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Abstract: Have European gray wolves recovered? Despite an increase to ~21,000 wolves (Canis
lupus), our genomic analyses reveal significant risks to their long-term viability. We analyzed
over 200 whole-genomes spanning five major European populations. Rather than a single
recovering population, European wolves form a mosaic of isolated, independently evolving
lineages, mostly diverging in the late Pleistocene. All lineages have contemporary effective
population sizes below the threshold for long-term viability (Ne > 500) and show extensive
inbreeding. Runs of homozygosity reveal population-specific inbreeding histories spanning
recent to deep timeframes. Most lineages exhibit higher realized than masked genetic load,
indicating emerging inbreeding depression. These findings challenge claims that downlisting
European wolves is biologically warranted: none of these populations currently meets thresholds
associated with favorable conservation status.

Main Text:

Persecution and habitat loss in the 19th and 20th centuries decimated Europe's large carnivores,
with the gray wolf (Canis lupus) a key example of range contraction (/). Unlike wolves in North
America, where recovery has been actively supported (2), wolf recolonization across Europe
over the last ~50 years has been driven by natural dispersal from a handful of remnant peninsular
and eastern source populations (/). The refugial populations — principally in the Italian
Peninsula, Iberian Peninsula and the Dinaric-Balkan region — now constitute the genetic
backbone of central and western Europe's wolves, but carry the genomic scars of historical
bottlenecks and prolonged isolation. In the current scenario of global genetic diversity loss (3),
maintaining adequate genetic variation within populations has been recognized as one of the four
overarching goals of the Convention on Biological Diversity's Global Biodiversity Framework to
ensure long-term species viability (4). In Europe, this perspective is being integrated into law:
the EU Nature Restoration Law explicitly links ecological recovery to measurable outcomes, and
under the Habitats Directive (92/43/EEC) there is growing recognition that Favourable
Conservation Status (FCS) must incorporate population-genetic criteria such as effective
population size (Ne), not just census size and range (5). For long-term evolutionary resilience, a
widely used benchmark is Ne > 500, with Ne > 50 considered a minimum to avoid severe
short-term inbreeding depression and increased risk of extinction (6, 7).

The gray wolf is emblematic in this debate. Legal protections over recent decades have allowed
European wolves to rebound demographically and geographically, with current estimates
exceeding 20,000 individuals and an important recovery in their historical range (8). This
apparent success, together with increasing human-wildlife conflicts including attacks on
livestock, has contributed to political pressure to reduce protection levels. In 2025 wolves were
downgraded from "strictly protected" to "protected" status at the EU level, granting member
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states broader latitude for lethal control (9). Current controversies around wolf management and
culling limits (0, 17) highlight a critical uncertainty: do increased numbers and range recovery
reflect a genuinely secure conservation status, or do they mask underlying genetic fragility?
Earlier genetic studies using divergent genetic and genomic markers — mtDNA, microsatellites
and SNPs — suggested structure among European wolves (/2). Distinct demographic histories
were reported for the Scandinavian, Italian, Dinaric-Balkan and NW Iberian (Iberian hereafter)
populations (/3), and low genetic diversity and inbreeding (/4-16) as well as inbreeding
depression (17, 18) were locally documented. The now-extinct Sierra Morena lineage in southern
Spain exemplifies how long-term isolation, genetic erosion and hybridization with dogs can
drive local extinction (/9). However, these studies lacked the resolution to quantify
genome-wide diversity, inbreeding, and genetic load across populations, or to determine whether
European wolves function as a single recovering metapopulation or as multiple independently
evolving lineages of differing conservation concern.

Here we use whole-genome data to clarify the demographic and evolutionary histories of
European wolves and assess their genetic status in the context of current policy. We generated
whole-genome sequences for 89 European and 16 Turkish wolves. These data were analyzed
together with 176 publicly available genomes from European, Asian and North American
wolves, as well as domestic dogs and other canids, yielding one of the most comprehensive
European wolf genomic datasets compiled to date (Tables S1, S2). These analyses focus on five
previously identified European populations: Dinaric-Balkan, Italian Peninsula, Karelian, Iberian
and Scandinavian (/, §). After depth and quality filtering, we removed wolves with >5% dog
ancestry (see supplementary materials, Tables S3-S5), duplicates, and first-degree relatives
(Table S6). The resulting dataset included 16,497,458 SNPs for 123 European wolves
(Dinaric-Balkan, n = 27; Italian Peninsula, n = 35; Karelian, n = 27; Iberian, n = 17,
Scandinavian, n = 17), 51 Asian wolves (Western Asia, n = 6; Tiirkiye, n = 13; Central Asia, n =
12; Eastern Asia, n = 12; Indian, n = 1; Tibetan, n = 7 — wolves classified into populations
following reference 20) and 27 North American wolves (Fig. 1A, Table S7), complemented with
197 domestic dogs and three canid outgroups.

Five distinct lineages across Europe

Principal component analysis cleanly separated wolves by continent (Fig. 1B). Within Europe,
wolves formed five distinct clusters corresponding to populations. Italian Peninsula wolves were
the most divergent along PC1, while Dinaric-Balkan, Karelian, Iberian and Scandinavian wolves
occupied separate positions along PC1 and PC2. ADMIXTURE analyses were consistent with
these results, with all five European wolf populations showing unique genetic ancestry
components (Figs. S1-S2, Tables S8-S9) and minimal evidence of recent gene flow among
southern populations. Two Scandinavian wolves displayed substantial Karelian ancestry,
consistent with known recent immigration (27). Phylogenomic trees supported the same
population structure with Karelian and Scandinavian forming a well-supported clade, and
southern European populations appearing as highly divergent (Figs. 1C, S3-S5). These combined
lines of evidence indicate that differentiation may result from long-term isolation in addition to
recent anthropogenic bottlenecks.
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Deep divergences among European wolf populations

Dated phylogenomic analyses using complementary methods — MiSTI (22) and the TT-method
(23) — placed the divergence of most European populations in the late Pleistocene (Table S10;
see also 73), coinciding with population bottlenecks between 10,000-20,000 years ago (Figs.
S6-S7). Divergence time estimates were generally concordant between methods (e.g., for Italian
Peninsula vs. Dinaric-Balkan wolves: MiSTI ~12,869 years, TT ~12,147 years). The extreme
genetic drift in the Scandinavian population, founded by just three immigrants from Karelia in
the 1980s (24), has greatly accelerated its differentiation, yielding an older estimate in MiSTI
than the historically documented founding date captured by TT (Fig. S8, Tables S10, S11). In all
other cases, divergence substantially predated 19"-20th century persecution, indicating that
present-day structure primarily reflects ancient post-glacial biogeographic histories rather than
recent fragmentation. These populations have therefore been isolated for millennia with minimal
evidence of gene flow among them (Figs. 1B, S1-S2), except for the Scandinavian population
which receives occasional immigrants from Karelia (Fig. S1-S2). The southern populations (i.e.,
Dinaric-Balkan, Italian Peninsula, Iberian) cannot currently be considered a metapopulation for
conservation purposes.

Genetic diversity and demographic declines vary across European populations

Genome-wide heterozygosity showed pronounced differences among populations. Asian wolves
exhibited the highest overall levels, with Tibetan wolves somewhat lower than other Asian
groups (Fig. S9). Within Europe, Karelian and Dinaric-Balkan wolves had the highest mean
heterozygosity (including per-site heterozygosity and mean mt; Fig. 2A, Tables S12, S13). Italian
Peninsula wolves presented uniformly low diversity, while Iberian and Scandinavian wolves
showed reduced heterozygosity and elevated inter-individual variance, consistent with historical
bottlenecks, recent founder events in Scandinavia (24), and/or cryptic fragmentation in Iberia
(14, 25). Demographic reconstructions indicated strong recent bottlenecks in all five European
populations, with current Ne values well below conservation thresholds (Fig. 3). In the Late
Medieval period, Karelian and Dinaric-Balkan populations exceeded Ne = 4,000 and the Iberian
and Italian Peninsula populations were around Ne = 2,000 in the early part of the modeled
timeframe. Italy was the first to fall below Ne = 500, approximately two centuries ago; the other
European populations did not decline to these levels until nearly the 20th century (Fig. 3). The
Scandinavian population trajectory was distinctive, with Ne near zero until ~20-30 years ago,
reflecting its recent founding from very few individuals.

No European wolf population meets long-term viability thresholds. Ne > 500

Contemporary Ne estimates based on a linkage disequilibrium-based method, GONE2 (26),
converged on very low values, all far below the Ne = 500 threshold for long-term adaptive
potential. The lowest Ne was estimated for Scandinavia at 12.4 (95% CI: 11.7-13.1); Italy fell
below the Ne = 50 threshold associated with severe short-term risk of inbreeding depression at
49.5 (45.1-54.2). The remaining populations exceeded Ne = 50 but were well below 500: Iberian
105.0 (99.3-111.6), Dinaric-Balkan 109.3 (101.3-115.2), and Karelia 191.0 (180.9-201.3).
Unaccounted within-population substructure may bias these estimates. Analyses correcting for
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this effect revealed a modest increase in Ne over recent generations, consistent with ongoing
demographic recovery (Fig. S10). Estimates of subpopulation number varied widely and should
be interpreted cautiously, as they may reflect pack-level genealogical structure rather than
discrete demographic units (Table S14). Critically, all populations remained clearly below the Ne
= 500 threshold regardless of analytical approach (Fig. S10; Table S14). Although census
numbers have increased in all regions, these recoveries have not yet translated into effective
population sizes compatible with favorable conservation status.

High inbreeding and significant genetic load

Genomic inbreeding coefficients derived from runs of homozygosity (Froy) mirrored
heterozygosity and demographic patterns. The populations with the highest inbreeding — Italy
(0.394 + 0.04), Scandinavia (0.359 + 0.12) and Iberia (0.343 + 0.09) — are precisely those with
the lowest Ne. The Scandinavian and Iberian populations showed particularly high
inter-individual variance in both metrics (Fig. 2A, 2B), suggesting that these populations are not
panmictic; in Scandinavia this likely reflects recent gene flow, while in Iberia it can be attributed
to previously documented population structure (25). The length distribution of ROH revealed
distinct inbreeding histories (Table S15, Fig. S11, S12). Italian Peninsula wolves carried the
largest total length of short and intermediate ROH segments (mean = 0.288 Gb and 0.153 Gb,
respectively), consistent with a long-term bottleneck and isolation spanning 38-372 generations.
Scandinavian wolves, in contrast, carried the greatest burden of long ROH (mean = 0.435 Gb), a
hallmark of intense, very recent inbreeding over fewer than ~18 generations. Italian Peninsula
and Iberian wolves also exhibited substantial long ROH reflecting both historical isolation and
recent demographic decline (Italian Peninsula mean = 0.428 Gb; Iberian mean ~ 0.409 Gb).
Average heterozygosity outside ROH was relatively similar across populations, indicating that
most standing diversity is maintained in non-inbred genomic regions. The proportion of the
genome in long ROH (>2 Mb) differed sharply across populations and, as elevated Fyqy is
precisely what drives the shift of genetic load from masked to realized (27), largely determined
inbreeding depression risk categories (IDrisk, Fig. 2C). Italian Peninsula, Scandinavian and
Iberian wolves fell in the "moderate" inbreeding depression risk category — notable given that
inbreeding depression has already been documented in the one population where data exist to test
for it (Scandinavia; /7, 18). Total genetic load (masked + realized) was greatest in Karelian
wolves, yet the critical difference among populations lay in the ratio of masked to realized load
(Fig. S13, Table S16, S17). In large, historically connected populations, deleterious variants are
mostly masked and exert limited fitness effects. In Italy, Iberia and Dinaric-Balkan, prolonged
isolation and recent bottlenecks have shifted much of this load into the realized category (Fig. 4),
exposing recessive deleterious alleles and increasing risk of inbreeding depression. Scandinavian
wolves have been shown to suffer inbreeding depression (17,18), which was acute in individuals
with higher inbreeding coefficients (Fyroy; Fig. 2B). The estimated realized genetic load of
Iberian and Italian Peninsula wolves exceeded that of Scandinavian wolves, suggesting
inbreeding depression is likely worse in those populations, though no empirical data currently
exist to evaluate this prediction.
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Census counts mask the genetic fragility of recovering wolves

Our results challenge the legal framework which considers European wolves as a single unit,
where numbers and recovery are typically reported at the continental scale (/, §). We show that
the five analyzed European populations are highly differentiated, independently evolving
lineages whose divergence dates to the late Pleistocene, except for the recently founded
Scandinavian population. All five exhibit clear signatures of historical and recent bottlenecks -
low genetic diversity relative to Asian wolves, steep declines in Ne over the past 100-200
generations, and extensive ROH indicative of persistent inbreeding. Despite demographic
increase in census size and range, genomic recovery has not followed: genetic health in these
populations remains compromised. Effective population sizes remain far below Ne = 500, and
two populations hover near or below the Ne = 50 boundary associated with severe short-term
inbreeding risks. Karelia is the least compromised population but is still well below Ne = 500.
By the genetic criteria increasingly advocated for Favorable Conservation Status under EU
policy (5), none of them can be considered secure in the long-term.

Legal protection can drive natural recolonization

Wolves have comparable histories of range contraction and demographic decline to other
widespread European large carnivores (28-30). Unlike brown bears (30), wildcats (37) and
Eurasian lynx (32), however, the recent range recovery of wolves in Europe has been largely
natural, facilitated by legal protection and ecological versatility rather than intensive
reintroduction and conservation programs (33). Widespread natural recolonization demonstrates
the power of legal protection, but this recovery has not yet progressed sufficiently to achieve
genomic health. Wolves are continuing to recolonize where legal protection holds and appear to
have the potential to meet conservation goals without the expensive interventions required for
some other carnivores. Legal protection of wolves may therefore be sufficient to secure at least
some European populations - but only if it is not withdrawn before populations reach healthy
sizes and connectivity.

Perceived overabundance masks genomic vulnerability

Growing human-wolf conflicts in recently recolonized areas, where wolves come into contact
with farming communities with limited recent experience of coexisting with wolves, may have
led to a biased general perception of overabundance of wolves, partly motivating the recent EU
decision to relax protection. Our genomic data reveal that mere numeric abundance masks
substantial genetic vulnerability. Policies that encourage increased lethal control or otherwise
reduce census sizes risk further depressing already low Ne, exacerbating inbreeding, eroding
adaptive potential and increasing realized genetic load — especially in already compromised
populations. The recent extinction of the Sierra Morena population in Spain underscores how
isolated, genetically eroded lineages can rapidly spiral toward extinction when conservation
measures are relaxed or delayed (79, 34).
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Genomic data can better inform conservation strategies

Conservation and management must therefore acknowledge that European wolves are not a
single homogeneous unit but a set of distinct evolutionary lineages with different histories and
vulnerabilities. At minimum, the five populations identified here — Karelian, Scandinavian,
Dinaric-Balkan, Italian Peninsula and Iberian — should be treated as separate management units.
For each, strategies should aim to increase Ne through demographic growth and to facilitate
connectivity where feasible in order to reduce inbreeding and increase gene flow. Encouragingly,
recent long-distance dispersal events (35-37) indicate that legal protection is already facilitating
the natural re-establishment of connectivity among previously isolated lineages. Maintaining and
strengthening these protections is essential if genetic recovery is to eventually follow the
demographic gains documented so far. More broadly, the European wolf exemplifies a critical
conservation pivot: demographic recovery is not synonymous with genetic recovery. As global
and regional frameworks move toward integrating genetic indicators into conservation targets to
ensure long-term adaptability and evolutionary potential, increasingly available whole-genome
data provide the necessary resolution to detect hidden risks beneath positive demographic trends.
The evolutionary future of European wolves — and the ecological functions they provide — will
depend on policies informed not only by trends in counts and ranges, but by the genomic
evidence now available. The message in the data is unambiguous: European wolves have
returned, but they are not yet safe.

References and Notes

—

G. Chapron et al., Recovery of large carnivores in Europe's modern human-dominated

landscapes. Science 346, 1517-1519 (2014). https://doi.org/10.1126/science.1257553

2. S. H. Fritts et al., Planning and implementing a reintroduction of wolves to Yellowstone
National Park and central Idaho. Restor. Ecol. 5, 7-27 (1997).
https://doi.org/10.1046/j.1526-100X.1997.09702.x

3. R. E. Shaw et al., Global meta-analysis shows action is needed to halt genetic diversity
loss. Nature 638, 704—710 (2025). https://doi.org/10.1038/s41586-024-08458-x

4. S. Hoban et al., Genetic diversity targets and indicators in the CBD post-2020 Global
Biodiversity Framework must be improved. Biol. Conserv. 248, 108654 (2020).
https://doi.org/10.1016/j.biocon.2020.108654

5. J.D. Linnell, L. Boitani, Developing methodology for setting Favourable Reference
Values for large carnivores in Europe. Report to the European Commission under contract
N°09.0201/2023/907799/SER/ENV.D.3 (2025).

6. R. Frankham, C. J. Bradshaw, B. W. Brook, Genetics in conservation management:
revised recommendations for the 50/500 rules, Red List criteria and population viability
analyses. Biol. Conserv. 170, 56—63 (2014). https://doi.org/10.1016/j.biocon.2013.12.036

7. S. Hoban et al., Too simple, too complex, or just right? Advantages, challenges, and
guidance for indicators of genetic diversity. BioScience 74, 269-280 (2024).
https://doi.org/10.1093/biosci/biac006

8. C. Di Bernardi ef al., Continuing recovery of wolves in Europe. PLOS Sustain.
Transform. 4, €0000158 (2025). https://doi.org/10.1371/journal.pstr.0000158

9. Council of the European Union, Targeted amendment to Directive 92/43/EEC (Habitats

Directive) changing the protection status of Canis lupus from Annex IV to Annex V

(2025).


https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

10. M. Kutal, M. Dua, M. Haring, J. V. Lopez-Bao, Deeply political and populist decisions
on large carnivores in Europe in recent times. Conserv. Lett.18, e13125 (2025).
https://doi.org/10.1111/conl.13125

11. A. Ordiz, D. Canestrari, J. Echegaray, Large carnivore management at odds: Science or
prejudice? Glob. Ecol. Conserv. 54, €03062 (2024).
https://doi.org/10.1016/j.gecco.2024.¢03202

12. M. Pilot et al., Ecological factors influence population genetic structure of European grey
wolves. Mol. Ecol. 15, 4533-4553 (2006).
https://doi.org/10.1111/.1365-294X.2006.03110.x

13. P. Silva et al., Genomic evidence for the old divergence of southern European wolf
populations. Proc. R. Soc. B 287, 20201206 (2020).
https://doi.org/10.1098/rspb.2020.1206

14. 1. Salado et al., Large variance in inbreeding within the Iberian wolf population. J. Hered.
115, 349-359 (2024). https://doi.org/10.1093/jhered/esad071

15. D. Lobo, J. V. Lépez-Bao, R. Godinho, The population bottleneck of the Iberian wolf
impacted genetic diversity but not admixture with domestic dogs: A temporal genomic
approach. Mol. Ecol. 32, 5986—5999 (2023). https://doi.org/10.1111/mec.17171

16. D. Battilani et al., Beyond population size: Whole-genome data reveal bottleneck legacies
in the peninsular Italian wolf. J. Hered. 116, 10-23 (2025).
https://doi.org/10.1093/jhered/esac041

17. O. Liberg et al., Severe inbreeding depression in a wild wolf (Canis lupus) population.
Biol. Lett. 1, 17-20 (2005). https://doi.org/10.1098/rsbl.2004.0266

18. J. Raikkonen, A. Bignert, P. Mortensen, B. Fernholm, Congenital defects in a highly
inbred wild wolf population (Canis lupus). Mamm. Biol. 71, 6573 (2006).
https://doi.org/10.1016/j.mambio.2005.12.002

19. D. Gémez-Sanchez et al., On the path to extinction: inbreeding and admixture in a
declining grey wolf population. Mol. Ecol. 27, 3599-3612 (2018).
https://doi.org/10.1111/mec.14824

20. L. M. Hennelly ef al., Continent-wide view of genomic diversity and divergence in the
wolves of Asia. Commun. Biol. 9, 330 (2026).
https://doi.org/10.1038/s42003-025-09379-9

21. M. Akesson et al., Genetic signature of immigrants and their effect on genetic diversity in
the recently established Scandinavian wolf population. Conserv. Genet. 23, 359-373
(2022). https://doi.org/10.1007/s10592-021-01423-5

22. V. Shchur, D. Y. Brandt, A. Ilina, R. Nielsen, Estimating population split times and
migration rates from historical effective population sizes. bioRxiv 2022.06 (2022).
https://doi.org/10.1101/2022.06.17.496540

23. P. Sjodin, J. McKenna, M. Jakobsson, Estimating divergence times from DNA sequences.
Genetics 217, 1iyab008 (2021). https://doi.org/10.1093/genetics/iyab008

24. C. Vila et al., Rescue of a severely bottlenecked wolf (Canis lupus) population by a
single immigrant. Proc. R. Soc. B 270, 91-97 (2003).
https://doi.org/10.1098/rspb.2002.2184

25. P. Silva et al. Cryptic population structure reveals low dispersal in Iberian wolves. Sci.
Rep. 8, 14108 (2018). https://doi.org/10.1038/s41598-018-32369-3

26. E. Santiago, C. Kopke, A. Caballero, Accounting for population structure and data
quality in demographic inference with linkage disequilibrium methods. Nat. Commun. 16,
6054 (2025). https://doi.org/10.1038/s41467-025-61378-w


https://doi.org/10.1111/mec.17171
https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

M. Kardos, P. Nietlisbach, P. W. Hedrick, How should we compare different genomic
estimates of the strength of inbreeding depression? Proc. Natl. Acad. Sci. U.S.A. 115,
E2492-E2493 (2018). https://doi.org/10.1073/pnas.1714475115

K. Schmidt, M. Ratkiewicz, M. K. Konopinski, The importance of genetic variability and
population differentiation in the Eurasian lynx Lynx lynx for conservation, in the context
of habitat and climate change. Mamm. Rev. 41, 112—124 (2011).
https://doi.org/10.1111/j.1365-2907.2010.00180.x

F. Mattucci et al., European wildcat populations are subdivided into five main
biogeographic groups: consequences of Pleistocene climate changes or recent
anthropogenic fragmentation? Ecol. Evol. 6, 3-22 (2016).
https://doi.org/10.1002/ece3.1815

A. Zedrosser, J. E. Swenson, Conservation status and distribution of the brown bear in
Europe, in Bear and Human (Brepols, 2023), pp. 51-62.

U. Breitenmoser, T. Lanz, C. Breitenmoser-Wiirsten, Conservation of the Wildcat (Felis
silvestris) in Scotland: Review of the Conservation Status and Assessment of
Conservation Activities (IUCN SSC Cat Specialist Group, 2019).

S. A. Mueller et al., Genome-wide diversity loss in reintroduced Eurasian lynx
populations urges immediate conservation management. Biol. Conserv. 266, 109442
(2022). https://doi.org/10.1016/j.biocon.2021.109442

P. Ciucci, H. Sand, M. Akesson, J. Kusak, "Wolf Canis lupus Linnaeus, 1758" in
Carnivora (Springer Nature Switzerland, Cham, 2026), pp. 279-341.

J. V. Lopez-Bao et al., Toothless wildlife protection laws. Biodivers. Conserv. 24,
2105-2108 (2015). https://doi.org/10.1007/s10531-015-0914-8

L. W. Andersen et al., Long-distance dispersal of a wolf, Canis lupus, in northwestern
Europe. Mamm. Res. 60, 163—168 (2015). https://doi.org/10.1007/s13364-015-0220-6
M. Konec, S. Collet, C. Nowak, T. Skrbinsek, A. V. Stronen, Dispersal of a wolf with
complex ancestry from the Dinaric—Alpine region to Germany demonstrates the value of
transboundary monitoring networks. Conserv. Sci. Pract.6, €13181 (2024).
https://doi.org/10.1111/csp2.13181

P. Ciucci, W. Reggioni, L. Maiorano, L. Boitani, Long-distance dispersal of a rescued
wolf from the northern Apennines to the western Alps. J. Wildl. Manage., 73, 1300-1306
(2009). https://doi.org/10.2193/2008-510

L. Boitani, M. Phillips, Y. V. Jhala, Canis lupus (amended version of 2018 assessment).
ITUCN Red List of Threatened Species 2023: . T3746A247624660 (2023).
https://doi.org/10.2305/TUCN.UK.2023-1.RLTS.T3746A247624660.en

C. C. Kyriazis, J. A. Robinson, K. E. Lohmueller, Long runs of homozygosity are reliable
genomic markers of inbreeding depression. Trends Ecol. Evol. (2025).
https://doi.org/10.1016/j.tree.2025.06.013

S. Andrews, FastQC: A quality control tool for high throughput sequence data (2010);
available at http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

P. Ewels, M. Magnusson, S. Lundin, M. Killer, MultiQC: summarize analysis results for
multiple tools and samples in a single report. Bioinformatics 32, 3047-3048 (2016).
https://doi.org/10.1093/bioinformatics/btw354

S. Chen, Ultrafast one-pass FASTQ data preprocessing, quality control, and deduplication
using fastp. iMeta 2, €107 (2023). https://doi.org/10.1002/imt2.107

K. Lindblad-Toh et al., Genome sequence, comparative analysis and haplotype structure
of the domestic dog. Nature 438, 803—819 (2005). https://doi.org/10.1038/nature04338

9


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

44. H. L1, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25, 1754-1760 (2009).
https://doi.org/10.1093/bioinformatics/btp324

45. A. McKenna et al., The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res. 20, 1297-1303 (2010).
http://www.genome.org/cgi/doi/10.1101/gr.107524.110

46. P. Danecek et al., The variant call format and VCFtools. Bioinformatics 27, 21562158
(2011). https://doi.org/10.1093/bioinformatics/btr330

47. C. C. Chang et al., Second-generation PLINK: rising to the challenge of larger and richer
datasets. GigaScience 4, s13742-015-0047-8 (2015).
https://doi.org/10.1186/s13742-015-0047-8

48. D. H. Alexander, J. Novembre, K. Lange, Fast model-based estimation of ancestry in
unrelated individuals. Genome Res. 19, 1655—-1664 (2009).
http://www.genome.org/cgi/doi/10.1101/gr.094052.109

49. N. M. Kopelman, J. Mayzel, M. Jakobsson, N. A. Rosenberg, I. Mayrose, Clumpak: a
program for identifying clustering modes and packaging population structure inferences
across K. Mol. Ecol. Resour. 15, 1179-1191 (2015).
https://doi.org/10.1111/1755-0998.12387

50. K. Hanghej, 1. Moltke, P. A. Andersen, A. Manica, T. S. Korneliussen, Fast and accurate
relatedness estimation from high-throughput sequencing data in the presence of
inbreeding. GigaScience 8, g1z034 (2019). https://doi.org/10.1093/gigascience/giz034

51. R. K. Waples, A. Albrechtsen, I. Moltke, Allele frequency-free inference of close familial
relationships from genotypes or low-depth sequencing data. Mol. Ecol. 28, 35-48 (2019).
https://doi.org/10.1111/mec.14954

52. H. Wickham, ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, New York,
2009).

53. A. A. Behr, K. Z. Liu, G. Liu-Fang, P. Nakka, S. Ramachandran, pong: fast analysis and
visualization of latent clusters in population genetic data. Bioinformatics 32, 28172823
(2016). https://doi.org/10.1093/bioinformatics/btw327

54. J. K. Pickrell, J. K. Pritchard, Inference of population splits and mixtures from
genome-wide allele frequency data. PLoS Genet. 8, €1002967 (2012).
https://doi.org/10.1371/journal.pgen.1002967

55. E. Paradis, K. Schliep, ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics 35, 526-528 (2019).
https://doi.org/10.1093/bioinformatics/bty633

56. G. Yu, D. K. Smith, H. Zhu, Y. Guan, T. T. Y. Lam, ggtree: an R package for visualization
and annotation of phylogenetic trees with their covariates and other associated data.
Methods Ecol. Evol. 8,28-36 (2017). https://doi.org/10.1111/2041-210X.12628

57. A. Gkanogiannis, S. Gazut, M. Salanoubat, S. Kanj, T. Briils, A scalable assembly-free
variable selection algorithm for biomarker discovery from metagenomes. BMC
Bioinformatics 17, 311 (2016). https://doi.org/10.1186/s12859-016-1186-3

58. A. Auton et al., Genetic recombination is targeted towards gene promoter regions in
dogs. PLoS Genet. 9, €1003984 (2013). https://doi.org/10.1371/journal.pgen.1003984

59. L. D. Mech, S. M. Barber-Meyer, Seasonality of intraspecific mortality by gray wolves.
J. Mammal. 98, 1538—1546 (2017). https://doi.org/10.1093/jmammal/gyx113

60. X. Liu, Y. X. Fu, Stairway Plot 2: demographic history inference with folded SNP
frequency spectra. Genome Biol. 21, 280 (2020).
https://doi.org/10.1186/s13059-020-02196-9

10


https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

61. H. Li, R. Durbin, Inference of human population history from individual whole-genome
sequences. Nature 475, 493-496 (2011). https://doi.org/10.1038/nature10231

62. P. Danecek et al., Twelve years of SAMtools and BCFtools. GigaScience 10, giab008
(2021). https://doi.org/10.1093/gigascience/giab008

63. L. Hilgers, S. Schmid, A. T. Ozga, Recommendations for PSMC analysis in non-model
organisms: a how-to guide for population genetics. Mol. Ecol. Resour. 24, 13920 (2024).
https://doi.org/10.1371/journal.pbio.3001669

64. E. M. Koch et al., De novo mutation rate estimation in wolves of known pedigree. Mol.
Biol. Evol. 36, 25362547 (2019). https://doi.org/10.1093/molbev/msz159

65. J. Terhorst, J. A. Kamm, Y. S. Song, Robust and scalable inference of population history
from hundreds of unphased whole genomes. Nat. Genet. 49, 303-309 (2017).
https://doi.org/10.1038/ng.3748

66. C. M. Schlebusch et al., Southern African ancient genomes estimate modern human
divergence to 350,000 to 260,000 years ago. Science 358, 652—655 (2017).
https://doi.org/10.1016/j.ajhg.2026.02.004

67. T. S. Korneliussen, A. Albrechtsen, R. Nielsen, ANGSD: Analysis of Next Generation
Sequencing Data. BMC Bioinformatics 15, 356 (2014).
https://doi.org/10.1186/s12859-014-0356-4

68. L. E. Lisiecki, M. E. Raymo, A Pliocene-Pleistocene stack of 57 globally distributed
benthic 6'°0 records. Paleoceanography 20, PA1003 (2005).
https://doi.org/10.1029/2004PA001071

69. D. Hodell ef al., 1.5-million-year record of orbital and millennial climate variability in
the North Atlantic. Clim. Past 19, 607-636 (2023).
https://doi.org/10.5194/cp-19-607-2023

70. O. Tange, GNU Parallel 2018. Ole Tange (2018); doi:10.5281/zenodo.1146014.

71. R. F. Balboa et al., African bushpigs exhibit porous species boundaries and appeared in
Madagascar concurrently with human arrival. Nat. Commun. 15, 172 (2024).
https://doi.org/10.1038/s41467-023-44105-1

72. F. C. Ceballos, P. K. Joshi, D. W. Clark, M. Ramsay, J. F. Wilson, Runs of homozygosity:
windows into population history and trait architecture. Nat. Rev. Genet. 19, 220-234
(2018). https://doi.org/10.1038/nrg.2017.109

73. E. A. Thompson, Identity by descent: variation in meiosis, across genomes, and in
populations. Genetics 194, 301-326 (2013). https://doi.org/10.1534/genetics.112.148825

74. L. Smeds, 1. Kojola, H. Ellegren, From high masked to high realized genetic load in
inbred Scandinavian wolves. Mol. Ecol. 32, 1567-1580 (2023).
https://doi.org/10.1111/mec.16802

75. P. Cingolani et al., A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEft. Fly 6, 80-92 (2012).
https://doi.org/10.4161/fly.19695

76. R. Vaser, S. Adusumalli, S. N. Leng, M. Sikic, P. C. Ng, SIFT missense predictions for
genomes. Nat. Protoc. 11, 1-9 (2016). https://doi.org/10.1038/nprot.2015.123

77.J. D. C. Linnell, T. W. Bentzen, U. S. Lande, H. Braseth, Conservation genetics and the
management of wolves in Scandinavia, in Large Carnivore Conservation and
Management (2007), pp. 1-35.

78. G. Bertorelle ef al., Genetic load: genomic estimates and applications in non-model
species. Nat. Rev. Genet. 23, 492-503 (2022).
https://doi.org/10.1038/s41576-022-00448-x

11


https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

Acknowledgments: The authors thank all the people who helped with the fieldwork and allowed
the collection of the samples sequenced and analysed in this study. We are grateful to the
regional governments of Asturias, Cantabria, Galicia, Castilla-La Mancha in Spain for providing
samples. Slovenian samples were collected by the Slovenian Forest Service within the scope of
national monitoring of large carnivores. We particularly thank Matej Bartol and Rok Cerne for
their diligent collection of genetic samples of wolves in Slovenia. For Turkish samples, the
animal study was approved by Tiirkiye’s Department of Nature Conservation and National Parks
and the Ministry of Agriculture and Forestry for granting the permit for this research (No.
72784983-488.04-114100 and E-21264211-288.04-1602322). All animal procedures followed
the Kafkas University local ethical committee for animal experimentation (KAU HADYEK)
guidelines under KAU HADYEK/ 2018-050 and KAU-HADYEK/ 2021-083 permission
numbers. The study was conducted in accordance with the local legislation and institutional
requirements. We thank the laboratory facilities: Conservation Genomics Research Unit of the
Fondazione Edmund Mach (FEM), Molecular Ecology Lab of the Dofiana Biological Station
(LEM-EBD) and Sakarya University Molecular Biology and Genetic Laboratory. We are grateful
to the IT team at the University of Ljubljana for providing access to their computing server and
for their technical support, with special thanks to Elena Pazhenkova for her assistance throughout
this project. CS gratefully acknowledges Prof. Bridgett vonHoldt and the High-Performance
Computing (HPC) Research Center at Princeton University, USA, for providing support and
computational resources for analyses.

Funding: This research was funded by Biodiversa+, the European Biodiversity Partnership
under the 2021-2022 BiodivProtect joint call for research proposals, co-funded by the European
Commission (GA N°101052342) and with the funding organizations Ministry of Universities
and Research (MUR), Italy (BIODIV21 00066), Ministry of Higher Education, Science and
Innovation (MVZI), Slovenia (Grant number: C3330-22-252023), the Swedish Research Council
for Environment, Agricultural Sciences and Spatial Planning (FORMA), Sweden,
Bundesministerium fiir Bildung und Forschung (BMBF), Germany (Grant number
16LW0316K), Fundacao para a Ciéncia e a Tecnologia (FCT) Portugal (DivProtect/0012/2021;
https://doi.org/10.54499/DivProtect/0012/2021), Ministry for Science, Innovation and
Universities, Spain (Grant numbers PCI2022-134985-2 and PCI2022-135098-2), Scientific and
Technological Research Council of Tiirkiye (TUBITAK), Tiirkiye (Grant number: 222N122).

SR has been supported by a 2-year fellowship granted by the Department of Biology and
Biotechnologies "Charles Darwin" funded by the Biodiversa+ consortium and part of Work
Package 3 of the Woltness project.

RG worked under a research contract from FCT (2022.07926.CEECIND).

Slovenian wolf monitoring is financed by the Ministry for Natural Resources and Spatial
Planning of the Republic of Slovenia.


https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeasiafed- RahGsbiBpt: Cmistadamal icense.

TS and AVS were partially funded by the European Commission under the LIFE Programme
(LIFE18 NAT/IT/000972 LIFE Wild Wolf) and the Slovenian Research and Innovation Agency
(grant P1-0184).

Author contributions:

Conceptualization: SR, CV, DB, JAL, IS, CVA, PC, RC, EF

Resources: PC, RG, RC, EF, TS, AVS, CV, CVA, MN, JAL, CN, IS, DL, FM, EV, MG, JK, CHS
Data curation: SR, DL

Formal analysis: SR, DB, IS, CS, CL, FIS

Funding acquisition: PC, RG, RC, EF, TS, AVS, CV, CVA, MN, JAL, CN

Visualization: SR, DB, IS

Writing — original draft: SR, CV, JAL, CVA, DB, IS

Writing — review & editing: all authors

Competing interests: Authors declare that they have no competing interests.

Data, code, and materials availability: Raw sequencing reads for 78 wolves (including all
individuals used for the analyses presented in this paper) will be deposited in ENA under this
accession number: PRJEB110322. Additional 27 genomes from wolf-dog admixed individuals
and 8 village dogs, which were used solely for initial quality filtering and are not part of the final
dataset, will be made available with subsequent publications within the Biodiversa+
WOLFNESS project and can be requested directly to the authors if needed.

Supplementary Materials
Materials and Methods

Figs. S1to S14
Tables S1 to S17
References (40-78)


https://doi.org/10.64898/2026.03.20.713253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.20.713253; this version posted March 23, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

availablegypeifstfed-RYaNGsbIRpt-QlaiR madAmalicense.

Sample size
- o1 .
@ 10 ) I\ @ Dinaric-Balkan e NW Iberia o Central Asia e Tibetan
© 2 ‘ [/'| Populations e Italian Peninsulae Scandinavian o East Asia o Turkiye
@ :f, o Karelian @ North America e Indian o \West Asia
B) 8 C) 2 & P
01 e 2 N
= A
Q Q¢
8 2
o0 5 ‘
5 W \per@

PC2 (16.9%)

0“
est ™ ;
10.1 andy -2
e 2 No,
P4 / & Amep icg
%)
' f0.7 0.0 0.9 O é@
- : ; )
PC1 (22.5%) %

Fig. 1. Gray wolf populations differentiation. (A) Global distribution of whole-genome data
used. Circle size indicates sample size by locality, colored by population assignment. Gray
shadow area corresponds to the species distribution (38). When no detailed locality information
was available for samples, the centroid per country was used. (B) Principal Component Analysis
(PCA) of wolves based on 9,068,899 genome-wide SNPs. (C) Maximum-likelihood tree of the

different populations.
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Fig. 2. Homozygosity and genetic load in European gray wolf populations. (A) Variance in
genome-wide heterozygosity per population. (B) Inbreeding coefficient based on runs of
homozygosity (FROH) per population. (C) Inbreeding depression risk assessment (IDrisk), based
on heterozygosity and FROH, a genomically based prediction of risk that a population suffers
from inbreeding depression (39). Highly inbred Isle Royale and Minnesota wolves as well as the
endangered Ethiopian wolves (C. simensis) are included for comparison.
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Fig. 3. Demographic inference of gray wolf populations. (A) Effective population size (Ne) in
the last 600 years (corresponding to about 150 generations) estimated by GONE2 and (B)
zooming in on the last 45 years (dotted box in panel A). Lines represent geometric means and
shaded ribbons denote 95% confidence intervals across 20 independent replicates. The red
dashed line shows the Ne=500 threshold. All populations show a strong reduction in effective
population size in the last 100-300 years. More ancient demographic reconstructions were made
with Stairway plots, SMC++ and PSMC (Figs. S6, S7, S14).
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Fig. 4. Genetic load estimates in European gray wolf populations across functionally
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