and Shapire, 2006).
Models with AUC values above 0.75 are considered useful
(Elith, 2002). Visual analyses of the response curves and
graphs of major contributing variables (Austin, 1987) pro-
duced by Jackknife analyses were performed in order to as-
sess how the probability of presence of H. koellikeri changes
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with the range of variation within the predictor variables. 1o topological conflicts (data not shown) and, as
Response curves were analyzed from models created using a result of that, the two genes (ND1 and ND2)

only the corresponding variable.

Results

Phylogenetic analyses

were combined for further analyses. Of the
804 bp of H. koellikeri ND1 and ND2 concate-
nated gene fragments, 27 positions were vari-
able (10 and 17, respectively) and 7 parsimony-
informative (2 and 5, respectively). The results

The independent analyses of the two mitochon-  of the phylogenetic and network analyses are
drial DNA fragments indicated that there were ~ shown in fig. 2A, B, respectively and indicate
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Figure 2. (A) ML tree of Hyalosaurus koellikeri inferred using the ND1 and ND2 mtDNA fragments. Numbers above the
nodes indicate bootstrap support for the ML analysis and values below the nodes refer to the posterior probability values
(pp) under the Bayesian Inference analysis. (B) Median-joining network inferred using a concatenated mtDNA fragment
including the ND1 and ND2 gene regions. Grey circles represent different haplotypes and have been drawn proportional to
the frequency of each haplotype. Number of mutations between haplotypes greater than one is indicated between brackets.
Information on the samples included is shown in fig. 1 and table 1.
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Table 2. Uncorrected p-distances based on gene fragment ND1 below the diagonal and ND2 above the diagonal.

Uncorrected p-distances (%) hk1 hk2 hk3 hk4 hk5 hk6 hk7 hk8 hk9 Macey et al.
hk1 — Azrou 0.00 1.78  0.00 198 000 000 0.00 1.19 0.00
hk2 — Taza 0.00 1.78  0.00 198 000 000 0.00 1.19 0.00
hk3 — El-Ksiba 2.68  2.68 1.78 217 1.78 1.78 1.78 1.38 1.78
hk4 — Tizi Oulmu 0.00 000 2.68 1.98 0.00 0.00 0.00 1.19 0.00
hk5 — Road to Oukaimeden 1.34 1.34 2.68 1.34 1.98 1.98 1.98 1.98 1.98
hk6 — Debdou 0.00 000 268 0.00 1.34 0.00  0.00 1.19 0.00
hk7 — Ifrane-1 0.00 000 268 0.00 1.34  0.00 0.00 1.19 0.00
hk8 — Ifrane-2 0.00 000 268 0.00 134 0.00 0.00 1.19 0.00
hk9 — Marmora 0.67 067 201 0.67 067 067 067 0.67 1.19
Macey et al., 1999 0.00 000 268 0.00 134 0.00 0.00 0.00 0.67

that the species consists of four shallow lineages
without clear phylogenetic relationships among
them. The four haplotypes detected present a
very low level of genetic differentiation in both
mitochondrial gene fragments, ranging between
0-2.68% in the NDI1 and between 0-2.17% in
the ND2 (see table 2). In accordance with the
low level of genetic variability detected in the
mitochondrial genes, all eight sequences of the
nuclear gene PRLR included in this study were
identical and therefore a single haplotype was
detected (table 1).

Species distribution modelling

Maximum entropy modelling produced high
predictive accuracy models (following Swets,
1988), according to the average testing AUC
for the present SDM (climate and landcover)
(0.901 £ 0.084) and moderate accuracy for the
present SDM (climate variables only) (0.802 £
0.064) and past SDM (CCSM 0.830 + 0.082,
MIROC 0.836 + 0.068). The main predictors
of H. koellikeri for the present when mod-
elling with climate only are AP (82.7%) and
MTDQ (17.3%), while for the SDM with cli-
mate and landcover the main predictor vari-
ables are AP (48.3%) and landcover (42.8%).
Visual interpretation of the response curves (not
showed) revealed that the probability of pres-
ence of the species increases with increasing
rainfall and stabilized from around 600 mm
(climate and landcover) and 1200 mm (cli-
mate variables only) of rainfall per year. The
species has the highest probability of presence

in closed deciduous forests, open deciduous
shrubland and croplands, in the specific order
given. The SDM models for the present re-
vealed overall similarity, but the SDM made
using only climate variables showed less frag-
mentation in suitable areas and a larger pre-
dicted suitable area compared to the SDM that
included landcover (fig. 3A, B). The present
predicted distribution of H. koellikeri revealed,
for both models, a large potential distribution in
both north and eastward directions, with suit-
able areas predicted in the Rif Mountains in
Morocco, as well as a discontinued distribution
into most parts of northern Algeria and Tunisia.
Small isolated areas with suitable conditions
could also be identified in northern Libya (when
including landcover data) and central north-
ern areas in Algeria (fig. 3A, B). The popula-
tions from Tlemcen in Algeria and Debdou in
Morocco show isolation from the rest of the
known localities, which all fall in a continuous
distribution of the species in Morocco. Over-
lay analyses of the final predictive model re-
vealed a full coverage (100%) of all the ex-
isting distribution records (Bons and Geniez,
1996).

The LGM distribution shows an increase
in comparison to the present predicted distri-
butions with a continuous predicted distribu-
tion from Morocco to northern Algeria and
Tunisia, and even into Libya under the MIROC
simulation (fig. 3C). The two GCMs simula-
tions differed substantially with CCSM predic-
tions being much more restricted in the east-
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Figure 3. Predictive ‘potential’ distribution models of Hyalosaurus koellikeri for the present (using climate variables
only) (A), present (using climate variables and landcover) (B) and Last Glacial Maximum (C) based on the LPT threshold.
Models were calibrated in the rectangle defined in (A) and projected onto the larger area.

ern part of the Maghreb. Overlap between the
two LGM simulations was high in many areas
and all predicted areas of the CCSM simulation
were also predicted by the MIROC simulation
(fig. 3C). No clamping areas could be identified
for both the CCSM and MIROC simulations,
whereas the MESS and MoD pictures revealed
that predictions in the Rif and Atlas Moun-
tains (CCSM/MIROC), as well as large parts
of the northern Algerian and Tunisian Mediter-
ranean coast (MIROC) should be treated with
caution (unpublished results, available from
the authors upon request or from the fol-
lowing link http://dl.dropbox.com/u/7860230/
SuppFilesHyalosaurus.zip).

Discussion

The calibrated models of H. koellikeri for the
present potential distribution that included land-
cover data had a high predictive accuracy (AUC
value) compared to the moderately accurate
present climate only and past LGM models.
The inclusion of landcover data in the present
models resulted in the modelling software iden-
tifying the species as a ‘vegetation’ specialist
compared to a ‘generalist’ with a broad environ-
mental niche that was identified using climatic
predictor variables only. Predictions of ecolog-
ically specialized species have been shown to
be more accurate compared to those of gen-
eralist species that occupy a wide variety of
habitats (e.g. Jimenez-Valverde et al., 2008;
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Beukema et al., 2010; de Pous et al., 2010) and
this can explain the substantial differences in
model performance. The suitability of AUC val-
ues as indicators of model performance is the
subject of ongoing debate (e.g. Lobo, Jimenez-
Valverde and Real, 2008) but it is still widely
used. Additionally, promising model improve-
ment methods have only been developed very
recently (e.g. Phillips and Elith, 2010; Warren
and Seifert, 2011).

Uncertainties in projections of species distri-
butions have been shown to arise from differ-
ent sources: initial datasets, statistical methods
(SDM) and general circulation models (GCM)
(Buisson et al., 2010). VanDerWal et al. (2009)
showed that an additional uncertainty in SDM
could arise from defining an inappropriate re-
gion for model calibration and these findings
have been supported by posterior studies (An-
derson and Raza, 2010; Giovanelli et al., 2010).
Although there is currently no framework or
method to define the calibration area (but see
Barve et al., 2011), using very large areas for
SDM calibration could lead to inflated test
statistics, larger predicted distributions, less in-
formative response variables and overfitting of
SDMs (see VanDerWal et al., 2009; Anderson
and Raza, 2010; Giovanelli et al., 2010). Cal-
ibrating our models using a ‘small’ study re-
gion and projecting them onto a larger area re-
sulted in a smaller potential distribution in the
Maghreb and lower AUC values compared to
calibrating the models using the entire projec-
tion region (fig. 3). Furthermore, predictor vari-
able importance between the SDM made using
a small and large calibration area differed sub-
stantially (unpublished results, available upon
request). These findings are in agreement with
previous studies (e.g. Giovanelli et al., 2009;
VanDerWal et al., 2009) and hence, again, in-
dicate the importance of defining an appropriate
calibration region. Projections of species’ dis-
tributions into other time periods should never
be interpreted without assessing the effect of
non-analog climate (Anderson and Raza, 2010).
Moreover, predictions should not be attempted

at locations with non-analog climate data be-
cause no information is known about the species
response under these different environments
(Fitzpatrick and Hargrove, 2009). Our predic-
tive models therefore excluded the non-analog
climate areas using the ‘fade-by- clamping’ op-
tion in Maxent to produce a more conserved pre-
diction of the species’ distribution during the
LGM, but this had no effect on the final pre-
dictive models because no clamped areas were
identified. Moreover, the MESS and MoD pic-
tures proved to be a very useful and promis-
ing tool in the identification of variables out-
side their training range. The low level of ge-
netic variation in H. koellikeri is striking in con-
trast to its European sister group Anguis. As
shown by Gvozdik et al. (2010), there are four
clearly differentiated lineages in Anguis both
at the mitochondrial (ND2) and nuclear (c-mos
and PRLR) levels, which correspond to four dif-
ferent species. In fact, the genetic divergence at
the ND2 level between the four species of Eu-
ropean Anguis ranges between 5.9-9.2%, com-
pared to the maximum of 2.17% in H. koelli-
keri. These results were unexpected, especially
as many other Moroccan reptile species with
higher vagility also show much higher levels of
genetic variation that often represent new (cryp-
tic) species or species complexes (e.g. Harris
et al., 2003; Escoriza et al., 2006; Carranza et
al., 2008; Fonseca et al., 2008, 2009; Pinho et
al., 2008; Rato and Harris, 2008; Perera and
Harris, 2010; Rato et al., 2010). The low ge-
netic variation in both mtDNA and nDNA can
be explained by a much broader climatic suit-
ability during the LGM that allowed the con-
nection among populations and subsequent ho-
mogenization as a consequence of gene flow.
The increased potential distribution of H. koel-
likeri during the LGM is a result of wet-
ter and cooler annual climatic conditions in
North Africa (Rognon, 1987; Wengler and Ver-
net, 1992). Additionally, expanded forest cover
(Lubell, 2001) and an increase of shrubby vege-
tation (Fletcher and Sanchez-Goiii, 2008) might
have also facilitated the species’ dispersal and
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subsequent gene flow. Populations in Debdou
and Tlemcen, that show isolation under current
climate conditions, could migrate to the east
and west and were not affected by the present
unsuitable Moulouya river valley. Several an-
guid lizards sightings in Algeria have been men-
tioned in the literature (see introduction) and
these sightings extend as far as Annaba in north-
eastern Algeria, close to the Tunisian border.
The definite presence of the species in Algeria
(Mateo, Geniez and Bons, 1998) in the Tlem-
cen region is therefore probably not exceptional
but corroborates a potential wider distribution in
Algeria, with suitable conditions for the species
also present in northern Tunisia and Libya. Cen-
tury long herpetological explorations in Mo-
rocco have resulted in very few sightings of
H. koellikeri (Bons and Geniez, 1996 compile
43 locations) and, as an example, the species
was found only once by Harris et al. (2008)
despite many research trips. The partly fosso-
rial and cryptic lifestyle of the species, together
with possible low population densities (de Pous,
pers. observ. based on a six month daily basis
exploration in Mamora forest and David Do-
naire pers. observ. based on 12 years of random
explorations), and a lack of herpetological ex-
plorations in northern Algeria, due to the polit-
ical instability of the country, might have pre-
vented the species being detected in other suit-
able areas in the Maghreb. Another plausible
scenario is that the species never dispersed fur-
ther into Algeria because of possible dispersal
limitations or competition with other species.
This scenario might also explain the absence of
the species in the Rif Mountains in Morocco, a
region that shows suitable environmental condi-
tions and vegetation but is presumably not oc-
cupied by the species. This absence from the
Rif Mountains is intriguing and in concordance
with several other species that show the same
distribution pattern. As an example, Scelarcis
perspicillata and Bufo boulengeri occur in the
Middle Atlas and Tellian Atlas but are absent
from the Rif Mountains despite suitable condi-

P. de Pous et al.

tions for these species (de Pous et al., 2010; but
see Donaire et al., 2011).

de Pous et al. (2010) found that only 2.5%
of the predicted distribution of H. koellikeri
is covered by the existing protected area net-
work. The results of this study and the absence
of recent sightings of the species outside the
core distribution (e.g. Souss Valley) might in-
dicate a regression of the species in dryer habi-
tats. Hence, reevaluating the conservation sta-
tus of the species seems warranted. Hyalosaurus
koellikeri depends mainly on closed deciduous
forests (typically Cedrus atlantica and Quercus
sp.) and open deciduous shrubland with high
amounts of annual rainfall and these findings,
therefore, highlight the importance of the con-
servation value of these habitat types in order to
preserve biodiversity over time.

Acknowledgements. DNA work was funded by grant
CGL2009-11663/BOS from the Ministerio de Educacion
y Ciencia, Spain. SC is member of the Grup de Recerca
Emergent of the Generalitat de Catalunya: 2009SGR1462.
Fieldwork in Morocco in 2008 and 2009 was conducted
under permit decision 84° issued by Haut Commissariat aux
Eaux et Foréts et a la Lutte Contre la Désertification, issued
to Philip de Pous and David Donaire plus other permits
issued to the latter along a 10 year period. M.M. is supported
by a FPU predoctoral grant from the Ministerio de Ciencia
e Innovacién, Spain (AP2008-01844).

References

Akaike, H. (1974): A new look at statistical model identifi-
cation. IEEE Trans. Automatic Control 19 (6): 716-723.

Anderson, R.P,, Raza, A. (2010): The effect of the extent of
the study region on GIS models of species geographic
distributions and estimates of niche evolution: prelimi-
nary tests with montane rodents (genus Nephelomys) in
Venezuela. J. Biogeogr. 37 (7): 1378-1393.

Aratijo, M.B., New, N. (2007): Ensemble forecasting of
species distributions. Trends Ecol. Evol. 22: 42-47.

Austin, M.P. (1987): Models for the analysis of species’
response to environmental gradients. Vegetation 69: 35-
45.

Bandelt, H.-J., Forster, P., Rohl, A. (1999): Median-joining
networks for inferring intraspecific phylogenies. Mol.
Biol. Evol. 16: 37-48.

Barve, N., Barve, V., Jiménez-Valverde, A., Lira-Noriega,
A., Maher, S.P., Townsend-Peterson, A., Jorge Soberon,
J., Villalobos, F. (2011): The crucial role of the accessi-
ble area in ecological niche modeling and species distri-
bution modeling. Ecol. Model. 222: 810-819.



Potential distribution and genetic variation of Hyalosaurus koellikeri in the Maghreb 395

Beukema, W., de Pous, P.E., Donaire, D., Escoriza, D.,
Bogaerts, S., Toxopeus, A.G., de Bie, J.A.C.M., Roca,
J., Carranza, S. (2010): Biogeography and contemporary
climatic differentiation among Moroccan Salamandra
algira. Biol. J. Linn. Soc. 101 (3): 626-641.

Bons, J., Geniez, P. (1996): Amphibiens et Reptiles du
Maroc (Sahara Occidental compris), Atlas biogéo-
graphique.  Asociaciéon  Herpetolégica  Espaiiola,
Barcelona.

Boulenger, G.A. (1885): Catalogue of the Lizards in the
British Museum (Natural History), Vol. 2, 2nd Edition.
London.

Buisson, L., Thuiller, W., Casajus, N., Lek, S., Grenouil-
let, G. (2010): Uncertainty in ensemble forecasting of
species distribution. Global Change Biol. 16 (4): 1145-
1157.

Carranza, S., Arnold, E.N., Geniez, P., Roca, J., Carranza, S.
(2008): Radiation, multiple dispersal and parallelism in
Moroccan skinks, Chalcides and Sphenops (Squamata:
Scincidae), with comments on Scincus and Scincopus
and the age of the Sahara Desert. Mol. Phyl. Evol. 46:
1071-1094.

de Pous, PE., Beukema, W., Weterings, M., Diimmer, I.,
Geniez, P. (2010): Area prioritization and performance
evaluation of the conservation area network for the Mo-
roccan herpetofauna: a preliminary assessment. Bio-
divers. Conserv. 20 (1): 89-118.

Donaire, D., Bogaerts, S. (2003): A new subspecies of Sala-
mandra algira Bedriaga, 1883 from northern Morocco.
Podarcis 4 (3): 84-100.

Donaire, D., Beukema, W., de Pous, PE., del Canto Gonza-
lez, R. (2011): A distributional review of Bufo boulen-
geri Lataste, 1879 in northern Morocco with emphasis
on occurrence in the Rif Mountains. Herp. Notes 4: 71-
74.

Elith, J. (2002): Quantitative methods for modelling species
habitat: comparative performance and an application to
Australian plants. In: Quantitative Methods for Conser-
vation Biology, p. 39-58. Ferson, S., Burgman, M., Eds,
Springer, New York.

Elith, J., Kearney, M., Phillips, S. (2010): The art of model-
ing range shifting species. Meth. Ecol. Evol. 1: 330-342.

Elith, J., Phillips, S.J., Hastie, T., Dudik, M., Chee, Y.E.,
Yates, C.J. (2011): A statistical explanation of MaxEnt
for ecologists. Divers. Distrib. 17 (1): 43-57.

Escoriza, D., Comas, M.M., Donaire, D., Carranza, S.
(2006): Rediscovery of Salamandra algira Bedriaga,
1833 from the Beni Snassen massif (Morocco) and phy-
logenetic relationships of North African Salamandra.
Amphibia-Reptilia 27: 448-455.

Fahd, S., Benitez, M., Brito, J.C., Caro, J., Chi-
rosa, M., Feriche, M., Fernindez-Cardenete, J.R.,
Martinez-Freira, F., Marquez-Ferrando, R., Nesbitt, D.,
Pleguezuelos, J.M., Reques, R., Rodriguez, M.P., San-
tos, X., Sicilia, M. (2005): Distribucién de Vipera latasti
en el Rif y otras citas herpetoldgicas para el norte de
Marruecos. Bol. Asoc. Herpetol. Esp. 16: 19-25.

Felsenstein, J. (1985): Confidence limits on phylogenies —
an approach using the bootstrap. Evolution 39: 783-791.

Fitzpatrick, M.C., Hargrove, W.W. (2009): The projection
of species distribution models and the problem of non-
analog climate. Biodivers. Conserv. 18: 2255-2261.

Fletcher, W.J., Sanchez-Goni, M.F. (2008): Orbital- and
sub-orbital-scale climate impacts on vegetation of the
western Mediterranean basin over the last 48,000 yr.
Quaternary Res. 70: 451-464.

Fonseca, M.M., Brito, J.C., Rebelo, H., Kalboussi, M.,
Carretero, M.A., Harris, D.J. (2008): Genetic varia-
tion among spiny-footed lizards in the Acanthodactylus
pardalis group from North Africa. Afr. Zool. 43: 8-15.

Fonseca, M.M., Brito, J.C., Paulo, O.S., Carretero, M.A.,
Harris, D.J. (2009): Systematic and phylogeographical
assessment of the Acanthodactylus erythrurus group
(Reptilia: Lacertidae) based on phylogenetic analyses of
mitochondrial and nuclear DNA. Mol. Phyl. Evol. 51:
131-142.

Franklin, J. (2010): Mapping Species Distributions — Spatial
Inference and Prediction. Cambridge University Press,
New York.

Geniez, P. (2006): Hyalosaurus koellikeri. In: TIUCN 2010.
IUCN Red List of Threatened Species. Version 2010.1.
www.iucnredlist.org. Downloaded on 14 June 2010.

Gervais, P. (1836): Enumération de quelques especes de
reptiles provenant de la Barbarie. Ann. Sci. Nat. 2 (6):
308-313.

Giovanelli, J.G.R., Ferreira de Siquera, M., Haddad, C.E.B.,
Alexandrini, J. (2010): Modelling a spatially restricted
distribution in the Netropics: How the size of calibration
area affects the performance of five presence-only meth-
ods. Ecol. Model. 221: 215-224.

Goedsoe, W. (2010): I can’t define the niche but I know it
when I see it: a formal link between statistical theory and
the ecological niche. Oikos 119: 53-60.

Guindon, S., Gascuel, O. (2003): A simple, fast, and accu-
rate algorithm to estimate large phylogenies by maxi-
mum likelihood. Sys. Biol. 52 (5): 696-704.

Giinther, A. (1873): Description of a new Saurian
(Hyalosaurus) allied to Pseudopus. Ann. Mag. Nat. Hist.
11: 351.

Gvozdik, V., Jandzik, D., Lymberakis, P., Jablonski, D.,
Moravec, J. (2010): Slow Worm, Anguis fragilis (Rep-
tilia: Anguidae) as a species complex: Genetic structure
reveals deep divergences. Mol. Phyl. Evol. 55: 460-472.

Harris, D.J., Carretero, M.A., Perera, A., Pérez-Mellado,
V., Ferrand, N. (2003): Complex patterns of genetic di-
versity within Lacerta (Teira) perspicillata: Preliminary
evidence from 12S rRNA sequence data. Amphibia-
Reptilia 24: 386-390.

Harris, D.J., Carretero, M.A., Brito, J.C., Kaliontzopoulou,
A., Pinho, C., Perera, A., Vasconcelos, R., Barata,
M., Barbosa, D., Carvalho, S., Fonseca, M.M., Pérez-
Lanuza, G., Rato, C. (2008): Data on the distribution
of the terrestrial herpetofauna of Morocco: records from
2001-2006. Herp. Bull. 103: 19-28.

Heikkinen, R.K., Luoto, M., Aratjo, M.B., Virkkala, R.,
Thuiller, W., Sykes, M.T. (2006): Methods and uncer-
tainties in bioclimatic envelope modelling under climate
change. Prog. Phys. Geogr. 30: 751-777.



396

Hernandez, P.A., Graham, C.H., Master, L.L., Albert, D.L.
(2006): The effect of sample size and species charac-
teristics on performance of different species distribution
modelling methods. Ecography 29: 773-785.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G.,
Jarvis, A. (2005): Very high resolution interpolated cli-
mate surfaces for global land areas. Int. J. Climatology
25: 1965-1978.

Huelsenbeck, J.P., Ronquist, F. (2001): MRBAYES:
Bayesian inference on phylogeny. Bioinformatics 17:
854-755.

Jiménez-Valverde, A., Lobo, J.M., Hortal, J. (2008): Not as
good as they seem: the importance of concepts in species
distribution modelling. Divers. Distrib. 14: 885-890.

Kumar, S., Tamura, K., Nei, M. (2004): MEGA3: integrated
software for molecular evolutionary genetics analysis
and sequence alignment. Brief. Bioinform. 5: 150-163.

Lobo, J.M., Jimenez-Valverde, A., Real, R. (2008): AUC:
a misleading measure of the performance of predictive
distribution models. Global Ecol. Biogeogr. 17: 145-
151.

Lubell, D. (2001): Late Pleistocene-Early Holocene
Maghreb. In: Encyclopedia of Prehistory, Volume 1:
Africa, p. 129-149. Peregrine, PN., Ember, M., Eds,
Kluwer Academic/Plenum Publishers, New York.

Macey, J.R., Schulte II, J.A., Larson, A., Tuniyev, B.S.,
Orlov, N., Papenfuss, T.J. (1999): Molecular phylogenet-
ics, tRNA evolution, and historical biogeography in an-
guid lizards and related taxonomic families. Mol. Phyl.
Evol. 12 (3): 250-272.

Mason-Gamer, R.J., Kellogg, E.A. (1996): Testing for phy-
logenetic conflict among molecular data sets in the tribe
Triticeae Gramineae. Syst. Biol. 45: 524-545.

Mateo, J.A., Geniez, P., Bons, J. (1998): The Moroccan
Glass Lizard, Ophisaurus koellikeri (Gunther, 1873), as
new species in Algeria. Brit. Herp. Soc. Bull. 63: 32-33.

Mayaux, P., Bartholomé, E., Fritz, S., Belward, A. (2004):
A new landcover map of Africa for the year 2000. J.
Biogeogr. 31: 861-877.

Mellado, J., Mateo, J.A. (1992): New records of Moroccan
Herpetofauna. Herpet. J. 2: 58-61.

Nogués-Bravo, D. (2009): Predicting the past distribution
of species climatic niches. Global. Ecol. Biogeogr. 18:
521-531.

Olivier, E. (1894): Herpétologie algérienne ou catalogue
raisonné des reptiles et batraciens observes jusqu’d ce
jour en Algerie. Mém. Soc. Zool. Fr. 7: 98-131.

Pearson, R.G., Raxworthy, C.J., Nakamura, M., Peterson,
A.T. (2007): Predicting species distributions from small
numbers of occurrence records: a test case using cryptic
geckos in Madagascar. J. Biogeogr. 34: 102-117.

Perera, A., Harris, D.J. (2010): Genetic variability within
the Oudri’s fan-footed gecko Ptyodactylus oudrii in
North Africa assessed using mitochondrial and nuclear
DNA sequences. Mol. Phyl. Evol. 54 (2): 634-639.

Phillips, S.J. (2008): Transferability, sample selection bias
and background data in presence-only modelling: a re-
sponse to Peterson et al. (2007). Ecography 31: 272-278.

Phillips, S.J., Dudik, M. (2008): Modelling of species distri-
butions with Maxent: new extensions and a comprehen-
sive evaluation. Ecography 31: 161-175.

P. de Pous et al.

Phillips, S.J., Elith, J. (2010): POC-plots: calibrating species
distribution models with presence-only data. Ecology
91: 2476-2484.

Phillips, S.J., Anderson, R.P., Shapire, R.E. (2006): Maxi-
mum entropy modeling of species geographic distribu-
tions. Ecol. Model. 190: 231-259.

Phillips, S.J., Dudik, M., Elith, J., Graham, C.H., Lehman,
A., Leathwick, J., Ferrier, S. (2009): Sample selection
bias and presence only distribution models: implications
for background and pseudo-absence data. Ecol. Appl.
19: 181-197.

Pinho, C., Harris, D.J., Ferrand, N. (2008): Non-equilibrium
estimates of gene flow inferred from nuclear genealo-
gies suggest that Iberian and North African wall lizards
(Podarcis spp.) are an assemblage of incipient species.
BMC Evol. Biol. 8: 63.

Pleguezuelos, J.M., Brito, J.C., Fahd, S., Feriche, M., Ma-
teo, J.A., Moreno-Gueada, G., Reques, R., Santos, X.
(2010): Setting conservation priorities for the Moroccan
herpetofauna: the utility of regional red lists. Oryx 44
(04): 501-508.

Posada, D. (2008): JModelTest: phylogenetic model averag-
ing. Mol. Biol. Evol. 25 (7): 1253-1256.

Rambaut, A., Drummond, A.J. (2007): Tracer v.1.4. Avail-
able from http://beastbioedacuk/Tracer.

Rato, C., Harris, D.J. (2008): Genetic variation within
Saurodactylus and its phylogenetic relationships within
the Gekkonoidea estimated from mitochondrial and nu-
clear DNA sequences. Amphibia-Reptilia 29: 25-34.

Rato, C., Carranza, S., Perera, A., Carretero, M.A., Harris,
D.J. (2010): Conflicting patterns of nucleotide diversity
between mtDNA and nDNA in the Moorish gecko,
Tarentola mauritanica. Mol. Phyl. Evol. 56 (3): 962-
971.

Real, R., Pleguezuelos, J.M., Fahd, S. (1997): The distri-
bution patterns of reptiles in the Riff region, northern
Morocco. Afr. J. Ecol. 35: 312-325.

Rodder, D., Lotters, S. (2010): Expanative power of vari-
ables used in species distribution modelling: an issue
of general model transferability or niche shift in the in-
vasive greenhouse frog (Eleutherodactylus planirostris).
Naturwissenschaften 97: 781-796.

Rognon, P. (1987): Late Quarternary reconstruction for
the Maghreb (North Africa). Paleogeog. Palacoclim.
Palaeoecol. 58: 11-34.

Schleich, H.H., Kistle, W., Kabisch, K. (1996): Amphibians
and Reptiles of North Africa. Koeltz Scientific Books,
Koenigstein, Germany.

Strauch, A. (1861): Essai d’une Erpétologie 1’ Algérie. Mé-
moires de 1’Académie Impériale des Sciences de St.
Pétersbourg, VII Série. Tome IV 7.

Swets, J.A. (1988): Measures of the accuracy of diagnostic
systems. Science 240: 1285-1293.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin,
F., Higgins, D.G. (1997): The ClustalX windows inter-
face: flexible strategies for multiple sequences alignment
aided by quality analysis tools. Nuc. Acid Res. 24: 4876-
4882.



Potential distribution and genetic variation of Hyalosaurus koellikeri in the Maghreb 397

Townsend, T.M., Alegre, E.R., Kelley, S.T., Wiens, J.J.,
Reeder, T.W. (2008): Rapid development of multiple
nuclear loci for phylogenetic analysis using genomic
resources: an example from squamate reptiles. Mol.
Phyl. Evol. 47: 129-142.

VanDerWal, J., Shoo, L.P., Graham, C., Williams, S.E.
(2009): Selecting pseudo-absence data for presence only
distribution modelling: how far should we stray from
what we know? Ecol. Model. 220: 589-594.

Vega, R., Flgjgaard, C., LiraNoriega, A., Nakazawa, Y.,
Svenning, J.-C., Searle, J.B. (2010): Northern glacial
refugia for the pygmy shrew Sorex minutus in Europe
revealed by phylogeographic analyses and species dis-
tribution modelling. Ecography 33 (2): 260-271.

Veloz, S.D. (2009): Spatially autocorrelated sampling
falsely inflates measures of accuracy for presence-only
niche models. J. Biogeogr. 36: 2290-2299.

Warren, D.L., Seifert, S.N. (2011): Environmental niche
modeling in Maxent: the importance of model complex-
ity and the performance of model selection criteria. Ecol.
Appl. 21 (2): 335-342.

Warren, D.L., Glor, R.E., Turelli, M. (2008): Environmental
niche equivalency versus conservatism: quantitative ap-
proaches to niche evolution. Evolution 62: 2868-2883.

Wengler, L., Vernet, J.-L. (1992): Vegetation, sedimentary
deposits and climates during the Late Pleistocene and
Holocene in eastern Morocco. Palacogeogr. Palaeocl. 94
141-167.

Williamson, M. (2006): Explaining and predicting the suc-
cess of invading species at different stages of invasion.
Biol. Invasions 8: 1561-1568.

Wisz, M.S., Hijmans, R.J., Li, J., Peterson, A.T., Graham,
C.H., Guisan, A., NCEAS Predicting Species Distribu-
tions Working Group (2008): Effects of sample size on
the performance of species distribution models. Divers.
Distrib. 14: 763-773.

Received: January 17, 2011. Accepted: July 6, 2011.



