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Abstract

Lethal carnivore management is a prevailing strategy to reduce livestock predation. Intensity of lethal management varies
according to land-use, where carnivores are more intensively hunted on farms relative to reserves. Variations in hunting
intensity may result in the formation of a source—sink system where carnivores disperse from high-density to low-density
areas. Few studies quantify dispersal between supposed sources and sinks—a fundamental requirement for source—sink
systems. We used the black-backed jackal (Canis mesomelas) as a model to determine if heterogeneous anthropogenic
mortality induces a source—sink system. We analysed 12 microsatellite loci from 554 individuals from lightly hunted and
previously unhunted reserves, as well as heavily hunted livestock- and game farms. Bayesian genotype assignment showed
that jackal populations displayed a hierarchical population structure. We identified two genetically distinct populations at
the regional level and nine distinct subpopulations at the local level, with each cluster corresponding to distinct land-use
types separated by various dispersal barriers. Migration, estimated using Bayesian multilocus genotyping, between reserves
and farms was asymmetric and heterogeneous anthropogenic mortality induced source—sink dynamics via compensatory
immigration. Additionally some heavily hunted populations also acted as source populations, exporting individuals to other
heavily hunted populations. This indicates that heterogeneous anthropogenic mortality results in the formation of a complex
series of interconnected sources and sinks. Thus, lethal management of mesopredators may not be an effective long-term
strategy in reducing livestock predation, as dispersal and, more importantly, compensatory immigration may continue to
affect population reduction efforts as long as dispersal from other areas persists.
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Introduction recreation, or fur and body parts. Besides the obvious and

immediate effects on population size, such anthropogenic

Carnivores are extensively hunted for several reasons,
including the protection of human lives, livestock, or
preferred ungulate populations; or for disease control,
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mortality will also affect the behaviour, social structure
(e.g. lions, Panthera leo, Snyman et al. 2015), demogra-
phy (black-backed jackal, Canis mesomelas, Minnie et al.
2016b), reproduction (e.g. black-backed jackal, Minnie et al.
2016b; coyotes, Canis latrans, Sacks et al. 2005) and disper-
sal (e.g. cougar, Puma concolor, Stoner et al. 2013) of these
carnivores. Anthropogenic mortality often varies consider-
ably across the landscape because of variation in accessi-
bility to humans, land-use and tenure (Novaro et al. 2005).
Additionally, anthropogenic mortality may also vary accord-
ing to local hunting legislation where a species is hunted on
one side of a socio-political boundary and protected on the
other side (e.g. Gervasi et al. 2015). These unevenly dis-
tributed hunting pressures create habitats of varying quality
and localised mortality, which play a major role in shaping
animal populations.
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Local variation in mortality may induce a source—sink
population structure (Pulliam 1988). Source—sink dynam-
ics emphasise the effects of dispersal on local population
dynamics which result from differences in habitat quality
(Elmhagen and Angerbjorn 2001). High quality habitats
support populations with growth rates that are either posi-
tive or balanced by emigration (source populations; Han-
ski and Gilpin 1991), whereas populations occupying low
quality habitats may become extinct if individuals do not
immigrate from elsewhere (sink populations; Hanski and
Gilpin 1991). Therefore, source and sink populations can
be identified based on net dispersal, with source populations
exporting individuals to sink populations (Andreasen et al.
2012; Pulliam 1988).

In many cases, carnivore dispersal is driven by dispari-
ties in localised anthropogenic mortality, where individu-
als disperse from low mortality areas to the high mortal-
ity areas (i.e. compensatory immigration, Pulliam 1988).
This compensatory immigration has been documented for
several carnivores, where unevenly distributed hunting
pressures induce source—sink dynamics (e.g. wolverines,
Gulo gulo, Gervasi et al. 2015; culpeo foxes, Pseudalopex
culpaeus, Novaro et al. 2005; lynx, Lynx lynx, Slough and
Mowat 1996). Additionally, spatial variation in anthropo-
genic mortality and compensatory immigration often play
a fundamental role in the sustainable harvest of carnivore
populations (e.g. culpeo foxes, Novaro et al. 2005), but may
also counter management actions aimed at reducing carni-
vore densities (e.g. coyote, Knowlton et al. 1999). According
to habitat selection theory (Rosenzweig 1981), compensa-
tory immigration should be driven by intraspecific competi-
tion which facilitates the dispersal of subordinates from their
natal ranges. This process is magnified in highly territorial
animals, where density-dependent intraspecific competi-
tion (i.e. ideal despotic model, Fretwell 1972) will decrease
the fitness of subordinates in high density source habitats,
thereby increasing emigration into low density sink habitats,
where dispersing individuals may experience increased fit-
ness (Pulliam 1988).

In addition to the effects of localised mortality on disper-
sal, anthropogenic (e.g. fences and roads) and natural (e.g.
mountains and rivers) landscape features have been shown
to constrain the inter-habitat dispersal of carnivores, ranging
from American mink (Neovison vison, Zalewski et al. 2009)
to brown bears (Ursus arctos, Mateo-Sanchez et al. 2014).
These dispersal barriers may constrict or direct dispersal
(e.g. cougar, Stoner et al. 2013), influencing the net move-
ment of individuals from the source to the sink population.
Thus, the formation of a source—sink system is dependent
not only on variations in local mortality (e.g. heterogeneous
hunting pressure), but also on landscape connectivity and
the permeability of potential dispersal barriers.
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Black-backed jackals (hereafter jackal) are ubiquitous
across southern Africa, occurring in all habitat types and
most land-use types except forests and urban areas (Minnie
et al. 2016a), suggesting that jackals may have few barri-
ers to dispersal (Ferguson et al. 1983). Additionally, jackals
are the dominant predators on livestock farms (van Niekerk
2010) and play a large role in ungulate predation on game
farms. Consequently, jackals are aggressively hunted. For
example, van Niekerk (2010) surveyed 350 livestock farmers
within the study region (7.9% of small livestock farmers in
the region), and 73% of the sample used lethal management,
killing 8582 jackals between 2006 and 2007. These farm-
ers believe that lethal management is effective in reducing
population sizes and associated livestock and ungulate losses
on these farms (van Niekerk 2010). Conversely, jackals on
reserves are infrequently hunted—when they are hunted it is
at a much lower intensity than surrounding farms—thereby
creating a landscape with local variations in anthropogenic
mortality (see “Methods”). A recent study investigating the
demographics of jackals on farms and reserves suggests that
this variation in anthropogenic mortality leads to the forma-
tion of a source—sink system, which may counter manage-
ment actions aimed at reducing jackal densities and associ-
ated livestock losses on farms (Minnie et al. 2016b). A large
number of demographic studies on hunted carnivores draw
similar conclusions (e.g. cougar, Stoner et al. 2006; coy-
ote, Tremblay et al. 1998). However, few studies quantify
the dispersal of individuals between supposed sources and
sinks—a fundamental requirement for the formation of a
source—sink system (Elmhagen and Angerbjorn 2001). This
is due to the logistical constraints on estimating dispersal
at an appropriate scale (Storfer et al. 2010). The advent of
modern molecular techniques makes estimating dispersal
feasible (e.g. jackals, James et al. 2017), allowing us to effec-
tively address metapopulation processes operating at larger
spatial scales (Oliver et al. 2016).

Here, we use multilocus Bayesian genetic techniques to
investigate the influence of variation in anthropogenic mor-
tality and potential dispersal barriers on the genetic structure
and dispersal of jackal populations associated with distinct
land-uses (James et al. 2017). Dispersal of jackals from
reserves into habitats with high levels of anthropogenic mor-
tality (farms) may negate population reduction efforts and
contribute to the persistence of jackals (Minnie et al. 2016b;
van Niekerk 2010). However, empirical evidence in support
of this hypothesis is non-existent. Therefore, we hypothesise
that lightly- or unhunted areas (reserves) will act as source
populations, exporting individuals (net emigration) to heav-
ily hunted areas (livestock- and game farms) that act as sink
populations (net immigration), resulting in the formation of
genetically distinct subpopulations coinciding with these
land-use types. Alternatively, owing to the ubiquitous dis-
tribution of this generalist mesopredator, we hypothesise that
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the highly vagile nature of jackals (Ferguson et al. 1983;
Humphries et al. 2016; James et al. 2017) will result in the
formation of genetically indistinct non-equilibrium metap-
opulations. Second, we hypothesise that dispersal will occur
between sources and sinks irrespective of potential barriers,
as suggested by Ferguson et al. (1983).

Methods
Study area

The study area is located in a semi-arid (mean annual
precipitation: Karoo National Park = 274 mm, Mountain
Zebra National Park = 403 mm, Addo Elephant National
Park = 401 mm) region of the Eastern- and Western Cape
Provinces, South Africa (Fig. 1). The vegetation is domi-
nated by the Nama-Karoo biome which transitions into
Grassland in the north-east and Albany Thicket in the south-
east (Mucina and Rutherford 2006). Three distinct land-
use types occur in the study area. Small livestock farming
(sheep, Ovis aries, and goats, Capra aegagrus hircus) is

the dominant land-use, with game farms and reserves scat-
tered throughout. Game farms stock indigenous and extra-
limital wild ungulates, whereas reserves stock indigenous
animals only. Several potential barriers that may limit dis-
persal between land-use types are scattered throughout the
study area (Fig. 1). All reserves and some game farms have
“predator-proof™ electrified fencing designed to prevent the
dispersal of animals onto neighbouring areas, which may
present a major barrier to jackal dispersal. However, the
physical structure of these predator-proof fences may fail
due to floods and animals (e.g. warthogs, Phacochoerus afri-
canus) moving through or under the fences, thereby allowing
jackals to move across these potential barriers. In contrast,
the fencing on livestock farms varies greatly, but is typically
not electrified and is, therefore, more permeable to animal
movements. Other potential barriers include major tarred
roads and rivers (Fig. 1), but Ferguson et al. (1983) docu-
mented that an individual jackal dispersed over tarred roads
and a major river. However, the effects of these potential
dispersal barriers at the population level are unknown.

No quantitative information on the variation in hunting
intensity between land-uses and the effects on population

Fig.1 Study area indicating jackal sample locations in relation to
reserves. The white dots represent individuals assigned to the KrNP
Cluster and the grey dots represent individuals assigned to the East-
ern Cluster (k = 2 from Global sTRUCTURE analysis). Population codes:
KrNP Karoo National Park, NWF North-West Farm, NEF North-
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East Farm, NWG North-West Game Farm, MZNP Mountain Zebra
National Park, SWF South-West Farm, SEF South-East Farm, SEG
South-East Game Farm, K-AENP Kuzuko section of the Addo Ele-
phant National Park, N-AENP Nyathi section of the Addo Elephant
National Park
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size exists (Minnie et al. 2016a). However, we base the dif-
ferentiation in hunting intensity between land-uses on the
fundamental difference in management regime. On live-
stock- and game farms jackals cause substantial losses in
livestock and game production (Kerley et al. 2017; Minnie
et al. 2016a; van Niekerk 2010). Thus, there is extreme intol-
erance of jackals and they are aggressively and continuously
hunted to reduce population size and the associated livestock
losses (Minnie et al. 2016a). In fact, the intolerance is so
severe that the use of aerial gunning and professional hunters
to reduce jackal densities are becoming commonplace (du
Plessis 2013; van Niekerk 2010). Thus, hunting pressure on
farms is very high. In contrast, the reserves represent con-
servation areas in which jackals are infrequently managed. It
is important to note that jackal hunting on these reserves is
not a standard practise, and hunting is not intended to eradi-
cate jackal from the reserves, unlike on livestock- and game
farms. Thus, hunting pressure on reserves is relatively low.

Reserve samples, represented by National Parks, were
collected from three conservation areas: Karoo National
Park (KrNP, size 884 km?), Mountain Zebra National Park
(MZNP, 284 km?) and two isolated sections of the Addo Ele-
phant National Park (AENP)—Kuzuko (K-AENP, 160 km?)
and Nyathi (N-AENP, 140 km?)—separated by the Zuurb-
erg and Kabouga Sections and predator-proof electrified
fencing. Jackal populations in these reserves are generally
unmanaged, but samples became available during experi-
mental population reductions conducted by South Afri-
can National Parks (South African National Parks project
number: GAYA1167), aimed at investigating the impacts
of jackal predation on small antelope species. MZNP and
N-AENP have never been hunted before, whereas jackals in
KrNP and K-AENP were hunted 3 years prior to sample col-
lection. Accordingly, samples collected from these reserves
may thus not represent unmanaged populations. However,
the demographic structure of KrNP and K-AENP popula-
tions is similar to those of the other previously unmanaged
reserve populations (Minnie et al. 2016b), suggesting that
these populations may have recovered from the initial hunt-
ing perturbation or that the scale of previous hunting may
have been insufficient to influence jackal populations. Simi-
lar patterns have been documented for intensively hunted
(80-100 individuals per year) red foxes (Vulpes vulpes),
where individuals collected 5—6 years apart were genetically
similar, suggesting that reproduction instead of immigration
maintained the population (Sacks et al. 2016). However, sus-
taining such high levels of hunting over a longer time frame
may substantially reduce local population densities, and
consequently favour immigration from neighbouring popu-
lations (Sacks et al. 2016). Therefore, we refer to reserves
as lightly hunted and livestock- and game farms as heavily
hunted.
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Sample collection and microsatellite analysis

Jackals, killed as part of predator control programmes,
were collected from managers of reserves (n = 238 jack-
als), livestock farms (n = 227) and game farms (n = 89;
Fig. 1). Reserve samples were collected September—Octo-
ber 2013 and livestock- and game farm samples were col-
lected August 2011-August 2013. The jackals on farms
and reserves were killed for management reasons, typi-
cally in attempts to reduce predation on livestock (most
notably sheep and goats) and wild ungulates (e.g. spring-
bok, Antidorcas marsupialis). Thus, all the samples used
for this study are a by-product of a predator management
activities on reserves, livestock- and game farms, and the
use of these samples was approved by the Nelson Man-
dela University Animal Ethics Committee (A14-SCI-
Z00-005). The majority of jackals used in this study were
hunted using the same approach on reserves and farms (i.e.
call-and-shoot), thereby reducing any potential biases in
sample collection. We attempted to collect muscle tissue
samples from jackal carcases within 8 h of death. If this
was not possible, the carcasses were stored at 2 °C for no
longer than 3 days prior to tissue extraction. Tissue sam-
ples were collected from the thigh muscle and preserved
in absolute ethanol (99%) in sterilised DNA tubes at room
temperature until analysis.

DNA was extracted using Qiagen DNeasy® Blood &
Tissue extraction kits according to manufacturer’s protocol.
Fourteen microsatellite loci, selected from the domestic
dog (Canis lupus familiaris) library, were used to genotype
individuals: CXX.130, CXX.204, CXX.213, CXX.225,
CXX.250, CXX.253 (Ostrander et al. 1993), CXX.466
(Ostrander et al. 1995), FH2001, FH2010, FH2017, FH2054,
FH2088, FH2096 (Francisco et al. 1996), vWF (Shibuya
et al. 1994). Microsatellites were amplified via polymer-
ase chain reactions (PCR) in three multiplex reactions (set
1—FH2096, FH2054, CXX130, FH2010, FH2017; set 2—
CXX253, FH2001, CXX250, CXX225; set 3—CXX288,
CXX213, vWF, CXX204, CXX466) using a Qiagen Multi-
plex PCR Kit following the manufacturer’s protocol. PCR
amplification was performed using forward primers labelled
with 6-FAM, VIC, PET, NED fluorescent dyes. Reaction
mixtures contained approximately 1.0 pl (20-40 ng) of tem-
plate DNA in a total volume of 5.0 pl. The thermal cycle,
performed in a DNA Engine Dyad Peltier Thermal Cycler
(BIO-RAD), consisted of an initial denaturalisation step at
95 °C for 15 min, followed by 30 cycles at 94 °C for 30 s,
60 °C (for set 1) and 58 °C (for sets 2 and 3) for 1.5 min, and
72 °C for 1 min, and then a final extension period of 30 min
at 60 °C. The amplified fragments were resolved by electro-
phoresis using the ABI 3130XL Genetic Analyser (Applied
Biosystems) and allele size scored against a GeneScan 500
LIZ size standard (Applied Biosystems) using GENEMARKER
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v1.85. The programme MICRO-CHECKER v2.2.3 (van Qoster-
hout et al. 2004) was used to test for stuttering, large allele
dropout, or the presence of null alleles.

Genetic clustering analyses

Bayesian genotype assignment methods were used to assess
genetic population structure. The programme STRUCTURE
(Pritchard et al. 2000) was used to assign individuals (g)
to populations (k, Pritchard et al. 2000). We did not use a
priori geographic information to assign individuals to spe-
cific clusters, which allowed for the unbiased assessment of
population structure. We ran an admixture model for uncor-
related alleles with a burn-in of 10* Markov chain Monte
Carlo (MCMC) iterations, followed by 20* iteration for k
1-10 with 10 replicates for each k (Andreasen et al. 2012).
The most likely number of genetic clusters was determined
by evaluating Evanno’s K (Evanno et al. 2005) via the pro-
gramme STRUCTURE HARVESTER (Earl and von Holdt 2012).
To test for the highest level of structure within the sampled
population, we ran a Global model incorporating all the
individuals. This resulted in the delimitation of two genetic
clusters (k = 2; KrNP vs. Eastern Cluster; see “Results™).
Thereafter, we removed KrNP, and following the Ak hierar-
chical procedure of Coulon et al. (2008), re-ran STRUCTURE
using the same parameter set as above (except for k 1-14) to
detect any hierarchical population structure in the Eastern
Cluster (EC). Individuals assigned to a group other than the
sampled location were considered to be potential migrants
(posterior probability, g > 0.75; Sacks et al. 2016).
According to Puechmaille (2016), STRUCTURE does not
provide reliable estimates of k when sampling is uneven, as
was the case here (Table 1). Therefore, we estimated true k
by randomly subsampling 20 individuals from each sam-
pling location. Thereafter, we re-ran STRUCTURE using the

same parameter set as the global model above, except for
k 1-12, in addition to using a priori sampling locations to
assign individuals to clusters (Puechmaille 2016). The most
likely k was determined in the R-package KESTIMATOR v1.12
(Puechmaille 2015) by estimating the median of medians
(MedMedK) and maximum of medians (MaxMedK) over 20
replicates for each k value (Puechmaille 2016). MedMedK
and MaxMedK were used because these estimators are less
sensitive to the presence of migrants (Puechmaille 2016).
Sampling locations were assigned to clusters when their
median membership coefficient was greater than 0.5, and
the maximum of these values represented the most likely &
(Puechmaille 2016).

Genetic diversity

We assessed deviations from Hardy—Weinberg equilibrium
(HWE) for each cluster by using Fisher’s exact tests imple-
mented in GENEPOP V4.1 (Raymond and Rousset 1995; Rous-
set 2008) and P values were adjusted for multiple compari-
sons using Bonferroni corrections. Linkage disequilibrium
(LD) between locus pairs, within and across clusters, was
assessed using GENEPOP v4.1. Population level genetic vari-
ability, as calculated in GENALEX v6.5 (Peakall and Smouse
2012) and FstaT v2.9.3.2 (Goudet 1995), was quantified by
the number of alleles (A), allelic richness (A,), observed
(Hp) and expected (Hg) heterozygosities and inbreeding
coefficients (F|g). Pairwise population Fgr comparisons and
associated P values were estimated via permutation in FSTAT
v2.9.3.2 (Goudet 1995).

Dispersal and source-sink structure

We used the overlay approach of landscape genetics to
visually inspect for spatial coincidences of genetic cluster

Table 1 Genetic diversity

. : Site N A A, H, (SE) Hy, (SE) Overall iy, HWE(P) LD

estimators for jackal genotyped

at 12 microsatellite loci at 10 KrNP 100 56 48  056(0.05  0.61(0.05) 0.044 0.000% 18

sites in the Karoo, South Africa  \yp 8 64 60 068006 067006  —0013 0.001% 19
NEF 43 62 59  0.69(0.05  0.70 (0.05) 0.021 0.079 12
NWG 61 63 58  0.64(0.06)  0.64(0.06) 0.009 0.012 10
MZNP 59 56 53 0.62(007)  0.63(0.06) 0.018 0.000% 12
SWF 50 58 55  0.63(0.06)  0.65(0.06) 0.044 0.359 4
SEF 48 61 57  0.65(0.06)  0.66(0.06) 0.03 0.655 11
SEG 28 54 54 067007 066006  —0.004 0.001% 24
K-AENP 35 51 50  059(0.07)  0.60(0.05) 0.03 0.001% 11
N-AENP 4 58 54 059(0.06)  0.60(0.06) 0.018 0.000%* 16

N sample size, A allelic number, A, allelic richness, H,, observed heterozygosity, H expected heterozygo-
sity, F;g inbreeding coefficient, HWE Hardy—Weinberg equilibrium, LD number of site-specific locus pairs

showing linkage disequilibrium

*Significant at Bonferroni corrected P < 0.004
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boundaries with obvious landscape structures (Storfer et al.
2010). To assess whether these landscape features repre-
sent putative barriers to dispersal and to identify potential
source—sink populations, BIMR v1.0 (Faubet and Gaggiotti
2008) was used. BIMR estimates the recent rates of movement
between clusters by measuring the genetic disequilibrium
generated by migration (Faubet and Gaggiotti 2008). Here,
BIMR was run twice (1: KtNP vs. EC; 2: EC only) using the
same parameter set to compare dispersal between clusters.
Initially, 20 pilot runs with 1000 iterations were run to allow
the programme to obtain acceptance rates of 25-45%. There-
after, 20 replicates were run with a burn-in of 10° iterations,
which were discarded. Following Andreasen et al. (2012),
20,000 samples from each of the 20 replicates were collected
using a thinning interval of 100 iterations. Parameter esti-
mates were extracted from the run that produced the lowest
Bayesian deviance (D,,,, Faubet and Gaggiotti 2008). We
used 95% HDPIs to assess the significance of asymmetrical
migration rates for each pairwise migration rate estimate. In
addition, the significance of asymmetrical migration rates
was assessed, for each step in the MCMC, by the proportion
of times an estimate of migration was less than or greater
than the corresponding estimated migration rate in each
pairwise comparison (Fordyce et al. 2011). The migrants
identified by BIMR were compared to those of identified by
STRUCTURE to assess concordance.

Results
Descriptive statistics

A total of 554 jackals across 10 sampling sites (Table 1)
were genotyped at 14 microsatellite loci. According to
MICRO-CHECKER, two loci (CXX.130 and CXX.225) had null
alleles and were removed from all analyses. All remaining
loci were polymorphic, with a mean of 5.8 alleles per locus
(range 2—10; Table A1l). Allelic diversity (A, A,), and het-
erozygosity (Hg, Hg) were similar between sites (Table 1),
falling within one standard error of each other. The inbreed-
ing coefficient (Fg) was fairly similar between sites (range
— 0.013 to 0.044; Table 1). None of the Fig estimates were
significantly (P < 0.0004) different from zero in any of the
sampling locations, and an average Fig of 0.02 + 0.01 across
all populations indicates that inbreeding is not apparent.
Six sites showed significant (P < 0.004) deviations from
Hardy—Weinberg equilibrium (Table 1). Significant LD
(P < 0.05) was detected for 137 and 640 of the 660 locus
pairs within sites and across all sites, respectively. The
extensive LD detected across all sites suggests substantial
population structuring, whereas the LD documented within
sites suggests immigration of individuals from genetically
differentiated sites (Nei and Li 1973).

Genetic clustering
The global sTRUCTURE model (n = 554) grouped individu-

als into two regional clusters (k = 2) at the highest level of
genetic structuring (Fig. 2a). There was strong separation

30

(a) 1(b)
o
37 Q9
S
T ¥ &
d
o
. 8 © .
¥
0O o
& =g
o
= 0
o H o -
T T T T 1 T T T T T T 1
2 4 6 8 10 2 4 6 8 10 12 14

k

Fig.2 Number of clusters estimated using Evanno’s K (Ak) across 10 replicates of STRUCTURE. a k = 2 provided the best fit of the data for the
highest level of genetic structure. b k = 9 and k = 3 provided the best fit of the data at the lower levels of genetic structuring
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Fig. 3 Bar plots from sTRUCTURE showing a k = 2 for the global analy-
sis. Thereafter, sTRUCTURE was rerun excluding KrNP, resulting in
b k = 3 and ¢ k = 9. Population codes: KrNP Karoo National Park,
NWF North-West Farm, NEF North-East Farm, NWG North-West

between KrNP and EC, with a small amount of admixture
in both clusters (Fig. 3a). Evanno’s K (Ak) indicated that
nine genetic clusters were the most likely & for EC (Fig. 2b).
These nine clusters (Reserves: MZNP, K-AENP, and
N-AENP; Farms: NWF = North-West Farms, NEF = North-
East Farms, SWF = South-West Farms, and SEF = South-
East Farms; Game Farms: NWG = North-West Game Farm
and SEG = South-East Game Farm) correspond to areas with
distinct land-uses, and potential dispersal barriers (fences,
roads and rivers) between them, as predicted. Although nine

SEG |K-AENP| N-AENP

Game Farm, MZNP Mountain Zebra National Park, SWF South-West
Farm, SEF South-East Farm, SEG South-East Game Farm, K-AENP
Kuzuko section of the Addo Elephant National Park, N-AENP Nyathi
section of the Addo Elephant National Park

genetic clusters were identified in EC, substantial admixing
occurred between these clusters, with several individuals
being assigned to clusters other than the cluster where they
were sampled (Fig. 3¢), suggesting a high level of dispersal
between these clusters.

MedMedK and MaxMedK indicated that STRUCTURE
overestimated the number of clusters, with seven clusters
being the most likely k for the global model. KrNP still
represented a distinct cluster with the EC cluster includ-
ing six subpopulations. Notably NWF and NWG clustered

Table 2 Genetic differentiation

. KiINP NWF NEF NWG MZNP SWF SEF SEG K-AENP N-AENP

(Fgr) between the 10 genetic

clusters identified by STRUCTURE KiNP * * * * * * * * ®
NEF 0.067  0.023 * * * * * * *
NWG 0.110 0.017 0.034 * * * * * *
MZNP 0.121 0.017 0.044 0.041 * * * * *
SWF 0.088 0.029 0.034 0.054 0.053 * * * *
SEF 0.088 0.021 0.022 0.039 0.037 0.020 * * *
SEG 0.091 0.031 0.026 0.047 0.044 0.047 0.018 * *
K-AENP 0.116 0.057 0.071 0.081 0.067  0.066 0.032 0.067 *
N-AENP 0.112 0.074 0.075 0.087 0.085 0.086 0.062 0.086 0.066

Population codes: KrNP Karoo National Park, NWF North-West Farm, NEF North-East Farm, NWG
North-West Game Farm, MZNP Mountain Zebra National Park, SWF South-West Farm, SEF South-
East Farm, SEG South-East Game Farm, K-AENP Kuzuko section of the Addo Elephant National Park,
N-AENP Nyathi section of the Addo Elephant National Park

*Significant at permutated P < 0.001
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together even though, according to Fgp comparisons, these
populations are differentiated (Fgpr = 0.017; P < 0.001;
Table 2). Additionally, individuals from NEF and SEF
could not be assigned to a specific cluster. The non-
assignment of individuals may be ascribed to individu-
als of mixed ancestry or individuals that immigrated from
other differentiated subpopulations (as suggested by the
within-population LD results), making it difficult to assign
them to a specific cluster (Puechmaille 2016). To test for
migration across potential dispersal barriers and for the
formation of a hunting-induced source—sink system, we
consider k = 10 the most likely number of clusters (sup-
ported by Ak and Fgp results), as grouping different land-
uses would detract from this experimental approach.

All pairwise Fgp comparisons between clusters were
significantly greater than zero (P < 0.001), suggesting
significant differentiation among sampling sites, as pre-
dicted (Table 2). Larger Fgr values (0.067-0.121) were
observed when comparing between regions (KrNP vs.

EC) than within EC (0.017-0.087), indicating that genetic
differentiation was much higher between regions than
between subpopulations in EC. The largest Fgp values in
the EC were observed when comparing K-AENP (range:
0.032-0.081) and N-AENP (range 0.062—0.087) to all the
other sites in the EC. This indicates that considerably less
dispersal occurs between these reserves and all the other
sites, relative to the dispersal between the other sites in
the EC.

Source-sink dynamics

The run with the lowest D,;,, indicated that mean migration
rates (proportion of the population that migrated within the
last generation) between KrNP and EC were low, with asym-
metrical migration (P = 0.02) from KrNP to EC (4%; 95%
HDPI 0.7-4.1) and almost no back migration (0.6%; 95%
HDPI 0.08-3.8). This was in concordance with STRUCTURE
results where one individual (1% of the sampled population)

Table 3 Migration rates (posterior mean and 95% HDPIs) between the nine jackal subpopulations in the Eastern Cluster

Mean / 95% HDPI
Into/From NWF NEF NWG MZNP SWF SEF SEG K-AENP  N-AENP
NWF 0.365 0.053% 0.188 0.134° 0.115° 0.064 0.042° 0.030° 0.010°
[0.132; [0.012; [0.0517; [0.008; [0.012; [0.004; [0.004; [0.008; [0.001;
0.59] 0.268] 0.344] 0.371] 0.283] 0.288] 0.22] 0.186] 0.093]
NEF 1.54E—09* 1 1.57E—09* 1.57E—09 1.57E—09 1.58E—09° 1.57E—09 1.57E—09 1.57E—09
[8.22¢—10; [2.79¢—-10; [3.79¢—10; [3.22e—14; [3.77e—10; [2.5¢—10; [6.9e—10; [6.89¢—I1;
1.68e—08] [1;1] 1.53e—08] 1.88¢—08] 1.54e—08] 1.57e—08] 1.55¢—08] 1.59¢—08] 1.68e—08]
NWG 0.085 0.026° 0.62 0.026° 0.040° 0.1452 0.024° 0.020° 0.0144°
[0.014; [0.004; [0.345; [0.006; [0.009; [0.012; [0.004; [0.001; [0.002;
0.299] 0.221] 0.87] 0.169] 0.191] 0.375] 0.185] 0.133] 0.103]
MZNP 3.65E—10* 3.67E—-10 3.65E—10° 1 3.65E-10 3.66E—10" 3.64E—10 3.65E—10 3.65E—10
[9.17e—12; [4.81e—11; [9.1e—12; [3.23e—11; [2.58e—11; [3.65e—14; [9.99e—11; [9.54e—11;
2.24e—09] 2.17e—09] 2.22e—09] [1;1] 2.27e—09] 2.11e—09] 2.06e—09] 2.12e—09] 2.41e—09]
SWF 7.61E—09° 7.66E—09 7.75E—09° 7.51E—09 | 7.74E—09° 7.58E—09 7.58E—09* 7.6E—09
[4.08e—09; [2.72e—09; [1.18e—09; [4.47e—09; [2.08e—09; [4.32e—09; [2.24e—09; [5.09e—10;
8.34e—08]  9.09e—08] 9.68e—08] 9.5e—08] [1;1] 1.03e—07] 9.56e—08] 8.6e—08]  8.3e—08]
SEF 0.033 0.044° 0.030? 0.026° 0.237° 0.302 0.093° 0.187° 0.0486"
[0.006; [0.006; [0.007; [0.002; [0.020; [0.034; [0.005; [0.005; [0.002;
0.208] 0.255] 0.158] 0.201] 0.502] 0.656] 0.359] 0.426] 0.225]
SEG 4.56E—09" 4.59E—09 4.53E—09° 4.59E—09 4.57E—09 4.54E—09" 1 4.63E—-09* 4.53E—09
[1.25e—09; [5.45e—11; [3.45e—10; [S5.63e—11; [6.29e—10; [7.46e—10; [1.07e—09; [6.78e—10;
3.01e—08] 2.63e—08] 2.82e—08] 2.73e—08] 2.61e—08] 2.66e—08] [1;1] 2.99¢—08] 2.81e—08]
K—AENP 1.63E-10* 1.63E-10 1.6E—10* 1.62E-10 1.6E—10* 1.62E—10* 1.61E—10° 1 1.61E—10°
[3.75e—11; [3.69e—11; [2.82e—I11; [3.17e—11; [2.54e—11; [2.86e—11; [4.1le—11; [3.4e—11;
9.49¢—10] 9.32¢—10] 9.42¢—10] 9.38¢—10] 9.75¢—10] 1.02¢—09] 9.49¢—10] [1;1] 1.01e—09]
N—AENP 4.53E—09® 4.54E—09 4.47E—09® 4.58E—09 4.5E—09 453E—09° 4.47E—09 4.55E—09* 1
[3.97e—10; [1.39¢—09; [1.4e—09; [1.29e—10; [6.33e—11; [1.08e—09; [1.36e—09; [1.36e—09;
3.25e—08] 3.35e—08] 3.22e—08] 3.13e—08] 3.08e—08] 3.02e—08] 3.29¢—08] 3.01e—08] [I;1]

The diagonal represents within-population migration rates

Population codes: NWF North-West Farm, NEF North-East Farm, NWG North-West Game Farm, MZNP Mountain Zebra National Park, SWF
South-West Farm, SEF South-East Farm, SEG South-East Game Farm, K-AENP Kuzuko section of the Addo Elephant National Park, N-AENP

Nyathi section of the Addo Elephant National Park
P < 0.05; ® P <0.0001
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Fig.4 Migration asymmetry (mean emigration rate — mean immi-
gration rate) for the Eastern Cluster, estimated using BIMR for k = 9.
White bars indicate reserves and grey bars indicate livestock- and
game farms. Population codes: NWF North-West Farm; NEF North-
East Farm, NWG North-West Game Farm, MZNP Mountain Zebra
National Park, SWF South-West Farm, SEF South-East Farm, SEG
South-East Game Farm, K-AENP Kuzuko section of the Addo Ele-
phant National Park, N-AENP Nyathi section of the Addo Elephant
National Park

Fig.5 Genetic clusters (k =9)
and significant asymmetrical
migration rates (estimated using
BIMR; only showing migration

> 4%) between subpopulations
in the Eastern Region. Polygons
represent coarsely outlined sub-
populations, and arrows indicate
migration direction and rate
(width). Light grey polygons
represent sink populations, dark
grey polygons represent reserve
source populations, and dashed
polygons represent livestock-
and game farm source popula-
tions. Population codes: NWF
North-West Farm, NEF North-
East Farm, NWG North-West
Game Farm, MZNP Mountain
Zebra National Park, SWF
South-West Farm, SEF South-
East Farm, SEG South-East
Game Farm, K-AENP Kuzuko
section of the Addo Elephant
National Park, N-AENP Nyathi
section of the Addo Elephant
National Park

m— Major roads
——— Great Fish River

[ Reserves

sampled in the KrNP was assigned to the Eastern cluster
(EC; posterior probability, g > 0.75) and three individuals
(0.7%) sampled in the EC were assigned to KrNP.

BIMR was subsequently rerun incorporating only the sub-
populations of EC. Mean migration rates were similar across
all ten replicate BiMR runs. The run with the lowest D,
indicated that there was substantial dispersal between the
nine subpopulations, with significant asymmetrical migra-
tion rates (no overlap in 95% HDPIs) identified between
many of the subpopulations (Table 3; Fig. 4). None of the
lightly hunted reserve subpopulations (MZNP, K-AENP
and N-AENP) received any immigrants, but all exported
individuals to neighbouring subpopulations (Table 3). Con-
sequently, all the lightly hunted reserve subpopulations
were identified as sources, as hypothesised (net emigration;
Figs. 4, 5). Additionally, three heavily hunted subpopula-
tions—two farm subpopulations (NEF and SWF) and one
game farm subpopulation (SEG)—did not receive any immi-
grants (Table 3), but exported individuals to other heavily
hunted subpopulations. Thus, these subpopulations were

@ Springer



948

Oecologia (2018) 186:939-951

identified as source populations (Figs. 4, 5), contrary to our
predictions for these land-uses. SEF had the highest immi-
gration rate (70%) followed by NWF (63%) and NWG (38%,
Table 3), and although emigration from these subpopulations
occurred, these heavily hunted populations were identified
as dispersal sinks (net immigration; Figs. 4, 5), as predicted.

Discussion
Genetic structure

Jackal populations in the Karoo, South Africa display a
hierarchical population structure. At the regional level,
multiple analyses indicated significant genetic separa-
tion and restriction in gene flow between KrNP and the
Eastern Cluster populations (EC—incorporating all sub-
populations except KrNP; Fig. 3a). This was confirmed
by (1) the comparatively high Fgr values (average = 0.1)
between KrNP and all the EC sites, (2) STRUCTURE anal-
yses which revealed two clusters at the upper level of
hierarchical structure and (3) the low proportion of last-
generation migrants (D,.,) between KrNP and the EC.
The area (154 km between closest sampled individuals,
Fig. 1) separating KrNP and EC is dominated by small
livestock farming and these farmers hunt jackals to reduce
population size and livestock predation on an on-going
basis. Therefore, this area represents an extremely hostile
environment to jackals, and the chances of jackals eluding
farmers in this area is extremely low, thereby limiting gene
flow between KrNP and EC. However, as was evident from
our results, jackals can disperse over such long distances
(in excess of 100 km, Ferguson et al. 1983), thereby main-
taining a limited amount of gene flow between regions.
BIMR identifies F1 descendants of migrants and esti-
mates the probability that an individual migrated dur-
ing the previous generation (i.e. recent migration rates,
Faubet and Gaggiotti 2008). Thus, regional populations
may be connected via step-wise dispersal, where jackals
disperse relatively short distances to establish a territory
and then reproduce. Thereafter, offspring can repeat the
process which may eventually lead to gene flow between
these two populations, as reflected in the individuals dis-
playing some level of admixture (Fig. 3a). Accordingly,
we hypothesise that the regional source—sink system can
operate on a stepping stone basis between generations.
The nine genetically distinct EC subpopulations dis-
play significant genetic structuring according to Bayesian
Assignment analyses, extensive LD across all sites and
pairwise F¢; comparisons, this supporting our hypoth-
esis that jackal populations exhibit genetic structure. As
predicted, genetically distinct subpopulations are struc-
tured according to dispersal barriers (Fig. 5). A large

@ Springer

permanent river (separating NEF from the other subpopu-
lations) appears to be the least permeable to jackal dis-
persal (mean dispersal 2%; range 3—5%) followed by the
electrified “predator-proof” fencing of reserves (mean 6%;
range 1-19%), livestock fences (mean 8%; range 3-24%)
and tarred roads with government-built fences (mean 9%;
range 3-24%). Ferguson et al. (1983) radio-tracked jack-
als and showed that dispersing individuals may disperse
over long distances, traversing tarred roads, railway tracks
and rivers in the process. Thus, even though these barri-
ers constrained dispersal between subpopulations, none of
the barriers were absolute, as predicted. The presence of
absolute dispersal barriers would result in the formation
of non-equilibrium metapopulations, where dispersal is
absent or insufficient to counter local extinctions, due to
the deterioration, reduction or fragmentation of habitats
(Harrison 1991). This may result in the local extinction of
jackal populations due to on-going lethal management, as
is the case for many larger carnivores which historically
occurred throughout the study area, but are now confined
to reserves (e.g. lion). However, the jackal’s ability to trav-
erse these potential dispersal barriers likely contributes to
maintaining dispersal between lightly hunted and heavily
hunted areas.

Source-sink dynamics

Jackal subpopulations in the Karroo, South Africa, are
characterised by intricate dispersal patterns resulting in the
formation of a complex series of interconnected sources
and sinks (Fig. 5). Even though we identified significant
asymmetric dispersal between subpopulations, there was
mixed support for our hypothesis that heterogeneous hunt-
ing pressure will induce source—sink dynamics. All reserves
(both lightly hunted and unhunted) were identified as source
populations exporting individuals into heavily hunted sink
populations, as expected. Additionally, three heavily hunted
subpopulations—two livestock farm and one game farm sub-
populations—were also identified as potential sources. We
posit that this might be due to an inadequate spatial cover-
age in sampling locations, as we were not able to sample
all the properties/populations in the study area. Similar pat-
terns have been documented for red foxes where a portion of
the sampled population was assigned to another unsampled
population (Sacks et al. 2016). Further, this hypothesis is
supported by the within-population migration rates (m = 1;
Table 3) which indicates that none of the sampled individu-
als immigrated into these populations. Therefore, the heavily
hunted populations that were identified as sources (NEF,
SWF and SEG) may represent both a source and a sink
depending on the population it is connected to (i.e. relative
source/sink, Watkinson and Sutherland 1995). Thus, NEF,
SWF and SEG may receive individuals from neighbouring
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unsampled areas, which may lead to net immigration (i.e.
relative sink). Demographic and reproductive data indicate
that these subpopulations are in fact sink populations (Min-
nie Unpublished data; Minnie et al. 2016b). Similarly, we
did not collect samples from the farming areas surround-
ing K-AENP and N-AENP, which were identified as source
populations. However, these two subpopulations display
the demographic and reproductive characteristics of source
populations (Minnie unpublished data; Minnie et al. 2016b),
providing further support for their identification as sources
(net emigration).

Relying solely on dispersal data would have limited our
ability to identify source—sink dynamics. The only popu-
lation that would have been identified as a source would
have been MZNP, owing to adequate spatial coverage in
data collection (Fig. 1). However, using a combination of
dispersal, demographic and reproductive data allowed us to
describe source—sink dynamics operating at larger spatial
scales, which provided support for our hypothesis that the
spatial variation in hunting intensity induces source—sink
dynamics. This highlights the importance of using a com-
bination of dispersal, demographic and reproductive data
to adequately describe metapopulation processes operating
at larger scales, as well as the identification of source—sink
dynamics in larger mammals (Elmhagen and Angerbjérn
2001).

Most source—sink models assume that dispersing animals
are able to recognise poor quality habitats and avoid them
(ideal free distribution, Fretwell and Lucas 1970), thereby
selecting good quality habitats first (optimal habitat selec-
tion theory, Rosenzweig 1981). Thus, for a source—sink sys-
tem to function, there needs to be an underlying mechanism
driving dispersal into low quality habitats where mortality
exceeds natality (i.e. sinks), as there is no benefit of selecting
for low quality habitats. Here, dispersal is likely driven by a
combination of two mechanisms.

First, territoriality has been identified as a one of the
major drivers of source—sink systems (i.e. ideal despotic
model, Fretwell 1972). In a stable social system, such as is
assumed to occur on reserves, jackals are highly territorial
with dominant pairs defending mutually exclusive territo-
ries (Loveridge and Nel 2004). Here, jackal populations are
assumed to be close to or at social carrying capacity (i.e. the
landscape is saturated with territories). Therefore, density-
dependent interference competition reduces habitat quality
and forces subordinates onto neighbouring farms (i.e. com-
pensatory immigration, Pulliam 1988). This is facilitated
by a disruption in the mutually exclusive social structure
via anthropogenic mortality, resulting in a low density of
conspecifics on farms. Therefore, similar to other small-
to medium sized canids (e.g. red fox, Lieury et al. 2015;
Sacks et al. 2016), compensatory immigration is driven by
the disparity in densities of conspecifics between heavily

hunted and lightly hunted areas, with jackals dispersing from
reserves to neighbouring heavily hunted farms.

Second, even though hunting reduces local densities
thereby relaxing density-dependent interference competi-
tion, there are still resident breeding individuals in these
populations (Minnie et al. 2016b). The offspring of these
resident pairs may disperse from their natal ranges in search
of mates and territories, or remain with their parents to assist
with rearing the next litter (Moehlman 1983). Dispersal is
thought to be regulated by social intolerances which are
mediated by resource availability (Loveridge and Macdon-
ald 2001), but high levels of mortality reduce social ties and
dispersal into vacant territories will be favoured (Loveridge
and Macdonald 2001). Thus, according to the ideal free dis-
tribution (Fretwell and Lucas 1970) and habitat selection
theory (Rosenzweig 1981), dispersing individuals should
select the closest vacant territory with abundant resources
(i.e. as available on heavily hunted farms). Therefore, dis-
persing jackals in farm populations will remain within or
move between heavily hunted farm populations owing to
the large number of vacant territories, which results in the
relatively high levels of dispersal between heavily hunted
areas presented here. Conversely, individuals on reserves
will select for farm habitats as farms represent attractive
habitats with a low density of conspecifics (i.e. vacant ter-
ritories) and abundant resources. The selection of habitats
perceived to be of good quality, but where high mortality
rates are difficult to detect (e.g. anthropogenic mortality)
has been described by Delibes et al. (2001b) as “maladap-
tive habitat selection” leading to the formation of attractive
sinks or ecological traps (Delibes et al. 2001a). Here, heavily
hunted farms likely represent ecological traps with attractive
habitat cues, which facilitate the recruitment of jackals onto
heavily hunted farms.

Conclusion

Here, we highlight the applicability of molecular techniques
in elucidating prevailing dispersal patterns in response to
anthropogenic mortality and barriers, thereby assessing
metapopulation processes operating at regional and local
spatial scales. The complex intersection of various land-
uses (reserves, livestock- and game farms), hunting inten-
sity (heavy, light or none) and dispersal barriers (fences,
roads and rivers) resulted in the formation of genetically
distinct subpopulations of jackal. Additionally, the spatial
variation in anthropogenic mortality induced source—sink
dynamics through compensatory immigration from lightly
hunted and unhunted reserves into heavily hunted farms,
as well as a high level of dispersal between heavily hunted
areas. This highlights the importance of taking cognisance
of the processes structuring populations when developing
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conservation and management plans. Many mesopredators,
like jackals, are considered pests and are lethally managed
to reduce predation on livestock, but are also protected in
conservation areas. Therefore, similar to other hunted mes-
opredators (e.g. dingo, Canis dingo, Allen 2015; coyote,
Knowlton et al. 1999; red fox, Lieury et al. 2015; Sacks
et al. 2016), compensatory immigration will continue to
affect population reduction efforts as long as dispersal from
other areas persists.
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