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Abstract
The capercaillie inhabits a continuous range in large parts of the Palearctic boreal forest,
but is patchily distributed in temperate Europe. An ongoing population decline, largely
related to human land use changes, has been most pronounced in central and western
Europe, where some local populations have become extinct. In this study, we document the
genetic differentiation of capercaillie populations at different stages along a gradient of
spatial structuring from high connectivity (continuous range in the boreal forest) to a metapopulation systems (Alps) and recent (central Europe) and historic (Pyrenees) isolation.
Four hundred and sixty individuals from 14 sample sites were genotyped at 10 polymorphic
microsatellite loci to assess genetic structure and variation of capercaillie populations
across its European range. As expected, differentiation was least pronounced within the
continuous range in the boreal forest. Within the metapopulation system of the Alps,
differentiation was less than among the isolated populations of central Europe (Black
Forest, Fichtelgebirge, Thuringia, Vosges). In the long-isolated population of the Pyrenees,
and the recently isolated populations of central Europe, genetic diversity was significantly
reduced compared with the Alps and boreal forest. Our results agree with the concept of a
gradual increase in genetic differentiation from connectivity to isolation, and from recent
to historic isolation. Anthropogenic habitat deterioration and fragmentation thus not only
leads to range contractions and extinctions, but may also have significant genetic and
evolutionary consequences for surviving populations. To maintain high levels of genetic
variation in species in fragmented habitats, conservation should aim at securing connectivity
between spatially distinct populations.
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Introduction
The capercaillie Tetrao urogallus is closely associated with
older stages of conifer-dominated forests and is considered
an important umbrella species for boreal and montane
forest biodiversity conservation (Suter et al. 2002). The
species has a contiguous distribution in the boreal forest
from Scandinavia to the Yenisey River in eastern Siberia.
The distribution in western and central Europe, however,
is scattered, due primarily to the patchy distribution of
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coniferous forest that remained after the last Ice Age, and
isolation has led to the formation of subspecies, as in
the Pyrenees (Potapov & Flint 1989) and the Cantabrian
mountains (Castroviejo 1967, 1975).
During the 18th and 19th centuries, forest use practices
such as the planting of conifers, extensive livestock grazing
and litter collection improved habitat conditions for capercaillie, resulting in temporary range extensions in central
Europe (Klaus et al. 1989; Storch 2001). During this time,
the central European ranges of the capercaillie were probably well connected in a metapopulation (sensu Wiens 1996)
pattern (Storch & Segelbacher 2000). More recently, since
the second half of the 20th century, habitat deterioration
related to changes in forestry and agriculture, excessive
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Fig. 1 Map of the geographical locations of
the sampled populations.

human disturbance, increasing predator numbers and
possibly climate change have led to an overall population
decline and range contraction in western and central
Europe (Storch 2000). As a result, the species has disappeared from most central European lowland forests
(Storch 2001) and its remaining ranges have probably
become isolated from one another as the former metapopulation system broke up (Storch & Segelbacher
2000).
Today, the capercaillie is red-listed throughout western
and central Europe (Storch 2000). Habitat deterioration
and small population size are considered the major threats
(Storch 2000, 2001). Most of the capercaillies’s central
European ranges are limited in spatial extent to between a
few hundred to a few thousand km2, and remaining
populations count < 100 (e.g. Fichtelgebirge) to maximally
1000 birds (Black Forest) (see Fig. 1, Table 1). The Alps are
the central European stronghold of the capercaillie with an
estimated total population size of > 30 000 birds extending
over 150 000 km2 (Storch 2000, 2001). In the Alps, forests
are patchily distributed, and thus, capercaillie populations
are spatially structured. Among local populations of
the Alps, observational and genetic evidence indicates
connectivity within a metapopulation system (Storch &
Segelbacher 2000; Segelbacher & Storch 2002).
Spatial structuring of populations may have significant
genetic consequences. Even among different sites within
a contiguous range of a species, geographical distance
will result in a certain degree of local differentiation (e.g.
Grapputo et al. 1998). These differences become greater as
connectivity through gene flow decreases. Thus, significant
differentiation can be expected within metapopulation

systems, and differences should be most pronounced
among isolated populations. Given long enough, isolated
populations may evolve into separate subspecies or
species (Hewitt 1996, 2001). Many populations isolated
by anthropogenic habitat fragmentation, however, will
not persist for long (see, e.g. Hilton-Taylor 2000). Fragmentation is an ongoing process and its effects have to be
ameliorated if we are to efficiently manage landscapes and
species. In addition to demographic effects of habitat fragmentation, consequences for genetic population structure
must be examined explicitly. Meaningful interpretation
can be gained from the study of genetic structure over a
range of levels of fragmentation.
Here, we document the genetic differentiation of
capercaillie populations at different stages along a gradient
of spatial structuring from high connectivity (contiguous
range in the boreal forest) to metapopulation systems (Alps)
and recent (central Europe) and historic (Pyrenees) isolation. We hypothesize that the genetic structuring among
capercaillie populations will be greater in isolated ranges
in central Europe than within the Alpine metapopulation
system and expect the least pronounced structuring within
the contiguous boreal parts of the range.

Materials and methods
Sampling
Between 1997 and 2000, feathers from 460 individuals
were sampled as a source of genomic DNA at different
locations over the entire European range of the capercaillie (Fig. 1) as described in Segelbacher (2002). Based
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Table 1 Geographical distinct ranges of the capercaillie in Europe, estimated total population sizes per range (after Storch 2000, 2001; Baines
& Andrew 2003; A Hurstel pers. commun.), study sites per range included in this study, and genetic variation estimated. n, number of
individuals analysed, A, mean number of alleles per locus, R, allelic richness; HO, mean observed heterozygosity; HE, expected
heterozygosity and FIS per population

Range

Total
population size

Boreal forest

> 1 Million

Alps
Pyrenees
Scotland
Black Forest
Vosges
Fichtelgebirge
Thuringia

> 30 000
> 5000
1000
1000
200
< 100
< 100

Study site

n

A

R

HE

HO

FIS

Norway
Karelia
Archangelsk
Jaroslawl
Alps north (Germany)
Alps south (Italy)
Alps southeast (Austria)
Slovenia
Pyrenees
Scotland
Black Forest
Vosges
Fichtelgebirge
Thuringia

17
3
44
18
130
38
47
8
16
5
62
52
9
11

4.9
2.8
5.3
4.5
6.3
5.5
5.7
3.7
3.0
3.0
5.1
4.6
3.5
4.2

2.51
2.41
2.39
2.39
2.49
2.52
2.35
2.38
1.99
2.26
2.22
2.15
2.23
2.39

0.62
0.53
0.59
0.58
0.66
0.66
0.60
0.58
0.45
0.50
0.54
0.53
0.53
0.57

0.61
0.70
0.60
0.56
0.72
0.70
0.60
0.58
0.44
0.54
0.53
0.56
0.71
0.57

0.06
− 0.11
0.10
0.07
− 0.08
− 0.05
0.01
0.07
0.07
0.05
0.02
− 0.05
− 0.26
0.05

on the known distribution of capercaillie, we classified
sampling locations as part of the contiguous boreal
range (Archangelsk, Jaroslawl, Karelia, Norway), large
ranges (estimated population sizes > 5000 birds; Storch
2001) in central/western Europe (Alps, Pyrenees) and
small isolated ranges in central/western Europe (populations < 2000 birds; Black Forest, Fichtelgebirge, Scotland,
Thuringia, Vosges; Storch 2001). The Alpine sample
comprised local populations within the Alps in Germany
(Alps north), Italy (Alps south) and Austria (Alps east).
All populations classified as small and isolated (see above)
were separated from the nearest neighbouring population by at least 80 km. We included a few populations
with low sample sizes in this study, as they fitted well
into the overall picture. However, we consider data from
sites with sample sizes < 10 individuals (see Table 1) as
preliminary.
For the capercaillie, 12 subspecies are recognized based
on morphological variation in various parts of the range
(Potapov & Flint 1989). Their relevance, however, has
not been examined genetically. According to Potapov &
Flint (1989), the populations sampled in this study belong
to the subspecies Tetrao urogallus aquitanus (Pyrenees),
major (central Europe), urogallus (Scotland, Norway),
pleskei (Jaroslawl) and obsoletus (Archanglsk); the Karelian
site is located at the transition between urogallus and pleski.
The capercaillie were reintroduced into Scotland in the
19th century by translocating birds from Sweden. In
central Europe, largely unsuccessful restocking attempts
with captive-bred birds of unclear origin are documented
for the Black Forest and Thuringia (Klaus 1997; Storch
2001).
© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1773–1780

Genotyping
Genomic DNA was extracted from an ≈1 cm segment at
the root end of feathers using the DNeasy Tissue Kit
(Qiagen) as described by Segelbacher (2002). Individual
samples were genotyped at 10 tetranucleotide microsatellite
loci and polymerase chain reaction (PCR) amplifications
and genotyping were conducted as described elsewhere
(Segelbacher 2002). PCR fragments were separated by
electrophoresis on 6% denaturing polyacrylamide gels and
silver stained using routine approaches.

Data analysis
To investigate genetic structure within and between
sample sites we used genotype and allele frequencies of the
microsatellite loci. Departures from Hardy–Weinberg
equilibrium (HWE) were tested for each of the 10 loci using
genepop Version 3.1d (Raymond & Rousset 1995b), which
uses a Markov chain method following the algorithm of
Guo & Thompson (1992). Relative amounts of genetic
variation in each population were assessed using allele
frequency data from which the mean number of alleles,
allelic richness (Petit et al. 1998) and the unbiased expected
heterozygosity (HE; Nei & Roychoudhury 1974) were
determined using fstat Version 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. Tests for
differences among groups of populations in allelic
richness, observed heterozygosity (HO), gene diversity and
FIS were calculated with the same program using 1000
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permutations and a one-tailed test. We also tested population genetic structure by means of a hierarchical analysis
of molecular variance (amova) using arlequin Version 2.0
(Schneider et al. 2000) with three levels of population
structure: total population, groups (boreal, Alpine and
isolated populations) and individual populations.
Investigating the distribution of allele frequencies across
populations can assess population differentiation. An
exact probability test for departures from random allelic
frequencies (Raymond & Rousset 1995a) was carried
out using genepop. Individual genotypes were ordinated
in a multidimensional space by principal component
analysis (PCA) based on pcagen (http://www.unil.ch/
izea/softwares/pcagen.html).
Geographic distance was the straight-line distance
between the centres of the different sampling areas. To
examine isolation by distance we used a partial Mantel test
implemented in fstat assuming that FST/(1 − FST) was
linearly related to the distance between the populations.
Pairwise FST estimates were obtained from genepop 3.1d
(Raymond & Rousset 1995b; as per Weir & Cockerham
1984) and significance tested by permuting genotypes
among samples (1820 permutations, fstat). To reduce the
likelihood of type I errors among multiple tests we applied
a strict Bonferroni correction (Sokahl & Rohlf 1995).

Results
Genetic diversity within populations
We investigated genetic variation of all populations by
analysing departures from Hardy–Weinberg distribution
and linkage disequilibrium and by the levels of genetic
diversity within populations. We did not find any evidence
for linkage disequilibrium and only one population showed
significant heterozygosity excess (Fichtelgebirge).
All microsatellite loci were polymorphic (4 –10 alleles per
locus) and observed heterozygosity was high (Table 1).
The lowest degree of heterozygosity, allelic richness and
mean number of alleles were detected in the Pyrenees.
Alpine and boreal populations showed greater levels of
genetic diversity. Within central Europe, isolated populations (Fichtelgebirge, Black Forest, Thuringia, Vosges)
showed a significantly lower degree of allelic richness
(P = 0.03), heterozygosity (P = 0.05) and genetic diversity
(P = 0.02) than did the Alpine populations. Allelic richness
was lower in isolated populations than in the boreal
populations (P = 0.04).

Population differentiation
The exact tests revealed that the distribution of alleles was
not identical across sample sites (χ2 = ∞, P < 0.0001). FST
analysis across all populations and loci showed significant

Fig. 2 Principal components analysis scores of European
capercaillie microsatellite genotypes plotted on the two first axes
(PC1, PC2) of a PCA performed using pcagen.

structuring, with θ = 0.102 (P < 0.001). Pairwise FST values
ranged from 0.019 to 0.237 (Table 2). The lowest FST values
were found among the Alpine populations, suggesting
high levels of gene flow between these populations. The
highest pairwise FST estimates were found between the
Pyrenees and the Vosges and with the boreal populations.
These populations could be identified as the most
genetically distinct relative to all other sampled.
We investigated genetic variation between populations
using an analysis of molecular variance (amova). We found
significant genetic differences between groups (boreal,
Alpine and isolated populations) (FCT = 0.046, P < 0.0001),
among populations within groups (FSC = 0.060, P < 0.0001)
and among individuals within populations (FST = 0.103,
P < 0.0001). Most of the variance (89%) was explained by
the variation among birds within populations; whereas
5% of the variation was attributed to among groups and
5% to among populations.
The results of the PCA showed a similar pattern (Fig. 2).
Scores of the local populations were plotted on two principal
axes (PC1 and PC2), which cumulatively explained 52% of
the total genetic diversity. This plotting showed a clear
separation of the local populations of the boreal range, the
Alpine populations and birds from the small populations.

Isolation by distance
A partial Mantel test revealed that FST pairwise
comparisons were related to geographical distance. This
analysis of isolation by distance detected a strong effect of
geographical distance on genetic distance between all
sample sites (partial Mantel test, P = 0.004) (Fig. 3). When
only analysing the isolated populations in central Europe
(Fichtelgebirge, Black Forest, Thuringia, Vosges) the effect
of geographical distance on genetic distance was not
significant (P = 0.1), whereas the remaining populations
still showed a high correlation between geographical
and genetic distance (P = 0.0005). Effects of isolation by
© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1773 –1780
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0.027
—
0.021
0.056
—
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0.122
—
0.069
0.036
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0.074
—
0.110
0.129
0.104
0.131
0.152

Archangelsk
Karelia
Scotland
Norway
Thuringia

—
0.140
0.096
0.176
0.188
0.163
0.146
—
0.132
0.079
0.106
0.103
0.113
0.124
0.141
—
0.139
0.188
0.139
0.099
0.207
0.155
0.171
0.216
—
0.237
0.178
0.247
0.166
0.154
0.199
0.199
0.193
0.164
—
0.116
0.167
0.132
0.189
0.088
0.047
0.096
0.056
0.132
0.132
—
0.022
0.116
0.112
0.091
0.139
0.088
0.047
0.096
0.056
0.132
0.132
—
0.026
0.036
0.046
0.085
0.112
0.092
0.090
0.065
0.064
0.099
0.102
0.120
0.120
Alps north (Germany)
Alps south (Italy)
Alps east (Austria)
Slovenia
Pyrenees
Vosges
Black Forest
Fichtelgebirge
Thuringia
Norway
Scotland
Karelia
Archangelsk
Jaroslawl

—
0.019
0.027
0.134
0.115
0.087
0.102
0.078
0.041
0.092
0.083
0.122
0.111

Fichtelgebirge
Black
Forest
Vosges
Pyrenees
Slovenia
Alps
east
Alps
north

Alps
south

Fig. 3 Genetic distance (FST/1 − FST) was correlated to geographical distance. Filled circles represent the isolated central
European populations (Black Forest, Vosges, Fichtelgebirge,
Thuringia).

distance were still distinct when only analysing the populations in central and western Europe (data not shown).

Discussion
Population structure

Populations

Table 2 Pairwise FST values between populations. Values given in bold are significant after Bonferroni correction

Jaroslawl
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This study elucidated the genetic structure of capercaillie
populations across large parts of the species’ European
range. The genetic variation observed in these populations
reflects different stages of an ongoing isolation process.
Whereas the Pyrenees have been isolated for a long time,
populations in central Europe probably became separated
from the Alpine population and from each other during the 20th century, when many local populations disappeared (Storch 2001). Considering the relatively short
natal dispersal distances of capercaillie (mean 1–2 km,
median 5–10 km; review by Storch & Segelbacher 2000), it
is likely that among these populations, dispersal, and thus
gene flow, became restricted as neighbouring populations
declined and became extinct (Storch 2000, 2001). Central
European populations, except for those in the Alps,
showed low genetic diversity, observed heterozygosity
and allelic richness, suggesting that they were genetically
isolated. Allelic richness was lowest in these isolated
populations, indicating the importance of connectedness
to other populations to maintain high levels of genetic
diversity. The decreased levels of HE and increased levels
of genetic structure based on FST in the Pyrenean and
central European populations are consistent with other
studies of insular populations. In studies on brown bears
(Ursus arctos) (Paetkau et al. 1998) and wolverines (Gulo
gulo) (Kyle & Strobeck 2001), respectively, decreased
genetic variability was attributed to population fragmentation from a previously larger contiguous population.
Nucleotide diversity was lower in an isolated population
of Siberian jay (Perisoreus infaustus) than in populations
within its contiguous area of distribution, which suggests
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that isolation by anthropogenic habitat fragmentation
reduces gene flow (Uimaniemi et al. 2000) and is most
distinct at the edge of the distribution range.
To explain the generally low diversity observed in the
central European and Pyrenean populations of the
capercaillie requires consideration of both natural (patchy
post-Pleistocene distribution of coniferous forest) and
anthropogenic (habitat deterioration and fragmentation)
factors. We suggest that the observed level of genetic structuring in central and southern Europe reflects low effective
population sizes, restricted gene flow and potentially the
break-up of former metapopulation systems, whereas
the level of genetic structure in the northern and Alpine
regions was consistent with high levels of gene flow.
Genetic diversity was lowest in the Pyrenean population,
which is situated at the southwestern end of the capercaillie’s distribution range, and is considered a distinct
subspecies Tetrao urogallus aquitanus. This population
is geographically isolated, and unlike in the central
European populations, no other populations have
existed within 300 km for centuries (Klaus et al. 1989). The
reintroduced Scottish population, also geographically
isolated, shows similarly low levels of genetic diversity,
however, the sample size was quite small.
Although microsatellite markers may or may not fully
reflect adaptive genetic variation in natural populations
(Moss et al. 2003), small populations with low microsatellite variation have been shown to suffer from inbreeding
depression, as documented in the greater prairie chicken
Tympanachus cupido pinnatus (Westemeier et al. 1998). Thus,
the reduced microsatellite variation we found in small and
fragmented capercaillie populations may indicate reduced
adaptive variation.

Population differentiation
Pairwise tests of FST showed significant differences
between most of the isolated sample sites and the Alpine
and boreal populations. Sample sizes below 10 individuals
should however, be carefully interpreted as, e.g. in the
Scottish and Karelian birds. Pairwise FST values were
considerably lower between Alpine populations and gene
flow was likely to be frequent among them. Although
capercaillie numbers in the Alps may be at least locally
declining (Storch 2001), populations seem still to be well
connected. We therefore conclude that populations in the
Alps show metapopulation structure, i.e. local populations
are geographically distinct but connected by dispersal
(Storch & Segelbacher 2000; Segelbacher & Storch 2002)
and thus, genetic diversity across the Alps as a whole is
maintained. Formerly connected populations as, e.g. Black
Forest and Vosges, or Fichtelgebirge and Thuringia are
now genetically isolated and therefore exhibit lower
levels of genetic diversity. Although reduction in genetic

diversity was significant for capercaillie populations in
central Europe, it was still fairly high in comparison with
studies of bottlenecked populations (Keller et al. 2001;
Nichols et al. 2001). We found no evidence for a genetic
bottleneck in any of the populations (data not shown),
when testing using bottleneck (Corunet & Luikart 1996)
and the algorithm by Garza & Williamson (2001). Genetic
differentiation was distinct, but fragmentation and isolation of the populations might be too recent a process
to show severe genetic consequences. Interestingly, the
populations of the Black Forest and the Vosges, which
are separated by the Rhine valley, displayed very similar
levels of genetic diversity, although restocking with
captive birds was attempted (but might not have led to
reproduction) in the Black Forest, but not the Vosges
(Schroth 1991).
All currently described subspecies of the capercaillie
have been classified according to their morphology and
behaviour (Potapov & Flint 1989; see also Del Hoyo et al.
1994). Variation among the subspecies, however, is largely
clinal. Allozyme data (Lindén & Teeri 1985) previously
demonstrated that within the subspecies classified in
Finland, there was distinct genetic differentiation, supporting the notion of genetic gradients even within a contiguous
distribution. Our data showed that the Pyrenean birds are
a genetically distinct unit, and thus agreed with the notion
of a distinct subspecies. Genetically, the Scottish birds
clustered closely with the boreal populations, because
the recent population in Scotland descended from birds
reintroduced from Sweden in the mid-1800s (Lever 1977;
Starling 1991).
With the PCA of the genetic data, we found that Norwegian birds were quite distinct from Russian birds and more
similar to those of central Europe, although geographical
distances would have predicted the opposite. Because
Fenno-Scandia was completely glaciated and later recolonized by two routes, one from the southwest and one
from the northeast, there is a well known suture zone in
various taxa across Sweden/Norway (Taberlet et al. 1998;
Hewitt 2001). This has been demonstrated for rodents
( Jaarola et al. 1999) and warblers (Bensch et al. 1999).
Recently, Vernesi et al. (2002) found that Norwegian roe
deer (Capreolus capreolus) were genetically closer to Alpine
populations than to populations from northern Scandinavia.
As our sample site is located in southern Norway this
could likely explain why those birds were more related,
albeit distantly, to those from central Europe than Russia.

From connectivity to isolation
Our genetic
the notion
subsequent
parts of the

study of capercaillie across Europe confirms
of significant population declines and
population fragmentation and isolation in
range. These effects have clearly been most
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pronounced in central Europe. Continued deterioration of
habitats may lead to more populations becoming isolated
remnants of a formerly contiguous or at least functionally
interconnected European distribution. For capercaillie
a demographic model based on Alpine populations
suggested a minimum viable population size in an order
of 500 birds (Grimm & Storch 2000). Our genetic data,
however, show clear signs of reduced genetic variability
already in ranges still counting up to 1000 birds. This
indicates that a demographic minimal viable population
of 500 birds may be too small to maintain high genetic
variability.
We documented the genetic differentiation of capercaillie
populations at different stages along a gradient of spatial
structuring from high connectivity (contiguous range in
the boreal forest) to metapopulation systems (Alps) and
recent (central Europe) and historic (Pyrenees) isolation.
Our results agree with the concept of a gradual increase in
genetic differentiation from connectivity to isolation, and
from recent to historic isolation. Our work confirms that
both demographic (Grimm & Storch 2000) and genetic
consequences (this study) of population fragmentation
may contribute to the loss of biodiversity from mandominated landscapes. Anthropogenic habitat deterioration
and fragmentation not only leads to range contractions and
extinctions, but may also have significant genetic, and thus
evolutionary consequences for surviving populations. For
the conservation of species inhabiting fragmented habitats,
securing connectivity between local populations appears
to be the major challenge.
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