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Abstract

Here we study 109 Iberian roe deer individuals corresponding to 9 Spanish populations. Individuals were sampled at locations that are
expected to have acted as refugia for the species during the 20th century. Samples were analyzed for a 436 bp mtDNA fragment from the
HVI region of mitochondrial DNA and 10 microsatellites. The 109 sequences gave 31 different haplotypes that enabled identification of a
new haplogroup (mainly present in Northwestern Iberian populations and representing roughly a third of our samples) that is not pres-
ent in other European roe deer populations. Using microsatellites, correspondence analysis and molecular coancestry information
revealed high molecular differentiation among Northwestern and Central-Southern Spain roe deer populations. Both sequence and
microsatellite analysis reveal that the Spanish roe deer populations are genetically heterogeneous and have high genetic structure clearly
separating the Pyrenean-reintroduced populations and two main areas for the species in Spain (Northwestern and Central-Southern)
coinciding with the two main areas acting as refugia for the majority of the mammal species during glaciations. The implications of
the obtained information as regards the phylogeography of the species are discussed together with suggestions as to appropriate strat-
egies for the conservation and management of populations.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The European roe deer (Capreolus capreolus) is wide-
spread across the continent with populations distributed
from Cádiz in Southern Spain, the Southern Apennines
in Italy and the Southern Balkans to as far north as the
Arctic Circle in Scandinavia. Several studies, mainly using
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mitochondrial (mt)DNA information (Wiehler and Tiede-
mann, 1998; Randi et al., 1998, 2004; Vernesi et al., 2002;
Lorenzini et al., 2003), have shown that the roe deer pop-
ulation in Europe has a significant structuring consistent
with the cycles of restriction and colonization induced by
the last glacial oscillations. As seen for a wide variety of
European flora and fauna (see Taberlet et al., 1998 and
Hewitt, 1999 for reviews), these studies have consistently
identified three regions: the Iberian Peninsula, Italy and
the Balkans, as glacial refugia for the species. Vernesi
et al. (2002) and Randi et al. (2004) identified two main
mtDNA haplogroups, both characterising the roe deer
populations in Western, Central and Northern Europe
and in the Balkans. Within the non-Balkan haplogroups,
the aforementioned studies identified a subcluster formed
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by the roe deer populations in Central-Southern Italy, thus
genetically supporting the existence of an endemic subspe-
cies: Capreolus capreolus italicus (Festa, 1925).

The Iberian Peninsula has played a significant role in the
history of the roe deer. The genetic situation of the species
described above indicates that the postglacial roe deer
expansion resembled Hewitt’s (1999) ‘bear pattern’. In this
model, individuals from the Italian refugium did not
spread over the Alps, and populations of Iberian origin
prevail in Central-Northern Europe. Furthermore, Randi
et al. (2004) recently identified a new mtDNA haplogroup
mainly present in the Northwestern Iberia roe deer popula-
tions, thus suggesting the existence of different glacial refu-
gia within the Iberian Peninsula for the roe deer. However,
the genetic situation of the Iberian roe deer population is
poorly known because of the limited number of Spanish
samples used in the published works (Vernesi et al., 2002)
or the biased distribution of the sampling locations (Randi
et al., 2004). This contrasts with the extensive sampling and
analysis available for other, possibly relict populations
such as those from Italy (Randi et al., 1998, 2004; Vernesi
et al., 2002) or Eastern European countries such as Serbia,
Montenegro and Kosovo (Randi et al., 2004). In fact, bet-
ter knowledge of the genetic background of the species in
these Eastern countries led Randi et al. (2004) to suggest
the possibility of an Eastern origin of the most relevant
mtDNA haplogroup in Central-Northern European roe
deer (the so-called Clade Central), thus questioning the
general pattern of postglacial recolonization of Europe
by the species.

In contrast with the extensive use of mtDNA for phylo-
genetic studies in roe deer, the use of microsatellite markers
for this purpose is still underdeveloped. Microsatellite
markers are usually expected to be more informative in
describing the consequences of the most recent population
events (isolation, expansion, translocations, current dis-
persal rates) than in ancestral population history (Coulon
et al., 2004; Randi et al., 2004). Recently, Caballero and
Toro (2002) formalized how to obtain coancestry coeffi-
cients from molecular information by applying Malécot’s
(1948) definition to the marker genes, although they
referred to it as identity by state instead of identity by des-
cent. The molecular coancestry between two individuals i

and j is the probability that two randomly sampled alleles
from the same locus in two individuals are identical by
state. Molecular coancestry (f) is equivalent, in terms of
allelic frequencies, to fij =

P
ij xij yij (Eding and Meuwissen,

2001; Caballero and Toro, 2002) where xij and yij are the
frequencies of the ith allele at the jth locus within the indi-
viduals (or populations) x and y. This term was previously
defined by Nei (1972) as ‘the probability of identity of a
gene from x and gene from y’. Nei (1972, 1987) also
showed that, in the founder population, its value would
coincide with that of the expected homozygosity. Eding
and Meuwissen (2001), using simulated data, showed that
molecular coancestry has other interesting properties,
namely that average kinship between populations becomes
constant very quickly after population fission, causing
between-population diversity to remain constant. Molecu-
lar coancestry may be used to assess genetic diversity
between populations (Eding et al., 2002; Fabuel et al.,
2004; Álvarez et al., 2005). Researchers may contrast
molecular coancestry information (basically consisting of
unbiased estimations of the ancestral allelic frequencies of
the studied populations; Eding and Meuwissen, 2001) with
that offered by other parameters characterising recent
genetic evolutionary changes (mainly due to drift) in order
to assess recent or ancestral processes affecting population
differentiation (Álvarez et al., 2005). This can be of partic-
ular interest for wild species, in which human action has
had less influence on the genetic background of popula-
tions. However, the possibilities of using molecular coan-
cestry information to study the genetic relationships
between populations using actual datasets have not been
widely explored (Caballero and Toro, 2002; Fabuel et al.,
2004; Álvarez et al., 2005), especially in the wild.

Genetic analysis of the Spanish roe deer populations is
also of interest due to the fact that up to three possible sub-
species have been described in the literature on the basis of
their high morphological variability (Lister et al., 1998):
C. c. canus (Miller, 1910) in Northern Spain, C. c. decorus

(Cabrera, 1916) in Northwestern Spain and, especially,
C. c. garganta (Cabrera, 1916; Meunier, 1983) in Southern
Spain, considered as a relictual population of endemic
Iberian roe deer. Morphological differences between
C. c. decorus and C. c. canus are mainly based on coat col-
our and size and probably do not support a taxonomical
differentiation (von Lehmann and Sägesser, 1986; Fandos
and Reig, 1993). C. c. garganta is expected to be distributed
in the mountains of Cádiz and Málaga, which mark the
Southwestern distribution limit of roe deer. In this area,
the species has evolved in very particular ecological condi-
tions with a low density of individuals in a Mediterranean
xerophytic forest. The identity of the C. c. garganta subspe-
cies is doubtful (Aragón et al., 1995b), although Lorenzini
et al. (2003) suggested a genetic differentiation between
Andalusian and Northern roe deer in Spain. However,
based on a limited sampling in the putative area of distribu-
tion of C. c. garganta, Randi et al. (2004) suggest that the
subspecies may have admixed origins and that its mono-
phyly would be not supported by molecular data.

The recent population history of the species in Spain has
been well characterized (Tellerı́a and Virgós, 1997; Gortá-
zar et al., 2000). Deforestation and over-hunting led to
the decline and eradication of local roe deer populations,
particularly in Central and Southern Iberia, though also
in the humid, mountainous North of the Peninsula (Bou-
tin, 1990; Aragón et al., 1995a). Subsequent to the
1970’s, preservation policies and the decline in the rural
human population permitted natural recolonisation of
roe deer from refugia located in the main Spanish moun-
tainous ranges (Braza et al., 1989; Aragón et al., 1995a,b;
Tellerı́a and Virgós, 1997; Gortázar et al., 2000). However,
there are records of some reintroduction events carried out



Fig. 1. Sampling locations and proportion of mtDNA haplogroups in the
analyzed roe deer populations. The diagrams indicate the proportions of
mtDNA control region haplotypes belonging to Clades West, Central,
East and Celtic-Iberian. Abbreviations correspond to Western Asturias
(As), Bordeaux (Bo), Cádiz (Ca), Centre (Ce), Galicia (Ga), Lleida (Le),
Picos de Europa (PI), Soria (So) and Sueve (SU). The number of
individuals sampled in each location is in brackets. The approximate
location in which the putative Capreolus capreolus subspecies described in
the literature for the Spanish roe deer is indicated.
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using non-indigenous roe deer, such as those in Catalonia,
Northeastern Spain (Rosell, 2002). The aim of the present
study is to contribute to a more comprehensive molecular
analysis of the roe deer populations in Spain so as to
increase our knowledge of the phylogeny of the species.
To do so, we shall obtain roe deer samples from most
Spanish locations in which reintroduction events are not
documented as having occurred, as well as obtaining
molecular information from mitochondrial sequences and
microsatellite markers. Mitochondrial sequences will be
compared with others from the literature so as to accurate-
ly assign Spanish roe deer haplotypes to their correspond-
ing haplogroups. Microsatellite marker polymorphisms
will be used to obtain molecular coancestry information
on the genetic relatedness of the sampled populations at
the moment of population separation. Throughout the
paper we shall attempt to address the following questions:
(a) Is the Spanish roe deer population heterogeneous? and
(b) What is the contribution of the Spanish roe deer in the
genetic background of the species? The implications of the
obtained information for establishing management and
conservation strategies for roe deer in the Iberian Peninsula
will be also discussed.

2. Materials and methods

2.1. Sampling

Muscle or skin samples were obtained from a total of
109 individuals corresponding to 9 roe deer populations.
The sampling locations plus their abbreviations and the
number of individuals sampled (in brackets) are: Western

Asturias (As; 20; sampled in Cangas del Narcea, in the area
surrounding Muniellos Nature Reserve and the county of
Valdés), Cádiz (Ca; 15; sampled mainly in the Natural Park
of Los Alcornocales), Centre (Ce; 14; sampled in Guadar-
rama and Montes de Toledo ranges), Galicia (Ga; 10; sam-
pled in the Game Preserve of Los Ancares), Lleida (Le; 10;
sampled in La Pobla de Segur), Picos de Europa (Pi; 10;
sampled in Valdeón within the Picos de Europa National
Park), Soria (So; 10; sampled in Urbión and Alcarama),
Sueve (Su; 10; sample in the Sueve Range area in North-
eastern Asturias) and, as an outgroup, the southern Bor-

deaux area, in France (Bo; 10).
The sampling locations include all the mountainous sys-

tems in Spain that are expected to have acted as refugia for
the species during the decrease in populations size in the
first half of the 20th century (Conde de Yebes, 2000), which
allowed the natural recolonization of the Spanish country-
side during the second half of this period: (a) Galician Mas-
sif (Ga), Cantabrian Range (As, Su and Pi), Iberian Range
(So), Pyrenean Range (Le), Central Massif (Ce), including
samples from the Sierra del Guadarrama and four samples
from the Toledo Mountains, and Penibetica Range (Ca).
The geographical distribution of the sampled populations
is shown in Fig. 1. Throughout the paper, samples from
As, Ga, Pi and Su will be referred as Northwestern, those
from Ca, Ce and So as Central-Southern and those from
Bo and Le as Pyrenean. The sampling performed here is
expected to cover the distribution range of the nominal
roe deer subspecies in Spain: C. c. canus (So), C. c. decorus

(As, Ga, Pi and Su) and C. c. garganta (Ce and Ca).

2.2. DNA extraction and amplification

Total DNA was isolated from muscle or skin samples
using the Nucleospin� tissue protocol (Macherey-Nagel).
Mitochondrial DNA was amplified using the following
PCR primers: 50-CGTCAGTCTCACCATCAACCCC
CAAAGC-30 and 50-TGAGATGGCCCTGAAGAAA
GAACC-30, which amplify a 436 bp fragment from the first
hypervariable domain of the mtDNA control region
(D-loop) (Douzery and Randi, 1997; Vernesi et al., 2002).
The PCR protocol consisted of a 20 ll reaction mix con-
taining approximately 50 ng of total DNA, 0.2 lM of each
primer, 2.0 mM Cl2Mg, 0.2 mM of dNTPs and 0.2 U of
Taq polymerase (Biotools, Madrid). The PCR consisted
of an initial denaturation step at 94 �C for 5 min followed
by 35 cycles of 30 s at 94 �C, 30 s at 60 �C and 1 min at
72 �C, with a final elongation step of 10 min at 72 �C after
the last cycle. PCR products were purified using ExoSAP-
IT� (USB Corporation, Cleveland) following the manufac-
turer’s recommendations. DNA sequencing was performed
on an ALFexpressII semi-automated sequencer (Amer-
sham Biosciences, Barcelona) using the Thermo Sequenase
Cy5 Dye Terminator Cycle Sequencing Kit (Amersham
Biosciences, Barcelona). The sequences were aligned using
the PILEUP command (Feng and Doolittle, 1987) of the
Winsconsin Package (Winsconsin Package Version 10.2,
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Genetics Computer Group (GCG), Madison, Wisconsin)
and were checked by eye. The numbering of nucleotide
sites refers to the Bos taurus sequence (Genbank, Accession
No. J01394), following Vernesi et al. (2002). The GenBank
accession numbers and references for the sequences
obtained in the present analysis are from DQ114745 to
DQ114784 and from DQ384640 to DQ384708.

A set of 10 microsatellites (CSSM66, ILSTS011,
INRA006, BM6506, BM1818, BM757, NVHRT48,
NVHRT21, RT1, NVHRT16) were analysed in all the indi-
viduals. The first six were previously used in ovine studies
(Álvarez et al., 2004, 2005), while the others have been
reported to be polymorphic in roe deer by Poetsch et al.
(2001). PCR products were labelled using a fluorescent
method (Cy5 labelled primer) and genotyping was per-
formed on an ALFexpressII semi-automated sequencer
(Amersham Biosciences, Barcelona).

2.3. Sequence analysis

Genetic variability within populations was assessed
from mitochondrial information by computing nucleotide
diversity (p) using the program MEGA 3.1 (Kumar et al.,
2004). Among populations p-distance and Reynolds’ dis-
tance matrices (available on request) were computed using
the program Arlequin v.2.0 (Schneider et al., 2000). The
statistical significance of the values was estimated by per-
mutation analysis using 1000 replications.

To correctly assign our sequences to the haploclusters
previously identified in the literature, we integrated our
data with the 161 haplotypes reported by Randi et al.
(2004). Among the available sequences, further analyses
were restricted to the 388 bp length forming the consensus
region defined between our sequences and those reported
by Randi et al. (2004). To identify biologically meaningful,
empirically supported phylogenies, networks were con-
structed using the median-joining network method (Ban-
delt et al., 1999) as implemented in the program Network
4.1.1.1 (Available at http://www.fluxus-engineering.com/).

Divergence times among the identified haplogroups
were estimated using the method proposed by Gaggiotti
and Excoffier (2000), as implemented in the program Arle-
quin 2.0 (Schneider et al., 2000). This method, based on the
net number of substitutions between populations, is able to
remove the possible effects of bottlenecks and unequal pop-
ulation sizes. For the translation of mutational units into
years, the sites with indels were omitted and, following
Randi et al. (1998), substitution rates per site per million
of years ranging between 0.04 and 0.08 were used.

The program DnaSP 4.0 (Rozas et al., 2003) was used to
assess past demographic parameters, computing the follow-
ing statistics: (a) the distribution of the observed pairwise
nucleotide site differences (also called mismatch distribu-
tion) and the expected values for no recombination (Rogers
and Harpending, 1992); the smoothness of the observed
mismatch distribution was quantified by the raggedness
statistic (r); (b) Fu’s Fs statistics; (c) Fu and Li’s (1993)
D* and F* tests. The D* test statistic is based on the differ-
ences between the number of singleton sites (mutations
appearing only once among the sequences) and the total
number of mutations, whilst the F* test statistic is based
on the differences between the number of singleton sites
and the average number of nucleotide differences between
pairs of sequences (Fu and Li, 1993). Statistics (a) were
computed to assess a possible growing populations scenar-
io; statistics (b) test the presence of genetic hitchhiking,
which produces a similar pattern to mismatch distribu-
tions; statistics (c) test for the assumption of neutrality of
mutations thus detecting the presence of background selec-
tion. Coalescence simulations based on a neutral infinite-
sites model and assuming a large constant population size
(Hudson, 1990) were applied to determine the confidence
intervals of the computed statistics.
2.4. Microsatellite analysis

Genetic diversity on the analyzed data set was assessed
computing the expected heterozygosity (He) and the het-
erozygote deficiency within population (FIS). Among-pop-
ulations gene flow and genetic differentiation were
assessed by computing the following between-population
genetic parameters: molecular coancestry (fij, Caballero
and Toro, 2002), kinship distance (Dk, Caballero and Toro,
2002) and Reynolds’ distance (Reynolds et al., 1983). Fol-
lowing Caballero and Toro (2002), most of these parame-
ters were computed in terms of molecular coancestry.
The molecular coancestry between two individuals i and j
is the probability that two randomly sampled alleles from
the same locus in two individuals are identical by state
(Caballero and Toro, 2002). Molecular coancestry between
two individuals i and j at a given locus may be computed
using the following scoring rules (Caballero and Toro,
2002; Eding and Meuwissen, 2001): fij,l = 1/
4[I11 + I12 + I21 + I22], where Ixy is 1 when allele x on locus
l in individual i and allele y on the same locus in individual j
are identical, and zero otherwise. Notice that this value can
only have four values: 0, 1/4, 1/2 and 1. The molecular
coancestry between two individuals i and j (fij) may be
obtained by simply averaging over L analyzed loci

fij ¼
PL

l¼1
fij;l

L . The molecular coancestry of an individual i

with itself is self-coancestry (called si), which is related to
the coefficient of inbreeding of an individual i (Fi) by the
formula Fi = 2si � 1. In turn, the (kinship) distance (here
called Dk) between two individuals i and j is
Dk = [(si + sj)/2] � fij (Caballero and Toro, 2002). Within-
and between-populations molecular coancestry and Dk

were computed by simply averaging the corresponding val-
ues for all the within- or between-population pairs of indi-
viduals. Wright’s (1969) F-statistics, FIS, FST, and FIT are

obtained as F IS ¼
~F��f
1��f , F ST ¼

~f��f
1��f and F IT ¼

~F�~f
1�~f

, where ~f ,
~F are, respectively, the mean coancestry and the inbreeding
coefficient for the entire population, ~f and the average
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coancestry for the subpopulation (see Formulae (3) and (6)
in Caballero and Toro, 2002). Notice that ~F is not the same
as genealogical inbreeding, defined as the probability that
an individual has two identical alleles by descent (Malécot,
1948), but rather homozygosity, referred to as the identity
by state, which is defined as the probability that two alleles
chosen at random from the population are the same.

The above computations were performed using the pro-
gram MolKin 2.0 (Gutiérrez et al., 2005). For descriptive
purposes, genetic distance matrices (available on request)
are shown as plots constructed through multidimensional
scaling analysis carried out using the Proc MDS of SAS/
STAT� (1999).

Individual multilocus genotypes were also investigated
carrying out a canonical discriminant analysis as imple-
mented in the program GENETIX 4.02 (Belkhir et al.,
2001) to obtain an unbiased test of population structure.

2.5. Geographical analyses

Finally, geographical structuring was assessed by com-
puting: (a) the correlation between the among-populations
geographical distance matrix and the among-populations
genetic distance matrices using Mantel’s test; and (b) an
Analysis of Molecular Variance (AMOVA). Both Mantel’s
test and AMOVA analyses were carried out on sequences
and microsatellites information using the program Arle-
quin 2.0 (Schneider et al., 2000). The statistical significance
of the values was estimated by permutation analysis using
1000 permutations.

3. Results

3.1. Mitochondrial DNA sequences, cluster assignment and

differentiation among geographical populations

The 109 sequences (from np 15804 to 16239) gave 31 dif-
ferent haplotypes (Table 1) with 28 variable sites (24 tran-
sitions, 3 transversions and 1 indel). Overall haplotype (k)
and nucleotide (p) diversity was, respectively, 0.28 and
0.012. In general, populations from Northwestern Spain
(As, Ga, Pi and Su) have significantly higher (p < 0.001)
values of k and p (ranging from 0.35 to 0.70 and from
0.009 to 0.013, respectively) than those of Central-Southern
Spain (Ca, Ce and So) (varying between 0.20 and 0.36 and
0.002 and 0.008). Among the identified haplotypes, the one
denominated H5, which is present in the Ca and Ce popu-
lations, was the most frequent (11%), followed by H29
(7.3%), which has been basically found in the So popula-
tion, and H14 (6.4%), which is well distributed across
Northwestern populations. Twelve haplotypes are unique.
The Bo population does not share mtDNA haplotypes with
any of the other sampled populations. Only two haplotypes
(H9 and H16) are represented in Northwestern and Cen-
tral-Southern populations. Thirteen haplotypes are only
represented in the Northwestern areas, while six of them
are only represented in the Central-Southern areas.
After pooling our 31 mtDNA haplotypes with those
reported previously by Randi et al. (2004) (N = 161), we
identified 95 different haplotypes of 388 pb length (see Sup-
plementary data). Fig. 2 shows a median-joining network
including most parsimonious trees supported by these 95
sequences. Four major haploclusters were identified.
Because of the uneven pattern of substitution in the D-loop
region (Sbisà et al., 1997) leading to homoplasies, the net-
work was contracted for character conflicts (Forster et al.,
2001) to confirm its robustness. The procedure reduced the
number of plotted sequences to 43, but the four haploclus-
ters were still clearly identifiable (not shown). Three of the
four major clusters coincided with those named by Randi
et al. (2004) as cluster East (including most sequences from
Balkan origin), cluster Central (the most represented in the
whole European territory including the sequences assigned
to the subspecies C. c. italicus) and cluster West (sampled
mainly in the Iberian Peninsula). The new haplogroup
identified here is made up of 6 haplotypes representing 35
(32.1%) of our samples. Further information on the coinci-
dences between our sampling and that of Randi et al.
(2004) can be found in Supplementary data. It should be
noted, however, that the new cluster identified here
includes some sequences reported by Randi et al. (2004)
(sampled basically in Spain and to a lesser extent in Portu-
gal) as being linked to the cluster Central (see Fig. 2 of
Randi et al., 2004). Moreover, we found no haplotypes in
our sampling that coincide with those linked to the cluster
West obtained in the Central Italian Alps by Randi et al.
(2004).

The four haploclusters identified above are present in
the samples analyzed here. A quick overview of Fig. 1
reveals that the new haplocluster identified here is mainly
spread over the Iberian area usually known as ‘Celtic’. Fol-
lowing the traditional classification of the domestic animal
native strains from this geographical area (see Royo et al.,
2005 for more detailed information), the new cluster will be
named hereafter Celtic-Iberian. Both Pyrenean populations
have a haplotype assignable to the cluster East (Balkan
type). The three other clusters (Central, Celtic-Iberian
and West) are represented in our samples in similar propor-
tions (34.9%, 32.1% and 31.2%, respectively). Fig. 1 illus-
trates the frequencies of the different haploclusters in our
roe deer populations. All the samples obtained in the
Southern population (Ca) and a half of those obtained in
the Ce population are assignable to the cluster West, which
is in turn present in the Cantabrian roe deer population
(As, Pi and Su) and in the Bo population (between 20%
and 30% of the samples). The cluster Celtic-Iberian is pres-
ent mainly in Northwesternmost populations (Ga, 80%; Su,
60%; As, 55%) and in the So population (70%), although it
is also present at a low proportion in the Pi and the Ce pop-
ulations (20% and 7.1%, respectively). Most of the sequenc-
es obtained in the Pyrenean populations and in the Pi area
were assigned to the cluster Central (between 70% and
90%), which is also present in all the other populations
except Ca (Fig. 1).



Table 1
Variable sites of the identified haplotypes in the available individuals of Cantabrian roe deer, number of samples (N), haplotype diversity (k) and
nucleotide diversity (p) by sampled population and for the whole dataset. Abbreviations correspond to Western Asturias (As), Bordeaux (Bo), Cádiz (Ca),
Central Spain (Ce), Galicia (Ga), Lleida (Le), Picos de Europa (PI), Soria (So) and Sueve (Su)

52 L.J. Royo et al. / Molecular Phylogenetics and Evolution 42 (2007) 47–61



Fig. 2. Median-joining tree constructed with the 95 consensus haplotypes listed in Supplementary data. Small black circles indicate missing haplotypes.
Open circles indicate haplotypes that have been identified in our sampling. Grey circles indicate additional haplotypes obtained by Randi et al. (2004).
Within clusters Central and West, respectively, the haplotypes linked to the subspecies C. c. italicus and the haplotypes sampled in Central Italian Alps are
highlighted.
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3.2. Divergence times among haplogroups and demographic

tests

Divergence times were estimated between the four main
haplogroups identified here (Table 2). The estimations var-
ied from 40,000 to 221,000 years depending on the pair of
clusters and the mutation rate (0.04 or 0.08 substitutions
per site per million years). The largest divergence times
(roughly 155,000 years on average) were estimated between
the cluster West and both the Celtic-Iberian and the East
clusters and between the clusters Central and East. The
comparisons involving the cluster Central show shorter
divergence times with respect to the clusters West and Celt-
ic-Iberian. The shortest (and the only non-significant)
divergence time is between the clusters Celtic-Iberian and
East.
Table 2
Divergence times (in thousand of years) allowing for unequal population
sizes between the four clusters of mtDNA identified in this study

Central East Celtic-Iberian

East 117–58
Celtic-Iberian 91–45 80–40
West 98–49 210–105 221–111

Intervals are estimated considering two different mutation rates (0.04 and
0.08 substitutions per site per million years). Bootstrapping (1000 repli-
cates) indicated that the divergence times reported here were significant for
p < 0.05 with the exception of the East-Celtic-Iberian pair (p = 0.067).
Fig. 3 shows the observed and expected mismatch distri-
bution for each of the four haploclusters identified here.
The best fit with a pattern of population expansion was
found for the cluster Central, whilst the observed mismatch
distributions for clusters East and West show two different
peaks, indicating two possible expansion events for each of
the clusters. The cluster Celtic-Iberian shows a ragged
shape. However, the raggedness for the four identified clus-
ters was highly significant (p < 0.000001), thus supporting
recent population growth in Spanish roe deer, though a
unimodal shape was not found for all the identified clus-
ters. Fu’s (1997) Fs and Fu and Li’s (1993) D* and F* tests
were non-significant for all the cases (data not shown), thus
leading us to respectively reject the presence of genetic
hitchhiking and background selection in the analyzed
dataset.

3.3. Microsatellite diversity and molecular coancestry

The parameters characterising the degree of polymor-
phism of the marker set used at microsatellite and popula-
tion levels are given in Table 3. The number of alleles per
locus varied between 4 (RT48) and 20 (BM757) and the
observed heterozygosity between 0.508 (RT48) and 0.898
(BM757). Most of the markers employed showed positive
FIS values, ranging from �0.024 (BM656) to 0.098
(BM757). The average number of alleles per loci was
rarefacted (ar), as proposed by Hurlbert (1971), to account
for the differences in sample size. The Bo, Ce and Le



Fig. 3. Expected (regular line) and observed (dotted lines) mismatch distribution and raggedness statistics (r) for Central, East, West and Celtic-Iberian
mtDNA haplocusters. All the r values were statistically significant for p < 0.000001.

Table 3
Number of alleles per marker (n), observed heterozygosity (Ho) and
heterozygote deficiency (FIS) values per marker and sampled population

n Ho FIS fii

Marker
CSSM66 8 0.829 0.018
ILSTS011 11 0.807 �0.017
INRA006 10 0.791 �0.008
BM6506 6 0.518 �0.024
BM1818 10 0.708 0.070
BM757 20 0.898 0.098
NVHRT48 4 0.508 0.056
NVHRT21 12 0.856 0.015
RT1 12 0.858 0.058
NVHRT16 11 0.712 �0.012

Population
As 4.5 0.680 �0.006 0.351
Bo 6.5 0.745 0.019 0.277
Ca 4.5 0.572 �0.017 0.476
Ce 6.0 0.626 0.097 0.373
Ga 5.7 0.688 �0.005 0.344
Le 6.2 0.720 0.006 0.299
Pi 4.9 0.752 �0.123 0.359
So 4.5 0.680 �0.045 0.359
Su 4.6 0.665 �0.118 0.364

All the samples 10.4 0.681 �0.015 0.251

For the statistics at population level, the parameter n was substituted by
the rarefacted (Hurlbert, 1971) average number of alleles per locus (ar),
and the average molecular coancestry within population (fii) is given.
Abbreviations correspond to Western Asturias (As), Bordeaux (Bo), Cádiz
(Ca), Central Spain (Ce), Galicia (Ga), Lleida (Le), Picos de Europa (PI),
Soria (So) and Sueve (Su).
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populations have ar values of 6.0 or higher, the So popula-
tion has an intermediate value (5.7) whilst the other popu-
lations have values below 5. The highest levels of observed
heterozygosity (above 0.7) were found for the Bo, Le and Pi
populations, while the lowest was found for the Ca popula-
tion (0.572). With the exception of Ce and Le, all the sampled
populations showed heterozygote excess, characterised by
negative FIS values. The within-populations average molec-
ular coancestry (fii), characterizing the degree of genetic sim-
ilarity of the individuals of a given population, ranges from
0.277 (Bo) to 0.476 (Ca), whilst the average value for the
whole sampled population is 0.251.

The values computed for FST, FIS, FIT, kinship distance
(Dk) and Reynold’s distance (DR) for the whole population
using microsatellites were respectively 0.147, -0.015, 0.134,
0.315 and 0.091. In general, the distance matrices (not
shown) revealed that the lowest levels of differentiation
coincided with the Northwestern population pairs (paired
FST values below 0.07 and paired Dk values below 0.40)
and with the pair formed by the Bo and the Le populations.
Fig. 4 shows the multidimensional scaling plots constructed
using DR and 0.5 � fij paired values. The two plots give
complementary information. On Dimension 1, the Ca
and Ce populations are always highly differentiated from
the Bo and Le populations. In the DR plot, however, the
So population tends to cluster with the Northwestern pop-
ulations, whilst for the plot constructed using the 0.5 � fij

paired values, the So population clearly clusters with the
Ca and Ce populations. Notice that molecular coancestry
(fij) is the second term in the formula used to compute
kinship distance: Dk = [(si + sj)/2] � fij. In an ideal



Fig. 4. Multidimensional scaling plots constructed using the between-population Reynold’s distance (DR) matrix and between-population kinships
distance (Dk) assuming no differentiation after population fission (0.5 � fij) inferred using microsatellite information. Dimension 1 is represented on the X-
axis and Dimension 2 on the Y-axis. Abbreviations correspond to Western Asturias (As), Bordeaux (Bo), Cádiz (Ca), Centre (Ce), Galicia (Ga), Lleida
(Le), Picos de Europa (PI), Soria (So) and Sueve (SU).
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situation of absence of differentiation after the separation
of populations, the kinship distance would be
Dk = 0.5 � fij. Thus, the plot constructed using 0.5 � fij

illustrates the differentiation of the populations exclusively
dependent on the differentiation of the populations at the
time of metapopulation fission (Eding et al., 2002; Álvarez
et al., 2005), whilst the DR plot basically illustrates genetic
differences mainly based on drift (Reynolds et al., 1983;
Álvarez et al., 2005).

The canonical discriminant analysis identified up to 5
factors with eigenvalue P1, explaining a total of 81.81%
of the genetic variation contained in the microsatellite
dataset. Fig. 5 illustrates the similarities among individual
genotypes using the two first retained factors, which respec-
tively explained 24.26% and 19.66% of the variation. The
individuals belonging to the Ca and Ce populations are
clearly differentiated from the others on Dimension 1.
The individuals belonging to the populations sampled in
the Pyrenean area (Bo and Le) are separated from those
from the Northeastern Spain population on Dimension 2.
Notably, the So individuals present intermediate coordi-
nates between the populations of Northwestern and Cen-
tral-Southern Spain.

3.4. Geographical patterns of genetic variation

Correlation between different set of between-popula-
tions genetic distance matrices (DR and p-distance for
mtDNA and DR and 0.5 � fij for microsatellites) and the
between-populations geographical distance matrix were
computed. Though they are higher for microsatellites, all
the correlation coefficients were statistically significant,
ranging from 0.41 (p = 0.03) for p-distance to 0.71
(p = 0.001) for DR computed using microsatellites.

Additional analysis was conducted to assess the degree
of differentiation of the geographical groups of populations
for Spanish roe deer. Results of the AMOVA analysis carried
out on mitochondrial and microsatellite information are
given in Table 4. The analysis showed statistically significant
genetic differentiation (highlighted by the UCT statistic)
among the three main groups of populations (Northwestern,
Central and Pyrenean) only for microsatellite data



Fig. 5. Plot showing the distribution of the individual genotypes of the roe deer individuals genotyped for our microsatellite set on the bidimensional
spaces formed by the two first factors computed by a canonical discriminant analysis. The first factor (on the X-axis) explained 24.26% of the genetic
variance and the second factor (on the Y-axis) explained 19.66% of the variation. The Central-Southern populations are in Black (Centre) or open (Cádiz)
triangles; Pyrenean populations are in open (Bordeaux) or black (Lleida) squares; Northwestern populations are in black diamonds (Western Asturias),
open rectangles (Galicia), black rectangles (Sueve) and open circles (Picos de Europa). Notice that the Soria individuals (in black circles) have intermediate
positions between the Northwestern and the Central-Southern populations.

Table 4
Results of the AMOVA analysis conducted on mitochondrial and microsatellite information in the analysed Spanish roe deer populations

Groups of populations Percentage of variation components Differentiation statistics

Among
groups

Among populations
within groups

Within
populations

UCT USC UST

Mitochondrial DNA
Two-level analysis — 29.35 70.65 — — 0.294

Three-level analysis 6.80 23.93 69.27 0.068 0.257 0.307

Three-level analysis excluding the So population 19.07 11.19 69.74 0.191 0.138 0.303

Microsatellites
Two-level analysis 12.65 87.35 — — 0.126

Three-level analysis 7.54 7.00 85.46 0.075 0.075 0.145

Three-level analysis excluding the So population 9.52 5.42 85.07 0.095 0.060 0.149

The present results were first obtained in a two-level analysis without grouping the sampled populations and secondly by grouping Northwestern (As, Ga,
Pi and Su), Central-Southern (Ca, Ce and So) and Pyrenean (Bo and Le) populations in a three-level hierarchical analysis. The three-level hierarchical
analyses were re-run excluding the So population from the analysis. Differentiation parameters significantly different from 0 for p < 0.01 are in bold.
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(accounting for roughly 7% of the variance). However,
among-groups differentiation assessed via mtDNA was not
statistically significant. The three-level hierarchical analysis
was re-run excluding the So population, which, on account
of its relationships with the other sampled population, could
not be assessed without uncertainty for microsatellite infor-
mation (see Fig. 4). The exclusion of the So population gave a
significant UCT value for mtDNA information, an increase in
the among-groups differentiation for microsatellites (UCT)
and a decrease in the within-groups variation for both
mtDNA and microsatellite data.

4. Discussion

In this study, we sampled Spanish roe deer populations
in order to ascertain the genetic heterogeneity of the species
in one of the possibly main refugia for the species during
the last glaciation period and to contribute to the knowl-
edge of the genetic background of the species in the Euro-
pean context. During the first half of the 20th century, the
roe deer in Spain suffered a dramatic decrease in popula-
tion size due to over-hunting and deforestation, thus caus-
ing the original population to fragment into several small
local populations that became extinct in the majority of
cases (Aragón et al., 1995a; Tellerı́a and Virgós, 1997; Vir-
gós and Tellerı́a, 1998). Sampling was carried out here over
the major mountainous systems at locations that are
expected to have acted as refugia during the decrease in
population size. The Spanish territory has been naturally
recolonized from most of these sampled areas (Tellerı́a
and Virgós, 1997), with a small number of reports of rein-
troduction events with non-indigenous roe deer that have
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occurred mainly in the Pyrenean area (Gortázar et al.,
2000; Rosell, 2002). In this respect, the Le population (in
the Catalonian Pyrenees) shows high similarities with the
Bo population, which has been used as the outgroup in this
study. The Bo population is an admixed population in
which reintroduction events are likely to exist (Boisaubert
and Boutin, 1988). Both the Bo and the Le populations
show mtDNA haplotypes assignable to the cluster East
(of Balkan origin), which is also present in reintroduced
roe populations in Italy (Vernesi et al., 2002). Moreover,
at a microsatellite level, both the Bo and the Le popula-
tions have the highest average number of alleles per locus
and heterozygosity values, and the lowest within-popula-
tion molecular coancestry values, which means the lowest
genetic resemblance of the individuals in an area. The high
variability shown by admixed-recently found roe deer pop-
ulations that expanded rapidly has been previously report-
ed by Randi et al. (2004) with respect to other reintroduced
Italian populations (Liguria).

4.1. Genetic heterogeneity in the Spanish roe deer population

Our results show that the Spanish roe deer populations
are genetically heterogeneous and have high genetic struc-
ture. Sequence, microsatellite and AMOVA analyses clear-
ly point out that, not including the Pyrenean-reintroduced
populations, we may differentiate two main areas for the
species in Spain: (a) the Northwestern area; (b) the Cen-
tral-Southern area.

Though the dispersal behaviour for the species is
accepted to be male biased (Wahlström and Liberg,
1995; Coulon et al., 2004), thus leading to lesser among-
population differentiation at a nuclear DNA level, we
found a higher degree of among-area differentiation for
microsatellites than for mtDNA sequences. Here, micro-
satellites informed on the short-term evolution of the pop-
ulations mainly due to drift using DR (Reynolds et al.,
1983; Álvarez et al., 2005), but also on the allele frequen-
cies in the ancestral population using molecular coances-
try information (Eding and Meuwissen, 2001; Eding
et al., 2002; Álvarez et al., 2005). In this respect, the
genetic relationships between the So roe deer population
and those of Northwestern Spain are more likely to have
occurred during the recent history of the species. With
respect to mtDNA information, we found that sequences
linked to the cluster West (Randi et al., 2004) are highly
frequent in the roe deer populations of Central-Southern
Spain, except for the So population. We also identified
a new haplogroup, which we have called Celtic-Iberian
and which is basically spread over the Northwestern part
of the Iberian Peninsula, that seems to be relict of the Ibe-
rian roe deer populations. However, the So population
has a high proportion of Celtic-Iberian haplotypes, thus
leading us to include it within the Northwestern popula-
tions. Further analyses will be needed to ascertain
whether the So population might be an ancestrally
admixed population formed in a geographical area that
may have acted as a contact zone between two major
and well differentiable roe deer populations in the Iberian
Peninsula.

Moreover, the present study allows us to postulate that
the Northwestern Iberian Peninsula, including the Canta-
brian branch and the Galician Massif, and the Central-
Southern part of the Iberian Peninsula including the Tajo
river basin and the Mediterranean coast have acted as gla-
cial refugia for the species in the Iberian Peninsula. This is
consistent with the climatic scenario in the Iberian Peninsu-
la, at least during the last glaciation period. Arribas (2004)
summarizes the environmental conditions in the Iberian
territory during this period and identifies two main areas
acting as refugia for most of the mammal species: (a) the
Southern half of the Peninsula and the Mediterranean
coastal area; (b) the Northern side of the Cantabrian
Range. The Southern part of the Iberian Peninsula has
probably had free-of-ice temperate conditions, thus form-
ing the main refugium of the Iberian Peninsula with North-
ward limits in the Central Massif and the Ebro river basin.
The climatic conditions in the Northern part of the Penin-
sula would have been difficult, with important glaciers in
the Pyrenees and the Cantabrian Range and extreme cli-
matic conditions in the Northern Castilian Plateau (the
present Duero river basin). Interestingly, however, the
Northern side of the Cantabrian Range would have pre-
sented more appropriate habitat conditions, thus constitut-
ing a good refugium for the individuals retained by the
glaciers and the Castilian Plateau during their migration
to the South. A similar pattern of differentiation has been
reported by Branco et al. (2000) for wild rabbit in the Ibe-
rian Peninsula using Cytochrome B sequence information.
These authors identified two main clades of mtDNA, each
of which spread over the Southeastern and Northeastern
Iberian areas with relatively narrow overlap between con-
tiguous geographical ranges.

4.2. Spanish roe deer mtDNA variation within a species
context

It is usually accepted that the Iberian Peninsula has
played a significant role in the history of the roe deer (Ran-
di et al., 2004). If the postglacial expansion of the species
exactly resembled Hewitt’s (1999) ‘bear pattern’, the most
frequent haplogroup in the species, the cluster denominat-
ed as Central by Randi et al. (2004) and previously
described in earlier papers (Wiehler and Tiedemann,
1998; Vernesi et al., 2002), would be Iberian in origin.
However, this hypothesis may be questioned and the demo-
graphic analyses carried out in the present study (mismatch
distributions, Fu’s (1997) Fs test and Fu and Li’s (1993) D*

and F* neutrality tests) may support a postglacial popula-
tion expansion for the species, although the mismatch
shapes for clusters East and West might reflect more than
a single expansion event during successive interglacial
warm periods. Moreover, the identification of the cluster
West in the Iberian Peninsula (Randi et al., 2004), which
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has not contributed to a large extent to the current postgla-
cial mtDNA diversity in central Europe, and the relatively
small number of haplotypes assignable to the clade Central
found in the Iberian Peninsula led Randi et al. (2004) to
consider a possible origin of the clade Central in Eastern
Europe. This suggestion was based on the high genetic var-
iability found for mitochondrial DNA in an extensive sam-
pling of Serbia, Montenegro and Kosovo. In addition, we
have found a new cluster (the Celtic-Iberian), exclusively
spread over the Iberian territory, including sequences that
were previously assigned to the cluster Central. However,
the data obtained in the present analysis may shed some
light on the aforementioned reports. We identified seven
Iberian consensus haplotypes (six from our sampling and
one from the study by Randi et al., 2004) assignable to
cluster Central that are widely represented in Europe (espe-
cially those named C16 and C12; see Supplementary data)
and 3 new haplotypes for this cluster (which would corre-
spond to the consensus haplotypes C88, C89 and C92),
which in conjunction confirm the existence of an important
variability at the mtDNA level in the Iberian Peninsula for
the so-called cluster Central of the species. On the other
hand, the 104 mtDNA sequences reported in Fig. 2 in Ran-
di et al. (2004) as sampled in Serbia, Montenegro and
Kosovo are resumed in 9 of our consensus haplotypes
(see Supplementary data). Moreover, we constructed a
contracted median-joining network (Bandelt et al., 1999;
Forster et al., 2001) using only the consensus haplotypes
linked to cluster Central; contraction enables us to infer
the ‘real’ phylogenies of the haplotypes, thus avoiding the
conflicts produced by homoplasies (Fig. 6). The nodes
including some of the consensus haplotypes obtained in
our sampling tend to show interior locations in the clade.
Fig. 6. Median-joining tree constructed with the consensus haplotypes
linked to cluster Central. Small black circles indicate missing haplotypes.
The network has been contracted for character conflicts. Open circles
indicate haplotypes that have been obtained, at least once, in our
sampling. Grey circles indicate haplotypes obtained by Randi et al. (2004).
Within cluster Central, the haplotypes linked to the subspecies C. c.

italicus are highlighted.
A relative temporal scale may be inferred from the hierar-
chy of haplotype position in a phylogenetic tree whereby
most interior haplotypes are the oldest and those with out-
er positions are younger (Templeton et al., 1995; Branco
et al., 2000). As an overall consequence, the Iberian origin
of the cluster Central cannot be rejected, although it is pos-
sible that some parts of Eastern Europe, such as Serbia,
may retain large genetic variability for the haplocluster.

Furthermore, the data obtained in the present analysis
also suggest that the presence of haplotypes linked to cluster
West in the Central Italian Alps (Randi et al., 2004) is not
likely to be a consequence of an ancestral migration to this
area of individuals from the Iberian Peninsula. In our sam-
pling, we failed to find sequences coinciding with these hap-
lotypes, suggesting that the presence of haplotypes assigned
to Clade West in both Iberia and the Alps is more likely to be
the result of two different glacial colonization events.

4.3. Conservation and management implications

The overall information obtained in the present analysis
may provide support for differential conservation or man-
agement strategies for some Spanish roe deer populations.
Our study revealed a complex genetic situation character-
ized by the presence of two haploclusters (West and Celt-
ic-Iberian) that are characteristic of the Iberian Peninsula
and that are mainly distributed in different Peninsular
areas: the Central-Southern and the Northwestern areas,
respectively. Moreover, these two geographical areas have
significant genetic differentiation at microsatellite loci level.
Two questions arise: (a) Can the Central-Southern and
Northwestern Iberian roe deer populations be recognized
as subpopulations? and (b) Should Central-Southern and
Northwestern Iberian roe deer populations undergo partic-
ular conservation policies?

In recent years, scientific controversy has arisen with
regard to recognizing the Andalusian roe deer population
(mainly located in Cádiz at the Southwestern edge of the
species distribution area) as a subspecies: C. c. garganta

(Cabrera, 1916). This recognition would be based on evi-
dence suggesting a genetic differentiation between Andalu-
sian and Northern Spain roe deer at a mtDNA level
(Lorenzini et al., 2003). However, Randi et al. (2004), with
a limited number of samples, reported that the Cádiz pop-
ulation is not monophyletic for mtDNA haplotypes, most
of them belonging to Clade Central, which is the most fre-
quent clade in the whole European continent. Our study
reveals that the Ca population may be monophyletic for
the cluster West. However, the whole roe deer population
distributed in the putative C. c. garganta spreading area
(including the Andalusian and our Ce populations; Randi
et al., 2004) are not monophyletic for the cluster West,
though this cluster is predominant. The Northwestern roe
deer population (which could in turn be assigned to the
so-called subspecies C. c. decorus) would present a similar
genetic scenario with a major presence of the relict Celt-
ic-Iberian haplocluster.
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When population distinctiveness is evaluated on the
basis of genetic criteria, it is usually accepted that distinct
genetic populations are those showing reciprocally mono-
phyletic mtDNA alleles and significant divergence for allele
frequencies at nuclear loci (Moritz, 1994). This criterion has
been previously used to support the differentiation of C. c
italicus as a subspecies (Randi et al., 2004). In our opinion,
neither Northwestern nor Central-Southern populations
would comply with this strict criterion and non Capreolus

capreolus subspecies may be identified in the Iberian Penin-
sula. In our opinion, however, both the Northwestern and
Central-Southern Iberian roe deer populations are distin-
guishable populations, sensu Crandall et al. (2000), and
should undergo particular management policies.

Crandall et al. (2000) reviewed useful criteria for diag-
nosing population distinctiveness. Besides genetic criteria
(Moritz, 1994), distinct populations may also be those that
actually represent significant adaptive variation based on
concordance between sets of data obtained using different
techniques (Ryder, 1986) and those that are reproductively
separated from other populations and have unique or dif-
ferent adaptations (Waples, 1991). Crandall et al. (2000)
argue that the assessment of distinctiveness should appro-
priately incorporate adaptive differences, as evidenced by
genetic and ecological data. The operational criteria for
determining the genetic and ecological distinctiveness of
populations proposed by Crandall et al. (2000) would reject
population exchangeability (Templeton, 1989): (a) when
there is evidence at the ecological level for population dif-
ferentiation owing to genetic drift or natural selection or in
life history traits, morphology, habitat, or selective traits,
such differences being ideally demonstrably heritable; and
(b) at the genetic level, there is evidence of restricted gene
flow between populations or representative evidence could
be obtained from microsatellites, sequences or other mark-
ers. In summary, the diagnosis of population distinctive-
ness should include both the factors that define the
ecological niche in which the population evolves and the
limits of spread of new genetic variants through genetic
drift and natural selection in addition to the genetic factors
defining the limits of spread of new genetic variants
through gene flow (Crandall et al., 2000; Templeton, 1989).

Following Crandall et al.’s (2000) reasoning, despite
their questionable identification as the C. c. decorus and
C. c. garganta subspecies respectively, the Northwestern
and Central-Southern Iberian roe deer populations merit
further characterization efforts and the implementation of
specific management policies for conservation in order to
avoid their admixture with individuals reintroduced in their
spreading areas. In this respect, it should be highlighted
that, in Portugal, the Northern roe deer populations spread
over the Duero river are managed according to specific
conservation rules (Regulation no. 466/2001; A. Monzón,
personal communication) and reintroductions with individ-
uals from other areas are forbidden.

In summary, roe deer in Spain consitute an edge of var-
iability for the species. Up to three main mtDNA haplo-
groups (Central, West and the herein identified Celtic-
Iberian) can be found in our populations. Moreover, Span-
ish roe deer present a complex population structuring,
which is probably the result of overlapped glacial colonisa-
tion events during the last glaciation periods. Both mtDNA
and microsatellite information enable us to differentiate two
main geographical areas that have probably acted as glacial
refugia for the species: the Northwestern Iberian Peninsula,
limited by the Duero river basin, and the Central-Southern
part of the Iberian Peninsula including the Tajo river basin
and the Mediterranean coast. In addition, we discuss the
need for further characterization and implementation of
conservation policies for the Northwestern and Central-
Southern Spanish roe deer populations These roe deer pop-
ulations are spread over particular ecosystems and, despite
their non-monophyletic mtDNA origin, maintain mtDNA
haploclusters (Celtic-Iberian and West, respectively) that
may represent the remains of late glacial refugial popula-
tions as well as showing significant differentiation, as
assessed through microsatellites. Consequently, these popu-
lations should be preserved and management programmes
should avoid reintroduction or artificial admixture with
other geographical populations. Furthermore, in this study
we have demonstrated the possibilities of using molecular
coancestry to characterise wild animal populations.
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Christian Gortázar, Juan Carlos Peral, Juan Carlos Lafu-
ente, Elisa Cacharro, the wardens of Riaño, Somosierra
and Urbión, Eduardo Briones, Juan Carranza, Jorge Ber-
nad, Guillermo Reparaz and Isaı́as Sánchez, for their help
in sampling and their kind support, as well as to Aurora
Monzón for providing information on Portuguese law.
Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.ympev.2006.05.020.
References
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