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Abstract

Human-mediated species dispersal across the Mediterranean stretches back at least 10,000 years and has left an indelible
stamp on present-day biodiversity. Believed to be a descendant of the Asiatic mouflon (Ovis gmelini gmelinii), the Corsican
mouflon (O. g. musimon) was translocated during the Neolithic as ancestral livestock by humans migrating from the Fertile
Crescent to the Western Mediterranean. Today, two geographically limited and disconnected populations can be found
in Corsica. Whether they originated from distinct founders or one ancestral population that later split remains unknown,
although such information is pivotal for the species’ management on the island. We genotyped 109 and 176 individuals at
the Cytochrome-b gene and 16 loci of the microsatellite DNA, respectively, to gain insights into the natural history of the
Corsican mouflon. We found evidence confirming that the Asiatic was the ancestor of the Corsican mouflon, which should
thus be unvaryingly referred to as O. g. musimon, i.e. as a subspecies of the Asiatic mouflon. Haplotype divergence dating
and the investigation of genetic structure highlighted a strong and ancient genetic differentiation between the two Corsi-
can populations. Approximate Bayesian Computation pointed to the introduction of a single group of founders as the most
reliable scenario for the origin of the entire Corsican population. Later, this ancestral stock would have decreased in number,
facing genetic bottlenecks and eventually resulting in two divergent demes. Splitting most likely occurred several hundred
years ago. Their shared past notwithstanding, we discuss whether the two relic Corsican mouflon populations should be now
considered as distinct management units.

Keywords Approximate Bayesian computation - Historic faunal relocation - Human-mediated introduction - Management
units - Phylogeography - Ungulates

Introduction

The knowledge of the natural history and genetic charac-
teristics (e.g. diversity, inbreeding) of a given population

Gilles Bourgoin, Sébastien Devillard and Mathieu Garel are co- 1S hlghly lmportant in evolutionary blology, Zoologlcal
last authors

P4 Elodie Portanier 4 Department of Biology, University of Pisa, Via A. Volta 4,
elodie.portanier@gmail.com 56126 Pisa, Italy

1 5 Animal Genomics Laboratory, ANTAGENE, 6 allée du

Laboratoire de Biométrie et Biologie Evolutive, ) ) o )
CNRS, Univ Lyon, Université Claude Bernard Lyon 1, Levant, La Tour de Salvagny, 69890 Lyon, France

69100 Villeurbanne, France 6 Université de Lyon, VetAgro Sup, Campus Vétérinaire de
2 Laboratoire Environnement Profond (REM/EEP/LEP), II;Z;?(;CI Avenue Bourgelat, BP 83, 69280 Marcy I'Etoile,

Ifremer, EEP, 29280 Plouzané, France
Office Francgais de La Biodiversité, Unité Ongulés Sauvages,

Office Francais de La Biodiversité, Direction Interrégionale 5 allée de Bethléem, Z.1. Mayencin, 38610 Gitres, France

Provence-Alpes-Cote d’Azur et Corse, 20218 Funtanella,
France

Published online: 05 October 2021 @ Springer


http://orcid.org/0000-0002-6566-6263
http://crossmark.crossref.org/dialog/?doi=10.1007/s10592-021-01399-2&domain=pdf

Conservation Genetics

systematics and especially conservation management (Lande
1988; Fitzsimmons et al. 1995). Indeed, genetic diversity is
strictly related to the adaptive potential of populations and
thereby to the ability of species to cope with environmen-
tal changes (Frankham et al. 2004). Populations with small
effective size and reduced genetic diversity may suffer from
inbreeding depression (i.e. loss of individual fitness due to
inbreeding; Coltman et al. 1999; Keller and Waller 2002;
Taylor et al. 2017), with possible negative consequences
for their dynamics and persistence (Bozzuto et al. 2019).
In addition, when two populations experience contrasting
environments, even if they stem from the same gene pool
(e.g. acommon origin of founder individuals in the event of
introduced populations), allelic frequencies can diverge in
response to natural selection, leading to genetic differentia-
tion and local adaptations (Williams 1966). Nonetheless,
divergence may also owe to either genetic drift in distinct
population demes (Wright 1931) or different population
histories, as occurs for instance when demes are founded
by individuals of various origin (e.g. Biebach and Keller
2009; Portanier et al. 2017). Therefore, understanding both
the genetic structure and the history of populations is crucial
in order to offer cogent conservation management recom-
mendations (e.g. genetic reinforcement, reintroductions).
This knowledge can help to mitigate the loss of local adap-
tation (e.g. outbreeding depression; Edmands 2007), favour
advantageous genetic diversity (e.g. introduction of adaptive
alleles, Portanier et al. 2019; heterosis, Keller et al. 2014)
and support the establishment of management units (MUs;
Moritz 1994; Palsbgl et al. 2007).

Such knowledge is particularly relevant when consider-
ing wild insular populations. Indeed, wildlife faces higher
extinction rates on islands than on mainland. Habitat loss
due to sea-level rise is one of the most important threatening
factors, the danger it poses to local biota being exacerbated
by diminished or entirely lacking opportunities to move to
alternative areas (Ricketts et al. 2005; Courchamp et al.
2014). On the one hand, island populations have usually
evolved under a reduced level of competition due to both
geographic and genetic isolation, with natural selection often
resulting into a high level of endemism, with the occurrence
of biodiversity hotspots and priority conservation areas
(Myers et al. 2000; Whittaker and Fernandez-Palacios 2007;
Kier et al. 2008; Loso and Ricklefs 2009). On the other hand,
the small size and naive nature of most island populations
render them particularly prone to extinction (Milberg and
Tyrberg 1993).

The Mediterranean Basin is not only one of the most
important biodiversity hotspots in the world but also one of
the most threatened by climate change (Myers et al. 2000;
Giorgi 2006; Ducrocq 2016). Numerous endemic species
occur on Mediterranean islands (e.g. Grill et al. 2007; Jean-
monod et al. 2015; Escoriza and Hernandez 2019), with the
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mouflon (Ovis gmelini spp., Bovidae) being a flagship spe-
cies deserving particular attention from conservation biolo-
gists (Garel et al. in press). The classification of populations
currently occurring on Mediterranean islands (Cyprus, Cor-
sica and Sardinia) has been repeatedly debated (Cugnasse
1994; Rezaei et al. 2010; Guerrini et al. 2015; Garel et al. in
press), sometimes making their conservation challenging.
However, it is now widely acknowledged that these popula-
tions originated from the Asiatic mouflon (O. g. gmelinii),
which was translocated as ancestral livestock by humans
migrating from the Fertile Crescent to the Western Mediter-
ranean 11,000 years before present (BP hereafter) (Poplin
1979; Vigne 1992; Zeder 2008). The domestication process
is assumed to have remained primitive, hence limited to pro-
tection against predators, with only few interactions between
animals and humans and no artificial selection (Rezaei 2007,
Zeder 2008). Accordingly, Mediterranean mouflons have
been found to be genetically and morphologically close to
their Asiatic conspecifics, providing weight for ranking them
as a subspecies of their ancestor (Chessa et al. 2009; Rezaei
et al. 2010; Guerrini et al. 2015; Sanna et al. 2015; Mereu
et al. 2019). Being located at the start of the migration routes
towards the western regions, the mouflon of the island of
Cyprus differs from its Sardinian and Corsican conspecif-
ics in many ways and is thus thought to be endemic to this
island (Barbanera et al. 2012). The Cypriot mouflon would
have been introduced by Neolithic people around 10,500 BP
(Zeder 2008; Fig. 1A), reaching the Western Mediterranean
(Corsica and Sardinia) 3000—4000 years later (Poplin 1979;
Vigne 1992). This history has contributed to marked genetic
differentiation among the three island mouflon populations
(Hadjisterkotis et al. 2017), leading scientists to assign them
to two subspecies (Ovis gmelini ophion and O. g. musimon
for Cyprus and Corsica/Sardinia, respectively; Festa-Bian-
chet 2000; Guerrini et al. 2015; Sanna et al. 2015). Note
that in aforementioned papers, authors used O. orientalis
spp., which should be replaced by O. gmelini spp., as rec-
ommended by Groves and Grubb (2011) and Hadjisterkotis
and Lovari (2016). It is also worth mentioning that Cugnasse
(1994) suggested referring to Corsican and Sardinian mou-
flons as O. g. musimon var. corsicana and O. g. musimon
var. musimon, respectively, thus accounting for the demo-
graphic disconnection between these island populations
occurring since the Neolithic.

Whereas both the genetic structure and the kinship of
Cypriot and Sardinian mouflon have been investigated in
several studies (e.g. Barbanera et al. 2012; Guerrini et al.
2015; Sanna et al. 2015; Satta et al. 2016; Mereu et al. 2019),
the evolutionary history of the Corsican mouflon is still
largely unknown. Although previous studies have included
a few mouflon samples from Corsica in their analyses (e.g. 2
in Rezaei et al. 2010 and 19 in Guerrini et al. 2015), to date,
the population as a whole has not been the subject of any
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Fig.1 A Map of the Mediterranean Basin (adapted from Zeder 2008)
showing Corsica (red square) and the origin of sheep domestication
in Turkey, 11,000 years BP in purple. Approximate dates (in years
BP) for the arrival of ancestral farmers across the Mediterranean
are reported as well. B Locations and spatial range of the two Corsi-
can mouflon populations (see Supplementary Figures S1 and S4 for
details on samples locations). C Ovis gmelini haplotype network for
Corsican/Sardinian (O. g. musimon), Middle Eastern (Turkey, Arme-
nia and Iran: O. g. gmelinii), Central Asian (Kazakhstan) and Cyp-

focused study. Nonetheless, the Corsican mouflon is a pro-
tected species at both national (French Ministerial order of
first March 2019, NOR: TREL1824291A) and international
(European Habitat Directive Annexes II and IV, Washing-
ton and Berne conventions) levels, and thus deserves atten-
tion from conservation professionals. While this taxon has
already benefited from some protection plans (European
LIFE programme, Rieu 2007; establishment of hunting and
wildlife reserves, Sanchis 2018), important information
for drafting more comprehensive conservation strategies
remains lacking. For instance, although the two Corsican
populations are separated by > 45 km (the Cinto and Bavella
massifs in the north and south, respectively; Fig. 1B), they
have not been investigated on their own. These two popula-
tions have limited and non-increasing sizes (the estimated
minimum population sizes are approximately 900 and 200
individuals for Cinto and Bavella, respectively; Sanchis
2018; Garel et al. in press) and are moreover threatened by

C
H4
LN651262
H2
LN651260
H7 F1936200
LN651268 LN651265
F1936201
EU366016
F1936208
EU365997
F1936211
EU36607
10 samples EU366003
EU366053
1 sample EU365989 FJ936205
@ Bavella F1936207
O Cinto EU365981 FJ936185
QO Sardinia ° EU365987
EU365980
@ Iran
FR873149
QO Turkey EU365996
. EU366040
@ Armenia
O Kazakhstan
O© Cyprus EU366015

riot (O. g. ophion) populations. Haplotypes were obtained from
Rezaei et al. (2010), Demirci et al. (2013), Guerrini et al. (2015),
Mereu et al. (2019) and the present study. The numbers of muta-
tional changes between different haplotypes are represented by hatch
marks. Names of the three haplotypes found in Corsica are indicated
according to those provided in the original paper (H2, H4 and H7
from Guerrini et al. 2015) while other haplotypes are named accord-
ing to one GenBank sequence representing them

genetic diversity loss, resource shortage (which may become
worse with ongoing global warming), hybridization with
domestic sheep (O. aries) and poaching, as occurs for their
Mediterranean conspecifics (Barbato et al. 2017; Ciuti et al.
2009; Hadjisterkotis et al. 2001; Rieu 2007; Garel et al. in
press). In addition, individual phenotypic differences and,
based on a preliminary study, genetic differentiation, have
been reported between Cinto and Bavella populations (Mau-
det and Dubray 2002). Overall, research into the evolution-
ary history of the Corsican populations (i.e. whether they
originated following one or more introduction events) as
well as their spatial genetic structure, putative gene flow and
diversity is crucial to gauging if the two populations should
be managed as a single or separate conservation units. Fur-
thermore, studying the Corsican mouflon is important for the
conservation of the species as a whole, because this island
population (plus potentially some from Sardinia) may rep-
resent the most genetically and phenotypically preserved

@ Springer
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descendant of the Asiatic mouflon in the Western Mediter-
ranean (Barbato et al. 2017).

In the present study, we investigated the past and recent
evolutionary history of the Corsican mouflon. Using a
comprehensive phylogeographic framework and mito-
chondrial Cytochrome-b sequences of 109 individuals
from both Cinto and Bavella populations, we aimed to
determine whether they stemmed from the same part of
the Fertile Crescent and then evolved from one or more
introduction events (0. gmelini spp.; Rezaei et al. 2010;
Guerrini et al. 2015). Furthermore, based on 16 micros-
atellite loci genotyped in 176 individuals, we examined
their population genetic structures to assess if gene flow
recently occurred between the two Corsican populations.
Finally, we combined both mitochondrial and micros-
atellite DNA data sets and used Approximate Bayesian
computation (ABC, Beaumont 2010) to gain knowledge
about the demographic history of the Corsican mouflon
and prevent the possible failure of phylogeographic and
population genetics approaches in discriminating among
alternative historical and demographic scenarios (e.g. two
introductions from the same source population versus the
splitting of one large population into two smaller ones).

Materials and methods
Study area, sample collection and DNA extraction

Two mouflon populations occur in Corsica separated by
more than 45 km: one around Monte Cinto (north-west,
42.383° N, 8.898° E; 125-2706 m a.s.l.) and the other in
the massif of Bavella (south-east, 41.785° N, 9.266° E;
30-2134 m a.s.l.; Fig. 1A, B). Both populations inhabit
mountainous areas characterized by high elevation, rug-
ged terrain and strong slopes (Sanchis 2018), with Medi-
terranean and Alpine climatic influences. Typical vegeta-
tion mostly includes pine forests (Pinus nigra laricio and
P. maritimus), broom and moorlands (Genista sp., Erica
arborea, Juniperus sp). Biological samples were collected
between 2015 and 2019 across the whole mouflon range
in each study area. We obtained faeces from individuals
under direct observation in both populations, thus ensur-
ing fresh, high quality samples. Hairs were retrieved from
mouflons captured only in the Cinto population using traps
baited with salt. DNA extraction was carried out at the Anta-
gene Laboratory (La Tour de Salvagny, France, http://www.
antagene.com/) using 96 extraction columns (Nucleospin 96
Tissue, Macherey—Nagel) in the presence of negative and
positive extraction controls. The samples were lysed over-
night at 56 °C (according to the manufacturer’s instructions)
and DNA was then purified and isolated using purification
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columns and vacuum filtration. DNA was subsequently
eluted in 140 pl (20-100 ng/pl) and stored in 96-tube plates
at—20 °C.

Mitochondrial DNA
Amplification and sequencing

The entire mitochondrial Cytochrome-b gene (mtDNA Cyt-
b, 1140 bp) was amplified using the two pairs of primers
(CYTB_F/CYTB_IN_R and CYTB_IN_F/CYTB_R) pub-
lished in Pedrosa et al. (2005). Polymerase chain reactions
(PCRs) were performed in a final volume of 25 pL, with
11.5 pLL of Multiplex PCR Master Mix (Qiagen), 0.5 puL of
each 10 uM primer, 0.1 uL of Dream7ag DNA Polymerase
(Thermo Fisher Scientific), and 25-30 ng of DNA. Fol-
lowing Rezaei et al. (2010), the thermal profile consisted
of 10 min of initial denaturation (95 °C), followed by 40
cycles of denaturation (30 s, 95 °C), annealing (30 s at
55 °C and 60 °C for CYTB_F/ CYTB_IN_R and CYTB_
IN_F/ CYTB_R pairs of primers, respectively) and exten-
sion (1 min, 72 °C). The final extension lasted for 7 min at
72 °C. The PCR products were sequenced on both DNA
strands at the Biofidal Laboratory (Vaulx-en-Velin, France).
For each individual, chromatograms were checked, edited
when necessary (e.g. trimmed) and assembled using CLC
Sequence Viewer software (Qiagen Bioinformatics). Follow-
ing this procedure, Cyt-b sequences were obtained for 56
and 53 individuals from the Bavella and Cinto populations,
respectively. This data set was enriched with 218 sequences
retrieved from GenBank to account for the diversity of all
wild Ovis species (Supplementary Table S1). All sequences
(327 in total) were aligned using Seaview v.4.7 (Galtier et al.
1996; Gouy et al. 2010) and the MUSCLE algorithm (Edgar
2004), and then cut to a final length of 1,042 bp (size of
GenBank sequences).

Phylogenetic reconstructions and haplotype network

Haplotypes were determined using DnaSP v.6 (Rozas et al.
2017). In order to precisely infer the relationships among
haplotypes, a maximum likelihood phylogenetic tree was
reconstructed using PhyML v.3.0 online software (Guin-
don et al. 2010) with 120 sequences representing the entire
haplotype diversity and geographic range of both O. vignei
(urial) and O. gmelini (please note that for each geographic
location we removed duplicated haplotypes; Supplemen-
tary Table S1). Following Guerrini et al. (2015), we used
AJ867266 and EU366039 O. ammon (argali) sequences as
outgroup. The HKY85 (Hasegawa et al. 1985)+ G +1 sub-
stitution model was chosen using Smart Model Selection
(Lefort et al. 2017) as implemented in PhyML and based on
the Akaike information criterion (AIC=6138.86; =0.55,
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a=0.92 and transitions/transversion ratio=10.51). The
starting tree was determined using the Neighbor-Joining
algorithm (Gascuel 1997) and tree rearrangement was
performed using nearest-neighbor interchange (NNI).
Branch support was determined using a bootstrap approach
(n=1000). The final tree was visualized and edited using
FigTree v.1.4.4 (available at https://github.com/rambaut/figtr
ee/releases). A median-joining haplotype network (Bandelt
et al. 1999) was also constructed using PopArt v.1.7 (Leigh
and Bryant 2015) to visually represent the relationships
among all O. gmelini haplotypes.

Divergence time estimation

We used BEAST v.2.6 (Drummond et al. 2012; Bouckaert
et al. 2019) to determine the time since divergence among
the different haplotypes found in Corsica and 18 haplo-
types selected among the most divergent ones within each
Ovis clade: O. canadensis (bighorn sheep), O. dalli (Dall
sheep), O. nivicola (snow sheep), O. ammon, O. vignei
and O. gmelini (Supplementary Figure S1, Supplementary
Table S1). In order to strengthen the power of the analy-
ses, we included in the data set a Cyt-b haplotype from one
individual sampled in the National Hunting and Wildlife
Reserve of Chambord domain (47.617° N, 1.517° E, French
mainland). This haplotype, which was held by 11 of the 41
investigated individuals (E. Portanier, unpublished data), has
previously been identified only in a Tibetan sheep population
(Liu et al. 2016; GenBank accession number KP229045).
Following Bibi (2013), we set priors for seven calibration
points (see Supplementary Tables S1 and S2). Bayesian
model averaging was performed using the bModelTest pack-
age (Bouckaert and Drummond 2017) as implemented in
BEAST v.2.6. We used a Yule process speciation tree prior
with estimated base frequencies and assumed a log-normal
relaxed molecular clock (Drummond and Rambaut 2007).
Two independent runs were carried out with 10,000,000
Markov Chain Monte-Carlo (MCMC) iterations, sampling
trees and log files every 1000 iterations. Results files were
examined in Tracer v.1.7.1 (Rambaut et al. 2018) by means
of a post-processing burn-in of 10% (first 1000 trees dis-
carded) for each run to assess the chain and parameter con-
vergence of independent runs and to verify that the overall
effective sample size (ESS) was > 200. Tree files from inde-
pendent runs were combined using LogCombiner v.2.6.1
(Drummond et al. 2012) and a consensus maximum clade
credibility (MCC) tree was created using TreeAnnotator
v.2.6.0 (Drummond et al. 2012) after removing 10% of ini-
tial trees and using median heights for nodes.

Microsatellite DNA
Genotyping

Individuals were genotyped at 16 microsatellite loci at the
Antagene Laboratory following the protocol described in
Portanier et al. (2017) (see also Supplementary Table S3).
Hairs were genotyped once and faeces twice to obtain at
least 13 markers with no missing data. The electrophero-
grams were analyzed using GENEMAPPER software
(Applied Biosytems/Life Technologies) independently by
two analysts to determine the allele sizes. Reading errors
were resolved and ambiguous results were deemed missing
data. For samples with two replicates, when an allele drop
was observed, consensus was manually generated by keep-
ing the heterozygosity between the two replicates. A quality
index (Miquel et al. 2006) was calculated for each faecal
sample by comparing the genotypes of the two replicates.
The panel was investigated using MICROCHECKER v.2.2.3
(Van Oosterhout et al. 2004) to test for null alleles, putative
remaining allele dropout and scoring errors due to stuttering.
The discriminatory power was determined using GenAlEx
v.6.501 (Peakall and Smouse 2006, 2012) by estimating the
probability that two individuals drawn at random from the
populations would show identical multilocus genotypes by
chance (P, and P, ,; for the latter, we assumed sibling
relationships). We tested the data set for the occurrence of
twin genotypes; when detected, one of the two individuals
was randomly excluded to prevent bias in the downstream
analyses (11 samples removed). A factorial correspondence
analysis was carried out to detect and subsequently exclude
outliers from data sets (one in Cinto, two in Bavella; putative
domestic sheep or goats) using Genetix v.4.05.2 (Belkhir
et al. 2004). Overall, 117 and 59 individuals genotyped
at> 13 loci were obtained for the Cinto and Bavella popula-
tions, respectively.

Population genetic diversity and structure

FSTAT v.2.9.3.2 (Goudet 1995, 2001) was used to test
for linkage disequilibrium (LD) among all pairs of loci
within populations (exact G-test) and departures from the
Hardy—Weinberg equilibrium (HWE) for each locus (10,000
randomisations), and to determine Fig values per locus
assessing their significance levels relative to zero. When
necessary, p-values were adjusted for multiple comparisons
using Bonferroni correction (Bonferroni 1936). Classical
genetic diversity estimates such as the number of alleles
per locus (Na), allelic richness (A,, calculated using the rar-
efaction method; El Mousadik and Petit 1996) and expected
heterozygosity (He sensu Nei’s gene diversity; Nei 1973)
were calculated for each population. Observed heterozygo-
sity (Ho) was calculated using the hierfstat package (Goudet
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and Jombart 2015) for R v.3.6.2 software (R Development
Core team 2019).

Population genetic structure was first investigated by cal-
culating Fg (theta estimator, Weir and Cockerham 1984)
and assessing its significance using exact G-tests (10,000
permutations) in FSTAT. Subsequently, we used the Bayes-
ian clustering approach as implemented in STRUCTU
RE (Pritchard et al. 2000) to cluster individuals without a
priori information about their geographic origin. We used
the admixture and correlated allele frequency models for a
varying number of clusters (K, from 1 to 10), with 20 inde-
pendent repetitions for each K value and a MCMC length of
1,000,000 iterations (burn-in: 300,000). The optimal number
of clusters was determined using both the likelihood of each
K (Ln Pr(XIK)) and the method described by Evanno et al.
(2005) as implemented in STRUCTURE HARVESTER
v.0.6.94 (Earl and vonHoldt 2012). Independent runs for
the optimal K were combined using CLUMPAK (Kopel-
man et al. 2015), additionally implementing the DISTRUCT
procedure to display graphical results (Rosenberg 2004).

Approximate Bayesian computation

We used ABC analyses implemented in DIYABC v.2.1.0
(Cornuet et al. 2014) to gain insights into the demographic
history of the Corsican mouflon populations. ABC relies
on the simulation of numerous data sets, which are, like
the observed data set, summarized by statistics calculated
within or among populations. The posterior probabilities of
different demographic scenarios and the posterior distribu-
tion of demographic parameters are assessed by comparing
observed and simulated statistics (Cornuet et al. 2014). We
used microsatellites in combination with mitochondrial
DNA data to trace back the history of Corsican mouflon on
both recent and ancient time scales. Such an approach has
been shown to improve the estimation of ancient divergence
times (Cornuet et al. 2010). Nevertheless, in the preliminary
runs we also evaluated the results based on microsatellites
only. These were qualitatively the same as those obtained
using the combined data set. Therefore, we ran the final
analyses using the latter, which included 176 individuals
genotyped at 16 microsatellite DNA loci, among which 98
were also sequenced at the 1,042 bp-long Cyz-b gene, along

Scenario 1 Scenario 2
I T+ Ti I +Ti
+T2
) +0 v 1
Cinto Bavella Bavella Cinto
Scenario 4 Scenario 4bis
=+ Ti T+ Ti
TT2 112
\ +0 : 4
Bavella Cinto Cinto Bavella

Scenario 3 Scenario 3bis
TT1 +T1
. T0 +0
Cinto Bavella Cinto Bavella
Scenario 5 Scenario 5bis
+ Ta +Ta
1T i
112 112
R . +0
Bavella Cinto Cinto Bavella

s Na [2 - 10,000] > N1 & N2
N2 [2 - 1,000]
= N1 [2-1,000]
N3 [2 - 10,000] ; > N1 & > N2
= Ng [2 - 500]

Ti[6,736-9,683];> T2
T1[42-5,894]
T2 [42-9,683]

Fig.2 Schematic representations of the 8 scenarios modelled and
compared using the ABC approach as implemented in DIYABC
v.2.1.0 (Cornuet et al. 2014). See Supplementary Table S4 for bio-
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with 11 additional individuals for which only the Cyz-b was
available.

We compared eight scenarios that might have led to the
present-day spatial genetic structure of the Corsican mou-
flon (see Fig. 2 and Supplementary Table S4 for a detailed
description). Briefly, we took into account cases where the
Cinto and Bavella populations were formed simultaneously
or successively from either the same (scenarios 1, 4, 4bis) or
different (scenarios 5, 5bis) source populations. The tested
scenarios also took into account the circumstance that only
one population was introduced during the Neolithic whereas
the other stemmed from this ancestral population either by
splitting due to demographic and/or genetic bottlenecks
(scenarios 2) or by virtue of some recent human-mediated
translocations (scenarios 3, 3bis).

All scenarios were considered equally probable and the
prior values were chosen after preliminary analyses accord-
ing to both their biological meaning and our knowledge of
the history of the Corsican mouflon (Fig. 2; see also Sup-
plementary data 1 for a detailed explanation). All priors
were set to follow a uniform distribution. Mutation models
were retained as the default setting implemented in DIYABC
v.2.1.0 (i.e. generalized stepwise mutation model for micros-
atellites with default parameters, and default parameters with
a HKY85 + G +1 substitution model (I=0.55, «=0.92, see
above) for Cyt-b, see Supplementary data 1 for details). As
regards the summary statistics, for the microsatellite DNA
we included: the mean number of alleles and the mean
genetic diversity across loci per- and among populations, the
mean M index per population, the Fgy and the (du)? distance
between populations. For mitochondrial DNA, the summary
statistics comprised the mean number of haplotypes and the
number of segregating sites per and among populations,
the mean pairwise differences per population, and the Fgy
between population pairs. We generated 8,000,000 simulated
data sets; the pre-evaluation of scenario-prior combinations
was undertaken using a principal component analysis (PCA)
as well as numerical values from the summary statistics.
The posterior probabilities of scenarios and distributions
of demographic parameters were computed using the clos-
est 1% of simulated data sets to the observed data. Finally,
as recommended by Cornuet et al. (2015), the reliability
of the most supported model was tested using the ‘model
checking’ analysis in DIYABC. This step assesses model
goodness-of-fit by comparing observed and simulated data
under the posterior predictive distribution. The comparison
was carried out using both PCA and numerical values from
all available summary statistics in DIYABC (i.e. the 19 used
for the scenario choice plus all others available, 37 in total;
see Supplementary Table S6).

Results

Mitochondrial DNA

A total of 135 haplotypes were inferred from the 327 aligned
sequences (56 and 53 sequences from the Bavella and Cinto
populations, respectively, plus 218 sequences retrieved
from GenBank). The 109 sequences obtained in the pre-
sent study corresponded to the haplotypes already published
by Guerrini et al. (2015) (H2, H4 and H7 with GenBank
accession numbers LN651260, LN651262 and LN651265,
respectively). Three haplotypes were present in the Cinto
population: H2 was found in 17 individuals (32% of the
investigated population sample), H4 in 4 (8%) and H7 in 32
(60%). All 56 Bavella mouflon held haplotype H4 (Fig. 1C,
Supplementary Figure S2).

Phylogenetic reconstruction and haplotype network

Phylogenetic reconstruction was performed relying on 120
sequences representing haplotype diversity and geographic
range (i.e. removing for each geographic location duplicate
haplotypes; see Supplementary Table S1). The findings
pointed to a clear separation between O. gmelini and O. vig-
nei (Fig. 3). Within O. gmelini, individuals from the Middle
East (Turkey, Armenia and Iran) mostly grouped together
with strong statistical support and significantly diverged
from the Western Mediterranean mouflon. Nevertheless,
several Iranian and Turkish haplotypes were very close to
those held by Corsican and Sardinian mouflons. One indi-
vidual from Kazakhstan and one from Iran clustered within
the Corsican (Cinto)/Sardinian clade (Fig. 3). Among the
120 haplotypes used in the phylogenetic reconstruction, 29
were unambiguously associated with O. gmelini from either
the Middle East or the Mediterranean (Fig. 3). Interestingly,
no O. gmelini X O. vignei hybrid individuals were included
in the Corsica/Sardinia clade, while eight grouped within the
Middle East clade. This latter also included the single Cyp-
riot haplotype, which was the only Mediterranean mouflon
close to the Asiatic mouflon from Armenia.

When focusing on the 29 haplotypes unambiguously
assigned to O. gmelini, the network confirmed the evolu-
tionary picture provided by the phylogenetic reconstruc-
tion (Fig. 1C). Indeed, one haplotype (EU365973) found in
Turkey and Iran was very close to those from Corsica and
Sardinia, while haplotype H7 was shared by mouflons from
Sardinia, Iran, Kazakhstan and Cinto. The Cypriot haplotype
was also close to several from the Middle East—the single
Armenian haplotype included—and was shared with Iranian
individuals only. Haplotype H2 was found only in Cinto and
in the Sardinian population, while H4 was private to Corsica.
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«Fig.3 Maximum likelihood tree of Eurasian Ovis species. Main
branch supports are indicated (bootstraps, n=1000). Grey labels rep-
resent taxa for which an incoherence exists between the species name
indicated along the published DNA sequence and its position in the
tree. Nomenclature is composed of the GenBank accession number
followed by an acronym standing for the species (according to how
it was named in the original paper, see Supplementary Table S1 and
below) and the locality (if known) where the individual was sampled.
Mediterranean mouflon sequences are coloured according to their
geographic origin and following the colours of the haplotype network
(Fig. 1C). For species names, O.a stands for Ovis ammon, O.v.a: Ovis
vignei arkal, O.0: Ovis orientalis, O.0.v: Ovis orientalis X Ovis vig-
nei, O.v.bl: Ovis vignei blandfordi, O.v.p: Ovis vignei punjabensis,
O.v.v: Ovis vignei vignei, O.v.bo: Ovis vignei bochariensis, O.v: Ovis
vignei, O.v.c: Ovis vignei cycloceros, O.g.m.Cor: Ovis gmelini musi-
mon var. Corsicana, 0.0.g: Ovis orientalis gmelini, O.0: Ovis ori-
entalis, O.0o.m: Ovis orientalis musimon, O.0.a: Ovis orientalis ana-
tolica, O.0.i: Ovis orientalis isphahanica, O.0.pKo: Ovis orientalis
population Ko, O.0.1: Ovis orientalis laristanica. It should be noted
here that Ovis orientalis is a deprecated name and Ovis gmelini
should be used instead (Groves and Grubb 2011; Hadjisterkotis and
Lovari 2016)

Divergence time estimation

The divergence between Corsican/Sardinian and Cypriot lin-
eages was dated 560,000 years BP [292,400-963,500]ys¢, ipp
(Supplementary Figure S1). A second event separated Ira-
nian/Turkish and Corsica/Sardinia haplotypes 320,000 years
BP [143,000-567,300]y5¢, ypp- Corsica and Sardinia
diverged more recently. Haplotype H2, which can be found
in both Corsica (Cinto) and Sardinia, departed from H4 and
H7 110,000 years BP [36,100-227,400]ysq, ypp. Haplotype
H4, which was found only in Corsica, separated from H7
(Corsica/Sardinia) 70,000 years BP [2,300-166,400]95¢, gpp
(Supplementary Figure S1). Interestingly, the other two hap-
lotypes found in Sardinia only diverged from those occurring
in Corsica 190,000 years BP [71,800-344,100]95¢, pp-

Microsatellite DNA
Genotyping errors

The microsatellite panel was powerful in discriminating
the mouflons. The probabilities of identity considering
unrelated or sibling individuals were P;p=3.0x 10~ and
Ppgins = 1.2 X 107 for the Cinto and P;p=3.0x 107 and
Pipsibs = 3.9 X 107 for the Bavella populations. The aver-
age quality index for faeces was 0.95, indicating a very
good quality for this kind of sample. In Cinto, no evi-
dence of allele dropout and scoring errors was found
using MICROCHECKER v.2.2.3, while null alleles
were recorded at 6 loci. However, their frequencies were
relatively low (f=0.11, 0.10, 0.08, 0.13, 0.07, 0.12 for
BMS&125, HUJ616, MCM 140, OarCP34, OarHH47 and
SRCRSPI, respectively; Van Oosterhout et al.’s estima-
tor from Van QOosterhout et al. 2004) and the occurrence

of a strong intra-population genetic structure was deemed
the most likely explanation for this finding (Chapuis and
Estoup 2007). Indeed, when the structure of the Cinto pop-
ulation was investigated, two strongly supported clusters
were found (see Supplementary Figures S3 and S4 and
Portanier 2018) and no null alleles were disclosed when
the analysis was carried out within each group (Portanier
2018). In Bavella, no genotyping errors were detected
using MICROCHECKER and, as above, the occurrence
of null alleles at loci OarHH47 and OarJMP29 (f=0.10
for both loci) was attributed to a significant level of intra-
population genetic structure (Supplementary Figure
S3 and S4 and Portanier 2018). Again, within clusters,
only OarHH47 was still suspected to include null alleles
(f=0.20, one cluster only), this outcome likely due to the
relatively low number of genotyped individuals in this
cluster (n=20).

Population genetic diversity and structure

In the Cinto population, seven pairs of loci were in
LD (HUJ616-OarCP34, HUJ616-SRCRSP1, MAF70-
OarHH47, OarCP34-OarHH47, OarCP34-SRCRSPI,
OarHH47-SRCRSP1 and OarVH72- SRCRSP1). At least
one locus for each pair was suspected to include null
alleles (see above). In the Bavella population, two pairs
of loci (HUJ616-OarCP34 and HUJ616-OarVH72) were in
LD. In both populations, the level of genetic diversity was
relatively low. The Bavella population did not depart from
HWE, unlike the Cinto population, which held significant
positive Fig values, suggesting an excess of homozygotes
at three loci (Table 1, Supplementary Table S3). Never-
theless, departure from HWE disappeared when the loci
suspected to include null alleles were removed (Supple-
mentary Table S3). In order to ensure that the downstream
analyses would not be biased by the occurrence of loci
believed to include null alleles or being in LD, we used
either the whole data set (16 loci) or a subset without
the problematic loci. These included BM8125, HUJ616,
MCM140, OarCP34, OarHH47 and SRCRSP1 for the
Cinto population and OarJMP29 for the Bavella one. The
reduced data set therefore comprised 9 loci. The results
were qualitatively and quantitatively very similar to each
other and only those obtained by relying on the whole data
set are provided in the manuscript.

Genetic differentiation between the two Corsican popu-
lations was high (Fgp=0.23 [0.13; 0.32]y5¢, p <0.0001).
In addition, 15 and 17 alleles were private to the Bavella
and the Cinto populations, respectively. Bayesian cluster-
ing with STRUCTURE highlighted the occurrence of a
strong genetic divergence between the two populations. The
Evanno method clearly indicated an optimal number of two

@ Springer



Conservation Genetics

Table 1 Genetic diversity

. % Population n Na Ar Ho He Fig
estimates (mean over loci +SD)
and Fig values for both Corsican  Bayella 59 3.06+1.29 3.03+1.24 0.41+0.22 0.44+0.23 0.085
mouflon populations Cinto 117 3.19+1.05 3.09+1.03 0.45+0.18 0.50+0.19 0.114%

n sample size, Na number of alleles, Ar allelic richness, Ho observed heterozygosity, He expected het-

erozygosity

*Fg values are significantly different from zero (Bonferroni-adjusted nominal level =0.002)

1

Membership
probability

@ Cluster 1
@ Cluster 2

Cinto

~—
Bavella

Fig.4 Bayesian analysis of microsatellite DNA multilocus genotypes as computed with STRUCTURE. Each individual is represented as a verti-
cal bar partitioned in K segments, whose length is proportional to the estimated membership to the K clusters

clusters (Supplementary Figure S5). Maximum K likelihood
also gave strong support for K=2 (although K =3 received
maximal support as a result of the Cinto intra-population
genetic structure; see Supplementary Figures S4 and S5)
and the assignment success was 100% because both the first
and the second clusters included all individuals from the
Cinto and the Bavella populations, respectively (Fig. 4). The
posterior probability of membership ranged from 0.955 to
0.998 and from 0.888 to 0.998 for the Cinto and the Bavella
clusters, respectively (Fig. 4).

Approximate Bayesian computation

Based on the PCA and the numerical values of the sum-
mary statistics, we observed a good congruence between
the scenarios-priors combination and the observed data set,
revealing that the former was able to produce simulated data
sets that were close enough to the latter. Indeed, in the PCA,
observed data were nested in prior distributions (Supplemen-
tary Figure S6) and only a few summary statistics calculated
on simulated data provided values that were significantly
different from those observed (7 to 8 out of 19 according
to the considered scenario, Supplementary Table S5). A
comparatively higher posterior probability (all <0.01; see
Supplementary Figure S7) was disclosed for scenario 2
(logistic approach: 0.9896 [0.9881; 0.9910]ysq, ypp based on
the 80,000 simulated data sets closest to the observed data).
The second-most supported scenario was 4bis (posterior
probability: 0.0087 [0; 0.14]gs, gpp)- Other posterior prob-
abilities were 0.001 [0; 0.13]95¢ gpp, 0-0004 [0; 0.13 1959, ypps
0.0001 [0; 0.13]95¢ ppp> 0-0011 [0; 0.14]ys9 ypp» 0.00 [0
0.13]95¢, gpp and 0.00 [0; 0.13]ys¢, ypp» for scenarios 1, 3,
3bis, 4, 5 and 5bis, respectively. Model checking revealed
good congruence between observed data and data simulated
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Table2 Mean, median and 2.5-97.5% quantiles of historical param-
eter estimates under demographic scenario 2 modelled in DIYABC

Mean Median 95%CI Prior values
N, 478 447 109-947 2-1000
N, 391 374 95-837 2-1000
N; 5580 5550 1290-9770 2-10,000
N, 8150 8530 4390-9940 2-10,000
T, 606 497 126-1794 42-9683
T, 7957 7873 6778-9557 6736-9683

i

Time parameters are expressed in years BP (mouflon generation time:
4.21 years; Hamel et al. 2016). For details about prior definitions, see
Supplementary Data 1

under scenario 2 from the posterior predictive distribution
and the prior distribution (Supplementary Figure S8). Only
a few observed summary statistics were found in the tails
of distributions of summary statistics computed from the
simulated data (5 out of 37 among which none had a tail-
area probability lower than 0.001; Supplementary Table S6),
thus indicating good reliability for this most supported
model (Estoup et al. 2018). Historical parameter estimates
under scenario 2 suggested that the founders of the Corsi-
can ancestral population could have been introduced around
8000 years BP (T;), before splitting (T,) 606 years BP into
Cinto and Bavella populations (Table 2, Supplementary Fig-
ure S9).

Discussion

This study is the first large-scale genetic study performed
on Corsican mouflon populations. Mitochondrial DNA
sequencing revealed the occurrence of three haplotypes in
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Corsica, which were either shared with or were very close
to those held by Kazakh, Iranian and Turkish individuals
(Figs. 1C and 3), thus reaffirming that the Corsican mouflon
is a descendant of the Asiatic mouflon introduced into the
Mediterranean Basin. Therefore, the Corsican population
should be unvaryingly referred to as O. g. musimon, i.e. as
a subspecies of the Asiatic mouflon. Both divergence time
estimates and population genetic structure suggested that
gene flow between the two Corsican populations has been
restricted for many generations. ABC supported the intro-
duction of a unique ancestral population, with two demes
stemming later on and evolving separately during the past
centuries.

Past Corsican mouflon population history

Numerous studies have investigated the history of domestic
sheep (e.g. Chessa et al. 2009; Demirci et al. 2013; Ciani
et al. 2020). Consequently, the genus Ovis is probably one
of the most extensively studied taxon from a phylogenetic
point of view. However, whereas Sardinian and Cypriot
mouflon have been widely investigated (e.g. Guerrini et al.
2015; Sanna et al. 2015; Mereu et al. 2019), the same atten-
tion has not been paid to the Corsican mouflon. Studying
both Cinto and Bavella as distinct mouflon populations for
the first time, we found that they differed from each other in
their haplotypic composition. On the other hand, haplotypes
found in Corsica also occurred in Sardinia, Iran and Kazakh-
stan (Fig. 1C). The Kazakh individual (KF938360, Lv et al.
2015) with H7 was regarded as a possible hybrid by Mereu
et al. (2019), as it clustered with German mouflons in their
reconstructions based on the mitochondrial D-loop. Hap-
lotype H7 has also been detected in wild Iranian individu-
als (Rezaei et al. 2010, EU365975; Meadows et al. 2011,
HM236185) as well as in domestic sheep (see for instance
Niu et al. 2016). Overall, this may suggest that the Kazakh
mouflon descended from a domestic ewe. Apart from this
doubtful individual, the Corsica/Sardinia clade was phylo-
genetically close to other Iranian and Turkish haplotypes
(Fig. 3), aresult in perfect agreement with the expected Mid-
dle Eastern origin of the Corsican mouflon (Chessa et al.
2009; Rezaei et al. 2010). More importantly, by relying on a
sample size much larger than those investigated in previous
studies (Rezaei et al. 2010; Guerrini et al. 2015; Mereu et al.
2019), we provided clear genetic evidence for the descent of
Corsican and Sardinian mouflon from their Asiatic counter-
part, with their Cypriot conspecifics being the closest rela-
tive to the latter (Chessa et al. 2009). Therefore, the Corsi-
can mouflon along with some Sardinian populations may
represent the most genetically and phenotypically preserved
descendant of the Asiatic mouflon in the Western Mediter-
ranean (Barbato et al. 2017).

In the Cinto population, only a few individuals held hap-
lotype H4. Although H2, H4 and H7 diverged from one
another much more recently than the Cypriot one did with
respect to the Iranian haplotypes, such differentiation never-
theless seems to have predated the introduction of the mou-
flon into Corsica (70,000-110,000 BP). The occurrence of
a haplotype (H4) shared by the populations of Cinto and
Bavella makes it difficult to establish whether these popu-
lations originated from the same or different sources. The
second hypothesis may find support in the phenotypic dif-
ferences observed between Cinto and Bavella individuals
(Maudet and Dubray 2002; Sanchis 2018) as well as in
the results of human genetic studies performed in Cor-
sica. Indeed, a similar north—south differentiation has been
detected in the settlement across the island of different
human groups originating from diverse geographic areas,
including Iran (Tofanelli et al. 2001; Vona et al. 2003; Di
Cristofaro et al. 2018). Such a scenario, namely genetically
different populations following distinct introduction events,
nevertheless received very low support in the ABC com-
pared to the one suggesting a single group of founders and a
subsequent split (Supplementary Figure S7).

Although mouflons might have persisted across most of
the Corsican mountains after their introduction (e.g. Gius-
tiniani 1531 in Dubray and Roux 1985; Pfeffer 1967; Simon-
poli 1995; but see Dubray 1984), population size variations
and genetic bottlenecks or local adaptations might have
led diverging haplotypes to persist in different/distant
geographic areas after the split, thereby contributing to
the present-day population structure. This pattern might
have also resulted from the tendency of mouflons to dis-
play strong female philopatry (Dubois et al. 1992, 1994;
Dupuis et al., 2002) and poor dispersal abilities (Dubois
et al. 1996; Portanier et al. 2017), alongside landscape fea-
tures that are highly resistant to gene flow between the two
populations (e.g. ridges and thalwegs; Marchand et al. 2017;
Portanier et al. 2018). This may further explain the similar
north—south spatial structure detected at an intra-population
scale within both Cinto and Bavella populations (Supple-
mentary Figures S1, S3 and S4). Finally, the few mouflons
sharing haplotypes between Cinto and Bavella populations
may be descendant of better represented ancient lineages,
and/or the result of human-mediated translocations.

According to ABC, Corsican mouflon would have been
introduced around 8000 years B.P (T; in Table 2). Although
paleontological studies have dated the occurrence of the
mouflon to 6000 years BP (Vigne 1988, 1992), our esti-
mates suggested that Neolithic people might have reached
Corsica much earlier (see also Poplin 1979). This estimation
may nevertheless also represent the time at which the diver-
gence between the flock travelling with Neolithic people and
the ancestral source population became large enough to be
detectable. This might have occurred slightly earlier than the
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actual introduction of the mouflon into Corsica. The split
leading to two distinct populations seemed to have occurred
around 600 [126—1793]¢5¢,c years BP. During this period,
a number of human conflicts occurred in Corsica (under the
government of the Republic of Genoa), and an increase in
non-endemic faunal diversity has been described as a result
of intense maritime activities leading to the extinction of
endemic species and the decline of taxa such as the mouflon
(Vigne 1992). Demographic decline and habitat loss might
have contributed to strong bottlenecks and the fragmenta-
tion of the mouflon population. Nevertheless, in this study,
the confidence intervals around parameter estimates were
large (Table 2). Although this is commonly observed in ABC
analyses (e.g. Cabrera and Palsbgll 2017; Stone et al. 2017,
Allen et al. 2020), it may represent an important drawback
and it should be kept in mind when interpreting the results.

Recent Corsican mouflon population history

With the exception of Guerrini et al. (2015), which included
some individuals genotyped at microsatellite loci, this study
was the first to be carried out on the Corsican mouflon at
large spatial scale and with large sample size while focus-
ing on Cinto and Bavella as distinct populations. We found
strong genetic differentiation between the two populations,
as revealed by both Fgr and Bayesian genetic clustering
approaches (Fig. 4). In addition, numerous private alleles
were detected, reinforcing the hypothesis of a lack of gene
flow between the two populations, either in the present or the
recent past (i.e. a few ten or hundred generations ago; Land-
guth et al. 2010; Haasl and Payseur 2011; Safner et al. 2011).
This result was in accordance with our expectations, as the
natural dispersion of mouflons between Cinto and Bavella
was deemed very unlikely due to limited dispersal abilities
and the occurrence of barriers to gene flow (see above).

In both investigated populations, heterozygosity and
allelic richness were low (Table 1), probably as a conse-
quence of genetic bottlenecks related to declines in the
population size (Pfeffer 1967). More generally, low levels
of genetic diversity are typical of mouflon populations (Oziit
2001; Barbato et al. 2017). Although this may be of con-
cern in terms of fitness, population persistence and adap-
tive potential for the species (Gaggiotti 2003; Frankham
et al. 2004; Kaeuffer et al. 2008; Portanier et al. 2019), it is
worth recalling that numerous introduced populations have
proved to be able to reach a high level of genetic diversity
with no concern for their persistence, even as descendants
of a very small group of founders (Uloth 1972; Giffin 1979;
Weller 2001; Kaeuffer et al. 2007; Portanier et al. 2017).
Therefore, resource shortage (Ciuti et al. 2009) rather than
low genetic diversity could be the main threatening factor in
the long term (Bousses and Réale 1998; Garel et al. 2005),
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especially in the light of currently rampant climate change
(Paeth and Hense 2005).

Conservation perspectives for the Corsican mouflon

Mouflon hunting has been forbidden across the entire island
of Corsica since 1953, hence the species has benefited from
early albeit not comprehensive preservation. Nevertheless,
the Corsican mouflon has very recently been recognized as
an officially protected species (Ministerial order of 1 March
2019, NOR: TREL1824291A) and will hence benefit from
a more adequate conservation strategy in the future. How-
ever, the latter must consider important issues such as estab-
lishing whether Cinto and Bavella populations should be
managed in the same way and whether their genetic con-
nectivity should be restored or not. Two main categories of
conservation units have been described so far: evolutionar-
ily significant units (ESUs; Ryder 1986; Moritz 1994) and
management units (MUs; Moritz 1994, Taylor and Dizon
2005). Whereas reciprocal monophyly and divergence of
allele frequency at mitochondrial and nuclear DNA loci,
respectively, is required to be recognized as ESUs, MUs
are defined as ‘demographically independent populations
whose population dynamics (e.g. population growth rate)
depend largely on local birth and death rates rather than
on immigration’ (Palsbgl et al. 2007). Given that reciprocal
monophyly was not disclosed between the mtDNA lineages
of the two Corsican populations, Bavella and Cinto mouflons
cannot be referred to as ESUs. However, both their strong
genetic differentiation and demographic independence (since
approximately 600 years BP according to ABC) allow us
to recommend viewing them as two distinct and, as such,
independently managed, MUs.

Based on the results obtained in the present study, two
types of management strategies may be considered. The
common origin inferred for Cinto and Bavella populations
may call for conservation strategies aiming to restore genetic
connectivity between them. Indeed, gene flow among MUs
is expected to be not only harmless but potentially beneficial
to increasing genetic diversity and thus adaptive potential
maintenance (Frankham et al. 2004; Mills 2013). However,
natural inter-population genetic exchanges between Cinto
and Bavella seem to have been impaired for approximately
144 mouflon generations (around 600 years). In addition,
the dynamics observed in introduced mouflon populations
(e.g. high reproductive success and rapid restoration of
genetic variability; Garel et al. 2005; Kaeuffer et al. 2007,
2008) suggest that evolution can be very rapid in this taxon.
Altogether, this may lead to the hasty appearance of local
adaptations, for instance, as a result of differences existing
between the two habitats (e.g. Cinto: 40.6% open habitats;
Bavella: 19.7%). Present-day strong genetic divergence and
potential risks related to the translocation of highly divergent
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individuals (such as outbreeding depression and loss of local
adaptations; Edmands 2007) should inspire caution regard-
ing conservation strategies encompassing the exchange of
individuals between the two populations. More studies (e.g.
genome-wide sequencing and identification of adaptive
genetic variation, genome-environment association studies;
Holenhole et al. 2020; Dudaniec et al. 2018; Gonzalez-Serna
et al. 2020) are needed to assess the risks that such transloca-
tions would entail.

As long as neither population is declining, especially
the smaller one in Bavella, we do not recommend using
one population to supplement the other one. Accordingly,
we propose a more wary approach for their management.
When reintroductions are needed, they will be planned using
individuals from captive breeding programmes relying on
mouflons sampled in the concerned population. This per-
fectly fits with what is ongoing for the Bavella population to
increase spatial range, population size and genetic diversity
(Rieu 2007). A future reintroduction plan can also account
for the existence of within-population substructures (Sup-
plementary Figures S3 and S4; Portanier 2018). Although
larger sample sizes in the Bavella population would likely
be needed to confirm Fgr values between its own clusters,
the high value reported in this study (Fgr=0.16 and 0.20 in
Bavella and Cinto populations, respectively) was of the same
order of magnitude as that found between the two popula-
tions, a result that can have implications in terms of con-
servation strategies. It is noteworthy that the ABC analyses
revealed an estimate of the effective Cinto population size
(Ne) in good agreement with previous knowledge. Indeed,
the latest estimate of the census size (Nc) in the Cinto popu-
lation was 900 individuals (Garel et al. in press), leading
to an Ne/Nc ratio of around 0.5, a high but nevertheless
congruous value when compared to those obtained for other
ungulates and Ovis species (e.g. Ovis canadensis; Hoban
et al. 2020). In addition, the methods used to estimate the
census size are known to often result in underestimated Nc
(Morellet et al. 2007). Conversely, an effective population
size of approximately 400 individuals for the Bavella popu-
lation appears highly optimistic when compared to the latest
Nc estimate (around 200 individuals). Although the census
may be downward-biased (Morellet et al. 2007), effective
size estimates must be considered carefully because they are
associated with wide confidence intervals (Table 2) and can
show sensitivity to prior definition (as we observed in our
preliminary analyses).

Although we do not recommend human-mediated inter-
population exchanges, the preservation of mouflon-favour-
able habitats in both massifs (e.g. grass-rich areas, covered
areas; Garel et al. 2007; Marchand et al. 2015) as well as
between them may enhance the natural restoration of inter-
population gene flow. Finally, the survival of the Corsican
mouflon would benefit from additional studies regarding

its phylogenetic relationships with domestic sheep. Indeed,
while sheep domestication had started 11,000 years BP
(Zeder 2008), divergence times of 110,000-171,000 years
BP between sheep and mouflon haplotypes have been
reported for Sardinian and Cypriot populations (Sanna
et al. 2015; Mereu et al. 2019). Therefore, these popula-
tions should not be regarded as descendants of domestic
sheep but instead as wild taxon that evolved separately,
namely as unique gene pools to be conserved (Chessa et al.
2009; Guerrini et al. 2015). The same can be expected for
the Corsican mouflon because they seem to share a large
part of their history with those from Sardinia. Regrettably,
following International Commission on Zoological Nomen-
clature recommendations (see also Wilson and Reeder 2005;
the Washington and Bern Conventions), the Corsican (and
more generally Western Mediterranean) mouflon is still
considered by several authors a domestic subspecies (O.
aries musimon). Such a taxonomic designation may under-
estimate the importance of protecting the unique Corsican
mouflon gene pool, beyond being advantageous to people
charged with crimes against mouflon (e.g. poachers), a risk
also suggested to occur for the Cypriot mouflon (Guerrini
et al. 2015). Unvaryingly referring to Corsican mouflon as
0. gmelini musimon would thus favour its conservation and
lessen the extinction risk of Mediterranean mouflon in gen-
eral (Hughes et al. 1997).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10592-021-01399-2.
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