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Abstract

The present study investigated the natural recovery of the Eurasian otter (Lutra lutra) in France. The otter was widely distrib-
uted in France at the dawn of the 20th century, but then its range considerably shrank and became highly fragmented until
the early 1970s, just before it was legally protected. However, for more than 25 years, the otter has been reconquering several
parts of its original range and is now considered to be in expansion in France. We investigated the genetic differentiation
and diversity of several populations from western and central France and northern Spain to gain insight into the recolonisa-
tion dynamics of this elusive species. The present study, based on the use of 14 microsatellite markers, revealed that otter
populations seem to be split into five distinct groups. The distribution of samples in those five clusters was closely correlated
with suspected refugia where the otter probably survived during the 20th century. Admixture was observed between genetic
lineages, possibly enhancing their genetic diversity and thus increasing the recolonisation dynamics of these populations.
This phenomenon resembles the genetic pattern noted in many invasive exotic species derived from multiple sources and
introduction events. Finally, a demographic approach revealed the probable link between historical human pressure and otter
population fragmentation patterns.

Keywords Eurasian otter - France - Genetic diversity - Lutra lutra - Population genetic structure - Recolonisation

Introduction

In recent decades, colonisation patterns of poorly geneti-
cally diversified populations have been well studied in the
biological invasion field. Many recent studies have shown
that exotic invasive species might succeed in dispersing in
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new areas despite their patchy distribution and low genetic
variation (e.g. Tsutsui et al. 2000; Zhang et al. 2010; Pigneur
et al. 2014). A similar pattern could perhaps be described in
endangered or nearly extinct (or locally extirpated) species
that recover and “reconquer” areas in their original range.
According to the migrant pool model (Slatkin 1977; Pan-
nell and Charlesworth 1999), individuals of one propagule
could derive from several sources in the entire original area.
Further admixture of these recolonising populations could
then be beneficial for the species’ recovery potential. This
principle is, for instance, applied in genetic rescue attempts
(Frankham 2015; Whiteley et al. 2015). Assessing the
genetic diversity of endangered species is indeed of major
concern in the conservation biology field since low genetic
diversity and inbreeding depression may lead to reduced fit-
ness and lower individuals’ adaptation capacity to environ-
mental change (Charlesworth and Charlesworth 1987). We
investigated the genetic pattern of a recovering species—
the Eurasian otter (Lutra lutra)—and described its natural
recolonisation dynamics by studying its genetic structure
and diversity in western and central France.

The Eurasian otter has been trapped for its flesh and fur
since the Middle Ages. Considered as a pest species, this
semi-aquatic Mustelid was intensively trapped in France in
the 19th century. It was still widely distributed in France
and the rest of Europe at the dawn of the 20th century. How-
ever, due to a combination of global and local causes (direct
persecution, accidental destruction, habitat destruction/deg-
radation or fragmentation, water pollution and consecutive
reduction in prey abundance), otter populations were dra-
matically depleted during the last century (Mathias 1933;
Bouchardy 1986; Jefferies 1989; Bouchardy et al. 2011). In
France, otter hunting and destruction was banned in 1972.
The legal protection of the otter has been reinforced since
1976 (1aw no 76-629 of 10th july 1976 regarding the protec-
tion of nature), but the species has only been strictly pro-
tected since 1981 (Kuhn 2011). In 2007, the law was modi-
fied to include otter habitat protection (resting and breeding
areas). But the otter was already nearly extirpated from most
regions in the 1980s. Some relict populations were supposed
to have survived along the Atlantic coast and in the Mas-
sif Central region (Bouchardy et al. 2011). This could be
explained by two main parameters: the human population
density and fish prices. In the 19th century, fish price in
thermal zones and in large cities was higher than the price of
beef. The otter was thus considered an unbearable competi-
tor. In the Pyrenees, the advent of thermal cures was at its
height in the 19th century (Penez 2004), leading to a huge
pressure on freshwater fishes. The consequence was the per-
secution of the natural competitors. In these areas, the otter
was thus trapped both to avoid competition for fish and for
the high commercial value of its skin. The otter population
of Pyrenees only maintained on the Spanish side (which
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was not involved in the spas) and on the marine coast (the
fish resource was there mainly exploited in the sea and not
in rivers and lakes). On the Atlantic coast, including Brit-
tany, fish resources were mainly linked to the sea while in
the rest of the country the otter was considered a pest spe-
cies due to predation on freshwater fishes. On the Medi-
terranean littoral, the European eel (Anguilla anguilla) was
highly sought but largely predated by the otter, leading to an
increased competition (Kruuk 2006). Regarding the Massif
Central, no large cities were present in regions like Aveyron
and Limousin which were troubled by a strong rural exodus
(Arbos and Meynier 1936). The correlation between low
human densities and advantageous zones (freshwater, food
resources, ...) has been modelised and it matches with the
French strongholds (Reuther and Krekemeyer 2004). This
work clearly identifies the Massif Central and Atlantic coast
as the most favourable regions for the otter in France.

Otter populations have been gradually recovering
since the 1980s, mainly as a result of their legal protec-
tion. Marked recolonisation movements were recorded in
several regions in the 1990s. The otter had not previously
been artificially reintroduced in France, except for an iso-
lated population in Alsace. Reintroductions also occurred
in Spain near the French border (e.g. in Catalonia; Saave-
dra and Sargatal 1997). This endangered carnivore there-
fore offers an interesting opportunity to assess natural
recolonisation movements from refugia. This Mustelid
species is currently reoccupying its original distribution
area following a severe demographic bottleneck. Moreo-
ver, the current genetic structure and diversity of relict
populations of this elusive species remain poorly known.
Previous studies have shown that, at the European scale,
the low mitochondrial DNA diversity found in this species
suggests an historical pan-European population (Ferrando
et al. 2004; Mucci et al. 2010). Meanwhile microsatel-
lite data have revealed a genetic structure at both global
(between European countries/regions) and local (within
regions) scales (Randi et al. 2003; Janssens et al. 2008;
Mucci et al. 2010; Stanton et al. 2014). In France, the only
local detailed genetic survey of otter was conducted in the
Parc Naturel des Cévennes and two genetic clusters were
revealed within this area (Janssens et al. 2008). Moreover,
little is known regarding the population density and no
relevant population size estimates are currently available
(R. Kuhn, pers. comm.).

The present study aimed at investigating otter genetic
structure and diversity in a large area that hosted supposed
relict populations of western and central France. Samples
from northern Spain (Navarra) were included to supplement
our sampling of the Pyrenees region (from both sides of the
mountain range). We studied several populations through
non-invasive sampling and genotyping of 14 autosomal
microsatellite loci. The objectives were: i) to determine if
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different genetic clusters could be identified in our sample
set, and ii) to assess gene flows and admixture levels between
them. We also aimed at revealing the demographic history of
otter populations and assessing the genetic consequences of
the massive declines in otter populations observed in recent
centuries in most French regions.

Material and methods

A total of 180 spraint samples were collected in Limou-
sin, Midi-Pyrenees and Massif Central (Lozere) regions in
2013 and 2014 (Fig. 1). We also included 144 samples from
dead otters found by chance (mainly road killed individu-
als) collected mainly between 2000 and 2012 in the Massif
Central (Aveyron), Pyrenees, Atlantic coast and Brittany
(1988-2014) (Fig. 1). In addition, we included 22 tissue
samples from Navarre (Spain), collected also on dead otters
between 2003 and 2013. The samples from different periods
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of time are quite evenly distributed in the studied area and
we postulate that the effects on the analyses are limited.

Our tissue sample collection was compiled via collabora-
tors who had the required permits from the relevant national
departments. Moreover, the present study was performed
as part of the French National Action Plan for European
otter conservation, under the direction of the French Min-
istry of the Environment. No permit was required for feces
collection.

Genomic DNA was isolated using the DNeasy Blood
and Tissue Kit (QIAGEN). For faecal samples, we used the
QIAmp DNA Stool Mini Kit (Qiagen) in a dedicated labora-
tory to avoid contamination. Negative controls and aerosol-
resistant pipettes were used.

Multilocus genotypes were obtained by PCR amplifica-
tion of 14 autosomal microsatellites (Dallas and Piertney
1998; Dallas et al. 1999). The forward primer of each locus
was 5’-end labeled with a fluorescent dye. The follow-
ing three multiplex sets were designed: mix 1 (LUT435,
LUT701, LUT715, LUT818, LUT833), mix 2 (LUT457,
LUT733, LUT782, LUT832) and mix 3 (LUT453, LUT604,

-
300 400 }4\;

Fig.1 Map representing the sampled Eurasian otter individuals and their membership coefficient to each of the 5 inferred genetic clusters in
western France and northern Spain. The geographic regions defined in the present study are indicated
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LUT717, LUT902, LUT914). 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
(QIAGEN) and 1 pl of DNA. For faecal DNA, we used 1.8
pl of primer mix (containing each 2 pM primer), 7.5 pl of
Multiplex PCR Master Mix (QIAGEN) and 3.5 pl of DNA,
regardless of initial concentration. 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, exten-
sion 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 ampli-
fied DNA, 10 pl of Hi-Di formamide and 0.15 pl of GeneS-
can-500 (LIZ) size standard (Applied Biosystems). Length
variation determination (alleles and genotypes) was per-
formed using GENEMAPPER 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 STRUCTURE analysis (see below). Genotypes
were then corrected accordingly.

For spraint samples, we used a multitube approach to
avoid allelic dropout and false alleles by repeating amplifica-
tions 4 to 6 times. To construct consensus multilocus geno-
types, 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. Individual identification of genotypes from fae-
cal samples was performed using GIMLET (Valiere 2002),
‘Regroup genotypes’ option.

We used GENEPOP (http://genepop.curtin.edu.au/;
Raymond and Rousset 1995) to perform tests for linkage
disequilibrium between loci for each genetic cluster or
each geographic population (see below) with the follow-
ing parameters: 1000 dememorizations, 1000 batches and
1000 iterations per batch. The significance level was then
adjusted following Bonferroni correction for multiple tests
(Rice 1989).

The genetic structure of the otter populations was inferred
using Bayesian clustering analysis with STRUCTURE 2.3
software (Pritchard et al. 2000). 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 10°. 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 number
of clusters was investigated using the increasing likelihood
of the data (Pritchard et al. 2000) as well as the AK method
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(Evanno et al. 2005), implemented in STRUCTURE HAR-
VESTER web version 0.6.94 (Earl and vonHoldt 2012). The
distribution map of the studied individuals and their cluster
membership was designed under QGIS version 1.8.0 Lis-
boa (Quantum GIS Development Team 2013). Open Source
Geospatial Foundation Project. http://qgis.osgeo.org). On
the one hand the AK method (Evanno et al. 2005) is likely
to identify the uppermost level of hierarchical population
structure, leading to underestimating of structure. On the
other hand, uneven sample size may affect the recovery of
population structure in data sets (Puechmaille 2016). We
therefore used StructureSelector (Li and Liu 2018) to vali-
date the results. Admixture between geographic populations
was also estimated using another modeling analysis using
GeneClass2 (Piry et al. 2004). This analysis estimates puta-
tive first generation migrants (p<0.05) and putative origin
populations. We used the option « detection of first genera-
tion migrants » with the frequencies-based method (Paetkau
et al. 1995) and an assignment thresshold of 0.05 for the
likelihood computations (option « L = L_home/L-max »).

In addition, we performed a discriminant analysis of prin-
cipal components (DAPC) (Jombart et al. 2010). This multi-
variate analysis is not based on population genetics models
and is robust to deviations from Hardy-Weinberg equilib-
rium and linkage equilibrium. We implemented DAPC in
adegenet version 1.3—8 (Jombart and Ahmed 2011) in R
version 2.15.2 (R Development Core Team 2008) to iden-
tify and describe clusters of genetically similar individuals.
The most likely number of genetic clusters was determined
using the k-means clustering algorithm (Legendre and Leg-
endre 1998), for K = 1 to K = 20, via the find.clusters func-
tion, with all principal components (PCs). The appropriate
number of clusters was defined using the Bayesian informa-
tion criterion (BIC) through the distribution of BICs cor-
responding to all possible clusterings and with the lowest
value being generally indicative of the best clustering. The
optim.a.score function was used to determine the optimal
number of PCs and a final DAPC was carried out with this
optimal number.

For subsequent analyses, individuals were sorted in dif-
ferent ways: (i) according to their geographic origin (sorted
into 4 main regions: Brittany and Pays de La Loire, Atlantic
Coast, Massif Central, Pyrenees and Navarra), and (ii) sorted
in 5 sub-populations according to the STRUCTURE results
(admixed individuals (q < 0.9) were excluded).

F-statistics (pairwise Fgr, D; and Fis), allelic richness
(Ar) and the expected (H,) and observed (H,) heterozygo-
sity were calculated for each defined group using diveRsity
(Keenan et al. 2013) in R version 2.15.2 (R Development
Core Team 2008).

Neighbour-joining (NJ) trees were built with POPULA-
TIONS 1.2.32 software (Langella 2007) to represent rela-
tionships between genetic clusters (results not shown; the
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trees are represented in the demographic scenarios of Fig.
S1). We used D, (Nei et al. 1983) and Ds distance, and Fgy
to obtain the tree topologies (Takezaki and Nei 1996). The
robustness of nodes was evaluated by bootstrapping on pop-
ulations (1000 replicates). The obtained trees were used to
select and design competing scenarios for the demographic
Bayesian approach. Ten plausible demographic scenarios
of the evolutionary history of the population were designed
according to the observed genetic structure and the phylo-
genetic trees (Fig. 2). All ten scenarios were tested in one
run. Approximate Bayesian computation (ABC) analyses are
valuable tools to investigate complex population genetics
patterns based on microsatellite markers (e.g. Bryja et al.
2010; Sunnaker et al. 2013; Mondol et al. 2013; Ali et al.
2014; Olafsson et al. 2014). These analyses were performed
using coalescent-based software DIYABC 2.0.4 (Cornuet
et al. 2014). They allowed us to determine potential rela-
tions among different clusters, interpreted thereafter as
populations, and to estimate the timing of their differentia-
tion. The range and distribution of priors for parameters used
to describe the scenarios (effective population size, time of
events, model parameters) are presented in Table S1. We
used microsatellite mutation rates generally used for mam-
mals (i.e., 1073 to 107>; Dallas 1992; Weber and Wong 1993;
Ellegren 1995) and broad intervals for each parameter, so
that uncertainties regarding these parameters would not
affect the output of the analysis. To estimate the time of
differentiation events, we considered a minimum genera-
tion time of 2 years, as generally considered for this species
(Koelewijn et al. 2010; Kuhn 2011). A total of 1.000.000
datasets was simulated for each scenario by building a refer-
ence table from a specified set of prior parameter distribu-
tions. A principal component analysis (PCA) was performed
on the first 10,000 simulated datasets to check whether the
set of scenarios and the prior distributions of their param-
eters could generate datasets similar to that observed (Fig.
S1). A normalized Euclidean distance between each simu-
lated dataset of the reference table and the observed dataset
was calculated to identify the most likely scenario. To esti-
mate the relative posterior probability (PP) of each scenario,
1% of the closest simulated datasets was used in a logistic
regression. The scenario harboring the highest posterior
probability was considered the most likely.

We estimated the type-I and type-II error according to
Cornuet et al. (2010) by simulating 500 pseudo-observed
datasets displaying properties similar to those of the
observed dataset under the best scenario and computed the
proportion of cases in which this scenario did not display the
highest posterior probability among all scenarios (Table S2).
We estimated the false positive error rate (type-II error) by
simulating 500 pseudo-observed datasets under each alterna-
tive scenario and computed the proportion of cases in which

the scenario with the highest PP was incorrectly selected as
the most likely scenario.

Results
Individual identification from faecal DNA

A total of 41 genotypes were derived from 180 spraint sam-
ples. The analysis performed using GIMLET suggested that
these 41 genotypes belonged to a maximum of 39 distinct
individuals (however missing data within genotypes may
prevent genotype regrouping). Thus, in two cases, the same
genotype was found in two distinct spraint samples (found
in the same region). The final analyses only included the 39
distinct genotypes.

Global genetic structure

A total of 205 distinct multilocus genotypes (39 from faecal
samples and 166 from tissues) was obtained. According to
the STRUCTURE results, 3 to 5 genetic clusters should have
been considered in our dataset (highest AK value for K =3
and best K = 5 according to Ln P(D); Fig. S2). Under the K
= 3 hypothesis, one cluster was exclusively found in Brittany
region (called cluster B3 hereafter) (except for one sample
found in Limousin, Massif Central). The second cluster (A3
hereafter) was widespread and found in the Massif Central,
Atlantic coast and Pyrenees regions. Finally, the third clus-
ter (P3 hereafter) was mostly found in the Pyrenees (but
also in the Atlantic region). The second hypothesis, K = 5,
was jointly supported by the LnP(D) values and k-means
algorithm results (lowest value for BIC at K = 5; Fig. S3).
Under this hypothesis, 74 out of 205 genotypes (36%) had
an admixed pattern (q < 0.9) according to STRUCTURE
analysis. Specific clusters were again found in Brittany and
Pyrenees regions (clusters B5 and P5 hereafter). A new
cluster was found in the Massif Central, mostly in the Lim-
ousin region (cluster L hereafter) and a second one in the
southern part of the Massif Central (Lozere and Aveyron),
(MC hereafter). Finally the last cluster was spread mostly
along the Atlantic coast (cluster A5 hereafter) (Fig. 3). The
DAPC suggested the same geographic pattern, with Brit-
tany and Pyrenees more isolated from the others (Fig. 4).
Analysis with StructureSelector retrieved the uppermost
structure with Brittany population being the most distinct
group (results not shown).

To further investigate the admixture between popula-
tions, we used GeneClass2 (Piry et al. 2004). The simula-
tions detected 19% of putative migrants (results not shown)
and the samples assignment was highly congruent with the
results of STRUCTURE analysis.
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« Fig.2 Representation of 10 competing scenarios tested with approxi-

mate bayesian computation for Eurasian otter populations in west-
ern France and northern Spain. This analysis was based on the five
genetic clusters according to STRUCTURE analysis assignment
(excluding individuals with q < 0.9). N; corresponds to the effec-
tive population size of each cluster, and t; corresponds to the time
expressed in numbers of generations since divergence. Abbreviations
of cluster names are as follows: P5 Pyrenees, MC Massif Central,
L Limousin, B5 Brittany, A5 Atlantic, PP posterior probability and
associated 95% confidence interval

For the subsequent analyses, samples were either sorted
according to the STRUCTURE clusters (5) or according
to their geographic origin sorted in 4 main regions: Brit-
tany (including Pays de la Loire), Massif Central, Pyrenees
(including Navarra) and Atlantic regions (due to their low

number, the four individuals from Normandy were discarded
from this analysis).

Genetic diversity

Genetic diversity estimates obtained through the analysis of
14 microsatellites in 207 otter samples (205 genotypes) are
shown in Tables 1 and 2. All loci were polymorphic in all
sampled populations/clusters.

For the analysis based on geographic populations, the
average allele number per locus was 4.9 and ranged from
4 (Brittany region; A = 4.2) to 6 alleles (Atlantic region; A
= 5.8). The mean allelic richness per locus ranged from 2.5
(Brittany region) to 2.8 (Atlantic region). For the genetic
clusters (K = 5), the average allele number per locus was 3.7

Scenario 7(Ds - Fst)

Scenario 8 (STRUCTURE)
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Fig.2 (continued)
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Pyrenees Massif Central Atlantic Brittany

ApuewloN

Fig.3 Barplot of membership coefficients according to the STRUCTURE results (K = 2 to K = 5) based on microsatellite loci for the Eurasian
otter in western France and northern Spain

and ranged from 3 (cluster B5; A = 2.9) to 4 (cluster MC; =~ Hardy-Weinberg exact tests performed on each cluster at
A =3.8) alleles. The mean allelic richness per locus ranged  each locus showed no deviation from the expected frequen-
from 2.5 (B5) to 3.7 (AS). cies after Bonferroni’s correction.

No locus was found to show significant linkage disequi- The Fgp and Dy, estimates are presented in Table 1.
librium in any population after Bonferroni’s correction.  The highest pairwise values (exceeding 0.2) were recorded

@ Springer



Conservation Genetics

Fig.4 Discriminant analysis

of principal components plot
showing the positions of five
clusters (determined by k-means
algorithm) of Eurasian otters ®
in western France and northern o o
Spain. Colors correspond to . .
similar clusters determined by . .
STRUCTURE in Fig. 3. (MC
genetic cluster mainly found in
Massif Central for K = 5: P5 = 1
Pyrenees, MC = Massif Central, .
L = Limousin, B5 = Brittany,
AS = Atlantic)

STRUCTUREC lusters

e MC
o P5
o L
B5
o A5

between clusters B5 and P5 and between B5 and MC (D
estimates) and between B5 and each of the other clusters
(Fgp estimates). The Fgp values indicated that the lowest
gene flow was recorded between B5 and all the other ones,
and between L and PS5 clusters. B5 had the highest F4 values
although the estimate was not significantly higher than in the
other clusters. This cluster also had the lowest allelic rich-
ness (Table 2). The pairwise Fqr and D;, indexes supported
the highest genetic exchanges between L and neighbour-
ing MC. (Table 2). Regarding the geographic populations,
the highest pairwise values (Fgp and D) were recorded
between Brittany and Pyrenees. The lowest pairwise values
were recorded between Massif Central region and the Atlan-
tic Coast (Table 2).

Demographic history

The analysis was performed on the five inferred genetic clus-
ters in order to determine potential relations among them
and to estimate the timing of their differentiation. The PCA
performed on the first 10.000 simulated datasets revealed
that the observed dataset was surrounded by simulated

datasets. Our model was thus able to produce datasets simi-
lar to that observed (Fig. S1). Ten plausible demographic
scenarios of the evolutionary history of the five inferred
genetic clusters (Fig. 2) were tested using DIY ABC 2.0.4
(Cornuet et al. 2014). The logistic regression carried out
on the 1% simulated datasets closest to the observed one
revealed that Scenario (SC) 5 had the highest posterior prob-
ability (PP = 0.2814, 95 CI [0.2106-0.3523]). However,
its 95% confidence interval overlapped that of SC1 (PP =
0.2053, 95 CI [0.1527-2579]; Table 3) which depicted a
very similar pattern (Fig. 2). We estimated the performance
of the analysis and out of the thousands of pseudo-observed
datasets generated using SCS5, 42.2% were correctly identi-
fied as having been generated under this model. A moder-
ate proportion (18.6%) was wrongly attributed to SC 1. The
Type-1II error rate was low considering datasets generated
under most scenarios, and up to 14.8% with SC1 (Table S2).
The performance analysis also suggested that SC5 could be
confounded with SCI.

In SC5 (Fig. 2), all observed clusters originated from
a common, unsampled ancestral population (N7) that
gradually became fragmented over time in several distinct
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Table 1 Pairwise FST (above diagonal) and Jost’s D (below diagonal) estimates calculated for: (a) the five genetic clusters, and (b) the geographic populations of Eurasian otter in western and

central France

(a)

P5
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A5 (b) Pyrenees Massif Central ~ Brittany Atlantic Coast

B5

MC

P5

0.0706 [0.0454—
0.0984]

0.2037 [0.1694—

0.2438]

0.1064 [0.0699—
0.1427]

Pyrenees

0.1951 [0.1563— 0.3009 [0.2684— 0.1818 [0.1475—

0.1658 [0.1224—

0.2218]
0.1408 [0.1011-

0.2436] 0.3342]
0.2327 [0.1907-

0.1233 [0.076—

0.215]

0.0522 [0.0273—
0.0816]

0.1397 [0.1101-
0.1715]

Massif Central 0.1024 [0.0576—

MC 0.1661 [0.0963—

0.1538]

0.1921]
0.194 [0.1552-

0.2833]
0.2318 [0.2012—-

0.1913]

0.2513]
0.1827[0.1323-

0.1368 [0.1093-
0.1655]

0.1191 [0.0826—
0.1602]

0.1932 [0.15—

0.2395]

Brittany

0.0982 [0.0395-

L

0.2383]
0.2335 [0.2059—

0.2664]

0.1818]
0.2217 [0.1582~

0.2396]
B5 0.2913[0.2398-

0.1269 [0.0971-
0.1606]

0.0357 [0.0093—
0.0657]

0.0595 [0.0336—
0.0937]

Atlantic Coast

0.1828 [0.1423—

0.2606]

0.2359]
0.1439 [0.0988—

0.3035]
0.1455 [0.0869-

0.3462]
A5 0.1501 [0.1061-

0.1821 [0.139-

0.215] 0.1939] 0.2303]

0.2003]

Table 2 Genetic diversity at the 14 microsatellite loci for: (a) the five
genetic clusters and (b) the geographic populations of Eurasian otter
in western and central France

N  FgICI] Ar  Ho/He
(a)
A5 19 —0.0835[—0.1764 to 3.16 0.56/0.52
0.003]
B5 59 0.0600 [—0.0098 to 0.1324] 2.47 0.45/0.48
L 18 —0.0683 [—0.1784 to 3.01 0.54/0.5
0.1324]
MC 12 0.0500 [0.1375t0 0.2111]  3.70 0.59/0.62
P5 25 0.0451 [-0.05t00.1385]  3.54 0.52/0.55
(b)
Atlantic 59 0.0849 [0.0155t0 0.1522]  2.77 0.56/0.61
Brittany 82  0.0946 [0.0421 t0 0.1523]  2.45 0.48/0.54
Massif Central 30 —0.0319 [—0.1066 to 2.58 0.61/0.59
0.0407]
Pyrenees 36 0.0568 [—0.0214 to 0.1408] 2.72 0.54/0.58

N sample sizes, FIS inbreeding coefficient, Ar mean allelic richness,
CI confidence intervals, Ho observed heterozygosity, He expected
heterozygosity

groups (Fig. 5). More recently, the last two subgroups split
up, resulting in the five observed clusters. The median (95%
CI) of the estimated time since divergence (t;) between clus-
ters B5 and A5 was evaluated at about 95 generations ear-
lier, and 157 generations earlier for P5 and MC. Assuming
a minimum generation time of 2 years (Kuhn 2011), these
divergence times would correspond to at least 190 and 314
years ago, respectively. The effective population size esti-
mates for the clusters ranged from 141 (B5) to 935 (MC)
individuals (Fig. 5). There was, however, a lack of sufficient
field data to determine the ratio between the census popula-
tion size and the effective population size of otters in France.

Discussion

In the early 20th century, the Eurasian otter likely had a Pan-
European distribution (Pérez-Haro et al. 2005; Mucci et al.
2010). The present study suggests the existence of three to
five genetic clusters in the studied populations from western
France and northern Spain, with a clear geographic pattern.
The genetic differences detected between most regions likely
reflected the population fragmentation that occurred dur-
ing the last centuries. The strongholds where the species
survived seem to have been located in these regions. The
original population seems to have started fragmenting sev-
eral centuries ago according to the demographic simulations.
Caution is nevertheless needed when considering these esti-
mates since demographic ABC inferences are particularly
sensitive to the priors used in the analysis (Demenou et al.
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Table 3 Posterior Probablities (PP) of competing demographic scenarios and corresponding confidence intervals (CI)

SC 10

SC9

SC8

SC17

SC6

SC5

SC4

SC3

SC2

SC1

0.0224 0.0738 0.2814 0.1046 0.0239 0.0785 0.0919 0.0775
[0.0000-0.0648] [0.0404-0.1165]

0.0407

PP 0.2053

CI

[0.0359-0.1190]

[0.0477-0.1361]

[0.0025-0.0790] [0.0000-0.0633] [0.0336-0.1140] [0.2106-0.3523] [0.0681-0.1410]

[0.1527-0.2579]

Saenario 5

- N7

& p5

& MC -

- |
B5

- A5 - {3

@» Nd6

PP 0.2814 [0.2106-0.3523]

Ne,, 746
Ne,. 935

Ne, 659
Ne,, 141
Ne,, 672

Ney,, 1150
Ne,, 4400

tla 94.9
t2a 157
t3a 201
tda 248

Fig.5 Representation of demographic scenario 5 and parameter esti-
mates for Eurasian otter populations in western France and northern
Spain. (MC = genetic cluster mainly found in Massif Central for K =
5,P5,L, BS, AS5=)

2016). In order to decrease this risk, priors were chosen very
carefully and we used microsatellite mutation rates generally
used for mammals (i.e., 1073 to 107>; Dallas 1992; Weber
and Wong 1993; Ellegren 1995).

Although these relatively distant split times were only
rough estimates, they however suggested that historical
pressures on otters might have been higher than previously
thought and the recent persecutions and pollution in the 20th
century might then have precipitated the massive decline
observed 60 years ago. In the second half of 20th century,
after its legal protection, the recovering otter populations
may have been able to re-expand and colonise neighbouring
regions from these putative refugia. The Brittany popula-
tion seemed to be more isolated and exhibited lower genetic
diversity. This might have been the result of a strong bottle-
neck in this region, after its isolation from the other clusters
or it could instead have been due to lower effective popu-
lation size (Ne) compared to the other refuge populations.
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Indeed, in the early 1980s, the population of Central Brittany
population was restricted to a very limited number of rivers
in a small area.

Although distinct genetic clusters were recorded, they
seem to have recently met and started to admix. There is now
an ongoing process of reconnection of these populations.
On the one hand, we found different genetic clusters within
most regions. On the second hand, gene flow was observed
between most regions and clusters and a high proportion of
admixed individuals was recorded (35.7% for K = 5). We
postulate that there was an increase in genetic diversity fol-
lowing the admixture. However the genetic diversity level
before the admixture is unknown and it is therefore uneasy
to assess how it changed. The current genetic diversity is
still moderate (maximum mean allelic richness of 3.7) in
comparison with that found for example in Britain (mean
allele number per locus ranging from 2.2 to 5.3; Dallas
et al. 2002). Finally, the dispersal of some individuals far
away from the geographic “epicentre” of their genetic clus-
ter (and corresponding refugia; Fig. 1) is evidence of the
high dispersal potential of the otter and thus the possibility
of admixture between the observed clusters. This ongoing
admixture could be beneficial for the species by reinforcing
its genetic diversity.

Evolutionary perspective

Low genetic diversity in endangered species may result from
recent pressures but can also be of ancestral/historical ori-
gin (Matocq and Villablanca 2001). This has to be taken
into account in management plans. In the present study, the
genetic structure seemed to be linked to relatively recent
events (maximum 500 years ago). The observed genetic
clusters would have derived from modern “refugia” where
the species survived over the last centuries, rather than
reflecting ancient post-glacial refuges. Indeed, in the 1980s,
the last traces of the species were recorded in Brittany, Pyr-
enees, Massif Central and along the Atlantic coast in Landes
and Gironde departments (Green and Green 1981). Moreo-
ver, previous studies (Mucci et al. 2010) evidenced, that at
the European scale, this species probably survived during
the last ice age in a single refuge population, from which it
recolonised the whole continent. Therefore, the structure we
observed in our study would not be explained by the survival
of the otter in different glacial refuges.

The story of the recovery of the Eurasian otter in France
supports the species and ecosystem resilience concept. This
phenomenon is, for example, well documented for hap-
lochromine cichlids in Lake Victoria. After the introduc-
tion of the Nile perch (Lates niloticus) in the 1950s and
1960s, the amazing diversity of small cichlids had nearly
disappeared (Ogutu-Ohwayo 1990). However, recent studies
have revealed that several haplochromine species are now
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recovering, probably linked with the recent decline of Nile
perch (Witte et al. 2000; Awiti 2011).

The evolutionary potential is reduced when genetic diver-
sity is already low, but genetic diversity can be increased by
new exchanges when genetically differentiated populations
are admixed. This happens, among others, in invasive spe-
cies with multiple origins and repeated introductions (e.g.
Lavergne and Molofsky 2007; Kolbe et al. 2004). Here we
described a similar pattern in recovering populations of an
endangered species. The otter recovery trend is quite excep-
tional and to date there is no comparable example in other
European mammals. The observed level of genetic diver-
sity was in the same range as that observed by Mucci et al.
(2010), with an average allelic number A of 4.9. The current
admixture events observed in French otter populations have
helped reinforce the genetic diversity and the subsequent
recovery process. This genetic reinforcement is probably
enhanced by the fact that the genetic diversity observed in
most clusters (except for B3/B5) was not markedly reduced
and that the Fig estimates were not particularly critical. This
is quite surprising for a species that underwent massive per-
secutions. The otter therefore seems to have survived more
successfully in refugia (thus retaining more genetic diver-
sity) than previously thought, or its population size before
the persecutions was possibly particularly high to maintain a
good level of genetic diversity despite these human impacts.
However, there are no precise estimates of the overall otter
population size before and after persecutions (Kuhn R., pers.
com.). The present study offers estimates of Ne for the differ-
ent genetic clusters, but these values might be significantly
lower than the census population size (N). Among others,
Ne is particularly sensitive to population size fluctuations,
unequal numbers of males and females and spatial disper-
sion patterns. It is difficult to correctly link N and Ne, espe-
cially in elusive and nocturnal species for which it is hard
to conduct a population census (Palstra and Fraser 2012).
Koelewijn et al. (2010) found that Ne was around 30% of the
observed density (N) in the reintroduced otter population in
the Netherlands. Moreover, demographic ABC inferences
are particularly sensitive to user-defined priors, which may
largely influence posterior parameter estimates (Demenou
et al. 2016).

For cluster L, mainly found in Limousin region, our Ne
estimate reached 659 individuals while exhaustive field
records have lead to estimates of census population sizes
ranging from 1500 to 2800 individuals (Leblanc et al. 2005).
However, these estimates were theoretical and based on the
hypothesis of full and optimal water system occupation.

Although the recolonisation process is under way, the
future of the studied otter population is still uncertain
and fragile. It is noteworthy that the areas where the spe-
cies survived over the last century have low human densi-
ties and high food resources. Nowadays, although the otter
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distribution is expanding, it is mainly restricted to French
regions that are the most favourable to this species (regard-
ing habitat, resources, etc.), as also observed in other Euro-
pean countries (Kuhn 2011). In the Midi-Pyrenees region,
where the habitat is advantageous for otters, the colonisation
rate was estimated at 27% over a 10-year period (Steinmetz
et al. 2014). However, it is still difficult to estimate whether
this species will, in the long run, be able to recolonise other
regions where human densities and activities are higher or
whether these regions will only serve as dispersal corridors.

Implications for conservation

The case of the French otter populations is a striking exam-
ple of natural recovery in mammals. Indeed, this species
is currently in a recolonisation phase in most European
regions (Stanton et al. 2014; Janssens et al. 2008). The role
of hydrologic continuity and riparian corridors for the otter
has already been highlighted in Central France (Bouchardy
et al. 2011). Moreover, this species is characterised by a
high dispersal potential, as demonstrated by the post-gla-
cial recolonisation of Europe probably from a single refuge
population (Mucci et al. 2010). Several surveys have also
underlined the high mobility of this carnivore and its ability
to cross many putative barriers (Janssens et al. 2008; Leb-
lanc et al. 2005). The enhanced genetic diversity that might
arise from the current genetic admixture might be beneficial
for the future of the Eurasian otter in France. Admixture can
sometimes have detrimental effects on fitness if populations
previously had high degrees of local adaptation (Edmands
2007). However, in the present case, the risk of outbreed-
ing depression seems negligible because of the historical
connectivity and the obvious lack of adaptive divergence
(Frankham et al. 2011).

The European badger (Meles meles) is another Mustelid
that has been able to recover thanks to protection measures,
including in The Netherlands (Griffiths and Thomas 1997).
In Europe, several large carnivores are also recovering or
persisting in human-dominated landscapes (Chapron et al.
2014). The pattern observed for the otter in France is prob-
ably similar to that of the grey wolf (Canis lupus) and the
Eurasian lynx (Lynx lynx) in Central and Western Europe
although their larger size and higher dispersal capacities
(combined with sufficient genetic diversity) are most likely
to contribute to their recolonisation success.

The otter seems to exhibit a particularly high recolonisa-
tion potential. Its high mobility, associated with the multiple
refugia where the species has managed to survive in dif-
ferent French regions, has resulted in this specific pattern,
i.e. quite high genetic diversity compared to other mammals
with declining population sizes in the 20th century. This
contrasts with the case of other threatened mammals such as
the Iberian lynx (Lynx pardinus) (Casas-Marce et al. 2013)

or the European mink (Mustela lutreola), both probably
suffering among others from low genetic diversity result-
ing in a reduced adaptative potential. The European mink
is a riparian Mustelid that occupies the same habitats as the
otter but it is nowadays critically endangered (Maran et al.
2016). Nevertheless the causes of the disappearance of both
species are not fully comparable. The European mink still
suffers from several pressures; it can be trapped by confusion
with other Mustelids, and it is also impacted by the Ameri-
can mink (Neovison vison) which is colonising its range.
While reasonably high genetic diversity was observed in
most otter clusters (except Brittany), extremely low genetic
diversity has been observed in European mink in France (all
Western European populations were characterised by one
single mitochondrial haplotype and a mean allelic richness
of 2 for all analysed microsatellites), which could lead to an
inbreeding depression phenomenon (Michaux et al. 2005;
Cabria et al. 2015).

The genetic diversity level is of considerable concern for
conservation biologists. Indeed, reduced genetic variability
and/or inbreeding depression may be detrimental for popula-
tions. Increased inbreeding leads to lower individual fitness.
Loss of genetic diversity reduces the adaptive potential and
might therefore reduce fitness if the environment changes.
This could thus affect the potential to disperse and adapt to
new environmental changes. Many exotic invasive species
avoid genetic diversity loss (due to founder effects and bot-
tlenecks) or its detrimental effects thanks to high propagule
pressure (e.g. multiple independent introductions from vari-
ous origins), asexuality and/or polyploidy (Roman and Dar-
ling 2007). The otter recolonisation process resembles the
invasion process of several invasive species that have high
colonisation success thanks to genetic admixture (Frankham
2005; Sakai et al. 2001). For example, the invasive Ameri-
can mink has formed feral populations in several European
regions during the last century (Michalska-Parda et al. 2009;
Bifolchi et al. 2010; Zalewski et al. 2010; 2011; Léger et al.
2018). Several introduction points (related to fur farms)
with distinct genetic backgrounds were identified and these
distinct genetic clusters have been mixing, leading to new
genetic resources for these successful invasive populations.

Many native endangered species (e.g. mammals) tend to
recover thanks to legal protection, a high dispersal capac-
ity and ecological corridors. For conservation, measures
to enhance genetic connectivity are considered of upmost
importance to counteract inbreeding depression, preserve the
evolutionary potential and ensure the long-term survival of
endangered species (Edmands 2007; Spielman et al. 2004).
In the studied area, connectivity might no longer be of major
concern for the otter thanks to its mobility capacities. The
lack of good water quality, sufficient fish resources and
the availability of quiet zones might be the current limit-
ing factors for the otter recolonisation process. Indeed, food
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resources are also of upmost importance for specialist preda-
tors such as the otter. For the successful conservation of
this emblematic species in France, as in the rest of Europe,
special support should thus be supplied to provide suitable
habitats and reasonable food resources. Freshwater habitat
restoration and water pollution reductions are still critical
for the recovery of otter populations (Marcelli et al. 2012).
Efforts should nevertheless be maintained to preserve con-
nectivity: first to limit and decrease road kills linked to the
mobility and current recolonisation of the species (e.g. Koe-
lewijn et al. 2010), and second to reinforce small, relict or
geographically isolated populations that might benefit from
gene flow from nearby populations. Finally, several complex
and expensive otter reintroduction programs have yielded
mixed results with poor success both in France (Alsace)
and Switzerland (Mercier 2004), but more satisfactory in
the Netherlands (Koelewijn et al. 2010). Conversely, the
natural recovery process in France seems more efficient and
appears therefore, the best option for the long term survival
of this species.
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