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Abstract Alien predators exert severe effects on
island ecosystems, and their eradication from island
habitats may therefore be necessary to conserve the
native biota. Efforts are being made to eradicate the
American mink (Neovison vison) from the Atlantic
Islands of Galicia National Park (NW Spain), a
protected site inhabited by vulnerable island fauna.
We applied a molecular genetic approach to elucidate
the source of the invaders and to evaluate the
effectiveness of the trapping programme. We col-
lected mink scats in the field and obtained tissue
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samples from culled mink. Populations of feral mink
were known to be present in coastal areas close to the
National Park archipelagos in the 1980-1990s. How-
ever, the molecular findings suggest that these popu-
lations were not the main source of the mink
populations that colonized the islands during the
2000s. Recent releases from farms directly on to the
islands are a more likely source of these invaders.
Genetic analysis suggested that mink reproduced
successfully on the islands and were relatively isolated
from other mainland populations. The findings also
suggest that most of the culled mink were juveniles,
probably because it was more difficult to catch adults.
Since mink are short-lived animals, it seems that
eradication may also be achieved when a large
proportion of juveniles are culled in isolated and
small populations.
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Introduction

Alien species are considered one of the most serious
threats to biodiversity worldwide (Pimentel 2011;
Funk 2015). Islands are particularly vulnerable to
invasion by non-native species because, commonly,
insular biota evolve under low predation pressures and
they often lack effective methods of defence against
non-natural enemies (Reaser et al. 2007). Alien
predators, especially mammals, have a particularly
severe impact on native island fauna often leading to
the extinction of entire populations of native-species
(Courchamp et al. 2003; Blackburn et al. 2004), with
subsequent cascades of effects on ecosystems (Sim-
berloff 2011; Medina et al. 2014). The eradication of
alien predators from islands is increasingly used as a
management strategy to conserve island biota (Keitt
et al. 2011; Dawson et al. 2015).

Genetic bottlenecks and demographic stochasticity
are likely to occur when low numbers of founders
settle in a new area (Simberloff 2009), which have
negative effects on invasion success (Tobin et al.
2011; Bock et al. 2015). However, genetic admixture
due to multiple or continuing sources of invasive
individuals may have positive consequences for the
fitness and the adaptive potential of founder groups,
thus enhancing their chances of persistence, especially
in novel habitats (Dlugosch and Parker 2008; Facon
et al. 2008; Zalewski et al. 2010). Thus, the successful
eradication of alien vertebrates from islands depends
on the initial number and composition of the founder
group (Dlugosch and Parker 2008), as well as the
degree of connectivity to mainland populations
(Lockwood et al. 2009).

Molecular genetic analyses have been particularly
useful for clarifying the dynamics of invasion (Lawson
Handley et al. 2011; Fitzpatrick et al. 2012), and also
for guiding management actions (Robertson and
Gemmell 2004; Le Roux and Wieczorek 2009; Fraser
et al. 2013). Analyses of nuclear genetic diversity and
genetic structure (i.e. genetic differentiation among
populations) are particularly helpful for identifying
source populations and routes of invasion, which is
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critical for determining methods and units of eradica-
tion or control (Robertson and Gemmell 2004;
Abdelkrim et al. 2005; Adams et al. 2014). For
example, when invading populations cluster with one
of the potential source populations and show reduced
genetic diversity a stepping stone scenario of invasion
(i.e. serial colonization) may be inferred (Lawson
Handley et al. 2011; Estoup and Guillemaud 2010).
On the other hand, kinship-based methods and genetic
networks may be especially valuable for studying
population dynamics and migration rates in recently
diverged populations (Rollins et al. 2012; Veale et al.
2013). Potential immigrants may be recognized as
non-related individuals in a genetic network (Rollins
et al. 2012).

The American mink (Neovison vison, hereafter
“mink”), a semi-aquatic carnivorous mammal, is an
established alien species with one of the greatest
impacts on vertebrate diversity in Europe, South
America and Asia (Macdonald and Harrington 2003;
Bonesi and Palazon 2007). Native to North America,
mink were introduced to many European countries for
fur farming. Escapes from farms gave rise to feral
populations, with dramatic impacts on several species
of native vertebrates (Dunstone 1993; Bonesi and
Palazén 2007). Mink are highly mobile (Gerell 1970)
and are able to swim relatively long distances (more
than 2.5 km) and they can reach off-shore islands by
island hopping (Bjorsson and Heirstensson 1991).
Accidental boat transportation may also facilitate the
colonization of some remote islands (Ratcliffe et al.
2008). Mink commonly have a devastating impact on
the native biota on islands, particularly on seabirds
(Craik 1997; Nordstrom et al. 2002). Eradication of
invasive species from small coastal islands may be a
successful strategy (Roy et al. 2015), especially when
potential recolonization is taken into account (Dawson
et al. 2015).

In Galicia (NW Spain), the first free-living Amer-
ican mink populations were detected in the 1970s,
close to the sites of fur farms (Delibes 1983; Vidal and
Delibes 1987). Despite the continual expansion of the
species across Galicia (see also Rodrigues et al. 2015),
the large islands remained free of mink until the early
2000s (Pereira 2006). The Atlantic Islands of Galicia
National Park comprises a group of islands (Fig. 1)
that are protected with the aim of conserving island
biota, including several species of vulnerable fauna.
The presence of mink was first detected in two groups
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Fig. 1 Study area showing
the location of the Atlantic
Islands of Galicia National
Park and coastal locations
where mink abundance was
estimated by surveying line
transects (black lines on the
coastline). Grey circles
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of islands (Cies and Salvora) in 2003, and dramatic
predation events on native fauna were later recorded,
e.g. on endangered seabirds (Velando and Munilla
2011; Barros et al. 2014). As a result, after some early
control attempts, the National Park established a
culling programme in 2009.

Here, we carried out a retrospective analysis of
the invasion process and of the efforts made to
eradicate the American mink from Atlantic Islands
of Galicia National Park. The aims of this study
were twofold: (1) to analyse the possible sources of
invasive populations and (2) to evaluate the success

of the culling programme. Thus, in order to
elucidate the source of invaders, we genotyped
mink by using hair samples from culled animals
and faecal samples collected in the National Park
and adjacent mainland areas. Using data collected
during the culling program and kinship-based
methods, we also reconstructed mink population
dynamics in the National Park. We suggest that this
approach may be useful for examining the effec-
tiveness of trapping programmes and evaluating
successful strategies for eradication of invasive
predators from islands.
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Materials and methods
Study area

This study was carried out in the Atlantic Islands of
Galicia National Park, a group of islands in Galicia
(NW Spain, Fig. 1). Mink are known to have colo-
nized two of these islands, Salvora and Cies, as early
as 2003 (see Results). The small Island of Salvora
(190 ha) is located in the Ria de Arousa, close to the
Barbanza peninsula (c. 3 km), and surrounded by a
large number of islets (Fig. 1), so mink could reach
Salvora by island hopping (Bjorsson and Heirstensson
1991). The Cies Islands form an archipelago (434 ha)
located at the mouth of the Ria de Vigo, close to the
Morrazo peninsula (c. 2.5 km) and Val Mifor coast (c.
5 km). The Cies archipelago comprises three islands:
San Martifio and the twin islands of Monteagudo and
Faro, connected by a sandy beach and a rocky bridge.
The islands of San Martifio and Faro are separated by a
small strait (A Porta, c. 500 m).

We first gathered evidence for the presence of mink
close to the study area (see Supplementary Material
[SM]). In June 2014, we established transects in
continental coastal areas close to the National Park
(see Fig. 1) in order to obtain samples from possible
sources and estimate mink abundance. We surveyed
the following areas (from north to south): Corrubedo-
Aguifo (Barbanza area); Grove-Faxilda (Salnés area);
Udra-Cangas (Morrazo area) and Monteferro-Silleiro
(Minor area), all potential sources from mainland
populations surrounding the National Park archipela-
gos. A total of 11 coastal line transects (30.5 km) were
sampled. The length of each transect varied between 1
and 5 km (2.8 = 1.3 km, see Fig. 1). Mink abundance
in coastal transects was estimated as the number of
scats per km (see above).

Sampling and DNA amplification

Hair samples were collected by the National Park staff
from frozen samples of some culled mink and
preserved in ethanol (25 samples in Sélvora and 2
samples in Cies). Due to logistic problems, the mink
could not be stored for a long time and, unfortunately,
their sex and age were not determined before disposal.
Additionally, we collected scats in surveys in coastal
areas (see above) and in the National Park (see below).

@ Springer

The scats were preserved in ethanol (Cies: 7 scats,
Salvora: 62 scats, coastal areas: 123 scats).

DNA was extracted from scat samples by using the
Qiamp DNA Stool Kit (Qiagen, Netherlands) accord-
ing to the manufacturer’s instructions. DNA was
extracted from the hair samples obtained from culled
mink by a standard phenol:chloroform method. After a
preliminary screening of several microsatellites, we
selected six microsatellite loci that have previously
been developed for mustelids (Mvi57, Mvilll,
Mv219 and Mvi232, O’Connell et al. 1996; Mvis002
and Mvis075, Fleming et al. 1999), and their ampli-
fication showed consistent results. Amplifications
were carried out in two multiplex polymerase chain
reactions (PCRs) performed in a GeneAmp PCR
System 2700 thermal cycler (Applied Biosystems, see
details in SM).

Genetic diversity and private alleles

For all microsatellites analyzed, departures from
Hardy—Weinberg equilibrium (HWE) were tested
from estimated values of Wright’s F, according to
Weir and Cockerham (1984), by using GENEPOP
Version 3.3 (Raymond and Rousset 1995). The
Markov chain-randomization procedure (Guo and
Thompson 1992) was used to calculate p values.
Dememorization number, number of batches, and
number of iterations per batch were set at 1000. As the
number of private alleles, i.e. alleles found only in a
single population among a group of populations,
strongly depends on sample size, we used a rarefaction
approach as implemented in ADZE software (Szpiech
et al. 2008). Under a single source scenario, we
expected a smaller number of private alleles than in
multiple founder populations.

Genetic structure and genetic assignment

The genetic differentiation (Fgt) between all pairs of
populations was calculated using a randomization
procedure to determine the significance, according to
Weir and Cockerham (1984). To visualize the patterns
of differentiation among populations, we performed a
factorial correspondence analysis on the genotypes for
all the loci/alleles. The analysis was run using the
GENETIX 4.05.02 software (Belkhir et al. 2004).
Conventionally, the first axis makes a larger contri-
bution to total inertia and usually displays the
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differentiation between major population groups. We
also generated a neighbour-joining (NJ) tree based on
Nei’s standard genetic distance (Dsz; Nei 1972) using
the POPTREEW software (Takezaki et al. 2014). The
tree was midpoint rooted, and levels of confidence in
tree nodes were calculated from 100,000 bootstrap
replications.

We assessed the genetic structure of samples by
using two different clustering techniques. We
applied the CLUSTER_DIST, a software for clus-
tering individuals (Rodriguez-Ramilo et al. 2009), to
assess the genetic structure. In CLUSTER_DIST,
the method is implemented using a simulated
annealing algorithm to find the partition that
possesses the maximal average genetic distance
between subpopulations. Simulated annealing is an
optimization procedure that is suitable for dealing
with many genetic problems. Parameters used to run
the CLUSTER_DIST software in this study included
100,000 alternative solutions generated per step, a
maximum number of steps (temperatures) set to 400,
and an initial temperature (T) of 0.001, which was
reduced during each step by a factor of Z (cooling
factor) equal to 0.9. The possible number of
populations evaluated (K) ranged from two to ten
and ten replicates were run for each K. The number
of inferred clusters was estimated by an approach
that follows the same rationale as Evanno et al.
(2005), but adapted to genetic distances. It was
based on the rate of change in the averaged genetic
distance between successive K values (AK) calcu-
lated as AK = ID(K + 1) — 2D(K) + D(K — 1),
where D was the averaged genetic distance in the
optimal solution for a given K. The inferred number
of clusters corresponds to the value with the highest
AK (see Rodriguez-Ramilo et al. 2009 for more
details). The Bayesian clustering method in STRUC-
TURE vyielded rather similar results (data not
shown).

We assigned island samples to the most likely
location of genetic source by using the Bayesian
assignment test method in GENECLASS?2 (Piry et al.
2004). We used Rannala and Mountain (1997) com-
putation criteria by including the mainland popula-
tions (see Fig. 1) as reference populations. We also
estimated the assignment probability (see Piry et al.
2004) by 10,000 Montecarlo simulations using the
algorithm proposed by Paetkau et al. (2004).

Culling and scat surveys

Systematic culling programmes aimed at eradicating
or controlling mink populations were established by
the National Park between 2009 and 2014, although
some sporadic trapping had been carried out since
2005. Mink were live-trapped in individual cage metal
traps with a single entrance mainly placed on the
coastline (see details in SM). The culling campaigns
took place on Salvora and the Cies Islands between
October and April each year (Table 1). Additionally,
between 2007 and 2014, as part of the control
programme, the relative abundance of mink in the
National Park was estimated by recording the number
of scats in coastline transects (Table 1; see also details
in SM,). The results were grouped into two main
periods (see SM for details), the breeding season
(February—June) and non-breeding season (July—Jan-
uary). Capture rate and mink abundance were ana-
lyzed by General Linear Models (GLM), assuming a
Gaussian distribution of errors, with island and season
as fixed factors and year as covariate.

Genetic network

Relatedness () for all possible pairwise combinations
of individuals within each island population (Salvora
and Cies) was estimated by the maximum likelihood
approach (Wagner et al. 2006), using the ML-RELATE
software (Kalinowski et al. 2006). In accordance with
sampling events, we classified mink samples into
seasons, following the mink reproductive cycle (see
above; years: 2009-2013, from July year ¢ to June year
t + 1). Relatedness in all individuals captured in the
same season was compared by a GLM assuming a
Gaussian distribution and with island and season as
independent factors.

We examined the genetic relationships between
individuals within island populations by building a
genetic network (Rollins et al. 2012) on pairwise
coancestry values. These values were estimated using
the MOL_COANC software (Fernandez and Toro
2006), which implements an estimator belonging to
the group of ‘pedigree reconstruction’. Due to the lack
of information about the age of individuals and their
sex (in most cases) a simplified analysis was per-
formed by assuming all sampled individuals were
contemporary (i.e. the same generation). A single
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Table 1 Annual culling and sampling effort

Trapping days

Mink transects (km)

2009 2010 2011 2012 2013 2014

2007 2008 2009 2010 2011 2012 2013 2014

Salvora
Breeding 93 71 33 104
Non-breeding 30 31 73 53 23

Cies
Breeding 124 176 82 103 38

Non-breeding 65 169 127 95 102

40 40 10 10 50 20
210 30 20 20 20 40
6 12 24 15 30 15
6 12 12 9 27

The total number of trapping days and the total length (km) of line transects surveyed during the breeding season (February—June)

and the non-breeding season (July—-December) are shown

generation pedigree was simulated and, thus, estim-
able relationships are equivalent to full-sibs, half-sibs
or non-related animals. The number of available
‘virtual’ parents in the reconstructed genealogy was
set to the maximum sensible value (i.e. one father and
one mother for each individual). We ran five solutions
for each island population and pairwise coancestry
was estimated as the most probable relationship in
these solutions. For mink genotyped in each island,
coancestry relationships were visualized with NET-
DRAW v2.148 (Borgatti 2002). Networks were built
with the spring embedding algorithm, which cluster
densely connected nodes and displace less connected
nodes to the edge. We used genetic networks to
investigate family groups and also to detect candidate
immigrants, such as those genetically dissimilar to
other island members and hence possibly originating
outside the island (Rollins et al. 2012). Thus, we
identified possible candidate immigrants as those
individuals with no coancestry across all possible
dyads and/or no coancestry in the same or previous
sampling event. Additionally, a parental sibship was
reconstructed for each island by using full likelihood
method implemented in COLONY v2.0.5.8 (Wang
2009, 2013; Jones and Wang 2010) to estimate the
effective population size (Ne) and to infer some
reproductive parameters (see details in SM).

Population modelling
Management strategies for eradicating American

mink populations were assessed by population mod-
elling of a mink population with the average
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parameters derived from the literature. The main
objective of the modelling was to determine which
combination of population parameters in this baseline
population might help to remove mink from relatively
isolated populations, such as those in islands, and to
compare these results with the observed population
dynamics in the Atlantic Islands of Galicia National
Park. We developed an age-classified model (Caswell
2001) based on mink life-history traits (Dunstone
1993) by using a female model with two age classes
(juveniles and adults, see details in SM). Note that we
were interested in comparing different scenarios (see
below), rather than quantifying the population dynam-
ics. We simulated the effect on extinction probability
(i.e., proportion of runs where the population went
extinct) by running Monte Carlo simulations (1000
runs) over time (12 years) using PopTooLs (Hood
2010), under three different extreme-case scenarios:
(1) no culling and different number of colonizers
(propagule pressure, 2-20 mink), (2) culling only adult
mink, (3) culling only juvenile mink. In all scenarios,
we also evaluated the effect of immigration rate (0-8
annual immigrants) on extinction probability.

Results

Mink presence in coastal areas

Since the early 1970s, mink have been released to the
wild as a result of farm closures, accidental escapes or

deliberate releases (see SM, Fig S1). In 1992, feral
mink were already present in the Rias Baixas, close to
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the Atlantic Islands of Galicia National Park (Fig S1e),
and twenty-years later, feral mink were widely
distributed across Galicia (Fig S1f).

In June 2014, mink scats were especially abundant
(6.2 + 1.9 scats km™') in the coastal areas closest to
the Cies Islands (Morrazo and Mifior, Fig S2). Mink
were  present on  the  Barbanza  coast
(1.8 £ 1.0 scats km_l), close to the Island of Salvora,
but no scats were found on the Salnés coast (Fig S2).

Microsatellite variation

Overall, 210 samples were used for genetic analysis
(Table S1). The observed and expected heterozygosity
(Ho and He) varied among loci and to a lesser extent
among populations (SM, Table S1). Overall, mink
populations showed similar mean number of alleles
per locus (corrected by sample size), except Barbanza,
where allelic richness was very low (Fig. S3a). The
mean number of private alleles per locus, as functions
of standardized sample sizes, showed that mink from
Cies and Sélvora had a larger number of private alleles
than mink from coastal sites (Fig. S3b).

Population genetic structure

The level of genetic differentiation (Fst) between all
pairs of sampled mink populations is shown in
Table 2. The Salvora population was strongly differ-
entiated (the highest Fgr value) from Barbanza
population, the closest mainland population. By
contrast, the Salvora population was more similar to
the Cies population (Fsr = 0.097). Additionally, the
Cies and Mifor populations were also poorly differ-
entiated. Interestingly, the populations from Mifior
and Morrazo yielded the lowest Fgr value, suggesting
a large exchange of individuals between mainland
populations in the Ria de Vigo (see Fig. 1).

Table 2 Pairwise Fgr between sampled mink populations

Cies Mifior Morrazo Salvora
Barbanza 0.094 0.141 0.122 0.209
Cies 0.074 0.113 0.097
Miiior 0.031 0.141
Morrazo 0.195

All values were significant

The first three axes of the Factorial Correspondence
Analysis (FCA) explained around 95% of the observed
variability between mink genotypes (Fig. 2a). The first
axis of the factorial correspondence analysis (53% of
variance) separated island populations (Salvora and
Cies), with positive values, from mainland popula-
tions, with negative values. The second and third axes
mainly separated respectively the Cies and Mifior
populations from other populations. The population-
level tree also discriminated, with relatively high
bootstrap support, (92%) island and mainland popu-
lations (Fig. 2b). In the mainland node, the node
separating Barbanza population had low support
(62%).

The optimal number of clusters determined sug-
gested that model with three genetic clusters (K = 3)
was considerably better than the other models. For this
and larger number of clusters, a cluster (pale brown in
Fig. 2c¢) was represented in all sampled populations,
probably indicating a shared genetic background. A
cluster (dark green in Fig. 2c) broadly corresponded to
Sélvora and some Cies individuals. Additionally, more
than a half of the individuals from Mifior and Morrazo
were clustered in the same deme (brown in Fig. 2c¢),
which also included three individuals from Cies.
Clustering analysis suggested that the Barbanza pop-
ulation was very homogenous, with all individuals
clustered together even when K = 5.

Genetic assignment of individuals from island

Overall, the probability of mink from the National
Park being assigned to mainland populations as the
source of colonization was low (mean + SD,
0.16 £ 0.24; Fig. 3). The probability of individuals
from Salvora being assigned to Barbanza, the closest
mainland population, was not different from zero
(0.017 £ 0.069). Similarly, the probability of most
mink sampled in Salvora being assigned to any
mainland population was very low, except for a single
sample that was unexpectedly assigned to the most
distant population (Mifior, Fig. 3). Although higher
than for Salvora, the probability that the Cies speci-
mens were founded by mainland populations was also
low (Fig. 3). Assignment to Mifior showed the highest,
although also low, probability (0.32 £ 0.29), with two
individuals showing a relatively high probability
(>0.90) of being assigned to Mifior.
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Fig. 2 Population genetic structure of American Mink in
southwest Galicia. a Loadings (mean & SD) of sampled
populations on the first three axis (percentage of explained
variance shown in parenthesis) extracted by a factorial
correspondence analysis using GENETIX v. 4. b Population-level

samples from islands to coastal populations estimated by
GENECLASS2. Each column represents one individual sample
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being assigned to a reference population
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Culling and mink dynamics in island populations

In total, 90 minks were culled in the National Park (43
minks on the Island of Sélvora and 47 on the Cies
Islands) between 2005 and 2014. In the systematic
culling campaigns, the capture rate (minks per trap-
ping days) decreased over time (r= —0.61,
Fi12, =749, P = 0.018; Fig. 4a—d), but was similar
between islands (F;j, = 0.40, P = 0.54). On the
Island of Salvora, capture rates were higher in the non-
breeding than in the breeding season (Fig. 4c),
although the differences were not significant
(F15 =122, P =0.35). On the Cies Islands, the
highest capture rate was recorded in the 2010 breeding
season (Fig. 4d), but seasonal differences were not
significant (F; 3 = 0.79, P = 0.40).

The highest numbers of mink scats were recorded in
2009 in the non-breeding season (Salvora,
2.5 scats kmfl; Cies 6.6 scats kmfl). Overall, the
results of scats surveys suggested a decrease in mink
abundance over time on both islands (r = —0.53,
Fi5; = 8.35, P = 0.009, Fig. 4e—f) and higher abun-
dances on Cies than on Sdlvora (F;;; = 9.91,
P = 0.005, Fig. 4e—f). Seasonal differences in mink

abundance were not significant on either island groups
(F121 = 2.63, P = 0.12). On the Cies Islands, marked
differences between the non-breeding and breeding
season in 2009 and 2011 (Fig. 4f) may suggest a high
reproductive output in these years, although overall
seasonal differences were not significant (F; o = 1.66,
P =0.23). No signs of mink presence have been
recorded since 2013 on the Island of Salvora, and since
2014 on the Cies Islands.

Genetic network in island populations

Mink samples collected in the same season (from July
to June of the following year) showed similar distri-
butions of pairwise relatedness values on both islands
(mean relatedness &= SD: Salvora: 0.27 £ 0.03; Cies:
0.25 + 003, Fl,1246 = 046, P = 050)

The genetic network built on coancestry values
(equal or higher than half-sibs) revealed dense
connected nodes on both islands (Fig. 5a). Thus, most
individuals (97%) had at least one relative among the
sampled individuals. Only one mink from Salvora and
two mink from Cies did not have first-order genetic
relationships with other mink sampled on the same

Fig. 4 Mink in the Atlantic Salvora Cies
Islands of Galicia National
a b
Park: Top panels a, b show = 16 @ = 16 (b)
the total number of Amink 2 12 @ 12
caught per year during g <
systematic culling > 81 ./.\ _S 81
campaigns. Middle panels c, L 4] [ ] o 4/ -9
d show the annual number of 3 0 ° O\Q.\ ° 3 0 ./ .\
mink caught per trapping 2006 2008 2010 2012 2014 2006 2008 2010 2012 2014
days. Bottom panels e,
f show the annual mink
abundance (scats per km) _0.3; (c) 037 (d)
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(a) Salvora

@ iuly 09 - june10
@ july 10 - june 11
© july 11 - june 12
QO july 12 - june 13

Fig. 5 Genetic network of mink populations from the islands of
Salvora (left panels) and Cies (right panels). a Genetic network
built on first-order genetic relationships (coancestry equal or
higher than half-sibs). Nodes represent individual samples,
colours indicate the annual sampling event and lines connect

island. In the samples from Salvora, one mink was also
not related to any other in the same or previous
sampling events (Fig. 5a). Importantly, genetic net-
works reconstructed five full-sib families with
2.8 & 0.37 (mean £ SE) members on Salvora and
ten full families with 3.4 + 0.6 members on Cies
(Fig. 5b).

The estimated reproductive parameters suggested
successful reproduction in several seasons on both
islands (Table S3). Effective population size, esti-
mated by the COLONY full likelihood method, was
higher on Cies (29) than on Salvora (17). Only two
culled mink from Salvora were identified as breeders
(Table S3).

Island population modelling

In a mink population with average parameters derived
from the literature, we found that the initial number of
invaders had an effect on extinction probability only
under conditions of no immigration; this effect
disappeared with continuous immigration (Fig S4a).
As expected, the eradication of mink from islands is
achieved by trapping fewer individuals when culling
adults (Fig. S4b) rather than juveniles (Fig S4c).
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dyads sharing a genetic relationship. Arrows indicate individ-
uals that were not genetically related to any other individual in
the same or previous sampling event, i.e. candidate immigrants.
b Families of first-order genetic relationships (full siblings and/
or parent-offspring)

Overall, culling juveniles is a worse strategy compared
with culling adults. Nevertheless, our model suggested
that the eradication goal could also be achieved when a
large proportion of juveniles are culled in small and
closed populations (Fig S4c). This is because mink are
short-lived mammals with few reproductive events
(Bonesi et al. 2006).

Discussion

In this study, we investigated the invasion of American
mink on Atlantic Islands of Galicia National Park, a
protected insular area in NW Spain, and evaluated the
outcome of the mink eradication programme. Popu-
lations of feral mink were already present in coastal
areas close to the National Park archipelagos in
1980-1990s, probably as escapes from fur-farms,
when mink farming was poorly developed. In 2003,
mink were first detected in two of the island groups
(Salvora and Cies) in this National Park (Pereira
2006). In 2009, direct and indirect observations
revealed a high abundance of mink on these islands,
similar to that observed in nearby coastal areas.
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Sources of invasive populations

In the Ria de Vigo, there was a low level of
differentiation between Miflor and Morrazo, suggest-
ing a homogeneous genetic structure in this area, but
both were genetically differentiated from Barbanza,
the most distant population. Landscape features in
Galicia, such as mountains and Rias, probably limit
gene flow among populations (Lecis et al. 2008;
Zalewski et al. 2009, 2010; Fraser et al. 2013). These
populations were already established in the
1980-1990s, as a result of escapes from small farms
with no breeding management. Thus, coastal popula-
tions probably originated from small inbred lines,
which may have been mostly subjected to natural
selection and genetic drift (Lee 2002; Dlugosch and
Parker 2008).

Genetic analyses consistently showed that the
Sélvora and Cies populations were closely related.
Overall, these results suggested that islands were
colonized by a common mink pool and argued against
a simple stepping-stone model of island colonization
from nearby feral mink populations. Founder effects
such as reduced diversity and spatial structure
(Austerlitz et al. 1997; Le Corre and Kremer, 1998)
are expected in the stepping stone-model. Neverthe-
less, island mink showed a high degree of genetic
diversity, which is similar to or even higher than that
of mainland mink. The number of private alleles in the
island populations exceeded those in coastal popula-
tions, suggesting that island mink are not merely a
subsample of mainland populations (Szpiech and
Rosenberg 2011).

The mink from Séalvora were genetically differen-
tiated from the Barbanza population, geographically
the closest feral population (Fig. 1). Furthermore,
genetic assignment by GENcLass also suggested that
the Salvora population did not originate from this
nearby population. In Barbanza, we found few mink
scats, and the microsatellites analysis indicated a very
low degree of genetic diversity, suggesting a marginal
and small population. Otters are common in this
coastal area and may prevent mink settlement (Bonesi
and Macdonald 2004; McDonald et al. 2007).

The mink population in the Cies islands showed a
small genetic signature from a nearby mainland
population (Mifior). Interestingly, two individuals
from Salvora and two individuals from Cies showed
a high probability (>85%) of being assigned to the

Mifior population. It is possible that Mifior was the
source population that colonised Cies and thereafter
Salvora. Given the distance between Salvora and both
Mifior and Cies (open water distance, >30 km; coastal
line distance, >140 km), and the absence of mink from
Island of Ons (situated between Cies and Salvora
islands), the possibility of exchange of numerous
individuals between these populations seems unlikely.
Incidental boat transportation cannot be entirely ruled
out (Manchester and Bullock 2000), although this has
not been documented in our study area.

A possible scenario is that recent releases from
farms directly on to the islands were the initial source
leading to island invasion. Mink can rapidly establish
populations after escaping from farms (Bonesi and
Palazén 2007). From the mid 1990s, mink breeding
programmes were established in Galicia, and farm
owners annually exchanged animals for breeding. This
cross-breeding strategy aimed at enhancing genetic
diversity probably led to genetic homogenization
among mink farms (e.g. Michalska-Parda et al.
2009). During the 2000s, releases from fur farms
produced a large number of potential invaders. Recent
populations originating from this farm pool could
create a genetic structure where mink from distant new
populations are genetically closer than populations
from adjacent sites, but established decades ago (see
Zalewski et al. 2010). Thus, the genetic differentiation
between island and mainland populations may reflect
genetic differences between feral and farm-reared
mink at the time of island invasion (e.g. Thirstrup et al.
2015).

Culling and eradication

Ninety mink were culled in the National Park and the
capture rate declined over time in both archipelagos.
The annual decrease in mink abundance was revealed
by scat surveys and capture rates, indicating that the
culling programme was successfully reducing mink
population in both areas. Indeed, at this time the
National Park is apparently free of mink: no signs of
their presence (photos from camera traps, scats,
footprints, carcasses of depredated animals, etc.) were
recorded in extensive surveys carried out during 2015
and 2016. In addition to other successful mink culling
programs (Moore et al. 2003; Nordstrom et al. 2002),
removal of mink from the National Park confirms that
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mink eradication is a feasible task, especially on
coastal islands.

The removal effort was rather similar between
periods, but the trapping rate was higher during the
non-breeding period (except on Cies in 2010). In the
parentage assignment analysis, only one captured
male was assigned as a breeder, suggesting that most
trapped mink were juveniles. It is possible that some
adults avoid traps (Zuberogoitia et al. 2006) or that
their home range was outside the trapping area. Traps
were not placed in some areas because of logistic
constraints and difficult topography. Overall, the
results suggest that trapping was successful for
capturing autumn dispersing juveniles (Bonesi and
Palazén 2007), but probably only captured a very
small proportion of adults. Nevertheless, these results
should be taken with caution because not all culled
individuals were genotyped.

Demography and model of invasion

The findings of the genetic network analysis suggest
that island mink populations were relatively isolated
during the study period. Only two mink from each
island were candidate immigrants (individuals non-
genetically connected to previous generations; Rollins
et al. 2012), and only one individual from Salvora was
genetically related to mink captured in later sampling
events. Thus, some immigrants may have reached the
islands, but the contribution of immigration to mink
demography on the islands was (if any) very low (see
Fraser et al. 2015).

The genetic network also suggests successful
reproduction after island colonization. Indeed, kits
were observed during mink surveys. Reproduction
may be more successful on Cies than on Sélvora, as
revealed by parental analyses but also by the differ-
ences in scat abundance between non-breeding and
breeding seasons. Rocky islands, such as Cies and to a
lesser extent Salvora, may show exceptionally high
mink densities (see Roy 2011). Overall, our results
suggest that islands were colonised by a relatively
diverse group of animals in some early events. These
mink were relatively isolated, but reproduced suc-
cessfully. Thus, after an initial colonization period,
mink seem to be able to establish a large viable
population in adequate novel habitats with no enemies,
such as rocky islands of the National Park, even with
negligible gene flow.
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The population model developed supports the idea
that a relatively small number of colonizers may
establish a viable population, even in the absence of
immigration (but under no inbreeding depression, see
Forsman 2014). Our model suggests that eradication is
clearly more efficient when culling is focussed on
adults than juveniles. Reduced mink density in
response to trapping may also increase female repro-
duction (Melero et al. 2015), which may even
exacerbate the differences between the two trapping
scenarios in achieving the eradication goal. Neverthe-
less, as shown by here, adults may be difficult to catch,
but juveniles are highly mobile and trappable during
autumn dispersal (see Roy 2011). American mink are
relatively short-lived mammals (Bonesi et al.
2006, 2007; Hammershgj et al. 2005). Capturing
animals (including juveniles) prior to the reproductive
season could be an alternative strategy in terms of
cost-effectiveness, although only when the proportion
of culled individuals is large and populations are
relatively isolated (see Anderson et al. 2016). When
there is no immigration, culling may also reduce mink
populations to a small critical size in which inverse
density dependent effects (i.e., Allee effects) are likely
to occur (Courchamp et al. 2008).

At the present, mink seems to have been eradicated
from Atlantic Islands of Galicia National Park. The
results of this study guided management strategy,
which thus mainly focused on culling within the
islands, rather than mainland trapping. The successful
removal of mink from the National Park has probably
played a crucial role in improving the conservation
status of endangered seabirds (Barros et al. 2016).
Nevertheless, a major risk of eradication failure on
islands is the ability of the invasive species to
recolonize. In our study, we detected some candidate
immigrants, but with minor genetic impact on popu-
lations. Nevertheless, in mink-free islands, the oppor-
tunity increases for newcomers, so the likelihood of
rapid reinvasion from nearby mink populations should
be not underestimated (Fraser et al. 2015). An early
detection system and rapid trapping response to
invasion must be maintained. The latter should involve
collection of samples (tissue or scats) when mink are
detected in order to determine whether they are
survivors or re-invaders (see Veale et al. 2012).

Escapes from farms are an important source of
potential colonizers. Thus, effective measures, such as
building secure fences and placing mink traps around
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the farms, must be implemented. In addition, geno-
typing farmed mink may help to trace and control the
pathways of invasion. Mink populations in the main-
land areas close to the National Park are probably
spatially differentiated, which implies that each mink
population may be a management unit. Further
exhaustive identification of genetically differentiated
management units in mainland areas may guide
control efforts in these areas (Bifolchi et al. 2010;
Fraser et al. 2013; Zalewski et al. 2009). Interestingly,
mink populations in peninsulas, such as those sur-
rounding the National Park, may be managed as
islands if gene flow is minimised by, for example,
culling campaigns during autumn dispersal. From this
study, we learned that mink eradication is possible,
even with low adult capture rates, when immigration is
prevented.
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Invasion and eradication of the American mink in the Atlantic Islands National Park
(NW Spain): A retrospective analysis

SUPPLEMENTARY MATERIAL

1. Historical mink presence

We gathered evidence for the historical presence of mink close to the study area. Data
on fur farms, massive releases and feral mink populations were collected from several
sources, including published research (e.g. Vidal and Delibes, 1987; Palazén et al,,
1997; Munilla et al., 1997), unpublished technical reports (Romero, 2007, 2009),
reports in newspapers and personal interviews with farmers, veterinary inspection
services, field biologists and game managers. Mink farming began in Galicia in the early
1960s and peaked in the 1980s (Fig. S1la), with 320 fur-farms hosting c. 49,000
breeding females. Most of these were small family farms (300 breeding females/farm)
with no security measures or adequate fences to prevent escapes. In the 1990s, most
of these family farms closed down (Fig. S1c). In 2011, 33 fur-farms were still operating,

mostly in western Galicia (Fig S1b).

Since the early 1970s, mink have been released to the wild as a result of farm closures,
accidental escapes or deliberate releases. Eight massive releases by animal right
activists have been documented for the period 2002-2009, during which more than
13,000 mink were freed from fur farms (Fig. S1d). In 1992, feral mink were already
present in the Rias Baixas, close to the Atlantic Islands of Galicia National Park (Fig

Sle), and twenty-years later, feral mink were widely distributed across Galicia (Fig S1f).

2. Mink presence in coastal areas

In June 2014, we found 123 scats on line transects (30.5 km) across the coast close to
the National Park. Mink presence estimated by scats, was very variable across sampling

locations (0-8.6 scats-km™ ; Fig S2).
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Figure S1. Distribution of farms, escapees and feral populations of American Mink in Galicia.
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Figure S2. Mink abundance (scats per km) in coastal areas close to the Atlantic Islands of
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3. DNA amplification

After an initial preliminary analyses, we selected the kit with best amplification, Thus,
amplifications were carried out in two multiplex polymerase chain reactions (PCRs)
performed with the QIAGEN Multiplex PCR Kit (Qiagen, Netherlands) and 2x QIAGEN
multiplex PCR master mix (final concentration, 1x), 0.04 uM of each primer and 40 ng
DNA in a total volume of 25 uL. Amplifications were carried out in a GeneAmp PCR
System 2700 thermal cycler (Applied Biosystems) and the multiplex PCR protocol was
used to amplify microsatellite loci (QIAGEN Multiplex PCR kit; QIAGEN): 15 min at 95°C
(initial activation step), followed by 35 cycles consisting of 94°C for 30 s, 63°C for 3 min,
and 72°C for 60 s. Diluted PCR products were pooled and analyzed in an ABI 3100-
Avant automatic sequencer. Allele size was determined by co-analysis of a size standard
(ROX 400) and DNA fragments were scored using the GENESCAN 3.7 (ABI) Software.
Similar results were obtained in hair and faecal samples (in Salvora, where both faeces
and tissue were sampled), suggesting that the effect of reduced quality of DNA in
faeces (if any) on microsatellite results was minor. The sex of individuals was
determined using three different protocols based on PCR amplification of specific sex
region, described in detail in Kurose el al. (2005), Dallas et al. (2000) and Yamada and
Masuda (2010). We used 40-60 ng of DNA extract as template. PCR products were
electrophoresed on a 2% agarose gel, stained with ethidium bromide, and visualized
under an ultraviolet illuminator. The three methods tested for sex determination
worked well on hair samples, but amplifications from some scat samples showed some

inconsistences and were discarded.

4. Microsatellite variation

Overall, 238 samples (23 hair samples and 215 scat samples) were available for genetic
analysis. Good amplification was obtained at 6 microsatellite loci in 214 samples. After
comparison of the microsatellites patterns, we excluded 4 samples (2 from Morrazo, 1
from Barbanza and 1 from Sdlvora) because they were identical to other samples from

the same location and presumably belonged to the same mink.

Forty-nine alleles were identified, but the number of alleles per locus varied greatly

among loci, ranging from 6 at Mvis002 to 12 at Mvilll. Loci Mvi57, Mv219, Mvi232



and Mvis075 had respectively 8, 9, 7 and 7 alleles. Three private alleles were detected
for the Mvis232 microsatellite: two in samples from Cies and one in a sample from
Séalvora. In addition, one private allele at Mvis 57 locus was detected in a sample from
Sélvora, one private allele was detected at Mvis 111 in a sample from Cies and one
private allele was detected at Mvis 75 in a sample from Morrazo. The observed and
expected heterozygosity (Ho and He) varied among loci and to a lesser extent among
populations (Table S1). The observed heterozygosity deviated significantly from the
expected heterozygosity in 12 of 30 cases (6 loci x 5 populations), as estimated by FIS
HWE tests. A significant excess of heterozygotes was found in specimens from Barbanza
(P<0.001). Mink populations showed similar mean number of alleles per locus, except
Barbanza, where allelic richness was very low (Fig. S3a). Mink from Cies and Salvora

had a larger number of private alleles than mink from coastal sites (Fig. S3b).

Table S1. Summary statistics (mean#SE) for the five mink populations calculated over for six
microsatellite loci.

Population N Na Ne / Ho He F

Salvora 31 5.33+0.56 2.80+0.56 1.14+0.16 0.57+0.10 0.57+0.08  0.01+0.08
Cies 64  7.00+1.06  3.54+1.11 1.23+0.29 0.52+0.14 0.55+0.12  0.10+0.17
Barbanza 9 3.00+0.52  1.8740.30 0.69+0.19 0.54+0.17 0.38+0.11 -0.35%0.11
Morrazo 54  533+0.80 2.56+0.32 1.08+0.16 0.57+0.08 0.56+0.08 0.013%0.19
Mifior 52 6.50+1.06 3.39+0.76  1.23+0.25 0.63+0.14 0.60+0.10 -0.03%0.19

N, sample size; Na, number of alleles per locus; Ne, number of effective alleles per locus; /, Shannon's
Information Index; Ho, observed heterozygosity; He, expected heterozygosity; F, Fixation Index
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5. Culling and scat surveys

Mink were live-trapped in individual cage metal traps 15x15x60 cm with a single
entrance. The traps were mainly placed on the coastline, at a distance of 50-200 m
from each other. Traps were also occasionally placed in interior zones of the islands,
such as riverbanks or paths. The number of traps used in each campaign varied
between 9 and 32. The average number of traps used was higher at the beginning of
the culling programme (27.3 + 11.5 traps in 2009/2010; 14.2 + 4, 5 traps in 2013/14).
The bait used was mainly oil-sardines and mink lure (Kishel's Quality Animal Scents &
Lures Inc. USA). The capture rate was estimated as the number of culled mink per

trapping days.

Scat surveys are a good way of detecting changes in mink abundance (Bonesi and
Macdonald, 2004). A single transect was established on the Island of Salvora (10 km
length) and two transects were established on Cies Islands (one crossing the Islands of
Monteagudo and Faro, 6 km length; and one of the Island of San Martifio, 3 km). Mink
abundance was estimated annually as the average number of scats per km. The results
were then grouped into two main periods, the breeding season (February-June) and
non-breeding season (July-January). The activities in the mink breeding season include
male territorial defence, mating, gestation, parturition and maternal care before
weaning (Dunstone, 1993). Indeed, kits were frequently observed in transects from July
onwards; thus, scats recorded during the non-breeding season were produced by

adults and yearlings.



6. Pedigree reconstruction

The possible parental-sibs, sibs-sibs relationships were also reconstructed for each
island by using full likelihood method implemented in COLONY v2.0.5.8 (Wang, 2009;
2013; Jones and Wang, 2010). This method is especially recommended under the
uncertainty of some common assumptions (Wang, 2009) and when pedigree is
estimated from a small panel of markers (Harrison et al., 2013). As no information
about the age of the sampled individuals was available, non-sexed individuals (see
above) were included in all three input-subsets (offspring, paternal and maternal
subsets), and sexed individuals were included in the offspring subset and the
corresponding parental subset (Wang and Santure, 2009). We allowed for both males
and females being polygamous. We used the full likelihood model with medium

precision and ten runs for each island.

Table S3. Effective population size (Ne) and reproductive parameters on the Salvora and
Cies islands inferred from the parentage assignment method implemented in COLONY.
Sampled individuals (scat and culled samples) assighed to paternal or maternal
genotypes are indicated in parenthesis.

Sélvora Cies

Sampled mink (captured, scats) 31 (25, 6) 64 (2, 62)
Sex ratio (sexed mink) 0.46 (26) 0.28 (47)
Ne! (95% Confidence Interval) 17 (9-24) 29 (18-51)
Fathers (captured, scats) 13(1,1) 18 (0, 1)
Mothers (captured, scats) 12(1,1) 18 (0, 2)
Offspring per father? 2.46+1.9 3.44+2 .4
Offspring per mother? 2.67+2.0 3.61+1.9
Pairs per father? 1.77+1.1 2.89+2.0
Pairs per mother? 1.92+1.0 2.89+1.6

INe: Effective population size
2MeantSD



7. Population modelling

We developed an age-classified model (Caswell, 2001) based on mink life-history traits
(Dunstone, 1993) by using a female model with two age classes (juveniles and adults,
see details in SM). We assumed a balanced sex ratio (see results) and that mink
reproduce for first time in spring of the first year (Dunstone, 1993). Female mink gives
birth to litters of on average 4 to 6 kits, once a year, and the kits are associated with
their mother during the following one to three months until juvenile independence
(Gerell, 1971; Dunstone, 1993; Bonesi et al., 2006; Hammershgj et al., 2006). Here we
defined female fecundity (fa) as the number of juveniles produced per female
(meanzSD, fa=311), estimated as a combination of litter size and kit mortality (Bonesi
et al.,, 2006). Annual juvenile (5;=0.25+0.12) and adult survival (5,=0.57+0.12) were
established in accordance with previous reported estimates (Bonesi et al., 2006; 2007
Hammershgj et al., 2006). Probabilistic distributions of demographic parameters were
applied to add demographic stochasticity, which adjusted population sizes to integer
values. For environmental stochasticity, each demographic parameter was randomly
selected from a normal distribution generated from average and variance estimates.
We simulated a mink island population with a carrying capacity of 32 female mink,
which may be similar to the capacity of Cies Islands, given their 31 km of coastal line,
mainly rocky shores, and mainland streams (1.01 mink per km estimated on rocky
shores, Moore et al., 2003). Similar diagnoses will be probably achieved with some

deviations in input parameters (see Caswell, 2001).

The initial number of invaders had an effect on extinction probability only under
conditions of no immigration (Fig S4a). The eradication of mink from islands is achieved
by trapping fewer individuals when culling adults (Fig. S4b) rather than juveniles (Fig

S4c). Culling juveniles may be effective only in relatively closed populations (Fig S4c).
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