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Abstract The low-latitude limits of species ranges
are thought to be particularly important as long-term
stores of genetic diversity and hot spots for specia-
tion. The Iberian Peninsula, one of the main glacial
refugia in Europe, houses the southern distribution
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limits of a number of boreal species. The capercaillie
is one such species with a range extending northwards
to cover most of Europe from Iberia to Scandinavia
and East to Siberia. The Cantabrian Range, in North
Spain, constitutes the contemporary south-western
distribution limit of the species. In contrast to all
other populations, which live in pure or mixed
coniferous forests, the Cantabrian population is un-
ique in inhabiting pure deciduous forests. We have
assessed the existence of genetic differentiation be-
tween this and other European populations using
microsatellite and mitochondrial DNA (mtDNA)
extracted from capercaillie feathers. Samples were
collected between 2001 and 2004 across most of the
current distribution of the Cantabrian population.
Mitochondrial DNA analysis showed that the Can-
tabrian birds form a distinct clade with respect to all
the other European populations analysed, including
the Alps, Black Forest, Scandinavia and Russia,
which are all members of a discrete clade. Microsat-
ellite DNA from Cantabrian birds reveals the lowest
genetic variation within the species in Europe. The
existence of birds from both mtDNA clades in the
Pyrenees and evidence from microsatellite frequen-
cies for two different groups, points to the existence
of a Pyrenean contact zone between European and
Cantabrian type birds. The ecological and genetic
differences of the Cantabrian capercaillies qualify
them as an Evolutionarily Significant Unit and sup-
port the idea of the importance of the rear edge for
speciation. Implications for capercaillie taxonomy and
conservation are discussed.

Keywords ESU - Glaciation - Refugia - Taxonomy -
Hybrid zone - Contact zone - Grouse
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Introduction

Besides its intrinsic interest in relation to the temporal
processes driving speciation and species distributions
(Barraclough and Nee 2001), the identification of
species subunits from genetic analyses has recently
become a matter of interest from a conservation per-
spective. Historically, nature conservation has focused
on the protection of ecosystems and species as a whole.
New insights support the importance of preserving
genetic variation within species, defining Evolution-
arily Significant Units (ESUs) as distinct population
segments (Moritz 2002). Differences among popula-
tions of the same species can arise either from pro-
cesses of divergent selection or from neutral processes
particularly where there are colonisation events or
long-term historical isolation (Moritz 2002; Tregenza
2002). The importance of quaternary glaciations in
moulding the current phylogeographical patterns is
well established (Avise and Walker 1998; Hewitt 2000).
Temperature cycles linked to glacial periods have
produced alternate expansions and contractions to-
gether with North and Southward shifts of species
ranges (Hewitt 2000). During peaks of ice extension,
most species have been relegated to a few milder cli-
mate areas located at low latitude (Taberlet et al.
1998). The importance of the low latitude range edges
as long-term stores of genetic diversity and hot spots
for speciation has been recently stressed (Martin and
McKay 2004; Hampe and Petit 2005).

The Iberian Peninsula was one of the main glacial
refugia in Europe (Taberlet et al. 1998), with a number
of well-studied contemporary contact zones between
historically Iberian populations and the descendants of
more Easterly refugia (Butlin et al. 1992; Guillaume
et al. 2000). Close to the Pyrenees, to the West, the
Cantabrian Range runs parallel to the North Iberian
coast, acting as a boundary between two very distinct
biogeographical regions, the Atlantic to the North and
the Mediterranean to the South (G6émez and Lunt
2006). This particular position has allowed this range to
maintain stable populations of many Boreal and
Central European species during warm periods as well
as acting as a refugia during the glaciations (Gémez
and Lunt 2006).

The capercaillie (Tetrao urogallus) is a bird species
inhabiting coniferous and mixed forests from Western
Europe to Eastern Siberia (Storch 2000). Phenotypic
characters have led to the description of twelve differ-
ent subspecies (de Juana 1994), but there is still a
shortage of genetic analyses supporting current classi-
fication. Moreover, a recent study based on mtDNA
found no clear evidence for the presence of the sub-
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species previously described in Finland from morphol-
ogy, display song and allozyme loci (Liukkonen-Anttila
et al. 2004). Although no accurate data are available on
historical distribution, recent isolation of the Canta-
brian population from its nearest neighbour in the Py-
renees is thought to date from at least the 18th century
(Castroviejo et al. 1974). In contrast with the coniferous
forests inhabited by all other populations, Cantabrian
forests are deciduous, with a dominance of oak
(Quercus petraea and Quercus pyrenaica) and beech
(Fagus sylvatica). Evidence from palynological studies,
indicates that conifers were replaced by deciduous
forests during the Holocene, with only a small relict
Scots pine (Pinus sylvestris) forest having survived
(Garcia Antén et al. 1997). The absence of conifers is a
major habitat difference between capercaillies living in
the Cantabrian range and those living elsewhere
(Quevedo et al. 2006). Pine needles are one of the main
food sources for capercaillies elsewhere in the world,
whereas those inhabiting the Cantabrian Range have a
distinct diet, with beech buds and holly tree leaves
substituting the pine needles as the main source of food
during the winter (Castroviejo 1975; Rodriguez and
Obeso 2000). Based on this ecological divergence and
some significant differences in morphology between the
Cantabrian and the Pyrenean capercaillies, the former
population was described as belonging to a different
subspecies (Castroviejo 1967), the Cantabrian caper-
caillie (7. u. cantabricus). Because of its geographic
location, at the edge of the species distribution and in
one of the main glacial refugia across Europe (Hewitt
2000), the study of this population is particularly
interesting. The Cantabrian capercaillie presumably
survived through the Ice Ages somewhere in Iberia, and
its contemporary distribution together with its rela-
tionships with other capercaillie populations are pres-
ent day evidence of its evolutionary history.

It has been persuasively argued that the capercaillie
is a good indicator or ‘umbrella’ species, since it is
confined to undisturbed environments with high spe-
cies diversity (Suter et al. 2002; Pakkala et al. 2003).
Additionally, within the Cantabrian Range the caper-
caillie is, together with the brown bear, the major
flagship species in relation to the conservation of pro-
tected areas. Thus, in practical terms, preservation of
this population is closely linked to the preservation of
the whole forest ecosystem. Over the last two decades
both the population size and the distribution area of
the Cantabrian capercaillie have decreased dramati-
cally (Obeso 2003). Understanding the phylogeogra-
phy and the genetic status of this population are two
key issues for the rationalization of any recovery action
to be taken.
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By combining microsatellite and mtDNA analysis,
we aim to assess (1) the degree of genetic differentia-
tion of the Cantabrian capercaillie population, (2) its
present genetic diversity, and (3) the position of the
Pyrenees in the current phylogeographic scenario of
the capercaillie in Europe.

Materials and methods
Sampling procedure

Between 2001 and 2004, we collected feathers found
around lekking grounds, across most of the current
range of the species in the Cantabrian Range (Fig. 1).
Most samples were collected during early spring and
late summer, in connection with the mating and mo-
ulting seasons, respectively. We selected sampling sites
to cover the entire contemporary range of the popu-
lation, but the very low density of the eastern and
central parts of the range reduced the number of
samples found in those areas. To assess phylogeo-
graphic status, we included samples from the Pyrenees
as well as from other European populations (Segelb-
acher et al. 2003D).

Laboratory protocol
Total DNA was extracted from feathers using DNeasy

Tissue Kit (QUIAGEN) following the manufacturer’s
instructions with some modifications already described

for this species (Segelbacher and Storch 2002). Feath-
ers were processed by cutting the tips into small pieces
to be used together with the remains of skin attached
around them.

Mitochondrial sequencing

The amplification of a fragment of the control region
(CR) of the mtDNA was carried out with primers
PHDL (5-AGG ACT ACG GCT TGA AAA GC-3,
(Fumihito et al. 1995) and PH-H521 (5-TTA TGT
GCT TGA CCG AGG AAC CAG-3’, (Randi and
Lucchini 1998). These primers amplify domains IA and
IB of the CR, where variability is higher than in other
domains in this region (Lucchini et al. 2001). The
control region of the Pyrenean samples was PCR-
amplified with the heavy strand primer (5-GTG AGG
TGG ACG ATC AAT AAA T-3’) annealing in the
control region (3’ position—nucleotide 401 in Gallus
gallus) and the light strand primer (5-TTG TTC TCA
ACT ACG GGA AC-3) annealing in the adjacent
tRNAglu region (3’ position—nucleotide 16741). PCR
were performed in 50 pl volumes including 0.5 pM of
each primer, 200 uM dNTPs, 1.5 mM MgCl, and 1U
Taq polymerase (Bioline) in 1 x reaction buffer (as
provided in the Bioline kit), with BSA at a final con-
centration of 0.1 pg/ul. The amplification consisted of
an initial hot start of 15 min at 95°C, after which the
enzyme was added, followed by 30 cycles of 1 min at
94°C, 1 min at 57°C and 1 min at 72°C, and a final
incubation of 3 min at 72°C. The products were

Fig. 1 Sample areas included
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purified using QIAquick columns (QIAGEN) and se-
quenced with an automated sequencer. Sequences
(GenBank accession numbers DQ398960-DQ396971)
were aligned with CLUSTAL-X (Thompson et al.
1997).

Microsatellite typing

Individual samples were genotyped at 8 tetranucleo-
tide microsatellite loci (Tutl, Tut2, Tut3, Tut4, BG 4,
BGS, BG15, BG1S; Segelbacher 2002). PCR amplifi-
cations and genotyping were conducted as described
elsewhere (Segelbacher et al. 2000; Piertney and
Hoglund 2001; Segelbacher and Storch 2002). PCR
fragments were resolved by electrophoresis by label-
ling the primers with fluorescent dye and running the
fragments on an ABI 377 genetic analyser. We used
internal standards (reference individuals) and external
standards (ABI ROX350) for each single run to ex-
clude any scoring errors. To detect whether contami-
nation with exogenous DNA or PCR products had
occurred, negative controls were included in each set of
extractions and PCR amplifications. Amplification of
the cloned locus aided in size determination and also
served as a positive control. To avoid contamination,
DNA extractions, pre-PCR pipetting and post-PCR
pipetting were carried out in different rooms and aer-
osol-resistant filter pipette tips were used throughout.
Each feather sample was typed at least three times to
check for genotyping errors (e.g. false homozygotes.

Data analyses
Mitochondrial DNA

We analysed population genetic structure using anal-
ysis of molecular variance (AMOVA) in ARLEQUIN
(Schneider et al. 1997), which was also used to calcu-
late the frequency distributions of the nucleotide dif-
ferences in all possible pairwise comparisons
(mismatch distributions). Slatkin and Hudson (1991)
demonstrated that the mismatch distributions of stable
populations have a ragged profile due to stochastic
lineage loss. In contrast, an exponentially growing
population has a smooth unimodal distribution
approaching a Poisson distribution. This reflects a star
like genealogy in which all of the coalescent events
occurred in a short period of time. We used Har-
pending’s raggedness index (¢) to test the significance
of the distribution, which produces larger values for
multimodal distributions. We also used ARLEQUIN
to calculate Fu’s test of selective neutrality (Fu 1997).
This test evaluates the probability of observing a
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random neutral sample with a number of alleles similar
or smaller than the observed value, given the observed
number of pairwise differences, taken as an estimator
of 0, and detects deviations from the pattern of poly-
morphism expected from a neutral model of evolution
in a demographically stable population. The F statistic
is very sensitive to population demographic expansion,
which generally leads to large negative values.

We used the program FLUCTUATE (Kuhner et al.
1998) to make simultaneous estimates of present day 6
and the population growth rate g, assuming an expo-
nential model of growth and using a maximum likeli-
hood approach. The parameters used for the
simulations were obtained by running a hierarchy of
likelihood-ratio tests in MODELTEST 3.0 (Posada
and Crandall 1998) to choose the model of evolution
which best fitted the data. MODELTEST calculates
the likelihood ratio test statistic ¢ and its associated P-
value using a y* distribution in order to reject or fail
different null hypothesis about the process of DNA
substitution.

We inferred the phylogenetic relationships between
species using the maximum likelihood approaches in
PAUP 4.0b10 (Swofford 1998). We selected the model
of nucleotide substitution using MODELTEST 3.0, as
above. Heuristic searches were conducted with 1,000
random sequence addition replicates. Because classic
phylogenetic methods are not directed toward analysis
of intraspecific data, we constructed networks based on
statistical parsimony using the program TCS 1.06
(Clement et al. 2000). Phylogenetic methods assume
that ancestral haplotypes are no longer present; yet
coalescent theory predicts that ancestral haplotypes
will be the most frequent sequences sampled in a
population level study. Statistical parsimony is partic-
ularly useful to estimate robust networks when few
nucleotide differences exist among haplotypes, and to
assign outgroup weights to haplotypes, allowing
hypothesis testing about geographical origin (Emerson
et al. 2001; Posada and Crandall 2001).

Microsatellites

To obtain standard estimates of genetic diversity
within and between sample sites we used genotype and
allele frequencies of the microsatellite loci. We as-
sessed relative genetic variation in each population
using allele frequency data to calculate the mean
number of alleles and observed heterozygosity Hp, and
gene diversity Hg (Nei 1972), and Fig using the GE-
NETIX software (Belkhir et al. 2004). We assessed the
relative amount of genetic variation in each population
using allele frequency data from which allelic richness
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(Petit et al. 1998) was determined using FSTAT Ver-
sion 2.93 (Goudet 2001). Allelic richness is a measure
of the number of alleles independent of sample size,
and hence allows comparison of this quantity between
samples of different sizes. We used the clustering
method described by Pritchard et al. (2000) to infer
population structure and to assign individuals of dif-
ferent haplotypes to populations using multilocus
genotype data as implemented in the program
STRUCTURE 2.1. Assuming Hardy—Weinberg equi-
librium and complete linkage equilibrium between loci
within populations, allele frequencies and assignment
of individuals to populations were inferred using a
Bayesian approach. All runs were based on 100,000
iterations after a burn-in period of 20,000 iterations. A
minimum of ten independent runs were conducted in
order to assess the consistency of results across runs,
using admixture and non-admixture models without
incorporation of population information. As results of
independent runs and between models did not differ
much, we assume convergence was reached. Patterns
of differentiation were visualized by Factorial Corre-
spondence Analysis (FCA) of individual multilocus
scores computed using GENETIX. This analysis is an
ordination method that projects individuals into a
multidimensional space according to their allelic com-
position. In this analysis we have omitted the Russian
samples (Archangelsk and Jaroslaw, Table 1) because
for the analysis of the Pyrenean samples we only used
the possible neighbouring populations (Cantabrian
Range and Alps). To perform the FCA, we used a
subset of 90 birds from the Alps together with all the
available samples from the Cantabrian Range and the
Pyrenees.

We used Bottleneck 1.2.02 (Cornuet and Luikart
1996) to detect recent population bottlenecks using our
allele frequency data. As suggested by Luikart et al
(1998), in the absence of any information on the pat-
tern of mutations in the microsatellites in use, we ran a

Table 1 Sampled localities and number of individuals used for
mitochondrial DNA and microsatellite analyses

Region mtDNA Microsatellites Total
Cantabrian Range 37 20 37
Pyrenees 22 16 22
Europe 13 275 2,756
Black Forest 3 0 3
Alps N 3 130 130
Alps S 5 36 36
Alps E 2 47 47
Archangelsk (Russia) 0 44 44
Jaroslawl (Russia) 0 18 18
Total 72 311 18

TPM model (95% step-wise mutations with a variance
of 5%); a Wilcoxon-test and observed mode shift in
allele sizes provides evidence of past population size
bottlenecks.

Results
Mitochondrial DNA

We examined a total of 72 samples, including 37 from
the Cantabrian Range, 22 from a common locality in
the Pyrenees and 13 from four other populations in
Europe (three in the Alps and one in the Black Forest,
Fig. 1). Sequences from the Cantabrian Range and
Alps/Black Forest samples were 402 bp long, whilst
those from the Pyrenees were 250 bp long, due to
differences in the primers used in our two laboratories.
We found five different haplotypes in the Cantabrian
Range (C1 to C5). Haplotype C3 is the most frequent
(17 individuals) and is found in 5 out of 9 different
collection sites, followed by C2 (12 individuals) and C1
(6 individuals). Haplotypes C4 and C5 are unique. In
the Alps/Black Forest we found seven different hapl-
otypes (E1 to E7). Haplotype El is found in five
individuals, E4 and E6 in two individuals each, and the
rest are unique. In the Pyrenees we found four haplo-
types, C4p (11 individuals), C2p (two individuals), Elp
(seven individuals) and E2/E4/E6p (two individuals).
There was total correspondence among those four
haplotypes and C4, C2, E1 and E2/E4/E6, although
because sequences from the Pyrenees are 250 bp long,
we lose the differences between these three last hapl-
otypes. Our results indicate that there are 13 individ-
uals with Cantabrian-like haplotypes and nine with
Alps/Black Forest like haplotypes in the Pyrenees. The
most common Cantabrian-like haplotype in the
Pyrenees (C4) is found only in one bird in the Canta-
brian Range, whilst the most common haplotype in
the Cantabrian Range (C3) has not been found in the
Pyrenees. It is noteworthy that all the samples from the
Pyrenees were collected in the same locality, which
means that both haplogroups are living in sympatry.
There are five substitutions fixed between haplo-
types C and E, plus one deletion. Nucleotide diversity
is very similar in the Cantabrian Range and the Alps/
Black Forest, but much higher in the Pyrenees
(Table 2). Although the sequences obtained for the
Pyrenean sample are shorter, it is very unlikely that in
the 152 bp difference between these sequences and the
rest, they could have accumulated enough shared dif-
ferences between them that would have changed their
inclusion within the E or C haplogroups. We detected
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Table 2 Mitochondrial variation summary statistics and results from the FLUCTUATE analysis

Region n H T Os 0 g Tajima’s D Fu’s F
Cantabrian 37 5 0.004089 0.00298 0.00408 0.0026 183 0.95597 0.99118
Range (0.002742) (0.00256) (0.00439) P =0.177 P=0.723
Alps/Black 13 7 0.004529 0.00481 0.00453 0.0448 1489.4 -0.21576 -2.59417
Forest (0.003128) (0.00256) (0.00313) P =0.436 P =0.023
Pyrenees 22 4 0.018286 0.01207 0.01829 - - 1.78189 5.46258
(0.010419) (0.00524) (0.01042) P =0.043 P =0.979

n, Number of sequences surveyed; H, number of different haplotypes found in each region; =, nucleotide diversity; 0s, from Waterson
(1975), 0,, from Tajima (1989); 0 and g, estimated with FLUCTUATE; D and F, estimated with ARLEQUIN. FLUCTUATE analysis
was not run on the Pyrenees due to the hybrid nature of the population. Standard errors are shown between brackets

only three mutations in the European and Cantabrian
birds in those 152 bases, and it is highly improbable
that the Pyrenean birds could have that portion of the
CR evolving at a much higher rate than the rest of the
sample. Genetic differentiation among populations
from the Cantabrian Range and the Alps/Black Forest
was tested using AMOVA. The Pyrenees location was
excluded from this analysis because it shows haplo-
types from both other geographic locations. There
were significant differences between both geographical
locations, Cantabrian Range and Alps/Black Forest
(®st = 0.56, P < 0.0001), 19.6% of the variation was
due to differences among groups while differences
among populations within geographic regions ac-
counted for 36.6% of the variation.

The phylogenetic relationships between the popu-
lations were reconstructed using maximum likelihood
and parsimony approaches, with 7. parvirostris
(AJ297179), T. mlokosiewiczi (AJ297173) and T. tetrix
(AJ297153) as outgroups (Lucchini et al. 2001). The
analysis was based on the 402 bp long sequences C1 to
C5 and E1 to E7. The parameters for the maximum
likelihood analysis were obtained using MODEL-
TEST. The model favoured was HKY+G, with a
transition/transversion ratio of 3.57 and a shape
parameter (alpha) of 0.0136. The maximum likelihood
tree (Fig. 2a) shows one monophyletic clade for
T. urogallus. Within that clade, Cantabrian and Euro-
pean haplotypes appear paraphyletic, with the Canta-
brian haplotypes closer to the root. This result might be
taken as a preliminary indication of a possible ances-
trality of the Cantabrian birds with respect to the
European birds, although it needs a more thorough
examination. The parsimony consensus tree (Fig. 2b)
and the neighbour-joining tree (not shown) display a
clear dichotomy of both lineages from a common
ancestor, with high bootstrap values. Maximum likeli-
hood methods of phylogenetic reconstruction take into
account information about branch lengths as well as
the model of evolutionary change, so they are consis-
tent under many situations in which parsimony and
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distance are inconsistent (Hillis et al. 1994; Kuhner and
Felsenstein 1994; Huelsenbeck 1995). Under this
framework, the ancestrality of the Cantabrian in rela-
tion to the European birds should be given careful
consideration. The TCS network (Fig. 3) shows that
the Cantabrian and European haplotypes form two
well-differentiated lineages separated by five fixed
substitutions plus one deletion. The highest outgroup
weight (0.023) was obtained for a Cantabrian haplo-
type, C4, and although this result should be taken with
caution due to the differences in sample size between
Cantabrian and European birds, it is in clear agree-
ment with the maximum likelihood tree.

The hybrid nature of the Pyrenees can also be seen
in the mismatch distributions (Fig. 4). The distribution
for the Alps/Black Forest is smooth and unimodal
(Fig. 4c) indicating a population at demographic
expansion; Harpending’s raggedness index is low and
not significant (r = 0.071, P = 0.56). This result is also
suggested by the FLUCTUATE analysis, where esti-
mates of the growth parameter are positive (Table 2)
and compatible with those of an expanding population.
In the Cantabrian Range, the mismatch distribution is
multimodal (Fig. 3a) with a significant raggedness in-
dex of 0.37 (P = 0.02), indicating a stationary popula-
tion. However, the FLUCTUATE analysis shows a
positive, although very low, growth rate and a very low
theta (Table 2). The mismatch distribution in the Py-
renees shows two distinct modes of number of nucle-
otide differences, one with small numbers of
differences (1-3) corresponding to pairwise compari-
sons within the C and E groups of haplotypes, and the
other (9-13 differences) corresponding to comparisons
between C and E. The raggedness value is intermediate
between the other two (r=0.26, P =0.06), which
might also be a consequence of the presence of both
clades in the population.

Because an excess of low frequency mutations
accompanies range expansion, another possible way to
detect demographic expansion is through neutrality
tests. Table 2 shows the results obtained for the three
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Fig. 2 Mitochondrial DNA
phylogenies for European
capercaillies (C, haplotypes
found in the Cantabrian 08
Range; E, haplotypes found
in the Alps and the Black
Forest). (a) Maximum
likelihood topology; (b)
Parsimony tree. Bootstrap
values higher than 50% are
shown at internodes.
Sequences from the Pyrenees
were excluded (see text)

T. tetrix

regions. Only the statistics corresponding to Alps/
Black Forest are negative, with a significant Fu’s
F. Thus the standard neutral model can be rejected
for the Cantabrian Range and the Pyrenees but not
for the Alps/Black Forest, and the observed pat-
terns are concordant with the hypothesis of demo-
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Microsatellites

We investigated genetic variation diversity of all
populations by analysing departures from Hardy-
Weinberg distribution and linkage equilibrium. We did
not find any evidence for linkage disequilibrium at
any loci, but the Pyrenean (P = 0.0004), and the
Northern Alpine (P = 0.004) population showed a
significant deviation from Hardy—Weinberg expecta-
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tions (P = 0.007). The lowest degree of heterozygosity,
allelic richness and mean number of alleles were
detected in the Cantabrian Range (Table 3). Pyrenean
birds also displayed very low genetic diversity com-
pared to Alpine and Boreal populations (Table 3).
Pairwise population Fgr values ranged from 0.023 to
0.256 (Table 4) and were significant for all pairings
even after Bonferroni adjustment. The highest Fgr
values were found between the Cantabrian and the
other populations indicating that birds from the Can-
tabrian Range are genetically the most distinct. The
lowest values were found between populations from
the Alpine metapopulation system.

A FCA was conducted using 126 specimens avail-
able from the Cantabrian Range (N = 20, the Pyrenees
(N =16) and the Alps (North, N = 32; East, N = 36;
South, N = 22), since these are the neighbour popula-
tions for which we had reasonably high sample sizes
(Fig. 5). The first axis of the FCA explains 7.0% of the
variation and the second explains 5.2%. There is a
clear cluster of points corresponding to the Cantabrian
birds, and a second cluster corresponding to the
European specimens. Individuals from the Pyrenees
appear dispersed between both clades. This finding was
also supported by our results of the assignment using
STRUCTURE. For k = 2, all but one of the Pyrenean
birds could be clearly assigned to one of two main
clusters. Alpine birds could be attributed to one main
cluster, whereas Cantabrian birds form a second clus-
ter. When we classify Pyrenean individuals according
to their mitochondrial haplotypes using STRUC-
TURE, all mitochondrial clade E individuals but one
are found within the left side of the E group. However,
half of the mitochondrial clade C individuals appear
within the C cluster, while the other half appear mixed
with the E cluster.

Our bottleneck analysis revealed evidence for recent
contraction of population size only in the Cantabrian
population (mode of allele sizes shifted from the ex-
pected L-shaped distribution). All other populations
did not show any sign of recent bottleneck events.

Discussion
Genetic differentiation

Our mtDNA analysis reveals the existence of two
clearly distinct capercaillie clades in Western Europe.
Drovetski (2003) estimated mutation rates for the
grouse control region to be 7.23% per million years
based on a molecular clock calibrated with the fossil
record. According to these times, the 1.24% sequence
divergence found between the Cantabrian and the
European clades would correspond to an isolation time
of 171,000 years. This genetic difference matches those
observed in morphology and ecology between the
Cantabrian and all other capercaillie populations.
Cantabrian capercaillies have a lighter colour and
smaller beak and they are the only subspecies inhab-
iting pure deciduous forests (Castroviejo 1975). The
absence of Cantabrian haplotypes from the Central,
East and North European populations, and the exis-
tence of birds from both clades in the Pyrenees suggest
that there is a contact zone in that range presumably
dating from shortly after the end of the last glaciation
around 9,000 years ago (Hewitt 2001). Moreover, it
suggests the existence of at least two quaternary cap-
ercaillie refugia, one of them in the Iberian Peninsula,
and the other presumably in the Italian Peninsula, the
Balkans or further East. Several other taxa (Chor-
thippus parallelus, Erinaceus europaeus, Ursus arctos)
have been shown to follow a similar biogeographical
pattern (Hewitt 2000). A hybrid zone formed in the
Pyrenees has been extensively described in the grass-
hopper Chorthippus parallelus (Butlin and Hewitt
1985; Cooper et al. 1995), as the result of secondary
contact between expanding populations from Spain
and the Balkans. In this case, mainland Europe was
colonized by animals migrating from the Balkans,
while the animals that survived in Spain did not expand
Eastwards from the Pyrenees. Other examples of spe-
cies that survived in refugia between the Pyrenees and
the Cantabrian Range are the urodele Salamandra

Table 3 Genetic diversity of capercaillie populations at 8 microsatellite loci

Population n R A H, H. Fis
Cantabrian Range 20 245 2.62 0.36 0.36 -0.022
Pyrences 16 3.25 3.37 0.48 0.53 0.091
Alps N 130 4.84 7.13 0.72 0.70 -0.030
Alps S 36 4.59 5.88 0.71 0.71 0.000
Alps E 47 4.75 6.37 0.64 0.65 0.011
Archangelsk 44 4.68 6.00 0.72 0.72 -0.004
Jaroslawl 18 4.73 513 0.68 0.73 0.071

n, Number of individuals analysed; R, allelic richness; A, mean number of alleles per locus; H,, mean observed heterozygosity; He,

expected heterozygosity; Fis, inbreeding coefficient
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Table 4 Pairwise FST values for all population comparisons. All values are significant after Bonferroni correction (P < 0.05).
Indicative adjusted nominal level (0.05) for multiple comparisons is: 0.0024

Pyrenees Alps N Alps S Alps SE Archangelsk Jaroslawl
Cantabrian Range 0.159 0.187 0.213 0.166 0.256 0.229
Pyrenees 0.121 0.121 0.103 0.156 0.122
Alps N 0.029 0.037 0.099 0.102
Alps S 0.022 0.108 0.098
Alps E 0.127 0.134
Archangelsk 0.027

salamandra (Alcobendas et al. 1996) and the lizard
Lacerta vivipara (Guillaume et al. 2000). The caper-
caillie however, is the largest and most mobile animal
that has been found with a likely Pyrenean contact
zone suggesting that the post-glacial barrier repre-
sented by the lack of suitable habitat in the Pyrenean
mountain chain and its coastal margins might have
been sufficient to prevent Iberian populations of even
large vertebrates from recolonizing Europe at the end
of the last glaciation. This points to the possibility that
Iberian populations of many animals may be geneti-
cally distinct from their northerly conspecifics, sup-
porting the view that low latitude populations are
important as hot spots for genetic differentiation
(Hampe and Petit 2005) as shown by Martin and
McKay (2004). An alternative explanation for the
existence of both haplotypes in the Pyrenees might be
that past reintroduction events using specimens from
allochthonous populations. However, although unsuc-
cessful attempts to reinforce the Pyrenean population
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Fig. 5 Distribution of microsatellite allele frequencies shown as
Factorial Correspondence Analysis scores. Alps, circles; Canta-
brian Range, squares; Pyrenees, triangles. mtDNA clade C,
black; mtDNA clade E, white. Ellipses include all individuals
from each of the 3 population designations

were carried out in the Spanish side during the 1970’s
these used local birds and to our knowledge, no birds
have been ever been introduced from other popula-
tions.

An interesting result is the disagreement between
the most common C haplotype found in the Cantabrian
Range and the one found in the Pyrenees. It is gen-
erally believed that populations at the edge of the
refugial area will lead the expansion when the climate
ameliorates, and long distance dispersers will rapidly
fill new territories (Hewitt et al. 1989; Hewitt 1993).
These dispersers are expected to contribute dispro-
portionately to the genetic composition of the founded
populations (Ibrahim et al. 1996), and so not all refu-
gial diversity will be represented. This is even more
important if refugia are structured into a number of
smaller units (Goémez and Lunt 2006). Within this
framework, it is possible to understand the finding of
C4 as the most common haplotype in the Pyrenees if it
arrived there as part of a leading edge colonization,
whilst being lost or driven to low frequency in the
Cantabrian Range as a consequence of a recent bot-
tleneck. Furthermore, if the indications of ancestrality
of the Cantabrian haplotypes are correct, the pre- and
post-glacial scenario could be slightly different than the
one proposed before. It is possible that Cantabrian-like
haplotypes were broadly distributed in pre-glacial
Europe, and that the distribution of these types was
fragmented with the advance of the ice sheet. Canta-
brian-like haplotypes could have survived in different
Mediterranean refugia, with new European-like hapl-
otypes originating in the Italian or Balkan refugia.
When the surviving populations expanded during the
warm periods, individuals carrying the derived Euro-
pean and the Cantabrian haplotypes met in the Pyre-
nees originating the contact zone. This scenario would
explain the topology found with the maximum likeli-
hood approach, and would predict the existence of
Cantabrian-like haplotypes in the Balkans or Italy.

The microsatellite markers do not suggest the exis-
tence of any barrier to gene flow between haplotype
classes in the Pyrenees although the population is not
in Hardy-Weinberg equilibrium. Genetic variability
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levels are intermediate between those found in the
Cantabrian Range and in the rest of Europe. Although
the microsatellite analysis seems to indicate clinal
variation in frequency across the range, it would be
necessary to extend the mitochondrial characterization
to populations to both sides of the Pyrenees in order to
asses the clinal or sharp nature of the contact zone.
FCA analysis shows most of the individuals with
European mitochondrial type close to the European
cluster, but this is not reciprocal for individuals with
Cantabrian haplotypes. STRUCTURE analysis shows
in many cases an equivocal assignment of C individuals
to the E cluster and vice-versa. More exhaustive re-
search is needed to elucidate the actual reproductive
condition of the Pyrenean birds, which must include a
broader geographic representation of the Pyrenean
distribution of T. urogallus.

Genetic diversity

Based on microsatellite allelic variation and heterozy-
gosity we found extremely low genetic diversity of
capercaillies within the Cantabrian Range. Diversity
was lower than in previously studied populations (Se-
gelbacher et al. 2003a) including Pyrenean and isolated
central European populations. As well as being the
most genetically depauperate, the Cantabrian popula-
tion was also the most genetically distinct population in
Europe. The low genetic diversity may be the result of
long-term isolation of the Cantabrian population sug-
gesting that the population has been very small for
enough generations to mean that diversity has been
lost through genetic drift, as has been suggested for
small isolated populations of black grouse (7. fetrix)
(Hoglund et al. submitted).

Differences between Cantabrian and other Euro-
pean populations reside in the frequency of different
alleles, but we have not found any exclusive allele for
any of the two groups. In this context, the population in
the Pyrenees shows intermediate frequency values
between populations to the east and to the west, sug-
gesting that it has mixed ancestry, either historically, or
because it is currently a contact zone between diver-
gent clades from the Iberian peninsula and from else-
where in Europe.

Mitochondrial DNA shows very similar nucleotide
diversity in the Cantabrian and the Alps/Black Forest
populations, although haplotype frequencies are very
different. This result is not all surprising, even when
microsatellite frequencies indicate very low diversity of
Cantabrian populations compared with European
populations, the similar levels of mitochondrial diver-
sity could be indicating the persistence of ancestral
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polymorphisms, which have not yet been affected by
population decline.

In the Cantabrian Range we found only five haplo-
types in a sample of 37 birds, two of which are unique.
Six out of nine locations sampled revealed only one
haplotype, two had two different haplotypes and the
last location had four haplotypes. Populations in Eur-
ope included 13 specimens from three locations in the
Alps, which had two, three and four different haplo-
types, and one location with one haplotype in the
Black Forest. The shape of the individual networks
(Fig. 3) is clearly different, the Alps/Black forest net-
work indicates a population in expansion, as it is also
shown by the mismatch and the FLUCTUATE anal-
ysis. Fu’s F, which is very sensitive to population
demographic expansion, is also significant (Table 2).
On the other hand, the Cantabrian network suggests a
stationary or declining population, with few and fre-
quent haplotypes. The multimodal mismatch distribu-
tion (Fig. 4a) also indicates that this population is in a
demographic equilibrium although this analysis cannot
distinguish between equilibrium and decline, and it
seems more likely that the Cantabrian population is
actually decreasing its effective population size or has
gone to a recent bottleneck, as indicated by microsat-
ellites.

Implications for conservation

Our results clearly demonstrate that the Cantabrian
capercaillie qualifies to be considered as an Evolu-
tionarily Significant Unit (Moritz 2002). The combi-
nation of genetic data with the available information
on recent population trends and distribution changes
(Obeso 2003) suggests that its present status should be
defined as critical. In addition to its interest as an
‘umbrella’ or ‘indicator’ species (Suter et al. 2002;
Pakkala et al. 2003), there are strong social and polit-
ical factors acting at a regional scale that confer to the
capercaillie a key role in the overall conservation of
the Cantabrian Range. Despite the existence of abun-
dant legislation for the protection of a number of other
endangered species, only capercaillie and brown bear
carry any weight in assessing the impact of human
activities in natural environments in this area. The
extinction of capercaillie in the Eastern parts of the
Cantabrian Range has already started to be used by
developers to argue that there is no longer any need to
conserve their former habitats. Because the whole area
inhabited by the population during the 70’s is below
the minimum area established by the IUCN to confer a
population the status of endangered, it is essential that
conservation measures be extended to that whole area
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if any serious recovery plan is to be developed.
Therefore, action to protect this population should be
started urgently.

There are several important remarks for conserva-
tion that can be inferred from the phylogenetic and
population genetics analyses. The Cantabrian caper-
caillie belongs to a group that is genetically distinct
from those living beyond the Pyrenees, so non-local
birds should never be used if any translocation is
planned. Part of the Pyrenean population might be
suitable for genetic exchange, but further research is
essential before that possibility can be accepted. The
low genetic variability and heterozygosity might be a
consequence of population fragmentation and
inbreeding, two important factors driving extinction
processes (Brook et al. 2002; Reed 2004). Thus, the
geographical distribution of genetic variability should
be urgently assessed, and the population should be
managed accordingly to minimize further allelic losses
that could reduce the viability of the population (for
instance, translocation of birds or eggs if inbreeding
depression is detected). Identification of source and
sink areas is essential in making decisions about any
possible translocation. Action aiming to reduce the
risks derived from genetic impoverishment will be a
waste of resources unless the causes of decline are
identified and corrected.
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