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The Eurasian beaver (Castor fiber) represents an uncommon example of an endangered species in which
the restoration programs proved a spectacular success and led to enormous spatial and demographic
expansion. Documented reintroduction of beavers in Poland has been conducted using animals of the
eastern European origin, most likely derived from the eastern mtDNA lineage. However demographic
and spatial expansion of beavers from Germany, which represent the western lineage, may have led
to admixture of these two genetically distinct entities in Poland. We detected significant genetic dif-

léz :g‘r);f;r ferentiation between the populations from W and NE Poland both in mitochondrial DNA control region
Expansion and microsatellites, but also substantial admixture including apparent first-generation migrants between

regions. Our results indicate that beavers from the western mtDNA lineage have contributed considerably
to the Polish population, particularly in W Poland. As there have been no adequately documented translo-
cations of beavers from the western European populations to Poland, the observed situation appears to
result from natural migration or range expansion from the west. In contrast to previous findings we
detected a substantial diversity in mtDNA control region, which indicates that either the variation in
relict populations has been underestimated, or that additional relict beaver populations survived at the
end of the 19th century in Poland and Germany as indicated by considerable similarity of ancient and
extant mtDNA haplotypes. The implications of our findings for beaver conservation and management are
discussed.

© 2014 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.
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Introduction

One of the consequences of range expansion may be a secondary
contact between genetically differentiated populations. If these
are not substantially reproductively isolated, admixed populations
will form. Such zones of secondary contact have been described
in many areas, and in temperate regions are often interpreted as
a consequence of postglacial expansion of genetically differenti-
ated populations from separate glacial refugia (Taberlet et al. 1998;
Avise 2004; Hewitt 2004; Hofreiter and Stewart 2009; Shafer et al.
2010). Some of these contact zones may actually be hybrid zones
formed between partially reproductively isolated incipient species,
but many zones are relatively broad and thus unlikely to be main-
tained by strong selection against hybrids (Avise 2004; Abbot et al.
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2013). Paleophylogeographic data suggest that such zones of sec-
ondary contact may by transient, because a thorough mixing of
populations and the loss of phylogeographic structure over the
expansion areas occurred in some species during the last inter-
glacial (Hofreiter et al. 2004). Secondary contact and admixture
between genetically differentiated populations may also occur dur-
ing biological invasions (Kolbe et al. 2008; Keller and Taylor 2010).
Genetic consequences of range expansions have recently received
considerable attention (Currat et al. 2008; Excoffier et al. 2009; Petit
and Excoffier 2009).

The Eurasian beaver (Castor fiber) represents an uncommon
example of a species in which the dynamics of recolonization and
its genetic consequences may be traced almost in real time. Particu-
larly interesting in this context is the situation in the regions where
genetically differentiated populations representing distinct evolu-
tionary significant units (ESU sensu Moritz (1994) and Durka et al.
2005) meet during expansion. The territory of present-day Poland is
an area where such a contact zone may form and admixture follow.

1616-5047/© 2014 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.
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The historical range of the beaver encompassed most of north-
ern Eurasia (Djoshkin and Safonow 1972). In historical times, the
species has been driven to the verge of extinction due to over-
hunting for fur and castoreum. At the end of the 19th century,
when modern conservation measures were initiated, the species
survived only in eight regions widely spaced throughout its histor-
ical distribution from France to Eastern Siberia and Mongolia (Nolet
and Rosell 1998). Skull morphometric analyses provided some sup-
port for the subspecific status of these relict populations (Frahnert
2000). The total census size at that time was estimated at ca. 1200
animals, with some regional populations as small as 30 individ-
uals (Rosell et al. 2012 and references therein). Genetic analyses
of the beavers from these eight regional populations subspecies
demonstrated very low genetic variation within populations and
substantial differentiation among populations (Babik et al. 2005;
Ducroz et al. 2005; Durka et al. 2005). Phylogeographic analysis
detected two major mitochondrial (control region mtDNA) lin-
eages (haplogroups): a western lineage composed of populations
from France, Germany and Scandinavia, and an eastern lineage
made up of populations from the remaining part of the beaver
range. The status of separate ESU was proposed for western and
eastern populations (Durka et al. 2005) as they are characterized
by reciprocal monophyly of mtDNA lineages (sensu Moritz 1994).
Based on sequence divergence, these mtDNA lineages diverged ca.
100-360kya (Durka et al. 2005; Horn et al. 2011) and western
and eastern populations are probably derived from separate glacial
refugia. Analysis of ancient DNA indicates that the territory of the
present-day Poland has been the area of the contact between the
eastern and western clade for several thousand years, with spatial,
though not temporal overlap detected at the level of single localities
(Horn et al. 2014).

For several decades the beaver has been rapidly colonizing its
former historical range, both naturally and with the aid of suc-
cessful translocations; the current census population size exceeds
one million individuals (Rosell et al. 2012 and references therein).
In some areas translocations led to substantially admixed popula-
tions, such as those on the upper Danube in Bavaria and Austria
which were, founded from animals originating from both eastern
and western mtDNA lineages (Schwab and Lutschinger 2001). No
adverse effects of such mixing, e.g. outbreeding depression, have
been reported, though the possible consequences of mixing have
been discussed extensively (Halley 2011; Rosell et al. 2012). The
enormous spatial and demographic expansion of the species has
been claimed as one of the most successful reintroductions, it is
however intriguing, as the species has undergone a severe bot-
tleneck in recent past and thus could have lost its evolutionary
potential (Avise 2004).

It is currently unknown whether the beavers that inhabited
Poland before extirpation represented the eastern, western or both
mtDNA lineages that correspond to two different ESU sensu Durka
et al. (2005). The species was almost extinct in Poland at the end of
the World War II, and populations have been re-established by both
natural immigration from Lithuania and Belorussia and by translo-
cations of beavers imported from western Russia (Zurowski 1979,
1980, 1992; Dzieciotowski and Gozdziewski 1999), most probably
belonging to the eastern mtDNA lineage (but see Senn et al. 2014).1t
was also argued that translocations from Germany occurred during
the World War II, although these claims have been poorly doc-
umented (Halley and Rosell 2002). Currently Poland is inhabited
by ca. 30-40 thousand beavers (Rosell et al. 2012 and references
therein), occurring throughout the country, but the most numer-
ous populations are present in NE, SE and W Poland (Czech 2010).
Based on historical records and documented translocations, beaver
populations inhabiting Poland are assumed to represent the east-
ern mtDNA lineage but are derived from multiple regions, whose
relative contributions remain unknown. Ancient DNA data of Horn

etal.(2014)indicate however that probably both lineages inhabited
Poland in historical times. The natural expansion of beaver popula-
tions from Germany, which belong to the western mtDNA lineage,
may have led to secondary admixture of these two genetically dis-
tinct groups in Poland.

In the present study we use mitochondrial DNA, autosomal
microsatellites, and Y chromosome markers to: (i) assess the
genetic structure of the Polish beaver populations with empha-
sis on the differentiation between two regions: NE and W Poland,
currently sustaining the largest populations; (ii) estimate genetic
variation in the Polish beaver populations; (iii) estimate the extent
of admixture between eastern and western populations using mul-
tiple classes of DNA markers.

Material and Methods

The tissues for genetic analysis were collected between
2009 and 2011 in NE Poland: Podlaskie (N=30) and
Warmifisko-Mazurskie (N=8) voivodships during standard
translocation procedure of beavers within Poland constituting a
part of the Programme of Active Beaver Protection. Samples from
W Poland (Lubuskie voivodship) were collected from individuals
legally culled to control the beaver population. Precautions were
taken to not sample multiple individuals within family groups.
Additionally, we obtained four samples from museum specimens:
three from the Silesia region and one from Pomerania (Fig. 1). In
total, we collected 91 samples that were stored in 96% alcohol until
DNA extraction. We obtained multilocus microsatellite genotypes
for 77 samples, while from mtDNA, sequences were aligned for 65
beavers.

Molecular analyses

DNA was extracted from dried skin fragments or ethanol-
preserved tissue using the NucleoSpin Tissue Kit (Macherey and
Nagel, Dueren, Germany) according to the manufacturer’s pro-
tocol. Individual samples were genotyped at eight microsatellite
loci (Cca4, Cca5, Cca8, Cca9, Ccal0, Ccal3, Ccals, Ccal8) developed
for Castor canadensis Canadian beaver (Crawford et al. 2008). All
reactions were carried out with the use of Qiagen Multiplex PCR
kit (Qiagen Ltd., Crawley, United Kingdom) with one primer of
each pair fluorescently labeled. Reactions were carried out with
3.5 mM of MgCl, in two sets differing in the annealing temperature
(Cca4-HEX, Cca 5-HEX, Cca8-FAM at 61 °C; Cca9-HEX, Ccal0-FAM,
Cca13-FAM, Ccal5-TAMRA, Cca18-HEX at 59 °C). The reaction con-
ditions were as follows: 15 min at 95 °C followed by 30 cycles of
denaturation at 94°C for 30s, annealing at 61°C/59°C for 60s,
extension at 72°C for 60s and the final elongation for 10 min
at 72°C. Amplification products were resolved on an ABI PRISM
3130xl Genetic Analyser (Applied Biosystems, Foster City, USA)
and sized with the internal standard LIZ 500 using the program
Genemapper v.4.0 (Applied Biosystems).

A 490 bp fragment of mtDNA control region was amplified and
sequenced in a subset of 65 samples representing all four sam-
pled regions (31 from NE Poland, 30 W Poland, 3 Silesia and
1 Pomerania). We used universal primers Thr-L15926 and DL-
H16340 (Cheney 1995) to amplify the hypervariable domain I
(Saccone et al. 1987) of the control region (CR). This mtDNA frag-
ment was used in previous phylogeographic analyses of the beaver
and amplified according to Ducroz et al. (2005) and Durka et al.
(2005).

Ten samples from the following subspecies: C. f. albicus (west-
ern ESU), C. f. vistulanus, C. f. belorussicus, C. f. birulai and C. f. pohlei
(eastern ESU) were also analyzed for DBY7 and UTY11 markers.
One to three samples were sequenced in each subspecies. The
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Fig. 1. Map of the study area of the Eurasian beavers and the distribution and frequency of detected 11 control region mtDNA haplotypes as a pie charts. Forest inspectorates
where samples were collected indicated with dots. Haplotypes al1, Cf1, Cf3, Cf4, Cf5, Cf8, Cf9, and Cf10 belong to the western mtDNA lineage, while haplotypes Cf2, Cf6, and

Cf7 belong to the eastern mtDNA lineage according to Durka et al. (2005), see also Fig. 5.

following 10 YCATS (Y chromosome conserved anchored tagged
sequences) were amplified using universal primers (Hellborg and
Ellegren 2003): DBY1, DBY3, DBY3/4, DBY4, DBY7, DBYS8, DBY9,
DBY14, UBE1Y6 and UTY11 in 44 C. fiber males from Poland. PCR
reactions were performed with a GeneAmp PCR System 9700
(Applied Biosystems) in 5uL volumes containing 2 pL genomic
DNA (~20ng), 1.7 n.L Qiagen Multiplex PCR Master Mix (1x), 0.3 nL
mix of primers (0.2 wM of each primer) and 1 wL RNase-free water.
Thereaction conditions were as follows: 15 min at 95 °C followed by
35 cycles with denaturation at 94 °C for 30 s, annealing at 57 °C for
90, extension at 72 °C for 60 s and the final elongation for 30 min
at 60°C.

All sequencing reactions in both directions (for mtDNA and
YCATS) were performed using the BigDye™ Terminator Cycle
Sequencing Kit (Applied Biosystems), following the manufacturer’s
protocol. The detection of sequencing reaction products was carried
out on an ABI PRISM 3130x1 or ABI 3130 Genetic Analysers (Applied
Biosystems). Sequences were checked manually and aligned with
use of the ClustalX algorithm in Bioedit 7.0.5.3 (Hall 1999).

Population genetic analyses, microsatellites

Microsatellite genotype frequencies were tested for deviations
from Hardy-Weinberg expectations with exact tests of Guo and
Thompson (1992) in Genepop 4 (Rousset 2008). The following
genetic diversity parameters were estimated for each locus using
FSTAT 2.9.3 (Goudet 1995): number of alleles (N4 ), observed and
expected heterozygosity (Hp and Hg) and Fs. Tests of linkage dis-
equilibrium between all pairs of loci were performed in Genepop
using 10,000 permutations. Associated probability values were cor-
rected for multiple comparisons using the Bonferroni adjustment
for a significance level of 0.05.

To assess the autosomal genetic structuring of beavers over
the entire sampled area, we used the Bayesian model-based clus-
tering method implemented in STRUCTURE 2.3.3 (Pritchard et al.
2000). We used the admixture model and correlated allele frequen-
cies with no prior information about sample origin (Falush et al.
2003). We performed 10 independent runs for each K value from
K=1 to K=5. Each run had 100,000 iterations following a burn-
in of 100,000 iterations. To determine the most likely number of
clusters, we used the lowest value of mean InP (X|K). Because the
log-likelihood estimated by STRUCTURE often displays higher vari-
ance between runs for higher K values, we also calculated the rate
of change in the log probability of data between successive K values
(AK, Evanno et al. 2005) with use of STRUCTURE HARVESTER soft-
ware (Earl and von Holdt 2012). For each individual, the fraction of
its genotype derived from each genetic cluster was calculated using
CLUMPP (Jakobsson and Rosenberg 2007) as the average across
runs. Individuals that did not reach 0.7 of their genotype in any
cluster were classified as of mixed ancestry or immigrants. This
threshold was used to give an optimal balance between the effi-
ciency and accuracy for categorizing individuals as admixed and
non-admixed (Vdhd and Primmer 2006).

To detect first generation migrants we used Bayesian assign-
ment of Rannala and Mountain (1997) implemented in GeneClass
2.0. Probabilities of being a resident were derived for 10,000 sim-
ulated individuals and the cut-off criterion was set to p <0.005. To
compare the level of differentiation between these populations we
computed pairwise Fst using FSTAT 2.9.3.

Additionally, we used multilocus microsatellite data to perform
factorial correspondence analysis (FCA) implemented in Genetix
4.05 (Dawson and Belkhir 2001) to explore the distribution of
genetic variation graphically. FCA finds the uncorrelated linear
combination of variables (allele frequencies at different loci) which
explain the highest amount of variation contained in the data.
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Measurements of genetic diversity were estimated for all geneti-
cally distinct groups as defined by STRUCTURE analysis. Mean num-
ber of alleles (Na, as the number of individuals in each group was
equal), observed and expected heterozygosity (Hp and Hg) and Fig
were estimated using FSTAT 2.9.3. The program BOTTLENECK 1.2.02
(Piry et al. 1999) was used to test for a recent bottleneck or expan-
sion in each STRUCTURE defined population. An excess of observed
gene diversity relative to the expected gene diversity for the num-
ber of alleles detected in the sample may indicate a population
size reduction. Conversely, a deficit in the observed gene diversity
may indicate that the population is growing (Piry et al. 1999). Two
mutation models, considered appropriate for microsatellites, were
applied: the strict Stepwise Mutation Model (SMM) and the Two-
Phase Model (TPM). For the TPM, a model that includes both 90%
single-step mutations and 10% multiple step mutations was used.
Significant deviations in observed heterozygosity over all loci were
tested using a non parametric Wilcoxon test.

Population genetic analyses, mitochondrial DNA

DnaSP 5.0 (Librado and Rozas 2009) was used to determine the
number of haplotypes (h) and variable sites (S), and to calculate
haplotype diversity (Hd) and nucleotide diversity (7). We also cal-
culated pairwise Fst and haplotype diversity measures (h, S, Hd and
) for STRUCTURE defined genetic groups. Relationships among the
CR-mtDNA haplotypes were assessed using parsimony and dis-
tance methods. Haplotypes obtained in this study were analyzed
along with haplotypes reported in Durka et al. (2005), covering the
whole Eurasian range of Castor fiber as well as three haplotypes of
western lineage (JF264886-]F264888) from Germany (Horn et al.
2010). All analyses were performed with PAUP* 4.0b10 (Swofford
2003). In maximum-parsimony (MP) analysis, gaps were treated
as a fifth character to account for the insertions/deletions (indels)
present in this noncoding region. MP searches were conducted by
the branch and bound method. A neighbor joining (N]) tree was con-
structed from the matrix of pairwise p distances. Trees were rooted
with three Castor canadensis sequences (GenBank accession num-
bers AY623644-AY623646). Robustness of both MP and NJ trees
was tested with 1000 bootstrap replicates. To explore the haplotype
genealogies for mtDNA, median joining network was constructed
in NETWORK v4.6.1.0 (http://www.fluxus-engineering.com). To
check whether CR mtDNA sequences were noted previously in the
literature, we compared our data with both, extant and ancient
complete sequences of Castor fiber obtained from GenBank (Durka
et al. 2005; Horn et al. 2010, 2014).

The frequencies of mtDNA haplotypes detected in this study are
presented on the map of the sampling area as pie charts (Fig. 1).

Results

We obtained full microsatellite genotypes for 77 individuals (38
from NE Poland, 38 from W Poland and 1 sample from Pomerania).
We were not able to genotype samples from museum specimens
from the Silesia region, consequently they were excluded from
microsatellite analysis. Three loci (Cca9, Ccal0 and Ccal5) were
monomorphic and they were excluded from further analysis. We
detected 2-10 alleles per polymorphic locus (Table 1). All loci were
in Hardy-Weinberg equilibrium when all samples were included,
indicating that overall population structuring is limited. No sig-
nificant linkage disequilibrium was detected between any pair of
polymorphic loci.

According to the STRUCTURE analysis, microsatellite data
clearly support the presence of two genetic clusters as both
the probability of the data and AK (Evanno et al. 2005) were
highest for K=2 (Fig. 2). These two clusters correspond well to

Table 1
Characterization of microsatellite loci genotyped in 77 beaver individuals from
Poland.

Locus Na He Ho Fis p

Ccad 6 0.6183 0.5584 0.103 0.444
Cca5 3 0.3984 0.3611 0.101 1.000
Cca8 10 0.6641 0.6274 0.102 0.071
Ccal3 4 0.6319 0.5974 0.061 0.398
Ccal8 2 0.4190 0.3896 0.077 0.525

Na, number of alleles; Hg, expected heterozygosity; Ho, observed heterozygosity;
Fis, fixation index; p, the probability of Hardy-Weinberg deviations.

populations from W and NE Poland, indicating geographic structur-
ing of microsatellite variation. Most individuals sampled in these
respective regions had an overwhelming majority of their ancestry
classified to the cluster characteristic for that region. The analy-
sis classified 12 individuals from W and for 6 individuals from NE
Poland as of admixed ancestry or immigrants (Fig. 3). Admixed indi-
viduals from W Poland had from 0.038 to 0.675 of their genome
derived from the eastern cluster, whereas those from NE Poland
had from 0.346 to 0.687 of their genome derived from the west-
ern cluster. MtDNA sequences were available for 6 of 12 admixed
W Poland beavers, all of them had the western mtDNA type (Cf3
and Cf5). Among six admixed beavers from NE Poland five had the
western (Cf1, Cf3, Cf5) and one the eastern mtDNA haplotype (Cf6).
One individual sampled at a relatively long distance north from W
Poland, in Pomerania (Fig. 1.) was classified to the NE cluster (0.99 of
eastern ancestry), but had the western mtDNA type (Cf3). Among W
Poland individuals with admixed ancestry there were first genera-
tion migrants detected by Geneclass2.0. Mitochondrial haplotypes
for those individuals were not known. Similarly, in NE Poland three
individuals were classified as first generation migrants. Two of
those individuals had western mtDNA haplotypes and in one we
detected an eastern mtDNA haplotype.

FCA confirmed the results of the STRUCTURE analysis: individ-
uals from W and NE Poland separated along the first axis (Fig. 4.).
While most samples cluster within a range of their respective
group members, several samples are scattered widely along the
second FCA axis. Although the separation of individuals from W
and NE Poland is clearly visible, a number of admixed individuals
are apparent. Similarly to STRUCTURE analysis, the individual from
the Pomeranian region clustered together with beavers from NE
Poland. Genetic differentiation between W and NE Poland was also
confirmed by Fsr value of 0.076, being moderate and significantly
different from zero (p <0.001).

Measures of microsatellite variation in W and NE Poland are
given in Table 2. The mean number of alleles per locus, Fis and het-
erozygosities were similar for both groups, although we detected a
slightly higher mean number of alleles in NE Poland. We did not
detect any signature of heterozygote excess or deficit using the
nonparametric Wilcoxon test in Bottleneck.

Among 65 sequenced individuals, 11 mtDNA CR haplotypes
were identified (Fig. 1.). Only two of these haplotypes were reported
earlier by Durka et al. (2005) (haplotype all, GenBank accession
number: DQ088700) and Horn et al. (2010) (GenBank acces-
sion number: JF264887, identical with our haplotype Cf5). The
haplotypes obtained in our study were deposited in GenBank

Table 2
Genetic diversity of STRUCTURE defined beaver populations.
N Na He Ho Fis p
w 38 3.6 0.514 0.528 —-0.028 0.423
NE 38 44 0.530 0.478 0.181 0.498

Nja, mean number of alleles; Hg, expected heterozygosity; Ho, observed heterozy-
gosity; Fis, fixation index; p, the probability of Hardy-Weinberg deviations.
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Fig. 2. (A) Mean InP (K) and SD of 10 replicates of STRUCTURE runs for each K performed on multilocus microsatellite data, where K=2 is indicated as the best fit. Each
run had 100,000 iterations following a burn-in of 100,000 iterations. (B) Delta K (AK) of Evanno et al. (2005), where K=2 is indicated as the best fit for different levels of
structuring. These two clusters correspond well to populations from Western and North-eastern Poland, indicating geographic structuring of microsatellite variation.

(accession numbers: KC693753-KC693762). The number of seg-
regating sites (S) was 32 and 19 of these sites were parsimony
informative. Haplotype diversity (Hd) was 0.769 and nucleotide
diversity () was 0.0105. For population analysis haplotypes
obtained in Pomerania and Silesia were excluded due to low sample
size (1 and 3, respectively). Mitochondrial control region diversity
revealed moderate and significant differentiation between W and
NE populations (Fsy=0.13; p<0.001). In NE Poland we detected 7
haplotypes characterized by 28 segregating sites, Hd was 0.761 and
7 was 0.015. In W Poland we found also 7 haplotypes characterized

by 11 segregating sites. Hd was 0.745 and & was 0.0045. Maximum
parsimony and neighbour-joining analyses performed jointly for
CR haplotypes detected in this study and those reported from the
Eurasian range of the beaver in Durka et al. (2005) and Horn et al.
(2010) demonstrated that the new haplotypes could be unambigu-
ously classified into the eastern and western lineage (Fig. 5.). In
NE Poland we detected haplotypes Cf2, Cf6 and Cf7 from the east-
ern mtDNA lineage but also haplotypes Cf1, Cf3, Cf4 and Cf5 from
the western lineage. All beavers sampled in W Poland had con-
trol region mtDNA haplotypes (al1, Cf3, Cf8, Cf9 and Cf10) from

Population W

Population NE

Fig. 3. Average individual membership in genetic groups assigned by STRUCTURE in comparison to sampling location (beavers populations from Western and North-eastern
Poland, and from Pomerania region), for K= 2. The last bar represents an individual sampled in Pomerania region. Individuals sorted according to highest membership.
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Eurasian beavers individuals sampled from populations in North-eastern Poland marked with dark grey, individuals sampled from populations in Western Poland marked
with light grey, one individual sampled in Pomerania marked with white.

the western lineage. The most common haplotype was Cf3, found delineated two separate lineages within the Eurasian beaver, sug-
in both regions. Also in three samples from Silesia and one sample gesting the presence of a strong phylogeographic structure. These
from Pomerania Cf3 haplotype was detected. The distribution of the lineages were separated by at least 10 mutation steps. The west-
haplotypes is presented in Fig. 1. The mtDNA network (Fig. 6.) also ern lineage is characterized by more or less star-like shape with
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Fig. 5. The neighbor-joining (NJ; left) and the maximum parsimony (MP; right) tree constructed from Castor fiber control region mtDNA haplotypes (490 bp) obtained by
Durka et al. (2005) and in this study (Cf1-Cf10). The NJ tree was constructed from the matrix of pairwise p distances, while the MP by using the branch and bound method.
Both trees rooted with Castor canadensis haplotypes (cal-ca3; GenBank accession numbers AY623644-AY623646). Numbers listed at nodes represent percent support for
that node from 1000 bootstrap replicates.
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South Scandinavia

western lineage

eastern lineage

Fig. 6. Median-joining network showing relationships among Eurasian beavers mitochondrial DNA control region haplotypes (480 bp) belonging to the western and eastern
lineages. Eleven mtDNA-CR haplotypes found in our study have codes from cf1 to cf10, the all haplotype was previously described by Durka et al. (2005). All haplotypes
found in Poland (this study) are in bold. We also used ancient haplotypes from Horn et al. (2014) (shown in italics). The extant haplotypes: al, bi, fi, fin, ga, in, po, tu are from
Durka et al. (2005), and ger4 (GenBank accession no.: JF264886) is from Horn et al. (2010). Missing haplotypes are shown as a grey dot.

South Scandinavian subclade. Interestingly, the ancient POL2 hap-
lotype has central position at the network and it differs by a single
substitution from extant Cf10 haplotype detected in our study.
Moreover, ancient POL8 haplotype is identical with extant Cf5 hap-
lotype that we found in Poland and Germany. This haplotype is
ancestral with respect to extant Cf3, 4, 8 as well as ancient POL7,
POL9 and POL10 haplotypes (Fig. 6.). The eastern mtDNA lineage is
reticulated and contains several subclades with distinct haplotypes.
Again, in Poland, we found Cf7 haplotype that was identical with
the ancient RUS2 haplotype and two other extant haplotypes (Cf6
and Cf2) that differed from this haplotype by two and six mutations,
respectively.

We successfully amplified and sequenced 6 out of 10 YCATS:
DBY4 (236bp), DBY7 (208bp), DBY8 (134bp), DBY9 (479 bp),
DBY14 (230bp), and UTY11 (263 bp), giving a total of 1550 bp of
Y chromosome screened for variation. The DBY7 was the only one
containing any variable positions, in this case C/T transversion:
T was present in C. f. birulai (accession no: KF802798) and C in
all other examined individuals (accession no: KF802797). At the
species level, Hd for DBY7 was 0.053 and 7 was 0.00003. No poly-
morphism for the studied YCATS was found in beaver males from
Poland.

Discussion

In this study we used mitochondrial and nuclear microsatel-
lite as well as Y-linked markers in order to identify the patterns

of genetic differentiation among beaver populations in Poland.
We compared our mtDNA results with recently published ancient
sequences of the species (Horn et al. 2014). It is apparent that
a strong historic bottleneck followed by extensive management
practices caused extreme fluctuations in population sizes and
admixture between NE and W populations. These are the first
results reporting the effects of multiple translocations and reintro-
ductions on genetic structure of this species. We detected several
new mtDNA haplotypes as well as significant genetic differentia-
tion between the populations from W and NE Poland both in mtDNA
and microsatellites. Substantial differentiation was not expected, as
both populations were thought to be derived from the same mixed
stock of eastern European origin. The diversity of the species was
shaped by unexpected expansion from the west, the possible pres-
ence of relict population(s) as well as multiple translocations of
insufficiently documented history.

Microsatellite differentiation

Our data on microsatellite diversity of beaver populations in
Poland are the first enabling high-resolution assessment of popula-
tion structure after restoration. There are currently no comparative
nuclear data from other Eurasian beaver populations. Microsatellite
diversity is moderate in comparison with values usually obtained
for mammal species, and higher than that reported for severely
bottlenecked populations (Frankham et al. 2002). This result does
not confirm the expectation of extreme reduction of beaver genetic
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diversity (Ellegren et al. 1993; Babik et al. 2005). A study of the
North American beaver (Castor canadensis) in Illinois where the
species was also reintroduced after population collapse in the 19th
century revealed similar levels of genetic diversity (Crawford et al.
2009). Out of five polymorphic microsatellites used in our study,
three were also used to examine genetic diversity in Illinois popu-
lations. Although we cannot directly compare genetic diversity of
those two species, the number of alleles and expected heterozy-
gosities in Polish populations were comparable or even exceeding
those for Illinois populations (Crawford et al. 2009). We do not
know whether microsatellite variation detected in the current
study is higher or lower than in relict, post-bottleneck popula-
tions of the Eurasian beaver. One may suspect that variation is
higher than in relict populations because the present-day Polish
populations are derived from several source populations, which are
known to be differentiated in mtDNA and MHC, but show very lit-
tle intrapopulation variation (Babik et al. 2005; Ducroz et al. 2005;
Durka et al. 2005). The recent availability of a large number of
microsatellite (Pelz-Serrano et al. 2009; Frosch et al. 2012) and SNP
(Senn et al. 2013) markers opens exciting opportunities to track the
origin and history of translocations in the beaver. Polish popula-
tions will be an excellent object of such studies, especially if broad
comparative data from all relict populations become available.

Microsatellite differentiation expressed as pairwise Fst demon-
strated moderate and significant differentiation between W and NE
Poland, which does not support the reintroduction from a single
stock of mixed origin. The genetic structuring observed between
populations of the previously mentioned North American beaver
populations revealed almost identical levels of population differ-
entiation (Fst=0.068 versus 0.076 in our study, both values being
significantly different from zero) (Crawford et al. 2009). This result
can be explained by limited dispersal between populations despite
relatively recent reintroductions acting in a similar way in popula-
tions of the North American beaver and in the Polish populations
of the Eurasian beaver. According to the STRUCTURE analysis, the
majority of individuals were assigned to the eastern or western
clusters, broadly in agreement with positions of their sampling
locations, although migrants and admixed individuals were also
identified in each region. Despite the equal sample sizes, twice
as many migrants or admixed individuals were detected in the
W compared to NE Poland. This suggests extensive exchange of
beavers between NE and W Poland, likely the result of numerous
translocations. Interestingly, all individuals with admixed ances-
try detected in Western Poland for which mtDNA was assayed
were of the western mitochondrial type. Taken together, these
results indicate that beavers from the western mtDNA lineage
have contributed considerably to the Polish population, particu-
larly in W Poland. Most of this contribution appears to result from
natural immigration of the beavers from Germany, but we can-
not exclude translocations of German beavers to eastern Poland
during World War II; the evidence for such translocations is how-
ever equivocal (Halley and Rosell 2002). A recent model of beaver
population dispersal based on the data of beaver expansion in
Czech Republic predicted substantially higher spread rate along
watercourses (15-20km per year) than classical models, and a
progressive space filling rather than increasing population density
as a result beaver population growth (Bartak et al. 2013). Cur-
rently the Eurasian beaver occurs over the entire territory of Poland
(http://www.iop.krakow.pl/ssaki/Gatunek.aspx?spID=61) and the
number of detected migrants would probably be even higher if the
sampling would be more extensive.

We did not detect signatures of population bottleneck in any of
the regions. Taking into account that the species survived only in
few refugia across its range that resulted in reduced genetic diver-
sity (Ellegren et al. 1993; Babik et al. 2005; Durka et al. 2005) and
Polish beaver populations were established with a limited number

of individuals only about 60 years ago the effects of size reduc-
tion was expected. The lack of bottleneck effect due to population
size fluctuations could be due to two factors. First, the power of
five microsatellite loci to detect a signature of a bottleneck is low.
Second, Polish beaver population was established from individ-
uals originating from several eastern relict populations, in effect,
beavers in recolonized area show moderate or even high diversity.
Migration from the German populations that represent western
mtDNA lineage followed by admixture could further erase the sig-
nal of the bottleneck.

Haplotype diversity in Polish beaver populations (mtDNA and
YCATS)

The interpretation of mtDNA variation detected in the present
study is greatly facilitated by previously published data. Accord-
ing to these studies, the extreme bottleneck that affected all
Eurasian beaver populations resulted in a significant reduction of
intrapopulation diversity and strong population structure in both
neutral mtDNA (Durka et al. 2005; Horn et al. 2014) and effec-
tively selected (MHC) markers (Babik et al., 2005). Durka et al.
(2005) found extreme genetic structuring within the present range
of C. fiber, with strong phylogeographical division between West-
ern populations from Germany, France, and Norway and remaining
populations located further to the east. This pattern was explained
by strong reduction in gene flow accompanied by beaver extir-
pation throughout its range or by postglacial expansion followed
by elimination of a part of neighboring populations. Although this
result may hold in previously studied populations, our results show
that Polish beaver populations exhibit more complex genetic struc-
ture. In our study we obtained mitochondrial haplotypes for 65
beavers sampled over a relatively small area. Among those samples
we found 11 haplotypes that group within either eastern (4 hap-
lotypes) or western (8 haplotypes) mtDNA haplogroups detected
by Durka et al. (2005), 9 of them not being reported previously.
Interestingly, our study, together with Durka et al. (2005) and Horn
etal.(2010) revealed similar number of haplotypes for western and
eastern mtDNA lineages: 12 and 15, respectively. This clearly indi-
cates that either relict populations sampled by Durka et al. (2005),
with 7-39 individuals sequenced, are themselves genetically struc-
tured and previous sampling detected only a fraction of variation
present there, or additional, previously unknown beaver popula-
tions survived the historical bottleneck. It seems likely that such
populations could have also survived in Belarus, Ukraine and west-
ern Russia as well as even in Poland. Published maps (Nolet and
Rosell, 1998; Rosell et al. 2012) show multiple relict areas e.g. in
the Pripet marshes. Remarkably, several new mtDNA haplotypes
found in Poland (this study) were identical or very similar to the
ancient haplotypes from Poland and Russia (Horn et al. 2014). This
indicates that beavers could have not been extinct during the WW II
in Poland. Moreover, ancient POL2 and POL8 haplotypes that belong
to the western lineage are ancestral to some of extant haplotypes
in Poland. Thus, it seems very probable that at least some extant
beavers are descendants of ancient populations that lived in Cen-
tral Europe (e.g. Eastern Germany, Poland) several thousand years
ago. More extensive, carefully designed sampling of the known
relict areas will be needed to distinguish between the possibilities
outlined above.

Our results show that western lineage haplotypes are com-
mon and widespread in Polish beaver populations. This pattern can
be explained, similarly as in case of microsatellite differentiation,
by extensive migration of beavers from the western bank of the
Oder river (acting as a migratory corridor) as a result of strong
beaver range expansion in Germany (Kautenburger and Sander
2008). Since many rivers join the Oder river on the Polish side,
this immigration from Germany followed by eastwards expansion
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could be considerably facilitated. If this has been the case, beaver
populations in Eastern Germany and Western Poland would be
genetically very close. This is quite probable as al1 and Cf5 mtDNA
haplotypes were found both, in Poland (this study) and Germany
(Durka et al. 2005; Horn et al. 2010). The presence of only west-
ern lineage mtDNA haplotypes in Western Poland is striking in
the light of numerous translocations from Eastern Poland over last
60 years and the detection of migrants from the NE population in
the Western region. This would suggest that the contribution of
beavers migrating from the western side of Oder river (Germany)
to W Poland has been higher than that of beaver translocated from
northeastern Poland. The most frequent haplotype found in this
study (Cf3) belongs to the western haplogroup and is present in
high frequencies both in W and NE Poland. This can be explained
either by extensive migration of beavers from Germany possess-
ing mtDNA haplotypes of western lineage as suggested above or
possibly by poorly documented translocations from this country
during the WW II to Poland. Alternatively, the presence of western
lineage in eastern European countries (e.g. Belarus and possibly
Western Russia) acting as a source populations for reintroductions
in Poland could have resulted in the predominance of western lin-
eage in Poland. This is probably the case, as haplotypes of western
lineage were found in Belarus, especially in the Voronezh region
(with 100% frequency) as well as in Kirov Oblast (Russia, with fre-
quency of 81.3%; Senn et al. 2014). The presence of western mtDNA
lineages in Eastern Poland was also documented for the weasels,
Mustela nivalis (McDevitt et al. 2012).

The presence of a single Y chromosome haplotype among Polish
males of C. fiber from the western and eastern mtDNA clades was
not unexpected. Generally, low levels of Y polymorphism have been
recorded in species of different mammalian natural populations,
with Y chromosome sequences being completely monomorphic in
lynx and reindeer (Hellborg and Ellegren 2004). On the other hand,
the different Y-chromosome haplotype present in C. fiber bilurai
may support its subspecific status.

Conservation implications

The spectacular beaver recovery in many European countries
including Poland, which has resulted in its occurrence nearly all
over the country, is one of rare examples of a successful translo-
cation program followed by natural expansion. The beaver is
presently one of the most widely distributed medium-size mam-
mals in Poland. Beavers cause considerable damage to agriculture
and forestry which is the main reason behind increasing social con-
flict concerning the species. As the beaver is a protected species,
damages are compensated by the state; however the number and
total compensation value paid have dramatically increased. The
only means of population regulation are destruction of dams, and
rare provisional shooting under detailed supervision of nature
conservation authorities. Therefore the establishment of a com-
prehensive national management plan of the beaver populations
is urgently needed.

According to Durka et al. (2005), western and eastern mito-
chondrial lineages that constitute reciprocally monophyletic units
should be treated as separate evolutionarily significant units (ESUs,
sensu Moritz 1994), and in consequence the management of beaver
populations belonging to western and eastern subspecies should
be performed separately as they constitute distinct conservation
units. The main recommendation was of using western subspecies
forreintroductions in western and central Europe, while using east-
ern subspecies east of the Oder River. Our results show that mixing
of populations that belong to eastern and western mtDNA lineages
in Poland has already occurred as a result of both natural expansion
and human translocations. Interestingly, the position of a contact
zone between the lineages is very similar to this in ancient times

(Horn et al. 2014). There are reports of relatively poor performance
of beavers derived from non-admixed populations, which may be
a sign of inbreeding depression (reviewed in Halley 2011). On the
other hand, high viability and the rapid range and demographic
expansion of beaver in Poland and in many European countries
do not provide any evidence of outbreeding depression (Halley
2011). Therefore is seems that a realistic recommendation would
be to limit translocations in the near future as natural immigration
from Germany may have played a more significant role than pre-
viously assumed and monitor closely beaver populations with use
of genetic markers.
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