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Abstract

In an effort to halt the global decline of large carnivores, reintroductions have become
increasingly popular to establish satellite populations and reduce the risk of stochastic
events. These artificial range expansions are typically formed by a small number of found-
ers, which can lead to changes in population genetic structure. For instance, serial founder
events can lead to neutral and even deleterious alleles reaching higher than expected
frequencies along the front end of an expansion, referred to as gene surfing. One of the
world’s most extensive range expansion programmes has been for endangered African
wild dogs (Lycaon pictus). In this study, we examine the effect of continent-wide trans-
locations on spatial genetic diversity, by determining what effect genetic surfing has on
population structure in wild dogs, and measuring how long it will take for population
structure to homogenize in the face of ongoing dispersal. We used a set of microsatellite
loci to look at surfing alleles in five populations across southern Africa, and simulated the
movement of these alleles forward in time under the current demographic scenario. We
found that it would take about 150 generations for the expanding population to be 50%
introgressed with genes from the free-roaming population. With the current rate of translo-
cations, genetic differentiation in southern Africa will disappear, overturning the effects of
genetic drift or surfing alleles. Understanding genetic patterns in expanding populations is
of great interest to conservation, and we demonstrate that reintroduction programmes can
help restore genetic diversity, and consequently adaptive potential, in recovering wildlife
populations.
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Introduction

Demographic reductions in wildlife populations are occurring at alarming rates around the
globe, primarily driven by habitat loss, agricultural expansion, and persecution by humans
(Johnson et al. 2017). This has been particularly evident for apex predators, which are one
of the most challenging groups to conserve due to their large area requirements, low densi-
ties and reproduction rates, and common conflicts with humans over resources (Ripple et
al. 2014). In an effort to halt the global declines of large carnivores, reintroductions have
become increasingly popular to establish satellite populations and reduce the risk of sto-
chastic events, such as disease outbreaks, which may also speed up the process of natural
dispersal to unoccupied habitat fragments (Wolf and Ripple 2018). This falls within the
original rewilding framework, which focussed on establishing core areas and connecting
corridors, and releasing keystone carnivores (Soulé and Noss 1998). When reserves have
become isolated, augmentations can help to compensate for the lack of natural dispersal,
increase genetic heterogeneity, and avoid inbreeding in small remnant populations, thereby
increasing their reproductive and survival success (Moritz 1999). Large carnivore reintro-
ductions and augmentations have become frequent in southern Africa (Miller et al. 2013;
Davies-Mostert et al. 2015; Boast et al. 2018), where there are less spatial constraints com-
pared to other continents (Hayward and Somers 2009). Furthermore, population recovery
and range expansions have occurred within fenced reserves for many large carnivores in
recent decades, partly as a result of changing attitudes and protective legislation (Chapron
et al. 2014), such as lions (Panthera leo) in Gorongosa-Marromeu, Mozambique (Bouley et
al. 2018), and brown hyenas (Parahyena brunnea) in Namibia (Edwards et al. 2019).
Because expansion fronts are typically populated by a small number of founders, reintro-
ductions and natural range expansions may lead to changes in population genetic structure
and diversity, different from genetic changes caused by demographic growth alone (Hagen
et al. 2015). Due to a bottleneck effect and genetic drift, there will initially be an increase
in genetic structuring and loss of diversity, which will be reversed over time due to balanc-
ing gene flow and genetic homogenization (Ray et al. 2003). Another consequence of range
expansions is that some neutral and even deleterious alleles reach higher than expected
frequencies along the front end of an expansion, because of repeated founder events, which
is referred to as genetic surfing (Excoffier and Ray 2008). This term is based on the idea that
mutations ‘surf on the wave’ of a range expansion, causing rapid genetic change over time
(Edmonds et al. 2004; Klopfstein et al. 2006). As such, genetic surfing can be considered a
spatial analogue of genetic drift, nonbeneficial to the viability of populations. It is unrelated
to natural selection on beneficial or deleterious alleles, such as genetic hitchhiking, in which
alleles under selection influence allele frequencies of nearby loci due to chromosomal link-
age (Friedlander and Steinriicken 2022). Nonetheless, population structure as a result of
allele surfing and genetic drift may be mistaken as local adaptation or spatial variation of
clades that resemble expansion from refugia, which may change genetic composition in a
similar way (Ibrahim et al. 1996; Currat et al. 2006). Besides some alleles reaching near-
fixation, a major difference is that there are no or only few private alleles present in expand-
ing populations, as illustrated by theoretical simulations (Hallatschek and Nelson 2008) and
empirical cases of expanding wolves Canis lupus (Szewczyk et al. 2019), coyotes C. latrans
(Heppenheimer et al. 2018), and brown bears Ursus arctos (Hagen et al. 2015).
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The effect of genetic surfing is initially deleterious, before genetic diversity may recover
in the face of ongoing gene flow (Ibrahim et al. 1996). Whether population structure is
the result of neutral processes such as genetic drift and surfing in small and expanding
populations or a result of local adaptation and historic refugia is important for conservation
programmes that rely on reintroductions and translocations (Frankham 2009). For instance,
if genetic variability in source populations has been compromised by low allelic richness
caused by either genetic drift or surfing, it would make admixture with recipient populations
undesirable in case of augmentation if genetic diversity cannot be restored during future
interventions (Woodworth et al. 2002; Malone et al. 2018). Another concern that is often
raised is that historic or adaptive genetic differentiation may exist between the source and
recipient population, if they were isolated or exposed to different environmental and selec-
tive pressures (Weeks et al. 2015). Admixing genetically diverged populations, referred to
as evolutionary significant units (ESUs) (Crandall et al. 2000), may disrupt spatial patterns
of genetic variation and homogenize unique evolutionary trajectories (Bertola et al. 2021).
This leads to the overall loss of adaptive potential, and in extreme cases outbreeding depres-
sion, due to which it is recommended to find populations with similar evolutionary histo-
ries for reintroduction programmes (Becker et al. 2022). However, in small and isolated
populations the risk of inbreeding depression far outweighs the risk posed by outbreeding
(Edmands 2007; Ralls et al. 2020). Furthermore, when genetic differentiation is caused by
recent habitat fragmentation or population bottlenecks, it is advised to counteract this by
enhancing gene flow, either by translocations or restoring habitat connectivity (Frankham
2015; McLennan et al. 2020).

One of the world’s most extensive reintroduction and translocation efforts has been for
the endangered African wild dog (Lycaon pictus), also known as painted dogs, which suf-
fered population losses throughout their range and went extinct in 15 out of 39 countries
where they historically occurred (Woodroffe and Sillero-Zubiri 2020). In an attempt to
revive this species in South Africa, where they had gone extinct outside Kruger National
Park (NP), wild dogs were first reintroduced into Hluhluwe-iMfolozi Park in 1980 (Mills et
al. 1998) (Fig. 1A). The network of private reserves subsequently grew with an additional
twelve reserves, and translocations between these have been ongoing to mimic natural dis-
persal and maintain genetic diversity (Tensen et al. 2019). Hereby, the African wild dog fits
the rewilding concept (Wolf and Ripple 2018), which focuses on reintroducing carnivores
into their former range to restore top-down regulation in ecosystems. Due to the success of
the programme, wild dogs became available for introductions outside South Africa, which
became known as the range expansion programme. As part of this programme, wild dogs
have recently been reintroduced in Mozambique and Malawi and translocated to Zambia,
which were thought to have historically formed one metapopulation (Tensen et al. 2022)
and are part of the Southern African Conservation Strategy (IUCN/SSC 2015). Wild dogs
were only sporadically seen in Mozambique, and became functionally extinct in Malawi
since land reform programmes resulted in the loss of many game farms and conservancies
(IUCN/SSC 2015). There is much debate on whether animals should be translocated over
such large distances, particularly when facing the possibility of admixing genetically dif-
ferentiated populations and reducing intrapopulation diversity (Mona et al. 2014). In wild
dogs, it has already been illustrated that the managed metapopulation in South Africa has its
own genetic signature, as well as Kruger NP and the Lowveld of Zimbabwe (Tensen et al.
2022). Although they are expected to have resulted from anthropogenic habitat fragmenta-
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Fig. 1 Wild dog (Lycaon pictus) populations across Africa. (A) Four genetic clusters identified in southern
Africa based on Tensen et al. (2022): Kafue Zambezi transfrontier conservation areas (KAZA-TFCA);
the Lowveld (including the free-roaming population in the Waterberg); Kruger National Park; and a man-
aged metapopulation (as part of the range expansion programme). (B) Three main phylogenetic clusters
in Africa, based on Girman et al. (2001) and Marsden et al. (2012). West Central Africa has never been
genetically examined, but likely forms a unique lineage (Woodroffe et al. 1999). (C) All known records
of dispersing and translocated wild dogs in Africa, based on literature and Wild Dog Advisory Group
(WAG) minutes (Table S1)

tion (Marsden et al. 2012), it is not yet clear why the managed metapopulation genetically
differs, considering it was sourced from Kruger NP and Botswana, and no inbreeding was
detected (Tensen et al. 2019).

Recovering and reintroduced populations of large carnivores offer a unique opportunity
for investigating the genetic effects of range expansions on population structure (Hagen et
al. 2015; McLennan et al. 2020). Currently, there is limited knowledge on the population
genetic consequences of translocations and demographic recovery, especially across broad
geographical scales. In this study, we will use wild dogs as a model species to investigate
the genetic consequences of the range expansion programme, in which individuals from the
management metapopulation in South Africa are used to repopulate other areas in Africa.
We combine long-term demographic and genetic data and use population simulations to
examine the effect of genetic surfing, by asking the following questions: (i) what effect does
genetic surfing have on population structure in African wild dogs; and (ii) how long will
it take for population structure to homogenize with ongoing dispersal and translocations?
According to theory, we predict that the range expansion from South Africa will initially
cause a steep cline in population structure, due to shifting allele frequencies, which will
eventually become introgressed by genes of local remnant populations in southern Africa
and lead to an increase genetic variation in subsequent generations (Ibrahim et al. 1996;
Hallatschek and Nelson 2008; Ralls et al. 2020). As the loss of genetic diversity through
genetic drift and surfing can negatively impact population viability, it is important to include
these neutral processes in the genetic management and monitoring of species. Furthermore,
given the increasing threat of habitat fragmentation and application of reintroductions, the
African wild dog as a natural experiment could provide important lessons for other range
expansion programmes.
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Materials and methods
Study species

The African wild dog is listed as Endangered by the International Union for Conservation of
Nature, with approximately 7,700 individuals (adults and yearlings) left in the wild, which
are scattered across the African continent (Kuiper et al. 2018; Woodroffe and Sillero-Zubiri
2020). Habitat destruction and fragmentation have been the main drivers of their population
decline (Davies and du Toit 2004), and they have also been intentionally eliminated in the
past due to the negative attitude towards this predator (Fanshawe et al. 1997; Woodroffe et
al. 1997; Lindsey et al. 2005). The current distribution has become highly fragmented as
savannah grasslands and woodlands are progressively being threatened by livestock over-
grazing and urbanisation (Riggio et al. 2013). One population stronghold, consisting of
approximately 17% of its historical range, remains in southern Africa, where roughly 4,400
wild dogs are distributed over reserves extending from southern Angola across Botswana to
western Zimbabwe (IUCN/SSC 2015). In East Africa, roughly 3.300 wild dogs are spread
across Ethiopia, Sudan, Kenya and Tanzania, where they have strongholds in the Selous and
Serengeti-Masai Mara ecosystems (IUCN/SCC 2008). Wild dogs have been exterminated
in West Central Africa except for a small population in Senegal, due to which they are now
listed as Critically Endangered in this region (Woodroffe and Sillero-Zubiri 2020).

Demographic history

Due to several reintroductions, South Africa now holds a viable population of circa 350
wild dogs in Kruger NP, private reserves, and unprotected areas (WAG-SA 2022). Because
maintaining genetic diversity forms an essential part of the management efforts, transloca-
tions between private reserves are carried out to mimic natural dispersal (Spiering et al.
2011). Genetic monitoring has illustrated that reserves remain connected as part of a man-
aged metapopulation (Tensen et al. 2019). Wild dogs were first introduced into Hluhluwe-
iMfolozi in 1980, and the population has since grown to 120 individuals spread among 12
reserves (WAG-SA 2022). As part of the range expansion programme, wild dogs from South
Africa have been used to repopulate areas in southern Africa where they have gone extinct
or no longer occur at viable population densities (Fig. 1C). Thus far, eleven translocations
were sourced from the managed metapopulation in South Africa, four from Zimbabwe, and
one from the augmented population in Gorongosa, Mozambique. New populations have
been established in Karingani Game Reserve in Mozambique, and Liwonde National Park
and Majete Wildlife Reserve in Malawi. There has also been a recovery of free-roaming
wild dogs in the northern part of South Africa, which dispersed from southeast Botswana
and Zimbabwe (Davies-Mostert et al. 2012; Tensen et al. 2022). Long-distance dispersal
still occurs freely across southern Africa in Namibia, Botswana and Zimbabwe (Fig. 1C),
partly due to the establishment of large transfrontier conservation areas (Davies-Mostert et
al. 2015; Cozzi et al. 2020; Hofmann et al. 2021). In this study, we deploy information from
natural dispersal events of wild dogs on the African continent, as well as augmentations and
reintroductions that have taken place outside the managed metapopulation in South Africa,
where animals are translocated frequently (i.e. 22 annually, Tensen et al. 2019). Data were
obtained from the scientific literature (Table S1), as well as the Wild Dog Advisory Group
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of South Africa (WAG-SA), who have been documenting translocations of wild dogs in
southern Africa since the start of the range expansion programme.

Genetic analysis

African wild dogs from various areas in southern Africa have been genotyped for twenty
short-tandem repeats (for extraction methods, PCR protocols and fragment analysis see
Tensen et al. 2022). We have used a subset of the previously collected data (of 125 individu-
als from five populations) to test for the possibility of genetic surfing. The five populations
are: (i) the central population that extends from Angola to western Zimbabwe across the
Kafue Zambezi transfrontier conservation area (KAZA-TFCA), (ii) the Lowveld population
in southern Zimbabwe, and (iii) the free-roaming Waterberg population in northern South
Africa, (iv) Kruger NP in South Africa, and (v) the managed metapopulation in private
reserves outside Kruger NP (Fig. 1; Table S2). In this study, we consider the presence of
three genetic clades on the African continent (Fig. 1B), based on previous genetic studies
(e.g. Girman et al. 2001; Marsden et al. 2012; Tensen et al. 2022), due to which southern and
eastern Africa are not combined in our analyses. To test the possibility that genetic surfing
has occurred, we calculated allelic richness and number of private alleles with HP-rare v1.1
(Kalinowski 2005). We visualized the distribution of alleles by code-colouring the ten most
variable loci, and tested whether allele frequencies significantly deviated from expected
ratios with the Cochran-Mantel-Haenszel (CMH) test in Excel, using XLSTAT (Addinsoft,
Paris, France) applied to a 2 X 66 genotype contingency table, for each pairwise popula-
tion comparison separately. The CMH test is an extension of Chi-squared tests for multiple
biological replicates, and can identify differences in allele frequencies that are consistent
across populations (Wiberg et al. 2017). The genetic spatial pattern characterizing genetic
surfing is that shifted alleles are heading towards their maximum frequency as the expan-
sion proceeds.

Ecological modelling
Virtual landscape

To predict the movement of surfing alleles during range expansions, we used the programme
SPLATCHE3 (Currat et al. 2019), which simulates the demography of populations and
molecular diversity under a wide range of evolutionary scenarios. We included 33 popula-
tions in the simulation, to represent the geographic distribution of wild dogs in southern
Africa, based on IUCN/SCC (2015) and WAG-SA minutes (for all input parameters, see
Table S3). The continental surface of southern Africa was represented by a grid of more than
700 demes, each representing an area of 7,000 km?. The initial metapopulation was assumed
to be at carrying capacity, and we applied a two-dimensional stepping-stone grid (30 x 35
demes) from which range expansions took place, starting at generation 5 (Fig S1). All range
expansions occurred from the managed metapopulation (met) into the free-roaming popu-
lation (wild) in other parts of southern Africa. To predict the level of admixture between
genetically differentiated wild dog populations, we performed a series of simulations under
the two-layer admixture model, allowing the simulation of dispersal events between any
deme (occupied or empty). One layer represents the free-roaming populations (N,,;4) while
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the other layer represents the metapopulation (NV,,,.,). The density of all demes was logisti-
cally regulated, with carrying capacity K set to 0.1-1 per 100 km? across four vegetation
types, and an intrinsic growth rate 7 set to 0.10. We performed 1000 independent stochastic
simulations to get average introgression proportion and variance.

Introgression rate

We simulated neutral genetic diversity at 20 independent short tandem repeats (STRs), with
a mutation rate of 0.001 (Cullingham et al. 2020). Gene flow between demes of free-roam-
ing populations was controlled by the parameter m,,;; (migration rate) and m,,,, between
demes of the managed metapopulation (translocation rate), while gene flow between the
managed metapopulation (V,,.,) and free-roaming populations (NV,;,4) was controlled by the
parameter y; ; (assimilation rate from population i to /). The migrant rate m was set to 0.05
(mey) and to 0.01 (y,54), from each deme to adjacent demes at each generation, and y;; varies
depending on the scenario (see below). Note that y;; is the proportion of contacts between
individuals of both populations (., and ,;;4) Which results in gene flow from i to . It is thus
a measure of interbreeding success rate which could represent assimilation of individu-
als i in j, but also disassortative mating or hybrid relative fitness of admixed individuals.
In SPLATCHES, the level of introgression from population i (o) t0 j (i) 1S considered
to be represented by the proportion of genes from autosomal markers that are present in
population i () at time ¢ but sampled in population j (,,;;4) at time ¢ + 1. Within the density-
dependent admixture model for two populations, each of the N, individuals has a prob-
ability to reproduce successfully with N4 individuals from the same deme, following the
assimilation model equation:

A7n,et.,u'rild =7 <2Nmeth17ld> / (Nrrl,st + Nwild)Q

We set the value of oy ilg and Oy mee t0 0, which means that there is no competition
between N, and N4 individuals. For more details on the algorithms see SPLATCHE3
user manual (Currat et al. 2019). We ran genetic simulations for 500 generations (i.e. 2000
years; Girman et al. 2001), to measure how many generations it would take to achieve
full genetic homogenization between N, and N,;4 after range expansion (Quilodran et
al. 2020). We consider the population to be homogenized when 50% of the genome in the
expanding metapopulation is introgressed with genes from the free-roaming populations.
Introgression rates for both populations were visualized using the R package ggplot2 (Wick-
ham et al. 2016), averaged over 1,000 stochastic simulations and 95% confidence intervals
(CD).

Scenario comparisons

To test how different assimilation rates (from assortative mating to random mating) influ-
ence the genomic introgression rate, we ran simulations under different scenarios. The first
is the baseline scenario (1), with strong assortative mating and asymmetric assimilation (1%
of Nyq in Ny, versus 5% assimilation of N, in N,,;4). Under this scenario, we expect that
individuals with similar genotypes are more likely to mate, and that metapopulation genes
are more likely to spread into southern Africa than the other way around. Following, we
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have the scenarios: (2) strong assortative mating with less asymmetric assimilation (2.5%
vs. 5%); (3) strong assortative mating with symmetric assimilation (5% vs. 5%); (4) less
assortative mating with asymmetric assimilation (10% vs. 50%); (5) less assortative mating
with symmetric assimilation (50% vs. 50%); and (6) random mating between both popula-
tions (i.e. full panmixia, 100% assimilation). Although full random mating is not expected
in wild dogs, they do display strong inbreeding avoidance (Leigh et al. 2012), increasing the
chance that N, in N5y will admix in the future.

Population structure

To measure the effect of ongoing translocations on Nei’s F-statistics (Nei and Tajima, 1981),
we used the simulation programme EASYPOP 2.01 (Balloux 2001), which is a software
for population genetics that includes species-specific life-history traits. In this simulation
tally, we adjusted the male-to-female ratio to 2:1 (McNutt 1996). We applied the polygy-
nous mating system, with a 0.5 proportion of matings between subordinate males (Spiering
et al. 2010). For the migration model, we chose a two-dimensional spatial model, which
integrates isolation by distance. We tested for three different dispersal rates: 0.01, 0.05,
0.1. Mean dispersal distance was set to 19 for females and 41 for males, as wild dogs form
single-sex dispersal coalitions (McNutt 1996). We followed a mixed mutation model with
75% of mutations following a stepwise mutation model (SMM) and 25% following a KAM
model, and a mutation rate of 0,001 (Cullingham et al. 2020). We simulated 20 independent
loci with a maximum possible number of alleles of K = 20, and a minimum variability of
the initial population. Each parameter set was replicated 10 times, and for each replicate,
we sampled 10 individuals in 5 subpopulations. In total, we performed 420 simulations.
All scenarios and input parameters used for EASYPOP are listed in Table S4. Using the
simulation output files, Nei’s F-statistics (Nei and Tajima 1981) were retrieved with the
programme FSTAT 2.9.3.2 (Goudet 1995). Changes in genetic differentiation (Fgr) under all
dispersal scenarios were visualized with the R package ggplot2 (Wickham et al. 2016), after
they were calibrated to observed heterozygosity levels retrieved from our microsatellite
dataset, by adjusting the first year of the simulation to the level of heterozygosity measured
in Arlequin 3.5.2 (Excoffier and Lischer 2010). The EASYPOP output files were also used
for downstream analyses performed in STRUCTURE 2.3.4 (Pritchard et al. 2000). Structure
analyses were run for K = 1-5, correlated allele frequencies, a sampling of 250.000, burn-in
0f 100.000, and five iterations. Clumpak 1.1 (Kopelman et al. 2015) was used to summarize
and visualize the structure runs at generation 30.

Results

Surfing alleles

To assess spatial genetic diversity, we compared allele frequencies of 20 hypervariable
STRs across five population clusters (Table S5). In the Kafue Zambezi area (KAZ) that
stretches from Angola to eastern Zimbabwe, we found the highest number of alleles (140)

and private alleles (17). Only four private alleles were found in all other populations, of
which the managed metapopulation (MET) owned three, and the free-roaming population in
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South Africa (FRM) none. The total number of alleles was similar among these four popula-
tions, ranging from 74 to 89. When code-colouring various alleles at the 10 most variable
loci found in the five populations, some waving patterns could be detected (Fig. 2A). What
is mainly evident by this visualization is that alleles do not differentiate between the expand-
ing populations (LOW, FRM, KNP, and MET), but merely display shifted allele frequen-
cies, compared to the central wild dog population in the Kafue Zambezi area, which has a
visibly higher allelic richness. When comparing ‘expected’ allele frequencies (from KAZ)
to the ‘observed’ expanding populations, we found that an average of 13.5 (20.5%) alleles
were significantly lower, and 11.25 (17.1%) were significantly higher (Fig. 2B).

Introgression following range expansion

The movement of the range expansion and level of introgression were simulated forward in
time, from the managed metapopulation N, (second virtual layer, Fig S2), into the free-
roaming populations N,y (first virtual layer). Overall, we measured a carrying capacity
of 20,100 wild dogs in southern Africa, if the area would solely consist of natural vegeta-
tion. The N, expanded outward from South Africa, Malawi, and Mozambique (m = 0.05),
and the N,;y expanded outwards from Angola, Zambia, Namibia, central Botswana and
Zimbabwe (m = 0.01), connecting populations in Zambia and Malawi (Fig S2). Under the
baseline scenario, spatially explicit simulations showed that in the face of ongoing dispersal
/ translocations, it would take approximately 150 generations for N, to have been (50%)
introgressed with alleles from N, ;4 population (Fig. 2C). Despite a larger assimilation rate
from N, to N,,;q than the reverse, the N, ., was expected to be introgressed faster with N4
genes than the other way around, due to ongoing translocations from N, into southern
Africa but less dispersal in return, until it slowly reaches a plateau. When two populations
were treated as one, the relative proportion of N, genes tended to slowly increase with

met
time.
Comparison between various assimilation rates

The assimilation rate was low under the baseline scenario, assuming that it is more likely
that individuals from the same population mate. Hence, it implies that there is strong assor-
tative mating between the expanding managed metapopulation (V,,.,) and the free-roaming
populations (N,;4). To allow for comparison, we also tested other assimilation scenarios
between N, and N4, including a random mating scenario, to see how this would influ-
ence the introgression rate (Fig S2). In all scenarios, introgression started to occur after
approximately 50 generations in southern Africa, between N, and N,,;4. The average intro-
gression rate varied between ~ 60% (scenario 1) to < 5% (scenario 6) after 250 generations.
Under all scenarios, introgression rate was predicted to be higher in N, compared to N4,
due to population dynamics. To elaborate, a smaller number of N, individuals enter areas
where there are resident wild populations at demographic equilibrium, resulting in asym-
metric introgression from the local (V) to the arriving population (N,,,.,), see Currat et al.
(2008) for a detailed explanation of the underlying mechanisms. This introgression asym-
metry is reduced when there is strong assortative mating, with much less N,;4 individuals
entering N, which allows N time to grow locally without much initial introgression.
We found that with random mating, there was much faster genomic admixing, which means
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Fig. 2 The effect of range expansions on population genetic structure. (A) Microsatellite alleles in five
African wild dog (Lycaon pictus) populations in southern Africa: the central population across the Kafue
Zambezi transfrontier conservation area (KAZ); Zimbabwean Lowveld (LOW), free-roaming population
in the Waterberg (FRM), Kruger NP (KNP), and the managed metapopulation (MET) in South Africa. All
alleles are colour-coded to visualize their frequencies. White circles are missing alleles. (B) We tested for
significant shifts in allele frequencies with a Cochran-Mantel-Haenszel test, and found that 9 to 13 alleles
occurred in higher proportions in the expanding ‘observed’ populations (LOW, FRM, KNP, and MET),
compared the original ‘expected’ population (KAZ), which could be an indication of surfing alleles. (C)
The proportion of introgressed genes in a simulated African wild dog population, in the face of ongoing
dispersal and translocations. Introgression values are retrieved by SPLATCHE3, and averaged over 1,000
stochastic simulations and 95% CI. The dark blue curve (1) represents managed metapopulation N,
genes from South Africa into the free-roaming populations N,;4 in southern Africa. The dark green curve
(4) represents the proportion of N4 genes into N,,.... The light blue curve (2) represents the average intro-
gression in both populations, and the light green (3) curve the total proportion of N, genes in both popu-
lations considered as one. After 150 generations, N, has been 50% introgressed with alleles from N4
population. D. The influence of dispersal on genetic differentiation (Fgr) of wild dogs in southern Africa.
Results are based on forward-time genetic simulations, using EASYPOP. The simulation outputs were
used to run STRUCTURE analysis, which decreased from K = 4 to K = 2 with increasing dispersal rate

that the contribution of N, genes in the overall population was greatly reduced, from 45 to
5% after 500 generations (Fig S2).

Population structure

Changes in genetic differentiation (Fgr) were simulated under three dispersal / translocation
scenarios over 30 generations (Fig. 2D). Scenario 1 (0.01 dispersal rate) caused an increase
of Fgp over time, whereas scenario 3 (0.1 dispersal rate) followed the expected reduction
in genetic differentiation. In the most realistic scenario (0.1 dispersal rate; Tensen et al.
2019), the Fg dropped below 0.05 within 10 and 15 generations, after which no popula-
tion structure was observed. This means that with the current rate of translocations (10%
from the managed metapopulation), genetic differentiation based on neutral loci in southern
Africa will disappear, overturning the effects of genetic drift or surfing alleles associated
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with range expansions. To the contrary, the different scenarios had little effect on observed
heterozygosity (Hy), which increased under all dispersal scenarios (Table S6). In scenario 1,
Hg was 0.566 after 30 generations (1% increase), in scenario 2 Hy was 0.589 (3% increase),
and in scenario 3 Hg, was 0.596 after 30 generations (4% increase) as a result of population
admixture.

Discussion

In this study, we used the African wild dog as a model species to test genetic theory on
allelic surfing after reintroductions. To do so, we presented an overview of all translocated
and dispersing wild dogs across southern Africa, and combined these with a genetic dataset
to make predictions about the effects of range expansions on intraspecific genetic variation.
We also simulated the movement of surfing alleles forward in time under the current demo-
graphic scenario. Our results show that management interventions by means of transloca-
tion or facilitation of natural dispersal can help restore genetic diversity in fragmented and
expanding populations. The range expansion of wild dogs is currently one of the world’s
largest rewilding efforts for an endangered large carnivore, which makes the evaluation of
the conservation value of this programme, including the preservation of genetic integrity,
desirable.

A stepping-stone mode of dispersal over multiple generations allows wild dogs to cover
large distances, connecting multiple countries (Davies-Mostert et al. 2012; Tensen et al.
2022). For example, dispersal events have been recorded between Savé Valley Conser-
vancy in Zimbabwe and Northern Tuli in Botswana (~ 350 km), the Waterberg region in
South Africa and the Central Kalahari in Botswana (~ 400 km), and the Okavango Delta
in Botswana and Khaudum NP in Namibia (~ 250 km). Nonetheless, radio telemetry and
genetic studies remain scarce for wild dogs, due to which our understanding of large-scale
connectivity on the African continent still suffers from a lack of information (Abrahms et al.
2017). The translocation history of wild dogs, on the other hand, is well-documented. We
recorded sixteen translocation events within southern Africa, of which ten were reintroduc-
tions, totalling 144 individuals. The longest translocation distances were from South Africa
to Zambia (~ 1200 km) and Malawi (~ 1000 km). All translocations were considered suc-
cessful, based on post-release survival, social integration, and reproduction (Gusset et al.
2006). The only reintroductions that failed were to Etosha NP in Namibia, which occurred
between 1978 and 1989, due to low prey density and high lion density at the release site
(Scheepers and Venzke 1995). Reintroduction techniques and guidelines have been opti-
mized rigorously since then (Hayward and Somers 2009; Gusset et al. 2010; Bouley et al.
2021). Another incident took place in Malawi, where a pack of 18 wild dogs died from unin-
tended poisoning in Liwonde NP, which was translocated from South Africa and Mozam-
bique (African Parks 2022). This highlights the need to create satellite populations of wild
dogs to reduce the impact of stochastic events (Davies-Mostert et al. 2009).

Marsden et al. (2012) found that populations that had recently experienced recoloniza-
tion, such as the Lowveld and Laikipia, consistently showed lower genetic diversity, which
may lead to population structure (Excoffier et al. 2009). In this study, we also found that
allelic richness was lower in recently expanding populations compared to the central cluster
in KAZA-TFCA. Furthermore, some alleles reached high frequencies, and only four private
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alleles were present outside KAZA-TFCA, which is indicative of genetic surfing (Edmonds
et al. 2004). Genetic surfing as a result of a range expansion can cause rapid genetic change
over time and space (Klopfstein et al. 2006), which has been observed in many recovering
large carnivores. In coyotes, populations colonized eastern North America along two expan-
sion fronts, which resulted in genetic differences among groups of conspecifics at a fine tem-
poral scale (Heppenheimer et al. 2018). After an initial bottleneck, the population quickly
recovered its genetic diversity due to increased population size and connectivity. The grey
wolf recently recolonized areas in Europe, and a strong west-east population structure has
occurred due to founder-flush and genetic surfing (Szewczyk et al. 2019). In Finland, brown
bears have been expanding their range, which led to strong initial genetic changes, which
gradually disappeared after ongoing population growth and admixture (Hagen et al. 2015).
Likewise, we believe that surfing alleles after range expansion have led to the population
genetic structure observed in wild dogs in southern Africa. Shifting allele frequencies can
arise even within continuous populations and in the absence of dispersal barriers between
demes (Paulose and Hallatschek 2020), and spatially clustered allele distributions can per-
sist for hundreds of generations (Ibrahim et al. 1996). Because the effect of genetic surfing
can be deleterious, similar to genetic drift, it is important to understand how to overcome
this unintended effect of range expansion programmes.

Currently, there is limited knowledge on the genetic consequences of translocations in
large carnivores, especially across broad geographical scales (Hagen et al. 2015). Using
population genetic simulations, we illustrated that with current levels of dispersal and
translocations, the Fg observed in wild dogs across southern Africa will drop below 0.05
within 15 generations. We also measured that it would take 200 generations to become
genomically homogenised, i.e. when about 40% of the genome of each population would be
introgressed by genes from other populations. Thus, the negative effects of genetic surfing
and drift will gradually disappear as recipient or local populations become admixed with
donor or expanding populations. It is known that few migrants are capable of reversing the
stochastic process of genetic drift on allele frequencies (Vila et al. 2003). For wild dogs,
introgression was always predicted to be higher in the expanding metapopulation compared
to the free-roaming population due to population dynamics, as a smaller number of reintro-
duced (N, individuals enter areas where there are already established (V;4) populations
at demographic equilibrium. This introgression asymmetry is reduced only when there is
strong assortative mating, which allows the expanding population to grow locally without
initial extensive introgression. With full panmixia, the contribution of reintroduced genes
in the overall population would have reduced to less than 5% after 500 generations. These
general trends could help predict genetic recovery in expanding populations with ongoing
conservation interventions, based on the assumption that the demographic parameters are
constant over time.

Generally, it is advised that individuals should not be translocated between evolutionary
significant units (ESUs), to conserve ecological and evolutionary processes (Bertola et al.
2021). ESUs have evolved independently as a result of local adaptation (Moritz et al. 1999),
which is relevant for translocation programmes where the risk arises that unique lineages
become admixed, reducing interspecific diversity of the overall population (Edwards 2007,
Weeks et al. 2015). In wild dogs, two main phylogenetic clades have previously been distin-
guished, in eastern Africa (E genotypes) and southern Africa (S genotypes), based on both
genetic and morphological differences (Girman et al. 1993, 2001). Limited genetic data
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indicate that wild dogs from West Central Africa may be distinct as well. However, since
there are no viable wild dog populations in this region, future reintroductions may have to
harvest animals from non-native lineages (Woodroffe et al. 1999). The phylogenetic clades
were suggested to have originated from an extinction event in eastern Africa and subsequent
recolonization from western or central Africa (Marsden et al. 2012), with secondary migra-
tion between eastern and southern Africa that may have taken place during Pleistocene
climatic changes (Girman et al. 2001). There are large admixture zones between the two
clades, which indicates that long-distance dispersal (> 400 km) has occurred until recently
(Girman et al. 2001). Consistent with many other savannah species, admixture occurs from
Ethiopia to Sudan, and Zambia to Malawi and Mozambique (Lorenzen et al. 2012; Bertola
et al. 2021).

It has been suggested that, historically, wild dogs within the southern and eastern units
were panmictic, with no pronounced population structure (Girman et al. 2001). Genetic
clustering has occurred since, as a result of reduced effective population sizes and habitat
fragmentation (Marsden et al. 2012; Tensen et al. 2022). Although Moritz (1999) and Sze-
wzeyk et al. (2019) argue that population structure based on diverged allele frequencies
needs to be maintained regardless of phylogenetic distinctiveness of the alleles, we dispute
this notion. Genetic drift and surfing reduce genetic diversity, and the risks associated with
low genetic diversity are well established (Frankham 2015). Because population differentia-
tion resulting from recent habitat fragmentation or other human-mediated processes through
genetic drift is considered harmful, unlike ESUs, it is advised to restore gene flow when
possible (Frankham et al. 2017; Liddell et al. 2021), particularly for endangered species
(Edmands 2007; McLennan et al. 2020). Maintaining large metapopulations is widely con-
sidered the most beneficial and natural scenario for wild animals, which will inevitably lead
to genetic homogenisation at small spatial scales (Frankham et al. 2017).

The stark relationship between genetic differentiation and genetic diversity highlights
the value of translocation programmes in increasing population versatility (Coleman et
al. 2013). This is particularly relevant for augmentation programmes, where the goal is to
increase population fitness by reintroducing new alleles, often referred to as genetic rescue
(Coates et al. 2018; Ralls et al. 2020). Our results suggest that demographic histories and
genetic surfing shape some of the current population structure of wild dogs in southern
Africa. We propose that the rapid genetic changes following local extirpation and recolo-
nization require an ongoing effort to maintain geographical connectivity and demographic
recovery of African wild dogs. Genomic introgression during the course of range expan-
sions will cause a gradual disappearance of population structure within southern Africa, and
increase genetic diversity without risking the loss of evolutionary distinct units.
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