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Distribution of Testudo graeca in the western Mediterranean
according to climatic factors
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Abstract. Despite being one of the most charismatic elements of the Mediterranean Basin fauna and its threatened status, the
western Mediterranean range of Testudo graeca is at present very poorly known. The present work provides the most detailed
geographical and ecological description for the North African clade of T. graeca so far. We gathered 283 occurrence data of
T. graeca in North Africa and modelled the distribution by means of presence-only distribution modelling tools. The obtained
model was then projected to southern Europe in order to explore whether the environmental characteristics of European
populations fall into the predicted niche of the species in North Africa.

T. graeca showed a wide environmental range in North Africa. Presence localities ranged from the sea level to 2090 m
of altitude and from 116 to 1093 mm of annual precipitation. The presence-only model indicates that distribution in North
Africa is mainly related to rainfall, specifically rainfall values in the wettest and coldest quarter of the year. The distribution
model showed a range of ca. 1 000 000 km2. The projection of the model to southern Europe showed that the southern Iberian
and Balkan Peninsulas, as well as most Mediterranean islands, present climatic conditions within those found in the range of
the species in North Africa.

Keywords: ecological niche modelling, limiting factors, Maxent, North Africa, species distribution modelling, spur-thighed
tortoise.
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Introduction

The spur-thighed tortoise Testudo graeca (L.,
1758) is one the most charismatic species of
the circum-Mediterranean fauna. In the west-
ern Mediterranean, T. graeca has its core range
in North Africa with small and isolated Euro-
pean populations in southern Spain and several
Mediterranean islands. The species is consid-
ered endangered across its entire range (classi-
fied as vulnerable; IUCN, 2002) and the main
threats are habitat loss (IUCN, 2002) and col-
lection for the pet trade (Lambert, 1979; Pérez
et al., 2004; Pérez et al., 2011).

Despite its charisma and endangered sta-
tus, the range of T. graeca in North Africa is
at present poorly known; even an ecological
and a detailed geographical description of the
whole range of the species is lacking. Regard-
ing distribution, published knowledge is diffi-

Estación Biológica de Doñana CSIC, Av. Americo
Vespucio s/n, 41092 La Cartuja, Sevilla, Spain

© Koninklijke Brill NV, Leiden, 2012. DOI:10.1163/156853812X643710

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Digital.CSIC

https://core.ac.uk/display/36096562?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


286 J.D. Anadón et al.

cult to access due to high bibliographic dis-
persion. Only for Morocco the distribution has
been previously summarized in some detail, us-
ing raw occurrence data (Lambert, 1983; Bons
and Geniez, 1996; see also Schleich, Kästle and
Kabisch, 1996). For the remaining countries of
North Africa, the range is only superficially
known, being described as a wide strip along the
coast in Algeria and Tunisia with a small iso-
lated area in the Cyrenaica Peninsula (Libya).
In the same vein, the environmental factors con-
trolling the distribution of the species in North
Africa at a large scale have only been tackled
for Morocco in the pioneering work of Lambert
(1983) and in more depth for southeast Spain
(Anadón et al., 2006, 2007, 2010). These studies
indicate a meridional limit of the species related
to rainfall (aridity) and a septentrional (or altitu-
dinal) limit related to minimal extreme temper-
atures.

In contrast to large scale distribution and
species-habitat relationships, phylogeography
of North African populations of T. graeca has
recently received notable attention (Álvarez et
al., 2000; Fritz et al., 2007, 2009; Graciá et al.,
2011; Salinas et al., 2011). Fritz et al. (2007,
2009) showed that T. graeca comprises six ma-
jor genetic clades, that diverged 4.2 to 1.8 Ma
ago; five of them from the Caucasus region and
the Middle East, while the sixth clade corre-
sponds to the western Mediterranean popula-
tions. Within the western Mediterranean clade,
a finer structure of more recent origin (1.7 to
0.4 Ma ago) has been identified that matches
well with previously morphologically defined
subspecies (Fritz et al., 2009). In this sense, the
North African populations of T. graeca, the sub-
ject of this work, constitute a well-defined ge-
netic unit.

Genetic investigations also revealed that the
western European populations of T. graeca
(Spain and islands of Mallorca, Sicily and Sar-
dinia) belong to North African lineages (Fritz et
al., 2009; Salinas et al., 2011; Vamberger et al.,
2011). This suggests a recent origin for these
populations due to natural or human-mediated

dispersal in historic or prehistoric times. In the
present work, we determine whether the envi-
ronmental characteristics of western European
populations fall into the niche of the species in
North Africa, and explore the possible environ-
mental factors limiting its European range.

In summary, our objectives are: (i) to de-
scribe the ecological and geographical range of
T. graeca in North Africa, (ii) to build a dis-
tribution model of the species in North Africa,
and (iii) to explore whether the environmental
characteristics of southwestern European popu-
lations fall into the niche of the species in North
Africa.

Methods

Data collection and niche characterization

We gathered 283 records of T. graeca from North Africa
(204 from Morocco, 58 from Algeria, 12 from Tunisia, and
9 from Libya). The bulk of the records (n = 174; 61%)
were obtained from field-work conducted in the study area
by the authors during the last decade. Present records may
not accurately reflect the climatic niche and range of the
species because the species may at the present time be
absent in climatically suitable areas due to human-related
extinction processes. Thus, our database also included the
locality records (n = 109) provided by Lambert (1983) to
more accurately reflect the climatic range of the species. As
a precautionary measure, historical records of the species in
Egypt were not considered due to possible misidentification
with T. kleinmanni.

In order to obtain a first description of the niche of the
species, occurrence data were characterized in relation to
basic climatic descriptors (mean annual precipitation and
temperature) plus the mean minimum temperature of the
coldest month, that has been indicated as an important lim-
iting factor in the species (Lambert, 1983; Anadón et al.,
2006). Climatic variables were obtained from WorldClim.
(Hijmans et al., 2005, http://www.worldclim.org). Both bio-
climatic variables, originally at a resolution of 30′′, and
tortoise records were transformed to a resolution of 5′
that constitutes the resolution of our work. Transforma-
tion of environmental variables was made by averaging the
original values in the new 5′ cell. To better understand
the environmental position of T. graeca population within
Mediterranean climate, we calculated and represented the
unmodified Emberger Index Qemb = 2000 × P/(T 2 − t2),
where P is mean annual rainfall (mm), T is the mean max-
imum temperature of the warmest month and t the mean
minimum temperature of the coldest month (both measures
in Kelvin). This index Qemb together with t describes the
main Mediterranean bioclimates (Emberger, 1930; Daget,
1977).
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Distribution modelling

A distribution model for the species in North Africa as well
as its projection in southern Europe was assessed by means
of Maxent 3.3.3 (Phillips et al., 2006, 2008). This soft-
ware requires only presence data and performs well com-
pared to other methods (Elith et al., 2006). Maxent applies
a maximum entropy method to predict habitat suitability as
a function of environmental variables. The distribution of
species, and particularly ectotherms, is limited at a large
scale by climatic factors (Guisan and Hofer, 2003; Kearney
and Porter, 2004; Buckley et al., 2008; Jimenez-Valverde
et al., 2011). For this reason we considered as environ-
mental variables the 19 bioclimatic variables from World-
Clim plus evapotranspiration and aridity indexes (http://
www.cgiar-csi.org/). All predictor variables were checked
for collinearity by calculating all pair-wise Spearman’s rank
correlation coefficients. In a first round, we considered that
a pair of predictor variables were strongly correlated when
|rs| = 0.7 (e.g. Rhodes et al., 2009). Correlated variables
were excluded iteratively, each turn excluding the correlated
variable with the highest number of strong correlations with
other variables. This approach yielded a set of 10 climatic
variables, a number that allows for complex species-climate
relationships (Svenning et al., 2008) and larger than typical
climate data sets, that contains fewer variables (e.g. from
5 to 7 variables; Brito et al., 2009; Rodder et al., 2009;
Jimenez-Valverde et al., 2011). In order to avoid possible
overfitting of the model and reduced transferability (Pe-
terson et al., 2007), we reduced the number of variables
by decreasing the correlation threshold to 0.65, yielding a
final climatic set of seven variables, four related to tem-
perature (isothermality, min temperature of coldest month,
mean temperature of wettest quarter and mean temperature
of driest quarter) and three to precipitation (precipitation of
wettest quarter, precipitation of warmest quarter and precip-
itation of coldest quarter). Isothermality was defined as the
mean diurnal range divided by the annual temperature range
(see Hijmans et al., 2005 for further details).

A visual inspection of the occurrence data (fig. 1) showed
a notable clustering at two scales. First, at a local scale there
were many occurrences around some particular locations
where tortoise populations are abundant and subject to in-
tense field work (e.g., Agadir-Souss and Tanger-Tetuan in
Morocco or Chief in Algeria). At a large scale, there were
differences in the density of locations from E to W, being
maximum in Morocco, particularly the half North and min-
imum in Tunisia. These large scale differences likely re-
flect overall differences in the sampling effort carried out
by the different research teams in their respective work-
ing areas (countries or part of countries). Following general
good modelling practices (Elith et al., 2010), in order to as-
sess the effect of these two data clustering processes in the
modelling procedures, we first developed niche and distri-
bution models with this originally clustered database. The
obtained models, not shown in this work, resulted in predic-
tions (habitat quality maps) strongly biased by the follow-
ing two clustering patterns: i) high quality habitat areas only
around main clusters (see above); ii) an E-W habitat quality
gradient with overall low quality areas in Libya and Tunisia,
intermediate in Algeria and high in Morocco. To avoid an
overweighting of these areas and regions in the modelling
(and the underlying violation of statistical independence of
observations in species distribution models; Dormann et al.,
2007), we followed two procedures. Clustering at a local
scale was minimized by filtering the data and deleting pres-
ence data from clusters (Rodder et al., 2009). Clusters were
identified by means of a hierarchical clustering tree of the
presence localities, using the coordinates (latitude, longi-
tude) as classification variables. Here, clusters were arbi-
trarily defined as those groups of localities with a similar-
ity > 99.5%. We then selected at random one presence da-
tum from each cluster. This procedure yielded a final data
set, employed for modelling, of 179 cells of presence (113
in Morocco, 48 in Algeria, 10 in Tunisia, and 8 in Libya).
Regarding large-scale clustering, Maxent allows for enter-
ing bias maps in the modelling in order to account for dif-
ferent sampling and non-equilibrium bias (Elith et al., 2010,

Figure 1. Locality records for Testudo graeca in North Africa (n = 283). Shaded area corresponds to the extent area employed
for distribution modelling in North Africa. Inland continuous lines represent country boundaries. Dashed lines represent the
buffer areas used for calculating weights for bias maps.
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Table 1. Calculation of the weights for the Maxent bias map.
The weight of each zone was proportional to the density of
locations (number of locations per unit area). Area of the
zones expressed as number of 5′ × 5′ cells. For a description
of the area see Methods section.

Zone Description No. locations Area Density Weight

1 S Morocco 37 2285 0.0162 2.13
2 N Morocco 76 2431 0.0313 4.11
3 Algeria 48 4741 0.0101 1.32
4 Tunisia 10 1306 0.0076 1
5 Libya 8 507 0.0158 2.08

2011). Thus, in order to minimize the bias effects due to
differences in the presence data density at a regional level
(increasing density from E to W), we divided the study area
into five zones and assigned a bias value to each zone pro-
portional to its data density (see fig. 1 and table 1). The
five zones corresponded to Algeria, Tunisia, and Libya, plus
two zones in Morocco. Morocco was split into two zones at
latitude N32.30° because density of occurrence data in the
North was higher than in the South (likely reflecting dif-
ferent research groups and thus sampling intensities). When
calculating the density of locations, using the total area of
the countries or the zones inside the study area could have
been misleading because each country contains a different
proportion of unsuitable habitat (mainly the Saharan desert).
Therefore, when calculating the density of locations in each
zone, we used a buffer area of 1° (aprox. 110 km) around the
presence locations (fig. 1). Although arbitrary, the zones de-
fined by this buffer distance exclude the main areas unsuit-
able for the species in the south of the study area and thus
our weight values reflect the density of locations in those
areas where locations are more probable (table 1).

In order to avoid a subjective study area (modelling area)
in North Africa we used for modelling that area in North
Africa with less than 50 mm of annual rainfall. This area
is biological meaningful since it includes all North Africa
but leaving aside the most arid areas where the species does
not occur (see fig. 1; minimum annual rainfall value of a
location with presence data = 116 mm, table 2). Maxent
models were replicated 100 times with subsampling replica-
tion mode, each run leaving 20% of the presence data aside.
The presented results are average values of these 100 model
replicates. For every cell (in our case of 5′ edge length) of
the study area, Maxent yields a value of probability for the
presence of a given species, ranging from 0 to 1. In order to
quantify the distribution range of the species we also trans-
formed these continuous probability values into three main
distribution classes (‘out of range’, ‘suboptimal’ and ‘opti-
mal’) defined by two threshold values P1 and P2. The ‘out
of range’ area ranges between 0 and the lowest probabil-
ity value predicted for any occurrence locality (P1) and the
species is not expected to be found in this area. The next
probability class, (‘suboptimal’) ranges between P1 and the
value that equals the sensibility and specifity of the model
in relation to the test data set (P2). This value is one of
the most common thresholds employed in distribution habi-
tat modelling to define species distribution ranges (Liu et

Table 2. Climate and altitude ranges for the study area
(North Africa) and for the localities with occurrence of
T. graeca. Minimum and maximum values for occurrence
localities were obtained from all localities (N = 283);
median values were obtained from cluster-corrected data set
(n = 179) in order to diminish overweighting of intensively
sampled areas. Temperatures are given in °C; precipitations,
in mm; altitude in m.a.s.l.

North Africa Occurrences

Min. Max. Min. Max. Median

Annual mean 4.8 24.8 9.9 21.7 17.0
temperature

Min. temperature −10.8 13.4 −6.8 10.4 4.2
of coldest month
Annual precipitation <1 1292 116 1092 406
Altitude 0 4165 0 2090 460

al., 2005). Suboptimal areas are usually statistically consid-
ered not part of the range but the presence of the species
is very low though possible. The optimal habitat comprises
all those cells with probability of presence > P2. For repre-
sentation purposes we further divided the optimal habitat in
three classes classes (low, medium, high) that were obtained
by dividing the remaining species probability range (proba-
bility of presence > P2) in three classes of the same length
(M − P2)/3, where M is the maximum value of probability
assigned to a cell.

The importance of each bioclimatic variable in explain-
ing the observed distribution of T. graeca was evaluated by
the percent contribution (PC) and permutation importance
(PI) as assessed by Maxent. To determine PC, in each iter-
ation of the training algorithm, the increase in regularized
gain is added to the contribution of the corresponding vari-
able, or subtracted from it if the change to the absolute value
of lambda is negative. For PI, for each environmental vari-
able in turn, the values of that variable on training presence
and background data are randomly permuted. The model is
reevaluated on the permuted data, and the resulting drop in
training AUC is shown in the table, normalized to percent-
ages. The exploration of the response curves obtained from
Maxent were also used to complete the description of the
climatic niche of the species.

Projection of the Maxent model obtained in North Africa
was applied to Southern Europe (eastern limit: 26°E, north-
ern limit: 45°N). When projecting the model we excluded
those areas of Southern Europe which environmental char-
acteristics are not present in the training area (study area in
North Africa), as assessed by the MESS tool in Maxent.

Results

Niche of Testudo graeca in North Africa

Occurrence data showed a wide environmen-
tal range, with presence localities from the sea
level to 2090 m of altitude (High Atlas, Mo-
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Figure 2. (A) Distribution of the locality records for Tes-
tudo graeca in relation to mean annual precipitation. Only
cluster-corrected data were used (n = 179) to diminish
overweighting of small-scale oversampled areas. (B) Re-
sponse of T. graeca to precipitation of wettest quarter as
assessed from Maxent. Shaded area represents the standard
deviation from the 100 model replicates. The Y-axis on the
top represents the approximate annual precipitation values
corresponding to the precipitation of the wettest quarter val-
ues, as assessed from a regression model (see Discussion).

rocco) and from 116 mm (El Feidh, Algeria) of
annual rainfall to 1093 mm (Tabarka, Tunisia;
table 2). The distribution of presence localities
in relation to rainfall has a median of 400 mm
(fig. 2: top). As shown in fig. 3, T. graeca oc-

Figure 3. Environmental situation of the presence localities
(n = 283) of Testudo graeca in North Africa in relation
to the main Mediterranean bioclimates, as defined by the
Emberger Index (Qemb) and minimum temperatures of the
coldest month. Continuous lines separate main bioclimates.
Dashed line defines High Mountain Mediterranean biocli-
mate. Ar = Alger, Ma = Marrakech, Me = Meknes, Or =
Oran, Ta = Tangiers, Tr = Tripoli, Tu = Tunisia.

cupies all the main Mediterranean bioclimates
from Saharian to Humid. Furthermore, four lo-
calities of T. graeca lie in the High Mountain
Mediterranean climate.

Variables related to rainfall had a larger
weight in the Maxent model than those related
to temperature. In particular, the precipitation
of wettest quarter had a weight ranging from
47-52% depending of the metric employed (ta-
ble 3). Among the rainfall variables, precipita-
tion of the warmest quarter had consistently the
lowest weight in all cases (8-10%). Mean tem-
perature of the driest quarter was the variable
related to temperature with larger weight (8-
11%) whereas the other temperature variables
had generally marginal contributions (<5%; ta-
ble 3). The response of T. graeca to precipi-
tation of the wettest quarter (fig. 2) indicates
that from 20 to 75 mm of precipitation (in the
wettest queater) the presence of tortoises rapidly
increases. Above 75 mm the probability of pres-
ence steadily increases at a lesser rate.
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Table 3. Relative constributions of the environmental vari-
ables to the Maxent models. Average and standard deviation
of the 100 replicate models are shown. PC = Percent contri-
bution; PI = Permutation importance. See Methods section
for an explanation of PC and PI.

Climate model

PC PI

Isothermality 4.1 ± 1.6 2.4 ± 1.6
Min. temperature of 0.7 ± 0.5 1.8 ± 1.5

coldest month
Mean temperature of 3.9 ± 1.2 8.8 ± 2.2

wettest quarter
Mean temperature of 7.6 ± 2.3 11.2 ± 3.8

wettest quarter
Precipitation of wettest quarter 47.4 ± 6.5 52.5 ± 13.3
Precipitation of warmest quarter 7.9 ± 2.3 10.4 ± 3.3
Precipitation of coldest quarter 28.4 ± 6.9 13 ± 11.1

Distribution of Testudo graeca in North Africa

The obtained climatic model (fig. 4) covers
most of Morocco, northern Algeria, Tunisia,
and the Cyrenaica Peninsula (Libya). Thresh-
old values used to define distribution classes
(P1 and P2, see Methods) were 0.0764 and
0.3471, respectively. This threshold points sug-
gest a total distribution area of approximately
1 000 000 km2, from which 600 000 km2 are op-
timal (probability > P2) from a climatic per-
spective. The average AUC value of the model
was 0.812. The standard deviation values of the
100 replicates (fig. 4) can be considered low
(mean value of the standard deviation across all
cells for the climatic model = 0.03104), indi-
cating robust predictions. Major areas of uncer-
tainty were located in Tunisia, particularly in
coastal areas and in eastern Algeria. In general,
the model follows the distribution of the oc-
currence locations, however it can be identified
four areas for which the model predicts suitable
climatic conditions but where the species is ei-
ther rare or completely absent. These areas are
the Middle Atlantic Plains and Plateau in Mo-
rocco, the Taza-Al Hoceima-Taunate region in
the Rif Mountains (Morocco), the Bejaia-Jjel-
Setif region in coastal Algeria and much of the
Libyan coast.

As shown in fig. 4, in Morocco climatic suit-
ability for the species is structured by the main

mountain ranges. Most of the area north of
the Anti-atlas, High Atlas, and Middle Atlas
ranges (except the Middle Atlantic Plains and
Plateau) is of medium to high climatic habi-
tat quality. Climatic habitat quality is particu-
larly high in the northernmost part of Morocco,
including central and east (but not west) Riff
Mountains, and the lower part of the water-
shed of the Moulouya River. In southern Mo-
rocco, a large area of high climatic habitat qual-
ity extends in the Atlantic coast from Agadir to
Essaouira, including the low elevation foothills
of the High Atlas. South of the Anti-Atlas,
High Atlas, and Medium Atlas, the probabil-
ity of occurrence drops considerably due to the
strong aridity gradient. Climatic medium and
high quality habitat occurs from Morocco to Al-
geria in the Tell Atlas, running parallel to the
Mediterranean coast. The Saharan Atlas consti-
tutes a medium climatic habitat quality patch for
the species but is weakly connected to the main
Algerian habitat patch (Tell Atlas). The Saharan
Atlas is isolated from the Tell Atlas by the Salt
Lakes (Algeria) and the High Plateau (Algeria-
Morocco), both with suboptimal climatic habi-
tat quality. In the inland portion of eastern Alge-
ria and Tunisia, the Aurés Mountains constitutes
an area of lower habitat quality than the coastal
areas. In Tunisia, high climatic habitat qual-
ity is therefore largely restricted to low-altitude
areas in close proximity to the coast. The re-
gion around the Gulf of Gabes along the Tunisia
coast presents mainly suboptimal climatic habi-
tat quality. The range of the species continues
from Tunisia to Libya with a narrow strip of
suboptimal habitat quality (where no record of
T. graeca is known). Medium to high quality
habitat for T. graeca in the Cyrenaica Peninsula
is restricted to the northern part, corresponding
to a population isolated from the North African
main range of T. graeca.

Suitability of environmental conditions in
Europe

The projection of the model to southern Eu-
rope (fig. 5) shows that environmental condi-
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Figure 4. Top: Predicted probability of presence of Testudo graeca in North Africa according to climate variables, with darker
shades indicating higher presence probability. Average prediction from 100 Maxent replicates. Center: distribution range for
Testudo graeca in North Africa and habitat quality classes according to climatic variables. See Methods section for a definition
of the classes of probability of presence of the species. Bottom: Standard deviation of the 100 Maxent replicates, for the
predicted probability of presence of Testudo graeca in North Africa according to climatic variables. Darker shades indicates
higher standard deviation values (range: min = 0.0003, max = 0.1517). In all cases, inland continuous lines represent country
boundaries.
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Figure 5. Predicted climatic habitat quality of Testudo graeca in southwestern Europe and North Africa based on the
climatic distribution model obtained for North Africa. Black squares indicate reproductive western European populations.
See Methods section for a definition of the classes of probability of presence of the species. The limits of the figure in Europe
match the limits of the projected area (see Methods). Inland continuous lines represent country boundaries.

tions in Europe and even in some southern-
most regions, like the Italian Peninsula and the
northern part of the Balkan Peninsula, fall out
of the environmental range occupied by the
species in North Africa. The southern Iberian
and Balkan Peninsulas, however, present envi-
ronmental conditions within those of the range
in North Africa. Regarding Mediterranean is-
lands, Sardinia, Sicily, Cyprus and the small
Aegian islands present suitable climatic habitat.
Climatic conditions in Balearic islands and Cor-
sica fall out of the North African climatic range
of the species.

Discussion

The good knowledge of the distribution of a
given species and the limiting environmental
factors are basic requirements for developing
adequate conservation strategies (Guisan and
Thuiller, 2005). The present work provides the
most detailed geographical and ecological –

climatic – description of the North African
clade of T. graeca range so far. In any case,
it should be emphasized that our distribution
model only relies on climatic variables and thus
should be considered a description of the cli-
matic potentiality for the species, and not of the
current distribution.

Our results indicate that T. graeca occupies
a very wide range of environmental conditions
in North Africa, ranging from arid (116 mm
of annual rainfall) to very humid Mediter-
ranean (1092 mm) environments, and being
even present in high mountain niches (maxi-
mum altitude = 2090 m). In fact, at a North
African scale, the species is only limited by
rainfall in the southern part of its range (i.e.,
Sahara). To have a more intuitive understand-
ing of the response to rainfall we can trans-
late the values of precipitation of the wettest
quarter (PWQ) to values of annual precipitation
(PA) (fig. 2). This is only possible due to the
very high correlation between these two vari-
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ables (rs = 0.97; PA = 18.95 + 2.1718 × PWQ).
This conversion shows that the increase in the
probability of presence of the species occurs
from 60 to 180 mm of annual precipitation. It
should be noted that the threshold value P2 used
for separate suboptimal from optimal climatic
habitat (P2 = 0.3471; PWQ = 68 mm; PA =
167 mm) closely matches with the tipping point
value of 180 mm. Overall, the key role of rain-
fall is in agreement with previous descriptions
of the niche of the species in Morocco (Lambert,
1983). However, our models did not detect a rel-
evant limiting role of minimum extreme tem-
peratures as earlier proposed (Lambert, 1983;
Anadón et al., 2007). This does not imply that
extreme minimum temperatures do not impose
a strong physiological limit to the species, but
rather that extreme minimum temperatures are
likely to act as a limiting factor in only a few
areas (mainly the High Atlas in Morocco) when
considering North Africa as a whole.

The obtained climatic range of T. graeca in
North Africa occupies roughly 1 000 000 km2.
The range has been described in detail in the
Results section, but some aspects deserve to be
discussed here. The AUC value of the model
indicates notable prediction ability (Manel et
al., 2001), however, there are at least four ar-
eas for which the model predicts suitable cli-
matic conditions, but where the species is either
rare or completely absent. These areas of mis-
match between model predictions and observed
data likely point out different processes of eco-
logical, biogeographical or conservation inter-
est or concern. These areas are the Middle At-
lantic Plains and Plateau in Morocco, the Taza-
Al Hoceima-Taunate region in the Rif Moun-
tains (Morocco), the Bejaia-Jjel-Setif region in
coastal Algeria and much of the Libyan coast.
In the Atlantic and central Moroccan plains
and plateau, a heavily human-populated region,
tortoises became scarce in many areas due to
collection for pet trade occurred in the past
(Lambert et al., 1983). Additionally, it is likely
that land use changes and habitat fragmenta-
tion may have increased the rarefaction of tor-

toises, as occurred with other fauna (Cherkaoui
et al., 2009). In any case, the climatic quality of
some parts of this area, particularly in the south,
seems to be also constrained by aridity, as also
pointed out by Lambert (1983). Further research
addressing the impact of land uses on the dis-
tribution of the species in North Africa is thus
needed.

As for the other three areas, each without
heavy environmental changes caused by land
use, the absence of locality records could re-
sult from three factors: firstly, under-sampling
in these areas could bias the current knowledge;
secondly, local environmental factors could be
responsible for limiting the presence of the
species; and thirdly, the current distribution
could reflect a pattern due to the biogeograph-
ical history of the species in North Africa.
It has been proposed that the North African
range of T. graeca experienced repeated expan-
sion and contraction linked to Pleistocene and
Holocene aridity cycles (Lambert, 1983; Fritz
et al., 2009), and regions from where tortoises
are presently absent may have been not recolo-
nized yet. In any case, future sampling efforts in
North Africa should particularly focus on these
areas.

The projection of the climatic model to
southwestern Europe and Mediterranean islands
(fig. 5) reveals that European populations of T.
graeca inhabit areas inside the climatic range of
the species in North Africa. Although most of
the non-African populations are spatially con-
strained to small regions, with the population
in southeastern Spain being the largest (occu-
pying approx. 2500 km2; Anadón et al., 2007,
2010), our results suggest that European popu-
lations may not be climatically constrained, at
least considering the environmental factors de-
termining the distribution in North Africa at a
large scale (mainly rainfall).

Species distribution models represent sim-
plifications of a complex ecological process
(species distribution) and thus their predictions
often contain errors due to deficiencies in the
data and model mis-specification (e.g., lack of
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true absence data or missing covariates, Barry
and Elith, 2006). In our case, we have incor-
porated some of the sources of uncertainty by
controlling data clustering at two scales and by
averaging 100 model replicates into a consen-
sus prediction. In particular, our strategies to
deal with both small and large scale data clus-
tering largely controlled for these two sources of
bias, as revealed by the comparison between fi-
nal maps (e.g., fig. 4) to previous modelling tri-
als with the original non-treated data (not shown
here, see Methods). Nevertheless, as with other
modelling approaches, our results should be in-
terpreted cautiously (e.g. taking into account
the underlying assumptions). This is especially
true when a species niche is projected at ar-
eas outside the study region (e.g., our projec-
tion in southern Europe) and when only gen-
eral environmental variables are used for the
model, as this may not describe the actual niche
of the species (Rödder and Lötters, 2009). Fur-
thermore, environmental limiting situations or
factors could exist in southern Europe that do
not occur in North Africa, and which, there-
fore, cannot be captured by any model, no mat-
ter which variables are employed (Rödder and
Lötters, 2009). As discussed above, this can
be the case with respect to extreme minimum
temperatures, that in North Africa are likely to
act as a limiting factor only in a few locali-
ties (i.e., High Atlas) and thus cannot be prop-
erly captured by niche models. It should also
be noted that the employed resolution (5′, about
10 × 10 km) may be adequate to capture large
scale climatic patterns, but may be too coarse
to describe finer climatic responses occurring at
small spatial scales (i.e. steep elevational gradi-
ents).

North African populations of T. graeca are
considered as threatened (IUCN, 2002), even
though the true conservation status is not well
known (but see Pleguezuelos et al., 2012). Our
present paper delivers a starting point for a bet-
ter understanding of the extant situation and fu-
ture development. Much basic research is still
to be done. In particular, as discussed above,

models including other environmental factors
(i.e., relief, land uses) acting at a finer grain
(i.e. cell size) will yield more detailed results. In
the same vein, deciphering possible ecological
differences among the five currently recognized
western Mediterranean subspecies of T. graeca
(Fritz et al., 2009) could refine the present re-
sults. Finally, data describing the changes in the
distribution and abundance patterns along the
last decades could be employed to address the
two main threats for the spur-thighed tortoise,
namely, changes of land use and collection for
the pet trade (e.g., Anadón et al., 2009, 2010).
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