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ARTICLE INFO ABSTRACT

Keywords: Reintroductions may produce populations that suffer from decreasing genetic diversity due to isolation, genetic
Conservation genomics drift and inbreeding if not assisted by careful management. To assess the genetic outcomes of reintroductions in
Inbreeding

large carnivores, we used the Eurasian lynx (Lynx lynx) as a case study, which was the subject of several rein-
troduction attempts over the last 50 years. Although some restocking actions initially appeared successful, lynx
Species translocation recovery has stagnated in recent years. To reveal potential genetic causes of slow lynx recovery in Europe, we
Population management examined genome-wide patterns of genetic diversity and inbreeding using single nucleotide polymorphisms
Reintroduction biology (SNPs) in all six successfully reintroduced populations in central Europe, as well as twelve natural populations
across Europe and Asia. All reintroduced populations showed lower genetic diversity and elevated levels of
inbreeding compared to source and other natural populations. Recent inbreeding is prevalent in all reintroduced
populations with varying degrees of severity; the most severe cases are those with the lowest number of founding
individuals. Interestingly, we found evidence of lower genetic diversity and recent inbreeding in the source
population for five reintroduced populations, begging the question if individuals taken from these source pop-
ulations can safeguard sufficient genetic diversity for future reintroductions. Given the observed genetic con-
sequences, we advocate for standardized regular genomic assessment of source and target populations as well as

Large carnivore
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Abbreviations: ROH, runs of homozygosity; RADseq, restriction site associated DNA sequencing; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency;
LD, linkage disequilibrium.
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individuals prior to release. Our study provides compelling evidence for the serious consequences of founder
population size on the genetic diversity of reintroduced large carnivore populations, which has broad implica-

tions for their conservation.

1. Introduction

Large carnivores exert a wide range of cascading ecological effects
that regulate and maintain ecosystems and can enhance overall biodi-
versity (Ripple et al., 2014). Many apex predators have become
regionally extinct in large parts of their historic ranges, with their return
being considered a key step in ecosystem restoration (Lipsey and Child,
2007). One potential way to foster the return of large carnivores is active
reintroduction. Numerous reintroduction projects across a wide array of
taxa have been conducted to reestablish species to their native ranges
(Godefroid et al., 2011; Frosch et al., 2014; Cochran-Biederman et al.,
2015; La Haye et al., 2017). Some actions have led to positive results
(vonHoldt et al., 2008; Frosch et al., 2014; Moseby et al., 2018; Jiménez
et al., 2019), while others failed post-release or required constant
restocking (Griffith et al., 1989; Fischer and Lindenmayer, 2000).

Genetic factors can have a major influence on the overall outcome of
reintroduction efforts (Frankham, 2009). In the short-term, the genetic
composition of released individuals, the size of the founding population
and outbreeding depression are major concerns (Keller and Waller,
2002; Hayward and Somers, 2009). Ensuring a sufficient pool of unre-
lated released individuals is particularly important for species with low
reproduction rates (Noss et al., 1996) to avoid inbreeding (Armstrong
and Seddon, 2008). Given the high spatial and food requirements as well
as potential for human-wildlife conflict, large carnivores are considered
more challenging to translocate than other species (Noss et al., 1996;
Garrote et al., 2020).

Once a population has been established, isolation and small popu-
lation size contribute to increasing the risk of inbreeding and reduction
of genetic diversity as well as accumulation of deleterious mutations
through genetic drift (Whitlock, 2000; Frankham, 2005). Inbreeding is
commonly observed in reintroductions with small founding populations
(Hayward and Somers, 2009). Inbreeding depression can lower indi-
vidual fitness resulting in lowered fertility and survival (Keller and
Waller, 2002). As a long-term consequence of accumulated inbreeding
and reduced genetic variability, reintroduced populations may become
more vulnerable to environmental change (Xue et al., 2015) or suffer
demographic effects of lower fitness, and face possible extinction
(Frankham, 2005).

Modern advances in genetic and genomic methods enable the
investigation of these potentially detrimental genetic consequences of
reintroductions (Xue et al., 2015). Traditionally, population monitoring
is carried out through surveys or DNA-based monitoring using mito-
chondrial (mtDNA) sequence data and microsatellite analysis (Brei-
tenmoser-Wiirsten and Obexer-Ruff, 2003; Sindici¢ et al., 2013; Bull
et al., 2016; Krojerova-Prokesova et al., 2019; Mueller et al., 2020).
These methods are prone to ascertainment bias and lack of compara-
bility across laboratories, which present serious obstacles to compare
genetic diversity across large geographic scales, national borders as well
as across multiple populations and generations. Measures of genetic
diversity and inbreeding derived from microsatellite markers have been
shown to correlate only loosely with genome-wide heterozygosity esti-
mates (Vali et al., 2008). In contrast, genomic methods such as restric-
tion site associated DNA sequencing (RADseq) allow for high resolution
genome-wide analysis of genetic diversity and inbreeding (Grossen
et al., 2018) and can provide more detailed insights into the potential
long-term viability and extent of inbreeding in reintroduced pop-
ulations. Runs of homozygosity (ROH) analysis, for instance, can be used
to uncover recent inbreeding more accurately than traditional hetero-
zygosity estimates that do not take the location of SNPs into account
(Kardos et al., 2015; Forutan et al., 2018). Such accurate genowewide

inbreeding estimates can be used to inform managers of acute threats to
population health and viability resulting from genetic erosion (Kardos
et al., 2018; Grossen et al., 2018).

The Eurasian lynx (Lynx lynx, Linnaeus 1758) provides a suitable
example to study genetic consequences of reintroductions using
genome-wide markers due to diverse population histories and demog-
raphy across the range, including a number of reintroduction attempts.
It is a large solitary carnivore; its historical range stretched across the
Palearctic from Western Europe to East Asia. During the 19th and 20th
centuries, populations in Europe faced extensive persecution and
became locally extinct in several regions (Chapron et al., 2014). Today,
the Eurasian lynx is considered to have a large, stable population in
Russia and central Asia. A stable population is present in Fennoscandia,
which underwent a significant bottleneck during the first half -20th
century (Hellborg et al., 2002, Pulliainen, 1968, Chapron et al., 2014,
Supplementary Table S1). The Baltic population (Poland, Belarus,
Lithuania, Estonia and Latvia) is exposed to considerable habitat frag-
mentation in its western-most part and has decreased in recent years
(Supplementary Table S1; Schmidt et al., 2009). The Carpathian popu-
lation has been the main source of European lynx reintroductions across
Europe. The population is considered stable, however, there have been
significant population fluctuations in the western part over the last
century, including a notable decline in the 1930s, a result of strong
hunting pressure, and a quick recovery after legal protection (Hell,
1968; Jamnicky, 1997). Currently, sub-structuring within the West
Carpathian Mountains was suggested by genetic as well as coat-pattern
analysis (Krojerova-Prokesova et al., 2019; Kubala et al., 2020).

From 1971 to 2006, 17 different reintroduction and translocation
projects were implemented to restore populations of this elusive carni-
vore in Western and Central Europe (Linnell et al., 2009; Idelberger
et al., 2021; Molinari et al., 2021). These projects faced a number of
challenges and setbacks (see Appendix 1 for more details). Many pro-
jects released only a few individuals and could not adequately monitor
the population post-release (Linnell et al., 2009). Given early setbacks,
only six reintroductions founded populations which experienced de-
mographic growth in years post-release (Fig. 1A). Nearly two decades
after the last reintroductions, several populations are undergoing
noticeable changes in demography (Appendix 1). Human induced
mortality, especially legal and illegal hunting and persecution, has
affected several populations negatively (Breitenmoser-Wiirsten and
Obexer-Ruff, 2003; Sindici¢ et al., 2016; Heurich et al., 2018).

All reintroduced populations are currently monitored, including
DNA-based methods. Microsatellite analysis discovered that reintro-
duced populations display low genetic diversity (Breitenmoser-Wiirsten
and Obexer-Ruff, 2003; Bull et al., 2016; Mueller et al., 2020), some to
the point of being in critical status (Sindicic¢ et al., 2013). Given that the
reintroduced lynx populations are faced with low genetic diversity and
high inbreeding, which affects the species' ability to survive in the long
term, we aimed to provide the first genome-wide assessment of rein-
troduced and natural Eurasian lynx populations. In particular, we aimed
to answer the following questions: i) what is the extent of inbreeding and
genome-wide genetic diversity loss in reintroduced lynx populations
compared to natural populations, and ii) is genetic erosion of the rein-
troduced populations severe enough to warrant their management
through translocation and supplementary measures?

Our data constitute an important baseline for the currently envi-
sioned Eurasian lynx conservation strategy to form a large, connected
Central European lynx metapopulation which will be capable of main-
taining a high level of genetic variability through gene flow among
reintroduced and adjacent natural (i.e. non-reintroduced) populations
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(Molinari-Jobin et al., 2010; Bonn Lynx Expert Group, 2021). Based on
our results we give recommendations for further conservation man-
agement of reintroduced lynx populations in Central Europe. Further,
we discuss factors contributing to reintroduction outcomes and, specif-
ically, if exchange of animals among reintroduced Central European
populations could enhance levels of genetic diversity.

2. Methods
2.1. Sample collection and DNA extraction

We obtained 308 samples from 14 different countries collected from
2000 to 2019 (Fig. 1, Supplementary Table S2). We sampled all six
successfully reintroduced populations within Central Europe (excluding
ongoing projects, such as the Palatinate Forest, Germany). Five were
sourced from the Slovak Carpathians (Swiss-Alpine (ALP), Swiss-Jura
(JURA), North-Eastern Swiss (NE-CH), Bohemian-Bavarian-Austrian
(BBA), and Dinaric (DIN)) and one from captive-bred individuals from
German and Swedish zoos (HARZ) (Fig. 1A, Appendix 1).

We also sampled the Slovak Carpathians (CARP) to investigate in-
dividuals from the source population. We included seven additional
individuals that originate from the Polish and Romanian Carpathians,
four of which were sequenced by Lucena-Perez et al. (2020) (Fig. 1A,
Supplementary Table S2). In addition, we sequenced samples from seven
populations identified solely by geographical location, namely North-
Eastern Poland (POL), Latvia (LAT), Estonia (EST), Finland (FIN), Nor-
way (NOR), Kirov (KIR), and Mongolia (MON). We included 35 samples
from Lucena-Perez et al. (2020) from the Ural, Tuva, Yakutia (YAK),
Primorsky Krai (PRIM) and MON populations to comprise a large part of
the Eurasian lynx distribution for comparison.

Samples included mainly tissue [251], but also blood [17], dried skin
[27], bone [7], hair [2], and feces [2]. For invasive samples, DNA was
isolated using the Qiagen Blood and Tissue Kit following the manufac-
turer's protocols. We added an additional step to treat the samples with
RNase A after lysis. The Genomic DNA Mini kit Tissue was used to
extract DNA from bone and hair samples and the QIAamp DNA Stool
Mini Kit was used to extract DNA from fecal samples, both following the
manufacturer's protocols. We chose 190 samples for GBS, which met
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quality specifications and maintained equal sampling distribution. The
extracts were diluted to 10-15 ng/pl to fit sequencing recommendations.

2.2. GBS sequencing

Genomic DNA from the selected 190 samples was converted into
nextRAD genotyping-by-sequencing libraries (SNPsaurus, LLC) as in
Russello et al. (2015). Genomic DNA was first fragmented with Nextera
DNA Flex reagent (Illumina, Inc.), which also ligates short adapter se-
quences to the ends of the fragments. The Nextera reaction was scaled
for fragmenting up to 25 ng of genomic DNA. Fragmented DNA was then
PCR amplified with one of the primers matching the adapter and
extending 10 nucleotides into the genomic DNA with the selective
sequence GTGTAGAGCC. Thus, only fragments starting with a sequence
that can be hybridized by the selective sequence of the primer were
efficiently amplified. The GBS libraries were sequenced on a HiSeq 4000
with one lane of 150 bp reads (University of Oregon).

Upon receiving the sequencing data, the raw reads were first trim-
med to remove adapter sequences as well as stretches of low quality and
ambiguous bases using Adapter Removal v2.3.0 (Lindgreen, 2012). At
this step, we added bam files of 39 individuals with whole genome se-
quences from a previous study (Lucena-Perez et al., 2020).

After filtering, the cleaned reads were mapped to the Iberian lynx
reference genome (Abascal et al., 2016, https://denovo.cnag.cat/lynx)
using BWA-MEM (v 0.7.12-r1039) (Li and Durbin, 2009). We performed
SNP calling using samtools (v1.9) (Li et al., 2009) mpileup function. The
called raw SNPs were filtered to remove: 1) individual samples with
missing data above 65% or with less than 5.0X average coverage; 2) loci
with missing data in 30% of the samples, minor allele frequency (MAF)
lower than 0.05, or depth lower than 3.0X and higher than 70X; and 3)
loci with genotype quality less than 20. In addition to these criteria, the
SNPs were also pruned to account for linkage disequilibrium (LD) using
2 > 0.8 in 100 kb windows using beftools v1.9 (Li et al., 2009).

2.3. Analysis of population structure

We first performed a principal component analysis (PCA) on the
entire dataset, and on a subset of natural Carpathian and Carpathian

3 Lz ACARPSIO -

”‘QM () 1970 (23)./ ‘ ! /<
% ; o N
[ w01(12) S { :

JURA“ NE-CH _,\\}3

N
‘\/\\ s

\ \ Pl Ty

PR,

N T . - -
7 v 7 ; Geoal 3 Y;
SwedlshZoos )‘ e @ - /J/y . \
AT b sample < P2 g NN
/' AR size 2\, \{ R
- Q) \ Oreintroduced i JaaN]
@natural
&
. 3
sk CARPPof LAk

TUVA. . q
S\ PRIM
2 AR
"IN mon @ W
\ ‘.‘\., 7 7‘\/.

\\’?\ &%)

X 1600 km |

Fig. 1. Sampled populations and reintroduction history of the Eurasian lynx. A) Map of the six sampled reintroduced populations (ALP, JURA, LUNO, BBA, DIN, and
HARZ). Sample sizes are shown and ranged from 8 to 18 individuals. The year denotes when reintroduction first began at each respective site (additional trans-
location years not shown, see Appendix 1) and the minimum number of individuals released in brackets. Arrows show the source population for each respective
reintroduction. The Carpathian source population was also sampled. We sampled across the Carpathian Mountains, however, reintroductions were only sourced from
CARPSlo. B) Sample locations representing 11 natural populations used in this study. Sample sizes ranged from 6 to 22. Natural populations have been subject to
numerous human induced demographic changes over the past 200 years (additional details in Supplementary Table S2).
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sourced reintroductions (ALP, JURA, NE-CH, BBA, DIN, CARP) using
PLINK (v1.9) (Chang et al., 2015). This method requires no a priori in-
formation on populations allowing an unbiased estimation of the gen-
eral trends in allele frequencies. Next, we calculated genotype
likelihoods with the samtools model in ANGSD (v0.930) (Korneliussen
etal., 2014) to estimate likelihoods with a SNP p-value of 1e—6. We then
used ADMIXTURE (v 1.3.0) (Alexander and Lange, 2011) to infer indi-
vidual ancestries from the SNP dataset from a K = 1 to K = 18 with 50
repetitions of each K to investigate convergence patterns. We consoli-
dated the runs with CLUMPAK (Kopelman et al., 2015) and estimated
the optimal K value based on the Evanno method (Evanno et al., 2005)
and the Ln Pr(X|K) method. We also performed hierarchical structure
testing, as outlined in Janes et al. (2017) to look for substructuring in
identified clusters. We looked at population histories by utilizing Tree-
mix (v1.13) (Pickrell and Pritchard, 2012) to determine a maximum
likelihood tree for the sampled populations using the available Lynx
rufus genome as a root. Treemix can also infer the number of admixture
events, so we examined trees that had 0-5 migration events. Lastly, we
calculated population Fgr values with ANGSD. Here, we used the
reference genome as the ancestral, as no ancestral genotypes are
available.

2.4. Genetic diversity measures

Tajima's D was calculated with ANGSD, where theta for all loci was
generated to calculate an overall Tajima's D statistic. Observed and ex-
pected heterozygosity was calculated with the hierfstat package in R
(Goudet, 2005). Further, we used a Kruskal-Wallis test with post-hoc
Bonferroni adjusted p-value to evaluate if there were significant differ-
ences in population observed heterozygosity estimates. We utilized
STACKS populations (v.2.41) (Catchen et al., 2013) to estimate Pi, and
private alleles within each population.

2.5. Inbreeding

We investigated the extent of inbreeding across all populations. We
used the filtered SNPs and further filtered for sex-linked markers as these
can influence inbreeding estimates (Humble et al., 2020). We first
mapped the SNP flanking regions using BWA MEM default parameters to
the domestic cat genome as it is assembled to the chromosome level. The
349 loci that were located on the X chromosome were removed from
inbreeding analysis (Supplementary Fig. S1). We used ANGSD to create
genotype likelihoods and subsequently analyzed individual inbreeding
levels. As we suspected inbreeding in reintroduced populations based on
available monitoring data, we aimed to use a method that is capable of
handling populations that may not fit the assumptions of Hardy-
Weinberg equilibrium (HWE) and have low sample sizes (<30 per
population). Therefore, we used ngsF (Vieira et al., 2013) to calculate
the inbreeding coefficient (F) as it is not reliant on allele frequencies, but
utilizes an expectation-maximization algorithm that is robust to the
uncertainty of assigned genotypes. We calculated 95% confidence in-
tervals from these values using the dplyr package in R.

Identifying recent inbreeding through runs of homozygosity (ROH) is
particularly important for small, isolated populations and can inform
management decisions. ROH analysis can be heavily influenced by SNP
density, missing data, MAF and LD filtering, and sequencing depth
(Duntsch et al., 2021, Meyermans et al., 2020, Ceballos et al., 2018).
Therefore, adequate parameter testing prior to estimating ROH across
individuals is required. We used three high quality whole genome re-
sequenced samples (LL212 Carp, LL146_Yak, LL112 Prim) from
Lucena-Perez et al. (2020) to run parameter testing and re-filtered our
SNP dataset. No missing data was allowed and we did not perform MAF
or LD filtering as this can hinder accurate ROH estimation (Meyermans
et al., 2020). This resulted in 1.2 million SNP sites for ROH estimation.
We ran ROH analysis using PLINK testing several different parameter
sets based on the sequencing depth and number of loci (Supplementary
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Fig. S11).

From our dataset including 212 individuals, we excluded individuals
with >20% missing data and refiltered the SNP loci without MAF or LD
filtering (Duntsch et al., 2021). This resulted in 150 individuals and
21,827 SNP loci for ROH analysis (Supplementary Table S2). We first
compared the 3 WGS individuals across different parameters to test the
accuracy of ROH analysis in this reduced dataset (Supplementary
Fig. S11). We subsequently performed ROH analysis on 150 individuals
across a range of parameters. We varied the -homozyg-window-snp and
—homozyg-snp thresholds based on recommendations for SNP density
(Kardos et al., 2015; Duntsch et al., 2021). We also varied the number of
missing loci allowed (-homozyg-window-missing) from 1 to 3. We used
the parameters that showed the best concordance to the ROH identified
through WGS sequencing to calculate the number and length of ROH
across populations. Significant differences in population wide estimates
of ROH were evaluated using a Kruskal-Wallis test with a Bonferroni
adjusted p-value.

3. Results
3.1. GBS sequencing

Library preparation and sequencing was carried out successfully in
190 samples chosen for sequencing with an average of 656,578 unique
reads per sample. Mapping to the Iberian lynx reference genome
(PRJEB12609, Abascal et al., 2016) resulted in an average alignment of
95.77%. Three samples mapped below 65%, which were subsequently
removed from analysis. Another seven samples exhibited low coverage
and seven samples had >65% missing data across SNPs and were
removed from analysis. The 39 samples from Lucena-Perez et al. (2020)
were already mapped to the reference genome and used in subsequent
SNP calling. These remaining 212 individuals formed the basis for our
analysis. Sample sizes across populations ranged from 6 to 23 in-
dividuals (ALP, 16; BBA, 9; CARP, 22; DIN, 9; EST, 18; FIN, 15; HARZ, 8;
JUR, 18; KIR, 19; LAT, 9; NE-CH, 11; MON, 8; NOR, 10; POL, 11; PRIM,
10; TUVA, 6; URAL, 6; YAK, 7). Sample sizes reflect a sufficient number
to calculate population genetic statistics based on the number of SNP
loci available for analysis (Nazareno et al., 2017). The samples had an
average coverage of 18.6X and 14.6% missing data in called loci (Sup-
plementary Fig. S2). After SNP and linkage disequilibrium filtering,
13,525 SNPs were utilized for analysis.

3.2. Population structure

The first axis of the PCA analysis, which explains 34.4% of the
variance, separates the Carpathian lineage from the Northern and Si-
berian lynx lineages (Fig. 2A). The 2nd PCA axis separates the Northern
and Siberian lineages. The Harz population appears to be an interme-
diate between these main clusters. When we add the third axis,
explaining 5.2% of the variance, further separation of the Norwegian
and Baltic populations is noticeable (Fig. 2B).

Bayesian population structure analysis showed similar results,
revealing a high level of population substructuring in both reintroduced
and natural populations of Eurasian lynx. Results suggested K = 2 as the
optimal value using the Evanno and Ln Pr(X|K) method (Supplementary
Table S3). However, given the bias for K = 2 using the Evanno method
(Janes et al., 2017) and high number of samples originating from the
Carpathian lineage, it is important to evaluate multiple levels of popu-
lation structuring (Meirmans, 2015, Kalinowski, 2011). When K = 3, the
Northern and Siberian lineages separate, in accordance to known trends
in Eurasian lynx population structuring (Lucena-Perez et al., 2020).
When K = 4, the Swiss reintroductions (ALP, JURA, NE-CH) form a
distinct cluster (Fig. 2C), which is separated further in K = 7. Results
from PCA analysis on only the Carpathian lineage indicates further ev-
idence for a split between Swiss reintroductions as well as lower levels of
genetic drift in the BBA and Dinaric populations (Supplementary
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Fig. 2. Relationship between individuals based on 13,525 SNP sites identified from nextRAD sequencing. A) Principal component analysis with the first PC axis
separating the Carpathian lineage from the Northern and Siberian lineages. The second axis separates the Siberian from Northern lineage. Notably, the HARZ
population represents an intermediate cluster between all three known lineages. The Ural population is also slightly separated from the Northern lineage cluster.
Additionally, within the CARP population, there appears to be substructuring based on geographic location (see Supplementary Fig. S3 for more details. B) The third
PC axis shows separation among Baltic and Scandinavian populations. The Norwegian samples cluster distinctly from all other Northern lineage samples, and the
Baltic region shows increasing genetic drift moving westward. C) Admixture results showing K = 2, K = 3, K = 4, and K = 7, showing population separation. Results
generally confirm separations suggested by the PCA and iterative testing (Fig. S4) and multiple Delta K peaks suggest there is a high level of substructuring among

natural and reintroduced Eurasian lynx populations.

Fig. $3). K = 7 also identifies substructuring among natural populations,
specifically in the Norwegian population. A new cluster is also formed in
the Baltic region, partially separating Poland from Latvia and Estonia.
Results of iterative testing confirmed this additional substructuring
within the two main clusters (Supplementary Fig. S4), further advo-
cating for a high level of substructuring.

Pairwise Fgr values revealed similar genetic structuring to PCA and
Admixture results (Supplementary Fig. S5). Results from maximum-
likelihood phylogenetic analysis supported the separation between
known Eurasian lynx lineages: Carpathian, Northern, and Siberian. It
placed the HARZ as an intermediate between these lineages, and when
treemix considered possible migration events, indications of gene flow
between DIN and BBA were suggested (Supplementary Figs. S6 and S7).

3.3. Genomic diversity

Calculations of individual heterozygosity demonstrated significantly
lower observed heterozygosity values in reintroduced populations
compared to natural populations (p < 0.001), except for the Harz pop-
ulation (Fig. 3, Supplementary Table S5). Among natural populations,
the NOR, and CARP populations had slightly significantly lowered
values than TUVA and YAK populations.

3.4. Inbreeding

Inbreeding was first evaluated by calculating F, which revealed
inflated inbreeding in reintroduced populations as 95% confidence in-
tervals did not fall below zero (F = 0.40 for reintroduced, F = 0.26 for
natural; Supplementary Fig. S8). The lowest signatures of inbreeding
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Fig. 3. Observed heterozygosity calculated for 212 Eurasian lynx individuals
representing 18 populations; reintroduced populations are highlighted in yel-
low. The Siberian lineage (blue) shows the highest levels of genetic diversity.
Heterozygosity values from populations in the Northern lineage (green, orange
and yellow) shows high variability across populations, a result of complex
recent demographic histories. The Harz population (brown) shows moderate
observed heterozygosity values, with high within population variance. The
natural Carpathian population (dark red) shows moderate levels of observed
heterozygosity, and reintroductions sourced from the Carpathian Mountains
(purple and red) show decreased heterozygosity, with variability among pop-
ulations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

were found in Asian populations.

ROH analysis of LL212, L1146, and LL112 using both the WGS and
nextRAD datasets showed similar trends, although chosen parameters
can highly influence called ROH and should be considered carefully. We
only considered ROH >1 Mb as consideration of smaller segments can
lead to erroneous results (Duntsch et al., 2021). The total number of
ROH was slightly inflated in LL112 when using the reduced SNP set,
however, relative levels between samples remained similar (Supple-
mentary Fig. S11). The number and length of ROH was not significantly
impacted by missing data or SNP density (Supplementary Figs. S9, S10).

ROH analysis on 150 Eurasian lynx individuals from the chosen
parameters resulted in a total of 5500 ROH segments. Alteration of pa-
rameters did not show changes in the overall trends of ROH abundance
or length across populations (Supplementary Fig. S12). We identified
recent inbreeding in all reintroduced populations, with an increasing
trend as the number of released individuals decreases (Fig. 4). Recent
inbreeding is significantly higher in reintroduced populations (p <
0.0001). The most severe case is the DIN population, although elevated
rates were also found in the ALP, JURA, NE-CH, and BBA populations
(Fig. 4). When examining the natural Carpathian population signifi-
cantly more inbreeding is observed in the Western edge of the lynx range
(p = 0.023, Supplementary Fig. S13).

4. Discussion

We have identified genome-wide patterns of genetic diversity loss
across reintroduced lynx populations, not previously possible to assess
with microsatellite markers. Further, using two different methods to
estimate inbreeding, we showed that reintroduced populations exhibit
elevated levels of inbreeding, including recent inbreeding events, which
can be detrimental to population viability. These results demonstrate the
serious consequences of large carnivore reintroductions, especially in
cases with low founding population size. This has wide reaching im-
plications for the conservation prospects of the species.
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Fig. 4. The average total number of ROH, which are above 1 Mb, in each
reintroduced (highlighted in yellow) and natural population calculated from a
dataset including 21,827 SNPs. Circled numbers represent the maximum
number of released individuals for each reintroduced population. Reintroduced
populations show elevated ROH indicating recent inbreeding events, particu-
larly in populations with a low number of founding individuals. Both the CARP
and NOR populations also exhibit moderate levels of ROH presence. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

4.1. Genomic consequences in reintroduced populations

Signatures of genetic drift and genetic erosion are prevalent across
all reintroduced lynx populations to varying degrees of severity. The
significantly lower observed heterozygosity in reintroduced populations
indicates that reintroduction bottlenecks, isolation and post-release
management have long-term consequences on the genetic composition
of populations. Additionally, different degrees of genetic drift across
ALP, JURA, NE-CH, BBA and DIN can be explained by differences in the
number of founders and demographic histories since reintroduction.

The limited signatures of genetic drift in the BBA population in
comparison to the CARP source population can, in part, be attributed to
the relatively large total number of released individuals. There were a
total of 23-28 individuals released at two sites, with 18 that could have
contributed to the founding population (Appendix 1). This was the
largest reintroduction of Carpathian lynx from Slovakia. Other reintro-
duction projects that began around the same time (DIN, ALP, JURA)
released between 6 and 12 animals (Cop, 1987; Breitenmoser et al.,
1998), and, as expected, genetic drift in these reintroductions was
considerably faster.

The captive-sourced HARZ population exhibited higher observed
heterozygosity and lower inbreeding than wild sourced reintroductions
(Figs. 3 & 4). This can be explained by the mixture of different lineages,
which resulted in the inclusion of a higher number of diverse alleles in
the population. We must also consider the time since release, as the
HARZ population is a comparatively recent reintroduction and there is
evidence for ongoing genetic depletion in this population as well
(Mueller et al., 2020). Despite these results, we also observed examples
of successful preservation of substantial variation within reintroductions
of wild sourced individuals. The JURA population, although established
with a low number of released individuals (8-10) and showing strong
signatures of genetic drift, has maintained a higher level of genetic
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variation than other reintroductions from the same source (Fig. 3). We
suspect that the JURA population received a more diverse set of genetic
founders. Another possibility, which could influence the genetic mea-
sures is the sex ratio among genetic founders, which remains unknown
for all reintroductions, but could play a role in reintroduction outcomes.
The secondary contact with surrounding lynx populations in Swiss Alps
and Vosges also cannot be excluded.

Inbreeding plays a key role in determining the health and viability of
populations, making its reliable estimation a key goal for conservation
planning. Traditional methods of calculating inbreeding are limited due
to lack of differentiation between distant and recent events. This
distinction is of considerable importance as the latter has a more sig-
nificant influence on population health and viability as purging the
deleterious alleles from the genome has not yet occurred (Kardos et al.,
2018; Robinson et al., 2019). Therefore, it is particularly important to
quantify ROH burden in reintroduced populations as inbreeding
depression is suspected to be more severe in the wild, making early
intervention necessary (Ralls et al., 1988).

While estimation of ROH was initially restricted to analysis on whole
genomes, recent studies have shown that this measure can be reliably
applied to lower density SNP datasets, with careful consideration of
parameter settings (Ceballos et al., 2018, van der Valk et al., 2020,
Meyermans et al., 2020, Duntsch et al., 2021). Specifically, Duntsch
et al. (2021) reported that the number and total length was reliably
detected using a RAD sequencing dataset of around 20,000 SNPs,
especially in inbred populations. This fits to the results presented here,
which show that 21,827 SNP loci accurately matched ROH identified
through WGS data in individuals and proved more accurate when in-
dividuals had a higher total number of ROH (Fig. S11). Therefore, in line
with previous studies, it is key to understand how quality measures can
affect results (i.e. missing data and sequencing depth), to perform
adequate parameter testing, and to compare when possible to whole
genome datasets.

The trend of increasing inbreeding as the number of released in-
dividuals decreases (Fig. 4), fits general expectations in reintroduced
populations. The Dinaric population has one of the highest rates of
inbreeding, in accordance with the low number of founders and the fact
that closely related individuals were present among released founders
(Koubek and Cerveny, 1996). Given that the number of genetic founders
is likely considerably lower than the number of released individuals in
all populations (Mueller et al., 2020), reintroduced populations likely
suffer from severe founder effect leading to fast accumulation of
inbreeding immediately after the reintroductions, when populations
were still extremely small. Given that ROH have been linked to fitness
related changes (Xue et al., 2015; Robinson et al., 2019), we can assume
that populations with elevated ROH burden are at a higher risk of
extinction. While there remains limited data on life history-related traits
that can be impacted by inbreeding for reintroduced lynx in Western and
Central Europe, we can assume that inbreeding depression may already
impact reintroduced populations or will do so in future if they remain
isolated.

4.2. Genetic structure of natural Eurasian lynx populations

In general, our results support the known demographic histories of
natural Eurasian lynx populations (Lucena-Perez et al., 2020; Rueness
et al., 2014) and provide evidence that the genetic consequences of past
bottlenecks are still visible despite the recovery of European populations
during the last half of the 20th century (Chapron et al., 2014). The lower
genetic diversity observed in Finland and Norway can be explained by
the bottleneck during the 20th century that affected both populations
(Hellborg et al., 2002). The comparatively low ROH values in the
Finnish populations despite elevated inbreeding values calculated as a
function of heterozygosity (Fig. S8) indicate that while evidence of a
past, less severe, bottleneck remains visible, the current inbreeding
levels within this population are low. The connection of the Finnish
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population to the larger Kirov population has likely facilitated gene flow
and the partial return to pre-bottleneck composition (Ratkiewicz et al.,
2014), similar to trends seen in other large carnivores (Stronen et al.,
2013; Kopatz et al., 2014). In contrast, the Norwegian population re-
mains genetically distinct despite evidence of demographic growth
(Chapron et al., 2014). Its elevated ROH values and increased
inbreeding values suggest that the genetic signatures of severe bottle-
necks are visible beyond the point of demographic recovery. In the Baltic
region, our results support previous studies suggesting that the north-
eastern Polish population is partially isolated and has experienced bot-
tlenecks over the last century (Schmidt et al., 2009; Ratkiewicz et al.,
2014). This isolation indicates the need to maintain or restore avenues
for gene flow within the Baltic region.

4.3. Carpathian population structure

The lynx population from the Carpathian Mountains deserves special
attention, as this region served as the founding stock for most reintro-
ductions within the study area and is still the main reintroduction source
for ongoing reintroductions (i.e. the Dinaric region and Southwestern
Germany). The Carpathian population exhibited a higher total number
and longer ROH than other natural populations (except Norway), even
when sub-divided by region to account for increased inbreeding at the
western-most edge of the distribution (Krojerova-Prokesova et al.,
2019). Similar to trends seen in the Norwegian population, this can be
partially explained as a genetic signature of the known bottleneck in the
20th century despite subsequent demographic recovery.

The Carpathian lineage has a shared phylogenetic past with the
Baltic states until it served as an isolated forest refugium during the last
ice age, resulting in the presence of a single haplotype (H4) in this region
(Horacek, 1993; Durisova et al.,, 2005; Lucena-Perez et al., 2020).
Despite being considered a large, continuous habitat, lynx within the
Western Carpathians experienced significant fluctuations in population
size over the last century (Hell, 1968; Jamnicky, 1997). Recent studies,
along the western edge of the Carpathians revealed elevated levels of
inbreeding and suggested population structuring (Krojerova-Prokesova
et al., 2019; Kubala et al., 2020). Our results align with this suggesting
observed heterozygosity and ROH within the Carpathians appears to be
the result of past and recent demographic history. An important area for
future investigation is determining the current extent and causes of
population structuring across the Carpathian range, specifically in the
Polish and Romanian areas.

Given the result of lowered genome-wide diversity and increased
inbreeding in Carpathian lynx we stress that individuals captured for
future translocation should be given particular care to ensure that un-
related genetically diverse individuals are being chosen for trans-
location. This would involve genetic testing of individuals at an early
stage in the course of reintroduction efforts involving wild-captured
lynx.

4.4. Conclusions and implications for conservation

We provide the first comprehensive look at genetic diversity loss and
inbreeding across reintroduced and natural populations of Eurasian
lynx. Our findings confirm earlier evidence of reduced genetic diversity
and elevated inbreeding in reintroduced lynx populations (Brei-
tenmoser-Wiirsten and Obexer-Ruff, 2003; Sindic¢i¢ et al., 2013; Bull
et al., 2016; Mueller et al., 2020). The results presented here highlight
the pressing need for implementing assessments on genetic diversity in
the conservation of lynx populations in Europe and especially into future
reintroduction efforts. Beyond lynx reintroductions, ensuring a high
number of genetically tested founders in large mammal reintroduction
programs should be included as an essential part of any species con-
servation strategy.

Given the current status, reintroduced lynx populations need
rigorous management, which incorporates genetic evaluation as a key
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component to support population health and viability. A concept for
lynx management is currently being developed at both national and
European levels (Bonn Lynx Expert Group, 2021). Habitat connectivity
between European lynx populations needs to be improved to achieve
genetic exchange. Where habitat connectivity and the resulting linkage
of populations by natural dispersal cannot be achieved quickly enough,
other measures are required. In these cases, we advise further restocking
of Eurasian lynx populations, especially those with high levels of
inbreeding. We recommend a translocation scheme that meets the
principle of “One-migrant-per-generation” (Wang, 2004) until natural
gene flow can be established. While wild populations offer an ideal
source for translocations, some natural populations already face con-
servation concerns and monitoring is needed to ensure the wild popu-
lation would not be harmed by the removal of individuals. When wild
sourced individuals are not available, strategies that include trans-
location between reintroduced populations or reintroduction of captive
bred individuals can be evaluated. Importantly, translocation between
reintroduced populations should be carefully considered to minimize
negative consequences of removing individuals on the existing pop-
ulations. Different translocation schemes can be tested through simu-
lations to provide implementable long-term strategies.

The ultimate goal of current conservation strategies should focus on
creating a viable, genetically diverse metapopulation across the inten-
sively used, cultural landscapes of West and Central Europe, as this is the
only way to prevent further genetic erosion in the long term. Recent
studies that document natural population expansion (e.g., Mueller et al.,
2020) and multiple long distance dispersal events (Gajdarova et al.,
2021) within Central Europe show that an interconnected, self-
sustaining European lynx meta-population, as envisioned by the Bonn
Lynx Expert Group (2021), appears to be an attainable conservation goal
even in the fragmented anthropogenic landscapes of Europe.
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