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Abstract Invasions of non-native species are of
great concern as they have a devastating impact on
native biodiversity and can also affect the economy of
aregion. Multiple introductions in several locations of
a new range greatly promote the success of non-native
species. The raccoon (Procyon lotor) is an omnivore
whose native distribution extends from southern
Canada to Panama. It has been successfully introduced
in many European countries. We examined the
microsatellite and mitochondrial diversity of raccoon
populations in Central Europe (Germany, Poland, and
Czech Republic) in order to determine their introduc-
tion sources and pathways as well as the factors
affecting genetic structure in this invasive species. We
found low diversity of the mtDNA control region and
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moderate diversity of microsatellite markers. Raccoon
showed three hierarchic levels of genetic structure
which separate at different levels sampled from Czech
Republic, Germany and raccoon inhabiting two
different habitats in Poland. In Poland the raccoon
population was established through migration from
Germany to Czech Republic. Analysis of the intensity
of migration between two different habitat types
indicated source-sink dynamics in the Polish popula-
tions of raccoons. Our results confirm the high
intensity of the raccoon invasion in Central Europe
and point to specific measures needed as part of an
effective management strategy.
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Introduction

There has been a continuous increase in invasions by
non-native species due to accidental transport by
humans, deliberate introduction, or the international
trade in plants and animals (DAISIE 2009). It is of
great concern, as invasive species often have a
devastating impact on native biodiversity and may
have great economic costs. Despite the global scale of
this process, involving a large number of plant and
animal species over a huge geographical range, the
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processes underlying the success of invasive species
are insufficiently understood.

The two critical stages of invasion by non-native
species are establishment (introduction) and spread in
the new region. Introduction, usually of a small
number of individuals, should cause a bottleneck,
low genetic diversity and therefore reduced adaptabil-
ity to the new environment. Indeed, some populations
of introduced species go extinct or persist only in the
small area of introduction (Lockwood et al. 2007).
However, many non-native species have been intro-
duced in large numbers (high propagule pressure)
through several separate events, and in those cases
their genetic diversity can be even higher than in a
single population of the native range (Dlugosch and
Parker 2008; Zalewski et al. 2010). High propagule
pressure may increase the likelihood that the intro-
duced species will establish and spread. Introduced
individuals may originate from a few genetically
divergent sources in the native range or from distant
lineages; such admixture of individuals of distinct
origin may increase their genetic and adaptive varia-
tion and increase their vigour (Facon et al. 2008;
Kolbe et al. 2007; Lucek et al. 2010). Clearly the
features of a particular introduction, and especially
multiple introductions in various locations of the new
range, greatly affect the success of non-native species.

The spread of non-native species in a new range
consists of major dispersal events and often is linked to
high gene flow between areas. This pattern leads to the
assumption that populations of an invasive species in a
new range should share a fairly uniform genetic
structure. During expansion, however, genetic varia-
tion should become partitioned among populations via
random genetic drift and/or adaptation to local con-
ditions (natural selection). Differentiation via drift
takes time, but local adaption to environmental
conditions should be very rapid, especially in species
inhabiting highly diverse habitats (generalists). If,
during an introduction, animals of different origins are
released in different locations and during expansion
undergo genetic admixture upon secondary contact in
the new range, this may additionally facilitate the
emergence of adaptive evolutionarily novel traits and
thereby accelerate expansion (Seehausen 2004; Keller
and Taylor 2010). To mitigate the introduction and
spread of non-native species and to develop effective
management strategies, we need information about
introduction pathways, multiple introduction events
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and sources of origin, as well as the factors affecting
the genetic structure of invasive species (Simberloff
2003, Abdelkrim et al. 2005).

The raccoon Procyon lotor is a carnivore whose
native distribution extends from southern Canada to
Panama (Zeveloff 2002). Twenty-five subspecies have
been recognised in North America (Zeveloff 2002);
this is driven by the high genetic variation of this
species across its native range. In the eastern and
central United States, 76 mtDNA were found among
311 samples (Cullingham et al. 2008a, b). Haplotypes
grouped in three main lineages were found, although
the main haplotype groups corresponded only roughly
to subspecies designations (Cullingham et al. 2008a,
b). In its native range the raccoon exhibits high
plasticity in habitat selection and in feeding habits. It
occupies a great variety of habitat types, including
wetlands, marshes, forests, farmland and urban areas,
and feeds on a large variety of food including plant
material, vertebrates, invertebrates and rubbish (Ze-
veloff 2002). As an omnivorous predator, the raccoon
can have a severely damaging impact on birds
(especially waterfowl) and reptiles (Ratnaswamy
et al. 1997; Hartman et al. 1997; Hartman and
Eastman 1999; Zeveloff 2002; Elis et al. 2007). The
raccoon is considered one of the most chronic
nuisance animals in North America; it can damage
fields and garden plants, and can cause damage or
other problems around houses (Conovery 1987;
Beasley and Rhodes 2008). It carries rabies, canine
distemper and many parasites, including Baylisascaris
procyonis; which presents a threat to public health
(Zeveloff 2002; Cote et al. 2012). Management and
population control of this species are now of great
concern in North America (Rosatte et al. 2007,
Beasley and Rhodes 2008; Rosatte et al. 2010).

Raccoons were successfully introduced in Europe,
both deliberately and accidentally (escape from fur farms
or breeding centres) in the 1930s (1934 in Germany, 1936
in Belarus; Lutz 1984; Chesnokov 1989). In Germany,
the natural spread of raccoons was limited in the first
stage of invasion, and 20 years after introduction, the
population was still confined to a relatively small area
(Lutz 1984). Then its expansion accelerated. In the
following years raccoons colonised new areas, and
recently as many as a million raccoons were estimated to
be living in Germany, with the number steadily climbing
(Hohmann 2001). Since 1954 the raccoon has been a
game species in Germany, with an annual bag of more
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than 50,000 in 2010 (Vos et al. 2012). Hunting has not
prevented its expansion to other countries, however. Fifty
years after the first effective introduction, its distribution
range extends beyond Germany into the Netherlands,
France, Switzerland, Austria and Poland (Lutz 1984;
Bartoszewicz et al. 2008). Besides the main route of entry
from Germany, in many European countries the raccoon
was and still is commonly bred in captivity, mainly by
private owners, for the pet trade and wildlife collections.
Such pet raccoons have escaped or been released into the
wild, and have been encountered sporadically in isolated
locations or have established small local populations, as
in France (1966) and Spain (2001) (Leger 1999; Garcia
et al. 2012). Over recent years the raccoon has also been
encountered in Belgium, Luxembourg, Hungary, the
Czech Republic and Serbia (Mitchell-Jones et al. 1999;
éerveny et al. 2001; Schley et al. 2001; Milenkovic
2003), but data on the origins of these populations are
lacking: did the raccoons of a given population originate
through expansion from Germany or from a separate
introduction?

Raccoon introduction presents a potential threat to
the many protected native species raccoons may prey
upon (Bartoszewicz et al. 2008; Garcia et al. 2012), as
well as an important health threat to animals and
humans from the pathogens raccoons may host (Park
et al. 2000; Hohmann et al. 2002, Popiofek et al. 2011).
To reduce these risks and curb the raccoon invasion we
need to know the current pathways of introduction,
potential secondary contact zones, and the genetic
structure of populations. Development of an effective
management strategy requires extensive knowledge of
the genetic structure and variability of the species. In
this paper we analysed the microsatellite and mito-
chondrial diversity of the raccoon, an invasive species
in Central Europe, to determine its introduction
sources and pathways as well as the factors affecting
its genetic structure.

Materials and methods
Study area and sampling methods

We collected 174 samples from raccoons between
2007 and 2012 (Table 1). Hair and tissue samples
were taken from road-kill or from raccoons we live-
trapped in “Warta Mouth” National Park and adjacent
area. Additional raccoon muscle tissue samples were

obtained from hunters culling raccoons as part of their
game management activity in Poland, Germany and
the Czech Republic (Fig. 1). All tissue samples were
stored at —20 °C prior to DNA extraction.

Raccoon tissue samples were collected from
Western Poland, Eastern Germany, Oberlausitzer
Heide Biosphere Reserve and Saxony region and the
Czech Republic, west of the city of Prerov. Three
additional samples came from other sites: near Berlin,
Germany (no. 1), northwest of Poll (no. 2), and
Matopolska Province in southern Poland (no. 3)
(Fig. 1). In Poland samples were collected in two
different habitat types. “Warta Mouth” National Park
(Poll) is located near the German border (52°34'N,
14°43’E). The national park, a protected area since
1984, covers 80.7 km? of the lower Warta River valley
and 20 km of the river itself. It is dominated by
wetlands, scrub willow, marshes, meadows and pas-
tures. Only 1 % of the area is covered by forest.
Remaining samples from Poland (Pol2) were collected
about 30 km south of national park. That area is dry
woodland dominated by beech (Fagus silvatica), oak
(Quercus spp.) and pine (Pinus sylvestris), with only a
few small rivers and water bodies. Study site Gerl is
northwest of the city of Dresden. The area is densely
populated, with a number of human settlements and a
dense road system. Temperate broadleaf forest or
woodland cover is interspersed with arable fields,
many water bodies and rivers. Study site Ger2 is in the
Oberlausitzer Heide Biosphere Reserve (51°19'N,
14°32'E), characterised by high habitat diversity, with

Table 1 Summary of the three consecutive runs of
STRUCTURE

K Run 1 Run2 Run3
AK AK AK
1 _ _ _
2 72.422 19.863 14.140
3 17.437 0.458 0.803
4 2.277 3.286 2.359
5 0.812 0.617 0.910
6 4.565 0.679 2.956
7 0.588 0.794 0.787
8 0.384 0.743 0.347
9 0.076 0.349 0.056
10 - - -

AK values obtained for ten independent runs performed for
each K value from K =1 to 10
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Fig. 1 Map of the study area, indicating sampling sites in
Germany, Poland and the Czech Republic. Pie charts give the
distribution and frequency of mitochondrial DNA haplotypes.
Each color is a haplotype. (Color figure online)

heathland, temperate broadleaf forest and woodlands,
and many fishponds, rivers and streams. The area is
moderately populated and intensively used for agri-
culture and forestry. Study site CzR is in the eastern
Czech Republic west of the city of Prerov, with
numerous fish ponds, canals and small water bodies.

DNA isolation, microsatellite genotyping
and mitochondrial DNA amplification
and sequencing

DNA was extracted from dried ear fragments or
ethanol-preserved tissue using the NucleoSpin Tissue
Kit (Macherey and Nagel, Dueren, Germany) accord-
ing to the manufacturer’s protocol. Individual samples
were genotyped at 19 microsatellite loci (Cullingham
et al. 2006; Fike et al. 2007) in 6 multiplex reactions.
All reactions were performed with Qiagen Mastermix
(Qiagen Ltd., Crawley, UK) with one primer of each
pair fluorescently dyed. Amplification products were
resolved on an ABI PRISM 3130x1 Genetic Analyzer
(Applied Biosystems, Foster City, USA) and sized
with internal lane standard LIZ 500 using Genemapper
v. 4.0 (Applied Biosystems, Foster City CA, USA).
A subset of 60 samples equally representing all
sampled regions was selected for mitochondrial DNA
fragment amplification using primers PLO-CRL1 and
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L15997 (Cullingham et al. 2008a, b), which amplify
the most variable fragment of the raccoon mitochon-
drial control region. The obtained 600 bp fragment
gave 467 bp of clear sequence. All samples were
sequenced in both directions on an ABI PRISM
3130xl. Sequences were checked manually and
aligned with the ClustalX algorithm in Bioedit
7.0.5.3 (Hall 1999). All the newly obtained haplotypes
have been deposited in GenBank.

Genetic analysis
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 (Hy) and nucle-
otide diversity (m). To infer the origin of haplotypes
detected in the studied populations, we made a
phylogenetic analysis using raccoon haplotypes
detected in the original range of the species (Culling-
ham et al. 2008a, b). We used Arlequin 3.01 (Excoffier
and Laval 2005) to construct minimum spanning
network presenting haplotype relationships, the net-
work was subsequently visualized in HapStar 0.5
(Teacher and Griffiths 2011).

Microsatellite diversity indices

Tests of linkage disequilibrium between all pairs of
loci were implemented in GENEPOP v. 3.4 (Raymond
and Rousset 1995) with 10,000 permutations. The
associated probability values were corrected for
multiple comparisons by applying the Bonferroni
adjustment for p = 0.05 significance level. The same
software was used to test for deviation from Hardy—
Weinberg equilibrium of microsatellite genotype
frequencies. We used FSTAT 2.9.3 (Goudet 1995) to
estimate genetic diversity parameters: number of
alleles (N,), observed and expected heterozygosity
(Ho, Hg) and inbreeding coefficient (Fis). To assure
that any departures from Hardy—Weinberg equilib-
rium were not an effect of null alleles and that the
heterozygosity deficits were evenly distributed across
loci we performed the jackknifing procedure in
FSTAT 2.9.3, removing one locus at a time and
checking the contribution of the remaining loci to the
Fis value.
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Population structure

To infer the raccoon population structure of the whole
sampled region we used a Bayesian model-based
clustering method implemented in STRUCTURE 2.3.3
(Pritchard et al. 2000). We used an admixture model and
correlated allele frequencies with LOCPRIOR model as
a population structure of recently introduced, invasive
species is expected to be weak. This model uses prior
information on sampling locations, but it do not tend to
find structure when it is not present in the data set
(Falush etal. 2003, Hubisz et al. 2009). Ten independent
runs were performed for each K value from K = 1to 10.
Each run had 100,000 iterations with a burn-in of
100,000 iterations. To infer the number of genetic
clusters in our data set, we used the AK method of
Evanno et al. (2005) which calculates the rate of change
in the log-probability of the data between successive K
values (AK) to determine the most likely number of
clusters with STRUCTURE HARVESTER (Earl and
vonHoldt 2012). To obtain an average individual’s
genotype proportions across runs we used CLUMPP
(Jakobsson and Rosenberg 2007). We assigned each
individual to the group for which its inferred ancestry
was higher than 0.5 (more than a half of genome
assigned to the same group). We then applied the
procedure of Coulon et al. (2008) to find all levels of
hierarchical structure that exist among raccoons in
sampled area. As AK method detects the uppermost
level of structure (Evanno et al. 2005), we repeated the
analysis on each K detected on the previous run. The
process was repeated until the most probable number of
K was 1. As AK method cannot find the true K = 1 we
also tested whether InP(D) was maximum for K = 1.
All subsequent population genetic analyses were per-
formed on STRUCTURE-defined genetic groups. To
compare the level of differentiation among genetic
groups we computed pairwise Fgy using FSTAT 2.9.3.
Analyses of molecular variance (AMOVA) were per-
formed using Arlequin 3.01 to test the genetic relation-
ships among populations grouped by country of origin,
to check for multiple introductions within different
countries.

To assess the effect of genetic isolation-by-distance
(IBD) we tested the correlations between genetic
distance and geographic distance (calculated as
straight-line-distance, Euclidean distance) between all
pairs of individual raccoons. Genetic distances between
pairs of individuals were calculated by a method

implemented in GenAlEx v. 6.4 (Peakall and Smouse
2006), and the Mantel test was performed with signif-
icance based on 10,000 matrix permutations.

Within-population microsatellite diversity
and demographic history

Genetic diversity was measured for all STRUCTURE-
defined genetic groups. Mean number of alleles (N,),
allelic richness (Ag), observed and expected hetero-
zygosity (Hp and Hg) and inbreeding coefficient (Fig)
were estimated using FSTAT 2.9.3. We used LDNE
(Waples and Do 2006) to estimate the effective
population sizes of previously identified clusters.
The model assumes closed populations and eliminates
and controls for the possible bias of small sample size.
We set 0.02 as the lowest allele frequency and 95 % as
the confidence interval.

We used BOTTLENECK 1.2.02 to detect any
recent bottleneck and expansion in each population
(Cornuet and Luikart 1997). An excess of observed
gene diversity relative to expected gene diversity for
the number of alleles detected in a sample may
indicate population decline. Conversely, a deficit of
observed gene diversity may indicate that the popu-
lation is growing. Two mutation models considered
appropriate for microsatellites were applied: the strict
stepwise mutation model (SMM) and a two-phase
model (TPM). For the TPM we used a model that
includes 90 % single-step mutations and 10 % multi-
ple-step mutations. Significant deviations of observed
heterozygosity over all loci were tested using the
nonparametric Wilcoxon test.

Estimating rates of migration between Polish raccoon
populations

To evaluate the direction and extent of recent migrations
between genetic clusters identified by STRUCTURE
among the raccoons sampled in Poland, we applied the
approach described by Holderegger and Gugerli (2012).
We could apply this procedure only for raccoons sampled
in Poland where our sampling was extensive and we had
exact geographic coordinates for each sample. First we
used TESS 2.3.1 (Chen et al. 2007) to define the
population genetic structure of those individuals across
the landscape prior to migration. Similarly to STRUC-
TURE, Tess applies an MCMC algorithm but also
incorporates the geographic coordinates of samples as
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prior information. We ran Tess with the no-admixture
model first, to estimate the upper limit of the number of
different clusters (Durand et al. 2009). We set a burn-in
period of 100,000 iterations followed by sampling of
200,000 iterations, and tested for the number of clusters
from K = 2 to 5 with 10 replicates of each K. As the most
likely number of clusters we chose the one that matches
the plateau of the deviance information criterion (DIC)
curve. Then we performed 10 replicates of Tess analysis
with the admixture model, applying the same parameters
as before for the most likely K identified. We used
CLUMPP (Jakobsson and Rosenberg 2007) to average
an individual’s genotype proportions across 10 indepen-
dent runs. Each individual was assigned to the genetic
cluster for which its inferred ancestry was higher than
50 %. The next step was to use the cluster assignment in
Tess to test for the rates of migration in BIMR (Faubet
and Gaggiotti 2008). As BIMR assumes that sampling
took place before migration, we used the clusters
identified by Tess software rather than geographically
defined groups. BIMR uses an MCMC algorithm, which
allows for departure from Hardy—Weinberg equilibrium
by using population-specific inbreeding coefficients,
assumes migration-drift equilibrium in the prior gener-
ation, and calculates asymmetrical migration rates
between pairs of populations during the last generation.
The program uses the F-model which assumes that the
admixture took place before the last generation of
migration. That allows the program to characterise the
rates of migration even between populations that are
weakly differentiated. We set 95 % highest posterior
density intervals (HPDI) and 25-45 % acceptance rates
after 10 replicate runs to ensure convergence, with a
burn-in and sample size of 100,000 and a thinning
interval of 50 iterations. To extract parameter estimates,
we chose the run with the lowest assignment component
of total deviance (Dygsign)-

Results
Mitochondrial DNA variation

Partial sequences of the mitochondrial control region
obtained for 72 samples representing all regions equally
revealed four different haplotypes. Three of them (PLO2,
GenBank acc. no. EF030393; PLO13, EF0303345;
PLO16, EF0303348) were previously identified in a
study of the phylogenetic relationships of raccoon
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populations in the original range of the species (Culling-
ham et al. 2008a, b) and one was newly detected (PL1,
KC565878). Among those four haplotypes were ten
segregating sites; haplotype diversity was 0.48 and
nucleotide diversity 0.0076. Three haplotypes were
detected in raccoons from Germany, two in the samples
from Poland, and one from the Czech material. Haplo-
type PLO2 was the most frequent; it occurred in 68.05 %
of the sampled individuals. Haplotype PLO16 was found
in 19.4 %, PL1 in 6.9 % and PLO13 in 5 % of the
individuals. Figure 1 presents the distribution of haplo-
types among the sampled populations.

The minimum spanning network confirmed the
division of raccoon mitochondrial haplotypes to three
distinct phylogenetic lineages (Fig. 2). Haplotype
PLO2 was placed in lineage III, and haplotypes PLO
13, PLO16 and PL1 in phylogenetic lineage II
according to Cullingham et al. (2008a, b).

Microsatellite diversity

Among the 19 tested microsatellite loci we found six
(PLO3-117F, PLO-MI1S5F, PLO-M3F, PLO-MZ2R,
PLOT4, PLOT9) with strong Hardy—Weinberg dis-
equilibrium according to Fisher’s exact test, probably
due to nonamplifying alleles; those loci were excluded
from further analyses. The exact test for linkage
disequilibrium among the remaining loci indicated no
significant deviations for either comparison
(p > 0.05). At the analysed loci, we found from 3 to
20 alleles on average. At all loci the observed
heterozygosity was consistently lower than expected
heterozygosity, resulting in slightly positive Fg values
for all loci (Supplementary materials, Table S1).
Heterozygote deficits were distributed evenly over the
sampled loci. In the jackknifing procedure, removing
one locus at a time, all loci contributed similarly to the
given Fis (Supplementary materials, Table S2),
including the three loci with significant Fig; thus we
can conclude that the deviations from HWE are
independent of null alleles but are connected to a
population-level effect. Multilocus Fig was 0.116.

Population structure

On the basis of repeated STRUCTURE runs we
detected three levels of hierarchical structure. At each
round of the analysis the most probable K value based
on the AK method was 2 (Table 1). Then we ran
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Fig. 2 Minimum spanning network calculated for mitochondrial control region haplotypes of raccoons detected in this study (marked
with grey) and in the previous study by Cullingham et al. (2008a, b)

subsequent runs of STRUCTURE for samples
assigned to different clusters based on average indi-
vidual genotype proportion q > 0.5. When maximum
InP (D) indicated the most probable K value was one,
we treated this cluster as the bottom level of structur-
ing and performed subsequent runs for remaining
samples. The results of the average individual’s
genotype proportions for three consecutive runs of
STRUCTURE are presented on Fig. 3. As the result of
the first run all individuals from the Czech Republic
apart of three were clustered in separate cluster
(Fig. 3; (Level I) the light grey colour, cluster 1) and
all others were grouped together in second cluster
(cluster la). One individual sampled in southern
Poland was grouped within a cluster 1a, even though
its mitochondrial haplotype was shared with the Czech
population. In the second run, we did not find
additional substructure among individuals from clus-
ter 1 but for remaining individuals again two groups
were detected (Fig. 3; Level II). Most individuals
grouped according to their sampling locality.

Individuals sampled in Poland, but outside “Warta
Mouth” National Park (Pol2) and in Germany (Gerl
and Ger2) grouped mostly in cluster 2a while cluster 2
consisted of individuals sampled in Poland in “Warta
Mouth” National Park area, although individuals
assigned to opposite cluster were also detected.
According to this result, individuals assigned to cluster
2 were treated as a separate genetic group despite its
geographic proximity to other samples from Poland.
Again, we did not detect additional level of structuring
among individuals assigned at level II to cluster 2. In
the third round of analysis [Fig. 3; (Level IID)],
performed for individuals assigned to cluster 2a in
the second run there was a visible structure between
samples from Poland (Pol2) and Germany, but with a
number of individuals assigned to opposite clusters.
According to this result individuals were assigned to
cluster 3 and cluster 4. The individual sampled in
southern Poland, as well as three individuals sampled
in the Czech Republic that were assigned to cluster la
in the first round of analysis remained in cluster 4
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(mainly individuals from Germany). When perform-
ing a separate STRUCTURE run on individuals
assigned to clusters 3 and 4 no additional structuring
was detected. On the basis of repeated STRUCTURE
runs we detected three levels of hierarchical structure.
At each round of the analysis the most probable K
value based on the AK method was 2 (Table 1). Then
we made further runs of STRUCTURE for samples
assigned to different clusters based on average indi-
vidual genotype proportion q > 0.5. When maximum
InP (D) indicated the most probable K value was one,
we treated this cluster as the bottom level of structur-
ing and performed subsequent runs for remaining
samples. The results of the average individual’s
genotype proportions for three consecutive runs of
STRUCTURE are presented in Fig. 3. In the first run
all individuals from the Czech Republic except three
were placed in a separate cluster (Fig. 3; Level I, light
grey, cluster 1) and all others were grouped in a second
cluster (cluster la). One individual sampled in

southern Poland was grouped in cluster la even
though its mitochondrial haplotype was shared with
the Czech population. In the second run we did not find
additional substructure among the individuals from
cluster 1 but for the remaining individuals two groups
were again detected (Fig. 3; Level II). Most individ-
uals grouped according to their sampling locality.
Individuals sampled in Poland but outside Warta
Mouth National Park (Pol2) and in Germany (Gerl
and Ger2) grouped mostly in cluster 2a, while cluster 2
consisted of individuals sampled in Poland in the
Warta Mouth National Park area, although individuals
assigned to the opposite cluster were also detected.
According to this result, individuals assigned to cluster
2 were treated as a separate genetic group despite its
geographic proximity to other samples from Poland.
Again, we did not detect an additional level of
structuring among individuals assigned at level II to
cluster 2. In the third round of analysis (Fig. 3; Level
II), performed for individuals assigned to cluster 2a in

Pol2 23

Ger1 1 Ger2

cluster 2a

CzR Pol1
Level | |
cluster 1 cluster 1a
Level Il
cluster 2
Level Il

Fig. 3 Average individual membership in genetic groups
assessed in three consecutive runs of STRUCTURE revealing
three levels of hierarchical structure observed in the dataset.
Details described in Materials and method section. I First run
performed for all individuals sampled, sampling locations
indicated at the top and marked with dashed lines. II Second
run of STRUCTURE, for all individuals assigned to dark grey
cluster with individual q > 0.5 in the previous run. III Third run
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cluster 3 cluster 4

of STRUCTURE, for all individuals assigned to dark grey
cluster with individual q > 0.5 in the previous run. Separate
runs of STRUCTURE were performed for all individuals
assigned to clusters shaded light grey in runs I, II and III. All
resulted in K = 1. According to this result, individuals were
grouped in clusters 1, 2, 3 and 4, and this grouping was used for
subsequent population genetic analysis
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the second run, there was visible structure between the
samples from Poland (Pol2) and Germany, but with a
number of individuals assigned to opposite clusters.
According to this result, individuals were assigned to
cluster 3 and cluster 4. The individual sampled in
southern Poland and the three individuals sampled in
the Czech Republic that were assigned to cluster la in
the first round of analysis remained in cluster 4
(mainly individuals from Germany). A separate
STRUCTURE run on individuals assigned to clusters
3 and 4 did not detect additional structuring.

Pairwise comparisons of Fgr values between STRUC-
TURE-defined genetic groups (Table 2) showed signif-
icant differentiation between all of them (p < 0.00001).
Differentiation was the highest between the cluster 1,
consisting of individuals from the Czech Republic, and
all other individuals (0.169-0.229). Differentiation
among the other clusters ranged from 0.033 to 0.048.

Table 2 Pairwise differentiation between genetic groups
defined by STRUCTURE

Cluster 1 2 3

1 _

2 0.199 -

3 0.229 0.039 -

4 0.169 0.048 0.033

One individual sampled in southern Poland was excluded from
the analysis. Pairwise Fgr values below diagonal

All values significant at P < 0.00001

AMOVA revealed only 9.1 % variation among raccoon
populations grouped by country of origin, and the
variance was not significant. Variance between popula-
tions within countries was 3.4 % (p = 0.000) and 87.5 %
(p = 0.000) of variance was due to within-population
diversity. Isolation-by-distance analysis (Mantel test)
showed a significant but weak positive relationship
between geographic and genetic distance (Fig. 4).

Within-population diversity

Genetic diversity indices were estimated for each
STRUCTURE defined cluster (Table 3). According to
allelic richness values corrected for sample size,
diversity was the lowest in the cluster 1 formed from
individuals from the Czech Republic. The remaining
populations had similar and moderate values of
genetic diversity. Cluster 1 had also the lowest
effective population size. No recent bottlenecks were
confirmed for any population although the SMM
model indicated significant heterozygote deficiency in
clusters 2 (Poll), and 3 (Pol2) suggesting recent
population expansion (Tables 4, 5).

Rates of migration between sites in Poland

Tess analysis of individuals originating from Poland,
for which geographic coordinates were known, iden-
tified two different clusters corresponding to those
obtained from the STRUCTURE. We identified two
immigrant individuals from “Warta Mouth” National

Fig. 4 Correlation between 45 1
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Table 3 Characteristics of the genetic groups defined by STRUCTURE

Cluster N Na AR Ho Hg Fis Ne (95 % CI)

1 21 4.583 4.409 0.440 0.541 0.191 18.2 (9.7-44.8)

2 92 7.692 5.575 0.609 0.624 0.028 87.2 (63.3-129.3)
3 32 6.153 5.483 0.597 0.608 0.017 21.9 (15.4-33.0)
4 27 6.308 6.247 0.629 0.683 0.081 53.6 (31.1-140.4)

N, number of individuals sampled; Na, mean number of alleles; AR, allelic richness; HO, observed heterozygosity; HE, expected

heterozygosity; FIS, inbreeding coefficient

Table 4 Estimates of heterozygosity deficiency and excess for
genetic clusters identified by STRUCTURE according to
stepwise mutation model (SMM) and two-phase model (TPM)
tested using the nonparametric Wilcoxon test

Cluster TPM SMM
P for H P for H P for H P for H
deficiency excess deficiency excess
1 0.849 0.170 0.633 0.395
2 0.055 0.953 0.002 0.998
3 0.188 0.830 0.040 0.966
4 0.318 0.706 0.073 0.936

Significant values in bold

Park outside Park and five individuals that migrated in
opposite direction. For BIMR analysis those migrants
were placed with the populations of origin identified
by Tess. Probability estimates of ancestral origin over
the last generation estimated with BIMR indicated
asymmetric migration rates between two clusters.
Mean migration rates were consistent across all 10

BIMR runs. The run with the lowest Bayesian
deviance (D,ggn) indicated mean 0.281 emigration
(expressed as a proportion of population that emi-
grated within the last generation) from “Warta
Mouth” National Park (95 % HDPI 0.069-0.507,
mode 0.278) and mean 0.033 immigration to the park
(95 % HDPI 0.005-0.442, mode = 0.008).

Discussion

In this study we used both mitochondrial and microsat-
ellite (nuclear) markers to obtain data from an extensive
sampling of raccoons in Poland, Germany and the
Czech Republic in order to understand the genetic
differentiation patterns of this invasive introduced
species. These are the first results on raccoon genetic
variation in Central Europe, the main introduced range
in Europe. We found relatively high genetic diversity of
microsatellite markers but reduced genetic diversity of
mitochondrial markers, an effect of the low number of
individuals introduced in Europe. Despite this fact,

Table 5 The number of alleles detected in four microsatellite loci analysed in this study and in native range of the raccoon

Location N samples Locus Source

PLO-M20 PLO2-14 PLO-M17 PLO3-86
Central Europe 174 17 (15) 13 (13) 11 (1D) 20 (18) This study
USA (Illinois) 99 13 20 8 24 Hauver et al. (2010)
USA (Chicago) 323 15 29 11 37 Santonastaso et al. (2012)
USA (Pennsylvania) 185 15 27 7 26 Root et al. (2009)
Canada (Ontario) 292 12 24 7 25 Cullingham et al. (2008a)
Canada (Ontario) 587 12 30 7 27 Cullingham et al. (2008a)
Canada (Ontario) 80 11 17 6 23 Cullingham et al. (2006)

The number of alleles excluding population from Czech Republic is given in parentheses

N samples, number of samples analysed in each location
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intensive expansion of this species from Germany as
well as the Czech Republic has been observed.

Mitochondrial diversity

Our analysis of the mitochondrial diversity of raccoons
from Poland, Germany and the Czech Republic
indicates that the species became a successful invader
despite strong reduction of its genetic diversity. We
found only four distinct mitochondrial haplotypes, in
contrast to results from the native range, where 76
haplotypes were found among 311 samples. Other
European populations of raccoons also exhibit low
mitochondrial diversity. In Spain only two haplotypes
were found among 58 individuals (Alda et al. 2013),
and in central and eastern Germany only six haplotypes
were detected in a sample of 193 raccoons (Frantz et al.
2013). The haplotypes reported in our study overlap
with those detected in the German study. PLO2 was the
most common haplotype in our study, in line with
findings from Frantz et al. (2013). In their work the
PLO2 haplotype was separated into PLO2a and
PLO2b, as they analysed a slightly longer fragment.
Haplotype PLO2a occurred in the Hesse region
(central Germany), and PLO2b was widespread in
the former East Germany. Unfortunately we could not
distinguish those two haplotypes, but the occurrence of
one of them in eastern Germany is in accord with our
result, as we detected PLO2 in Poland and in eastern
Germany (Saxony). In the same region we also found
haplotype PLO16, similar to Frantz et al. (2013).
Haplotype PL1, found in our study, and denoted as
PLO110 (longer sequence) in the German study, was
found in central eastern Germany. Haplotype PLO 13,
which we found only in the Czech population and one
sample from southern Poland, was detected in western
Germany by Frantz et al. (2013). The absence of this
haplotype in all other populations sampled in this study
suggests a separate invasion route of raccoons from
Germany to the Czech Republic and further to southern
Poland. In general, the good agreement between these
two studies strongly supports the German origin of the
Polish and Czech raccoon populations.

From the mitochondrial data we cannot identify the
origin of the introduced populations. The haplotype
that characterises the Czech population is common
and widespread across the native range in eastern
North America (Cullingham et al. 2008a). The same
applies to the haplotypes found in the German and

Polish populations. The PLO2 haplotype is the most
common and widespread in the native range. Simi-
larly, the other two haplotypes detected in this study
are spread throughout the native range, as the popu-
lation structure of raccoons in North America is the
result of intensive artificial exchange of individuals
between regions (Cullingham et al. 2008a, b).

Population structure and within-population
diversity

Data analysis showed the presence of different genetic
clusters in the studied area, confirmed by both
mitochondrial and nuclear markers and probably
attributable to two different invasion routes in the
studied region. The Czech Republic group was clearly
distinguished from all others by STRUCTURE clus-
tering and Fgr pairwise comparisons. In view of its
having the lowest values for heterozygosity, allelic
richness and effective population size, it was probably
established from fewer individuals than were the
populations of the other sites. Interestingly, three
individuals from the Czech Republic and the only
raccoon sampled in southern Poland (Fig. 1, point 3)
also possessed the PLOI13 haplotype but shared
ancestry in its nuclear genome with raccoons from
Germany and not the Czech population. This might be
the result of a few generations of backcrossing with
raccoons that shared ancestry with those from north-
ern Poland and Germany, despite its origin from the
Czech maternal lineage. On the other hand, this
finding also indicates a separate invasion route, from
western Germany to the Czech Republic. We did not
sample individuals from western Germany so we
cannot exclude the possibility that individuals from
the Czech Republic would cluster with them in
nuclear genome analyses. We suspect, however, that
in southern Poland there is a zone of contact between
individuals from two different invasion routes. It
seems a likely scenario, given the short time elapsed
since raccoons were introduced in Poland. This would
be important from the management point of view, as
such a mixed population would be expected to exhibit
high levels of genetic diversity and high invasive
potential, as has been suggested for intraspecific
hybrids of non-native species (Facon et al. 2008;
Kolbe et al. 2007; Lucek et al. 2010). Confirmation of
this scenario requires extensive sampling of raccoons
in that region.
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Apart from the Czech population, we found an
additional level of substructure among the remaining
samples. The genetic structure of raccoons from other
locations is detectable but weak in terms of Fgr, but
consecutive runs of STRUCTURE revealed a clear
division between raccoons inhabiting Warta Mouth
National Park and the others from Poland and
Germany. The clustering together of individuals from
Poland and Germany in the second round of analysis
shows their common origin. Both clusters detected in
Poland were fixed for the most common mitochondrial
haplotype, PLO2, which was also found in samples
from Germany. What is more, the samples from both
Polish clusters showed lower allelic richness than
those from Germany. This would support the scenario
of raccoon invasion from Germany to western Poland,
as we observe a diversity gradient such as that seen
when a population from a nearby source area disperses
into an unoccupied area by a gradual stepping-stone
process. The genetic variation present in the source
population will progressively decline with the distance
to newly established sites (Le Corre and Kremer
1998). Weak differentiation indicating a strong and
recent invasion was also confirmed by AMOVA, as
the differentiation between regions hosting popula-
tions from each country was low and non-significant.
The weak but significant IBD pattern also confirms
intensive colonisation and high mobility of
individuals.

The consistent pattern of heterozygote deficiency
across all markers as well as the positive Fig values
across populations suggest the Wahlund effect, pos-
sibly resulting from mixing of individuals from
different sources, or else inbreeding within popula-
tions established from highly related individuals. The
haplotype composition and low effective population
size, combined with the high density of raccoons in
Germany (Hohmann 2001), rather argue for inter-
breeding of related individuals and against multiple
sources of introduction of individual populations. The
level of intrapopulation genetic diversity, expressed as
expected heterozygosity values and allelic richness,
are comparable with those reported for raccoon
populations in the native species range (Cullingham
et al. 2006, 2008a, Root et al. 2009, Hauver et al.
2010, Santonastaso et al. 2012). Four of the loci
analysed in this study were also used to reveal the
genetic diversity of raccoons in the native range. The
number of alleles for those loci in individuals sampled

@ Springer

in the studied region is similar, or in two cases even
higher than in native populations (Table S3, Supple-
mentary material). A similar level of population
genetic diversity was also found in invasive popula-
tions of raccoon in Spain (Alda et al. 2013). A higher
number of alleles in an introduced population can be a
result of mixing individuals from different source
populations. As mentioned before, the only population
exhibiting lower diversity is the one from the Czech
Republic, but the number of alleles for all analysed
individuals is higher than the number of alleles when
individuals from the Czech Republic are excluded.
This would also support the separate origin of the
Czech population.

The model-based assignment analyses, both those
from STRUCTURE and those from Tess incorporat-
ing geographic location of samples, disclosed two
different clusters among the raccoons sampled in
Poland despite their close geographic proximity.
Although geographically close, those raccoons have
very different habitats. Individuals grouped in cluster
2 were sampled mainly in the “Warta Mouth”
National Park where habitat is dominated by wetlands,
scrub willow, marshes and meadows. The raccoons
grouped in cluster 3 inhabit a much drier area outside
the park covered by coniferous and deciduous forest.
In analysing the asymmetrical effective movement
between these two contrasting habitats we detected
almost ten times higher emigration from the Park than
immigration to it, although the HDPI values over-
lapped. What is more, the low Fgt between these two
groups indicates a substantial level of overall gene
flow between them and probably prevents detection of
directional migrations. On the other hand, the sharp
division between raccoons sampled in Warta Mouth
National Park and outside it could suggest source-sink
dynamics between these two subpopulations, related
to raccoon density in these two habitats. Raccoons
inhabit the floodplains of the lower Warta River valley
(in the Park) at much higher density, and they have
smaller home ranges; the raccoons inhabiting the
forest have much larger home ranges, suggesting their
density is lower there (Bartoszewicz et al. 2008). Such
optimal habitats where raccoon density is very high
could host source populations for further colonisation.
This means that the management strategy should
concentrate especially on such areas, to reduce the rate
of invasion to other places. Those signs of strong and
intensive expansion of the raccoon in Poland are
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supported by the results of the BOTTLENECK test,
showing a significant heterozygote deficiency in
clusters 2 and 3 formed from Polish individuals.

Despite extensive expansion of the raccoon in
Central Europe, associated with long-distance dis-
persal and intensive gene flow between different areas,
the population of raccoons is structured. In the new
range of an invasive species its genetic structure 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; Gillis et al.
2009); however patterns of genetic differentiation are
not uniform (e.g. Schrey et al. 2011). The genetic
structure of invasive species is developed by multiple
introductions to multiple locations (e.g. connected
with the distribution of farms from which the feral
populations originated) as well as by geographical
barriers (e.g. mountain ranges) and genetic drift in
newly established populations (Lecis et al. 2008;
Zalewski et al. 2009, 2010; Inoue et al. 2012). Our
results suggest that genetic structure can also develop
by invasion and adaptation of alien species to different
habitats. Genetic diversification may have further
implications for the native species. By exploiting
different habitats, raccoons are likely to exert a
different kind of predation pressure on their prey,
altering both the size and dynamics of the prey
population and in turn altering the ecosystem.

Here we demonstrated that an introduced species,
the raccoon, lost much of its mtDNA diversity upon
introduction but maintained most of the nuclear
diversity present in the native population. This
finding testifies to the high adaptive ability of the
raccoon and points to the very high risk that a few
escapees from farms or a few animals released by
private owners will establish a new population.
Admixture upon secondary contact between raccoons
from separate introductions may further accelerate
expansion. Further expansion poses a great threat to
native species, and to human health as well, as
raccoons carry many diseases and parasites (Popiotek
et al. 2011; Beltran-Beck et al. 2012). The risk of
disease transmission would be high because raccoons
are very likely to exploit anthropogenic habitats
(Bartoszewicz et al. 2008; Garcia et al. 2012).
Therefore management should above all aim to
prevent their establishment at new locations. It
should also aim to reduce the opportunity for

admixture resulting from secondary contact between
populations from various introductions, and to pre-
vent accidental or deliberate introduction of ranch
animals to an already established population, which
would pose the risk of increasing the genetic
diversity of the invasive species.
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