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Abstract Many species of gazelles (Gazella spp.) are
nowadays threatened by hunting, poaching, habitat loss
and habitat deterioration. Conservation efforts for this
group not only face the problem of maintaining remnant
populations, but often natural populations have been
extirpated from the wild. In some cases, though, captive
breeding programs exist that might provide a valuable
source for future reintroductions. A major problem in this
context is that phylogeographic relationships among differ-
ent (potentially locally adapted) populations, and even basic
phylogenetic relationships between species, are poorly
understood, thus hampering the assignment of management
units, breeding groups or stocks for reintroduction projects.
Our present study focused on Dorcas gazelles (G. dorcas

and G. saudiya) from the species’ entire distribution range,
with samples originating from western Saharan Africa into
Saudi Arabia. In stark contrast to previous studies reporting
on pronounced genetic structure in taxa such as Mountain
gazelles (G. gazella), we detected low genetic diversity and
no evidence for major phylogenetic lineages when analyz-
ing two mitochondrial genetic markers. Using a coalescent
approach we infer a steep population decline that started
approximately 25,000 years before present and is still
ongoing, which coincides with human activities in Saharan
Africa. Our phylogenetic analyses, statistical parsimony
network analysis and inferred colonization patterns shed
doubt on the validity of various described subspecies of G.
dorcas.

Keywords Desert ungulate .Gazella dorcas . Conservation
unit . Phylogeography. Range expansion

Introduction

A number of ungulate species inhabiting the arid savannah
and desert eco-regions of northern Africa and the Arabian
Peninsula are nowadays threatened by extinction. The
primary reason is certainly intensified hunting, which has
become far more efficient since the introduction of firearm-
based hunting from motorized vehicles (Newby 1988,
1990; Smith 1998; Mallon and Kingswood 2001). Further-
more, habitat loss or deterioration as well as competition
with domestic livestock has had a major impact on many
migratory ungulates (Smith 1998; Mallon and Kingswood
2001; Beudels-Jamar et al. 2006). These threats already led
to the IUCN (2010) classification of scimitar-horned Oryx
(Oryx dammah) as ‘extinct in the wild’ and ‘critically
endangered’ in the case of addax (Addax nasomaculatus)
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and Dama gazelles (Nanger dama). The smaller antelopes
of the genus Gazella are also affected and all of them are
endangered.

The Dorcas gazelle (Gazella dorcas), which was once
common throughout peri-Saharan North Africa, is no
exception in this regard. Dorcas gazelles are thought to
exist in a wide variety of habitats (Carlisle and Ghobrial
1968; Ghobrial 1970, 1974; Ghobrial and Cloudsley-
Thompson 1976; Baharav 1980, 1982, 1983; Yom-Tov et
al. 1995; Lafontaine et al. 2006), from Sahelan savannahs
to semi-arid gravel and sand deserts, while avoiding hyper-
arid areas and the upper elevations of the central-Saharan
massifs (Haltenorth and Diller 1977; Dorst and Dandelot
1993; Yom-Tov et al. 1995; Wacher et al. 2004). Originally,
Dorcas gazelles were distributed from Morocco and
Mauretania in the west to the Horn of Africa in the east,
and also occurred on the Sinai Peninsula and the Levant (e.g.,
Dorst and Dandelot 1993; Yom-Tov et al. 1995; East 1999;
Fig. 1). On the Arabian Peninsula, representatives of this
taxon were described as a separate species, the Saudi gazelle
(G. saudiya). Gazella saudiya was thought to be isolated and
distinct from African continental G. dorcas (Groves 1988;
Rebholz et al. 1991; Hammond et al. 2001), but has most
probably gone extinct (Thouless et al. 1997; Habibi and
Williamson 1997). With the exception of Israel and Ethiopia
(Yom-Tov and Ilani 1987; Mallon and Kingswood 2001),
population numbers of Dorcas gazelles are decreasing at an
alarming pace, and the remaining populations are even more
fragmented than only a few decades ago (UNEP/CMS 1998;
Smith 1998, 1999; Mallon and Kingswood 2001; Lafontaine

et al. 2006). This decline is continuing and is estimated to
have exceeded 30% over three generations (IUCN 2010),
with less than 25% of the remaining animals living in
protected areas (Mallon and Kingswood 2001).

Conservation efforts for Dorcas gazelles in different
countries include the prohibition of hunting and establish-
ment of protected areas (UNEP/CMC 1998; Smith 1998,
1999; Lafontaine et al. 2006). Most habitats across the
species’ natural range have not been degraded through
over-exploitation, so reintroduction programs remain a
feasible option given that poaching is prevented (Mallon
and Kingswood 2001; Abáigar and Cano 2007a). Various
breeding centers have started actions to preserve Dorcas
gazelles (Abáigar and Cano 2007a, b), but a general lack of
phylogenetic and phylogeographic information hampers
progress (Ryder 1986, 1987; Hammond et al. 2001).
Several subspecies of Dorcas gazelles were described on
the basis of phenotypic variation, such as fur coloration,
horn shape and length, and other morphometric measures
(e.g., Alados 1987; Groves 1969, 1981, 1985a, b, 1988;
Yom-Tov et al. 1995), but genetic differentiation is
generally not well documented, and the presumed taxa
seem to show no obvious ecological differences congruent
with the proposed taxonomic classification (Lafontaine et
al. 2006). The identification of taxonomically correct and
phylogeographically appropriate populations of G. dorcas
using a conservation genetic framework for the purpose of
captive breeding and reintroduction programs is pivotal to
the success of those programs (Avise 1989; Vogler and
DeSalle 1994).

Fig. 1 Potential distribution (gray shaded) of Dorcas gazelles (G.
dorcas) according to IUCN antelope survey reports (East 1988a, b;
Mallon and Kingswood 2001) including sampling locations of wild
specimens of Dorcas (♦) and Saudi gazelles ( ) used in this study.

Numbers in brackets indicate how many samples were obtained from
that region, whereby nearby sampling points were pooled. Circles
delineate groups according to the most likely grouping scenario as
tested by AMOVA (scenario a in Table 2)
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Here, we investigate sequence variation of the mito-
chondrial cytochrome b gene and control region of 73
Dorcas (G. dorcas) and Saudi gazelles (G. saudiya)
throughout the entire distribution range to make inferences
related to the following questions: (1) Is there evidence for
genetic structure across the species’ distribution range? (2)
Did some populations diverge from (and show reduced
gene-flow towards) neighboring ones, suggesting that they
would need to be given priority in conservation programs
as distinct management units? (3) Can we infer the
phylogeographic origin of different populations or lineages?
(4) Finally, can we find evidence for possible past and
present population declines in the demographic history of
the species using a coalescent approach?

Materials and methods

Study area and sample collection

We obtained samples from wild specimens from Mali and
Algeria in the west to Sudan and Israel in the east (Fig. 1), thus
covering the species’ entire distribution range. Table 1
summarizes origins, collectors and the kind of material
sampled. Additionally, we included samples from the Arabian
Peninsula referred to as G. saudiya. We also included
sequences of several other antelope taxa [genus Gazella:
chinkara (G. bennettii), Mountain gazelle (G. gazella),
Cuvier’s gazelle (G. cuvieri), Slender-horned gazelle (G.
leptoceros) and Goitered gazelle (G. subgutturosa); genus
Eudorcas: Thomson’s gazelle (E. thomsonii); genus Nanger:
Grant’s gazelle (N. granti), Dama gazelle (N. dama), genus
Antidorcas: springbok (A. marsupialis); Table 1].

DNA extraction, sequencing and alignment

Samples used to extract DNA consisted of tissue, hairs,
blood or fecal material. We extracted DNA by using the
Qiagen Blood and Tissue Kit® for hair, skin or tissue
samples by following the manufacturer’s instructions. In the
case of fecal samples we used the Qiagen Mini Stool Kit®;
for museum samples we followed the phenol/chloroform
extraction protocol described by Ausubel et al. (1995).

We amplified the left domain of the mitochondrial
control region (Saccone et al. 1991) between the PRO-
tRNA and the conserved central domain using the universal
primer HL15926 (Kocher et al. 1989) and the gazelle-
specific primer HH16397 (Arctander et al. 1996), or,
alternatively, specific primers developed at the King Khalid
Wildlife Research Centre (KKWRC; L15767: 5’-CCC ACT
ATC AAC ACC CAA AGC TG-3’; H16220: 5’-CCC CAC
GAT TTA TGG GCG T-3’; Hundertmark 2005). The
complete coding region of the cytochrome b gene was

PCR-amplified using KKWRC primers (L14724: 5’-TGA
CTA ATG ATATGA AAA ACC ATC GTT G-3’; H15915:
5’-TGC TCT CCT TCT CTG GTT TAC AAG AC-3’;
Hundertmark 2005). In case of repeated amplification
failure of the complete cytochrome b gene, we analyzed
only a shorter (412 bp), upstream (5’-end) part of it using
alternative primers developed at KKWRC [L14724 (see
above); H15149: 5’-TAA CTG TTG CTC CTC AAA AAG
ATATTT GTC CTC A-3’; Hundertmark 2005]. All PCRs
were performed in a 12.5-μl reaction volume with Taq PCR
Core Kit® (Qiagen) using 2.5 units of Taq polymerase, 1x
Q-Solution®, 200 μM of each dNTP and 0.16 μM of each
primer. Amplifications of both markers were performed
under the following conditions: initial denaturation (180 s
at 95°C), followed by five cycle steps of 60 s at 94°C
(denaturation), 90 s at 45°C (primer annealing) and 90 s at
72°C (elongation), then 40 cycle steps of 60 s at 94°C, 60 s
at 50°C and 90 s at 72°C, and lastly, a final extension step
(600 s at 72°C).

Sequencing of PCR fragments was conducted using the
same PCR primers as used for PCR amplification using the
BigDye Terminator Kit® (Applied Biosystems, Foster City,
CA, USA). Sequences were run on a capillary ABI 3730
DNA Analyzer sequencer® (Applied Biosystems, Foster
City, CA, USA). Chromatograms were analyzed with
Geneious Pro v5.1.7 (Drummond et al. 2010) and sequen-
ces aligned with the ClustelWalgorithm implemented in the
software with a final correction done by eye. All new
sequences have been submitted to GenBank (accession
numbers JN410219-JN410357).

As not all samples delivered sequences from both
markers, we composed different alignments for the phylo-
genetic and phylogeographic analyses: (1) the complete
cytochrome b gene sequence including all outgroup
samples, (2) the 412 bp fragment of the cytochrome b gene
including all Dorcas and Saudi gazelle samples, and (3) a
concatenated alignment of 1,612 bp length, consisting of
the left domain of the mitochondrial control region and the
complete cytochrome b gene in a subset of samples.

Mitochondrial haplotype phylogeny

The phylogeny of alignment (1) was inferred by Bayesian
analyses performed in BEAST 1.5.2 (Drummond and Rambaut
2007). We chose a GTR + Γ + I model because it is the most
conservative one (resulting in the widest confidence interval),
with a gamma-shaped rate variation of 1.24% substitutions
per million years (estimated from the Bayesian Skyline
Analysis, see below). We ran four Metropolis coupled Monte
Carlo Markov chains (MC3) for 10 million generations. After
a burnin phase of 1 million generations, trees were sampled
every 1,000 generations. A majority consensus tree was
computed from the sampled trees.
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Table 1 List of specimens (wild and captive) of G. dorcas and G.
saudiya and outgroups included in the phylogenetic analyses, their
collectors, accession numbers and sample types. Numbers in brackets

indicate the number of samples obtained from that location. Group
assignment is in accordance with ‘scenario a’ (see Fig. 1)

Species Origin (coord.) Wild/ captive Collector/ accession number
(number of samples)

Sample type Group

G. dorcas Morocco, Rmila Unknown EU723704 GenBank West

G. dorcas Morocco, Sidi Chiker Unknown EU723705 GenBank West

G. dorcas Morocco, Bouznika Unknown EU723706 GenBank West

G. dorcas Mali, South Tamesna
(N 17.080, E 1.934)

Wild Unknown (1) Feces West

G. dorcas Algeria, Hoggar
Mountains

Wild K. de Smet (3) Tissue, hair West

G. dorcas Algeria, El Bayadh Wild A. Fellous, D. Koen (1) Tissue, hair West

G. dorcas Tunisia Wild Powell Cotton Museum
Birchington, Kent,
UK (1);
unknown (1)

Tissue, blood West

G. dorcas Chad (N 15.096,
E 15.302)

Wild T. Wacher (1) Feces South-central

G. dorcas Chad (N 15.106,
E 15.296)

Wild T. Wacher (1) Tissue South-central

G. dorcas Chad (N 15.393,
E 15.306)

Wild T. Wacher (11) Tissue South-central

G. dorcas Chad (N 15.600,
E 14.810)

Wild T. Wacher (1) Tissue South-central

G. dorcas Chad (N 15.488,
E 14.653)

Wild T. Wacher (1) Tissue South-central

G. dorcas Chad (N 15.582,
E 18.706)

Wild T. Wacher (1) Tissue South-central

G. dorcas Chad (N 15.102,
E 20.557)

Wild T. Wacher (1) Tissue South-central

G. dorcas Sudan, Hafta
(N 18.029, E 37.988)

Wild Powell Cotton Museum
Birchington, Kent, UK (4)

Tissue South-east

G. dorcas Sudan, Mashail (N
17.750, E 38.083)

Wild Powell Cotton Museum
Birchington, Kent, UK (1)

Tissue South-east

G. dorcas pelzelni Ethiopia, Danakil
(N 14.000, E 40.500)

Wild Natural History Museum
(3)

Tissue Pelzelni

G. dorcas Israel, southern Arava
Valley

Wild R. Hammond, D. Blank
(10)

DNA, tissue North-east

G. dorcas Israel, Haibar Wild D. Blank (3) Tissue North-east

G. dorcas Israel, Eilat region Wild D. Blank (1) Tissue North-east

G. dorcas Egypt, Sinai
(N 28.097, E 34.398)

Wild T. Wacher (1) Tissue North-east

G. dorcas Egypt, Sinai
(N 28.402, E 33.705)

Wild T. Wacher (1) Feces North-east

G. dorcas Egypt, Sinai
(N 27.935, E 34.023)

Wild T. Wacher (1) Tissue, hairs North-east

G. dorcas Sudan, east of Nile Captive Al-Wabra Wildlife
Preservation (2), Breeding
Center Sharjah (2), S.
Muhammad (3), M.
Sandouka (1)

Tissue, blood South-east

G. dorcas Saudi Arabia Captive King Khalid Wildlife
Research Center,
Thumamah (2)

Blood -

G. dorcas Qatar Captive Al-Wabra Wildife
Preservation (1)

Blood -

G. dorcas pelzelni Qatar Captive Al-Wabra Wildife
Preservation (4)

Tissue, hair Pelzelni

G. dorcas Sudan Unknown Unknown Blood South-east

G. saudiya Saudi Arabia, Dhalm
(N 22.500, E 41.400)

Wild Natural History
Museum (2)

Tissue Saudiya
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A statistical parsimony (SP) network was constructed
using TCS v1.21 (Clement et al. 2000) with alignments (1)
and (2). The connection limit was set at 95% such that no
outgroup animal would be connected. Gaps were treated as
fifth character state.

The 32 sampling sites were pooled into 13 different
geographic scenarios (see Fig. 1 and Online Resource
Fig. S1 for details) and tested with a series of AMOVAs
(using Arlequin 3.5.1.2; Excoffier and Lischer 2010) with
the aim to detect the most likely natural grouping. We used
an information theoretical approach to discriminate between
the different models based on their Akaike weight. Using
the inferred best grouping, we determined the exact

population differentiation (based on haplotype frequencies)
as implemented in Arlequin 3.5.1.2 (Excoffier and Lischer
2010) with 1 million Markov Chain steps and a burnin of
100,000 steps. Different groups were treated as separate
populations.

The program Migrate-n 3.2.6 (Beerli and Palczewski
2010) was used to investigate past and present gene-flow
patterns. We ran an analysis with an unconstrained
migration model using the Bayesian Inference option to
obtain probability estimates. As starting parameters, we
used an UPGMA tree as first genealogy, initial theta values
were generated randomly, and M values (number of
migrants) were generated from FST-calculation. We used a

Table 1 (continued)

Species Origin (coord.) Wild/ captive Collector/ accession number
(number of samples)

Sample type Group

G. saudiya Saudi Arabia, Sirr Al
Yamani (N 16.200,
E 46.500)

Wild AF187710 GenBank
(Hammond
et al. 2001)

Saudiya

G. saudiya Saudi Arabia, Wadi
Markha (N 14.570,
E 46.350)

Wild AF187722 GenBank
(Hammond
et al. 2001)

Saudiya

G. saudiya unknown Wild AF187711 GenBank
(Hammond
et al. 2001)

Saudiya

Outgroups

G. gazella Farasan Islands, King
Khalid Wildlife Research
Center (11), AJ222682

Tissue, blood,
GenBank
(Hassanin and
Douzery 1999)

G. bennettii King Khalid Wildlife
Research Centre,
Thumamah (3)

Blood

G. leptoceros Tunisia, Algeria,
Western Desert Egypt,
T. Wacher (5)

Hair

G. cuvieri Estación Experimental de
Zonas Áridas in Almeria,
Spain (2)

Hair

G. subgutturosa AF036282 GenBank
(Hassanin and
Douzery 1999)

Eudorcas thomsoni FJ556559 GenBank

Nanger dama AF025954 GenBank
(Matthee and
Robinson
1999)

Nanger granti AF034723 GenBank
(Hassanin et al.
1998)

Antidorcas marsupialis AF022054, AF036281 GenBank
(Hassanin and
Douzery 1999;
Matthee and
Robinson
1999)
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migration matrix model with variable theta and constant
mutation rate. We ran four MC3 analyses with a static
heating scheme. The chain was run for 20 million
generations while sampling every 1,000 generations. The
first 10 million generations were discarded as burnin. We
replicated the analysis multiple times but obtained no stable
results (see results). For this analysis alignment (3) was
used. Finally, based on the most likely structure among
populations (see above) we tested for isolation-by-distance
(IBD) using Mantel’s tests (as implemented in GenAlEx
6.4; Peakall and Smouse 2006), while contrasting three
potential dispersal scenarios that differed in the route(s) by
which the Red Sea was assumed to have been crossed (i.e.,
via the Sinai, the Bab al-Mandab strait or both). Pairwise
FST values were obtained from Arlequin 3.5.1.2 (Excoffier
and Lischer 2010), and geographic distances were deter-
mined in DIVA-GIS 7.1.7.2 (Hijmans et al. 2005), whereby
potential migration routes were inferred from the gene-flow
analyses.

Past demography of the mitochondrial G. dorcas clade

Past population demography for Dorcas gazelles was
inferred with alignment (3) using a Bayesian Skyline
Plot model (Drummond et al. 2005) as implemented in
BEAST 1.5.2 (Drummond and Rambaut 2007) and
visualized in Tracer 1.5. This individual-based coalescent
approach uses standard MC3 sampling procedures to
estimate a posterior distribution of gene genealogies and
population parameters under a GTR+Γ+I substitution
model used for the same reasons as mentioned above.
Because only intraspecific data were used in this analysis,
a strict clock model was employed (Drummond et al.
2006). These distributions were then used to generate
confidence intervals that represent model, phylogenetic
and coalescent uncertainty (Drummond et al. 2005). The
hyperparameter m (number of grouped intervals) was set
to 100. Four independent MC3 analyses of 107 steps each
were performed while sampling every 1,000 generations
with the burnin set at 10% of the run (we checked with
Tracer 1.5 that stationarity was reached). A priori
information on the mean substitution rate per year was
available for both markers (0.015 substitutions per
million years for the cytochrome b gene, Ho et al.
2005; 0.15 substitutions per million years for the control
region, Guo et al. 2006). Both rates were not estimated
specifically for Dorcas gazelles, and we are aware of potential
caveats (e.g., taxon-specific differences). We used normally
distributed priors with means set to the aforementioned values
and standard deviations of 0.005 and 0.05, respectively, i.e.,
95% confidence intervals of 0.005–0.025 and 0.05–0.25,
respectively.

Results

Phylogeny of Gazella dorcas

The alignment of the complete cytochrome b gene
[alignment (1)] comprised 56 sequences of Dorcas gazelles
(G. dorcas) and 27 sequences of other antelope taxa; the
resulting phylogenetic tree from the Bayesian Inference
analysis is shown in Fig. 2 (TreeBASE submission ID
11478, http://purl.org/phylo/treebase/phylows/study/TB2:
S11758). High support [i.e., posterior probability (PP) greater
than 0.9] for themonophyly of the genusGazella sensu stricto
was uncovered. Within the genus Gazella two different
lineages were well supported: one comprising G. dorcas plus
G. gazella and one including G. bennettii, G. subgutturosa,
G. leptoceros and G. cuvieri. All but one sample of Dorcas
gazelles formed a reciprocally monophyletic clade with a
sister group relationship to G. gazella (PP=1). One presumed
G. dorcas sample from the Arava valley in Israel clustered
within G. gazella and hence seems to have been misidenti-
fied. Indeed, G. dorcas and G. gazella co-occur sympatri-
cally in this region. We could not include any Speke’s gazelle
(G. spekei)—which is also closely related to Dorcas gazelles
(Wacher et al. 2011)—into our analysis, so the exact sister
group relationships of Dorcas gazelles remain to be
determined in more detail.

Population differentiation and phylogeographic analyses

We compared different scenarios of the most likely
population structure. For this analysis we used alignment
(2) as more samples from a wider geographic range could
be included in this alignment (e.g., G. saudiya was
included). The scenario that received the best support was
‘scenario a’ (Table 2; relative AIC weight=0.43) and
comprised the groups: ‘west,’ ‘south-central,’ ‘north-east,’
‘south-east,’ ‘saudiya’ and ‘pelzelni’ (with the latter two
corresponding with taxa described as sister group to and
subspecies of Dorcas gazelles, respectively; Alados 1987;
Groves, 1969, 1981, 1985a, b, 1988; Fig. 1, Table 1). The
scenario with the second best support (scenario b, relative
AIC weight=0.22) was a slight modification of the first, the
only difference being that the groups ‘north-east’ and
‘south-east’ were pooled (see Online Resource Fig. S1). A
test of exact population differentiation, in which the groups
under scenario a were treated as separate populations,
found significant differentiation toward all other groups in
the case of the groups ‘west,’ ‘north-east,’ ‘pelzelni’ and
‘saudiya’ (Table 3). This implies that the locations of the
groups ‘south-east’ and ‘south-central’ are the most likely
center of origin of the species from where it must have
dispersed, e.g., onto the Arabian Peninsula. We tested for
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Fig. 2 Phylogeny based on the complete cytochrome b gene,
Bayesian analyses of 83 sequences under the GTR + Γ + I parameters.
Posterior probability values larger than 0.9 are reported. Dorcas
gazelles are gray shaded except for one presumed G. dorcas sample

(*) from the Arava valley in Israel, which clustered within the G.
gazella ‘south’ clade (the sample seems to have been misidentified).
The phylogeny can be found in TreeBase (submission ID 11748,
http://purl.org/phylo/treebase/phylows/study/TB2:S11758)

Table 2 Results of AMOVAs for the different population groupings (a—m)

Scenario1 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m)
Number of local groups 6 5 3 4 5 5 4 4 3 2 6 5 5

% Variation:

Among groups 37.78 41.89 12.80 41.51 32.02 41.65 37.23 32.53 24.61 −13.42 40.39 36.84 36.59

Among populations
within groups

19.24 17.31 45.03 19.56 25.46 19.22 23.60 27.23 35.43 66.05 14.70 18.17 18.42

Within populations 42.99 40.79 42.18 38.93 42.51 39.13 39.17 40.23 39.97 47.37 32.60 32.68 32.68

Relative AIC weight 0.43 0.22 0.00 0.05 0.05 0.06 0.01 0.00 0.00 0.00 0.12 0.03 0.03

Partitioning of molecular variance within and among sampling sites; significance of variance components was tested by 1,000 permutations.
Grouping (a) yielded a maximum relative Akaike information criterion weight (AIC).
1 See Fig. 1 and Online Resource Fig. S1
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isolation-by-distance (IBD) based on three scenarios of how
the Red Sea could have been crossed: range expansion via
(1) the Sinai Peninsula, (2) across the Bab al-Mandab strait
in the southern part of the Red Sea or (3) via both routes.
No significant correlation was found for any of the tested
scenarios, but scenario (1) explained more variance than the
other two [scenario (1), r=0.543, P=0.091; scenario (2), r=
0.429, P=0.168; scenario (3), r=0.407, P=0.168].

Statistical parsimony (SP) networks were constructed
using alignments (1) and (2), and are shown in Fig. 3.
In both networks we found pronounced haplotype sharing,
especially between the groups ‘south-central’ and ‘south-
east’. In the network shown in Fig. 3b, which comprises
considerably more genetic information but fewer samples,
shared haplotypes are seen in the case of the groups
‘north-east’ and ‘south-east’ as well as between the groups
‘south-east’ and ‘south-central’. Haplotypes found in the
‘pelzelni’ group are all private and comprise two distinct
lineages. In the case of the Saudi gazelle, which could

only be included in alignment (2), we found two different
haplotypes that are distinct from all other samples
(Fig. 3a), but this separation is the result of only two
mutational steps.

For the analyses of past and present gene-flow patterns
we used the alignment with the most sequence information
[alignment (3)]. Even extended runs of the program
Migrate-n did not provide stable results, in particular with
respect to the direction of gene flow between the ‘west’ and
the two southern groups. We attribute this to a lack of a
clear-cut signal in the data set, and/or insufficient sample
size in individuals and/or markers, respectively. Some
features of the gene-flow network, however, were stable
in all runs: we found high gene-flow between the groups
‘south-central’ and ‘south-east’. This corresponds with the
finding of shared haplotypes in both groups in the SP
cladogram and the exact population differentiation test.
Furthermore, we could not detect any gene flow between
the groups ‘west’ and ‘north-east’.

Table 3 Probability (P-)values
of exact population differentia-
tion according to the most likely
grouping (‘scenario a’; Fig. 1).
Significant values (P<0.05) are
highlighted bold

Group West South-central North-east South-east Saudiya

South-central 0.266±0.0035

North-east 0.017±0.0008 0.053±0.0015

South-east 0.245±0.0036 1.000±0.0000 0.052±0.0016

Saudiya 0.033±0.0007 0.249±0.0031 0.025±0.0007 0.209±0.0025

Pelzelni 0.026±0.0007 0.178±0.0028 0.012±0.0005 0.149±0.0021 0.010±0.0003

Fig. 3 Statistical parsimony network based on (a) a 412 bp fragment
(73 sequences) and (b) the complete cytochrome b gene (57
sequences). Each circle represents a different haplotype, whereby
circle size is proportional to the number of individuals in our data set

showing that haplotype (legend size represents one animal). The color
code indicates the origin of the samples (see legend). Smaller open
circles represent missing haplotypes, and connecting lines correspond
to one mutational step
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Bayesian Skyline Plot

Estimated mean substitution rates for the mitochondrial
control region and cytochrome b gene were 0.156 (95%
confidence interval: 0.121–0.195) and 0.0124 (0.008–
0.017) substitutions per million years, respectively. Both
posterior estimates corresponded well with their respective
priors. Furthermore, the data changed the prior information
and narrowed the 95% confidence interval estimates for
both markers, further justifying the use of priors as
described before. The inferred time to the most recent
common ancestor was 768,000 years before present with a
95% confidence interval of 1,110,000–468,000 years before
present. The past population demography (Fig. 4) shows a
long period of stability followed by an exponential increase
in population size (starting approximately 200,000 years
before present), until a steep population decline started
about 27,175 to 17,500 years before present (gray shaded
area in Fig. 4), which continues until the present day.

Discussion

Lack of detailed information about phylogenetic relation-
ships among and within threatened groups of animals can
hamper conservation efforts (Avise 1989; Vogler and
DeSalle 1994). For instance, unrecognized differentiation
within a putative species can lead to admixture of
independent evolutionary entities in captivity. In this
context, conservation genetic approaches are valuable tools
for captive breeding and in situ conservation programs as
morphologically indiscernible (cryptic) animal species

appear to exist throughout taxonomic groups and biogeo-
graphic regions (Pfenninger and Schwenk 2007; Trontelj
and Fišer 2009; Rueness et al. 2011). Investigations of other
gazelle species revealed that phenotypic differences in this
group do not always correspond with phylogenetic splits (in
other words: morphological differences are sometimes poor
indicators of species boundaries or genetic differentiation
among populations). For example, a recent phylogenetic study
on sequence divergence of mitochondrial cytochrome b and
the control region of Mountain gazelles (G. gazella)—which
are closely related to G. dorcas—found evidence for two
reciprocally monophyletic lineages, one of which is restricted
to a small area on the Golan Heights and may be considered
as a separate species (Wronski et al. 2010). In another study
comparing cytochrome b sequences of Goitered gazelles (G.
subgutturosa), it was shown that the presumed species is
clearly polyphyletic, and the Sand gazelle (G. marica) from
the Arabian Peninsula—which was until then regarded as a
subspecies of Goitered gazelles—is an evolutionarily signifi-
cant unit (ESU) and should therefore be treated as a distinct
management unit (Wacher et al. 2011).

No thorough phylogenetic or phylogeographic analyses
focusing on Gazella dorcas have been conducted until now
(IUCN 2010). Our present study was designed to fill this
gap of knowledge. We are aware of the limitations of
analyzing mitochondrial DNA data only [e.g., introgres-
sion, incomplete lineage sorting; see Funk and Omland
(2003) for a review], but the kind of samples from which
we could extract DNA ranged from dried skin of museum
specimens to feces, or blood droplets on sand, and
amplifying mitochondrial markers was the most feasible
and promising option given the often very poor quality of
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Fig. 4 Bayesian Skyline plot
showing maternal effective
population size (mean and 95%
confidence interval) based on
1,612 bp concatenated cyto-
chrome b gene and mitochon-
drial control region sequences of
53 Dorcas gazelles over time
(x-axis: years before present).
The gray shaded area marks the
onset of the decline in effective
population size. Inserted figure
shows a hunting scene from
ancient Saharan rock art illus-
trating our interpretation of the
cause of the observed
population decline
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DNA obtained from those samples. We found Dorcas
gazelles to form a reciprocally monophyletic clade consis-
tent with the idea that all individuals included in our present
study are members of one species with little intraspecific
genetic structure. Following the integrative species concept
(see de Queiroz 2007 for a review), we did not find
evidence for separately evolving metapopulation lineages
(sensu de Queiroz 2007). The admixture of G. dorcas
samples of different geographic origins in several clades of
our phylogeny (Fig. 2) could—theoretically—indicate
“cryptic” metapopulations occurring in sympatry. This
scenario seems very unlikely though, as no ecological or
behavioral data suggest that two forms of Dorcas gazelles
occur sympatrically. Furthermore, branch lengths within the
G. dorcas clade in our phylogenetic tree were relatively short
compared to other gazelle taxa (Fig. 2). Unlike the other
gazelle taxa mentioned above, Dorcas gazelles, therefore,
can be regarded as one evolutionarily significant unit (ESU).
Low genetic differentiation among the different groups of
Dorcas gazelles, with samples stemming from sites as distant
as Mali and the Sinai, may be indicative of high ongoing
gene flow because of migration or a recent range expansion.
Our analysis of the species’ past demography, in which the
time to the most recent common ancestor of Dorcas gazelles
was estimated as approximately 768,000 years before
present, argues in favor of the latter hypothesis.

Gentry (1964) suggested that the origin of G. dorcas is
palaearctic, extending into North Africa. Our present data,
however, designate the south-central and south-eastern parts
of the species’ current distribution range as the likely center
of origin as we found the largest haplotype diversity in that
region, along with pronounced haplotype sharing among
the two groups (Fig. 3). Furthermore, when testing for exact
population differentiation we found no differentiation
between the south-central and south-eastern groups (P=
1.000±0.0000), From here, the species could have colo-
nized the other parts of its present distribution range,
including the Arabian Peninsula. The weak gene flow
between animals from the Sinai and the Arava valley to the
‘west’ group indicates some form of geographic barrier
between those groups, preventing migration; most probably
this can be attributed to the Red Sea in combination with
the Nile delta. In order to investigate this phenomenon in
more detail, Dorcas gazelles from Libya and Egypt should
be included in future studies.

Rebholz et al. (1991) proposed that Saudi gazelles might
be more distantly related to Dorcas gazelles than previously
assumed (see also Rebholz and Harley 1999), but their
analysis was partly based on samples from captive breeding
groups, and it remains doubtful whether those samples were
truly Saudi gazelles (Hammond et al. 2001). While
probably extinct in the wild, presumed Saudi gazelles held
in captivity appear to be the product of repeated hybridiza-

tion with other gazelle taxa such as chinkara (G. bennetti)
and Goitered gazelle (G. subgutturosa; Rebholz and Harley
1997; Hammond et al. 2001). Accordingly, the IUCN status
of G. saudiya had to be changed from ‘extinct in the wild’
to ‘extinct’ (IUCN 2010). Our present study clearly places
Saudi gazelles in the Dorcas clade, and genetic distances to
other representatives of this clade were small.

We tested for isolation-by-distance (IBD) based on
different migration scenarios to determine the route(s) by
which Saudi gazelles may have reached the Arabian
Peninsula. Even though tests for IBD were not statistically
significant, most support was found for a scenario where
Saudi gazelles arrived on the Arabian Peninsula via the Sinai
Peninsula rather than by crossing the Bab al Mandab strait,
which is congruent with the findings of Fernandes et al.
(2006) that no land bridge existed in the area of the Bab al
Mandab strait for at least 470,000 years. Ferguson (1981)
proposed that another immigration event across the Nile and
the Sinai Peninsula may have occurred recently (6–
8,000 years ago). Palaeogeographic data indeed suggest that
Dorcas gazelles expanded their range into the Mediterranean
domain during the post-Neolithic period, thus replacing G.
gazella—a species adapted to a more humid climate—from
the drier parts of its former range (Davis 1980; Tchernov et
al. 1986; Yom-Tov and Tchernov 1988). Ferguson’s (1981)
hypothesis implies that north African G. d. dorcas and
coastal G. d. isabella may have migrated onto the Sinai at
different points in time. Contrary to the predictions from this
hypothesis, our data indicate a close relationship between G.
dorcas from Sinai and the Levant and Pelzeln’s gazelle
(‘pelzelni’ group in Fig. 3b), suggesting that there may have
been a continuous population east of the river Nile reaching
from Israel to Somalia, probably during the more humid
period following the last glacial period. It needs to be
stressed though that genetic differences among groups were
generally low, so this hypothesis remains speculative.

A steep decline in effective population size—calculated
through a coalescent approach—started about 27,000 years
ago and is still ongoing (Lafontaine et al. 2006). This date
coincides with first records of spear hunting in northern Africa
and the Middle East (Nentwig 2007). The typical stone
projectile tips of such spears were found associated with large
game species (Legge and Rowley-Conwy 1987; Uerpmann
1987; Nentwig 2007). Furthermore, Bar-Oz et al. (2011)
recently reported that hunting strategies of post-Neolithic
human societies played a major role in mass kills of gazelles
in the ancient Near East. On the other hand, the onset of the
population decline also coincides with the minimum sea level
during the last glacial maximum (Fleming et al. 1998). Our
Bayesian Skyline analysis, however, does not support the idea
that changes between glacial periods (associated with a
hyperarid Sahara) and interglacials (corresponding with more
humid climate) had a major influence on the population
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dynamics, as no effect of other Pleistocene climate cycles on
the population size was discernible (compare the long phase
of stationarity in Fig. 4). Hunting—starting in ancient times—
thus seems to have had a more drastic effect on Dorcas
gazelles than previously thought.

Taxonomical implications of our phylogenetic analyses

Several subspecies of Dorcas gazelles from different
regions of their distribution range have been described on
the basis of phenotypic variation (e.g., Lange 1970; Rostron
1972; Alados 1987; Groves 1969, 1981, 1985a, b, 1988;
Yom-Tov et al. 1995). Our phylogeographic analysis,
however, found no evidence for any clear-cut geographic
pattern of genetic structure and thus sheds doubt on the
validity of the proposed subspecies. For example, we tested
a scenario corresponding to a subspecies grouping for-
warded by Alados (1987; Fig. S1k), but this model received
little support (relative AIC weight=0.12). The hypothesis
of a northern Saharan subspecies (G. d. dorcas), a southern
Saharan subspecies (G. d. osiris) plus G. d. massaesyla and
G. d. isabella, as suggested by Groves (1981), as well as
the hypothesis of only a single subspecies inhabiting the
entire southern Saharan region, being isolated from the
northern Saharan populations, as suggested by Lafontaine
et al. (2006), could also be rejected.

The question of whether G. saudiya is a separate
species as suggested by some authors (Rebholz et al.
1991; Rebholz and Harley 1999) or just another form of
Dorcas gazelles could not be resolved in detail. The
private haplotypes found in this study are congruent with
those detected by Hammond et al. (2001). The close
connection (two mutational steps) to the next relative of
Dorcas gazelles in the SP network (Fig. 3a), however,
clearly shows the germane relationship of both forms.
Also in the case of Pelzeln’s gazelle (‘pelzelni’ clade in
Fig. 1), our data support the inclusion into G. dorcas
firstly recommended by Groves (1969). In the SP network
analyses we found two divergent mt-haplotype lineages, a
pattern that became most obvious when using the
complete cytochrome b sequence (Fig. 3b). Nevertheless,
samples used in the latter analysis were obtained from Al
Wabra Wildlife Preservation, not from the wild, and
interpretations regarding natural hybridization or inbreed-
ing should be made carefully. The described morpholog-
ical distinctiveness of Pelzeln’s gazelles may be attrib-
utable to local adaptation to habitats with higher humidity
(Alados 1987) coupled with incomplete lineage sorting.
Keeping Dorcas and Pelzeln’s gazelles separately in
captivity would be the most adequate solution regarding
conservation until future studies using nuclear markers
(e.g., SNPs) have been conducted to answer this question
conclusively.
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