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Abstract During the last century, the Eurasian otter (Lutra
lutra) suffered a dramatic decline in Europe. In France, the
same pattern of sharp decline was observed with local extinc-
tions in many regions. Before the recolonisation process, two
main populations still remained along the Atlantic coast and in
theMassif Central. To investigate the impact of this decline on
the genetic diversity and structure of the French otter popula-
tion, tissue samples of 144 otter carcasses from road kills that
were found during 1992–2011 along the Atlantic coast and in
the Massif Central were used. They were analysed using 10
microsatellites loci. Observed (Ho=0.64) and expected het-
erozygosity (He = 0.62) were moderate, but consistent with
results found in other European populations. The bottleneck
test showed an excess of heterozygotes, providing evidence of
a recent decline. There was evidence for weak but significant
allelic frequencies divergence between otters from the Atlantic
coast and those from theMassif Central (Fst = 0.040, p<0.05),
probably resulting from their isolation prior to the
recolonisation process. As the French otter population has
been expanding for several years, genetic intermixing is now

occurring. Although this expansion has not yet genetically
homogenised all populations, this is may be a matter a time.

Keywords European otter . Lutra lutra . Microsatellites .
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Introduction

The Eurasian otter Lutra lutra (Linnaeus, 1758) is a highly
mobile species from the Mustelidae family and a top predator
of aquatic food webs. Although it is a fish specialist, this
mammal is able to adjust its diet to local conditions (Libois
and Rosoux 1989, 1991; Libois 1997). Once widespread
throughout Europe, otter populations began to decline signif-
icantly in the mid-twentieth century, especially in the
industrialised countries of the western part of its range
(Macdonald and Mason 1992). Otters were extirpated from
many European regions, leading to the fragmentation and iso-
lation of its remaining populations. The main causes were
hunting and trapping (bounties), habitat destruction and water
pollution (Ansorge et al. 1997; Mason 1995). This species has
been protected since 1979 under the Berne Convention and is
listed as ‘near threatened (NT)’ by the IUCN Red List
(Reuther and Hilton-Taylor 2004). Despite this initially dra-
matic decline, the signs of natural recovery were detected in
most European countries during the 1980s. Otters are, how-
ever, still threatened by poaching or accidental trapping, the
continuous development of road networks (Rosoux and
Libois 1994; Rosoux and Tournebize 1995; Koelewijn et al.
2010) and habitat degradation (Gascuel 1985).

In France, the same pattern of sharp decline has been ob-
served, with local extinction occurring in many regions. Until
recently, the otter population in France was fragmented, and
the last remaining populations were restricted mainly to the
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prey-rich Atlantic coastal wetlands in the west of France and
to the quiet rivers of the Massif Central. Since 1981, the
French legal protection status has allowed Eurasian otter pop-
ulations to slowly recover. The first signs of re-colonisation
were detected in the Massif Central in the mid-1980s
(Bouchardy and Boulade 1999). All remaining populations
have progressively started to grow and range re-expansion
has been observed. Since no reintroduction project has been
implemented in continental European countries and no captive
otters have been released, with the exception of Alsace
(France) where the reintroduction program failed, these move-
ments can be considered to be natural. In the 1990s, the
French population represented less than 2 % (approximately
1000 individuals) of the estimated 1930s population (Rosoux
and Libois 1994). Today, there is an estimated population of
5000 otters (Lemarchand, pers. comm.), and half of the coun-
try is occupied by the Eurasian otter (Rosoux and Green 2004;
Kuhn 2009). A national action plan for the conservation of
otters was implemented in 1999 (Rosoux et al. 1999;
Bouchardy et al. 2001; Kuhn 2009).

Genetic studies have been carried out in several European
countries, in order to detect population structure, identify gene
flow between populations and follow the recolonisation pro-
cess of this elusive species. Until now, only three studies fo-
cusing on the genetic characteristics of the French population
have been published. An initial study investigated the mtDNA
(CytB) variations of otter populations in the western and cen-
tral parts of Europe (Spain, France, Ire land and
Czech Republic), and found little diversity among these pop-
ulations (Morales 2002). A second study focused on the
recolonisation pattern of the Cevennes National Park in the
Massif Central, where it detected at least two genetically dis-
tinct clusters with low genetic diversity (microsatellite DNA;
Janssens et al. 2008). The most recent study focused on the
landscape genetic structure of otters in Europe. In the case of
the French population, this study focused on individuals from
the Atlantic coastline only, and found that there are probably
three genetically distinct populations along this coastline
(microsatellite DNA; Mucci et al. 2010).

Based on these prior results, the main objectives of the
present study are to detect whether the French otter population
is genetically substructured and to investigate the influence of
the sharp decline in this population on the genetic variability
of the French Eurasian otter.

Materials and methods

Sample collection

For the present study, tissue samples were used from of a total
of 145 roadkill otter carcasses, opportunistically collected be-
tween 1992 and 2011. These consisted of muscle tissue

samples that were collated by Rene Rosoux, Marie-des-
Neiges de Bellefroid and Charles Lemarchand. They were
collected in 13 departments along the Atlantic coastline and
in the centre of France: 122 otters from marshes along the
French Atlantic coastline, three otters from Aquitaine in the
south-west of France, 16 otters from the Massif Central and
two from the La Brenne marshes (Fig. 1). The geographic
locations of these collected tissues represent the full extent
of the current range of otters in France. All of the samples
were stored in 96 % ethanol and frozen at −20 °C prior to
DNA extraction.

Age and sex determination

During post mortem examination, all individuals were sexed
and categorised in various classes as cub, young, subadult and
adult based on a combination of morphometric criteria
(Simpson 2001). For a subsample of 21 individuals,
odontochronologic analysis was carried out using mainly the
canine (transverse and longitudinal cuts). Estimated age was
proven accurate in 90 % of cases.

DNA extraction, amplification and genotyping

DNA extraction was carried out from February toMarch 2012
in Liège, Belgium, using the Dneasy Tissue kit (Qiagen) in
accordance with the manufacturer’s instructions. Gloves and
aerosol-resistant pipette tips were used during all manipula-
tions. The quality of the extracted DNAwas controlled with a
UV-VIS BioSpec-nano spectrophotometer (Shimadzu). The
controlled was checked by means of a measurement without
sample.

The multilocus genotypes of 145 otters were amplified
using the polymerisation chain reaction (PCR) method. Ten
microsatellite loci, identical to those used in the study of
Janssens et al. (2008), were selected: Lut435, Lut604,
Lut701, Lut715, Lut717, Lut733, Lut782, Lut818, Lut832
and Lut902 (Dallas and Piertney 1998; Dallas et al. 1999).
One primer from each pair was labelled with fluorescent dye
(6-FAM). The microsatellite DNA was amplified in a total
reaction volume of 10 μl, with 1 μl of DNA extracted from
each sample, 2 μM of each primer and 6.5 μl of PCR Master
Mix (Qiagen).

Amplification was performed in a GeneAmp PCR System
2700 thermal cycler (Applied Biosystems) according to the
following thermocycling protocol: initial denaturation at
95 °C for 15 min, 40 cycles at 94 °C for 30 s, 60 °C for 90 s
for hybridization and 72 °C for 60 s, followed by a final
extension step at 72 °C for 10 min.

The PCR products were genotyped at the GIGA-
Genotranscriptomics Platform (University of Liège).
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Microsatellite analysis

GeneMarker 2.2.0 was used to examine and determine the
microsatellite alleles. The microsatellite quality was checked
with Microchecker 2.2.3 (Van Oosterhout et al. 2004), to de-
tect potential genotyping errors such as null alleles, allele
drop-out or stuttering.

In order to assess the genetic diversity of the samples, the
number of alleles (nA), allelic richness and inbreeding coeffi-
cient (Fis Weir and Cockerham 1984) were measured for each
microsatellite locus using FSTAT 2.9.3.2 (Goudet 2002). The
observed (Ho) and expected (He) heterozygosities (Nei 1978),
deviation from Hardy-Weinberg equilibrium (HWE) and link-
age disequilibrium (LD) were estimated using GENEPOP,
version 4 (Raymond and Rousset 1995). Bonferroni correc-
tions were applied (Rice 1989; Sokal and Rohlf 1998).

In order to investigate the spatial pattern of genetic varia-
tion and determine the genetic structure of French otter popu-
lations, several approaches based on individual multilocus
genotypes were used. Bayesian clustering analysis was per-
formed using STRUCTURE 2.3.1 (Pritchard and Wen 2004;
Falush et al. 2003, 2007). This software uses a Markov Chain
Monte Carlo (MCMC) simulation to partition the individuals

into K distinct genetic populations (clusters) with maximum
posterior probability. Each simulated cluster was characterised
by a set of allele frequencies at each locus, and deviations
from Hardy-Weinberg equilibrium and marker linkage dis-
equilibrium were minimised. The simulations were performed
withK ranging from 1 to 8, and each run was repeated 5 times.
The parameters were the admixture model with correlated
allelic frequencies. The prioritisation was assigned to a sam-
pling location in order to assist the clustering of datasets of a
relatively small number of samples (LOCPRIOR model;
Atlantic coast (n= 122), Aquitaine (n= 3), Massif Central
(n=16) and La Brenne (n=2)). The LOCPRIORmodel could
be used when the amount of data is limited or when the dif-
ferentiation between subpopulations is low (Hubisz et al.
2009). Each run consisted of an initial burn-in period of
2.5×105 iterations, followed by 3×106 MCMC iterations. In
order to correctly assign the otters to simulated clusters, the
assignment probability of their individual genotype (qi) was
used with a threshold value of 0.80. The STRUCTURE
HARVERSTER program (Earl and vonHoldt 2012), based
on the Evanno’s ΔK (Evanno et al. 2005), was used for
selecting the most appropriate number of clusters that best fits
the dataset.

Fig. 1 Map showing the distribution of the Eurasian otter in France in 2012 and regions where samples were collected for this study. Source : Groupe de
coordination Mammifères terrestres (ONCFS, SFEPM, & MNHN/SPN)
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This Bayesian clustering method was also compared with a
descriptive statistical method. Factorial correspondence anal-
ysis (FCA; Benzecri 1973) was performed using GENETIX
software (Belkhir et al. 2001). Individual multilocus geno-
types were plotted on a 2D chart.

We calculated pairwise Fst-values (based on allele frequen-
cies) with FSTAT software for the clusters inferred with
STRUCTURE.

BOTTLENECK 1.2.2 (Cornuet and Luikart 1996) was
used to detect the presence of a recent genetic bottleneck sig-
nature, resulting from the decline in the French population.
We used an infinite allele model (IAM), a stepwise mutation
model (SMM) and a two-phase mutation model (TPM, with
90 % of SMM, variance 12.00; Hajkova et al. 2006).
Significance was tested using the Wilcoxon signed rank test
(Luikart 1997).

Results

A total of 145 otters were successfully genotyped with 10
microsatellite loci. The overall sex ratio was 51 % males and
49 % females. The age class structure comprised 100 adults
(55 males and 45 females), 26 young (11 males and 15 fe-
males), 15 subadults (6 males and 9 females) and 4 otters of
unknown age.

Genetic diversity

The estimated genetic diversity of the full set of samples is
provided in Table 1. Microchecker did not detect any allele
dropout or stuttering. However, three microsatellite markers
(Lut435, Lut604 and Lut818) were characterised by a high
frequency of null alleles, and the genotype data from those
loci were not included in the subsequent genetic analysis. All

of the remaining analysed loci were polymorphic. The allelic
richness ranged from four to six alleles per locus, and the
average allele number was A=4.7 (Table 1). A private allele
was found at locus Lut902 in individual otters fromAquitaine,
La Brenne and the Massif Central only.

None of the loci were in linkage disequilibrium. The ex-
pected and observed heterozygosities were moderately high
(respectively He = 0.62±0.08 and Ho = 0.64±0.13) with no
significant deviation from the Hardy-Weinberg equilibrium.
However, when calculating each locus independently, a weak
but significant heterozygote deficiency was detected at two
loci (Lut715 and Lut782), suggesting the existence of a genet-
ic structure within the French population resulting from the
Wahlund effect (Wahlund 1928).

Population genetic structure

The ΔK statistics applied to the Bayesian clustering per-
formed with STRUCTURE suggested the presence of two
clusters (K=2; Table 2).

With the LOCPRIOR model, one cluster corresponded to
the subpopulation from the Atlantic coast and the second clus-
ter corresponded to the Massif Central and the Brenne sub-
population (Figure 2a). Surprisingly, an outsider was found in
the Atlantic group. This corresponded to an otter found dead
in theMarais Poitevin area (marshlands of the Vendée region),
which could be assigned to the cluster from the Centre of
France (qi=0.83). The two individuals from La Brenne were
clearly assigned to the Centre of France cluster (proportion of
membership of 92 % for the pre-defined La Brenne group).
Concerning the pre-defined group from the Massif Central,
the proportion of membership to the Centre of France cluster
was 0.89. Finally, the three otters from the Aquitaine area
could not be clearly assigned to one or the other of the two
simulated clusters, but seemed to be closer to the otters from
the Centre of France (proportion of membership of 0.67 to the

Table 1 Genetic diversity of Eurasian otters in France as estimated by
seven microsatellites

Locus A He (Nei 1978) Ho Fis (W and C 1984)

Lut701 6 0.71 0.74 −0036
Lut715 4 0.58 0.52 0074*

Lut717 5 0.72 0.69 0026

Lut733 5 0.59 0.63 −0063
Lut782 5 0.53 0.52 0026*

Lut832 4 0.68 0.66 0036

Lut902 4 0.54 0.73 −0349
Multilocus 4.7 0.62 0.64 −0004

A number of alleles per locus, He expected heterozygosity, Ho observed
heterozygosity, Fis inbreeding coefficient

(*p<0.05)

Table 2 Bayesian
clustering simulation
results performed on
individual otter’s
genotypes by
STRUCTURE

K Mean LnP(K) ΔK

1 −3296 –

2 −3249 63.81

3 −3286 3.05

4 −3269 1.24

5 −3285 1.25

6 −3347 2.60

7 −3528 0.70

8 −3653 3.31

K number of inferred clusters, Mean
LnP(K) mean value of Ln likelihood per
K, ΔK Evanno method (not applicable to
K= 1)
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Centre cluster and 0.33 to the Atlantic coast cluster, although
none of the three individuals had q>0.8).

However, without the LOCPRIOR model, samples
could not be grouped into distinct genetic clusters
(Figure 2b).

The results of the FCA based on allelic variations at
seven microsatellites are shown in Fig. 3. The first axis
accounts for 8.17 % of the total variance and the second
accounts for 7.81 %. The FCA individual genotype plot
showed that the two clusters inferred with STRUCTURE
using the LOCPRIOR model; Centre and Atlantic coasts,
are overlapping. The two otters from the Aquitaine area
that could not be assigned to one or the other of the two
clusters are nested at the centre of the overall group.

The two inferred clusters showed a weak but significant
allelic frequency divergence among them (Fst = 0.040; 95 %
confidence interval=0.009–0.073, computed after 1000 boot-
straps on loci).

The procedure proposed by Cornuet and Luikart
(1996) was used to test for a recent decline in popula-
tion size. The French population showed a significant
heterozygote excess with respect to the expected num-
bers, under the assumption of an IAM (p= 0.004) or a
TPM (p= 0.004), but not under the assumption of an
SSM (p= 0.148). This result suggests that French otters
have suffered a recent decline.

Discussion

The various geographical locations from which samples were
collected include all of the main areas occupied by stable and
viable French otter populations (with the exception of
Brittany). However, as the sample is quite unbalanced be-
tween regions (with the biggest part of the sample correspond-
ing to the Atlantic coast region), results should be analysed
with caution.

All individuals analysed in this study were roadkill. As
dispersers are thought to be more likely to be injured or killed
by cars, it has thus been proposed that this kind of individual
genotype might lead to a distorted genetic analysis (Dallas
et al. 2002). However, seasonal conditions are also known to
increase otter road mortality. During autumn and winter, there
are more mortalities, perhaps due to higher river levels, or the
coincidence of rush hour with otters crepuscular activity.
Roads may also be located within areas of good habitat with
higher otter population densities. In France, the road network
passing through the Poitevin Marshland and other Atlantic
coast wetlands increases the risk of otter casualties (Rosoux
and Tournebize 1995). Similarly, studies of otter mortality
have indicated that deaths resulting from human activities
(such as road traffic) are male-biased (Philcox et al. 1999;
Heggberget 1991). This is not the case in the present study,
in which the sample sex ratio was 51 % males. This number

Fig. 2 Bar plots based on results obtained with STRUCTURE for K= 2.
a With prior information on the individual’s location (LOCPRIOR
model). b Without prior information on the individual’s location. Each
individual is represented by a vertical bar with visualisation of the

probability of its genotype belonging to each cluster (qi). Upper arrow
indicates the genetic outsider in the population from the Atlantic coast. 1
Aquitaine, 2 Brenne, 3 Massif Central, 4 Atlantic coast
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lies within the range observed in other European studies using
this kind of sample (between 50 and 61 %; Hauer et al. 2002;
Dallas et al. 2003; Hung et al. 2004).

Genetic diversity

Although only 7 loci were analysed, rather than 10, the results
are in agreement with those reported elsewhere in the
literature.

The mean number of alleles per locus (A=4.7) is low, but
similar to that previously reported for the Cevennes National
Park (A=4; Janssens et al. 2008) and for the Atlantic coast
(A=4.8) otter populations. This result is close to that reported
for other European populations (A=4.9; Mucci et al. 2010).

The observed and expected heterozygosities, respectively
Ho=0.64 and He =0.62, are considered to be moderate and in
line with those observed in other European populations. The
value of He is similar to that found in otter populations from
nearby European countries: Germany (He = 0.65; Honnen
et al. 2010), Spain (He = 0.64) and Portugal (He = 0.60;
Mucci et al. 2010), but slightly higher than that reported in
other studies of French otters: He = 0.52 in the Massif Central
population (Janssens et al. 2008) and He = 0.59 in the Atlantic
coast population (Mucci et al. 2010). However, the low value
reported by Janssens et al. (2008) was a specific outcome
resulting from a recent colonisation event, caused by otters
forming a newly established population in the Cevennes, with
a typically lower genetic diversity. Although the overall value
of Fis indicates that there is no evidence of significant inbreed-
ing (Table 1), the heterozygote deficiency observed at two loci
are suggestive of the existence of genetic structure in French
otter populations.

Population structure

The Bayesian clustering, without information on individual’s
location, and FCA methods used to determine the genetic
structure of the French otters provided convergent results,
suggesting that the structure is very weak. At the lowest pop-
ulation level, gene flow between populations from the Atlantic
coast and Massif Central could have been reduced, thereby
increasing their regional genetic differences. Nevertheless,
the genetic distance between these subpopulations is very
low compared to other studied populations (Table 3), with
the presence of genetic admixture indicated by the FCA
(Fig. 3). The overlapping between the two subpopulations
could explain why the Bayesian clustering did not find a struc-
ture without prior information on an individual’s location.
This is in line with the idea that there was possibly a certain
degree of connectivity between them before the recovery
(Robitaille and Laurence 2002). The last available historical
data from Limousin, Poitou-Charentes and Auvergne indicate
that the disconnection between the two subpopulation oc-
curred late compared to the rest of the population, probably
explaining the low genetic distance (Lemarchand, pers.
comm).

The Bayesian assignment results including prior informa-
tion on the individuals’ geographic origin are partly in agree-
ment with the pan-European study ofMucci et al. (2010), who
found at least three genetically distinct subpopulations exist in
France. Mucci et al. (2010) did not take samples from the
Centre of France, and their three clusters were located along
the Atlantic coast, in Brittany to the north-west and in the
Aquitaine region to the south-west. In the present study, no
samples were taken from Brittany (north-west) where one

Fig. 3 Factorial correspondence analysis (FCA) based on allelic variation at seven microsatellites in the otter populations of France. Clear squares
indicate individuals from Centre of France (n= 18), dark squares indicate individuals from Atlantic coastal wetlands (n= 122)
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cluster is known to exist, and the cluster located in the Atlantic
coast area corresponds to the second inferred cluster described
by Mucci et al. (2010). The third cluster described by Mucci
et al. (2010) corresponds geographically to the Aquitaine. The
individuals from the latter region that were analysed in the
present study cannot be clearly assigned to the Atlantic coast
population or to the centre population.

Population decline

The bottleneck tests using the IAM and TPM models yield
evidence of a recent decline of otter populations in France.
The latter model is known to provide the best fit with micro-
satellite data and their mutation process (Williamson-Natesan
2005). Although it is known that otter populations have de-
clined in recent decades, in most areas of Europe, few studies
have documented genetic evidence of this event. It has been
suggested that European otters suffered from a historical de-
cline, approximately 4000 years ago, due to post-glacial foun-
der events and the re-colonisation process of Northern Europe
(Randi et al. 2003). Pertoldi et al. (2001) suggested that the
historical decline of Danish otters that took place in Denmark
2000–3000 years ago could have resulted from human distur-
bance. Nevertheless, the genetic signature of a recent decline
has been found in the Czech Republic and Slovak populations
(Hajkova et al. 2006), and in the Schleswig-Holstein popula-
tion, a recently recolonised area in north-west Germany
(Honnen et al. 2010).

Conclusion

As in all other European countries, French otters experienced
a severe decline up until the 1980s but started to recover fol-
lowing their legal protection in Europe. The results of this
study suggest that the French otters are not strongly
substructuring into geographically distinct subpopulations.
The two inferred clusters, corresponding to the last two pop-
ulations remaining in France, are partially admixed and appear
to be genetically close (Fst = 0.040). The natural re-

colonisation process has been ongoing for more than 30 years,
and otters from the Atlantic coast and the Massif Central re-
gions do not appear to have remained completely isolated
from each other. Although genetic intermixing is certainly
underway, as has been suggested in previous studies
(Reuther and Krekemeyer 2004; Rosoux and Green 2004),
this expansion may still be insufficient to genetically homog-
enise all populations. As otters are now observed in many
locations in France, more complete genetic homogenization
is likely to be observed in the future.

Although the Eurasian otter has expanded its range to half
of the country, it remains an endangered species and is thus a
concern for conservation. Over the longer term, human activ-
ities (e.g. water pollution, road networks, intensive land-use
(Robitaille and Laurence 2002; Reuther and Krekemeyer 2004;
Lemarchand et al. 2010; Lemarchand et al. 2011)) could slow
this expansion, or prevent otters from establishing and main-
taining stable populations. In particular, as the Eurasian otter
has weak demographic dynamics (Kruuk 2006), further ex-
pansion of this species must be carefully monitored.
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Table 3 Comparison of pairwise
Fst-values obtained in studies on
the genetic structure of the
Eurasian otter

Country N Fst P value

France (this study) 2 0040 <0.05

Czeck and Slovak Republics (Hajkova et al. 2006) 2 0154 0.0002

UK (Hobbs et al. 2011) 4 0100–0280 <0001

UK (Stanton et al. 2014) 4 0022–0298 < 0001

North-East Germany, Danemarl and South Sweden (Honnen et al. 2010) 3 0183–0311 0000

Sweden and Finland (Honnen et al. 2015) 4 0057–0167 < 0.0001

Sweden (Tison et al. 2015) 6 0036–0210 <0.05

Israel (Cohen et al. 2013) 3 0087–0123 < 0001

N number of inferred clusters, Fst pairwise Fst value
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