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Pervasive inbreeding is a major genetic threat of population fragmentation and
can undermine the efficacy of population connectivity measures. Nevertheless,
few studies have evaluated whether wildlife crossings can alleviate the frequency
and length of genomic autozygous segments. Here, we provided a genomic
inbreeding perspective on the potential effectiveness of mammal population
defragmentation measures. We applied a SNP-genotyping case study on the
~2500 wild boar Sus scrofa population of Veluwe, The Netherlands, a 1000-km?
Natura 2000 protected area with many fences and roads but also, increasingly,
fence openings and wildlife crossings. We combined a 20K genotyping
assessment of genetic status and migration rate with a simulation that
examined the potential for alleviation of isolation and inbreeding. We found
that Veluwe wild boar subpopulations are significantly differentiated (Fst-values
of 0.02-0.13) and have low levels of gene flow. One noteworthy exception was
the Central and Southeastern subpopulation, which were nearly panmictic and
appeared to be effectively connected through a highway wildlife overpass.
Estimated effective population sizes were at least 85 for the meta-population
and ranged from 31 to 52 for the subpopulations. All subpopulations, including
the two connected subpopulations, experienced substantial inbreeding, as
evidenced through the occurrence of many long homozygous segments.
Simulation output indicated that whereas one or few migrants per generation
could undo genetic differentiation and boost effective population sizes rapidly,
genomic inbreeding was only marginally reduced. The implication is that
ostensibly successful connectivity restoration projects may fail to alleviate
genomic inbreeding of fragmented mammal populations. We put forward that
defragmentation projects should allow for (i) monitoring of levels of
differentiation, migration and genomic inbreeding, (ii) anticipation of the
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inbreeding status of the meta-population, and, if inbreeding levels are high
and/or haplotypes have become fixed, (iii) consideration of enhancing
migration and gene flow among meta-populations, possibly
through translocation.

KEYWORDS

fragmentation, SNP, genomic inbreeding, run of homozygosity, defragmentation,
wildlife crossing, effectiveness

Introduction

To combat the adverse effects of fragmentation, mammal
conservation increasingly includes defragmentation measures such
as establishment of corridors and construction of highway wildlife
crossings or ecopassages (Pimm et al., 2021). The genetic effectiveness
of these measures, and in particular the contextual factors leading to
success or failure, remain however open to discussion (Lesbarreres
and Fahrig, 2012). Although evidence is growing that
defragmentation measures can enhance migration (Beckmann,
2010; Denneboom et al., 2021), there are still few studies showing
actual enhancement of gene flow and reduction of genetic isolation
(e.g., Sawaya et al, 2014; Soanes et al, 2018). In particular, little
documentation of alleviation is known of the actual main genetic
concern of population fragmentation, i.e., genomic inbreeding.

Genomic inbreeding, the accumulation of homozygous
segments stemming from recent common ancestors, is pervasive
in wild mammals inhabiting human-modified landscapes (Ralls
et al., 2018). In the past decade, high-throughput sequence
technology has documented increasing occurrence of long
autozygous genomic segments (also called: Regions or Runs of
Homyzygosity) in many wild mammal populations, including tigers
(Khan et al., 2021), mountain gorilla (Xue et al., 2015), island fox
(Robinson et al.,, 2016), Arctic fox (Cockerill et al, 2022), grey
wolves (Hagenblad et al., 2009; Gomez-Sanchez et al., 2018; Kardos
et al,, 2018), red deer (de Jong et al., 2020), plains zebra (Larison
et al., 2020), Alpine ibex (Grossen et al., 2018) and Eurasian lynx
(Mueller et al., 2022). Likely, many other populations of large,
terrestrial large-bodied mammalian species - in particular those
species reliant on remnant patches in increasingly urbanized
landscapes — are presently undergoing considerable genomic
inbreeding. Although offering the potential for purging of
deleterious alleles (Hedrick and Garcia-Dorado, 2016; Khan et al,,
20215 Stoffel et al., 2021), long homozygous segments are also
associated with the accumulation of mildly deleterious alleles
(Grossen et al., 2020) and inbreeding depression (Stoffel et al.,
2021) in wild mammal populations. Prevention and reduction of
genomic inbreeding is therefore argued to warrant high priority by
mammal conservationists (Frankham et al., 2017; Ralls et al., 2018).

Eminent examples of genetic rescue (Vila et al., 2003; Miller
et al., 2012; Gustafson et al., 2017) show the potential of (assisted)
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gene flow from unrelated immigrants to substantially alleviate
inbreeding (Hedrick and Garcia-Dorado, 2016). However, we are
unaware of examples of inbreeding alleviation within actual
defragmentation projects — that is, as a direct consequence of
gene flow arisen through corridors and highway crossings. The
pervasive one-migrant-per-generation rule (OMPG) sketches a too
simple picture - given the specific demographic and genetic context,
a target number of 10 migrants per generation has been suggested
(Mills and Allendorf, 1996; Nathan et al., 2017).

Alleviation of inbreeding in the context of defragmentation is
challenging because gene flow levels may be only marginally
enhanced and, most importantly, the whole meta-population may
appear to be inbred because of fragmentation or (unknown) historic
bottlenecks. Depending on whether subpopulations have become
inbred in full or partial isolation, enhancement offers much
potential (Wahlund effect) or little potential for inbreeding
alleviation (Wang and Caballero, 1999). At the same time, pleas
are being made to perceive defragmentation measures from a meta-
population perspective, at which genetic diversity may decrease
through enhanced gene flow at subpopulation-level (Fernandez
et al., 2008; Kolodny et al., 2019).

Examination of potential and actual effects of defragmentation
projects is poor, both at subpopulation and meta-population scale.
Frequently, defragmentation projects are embarked and executed
without proper baseline and follow-up assessments of gene flow, leave
alone inbreeding levels (Beier and Gregory, 2012; Hohenlohe et al.,
2021). Nonetheless, nowadays high-throughput sequencing enables
direct and accurate estimation of gene flow as well detection of
autozygous segments. In addition, simulations to examine potential
for alleviation of differentiation and genomic inbreeding are rare.
Within genetic research projects on fragmentation, simulations are
often applied to grasp spatial complexity, specifically drivers of
ongoing gene flow patterns (i.e., landscape genetics) (Cushman
et al,, 2006; Zeller et al., 2012). There are only few examples of
modelling potential gene flow patterns, typically taking a spatial
(Thatte et al., 2018) or theoretical perspective (Nathan et al., 2017;
Thatte et al., 2018; Kolodny et al., 2019). There is little attempt to
simulate the effects of defragmentation measures on the ‘genomic
landscape’, that integrates recombination rates and deleterious
mutations. Kenney et al. (2014) simulated the effect of corridors on
inbreeding depression in tigers, through incorporating mutation load
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and lethal equivalents. In line with the poor attention for genomic
inbreeding within defragmentation projects, we could not find a
simulation attempt on alleviation effects of enhanced gene flow on
long genomic homozygous segments.

To illustrate a inbreeding perspective on the genetic assessment
of effectiveness of defragmentation measures, we combined a SNP-
genotyping case-study on a fragmented mammal meta-population
with a simulation study. We focused on a wild boar population of
Veluwe, The Netherlands, a 1000km? protected area that is heavily
bisected by roads and fences but also is subject to defragmentation
measures including fence openings and wildlife crossings.
Comparing findings to reference wild boar populations of
Northwestern Europe, we assessed the impact of fragmentation
on the levels of genetic differentiation, gene flow and inbreeding.
We placed these empirical findings in the context of a simulation
study to examine the potential of defragmentation measures to
alleviate inbreeding. We expected to find that (i) due to
fragmentation, the wild boar population of Veluwe has become
fragmented and inbred, (ii) defragmentation measures are - to a
lower or higher extent — boosting contemporary migration rates and
gene flow levels, and lowering genetic structuring, yet that (iii) due
to still conservative migration rates and/or a shared history of
inbreeding among subpopulations, genomic inbreeding
remains persistent.

Study area and species: the wild
boar population of Veluwe,
The Netherlands

To investigate effects of fine-scale fragmentation and
defragmentation on genomic variation of large terrestrial
mammals, we chose to focus on wild boar Sus scrofa of Veluwe,
The Netherlands. Although wild boar as a species has an ITUCN
status of least concern, we consider factors affecting wild boar of
Veluwe to be exemplary for challenges and opportunities faced in
conservation of threatened mammals worldwide. Wildlife of
Veluwe is much affected by both negative (human-caused
fragmentation, bottleneck and founder events) and positive
human influences (protection and defragmentation measures).
Veluwe is the largest terrestrial protected area (1000 km?) of the
densely human populated landscape of Northwestern Europe.
Whereas the Dutch so called ‘zero-tolerance policy’ is applied to
any wild boar entering the surrounding urban and agricultural
matrix, within Veluwe there is much effort to mitigate barriers and
facilitate animal movement. Next to fence openings and small
corridors, in recent decades nine highway overpasses were
constructed, causing Veluwe to have the largest density of such
wildlife crossings worldwide. At the same time however, human
pressure is intensifying, as road traffic volume and recreation
pressures continue to rise, and the discrepancy between protected
area and surrounding matrix sharpens.

In Veluwe, before the buildup of habitat fragmentation during
the 20" century, wild boar suffered persecution, such that the wild
boar was (nearly) extinct in Veluwe in the 19t century (Pelzers,
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19905 van Wieren and Groot-Bruinderink, 2010). At the beginning
of the 20™ century, the wild boar population was bolstered by
reintroductions to and subsequent escapes from fenced wildlife
estates, possibly supplemented by natural immigration from
western Germany (Pelzers, 1990; van Wieren and Groot-
Bruinderink, 2010). The spring population size (i.e., after the
hunting season and before reproduction) is estimated to be
approximately 2200 individuals (van Wieren and Groot-
Bruinderink, 2010). In summer, population size may swell to
6000 animals (Spek, 2016).

To what extent human influences had impacted the genetic
status of Veluwe wild boar was unknown at the start of the
defragmentation project, because defragmentation measures in
Veluwe were not preceded by baseline genetic monitoring. Wild
boar are known to have considerable movement propensity that is
little affected by human urbanization (Morelle et al, 2014).
Although wild boar of both sexes typically remain within a few
kilometers of their native area, most males, and sometimes also
females, leave the home range of the maternal sounder (see Morelle
et al,, (2014) for a review on wild boar movement). Long-distance
dispersal over several tens of kilometers, particularly by males, have
been observed (Briedermann, 1990; Lemel et al., 2003; Goedbloed
et al,, 2013; Prevot and Licoppe, 2013). Wild boar do not shy away
from using the anthropogenic matrix (Thurfjell et al., 2009; Morelle
etal,, 2014). Moreover, wild boar have been shown to overtake high
traffic volume roads (Frantz et al., 2012). In the study area Veluwe,
wild boar are often found on agricultural fields, roads and in or close
to villages and holiday resorts (Spek, 2014).

Upon construction of wildlife crossings, sand bed and (later)
camera trap monitoring showed that large mammals including wild
boar frequently use wildlife crossings (sometimes up to hundreds of
crossings per week), although strong differences exist in intensity
between sites (Emond et al., 2016). Also, in 2016 a first assessment
of the genetic structure and variation of Veluwe wild boar was
obtained with microsatellite markers (de Groot et al., 2016).
Findings indicated that, despite the dispersal propensity of wild
boar, the Veluwe wild boar population is genetically subdivided.
The strength of differentiation of the different subpopulations was
weak to moderate (Fgt between 0.05 - 0.15). However, the limited
number of markers (<20) did not allow for discrimination at the
individual level, so that contemporary migration rates could not be
estimated and full understanding of barriers to gene flow could not
be obtained. With respect to genetic variation, de Groot et al,
(2016) found that both allelic richness and heterozygosity were low
compared to other wild boar populations of Northwestern Europe.
However, little is yet known about the levels of inbreeding.

Methods

Sample collection, SNP genotyping
and data management

We used 92 wild boar samples (blood or tissue) that were

collected across Veluwe in the period 2006 to 2015. All samples
(blood or tissue) of wild boar used in this study were culled as part
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of population management and disease monitoring programs or
killed in traffic collisions. In addition, we were able to include 15
samples that were collected opportunistically in the period 1990 to
1995 in two areas of Veluwe (de Groot et al., 2016). These samples
allowed for examination of the stability of genetic structure over
time. We refer to these samples as historical samples.

For reference purposes, next to wild boar of Veluwe we
incorporated nearby wild boar populations of Northwestern
Europe (Figure 1A). These references populations included the
inbred populations of Meinweg (Netherlands) and Kirchheller

10.3389/fevo.2023.1158494

Heide (Germany), and outbred populations Haute-Marne
(Luxemburg and France), Bavarian NP and Mecklenburg-
Vorpommern (both in Germany) (de Jong et al., 2023). Due to
historical translocations, the latter population is a likely founder
source population of Veluwe wild boar (see above). SNP genotypes
of these reference populations were obtained from Goedbloed et al.
(2012) and de Jong et al. (2023).

We genotyped the samples with two different beadchips: 84 of the
samples were genotyped using the Illumina porcine SNP60 beadchip,
the remainder using the Illumina SNP80 beadchip (de Jong et al.
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FIGURE 1

Geography and genetic structure of wild boar of the Veluwe, The Netherlands, and reference populations of Northwestern Europe. Abbreviations
are: FranceNE = Haute-Marne; GermanySW = Rhineland-Palatinate; Germany; NetherlandsSE = Meinweg; GermanyW?2 = Kirchheller Heide;
GermanyW1 = North Rhine-Westphalia; GermanySE = Bavarian Forest, GermanyNE = Mecklenburg-Vorpommern. Within Veluwe: NorthFenced =
Kroondomein; Central = Midden-Veluwe, SouthEast = Veluwezoom, SouthFenced = Hoge Veluwe; SouthWest = Planken Wambuis. (A) Geographic
origin of the Veluwe and reference wild boar populations. Grey areas represent terrestrial area, white lines country borders. Inset: geographic origin
of samples within Veluwe. (B) PCoA plot of wild boar of Veluwe and reference populations. The PCoA is based on Nei distances of SNP genotypes.
To avoid bias due to uneven sampling size, a random sample of maximum ten individuals are used per population. Relatives are excluded. Circles
represent recent samples, diamonds historical samples (<1995). Note that the first PCoA-dimension is shown on the y-axis. (C) Individual Admixture
assignment scores of historical and recent wild boar of Veluwe. Each circle is an individual. Large circles are recent samples (>2004), small circles
are historical samples (<1995). Assignment is shown for clusters 2-5, as follows: K2 = blue vs. green. From K3-5, extra distinctions are: K3 = light vs.
regular green; K4 = light vs. dark blue; K5 = dark green. The light grey area is the extent of the Veluwe forest. White areas represent the
anthropogenic matrix (urbanization or agriculture). White lines represent infrastructure. Dark grey lines are fences. The black diamonds are highway
wildlife overpasses that are constructed before 2000. (D) PCoA plot of wild boar of Veluwe, first and second axis. Same symbology as (B). (E) PCoA

plot of wild boar of Veluwe, first and third axis. Same symbology as (B).
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2023). We verified congruence of the two beadchips used
(Supplementary Figure S1).

To exclude sampling bias due to relatives, we restricted analysis
to non-related individuals. Relatedness between individuals was
evaluated using the king-robust kinship coefficient, calculated using
the ‘calckin’ function implemented in SambaR (Supplementary
Figure S2). Following Manichaikul et al. (2010) and Anderson
et al. (2010), we assumed that individuals with a kinship-
coefficient above 0.177 were first degree relatives. For each such
pair, a randomly chosen individual was removed.

To detect hybridization with domestic pigs, we used PCA (or
PCoA) projection (McVean, 2009). In this method, wild boar are
projected on an axis that is determined by simulated wild boar and
pigs. To obtain estimates of allele frequencies typical for pigs, we
used genotypes of pigs of four modern domestic breeds (Large
white, Landrace, Angler Sattle and Pietrain; derived from Herrero-
Medrano et al., 2013). Of the Veluwe samples, none had PCoA axis
scores above 0.125 (Supplementary Figure S3) which would be
indicative of potential pig introgression. Hence, we did not exclude
individuals due to potential pig introgression. For the wild boar
from outside Veluwe, we used the PCoA projection scores of a
preceding study (de Jong et al., 2023).

For SNP data management, we used R-4.2.1 (R Core Team, 2017)
and the wrapper package SambaR (de Jong et al,, 2021) (github page:
https://github.com/mennodejong1986/SambaR). The data was filtered
using the SambaR-function filterdata’, with the following parameter
settings: individual missingness = 0.35, SNP missingness = 0.05,
minimum allelic count = 1, dohefilter = TRUE and minimum spacing
= 500 Kb. The individual missingness of 0.35 appears high, but is the
mere consequence of the beadchips being partially overlapping.

Of the 35800 autosomal SNPs (which were sequenced on both
chips), after LD pruning 18438 SNPs were retained. After further
filtering on Hardy-Weinberg equilibrium, missingness and minimum
minor allele count (using Sambar’s filterdata function), the dataset was
further reduced to 18330 SNPs. All analyses were performed on this
dataset of 18330 SNPs. After filtering individuals on missing data (max
35% missing data), relatedness (selecting one individual per pair of first
degree relatives) and on ‘pureness’ (removal of individuals with
introgressed pig DNA), we retained a dataset of 180 wild boar
individuals. Of those 180 individuals, 80 individuals belonged to the
focal subpopulations within the Veluwe (here denoted as “Central”,
“North”, “NorthFenced”, “SouthEast”, “SouthFenced”, “SouthWest”),
and 12 to historical Veluwe subpopulations. Furthermore, 9 individuals
remained of the putative source population of Veluwe (here denoted as
“GermanyNE”), and 79 to the remaining populations in Germany,
Luxembourg and France. For comparison to neighboring populations,
certain analyses (such as genetic diversity analyses) were performed on
the total dataset of 180 individuals. Yet, most analyses were performed
on the subset of 101 (80 + 12 + 9) individuals belonging to the focal
(recent and historical) and source populations.

Genetic data analysis

To examine genetic structure, we applied Principal Coordinate
Analysis (PCoA, package ape, (Paradis et al., 2004)) on the
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individual pairwise Nei genetic distances. In addition, we run
admixture analyses with the package LEA (Frichot and Francois,
2015), using default settings, to determine the most likely number of
hierarchical levels and to obtain estimates of to which genetic
clusters individuals belong. We performed these PCoA and LEA
Admixture analyses for Veluwe and reference populations together,
and for Veluwe subpopulations specifically. A population-level
neighbour-joining network was constructed using the
NeighborNet function of the R package phangorn (Schliep, 2011),
with default settings, using as input a distance matrix with Dxy-
value (i.e., mean absolute distance between individuals) generated
by the function ‘calcpi’ of the R package SambaR. During plotting,
external branches were artificially shortened by 70%, in order to
zoom in on the reticulations. ABBA-BABA calculations were
performed using the software Dsuite, with default settings. Plink
was used to convert the data into the required input format (vcf)
(Purcell et al, 2017). The reference phylogeny was inferred by
applying the NJ algorithm to a population-level distance matrix
(Dxy-estimates), using the function NJ of the phangorn package.

To calculate genetic differentiation Fgr at population level, we
applied the method of Weir and Cockerman (Weir and Cockerham,
1984), as integrated in the R package StAMPP (Pembleton et al,
2013). In addition, we calculated Nei genetic distances between
populations with the Nei function of StAMPP. We performed
hierarchical clustering through the NJ function of poppr package
(Kamvar et al. 2014), using as input Nei genetic distances between
populations. We plotted a dendrogram with the plot.phylo function
of the ape package.

To study genetic genomic inbreeding, we estimated effective
population size N, Multilocus Heterozygosity (MLH) and the
fraction of the genome containing Runs of Homozygosity (Frop)-
Estimates of effective population size N, through time were
obtained with the software SNeP (Barbato and Orozco-terWengel,
2015), which is based on the amount of Linkage Disequilibrium. For
each individual, we estimated Multilocus Heterozygosity as the
fraction of heterozygous loci divided by the fraction of
successfully genotyped loci. We detected ROHs using the R base
function RLE, which divides sequence strings in blocks of adjacent
similar characters/values. For this purpose, homozygous genotypes
(0 and 2) were both set equal to 0. ROHs were defined as strings of
at minimum 30 adjacent, uninterrupted 0-values, spanning
genomic regions of at least 5 Mb. Missing genotypes were
considered to be homozygous (i.e., 0). To examine the accuracy
of the ROH-calls, we used gIPlot of the R package Adegenet
(Jombart and Ahmed, 2011) to visualise genotypes, and added
lines to denote ROH-calls (Supplementary Figures 54, S5). To test
for differences in heterozygosity and Frop between (sub)
populations, we used the Kruskal Wallis test (base R function)
and Dunn's multiple comparison test, such as implemented in the
package FSA (Ogle et al., 2022).

For gene flow analyses, we calculated f3-scores with the admixr
package (Petr et al, 2019). Negative f3-scores are indicative for
admixture (Patterson et al, 2012). As an additional gene flow
analyses, we generated a Treemix phylogeny using the software
Treemix (Pickrell and Precedings, 2012) (default settings). Treemix
is a maximum likelihood phylogeny that is based on genetic drift
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models and infers gene flow events from the discrepancy between
the observed (true) genetic distances and the genetic distances
suggested by the most likely phylogeny. Lastly, we used the LEA
Admixture scores to detect migrants and the offspring thereof.
Migration rates where determined as the number of migrants
divided by the total population size. We used the Exact binomial
test, such as applied in the R base package, to estimate confidence

intervals around migration rates.

Simulation of potential
inbreeding alleviation

To simulate the effects of enhanced gene flow on genomic
inbreeding, we simulated phases of fragmentation and
defragmentation of individuals of subpopulations with varying
migration rates. To allow for examination of accumulation of
homozygous segments, we included linkage disequilibrium. Because
inbreeding depression was out of the scope of this study, we did not opt
to simulate genomic load (deleterious alleles). To run the simulation we
used the program Easypop2.0.1 (Balloux, 2001), which simulates
migration, mating and recombination events over generations, and
allows users to download and analyze resultant genotype and haplotype
data. While running Easypop2.0.1 we used the following settings:
diploid genomes, two sexes, equal subpopulation sizes of 20 females
and 20 males, and random mating. Although wild boar do not have a
random mating system (Briedermann, 1990), we accounted for this
through relatively small population sizes, that matches observed
effective population sizes (see Results). Regarding genetic settings, we
simulated 1500 loci per individual, with a recombination rate of 0.005.
As such, adjacent SNPs were 0.5 cM apart, or roughly 0.5 Mb, and the
total simulated individual length was 750 c¢M, or roughly 750 Mb
(corresponding with three fairly long chromosomes). For simplicity, we
assumed homogeneous recombination rates across the genome. We
chose for a mutation rate of 0, and ran five replicates for each
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simulation. Easypop generates general population genetic estimators
at meta-population level (output files with extension ‘equ’) for every 10
generations. We used R-base functions to analyze the simulated
haplotypes, so as to detect and quantify the length and frequency of
homozygous segments. The rate of observed loss of heterozygosity over
time, such as reported by Easypop, were used to estimate effective
population sizes, given Hy/H, = (1 - 1/(2N,))", and hence: N, = 0.5/(1-
(H/Ho)'"") = -t/(2In(Hy/Ho)).

Results

Fragmentation among and within the
Veluwe wild boar meta-population

Genetic structure analysis showed that the meta-population of
Veluwe wild boar represented a unique genetic cluster that is distinct
from other populations of Northwestern Europe (Figures 1B, 2). On
the first axis of the PCoA (Figure 1B), wild boar of Veluwe were
opposed to the nearby wild boar population of Southeastern
Netherlands, and were positioned nearest to the putative source
population (see study area description) of wild boar of Northeastern
Germany. Congruently, an unrooted phylogenetic tree (Figure 2B) of
pairwise Nei genetic distance (Figure 2C) indicated that of the
investigated reference populations, Veluwe wild boar are genetically
most similar to wild boar of Northeastern Germany.

There was a significant relationship between geographic
distance and genetic differentiation (Fs1/(1 - Fsr); I'mante = 0.302,
P <0.001, Figure 2A). Residual variation could partly be contributed
to inbreeding status (pairs involving one or two inbred populations
tended to have high Fgr-values). Furthermore, despite the overall
isolation by distance pattern, genetic differentiation among Veluwe
subpopulations (max. distance: 50 km) reached same values as
genetic differentiation among reference populations 500 km apart.
Genetic differentiation amongst Veluwe subpopulations was
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significant (P<0.001) and ranged from 0.02 up to 0.13 (or, ignoring
subpopulation pairs involving SouthWest, up to 0.09) (Figure 2A).

Within the Veluwe meta-population, Admixture (Figures 1C,
2A) and PCoA (Figures 1D, E) showed clustering at several
hierarchical levels. The most likely number of K clusters was K=4
(Supplementary Figure S6). At K=3, Admixture set Veluwe apart
from wild boar of Germany Northeast, included because of it being
the putative source population. At PCoA axis 1 and Admixture K=2
output separated wild boar samples on either side of highway Al,
namely North and NorthFenced vs. Central, SouthEast, SouthFenced
and SouthWest. PCoA axis 2 and Admixture K=4, the SouthWest
subpopulation was distinguished. At the next hierarchical levels, wild
boar from the fenced private estates were set apart (PCoA axis 3 and
Admixture K=5: NorthFenced; and at Admixture K=6:
SouthFenced). At these highest observed hierarchical levels of
genetic structure, there was no difference between samples of recent
and historical origin. As such, we did not analyze genetic variation
(section below) separately for historical and recent samples. Notably,
wild boar of the Central and SouthEast subpopulation, which are
bisected by a fenced highway (A50) but connected through a highway
wildlife overpass, could not be genetically discriminated.

Inbreeding in the Veluwe wild boar
meta-population

SNeP estimated recent N, to be 31 to 52 for all Veluwe
subpopulations. For the Veluwe meta-population, N, was estimated
to be at least 85 (Supplementary Figure S7). Historical N, of the

10.3389/fevo.2023.1158494

Veluwe metapopulation (~100 generations ago) ranged from 145 to
302. Although SNeP does not provide confidence intervals, the N,
estimates of Veluwe subpopulations appeared to be comparable to, or
lower than, those of the inbred reference populations Kircheller
Heide and Meinweg,

Observed levels of MLH of Veluwe wild boar (Figure 3A) were
comparable to inbred reference populations (Meinweg and
Kirchheller Heide) yet lower than outbred reference populations
(Kruskal-Wallis X?=82.1,df=8,P< 0.001). There were significant
differences in multilocus heterozygosity (MLH) among Veluwe
subpopulations (Kruskal-Wallis X2 =332, df =5, P < 0.001).
MLH was lower in the SouthWest subpopulation than in other
Veluwe subpopulations (multiple comparison Dunn's Test, all
P < 0.015).

Similarly, wild boar of Veluwe had lower Frop-values (Figure 3B)
than outbred wild boar reference populations of Mecklenburg-
Vorpommern, Bavarian NP and Haute-Marne, but not lower than
the inbred reference populations Meinweg and Kirchheller Heide
(Kruskal-Wallis X% =932, df =8, P < 0.001; multiple comparison
Dunn's Test, P < 0.05). In Veluwe, Meinweg and Kirchheller Heide,
median Fropssmp was 0.20, 0.25 and 0.23, respectively. Within
Veluwe, there were significant differences in Fropgssyp (Kruskal-
Wallis X = 12.6, df = 5, P < 0.001), although for all subpopulations
wild boar were detected that had high values of Fropssmp (>0.10).
The median rop-smm of the subpopulations ranged from 0.13-0.17 in
SouthFenced and NorthFenced, to 0.18-0.21 in North, Central and
SouthEast, to 0.30 in the SouthWest subpopulation. SouthWest had a
significantly higher Frop=smp than all other subpopulations (multiple
comparison Dunn's Test, P < 0.02).
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FIGURE 3

Estimators of genomic inbreeding in Veluwe wild boar subpopulations. Colors of Veluwe subpopulations as in Figure 1A; reference populations in
grey. (A) Boxplots of multi-locus heterozygosity (MLH). (B) Boxplots of genomic fraction of homozygous segments, Fron. defined as regions
uninterrupted regions of 30 homozygous adjacent SNPs spanning at least 5 Mb. The reference populations of NetherlandsSE (Meinweg) and
GermanyW2 (Kirchheller Heide) are known to be inbred (de Jong et al., 2023). (C) Individual stacked bar charts of the contribution of Froy values in
ROH-segments of various lengths to total Fron. The color of the top horizontal bar indicates the corresponding wild boar population (colors as in

Figure 1A). A magnification of this bar chart is shown in Figure S8.
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Focusing on ROH segment length (Figures 3C; Supplementary
Figure S7), it appeared that the difference between inbred and
outbred populations was the presence of long ROHs (in particular,
ROHs longer than 20 Mb). Unlike other Veluwe subpopulations, a
large proportion of Froy of wild boar of the subpopulation
SouthWest could be allocated to ROHs longer than 60 Mb.

Contemporary gene flow
between subpopulations

Individual Admixture assignment scores showed the presence of
individuals in the Central subpopulation that are offspring from one
parent stemming from the North cluster, and the other from Southeast/
Central (Figure 4A). These individuals were observed in a specific
region on the border of Veluwe, near and in (formerly) zero-tolerance
area (Figure 1C). Concomitantly, f3-analysis showed gene flow between
the Central and surrounding subpopulations (Figure 4B). F3-analyses
suggested that subpopulation Central is admixed, and contains a
mixture of genetic material from northern subpopulations and of
southern subpopulations (Figures 4B, C). Similarly, Treemix
maximum likelihood phylogeny indicated subpopulation Central as
admixed (Figure 4D). ABBA-BABA analyses suggested that gene flow
between northern and southern subpopulations mainly involved
subpopulation North, and not, or at least to a much lesser extent, the

10.3389/fevo.2023.1158494

population NorthFenced (Figure 4C). This finding is consistent with the
difference in absolute genetic distance between populations North and
NorthFenced relative to the southern populations (including Central)
(Figure 2C). It is also consistent with neighbor-joining network
analyses, which reveals that part of the data supports a clustering of
the population North with southern populations (Figure 4E).

Using Admixture assignment scores, we inferred zero migrants
yet five individuals that are offspring of a migrant. These five migrant
offspring had a genetic signature that partly (approx. 50%) resembled
another subpopulation than the one in which they were sampled (see
Supplementary Table S1; Supplementary Figure S9). Four events
occurred between the North/NorthFenced vs. Central/SouthEast, one
event between SouthWest vs. Central/SouthEast. Based on these
migrant and migrant offspring detections, we estimated migration
rates between neighboring clusters from 0 to 0.039 (see
Supplementary Table S1 for specific migration rates and confidence
intervals). We did not detect migration events (full migrants nor 1*
generation offspring of migrants) between non-neighboring regions.

Simulation of the potential for alleviation
of genomic inbreeding

To examine the potential alleviation effect of enhanced gene flow
on genomic inbreeding of Veluwe wild boar, we simulated a
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Drift parameter

Gene flow among Veluwe wild boar subpopulations. (A) Individual Admixture assignment scores, for K=2 to K=6 (most likely K=3). (B) f3-heatmap,
highlighting Central as admixed between northern and southern populations. (C) Heatmap summarising the f-branch statistics estimated by the software
Dsuite, based on an input dataset of 18330 biallelic SNPs. Darker colors depict increasing evidence for gene flow between lineages. The dotted lines in the
phylogeny (left-hand side of the heatmap) represent ancestral lineages. Consistent with the observed discrepancy in absolute genetic distances of southern
subpopulations subpopulations North and NorthFenced, the ABBA-BABA analyses suggest gene flow between the southern subpopulations (especially
Central) and subpopulation North. (D) Treemix maximum likelihood phylogeny with two migration edges. (E) Phylogenetic network constructed with the
Neighbor-Net algorithm, based on absolute genetic distances between populations (DXY). In order to zoom in on the reticulations, external branches lengths
have been reduced by 70%. The largest reticulations, indicating conflict in the data, suggest that subpopulation North clusters either with subpopulation
NorthFenced or instead with southern subpopulations, and that subpopulation SouthEast clusters either with population Central or instead with

population SouthFenced.
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fragmentation and defragmentation phase. Following above-
described observed estimations, we used an effective subpopulation
size Negup of 40. Given absence of migration between non-
neighboring subpopulations, we assumed the meta-population to
be best represented by a two-dimensional stepping stone model (as
visualized at the top of Figure 5). For the fragmentation phase, we
simulated 40 generations, a N, of 40, and a migration rate of 0.005,
which equals 40 * 0.005 = 0.2 effective migrants, i.e., 1 migrant per 5
generations). At the end of the fragmentation phase, median Fgr
values were 0.15 or higher. Although these levels are above those
observed in wild boar in Veluwe (see above), these values enabled us
to make the point that even when Fgr-values drop, Froy does not
necessarily (see below). For the defragmentation phase, we simulated
migration rates of m=0.025, m=0.05, m=0.10, equaling 1, 2 and 4
effective migrants per generation. For reference purposes, we also
included the scenario of panmixia (m=0.5), in both the fragmentation
and defragmentation phase.

At the end of the fragmentation phase, single-locus based estimates
of observed heterozygosity had dropped with approximately 30% in all

10.3389/fevo.2023.1158494

spatial configurations (Figures 5G, H, I; continuous lines). Total
expected heterozygosity (a proxy for allelic fixation; Figures 5G, H, I,
dotted lines) decreased with approximately 5% in the two-dimensional
stepping stone scenario and more than 20% in the scenarios of two-
subpopulations (whether completely or near completely isolated).
Matching population genetic theory (Wang and Caballero, 1999),
these rates of allelic fixation were slightly above those observed in the
control scenario of panmixia (grey lines). Regarding inbreeding, at the
end of fragmentation phase, Multilocus Homozygosity, Fropssav and
Fronsioom had substantially increased in all scenarios (Figure 6;
boxplots with darkest colors). Even in the control scenario of
panmixia (grey boxplots), there was a marked increase in these
genomic inbreeding estimators in the two subpopulation setup, but
less so in the two-dimensional stepping stone setup.

Following population genetic theory, the simulation indicated
that even a minor increase in gene flow can quickly and
substantially lower differentiation (Fgr), increase locus-based
estimations of observed heterozygosity (He,,s) and reduce the
speed of genetic erosion (increase N.) (Figure 5). In line with
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FIGURE 5

Generation

Simulation of the effect of enhanced gene flow on Fst, Ng, Observed and Expected heterozygosity. Each of the modelled subpopulations consists of
a randomly mating pool of twenty females and twenty males, for which a defragmentation phase (40 generations) and a subsequent fragmentation
phase (10 generations) is simulated. The left column represents a spatial configuration of two subpopulations with a fragmentation phase of
complete isolation (m=0); the central column two subpopulations with a fragmentation phase of near complete isolation (m=0.005, i.e., one migrant
per generation); the right column a two dimensional stepping stone meta-population with a fragmentation phase of near complete isolation
(m=0.005). The defragmentation phase is simulated through one migrant per generation (m=0.025), two migrants per generation (m=0.05), four
migrants per generation (m=0.1) and panmixia (m=0.5). The grey lines represent the control scenario of panmixia (m=0.5). For each scenario, effects
are shown on (A-C) Fst, (D—F), N, such as estimated from the loss of heterozygosity, and (G-1) heterozygosity. Heterozygosity is either the
expected heterozygosity for the whole meta-population (dotted lines) or the mean observed heterozygosity at subpopulation level (continuous
lines). To account for stochasticity, each line is the average of five replications.
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theoretical expectations (Wang and Caballero, 1999), these
beneficial effects of enhanced gene flow on genetic variation were
slightly more pronounced in formerly completely isolated than near
completely isolated subpopulations (Figures 5A, D, G). In the two-
dimensional meta-population the reduction of genetic
differentiation Fgr was limited by isolation by distance
(Figure 5C). The potential for recovery was constrained by the
remaining total variation (He cypected metas Figures 5G-I, dotted
line), particularly so in the scenarios involving two subpopulations.

Despite fast and strong responses in Fgr, N, and locus-based
estimated of heterozygosity, alleviation of genomic inbreeding
(Multilocus Homozygosity and fraction of ROH) was poor
(Figure 6; Supplementary Figure S10). In the setup of two
subpopulations, only migration rates of 0.10 and higher could
reduce genomic inbreeding estimators to panmixia levels (grey
boxplot) within 10 generations. Even then, due to fixation of
haplotypes, Fron values could not return to, and remained far
from, zero. In contrast, for the two-dimensional stepping stone
population genomic inbreeding was potentially possible (Fron
values for panmixia were close to zero), but due to isolation-by-
distance recovery was slow (after 10 generations Froy was halved
only when migration rate was 0.10 or higher). These patterns were
not affected by length of ROH segments (>5cM vs. >10cM).

Two subpopulations &
complete isolation

Two subpopulations &
near-complete isolation

10.3389/fevo.2023.1158494

Discussion

To explore the consequences of neglecting genomic inbreeding in
defragmentation projects by nature conservation authorities and
organizations, we applied a SNP genotyping and simulation case
study on the wild boar meta-population of Veluwe, The Netherlands.
We demonstrated how much inbred isolated wildlife populations
may be at the initiation of defragmentation, and how difficult it can be
to undo inbreeding through defragmentation measures. Because we
discovered this in a mobile species, namely, the wild boar, our results
may be of general validity for many nature restoration projects aimed
at large mammals. SNP genotyping showed (i) significant genetic
differentiation within and among the Veluwe wild boar meta-
population, except for two subpopulations connected by a highway
wildlife overpass, (ii) migration rates that were low to moderate, and
suggestive of a two-dimensional stepping-stone model, and (iii)
considerable levels of inbreeding across the whole meta-population
and particularly high in subpopulation Veluwe SouthWest.
Simulations indicated that whilst Fsr and N, may quickly revert to
non-fragmentation levels through enhanced migration rates,
accumulation of long autozygous segments decays much more
slowly and, depending on the level of fixation of haplotypes across
the meta-population, only partially.

Nine subpopulations (2D) &
near-complete isolation
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FIGURE 6

Simulation of the effect of enhanced gene flow on genomic inbreeding. Columns represent scenarios and color coding as in Figure 5. The response
variables are: (A—C) Multilocus Heterozygosity, (D—F) Fraction of genome consisting of Runs of Homozygosity (ROH) larger than 5 cM, and (G-1)
Fraction of genome consisting of Runs of Homozygosity (ROH) larger than 10 cM. ROHSs of 5 and 10 cM are indicative of a shared common ancestor
of 10 and 5 generations ago, respectively and roughly. Boxplots show the simulation output lumped per scenario. For boxplots per subpopulation,

please see Supplementary Figure S10.
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Although wild boar are listed as IUCN least-concern, we
consider our findings on the Veluwe wild boar meta-population
to be insightful for understanding success and failure factors of
mammal defragmentation conservation projects worldwide,
including those targeting the few remaining population fragments
of endangered species. First, present-day demography is a poor
indicator for genetic status. In line with our findings on Veluwe red
deer (de Jong et al., 2020), observed levels of inbreeding were higher
in nowadays large subpopulations, possibly due to historic
bottlenecks (van Wieren and Groot-Bruinderink, 2010). As is
typical for European wild mammals (Apollonio et al, 2010),
Veluwe wild boar went through a severe bottleneck during the
18® and 19 century (van Wieren and Groot-Bruinderink, 2010).
Possibly, some subpopulations were therefore predisposed to
inbreeding, and inbreeding was subsequently magnified during
the fragmentation phase experienced during the population
recovery. Second, even when considering the historical context,
historic events may be forgotten or different than assumed. Despite
being based on few founders and being confined for most of the
previous decade, introduced estate populations had a relatively high
level of genetic variation (in apparent contrast with inter alia Alpine
ibex (Grossen et al., 2018) and Eurasian lynx (Mueller et al., 2022)).
Furthermore, defragmentation projects typically fail to monitor,
leave alone integrate genomic inbreeding. Like the situation in
Veluwe, genetic monitoring in other mammal conservation
projects may be lacking upfront or all together (precluding
rigorous Before-After-Control-Impact assessment). In addition,
genomic inbreeding may not be explicitly assessed, such as for
example in de Groot et al. (2016). Because of the poor capacity of
few genetic markers to estimate inbreeding (Heuertz et al., 2023),
the latter investigation could not detect the intensity of ongoing
genomic inbreeding. Fourth, despite extensive measures aimed at
defragmentation, realizing enhanced gene flow may be difficult
(wildlife crossings only hardly facilitate movement through dense
human infrastructure) or at least time-consuming (animals need
time to restore movement paths). We argue that the striking finding
of near-panmixia of the Central and SouthEast subpopulation
shows when defragmentation is most effective: when applied at
the moment of barrier construction, and at existing movement
paths. Amongst Veluwe wildlife managers, a jocose observation is
that “when the concrete of the highway overpass was still being
poured, mammals were already standing in line”. Lastly, when gene
flow is enhanced, the potential for alleviation of inbreeding may be
limited when the meta-population has a shared history
of inbreeding.

How much priority should conservationists give to reducing
genomic inbreeding in fragmented populations? Although for an
increasing number of wild mammal populations habitat
fragmentation has been shown to cause accumulation of
autozygous segments (Larison et al, 2020; Khan et al,, 2021;
Cockerill et al., 2022), there are still few documentations of such
effects at small spatial scale (de Jong et al., 2020). The inbreeding
levels found in our study are especially striking, because they are
observed within a setting of defragmentation efforts that ran already
for decennia. Regarding phenotypic impacts, for Veluwe wild boar,
other than a correlation between multilocus heterozygosity and
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disease prevalence (Goedbloed et al, 2014), little to nothing is
known about inbreeding effects on animal performance. The
evidence of inbreeding effects in wild mammal populations, in
particular associations between accumulation of homozygous
segments and performance, is still meagre (yet see below).
Theoretically, the occurrence and intensity of inbreeding
depression depends on mutation load (Hoffmann et al., 2021;
Robinson et al., 2022), which through inbreeding may actually be
reduced when deleterious alleles are purged (Hedrick and Garcia-
Dorado, 2016; Grossen et al., 2020; Khan et al., 2021). Even
assuming inbreeding depression, recently the practice of
enhancing gene flow among population fragments has been
questioned, because it may compromise the total level of genetic
variation at meta-population level (Fernandez et al., 2008; Kolodny
et al, 2019). On the other hand, in the few cases that phenotypic
performance of wild mammal populations are investigated
thoroughly, clear negative associations with inbreeding have been
reported (Walling et al., 2011; Stoffel et al., 2021). For example,
focussing at Soay sheep, Stoffel et al. (2021) estimated that a 10%
increase in individual inbreeding Frop reduces the odds of lamb
survival with 60%. Based on these emperical findings, and while
acknowledging that there is no full consensus yet, we assume that
reduction of accumulation of genomic inbreeding should be given
high priority in defragmentation projects.

While underlining the need for enhancing gene flow, our
findings raise questions on the potential effectiveness of
defragmentation measures. Although the observed low gene flow
rates explained, at least partially, why genomic inbreeding was still
rather high in Veluwe wild boar despite ongoing defragmentation, it
begged the question to what extent gene flow should be enhanced.
To our knowledge, we are the first to corroborate a SNP-genotyping
study with a simulation of the potential alleviation effect of wildlife

crossings on genomic inbreeding. While Figure 5 mostly restates
generally known population genetic processes (including the
potential for one migrant to constrain Fgr and enhance Ne),
Figure 6 adds that ROHs break down slowly or, in the case of
haplotype fixation, not at all. The cause of the slow decay of
homozygous segments is likely the lag effect created by linkage
disequilibrium. Discussions on the effects of gene flow typically
centre around the one-migrant-per-generation rule, and deviations
from the underlying demographic assumptions (Mills and
Allendorf, 1996; Gustafson et al., 2017; Nathan et al., 2017). Our
findings suggest that genomic architecture is an important
component of understanding the impact of defragmentation, of
which we only scratched the surface. More advanced simulations
could better incorporate the genomic landscape, include hot- and
coldspots of both recombination rates (Bosse et al., 2012) and
deleterious mutations (Robinson et al., 2022).

Following inter alia (Ralls et al., 2018; Frankham et al., 2019;
Hoban et al., 2022; Heuertz et al., 2023), we posit that advances in
genomic understanding and resources are insufficiently integrated
in mammal defragmentation projects and present-day wildlife
conservation in general. Above, we argued that the actual genetic
status of wild mammal populations, and therewith the need for,
potential effectiveness of and optimal setup of defragmentation
measures cannot be known without genetic monitoring. Without

frontiersin.org


https://doi.org/10.3389/fevo.2023.1158494
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

de Jong et al.

knowing and appreciating the baseline genomic status,
defragmentation measures may boost gene flow insufficiently (too
few migrants and too little gene flow) or connect subpopulations
that have a shared history of inbreeding (lack of new alleles/
haplotypes). As technology develops, the lack of integration of
genomics in monitoring is only partially a consequence of
resource availability (Heuertz et al., 2023). Regarding monitoring
and designing, we posit that Runs of Homozygosity offer great
potential to be applied by researchers and conservationists alike,
because they are tangible and intuitive (see Figures 3, S4), and
effective estimators of levels of inbreeding and inbreeding
depression (Briiniche-Olsen et al., 2018; Supple and Shapiro,
2018; Kardos et al, 2021). Consequently, ROHs have been
suggested as an Essential Biodiversity Variable (Hoban et al,
2022). Regarding management interventions, our findings suggest
that when genetic erosion has occurred across the meta-population,
assisted immigration should be considered. This may be less
relevant when subpopulations are inbred for different haplotypes
(gene flow among subpopulations has much potential for
alleviation) (Wang and Caballero, 1999), yet urgent in
subpopulations that have become inbred for the same haplotypes.
The latter may be caused by a fragmentation phase of two very small
subpopulations with low migration rates, or by shared founders.
Whereas not intuitive within a connectivity restoration perspective,
gene flow through supplementation may be a strong genetic
reinforcement tool (Frankham, 2015; Hoffmann et al., 2021).
Translocation is already common practice in, for example,
management of lions of isolated, fenced Southern African game
reserves (Trinkel et al., 2008).

To effectively address genomic inbreeding, we propose a
defragmentation conservation action plan that is built on three
principles. First, decision-making should be guided by genetic
monitoring, both baseline and follow-up, that, amongst others,
explicitly assesses the extent of genomic inbreeding through
quantification of homozygous genomic segments. Second,
defragmentation measures should be designed such that gene flow
may optimally alleviate genomic inbreeding. This entails
consideration of required levels and routes of gene flow. Thirdly,
when enhanced gene flow among subpopulations offers little
potential for genomic inbreeding alleviation, conservationists
should consider the option of assisted gene flow from other meta-
populations. If the 30x30 biodiversity target of the Kunming-
Montreal Global Biodiversity Framework is to be achieved,
mammal populations will increase in human-modified landscapes
in the near future. Carefully planned and monitored defragmentation
projects will have to be installed, for otherwise mammals may expand
in numbers and distribution yet still impoverish genetically.
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