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Abstract

In Finland, the geographic distribution of domestic reindeer (Rangifer tarandus tarandus) and Finnish wild forest reindeer
(Rangifer tarandus fennicus) partly overlap in the vicinity of the southern border of the reindeer herding area. Additionally,
domestic reindeer are occasionally kept as pets within the distribution range of the wild forest reindeer. Hybridisation of
these two subspecies is one of the major threats for the wild forest reindeer population. Concerns about potential hybridi-
sation served as the catalyst also for this study, which we aimed to clarify the taxonomic status of presumed wild forest
reindeer individuals intended as founder individuals for a reintroduction project. To do this, we resequenced genomes of
four Rangifer tarandus individuals with unknown taxonomical status and investigated their ancestries by comparing the
genomic data with the existing resequenced data of the Finnish domestic reindeer and Finnish wild forest reindeer. The
genetic relationship investigations indicated that all individuals we analysed were pure wild forest reindeer, making them
suitable as founder individuals for the reintroduction project. Thus, our study provided critical knowledge for practical
conservation action, where it was essential to recognise each individual’s origin. In the future, it will also offer novel
insights into the spread of native wild forest reindeer to new geographic regions in Finland. For subsequent studies, addi-
tional resequenced genomic data of Rangifer individuals will be needed to develop an ancestry information marker panel
of single nucleotide polymorphisms for rapid and cost-effective identification of hybrid individuals of these subspecies.
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Introduction

Hybridisation or crossbreeding between individuals of dif-
ferent species may occur naturally in 10% of animal species
(Mallet 2005). While it could act as a source of genetic vari-
ation, especially hybridisation between wild populations
and their domesticated or captive-reproduced relatives is
an increasing conservation concern worldwide (e.g., Randi
2008; Stroupe et al. 2022; Alice Brambilla et al. 2023;
Sprem et al. 2023). The introduction of non-native species
to new areas has led to hybridisation or crossbreeding, as
with several European ungulate populations, for example
(e.g. Randi 2005; Iacolina et al. 2019).

The forest-dwelling Finnish wild forest reindeer (Ran-
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gifer tarandus fennicus), a native subspecies of reindeer
with circumpolar distribution, nowadays exists only in
Finland, Russian Karelia and the westernmost part of the
Arkhangelsk oblast (Panchenko et al. 2021). Based on aer-
ial censuses, there were about 3,000 wild forest reindeer
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in the late winter of 2023 in Finland (Natural Resources
Institute Finland, unpublished data), divided over the two
main subpopulations, Kainuu and Suomenselké (Paasivaara
et al. 2021, 2022). The Suomenselkd subpopulation was
introduced from Kainuu in the early 1980s, and there is no
confirmed gene flow between subpopulations. In addition,
two new subpopulations have been reintroduced recently
(Mykré-Pohja and Niemi 2022). The Russian population
has decreased during the last few decades, the last estimate
being approximately 2,300 individuals (Panchenko et al.
2017; Danilov et al. 2020), leading to the global population
of about 5,000-6,000 individuals. In contrast to decreas-
ing wild reindeer populations, Klokov (2007) estimated
that there are nearly 2,000,000 domestic reindeer (Rangi-
fer tarandus) globally, of which one-third are distributed
in Fennoscandia. There, the maximum number of domestic
reindeer is regulated through legislation, leading somewhat
stable population sizes about 200 000 individuals in Finland.
The recent whole-genome sequencing study evidenced
that the wild forest reindeer are genetically distinct from
the domestic reindeer (Pokharel et al. 2023). Moreover,
the archaeo-osteological study by (Rankama and Ukkonen
2001) indicated separate origins for northern Fennoscandian
forest and tundra reindeer; the forest reindeer may have
originally spread to Finland from the east circa 7,500 years
ago, following the retracting ice margin, while the tundra
reindeer may have colonised northern Fennoscandia espe-
cially along the Norwegian narrow ice-free coastal zone.
Although the Fennoscandian domestic reindeer has
been domesticated from the tundra reindeer (also called the
mountain reindeer, Rangifer tarandus tarandus) (Reed et al.
2021), the domestic reindeer and the wild forest reindeer
partly have a common history as suggested by Heino et al.
(2021). They studied ancient reindeer bone samples from
indigenous Sami offering sites and found that mitochondrial
DNA (mtDNA) haplotypes common to wild forest reindeer
were present even in the most northern part of present-
day Finland, that is, in the current reindeer herding area.
They began to be replaced by mtDNA haplotypes found in
domestic reindeer starting between 1400 and 1600 CE, indi-
cating the growing importance of reindeer herding during
those centuries. Correspondingly, the wild forest reindeer

Table 1 Summary of samples used in whole-genome sequence analy-
sis. The four Rangifer individuals studied were investigated during this
study, whereas other samples had been sequenced earlier and served
as references

No. of
individuals

Population

Finnish domestic reindeer (Rangifer tarandus tarandus) 10

Finnish wild forest reindeer (Rangifer tarandus 6
fennicus)

Studied Rangifer tarandus individuals 1, 2, 3, 4 4
Alaskan wild caribou (Rangifer tarandus caribou) 1
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were hunted in a reindeer herding area, and the last herd was
not shot until 1883 (Montonen 1974).

Due to their long history, domestic reindeer and wild
forest reindeer are capable to mate and produce fertile off-
spring. Crossbreeding has been recognised as a major threat
for the wild forest reindeer genome (Harkdnen and Bisi
2007), and an active prevention program targets prevent-
ing hybridisation and removing possible hybrids from the
Finnish subpopulations of wild forest reindeer (Niemi et al.
2021). Most encounters leading to crossbreeding between
the domestic reindeer and wild forest reindeer occur near the
southern border of the reindeer herding area, where about
13 000 domestic reindeers exist permanently in six herding
districts. However, there is sporadic, small-scale reindeer
keeping also in the southern part of Finland, meaning that
hybridisation could occur there as well if animals escape
from their owner (Wildlife Service Finland, unpublished
data). Even if the appearance of hybrids in the wild forest
reindeer population seems to be low (Pokharel et al. 2023),
the expanding distribution area of wild forest reindeer will
most likely lead to an increased number of encounters with
domesticated and wild reindeer, underlining the need for
tools to test a possible hybridisation.

In this study, we analysed the genome of four supposed
wild forest reindeer individuals to identify their possible
hybridisation status and to recognise which subpopulation
the individuals originated. Three of these animals were
intended to be used as founder individuals in a wild forest
reindeer reintroduction project, underlining the importance
of their genetic origin. For determination of their taxonomi-
cal status (and possible hybridisation), we used the exist-
ing whole-genome sequencing data of the Finnish domestic
reindeer and wild forest reindeer (Weldenegodguad et al.
2020; Pokharel et al. 2023).

Materials and methods
Collecting samples

In the winter of 2019, a wild forest reindeer female and
its female offspring (individual 1; see Table 1 and Supple-
mentary Tables S1 and S2) were detected in the reindeer
herding area in Kainuu, where a 90-kilometre-long fence
has been built to separate domestic reindeer and wild forest
reindeer populations (Niemi et al. 2021). Both individuals
were caught (Permit criteria of the Finnish National Animal
Experiment Board; Decisions on the granting of license of
team Regional State Administrative Agency for Southern
Finland, ESAVI: 6336/04.10.03/2012, 587/04.10.07/2016
and 23666/2018) and transported to the breeding enclosure
located in Lauhanvuori National Park (62.1521° N, 22.1751°
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E), which is one of two reintroduction sites of wild forest
reindeer in the EU-funded project WildForestReindeerLIFE
(Mykré-Pohja and Niemi 2022). Because those transported
individuals were intended to act as founder individuals for
the newly reintroduced wild forest reindeer population and
animals were found from the reindeer herding area, the
calf’s possible hybridisation status needed to be tested. As
the adult female was pregnant and gave a birth in the enclo-
sure in the spring of 2019, the status of that newborn male
offspring (individual 2) also had to be checked. The young
female was anaesthetised and sampled in Autumn 2020 and
the male in the summer of 2021.

In January 2022, the police captured a young Rangifer
male (individual 3) from Helsinki (YLE 2022), which is
located more than 200 km to the south of the wild forest

@ WFR individuals' discovery site
O Lauhanvuori breeding enclosure
Reindeer husbandry area
eee Reindeer fence
WFR distribution area

reindeer reintroduction areas and 300 km from the distribu-
tion area of the closest wild population (Fig. 1) (P6llénen et
al. 2023). After recovering in the Helsinki Zoo, that individ-
ual was also transported to the wild forest reindeer breeding
enclosure in Lauhanvuori National Park. Its mtDNA was
analysed before transportation (Korkeasaari Zoo 2022), but
as the analysis did not reveal possible crossbreeding with
a wild forest female and domestic reindeer male (Amorim
et al. 2020), the possible hybridisation status needed to be
confirmed through this study.

With these three samples related to the reintroduction of
wild forest reindeer, an older sample (individual 4) from a
supposed wild forest reindeer was also analysed. This indi-
vidual was found dead in Joutsa, Finland, in the autumn
of 2017 outside the known distribution area of wild forest
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Fig. 1 Discovery sites of studied wild forest reindeer individuals and
breeding enclosure in Lauhanvuori National Park. The subpopulations
of wild forest reindeer (WFR) are marked with grey and reindeer herd-
ing (or reindeer husbandry) area with diagonal lines. This information
was provided by the Natural Resources Institute Finland (wild forest
reindeer distribution), the Reindeer Herders’ Association (reindeer
herding area) and Eurostat (country borders). The abbreviation ‘WFR’
refers to ‘wild forest reindeer’. The fence is located only in the Kuhmo

region in East Finland. On the map, Suomussalmi (1, 2) refers to the
geographical origin of individual 1 and individual 2 in Kainuu region,
while individual 3 was found in Helsinki and individual 4 in Joutsa.
In Finland, reindeer herding area (or reindeer husbandry area) covers
Lapland region and northern parts of North Ostrobothnia and Kainuu
region. The reindeer herding area covers 36% of Finland’s total area
(122,936 sq. kilometers)
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reindeer (Fig. 1). DNA was extracted from blood (individu-
als 1, 2 and 3) and from hair samples (individual 4).

Whole-genome sequencing

To examine the genetic relationships between the Finnish
domestic and the four presumed wild forest reindeer indi-
viduals described above, we used a total of 21 resequenced
reindeer samples (Table 1 and Supplementary Table S1).
The previous data included genome sequences of 10 Finnish
domestic reindeer, six Finnish wild forest reindeer and, as
an outgroup, one wild caribou from Alaska, USA (Weldene-
godguad et al. 2020; Pokharel et al. 2023); these data were
generated at Beijing Genomics Institute using the Illumina
HiSeq 4000 platform. The new samples described above
and investigated here were sequenced using the Illumina
HiSeq 4000 with a 150 bp paired-end strategy at Novogene.

Bioinformatic analysis

Prior to the bioinformatic analysis, the quality of the
raw reads was assessed using FastQC software v0.11.8
(Andrews 2010). MultiQC v1.9 (Ewels et al. 2016) was used
to summarise the quality control reports of all samples from
FastQC. High-quality clean reads for each sample were
mapped against the domestic reindeer reference genome
(Weldenegodguad et al. 2020) using BWA v0.7.17 (Li and
Durbin 2009) with default parameters. Following mapping,
the SAM files generated by BWA were converted to binary
equivalent BAM files and sorted using Picard tools v2.21.4
(https://broadinstitute.github.io/picard/). PCR duplicates
from the aligned reads were removed using Picard tools.

After preprocessing the mapped reads, the Genome
Analysis Toolkit (GATK) best practices pipeline (Van der
Auwera et al. 2013) was used to identify high-quality vari-
ants (single nucleotide polymorphisms [SNPs] and indels)
from the uniquely mapped reads. Variants were called using
the GATK v4.2.0.0 HaplotypeCaller from the uniquely
mapped reads. Based on GATK4 user guide recommenda-
tions, sequencing and alignment artifacts from the variants
were discarded using the following parameters: Fisher-
Strand (FS)>60.0, RMS Mapping Quality (MQ)<40.0,
Mapping Quality Rank Sum Test (MQRankSum) < —8.0,
QualByDepth (QD)<2.0, ReadPosRankSum< —8.0 and
StrandOddsRatio (SOR)>3.0 for SNPs and FS>200.0,
MQ<40.0, QD<2.0, ReadPosRankSum<-8.0 and
SOR > 5.0 for indels.

To examine the genetic relatedness between the sam-
ples, a principal component analysis (PCA) was conducted
using the identified SNPs with a Bioconductor R package
SNPRelate, v1.28.0 (Zheng et al. 2012). SNPs were first
filtered based on linkage disequilibrium (LD) using the
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snpgdsLDpruning function in the SNPRelate package to
avoid strong influence of linked SNP clusters (see Pokharel
et al. 2023). We used 0.2 LD thresholds for filtering the
SNPs. The R function snpgdsPCA was used to perform a
PCA plot.

Moreover, the identified SNPs were utilised to gener-
ate a Neighbour-Joining phylogenetic tree using SNPhylo
v. 20,160,204 (Lee et al. 2014). Before constructing the
tree, SNPs were further filtered using SNPhylo with the fol-
lowing filter parameters: minimum depth of coverage>5,
percentage of low-coverage samples <5%, percentage of
samples with no SNP information < 5%, LD < 0.1 and minor
allele frequency > 0.05. The filtered SNPs were then concat-
enated to generate sequences and used to perform multiple
alignments using MUSCLE v3.8.31 (Edgar 2004). A Neigh-
bour-Joining tree was then constructed by running DNAML
programs in the PHYLIP package (Felsenstein 2005). Boot-
strap analysis was performed using the “phangorn” package
with 100 replications (Guindon et al. 2010). FigTree v1.4.4
(Rambaut 2018) was used to visualise the phylogenetic tree.

Furthermore, population admixture based on the iden-
tified SNPs was examined using ADMIXTURE software,
v.1.3.0 (Alexander et al. 2009). The SNPs in VCF format
were first converted into binary PLINK format for ADMIX-
TURE input using PLINK v1.90b6.21 (Purcell et al. 2007).
ADMIXTURE was then examined using different ancestral
clusters (K) ranging from two to five. The present R. taran-
dus populations (domestic reindeer, wild forest reindeer and
caribou) grouped into three different clusters in the previ-
ous phylogenetic study (Pokharel et al. 2023). To estimate
standard errors, the bootstrap parameter was set to 100
replicates.

Results
Whole-genome sequence data

In this study, a total of 441 gigabases (Gb) of paired-end
whole-genome sequence data were generated from 21
samples (Table 1 and Supplementary Table S2) to examine
the genetic relatedness between the samples. The quality
of all the samples was found to be high and, hence, qual-
ity filtering was not performed. On average, each sample
had 274 million (M) and 41.18 Gb clean reads and bases,
respectively (Supplementary Table S2). The reads were
successfully aligned to the assembled reference genome,
with an average alignment rate of 98.31%, and represented
10-fold coverage (Supplementary Table S2).
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Variant calling

A total of 28.1 M SNPs were detected using the uniquely
mapped reads across all 21 samples (Supplementary Table
S3). The average number of SNPs detected per individual
was 8.1 M. In the domestic reindeer, the average number of
SNPs was 7.9 M, in the wild forest reindeer it was slightly
higher at 8.2 M and in the four samples investigated here it
was 8.5 M. On average, the calculated transition-to-trans-
version (Ts/Tv) ratios were 1.90 per individual (Supplemen-
tary Table S3). The observed Ts/Tv ratios were found to be
slightly lower than that of humans (2.1) (Lachance et al.
2012) and bovines (2.2) (Stothard et al. 2011; Choi et al.
2014, 2015). Moreover, a total of 3.9 M indels were detected
across all 21 samples, and on average 1.23 M indels were
detected per individual.

Population structure analysis

PCA and phylogenetic tree analysis were used to exam-
ine the genetic relationships between all 21 animals. In
the phylogenetic tree, the wild caribou from Alaska was
an outgroup. The PCA plot and phylogenetic tree revealed
two major groups: the Finnish domestic reindeer versus the
Finnish wild forest reindeer (Figs. 2 and 3). Both the PCA
plot and phylogenetic tree clearly indicated that the two ani-
mals captured from the reindeer herding area (individual 1
and 2), the Rangifer sp. individuals found in Helsinki (indi-
vidual 3) and Joutsa (individual 4 which was dead), were
pure Rangifer tarandus fennicus, and no sign of hybridisa-
tion with domestic reindeer was detected.

Results from analysis of population structure and admix-
ture are seen in Fig. 4 showing the obtained structure plots
of the four populations for all the K values. Cross-validation
errors of the cluster numbers were lowest for K values two
and three, increasing after that as K increased (Supplemen-
tary Table S4). This suggests that either two or three would
be the optimal number of ancestral populations. As shown
in Fig. 4, at K=3, individuals 1, 2, 3 and 4 showed ances-
tries with Finnish forest reindeer populations. This cluster-
ing is consistent with the results of PCA and phylogenetic
tree (Figs. 2 and 3). Moreover, our analyses (Figs. 3 and 4)
clearly show that the individuals 1 and 2 grouped with the
forest reindeer samples which were collected in the Kainuu
subpopulation (RTF17, RTF31, RTF84, RTF96) whereas
the individuals 3 and 4 clustered with the samples RTF6 and
RTF7 collected in Suomenselkd subpopulation.

Discussion
Individuals’ taxonomical status and hybridisation

We sequenced the whole genome of four presumed wild for-
est reindeer individuals to confirm their taxonomical status
and possible hybridisation. Our results showed that all four
individuals tested were wild forest reindeer, and no marks of
hybridisation were detected. Thus, three of these wild forest
reindeer, which were kept in the breeding enclosure in Lau-
hanvuori National Park, were considered suitable as founder
individuals for reintroduced subpopulation. Two tested
males were then released into the Lauhanvuori National
Park, but unfortunately, the female died in the enclosure.
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Fig. 2 PCA plot for 21 resequenced animals. Finnish domestic rein-
deer (Fi-D-R) clustered separately from the Finnish wild forest (Fi-F-
R) individuals. Four new samples included in this study (St-In) were

grouped with Fi-F-R individuals. A sample representing Alaskan wild
caribou (AL-W-C) stood out as an outgroup
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Fig. 3 Phylogenetic analysis indicated two main clusters of reindeer populations. (1) Finnish domestic reindeer (FR-individuals) and (2) Finnish
wild forest reindeer (RTF-individuals)/studied individuals. Bootstrap confidence values are shown at each branch

We selected to use whole-genome sequencing data in
our study because its ability to distinguish wild forest rein-
deer from domestic reindeer is clearly more powerful than
autosomal microsatellites (Weldenegodguad et al. 2020;
Pokharel et al. 2023), which have previously been used to
examine genetic diversity of wild forest reindeer (e.g. Reed
et al. 2008). However, there is a need for a more cost-effec-
tive and rapid method to identify potential hybrids. By using
so called an ancestry information marker (AIM) approach
for whole-genome sequence data analysis, it will be possible
to develop an AIM single nucleotide polymorphism (SNP)
panel with a limited number SNPs for hybrid identification
(see e.g. Somenzi et al. 2020). Although more genomes of
both domestic reindeer and wild forest reindeer individuals
need to be sequenced, the samples we analysed in this study
could be utilized in this developing work. When usable,
the SNP-panel would facilitate the routine identification of
hybrids when collecting wild forest reindeer or their gam-
etes from the wild. The AIM SNP panel can also be used for
example to reveal the poaching of wild forest reindeer in the
case that only a skinned carcass or meat is found.

Wildlife Service Finland is currently planning a new
reintroduction, where several wild forest reindeer individu-
als intended as founder animals will be caught and trans-
ported from the nature into breeding enclosures. In theory,
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hybridisation could occur anywhere within the range of
the wild forest reindeer, and hybrids with domestic rein-
deer cannot be always identified based solely on their phe-
notypes. Therefore, we recommend that any individuals
captured from the wild for reintroduction purposes will be
tested to detect potential hybridisation to avoid the situation
where a new population was established by using individu-
als carrying genes from a domestic subspecies. However,
the use of genetic data offers even a wider range of oppor-
tunities to select most suitable founder individuals for rein-
troductions. Genomic data has recently used for example to
identify appropriate founders for woodland caribou conser-
vation breeding program in Jasper National Park in Canada
(Cavedon et al. 2023).

The importance of assisted reproduction in conservation
purposes has been increasing (e.g. Acevedo and Barfield
2023). In the future, it may be possible to collect semen
from wild forest reindeer males killed for example in traf-
fic and utilize them to improve the genetic diversity of the
zoo population through assisted reproduction. Such as liv-
ing founder individuals, the potential hybrid status of these
donor animals should be routinely checked.
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Fig. 4 Population structure analysis of the four populations using ADMIXTURE. (Fi-D-R, Finnish domestic reindeer; Fi-F-R Finnish wild forest
reindeer; St-In, Studied individuals, AL-W-C, Alaskan wild caribou). The analysis was repeated with different assumed numbers of clusters (K)

Individuals’ origin

All of four individuals we tested displayed high levels of
genetic variation although they originated from different
subpopulations. Our results indicate that the tested female
(individual 1) and the young male (individual 2) which were
born to the adult female captured from the reindeer herding
area, originated from the Kainuu subpopulation. The result
was highly expected as the pregnant female was caught very
close to Kainuu subpopulation. In addition, it had been pre-
viously GPS-collared, and its movement history was known
from 2011 to 2015 (unpublished data, Natural Resources
Institute Finland).

In contrast, the young male (individual 3) captured from
Helsinki and the one (individual 4) that was found after its
death in Joutsa, originated from the Suomenselki subpopu-
lation. Both individuals were far away (about 200 km) from
the known areas of this subpopulation. Especially discov-
ery site of individual 3 was somewhat surprising; calves
under the age of one usually follow their mothers and/or

the natal herd before first breeding at age two to four (Mon-
tonen 1974). The most likely explanation for ending up in
the southern coast is that the calf was accidentally lost from
its mother and/or normal wintering area, and then wandered
following landscape elements until its route was blocked by
urban settlement.

The exact age of the adult male (individual 4) is not
known but it was possibly a young male dispersing from its
natal areas. Even adult wild reindeer females typically show
a high rate of breeding-site fidelity (Montonen 1974; Schae-
fer et al. 2000), the natal dispersal patterns are still mainly
unknown. However, several observations of young wild for-
est reindeer individuals, both males and females, have done
during the past decades outside their known distribution area
(unpublished data, Natural Resources Institute Finland).
This is most likely related to the growth and expansion of
the Suomenselké subpopulation (Paasivaara et al. 2021; see
also distribution maps in Hérkénen and Bisi 2007; Pollédnen
et al. 2023). The findings of this study, together with the
expanding range of the Suomenselkd population, indicate
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that the rate of true dispersal of wild forest reindeer may
exist. Potentially, the probability of gene flow between sub-
populations may increase accordingly.

Conclusions

In this study, we used the whole-genome sequencing
approach to confirm the taxonomical status and possible
hybridisation of four Rangifer individuals from partially
unknown origin. All tested animals were wild forest rein-
deer, and no marks of hybridisation with domestic reindeer
were found. Thus, tested individuals were considered as
suitable founders for wild forest reindeer reintroduction
project. In addition to their taxonomical status and possible
hybridisation, we got information about studied individu-
als’ origin. This helps us to better understand wild forest
reindeer natal dispersal, which is still mainly unknown in
details. Even relatively rare, hybridisation could occur prac-
tically anywhere within the range of the wild forest reindeer,
and hybrids cannot be always identified based on their phe-
notypes. This is why we suggest that each wild forest rein-
deer captured from the wild for reintroduction purposes or
to enhance zoo population, will be tested to detect potential
hybridisation. To make this routine, we should develop a
SNP panel for cost-effective and faster hybrid identification.
For that, whole genome sequencing of more individual is
needed. In a long run, the use of genetic methods alongside
traditional conservation tools will help us to restrict gene
flow from the domestic reindeer to the wild forest reindeer
population.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12686-
024-01369-z.
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