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Abstract

We characterized the genetic structure of the Eurasian otter (Lutra lutra) meta-population living 
in the core of its Italian distribution range providing results from 191 fresh spraints, collected from 24 
watercourses included in Southern Italy. Furthermore, according to ecological corridors and barriers, we 
discuss the likely ways of movement and possible evolutionary fate of these populations. We genotyped 
136 samples using 11 Lut microsatellite nuclear markers amplified from faecal dna. Microsatellites 
were moderately variable (Ho = 0.45; He = 0.46), with a total number of alleles and average number of 
alleles per locus in the meta-population of 50 and 4.54, respectively. No significant heterozygosity excess 
was observed in meta-population suggesting no recent population bottlenecks. Bayesian clustering 
discriminated a sub-structuring of the meta-population in five putative clusters, indicating that local 
populations are genetically differentiated: three of these seem to be identifiable with geographically 
defined sub-populations (from the Cilento, Agri and Basento river basins). The fourth is represented 
by multiple sub-populations with admixed genotype, that include genotypes from the Lao, Sinni and 
Abatemaco river basins, living in a landscape with the higher environmental permeability. Landscape 
genetic analysis could provide evidence of an unexpected ecological corridor: the seacoast, highlighted, 
for the first time as a new way for the dispersion of the South-Italian otters. Deepening the knowledge of 
these perspectives is crucial to identify solid strategies aimed at the future health of the populations of 
the Italian otters, by restoring dispersal corridors and managing the watercourses.
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Introduction

The Eurasian otter (Lutra lutra, Linnaeus 
1758) has suffered a marked decline in many 
European countries during the second half 
of the twentieth century, due to the combi-
nation of global and local factors, such as 
human persecution, pollution, and habitat 
fragmentation (Mason, 1995; Murk et al., 1998; 
Conroy & Chanin, 2000; Mason & Wren, 2001; 
Ruiz-Olmo et al., 2002; Panzacchi et al., 2011; 
Scorpio et al., 2016).

In Italy, this severe decrease determined 
the total disappearance of the otter in the 
northern part of the peninsula (Macdonald 
& Mason, 1983; Cassola, 1986; Macdonald 
& Mason 1994; Prigioni et al., 2007) and its 
gradual decline in the central and in the 

southern areas (Boitani et al., 2003; Prigioni 
et al., 2007), causing a range reduction 
down to a few regions, mainly Basilicata and 
Campania (Prigioni, 1997; Panzacchi et al., 
2011; Balestrieri et al., 2016).

Nowadays, the Eurasian otter is classified 
as Near Threatened at global level (Duplaix 
& Savage, 2018). In Italy, although it is listed 
as Endangered (D category) in the iucn 
(International Union for Conservation of 
Nature) Red List (Panzacchi et al., 2011), the 
populations of Central-Southern Italy are cur-
rently expanding northward (Prigioni et al., 
2007; Balestrieri et al., 2008; Loy et al., 2010; 
Giovacchini et al., 2018).

Since 1990, it was reported that the struc-
ture of the Italian otter population was 
organized in two sub-populations isolated 
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from each other: a small and isolated nucleus 
living in the Abruzzo and Molise regions 
(central Italy), and a larger core population 
along the river networks of the Campania, 
Basilicata, Apulia and Calabria regions 
(Southern Italy) (Fusillo et al., 2004; Loy et 
al., 2004; Marcelli, 2006; Lerone et al., 2014; 
Balestrieri et al., 2016; Giovacchini et al., 
2018). Furthermore, recently, otter presence 
has been recorded in the North-Eastern 
of the peninsula, as a consequence of the 
expansion of Austrian and Slovenian popu-
lations (Kranz, 2008, pers. comm.; Lapini & 
Bonesi, 2011, pers. comm.; Righetti, 2011, pers. 
comm.; Pavanello et al., 2015).

The latest survey, conducted in the Molise, 
Basilicata, Campania, Calabria and Apulia 
regions, estimated the current otter popula-
tion size to be lower than 1000 individuals, 
more likely 229–257 individuals (Prigioni et al., 
2006a, b). This Italian cluster is geographically 
and genetically isolated from all otter popula-
tions living in Europe (Spagnesi, 2002; Randi et 
al., 2003). This isolation, combined with local 
adaptations, might lead to genetic differentia-
tion in a unique evolution trajectory. The evo-
lutionary fate could depend mainly on mutual 
isolation and/or connection among sub-pop-
ulations, which could affect the level of gene 
flow within and between demes, and conse-
quently their genetic profile. This could lead 
to the consideration of the Italian otter as an 
Evolutionary Significant Unit (esu) and thus a 
species of special conservation interest due to 
its uniqueness (Randi et al., 2003; Mucci et al., 
2010; Bertolino et al., 2015), as it happens for 
some other mammal species in Southern Italy, 
like Lepus corsicanus (Alves et al., 2008; Melo-
Ferreira et al., 2012; Buglione et al., 2020a), 
Sorex minutus (Vega et al., 2010), and Myodes 
glareolus (Colangelo et al., 2012).

Here, we genotype samples using dna 
from scat (spraints) to characterize, for the 
first time, the structure of the Italian otter 

meta-population living in the core part of its 
distribution range (Southern Italy), including 
Basilicata, Campania, Calabria and Apulia 
regions, that account for more than 70% 
of the species’ range in Italy (Prigioni et al., 
2005). The river basins that we considered 
host stable otter populations (Prigioni et al., 
2006b), and represent precious ways of con-
nection between the otter populations of 
different regions in Southern Italy (Smiroldo 
et al., 2009). Furthermore, considering eco-
logical corridors and barriers, in light of the 
genetic structure of the populations, we 
hypothesized the environmental variables 
affecting dynamics of expansion, in order 
to predict the likely ways of movement and 
possible evolutionary fate of these popula-
tions. Deepening the knowledge of these 
perspectives is crucial to identify solid strat-
egies aimed at the conservation of the Italian 
otters, ensuring the preservation of its evolu-
tionary potential. Conservation actions could 
be directed to those watercourses that play an 
important role in the dispersal of the Italian 
otter populations. Furthermore, according 
to iucn guidelines (iucn, 1998), the defini-
tion of the genetic structure of populations 
is mandatory for reintroduction actions, to 
avoid unexpected consequences and genetic 
pollution (Van Ewijk et al., 1997; Saavedra 
& Sargatal, 1998; Arrendal et al., 2004). This 
could be useful for otters when they can no 
longer naturally colonise a territory because 
of isolation of the populations or eradication 
(Mucci et al., 2010).

Materials and methods

Study area and sampling
From May to December 2018, we conducted 
an extensive field survey, monitoring a 
total of 24 watercourses included in the 
Campania, Basilicata, Calabria and Apulia 
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regions (southern Italy, 40° 40’ N, 39° 37’ N) 
(fig. 1 and table 1). We collected 191 spraints, 
according to the standard method proposed 
by Reuther et al. (2000), selecting only fresh 
scats (spraints  <  2 day old) (Santini et al., 
2007; Buglione et al., 2018; Buglione et al., 
2020b), aged by field collectors using odor 
and aspect. To ensure the best collection, 
old spraints, were removed the day before 
each sampling session and collection was 
performed in the following early morning to 
limit dna degradation (Taberlet et al., 1996; 
Dallas et al., 2000; Goossens et al., 2000; 
Jansman et al., 2001). The external layer of 
the spraints, which contains sloughed gut 
cells, was wiped off with a sterile cotton 
swab, placed in a sterile tube with 500 mL of 
Buffer (QIAGEN, Valencia, CA) (Lampa et al., 
2008) or with 70% ethanol (only in rare cases 

where the buffer was no longer sufficient), 
and stored at ‒20°C.

The geographical location of samples was 
mapped using QGIS v.3.4.1 software (QGIS 
Development Team, 2019) and the locations 
were then grouped according to the river 
basin where they were collected (table 1). 
The definition of river basins was performed 
by plotting the entire river network in gis 
environment and drawing a buffer area of 1 
km around all waterways connected to the 
main river. The samples that did fall within 
any river basin were marked as “out of basin” 
(table 1).

Population genetics of neutral loci
To prevent contamination, spraints were ana-
lysed in a laboratory designed for non-invasive 
genetics, free from mammal dna, including 

figure 1 The area surveyed for collection of otter samples (40° 40’ N, 39° 37’ N). Red spots indicate the location 
of the collected samples. The blue lines highlight the main rivers (order 1) and their tributaries (order 
2, 3 and 4 according to waterway hierarchy). The continuous red lines represent regional boundaries. 
In the inset, the current otter distribution (inferred from Balestrieri et al., 2016, modified) is reported 
in orange and the study area is defined by the black bold square.
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both distinct pre- and post-pcr rooms, with 
separate and sterilized equipment (i.e. aer-
osol-resistant pipette tips, disposable sterile 
gowns) for dna extraction, pcr (with a lam-
inar flow hood), and post-pcr processing. 
Genomic dna was extracted using QIAamp 
dna Stool Mini Kit (QIAGEN, Valencia, CA), 
according to manufacturer’s instruction. 
Three negative controls were included in each 
extraction to monitor the performance of the 
process and to exclude potential cross-con-
taminations. The concentration and quality 

of the dna were checked using the Nanodrop 
ND-2000 (Nanodrop, Wilmington, DE, USA) 
and 1% agarose gel electrophoresis.

Faecal dna could be highly degraded 
(Deagle et al., 2006; Vynne et al., 2012) and 
therefore, to enhance the success of the anal-
yses, multilocus genotypes were obtained 
by amplification of a marker no longer than 
300 bp (Frantzen et al., 1998). We relied on a 
panel of 11 autosomal microsatellite dna loci, 
ranging from 170 bp to 262 bp: Lut 435, Lut 
453, Lut 457, Lut 615, Lut 715, Lut 717, Lut 733, 

table 1 Watercourses surveyed for the collection of the otter samples, their corresponding region of origin, 
type (MR, main river; L, lake; S, stream; T, tributary), number of collected samples and river basin to 
which they were assigned; out of basin, samples that were not assigned to any river basin

Watercourse Region Type Number of samples River basin

 Abatemarco Calabria MR 3 Abatemarco
 Agri Basilicata MR 9 Agri
 Argentino Calabria MR 7 Lao
 Basento Basilicata MR 4 Basento
 Battendiero Calabria T 13 Lao
 Bradano Basilicata MR 1 out of basin
 Bussento Campania MR 12 Cilento
 Calore Campania T 6 Cilento
 Caolo Basilicata MR 5 Agri
 Fasanella Campania T 22 Cilento
 Frido Basilicata T 7 Sinni
 Galeso Apulia S 1 out of basin
 Grondo Calabria T 1 Lao
 Pietra del Pertusillo Lake Basilicata L 3 Agri
 Lao Calabria MR 20 Lao
 Maglia Basilicata T 2 Agri
 Mercure Basilicata MR 11 Lao
 Paraturo Basilicata T 2 Lao
 Peschiera Basilicata T 6 Agri
 Sarmento Basilicata T 1 Sinni
 Melandro Basilicata T 4 Agri
 Sciaura Basilicata T 3 Agri
 Sinni Basilicata MR 22 Sinni
 Tanagro Campania T 26 Cilento
Total 24 4  191 6
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Lut 782, Lut 818, Lut 832, Lut 833 (Dallas & 
Piertney, 1998; Dallas et al., 2002).

Amplifications were carried out in 25 µL 
containing 50 ng of genomic dna, 10 µM of 
each primer, 10X pcr buffer, 0.2 U FIREPol® 
dna Polymerase (Solis Biodyne, Estonia), 
0.25 mM of each dNTP. Each sample was 
amplified in triplicate for each locus, and neg-
ative controls (no added dna) were included 
to check the performance of the reactions. 
In particular, each sample was first ampli-
fied three times for loci Lut 435 and Lut 833, 
selected because of their repeatable results in 
our previous experiments. Only the samples 
that produced three pcr products at these 
loci and only samples whose replicas resulted 
in the same typing were retained for subse-
quent analyses (modified by Koelewijn et al., 
2010). The selected samples were then ampli-
fied three times for the remaining loci, and 
only samples which provided 50% or more of 
positive screening at a locus were considered 
‘positive’ (Lerone et al., 2014). Furthermore, 
we defined a sample as successfully genotyped 
if at least six microsatellite loci revealed com-
plete genotype. The reliability of genotypes 
was estimated using the software Reliotype 
(Miller et al., 2002) and they were retained if 
the reliability score was ≥90%.

The amplifications were performed as fol-
lows: 94°C for 2 min and 15 sec, 45 cycles at 
94°C for 30 sec, 55–61°C for 30 sec (depending 
on the microsatellite locus), 72°C for 30 sec, 
and a final extension at 72°C for 5 min. We 
used a forward primer labelled at the 5’-end 
with a fluorescent dye group (fam and hex; 
Sigma-Aldrich, St. Louis, MO, USA), and 
an internal size standard LIZ500 (Applied 
Biosystems, Norwalk, CT, USA). Multilocus 
genotypes were determined using an ABI 3100 
automated sequencing instrument (Applied 
Biosystems, Norwalk, CT, USA) and then ana-
lysed with Geneious software v. R9.1 (Kearse 
et al., 2012) with microsatellite plug-in, used 

to check for any stutter peaks or incorrectly 
called peaks, removing them.

In order to test the robustness of microsat-
ellite assignment, we constructed a consensus 
genotypes using Gimlet v1.3.3 (Valière, 2002) 
and estimated the rates of false alleles (fa) 
and allele drop out (ado) (Taberlet et al., 
1996; Frantz et al., 2003; Hájková et al., 2007; 
Ferrando et al., 2008; Lerone et al., 2014) with 
a maximum likelihood-based method imple-
mented in Pedant (Johnson & Haydon, 2007a, 
b). GenALEx v. 6.51b2 (Peakall & Smouse, 
2012) was used to identify identical genotypes, 
the probability of identity (pid) and siblings 
(pid-sib).

The genetic structure of the population 
was identified using a Bayesian clustering 
method implemented in STRUCTURE v. 2.3.4 
(Pritchard et al., 2000), run with a burn-in 
period of 10,000 steps and 1,000,000 repeti-
tions of Markov Chain Monte Carlo (mcmc) 
to obtain convergence of the parameter val-
ues. To establish consistency, K, ranging from 
2 to 6, was tested in three independent runs 
using the admixture model of ancestry and 
independent allele frequency model (Falush 
et al., 2003). The selection of the most appro-
priate number of clusters that best fits the 
dataset was performed according to poste-
rior probability of data LnP (D) (Garnier et 
al., 2004) combined the admixture parameter 
α (Pritchard et al., 2000), and according to 
Evanno et al. (2005) method, both manually 
and with the software Structure Harvester 
(Earl, 2012). The assignment of each individ-
ual to clusters was based on genetic data and 
without any prior geographical information. 
Each genotype was unambiguously assigned 
to a cluster when the coefficients of indi-
viduals membership (Q) were greater than 
70%, while when Q value ranged between 
25% < Q < 70%, the admixed genotypes were 
assigned to more than one cluster. Finally, 
the geographic visualization of microsatellite 

10.1163/18759866-bja10012 | buglione et al.



7

cluster assignments was made plotting each 
genotype on a map.

Starting from clusters identified by 
STRUCTURE and considering the geograph-
ical locations of the samples according to the 
river basins, we used GENETIX v.4.05 (Belkhir 
et al., 2004) to: (i) identify variance among 
individuals, within and between genotypic 
groups, visualized in a principal component 
analysis (pca) assigning individuals/geno-
types both according to the clusters inferred by 
STRUCTURE and according to the river basin; 
(ii) detect the number of alleles (Ntot) and aver-
age number of allele per locus (mN). The struc-
ture of sub-populations was investigated using 
F-statistics (Wright, 1969) through the inbreed-
ing coefficient (FIS), Nei’s genetic distance (Nei, 
1972), and population differentiation pairwise 
values (FST) (Weir & Cockerham, 1984). The lat-
ter, together with corresponding P value, was 
performed in FSTAT v.c2.9.4 (Goudet, 1995). 
The expected (He) and observed (Ho) hete-
rozygosity and the allelic richness (ar) for all 
11 loci over all river basin sub-populations were 
estimated using the Hierfstat package (Goudet, 
2005) in R v. 3.6.1.

The probability of deviation from Hardy-
Weinberg equilibrium as well as Linkage 
Disequibrium per population (ld) were 
estimated using GENEPOP v. 4.7 (Raymond 
& Rousset, 1995; Rousset, 2008), with subse-
quent Bonferroni correction applied using the 
software R.

Bottleneck analysis
We used the Bottleneck module of the online 
software CONGRESS (Hoban et al., 2013) to 
assess the power of the 11 microsatellite loci 
panel in detecting a bottleneck in the otter 
population in Italy. We set a medium (5,000) 
pre-bottleneck population size, a bottleneck 
population size of 100 (Fumagalli & Prigioni, 
1993) and post-bottleneck population size 
inferred by a population viability analysis 

(pva) model (Lacy & Pollak, 2015) using Vortex 
software (Lacy & Pollak, 2015; Lacy et al., 
2015). In CONGRESS we set the occurrence of 
the bottleneck to 50 years ago (1970s) and the 
end of the bottleneck to 15 years ago.

Vortex uses a Monte Carlo simulation of 
the effects of defined deterministic forces, 
and demographic, environmental and genetic 
stochastic events on the viability of living 
individuals. In brief, the program begins with 
creating individuals to form the starting pop-
ulation and then generates life cycle events on 
an annual basis (see also Lacy et al., 2015). Our 
simulation was performed with two scenarios 
relative to the differences in sexual maturity 
that may attained after 2 or 3 years (Mason & 
Macdonald, 2009). The assumptions of time 
were 20 years long. For both scenarios, the 
simulation of the population was iterated 100 
times to generate the distribution of fates that 
the population might experience. We provided 
Vortex with some events and biological param-
eters that were necessary for the pva model. 
In particular, we assumed the frequency of 
ovulation and the frequency of pregnancy per 
mature female per year of 2.0 and 1.1, respec-
tively, and the fertility of 1–5 cubs (more often 
1–3) (Heggberget & Christensen, 1994).

Then, to verify a the presence of a recent 
genetic bottleneck signature, we used 
BOTTLENECK software v.1.2.02 (Cornuet & 
Luikart, 1996; http://www.montpellier.inra.fr/
URLB/bottleneck/bottleneck.html), assum-
ing both infinite allele model (iam), stepwise 
mutation model (smm) and two phase model 
(tpm, setting 50% of smm and with 90% of 
Smm). The Sign test and the Wilcoxon test 
(Luikart et al., 1997; Luikart & Cornuet, 1998) 
were used to evaluate the significance. Finally, 
mode-shift indicator was plotted.

Landscape genetics
To test for Isolation by Distance (ibd), we per-
formed a pairwise Mantel test using GenALEx 
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v.6.51b2 (Peakall & Smouse, 2012), calculating 
the Linear Genetic Distance matrix between 
the samples and the Geographic (Euclidean) 
Distance, setting the number or permutations 
of 9,999. Subsequently, we performed an addi-
tional Mantel test to correlate the genetic dis-
tance and ecological distance (according to 
ecological corridors). Firstly, we generated a 
maximum entropy distribution model using 
MaxEnt v.3.4.1 (Phillips et al., 2006), the val-
ues of which were then inverted and used as 
measures of resistance (Fulgione et al., 2009; 
Milanesi et al., 2017).

To limit spatial bias, we performed spatial 
thinning of occurrence records, using the 
spThin R package (Aiello-Lammens et al., 
2015), with a range of 1 km and setting the 
number of replications to 100. The thinning 
resulted in 75 occurrence points used for the 
habitat suitability model. For the model con-
struction, the following 6 spatially explicit 
variables (sev) were selected: altitude, slope, 
water bodies (Categories 4 and 5 of Corine 
Land Cover, along with rivers), natural veg-
etation (Category 3 of Corine Land Cover), 
agricultural vegetation (Category 2 of Corine 
Land Cover), and anthropogenic elements 
(Category 1 of Corine Land Cover along with 
roads and railways). Altitude data and slope 
were obtained as quantitative variables, with 
slope calculated using the gdal function 
Slope in QGIS 3.4.1. All environmental data 
was obtained from the National Geographic 
Portal (http://www.pcn.minambiente.it). The 
remaining 4 variables were obtained as shape-
files and rendered as continuous rasters by 
considering the Euclidean distance from each 
feature, using the gdal function Proximity 
(raster distance), and selecting geographical 
units. Spatial elaboration of the sev map was 
done in QGIS v.3.4.1. All sev s were rendered 
as raster maps with a resolution of 500 × 500 
m. In order to avoid collinearity between 
the predictor variables, Pearson’s correlation 

coefficient was calculated, to ensure none of 
the variables showed a coefficient higher than 
0.70 (Dormann et al., 2013). Models were gen-
erated using default settings, with a test per-
centage of 30% of the presence points, and 
a number of background points of 30,000. A 
regularization parameter of 1.0 was used, the 
maximum number of iterations was set at 
500, and a jackknife procedure was used to 
assess variable importance. Performance was 
estimated for each model by calculating the 
average test auc (the area under the receiver 
operating characteristic curve; Swets, 1988) 
through five‐fold cross‐validation. Following 
this, the model was fit a final time using the 
complete set of genotyped samples (which 
were then used as focal nodes in Circuitscape, 
see below) to obtain resistance values, by con-
sidering the inverted values of the Habitat 
Suitabilty Index (1 – hbi) provided by Maxent. 
To highlight potential dispersal corridors or 
barriers, we used an Isolation by Resistance 
approach (ibr) (McRae & Beier, 2007) with 
Circuitscape software (Shah & McRae, 2008; 
Anantharaman et al., 2019), based on circuit 
theory and the use of a resistance surface to 
generate a cumulative flow map in order to 
model connectivity across the landscape. We 
selected the Pairwise mode, calculating the 
average resistance, using the 8 nearest neigh-
bors. The ecological distance matrix was gen-
erated using the gdistance R package (van 
Etten, 2017) and was then used to perform 
a pairwise Mantel test in GenALEX v.6.51b2 
(Peakall & Smouse, 2012), against the genetic 
distance matrix, setting the number of permu-
tations to 9,999. We interpreted the current 
map produced by Circuitscape by also look-
ing at the contribution of the eco-geographi-
cal variables to the suitable habitat for otters, 
thus interpreting as corridors or barriers areas 
with high or low current density and charac-
terized by negatively or positively correlated 
eco-geographical variables.

10.1163/18759866-bja10012 | buglione et al.
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Results

We defined 6 river basins: the Agri, Basento, Lao, 
Sinni, Cilento (so named the waterways sur-
veyed in Campania with the Tanagro as the main 
river), and Abatemarco basins (figs 1 and 2).  
All collected samples were assigned to a river 
basin, except two (out of basin) collected on the 
Galeso and on the Bradano rivers (table 1).

Microsatellite analysis
dna was extracted successfully from 189 sam-
ples, of which 137 were successfully genotyped 
(see supplementary fig. S1 to check distribution 
of successful pcr). All our genotypes showed 
a reliability score > 99%, except for 3/136 that 
had 90%, 93%, and 97% as reliability score. 

Pedant analysis showed no significant ado 
and fa at any of the loci were detected, with 
values ranging from 0.000000 to 0.000002 
and from 0.000000 to 0.000004, respectively. 
The construction of a consensus genotype 
allowed to fix 136 unique genetic profiles. The 
estimated pid of the selected 11 microsatellite 
panel was 0.008 using up to three loci, and the 
pid-sib was 0.011 with seven loci (supplemen-
tary fig. S2), showing that these microsatellites 
allow the identification of unique genotypes 
even if related individuals are sampled, with 
a probability of 99%. The 11 considered loci 
were all polymorphic, with a number of alleles 
ranging from 2 to 10, and allelic richness was 
moderately high, ranging between 1.00 and 
4.48 (supplementary table S1). Estimates of 

figure 2 Definition of the six main river basins by drawing a buffer area of 1 km around all waterways 
connected to the main rivers: in green, the Cilento basin; in pink, the Agri basin; in blue, the Sinni 
basin; in red, the Lao basin; in orange, the Basento basin; in violet, the Abatemarco basin. Red spots 
indicate the location of the collected samples. The bold blue lines highlight the main rivers, while the 
tiny blue lines show all other waterways.

population genetics of the eurasian otter | 10.1163/18759866-bja10012
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genetic diversity show that Ho is always higher 
than He, except for the meta-population and 
sub-population of the Agri basin (table 2). 
Ho values range from 0.647 (for sub-popu-
lation from the Cilento basin) to 0.333 (for 
the Abatemarco sub-population). He values 
range from 0.451 (for the sub-population from 
the Agri basin) to 0.272 (for the Abatemarco 
sub-population) (table 2).

The meta-population and all sub-popula-
tions were in hwe except for the sub-popu-
lation on Lao basin (table 2). Test for hwe 
departure for each locus shows 8/11 loci were 
in equilibrium (supplementary table S1). 
The FIS value is statistically significant only 
for sub-populations from Cilento, Lao and 
Basento basins (table 2). These sub-popula-
tions showed FIS < 0 that denotes outbreed of 
individuals.

Population genetic structure
According to posterior probability of data 
and Evanno method, K = 5 is the most likely 
value describing population clusterization 
(supplementary figs S3 and S4, supplemen-
tary tables S2 and S3). A total of 50 of the 136 
genotypes were unambiguously allocated in 

the 5 putative clusters K (fig. 3A). In particular, 
samples from the Agri basin were divided in 15 
genotypes assigned to cluster 2, segregated in 
the upper part (young river), and 2 genotypes, 
located in lower trait (mature river) assigned to 
cluster 3. The latter also includes 4 genotypes 
from the Basento basin, 7 samples located in 
the lower portion of the Sinni river and the 2 
genotypes that are outside of any considered 
basins, but always in the lower part of the riv-
ers they were sampled at. All samples from the 
Cilento basin (N = 20) were assigned to cluster 
5, and the remaining 86 genotypes (54 from 
Lao basin, 29 samples from Sinni basin and 3 
samples from Abatemaco basin) represented 
multiple sub-populations with admixed gen-
otype (fig. 3B).

The pca plot of multilocus genotypes 
accounts for 87.69% of the total variance. To 
interpret the distribution of genotypes, we 
marked the samples in two ways, according to 
both their geographical location in the river 
basins (fig. 4A; cfr. fig. 2) and the clustering 
inferred by the Bayesian analysis (fig. 4B; cfr. 
fig. 3A).

The pca discriminated 3 clearly distinct 
clusters that showed a tendency to arrange 

table 2 Estimate of genetic indices for genotypes of both the meta-population and the sub-populations 
inferred according to their geographical positions on the six river basins. Population size (n); observed 
heterozygosity (Ho); expected heterozygosity (He); total number of alleles in the population (Ntot); 
average number of alleles per locus (mN); inbreeding coefficient (FIS); P (FIS) probability value of the 
inbreeding coefficient; ld, number of loci involved in significant linkage disequilibrium; N.S., not 
significant, P (hwe), probability of deviation from Hardy Weinberg equilibrium through heterozygote 
deficit for the meta-population and each population

Populations n Ho He Ntot mN FIS P (FIS) ld P (hwe)

Meta-population 136 0.4480 0.4569 50 4.5455 0.02444 0.860 N.S. 0.108
Cilento basin 20 0.6470 0.4475 32 2.9091 -0.41281 0.000 N.S. 1.000
Agri basin 17 0.4227 0.4513 34 3.0909 0.11194 0.093 N.S. 0.098
Sinni basin 36 0.3911 0.3889 35 3.1818 0.01291 0.610 one 0.079
Lao basin 54 0.4253 0.4014 37 3.3636 -0.04535 0.040 N.S. 0.044
Basento basin 4 0.4318 0.3125 20 1.8182 -0.25275 0.049 N.S. 1.000
Abatemarco basin 3 0.3333 0.2727 18 1.6364 0.15385 0.800 N.S. 1.000
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according to their geographical origins. The 
genotypes from the Cilento and from the Agri 
basins are contiguous in the plot (in accord-
ance with the closeness of their correspond-
ing river basins) (fig. 4A), although they show 
a lower overlap (fig. 4B). Conversely, geno-
types from the Sinni, Lao and Abatemarco 
basins, cluster together in the upper right cor-
ner of the plot (fig. 4A), showing a markedly 
mixed sub-population, in agreement with the 
cluster assignment by STRUCTURE (figs 3A 
and 4B). Interestingly, the genotypes located 

towards the lower right corner of the plot 
group together the samples collected at the 
far ends of the rivers that flow into the Ionian 
Sea (fig. 4).

The lowest values of FST were observed 
between the system that includes the sub-pop-
ulations from Sinni, Lao and Abatemarco, even 
if few samples from Abatemarco did not show 
significant value. Interestingly, the lowest value 
of FST was between Sinni vs Basento (table 3).

The highest values of FST were obtained 
considering genotypes from the Cilento basin 

figure 3 Genetic structure and distribution of the Italian otter genotypes in the study area. A) Estimated 
population structure based on the analysis of 11 microsatellite loci according to STRUCTURE (K = 5). 
Each bar represents a sample analysed. B) Geographic visualisation of genotypes in the study area 
performed using QGIS 3.4.1 software with base layers acquired from http://www.pnc.miniambiente.
it/. Each circle represents a sample analysed. The colours indicate the percentage of assignment of an 
individual to each cluster: in blue, K1; in green, K2; in orange, K3; in red, K4; in violet, K5. The bold blue 
lines highlight the main rivers, while the tiny blue lines show all other waterways.
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in relation to all the other populations (table 
3), that show a low level of gene flow only 
with the sub-population on the Agri river. As 
expected, these results are also confirmed by 
the values of genetic distance according to Nei 
(1972) (table 3).

Population decline or expansion
The bottleneck module analysis imple-
mented in CONGRESS reported a power 

value of 55%, proving that the 11 microsat-
ellite panel should be enough to detect a 
potential bottleneck on 136 genotypes with 
a post-bottleneck population estimated at 
about 900 individuals (see simulation in sup-
plementary fig. S5 and S6).

In the analysis of a bottleneck signature, 
no significant heterozygosity excess was 
observed in the Southern-Italian meta-pop-
ulation, under the assumption of both the 

table 3 Matrix of pairwise FST (Weir & Cockerham, 1984) above the diagonal line, and Nei’s index (Nei, 1972) 
values below the diagonal line, between river population systems based on the neutral microsatellite 
dataset. The P values of FST are shown in parentheses. na not assignable

Basin Cilento Agri Sinni Lao Basento Abatemarco

Cilento – 0.165 (0.086) 0.211 (0.003) 0.207 (0.053) 0.303 (0.040) 0.221 na
Agri 0.216 – 0.169 (0.133) 0.156 (0.096) 0.209 (0.356) 0.156 na
Sinni 0.233 0.182 – 0.004 (0.043) 0.099 (0.046) −0.036 na
Lao 0.231 0.167 0.013 – 0.114 (0.036) −0.026 na
Basento 0.404 0.282 0.113 0.127 – 0.112 na
Abatemarco 0.285 0.262 0.055 0.054 0.164 –

figure 4 Principal Component Analysis (pca) performed on microsatellite genotypes (dots). Circles show the 
well-defined spatial groups. A) pca according to the belonging of genotypes to the six river basins: 
the Cilento basin (green dots); the Agri basin (pink dots); the Sinni basin (blue dots); the Lao basin 
(red dots); the Basento basin (orange dots); the Abatemarco basin (violet dots); black dots indicate 
the samples outside of the main river basins. Dashed line indicates geographically contiguous but 
genetically different genotypes. B) pca according to clusters inferred by STRUCTURE: genotypes 
assigned unambiguously to K2 (green dots), to K3 (yellow dots), to K5 (violet dots). Grey dots represent 
samples with mixed genotypes assignable to K1 and K4.
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smm, the iam and the tpm models as well as 
confirmed by a normal L-shaped distribution 
(supplementary fig. S7)

Landscape genetics
The Mantel test performed using geographic 
x genetic distance was statistically significant 
(Rxy = 0.264, P = 0.0001), confirming the pres-
ence of ibd.

A map of permeability/resistance to otter dis-
persion was generated starting from a Habitat 
Suitability map (average training auc for the 
Maxent model equal to 0.906 ∓ 0.033, auc of 
final model equal to 0.948) which showed dis-
tance from water features as the strongest pre-
dictor variable, explaining 70% of the variation.

The current map generated in Circuitscape 
(fig. 5) represents the connectivity of the land-
scape, and it shows several well-connected 
regions, notably a large area of high connec-
tivity between the Abatemarco, Lao, and Sinni 

river basins and areas of medium connectiv-
ity between the Cilento river basin (mostly 
the Tanagro river) and the Agri river, as well 
as between the Agri and Sinni rivers. The 
Basento river appears to be the most isolated 
of the main rivers considered in this study, 
both along the river course and from the 
other basins. The resistance surface generated 
mostly followed the waterways in the study 
area, which scored the lowest resistance. As 
for geographic x genetic distance (fig. 6A), the 
Mantel test performed using ecological dis-
tance x genetic distance (fig. 6B), was statisti-
cally significant (Rxy = 0.217, P = 0.0001).

Discussion

The otters analysed in this study have a rele-
vant importance because they represent the 
“core” population in the Italian distribution 

figure 5 Cumulative current map, based on all possible pairs of sampling locations, representing the amount of 
current flowing through each pixel. Higher current flow represents higher connectivity, and vice versa.
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range (Balestrieri et al., 2016; Buglione et 
al., 2020c), and could be considered an 
esu (Mucci et al., 2010). Understanding the 
genetic structure could be useful to speculate 
about evolution of the meta-population that 
could remain stable or could experience an 
expansion, connecting with all other otters in 
Europe, currently geographically and genet-
ically isolated (Spagnesi, 2002; Randi et al., 
2003; Mucci et al., 2010).

Non-invasive genetics
The use of indirect and non-invasive charac-
terization of faecal dna (Randi et al., 2003; 
Lerone et al., 2014; Buglione et al., 2020c) com-
bined with our extensive surveys over large 
areas, that include all of the main areas occu-
pied by otters in South Italy (Prigioni et al., 
2006a), was revealed to be an advantageous 
tool to study an elusive and nocturnal species. 
This was in spite of using a source of informa-
tion (not always exhaustive) that is hard to 
analyse (Pompanon et al., 2005; Ferrando et 
al., 2008; Lerone et al., 2014).

The analysis at the 11 microsatellite loci 
showed no significant ado and fa at any 
of them, probably because of careful inter-
pretation of the electropherograms and the 

cleaning of dirty data during the calling of the 
peaks, that allowed to avoid many errors due 
to stutter bands or false alleles, reducing gen-
otyping errors.

Genetic variability
The genetic variability in the Italian otter 
populations analysed is consistent with other 
studies that, partially of entirely, used our 
Lut microsatellite panel (Pertoldi et al., 2001; 
Dallas et al., 2002; Randi et al., 2003; Janssens 
et al., 2008; Mucchi et al., 2010; Geboes et al., 
2016). In particular, the average number of 
alleles per locus in the Italian meta-popula-
tion (mN = 4.5) is similar to the one reported 
for the otter in France by Geboes et al. 
(2016) (mN  =  4.7) and Janssens et al. (2008) 
(mN  =  4.0–4.8), in Portugal (mN  =  4.7), in 
Slovakia (mN = 4.4) and other European coun-
tries by Mucci et al. (2010).

Also, the values of heterozygosities were 
similar to those found in western Wales and 
south-western England (Dallas et al., 2002), 
in Denmark (Pertoldi et al., 2001; Randi et al., 
2003; Honnen et al., 2011; Mucci et al., 2010) 
and in England (Mucci et al., 2010), with He of 
about 0.40. Conversely, the Italian meta-popu-
lation showed a value of both average number 

A B

figure 6 Mantel test for A) the correlation between geographic distance (GGDsq) and genetic distance 
(LinGD) (Rxy = 0.264, P = 0.0001) and for B) the correlation between resistance distance (a measure of 
ecological distance) (ECO500) and LinGD (Rxy = 0.217, P = 0.0001).
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of alleles per locus and He lower than otters in 
Germany and in Sweden (Randi et al., 2003; 
Honnen et al., 2011; Mucci et al., 2010).

Our meta-population was in mutation-drift 
equilibrium and only the Lao sub-population 
was not in hwe which is probably due to 
uncharacterized genotype errors or, according 
to Mucci et al. (2010), possibly due to the pres-
ence of a Wahlund effect (Wahlund, 1928).

Population genetic structure
Structure analysis discriminates 5 inferred 
sub-populations that cluster in at least 4 
groups, 3 of which can be identified with geo-
graphically defined sub-populations (Cilento, 
Agri and Basento). The fourth group is an 
admixture of genotypes from Sinni, Lao and 
Abatemarco rivers. These also highlight the 
lowest FST value, suggesting a consistent gene 
flow in the southern portion of our study area.

The genotypes from the Cilento and Agri 
basins, geographically very close, are allocated 
in two clusters with distinct genetic identities. 
This is probably because the Vallo di Diano, 
a plane that divides the Alta valle dell’Agri 
(south-western part of Basilicata region) from 
the river system in Campania, is crossed by a 
network of artificial canals and many other 
anthropic structures (i.e., roads, railways) repre-
senting an ecological corridor difficult to cross 
for otters (Philcox et al., 1999; Guter et al., 2005; 
Grilo et al., 2009; Poledník et al., 2011; Fabrizio 
et al., 2019; Lapini et al., 2020), as corroborated 
by reports of otters found dead on road, likely 
killed in road accidents (Fabrizio et al., 2019).

The genotypes of the Basento, Bradano 
and Galeso rivers seem to have dispersed at 
the far end of the Agri and Sinni rivers (all 
rivers flowing in the Ionian sea). Could this 
be an evidence of dispersal of these otters 
along the coastal sea line? It is reported that 
the Eurasian otter, thanks to its plasticity, may 
live along the sea coast (Elmhirst, 1938; Kruuk 
& Hewson, 1978; Chanin, 1985; Panzacchi et 

al., 2011) and can expand its home range to 
include salt water when suitable prey fish 
are scarce (Crowley et al., 2013; Lanszki et al., 
2014; Mulville, 2015; Hong et al., 2019), like 
other medium-sized carnivores (Doncaster 
& Woodroffe, 1993; Eide et al., 2004), even 
though it requires access to fresh water for the 
cleaning of the fur (Kruuk & Balharry, 1990; 
Beja, 1996). Furthermore, many reports from 
zoophilic enthusiasts (on social networks) 
would corroborate this hypothesis, but fur-
ther investigations are necessary. However, 
our results seem to be the first evidence based 
on genetic data suggesting the use of the sea 
as a way to spread to new fluvial areas, bypass-
ing mountains and/or median river courses 
and their dendritic networks. This hypothesis, 
of movement of the otters via the sea, would 
also explain the unexpected result of the land-
scape genetics analysis. Indeed, the value of 
the correlation between genetic and ecologi-
cal distances (identified according to ecologi-
cal corridors on mainland) is not significantly 
higher than the one of the correlation between 
genetic distance and geographical distance.

Landscape genetics and demographic 
history
The landscape approach was useful to inter-
pret the pattern of the population genetic 
structure (Coulon et al., 2006; Adams et al., 
2016). Assuming that the natural environ-
ment is not an isotropic space, it can be inter-
preted in terms of different permeability to 
dispersal (potential corridors or barriers) 
highlighting trajectories, that in this case are 
in agreement with the genetic structure of 
the meta-population. Indeed, the reciprocal 
relationship between populations underlines 
a high level of admixture among the south-
ernmost populations (on the Lao, Sinni, and 
Abatemarco rivers) falling within the area of 
highest permeability to otter dispersal (fig. 5). 
The northernmost area, which includes the 
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Cilento basin (with the Tanagro river) and the 
uppermost part of the Agri river, highlights 
some ecological corridors which are probably 
responsible for the genetic closeness between 
the otters of these populations. It is inter-
esting to note that the landscape between 
the Basento and Agri rivers is interested by 
large patches with low connectivity for otters 
(probably due to lower density of the tribu-
taries). This landscape state clashes with the 
admixture of genotypes observed from the 
river basins flowing to the Ionian Sea, espe-
cially those from the lower parts of the river 
axis, corroborating the hypothesis of a sea 
dispersal pathway that could connect these 
populations. This suggests that the otter is 
capable of dispersing into the landscape 
according to new and unexpected ecologi-
cal corridors. Could this ability (to enhance 
connectivity) have saved it from a probable 
bottleneck that in the past would have iso-
lated populations from each other (Loy et al., 
2009)? In fact, the Italian populations were 
certainly disconnected from the European 
population, but probably did not suffer, as 
a whole, from a significant bottleneck sig-
nature (see also Randi et al., 2003). Even if 
the lack of disclosure of genetic bottleneck 
might be due either to the high mutation rate 
of str s (Maruyama & Fuerst, 1985; Cornuet 
& Lurikart, 1996) or the long time elapsed 
since the presumed demographic collapse. 
Probably, the lack of surveys on large areas of 
the peninsula could have given this deceptive 
feeling. Further analysis could help clarify 
this intriguing situation.

Our study points out that otter populations 
in southern Italy are displaying a favorable 
conservation status, as suggested by their 
genetic variability and their potential ability 
of dispersion.

Analysing the internal gene flow in the 
core area, the organization into populations, 
and connectivity between river catchments, 

we provide useful data to understand the 
future shaping of the distribution of the 
Italian otter meta-population, that has only 
recently experienced a recolonisation of the 
northern Italian territories. These data could 
be useful to predict dynamics of expansion 
affecting the whole meta-population in the 
near future. All this in order to help the defi-
nition of programs for the restoration of this 
endangered species, for example, by regulat-
ing fishing to reduce conflicts and protect the 
prey availability, controlling the construc-
tion of physical barriers (i.e., dam), avoid-
ing pollution and hunting according to the 
National Action Plan for Otter Conservation 
(Panzacchi et al., 2011).
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