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Genetic diversity of feral and ranch American mink was studied in order to understand the processes of
invasion and the possible influence of multiple introductions on the feral mink population in Poland. Tis-
sue samples obtained from feral mink taken from 10 sites across Poland (196) and from ranch mink at
nine mink farms (147) were genotyped at 14 microsatellite loci. Genetic differentiation among the sep-
arate regions and sites indicated some restriction in gene flow among them (pairwise FST values), and
greater variation at microsatellite loci for feral mink was attributed to differences among sites rather than
among regions (AMOVA). A Mantel test demonstrated a positive association of pairwise genetic and geo-
graphic distances. A total of five clusters of feral mink were identified and their spatial distribution par-
tially reflected regional distribution, but also suggested that there were other factors (human-mediated
propagule pressure) shaping mink genetic structure. Feral and ranch mink belong to two genetically sep-
arate clusters and an assignment test showed that 34 feral mink (17%) were assigned to the ranch mink
clusters. The proportion of feral mink assigned to ranch mink clusters correlated with the size of the farm
breeding stocks in the districts where sampling sites were located. High human-mediated propagule
pressure (particularly in western Poland) increases feral population genetic diversity and overwhelms
genetic structure and potential management units, making the control of mink populations less success-
ful. Our results indicate that reducing number of escapees from farms should be required management
action.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The introduction of exotic species can potentially pose a serious
threat to native fauna and often leads to a dramatic loss of biolog-
ical diversity (Vitousek et al., 1996), especially when the alien spe-
cies increase their abundance massively, become invasive and
expand their range rapidly (e.g. Brzeziński and Marzec, 2003; Arim
et al., 2006). Colonization of a new area may result from single or
multiple introductions of individuals (Dlugosch and Parker, 2008),
but if the number of founders is small, genetic bottlenecks and ge-
netic drift are observed. Therefore, genetic diversity is expected to
decline across the expanding range of an exotic species (Allendorf
and Lundquist, 2003; Rollins et al., 2009). Low genetic diversity of
introduced species may reduce the colonization rate by decreasing
the ability to adapt to the novel non-native environment (Falconer
and Mackay, 1996; Spielman et al., 2004). Furthermore, coloniza-
tion of a heterogeneous landscape with habitats of various perme-
ll rights reserved.
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abilities may accelerate genetic structuring across an invasive
species’ range. Such a structured range, separated by distance
and/or barriers, creates units where, in separate localities, popula-
tion dynamics may differ in response to variation of environmental
conditions or human impact.

Theoretically, models of species invasion may be complicated
by multiple introductions beyond invasion range or at locations al-
ready colonized. Multiple introductions increase genetic diversity
and homogenize genetic structure across the species range (Dlu-
gosch and Parker, 2008). A large number of propagule introduction
events may increase the invasion rate by multiplying the number
of animals, affecting population dynamics and compensating for
the negative influence of environmental factors or human impact.
Moreover, the increase in genetic diversity, which frequently leads
to greater adaptability and life history plasticity (Facon et al.,
2008), may further enhance a species’ ability to invade. Therefore,
mitigation of ongoing invasion and management of alien species
require information about the colonization history, population
structuring and propagule pressure. Analysis of the genetic vari-
ability and genetic structure of invasive species in a new range
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Fig. 1. Size of female breeding stocks of American mink farmed in provinces of
Poland (data from the Polish Association of Fur Animal Breeders and Producers).
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can provide much of this important information: defining manage-
ment units, landscape barriers and pathways of introduction (Rol-
lins et al., 2009), which may greatly benefit the management
strategy and improve local on-the-ground control or eradication
programmes.

In the 20th century, the rapid expansion of feral American mink
(Neovison vison) occurred in many European countries (Gerell,
1967; Cuthbert, 1973; Bevanger and Henriksen, 1995; Kauhala,
1996; Brzeziński and Marzec, 2003) and numerous stable popula-
tions are now present over a wide geographic range, comprising
the whole continent (see review by Bonesi and Palazon, 2007).
Since the start of the American mink invasion, fur farms have re-
mained the predominant source of new generations of mink escap-
ees, which supplement feral populations. In some regions, such as
in Denmark where mink farming is highly developed, process of
ranch mink inflow to feral population is still very intensive (Ham-
mershoj et al., 2005). However, opinions differ as to the impact of
escaping ranch mink on wild living populations. In Canada, escap-
ees from farms may be responsible for declines in wild populations
of the native mink, probably due to introgressive hybridization and
diseases (Bowman et al., 2007; Kidd et al., 2009). Theoretical mod-
els suggest that a permanent inflow of ranch mink decreases the
fitness of feral populations and may lead to population decline
(Hammershoj et al., 2006); however, this theory has yet to be ver-
ified in any region of Europe inhabited by feral mink. On the other
hand, due to the considerable variety of breeds kept at various
mink farms over almost 100 years, the constant admixture be-
tween different genetic pools may have led to an increase in the
adaptive potential of feral mink. It might be expected that in hab-
itats with large numbers of farm escapees, increased competition
between first generation immigrants leads to a low survival rate
and so only individuals with the best adaptive potential breed
within the existing feral population. Therefore, the genetic and
ecological consequences of ranch mink escapes might be
significant.

In Europe, the number of mink kept at farms is still high (Bonesi
and Palazon, 2007), however, for fear of supplementing feral pop-
ulations, mink farming has been drastically reduced or even
banned in several countries since the 1970s (Cuthbert, 1973; Bone-
si and Palazon, 2007; Bifolchi et al., 2010). In contrast, in Poland
(due to economic and legislative reasons) the number of mink
farms has significantly increased over the last decade (up to nearly
300). Thus, the Polish breeding stock is very large (over 700,000
breeding females) compared to many other European countries
(Bonesi and Palazon, 2007). Moreover, the distribution of mink
farms in Poland is very uneven, and the number of mink (breeding
females) farmed in three north-western districts comprises about
90% of the total Polish breeding stock (Fig. 1).

The occurrence of feral American mink in Poland started at the
beginning of the 1980s. These animals were probably both free-liv-
ing immigrants introduced in the former Soviet Union and escap-
ees from Polish fur farms. The present geographic range of feral
mink covers a large part of Poland and is continuous (Brzeziński
and Marzec, 2003). However, the historical and recent process of
colonization is not precisely documented and the available data
are not sufficient to show how local populations enlarged their
range, in which regions of the country expanding populations
started to mix, and how farms have affected feral populations. If
the colonization of Poland was carried out by individuals from
Eastern Europe, the levels of population genetic diversity should
be inversely related to the degree of geographic isolation. On the
other hand, if the local populations originated from different
ancestors, it may be expected that due to the numerous farms
and many different breeds on them, the genetic characteristics of
feral mink populations differ significantly and are not related to
geographic distance.
In many localities of its new range, American mink is consid-
ered to be particularly harmful, both as a predator and a competi-
tor, to many native vertebrates (Woodroffe et al., 1990; Craik,
1997; Ferreras and Macdonald, 1999; Macdonald et al., 2002;
Banks et al., 2008; Schüttler et al., 2009). This has led conservation
organizations and authorities to suggest the extermination of feral
populations, or at least the control of their numbers (Moore et al.,
2003; Bonesi and Palazon, 2007; Banks et al., 2008; Ratcliffe et al.,
2008). Effective control of American mink and other invasive spe-
cies may largely depend on the ability to identify their introduction
pathway and the connectivity between populations (Abdelkrim
et al., 2005; Rollins et al., 2006, 2009; Hansen et al. 2007).

This study used molecular marker analysis to characterize ge-
netic diversity and population structure of American mink on a
large scale in order to understand the process of mink invasion
and the influence of propagule pressure. The aim of the study
was to answer a number of questions: (i) how current levels of ge-
netic diversity vary among mink populations that differ with re-
gard to the time and source of colonization, (ii) are mink
populations genetically structured across the country in accor-
dance with expectations of isolation by distance, and (iii) how
extensive is gene flow between ranch and feral mink populations
and how does it influence genetic structure? This information rep-
resents a first step in the development of an effective local man-
agement strategy to control American mink numbers and impact,
especially in areas experiencing mink-wildlife conflicts.
2. Methods

2.1. Sampling and microsatellite genotyping

Tissue samples were obtained from feral mink trapped live by
us, and from individuals killed by hunters and conservationists un-
der legal permits during local eradication programmes in 2003–
2007. Mink were sampled at 13 sites in 4 regions (NW – Northwest
Poland, CE – Central Poland, SC – South Central Poland, and NE –
Northeast Poland); however, at three sites located in South Central
Poland (San River, middle Warta River and Milicz Ponds) no mink
were captured (Supplementary material, Fig. A). Tissue samples
from a total of 196 feral mink were collected at the following sites:
‘‘Warta Mouth” National Park – NW1, Gwda River – NW2, Słupia
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River – NW3, Wel River – CE1, lower Narew River – CE2, middle
Vistula River near Warsaw – CE3, middle Vistula River near Puławy
– CE4, Mazurian Lakeland – NE1, Romincka Forest – NE2, and Bie-
brza National Park and surrounding area – NE3 (see Appendix A for
sample sizes at each site). To compare the genetic structure of feral
mink in each region with that of ranch mink, muscle tissue was
also collected from 147 ranch mink from nine Polish mink farms
distributed throughout the country (see Supplementary material,
Fig. A and Michalska-Parda et al., 2009). In a previous description
of genetic variation in ranch mink (Michalska-Parda et al., 2009)
it was found that mink from the studied farms did not form distinct
genetic groups, so in the present study all ranch mink were
grouped in one unit. Data relating only to standard and pastel coat
colour variants were used, as these types are those most often bred
on farms. All tissue samples were placed in 95% ethanol and stored
at �20 �C prior to DNA extraction.

DNA was extracted from tissue samples using an A&A Biotech-
nology DNA extraction kit, following the manufacturer’s instruc-
tions. Fourteen microsatellite loci developed for mink were used
to genotype individuals: Mvi87, Mvis075, Mvis020, Mvi54,
Mvi586, Mvi111, Mvi219, Mvis072, Mvis099, Mvis027, Mvis192,
Mvi57, Mvi232, Mvis002 (O’Connell et al., 1996; Brusgaard et al.,
1998; Fleming et al., 1999). The microsatellites were amplified in
three multiplex reactions prepared using a Multiplex PCR Kit (QIA-
GEN). Reaction mixtures contained approximately 2 ll of template
DNA in a total volume of 12.5 ll. The thermal cycle, performed in a
Helena BioSciences HB cycler, consisted of an initial denaturation
step at 95 �C for 15 min, followed by 35 cycles of 94 �C for 30 s,
60 �C for 1 min 30 s, and 72 �C for 1 min. The amplified fragments
were resolved by electrophoresis using a Beckman Coulter CEQ
8000 automated DNA sequencer and analysed using CEQ 8000 Ge-
netic Analysis System version 9.0 software.

2.2. Genetic variability analysis

Microsatellite data were checked for departures from Hardy–
Weinberg linkage equilibrium (GENEPOP 3.4; Raymond and Rous-
set, 1995) and the presence of null alleles (CERVUS 3.0.3; Marshall
et al., 1998). Loci that consistently departed from equilibrium,
showed linkage equilibrium or evidence of null alleles were re-
moved from further analyses.

The genetic variability of each locus within the feral populations
was estimated as the mean allele number (A), observed heterozy-
gosity (HO) and expected heterozygosity (HE) using FSTAT (Goudet,
1995) and GenAlex version 6 (Peakall and Smouse, 2006). The
mean number of alleles per locus is expected to be sensitive to
sample size, and estimates of the expected allele number per locus
and mink origin were corrected for unequal sample sizes (Ar). The
inbreeding coefficient (FIS) and potential deviation from the
Hardy–Weinberg equilibrium and linkage equilibrium for each lo-
cus and site were tested using the randomization test in GENEPOP
3.4 (Raymond and Rousset, 1995). The genotypic disequilibrium
test for each locus and site pair was also performed using GENEPOP
3.4 (Raymond and Rousset, 1995). Bonferroni’s correction was ap-
plied to multiple comparisons.

Genetic structuring of American mink was assessed using vari-
ous methods. FSTAT 2.9.3 software (Goudet, 1995; Goudet et al.,
2002) was used to calculate pairwise FST estimates to summarize
genetic variation between populations. For visualization of the dif-
ferences based on FST, dendrograms were constructed using the
program Mega 4.1 (Kumar et al., 2004). Analysis of molecular var-
iance (AMOVA) implemented in ALREQUIN 3.1 (Excoffier et al.,
2005) was used for an initial comparison of genetic structures
within and among three sampling regions. Data were analyzed
using regions, sites within regions and individuals within sites as
sources of variance. The presence of genetic isolation-by-distance
(Slatkin, 1993) was assessed by testing the correlations between
genetic distance (expressed as FST/(1 � FST); Rousset, 1997) and
the geographic distances between the ten sampling sites. Geo-
graphic distances between pairs of sites were calculated as a
straight-line-distance between the central points of each site
(using ArcGis 9.0). The Mantel test, performed in the Isolation by
Distance Web Service (Jensen et al., 2005), with significance based
on 10,000 matrix permutations, was used for this correlation
analysis.

Cryptic genetic structure of American mink was assessed using
STRUCTURE 2.2 software (Pritchard et al., 2000). The greatest rate
of change of the likelihood function with respect to K (DK) was
used to find the most likely K (Evanno et al., 2005). In the first
round of STRUCTURE analysis, a search was performed for the
number of genetically different populations using the entire data
set, including feral and ranch mink. This method usually detects
only the uppermost level of genetic structure (Evanno et al.,
2005). As we were most interested in feral mink genetic structure,
a hierarchical approach (Coulon et al., 2008) was used to detect
further levels of structure. STRUCTURE analyses were subsequently
applied for partitioned data to detect further levels of structure in
subsets of the data. Each round of STRUCTURE analysis used the
model which assumed no prior information about the population,
and the admixture model with correlated allele frequency param-
eters (k = 1) and a burn-in phase of 500,000 interactions followed
by a run phase of 500,000 interactions. Posterior probability values
for the number of populations (K), ranging from 1 to 14 in the first
level of structure, 1–10 in the second and 1–6 in the third, were
calculated from 10 independent runs to establish consistency. To
assess the number of ranch mink in the feral population, the pro-
portion of individuals with membership q P 0.8 in the first level
of structure analysis was estimated.
3. Results

3.1. Microsatellite variation and linkage disequilibrium

Two loci (Mvi87 and Mvis020) showed consistent heterozygote
deficiency, and possible null alleles were detected for these loci
(frequency > 0.580). For the other 12 loci, the frequency of null al-
leles varied between 0.190 and 0.014. Furthermore, Fisher’s exact
test detected significant linkage disequilibrium between Mvis020
and Mvis075. Therefore, the two loci Mvi87 and Mvis020 were ex-
cluded from further analysis. With the remaining 12 loci, thirty-
two of the 660 locus pairs showed deviation from genotypic equi-
librium that was significant at p < 0.05 according to Fisher’s exact
test. This apparent random scattering of instances of linkage dis-
equilibrium across locus pairs confirmed the validity of utilizing
data generated using these 12 markers to assess levels of genetic
diversity and structure within populations.

All 12 microsatellite loci were polymorphic and the total num-
ber of alleles per locus ranged from six (Mvis002 and Mvis027) to
15 (Mvis099), with an overall mean of 10.5 (SE ± 0.87) alleles per
locus. The average number of alleles per locus within the sampling
sites (Appendix A) ranged from 4.2 (NW3) to 7.3 (NE3), with a
mean of 5.3 ± 0.37. All sampled sites showed intermediate values
of expected heterozygosity (HE = 0.543–0.698) and observed heter-
ozygosity (HO = 0.512–0.669) (Appendix A). Two of the 10 sam-
pling sites (CE4 and NE1) showed significant deviation from
Hardy–Weinberg expectations after Bonferroni correction. In both
instances, this was due to a deficiency of heterozygote genotypes.
Single-locus Hardy–Weinberg equilibrium tests showed that het-
erozygote deficits were attributable to the locus Mvis075 at the
CE4 site and loci Mvi54, Mvis072 and Mvis027 at the NE1 site.



Table 1
Pairwise FST comparisons between samples taken in three regions of Poland.�p < 0.05. ��p < 0.005. ���p < 0.001. NS, not significant. Samples size given in parentheses. See
Supplementary material and the text for the names and locations of the sampling sites.

Sampling site Northwest Poland Central Poland Northeast Poland

NW1 (32) NW2 (9) NW3 (11) CE1 (11) CE2 (13) CE3 (8) CE4 (27) NE1 (34) NE2 (8) NE3 (43)

NW1 – ��� ��� � ��� ��� ��� ��� ��� ���

NW2 0.0687 – �� NS �� � ��� ��� NS ���

NW3 0.1020 0.0781 – �� ��� �� ��� ��� �� ���

CE1 0.0276 0.0868 0.0957 – �� � ��� ��� � ���

CE2 0.0712 0.1139 0.1503 0.0852 – NS ��� ��� ��� ���

CE3 0.0439 0.0962 0.1399 0.0570 0.0375 – ��� � � ���

CE4 0.0869 0.1258 0.1717 0.1020 0.0897 0.0458 – ��� ��� ���

NE1 0.0687 0.0982 0.1222 0.0587 0.0786 0.0719 0.1019 – NS ���

NE2 0.0906 0.0959 0.1461 0.0916 0.0798 0.0972 0.1334 0.0636 – ��

NE3 0.0521 0.0753 0.1143 0.0542 0.0827 0.0634 0.0773 0.0401 0.0437 –

Fig. 2. Scatter plot of the Euclidean distance (natural logarithm of geographic
distance – ln km) versus genetic distance ((FST/(1-FST); Rousset, 1997) between
feral American mink sampling sites in Poland. Data points involving site NW1 are
indicated by open circles.
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3.2. Genetic structuring and isolation by distance among feral
populations

Genetic differentiation of feral mink among regions and sites
was suggested by pairwise FST values (Table 1). The FST values ran-
ged from 0.028 to 0.172 and nearly all values were statistically sig-
nificant after sequential Bonferroni correction, suggesting
significant differentiation among sampling sites and indicating
some restriction in gene flow between them. Exceptions were adja-
cent sites from Northeast (NE1 and NE2) and Central Poland (CE2
and CE3), as well as adjacent sites from separate regions (NW2
and CE1), which did not differ significantly, suggesting that some
gene flow occurs between them. The greatest levels of differentia-
tion were observed between NW3 and sites from Central and NE
Poland (Table 1), despite the fact that they were not the most geo-
graphically distant sites. A neighbour-joining tree based on FST

showed that genetic relationships between mink populations re-
flect their geographic location (Supplementary material, Fig. B).
According to the results of the AMOVA, nearly 92% of the total ge-
netic variation at microsatellite loci for feral American mink was
attributed to differences among individuals within the same site
(Table 2). Low but still significant genetic differentiation between
sites within regions was indicated by approximately 7% of the
overall variance. Only 1% of the overall variance was attributed
to differences between the regions.

The results of the Mantel test showed no significant positive
association of pairwise genetic distance and geographic distance
(r = 0.309, p = 0.082), which after ln transformation of the geo-
graphic distance became significant (r = 0.428, p = 0.014; Fig. 2).
An examination of the isolation-by-distance plot (Fig. 2) indi-
cated that the pairwise genetic distances of the NW1 site form
an outlying cloud of points that may be influencing the signifi-
cance revealed by the Mantel test. Re-analysis of the data after
excluding site NW1 showed very strong significant correlation
between genetic and geographic distances (r = 0.760, p = 0.0002;
after ln transformation of geographic distance r = 0.760,
p = 0.0002).
Table 2
Results of hierarchical AMOVA comparing genetic variation of feral American mink
representing 10 populations within three regions of Poland. Levels of significance are
based on 1000 random permutations.

Source of
variation

d.f. Sum of
squares

Fixation
index

Percentage of
variation

P-
value

Among regions 2 41.729 UCT = 0.013 1.33 <0.001
Among sites

within regions
7 77.546 USC = 0.069 6.85 <0.001

Within sites 382 1204.430 UST = 0.082 91.82 <0.001
Total 391 1323.704
3.3. Clustering of ranch and feral populations

The clustering approach used by STRUCTURE to determine the
number of genetic groups across the entire data set of feral and
ranch mink in Poland identified three hierarchical levels of subdi-
vision. Initial partitioning of the data set indicated the presence of
three clusters with the highest DK value (Evanno et al., 2005) (Sup-
plementary material, Fig. C). Most individuals from sampling sites
in NE Poland and CE4 were assigned to one cluster (indicated by
yellow) and all ranch and feral mink individuals from sites NW1,
NW2, NW3 and CE1, to two other clusters (brown and blue;
Fig. 3, Fig. 4). Sites CE2 and CE3 showed evidence of admixture. A
second round of STRUCTURE analysis of the feral mink subset indi-
cated the presence of four genetic clusters. Although the K = 4
model did not have the absolute maximal posterior probability va-
lue, it was supported by the highest DK (Supplementary material,
Fig. C). The first cluster (yellow) split all sites from NW Poland and
site CE1, with the average proportion of membership q from 0.487
to 0.704 (Fig. 4). However, in site NW1, a higher proportion of ad-
mixed individuals was observed. The second and third clusters
separated mink from the sites CE2 and CE4. Individuals from site
CE3 had a mixed assignment, with two of eight assigned to the
cluster 2 (blue), and six individuals to the cluster 3 (red). The
fourth cluster split all sites from NE Poland with membership q
ranging from 0.508 to 0.650 (Figs. 3 and 4). The third round of hier-
archical analysis, identifying further clustering within the NW re-
gion, separated individuals into two other main clusters (Fig. 3).
The individuals from sites NW1 and CE1 were clearly grouped into
one cluster, and separated from individuals from NW2 and NW3.
The average proportion of membership q to cluster 1 was 0.901



Fig. 3. Graphical output from STRUCTURE analysis representing hierarchical data analyses to determine the number of genetic groups (K) of American mink. Each mink is
represented by a single vertical bar. The locality of origin for each individual is indicated below the plot (see the text and Supplementary material for details). At the
Level 1, cluster 1 indicated by brown, cluster 2 by blue and cluster 3 by yellow; at the Level 2, cluster 1 indicated by yellow, cluster 2 by blue, cluster 3 by red and cluster
4 by green.

Fig. 4. The average proportion of membership for the clusters identified by STRUCTURE, representing hierarchical data analyses of feral and ranch mink in Poland. See Fig. A
in the Supplementary material and the text for the locations and names of the sampling sites.
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for individuals from NW1 and 0.790 for individuals from CE1; and
to cluster 2 was 0.639 and 0.881 for individuals from sites NW2
and NW3, respectively. No clear partitioning of samples collected
from the NE region was supported by STRUCTURE, as many indi-
viduals were strongly admixed between two clusters (the average
q values for sites NE1, NE2 and NE3 to cluster 1 were 0.605, 0.428
and 0.281; and to cluster 2 were 0.400, 0.570 and 0.720, respec-
tively). Following three rounds of analysis, a total of 5 clusters of
feral mink and two clusters of ranch mink were identified. The spa-
tial distribution of the five feral clusters partially reflected their
distribution in regions, but also suggested that there were other
factors shaping mink genetic structure, as individuals from some
distant sites were grouped in one cluster (NW1 and CE1), and indi-
viduals from some neighbouring sites were assigned to separate
clusters (CE2 and CE4).

Assignment tests showed that 162 mink (83%) sampled from
the feral population were assigned to the feral group, whereas 34
mink (17%) from this population were assigned to the ranch mink
clusters, with thresholds of q P 0.8. The proportion of individuals
assigned to ranch mink clusters varied between regions and sites



Fig. 5. Percentage of escapees from mink farms (black) for each feral mink study
site, assigned using STRUCTURE with q P 0.8. See Fig. A in the Supplementary
material and the text for locations and the names of the sampling sites; see
Appendix A for sample sizes. The broken line indicates the average percentage of
escapees for each cluster.
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(Fig. 5). In region NW and site CE1 (Cluster 1 at the second level of
STRUCTURE analysis), 41% of individuals (26/63) were assigned to
the ranch mink cluster. This proportion was lower in other sites:
15% from CE2, 9% from both CE3 and CE4, and only 3% (3/85) from
NE Poland. These results show a very clear gradient in the propor-
tion of ranch mink in feral populations, which increased from east
to west (Fig. 5). This gradient correlates with the distribution of
mink farms in Poland (Fig. 1). The proportion of ranch mink in
the feral population was significantly positively related to the fe-
male ranch mink breeding stock in each province (R2 = 0.64,
n = 10, p = 0.005).
4. Discussion

4.1. Genetic structure and the history of colonization

The results of genetic analyses (FST values) showed that the feral
American mink population in Poland is not genetically homoge-
nous, but is characterized by a well pronounced genetic structure.
This was confirmed by the results of analyses using the STRUC-
TURE software, which demonstrated the occurrence of four signif-
icantly distinct genetic subpopulations. Three of them inhabit
north-eastern and central Poland, and one inhabits the western
and north-western part of the country. Such genetic structure
was confirmed by AMOVA, which revealed that more of the genetic
variance was attributable to differences among sampling sites in
separate regions than to differences between regions.

In their new range, the genetic structure of invasive species is
often well developed (Zeisset and Beebee, 2003; Herborg et al.,
2007; Rollins et al., 2009), and sometimes invasive species exhibit
higher structure than native populations (Marrs et al., 2008). In
Europe, regional genetic diversity of feral American mink has also
been recognized in Scotland (Zalewski et al., 2009) and Spain (Lecis
et al., 2008) and was created both by geographic barriers such as
mountain ranges, as well as by the distribution of farms from
which the feral populations originated. In northern and central Po-
land there are not many landscape features (e.g. mountain ranges)
that could explain the isolation of local feral mink populations. This
indicates that the genetic diversity among these populations can
be explained mainly by their different origin and age.

Our data suggest different colonization models for eastern and
western Poland. The former was colonized by a wave of invaders
from Belarus, whereas a large part of the latter was colonized by
descendents of escapees from local farms. This scenario is consis-
tent with field observations of mink colonization in Poland. The
first reports on the expanding feral mink population in Poland
come from the early 1980s. At that time, feral mink were observed
mostly in north-eastern Poland, close to the border with Belarus
(Ruprecht et al., 1983; Romanowski et al., 1984). At the beginning
of the mink expansion in Poland, mink farming was poorly devel-
oped in the eastern provinces and it is likely that ranch mink
escapees contributed little to the dispersing feral population.
Therefore, the animals that colonized eastern Poland were migrat-
ing descendants of mink released into the wild as game animals in
Russia and Belarus in the 1930s and 1950s (Ruprecht et al., 1983).
Subsequently mink dispersed towards the west and south (mainly
along the network of lakes in the Mazurian Lakeland and along the
Vistula River and its tributaries) (Brzeziński and Marzec, 2003). A
similar ‘‘stepping stone” model of mink expansion was recorded
in Fennoscandia, where this mustelid extended its geographic
range from the south to the north (Gerell, 1967; Bevanger and Hen-
riksen, 1995; Kauhala, 1996). The gradual genetic differentiation of
the feral mink population in eastern Poland that accompanied its
expansion seems to be confirmed by the relationship between geo-
graphic and genetic distances. The sites from western Poland did
not fit this pattern, suggesting that other factors have affected
the establishment of mink in this region. A study of the first popu-
lations from western and central Poland in the early 1990s sug-
gested that they were established before the arrival of the
colonization wave from the east (Brzeziński and Marzec, 2003).
The many mink farms that have been opened in the western prov-
inces since the 1990s has created a potentially large number of
escapees to establish feral populations in western Poland. The
homogenization of genetic differences would be expected in the
contact zone between these two colonization waves, but over time
genetic differentiation should decrease because of the high levels
of gene flow between these two populations. Similarly, a study of
genetic structure in the feral mink population in Brittany (France)
revealed that mink originating from three geographic regions were
genetically different, but in contact areas (geographically located
between three distinct genetic units), the proportion of individuals
of mixed origin was 32–35% (Bifolchi et al., 2010).

4.2. Influence of multiple introductions on the feral population

In Poland, the number of mink farms and the size of breeding
stocks have significantly increased in the last decade (unpublished
data from the Polish Association of Fur Animal Breeders and Pro-
ducers). Thus, the probability of mink escapees has also increased
and the level of permanent and continuous inflow of ranch mink to
feral populations seems to be high. The results of the present study
show that there is an ongoing input of ranch mink to the feral pop-
ulation. Although the number of mink escapees from particular
farms is usually unknown, the inflow of ranch mink to the feral
population seems to be proportional to the number of local farms
and the size of their breeding stock. We found that the number of
escapees or their first generation descendants was related to the
density of breeding stock in a particular area. This confirms previ-
ous observations that the number of escapees caught in the wild
relates to the number of mink kept at farms in that area (Bowman
et al., 2007; Bifolchi et al., 2010; Kidd et al., 2009). For example, in
Denmark where the number of mink farms is very high, about 80%
of feral mink individuals were found to originate from farmed ani-
mals (Hammershoj et al., 2005).

The multiple introductions affect existing feral populations in
many ways. In the present study, Polish mink populations exhib-
ited very high genetic diversity. Genetic diversity of the invasive
range is usually lower than in the native range, reflecting the small
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founding population and/or genetic drift (Grapputo et al., 2005;
Wares et al., 2005; Herborg et al., 2007; Dlugosch and Parker,
2008). The diversity of 12 microsatellite mink loci examined in
our study indicated higher polymorphism (6–15 alleles per locus)
in the Polish mink population than is found in the natural range
of this species (4–8 alleles per locus) (O’Connell et al., 1996; Brusg-
aard et al., 1998; Fleming et al., 1999; Stevens et al., 2005). Com-
pared with studies using the same 12 loci to investigate the
natural range, we also observed higher polymorphism (up to four
alleles per locus more in Poland). In addition the heterozygosity
in Polish feral mink (HO = 0.643) was higher than in Canadian mink
(HO = 0.419; Belliveau et al., 1999), but was similar to that in intro-
duced mink in Spain (HO = 0.585; Lecis et al., 2008). Although, this
gives only a rough index of genetic diversity of American mink in
its native and introduced ranges, it confirms the observation that
multiple introductions from various sources increase the genetic
variation of invasive species (Kolbe et al., 2004; Roman and Dar-
ling, 2007; Dlugosch and Parker, 2008). Furthermore, ranch mink
are derived from the process of cross-breeding of different local
North American subspecies (Dunstone, 1993), which has led to
higher levels of genetic variability among ranch mink than in wild
living native populations (Belliveau et al., 1999). Cross-breeding of
feral mink with current escapees, as well as with the descendants
of those individuals previously released in Eastern Europe has re-
sulted in genetic admixture not existing in the natural range of
the species. This kind of admixture combined with the high genetic
variability of ranch mink has contributed to the unusual efficiency
of its expansion. Thus, the paradox of invasive species, that op-
poses the high evolutionary potential of the expanding species to
the poor genetic variability of the small number of founders, is
overwhelmed by multiple introductions of individuals from differ-
ent sources (Roman and Darling, 2007).

On the other hand, as a result of domestication, ranch mink
should be less well adapted to natural conditions than native indi-
viduals (Price, 1984; Gilligan and Frankham, 2003; Frankham,
2008; Wisely et al., 2008). Thus, farm escapees may import poten-
tially maladaptive genes into the feral populations, thereby weak-
ening them and maintaining lower levels of adaptation within
these mixed populations (Bowman et al., 2007; Kidd et al., 2009).
Modelling mink population numbers with this assumption (Ham-
mershoj et al., 2005) demonstrates that the quality of feral popula-
tions would be improved if escapes from farms could be prevented.
However, it may be supposed that the high number of escapees
entering the feral population will increase selection pressure. The
survival rate of newly escaped mink is significantly lower than that
of feral mink, but if escapees manage to stay alive in nature for
more than two months, their survival rate is similar to feral mink
(Hammershoj, 2004). Therefore, it is likely that all poorly adapted
individuals will be quickly eliminated before they can breed, and
only the best adapted escapees will survive and incorporate their
genes in the gene pool of the feral population. Thus, the constant
intensive influx of farm escapees to feral populations could help
to maintain their high genetic diversity rather than cause genetic
weakness. Our results seem to confirm this notion since we did
not find any signs of weakness in groups of mink trapped at sites
in the western part of Poland, which are intensively supplied by
farm escapees. Indeed, the mean body masses of these mink were
even higher than those of the feral mink from eastern Poland
(unpublished data).

Our results show that the high pressure of ongoing introduc-
tions has strongly modified the genetic structure of the feral mink
population in Poland. The input of ranch mink to the feral popula-
tion has led to ‘‘genetic homogenization” within the local popula-
tions in western Poland. We found a pattern where mink from
distantly located sites (NW1 and CE1) were closer genetically than
animals from adjacent sites (NW1 and NW2). This fact should not
be assumed to reflect higher gene flow between these sites, but
rather human-mediated introduction of ranch mink from a similar
gene pool. Similar patterns have been observed in other invasive
species of plants and animals, with high propagule pressure med-
iated by humans (Marrs et al., 2008; Herborg et al., 2007).

4.3. Implications for management

The threat of American mink as a very effective predator of
waterfowl and semi-aquatic mammals is well recognized in Eur-
ope, including Poland (Bartoszewicz and Zalewski, 2003; Brzezińs-
ki and Marzec, 2003). Therefore, it is important that the
mechanisms promoting the rapid expansion of American mink in
Europe should be identified and understood. Our results show that
the ongoing supply of ranch mink fugitives is not necessary to sus-
tain the feral population. In Poland, the western and eastern mink
populations are affected differently by the inflow of ranch mink
escapees. This theoretically enables us to compare population pro-
cesses and the invasive potential of both populations. The feral
mink population in eastern Poland has existed since the 1980s,
with very low admixture of new, genetically different ranch indi-
viduals. In contrast, the rapid development of mink farming in
western Poland has resulted in an intensive inflow of farm escap-
ees to the feral population and the large number of farms may con-
tribute to an acceleration of mink expansion. However, our results
do not permit estimation of the demographic impact of escaping
ranch mink on feral mink populations. We were only able to de-
scribe the load of ranch mink gene input to the feral population,
but these data, not supported by population studies, are not suffi-
cient to conclude that the adaptive potential of a feral mink popu-
lation supported by farm escapees (western Poland) and
populations with low propagule pressure (eastern Poland), is dif-
ferent. We distinguished three genetic clusters in eastern and cen-
tral Poland (low propagule pressure), where gene flow was
partially restricted. In western and partly in central Poland (high
propagule pressure), we found only one such cluster. In this region,
ongoing reintroductions overwhelmed any genetic structure, cre-
ating one homogenized population, where gene flow is human-
mediated. This prevents the distinction of separated populations
isolated by landscape barriers reducing gene flow, and in conse-
quence the identification of potential management units within
which mink could be controlled. Thus, the potential effectiveness
of local mink control programmes is probably also limited.

Complete eradication of feral mink in Europe seems unrealistic
(except on isolated islands) because existing feral populations have
very high reproductive potential (Sidorovich, 1993), so that even
without supply from farms, they quickly rebuild their numbers
after any decline. However, local control of feral populations and
the reduction of their negative impact on the environment seems
feasible (Bonesi and Palazon, 2007; Harrington et al., 2009). Knowl-
edge of the genetic structure of local mink populations may help to
increase the success of population control in managed areas (Han-
sen et al., 2007).

Though there is little evidence to support the supposed benefit
of multiple introductions in promoting species persistence (Dlu-
gosch and Parker, 2008), and some species are such good invaders
that they will be able to colonize a new range even if only a very
small number of individuals are introduced (Allendorf and Lund-
quist, 2003), this remains unproven for American mink. Although
Polish feral populations exist both in regions with and without
mink farming, our results indicate that reducing the number of
escapees should be required management action. This action – al-
ready suggested in other areas invaded by American mink (Lecis
et al., 2008) – may potentially reduce genetic variability of feral
mink populations, thus decreasing the adaptive and invasive po-
tential of this species. In general, eliminating the vector and source
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responsible for introductions and expansion is an important prere-
quisite for developing a successful management strategy (Rollins
et al., 2006; Russell et al., 2009). We assume that the development
of mink farming in Poland, which has led to the inflow of ranch
mink to existing feral populations, has not only had negative local
environmental implications (within management units which due
to ongoing reintroductions become difficult to define), but should
be perceived in a larger regional or even international context.
Thus, we agree with the conclusion of Bonesi and Palazon (2007)
that the strategic framework to address the problem of mink
expansion in Europe needs to be worked out. This seems particu-
larly important to the new EU countries in eastern Europe, which
have to find a compromise between the protection of still well pre-
served natural resources and the demand for economic develop-
ment. The uncontrolled increase in mink farming in these
countries may have serious environmental consequences and the
regional policymakers should become sensitive to this problem.
Studies of gene flow and genetic structure of feral mink popula-
tions have fundamental implications for understanding migration
processes and for creating a successful strategy to control this inva-
sive species. However, future genetic studies should be integrated
with studies of mink population dynamics and demographic re-
sponses to eradication.
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Appendix A

Table A1. Genetic diversity indices of sampled American mink
genotyped at 12 unlinked microsatellite loci. See Fig. A in the Sup-
plementary material and the text for the locations and names of
the sampling sites. N, number of analysed samples; A, mean num-
ber of alleles per locus (direct count); Ar, allelic richness estimated
by rarefaction based on a minimum sample size of n = 7; HO,
observed heterozygosity; HE, unbiased expected heterozygosity;
Overall FIS, inbreeding coefficient based on the average of all loci;
HWE, combined P-value estimate for departure from Hardy–Wein-
berg equilibrium for all loci using Fisher’s method.

Region Site N A Ar HO HE Overall HWE

FIS
 (P-

value)
Northwest
Poland
NW1
 32
 6.3
 4.5
 0.669
 0.688
 0.044
 0.0353

NW2
 9
 4.4
 4.1
 0.613
 0.624
 0.083
 0.0354

NW3
 11
 4.2
 3.8
 0.512
 0.543
 0.107
 0.4339
Central
Poland
CE1
 11
 4.5
 3.9
 0.605
 0.626
 0.084
 0.3071

CE2
 13
 5.3
 4.7
 0.655
 0.698
 0.102
 0.2068

CE3
 8
 4.3
 4.2
 0.582
 0.622
 0.131
 0.0318

CE4
 27
 5.1
 3.9
 0.519
 0.614
 0.174
 0.0001
Northeast NE1 34 7.0 4.7 0.581 0.659 0.134 0.0001

Poland
 NE2
 8
 4.3
 4.1
 0.622
 0.621
 0.067
 0.2401
NE3
 43
 7.3
 4.6
 0.639
 0.684
 0.077
 0.0295
Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biocon.2010.03.009.
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