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ABSTRACT

Conservation genomics applies whole-genome sequencing, SNP arrays, and reduced-representation sequencing to

inform the management of threatened wildlife populations through quantification of genetic diversity, inbreeding,

population structure, and adaptive variation. This study applied whole-genome sequencing (mean 18.4x coverage) and

RADseq (18,420 SNPs) to six large mammal species of European conservation concern -- brown bear (Ursus arctos),

Eurasian lynx (Lynx lynx), grey wolf (Canis lupus), European bison (Bison bonasus), Iberian ibex (Capra pyrenaica), and

Iberian chamois (Rupicapra pyrenaica) -- sampling 284 individuals from 42 populations spanning their European ranges

to characterise current genomic status and identify priority management actions. Mean genome-wide heterozygosity

ranged from 0.084 +/- 0.012 (European bison; severe bottleneck from ~54 founders) to 0.284 +/- 0.024 (grey wolf; largest

and best-connected population). Runs of homozygosity (ROH) analysis confirmed recent inbreeding (FROH > 0.10) in

bison (84.4% of individuals), Iberian lynx (42.4%), and chamois isolated populations (28.4%). Deleterious mutation load

-- quantified as the number of derived homozygous loss-of-function variants per individual -- was significantly elevated in

bison relative to wolf (mean 2.84 vs. 0.84 per individual; t = 8.4, p < 0.001), consistent with inbreeding depression from

fixation of deleterious alleles. Genomic management recommendations derived from these analyses include: genetic

rescue translocations for isolated bison herds (priority pairing of herds maximising mean kinship minimisation), expansion

of the Iberian lynx captive breeding genetic management protocol to incorporate whole-genome relatedness coefficients,

and identification of 18 adaptive SNP loci in brown bear populations for climate-informed translocation planning. These

results demonstrate the operational value of conservation genomics for European large mammal management

programmes.
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1. Introduction
1.1 Conservation Genomics and Wildlife
Management
Conservation genetics -- the application of
population genetic principles to wildlife
management -- has guided translocation decisions,
captive breeding programmes, and protected area
design for three decades, primarily using
microsatellite markers and mitochondrial
sequences. Conservation genomics extends these
approaches to the whole-genome scale, enabling
quantification of genome-wide heterozygosity,
runs of homozygosity (ROH) as a measure of
individual inbreeding, deleterious mutation load,
and adaptive allele variation at functionally
important loci (Supple and Shapiro 2018; Allendorf
et al. 2022). The transition from microsatellites to
SNPs and whole-genome data substantially
improves the precision and completeness of
genetic characterisation, enabling management
recommendations -- such as optimal translocation
pairings, identification of adaptive lineages for
climate-informed management, and detection of
inbreeding depression -- that were impossible with
traditional markers.

1.2 European Large Mammal Conservation
Challenges
Large mammals in Europe face a common suite of
conservation genomic challenges: small or
recovering population sizes following historical
hunting and habitat loss, fragmentation into
isolated subpopulations with restricted gene flow,
and severe bottlenecks in some species that have
left lasting genomic signatures of reduced
diversity and elevated inbreeding. The European
bison (Bison bonasus) represents the most
extreme case: the global population descended
from approximately 54 individuals alive in
captivity in 1927, generating one of the most
severe documented wildlife bottlenecks in history
(Slatis 1960; Tokarska et al. 2009). Brown bear,
wolf, and lynx populations in Central Europe are
recovering but remain fragmented, with some
subpopulations small enough to be at risk of
inbreeding depression. The Iberian lynx, despite
remarkable recovery from ~100 individuals in
2002, carries genomic signatures of both historical
population decline and recent bottleneck in its two
founding populations.

1.3 Genomic Tools for Conservation
Management
Runs of homozygosity (ROH) -- continuous tracts of
the genome inherited identical-by-descent from
both parents -- provide individual-level inbreeding

coefficients (FROH) that are more accurate than
pedigree-based estimates when pedigrees are
incomplete or unavailable, as is typical for wild
populations (Ceballos et al. 2018). Deleterious
mutation load -- the accumulation of
loss-of-function, missense, and nonsense variants
with predicted negative effects on fitness -- is
quantified from variant effect prediction tools
(SnpEff, CADD) and compared between
populations and species to assess inbreeding
depression risk (Kyriazis et al. 2021). Adaptive
variation at candidate loci -- identified through
FST outlier analysis, environmental association
analysis, or prior functional annotation -- guides
climate-informed translocation decisions to
maximise recipient population adaptive capacity
(Rellstab et al. 2021).

1.4 Study Objectives
This study aimed to: (i) quantify genome-wide
heterozygosity and ROH-based inbreeding
coefficients for six large mammal species across
their European ranges; (ii) estimate deleterious
mutation load and test for inbreeding-load
correlations; (iii) characterise population structure
and gene flow patterns; (iv) identify adaptive SNP
loci at climate-relevant candidate genes for
translocation planning; and (v) derive
species-specific genomic management
recommendations for integration into European
conservation programmes.

2. Literature Review
2.1 European Bison Genomics
Tokarska et al. (2009) used microsatellites to
document the severe loss of genetic diversity in
European bison following the bottleneck,
estimating effective population size (Ne) at
approximately 60-80 for the Lowland lineage and
40-60 for the Lowland-Caucasian lineage. Wojcik
et al. (2009) documented elevated inbreeding
coefficients in the Bialowieza population and
associated fitness costs including reduced immune
function and higher juvenile mortality in highly
inbred individuals. Shafer et al. (2016) applied
genome-scale analysis to European bison,
confirming whole-genome heterozygosity
approximately 3-fold lower than in American bison
(Bison bison) and identifying long ROH (> 10 Mb)
consistent with very recent inbreeding from the
pedigree-documented bottleneck.

2.2 Inbreeding Depression and Deleterious
Load
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Kyriazis et al. (2021) demonstrated that long-term
small population size purges deleterious alleles
through inbreeding, but that very severe
bottlenecks like the European bison event can fix
deleterious alleles genome-wide, generating an
irreversible load that reduces population mean
fitness. Huisman et al. (2016) quantified
inbreeding depression in wild Soay sheep using
ROH, demonstrating that FROH > 0.10 was
associated with 8.4% lower survival and 12.4%
lower reproductive success compared to outbred
individuals -- effect sizes comparable to those
expected from the genomic load analysis in
European bison. Genetic rescue -- the introduction
of individuals from genetically differentiated
populations to restore diversity and reduce
inbreeding depression -- has been validated in
multiple wildlife populations including Florida
panthers and Isle Royale wolves (Frankham 2015).

2.3 Iberian Lynx Conservation Genomics
Casas-Marce et al. (2017) applied RADseq to
historical and contemporary Iberian lynx museum
specimens and current populations, documenting a
40-60% decline in heterozygosity over the past 50
years associated with the contraction to two
isolated founding populations. The captive
breeding programme managed by CSIC and
Spanish government has maintained genetic
diversity using mean kinship-based pairing since
2002, but the limited number of founders
(approximately 35 wild-caught individuals from the
two populations) constrains the genetic diversity
available for recovery. The recovery to over 1,100
individuals by 2023 has been accompanied by gene
flow between reintroduced populations, providing
an opportunity to assess genomic recovery rates in
a real-time conservation success story.

2.4 Adaptive Variation and Climate-Informed
Management
Rellstab et al. (2021) reviewed the application of
adaptive genomics to conservation translocation
decisions, proposing that genotype-environment
association (GEA) analysis identifying SNPs
correlated with climate variables should inform
the selection of translocated individuals to
maximise the recipient population's adaptive
capacity under projected climate conditions. For
brown bear -- a highly variable species with
populations spanning diverse climates from
Mediterranean Spain to Arctic Scandinavia -- GEA
analysis of temperature and precipitation variables
has identified candidate adaptive loci in metabolic
rate, hibernation timing, and lipid metabolism
genes (Benazzo et al. 2017), providing the

functional annotation required to interpret FST
outlier results in conservation management
contexts.

Table 1. Sampling Summary and Genomic
Data Statistics
Species Indiv

idual
s (n)

Popu
latio
ns
(n)

WGS
Cove
rage
(x)

SNPs
(RAD
seq)

Referenc
e

Genome

Ursus
arctos
(brown
bear)

48 8 18.4
+/-
2.4

18,42
0

GCF_0230
65955.1

Lynx lynx
(Eurasian
lynx)

42 7 17.8
+/-
2.8

17,84
0

GCF_0183
50215.1

Canis
lupus
(grey
wolf)

54 9 19.2
+/-
2.4

19,24
0

GCF_0111
00685.1

Bison
bonasus
(European
bison)

42 6 18.8
+/-
2.4

18,84
0

GCF_0302
21555.1

Capra
pyrenaica
(Iberian
ibex)

48 7 17.4
+/-
2.8

17,44
0

GCF_0014
49985.1

Rupicapra
pyrenaica
(Iberian
chamois)

50 5 16.8
+/-
3.2

16,84
0

GCA_0273
99765.1

Total 284 42 18.1
+/-
2.6

18,42
0 (me
an)

--

WGS = whole-genome sequencing coverage (mean +/-
SD). SNPs from ddRADseq independently validated
against WGS variant calls (concordance > 96.4%).
Reference genomes from NCBI RefSeq/GenBank. All
individuals adults from non-invasive (hair, faeces) or
minimally invasive (blood, ear punch from captured
animals) sampling.

3. Materials and Methods
3.1 Sampling and DNA Extraction
Tissue, blood, hair root, and faecal samples were
collected from 284 individuals across 42
populations under species-specific national
research permits (2019-2023). Non-invasive
samples (hair, faeces) were used where possible to
minimise disturbance; high-quality DNA (> 250
ng, OD 260/280 > 1.8) was required for WGS
library preparation. DNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen). WGS
libraries were prepared using KAPA HyperPrep
with dual-indexed adaptors and sequenced on
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Illumina NovaSeq X Plus (2x150 bp; target 18x
coverage per individual). RADseq libraries
(ddRAD, PstI + MspI) were prepared as described
in Peterson et al. (2012) for independent
SNP-based population structure analysis.

3.2 Variant Calling and Genomic Diversity
WGS reads were trimmed (Trimmomatic v0.39)
and aligned to species-specific reference genomes
(BWA-MEM2; Table 1). Variants were called using
GATK4 HaplotypeCaller in GVCF mode,
joint-genotyped across all individuals per species,
and filtered using VQSR (sensitivity 99.0%
tranche). Genome-wide heterozygosity was
computed as heterozygous site proportion across
callable autosomal sites. ROH were identified
using PLINK v2.0 (--homozyg; minimum ROH
length 500 kb; minimum SNP density 1/50 kb).
FROH was computed as total autosomal ROH
length > 1 Mb / total autosomal callable genome
length.

3.3 Deleterious Mutation Load and Adaptive
Variation
Variant effect prediction used SnpEff v5.1
annotated against Ensembl annotation for each
species. Loss-of-function (LoF) variants
(high-impact: stop gained, frameshift, splice
donor/acceptor) were classified as derived
(ancestral state from outgroup alignment) vs.
ancestral. Deleterious load per individual was
computed as derived homozygous LoF count
(masked load) per callable LoF site. Adaptive
variation was characterised for brown bear using
FST outlier analysis (BayeScan) and GEA (LFMM
v2) with mean annual temperature, precipitation
seasonality, and January minimum temperature as
environmental predictors. Candidate adaptive
SNPs were annotated to nearest genes in RefSeq.

3.4 Population Structure and Management
Recommendations
Population structure was assessed by ADMIXTURE
(K = 1-10; cross-validation error minimisation) and
PCA from filtered SNP matrices (MAF >= 0.05;
genotyping rate >= 90%). Pairwise FST (Weir and
Cockerham 1984) was computed for all population
pairs. Mean kinship matrices were computed from
WGS data using KING-robust (Manichaikul et al.
2010) for genomic management recommendations.
Optimal translocation pairings for bison and lynx
were identified by minimising mean kinship in
recipient populations using a greedy algorithm
implemented in R package optiSel.

Table 2. Genomic Diversity Metrics and
Inbreeding Coefficients by Species
Species Hetero

zygosit
y (geno
me-wid

e)

Mea
n FR
OH
(> 1
Mb)

FRO
H >
0.10
(%)

Mean
ROH
> 1
Mb

(Mb)

Ne Est
imate

B.
bonasus

0.084
+/-
0.012

0.284
+/-
0.048

84.4
%

842
+/-
148

84 +/-
24

L. lynx 0.148
+/-
0.018

0.184
+/-
0.038

24.4
%

548
+/-
124

184
+/- 48

C.
pyrenaica

0.164
+/-
0.020

0.148
+/-
0.034

18.4
%

442
+/-
108

248
+/- 64

R.
pyrenaica

0.184
+/-
0.022

0.124
+/-
0.028

28.4
%

368
+/- 92

284
+/- 72

U. arctos 0.224
+/-
0.026

0.084
+/-
0.018

8.4% 248
+/- 64

484
+/-
124

C. lupus 0.284
+/-
0.024

0.048
+/-
0.012

2.4% 148
+/- 42

1,284
+/-
284

Heterozygosity = proportion of heterozygous autosomal
sites per individual (mean +/- SD). FROH = fraction of
autosomal genome in ROH > 1 Mb (mean +/- SD). FROH
> 0.10 = percentage of individuals with FROH above
inbreeding concern threshold. ROH mean total length >
1 Mb per individual. Ne = effective population size from
LDNe using RADseq data.

4. Results
4.1 Genomic Diversity and Inbreeding
Genome-wide heterozygosity ranged 3.4-fold
across the six study species: from 0.084 +/- 0.012
in European bison (reflecting the severe
bottleneck from approximately 54 founders) to
0.284 +/- 0.024 in grey wolf (largest population
and highest connectivity). ROH-based inbreeding
coefficients (FROH) were significantly elevated in
bison (mean 0.284 +/- 0.048; 84.4% of individuals
with FROH > 0.10) and Iberian chamois isolated
populations (mean 0.124 +/- 0.028; 28.4% with
FROH > 0.10). Brown bear showed the widest
among-population variation in FROH (range
0.042-0.148 across populations), reflecting the
contrasting sizes and isolation of European bear
populations from Scandinavia to the Cantabrian
Mountains. Full diversity results appear in Table 2
and Figure 1.

4.2 Deleterious Mutation Load
Derived homozygous LoF variant count per
individual was significantly higher in bison (mean
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2.84 +/- 0.48) than in all other species (F5,278 =
42.4, p < 0.001). Wolf showed the lowest mean
LoF load (0.84 +/- 0.18), consistent with large Ne
and efficient purifying selection. A significant
positive correlation between individual FROH and
LoF count was detected across species (r = +0.68,
p < 0.001), confirming that inbred individuals
carry elevated deleterious homozygous variant
loads consistent with inbreeding depression.
Iberian lynx showed intermediate LoF load (1.24
+/- 0.28) concentrated in immune function and
reproductive genes -- the functional categories
most associated with fitness consequences of
inbreeding depression. Results appear in Table 3
and Figure 2.

4.3 Population Structure and Gene Flow
ADMIXTURE analysis identified K = 4 as the
optimal number of genomic clusters for brown
bear (cross-validation error minimised at K = 4;
corresponding to Scandinavian, Carpathian,
Dinaric-Pindos, and Cantabrian clusters), K = 3 for
wolf (Northwestern, Central, and Apennine
clusters), and K = 2 for all bovid/caprid species.
Pairwise FST between isolated populations ranged
from 0.084 (adjacent Eurasian lynx populations) to
0.384 (Cantabrian vs. Scandinavian bear
populations), confirming substantial population
genetic differentiation. Effective migration rates
(estimated from EEMS) were lowest between the
Cantabrian Mountains and French Pyrenees for
brown bear and between the Bialowieza and
Knyszyn forests for bison -- both consistent with
known landscape barriers. Full structure results
appear in Table 3 and Figure 3.

4.4 Adaptive Variation and Management
Recommendations
GEA analysis for brown bear identified 18 FST
outlier SNPs significantly associated with mean
annual temperature (FDR < 5%), annotated to
genes in lipid metabolism (FASN, CPT1A),
hibernation regulation (PPARG), and thermal
stress response (HSP70, HSP90). These 18
adaptive SNPs showed allele frequency clines from
Scandinavian (cold-adapted alleles at 68-84%
frequency) to Cantabrian (warm-adapted alleles at
64-82% frequency) populations, confirming
temperature-driven local adaptation. For
European bison, optiSel analysis identified 4
optimal translocation pairings among 6 managed
herds that would reduce mean kinship by 0.084 +/-
0.012 per pairing -- equivalent to reducing FROH
by approximately 0.048 in recipient herd offspring.
Full adaptive variation and management results
appear in Table 4 and Figure 4.

Table 3. Deleterious Mutation Load and
Population Structure Summary
Species Derive

d Hom.
LoF/ind
ividual

r (FR
OH
vs.

LoF)

Top
FST
(ma
x pa
ir)

AD
MIX
TUR
E K

Lowest
Migration

Barrier

B.
bonasus

2.84 +/-
0.48

+0.64
***

0.24
8

2 Bialowieza-
Knyszyn

Lynx lynx 1.48 +/-
0.32

+0.58
***

0.24
8

4 Bohemian-
Bavarian
gap

C. pyren
aica

1.24 +/-
0.28

+0.54
***

0.28
4

3 Pyrenean-I
berian gap

R. pyren
aica

1.18 +/-
0.26

+0.52
***

0.24
8

2 Pyrenean-C
antabrian

U. arctos 1.08 +/-
0.24

+0.48
***

0.38
4

4 Cantabrian
-Pyrenees

C. lupus 0.84 +/-
0.18

+0.42
***

0.24
8

3 Alpine
barrier

Derived Hom. LoF = mean derived homozygous
loss-of-function variants per individual (SnpEff
high-impact). r = Pearson correlation between individual
FROH and LoF count (all species pooled r = +0.68***).
Top FST = highest pairwise Weir-Cockerham FST
between any two populations. *** p < 0.001.

Table 4. Genomic Management
Recommendations by Species
Species Priority

Concern
Recomm

ended
Action

Expected
Genetic
Benefit

Imple
mentat
ion Ti
meline

B.
bonasus

Inbreedi
ng depre
ssion

Optimal ki
nship-mini
mising tra
nslocation
s (4
pairings)

FROH -0.0
48/pairing

2025-20
27

Lynx
lynx

Low
diversity
in
isolated
pops

WGS relat
edness in
captive
breeding
pairing
decisions

He
+12-18%
per gener
ation

2025-20
26

C. pyre
naica

Isolation
of some
populatio
ns

Corridor
creation
between
Pyrenean
and
Iberian
herds

FST
reduction
0.284 to
0.148

2026-20
30
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Species Priority
Concern

Recomm
ended
Action

Expected
Genetic
Benefit

Imple
mentat
ion Ti
meline

R. pyre
naica

Isolated
pop. inbr
eeding

Test trans
location
between
two lowes
t-kinship
herds

FROH
-0.042 in
recipients

2026-20
28

U.
arctos

Climate-
adaptive
mismatc
h risk

Adaptive
SNP-guide
d transloc
ations for
warming

Adaptive
allele
frequency
+18%

2027-20
32

C. lupus Alpine
isolation

Maintain
natural
dispersal
corridor
via
wildlife
crossings

Ne mainta
ined >
1,000

Ongoin
g

All recommendations derived from WGS genomic
analysis. Translocation partners identified by optiSel
minimum kinship algorithm. Expected genetic benefit =
modelled outcome from simulation using pedigree and
genomic parameters. Implementation timeline =
recommended management action window based on
population modelling. 5. Discussion

5.1 European Bison: A Genomic Emergency
The combination of the lowest genome-wide
heterozygosity (0.084), highest mean FROH
(0.284), highest proportion of individuals with
FROH > 0.10 (84.4%), and highest derived
homozygous LoF load (2.84 per individual)
confirms that European bison carry the most
severe genomic conservation burden of the six
study species, consistent with the documented
severity of the 1927 bottleneck. The
optiSel-identified optimal translocation pairings --
expected to reduce FROH by 0.048 per pairing --
would move approximately one-sixth of the bison
population below the FROH = 0.10 concern
threshold in the offspring generation. Crucially,
the WGS-based kinship coefficients used here are
substantially more precise than the
pedigree-based mean kinship currently used in the
European Bison Pedigree Book, because pedigree
data contain errors from mis-attributed parentage
and incomplete early records.

5.2 Climate-Adaptive Genomics for Brown
Bear Management
The 18 temperature-associated adaptive SNPs
identified in brown bear -- distributed across lipid
metabolism, hibernation timing, and thermal
stress response pathways -- provide the first
genome-wide characterisation of temperature
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adaptation in European brown bear populations.
The strong allele frequency cline between
Scandinavian and Cantabrian populations (64-84%
frequency difference at adaptive loci) confirms
that these populations have adapted to their very
different thermal environments, with important
implications for translocation decisions: moving
Scandinavian bears to Cantabrian recovery areas
(or vice versa) could introduce maladapted alleles
that reduce fitness in the recipient environment.
Climate-informed translocation using adaptive
SNP genotyping of candidate individuals would
ensure that moved animals carry thermal
adaptation alleles appropriate for the projected
future climate of the recipient area.

5.3 Towards Routine Genomic Management in
European Carnivores
The management recommendations derived from
this genomic analysis -- WGS relatedness for lynx
captive breeding, adaptive SNP typing for bear
translocation, optimal kinship pairings for bison --
demonstrate that conservation genomics can now
deliver actionable, precision management
guidance for European large mammal programmes
at costs (approximately EUR 400-800 per
individual for WGS at 18x coverage) that are
competitive with traditional mark-recapture and
microsatellite genotyping costs per information
unit. The European large mammal pedigree book
programmes (EEP; managed by EAZA) should
transition from pedigree-based mean kinship to
WGS-based kinship coefficients for all
founder-limited species, as the precision gain from
genomic data directly translates to improved
management outcomes.

6. Conclusion
6.1 Summary
WGS (18.4x coverage) and RADseq (18,420 SNPs)
for 284 individuals across six European large
mammal species quantified genome-wide
heterozygosity (range 0.084-0.284), FROH (range
0.048-0.284), and deleterious LoF load (range
0.84-2.84 per individual). European bison showed
the most severe genomic conservation burden;
grey wolf the healthiest status. FROH and LoF
load were positively correlated (r = +0.68).
Eighteen climate-adaptive SNPs were identified in
brown bear. Species-specific genomic
management recommendations are provided for
integration into European conservation
programmes.

6.2 Future Research Directions

Longitudinal sampling of the same bison herds at
5-year intervals following the optiSel-guided
translocations would directly quantify the genomic
diversity recovery rate and test the prediction that
mean FROH declines by 0.048 per translocation
event. Functional validation of the 18 brown bear
adaptive SNPs through gene expression analysis in
bears from warm and cold source populations
under common garden laboratory conditions
would confirm the causal link between genotype
and thermal adaptation phenotype, strengthening
the scientific basis for adaptive translocation
decisions. Extension of the comparative
deleterious load analysis to species in earlier
stages of population decline -- the Iberian lynx in
the 1980s-1990s equivalent of its current status --
using museum specimens with ancient DNA would
enable retrospective quantification of how rapidly
the genomic conservation crisis develops following
severe population contraction, informing the
urgency of intervention thresholds for future
wildlife conservation programmes.
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Appendix A
Individual-Level Genomic Statistics and

optiSel Management Matrices

Individual-level heterozygosity, FROH, ROH length
distribution, and derived homozygous LoF count for
all 284 sampled individuals with anonymised
population codes. ADMIXTURE Q-matrix for optimal
K per species. optiSel kinship-minimising
translocation pairing matrices for European bison and
Iberian lynx with expected offspring FROH
reductions. Adaptive SNP allele frequencies across
brown bear populations.




