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Abstract
Non-invasive genetic analyses enable monitoring and understanding of population dynamics without disturbing wild ani-
mals. We present a non-invasive genetic method to identify and characterize the brown bear populations of Cantabrian and 
Pyrenean (of Slovenian origin). We selected an efficient 61-SNP panel to genotype more than 2,000 non-invasive samples 
from both populations. Results showed successful genotyping of 1,639 bear samples, revealing 400 distinct individuals. 
Genetic diversity was similar in both populations, and differentiation between populations was highly significant. The Pyr-
enean population did not show genetic substructuring despite the influence of the breeding male “Pyros”. In contrast, two 
subpopulations were observed in the Cantabrian population. Furthermore, analyses indicated a sex ratio bias in the Canta-
brian population, potentially influenced by male dispersal and landscape features. Overall, the study demonstrates the utility 
of non-invasive genetic methods for monitoring and understanding bear populations, highlighting differences between the 
Pyrenean and Cantabrian populations, and providing insights into their genetic diversity, structure, and demographic trends.
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Introduction

Non-invasive techniques offer a significant advantage in that 
they allow the investigation of individuals without the need 
to interact with, disrupt, or visually observe the organisms 
(Taberlet et al. 1997; Bellemain and Taberlet 2004; Swanson 
et al. 2009; Beja-Pereira et al. 2009). Furthermore, non-inva-
sive genetic analyses are useful to monitor and characterize 

wildlife populations, increasing the understanding of the 
ecology and genetic dynamics of populations. This includes 
identifying individuals to determine population size, sex 
ratio, and individual mobility, resolving wildlife forensic 
cases, and defining populations and their genetic param-
eters (including structure, gene flow, and demographic bot-
tlenecks) (Bellemain and Taberlet 2004; Beja-Pereira et al. 
2009; Swenson et al. 2011).

The first non-invasive genetic studies date back to the 
1990s (Taberlet and Bouvet 1992; Höss et al. 1992; Kohn 
et  al. 1995; Taberlet and Luikart 1999). Since then, an 
increasing number of non-invasive techniques have made 
it possible to obtain enough quantity and quality of DNA 
to address almost all inquiries that could previously only 
be studied using conventional high-quality samples such as 
tissue or blood (Kohn et al. 1999; Bellemain and Taberlet 
2004; Waits and Paetkau 2005; Broquet et al. 2007; Sastre 
et al. 2009).

Various molecular markers have been used to charac-
terize bear (Ursus arctos) populations from non-invasive 
samples. The use of microsatellite markers, or STRs (short 
tandem repeats), was widespread in the 1990s and early 
2000s (Taberlet et al. 1997; Wasser et al. 1997; Taberlet and 
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Luikart 1999; Pérez et al. 2009; Eiken et al. 2009; De Barba 
et al. 2010; Latham et al. 2012; Xenikoudakis et al. 2015; 
Gregório et al. 2020). STRs are DNA sequences that repeat 
in units of 2–6 base pairs, and the length of the fragment, 
rather than the primary sequence, determines the degree of 
polymorphism of microsatellites (Weber and Wong 1993; Xu 
et al. 2000; Harr and Schlötterer 2000; Brohede et al. 2002). 
However, the length of the fragment is the major disadvan-
tage of STRs compared to single nucleotide polymorphisms 
(SNPs) when working with forensic samples (Gill 2001). 
Genome sequencing has enabled the discovery of millions 
of SNPs in species such as polar bears (Ursus maritimus), 
brown bears (U. arctos), and black bears (U. americanus) 
(Miller et al. 2012; Cronin et al. 2014; de Jong et al. 2023). 
Subsequently, bear samples began to be analysed using SNPs 
(Norman et al. 2013; Cronin et al. 2014; Viengkone et al. 
2016; Giangregorio et al. 2019; López-Bao et al. 2020). 
SNPs are point mutations involving the substitution of one 
nucleotide for another. They are shorter, which favours the 
amplification of degraded DNA, and they are less likely to 
result in genotyping errors (Morin et al. 2004; Seddon et al. 
2005; Anderson and Garza 2006). The most frequent error 
resulting from the stochastic effects of the PCR reaction is 
dropout, or allelic amplification failure (Pompanon et al. 
2005; Giangregorio et al. 2019; López-Bao et al. 2020). 
Conducting a multiplex pre-amplification and increasing 
the number of sample replicates can reduce the dropout rate 
(Bellemain and Taberlet 2004; Sastre et al. 2009; Giangre-
gorio et al. 2019). Moreover, some software can predict the 
dropout probability of an SNP panel a priori (Sastre et al. 
2023). However, SNPs are less polymorphic than STRs, and 
therefore a greater number of SNPs is required to differenti-
ate between individuals (Seddon et al. 2005; Hauser et al. 
2011). Large SNP genotyping panels increase accuracy for 
individual assignments compared to smaller ones (Puckett 
and Eggert 2016). However, evidence suggests that related-
ness can be reliably inferred using at least 60 SNPs (Kraw-
czak 1999; Giangregorio et al. 2019). An informative SNP 
panel is characterized by each SNP maximizing allelic rep-
resentation differences among individuals within a popula-
tion in comparison to all other SNPs. Therefore, SNPs with 
higher minor allele frequencies (MAF) that are not linked to 
each other are more informative for identification purposes 
(Krawczak 1999; Norman et al. 2013).

The European brown bear (Ursus arctos) is widely dis-
tributed across Europe, encompassing multiple populations 
of varying sizes and geographic ranges (Swenson et al. 
2020). The Pyrenees Mountains, located between south-
western France and north-eastern Spain, harbour one of the 
most endangered and smallest populations of the European 
brown bear. This population is classified as Critically Endan-
gered according to the criteria of the International Union 
for Conservation of Nature (IUCN) Red List of Threatened 

Species (McLellan et al. 2017) and exists due to transloca-
tions of several bears from Slovenia in 1996–1997, 2006 and 
2016 (Chapron et al. 2009; Piédallu et al. 2019). The brown 
bear became extinct in Catalonia and the Central and Eastern 
Pyrenees in the 1990s, and from the Western Pyrenees in 
2010 (Chapron et al. 2009). This means that the bears cur-
rently inhabiting the Pyrenees are of Slovenian origin. The 
Pyrenean population has grown from a dozen individuals to 
around 80 individuals (Vanpé et al. 2022; https://​profe​ssion​
nels.​ofb.​fr/​fr/​doc/​ours-​infos-​2023-​rappo​rt-​annuel), primar-
ily due to the reproductive success of the male bear "Pyros” 
(reintroduced to the Pyrenees in 1996–2017) https://​piros​
life.​cat/​wp-​conte​nt/​uploa​ds/​2020/​03/​ENG_​layman_​baixa.​
pdf.

In northwest Spain, there is another isolated brown bear 
population located in the Cantabrian Mountains. The Canta-
brian brown bear is also included in the IUCN Red List and 
classified as Endangered (McLellan et al. 2017). The popula-
tion has recovered over the last three decades, growing from 
about 100 individuals in the 1990s to over 300 individuals 
today (Chapron et al. 2014; Gonzalez et al. 2016; https://​
comun​icaci​on.​jcyl.​es/​web/​jcyl/​Comun​icaci​on/​es/​Plant​illa1​
00Det​alle/​12813​72051​501/​NotaP​rensa/​12852​42547​188/​
Comun​icaci​on; https://​funda​ciono​sopar​do.​org/​wp-​conte​nt/​
uploa​ds/​2023/​03/​ficha1_​2023_​ESP_​Marzo.​pdf). Genetic 
studies have demonstrated the existence of two connected 
subpopulations: a larger subpopulation in the western region 
(Galicia, Asturias, and northwest Castilla y León), and a 
smaller subpopulation in the eastern region (northeast Cas-
tilla y León and Cantabria) (Swenson et al. 2011; Gonzalez 
et al. 2016; Gregório et al. 2020; López-Bao et al. 2020; 
Díaz-Fernández et al. 2023). The subpopulations are con-
nected by a strip of about 50 km and encompass seven and 
two municipalities in Castilla y León and the Principality 
of Asturias, respectively (http://​funda​ciono​sopar​do.​org/​wp-​
conte​nt/​uploa​ds/​2018/​09/​Layman-​Repor​t1.​pdf).

In this study, we designed an efficient SNP panel to geno-
type non-invasive samples from the two bear populations of 
the Iberian Peninsula, with the aim of achieving individual 
identification and analysing the population structure.

Materials and methods

SNP panel selection, samples, and laboratory 
procedures

We have selected 61 SNPs, including a sexual marker, from 
the 180 SNPs described by Cronin et al. (2014) to genotype 
over 2,000 non-invasive samples of brown bears in the Ibe-
rian Peninsula.

This 61-SNP panel improves the efficiency of genetic 
analyses by reducing the time and cost required to identify 
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and characterize the two southernmost brown bear popu-
lations in Europe. The panel was designed for use on the 
OpenArray platform (Thermo Fisher Scientific, Waltham, 
US), which supports a configuration of 60 SNPs plus one 
quadruplicated SNP to address crosstalk errors (Thermo 
Fisher, personal communication).

To assess the informativeness of the final 61-SNP panel 
for individual identification, we first genotyped 16 brown 
bear individuals (11 and 5 from the Pyrenean and Canta-
brian populations, respectively) using the 180-SNP panel 
described by Cronin et al. (2014). These samples, which 
had high-quality DNA, had previously been identified using 
STRs. Genotypes were obtained from Neogen/GeneSeek 
https://​www.​neogen.​com/​en-​gb/. Then, we selected 61 SNPs 
with higher MAF and a maximum of seven SNPs per chro-
mosome in the Pyrenean population.

Between 2009 and 2023, 2,382 brown bear samples were 
collected in the Pyrenees (Spain, France, and Andorra) 
and the Cantabrian Mountains (Castilla y León, Canta-
bria, Asturias, and Galicia) by field technicians. Samples 
were collected throughout the year, except during winter, 
for monitoring and control of both populations. Of these, 
908 samples from Pyrenean bears were collected between 
2009 and 2023, while 1,474 samples from Cantabrian bears 
were collected between 2018 and 2022 (Fig. 1). The ana-
lysed dataset included 1,276 and 1,094 non-invasive faecal 
and hair samples, and 6 muscular tissue and blood samples, 
respectively. Invasive samples were obtained from animals 
found dead or captured by the Competent Administration 
and subsequently released. All samples were stored at 
−20 °C until DNA extraction. DNA was isolated from faeces 

using the NucleoSpin DNA stool kit (Macherey–Nagel, 
Düren, Germany) following the manufacturer’s instruc-
tions. DNA from hairs, blood, and tissue was automatically 
extracted using a Chemagic 360 instrument (PerkinElmer 
Inc., Waltham, US) according to the tissue sample proto-
cols provided by the manufacturer. Blank DNA extractions 
and negative (UltraPureTM Distilled Water, Invitrogen, 
Waltham, US) PCR controls were included to detect exog-
enous DNA contamination. Sample extractions were per-
formed on different days for each tissue type in a clean room 
dedicated to genomic samples. DNA preamplifications and 
reamplifications were prepared under a laminar flow hood. 
All samples were replicated four times to detect contamina-
tion, mistyping, and/or dropout errors. The preamplifica-
tions for OpenArray® assays were prepared in a 5 µl final 
volume reaction, following the manufacturer’s instructions 
(https://​assets.​therm​ofish​er.​com/​TFS-​Assets/​LSG/​manua​
ls/​MAN00​11116_​TaqMa​nOpen​Array​Genot​ype_​Sampl​
ePrea​mp_​UB.​pdf). Then, 3 µl of preamplified product, or 
2 µl of DNA extraction from invasive samples, were used 
to genotype all the samples on a QuantStudio™ 12 K Flex 
system (Thermo Fisher Scientific, Waltham, US) coupled 
with OpenArray®technology (Thermo Fisher Scientific, 
Waltham, US), following the manufacturer’s guidelines.

SNP genotyping

SNP consensus genotypes for the four replicates were assem-
bled using the SNP+ software (Sastre et al. 2023). Heterozy-
gous genotypes were confirmed when the same genotype 
was detected in two independent PCRs, while homozygous 
genotypes were confirmed when the genotype was consist-
ently observed in three independent PCRs. Genotypes were 
classified in four ranges depending on their call rate: a value 
of call rate of 1 (≥ 95%) represents the highest sample qual-
ity (≤ 3 missing SNPs and/or dropout value ≤ 0.06), thereby 
identifying the bear. To be considered a new individual, a 
sample must have a call rate value of 1. Additionally, all new 
individuals must differ from others by at least six SNPs. A 
value of call rate of 2 indicates intermediate sample qual-
ity (call rate < 95% and ≥ 70%). Samples with ≤ 3 missing 
values but with a dropout value > 0.06 are also included 
in this range. In this case, the bear is identified as “prob-
able” or “possible”. The distinction between these catego-
ries depends on sample quality and whether it differs from 
another sample by more than six SNPs. A “possible” bear 
is unlikely to be a new individual (< 6 SNPs difference). A 
“probable” bear could be either a new individual or an exist-
ing individual in the population (> 6 SNPs difference). A 
value of 3 indicates low sample quality due to missing values 
(call rate < 70% and ≥ 20%). The sample cannot be identified 
but can still be confirmed as belonging to a bear. A value of 
4 indicates very low-quality samples (call rate < 20%) that 

Fig. 1   Map showing the distribution (grey colour) of brown bear 
samples (number in brackets) collected in the Pyrenees (PYR) and 
the Cantabrian Mountains (A Asturias; CA Cantabria; CyL Castilla y 
León; GA Galicia). Note that the Pyrenees samples are not associated 
with a specific region

https://www.neogen.com/en-gb/
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0011116_TaqManOpenArrayGenotype_SamplePreamp_UB.pdf
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https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0011116_TaqManOpenArrayGenotype_SamplePreamp_UB.pdf
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are not amplifiable due to insufficient DNA quality and/or 
quantity. In such cases, it cannot be determined whether the 
sample corresponds to a bear.

To detect and consequently discard triallelics (cases of 
contamination from mixed DNA of two or more bears in a 
hair trap), hair samples identified once as a new individual 
were further analysed using a battery of nine hyper-variable 
microsatellite DNA markers (Mu23, Mu10, Mu51, UA06, 
LISTUA16, Mu59, Mu50, LIST11014, G10L), according to 
Taberlet et al. (1997) and De Barba et al. (2010). Triallelic 
samples and those with a call rate > 1 were excluded for fur-
ther analyses. Y- and X-linked SNPs were used exclusively 
for sex identification.

SNP validation and population data analyses

Mean allelic dropout rates across loci and MAF were esti-
mated using the SNP+ software (Sastre et al. 2023). The 
likelihood of sharing identical genotypes by chance (prob-
ability of identity [PID]) and the probability of identity for 
siblings (PIDsibs) were estimated using GENALEX (Peakall 
and Smouse 2012). Genetic variability statistics, such as 
observed (Ho) and expected (HE) heterozygosities were esti-
mated per locus and population using ARLEQUIN 3.5.2.2 
(Excoffier et al. 2007). Deviations from Hardy–Weinberg 
equilibrium (HWE) were calculated from the inbreeding 
estimator FIS (Guo and Thompson 1992) for loci and popu-
lation using GENALEX. Differences in genetic variability 
between the two populations were evaluated using Wil-
coxon W signed-rank tests. To test for genetic differentiation 
between and within populations, pairwise FST values were 
estimated using ARLEQUIN 3.5.2.2. To visualize the distri-
bution of genetic variation across individuals, we carried out 
a factorial correspondence analysis (FCA) (Benzecri 1973) 
as implemented in GENETIX 4.05, and a Bayesian model-
based clustering approach in STRU​CTU​RE 2.3.4 (Hubisz 
et al. 2009). Ignoring prior population information and using 
an admixture model with independent allele frequencies, 
STRU​CTU​RE assigns individuals to populations. To assess 
the partition in a varying number of genetic clusters (K), we 
ran 100,000 Markov chain Monte Carlo repetitions and a 
burn-in period of 10,000 iterations for K = 1–6, repeated 25 
times. Following Evanno et al. (2005), we chose the opti-
mal K based on the rate of change of the log-likelihood [ln 
Pr(X/K)] and its variance for K = 1–6.

Results and discussion

A total of 2,382 brown bear samples were collected in the 
Pyrenees and the Cantabrian Mountains by field techni-
cians (Fig. 1). We analysed 1,276 faecal samples (53.5%), 
1,094 hair samples (46.0%), and 12 invasive samples (0.5%). 

Samples were genotyped using a selected panel of 61 SNPs 
(Table 1). The relative frequencies of the dropout probability 
were estimated based on four replicates per sample with a 
call rate of 1 (1,627 non-invasive samples) and 2 (208 non-
invasive samples) (Fig. 2). The dropout probability was low, 
with minimum and maximum values of 0.002 and 0.119, 
respectively. The unbiased Probability of Identity (PID) 
for the Cantabrian and Pyrenean bears were 8.5 × 10−15 
and 1.9 × 10−19, respectively, and the Probability of Iden-
tity for siblings (PIDsibs) was 6.00 × 10−8, and 2.5 × 10−10, 
respectively. Nine SNPs were needed to achieve the cutoff 
of PID = 0.0001, a threshold to identify individuals properly 
(López-Bao et al. 2020).

We obtained 1,639 bear genotypes (69% success) with a 
call rate = 1, including 1,030 genotypes from the Cantabrian 
population and 609 from the Pyrenean population. The tech-
nique’s success rate was practically identical for faecal (68%, 
N = 871) and hair (69%; N = 756) samples.

Fresh fecal samples had a higher success rate (72%) 
compared to dry feces (58%), and the success rate was pro-
portional to the number of hairs used for DNA extraction. 
Specifically, using more than 20 hairs resulted in an 82% 
success rate, 10–20 in 79%, 5–10 in 67%, and fewer than 5 
hairs in only 34%. Invasive samples had a 100% success rate.

Genotypes from hair samples that appeared only once 
(N = 90) with a call rate = 1 were analysed using a set of nine 
microsatellites to discard triallelics. In total, 28 triallelic 
samples (31%) were identified and excluded from further 
analyses. Samples with a call rate = 2 (N = 208; 9%) were 
not used for variability and population structure analyses 
but were retained for ecological context, as they may provide 
valuable insights when linked to environmental data. Finally, 
22% of the samples (N = 535) could not be identified, either 
due to the poor quality of the DNA or because they were 
not from a bear.

The 1,611 successfully identified bear genotypes cor-
responded to 400 individuals, 110 animals from the Pyr-
enean bear population, and 290 from the Cantabrian bear 
population. Figure 3 shows the number of collected sam-
ples per genotype. In total, 175 genotypes (males = 104; 
females = 71) were unique, with the male and female 
with the highest number of captures (N = 72 and N = 24, 
respectively) belonging to the Pyrenean population. The 
total number of males detected (N = 236) was higher than 
females (N = 164). Within populations, the number of Can-
tabrian males detected (N = 183) was higher than Cantabrian 
females (N = 107), while the sex ratio was balanced in the 
Pyrenean bear population (males = 53; females = 57).

To study and compare both populations over a similar 
time frame (from 2018 to 2023), 11 individuals (7 females 
and 4 males) identified in the Pyrenean population between 
2009 and 2017, were excluded from further analysis. The 
molecular marker set was analysed for MAF (Cantabrian 
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mean = 0.27 out of 45 SNPs; Pyrenean mean = 0.27 out of 
60 SNPs), HE and HO, HWD, FIS, and FST. No monomorphic 
loci were found in the Pyrenean population compared to 15 
in the Cantabrian population (Table 2). The 61-SNP panel 
was initially designed to genotype Pyrenean bears of Slove-
nian origin for individual identification regularly and was 
later applied to Cantabrian bears. This probably explains the 
lower monomorphism of the 61-SNP panel in the Pyrenean 
population compared to the Cantabrian population.

Tests of Hardy–Weinberg genotype proportions resulted 
in several loci that were significantly different from expected, 
likely due to genetic drift. This included 9 loci in the Pyr-
enean population, 13 loci in the Cantabrian population, and 
3 in both populations (Table 2). Genetic diversity such as 
expected heterozygosity (HE) was identical in Pyrenean 
(HE = 0.357; 60 SNPs) and Cantabrian bears (HE = 0.357; 
45 SNPs). However, since the 61-SNP panel was originally 
designed to identify Pyrenean bears, genetic diversity in 
this population could be overestimated. HE and HO were not 
significantly different within populations (W test, P > 0.05). 
However, FIS values were significantly different between 
populations (W test, P < 0.05), with significantly negative 
values in the Pyrenean population (Table 2). This result sug-
gests that Pyrenean bears exhibit greater genetic diversity 
than expected under random mating conditions. Several 
factors could explain the excess of heterozygotes; in this 
case, we attribute it to non-random mating. The Pyrenean 
population has grown from a dozen individuals to around 80 
individuals, primarily due to the reproductive success of the 
male bear "Pyros”, who is related to 89% of the bears geno-
typed in this study (only 9 identified genotypes are unrelated, 
or 14 if considering genotypes before 2017). Although the 
"Pyros effect" is not currently detect in the population, future 
monitoring is recommended to assess potential excess of 
homozygotes over time. In contrast, despite being isolated 
for over a century, the Cantabrian population remains in 
genetic equilibrium. As expected for two geographically 

Table 1   GenBank dbSNP numbers of the 61 SNPs

Local_identifier NCBI_ss

GL192338.1_3841069 538,974,401
GL192338.1_4743765 538,974,403
GL192338.1_5687446 538,974,682
GL192339.1_3051026 538,974,407
GL192340.1_2390776 538,974,416
GL192340.1_2739334 538,974,418
GL192340.1_28228 538,974,598
GL192340.1_3205674 538,974,420
GL192341.1_156225 538,974,429
GL192342.1_1196018 538,974,437
GL192342.1_85659 538,974,441
GL192343.1_1129410 538,974,442
GL192343.1_2056618 538,974,444
GL192343.1_3498523 538,974,446
GL192343.1_4101062 538,974,575
GL192344.1_56594 538,974,454
GL192345.1_1496056 538,974,458
GL192345.1_4386014 538,974,716
GL192345.1_4615261 538,974,460
GL192346.1_1662412 538,974,461
GL192346.1_1710151 538,974,463
GL192346.1_1818193 538,974,465
GL192346.1_2176302 538,974,467
GL192346.1_3785593 538,974,471
GL192347.1_149399 538,974,480
GL192347.1_2313568 538,974,482
GL192347.1_3195890 538,974,714
GL192347.1_5203431 538,974,709
GL192348.1_1569786 538,974,486
GL192348.1_4321454 538,974,490
GL192348.1_4540974 538,974,585
GL192349.1_137121 538,974,656
GL192349.1_3105684 538,974,498
GL192350.1_2165697 538,974,501
GL192350.1_233960 538,974,566
GL192350.1_4178367 538,974,505
GL192351.1_10113 538,974,507
GL192351.1_1775676 538,974,509
GL192352.1_1719564 538,974,512
GL192352.1_2509637 538,974,514
GL192353.1_139156 538,974,518
GL192353.1_2056307 538,974,520
GL192353.1_4003383 538,974,521
GL192354.1_506916 538,974,525
GL192355.1_3331547 538,974,532
GL192355.1_4355446 538,974,534
GL192356.1_1145900 538,974,617
GL192356.1_3095309 538,974,538
GL192356.1_4160080 538,974,540
GL192357.1_2738867 538,974,547

Table 1   (continued)

Local_identifier NCBI_ss

GL192436.1_163988 538,974,722
GL192458.1_314900 538,974,583
GL192567.1_546062 538,974,555
GL192818.1_522018 538,974,558
GL193388.1_310637 538,974,560
GL193990.1_102229 538,974,562
GL192338.1_3880 538,974,572
GL192339.1_4341286 538,974,409
GL192414.1_2044481 538,974,553
GL192628.1_441991 538,974,557

In bold, the sexual marker
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Fig. 2   Histogram showing the relative frequencies (%) of dropout probability using the SNP+ software (Sastre et al. 2023). A total of 1,835 non-
invasive samples (× 4 replicates) from brown bears were used to calculate the dropout probability of the panel

Fig. 3   Distribution of 1,611 brown bear samples from Northern Spain 
based on the number of laboratory identifications (with call rate = 1) 
per individual (captures). The orange bars represent the Cantabrian 

population (N = 290), the grey bars represent the Pyrenean population 
(N = 110), and the blue bars represent the total number of bears iden-
tified (N = 400)
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Table 2   Genetic diversity 
for each SNP in two bear 
populations

Locus Pyrenean bear (n = 99) Cantabrian bear (n = 290)

N HO HE FIS N HO HE FIS

1 99 0.485 0.447 − 0.091 290 0.507 0.495 − 0.026
2 99 0.061 0.078 0.218 290 0.269 0.387 0.305***
3 99 0.232 0.222 − 0.053 288 0.361 0.322 − 0.123*
4 99 0.475 0.486 0.018 290 0.197 0.189 − 0.044
5 98 0.357 0.501 0.284** 290 0.472 0.422 − 0.121
6 99 0.384 0.347 − 0.110 This locus is monomorphic: no test done
7 98 0.449 0.435 − 0.038 289 0.433 0.492 0.120*
8 99 0.354 0.305 − 0.163 290 0.507 0.462 − 0.100
9 99 0.576 0.497 − 0.163 290 0.5 0.501 − 0.001
10 99 0.404 0.359 − 0.133 This locus is monomorphic: no test done
11 99 0.545 0.416 − 0.317* 289 0.412 0.336 − 0.229***
12 99 0.515 0.502 − 0.031 288 0.333 0.392 0.149*
13 97 0.412 0.329 − 0.260* 289 0.118 0.117 − 0.007
14 99 0.455 0.456 − 0.001 This locus is monomorphic: no test done
15 99 0.465 0.47 0.007 This locus is monomorphic: no test done
16 99 0.141 0.199 0.284* 290 0.283 0.325 0.128*
17 99 0.586 0.48 − 0.227* This locus is monomorphic: no test done
18 99 0.434 0.482 0.094 290 0.303 0.312 0.026
19 98 0.01 0.01 − 0.005 290 0.079 0.089 0.107
20 99 0.556 0.495 − 0.128 290 0.507 0.479 − 0.061
21 99 0.343 0.347 0.006 290 0.386 0.421 0.080
22 99 0.545 0.416 − 0.317** 290 0.303 0.299 − 0.016
23 99 0.434 0.412 − 0.059 290 0.152 0.14 − 0.082
24 99 0.535 0.499 − 0.078 290 0.141 0.143 0.012
25 99 0.444 0.416 − 0.073 290 0.003 0.003 − 0.002
26 98 0.408 0.327 − 0.256* 290 0.124 0.135 0.076
27 99 0.414 0.394 − 0.056 This locus is monomorphic: no test done
28 98 0.531 0.455 − 0.171 290 0.541 0.499 − 0.087
29 99 0.515 0.489 − 0.058 This locus is monomorphic: no test done
30 99 0.202 0.199 − 0.023 This locus is monomorphic: no test done
31 98 0.439 0.431 − 0.023 This locus is monomorphic: no test done
32 99 0.253 0.279 0.091 290 0.441 0.423 − 0.044
33 99 0.131 0.123 − 0.070 This locus is monomorphic: no test done
34 99 0.515 0.501 − 0.034 This locus is monomorphic: no test done
35 98 0.49 0.401 − 0.227* 290 0.521 0.466 − 0.120*
36 99 0.182 0.166 − 0.100 This locus is monomorphic: no test done
37 99 0.455 0.456 − 0.001 289 0.325 0.313 − 0.041
38 99 0.273 0.251 − 0.091 290 0.493 0.447 − 0.105
39 99 0.273 0.237 − 0.158 286 0.385 0.5 0.230***
40 99 0.485 0.48 − 0.015 290 0.321 0.498 0.355***
41 99 0.455 0.473 0.034 290 0.2 0.238 0.159*
42 99 0.364 0.312 − 0.172 290 0.476 0.465 − 0.026
43 99 0.495 0.482 − 0.032 289 0.356 0.37 0.034
44 99 0.313 0.293 − 0.076 285 0.526 0.492 − 0.071
45 99 0.212 0.191 − 0.119 This locus is monomorphic: no test done
46 99 0.111 0.105 − 0.059 289 0.024 0.024 − 0.012
47 99 0.444 0.47 0.051 290 0.414 0.387 − 0.070
48 99 0.121 0.114 − 0.065 290 0.279 0.27 − 0.037
49 99 0.343 0.324 − 0.065 290 0.49 0.495 0.009



	 Conservation Genetics

separate populations, FST showed significant differentiation 
between the two bear populations (FST = 0.309; P < 0.05). 
The Bayesian model-based clustering method showed a 
peak in ∆K at K = 2 (Fig. 4a, b; Evanno et al. 2005), clearly 
distinguishing the two populations (Fig. 4c). Factorial cor-
respondence analysis (FCA) also indicated genetic differ-
entiation, with Pyrenean bears forming a distinct cluster on 
the first factorial axis (FA-I), which explained 18.61% of the 
total genetic diversity (Fig. 5). We have created five clusters 
based on the available ecological information: 1 (in yellow 
on the FCA)—samples collected in the Western area of the 
Cantabrian Mountains; 2 (in blue on the FCA)—samples 
collected in the Eastern area of the Cantabrian Mountains; 
3 (in grey on the FCA)—samples collected in both areas of 
the Cantabrian Mountains; 4 (in white on the FCA)—geno-
types unrelated to the bear “Pyros” in the Pyrenees; 5 (in 
pink on the FCA)—genotypes related to the bear “Pyros” in 
the Pyrenees (Figs. 4c, 5). Although the Bayesian analysis 
suggested K = 2, our 61-SNP panel effectively differentiated 
between the western and eastern Cantabrian subpopulations 
(Figs. 4, 5).

Furthermore, the presence of migrants demonstrates the 
connectivity between the two subpopulations. This align-
ment between ecological data (sample collection location) 
and genetic data (allelic frequencies) highlights the dif-
ferentiation of two distinct clusters within the Cantabrian 
population. Connectivity of the territory in small and iso-
lated populations is crucial to avoid the negative effects of 
inbreeding and genetic drift (Frankham 1998; Pérez et al. 
2010; Sawaya et al. 2014). The presence of migrants in 
the Cantabrian bear population and the lack of substruc-
ture in the Pyrenean population based on kinship with the 
bear “Pyros” are good long-term survival indicators for two 

endangered populations. However, another crucial factor for 
population viability is the sex ratio. The population’s sex 
ratio has the potential to influence individual behaviours, 
for instance, competition among males, male coaction, and 
female mate selection (Clutton-brock and Parker 1995; 
Jirotkul 1999; Bellemain et al. 2006; Ancona et al. 2017). 
Therefore, a sex ratio bias can significantly affect demo-
graphic parameters such as reproductive success and sur-
vival, ultimately influencing long-term population viability 
(Dale 2001; Grayson et al. 2014; Heinsohn et al. 2019). The 
Pyrenean population (N = 99) exhibited an expected sex ratio 
(0.51 for females and 0.49 for males), consistent with other 
bear populations, such as the Scandinavian brown bear and 
Beaufort Sea polar bear (Regehr et al. 2006; Bellemain et al. 
2006; Cronin et al. 2009). However, a male-biased sex ratio 
was observed in the Cantabrian population. The number of 
males detected (N = 183) was about twofold compared to 
females (N = 107). Within subpopulations and based on the 
location of the faeces, the numbers of males and females 
detected in the east was slightly significant toward males χ2 
((1, N = 113) = 4.68, P = 0.03), and strongly significant in 
the west χ2 ((1, N = 177) = 15.87, P = 6.78E−05). In brown 
bears, dispersal populations could be sex-biased since males 
cover long distances while females remain philopatric (Shi-
rane et al. 2019). This would explain why all genotyped 
individuals from the extreme northwest of the Iberian Pen-
insula were males. However, this alone does not explain the 
observed sex bias, as only 7 of 115 Western males were 
from Galicia. Another explanation could be that if the tech-
nique lacks specific, the Y chromosome of the prey might 
be amplified, mistakenly identifying a female sample as 
male (Murphy et al. 2003; Sastre et al. 2009). However, the 
sexual primes were specific and in the eastern and Pyrenean 

Table 2   (continued) Locus Pyrenean bear (n = 99) Cantabrian bear (n = 290)

N HO HE FIS N HO HE FIS

50 99 0.495 0.462 − 0.076 290 0.379 0.37 − 0.026
51 98 0.571 0.501 − 0.147 290 0.424 0.414 − 0.027
52 99 0.01 0.01 − 0.005 289 0.349 0.45 0.222***
53 99 0.576 0.478 − 0.211 290 0.507 0.469 − 0.082
54 99 0.343 0.347 0.006 290 0.538 0.5 − 0.078
55 99 0.576 0.468 − 0.237* This locus is monomorphic: no test done
56 99 0.495 0.468 − 0.063 289 0.526 0.492 − 0.071
57 99 0.455 0.436 − 0.048 288 0.278 0.274 − 0.017
58 99 0.323 0.299 − 0.086 This locus is monomorphic: no test done
59 99 0.384 0.336 − 0.148 290 0.321 0.386 0.167**
60 80 0.038 0.037 − 0.019 287 0.408 0.345 − 0.183**
Total 0.381 0.357 − 0.068* 0.354 0.357 0.006

Deviations from Hardy–Weinberg equilibrium were assessed from the fixation index FIS for each locus
HO, observed heterozygosity; HE, expected heterozygosity
*P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 4   Bayesian clustering approach for two bear populations. a) Mean 
likelihood L(K) over 25 runs assuming K clusters (K = 1–6). b) ∆K 
following Evano et al. (2005), where the modal value of the distribu-
tion is the highest level of structuring. c) Individual assignment using 
K = 2 and K = 3 clusters. Each individual is represented as a vertical 
bar sectioned into K colored segments, whose length is proportional 

to the likelihood of assignment to the K cluster. Cluster 1—samples 
collected in the western area of the Cantabrian Mountains; cluster 2—
samples collected in the eastern area of the Cantabrian Mountains; 
cluster 3—samples collected in both areas of the Cantabrian Moun-
tains; cluster 4—genotypes unrelated to the bear “Pyros” in the Pyre-
nees; cluster 5—genotypes related to the bear “Pyros” in the Pyrenees
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populations, the sexual ratio was nearly as expected. Moreo-
ver, there is no evidence in the literature suggesting that 
females have a higher mortality rate than males. Gonzalez 
et al. (2016) found a sex bias in the Western subpopula-
tion, which they attributed to greater scent marking on trees 
by males. This was confirmed in the Pyrenean population, 
where hair samples showed a male-biased sex ratio, though 
fecal samples did not. However, in the Cantabrian popula-
tion, the sex bias was significant regardless of sample type 
and subpopulation. Therefore, a plausible explanation could 
be the terrain's orography and the difficulty of finding sam-
ples from females, who are less dispersed throughout the 
territory, especially pregnant females and those with cubs.

To summarize, our methodology of DNA extraction, the 
preliminary step of preamplification, the subsequent amplifi-
cation and the strict filters established to identify an individ-
ual allowed us to reliably identify about 70% of non-invasive 
brown bear samples from the Iberian Peninsula. Our 61-SNP 
panel effectively distinguishes individuals and populations, 
helping to unveil the population dynamics and diversity in 
Pyrenean and Cantabrian brown bear populations through 
non-invasive sampling. Monitoring and managing these two 
endangered populations are essential to controlling genetic 
diversity and promoting their adaptation to changing envi-
ronmental conditions. This crucial non-invasive genetic 
data can be used to develop effective conservation strategies 
without disturbing wild animals.

Acknowledgements  We would like to acknowledge all field co-workers 
from Spain, France, and Andorra who have participated in the sample 

collection because, without them, this work would not have been pos-
sible. We are very grateful to the Field Work Coordinators, specifically 
to Ricard Casanovas from the DGPAMN-GENCAT, Ivan Afonso from 
the Conselh Generau d’Aran, Jérôme Sentilles from l’OFB, Gabriel 
Lampreave from el Cos d’Agents Rurals, Jordi Solà from the Govern 
d’Andorra, Ramón Jato from the Gobierno de Aragón, Jesús Varas from 
the Gobierno de Cantabria, Orencio Hernández from the Gobierno del 
Principado de Asturias, Antonio Callejo from la Xunta de Galicia and 
Rubén Moreno from the MITECO. We also thank Juan Diego Martín-
Martín (Faculty of Earth Science Faculty, University of Barcelona) 
for drawing the distribution map of brown bear samples collected in 
south-western Europe. Finally, we would like to thank the two anony-
mous reviewers for their helpful comments on the manuscript. This 
work was funded by the LoupO project (EFA354/19) of the European 
Interreg Program V-A Spain-France-Andorra (POCTEFA 2014-2020).

Author contributions  Conceptualisation: A.S. and O.F. Formal analy-
sis: N.S, M.C. and A.M. Methodology: N.S., M.C. and A.M. Statistics: 
N.S. and J.C. Resources: S.P., D.C. and D.P. Ecological information: 
S.P., D.C. and D.P. Supervision: A.S., O.F. and J.C. Validation: N.S. 
and J.C. Writing – original draft: NS. Writing review& editing: all 
authors.

Funding  Open Access Funding provided by Universitat Autonoma 
de Barcelona. Funding was provided by LoupO project (EFA354/19), 
European Interreg Program V-A Spain-France-Andorra (POCTEFA 
2014-2020).

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest  The authors declare no competing interests.

Fig. 5   The factorial correspondence analysis for two bear popula-
tions. The Pyrenean bears were distinct from the Cantabrian bears on 
the first factorial axis, FA-I, explaining 18.61% of the total genetic 
diversity. In yellow—samples collected in the Western area of the 
Cantabrian Mountains; in blue—samples collected in the Eastern 

area of the Cantabrian Mountains; in grey—samples collected in both 
areas of the Cantabrian Mountains; in white—genotypes unrelated to 
the bear “Pyros” in the Pyrenees; in pink—genotypes related to the 
bear “Pyros” in the Pyrenees



Conservation Genetics	

Ethics statement  Animals were not killed for the purpose of this manu-
script.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ancona S, Dénes FV, Krüger O et al (2017) Estimating adult sex ratios 
in nature. Philos Trans R Soc B 372:20160313. https://​doi.​org/​10.​
1098/​rstb.​2016.​0313

Anderson EC, Garza JC (2006) The power of single-nucleotide 
polymorphisms for large-scale parentage inference. Genetics 
172:2567–2582. https://​doi.​org/​10.​1534/​genet​ics.​105.​048074

Beja-Pereira A, Oliveira R, Alves PC et al (2009) Advancing ecological 
understandings through technological transformations in noninva-
sive genetics. Mol Ecol Resour 9:1279–1301. https://​doi.​org/​10.​
1111/j.​1755-​0998.​2009.​02699.x

Bellemain E, Taberlet P (2004) Improved noninvasive genotyping 
method: application to brown bear (Ursus arctos) faeces. Mol 
Ecol Notes 4:519–522. https://​doi.​org/​10.​1111/j.​1471-​8286.​2004.​
00711.x

Bellemain E, Zedrosser A, Manel S et al (2006) The dilemma of female 
mate selection in the brown bear, a species with sexually selected 
infanticide. Proc Biol Sci 273:283–291. https://​doi.​org/​10.​1098/​
rspb.​2005.​3331

Benzecri J (1973) L’Analyse des Données Tome I: la Taxinomie; Tome 
II: l’Analyse des Correspondances. Dunod Press, Paris

Brohede J, Primmer CR, Møller A, Ellegren H (2002) Heterogeneity in 
the rate and pattern of germline mutation at individual microsatel-
lite loci. Nucleic Acids Res 30:1997–2003

Broquet T, Ménard N, Petit E (2007) Noninvasive population genet-
ics: a review of sample source, diet, fragment length and micro-
satellite motif effects on amplification success and genotyping 
error rates. Conserv Genet 8:249–260. https://​doi.​org/​10.​1007/​
s10592-​006-​9146-5

Chapron G, Wielgus R, Quenette P-Y, Camarra J-J (2009) Diagnosing 
mechanisms of decline and planning for recovery of an endan-
gered brown bear (Ursus arctos) population. PLoS ONE 4:e7568. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00075​68

Chapron G, Kaczensky P, Linnell JDC et al (2014) Recovery of large 
carnivores in Europe’s modern human-dominated landscapes. Sci-
ence 346:1517–1519. https://​doi.​org/​10.​1126/​scien​ce.​12575​53

Clutton-brock TH, Parker GA (1995) Sexual coercion in animal soci-
eties. Anim Behav 49:1345–1365. https://​doi.​org/​10.​1006/​anbe.​
1995.​0166

Cronin MA, Amstrup SC, Talbot SL et al (2009) Genetic variation, 
relatedness, and effective population size of polar bears (Ursus 
maritimus) in the southern Beaufort Sea, Alaska. J Hered 
100:681–690. https://​doi.​org/​10.​1093/​jhered/​esp061

Cronin MA, Rincon G, Meredith RW et al (2014) Molecular phylog-
eny and SNP variation of polar bears (Ursus maritimus), brown 
bears (U. arctos), and black bears (U. americanus) derived from 

genome sequences. J Hered 105:312–323. https://​doi.​org/​10.​
1093/​jhered/​est133

Dale S (2001) Female-biased dispersal, low female recruitment, 
unpaired males, and the extinction of small and isolated bird 
populations. Oikos 92:344–356

De Barba M, Waits LP, Garton EO et al (2010) The power of genetic 
monitoring for studying demography, ecology and genetics of a 
reintroduced brown bear population. Mol Ecol 19:3938–3951. 
https://​doi.​org/​10.​1111/j.​1365-​294X.​2010.​04791.x

de Jong MJ, Niamir A, Wolf M et al (2023) Range-wide whole-
genome resequencing of the brown bear reveals drivers of 
intraspecies divergence. Commun Biol 6:1–16. https://​doi.​org/​
10.​1038/​s42003-​023-​04514-w

Díaz-Fernández M, Naves J, Revilla E (2023) Conservation implica-
tions of range dynamics in endangered populations: an example 
with brown bears. Conserv Sci Pract 5:e12894. https://​doi.​org/​
10.​1111/​csp2.​12894

Eiken HG, Andreassen RJ, Kopatz A et al (2009) Population data for 
12 STR loci in Northern European brown bear (Ursus arctos) 
and application of DNA profiles for forensic casework. Forensic 
Sci Int 2:273–274. https://​doi.​org/​10.​1016/j.​fsigss.​2009.​07.​007

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clus-
ters of individuals using the software STRU​CTU​RE: a simula-
tion study. Mol Ecol 14:2611–2620. https://​doi.​org/​10.​1111/j.​
1365-​294X.​2005.​02553.x

Excoffier L, Laval G, Schneider S (2007) Arlequin (version 3.0): an 
integrated software package for population genetics data analy-
ses. Evol Bioinform Online 1:47–50

Frankham R (1998) Inbreeding and extinction: island populations. 
Conserv Biol 12(3):665–675

Giangregorio P, Norman AJ, Davoli F, Spong G (2019) Testing a 
new SNP-chip on the Alpine and Apennine brown bear (Ursus 
arctos) populations using non-invasive samples. Conserv Genet 
Resour 11:355–363. https://​doi.​org/​10.​1007/​s12686-​018-​1017-0

Gill P (2001) An assessment of the utility of single nucleotide 
polymorphisms (SNPs) for forensic purposes. Int J Leg Med 
114:204–210. https://​doi.​org/​10.​1007/​s0041​49900​117

Gonzalez EG, Blanco JC, Ballesteros F et al (2016) Genetic and 
demographic recovery of an isolated population of brown bear 
Ursus arctos L., 1758. PeerJ 4:e1928. https://​doi.​org/​10.​7717/​
peerj.​1928

Grayson KL, Mitchell NJ, Monks JM et al (2014) Sex ratio bias and 
extinction risk in an isolated population of tuatara (Sphenodon 
punctatus). PLoS ONE 9:e94214. https://​doi.​org/​10.​1371/​journ​
al.​pone.​00942​14

Gregório I, Barros T, Pando D et al (2020) Paths for colonization or 
exodus? New insights from the brown bear (Ursus arctos) popu-
lation of the Cantabrian Mountains. PLoS ONE 15:e0227302. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02273​02

Guo SW, Thompson EA (1992) Performing the exact test of Hardy–
Weinberg proportion for multiple alleles. Biometrics 48:361–372. 
https://​doi.​org/​10.​2307/​25322​96

Harr B, Schlötterer C (2000) Long microsatellite alleles in Drosophila 
melanogaster have a downward mutation bias and short persis-
tence times, which cause their genome-wide underrepresentation. 
Genetics 155:1213–1220

Hauser L, Baird M, Hilborn R et al (2011) An empirical comparison 
of SNPs and microsatellites for parentage and kinship assignment 
in a wild sockeye salmon (Oncorhynchus nerka) population. Mol 
Ecol Resour 11(Suppl 1):150–161. https://​doi.​org/​10.​1111/j.​1755-​
0998.​2010.​02961.x

Heinsohn R, Olah G, Webb M et al (2019) Sex ratio bias and shared 
paternity reduce individual fitness and population viability in a 
critically endangered parrot. J Anim Ecol 88:502–510. https://​doi.​
org/​10.​1111/​1365-​2656.​12922

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rstb.2016.0313
https://doi.org/10.1098/rstb.2016.0313
https://doi.org/10.1534/genetics.105.048074
https://doi.org/10.1111/j.1755-0998.2009.02699.x
https://doi.org/10.1111/j.1755-0998.2009.02699.x
https://doi.org/10.1111/j.1471-8286.2004.00711.x
https://doi.org/10.1111/j.1471-8286.2004.00711.x
https://doi.org/10.1098/rspb.2005.3331
https://doi.org/10.1098/rspb.2005.3331
https://doi.org/10.1007/s10592-006-9146-5
https://doi.org/10.1007/s10592-006-9146-5
https://doi.org/10.1371/journal.pone.0007568
https://doi.org/10.1126/science.1257553
https://doi.org/10.1006/anbe.1995.0166
https://doi.org/10.1006/anbe.1995.0166
https://doi.org/10.1093/jhered/esp061
https://doi.org/10.1093/jhered/est133
https://doi.org/10.1093/jhered/est133
https://doi.org/10.1111/j.1365-294X.2010.04791.x
https://doi.org/10.1038/s42003-023-04514-w
https://doi.org/10.1038/s42003-023-04514-w
https://doi.org/10.1111/csp2.12894
https://doi.org/10.1111/csp2.12894
https://doi.org/10.1016/j.fsigss.2009.07.007
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1007/s12686-018-1017-0
https://doi.org/10.1007/s004149900117
https://doi.org/10.7717/peerj.1928
https://doi.org/10.7717/peerj.1928
https://doi.org/10.1371/journal.pone.0094214
https://doi.org/10.1371/journal.pone.0094214
https://doi.org/10.1371/journal.pone.0227302
https://doi.org/10.2307/2532296
https://doi.org/10.1111/j.1755-0998.2010.02961.x
https://doi.org/10.1111/j.1755-0998.2010.02961.x
https://doi.org/10.1111/1365-2656.12922
https://doi.org/10.1111/1365-2656.12922


	 Conservation Genetics

Höss M, Kohn M, Pääbo S et al (1992) Excrement analyses by PCR. 
Nature 359:199–199. https://​doi.​org/​10.​1038/​35919​9a0

Hubisz MJ, Falush D, Stephens M, Pritchard JK (2009) Inferring weak 
population structure with the assistance of sample group infor-
mation. Mol Ecol Resour 9:1322–1332. https://​doi.​org/​10.​1111/j.​
1755-​0998.​2009.​02591.x

Jirotkul M (1999) Operational sex ratio influences female preference 
and male–male competition in guppies. Anim Behav 58:287–294. 
https://​doi.​org/​10.​1006/​anbe.​1999.​1149

Kohn M, Knauer F, Stoffella A et al (1995) Conservation genetics of 
the European brown bear—a study using excremental PCR of 
nuclear and mitochondrial sequences. Mol Ecol 4:95–103. https://​
doi.​org/​10.​1111/j.​1365-​294x.​1995.​tb001​96.x

Kohn MH, York EC, Kamradt DA et al (1999) Estimating popula-
tion size by genotyping faeces. Proc R Soc Lond B 266:657–663. 
https://​doi.​org/​10.​1098/​rspb.​1999.​0686

Krawczak M (1999) Informativity assessment for biallelic single nucle-
otide polymorphisms. Electrophoresis 20:1676–1681. https://​doi.​
org/​10.​1002/​(SICI)​1522-​2683(19990​101)​20:8%​3c167​6::​AID-​
ELPS1​676%​3e3.0.​CO;2-D

Latham E, Stetz JB, Seryodkin I et al (2012) Non-invasive genetic 
sampling of brown bears and Asiatic black bears in the Russian 
Far East: a pilot study. Ursus 23:145–158

López-Bao JV, Godinho R, Rocha RG et al (2020) Consistent bear 
population DNA-based estimates regardless molecular markers 
type. Biol Conserv 248:108651. https://​doi.​org/​10.​1016/j.​biocon.​
2020.​108651

McLellan BN, Proctor MF, Huber D, Michel S (2017) Ursus arctos, 
Brown Bear. The IUCN Red List of Threatened Species

Miller W, Schuster SC, Welch AJ et al (2012) Polar and brown bear 
genomes reveal ancient admixture and demographic footprints of 
past climate change. PNAS 109:E2382–E2390. https://​doi.​org/​10.​
1073/​pnas.​12105​06109

Morin P, Luikart G, Wayne RK (2004) SNPs in ecology, evolution and 
conservation. Trends Ecol Evol 19:208–216. https://​doi.​org/​10.​
1016/j.​tree.​2004.​01.​009

Murphy MA, Waits LP, Kendall KC (2003) The influence of diet on 
faecal DNA amplification and sex identification in brown bears 
(Ursus arctos). Mol Ecol 12:2261–2265. https://​doi.​org/​10.​1046/j.​
1365-​294X.​2003.​01863.x

Norman AJ, Street NR, Spong G (2013) De novo SNP discovery in the 
Scandinavian brown bear (Ursus arctos). PLoS ONE 8:e81012. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00810​12

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analyses in Excel. 
Population genetic software for teaching and research—an update. 
Bioinformatics 28:2537–2539. https://​doi.​org/​10.​1093/​bioin​forma​
tics/​bts460

Pérez T, Vázquez F, Naves J et al (2009) Non-invasive genetic study of 
the endangered Cantabrian brown bear (Ursus arctos). Conserv 
Genet 10:291–301. https://​doi.​org/​10.​1007/​s10592-​008-​9578-1

Pérez T, Naves J, Vázquez JF et al (2010) Evidence for improved con-
nectivity between Cantabrian brown bear subpopulations. Ursus 
21:104–108

Piédallu B, Quenette P-Y, Bombillon N et al (2019) Determinants 
and patterns of habitat use by the brown bear Ursus arctos in 
the French Pyrenees revealed by occupancy modelling. Oryx 
53:334–343

Pompanon F, Bonin A, Bellemain E, Taberlet P (2005) Genotyp-
ing errors: causes, consequences and solutions. Nat Rev Genet 
6(11):847–859

Puckett EE, Eggert LS (2016) Comparison of SNP and microsatel-
lite genotyping panels for spatial assignment of individuals to 
natal range: a case study using the American black bear (Ursus 

americanus). Biol Conserv 193:86–93. https://​doi.​org/​10.​1016/j.​
biocon.​2015.​11.​020

Regehr EV, Amstrup SC, Stirling I (2006) Polar bear population status 
in the southern Beaufort Sea. U.S. Geological Survey, Reston

Sastre N, Francino O, Lampreave G et al (2009) Sex identification of 
wolf (Canis lupus) using non-invasive samples. Conserv Genet 
10:555–558

Sastre N, Mercadé A, Casellas J (2023) SNP+ to predict dropout rates 
in SNP arrays. Conserv Genet Resour. https://​doi.​org/​10.​1007/​
s12686-​023-​01309-3

Sawaya MA, Kalinowski ST, Clevenger AP (2014) Genetic connectiv-
ity for two bear species at wildlife crossing structures in Banff 
National Park. Proc R Soc B 281:20131705. https://​doi.​org/​10.​
1098/​rspb.​2013.​1705

Seddon JM, Parker HG, Ostrander EA, Ellegren H (2005) SNPs in 
ecological and conservation studies: a test in the Scandinavian 
wolf population. Mol Ecol 14:503–511. https://​doi.​org/​10.​1111/j.​
1365-​294X.​2005.​02435.x

Shirane Y, Shimozuru M, Yamanaka M et al (2019) Sex-biased disper-
sal and inbreeding avoidance in Hokkaido brown bears. J Mammal 
100:1317–1326. https://​doi.​org/​10.​1093/​jmamm​al/​gyz097

Swanson KS, Vester BM, Apanavicius CJ et al (2009) Implications of 
age and diet on canine cerebral cortex transcription. Neurobiol 
Aging 30:1314–1326. https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​
2007.​10.​017

Swenson JE, Taberlet P, Bellemain E (2011) Genetics and conservation 
of European brown bears Ursus arctos: bear conservation genet-
ics. Mammal Rev 41:87–98. https://​doi.​org/​10.​1111/j.​1365-​2907.​
2010.​00179.x

Swenson JE, Ambarlı H, Arnemo JM et al (2020) Brown bear (Ursus 
arctos; Eurasia). In: Penteriani V, Melletti M (eds) Bears of the 
World: ecology, conservation and management. Cambridge Uni-
versity Press, Cambridge, pp 139–161

Taberlet P, Bouvet J (1992) Bear conservation genetics. Nature 
358:197–197. https://​doi.​org/​10.​1038/​35819​7a0

Taberlet P, Luikart G (1999) Non-invasive genetic sampling and indi-
vidual identification. Biol J Linn Soc 68:41–55. https://​doi.​org/​
10.​1111/j.​1095-​8312.​1999.​tb011​57.x

Taberlet P, Camarra JJ, Griffin S et al (1997) Noninvasive genetic track-
ing of the endangered Pyrenean brown bear population. Mol Ecol 
6:869–876

Vanpé C, Piédallu B, Quenette PY, Sentilles J et al (2022) Estimating 
abundance of a recovering transboundary brown bear population 
with capture-recapture models. Peer Commun J. https://​doi.​org/​
10.​24072/​pcjou​rnal.​199

Viengkone M, Derocher AE, Richardson ES et al (2016) Assessing 
polar bear (Ursus maritimus) population structure in the Hudson 
Bay region using SNPs. Ecol Evol 6:8474–8484. https://​doi.​org/​
10.​1002/​ece3.​2563

Waits LP, Paetkau D (2005) Noninvasive genetic sampling tools for 
wildlife biologists: a review of applications and recommendations 
for accurate data collection. J Wildl Manag 69:1419–1433

Wasser SK, Houston CS, Koehler GM et al (1997) Techniques for 
application of faecal DNA methods to field studies of Ursids. 
Mol Ecol 6:1091–1097. https://​doi.​org/​10.​1046/j.​1365-​294x.​
1997.​00281.x

Weber JL, Wong C (1993) Mutation of human short tandem repeats. 
Hum Mol Genet 2:1123–1128. https://​doi.​org/​10.​1093/​hmg/2.​8.​
1123

Xenikoudakis G, Ersmark E, Tison J-L et al (2015) Consequences of a 
demographic bottleneck on genetic structure and variation in the 
Scandinavian brown bear. Mol Ecol 24:3441–3454. https://​doi.​
org/​10.​1111/​mec.​13239

https://doi.org/10.1038/359199a0
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1006/anbe.1999.1149
https://doi.org/10.1111/j.1365-294x.1995.tb00196.x
https://doi.org/10.1111/j.1365-294x.1995.tb00196.x
https://doi.org/10.1098/rspb.1999.0686
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8%3c1676::AID-ELPS1676%3e3.0.CO;2-D
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8%3c1676::AID-ELPS1676%3e3.0.CO;2-D
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8%3c1676::AID-ELPS1676%3e3.0.CO;2-D
https://doi.org/10.1016/j.biocon.2020.108651
https://doi.org/10.1016/j.biocon.2020.108651
https://doi.org/10.1073/pnas.1210506109
https://doi.org/10.1073/pnas.1210506109
https://doi.org/10.1016/j.tree.2004.01.009
https://doi.org/10.1016/j.tree.2004.01.009
https://doi.org/10.1046/j.1365-294X.2003.01863.x
https://doi.org/10.1046/j.1365-294X.2003.01863.x
https://doi.org/10.1371/journal.pone.0081012
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1007/s10592-008-9578-1
https://doi.org/10.1016/j.biocon.2015.11.020
https://doi.org/10.1016/j.biocon.2015.11.020
https://doi.org/10.1007/s12686-023-01309-3
https://doi.org/10.1007/s12686-023-01309-3
https://doi.org/10.1098/rspb.2013.1705
https://doi.org/10.1098/rspb.2013.1705
https://doi.org/10.1111/j.1365-294X.2005.02435.x
https://doi.org/10.1111/j.1365-294X.2005.02435.x
https://doi.org/10.1093/jmammal/gyz097
https://doi.org/10.1016/j.neurobiolaging.2007.10.017
https://doi.org/10.1016/j.neurobiolaging.2007.10.017
https://doi.org/10.1111/j.1365-2907.2010.00179.x
https://doi.org/10.1111/j.1365-2907.2010.00179.x
https://doi.org/10.1038/358197a0
https://doi.org/10.1111/j.1095-8312.1999.tb01157.x
https://doi.org/10.1111/j.1095-8312.1999.tb01157.x
https://doi.org/10.24072/pcjournal.199
https://doi.org/10.24072/pcjournal.199
https://doi.org/10.1002/ece3.2563
https://doi.org/10.1002/ece3.2563
https://doi.org/10.1046/j.1365-294x.1997.00281.x
https://doi.org/10.1046/j.1365-294x.1997.00281.x
https://doi.org/10.1093/hmg/2.8.1123
https://doi.org/10.1093/hmg/2.8.1123
https://doi.org/10.1111/mec.13239
https://doi.org/10.1111/mec.13239


Conservation Genetics	

Xu X, Peng M, Fang Z (2000) The direction of microsatellite mutations 
is dependent upon allele length. Nat Genet 24:396–399. https://​
doi.​org/​10.​1038/​74238

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/74238
https://doi.org/10.1038/74238

	Unveiling population dynamics and diversity in two European brown bear (Ursus arctos) populations through non-invasive SNP genotyping
	Abstract
	Introduction
	Materials and methods
	SNP panel selection, samples, and laboratory procedures
	SNP genotyping
	SNP validation and population data analyses

	Results and discussion
	Acknowledgements 
	References


