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Abstract
Background: Conservation of small and isolated populations can be challenging since they are prone to loss of
genetic diversity due to random genetic drift and inbreeding. Therefore, information from the assessment of genetic
diversity and structure are needed for conservation programs to determine the appropriate management strategy for
the populations. We investigated the levels of genetic variability in a resident Greylag Goose (Anser anser) population,
the southernmost breeding population of the species in Europe and the sole viable population of any goose species
in Greece.
Methods: A fragment of mtDNA Control Region and a panel of 11 microsatellite markers were used to search for any
signs of genetic impoverishment and population substructure and to reveal the underlying processes through the
identification of possible past demographic events.
Results: The population was found to be monomorphic in the amplified fragment of the mitochondrial Control
Region, with all individuals sharing a single private haplotype. Analyses showed a lack of any population substructure
indicating a panmictic population. Although the population seems to have experienced a strong and recent genetic
bottleneck and exhibits a small effective population size, we did not find evidence of either extremely low levels of
genetic diversity or inbreeding depression.
Conclusions: The recent demographic decline we detected and the combined influence of residency and anthropogenic factors have probably shaped the current genetic status. Our study population does not need emergency
conservation actions but should be regarded as a discrete management unit. Future management strategies should
focus on population and genetic monitoring and preventing further abundance declines that would increase the risk
of genetic impoverishment.
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Background
Significant demographic fluctuations and isolation can
have major genetic consequences in wild populations.
Partially or totally impeded connectivity through gene
flow could eventually lead to increased genetic differentiation between populations (Frankham et al. 2002).
However, conservation of small and isolated populations can be rather challenging as they are prone to loss
of diversity due to random genetic drift and inbreeding
(Allendorf and Luikart 2009). Such decreases in genetic
variability compromise a species’ ability to adapt to a
changing environment (Amos and Balmford 2001), thus
increasing its extinction risk due to stochastic events.
Therefore, the assessment of genetic diversity and structure and the identification of the underlying processes
that shape them are essential tasks providing valuable
information towards the design and implementation of
effective conservation strategies. For example, measuring
connectivity and dispersal rates between populations can
provide insight on the degree of their reproductive isolation and subsequently populations could be delineated
as demographically independent units that should be
monitored and managed separately (management units,
MUs; Moritz 1994; Palsbøll et al. 2007). Thus, identifying
populations or regions in need of localized conservation
actions could be vital for the short-term management of
the species in question.
One of the most severe threats for small, isolated populations is considered to be the decline in mean fitness (or
mean phenotype) of some individuals as a consequence
of systematic mating between related individuals termed
as inbreeding depression (Hedrick and Kalinowski 2000).
A common approach to examine the effects of inbreeding
on various traits related to fitness is the testing of associations between heterozygosity of molecular markers and
fitness components such as body size or breeding success
(heterozygosity-fitness correlations, HFCs) on the individual level (Szulkin et al. 2010). The empirical observation of HFCs works under the assumption that genetic
diversity at marker loci reflects genetic diversity at loci
that affect trait variation (Grueber et al. 2008). Signs of
inbreeding depression have been detected for populations of various taxa (Crnokrak and Roff 1999) and even
for non-isolated populations (Höglund et al. 2002). As a
result of philopatric behaviour, goose species have been
previously reported the rise of HFCs and thus are in high
risk of inbreeding depression (Harrison et al. 2011).
The Greylag Goose (Anser anser), is a waterfowl species, widely distributed through the Palearctic with the
main breeding populations located in central and northern Europe (BirdLife International 2004). Most of the
species populations are migratory, covering large distances to their wintering grounds in France and Spain
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while some individuals reach North Africa (Fox et al.
2010). However, few non-migratory (i.e. resident) populations do exist (Scott and Rose 1996), one of them
located in Prespa Lakes, in northwestern Greece (Catsadorakis 1997). The area hosts a small population of
Greylag Goose consisting of 200‒280 individuals that are
geographically isolated, with the nearest breeding populations of the species located more than 400 km away
(Catsadorakis et al. 2012). These characteristics render
the Prespa population susceptible to the loss of genetic
diversity and highlight the need for systematic research
and special management. The population is considered
to be of high conservation value since it is the sole viable
population of any goose species in Greece as well as the
southernmost population of this species in Europe (Catsadorakis et al. 2012).
So far, a limited amount of studies have investigated
the genetic aspects of Greylag Goose populations. Works
by Heikkinen et al. (2015) and Pellegrino et al. (2015)
examined the genetic variability of the species and its
geographical distribution based on mtDNA and microsatellite markers. It seems that there is limited genetic
structure and high genetic admixture of populations that
can be attributed mainly to behavioural and anthropogenic factors. Admixture of individuals from distant areas
and consequent formation of pair bonds in the wintering
sites is a common behaviour for geese, while hybridization of wild and domesticated geese and reintroductions
of Greylag Geese, are rather widespread practices in amateur goose husbandry (Heikkinen et al. 2015). However,
not all goose populations are thoroughly studied, and the
knowledge of genetic diversity and structure of small and
isolated populations is necessary so that appropriate conservation actions can be designed.
In this study, we investigated the levels of genetic
variability in the resident Greylag Goose population in
Prespa Lakes using both a fragment of mtDNA Control
Region and a panel of 11 microsatellite markers that have
been previously used in genetic studies of the species.
We aimed to search for any signs of genetic depletion,
inbreeding depression or population substructure and
to reveal the underlying processes through the identification of possible past demographic fluctuations. Such
knowledge could be of crucial importance for in situ conservation programs to determine the appropriate management strategy for the population.

Methods
Sample collection

The study took place in the area of Prespa lakes,
NW Greece (Fig. 1). Geese were captured using cannon nets between July and October during the years
2013‒2015. On capture, birds were banded with a unique
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Fig. 1 Map of the Greylag Goose populations compared in the present study. Populations 1‒6 are referred in the literature (Pellegrino et al. 2015). 1:
Finnmark, 2: Vega, 3: Nord, 4: Oise, 5: Gironde, 6: Landes, 7: Prespa Lakes. Dark and light shaded areas represent the breeding and staging/wintering
distribution of the Greylag Goose respectively. (Modified from BirdLife International)

combination of numbered neck collars and aluminum
rings. For each banded bird the following measurements were taken: bill length, bill depth, tarsus length
(all measured to the nearest 0.1 mm) and the length
of the 9th primary (to the nearest 1 mm), according to
standard procedures using calipers and a ruler (Svensson 1992). All birds were also weighed to the nearest
1 g. Sex and age of each individual were recorded in the
field, and genetic material was extracted (blood and/or
feathers). Blood samples were stored in blood storage
cards (NucleoCards®) and feathers were stored in paper
envelopes at room temperature until DNA extraction. In
total, 83 samples were collected that included 52 blood
samples, 30 feather samples and a single tissue sample,
retrieved from an individual found dead (Additional
file 1: Table S1).
Laboratory procedures

DNA from feathers was extracted using both the basal
tip of the calamus and the blood clot from the superior

umbilicus of each sample (Horvath et al. 2005). All extractions were performed with the DNeasy Blood and Tissue
kit (Qiagen) following the manufacturer’s protocol. For
mtDNA analyses we amplified a 394 bp fragment near
the 5′ end of the Control Region (CR), using primers
L16642 and H411ANX (Ruokonen et al. 2000; Heikkinen
et al. 2015) for 51 individuals. Each 12.5 μL PCR reaction
contained 1 unit of Taq DNA polymerase (Finnzymes),
1× reaction buffer, 1.5 mM of M
 gCl2, 0.2 mM of each
dNTP, 0.5 mM of each primer and 50 ng of DNA template. PCRs were carried out using the following profile:
an initial denaturation step of 3 min at 95 °C, 30 cycles
of 30 s at 94 °C, 30 s at 52 °C, 60 s at 72 °C, with a final
extension step of 10 min at 72 °C. Sequencing of both
strands was conducted using a Big Dye Terminator v. 3.1
Cycle Sequencing Kit (Applied Biosystems). Sequences
were edited by eye in MEGA7 (Kumar et al. 2016) and
aligned with CLUSTAL W (Thompson et al. 1994).
Genotypic data for all 83 samples were obtained for 11
polymorphic microsatellite loci developed specifically for
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the Greylag Goose (Weiß et al. 2008; Additional file 1:
Table S2). Loci were amplified in five multiplex reactions using forward 5′-fluorescent-labelled primers and
the KAPA2G Fast Multiplex PCR Kit (Kapa Biosystems).
Each 12.5 µL reaction contained 2 pM of each primer and
1× KAPA2G Mix and was carried out using the following
profile: an initial denaturation step of 3 min at 95 °C, 30
cycles of 15 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C, with
a final extension step of 10 min at 72 °C. PCR products
were separated and visualized using an ABI 3730xl capillary sequencer (Applied Biosystems) and genotypes were
scored by eye with STRand v.2.4.59 (Toonen and Hughes
2001). Reliable genotypes from feather samples were
obtained using the multiple tubes approach (Navidi et al.
1992) by performing three different PCR amplifications
for each sample and consensus genotypes were retrieved
using GIMLET (Valière 2002). Genotyping errors, due
to null alleles and stuttering, were examined for all loci
using Micro-Checker (Van Oosterhout et al. 2004).
Genetic diversity

We counted the number of different CR haplotypes in the
population from retrieved mtDNA sequences. To examine the phylogeographic position of the study population, we compared our results with previously published
sequences from Greylag Goose (Heikkinen et al. 2015).
Due to the presence of a single haplotype in all individuals it was not possible to proceed with further mtDNA
diversity analyses.
Microsatellite loci were tested for deviations from
Hardy–Weinberg proportions as well as for linkage disequilibrium (LD) using FSTAT 2.9.3.2 (Goudet 2002).
Runs were implemented using 1000 randomizations and
adjusting significance for multiple comparisons. To evaluate the presence of genetic substructure in the population, the Bayesian clustering software Structure 2.3.4
(Pritchard et al. 2000) was used to infer the number of
genetically homogeneous clusters (K) present in the dataset. We assumed the admixture ancestry model and correlated allele frequencies (Falush et al. 2003), and runs
were set with a burn-in period of 2 × 105 iterations followed by 8 × 105 MCMC steps with 10 replicates for each
K value (1–5). Structure runs were performed using ParaStructure Perl script (Lagnel 2015) at the HPC cluster of
IMBBC. The most likely value of genetic clusters, was
evaluated by calculating the posterior probability for each
K. In addition, a factorial correspondence analysis (FCA)
was performed in software GENETIX 4.03 (Belkhir
1999). The clustering of genotypes was visualized for different age classes (adult, young) and for each sex (male,
female) using the package “ggplot2” (Wickham and
Chang 2015) in R 3.4.3 (R Core Team 2017). The genetic
variability of the population was evaluated by calculating
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standard genetic diversity indices (A: number of alleles,
Ae: number of effective alleles, Ho: observed and He:
expected heterozygosity and Fis: inbreeding coefficient),
using the program GenAlEx 6.5 (Peakall and Smouse
2012). To better interpret the above indices we compared
them with those reported for six additional breeding and
wintering Greylag Goose populations across Europe (Pellegrino et al. 2015; Fig. 1). Direct comparison with the
population of Prespa Lakes was facilitated after recalculating the values from Pellegrino et al. (2015) only for the
microsatellite loci we used in this study.
To check for signs of inbreeding depression in the study
population, we tested for observations of HFCs. We used
the R package “inbreedR” (Stoffel et al. 2016) to calculate
g2, an estimate of identity disequilibrium, which is a correlation in heterozygosity and/or homozygosity across
loci (ID; David et al. 2007; Szulkin et al. 2010) and the
effect of standardized multilocus heterozygosity (sMLH;
Coltman et al. 1999) on three different traits (body size,
bill shape and condition), using linear models (Additional
file 1: Table S3). The overall body size for each individual
was calculated by reducing three independent measurements (bill length, tarsus length, 9th primary length) to
the first principal component (PC1) of a principal component analysis (PCA), according to Freeman and Jackson (1990). The first component extracted from the
analysis accounted for 63.7% of total variance. Bill shape
was measured by calculating the bill-index (bill depth/
bill length ratio) and was used as a proxy to foraging
efficiency (Gosler 1987). Finally, we regressed the mass
of each individual on the PC1 (see above) and used the
residual scores as a measure of condition.
Demographic history

The contemporary effective population size (Ne) along
with 95% confidence intervals (CIs) was estimated using
the bias-corrected version of the method based on linkage disequilibrium (Hill 1981; Waples 2006) as implemented in NeEstimator 2.01 (Do et al. 2014). In addition,
Ne was estimated using a temporal method (Nei and
Tajima 1981) implemented in the same software, using
two sample cohorts collected in 2013 and 2015. Signs of
recent changes in the effective population size were evaluated using the software Bottleneck 1.2 (Piry et al. 1999).
A test for heterozygosity excess was performed using the
Wilcoxon signed rank test running 1000 iterations and
using the two-phase model (TPM; Di Rienzo et al. 1994).
As the microsatellites we used consist of dinucleotide
perfect repeats that may tend toward the infinite allele
model (IAM; Cornuet and Luikart 1996), we fixed the
proportions of the TPM in favour of the IAM (Cristescu
et al. 2010) including 20% of the stepwise mutation model
(SMM) and 80% of IAM. To complement the explicit test
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for population bottleneck, we calculated M, a ratio based
on the number of alleles to the allelic size range (Garza
and Williamson 2001) in Arlequin 3.5.1.3 (Excoffier and
Lischer 2010). M is expected to be smaller in populations
that have suffered a past decline than in populations that
are in mutation-drift equilibrium. Finally, we explored
the demographic history of the population using the program Migraine 0.4 (http://kimura.univ-montp2.fr/~rouss
et/Migraine.htm) via the newly developed model of a
single population with past variations in population size
(Leblois et al. 2014). Migraine was used to estimate the
parameters θ = 4 Nµ and θanc = 4 Nancµ, where N and Nanc
are the current and the ancestral effective population size
(respectively, µ is the mutation rate per locus per generation) and the time (D) when the demographic change
started (D = T/4N, where T is the time measured in generations). The magnitude of the putative demographic
events was evaluated by calculating the value of the
parameter Nratio = N/Nanc, which is expected to be lower
than one in the case of population contraction and higher
than one in the case of population expansion. When the
95% CIs of the Nratio point estimate did not include a
value equal to one, Nratio was considered significant (Leblois et al. 2014). Migraine runs were implemented with
2400 points, 2000‒20,000 trees and 6 iterations.

Results
Genetic diversity

All 51 individuals sequenced were found to be monomorphic in the amplified fragment of the CR, providing a
single haplotype. After comparison with published studies, our sequence was identified as the haplotype E7 that
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was only found in birds from Prespa Lakes in Heikkinen
et al. (2015). All microsatellite markers were found to be
polymorphic in the population and the number of alleles
per locus ranged from two (loci Aph19, Hhiµ1b) to nine
(locus Ans02; Additional file 1: Table S2). Two of the loci
(Ans07, Ans18) were omitted from further analyses due
to the presence of null alleles. The remaining nine loci did
not deviate from Hardy–Weinberg proportions (adjusted
p-value = 0.006) and no LD was detected between any
of them. The Bayesian clustering method implemented
in Structure proposed the presence of a single genetic
cluster (K = 1) in the dataset, suggesting the absence of
any population substructure (Additional file 1: Table S4).
Likewise, the FCA did not show any distinct clustering
pattern of individuals, neither between age classes nor
between sexes (Fig. 2), further enhancing the hypothesis
of a rather panmictic population. However, two individuals appeared as outliers: both were males but belonged to
different age classes. The population showed medium to
low levels of genetic diversity, with a mean Ho of 0.45, Fis
of 0.15 and the number of effective alleles (Ae) estimated
at 2.3. Genetic diversity indices for each locus are presented in Additional file 1: Table S5. Comparison of these
estimates with published values of diversity for other
European populations (Table 1), indicates that Prespa
population exhibits similar levels of diversity with other
breeding populations, but lower levels from populations
that consist of individuals gathering at wintering sites
(Table 1). For all individuals, standardized multilocus
heterozygosity ranged from 0.25 to 1.72 whereas all three
fitness traits (especially body size and condition) showed
high variation (Additional file 1: Table S3). We did not

Fig. 2 Factorial correspondence analysis (FCA) of Greylag Goose genotypes along with 95% confidence ellipses for a different age classes (83
samples) and b different sexes (82 samples)
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Table 1 Estimates of genetic diversity of the Greylag Goose populations
Code

Country/location

1

Norway

2
3

France North

4
5

France South West

6
7

Greece

Site

n

Finnmark

Breeding

11

Vega

Breeding

34

Nord

Wintering

17

Oise

Wintering

15

Gironde

Wintering

24

Landes

Wintering

45

Prespa

Breeding + wintering
(resident population)

83

A
4.0 ± 0.4

5.0 ± 0.9

4.9 ± 0.7

4.3 ± 0.8

5.1 ± 0.8

5.4 ± 0.9

4.6 ± 0.9

Ae
2.5 ± 0.3

2.9 ± 0.4

3.2 ± 0.4

3.2 ± 0.6

3.2 ± 0.4

3.2 ± 0.4

2.3 ± 0.3

Ho
0.481 ± 0.085

0.595 ± 0.055

0.599 ± 0.075

0.437 ± 0.082

0.533 ± 0.062

0.563 ± 0.050

0.451 ± 0.066

He

Fis

0.590 ± 0.054

0.530 ± 0.072

‒0.038 ± 0.078

0.589 ± 0.079

0.246 ± 0.078

0.641 ± 0.046

0.626 ± 0.056

0.628 ± 0.054

0.528 ± 0.049

0.104 ± 0.072

0.084 ± 0.080

0.140 ± 0.062

0.090 ± 0.047

0.153 ± 0.087

Values for populations 1‒6 were recalculated from Pellegrino et al. (2015), only for the loci we used in this study. Number of genotyped individuals (n) and the type
of site they were collected from, number of alleles per locus (A), number of effective alleles (Ae), observed (Ho) and expected (He) heterozygosity and inbreeding
coefficient (Fis). Values are presented as mean ± standard error

find any evidence of identity disequilibrium in the population as g2 was not significant (0.02, 95% CIs: − 0.01 to
0.06, p = 0.12). As expected, since there is no variance in
inbreeding, no HFCs emerged in our dataset: sMLH had
no effect on body size (p = 0.79), condition (p = 0.06) or
foraging efficiency (p = 0.26).
Demographic history

We found a low contemporary effective population size,
estimated at 42.7 individuals (95% CIs: 26.9–75) based
on the bias corrected linkage disequilibrium method,
and 40.1 individuals (95% CIs: 23.3–77.1) based on the

temporal method. In addition, the Wilcoxon signed rank
test conducted in Bottleneck software, detected signs of
bottleneck for our study population (p = 0.006). M ratio
value was 0.51, lower than the threshold value of 0.68
which according to Garza and Williamson (2001) suggests that the population has suffered a past bottleneck
event. Although a very promising method, Migraine
did not produce interpretable values but for few parameters and CIs were very broad (Fig. 3; Additional file 1:
Table S6). Such unsatisfactory CI coverage is deemed
to result when the population modeled has experienced
a very recent and strong past contraction (Leblois et al.

Fig. 3 Two-dimensional plots of likelihood ratio profiles for pairs of parameters inferred by Migraine. Ancestral and actual effective population size
(θanc, θ), and timing of the demographic history events (D) are on the log scale. Point estimates and the 95% confidence intervals for all parameters
are given in Additional file 1: Table S6

Bounas et al. Avian Res

(2018) 9:47

2014). This is supported by the Nratio estimate, that was
found to be extremely low and significantly lower than 1
(0.0005, 95% CIs: 10−4–0.85).

Discussion
Our analysis showed an apparent lack of mtDNA diversity in the Greylag Goose population of Prespa Lakes in
contrast to other populations across the western Palearctic that show significant levels of diversity (Heikkinen
et al. 2015). Due to the large number of typed individuals
(n = 51) it seems that the population is practically monomorphic in the CR fragment we examined. The small size
and isolation of the population can justify at some level
these findings, as the fixation of a single haplotype in the
population could be attributed to the past demographic
decline we detected coupled with reduced gene flow levels from other populations. Perhaps the most intriguing
result regarding this single haplotype, is that it is private
to the population of Prespa. Such finding further supports the isolation of the population while we could even
consider the scenario of a relic population that settled in
the area after the last glacial maximum (Hewitt 1999).
On the other hand, our results from microsatellite markers showed that the population retains similar genetic variability levels to those exhibited in other
breeding populations of the species from Norway
(Table 1). Despite the populations’ small size it does
not seem to experience extremely low levels of genetic
diversity or apparent effects of inbreeding indicated by
the absence of significant HFCs in the present study.
Estimates of HFCs are expected to have low precision
in cases of weak inbreeding (Szulkin et al. 2010) which
seems to be the case in our study population. However,
HFC studies could be also limited by sample size and heterozygosity estimates using microsatellite markers. Even
if our sample size was adequate to provide robust results
on the genetic diversity and structure of the population, it
could produce large fluctuations of the effect sizes (Chapman et al. 2009). Additionally, genetic diversity estimated
with small panel of microsatellite loci may not necessarily reflect genome-wide heterozygosity and is deemed to
weakly reflect inbreeding depression (Slate et al. 2004).
However, it has been proposed that it may actually be a
better predictor of the phenotype (Forstmeier et al. 2012).
Avoidance of consanguineous mating could be facilitated by the dispersal of juveniles to other populations
(Jonker et al. 2013), as juvenile geese are suggested to
often embark on exploratory trips after the provision of
parental care (Baker 1978). However, additional samples from the nearest breeding populations are needed
to shed light on this hypothesis. A more plausible explanation though, comes from the understanding of gene
flow between goose populations, with wintering sites

Page 7 of 10

playing a major role since this is where the formation of
pairs takes place (Rohwer and Anderson 1988). Studies
on other Αnseriformes such as the King Eider (Somateria spectabilis), have shown that strong site fidelity to
wintering areas and pair formation at wintering quarters
are actually the main factors defining the species’ population structure (Pearce et al. 2004). Wintering sites host
individuals from different populations thus it is expected
that wintering populations will exhibit higher levels of
genetic diversity, as also shown in our results. In the case
of our study population, which is resident, some males
from other populations could join the resident birds in
the winter, form pairs, and due to the strong female natal
philopatry in geese (van der Jeugd et al. 2002), subsequently breed there. Such movements could therefore
facilitate gene flow at some level but were not identified
from the analysis of the maternally inherited mtDNA.
Residency could be a main factor that shaped the populations’ genetic structure (Willoughby et al. 2017). The
migratory behaviour in geese is culturally transmitted
through generations, with offspring travelling where their
parents travel (van der Jeugd et al. 2002). Such traditions
along with philopatry can limit gene flow between populations thus increasing their divergence rates (Friesen
et al. 2007). A change in migratory traditions has been
suggested to facilitate the emergence of new populations
affecting the genetic structure of a species (Jonker et al.
2013). Decrease in migratory tendency has been suggested to reflect the response to alterations of the environment, such as changes in climate conditions or habitat
quality (Møller et al. 2010; Newton 2010). However, the
transition from migrancy to residency in the population
of Prespa due to such factors, could only partially explain
the strong and recent bottleneck experienced by the
population. The influence of anthropogenic factors such
as human induced mortality (Palacín et al. 2017) may
have further shaped the current genetic patterns in the
population.
Based on our findings, the Greylag Goose population of
Prespa Lakes should be regarded as discrete management
unit (MU sensu; Moritz 1994) and actions that focus in
maintaining its genetic diversity should be implemented.
Although we did not detect any signs of genetic erosion,
the reduced number of effective alleles and the small
effective population size could lead to inbreeding, especially if further population decline occurs. We should
note that Ne estimates for our study population appear
to be robust as the Ne/Ncensus ratio (14%) is within the
range reported for vertebrates (Frankham 1995; Freeland 2005). If we consider an effective population size
of 50 as a threshold for avoidance of inbreeding depression (Frankham et al. 2002), it seems that without special
conservation concern, the population could experience
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signs of genetic impoverishment in the future that could
further compromise the species’ evolutionary potential.
Towards the design of effective management strategies,
genetic monitoring should be performed after few generations and additional data on the demographic parameters of the population (i.e. survival, breeding success)
should be evaluated. Finally the extent of the population’s isolation should be further investigated through the
analysis of additional samples from the nearest breeding
populations of the species.
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Conclusions
In this study we investigated the genetic status of a resident population of Greylag Goose (Anser anser). The
population showed fixation of a single haplotype that
could be attributed to the past strong demographic
change we detected coupled with restricted gene flow
from other populations. In addition, the fact that the
specific haplotype was private further supports the isolation of the population. Analyses of multilocus genotypes
showed a lack of any population substructure and small
effective population size albeit no evidence of severe
genetic impoverishment. We argue that isolation along
with the influence of residency and anthropogenic factors may have shaped the current genetic patterns of the
population. It is important that the population is treated
as a separate management unit and conservation actions
should be designed to avoid further abundance declines
and future loss of genetic diversity that could compromise the species’ evolutionary potential.
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(He) heterozygosity and inbreeding coefficient (Fis). Table S6. Output
parameters of the Migraine analysis representing indicators of the ancestral and actual scaled effective population size (θanc, θ) and timing of the
demographic history events (D).
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