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Introduction

Large carnivores are capable of long-distance dispersal 
and their populations thus often straddle administrative 
and international borders. Consequently, implementing an 
adequate monitoring scheme that operates on a sufficient 
geographical scale while simultaneously being simple to 
apply and preferably harmonised transnationally presents a 
challenge (Bartoń et al. 2019; Bischof et al. 2016). Molecu-
lar tools have extended our toolbox, particular in the moni-
toring of wildlife for rare and elusive species such as large 
carnivores. DNA-based monitoring of noninvasively col-
lected samples as well as samples taken from dead recover-
ies enable us to assess populations across areas of various 
scales (see e.g., Schwartz et al. 2007).
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Abstract
Harmonising methodology between countries is crucial in transborder population monitoring. However, immediate appli-
cation of alleged, established DNA-based methods across the extended area can entail drawbacks and may lead to biases. 
Therefore, genetic methods need to be tested across the whole area before being deployed. Around 4,500 brown bears 
(Ursus arctos) live in Norway, Sweden, and Finland and they are divided into the western (Scandinavian) and eastern 
(Karelian) population. Both populations have recovered and are connected via asymmetric migration. DNA-based popula-
tion monitoring in Norway and Sweden uses the same set of genetic markers. With Finland aiming to implement monitor-
ing, we tested the available SNP-panel developed to assess brown bears in Norway and Sweden, on tissue samples from a 
representative set of 93 legally harvested individuals from Finland. The aim was to test for ascertainment bias and evaluate 
its suitability for DNA-based transnational-monitoring covering all three countries. We compared results to the perfor-
mance of microsatellite genotypes of the same individuals in Finland and against SNP-genotypes from individuals sampled 
in Sweden (N = 95) and Norway (N = 27). In Finland, a higher resolution for individual identification was obtained for 
SNPs (PI = 1.18E-27) compared to microsatellites (PI = 4.2E-11). Compared to Norway and Sweden, probability of iden-
tity of the SNP-panel was slightly higher and expected heterozygosity lower in Finland indicating ascertainment bias. 
Yet, our evaluation show that the available SNP-panel outperforms the microsatellite panel currently applied in Norway 
and Sweden. The SNP-panel represents a powerful tool that could aid improving transnational DNA-based monitoring of 
brown bears across these three countries.
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The brown bear (Ursus arctos) made a successful come-
back in Sweden and Finland (Chapron et al. 2014) after 
decades of intense persecution that wiped out the species 
almost completely (Mykrä and Pohja-Mykrä 2015; Swen-
son et al. 1995). Today, the brown bear population is divided 
into the population on the Scandinavian peninsula (Norway 
and Sweden) in the west and the Karelian population (north-
eastern Norway and Finland) in the east (Kopatz et al. 
2021). Since the start of regular population size estimations 
in the 1970s, brown bear numbers have gradually increased 
to the latest estimates of about 127 (95% credible interval: 
111–142) individuals in Norway, 2,616 (95% credible inter-
val: 2,499-2,732) in Sweden and about 1,830 (95% credible 
interval: 1,740-1,925) individuals were estimated in Finland 
before hunting season (Bischof et al. 2020; Dupont et al. 
2023; Heikkinen et al. 2023). Latest research documented 
the restoration of the once lost connectivity between both 
populations. However, the documented gene flow appears 
to be a comparably recent event and thus should be care-
fully monitored and managed in order to maintain con-
nectivity and counter potential negative effects of isolation 
(Frankham 1995; Kopatz et al. 2021; Lowe and Allendorf 
2010).

For an effective and sustainable population and conserva-
tion management, Norway, and Sweden place high empha-
sis on their monitoring of large carnivores. The governments 
of both countries have set specific population management 
goals that require detailed monitoring tools. Because all 
large carnivore populations in Norway and Sweden repre-
sent transborder populations, transnational collaboration 
on the monitoring is highly aligned and embedded on dif-
ferent levels in management and ministries, further solidi-
fied through signed, bilateral Memorandum of Agreements. 
Additionally, dissemination of the monitoring results and 
reports to the public is largely harmonised, including the 
use of one, common database. As brown bears tend to be 
involved in conflict with humans, predator management fre-
quently requires rapid DNA analyses for individual identi-
fication, necessitating quick response times for delivering 
results. Currently, more than 70,000 brown bear samples 
are registered in the publicly accessible database Rovbase 
(www.rovbase.no or www.rovbase.se). Furthermore, man-
agement has requested more comprehensive knowledge 
such as inferring familial relationships among individuals to 
assess dispersal and migration. In summary, these require-
ments emphasise the need for a reliable, cost-effective, and 
flexible molecular tool capable of handling both small and 
large sample sizes addressing various management needs.

In Norway and Sweden, the brown bear population 
is monitored using the same twelve short tandem repeats 
(STRs) or microsatellite markers (Kopatz et al. 2012). Every 
monitoring season, 1,000 to 5,000 samples are analysed 

by both countries. The noninvasively collected biological 
material for monitoring consists mainly of faeces and hairs. 
But also tissue samples from legally harvested individuals 
as well as dead recoveries are subject to analysis. While tis-
sue samples ensure unproblematic genetic analyses, faeces 
and hairs can pose several challenges. Such samples are 
notorious in displaying low quality and quantity of DNA for 
analysis due to degradation, which can lead to potential bias 
in the results (Piggott and Taylor 2003), low amplification 
rates and genotyping errors (Creel et al. 2003; Dewoody et 
al. 2006). Previous studies have suggested single-nucleo-
tide polymorphisms (SNPs) as a reliable alternative to the 
standard analysis of microsatellites using capillary electro-
phoresis in DNA-based population monitoring (Fitak et al. 
2015; von Thaden et al. 2017). Advanced genotyping with 
microsatellites, such as high-throughput sequencing, can 
also offer an alternative (De Barba et al. 2017). However, if 
samples cannot be analysed in a batch and results need to be 
provided swiftly, as for rapid analyses in conflict cases, then 
high-throughput sequencing is not feasible.

Overall, the application of genetic methods has become 
more accessible and significantly less expensive while 
allowing for automatization of the analysis pipeline (Kumar 
et al. 2012). SNP-markers amplify shorter DNA-fragments 
and are therefore more suitable in genotyping samples with 
potential degraded DNA (Morin et al. 2004; Seddon et al. 
2005). Poor sample quality, as with faeces or hair, can result 
in allelic dropout, false alleles, and genotyping errors with 
both markers. However, SNPs have shown to be less prone 
to these challenges than standard microsatellites and reduce 
the possibility for homoplasy (Kraus et al. 2015; Norman 
and Spong 2015; Nussberger et al. 2014; von Thaden et al. 
2017). Application of both marker systems requires experi-
enced personnel as allele-calling can be challenging in both 
microsatellites and SNPs (Pompanon et al. 2005; Wang and 
Morrissey 2017). SNPs further enable potentially less prob-
lematic harmonisation among different laboratories using 
the same markers, without the need for calibration of allele-
calling (Vignal et al. 2002). This is already common prac-
tice in the DNA-based transborder population monitoring of 
grey wolf (Canis lupus) and wolverine (Gulo gulo) in Nor-
way and Sweden (see latest monitoring reports by Kleven et 
al. 2023; Svensson et al. 2023).

In Finland, a DNA-based monitoring scheme for brown 
bears is currently under development with the aim to har-
monise the transnational DNA-based monitoring of the 
species with Norway and Sweden. Therefore, the aim of 
our study was to test the usability of the available brown 
bear SNP-panel for transnational population monitoring of 
brown bears across Norway, Sweden, and Finland, espe-
cially regarding potential ascertainment bias. This bias can 
occur when applying genetic markers to other populations, 
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outside the population these markers have been ascertained 
for (Geibel et al. 2021; Lachance and Tishkoff 2013). We 
used a representative set of male brown bears from one 
generation in Finland (Fig. 1A). As the dispersing sex it 
should be more representative of the genetic variation to 
be found across the Finnish brown bear population com-
pared to philopatric female brown bears (Støen et al. 2006). 
Additionally, male brown bears should be highly informa-
tive regarding the overall genetic variation found due to the 
strong gene flow with the Russian population (Kopatz et al. 
2014; Tammeleht et al. 2010).

Materials and methods

Sample collection and molecular analyses

We used 93 tissue samples collected 2011–2017 from legally 
harvested male brown bears in Finland. The legal harvest 
of brown bears in Finland adheres to an annual quota cor-
responding to the estimated abundance and distribution of 
brown bears and the sampling in this study followed this 

distribution throughout Finland (Fig. 1A). Tissue samples 
were obtained by our co-authors of the Natural Resources 
Institute Finland (Luke). No ethical permit was required, as 
the sample collection did not involve live animals. These 
individuals were previously genotyped with 12 STR mark-
ers used for the DNA-based monitoring of brown bears in 
Sweden and Norway (Kopatz et al. 2021). Here, we geno-
typed the same samples and material with the 96 × 96 SNP 
panel, comprising 85 autosomal, four mtDNA, four y-linked 
and three x-linked SNP-markers, developed for Swedish 
brown bears (Norman et al. 2013) including its latest adjust-
ments (Norman and Spong 2015). The SNP-genotyping 
was performed on a BioMark (Fluidigm Corporation, San 
Francisco, USA) at the laboratory of NINAGEN Centre for 
Biodiversity Genetics at the Norwegian Institute for Nature 
Research in Trondheim following manufacturer’s instruc-
tions. Negative and positive controls were included.

Statistical analysis and population genetic structure

After SNP-genotyping, the results were evaluated by 
comparing with the results based on STRs as described 

Fig. 1 Testing the application of 
the Scandinavian (Norway and 
Sweden) SNP-panel (Norman et 
al. 2013) on brown bears (Ursus 
arctos) on individuals sampled in 
Finland. A: Sampling locations of 
the 93 brown bears from Finland 
and their assignment to one of 
the two genetic clusters identified 
(see Material and Methods). B: 
Expected heterozygosity (He) 
of the 82 autosomal SNPs in 
Finland (sorted from lowest to 
highest) in comparison to geno-
types from Norway and Sweden. 
C: Mean likelihood of Bayesian 
clustering for K = 1 to 10 clusters 
over 10 independent runs of 
93 male, Finnish brown bears 
with the program STRUCTURE 
enabling admixture model, 
disabled LOCPRIOR option 
(Pritchard et al. 2000). D: Esti-
mate of the most likely number 
of genetic clusters (ΔK) using the 
approach described by Evanno et 
al. (2006)
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heterozygosity (He) were lower in Finland (Ho=0.37 and 
He=0.38) compared to Norway and Sweden, both with 
Ho=0.45 and He=0.47 and He=0.46 respectively (see 
Table 1).

Based on their SNP-genotypes, the brown bear popula-
tion in Finland is subdivided into two, geographically over-
lapping genetic clusters (Fig. 1A, C and D). One cluster 
represented the genotypes from individuals sampled in the 
north, while the second cluster genotypes from individuals 
sampled in the south (Fig. 1A).

Discussion

The results of our application test demonstrate that the 
available SNP-panel developed to monitor brown bears 
in Norway and Sweden (Norman et al. 2013) provides a 
lower probability of identity (PI) compared to the currently 
applied STRs or microsatellite markers (Andreassen et 
al. 2012; Kopatz et al. 2012) and can be used to identify 
individuals in Finland with much higher statistical power. 
Probability of exclusion was high and comparable among 
the results of all three countries. While both marker sys-
tems provide sufficient thresholds for individual identifica-
tion, given the large number of samples to be processed, 
SNPs allow for more feasible assessment of family relation-
ships among individuals as well as increased efficiency and 
automatization during analysis and scoring. Additionally, 
using similar SNP-methodology as already applied in the 
monitoring of other large carnivores such as grey wolf and 
wolverine (Kleven et al. 2023; Svensson et al. 2023) allows 
for comparably cost-effective analysis and application. The 
spatial population genetic structure of the Finnish brown 
bear population has been intensively studied (Kopatz et al. 
2014, 2017, 2021; Saarma and Kojola 2007; Tammeleht et 
al. 2010). Our Bayesian analysis for population structure 
showed that SNP-genotypes group similarly into the two, 
previously described northern and southern genetic clusters 
in Finland (Fig. 1A). Earlier studies also showed that the 
population structure found in Finland, as well as Norway 
and Sweden, displays isolation-by-distance (Kopatz et al. 
2014; Schregel et al. 2018).

Results on heterozygosity however indicate an ascertain-
ment bias (Fig. 1B). The cause of ascertainment bias is the 

in previous studies (Waits et al. 2001): we calculated the 
probability of identity (PI), probability of identity among 
siblings (PIsib), probability of exclusion (PE), observed 
(Ho) and expected heterozygosity (He) with GenAlEx v6.5 
(Peakall and Smouse 2012). For comparison of the perfor-
mance, we included a representative set of unpublished, pre-
viously SNP-genotyped brown bears from Sweden (N = 95) 
and Norway (N = 27). We used the 93 SNP-genotypes for an 
analysis in STRUCTURE (Pritchard et al. 2000) employing 
a burn-in of 100,000 and iterations of 1,000,000. The results 
were postprocessed with Evanno (Evanno et al. 2005) as 
well as Clumpak (Jombart et al. 2010) to reveal the most 
likely number of genetic clusters present.

Results

Genotyping results

Due to a technical error, one of the 85 autosomal SNPs 
failed to amplify in all samples from Finland. Additionally, 
two other autosomal SNPs had missing data for more than 
10% of the previously genotyped samples from Norway 
and Sweden. As a result, these three autosomal SNPs were 
removed prior to analyses. For the remaining 82 autosomal 
SNPs, the mean call rate for the 93 Finnish samples was 
0.995, ranging from 0.939 to 1.000.

Statistical results and population genetic structure

The available SNP-panel provided higher resolution for 
individual identification in Finland, with probability of 
identity (PI) being lower for SNPs (PI = 1.18E-27) com-
pared to microsatellites (PI = 4.2E-11). The probability of 
identity as well as probability of identity among siblings 
(PIsib) was higher for Finnish brown bears (PIsib=1.33E-14) 
compared to SNP-genotypes from brown bears sampled 
in Norway (PI = 2.81E-33 and PIsib=1.05E-17) and Swe-
den (PI = 7.03E-34 and PIsib=4.75E-18, see Table 1). The 
probability of exclusion (PE) using SNPs was high in Swe-
den (PE = 0.99993) and Norway (PE = 0.99990), and only 
slightly lower in Finland (PE = 0.99896). Expected hetero-
zygosity (He) was lower in Finland, with 19 SNP markers 
showing He<0.3 (Fig. 1B). Observed (Ho) and expected 

Table 1 Evaluation of the Scandinavian (Norway and Sweden) SNP-panel for DNA-based population monitoring for brown bears (Ursus arctos) 
in Finland, compared to the results with genotypes from individuals sampled in Norway and Sweden: number of genotypes (N), probability of 
identity (PI), probability of identity among siblings (PIsib), probability of exclusion (PE), observed (Ho) and expected heterozygosity (He) includ-
ing standard error (SE).
Country N PI PIsib PE Ho SE He SE
Finland 93 1.18E-27 1.33E-14 0.99896 0.37 0.02 0.38 0.02
Sweden 95 7.03E-34 4.75E-18 0.99993 0.45 0.01 0.47 0.00
Norway 27 2.81E-33 1.05E-17 0.99990 0.45 0.01 0.46 0.01
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data will enable effective species and population conserva-
tion and management. Therefore, especially refined, and 
harmonised population monitoring across all three countries 
(Norway, Sweden, and Finland) will be essential.

Our study provides a practical example of the chal-
lenges encountered when expanding the spatial area of 
DNA-based monitoring or genetic assessment, particu-
larly when incorporating new populations of the target 
species with potentially different genetic makeup. We 
demonstrated how an existing genetic tool, in this case 
SNPs, can be tested beyond its original target population 
for which it was developed. Overall, the currently avail-
able SNP-panel would be sufficient for DNA-based popu-
lation monitoring enabling individual identification and 
the determination of the sampled individual’s sex. How-
ever, for deeper, and more comprehensive assessments, 
including genetic diversity and pedigrees to study indi-
vidual dispersal and gene flow, the utility may be limited 
(Giangregorio et al. 2023; Hauser et al. 2011). Further-
more, we used tissue samples from Finland for our evalu-
ation. However, when applied to noninvasive sample 
material, such as faeces and hairs, the issue of genotyping 
errors needs to be addressed adequately and error rates 
should be reported as well as the potential risk of one 
sample collected containing DNA from more than one 
individual (von Thaden et al. 2017). For a reliable and 
cost-effective monitoring scheme, transborder harmonisa-
tion should be based on recent, accessible and affordable 
genomic knowledge (Heuertz et al. 2023). In our case, 
an overhaul of the current SNP-panel, by exchanging the 
subset of less informative markers among the existing 
ones, or by designing an additional, second SNP-panel, 
would ameliorate the ascertainment bias found.
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use of a part or non-representative population or popula-
tion segment when ascertaining the genetic markers. These 
specific markers may not perform as originally intended 
when analysing samples from another segment or popula-
tion. The ascertainment bias is revealed by deviations from 
expected allele patterns, most commonly by lower hetero-
zygosity (Geibel et al. 2021; Lachance and Tishkoff 2013). 
The main reason is likely the fact that the used SNP-panel 
has been developed using individuals sampled from Nor-
way and Sweden (Norman et al. 2013). The genotypes of 
these individuals are to some extent genetically different 
from brown bears from Finland, as the populations have 
been separated for at least 30 to 40 years (Curry-Lindahl 
1972; Swenson et al. 1995), which correspond to three to 
four brown bear generations (Tallmon et al. 2004). Ascer-
tainment bias can therefore affect the assignment of an 
individual genotype to a population with a different genetic 
makeup. For instance, genotypes may be less variable at 
a certain locus of one or more SNP-markers. Due to less 
informativeness of the markers applied on other geographi-
cal and genetically distant populations, a feasible assess-
ment combining individuals from all populations might 
prove challenging (Giangregorio et al. 2018; Lachance and 
Tishkoff 2013; Nygaard et al. 2022). Therefore, to enhance 
its suitability for a comprehensive transnational monitoring 
and assessment of genetic relationships, one solution could 
be to replace the 19 SNP-markers showing He<0.3 with 
more variable loci also found in the Finnish bear population 
to capture the genetic variation. Another solution could be 
the development of an all-new SNP-panel based on brown 
bear genotypes from all three populations, preferably also 
including individuals from neighbouring countries.

Documenting the status and trajectories of wildlife popu-
lations is crucial in a changing world, and large-scale trans-
national monitoring would be needed for comprehensive 
assessments of species with continuous distribution (Lamb 
et al. 2019). For more than a decade, brown bears in Norway 
and Sweden have been monitored using eight to twelve mic-
rosatellites markers for individual identification. Inter-pop-
ulation connectivity of the populations in northern Europe, 
especially from the Finnish-Russian brown bear popula-
tions, has recently become a focus of wildlife management 
of Norway and Sweden (Kopatz et al. 2021). Maintaining 
sufficient genetic variation, especially for species capable 
of long-distance dispersal such as brown bears, is impor-
tant for a population’s resilience and viability (Driscoll et al. 
2014; Heller and Zavaleta 2009). Therefore, migration and 
gene flow among populations is crucial (Kopatz et al. 2021). 
Improved DNA-methodologies and technical advancements 
to survey natural populations will enable new pathways 
how we monitor our natural world in the future (Abrams 
et al. 2019; De Barba et al. 2023). High-resolution genetic 
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