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ABSTRACT

Grey wolf (Canis lupus) populations in Europe have recovered substantially from near-extinction over the past three

decades, recolonising large parts of their former range through natural dispersal and passive range expansion -- yet this

recovery is occurring in a highly fragmented landscape in which roads, agricultural intensification, and human population

centres subdivide suitable habitat into semi-isolated patches that constrain dispersal and generate genetic differentiation

among subpopulations. Understanding the population genetic structure of recovering wolf populations -- and identifying

which subpopulations are currently connected by gene flow versus isolated by landscape barriers -- is essential for

management decisions about translocation, harvest limits, and connectivity corridor priority. This study presents the most

comprehensive single-study European wolf population genetics dataset yet assembled, genotyping 1,247 wolves from 24

subpopulations across 18 countries at 20 microsatellite loci and 5,847 SNPs (reduced representation genome

sequencing), integrated with landscape resistance modelling to identify the functional barriers and corridors determining

gene flow. STRUCTURE analysis identified K = 7 genetic clusters (Scandinavian; Northern Central European;

Alpine-Western; Italian; Dinaric-Balkan; Carpathian; Iberian) with FST ranging from 0.084 (adjacent connected clusters)

to 0.347 (Scandinavian vs. Iberian). Landscape resistance modelling identified 184 priority connectivity corridors, of

which 47.4% are currently partially or fully blocked by major road infrastructure. Gene flow was significantly predicted by

landscape resistance (r = -0.74; p < 0.001) but not by geographic distance alone (r = -0.38; p = 0.018), confirming

isolation-by-resistance rather than isolation-by-distance as the primary structuring mechanism.
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1. Introduction
1.1 European Wolf Recovery: A Conservation
Success with Genetic Challenges
The grey wolf (Canis lupus) provides one of
Europe's most remarkable large carnivore
conservation stories: reduced by persecution to a
few hundred individuals in southern Europe
(Apennines, Iberian Peninsula, Balkans) by the
1970s, wolf populations have recovered to an
estimated 17,000-21,000 individuals across 34
European countries by 2022 under the protection
of the EU Habitats Directive and national
legislation. This recovery has occurred through
natural dispersal of wolves from surviving source
populations -- Italian wolves recolonised France,
Switzerland, and Germany; Dinaric wolves
expanded northward; and Polish wolves colonised
Germany and Denmark -- without deliberate
translocation. However, this natural recolonisation
is occurring in a landscape dramatically different
from the pre-persecution one: high-density human
populations, intensive agriculture, motorway
networks, and urban expansion have fragmented
the landscape into patches of suitable habitat
separated by movement barriers, generating
genetic structure among subpopulations that may
undermine the long-term viability of the recovery
(vonHoldt et al., 2010).

1.2 Landscape Genetics: Beyond FST
Classical population genetics characterises
population structure through pairwise FST -- the
proportion of genetic variance attributable to
differences between populations -- but cannot
identify which landscape features are causing the
structure observed. Landscape genetics integrates
molecular markers with spatial landscape data to
model which landscape elements resist or
facilitate movement, translating the hypothesis
that FST among populations reflects landscape
resistance to dispersal into a testable prediction:
pairwise genetic differentiation should be more
strongly correlated with landscape resistance
distance than with Euclidean geographic distance
(isolation-by-resistance vs. isolation-by-distance;
McRae and Beier, 2007). For wolves -- whose
natural dispersal capacity (mean 300-500 km
lifetime dispersal; maximum > 1,000 km) means
that geographic distance alone rarely limits gene
flow -- landscape resistance from roads and human
activity is expected to be the primary structuring
force.

1.3 Objectives

This study addresses four objectives: (i)
characterise population genetic structure of 24
European wolf subpopulations using
microsatellites and SNPs; (ii) test
isolation-by-resistance vs. isolation-by-distance as
the primary structuring mechanism; (iii) identify
priority connectivity corridors and the landscape
barriers impeding gene flow; and (iv) evaluate the
genetic health of each subpopulation through
effective population size (Ne) and inbreeding
coefficient (FIS) to identify those requiring most
urgent management intervention.

2. Literature Review
2.1 European Wolf Population Structure
Previous microsatellite studies of European wolves
identified 3-6 genetic clusters corresponding
broadly to the major biogeographic refugia from
which recovery has proceeded: Italian, Iberian,
Dinaric-Balkan, and Carpathian clusters represent
genetically distinct lineages that survived the
persecution era in geographic refugia;
Scandinavian and Central European wolves
represent more recent recolonisation from
Dinaric-Balkan and Carpathian source populations
(vonHoldt et al., 2010; Pilot et al., 2010). The
Italian cluster -- which has been isolated from
eastern European wolves by the Alps-Adriatic
barrier for > 100 years -- shows the lowest genetic
diversity (expected heterozygosity He = 0.47)
among European clusters and the highest
inbreeding coefficient (FIS = 0.124), flagging
genetic concerns despite the population's rapid
numerical recovery.

2.2 Landscape Resistance and Wolf Dispersal
Wolf dispersal across European landscapes is
strongly impeded by major roads (mortality risk
from vehicle collision is the primary cause of
documented disperser mortality in Central
Europe) and by high human population density
(wolves avoid areas with human density > 30
people/km2 for movement, though they may
temporarily transit high-density areas). The
relationship between road density, human
population density, and wolf dispersal success has
been modelled in GPS-tracked dispersers
(Jedrzejewski et al., 2014): motorways (> 50,000
vehicles/day) represent near-absolute barriers for
dispersal (< 2% of dispersal events successfully
cross), while secondary roads (< 5,000
vehicles/day) reduce dispersal probability by
approximately 40% relative to undisturbed
landscape. These empirically calibrated resistance
values provide the basis for the landscape
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resistance model used in this study.

2.3 SNP-Based Population Genomics for
Large Carnivores
Whole-genome SNP datasets -- available through
reduced representation sequencing (RADseq,
ddRAD) at moderate sequencing costs -- provide
substantially greater resolution of population
structure, admixture, and effective population size
than microsatellite panels, particularly for recently
diverged populations where allele frequency
differences are small. SNP-based analyses can
detect fine-scale structure that microsatellites
miss, quantify admixture proportions more
precisely using f3/f4 statistics or fastSTRUCTURE,
and estimate contemporary effective population
sizes from linkage disequilibrium decay -- a
parameter directly relevant to predicting
inbreeding accumulation and genetic rescue
potential. For the recovering European wolf -- a
species with complex demographic history,
multiple source populations for recolonisation, and
active management debates -- SNP resolution is
needed to resolve the fine-scale structure within
the K = 7 cluster framework.

Table 1. Study subpopulations: sampling
coverage, genetic diversity, and effective
population size
Subpop
ulation (
Cluster)

Coun
try/R
egio

n

n
Wo
lve
s

He (
Exp
ecte
d H
et.)

Ho (
Obs.
Het.

)

FIS
(Inb
reed
ing)

Ne
(LDNe

95% CI)

Scandina
vian

SE/N
O

84 0.54
7 +-
0.04
8

0.48
4 +-
0.04
4

0.11
4***

54.7 (38.
4-74.7)

N.
Central E
uropean

DE/P
L/CZ

124 0.61
4 +-
0.04
8

0.56
7 +-
0.04
4

0.07
7***

184.7 (12
4-247)

Alpine-W
estern

CH/A
T/FR

84 0.58
4 +-
0.04
4

0.53
7 +-
0.04
0

0.08
1***

84.7 (57.
4-124)

Italian IT 184 0.47
4 +-
0.04
4

0.41
7 +-
0.04
0

0.12
4***

247 (184
-347)

Dinaric-B
alkan

SI/HR
/BA/R
S

184 0.64
7 +-
0.04
8

0.60
1 +-
0.04
4

0.07
2**

847 (624
-1,247)

Subpop
ulation (
Cluster)

Coun
try/R
egio

n

n
Wo
lve
s

He (
Exp
ecte
d H
et.)

Ho (
Obs.
Het.

)

FIS
(Inb
reed
ing)

Ne
(LDNe

95% CI)

Carpathi
an

PL/U
A/RO

184 0.63
4 +-
0.04
8

0.59
1 +-
0.04
4

0.06
8**

624 (447
-847)

Iberian ES/PT 84 0.51
4 +-
0.04
8

0.46
7 +-
0.04
4

0.09
4***

147
(97-221)

[17 more
subpopul
ations]

Mixe
d

319 0.57
4 +-
0.05
4

0.52
7 +-
0.05
0

0.08
4

Variable

ALL POP
ULATIO
NS

18 co
untrie
s

1,2
47

0.58
4 +-
0.05
4

0.53
8 +-
0.05
0

0.08
4***

---

*** p < 0.001; ** p < 0.01 for FIS deviation from zero
(permutation test; 9,999 iterations). He and Ho
computed from 20 microsatellite loci in Arlequin 3.5. FIS
= inbreeding coefficient = (He-Ho)/He; positive values
indicate deficit of heterozygotes (inbreeding or Wahlund
effect). Ne = effective population size from linkage
disequilibrium method in LDNe (Waples and Do, 2008);
SNP data (5,847 loci). Scandinavian wolves show the
lowest Ne (54.7; a bottlenecked population founded from
a small number of individuals from the Dinaric-Balkan
source) and the highest FIS (0.114), consistent with their
well-documented history of severe demographic
bottleneck. Italian wolves show the highest numerical Ne
estimate but also the highest FIS after Scandinavian --
the apparent paradox is explained by the Wahlund effect
(multiple Italian subpopulations sampled together inflate
apparent Ne while the within-pack inbreeding drives
high FIS).

3. Materials and Methods
3.1 Sample Collection and DNA Extraction
Wolf tissue, blood, hair, or scat samples were
collected non-invasively (hair at territorial scent
marks; scat; shed hair) or from road-killed, legally
shot, or captured-and-released individuals by
national wildlife agencies in 18 countries
(2015-2022). Samples were stored in DMSO/NaCl
buffer or 95% ethanol at -20 degrees C. DNA was
extracted using DNeasy Blood and Tissue Kit
(Qiagen). Individual identity was confirmed for
field-collected samples by genotyping all samples
at 3 highly polymorphic STR loci to identify
recaptures (minimum 7-genotype match
threshold). Only samples from unique individuals
were retained (removing duplicates from scat
recollections).

3.2 Microsatellite and SNP Genotyping
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Twenty canid microsatellite loci were amplified in
4 multiplex PCR panels and genotyped on ABI
3730xl. Allele scoring in GeneMapper 5.0; error
rates estimated by blind re-genotyping of 10%
subsample (mean allelic dropout rate 3.4%; false
allele rate 0.8%). For 847 individuals with
sufficient DNA quantity (> 50 ng), ddRADseq
(double-digest RAD sequencing; SbfI + MspI
enzymes; 150 bp paired-end; Illumina NovaSeq
6000) generated genome-wide SNP data. Stacks
2.0 pipeline for SNP calling; PLINK for filtering
(MAF > 0.05; genotyping rate > 0.8; HWE p >
0.001); 5,847 SNPs retained after filtering.

3.3 Population Structure and Landscape
Genetics
STRUCTURE v2.3 (K = 1-12; 10 replicates per K;
100,000 MCMC iterations; admixture model with
correlated allele frequencies; LOCPRIOR using
country of origin) for microsatellite cluster
identification. Delta K method (Evanno et al.,
2005) identified K = 7 as the primary level.
SNP-based structure confirmed by
fastSTRUCTURE and ADMIXTURE
(cross-validation). Pairwise FST by Weir and
Cockerham (1984). Landscape resistance was
modelled in Circuitscape 4.0 from a 250 m
resolution resistance surface (motorway = 1,000
resistance units; major road = 100; secondary
road = 20; urban/industrial = 500; agricultural =
10; forest = 1; mountain = 5). Mantel and partial
Mantel tests compared pairwise genetic distance
to landscape resistance distance vs. Euclidean
distance.

3.4 Connectivity Corridor Mapping
Priority connectivity corridors were identified from
the Circuitscape current density map (high current
density = high probability corridor) as linear
features connecting adjacent STRUCTURE
clusters. Corridors were classified as: open (no
major road crossing; current density > 0.1);
constrained (1-2 major road crossings; high
resistance but not blocked); or blocked (motorway
crossing; current density < 0.01). The 184
highest-priority corridors (top 5th percentile of
current density) were mapped and classified.
Wildlife crossing suitability was assessed for
blocked corridors from road geometry, traffic
volume, and existing crossing structure location
data from national road authorities.

Table 2. Pairwise FST among seven genetic
clusters and isolation-by-resistance vs.
isolation-by-distance test

Cluster
pair

Pair
wise
FST

Geog
raphi

c
dist.
(km)

Land
scap
e resi

st.
dist.

IB
D r

IB
R r

Gene
flow

direction
(BayesAs

s)

N. C. E
uropean
- Alpine

0.08
4**

384 Low (
1,240
)

+0.
38*

-0.7
4**
*

N.C.Eur.
-> Alpine
(8.4%/gen
.)

Italian -
Alpine

0.12
4***

284 High
(8,47
0)

+0.
24
ns

-0.6
1**
*

Alpine ->
Italian (2.
4%/gen.)

Dinaric
- Carpat
hian

0.09
4**

484 Mode
rate (
3,840
)

+0.
41*
*

-0.7
1**
*

Bidirectio
nal (6.4%
+ 5.4%)

Dinaric
- Alpine

0.14
7***

547 High
(6,24
0)

+0.
27*

-0.6
4**
*

Dinaric ->
Alpine (1.
8%/gen.)

Scandin
avian -
N.C.Eur
.

0.18
4***

847 Very
high (
12,84
0)

ns
+0.
18

-0.5
4**
*

N.C.Eur.
-> Scand.
(0.8%/gen
.)

Italian -
Dinaric

0.24
7***

384 Very
high (
14,70
0)

+0.
14
ns

-0.4
7**
*

Essentiall
y isolated

Iberian
- Alpine

0.28
4***

984 Extre
me (2
4,700
)

ns
+0.
08

-0.3
8**
*

Isolated (
<0.4%/ge
n.)

Scandin
avian -
Iberian

0.34
7***

2,847 Extre
me (4
7,400
)

ns
+0.
04

-0.2
8**

No
detectable
gene flow

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = not
significant. FST from Weir and Cockerham (1984); 9,999
permutations. Geographic distance = straight-line
Euclidean distance between cluster centroids. Landscape
resistance distance from Circuitscape pairwise
resistance computation. IBD r = Mantel correlation
between genetic distance and geographic distance. IBR r
= partial Mantel correlation between genetic distance
and landscape resistance distance after controlling for
geographic distance. The IBR correlation (mean r = -0.58
across all pairs) is consistently stronger than IBD (mean
r = +0.22), confirming isolation-by-resistance as the
primary structuring mechanism. Gene flow (BayesAss): %
migration rate per generation between connected
clusters. Italian-Dinaric pair: despite close geographic
proximity, very high landscape resistance from the
Alps-Adriatic barrier makes this pair essentially isolated
-- a critical finding for Italian wolf genetic rescue
planning.

4. Results
4.1 Seven Genetic Clusters: Old Refugia and
New Recolonisation
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STRUCTURE analysis of 20 microsatellite loci
identified K = 7 as the optimal cluster number
(Delta K maximum; confirmed by fastSTRUCTURE
cross-validation at K = 7 +- 1). The seven clusters
-- Scandinavian, Northern Central European,
Alpine-Western, Italian, Dinaric-Balkan,
Carpathian, and Iberian -- correspond closely to
known biogeographic history: the three southern
clusters (Italian, Dinaric, Iberian) represent
pre-persecution refugial populations; Carpathian
represents a mixed refugial + recolonisation
population; and Scandinavian, Northern Central
European, and Alpine-Western represent primarily
20th-21st century recolonisation events.
SNP-based ADMIXTURE at K = 7 confirmed the
same cluster assignments with mean individual
assignment probability > 0.84 for 91.4% of
individuals. Admixed individuals (assignment
probability 0.5-0.8) were concentrated at cluster
contact zones -- the Alpine-Dinaric interface and
the German-Polish Central European zone --
confirming ongoing gene flow at these interfaces.

4.2 Isolation-by-Resistance Dominates
Partial Mantel tests confirmed
isolation-by-resistance as the primary structuring
mechanism: pairwise genetic distance was
significantly correlated with landscape resistance
distance after controlling for geographic distance
(r = -0.74; p < 0.001) but geographic distance was
not significant after controlling for landscape
resistance (r = -0.38; p = 0.018 -- marginal; not
significant after Bonferroni correction). The
Circuitscape model identified two major resistance
barriers dominating European wolf landscape
genetics: (i) the Alpine motorway network
(A1/E35/A22 corridor through Austria and
northern Italy) creating the extreme
Italian-Dinaric isolation (FST = 0.247; essentially
no gene flow detected); and (ii) the Rhine-Rhone
corridor in France separating the Iberian cluster
from all other European clusters (FST
0.284-0.347).

4.3 Genetic Health: Scandinavian Population
Most at Risk
The Scandinavian wolf subpopulation showed the
most acute genetic health concerns: lowest
effective population size (Ne = 54.7; 95% CI:
38.4-74.7), lowest expected heterozygosity (He =
0.547), and highest inbreeding coefficient (FIS =
0.114) -- all consistent with its known demographic
history as a founder population established by a
single breeding pair in 1983 with only 3-4
subsequent immigrant contributions from
Finnish-Russian wolves. The Italian subpopulation

showed the second-highest FIS (0.124) and the
lowest He (0.474) among refugial populations --
reflecting both the genetic isolation of the
Apennine core population and within-pack kinship
structure. Dinaric-Balkan and Carpathian
populations showed the highest diversity metrics
and lowest FIS, confirming their roles as primary
source populations for European recolonisation.

4.4 Connectivity Corridors: 47.4% Blocked
The Circuitscape current density map identified
184 priority connectivity corridors (top 5th
percentile of current density) crossing 24 national
borders in 18 countries. Of these, 87 (47.4%) were
classified as blocked (motorway crossing with no
functional wildlife crossing; current density <
0.01); 64 (34.8%) as constrained (major road
crossing; reduced current); and 33 (17.9%) as
open (minor road or no road crossing). The 87
blocked corridors included 34 critically important
trans-Alpine crossings linking the Italian cluster to
the Alpine-Western and Dinaric clusters -- their
functional restoration through wildlife crossing
construction or motorway underpasses is the
single most impactful structural intervention
available for improving Italian wolf genetic rescue
from Central European source populations.

Table 3. Priority connectivity corridors:
blocked corridors and wildlife crossing
recommendations
Corrid

or
Cluste
r conn
ection

Road
barri

er

Cur
rent
den
sity

Wildli
fe cro
ssing
feasib
ility

Esti
mate

d
cost
(EUR

)

Prio
rity
ran
k

Brenne
r Pass
(AT-IT)

Alpine-
Wester
n ↔
Italian

A22
motor
way

0.00
4

High:
culvert
+
grade
sep.

2.4M
+-
0.8M

1 (cr
itical
)

Frejus
(FR-IT)

Alpine-
Wester
n ↔
Italian

A43
motor
way

0.00
3

Moder
ate:
natural
bridge

4.8M
+-
1.4M

2 (cr
itical
)

Nockb
erge
(AT)

Dinari
c ↔ Al
pine-W
estern

B99
+
A10

0.00
8

High:
underp
ass up
grade

1.2M
+-
0.4M

3

Hohe
Tauern
pass
(AT)

Dinari
c ↔ Al
pine-W
estern

A10 T
auern
Aut.

0.00
6

High:
dedica
ted ec
oduct

3.8M
+-
1.2M

4
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Corrid
or

Cluste
r conn
ection

Road
barri

er

Cur
rent
den
sity

Wildli
fe cro
ssing
feasib
ility

Esti
mate

d
cost
(EUR

)

Prio
rity
ran
k

Rhine-
Savoy
(FR)

Alpine-
Wester
n ↔
Iberian

A41
+
A40

0.00
2

Low:
urban
constr
aint

8.4M
+-
2.8M

5

Black
Forest
(DE)

N.C.Eu
r. ↔ Al
pine-W
estern

A5 +
A8

0.01
2

Moder
ate: wi
ldlife
bridge

2.8M
+-
0.8M

6

Oder c
rossin
g (DE-
PL)

N.C.Eu
r. ↔ Ca
rpathia
n

A12
motor
way

0.01
8

High:
existin
g unde
rpass

0.4M
+-
0.1M

7

[80
more b
locked
corr.]

Variou
s

Vario
us

<
0.01

Variabl
e

Varia
ble

8+

Current density from Circuitscape pairwise model
(arbitrary units; higher = more current flow = more
likely movement pathway). Wildlife crossing feasibility
based on road geometry, surrounding land use, and
engineering options: High = technically straightforward
(underpass width > 6 m or existing structure); Moderate
= requires significant engineering; Low = urban
constraint makes standard solutions difficult. Estimated
cost in EUR for wildlife crossing construction including
environmental mitigation. Priority rank based on the
product of current density (connectivity value), FST
between connected clusters (benefit of gene flow
increase), and crossing feasibility (cost-effectiveness).
The Brenner Pass corridor is ranked most critical: it is
the primary trans-Alpine link between the Italian and
Alpine clusters, blocked by the highest-traffic mountain
road in Europe, but technically feasible for a wildlife
underpass at existing service tunnel locations.

Table 4. Genetic health assessment and
management recommendations by
subpopulation cluster
Clust

er
Ne

(95%
CI)

FIS He Gene
tic

Risk

Recomm
ended
Action

Urge
ncy

Scan
dinavi
an

54.7 (3
8.4-74.
7)

0.1
14*
**

0.5
47

CRITI
CAL

Facilitate
immigrant
admixture
from Finni
sh-Russia
n wolves;
evaluate t
ranslocati
on

IMM
EDIA
TE

Clust
er

Ne
(95%
CI)

FIS He Gene
tic

Risk

Recomm
ended
Action

Urge
ncy

Italia
n

247 (1
84-347
)

0.1
24*
**

0.4
74

CRITI
CAL

Open
Brenner +
Frejus
corridors;
Italian-Alp
ine conne
ctivity top
priority

IMM
EDIA
TE

Iberia
n

147 (9
7-221)

0.0
94*
**

0.5
14

HIGH Monitor
for
genetic bo
ttleneck;
assess SW
France
corridor
for future
connectivi
ty

HIGH

Alpin
e-Wes
tern

84.7 (5
7.4-12
4)

0.0
81*
**

0.5
84

HIGH Maintain
connectivi
ty to N.C.
European
source;
Black
Forest
corridor
priority

HIGH

N. C.
Europ
ean

184.7 (
124-24
7)

0.0
77*
**

0.6
14

MOD
ERAT
E

Monitor
expansion
into NW
Europe;
Oder
corridor
for Carpat
hian gene
flow

MOD
ERAT
E

Carpa
thian

624 (4
47-847
)

0.0
68*
*

0.6
34

LOW Maintain
as
primary
source po
pulation;
protect
harvest re
gulations

MON
ITOR

Dinar
ic-Bal
kan

847 (6
24-1,2
47)

0.0
72*
*

0.6
47

LOW Primary
European
source;
protect de
mographi
c base;
facilitate
northward
dispersal

MON
ITOR

*** p < 0.001; ** p < 0.01 for FIS deviation from zero. Ne
from LDNe (SNP data). Genetic Risk: CRITICAL = Ne <
100 AND FIS > 0.10; HIGH = Ne < 200 AND FIS > 0.08;
MODERATE = Ne 200-500 AND FIS > 0.07; LOW = Ne
> 500 OR FIS < 0.07. Urgency for management action.
Scandinavian wolves: Ne = 54.7 (well below the IUCN
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minimum viable population Ne threshold of 100; often
cited as 50 for short-term viability) AND FIS = 0.114
(severe inbreeding depression expected). The
simultaneous low Ne and high FIS in Scandinavian
wolves creates the most urgent genetic conservation
situation in the European wolf population. Italian wolves
show lower Ne risk but the highest FIS -- consistent with
severe within-lineage inbreeding from the long-isolated
peninsular population.

Figure 1. Effective population size (Ne; LDNe from
SNP data) and inbreeding coefficient (FIS; from
microsatellites) by genetic cluster. Scandinavian

wolves (Ne = 54.7; FIS = 0.114) and Italian wolves
(Ne = 247; FIS = 0.124) show the most critical

genetic health indicators. Dinaric-Balkan (Ne = 847;
FIS = 0.072) is the healthiest subpopulation.

Figure 2. Pairwise FST between selected genetic
cluster pairs (blue) vs. landscape resistance distance
(orange; standardised). High FST correlates with high

landscape resistance (r = -0.74; p < 0.001) rather
than geographic distance -- confirming

isolation-by-resistance. Italian-Dinaric and
Scandinavian-Iberian pairs show extreme values on

both metrics.

Figure 3. Priority connectivity corridor status: open
(17.9%), constrained (34.8%), and blocked (47.4%).

The 87 blocked corridors include the 34 most critical
trans-Alpine links. Restoring the top 8

Brenner-Frejus-Nockberge corridors would reconnect
the Italian cluster to three other clusters and provide

the most impactful genetic rescue opportunity in
European wolf conservation.

Figure 4. Population genetic health radar for seven
wolf clusters across five dimensions (1-10; higher =

better genetic health). Dinaric-Balkan and Carpathian
clusters show the best multi-metric health;

Scandinavian wolves the most acute deficit. All
clusters require continued monitoring and

management.

5. Discussion
5.1 Italian Wolf Isolation: A Genetic Rescue
Imperative
The near-complete genetic isolation of the Italian
wolf cluster from the Dinaric-Balkan source
population (FST = 0.247; < 0.4% gene flow per
generation from BayesAss) -- despite the two
populations being separated by only 384 km of
geographic distance -- is the most alarming
population genetic finding for European wolf
conservation. The Italian population's numerical
recovery (estimated 3,000+ individuals in 2022)
masks a deep genetic crisis: He = 0.474 (the
lowest of any refugial population) and FIS = 0.124
indicate that the population is accumulating
inbreeding depression despite apparent
demographic health. The Alps-Adriatic motorway
barrier -- specifically the A22 Brenner motorway
and A4 Venice motorway -- is identified as the
primary structural cause of this isolation. The
genetic rescue solution is clear: functional wildlife
crossing structures at the Brenner corridor would
reconnect the Italian and Alpine-Western clusters
and, through the already-connected Alpine-Dinaric
interface, ultimately enable gene flow from the
genetically diverse Dinaric source population.



Zoological Archives: An International Journal https://stanfordgroup.org/index.php/ZAIJ/issue/archive

ISSN: 3117-695X  Vol: 2023, Issues: Issue1, 2023

28

5.2 Scandinavian Wolves: Ne = 54.7 and the
Minimum Viable Population Problem
The LDNe-estimated effective population size of
54.7 (95% CI: 38.4-74.7) for Scandinavian wolves
falls below the widely cited Ne = 100 minimum for
medium-term genetic viability (50 for short-term
inbreeding avoidance) and is consistent with the
severe inbreeding depression documented in
Scandinavian wolves over the past decade
(increased stillbirth rates; skeletal abnormalities;
reduced litter size). The Scandinavian population
is managed jointly by Sweden and Norway through
a quota-based system that has allowed limited
harvest -- but this study's Ne estimate suggests
that any additional mortality from harvest
compounds the already-critical genetic situation.
The solution is well understood in principle --
immigration of genetically diverse wolves from
Finnish-Russian populations -- but politically
complex in a landscape where wolf management is
highly contentious. This genetic data provides an
unambiguous evidence base for making the case to
management authorities.

5.3 Dinaric-Balkan as Europe's Wolf Genetic
Bank
The Dinaric-Balkan cluster -- with the highest Ne
(847), He (0.647), and lowest FIS (0.072) in the
study -- emerges as Europe's primary wolf genetic
reservoir. The Dinaric wolves are the ultimate
source from which Central European, Alpine, and
Scandinavian recolonisations have drawn
genetically diverse founders -- maintaining the
Dinaric population's demographic and genetic
integrity is therefore a prerequisite for the
long-term genetic health of all recovering
European subpopulations. This highlights a critical
management concern: the Dinaric wolves range
across 6 countries (Slovenia, Croatia,
Bosnia-Herzegovina, Serbia, Montenegro, North
Macedonia) with very different national protection
levels -- some allowing legal harvest and some not
-- creating a complex governance challenge for the
management of what is, genetically, a single
transboundary population.

5.4 Limitations: Scat DNA and Spatial
Sampling Bias
The reliance on non-invasive scat and hair
sampling for a substantial proportion of the
dataset introduces genotyping error rates (allelic
dropout 3.4%; false allele 0.8%) that are higher
than tissue-based sampling. Simulations suggest
that these error rates can slightly inflate estimates
of FIS -- potentially making inbreeding estimates
marginally conservative (true inbreeding may be

slightly lower than reported) while the relative
differences among subpopulations remain robust.
Spatial sampling across 24 subpopulations in 18
countries involved coordinating with national
wildlife agencies with very different sampling
intensities and protocols, introducing uneven
sample sizes among subpopulations (n = 84 for
Scandinavian; n = 184 for Italian) that may affect
the precision of small-population Ne estimates.

6. Conclusion
6.1 Summary
Genotyping of 1,247 European wolves at 20
microsatellite loci and 5,847 SNPs identifies K = 7
genetic clusters. Isolation-by-resistance explains
population structure better than
isolation-by-distance (partial Mantel r = -0.74 vs.
-0.38). The Italian cluster (Ne = 247; FIS = 0.124;
essentially isolated from Dinaric source) and
Scandinavian cluster (Ne = 54.7; FIS = 0.114;
below minimum viable Ne) require immediate
genetic intervention. 47.4% of 184 priority
connectivity corridors are blocked by motorways;
the Brenner Pass corridor is the single
highest-priority structural intervention for
European wolf genetic rescue.

6.2 Management Recommendations
Three priority actions: (1) mandate wildlife
crossing construction at the Brenner Pass (A22)
and Frejus (A43) motorway crossings as conditions
of EU Trans-European Transport Network (TEN-T)
maintenance funding -- these two crossings alone
would substantially restore the Italian-Alpine gene
flow corridor at an estimated combined cost of
EUR 7.2M, less than 0.01% of annual TEN-T
corridor investment; (2) suspend harvest quotas
for Scandinavian wolves until Ne recovers above
100 and implement a facilitated immigration
programme enabling at least 2-3 genetically
diverse Finnish-Russian wolves to enter the
Scandinavian population per decade; and (3)
establish a transboundary Dinaric Wolf
Management Agreement among the 6 Dinaric
range countries -- recognising the Dinaric-Balkan
cluster as a single transboundary management
unit that underpins all other European wolf
populations' genetic health. All genotype data are
deposited openly.
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Appendix A
Microsatellite Loci, Circuitscape

Resistance Surface Parameters, and
Sample Permits

The 20 microsatellite loci used in this study, the
Circuitscape resistance surface parameterisation, and
country-specific sampling permits are summarised
below. Full sample metadata is deposited at Zenodo.

MICROSATELLITE LOCI (selected 10 of 20)
CXX.110 (Chr X): Highly polymorphic; n alleles = 14
in full dataset; PIC = 0.84. Standard canid STR; used
in all major European wolf genotyping studies
enabling cross-study comparison.

FH.2140 (Chr 2): n alleles = 12; PIC = 0.81.
Important for Iberian cluster discrimination -- private
allele FH.2140-247 at frequency 0.38 in Iberian
cluster, < 0.02 in all other clusters.

AHT.121 (Chr 4): n alleles = 8; PIC = 0.74.
Contributes to Scandinavian bottleneck detection --
significantly lower allelic richness in Scandinavian
cluster (4.8 alleles) vs. Dinaric-Balkan (7.4 alleles).

C09.248 (Chr 9): n alleles = 16; PIC = 0.87; the most
polymorphic locus in the panel. Used as primary
quality control locus -- samples failing to amplify
C09.248 were excluded.

INU.005 (Chr 1): n alleles = 10; PIC = 0.79. Key
Italian cluster diagnostic -- private allele INU.005-184
at 0.31 frequency in Italian cluster; confirms refugial
isolation.

Full locus information (chromosome, repeat motif,
primer sequences, annealing temperature,
multiplexing panel, and per-locus allele frequency
tables per cluster) in supplementary Table S2 at
Zenodo.

CIRCUITSCAPE RESISTANCE SURFACE
PARAMETERISATION
Resistance surface resolution: 250 m x 250 m grid
covering the 18-country study area.

Land cover resistance values (arbitrary units; relative
to forest baseline of 1): Forest = 1 (reference; most
permeable); Open habitat (grassland, shrub) = 3;
Agricultural (arable) = 10; Urban (low density) = 50;
Urban (high density) = 200; Industrial = 500; Water
bodies = 100.

Road resistance values added to land cover:
Secondary road (< 5,000 vehicles/day) = +20;
Primary road (5,000-20,000 veh./day) = +50;
National road (20,000-50,000 veh./day) = +200;
Motorway (> 50,000 veh./day) = +1,000. Traffic
volume from national road agencies and
OpenStreetMap OSM Traffic Layer.

Topographic modifier: slope > 30 degrees = x5
resistance multiplier (wolf movement avoidance of
steep slopes confirmed from GPS tracking data in
Carpathian and Alpine studies).

Validation: Circuitscape resistance distance was
correlated against empirical dispersal event distances
(n = 84 confirmed dispersal events from GPS-tracked
dispersers provided by national agencies) --
Spearman rs = 0.74 (p < 0.001), confirming model
validity.




