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Genetic evidence of capercaillie Tetrao urogallus dispersal sources 
and sinks in the Alps

Gernot Segelbacher, Ilse Storch & Jurgen Tomiuk

Segelbacher, G., Storch, I. & Tomiuk, J. 2003: Genetic evidence of capercaillie 
Tetrao urogallus dispersal sources and sinks in the Alps. - Wildl. Biol. 9: 267- 
273.

The aim of our study was to identify fine-scale genetic population structure of 
capercaillie Tetra urogallus populations in the Bavarian Alps, Germany. We 
studied five local populations and estimated genetic variation using 10 poly
morphic microsatellite markers. We found no differences in the number of al
leles per locus or the degree of heterozygosity between pairs of populations, 
but significant genetic variation among all populations. We detected signifi
cant genetic differentiation for pairs of populations separated by distances as 
short as 10 km. Genetically detected effective population sizes agreed with field 
data for relative population densities. Populations of peripheral study areas bor
dering the dairy-farming lowlands tended to show sink characteristics with immi
gration exceeding emigration. Our study confirmed that microsatellites have 
the potential to detect dispersal sources and sinks at a local scale and the re
sults of studies like ours may help to develop improved, effective conservation 
plans for capercaillie.
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In landscapes altered by human activities, many species 
are restricted to small patches of habitat. Species that 
were once common have decreased both in distribution 
and density, and many have becom e extinct (Ceballos 
& Ehrlich 2002), mainly due to habitat deterioration, loss 
and fragm entation (Hilton-Taylor 2000). Previously 
contiguous populations have been turned into metapop
ulations (Hanski & Gilpin 1991), and connectivity by 
dispersal has becom e a key process for population dy

namics and persistence. M etapopulation structure has 
recently been shown for capercaillie Tetrao urogallus 
in the Alps (Storch 1993, Storch & Segelbacher 2000, 
Segelbacher & Storch 2002). The birds occupy patches 
o f mountain forests separated by open farmland valleys 
and interspersed by pastures, alpine vegetation and 
rocks above the treeline (Storch 2002a,b). Parallel to an 
ongoing population decline during the 20th century 
throughout Europe, the Alpine range of the capercaillie
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Figure 1. Location of the five study sites in the Bavarian Alps. Circles indicate the sampling 
areas. Areas between the altitudes o f 1,000 and 1,400 m a.s.l. coincide with forests regular
ly used by capercaillie. Areas < 1,000 m a.s.l. are dominated by dairy farmland and settlements 
and areas > 1,400 m by pastures, alpine vegetation and rocks.

has contracted (Storch 2001), and pop
ulations at the periphery are found to 
be more susceptible to decline and 
extinction than populations at the core 
o f their range (Segelbacher & Storch 
2002; P. Mollet, pers. comm., H. Zei- 
ler, pers. comm.). We therefore hypoth
esise source-sink metapopulation char
acteristics for capercaillie in the Alps.
Due to a generally poorer habitat struc
ture (Storch 2002a,b) and a greater 
predation pressure in the vicinity o f the 
farm land lowlands (I. Storch & E.
Woitke, unpubl. data) populations at 
the edge of their range may function 
as sink populations, which are not 
self-sustaining but persist due to immi
gration. M ountain ranges surround
ed by suitable capercaillie habitats, 
where extended farm land is absent 
and habitat structure is better, may 
serve as source populations and may thus be essential 
for the persistence o f the metapopulation system (see 
Wiens 2001).

In this study, we aim  to identify genetic evidence of 
source-sink dynam ics among local capercaillie popu
lations in the Bavarian Alps. For this purpose, we in
vestigated metapopulation structure and gene flow of ca
percaillie from five separate mountain ranges using 10 
highly polymorphic microsatellite markers. We expect
ed populations at the edge o f the range to show indi
cations o f a greater population decline (Segelbacher & 
Storch 2002) and specific characteristics o f sink pop
ulations, such as low population size, high immigration 
and low emigration rates (Gaggiotti 1996).

Methods

Fieldwork
To investigate fme-scale population genetics of caper
caillie, we sampled moulted feathers from two regions 
in the Bavarian Alps, Germany (Fig. 1), during the sum
mers o f 1997-2001. The western region consisted o f the 
three adjacent mountain ranges Ammergebirge, Esterge- 
birge and Wetterstein. The eastern region, which was sepa
rated from the western region by a distance o f 110 km, 
consisted of the mountains Sulzberg and Teisenberg. Am
mergebirge, Sulzberg and Teisenberg bordered the dairy- 
farming lowlands to the north o f the Alps (see Fig. 1). 
The borderline coincided with the northern edge o f the 
Alpine distribution o f the capercaillie. The other ranges

(Estergebirge, Wetterstein) were surrounded by forests 
inhabited by capercaillie on all sides. All study ranges 
were separated by 1-5 km wide farmland valleys. Caper
caillie densities in the five ranges spanned from  low 
(Ammergebirge) to high (Wetterstein) for the Bavarian 
Alps (Table 1). For the purpose o f this paper, we use the 
term  population for the birds in each o f the mountain 
ranges studied, although they were clearly interconnected 
by gene flow and thus belonged to the same metapopu
lation system (Segelbacher & Storch 2002). We define 
dispersal sources and sinks exclusively with regard to 
the set o f populations studied. Because we have no in
formation on possible dispersers from  or to other sites 
than those studied, we do not make any inferences re
garding the dem ographic status o f the populations.

For each range, data on relative capercaillie abundance 
and habitat suitability were available (see Table 1). In an 
earlier study (Storch 2002b), about 500 sample points 
regularly spaced at 200 m distances within an area of
2,000 ha had been established on each o f the five moun
tains; at each sample point, habitat suitability for caper
caillie had been assessed using a habitat suitability

Table 1. Standardised index of abundance and habitat suitability index 
(HSI) for five local capercaillie populations in the Bavarian Alps. Data 
from Storch 2002b and I. Storch, unpubl. data.

Population Index o f abundance HSI

Ammergebirge 1.8 0.31
Estergebirge 6.4 0.46
W etterstein 18.5 0.45
Sulzberg 2.8 0.25
Teisenberg 9.2 0.34
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index (HSI) model, and incidence o f indirect signs of 
capercaillie use, such as faeces and moulted feathers, 
had been recorded. The mean HSI score calculated 
over all sample points was used as an index of the suit
ability of the study areas as capercaillie habitat; the pro
portion of sample points with capercaillie signs was used 
as an index of capercaillie population abundance (see 
Storch 2002b for methods).

The feathers used in our study were collected in the 
2,000-ha study areas (Storch 2002b). We obtained the fol
lowing numbers o f feather samples from males and fe
males, respectively: 24 and 32 from Ammergebirge, 16 
and 6 from Estergebirge, 52 and 12 from Wetterstein, 
22 and 5 from Sulzberg and 58 and 42 from Teisenberg. 
For Ammergebirge we included four additional indi
viduals from which feathers were found in the same for
est, but not within the 2,000-ha study area, because 
we could not detect any significant genotypic or genic dif
ferences between these four extra individuals and those 
from within the 2,000-ha study area.

Genotyping
We extracted genomic DNA from all sampled feathers 
using the DNeasy Tissue Kit (Qiagen). Polym erase 
chain reaction (PCR) am plification and genotyping 
were conducted for 10 m icrosatellite loci as described 
in Segelbacher (2002a,b). Individuals were identified ge
netically to avoid multiple samples. All unique geno
types were used for the subsequent analysis, when at least 
seven loci could be typed per individual. As not all 
feathers could be genotyped due to DNA degradation 
(Segelbacher 2002a,b), the overall number of individ
uals analysed is smaller than the number of feathers sam
pled (see Table 2).

Statistical analysis
We estimated genetic variance within and among pop
ulations using genotype and allele frequencies o f the 
m icrosatellite loci. We pooled samples for males and 
females, as we found sim ilar results when analysing 
males separately. We used various com puter programs 
for statistical analyses: A llele frequencies, observed 
and expected heterozygosity and mean num ber o f loci 
were calculated using GENETIX version 4.02. Devia
tions from the Hardy-W einberg equilibrium were test
ed using GENEPOP version 3 .Id (Raymound & Rousset
1995) using a M arkov chain m ethod following the al
gorithm of Guo & Thompson (1992). Allelic richness 
(Petit, El M ousadik & Pons 1998) and F IS were deter
mined using F stat  2.93 (Goudet 2001). We assessed pop
ulation differentiation by investigating the distribution 
of allele frequencies across populations using the log-

likelihood statistics G (Goudet, Raymond, Demeeus & 
Rousset 1996). We calculated genetic distances (DXL; 
Tomiuk & Loeschcke 1991, 1995) using the program 
POPDIST, which is available at http://genetics.agrsci.dk/ 
~bg/popgen. This measure is efficient in obtaining the 
correct phylogenetic topology of related populations and 
very robust against non-equilibrium conditions (Tomiuk, 
Gulbrandtsen & Loeschcke 1998).

We obtained pairwise FST estimates from GENEPOP
3.1 d (Raymound & Rousset 1995, as per Weir & Cocker- 
ham 1984). To reduce the likelihood of Type I errors 
among multiple tests we applied a strict Bonferroni cor
rection (Sokal & Rohlf 1995).

Based on coalescence theory, we calculated bi-direc- 
tional gene flow (Nm) between pairs of populations and 
effective population size (Ne) by running MIGRATE 
(Beerli & Felsenstein 1999) 10 times and using the 
estimates of each run as starting values for the subse
quent run. Unlike FST, MIGRATE accounts for direc
tional gene flow and differences in sample size.

Estim ates of the effective population size depend 
largely on the presumed underlying mutation rate. A 
mutation rate (i.e. the num ber of new mutations per lo
cus per generation) of 5 x 10'4 is com monly accepted 
for microsatellites across a wide range o f animal taxa 
(Ellegren, Lifjeld, Slagsvold & Primmer 1995). However, 
Primmer, Saino, M 0ller & Ellegren (1998) observed 44 
m utations among 1,209 meioses in a tetranucleotide 
repeat of the barn swallow Hirundo rustica , which is 
equivalent to a mutation rate o f 3.6 x 10'2. Given the un
certainty about the true mutation rate, we calculated the 
effective population size Ne for both these mutation rates.

We furthermore estimated the number of immigrants 
and/or their descendants using the assignm ent test 
STRUCTURE (Pritchard, Stephens & Donelly 2000). 
This m ethod uses a Gibbs sam pler to im plem ent a 
Bayesian clustering algorithm. Individuals were assigned 
probabilistically to one or more subpopulations based 
on their genotypes and the estimated allele frequencies 
per subpopulation. We used 10,000 iterations, follow
ing a burn-in period of 10,000 iterations, and the avail
able prior population information.

Results

Genetic variability within populations
We found a high degree of genetic variation within all 
five populations, both in terms of average number of al
leles and allelic richness per population. Furthermore, 
com paring observed and expected heterozygosity re
vealed that populations displayed high genetic diversity
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Table 2. Genetic diversity of five local capercaillie populations in the 
Bavarian Alps. N gives the number o f individuals analysed (num
ber o f males/females in brackets), A the mean number of alleles per 
locus. R the allelic richness, H„ the mean observed heterozygosity, 
He the expected heterozygosity and F,s.

Population N A R H0 H e Fis
Ammergebirge 15 (9/6) 3.90 3.13 0.78 0.63 -0.21
Estergebirge 6 (5/-) 3.00 2.97 0.89 0.59 -0.42
Wetterstein 16 (13/3) 4.30 3.23 0.70 0.64 -0.07
Sulzberg 7 (7/-) 3.80 3.51 0.76 0.59 -0.21
Teisenberg 33 (19/14) 5.30 3.67 0.75 0.66 -0.11

(Table 2). The global probability test for Hardy-Weinberg 
equilibrium revealed that none of the populations de
viated significantly from H-W equilibrium, after correct
ing for multiple comparisons. No pair of loci indicat
ed significant departure from  linkage disequilibrium.

Genetic variability among populations
We found significant genetic differentiation across all 
populations both within the western region (P < 0.002) 
and within in the eastern region (P < 0.004). The mul
tilocus estimate of genetic differentiation was FST = 0.059 
(P < 0.001) for the western region, indicating moderate 
genetic differentiation between populations separated 
by a maximum distance of 25 km. Pairwise Fst estimates 
ranged within 0.015-0.071 (Table 3) and the degree of 
genetic differentiation between pairs o f populations 
correlated with Tomiuk & Loeschcke’s distance (DTL). 
There were no significant genetic differences between 
the populations o f Ammergebirge and Estergebirge. 
The populations of Sulzberg and Teisenberg in the east
ern region were significantly different from each other 
according to the pairwise FST (0 = 0.03, P < 0.05), but 
genetic differentiation was lower than in the western 
region, which was supported by Tomiuk & Loeschcke’s 
distance (DTL = 0.082).

Population size and gene flow
Based on the assumption of mutation-drift equilibrium 
and a mutation rate o f 5 x 10 4, effective population sizes 
were estimated to be five (Ammergebirge), 45 (Esterge
birge), 680 (Wetterstein), 290 (Sulzberg) and 545 (Teisen
berg) birds. However, when we adopted a mutation

Table 3. Pairwise FST (above diagonal) values and genetic distance 
(Dt l ) for the three western population pairs (below diagonal). Fig
ures in italics are significant after Bonferroni correction (P < 0.05).

Population Ammergebirge Estergebirge W etterstein

Ammergebirge - 0.015 0.067

Estergebirge 0.094 - 0.071

W etterstein 0.097 0.140 -

rate o f 3.6 x 1 O'2, effective populations o f only 0.1 (Am
mergebirge), 0.6 (Estergebirge), 9 (Wetterstein), 4  (Sulz
berg) and 8 (Teisenberg) birds resulted. The latter esti
mate probably comes closer to the true order o f mag
nitude. From field data we estimated the population of 
the Teisenberg M ountain Range to be 100-200 birds 
(Storch 1993; I. Storch, unpubl. data). When we assume 
a ratio o f effective to estimated population size o f 0.11 
(after Frankham 1995), which is well in accordance with 
a range of other empirical studies (Frankham 1995, 
Galbusera, Lens, Schenck, Waiyaki & Matthysen 2000), 
100-200 birds are equivalent to an estimated effective 
population size of 9-18 individuals. We conclude that 
the mutation rate o f 3.6 x 10 2 is the more realistic 
model for the microsatellites in our capercaillie study.

Long-term , uni-directional m igration rates (Nm) 
ranged between 0.0 and 13.2 (Table 4). Note, howev
er, that Nm is a relative estimate that mainly reflects long
term gene flow and cannot directly be interpreted as N 
individuals per generation. Our results indicated immi
gration to but no emigration from Ammergebirge into 
the other study populations. In the W etterstein popula
tion, em igration to Ammergebirge and Estergebirge 
clearly exceeded imm igration from  these two areas. 
Between the populations of Teisenberg and Sulzberg the 
gene flow seemed to be frequent.

We additionally applied an assignment test to iden
tify migrants and to obtain an estimation of the current 
gene flow. Based on the Bayesian clustering method, all 
individuals clearly clustered to the population from 
which they had been sampled, and we could not iden
tify any individual as an immigrant from one o f the 
other populations in neither the western nor the eastern 
region. The test indicated that up to five generations ago 
no individual imm igrated from another population.

Table 4. Uni-directional estimates of gene flow (Nm) between three capercaillie subpopulations in the western region and two in the east
ern region as calculated using MIGRATE with 95% intervals (given in parentheses).

Western region from
Subpopulation Ammergebirge Estergebirge Wetterstein
Ammergebirge 

to Estergebirge 
Wetterstein

0.33 (0.19-0.51) 
0 .00 (0.00-0.03)

13.20(11.43-15.20) 

7.54 (6.81-8.25)

4.81 (3.51-6.51) 
11.30(10.18-12.69)

Eastern group from
Subpopulation Sulzberg Teisenberg

to Sulzberg 
Teisenberg 5.40 (4.81-6.03)

9.10(8.22-10.08)
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Discussion

Genetic variability within and among 
populations
Our study clearly dem onstrates the potential o f DNA 
microsatellite markers to analyse local-scale genetic var
iation within and among capercaillie populations. How
ever, m icrosatellite markers may or may not reflect 
the evolutionary potential and fitness o f populations 
(Moss, Piertney & Palmer 2003), and any results should 
therefore be carefully interpreted. Local populations sep
arated by as little as 10 km (see Fig. 1) exhibited sig
nificant genetic differentiation. However, between two 
o f the five populations studied, A m m ergebirge and 
Estergebirge, we did not detect any significant differen
tiation, although these study areas were separated geo
graphically by approximately 20 km, including a 5-km 
wide, open farmland valley. Genetic homogeneity at the 
landscape level can be explained by demographic sinks 
that persist because o f recurrent dispersal from a com 
mon source population (Gaggiotti 1996). The popula
tions o f Ammergebirge and Estergebirge both appear to 
be sustained by immigrants from the W etterstein pop
ulation, and this may explain why their genetic com 
position was quite similar. However, individuals might 
have immigrated from outside our study populations as 
well.

Apparently, genetic variation within populations of 
capercaillie has not been reduced by the present degree 
o f spatial separation. The number o f alleles and the 
degree of heterozygosity were consistently high in all 
investigated populations and none showed evidence 
of a bottleneck. As has been shown in pika Ochonta prin- 
ceps (Peacock & Ray 2001), high levels o f heterozygos
ity in a m etapopulation can be explained by highly 
subdivided populations.

Previously, decreasing genetic differentiation was 
considered to be the major effect o f habitat fragmentation 
and subsequent spatial separation of populations. More 
recently, some authors have suggested that in metapop
ulation systems, the overall genetic variation may be 
m aintained due to genetic differentiation among local 
populations (G aggiotti 1996, H arrison & H astings 
1996). Gaggiotti (1996) demonstrated that a collection 
o f sinks could maintain a substantial proportion o f the 
genetic variability observed in the source population. 
D espite their negative dem ographic effects, popula
tion sinks may thus help to maintain genetic diversity 
within metapopulations as they might serve as a tem 
porary repository o f genetic variation (Gaggiotti & 
Smouse 1996).

Population size and gene flow
We estimated dispersal between populations using two 
different procedures. FST and MIGRATE-based values 
mainly reflect long-term gene flow, whereas non-equi
librium assignment test reflect current dispersal events. 
We found high estimates, based on FST and MIGRATE- 
values, reflecting high ancestral rates of dispersal, but 
we could not detect any dispersers between the popu
lations studied over the last five generations with the 
Bayesian clustering method (STRUCTURE). Failure to 
detect recent dispersal events betw een populations 
despite high rates of gene flow may have resulted from 
small sample sizes, and thus, is no proof of population 
isolation. However, an absence o f observed dispersers 
may also reflect recent population fragmentation and 
decline (Galbusera et al. 2000).

Uni-directional gene flow estimates revealed uneven 
dispersal rates between the populations studied. In the 
western region, Ammergebirge at the edge of the Alpine 
capercaillie range, showed characteristics o f a sink pop
ulation. It did not produce emigrants and most likely con
sisted of the offspring of birds that immigrated from else
where. Sink populations are typically associated with 
inferior habitat quality relative to the sources (Dias
1996). Our field data (see Table 1) support this hypoth
esis, as both habitat suitability scores and capercaillie 
abundance were low in Ammergebirge. Also, accord
ing to genetic estimates, the Ammergebirge population 
had the lowest number o f breeders. Estimates o f effect
ive population sizes (Ne) depend on the presumed under
laying mutation rate. We therefore adopted two diffe
rent mutation rates for our data. Both mutation models, 
however, estimated the lowest effective population size 
for the Ammergebirge. Wetterstein, the study area with 
the highest capercaillie abundance and the largest num
ber of potential breeders, functioned as a source pop
ulation for both Ammergebirge and Estergebirge. The 
genetic data indicate that the Estergebirge population 
functioned as a stepping stone between W etterstein 
and Ammergebirge, which is in congruence with its geo
graphic location.

In the eastern region, we found a different pattern. Both 
populations were located at the edge of the Alpine 
range o f the capercaillie and bordered the farming low
lands north of the Alps. Based on field studies, the ca
percaillie population in the 50-km 2 Teisenberg M oun
tain Range was estimated at 100-200 birds in the early 
1990s (Storch 1993); repeated assessments of capercaillie 
abundance indicated that the population has increased 
through the years o f our study (Storch 2002b; I. Storch, 
unpubl. data). On Sulzberg, capercaillie habitat suitability 
was poorer, and capercaillie abundance lower (see Table
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1). Our study showed consistent gene flow between the 
two areas. This is supported by radio-tracking data, 
which had shown that four out of 40 adult capercaillie 
caught on Teisenberg migrated to Sulzberg on a season
al basis (Storch 1993, 1995). Although we could genet
ically distinguish the Sulzberg from  the Teisenberg 
birds, the results on effective population sizes indicat
ed that the two local populations functioned as a single 
metapopulation unit.

Implications for conservation of capercaillie
Our study revealed that local capercaillie populations 
separated geographically by only 5-10 km showed sig
nificant genetic differentiation and subdivision. Our 
findings therefore suggest that a network o f suitable habi
tat patches within the capercaillie’s mean dispersal dis
tance of about 5-10 km  (see review in Storch & Segel- 
bacher 2000) should be m aintained in order to secure 
gene flow through highly fragmented capercaillie hab
itats such as the Alps. Gene flow among populations 
inhabiting spatially distinct habitat patches, however, 
depends greatly on population density and dynamics (e.g. 
W iens 2001). Therefore, any given distance (within 
the dispersal ability o f the species) between two neigh
bouring populations may or may not result in genetic 
differentiation. Between the populations of the m oun
tain ranges Sulzberg and Teisenberg, separated by 5 km 
measured from edge to edge, we found high levels o f 
gene flow, and radio-tagged birds were known to move 
between the two mountains. The estimated effective pop
ulation size at Sulzberg was therefore high despite the 
fact that local abundance was low. Thus, at the time of 
our study, there was evidence o f regular exchange be
tween the two ranges, and Teisenberg functioned as the 
source for Sulzberg. As the number o f em igrants is a 
function of population size (e.g. Ims & Hjermann 2001), 
however, a decline in the Teisenberg population, e.g. due 
to unfavourable changes in forestry practices, would lead 
to isolation and possibly extinction of the Sulzberg 
population, although the geographic distance between 
the two patches has remained the same.

Most likely, many of the small local capercaillie pop
ulations in the Bavarian Alps only persist due to their 
connectivity with other populations. Especially periph
eral populations that border the extended farmland sur
rounding the Alps are most sensitive to population 
decline and extinction, because they may act as sinks: 
habitat quality, and thus breeding success is poor, and 
the population is maintained by dispersers from outside. 
Even where the habitat is favourable, however, source 
and sink functions may vary between years as a result 
o f stochastic fluctuations in local rainfall patterns. Early

survival o f capercaillie chicks strongly depends on 
weather conditions (e.g. M oss 1985). In the Bavarian 
Alps, the precipitation may vary greatly among neigh
bouring mountains (A. Zeitler, unpubl. data), and thus 
may cause uncorrelated fluctuations in local breeding 
success. Capercaillie conservation in the Alps should aim 
at securing productive source populations by m ain
taining high habitat suitability in the species’ strongholds. 
In peripheral habitats that presently appear to function 
as population sinks, carrying capacity for capercaillie 
should be improved wherever possible, not only to in
crease local survival and reproduction, but also to help 
securing the entire metapopulation system. To achieve 
this goal, integration o f capercaillie habitat needs into 
forest management plans is an urgent task that must be 
taken seriously by the responsible agencies.
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