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Abstract

The American mink (Mustela vison) is known as a successful non-native species in Europe, impacting native species’
population sizes and habitats. This study investigates the genetic structure and diversity of American mink populations in
France over two decades (1997-2016). The analysis involves feral and farmed mink sampled from various regions, using
ten autosomal microsatellite loci for genotyping. The objective is to identify the putative existence of genetic lineages, espe-
cially between feral and farmed individuals, and to assess changes in genetic structure over time. Results reveal high genetic
diversity and inbreeding within populations, with evidence of genetic structure influenced by both farm releases and feral
colonization. The study highlights the reflection of the genetic structure in farm populations in the feral populations within
the first period (1997-2007), and a decline of a lineage over time in the second period (2007-2016) with the emergence of
a new genetic cluster, potentially influenced by factors such as selection, phenotypic changes, and interactions with patho-
gens. Overall, this research contributes to the understanding of the dynamics of American mink populations in France and
their genetic variability, emphasizing the importance of ongoing monitoring and management efforts to mitigate the impact
of this invasive species, especially on endangered or/and endemic species such as European mink (Mustela lutreola) and
Iberian desman (Galemys pyrenaicus).
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Invasive alien species have been widely recognized as one
of the major threats of biodiversity due to anthropogenic
changes at both global and local scales (Lockwood et al.
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native species’ population sizes and habitat ranges (Zalewski
et al. 2010). An example of such a successful invader is the
American mink (Mustela vison or Neovison vison) in parts of
Europe, which was introduced from North America for fur
farming in the early twentieth century. Following accidental
escapes, as well as intentional releases, this mink is present
in 28 European countries (Bonesi and Palazon 2007; Reid
et al. 2016). This species was also introduced and estab-
lished in parts of South America and Asia (Shimatani et al.
2010; Mora et al. 2018). In France it is considered as an
invasive species (Savouré-Soubelet et al. 2024). The general-
ist and opportunistic aspects of this mustelid’s diet impacted
native populations of both aquatic and terrestrial species,
reducing prey species of seabirds in Brittany, especially the
Roseate Tern (Sterna dougallii) loosing between 25 and 32%
of its French population each year (Jacob and Capoulade
2010). Lorvelec et al. (2024) also observed eleven-time
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fewer marine birds on Brittany breeding grounds of Tomé
Island from 2004 to 2019, with drastic decrease of the Euro-
pean herring gull (Larus argentatus), largely attributed to
the American mink’s invasion confirmed in 2012. Great
proportion of predation of the endangered Iberian desman
(Galemys pyrenaicus) endemic to the French Pyrenees and
the Iberian Peninsula was also described in Spain (Romero
2015). While the feeding plasticity of this non-native spe-
cies can be considered to limit competition with other carni-
vores (Hammershoj et al. 2004; Carlsson et al. 2010), added
predation pressure on native prey species is not negligible
(Krawczyk et al. 2013; Mezzetto et al. 2021).

The American mink can however be in direct and indirect
competition for resources with other carnivorous mammals
such as the critically endangered European mink (Mus-
tela lutreola), with evidence of direct aggression from the
invader towards the native species observed in other parts
of Europe (Melero et al. 2008; Sidorovich et al. 2010; Podra
et al. 2013). Current distribution of both species in France
advocate without confirmation for European Mink displace-
ment from the American mink (DREAL Nouvelle Aquit-
aine et al. 2021). The American mink can also play a role
in disease transmission among native species, especially
in carnivores, as they can carry for example the Aleutian
Disease Virus (ADV) and could potentially be the source
of the ADV in Europe through fur farms (Zaleska-Wawro
et al. 2021; Vahedi et al. 2023). Greater seroprevalence of
ADV in American mink has been observed compared to
other species in France, and circulation in American mink
populations can potentially increase transmission in native
species (Fournier-Chambrillon et al. 2004). They can also
carry other parasites in common with other mustelids, thus
potentially affecting native populations (Torres et al. 2008).
With 47 native species impacted in Europe by the American
mink, this species features prominently in the list compiled
by Genovesi et al. (2012).

In France, the American mink was introduced in the
1920s for fur farming; and first observations of feral ani-
mals were recorded since 1950s (Léger et al. 2018). A long-
term monitoring study from 2000 to 2015 recorded evidence
of the expansion of the American mink over France with
three main established populations: (1) the historical region
of Brittany, Normandy and Pays de la Loire dating from
1960s—renamed as Brittany in the following study—(2)
the South West region including south of Nouvelle-Aquit-
aine and West of Occitanie, renamed as South West which
emerged in the 1980s, and (3) the South East of Occitanie
starting from the 2000s—renamed South East—(Léger et al.
2018). Moreover, local data or related to the presence of
a mink farm, without a source of dispersion, are observed
particularly in the region subsequently named Central West,
between Brittany and South West. Concerns were raised on
the overall expansion of the American mink throughout

@ Springer

Western France, questioning when the established popula-
tions would merge into one, which would allow genetic flow
and potentially increase the species invasiveness.

The use of molecular tools such as genotyping allows
for a better understanding of the dynamics leading to the
range expansion of the American mink in Europe. Different
studies have been conducted on the population genetics of
the American mink throughout Europe, observing greater
genetic diversity within feral populations compared to cap-
tive conspecifics (Bifolchi et al. 2010; Garcia et al. 2017;
Korablev et al. 2018; Mora et al. 2018). This greater diver-
sity is also observed in regions where the American mink
is native (Kidd et al. 2009; Bowman et al. 2017). Insights
from the population genetic structure can inform manage-
ment practices by tracking the dispersal of the population
and limiting their expansion by regulating targeted popula-
tions (Sakai et al. 2001; LeRoux and Wieczorek 2009).

The present study aimed to investigate the genetic struc-
ture and diversity of American mink over time for multiple
regions in France. We monitored several populations over
two decades, which included feral mink and individuals held
in fur farms, through genotyping of 10 autosomal microsat-
ellite loci. Those neutral nuclear genomic markers vary from
1 to 20 nucleotides long tandem repeats that are unstable
with elevated mutation rates. Having flanking regions highly
conserved is also evolutionary relevant for studying popula-
tion structure and diversity (Selkoe and Toonen 2006). The
objective was to determine if different genetic clusters could
be identified within our sample set, especially between feral
and farmed individuals from respective regions (Central
West and South West of France for captive individuals) and
if the genetic structure changed between 1997-2007 and
2008-2016 periods. We hypothesized that genetic clusters
would reflect the historical emergence of the three main
established populations observed by Léger et al. (2018) and
predicted that those population have recently met and started
to homogenize.

Methods

Samples were collected on free-ranging feral American
mink trapped and culled by duly licensed trappers (‘“French
American mink network”) in the context of invasive pop-
ulation management. Samples from farmed individuals
were obtained thanks to the collaboration of the breeders
concerned, during the pelting season following Fournier-
Chambrillon et al. (2010). All samples were preserved in
90° alcohol before analysis. A total of 355 samples were
collected from American mink over a twenty-year period
between 1997 and 2016 and divided by periods as followed:
‘old’ between 1997 and 2007 and ‘recent’ ranging from 2008
to 2016, as well as if individuals were either free-ranging
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(feral) or held within fur farms (farm, Table 1). For subse-
quent analyses, individuals were also grouped according to
their geographic origin, sorted into four main regions: Brit-
tany, Central West, South West and South East (Fig. 1). Ten
groups were finally defined according to individual environ-
ment, period and geographical origin (Table 1).

Genomic DNA was isolated using the DNeasy Blood and
Tissue Kit (QIAGEN) from tissue samples. Negative con-
trols and aerosol resistant pipettes were used. Multilocus
genotypes were obtained by PCR amplification of 10 autoso-
mal microsatellites (Fleming et al. 1999; Cabria et al. 2007).
The forward primer of each locus was 5’-end labeled with
a fluorescent dye (Table A). The following three multiplex
sets were designed: mix 1 (MLUT25, MLUT27, Mvis099),
mix 2 (MLUTO04 Mvis022) and mix 3 (MER009, Mvis075,
Mvis072, MER41, MER022). PCRs were carried out in
10 pl volumes containing 1 pl of primer mix (containing
each 2 pM primer), 5 pl of Multiplex PCR Master Mix (QIA-
GEN) and 1 pl of DNA. All amplifications were performed
as follows: 95 °C for 15 min followed by 40 cycles (94 °C
for 30 s, annealing at 57 °C for 90 s, extension at 72 °C for
60 s) and a final extension step at 60 °C for 30 min. PCR
products were genotyped on an Applied Biosystems 3130XL
Genetic Analyzer using 2 pl of amplified DNA, 10 pl of
Hi-Di formamide and 0.15 pl of GeneScan-500 (LIZ) size
standard (Applied Biosystems). Length variation determi-
nation (alleles and genotypes) was performed using GEN-
EMAPPER 4.0 (Applied Biosystems). MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004) was used to detect stutter
errors and to estimate the proportion of null alleles at each
locus for each cluster defined by the preliminary STRUCTU
RE analysis (see below). Genotypes were then corrected
accordingly. To construct consensus multilocus genotypes,
we followed the rules described hereafter (adapted from
Bonesi et al. 2013): an allele was only accepted if observed
at least twice. We thus accepted heterozygous genotypes that

were observed twice. A homozygote was accepted after three
positive PCRs gave the same single allele; otherwise, we
coded the locus as being potentially heterozygous with only
one allele identified and one allele missing.

F-statistics (pairwise Fgp, D;. and FIS), allelic richness
(Ar), the Hardy—Weinberg Equilibrium (HWE), FIS calcula-
tions and the expected (He) and observed (Ho) heterozygo-
sity were calculated for each defined group using diveRsity
(Keenan et al. 2013) in R version 3.5.2 (R Development
Core Team 2008). Group differentiation was assessed by
analysis of molecular variance (AMOVA) using the poppr
package. It was calculated as Fgy for all groups and between
pairs of groups (Peakall and Smouse 2012). One model per
period was conducted to evaluate variation between sam-
pling localities and between mink environments, animals
being free-ranging or held in farms. The significance of
the estimative was obtained by using 9,999 permutations
and a confidence interval of 95%, by 10,000 resampling. In
addition, Principal coordinate analyses (PCoA) were car-
ried out using GenAlex (Peakall and Smouse 2012) for the
identification of genetic diversity patterns within the full
dataset, and separately for each decade (old: 1997-2007 and
recent: 2008-2016) based on Euclidean distances generated
between samples.

The genetic structure of the American mink groups
was inferred using Bayesian clustering analysis with
STRUCTURE 2.3 software (Pritchard et al. 2000) on the
entire dataset, and divided by decades (old: 1997-2007
and recent: 2008-2016). We ran 10 iterations for each K
value from 1 to 10 using the admixture model. A total
of 10 MCMC repetitions were performed after a burn-in
period of 20%. The results of the 10 iterations for each K
value were summarized and averaged using the CLUMPP
method (Jakobsson and Rosenberg 2007) implemented in
CLUMPAK (Kopelman et al. 2015). The optimal num-
ber of clusters was investigated using the inlikelihood of

Table 1 Grouping of samples according to individual environment, period and geographical origin

Group Environment Period N Sampling localities in detail: Region (Departement)

Central west farm old Farm 0Old (1997-2007) 36 Nouvelle Aquitaine (Charente, Dordogne)

Central west feral old Feral Old (1997-2007) 8 Nouvelle Aquitaine (Charente, Dordogne, Correze)

South West farm old Farm Old (1997-2007) 10 Occitanie (Pyrénées Atlantiques)

South West feral old Feral Old (1997-2007) 102 Nouvelle Aquitaine (Gironde, Landes, Lot-et-Garonne),
Occitanie (Gers, Pyrénées Atlantiques)

Brittany feral recent Feral Recent (2008-2016) 31 Brittany (Cotes d'Armor, Morbihan)

Central west farm recent Farm Recent (2008-2016) 65 Nouvelle Aquitaine (Charente, Dordogne)

Central west feral recent Feral Recent (2008-2016) 4 Nouvelle Aquitaine (Charente, Dordogne), Occitanie (Lot)

South East feral recent Feral Recent (2008-2016) 7 Occitanie (Aude, Pyrénées Orientales, Tarn)

South West farm recent Farm Recent (2008-2016) 20 Occitanie (Pyrénées Atlantiques)

South West feral recent Feral Recent (2008-2016) 72 Nouvelle Aquitaine (Gironde, Landes), Occitanie (Hautes

Pyrénées, Pyrénées Atlantiques)
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Fig. 1 Distribution of samples,
colors indicate hypothetical
geographical clusters used to
define the groups

Sampling

[J 0Id(1997-2007)

B Recent(2008-2016)
. Farms (old and recent) BBl South East
[ ] South West

the data (Pritchard et al. 2000) as well as the AK method
(Evanno et al. 2005), implemented in STRUCTURE HAR-
VESTER (Earl and von Holdt 2012). We determined an
admixture pattern for each individual when attribution to
one cluster q-value was below 90%. Effective population
sizes calculation were conducted using BOTTLENECK
1.2 (Cornuet and Luikart 1996) according to periods for
feral mink, as well as between clusters identified using
STRUCTURE.
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Regions

B Brittany
B Central West

Results

All ten microsatellite loci were polymorphic in the 355
mink sampled. The mean allelic richness was 3.44, the
mean number of alleles per locus was 6.7, and the mean
observed heterozygosity was 0.56 with overall similar val-
ues between populations. However, slightly lower values
are found within the recent period compared to the old
period (Table 2). We observe a greater number of loci per
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Table 2 Estimates of genetic diversity between groups and periods

Total old period Total

South East  South South West ~ South South West  Mean total

Central West
farm recent

Central West Central

feral recent

Central

Brittany
feral

recent
period

West farm  farm recent

old

feral recent

West feral

old

feral recent

West farm

old

West feral
old

recent

31.08
67.00
31.66
3.44
0.56
0.69
0.00
0.17
0.02
0.29

34.15

36.96
82.29
36.86
3.51
0.57
0.72
0.00

67.6 9.2 18.2
79 63
0.

88.2
152

60.2 6.5

323
91

39
35

6.9

61

30.1
79

95.75

118

45

113

41.55
3.76
0.61
0.77
0.00
0.20
0.08
0.31

26.24
3.48
0.57
0.69

35.09
4.13
0.69
0.8

48.73

65.44
3.76
0.58
0.79

19.33
3.11
0.53
0.66

39.13 46.81

15.78
2.84
0.62
0.57

26.53

33.09
3.75
0.48
0.74

%

Ar

3.72
0.54
0.75

3.74
0.64
0.73

3.71
0.63
0.73

342
0.54
0.75

Ho

He

0.008

HWE
Fis

19

0.1827
0.0672
0.2909

0.14

0.2854
0.2254
0.349

0.2673
0.2214
0.3131

0.1877

0.1122
0.0612
0.1648

0.1339
0.0609
0.2055

-0.0869
-0.3224
0.0791

0.2717
0.0231
0.4856

0.3512
0.2784
gh 04226

0.05
0.31

0.0126
0.2244

-0.1635
0.4453

Fis_Low

Fis_Hi

N mean number of individuals types per locus, A mean number of alleles observed across locus, % mean percentage of total alleles observed per locus, Ar mean allelic richness, Ho observed
heterozygosity, He expected heterozygosity, HWE uncorrected p-values from chi-sqaure test for goodness of fot to Hardy-Weinberg Equilibrium, Fis mean global Fis values per population with

upper and lowe 95% confidence intervals

group that deviated from Hardy—Weinberg Equilibrium in
the recent period (Table 2). More specifically, in the South
East and Central West ferals, as well as farm individuals
from the South West, potentially indicating population
substructures but is more likely uneven sampling due to
low sample size. Additionally, FIS values above 0.15 are
found overall for both periods apart from the Central west
recent farm and feral (Table B).

The three models of AMOVA indicated most genetic vari-
ance within individuals (mean =90.8%, mean F;;=0.091,
p<0.001) and then among individuals between geographi-
cal regions (mean=7.6%, mean F;g=0.077, p<0.001).
Variances between periods and between environments
(feral-farm) for both periods (old and recent) were 0.23%,
1.04% and 3.4%, respectively while not reaching statistical
significance (Table 3).

Principal component analysis (PCoA) detected low
genetic differentiation further explained by both axis
(X-axis: 10.36%, Y-axis: 7.49%; Fig. 2A). However, PCoA
did detect a genetic structure, isolating a set of feral individ-
uals sampled in Brittany and the South West region on the
X-axis (recent period, Fig. 2A, C). Despite showing continu-
ous spatial variation, an orthogonal gradient through X-axis
is observed when only considering the old period, exhibiting
genetic differentiation between mink sampled in the South
West compared to Central West conspecifics (Fig. 2B).

The Bayesian clustering analysis showed that the optimal
number of clusters by the Evanno method was K =3 for the
overall dataset (K1, K2 and K3), as well as K=2 for both old
and recent periods (KA old and KB old, KA recent and KB
recent; Table C, Fig. 3; Table 4). One of the genetic clusters
(K2, purple in Fig. 3) is overall present in all populations
and is shared in high frequency with all samples collected
in the recent period, especially in farmed individuals. In
addition, the second most frequent cluster (K1, orange in
Fig. 3) is present in higher frequency in samples collected in
the old period represented by 43—14% of mink attributed to
this cluster by populations (Fig. 3, g-value > 0.9). However,
this cluster counts zero strict attribution in recent popula-
tions apart from South West ferals (6%), showing a decline
in this potential lineage over time in both farmed and feral
individuals. Finally, the third cluster (K3, turquoise in Fig. 3)
is mostly present in recent feral samples, especially in Brit-
tany and South West, being marginally represented in other
regional populations.

When considering both periods separately, Bayesian clus-
tering analysis showed that the optimal number of clusters
by the Evanno method was two clusters for the old period
(KA and KB, Table C). Although admixture individuals
were found in the four groups, a dominance of mink attrib-
uted to KA (Table 4) is found in farms of both regions while
mink strictly attributed to KB are ferals from the South
West. However, when considering the Bayesian clustering
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Table 3 Molecular analyses
of variance (AMOVAs) based

on ten microsatellite loci from
355 individuals of American
mink for the entire dataset,

and divided between sampling
periods (old-recent) according
to individual environment
(farm or feral) and region
(geographical origin of sample)

df Sum Sq % Variance  Fixation index  p-value
Entire dataset
Between periods (old-recent) 1 432566 0.229 Fst=0.0023 0.405
Between regions within periods 8 163.732  8.532 Fis=0.0855 0.001
Within individuals 344 1946.469  91.238 Fit=0.0876 0.001
Total 355 2153459 100
Old period (1997-2007)
Between environments (farm-feral) 1 33.953 1.039 Fst=0.0103 0.349
Between regions within environments 2 26.358  7.532 Fis=0.0761 0.001
Within individuals 152 888.032  91.429 Fit=0.0857 0.001
Total 155 948.345 100
Recent period (2008-2016)
Between environments (farm-feral) 2 54.867 3.386 Fst=0.0338 0.143
Between regions within environments 3 45973  6.742 Fis=0.0697 0.001
Within individuals 192 981.442  89.871 Fit=0.1013 0.001

Total

197 1082.281 100

analysis of the recent period, all population are dominated
by individuals attributed to KB (Table 4) and few admixture
patterns. Nevertheless, a great proportion of samples was
attributed to KA in the Brittany and South West region for
feral individuals. This result seems to converge with results
obtained on the full dataset regarding the third cluster (K3,
turquoise), showing great resemblance of feral populations
from Brittany and the South West in the recent period.

Finally, effective population sizes were calculated for
feral populations, and were found greater in the recent period
compared to the old period, as well as according to the clus-
ters identified through Bayesian approach (Table 5).

Discussion

The present study demonstrates the relatively high genetic
diversity of feral and farm mink populations over a 20-year
period in France. Compared to Bifolchi et al. (0.62; 2010)
that focused on Brittany, we observe similar overall mean
heterozygosity levels (0.58; Table 2), which are also rela-
tively similar to those obtained in other non-native countries
such as Patagonia (0.38; Mora et al. 2018), Japan (0.48; Shi-
matani et al. 2010), China (0.50-0.63; Zhang et al. 2021),
Scotland (0.57; Fraser et al. 2013), Poland (0.59; Zalewski
et al. 2010), Spain (0.61; Lecis et al. 2008) and Russia (0.69;
Korablev et al. 2018). However, comparisons between stud-
ies must be interpreted with caution due to the use of multi-
ple markers that are not all common between studies.
Relatively high inbreeding is observed overall within
the present dataset (Table 2), as well as deviation from
Hardy—Weinberg Equilibrium, showing a deficit of het-
erozygosity within our dataset. These results potentially
show a Wahlund effect that is anticipated when distinct
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gene pools are combined (Hartl and Clark 1997) and struc-
tures in subpopulations at lower geographical scale is con-
firmed when looking for genetic partitions using Bayesian
methods. Indeed, multiple, and independent introductions
from different source populations with distinct genetic
compositions occurred for the introduction of the Ameri-
can mink (Bifolchi et al. 2010), and the resulting popula-
tion structure can include subpopulations with different
allele frequencies. This leads to a Wahlund effect when
these subpopulations interbreed.

We also observe high allelic richness, despite lower
mean values for feral groups from the recent period
(2008-2016). Those values can be explained by the low
sample size of some populations (Table 1), which are
therefore not entirely representative of all mink in the
areas sampled. No distinct geographical patterns are found
in this dataset when it comes to genetic diversity, advo-
cating for the success of the invasion of France for the
American mink, as in other countries in Europe and in the
world (Bonesi and Palazon 2007). Indeed, high genetic
diversity and gene flow can make a species competitive for
its establishment in a new environment and its expansion.
High genetic variability in a population can foster pheno-
typic plasticity that can mitigate with new encounters with
unknown pathogens and niche breadth. Moreover, genetic
potential can be augmented by the number of founders
and multiple introduction events when it comes to inva-
sive species (Dlugosch and Parker 2008). In comparison,
previous studies on the native and critically endangered
European mink showed lower allelic diversity and het-
erozygosity levels in France compared to Eastern Europe,
with significant results for a recent bottleneck event (for
n=106, Ho=0.379, Michaux et al. 2005 and n=73,
Ar=2.6, Ho=0.389+0.182, Cabria et al. 2015).
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Fig.2 PCoA generated from Euclidian genetic distances between individuals for A the full dataset, B the old period and C the recent period

In the case of the American mink in Europe, most stud-
ies show that a distinct genetic structure is observed in feral
mink compared to farm lineages. This is reflective of mink
conditions of introduction, namely the proximity and num-
ber of sites for introduction, as well as the lineages released.
This is observed in Russia (Korablev et al. 2018), Poland
(Zalewski et al. 2011), Spain (Lecis et al. 2008) and Brit-
tany for France (Bifolchi et al. 2010) and is illustrated by
the free-ranging population originating from farm escapees
of multiple lineages. The genetic structure of populations
in the old period (1996-2007) in France within our study
had similar patterns of cluster attribution, reflecting the
strong influence of multiple introduction events from farms
on feral population structures. The presence of a dominant
cluster and admixture individuals in the old period (Table 4)
already advocates for great dispersion among populations,

with common, highly diverse genetic pools between farms.
The genomic admixture that occurred during the mixing
of different populations might have increased the fitness of
individuals and accelerated the invasiveness of this species
during this period.

Different genetic population structures have been
observed in the recent period (2008-2016). First, we found
a striking progressive reduction of the orange cluster (Fig. 3)
between old and recent periods in both feral and farm mink.
Second is the establishment of the turquoise cluster in the
recent period (Fig. 3), which was only marginally present in
admixture individuals in the old period, but which is now
highly represented in Brittany and the South West com-
pared to other populations. This cluster’s distribution in the
South East and Central West remains to be confirmed due
to our reduced sample size for feral mink. The distribution

@ Springer
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Old period 1997-2007

Recent period 2008-2016

Sampling

O old (1997-2007)

Bl Recent(2008-2016)
. Farms (old and recent)

Regions

I Brittany
[ Central West
[ South East
[ South West

Clustering

Eki

B k2

ks

[ Admixture q<90%

Old period
(1997-2007)

Recent period
(2008-2016)

Fig.3 Bayesian clustering attribution of samples according to their
hypothetical geographical populations, environment and period. On
maps are represented with pie charts sample attribution to each clus-

of those clusters is unlikely to be linked to farm escapees,
compared to the genetic structure of the old period. This is
mainly because since the beginning of national action plans
for the European mink in 1999, extensive awareness-raising
and training campaigns have been conducted among mink
farmers to limit new introduction levels (DREAL Nouvelle
Agquitaine et al. 2021). The absence of the turquoise clus-
ter in farm populations thus reflects the lack of similarity
between farm and feral populations, advocating for other
means of genetic variation.

One explanation for the recent genetic structure of feral
populations could reflect a relatively new natural coloniza-
tion by a lineage of escapees coming from Brittany and the
South West, forming two colonization fronts. As discussed
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South West
Farm Old

South West
Feral Old

South West
Farm Recent

South West
Feral Recent

ter with q>0.90. Chart size is proportional to sample size for each
group. Horizontal bar plots represent the K=3 clusters attribution for
the overall data set for both decades

by Zalewski et al. (2011), the long-distance dispersal abil-
ity of American mink males can shape and homogenize the
genetic structure of populations founded by individuals of
various origins (Melero et al. 2018). However, the lack of
established population between Brittany and the South West
region does not support this hypothesis. While long-distance
male dispersal and multiple introductions in the past from
the same lineage could explain the ubiquitous presence of
the purple cluster (Fig. 3), our sample size in some popula-
tions cannot validate the same distribution for the turquoise
cluster. Moreover, the very low abundance of this cluster in
the old period for the South West raises the question whether
this lineage was already present in Brittany during the old
period, or/and if farm escapees from this lineage in the South
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Table 4 Proportion of individuals attributed to each cluster (q-value >90%) from Bayesian clustering for each population according to groups

with number of individuals in parenthesis

Group Admixture KA old KB old
Central West farm old 58% (21) 42% (15) 0
Central West feral old 88% (7) 13% (1) 0

South West farm old 50% (5) 50% (5) 0

South West feral old 64% (65) 4% (4) 32% (33)
Group Admixture KA recent KB recent
Brittany feral recent 0 42% (13) 58% (18)
Central West farm recent 3% (2) 6% (4) 91% (59)
Central West feral recent 0 0 100% (4)
South East feral recent 14% (1) 0 86% (6)
South West farm recent 5% (1) 0 95% (19)
South West feral recent 1% (1) 31% (22) 68% (49)

Table 5 Effective population

¢ leulati | Population Mean effective
size calculation between old population size
(1997-2006), recent (2007—
2016) periods for feral mink Old feral 176.20
and agcordmg to. clusters from Recent feral ~ 218.20
Bayesian clustering between
periods Old KA 42.60
Old KB 67.80
Recent KA 74.80
Recent KB 294.20

West were missed in our sampling. Regardless of its geo-
graphical origin, there must have been drivers that fostered
the maintenance and expansion of this lineage over time
in feral populations and the reduction of the prevalence of
the orange cluster. If this variation in genetic structure is
explained by genetic drift, selection, or both, it remains to
be tested through other markers, both neutral and selective.
However, we can speculate that there is potential for line-
age selection based on phenotype variation in other regions
where the American mink is invasive.

When considering the depletion of the orange lineage,
we can consider that it might have been less competitive
than other lineages in both captivity and in the wild. In that
sense, French breeding stock for fur farming originates
from Danish lineages, and it is possible that one lineage
was less favored by breeders during livestock renewal for
various reasons (docility, fur density, fur color, etc. Fournier-
Chambrillon, personal comment). A recent study also dem-
onstrated that morphological changes arise after domesti-
cation once the American mink becomes feral (Pohle et al.
2023). According to Pohle et al. (2023), the brain size of
well-established feral mink in Poland reached similarity to
their wild North American ancestors compared to farmed
individuals, and brain volume can potentially impact a wide
range of changes in species behavior through cognitive

capacity, hence advocating for phenotypic plasticity between
feral lineages. In the same way, forelimb length and body
shape were observed to be different between feral and farm
American mink in Poland (Mucha et al. 2021), where the
genetic background has a significant influence on the size of
the offspring, despite the ecological aspect. Those examples
illustrate the great and rapid variation in phenotype for this
species during the invasive process, fostered by a high fecun-
dity selected by breeders, which could explain the depletion/
establishment of different lineages.

Another aspect to consider is the relationship between the
American mink and its pathogens, which could explain the
changing genetic structure of the mink in France. A recent
study in Poland investigated the link between reproduc-
tive output and the Aleutian Disease Virus (ADV) preva-
lence in feral American mink (Zalewski et al. 2023). Feral
females infected with ADV delivered significantly smaller
litters than uninfected females, reducing their litter size by
8%. Moreover, offspring survival within litters of infected
females was lower than that within those of uninfected
females. This link between infection and reproductive out-
put can seriously impact feral mink populations. However,
investigation within the French feral population is needed to
better understand if the turquoise cluster carries such pheno-
typic changes compared to the orange cluster, despite known
circulation of ADV in France (Fournier-Chambrillon et al.
2004).

Overall, this study allows for an overview of the genetic
variation over time in multiple feral and farm populations of
American mink in France. While no distinct geographical
patterns are found, hence not reflecting the historical emer-
gence of the three main established populations observed by
Léger et al. (2018), we do observe the ubiquitous presence
of a lineage, advocating for a unified population. Since all
mink farms are now closed in France since 2021, the risk
of new introductions is very limited. Now that this species
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is established in the French landscape, other factors such
as genetic drift or selection will be crucial for its genetic
variability and dominance over native species. Moreover,
measuring the variability in mink phenotype according to
the clusters identity could shed more light on the evolution-
ary history of the species within France. Further conser-
vation actions testing for potential impacts of the species
on the native species present within the American mink’s
range also needs to be conducted across the territory. The
fact that we observed greater effective population sizes in the
recent period compared to 1997-2006 for feral populations
advocates for a boosted dynamic within populations. Those
results could have direct implication when it comes to the
mitigation of the expansion of the American mink in France.
American mink trapping is carried out almost everywhere on
an individual basis by local associations of approved trap-
pers. However intense, organized and coordinated control is
carried out only in the priority intervention zones defined by
the national action plan for European mink, essentially on
the colonization fronts that directly threaten European mink
relict nuclei in the Charente basin and in Spain: South front
for the Brittany population, as well as North and South fronts
for the South West population (DREAL Nouvelle Aquitaine
et al. 2021). There is thus a lack of national coordination
to measure and limit impacts of the American mink in all
of France. Our study shows no critical geographical point
of admixture, and no management units from the genetic
aspect, limiting localized actions and therefore advocating
for a large scale coordinated action. However, Vada et al.
(2023) observed a decrease in American mink feral popula-
tion size in 2017-2021 compared to 2012-2016 (-21%) in
France, showing the impact of governmental measures to
mitigate this species establishment (European Life program,
National Action Plans from 1999 to 2030). Genotyping mink
from 2017 onward could bring new insight on the potential
consequences of population control on the genetic popula-
tion diversity and structure. If comparing even more recent
data with results from this study could show greater levels of
heterozygosity deficiency, the reduction of genetic diversity,
and an uneven distribution of genetic clusters, it would be
possible to confirm the efficiency of American mink control
actions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42991-024-00435-1.
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