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Abstract

Investigating macro-geographical genetic structures of animal populations is crucial to
reconstruct population histories and to identify significant units for conservation. This
approach may also provide information about the intraspecific flexibility of social systems.
We investigated the history and current structure of a large number of populations in the
communally breeding Bechstein’s bat (Myotis bechsteinii). Our aim was to understand
which factors shape the species’ social system over a large ecological and geographical
range. Using sequence data from one coding and one noncoding mitochondrial DNA
region, we identified the Balkan Peninsula as the main and probably only glacial refugium
of the species in Europe. Sequence data also suggest the presence of a cryptic taxon in the
Caucasus and Anatolia. In a second step, we used seven autosomal and two mitochondrial
microsatellite loci to compare population structures inside and outside of the Balkan glacial
refugium. Central European and Balkan populations both were more strongly differentiated
for mitochondrial DNA than for nuclear DNA, had higher genetic diversities and lower levels
of relatedness at swarming (mating) sites than in maternity (breeding) colonies, and showed
more differentiation between colonies than between swarming sites. All these suggest that
populations are shaped by strong female philopatry, male dispersal, and outbreeding
throughout their European range. We conclude that Bechstein’s bats have a stable social
system that is independent from the postglacial history and location of the populations.
Our findings have implications for the understanding of the benefits of sociality in female
Bechstein’s bats and for the conservation of this endangered species.
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Introduction

Investigating the genetic characteristics of animal populations
over a wide ecological and geographical range is important
for at least three reasons. First, information about macro-

geographical genetic structures allows the reconstruction
of recent dispersal (Edwards 1993) and historic colonization
events (e.g. postglacial; Hewitt 1996, 1999). Second, inform-
ation about genetic differences between populations is
important for the conservation of endangered species
(Palsbøll et al. 2007). Third, genetic data can be used to
assess social organizations and mating systems across a
species range, which give insights into the intraspecific
flexibility of social systems (Lott 1991; Ross & Keller 1995).
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Despite an increasing number of studies that deal with
macro-geographical population structures, there have been
no analyses of all three areas in a long-lived mammal.

For small-sized mammals, bats have long lifespans (up
to 38 years) and low reproductive rates (normally one to
two offspring per year; Wilkinson & South 2002). Hence, their
demography resembles that of much larger mammals for
which genetic data on the macro-geographical structure of
natural populations are often difficult to obtain. Being
colonial, bats are usually easier to sample than big mam-
mals and studies on genetic population structures can be
based on much larger sample sizes than in most other
wild animals with comparable long generation times. In
particular, bats offer the unusual opportunity to obtain
representative samples of breeding colonies and mating
assemblages throughout the species range. This makes bats
exceptionally well suited for a population genetic study of
the intraspecific variation in social systems over a large
geographical and ecological scale.

Several studies investigated the phylogeography of
bats in the Americas, Asia, Australia, and Europe (e.g.
Wilkinson & Fleming 1996; Petit et al. 1999; Worthington
Wilmer et al. 1999; Ditchfield 2000; Ruedi & Castella
2003; Chen et al. 2006; Rossiter et al. 2007). The conclusion of
most of these studies is that bats show less phylogeo-
graphical structure than similar-sized nonvolant mammals
(e.g. Ditchfield et al. 2000). This finding is in agreement
with the ability of bats to overcome geographical structures
such as rivers and mountains that are often dispersal
barriers for rodents, marsupials, and insectivores. At
large geographical scales, however, most bats exhibit some
phylogeographical structure, with migratory species typ-
ically having lower levels of genetic differentiation than
nonmigratory species (Wilkinson & Fleming 1996; Petit
et al. 1999; Worthington Wilmer et al. 1999; Russell et al. 2005;
Weynand & van den Busche 2007).

In three European bat species, large-scale sampling of
colonies has been used to reconstruct postglacial population
histories (Nyctalus noctula, Petit et al. 1999; Myotis myotis,
Ruedi & Castella 2003; Rhinolophus ferrumequinum, Rossiter
et al. 2007). The three species differ in their dispersal
behaviour but all are capable of dispersing more than
400 km (Dietz et al. 2007). In M. myotis, Central Europe was
primarily re-colonized from Iberia (Ruedi & Castella
2003). In N. noctula the re-colonization mainly originated
from the Balkans (Petit et al. 1999), and in R. ferrumequinum
multiple refugia were involved (Rossiter et al. 2007). The
only common pattern is that the Balkans and Iberia were
the main sources for the postglacial re-colonization, while
Italy probably played a minor role, similar to most of the
other European animal species (Taberlet et al. 1998; Hewitt
1999). Currently, no comparable large data sets are availa-
ble for bat species with a maximal dispersal distance of
less than 100 km, such as the Bechstein’s bat (Dietz et al.

2007). Moreover, no study compared the social system of
a bat species inside and outside of an identified refugium
in Europe, even though this is important for an assessment
of the flexibility of bat social systems.

Bechstein’s bats utilize distinct habitats at different
stages of their reproductive cycle. During summer, they
depend largely on mature deciduous forests, where the
females breed communally in tree cavities (Rudolph et al.
2004). Strict female natal philopatry leads to demo-
graphically independent breeding colonies that normally
comprise about 10–45 maternally related females (Kerth
et al. 2000, 2002). Males are solitary and disperse from their
natal colony (Kerth & Morf 2004). In autumn, male and
female Bechstein’s bats swarm in front of caves for mating
(Kerth et al. 2003), a phenomenon also known from other
European bats (Veith et al. 2004; Rivers et al. 2005). Swarm-
ing Bechstein’s bats represent a mixture of animals from
the local population with members from different colonies
meeting at swarming sites that can be 50 km apart from
the breeding colonies (Kerth et al. 2003; Kerth & Petit
2005).

We used nuclear DNA (nucDNA) and mitochondrial
DNA (mtDNA) to resolve the population history and
assess the flexibility of the social system of the Bechstein’s
bat in Europe. Our first goal was to identify glacial refugia
of the Bechstein’s bat. Glacial refugia are usually expected
to harbour higher genetic diversity than areas that have
been re-colonized after the ice re-treaded, unless the latter
hold an admixture of several source populations (Hewitt
1999; Ruedi & Castella 2003). This can be determined by
constructing mtDNA phylogenies. To reconstruct the
population history of the Bechstein’s bat, we followed an
approach by Petit et al. (1999) and sequenced two mtDNA
regions that differ in their mutation rate: the fast evolving
HV2 region (located in the noncoding D-loop) and the
more conserved ND1 gene. In a second step, we used
seven nuclear and two mitochondrial microsatellite loci
(Kerth et al. 2002) to compare the genetic diversity and the
population structure inside and outside the area of an
inferred glacial refugium. In Central Europe, the social
system of the Bechstein’s bat is characterized by female
philopatry, male dispersal, and outbreeding (Kerth et al.
2002, 2003). If this social system is conserved over the
species’ range, we expect higher genetic diversity at
swarming sites than in colonies and at least an order of
magnitude stronger population differentiation for mtDNA
than nucDNA, regardless of whether the populations are
located inside or outside of a glacial refugium.

By analysing the population structure of the Bechstein’s
bat over a large geographical and ecological range, we aim
at providing new insights into the factors that shape bat
social systems. Bats offer interesting opportunities to study
the evolution of sociality (Safi & Kerth 2007). However,
there is a lack of information on the degree of intraspecific
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flexibility of bat social systems. This hinders the use of bats
in comparative studies because it is unclear how re-
presentative data from a single geographical region are.
Finally, by identifying management units for conservation
(Palsbøll et al. 2007), our study has implications for the
protection of the endangered Bechstein’s bat.

Materials and methods

Samples

Our analyses were based on wing tissue samples (3 mm2)
taken from 1508 Bechstein’s bats (for sampling methods
see Kerth et al. 2000, 2003). This includes 977 adult females
(median and range per colony: 14.5; 4–93) from 50 colonies
located in Bulgaria (4), Germany (45), and Switzerland (1),
as well as 264 males and 136 females from 20 swarming
sites (median and range per swarming site: 6.0; 3–103)
located in Bulgaria (10), England (1), Germany (6),
Romania (1), Serbia (1), and the European part of Turkey
(1) (Fig. 1 and Appendix). Bats from 13 colonies and 17
swarming sites were specifically sampled for the current
study, whereas samples from 37 colonies and from three
swarming sites were available from previous studies
(Kerth et al. 2003; Kerth & Petit 2005). The remaining 131
samples came from bats found across the range in Europe,
Anatolia, and the Caucasus (Fig. 1). They were specifically
sampled for the current study.

ND1 and HV2 sequence analyses

After extracting DNA from all wing tissue samples (Kerth
et al. 2002), mtDNA was amplified in a subset of the

individuals using the polymerase chain reaction (PCR).
For the mtDNA sequence analyses, we selected bats
from all over the range in Europe (Figs 2 and 3). We
restricted the number of sequenced bats per colony to a
few individuals (HV2: mean ± SD: 2.7 ± 1.7; ND1: 2.1 ± 1.0)
because most colony members are maternally closely
related and thus carry the same mtDNA haplotypes (Kerth
et al. 2000). We used the primer pair ER63–AT3 to amplify
in 336 bats a segment of the HV2 region and primer
pair ER65–ER66 to amplify in 249 bats a segment of the
ND1 gene (AT3: 5′-ATAATCGGGTTGGTGAG-3′; for
ER63, ER65, ER66 see Petit et al. 1999). For both PCRs, we
used 2.5 μL 10× Amplimix buffer (Microsynth; including
1.5 mm MgCl2, and 0.2 mm dNTP mix), 0.5 U Taq
polymerase (Pharmacia), and 0.16 μm of each primer. Total
reaction volume was 25.0 μL. A PTC-200 thermocycler
(MJ Research) was programmed to perform 35 cycles of
94 °C/30 s, 55 °C/45 s (HV2), respectively, 50 °C/45 s
(ND1), 72 °C/60 s after an initial 94 °C/4-min step and
followed by 72 °C/20 min. We tested 5 μL of the PCR
product on a 1.2% agarose gel (1 h: 4.5 V/cm) stained with
ethidium bromide. PCR products were purified using the
ExoSAP-IT (USB Corporation) purification kit (37 °C/
15 min and 80 °C/15 min). We used the primer ER63 to
sequence 257 bp of HV2 and the primer ER89 (Petit et al.
1999) to sequence 482 bp of ND1, using the ABI PRISM
BigDye Terminator cycle sequencing ready reaction kit
(Applied Biosystems). The resulting PCR products were
run on two different capillary sequencers (ABI PRISM
3730 and 310). Data were exported with sequencing
analysis 3.4 (Applied Biosystems) and sequences were
aligned and edited with sequencher 4.1 (Gene Codes
Corp).

Fig. 1 Map showing the European distri-
bution of Myotis bechsteinii (grey area;
modified after Baagøe 2001) and the origin
of the analysed samples. The number of
sampled colonies and swarming sites at
each location are shown in each symbol.
Stars indicate the origin of single specimens
that have been used for sequencing only.
The locations of the samples from the
Caucasus and Anatolia are not included in
the map.
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Phylogenetic analyses

To reconstruct phylogenetic relationships between haplo-
types (sequences differing by at least one point mutation),
we calculated mean pairwise differences and designed
minimum-spanning trees (MST) for both HV2 and ND1,
using arlequin 2.0 (Schneider et al. 2000). Deletion and
transition weights were set to 1 and we allowed for 5%
of missing data. Phylogenetic relationships between
haplotypes were also resolved with three different
methods of phylogenetic analyses. Likelihood-ratio tests,
implemented in modeltest version 3.06 (Posada &
Crandall 1998), were used to determine the best sub-
stitution model, which was HKY + G for both data sets
(γ = 0.3366 for ND1 and γ = 0.0765 for HV2). A neighbour-

joining tree (NJ) was constructed using HKY 85 genetic
distances (Hasegawa et al. 1985). The maximum-likelihood
analyses (ML) were performed with the software phyml
(Guindon & Gascuel 2003), which performs fast heuristic
searches. Bootstrap support values were obtained with
1000 pseudoreplicates and 10 random replicates of
stepwise-addition sequences for NJ using paup* version
4.0b10 PPC (Swofford 2002) and with 500 pseudoreplicates
for ML using phyml (Guindon & Gascuel 2003). Bayesian
analyses were conducted using mrbayes version 3.1.2
(Huelsenbeck et al. 2001), which performs Metropolis-
coupled Markov chain Monte Carlo (MCMC) analyses. A
Hasegawa–Kishino–Yano (HKY) model was used, with an
among-site rate variation following a gamma distribution.
The Markov chain was run for 1 000 000 generations and

Fig. 2 Origin of 18 ND1 haplotypes of Myotis bechsteinii in Europe, with their MST and NJ tree depicting the phylogenetic relationships
between the haplotypes. The NJ tree includes three haplotypes (9, 19, 20) from the Caucasus and Anatolia as well as Myotis brandtii as an
outgroup. Bootstrap indices are given that quantify the support for distance (NJ) and ML analyses (percentage of 1000 and 500 replications,
respectively), as well as Bayesian posterior probabilities (BA). The size of the circles in the map and the MST depict the frequency of the
respective haplotypes.
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sampled once every 100 generations; burning-in was set at
100 000 generations. All tests were conducted separately
on both mtDNA regions (ND1 482 bp, HV2 257 bp), using
all codon positions. We did not combine the two mtDNA
regions in a single analysis because different numbers
of individuals had been sequenced for HV2 and ND1, and
as the different mutation rates of HV2 and ND1 provide
specific information about population divergence (Petit
et al. 1999). The HV2 tree was rooted with sequences of
Myotis myotis (GenBank Accession no. AF368772) and
the ND1 tree with sequences of Myotis brandtii (GenBank
Accession no. AY699868).

To test the hypothesis of recent population growth from
low-diversity founder populations within two different
regions (‘Europe’ vs. ‘Balkan’), we performed several tests
on ND1 and HV2 separately. ‘Balkan’ included bats from

Bulgaria, the European part of Turkey, and Greece.
‘Europe’ included bats from Western Europe, Italy, Central
Europe, and Eastern Europe north of Bulgaria. We used
three methods implemented in arlequin version 2.0. The
first method, Fu’s (1997) FS statistic, tests the probability of
observing a random neutral sample with not more alleles
than the observed value, given the number of pairwise
differences in the sample. This statistic tends to be negative
when there is an excess of recent mutations (or rare alleles).
The second method, Tajima’s (1989) D statistic, tests the
null hypothesis that two estimates of the neutral diversity
parameter, one derived from the average number of
pairwise nucleotide differences and the other based on
the number of segregating sites in the sample, are equal.
In the third test, pairwise mismatch distributions between
individuals were plotted and tested for goodness-of-fit

Fig. 3 Origin of 46 HV2 haplotypes of Myotis bechsteinii in Europe, and an MST tree as well as an NJ tree depicting the phylogenetic
relationships between the haplotypes. Myotis myotis is used as an outgroup in the NJ tree. Bootstrap indices are given that quantify the
support for distance (NJ) and ML analyses (percentage of 1000 and 500 replications, respectively), as well as BA. The size of the circles in
the map and the MST depict the frequency of the respective haplotypes.
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to a model of rapid expansion using parametric boot-
strapping with 1000 replicates (Schneider & Excoffier
1999).

We used a bootstrap analysis to test whether the genetic
variability of the Iberian samples was significantly lower
than of the Balkans samples (which would be expected
if the Balkan Peninsula was the main glacial refugium
of Myotis bechsteinii). Using the software r (R Develop-
ment Core Team 2006), we re-sampled the same number
of bats (with their associated haplotypes) that had
been sequenced for ND1 (respectively HV2) in Iberia,
from the total list of sequenced bats from the Balkan. We
then computed the average number of mismatches
among all pairs of the re-sampled Balkan individuals, and
repeated this step 10 000 times to generate a null distribu-
tion for the number of mismatches. Finally, the diversity
of each locus in Iberia was considered to be significantly
lower than in the Balkans if its average number of
mismatches lay below the fifth percentile of the null
distribution.

Genetic diversity within and between breeding colonies 
and swarming sites

All 1377 bats sampled in the 50 colonies or at the 20
swarming sites were typed at nine dinucleotide micro-
satellites (seven autosomal and two mitochondrial loci;
for PCR and genotyping conditions see Kerth et al. 2002).
We used permutation tests implemented in the software
fstat 2.9.3 to test for Hardy–Weinberg equilibrium,
using FIS as test statistics, and adjusting for multiple
comparisons (Goudet 1995; Goudet et al. 1996).

Since previous analyses of the same loci revealed the
suitability of allele identity statistics (Kerth & Petit 2005),
all population structure analyses were based on Weir &
Cockerham’s (1984) estimate of FST instead of RST. For the
mitochondrial data, alleles at both loci were combined to
construct haplotypes. Based on the resulting haplotype
frequencies, we calculated the haplotype diversity (h) for
mtDNA with fstat. Accordingly, we used the allele
frequencies at the seven nucDNA microsatellites to com-
pute the overall gene diversity (HS) and allelic richness
(AR) for nucDNA. We then compared genetic diversities
and pairwise FST-values for colonies and swarming sites,
between populations located inside and outside a glacial
refuge, using randomization tests implemented in fstat
(5000 permutations). Subsequently, we correlated
genetic diversities with latitude to test whether latitude
had a negative influence on the genetic diversity of the
populations. This is expected if the postglacial re-coloni-
zation occurred from south to north (Hewitt 1999; Ruedi
& Castella 2003). We give the mean ± SD for summary
statistics, the P value for each test and, whenever avail-
able, the proportion of variance explained by the model.

Test for recent bottlenecks

In historic times, humans reduced and fragmented
deciduous forest, which is the main habitat of Bechstein’s
bats (Rudolph et al. 2004). Deciduous forest was cut all
over Europe, however, to a different extent (Mikusinski
& Angelstam 1998). As a result, recent bottlenecks that
decrease the local allele diversity might obscure the
genetic signal from postglacial colonization. We used the
program bottleneck 1.2.02 to check for local recent
bottlenecks (c. 2.0–4.0 Ne generations, Luikart et al. 1998;
Piry et al. 1999). For populations with at least 10 indi-
viduals (minimum sample size required), we tested for
bottlenecks by conducting 5000 iterations. As recom-
mended by Piry et al. (1999), we applied a two-phase mutation
model composed of 95% stepwise-mutation model (SMM)
and 5% infinite allele model (IAM), and with 12% variance
of multiple-step mutations. We used the implemented
Wilcoxon test to detect whether any of our populations
exhibited a significant heterozygote excess, which would
be evidence for a recent bottleneck (Cornuet & Luikart
1996). In addition, we applied the qualitative test for mode-
shift distortion of allele frequencies using populations with
at least 30 samples, as recommended by Luikart et al. (1998).

Results

Phylogenetic analyses and the location of glacial refugia

We observed 21 haplotypes defined by 44 base substitu-
tions (40 transitions and 4 transversions) among the 249
bats sequenced for 482 bp of ND1 (GenBank Accession
nos EU531436–EU531456). Three haplotypes (9, 19, 20) only
occurred outside Europe (in Anatolia and the Caucasus).
These haplotypes differed from the 18 European haplo-
types by 25–33 substitutions (5.2–6.8%). Pairwise differences
among the European haplotypes were much lower, ranging
from one to six substitutions (0.2–1.2%). Bats from the
Italian and Iberian peninsulas carried ND1 haplotypes iden-
tical or very similar to the Central European haplotypes
(Fig. 2). As the three phylogenetic methods gave identical
arrangements of the main branches, the relationship be-
tween haplotypes is given only for the NJ analysis. The
MST and the phylogenetic trees confirmed the distinct-
ness of the Caucasian and Anatolian haplotypes. Moreover,
they consistently showed that three (6, 14, 15) of the five
Greek haplotypes were distinct from the other European
haplotypes.

For HV2 (257 bp), we observed 38 polymorphic sites (37
transitions and 1 transversion) that defined 46 haplotypes
among the 336 sequenced bats from Europe (GenBank
Accession nos EU531390–EU531435). Haplotype diver-
gence ranged from 0.4% to 4.9%. As for the ND1 gene, the
MST had a starlike pattern with one dominant haplotype
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and most other haplotypes being similar to the dominant
one, including those from the Italian and Iberian penin-
sulas. Again, the most distinct haplotypes came from
bats caught in the southern Balkan Peninsula (Bulgaria,
European part of Turkey, Greece; Fig. 3). Again the three
phylogenetic methods resulted in identical arrangements
of the main branches, and the relationship between haplo-
types is given only for the NJ analysis. Despite a poor
bootstrap support (due to the low divergence between
haplotypes), the ‘cascade-like’ pattern of HV2 seems to
support the basal position of several Greek and Bulgarian
haplotypes (15, 18, 19, 28–33, 38, 40).

For ND1, we observed a nonsignificant P value for the
mismatch distribution test of goodness-of-fit to a scenario
of rapid expansion for Europe (Harpending’s raggedness
index = 0.33, P = 0.68) and a significant P value for the
Balkan (Harpending’s raggedness index = 0.11, P = 0.006).
Moreover, the mode of the mismatch distribution in the
Balkan was shifted towards larger pairwise differences
compared to the mismatch distribution in Europe (1 vs. 0;
Fig. 4). Fu’s FS statistic and Tajima’s D were significant for
Europe (FS = –9.57, P < 0.0001; D = –2.02, P = 0.002), but
not significant for the Balkan (FS = –3.77, P = 0.07; D = –1.34,
P = 0.07; Fig. 4). These results are all in agreement with a
scenario of expansion for the European populations and
no expansion for the Balkan populations. For HV2, we
observed a nonsignificant P value for the mismatch
distribution test of goodness-of-fit to a scenario of rapid

expansion for Europe (Harpending’s raggedness index = 0.08,
P = 0.10) as well as for the Balkan (Harpending’s ragged-
ness index = 0.06, P = 0.27). Again, the mode of the mismatch
distribution in the Balkan was shifted towards larger
pairwise differences compared to the mismatch distribu-
tion in Europe (> 1 vs. < 1; Fig. 4). Fu’s FS statistics was
significant for Europe (FS = –28.98, P < 0.0001), as well as
for the Balkan (FS = –15.27, P < 0.0001) and Tajima’s D
was significant for Europe (D = –2.13, P < 0.0001) but not
significant for the Balkan (D = –1.22, P = 0.10; Fig. 4). The
results for HV2 again suggest a scenario of expansion for
the European populations, whereas the pattern is less
clear for the Balkan populations.

The bootstrap analysis revealed that the average number
of mismatches (0.8) among the five bats from Iberia
sequenced for ND1 was not significantly smaller than the
average number of mismatches (1.2) among the same
number of re-sampled bats from the Balkan (the value
corresponding to 5% threshold is 0.4). We obtained similar
nonsignificant results when using two different subsets
of bats from the Balkan as a reference (subset 1: only bats
from southern Bulgaria, the European part of Turkey, and
Greece; subset 2: only Greek bats; data not shown). For
HV2, however, the average number of mismatches (0.9)
among the six sequenced Iberian bats was significantly
smaller (P < 0.05) than the average number of mis-
matches (3.4) among the same number of re-sampled bats
from the Balkan (the value corresponding to 5% thresh-

Fig. 4 Observed and expected (simulated) distributions of the number of pairwise differences in Bechstein’s bat populations in the ‘Balkan’
(left graph) and the rest of ‘Europe’ (right graph). The two upper graphs show the situation for the coding ND1 gene, the two lower graphs
the situation for the noncoding HV2 region.
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old is 1.0). Using the same two subsets of bats from the
Balkan as for ND1 always resulted in significant results
for HV2 (data not shown).

Genetic diversity and structure of breeding colonies and 
swarming sites

We detected no Hardy–Weinberg disequilibrium in the
nuclear data set. FIS values at swarming sites and colonies
were low (Table 1, Appendix) and not significantly
different from zero after correcting for multiple tests. Gene
diversities (HS) for the seven autosomal loci ranged
from 0.74 ± 0.06–0.89 ± 0.05 in the 50 colonies, and from
0.78 ± 0.06–0.93 ± 0.06 in the 20 swarming sites. Rando-
mization tests revealed that swarming sites had significantly
higher genetic diversities than colonies (P < 0.0005 for HS,
AR, and h; Table 1). However, when we split the sample
according to the location of the populations with respect to
the glacial refugium, this difference was only significant for
populations outside the Balkan (Balkan: n1 = 4 colonies,
n2 = 11 swarming sites: HS: P = 0.75; AR: P = 0.35; h:
P = 0.32; rest of Europe: n1 = 46 colonies, n2 = 9 swarm-
ing sites: HS: P < 0.02, AR: P < 0.01, h: P < 0.0005; Table 1).

Overall, the 70 populations were about 25 times more
differentiated for mtDNA than for nucDNA (FST: 0.51 vs.
0.02), and the 50 colonies were significantly stronger dif-
ferentiated than the 20 swarming sites (mtDNA: 0.66 vs.
0.12, P < 0.001; nucDNA: 0.02 vs. 0.01, P < 0.005). However,
we found no significant difference in the differentiation
of populations (FST) inside and outside the Balkan re-
fugium (nucDNA: swarming sites: P = 0.43; colonies: P = 0.92;
mtDNA: swarming sites: P = 0.87; colonies: P = 0.58;
Table 1). Moreover, colonies inside and outside of the
Balkan had the same mean relatedness among their
members (r = 0.04) but higher r values than bats at
swarming sites (Balkan: r = 0.00, P = 0.07; rest of Europe:
r = 0.01, P = 0.03).

Genetic diversity at the nuclear and mitochondrial
microsatellites decreased with increasing latitude. However,
this pattern was only significant for swarming sites

(Spearman rank correlation: swarming sites: HS: rS = –0.56,
P = 0.01; AR: rS = –0.58, P < 0.01; h: rS = –0.45, P < 0.05;
colonies: HS: rS = –0.15, P = 0.32; AR: rS = –0.17, P = 0.24; h:
rS = –0.10, P = 0.50). For nucDNA, populations from the
Balkan were considerably more diverse than the popula-
tions from the rest of Europe (randomization test: swarm-
ing sites: HS: P = 0.05; AR: P = 0.06; colonies: HS: P < 0.005;
AR: P = 0.01; Table 1). For mtDNA, this difference was not
significant (swarming sites: h: P = 0.85; colonies: h: P = 0.50;
Table 1).

Test for recent bottlenecks

We detected no evidence for recent bottlenecks in the
sampled populations. None of the seven swarming sites
and 37 colonies with more than 10 samples showed
significant heterozygote excess (P was always > 0.14).
Moreover, the five swarming sites and nine colonies with
more than 30 samples all exhibited an L-shaped allelic
distribution.

Demography at colonies and swarming sites

All sampled colonies in Central Europe and the Balkan
comprised only adult females and their offspring. At 10 of
the 19 swarming sites for which we have sex-ratio data,
both sexes occurred (at nine swarming sites, only males
were captured). Sex ratios among swarming bats were
similarly male biased in Central and Western Europe
compared to the Balkan (Mann–Whitney U-test: 82 ± 14%
vs. 91 ± 13% males; U = 27, n1 = 8, n2 = 11; P = 0.14).

Discussion

Several recent studies have dealt with the phylogeography
of European bats (Petit et al. 1999; Ruedi & Castella 2003;
Rossiter et al. 2007). However, our study is the first that uses
phylogeographical data to assess whether there is variation
in the social organization and the mating system of a bat
species across its range. This kind of information is required

Table 1 Genetic organization of colonies and swarming sites of the Bechstein’s bat for seven nucDNA and two mtDNA microsatellites. We
show the medians (and ranges) of the numbers of sampled bats, and the means (± SD) of three indices of genetic diversity, and FIS values
for populations located either in the ‘Balkan’ or in the rest of ‘Europe’. In addition, mean (± SD) FST values among colonies and among
swarming sites are given (see text for details)

No. of bats HS AR h FIS FST (nucDNA) FST (mtDNA)

‘Europe’
Colonies (n = 46) 15.5 (4–93) 0.82 ± 0.02 4.08 ± 0.15 0.31 ± 0.25 – 0.02 ± 0.05 0.03 ± 0.02 0.62 ± 0.23
Swarming sites (n = 9) 6.0 (3–106) 0.86 ± 0.03 4.33 ± 0.25 0.82 ± 0.12 0.01 ± 0.03 0.01 ± 0.02 0.13 ± 0.10
‘Balkan’
Colonies (n = 4) 9.5 (6–20) 0.86 ± 0.01 4.39 ± 0.20 0.59 ± 0.11 0.02 ± 0.09 0.03 ± 0.02 0.40 ± 0.06
Swarming sites (n = 11) 6.0 (3–48) 0.88 ± 0.02 4.53 ± 0.18 0.90 ± 0.10 0.00 ± 0.05 – 0.01 ± 0.01 0.05 ± 0.09
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to understand the evolution of social systems in bats and to
design efficient conservation plans (Lott 1991; Burland &
Worthington Wilmer 2001).

Glacial refugia and re-colonization of Central Europe

Glacial refugia often harbour higher genetic diversities
than areas that have been re-colonized after the ice re-
treaded (Hewitt 1999). Our mismatch analyses of the fast-
evolving HV2 region and the more conserved ND1 gene
both showed that the Balkan harbours greater haplotype
diversity than the rest of Europe. On the contrary, bats from
the Italian and Iberian peninsulas carried HV2 and ND1
haplotypes that are identical or very similar to the Central
European haplotypes. Due to the scarcity of the Bechstein’s
bat in Iberia and Italy (Baagøe 2001), our sample sizes
in these potential refugia (Taberlet et al. 1998; Hewitt 1999)
are small and we cannot rule out that more divergent
haplotypes remained unsampled. Our bootstrap analyses,
however, revealed that at least for HV2, our sample size
is sufficient to confirm significantly less diverse haplo-
types in Iberia compared to the Balkan. Low diversity in
Iberian Bechstein’s bats has also been reported for the
mitochondrial cytochrome b gene (Ibanez et al. 2006).
Finally, only populations occurring outside the Balkan
showed clear signs of postglacial population expansion
(Fig. 4). We conclude that the Balkan was the main, and
probably only, glacial refugium of the Bechstein’s bat in
Europe.

High diversities of nuclear and mitochondrial microsat-
ellites in colonies and at swarming sites in Bulgaria and the
European part of Turkey are consistent with a glacial
refugium in the Balkan. Even though the negative cor-
relation between genetic diversity and latitude was only
significant for swarming sites, our randomization tests
showed that Bulgarian colonies are significantly more
diverse than Central European colonies at the level of
nucDNA. The absence of genetic signals from recent bottle-
necks suggests that anthropogenic loss of deciduous forest
is not the cause of the lower genetic diversities outside the
Balkan.

Currently, Myotis bechsteinii is the only bat species that
shows lower diversity of both mtDNA and nucDNA at
higher latitudes. A negative correlation between nucDNA
diversity and latitude was also found in Rhinolophus fer-
rumequinum (Rossiter et al. 2007). In contrast, no such
correlation occurred in Nyctalus noctula (Petit et al. 1999) and
in Myotis myotis, only mtDNA diversity decreased with
higher latitude (Ruedi & Castella 2003). Lower genetic
diversities in re-colonized areas occur mostly in species,
such as M. bechsteinii, that have low dispersal abilities and
specific habitat requirements (Schmitt 2007). In such spe-
cies, the genetic consequences of founder effects during the
re-colonization period (i.e. low genetic diversity) are more

likely to persist because the lack of long-distance gene flow
from glacial refugia prevents the homogenizing of genetic
diversities.

The inferred postglacial re-colonization of Central
Europe from the Balkan in M. bechsteinii resembles more
the situation described for N. noctula (Petit et al. 1999) than
for M. myotis (Ruedi & Castella 2003). This is interesting as
N. noctula belongs to a different genus than M. bechsteinii,
is migratory, and shorter lived (Dietz et al. 2007). Neverthe-
less, both species largely depend on tree cavities for breeding.
Myotis myotis, on the contrary, belongs to the same genus as
M. bechsteinii and is similarly long-lived, but uses caves
and attics for breeding (Dietz et al. 2007). Breeding habitat
thus explains postglacial re-colonization routes better than
phylogenetic relationship, dispersal ability, or generation
time. In Central Europe, beech forest Fagus sylvatica often
dominates the breeding habitat of M. bechsteinii (Baagøe
2001). Association with beech forests that survived the ice
ages in Southeast Europe (Magri et al. 2006) could explain
why the Balkan was the main glacial refugium in the two
forest-living bat species, M. bechsteinii and N. noctula
(compare Petit et al. 1999).

ND1 sequence divergences of 0.2–1.2% among Bech-
stein’s bats in Europe suggest that the separation between
the most divergent European haplotypes predates the last
glacial maximum (18 000 years ago), applying a typical
mammalian ND1 divergence rate of 0.5–2% per million
years (Petit et al. 1999). The same situation was observed
in N. noctula (Petit et al. 1999) and other European taxa
(Schmitt 2007). Moreover, this finding is confirmed by 0.4–
4.9% divergences in HV2 in the European Bechstein’s bat
populations, applying a divergence rate of 20% per million
year as estimated for N. noctula (Petit et al. 1999). Finally,
divergences of 5.2–6.8% between the European and the
Anatolian/Caucasian ND1 haplotypes suggest that popu-
lations in Europe were separated from those in Anatolia/
Caucasus much earlier. In fact, the observed divergences
fall into the range found for different subspecies in the
genus Myotis (Ruedi & Mayer 2001), and may even indicate
the presence of cryptic species (Mayer et al. 2007).

Social system within and outside of the glacial refugium

Social systems are characterized by the social organiza-
tion, mating system, and social interactions of a species
(Kappeler & van Schaik 2002). Social organizations (group
composition) and mating systems can be studied using a
combination of demographic and genetic data. During our
tissue sampling in the breeding colonies of the Bechstein’s
bat, we found no adult males in the same roosts as the
females. This is in agreement with a long-term study on a
German breeding colony (Kerth & Morf 2004), where adult
males and females only exceptionally roosted together. In
contrast, we observed a strong male bias among swarming
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bats, irrespective of the location of a swarming site. Again,
this finding is in agreement with previous observations
from Germany (Kerth et al. 2003). Our demographic data,
hence, suggest that the social organization of the Bech-
stein’s bat does not fundamentally differ between the Balkan
and Central Europe.

Our genetic analyses confirm these results and provide
additional information about the mating system of Bech-
stein’s bats. Both inside and outside of the Balkan area,
higher genetic diversities occurred at swarming sites than
in breeding colonies. Moreover, populations were much
more strongly differentiated for mtDNA than for nucDNA,
even if we consider the four times larger effective popula-
tion size (Ne) of nucDNA. In addition, Central European
and Balkan populations both showed more differentiation
between colonies than between swarming sites, and higher
levels of relatedness in colonies than among swarming
bats. Finally, FIS values were always low and not signi-
ficantly different from zero. We conclude that Balkan
populations, like Central European populations (Kerth et al.
2002, 2003), are shaped by strong female natal philopatry,
complete male natal dispersal, and outbreeding that takes
place at swarming sites.

Our data are in agreement with Bechstein’s bats having
a social system that is independent from the postglacial
history and location of the populations. This is interesting
because flexible social systems are common in other ani-
mals (Lott 1991; Ross & Keller 1995). The ‘socio-ecological’
model explains intraspecific variation in social systems
with variation in the local environment (Lott 1991; Ross &
Keller 1995; Kappeler & van Schaik 2002). However, apart
from social insects (Ross & Keller 1995), little is known
about the influence of the geographical location and the
population history on the intraspecific social system vari-
ation. Anecdotic data suggest that in several bat species,
the proportion of males in breeding colonies varies be-
tween different parts of Europe (Dietz et al. 2007). More
detailed data for brown long-eared bats (Plecotus auritus)
show that male philopatry increases with latitude (Entwis-
tle et al. 2000).

According to the socio-ecological model, the lack of vari-
ation in the social organization and mating system of the
Bechstein’s bat should be an adaptation to a stable environ-
ment. Bechstein’s bats associate with mature deciduous
forest all over their range (Baagøe 2001). This suggests that
the species is very specific in its habitat requirements.
Within the preferred habitat type, the benefits of female
philopatry and sociality are probably largely independent
from local habitat conditions since females seem to profit
from communal breeding in a familiar social environment
(Kerth et al. 2000). This scenario may apply to other Euro-
pean bat species as well, since in all of them, the females are
social and philopatric (Burland & Worthington Wilmer
2001). Uniform natal dispersal in male Bechstein’s bats is

more difficult to explain. Female philopatry combined
with inbreeding avoidance selects for male dispersal (Law-
son Handley & Perrin 2007). However, since Bechstein’s
bats mate at swarming sites (Kerth & Morf 2004), females
could outbreed even if both sexes were philopatric to their
natal colonies. For comparison, in Scotland, male P. auritus
roost in their natal colonies but mate elsewhere (Burland
& Worthington Wilmer 2001). The positive correlation
between latitude and the degree of male philopatry in
P. auritus has been explained with energetic benefits of
communal roosting in cold areas (Entwistle et al. 2000).
Our data suggest that in M. bechsteinii the benefits of
the extremely sex-biased dispersal and the strict female
sociality are independent of local conditions that vary with
latitude, such as climate.

Phylogenetic inertia could also explain the absence
of social system variation (Lott 1991). This explanation,
however, is unlikely to fully explain the observed lack of
variation in the social system of the Bechstein’s bat. The
existence of intra- and interspecific social system variation
in other European bat species (Entwistle et al. 2000; Safi &
Kerth 2007) suggests that bat social systems are not totally
constrained by phylogeny.

Implications for conservation

Our results have several direct implications for the
conservation of the endangered Bechstein’s bat. First, the
large phylogenetic divergence between the Bechstein’s
bat populations in Europe and those in Anatolia and the
Caucasus show that the two types of populations must be
managed as different evolutionary units (Palsbøll et al.
2007). Second, higher genetic diversities in the Balkan
compared to the rest of Europe suggest that populations in
Bulgaria, Greece, and the European part of Turkey should
be protected with particular care since they carry a
substantial part of the genetic variation (compare Schmitt
2007). Finally, our finding that the social system of the
Bechstein’s bat does not fundamentally differ between
Central and Southeast Europe means that the current
management guidelines, which have been mostly based on
data from Central European populations (e.g. Kerth et al.
2000, 2003), should also apply to populations in other
parts of Europe. Effective conservation of Bechstein’s bats
implies the strict protection of breeding colonies, because
they are demographically independent units (Kerth et al.
2000). Swarming sites have to be protected as well since
they assure the flow of nuclear genes between the colonies
(Kerth et al. 2003).

The information that Bechstein’s bats have a stable social
system throughout their European range is good and bad
news at the same time. It is good news because it allows the
design of management plans and habitat protection legis-
latives such as the European FFH-directive (Dietz et al.
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2007), which are applicable throughout Europe. It is bad
news because it suggests that Bechstein’s bats are highly
susceptible to environmental changes that disrupt their
social system, for example the loss of underground sites
used for mating or the cutting and fragmentation of mature
deciduous forest used for breeding.
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Appendix 

Location of the 20 swarming sites and the 50 colonies used in our analyses. We give the name of each site (names in Italic indicate that a site
is located inside the inferred Balkan refugium), numbers of sampled bats, country of origin, the latitude in degrees, three indices of genetic
diversity, and FIS values

Colonies

Site No. of bats Country Latitude h HS AR FIS

BAU 62 Germany 51.97 0.91 0.85 4.32 0.01
ENGD 3 England 50.35 1.00 0.85 4.00 –0.01
MAY 3 Germany 50.33 0.67 0.83 4.14 –0.03
BKSS 3 Germany 49.54 0.67 0.93 4.86 0.03
SSP 6 Germany 49.53 0.73 0.85 4.24 0.08
BOH 106 Germany 49.47 0.78 0.84 4.20 0.00
THO 67 Germany 49.45 0.82 0.84 4.22 0.01
RMC 5 Romania 46.13 0.90 0.88 4.52 –0.01
SNS 31 Serbia 45.15 0.92 0.87 4.46 0.03
BLO 4 Bulgaria 43.02 0.83 0.88 4.49 0.03
BIS 48 Bulgaria 43.00 0.83 0.86 4.41 –0.02
BCG 3 Bulgaria 42.49 0.67 0.86 4.43 –0.06
BVD 3 Bulgaria 42.44 1.00 0.86 4.43 –0.06
BSM 17 Bulgaria 42.09 0.93 0.88 4.57 0.04
BSB 12 Bulgaria 42.00 0.88 0.87 4.37 0.01
BSK 8 Bulgaria 42.00 0.96 0.88 4.55 0.05
TSS 6 Turkey 41.50 0.93 0.89 4.61 0.09
BPI1 3 Bulgaria 41.44 1.00 0.89 4.57 0.04
BPI2 3 Bulgaria 41.42 1.00 0.90 5.00 –0.05
BYA 7 Bulgaria 41.37 0.86 0.86 4.40 –0.05

Colonies

BF 14 Germany 52.78 0.78 0.82 4.00
0.03

GO 12 Germany 52.40 0.17 0.82 4.03 0.05
DU 20 Germany 50.16 0.19 0.83 4.14 –0.04
OK 20 Germany 50.05 0.44 0.83 4.19 –0.05
SF 16 Germany 50.04 0.44 0.81 4.09 –0.04
GI 27 Germany 50.01 0.36 0.83 4.17 – 0.06
BA1 14 Germany 50.00 0.00 0.81 3.90 0.04
BA2 9 Germany 50.00 0.00 0.85 4.19 –0.01
GS2 22 Germany 49.95 0.52 0.82 4.09 –0.01
GS3 17 Germany 49.92 0.00 0.78 3.87 –0.03
GS1 93 Germany 49.91 0.04 0.82 4.07 –0.01
ES 10 Germany 49.90 0.00 0.81 3.97 –0.02
BW 19 Germany 49.90 0.00 0.87 4.38 0.01
ARG 16 Germany 49.88 0.46 0.79 3.88 –0.03
RB 14 Germany 49.87 0.58 0.85 4.30 –0.10
EI 10 Germany 49.86 0.53 0.83 4.17 –0.04
HB 57 Germany 49.79 0.70 0.83 4.12 –0.03
SH 4 Germany 49.77 0.50 0.85 4.05 0.11
WBR 10 Germany 49.76 0.53 0.81 4.12 0.07
WF 15 Germany 49.76 0.53 0.81 3.90 –0.04
KAL 16 Germany 49.75 0.13 0.83 4.04 –0.04
GB2 70 Germany 49.74 0.36 0.83 4.16 0.00
RT 18 Germany 49.74 0.52 0.81 4.01 –0.03
IB1 20 Germany 49.74 0.34 0.81 3.98 –0.05
BS 30 Germany 49.73 0.56 0.85 4.29 0.01
IB2 17 Germany 49.72 0.32 0.84 4.19 –0.03
IB3 16 Germany 49.72 0.23 0.83 4.20 –0.02
UH 42 Germany 49.72 0.05 0.84 4.14 –0.01
GB1 39 Germany 49.71 0.30 0.84 4.19 0.03
SB 34 Germany 49.71 0.00 0.79 3.90 –0.01
RD 7 Germany 49.59 0.81 0.76 3.81 –0.13
GA 5 Germany 49.59 0.00 0.79 3.72 –0.13
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BI 9 Germany 49.58 0.00 0.85 4.22 0.01
AL2 8 Germany 49.57 0.46 0.82 4.08 0.00
RH 17 Germany 49.57 0.00 0.84 4.22 –0.02
SD 62 Germany 49.57 0.28 0.84 4.26 –0.01
AL1 7 Germany 49.56 0.52 0.79 3.94 –0.03
ST 11 Germany 49.56 0.55 0.86 4.29 0.01
BKS   6 Germany 49.55 0.00 0.78 3.92 –0.04
NW 4 Germany 49.55 0.50 0.82 3.92 0.08
JB 12 Germany 49.46 0.17 0.81 4.08 –0.01
HW 6 Germany 49.35 0.60 0.81 4.05 –0.03
KR 10 Germany 49.27 0.36 0.80 4.04 –0.06
HH 11 Germany 49.25 0.00 0.83 4.17 0.03
SÜ 6 Germany 49.18 0.00 0.86 4.42 –0.05
BZ 30 Switzerland 47.29 0.41 0.80 3.83 –0.03
MS 20 Bulgaria 42.60 0.66 0.86 4.40 0.01
RP2 11 Bulgaria 42.19 0.69 0.87 4.47 0.15
RP3 8 Bulgaria 42.19 0.46 0.87 4.59 –0.05
RP1 6 Bulgaria 42.18 0.53 0.85 4.11 –0.01

Colonies

Site No. of bats Country Latitude h HS AR FIS

Appendix Continued


