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Abstract

ABSTRACT

Carnivore intraguild interactions can be important drivers of carnivore community
composition and ecosystem functioning. Large carnivores are particularly important since they
occupy the highest trophic levels and can exert extendivemtes on subordinate carnivores
and prey species. Given Africads rapidly exp
as those found in South Africa, may become increasingly important for carnivore conservation.
A major concern, however, is thaiet interactions and eexistence of multiple carnivores in
these systems is poorly understood. Additionally, the majority of reserves in South Africa are
small (< 400kn), potentially increasing the likelihood of competition. My research aimed to
provide nsight into the interactions and-egistence of a muktarnivore community within a

small, enclosed reserve in South Africa (Selati Game Reserve). | tackled this task by using a
combination of field techniques including camera trap surveys, ungulagedtaurveys, aerial

count surveys, location data collected from collared large carnivores and scat and Kill site
analyses. | found that carnivecarnivore interactions, and their associated impacts, varied
within the carnivore guild and that-®xistencanay be due to tradeffs between various risks

(i.e. interference and exploitative competition) and benefits (i.e. resources such as food and
space). My findings also revealed that large carnivores, such asRianthéra led, spotted
hyaenas Crocuta cocuta) and leopardsRanthera pardusdo not have homogenous effects

and that sitespecific research on multipEarnivores is integral for conserving biodiversity and
ecosystem dynamics. Lions were the dominant large carnivoréems of intraguild
predation, space use and resource dgspite being outnumbered seven to one by spotted
hyaenasLeopard occupancy was negatively influenced by lions and leopard diet overlapped
almost completely (91%) with spotted hyaenas, suggesting increased kleptgparasi
leopard kills by spotted hyaenas. While my study provides valuable insight into the complexity

of carnivore intraguild competition in a small, enclosed reserve it also highlights major
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research gaps and emphasises the need for ecodyasennh ressech throughout southern

Africa to fully understand how multiple sympatric carnivoresegest in these systems.
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Preface

PREFACE

This thesis is structured as follows:

Chapter 1is a general introduction thatoadly describes the rationale for my study. This

chapter does not introduce ttiatachapterswhich contain their own introductions.

Chapter 2 describes the study si{Selati)in detail as well as general methodology that is
common to subsequent data chapters. Specific analytical pesaeesgprovided within each

data chapter.

Chapter 3is a data chapter that explores the abundance and density of key specie on Sela

Game ReservESelati) through a range of methods and data sets.

Chapter 4 is a data chapter that explores the occupésggce useand activity patterns of

various carnivore species on Selati.

Chapter 5is a data chapter that explores the diet ofdargrnivoresi(e. lions, leopards and

spotted hyaenasn Selati, through the combination of kill site and scat analyses.

Chapter 6is a synthesis chapter that highlights important content covered in my thesis,

points towards additional future work atmliches on management implications for Selati.

Appendicesinclude all additional information related tmpics explored in the contents of

my thesis.

Supplimenaty material includes supporting information that is not essential to topics

explored in the caents of my thesis, but would benefit readers.
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Clapter 1

GENERAL INTRODUCTION

Mbhurri T the dominant male lion on Selati Game Reserve
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The mammalian order Carnivora consists of over 280 extant species, almost all of which are
predatorgTreves & Karanth, 2003; Karanth & Chellam, 20@8arnivores attract a great deal
of interestfrom conservation biologists and generally intrigue a wide range of people, not only
because of the elusive and powerful image they portray, but also because of their role as
predatorgSillero-Zubiri & Laurenson, 2001)Within the carnivore guild, competition can be
particularly intense as carnivores are both morphologically (e.g. dental) and behav{euyally
hunting strategies) adapted for killingMcDonald, 2002; Tannerfeldt, Elmhagen &
Angerbjorn, 2002; Donadio & Buskirk, 200680 many terrestrial systems, lar(e20 kg)
carnivores occupy the highest trophic level of the food web, which means that they have the
ability to fundamentally alter the structure and function of entire ecosysiertsorghet al,
2001; Terborgh & Estes, 201(ven small carnivores, despite their relative rarity across
landscapes, Iva the ability to be drivers of ecosystem proce§Sesnpperet al, 2006) As a
group, carnivores exert extensive influences on biological communities both directly, through
predation and interspecific competitidi.e. interference competition), and indirectly through
norrconsumptive processes associated with behavioural alter§8ohmitz, Beckerman &
O6Brien, BtRI9 2001; Tkkveks & KKaranth, 2003; Terborgh & Estes, 2010; Ripple

et al, 2014)

Generally, terrestrial ecosystems contain multiple carnivore species that not only compete for
sharedesources (e.g. space and food) but also pose a threat to one @remh&et al, 2013)
Studies from carnivore communitiésroughout Africa, Europe and North Asmica have
shown that carnivores can be adversely affected by other guild mefalmeMills & Mills,
1982; Karanth & Sunquist, 1995; Palomaet¢sl, 1995; Fedrianet al, 2000; Vanalet al,
2013) This phenomenon is known as ingaild competition and it is amportantecological
factor that caninfluence the sucture and population dynamics of mammalian carnivores

(Palomares & Caro, 1999; Linnell & Strand, 2000; Caro & Stoner, 2008)ugh there are

2
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vast differences in the body sizes of carnivores, memietke carnivore guild can still
compete for similar prey species, which often results in larger carnivores (e.gPlantkdra

leo)) dominating smaller, competitively inferior carnivores (e.g. cheetatimgnyx jubatus

or African wild dogs I(ycaon pctug; Palomares & Caro, 1999; Caro & Stoner, 2003¢lain,

Mduma & Brashares, 2003; Radloff & Du Toit, 2008&mallerbodied carnivores usually
suffer more from intraguild competition, not only because larger carnivores limit their food
intake and access to resourgeh areas, but because larger carnegare capable of killing
smaller carnivoregMills & Gorman, 1997; Durant, 1998; Hunter, Durant & Caro, 2007)
Interspecific killing among mammalian carnivores is considered common in raélmenares

and Card1999)reported that between 97 interacting pairs of ivanes, 27 actively kill other
carnivores, and another 54 are susceptible to being killed. These interactions may be
symmetrical (both species kill each other), asymmetrical (one species kills the other) or in some
situations the adults of one species witily kill young of another species but not adults

(Palomares & Caro, 1999)

The ecology of a species can be described
environmentdu Preez, 2014 o-existence within the carnivore guild can be achieved through
the segregation of thremain ecological niche dimensions and these relate to temporal, spatial
and resource usagPi Bitetti et al, 2010; Steinmetz, Seuaturien & Chutipong, 2013; Haidir,
Macdonald & Linkie, 2018) For instance, selective predation maguee the impact of
exploitative competition (i.e. one species outcompetes another for access to prey) among
carnivores, whilst variation in activity patterns (i.e. temporal) may minimise confrontation
(Linnell & Strand, 2000; Caro & Stoner, 2003patial segregation could possibly be the most
effective method of avoiding direct competition, as it removes the potential for negative

interactiongPalomares & Caro, 1999; Linnell & Strand, 2000; Caro & Stoner, 2003)
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Ecological researchers have primarily focused on the interactions between carnivores and
their prey and little attention has been placed enrtipact that carnivores have on each other
(Linnell & Strand, 2000)Our understanding of the extent and effectsavhivoreintra-guild
competition is heavily biased towards canids in the northern hemisfititrisie & Johnson,

2009) whereresearch has focused the role of direct killingWatts & Holekamp, 2008 he
majority of these studies have also only examined interactions between pairs of carnivores and
have completely overlooked the interactions occurring among subordinate car(wvers

Smith & Mills, 2008) By doing this, these studies inadvertently assume that the behavioural
decisions of subordinate carnivores are mainly a function of agpwbhmpetition with the

most dominant carnivore(§pwenSmith & Mills, 2008; Vanalet al, 2013) This assumption

is likely to be invalid in many cases, as subordinate carnivores also compete with each other
for similar resources and must simultaneously balance the riskrgdatition from multiple
carnivore speciegVanak et al, 2013) There aremanylooming uncertainties about how
exactly intraguild competition negatively effects carare populationgWatts & Holekamp,

2008; Rippleet al, 2014) and abetter understamag of such complex interactions (g.
competition for food and induced behavioural changes) in foattiivore communities is

muchneededRitchie & Johnson, 2009; Rippé al, 2014)

Mammalian carnivores are extremely ecologically diverse and were once widkapress
the entire globe, occupying all major habitat tyflearnoskyet al., 2004; Koch & Barnosky,
2006; Agnarsson, Kunter & Ma@ollado, 2010; Turvey & Fritz, 2011Pver the past two
centuries, however, carnivores have suffered extensive range contractions due to the ever
increasing human populatidRippleet al, 2014) Consequently, carnivoreseincreasingly
being threatened with extinction, especially in fragmented landschpeause oftheir
naturally low densitiesgelatively delayed saial maturity, slow reproductive ratespecialized

niche requirements and theievitable conflict with human@urviset al, 2000; SillereZubiri

4
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& Laurenson, 2001; Haywast al, 2007b) Declines in natural prey, disease, illegal poaching,
hunting and possibly increased competition within carnivore guilds have all contributed to the

general decline in carnivore populations across the ¢@bse, 2001)

Large carnivores atupy extensive home ranges and require large prey populations, which
means that only vast, relatively intact ecosystems can support viable popu(&iiters-
Zubiri & Laurenson, 2001)When human populations expand and cultivate previously
untouched habitats, large carnivores are the first to dg8iliero-Zubiri & Laurenson, 2001,
Haywardet al, 2007a) As examples, brown beandrus arcto¥, gray wolves Canus lupuks
and Eurasian lynxLfynx lyny were rapidly extirpated from the British IslESillero-Zubiri &
Laurenson, 2001Black bearsWrsus americanys gray wolves and cougami@i§ma concoloyr
were removedrom North America(Soule & Terborgh, 1999; Rippket al, 2014) Dingoes
(Canis dingd wereeradicated fronparts ofAustralia(Rippleet al, 2014)and lions, leopards
(Panthera pardus African wild dogs, cheetahs and hyaewase extirpatedrom South Africa
(Haywardet al, 2007a; Rippleet al, 2014) Consequently, margonservation managers have
begun reintroducing locally extirpated populations of carnivores, particularly large carnivores
in an attempt to restore biodiversity and the natural integrity of ecosyghittex et al, 2001;

Terborghet al, 2001; Terborgh & Estes, 2010)

Africa supports numerous biodiversity hotspots and it is home to nearly a quarter of the
w o r Imardnsal diversitfAghaet al, 2018) The only intact guild of large carnivores can be
found in Africa(Valkenburgh, 1988; Dalam et al, 2009)and consists of African wild dogs,
cheetahs, leopards, spotted hyer@®o¢uta crocutq and lions(Cozziet al, 2012) Africa,
therefore, offers researaisethe only opportunity to investigate theedstence and range of
interactions among largearnivores (Cozzi et al, 2012) Throughout most of Africa, large

carnivores are restricted to reserves or conservation areas because ofdidiifarconflict



Chaper 1

which arises due to the actual or perceived threat thatdregng carnivores pose to livestock
andbr human life(Mills, 1991; Rust & Marker, 2013)in South Africa howeverthere are

very few freeranging large carnivoreas mosteserves are completely bound by electrified,
predatofproof fencing(Haywardet al, 2007b; Cozziet al, 2012) Often these enclosed
reserveswhich are set aside to conserve biodiversity, are 40 knf) and are unabl®
naturally support viable populations of largarnivores (Haywardet al, 2007b; Hayward,
O6Brien & Ker |-Gaycia, Kantled & Hunter,R@1SMthowgh large carnivore
conservation in South Africa has benefited from the establishment of these sitlabedn
reserves, constantonitoring andhe assessment of species within the reserves is imperative
as natural processes such as immigration and emigration are cykaigdardet al, 2007b;
RostreGarciaet al, 2015) Another important factor is that the likelihood of competition or
killing among carnivoe guild members within these small, enclosed reserves may increase as
artificially high population densities are created due to the clumping of competing carnivores
into the restricted space of the reserfle@lomares & Caro, 1999; Hayward & Kerley, 2008)
Fencing protected areas can also affect ungulate species asnfalistance migrations are
constrained, potentially increasing predation pressure, which could have cascading effects
through the food web, especially for threatened spdéleseira, OwerSmith & Moledn,

2014) The ways in which multiple carnivore species utilize and partition space and resources
in small, enclosed reserves is currently poorly undergidadaket al, 2013. This knowledge

gap weakens the potential for conservation managers to use carnivore reintroductions to restore

these ecosystenfRitchieet al, 2012)

Understanding how carnivores utilize available space and nesois important for their
conservation, as it provides insight into their ecological néRdstreGarciaet al, 2015)
Regional variation in environmental atitions and ecological communities will undeniably

result in variable competitive interactions, so understanding ecological preferences throughout

6
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a carnivoreodos r ange (RariguegSotaetal, 20dT) tGhH eviern AAd s &
rapidly expanding biman population and accelerated loss of biodive(BityeaAzconet al,

2007) enclosed reserves may become increasingly important for carnivore conservation
(RostreGarciaet al, 2015) Therefore, for small, enclosed reserves in South Africa to play a
significant role in the conservation of carnivores,-sgecific management demons need to

be made with respect to the area, density of prey and predators as well as to take into account
the complex interactions among carnivor@Radloff & Du Toit, 2004; Ritchie & Johnson,

2009; Ripple, Rooney & Beschta, 2010; Rogharciaet al, 2015). Data on ecological
communities within small, enclosed systems will help in identifying mechanisms of species
declines and ultimately inform conservational decisions and provide recommendations to

policy makerqGese, 2001; Steenwegal, 2017)

Therefore, within practical limitations, my researcmedl to comprehensively investigate
carnivore intraguild competition within a small, enclosed reserve in South Africa (Selati Game
Reserve (Selati), Limpopo Province). Selati, which contains an almost complete guild of large
carnivores (the only exceptidoeing African wild dogs) along with subordinate carnivores
(Joubert & Joubert, 2@); offered the perfect opportunity for carnivore guild research to be
conducted.,ltherefore, aimed to provide insight into the complex interactions apglistence
of a multicarnivore community by firstly, estimating population abundances and fiarals
many carnivore and ungulate species as possible. Secondly, investigating the influences of
various abiotic and biotic factors on the occupancy dynamics (i.e. space use) of carnivores.
Thirdly, investigatinghe potential of temporal and habitat ssgtion among carnivoresd
finally to examine the dietary composition of carnivores and the potential for resource
partitioning. | tackled these objectives using a combination of field techniques including

camera trap surveys, ungulate transect sunasrsal count surveys, location data collected
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from collared large carnivoregiflium satellite GPS/UHF/GSMollarg and finally scat and

kill site analyses.

| predicted that carnivore intiguild competition within this small, enclosed system would
be mae intense compared to larger, open systems as both prey and carnivore species are forced
to exist within a restricted area. Additionally, | predicted that, given their size, lions would be

the dominant carnivore and have the greatest impact on all atimevares.
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Chapter 2

METHODS AND MATERIALS

A herd of breeding elephants along thel&& River in Selati Game Reserve
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STUDY SITE

Selati Game Reserve (hereafter Selati) is a privatecaommercial conservancy, situated in
the arid bushveld just south of the Murchinson Range and north of the Olifants River in
Limpopo Province, SouthfAca (between 285 4 6 S x@6hd@ K43 6a6adEIBAM@ 30
E; Joubert & Joubert, 2015-ig.2.1). Selati was established in 1996 when 14 separate
landowners with a collection of 16 adjoining properties united to preserve and sustain the
biodiversity of the are@Dalerwa Ventures for Wildlife, 2008 he reserve is surrounded by
electrified gameproof fencing and coveem area of 2892 ha, of which approximately Z®0
ha is available to freeanging wildlife (Joubert & Joubert, 2015) Sel ati 6s | and
described as private game farming, hunting (mainly trophy hunting by foreign clients) and

game breeding (e.g. intensive breeding of sable antettippdtragus nige)).

Adjacent to the nah-west corner of Selati is the small town of Gravelotte and the Gravelotte
Emerald Mine, whereas directly east of Selati is the communityMarakapula Reserve,
which buffers Selati from the large rural area of Namakgale (z150aterwa Ventures for
Wildlife, 2008, Fig.2.]). Phalaborwa, whichorders the Kruger National Park, is the largest

nearby town and is located 25 km east of Selati (Fig.2.1).
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Figure 2.1: Location of Selati Game Reserve within the Limpopo Province, South Africa,

highlighting important surrounding features.

General clmate

Selati falls within the hot, arid steppe climate zone (BSh), which is a region that tends to have
hot summers, warm to cool winters and often receives a level of precipitation below potential

evapotranspiratiofKottek et al, 2006) Selati receives an annual average of 530 mm of rain
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(Fig.2.2), which falls mainly during summer from October to March, with a peak usually in
December or January (Fig.2.3). Rainfall is unpredictabtetypically occurs as thunderstorms

of short durations, thus coverage is heterogen@aigrwa Ventures for Wildlife, 2008)

The average daily minimum temperature in winter is 16.1°C with the lowest average daily
temperature being 10°C in June. In summer, the average daily maximum temperature is 28.5°C
with the highest average daily temperature reaching 31°C in January (Fig.2.4). Extreme
temperatures for Selati range between a maximum of 43°C and a minimum (@fa28@va

Ventures for Wildlife, 2008)
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Figure 2.2: Annual rainfall (mm) at Phalaborwa, the closest weather station to Selati Game
Reserve, over a 3¢earperiod (19832017). Data are missing for 1992, 1993, 2014 and 2015.

Data from the South African Weather Service.

16



Chapter 2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Rainfall (mm)
[y L Fa tLh (=)} -1 o] O
= =] = = = = = =
1 1 1 1 1 1 1 J

p—
=
1

=
1

Figure 2.3 Averagemonthly rainfall (mm) for Phalaborwa, the closest weather station to
Selati Game Reserve, over a\3ar period (1982017). Data missing for 1992, 1993, 2014
and 2015. Data from the South African Weather Service.
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Figure 2.4: Average daily maximum and minimum temperatures for each month for
Phalaborwathe closest weather station to Selati Game Reserve, oveyeaBpeiod (1983
2017). Data missing for 1992, 1993, 2014 and 2015. Data from the South African Weather

Service.
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Topography andjeology

The northern section of Selati is transversed by the seasonal Selati River, which enters the
reserve in the west, south of @edotte and exits the reserve in the northeast corner (Fig.2.5).
Most of the reserve falls within the catchment area of the Selati River and lies at a mean altitude
of 530 m above sea level (a.s.l.). The Selati River and other drainage lines (Fig.2.%)tdrai
the Olifants River, thus forming part of the greater Olifants catchment (Fig.2.1). The highest
point on the reserve is found along thel@ashishimale hills in the extreme south at 778.2 m

a.s.l. (Fig.2.5)

18



Chapter 2

D Selati Game Reserve

e Mulati River
e Selati River
— Drainage line
—— Contour
Ga-Mashishimale hills (778.2 ma.s.l.)
Weir

Reservoir

Earth dam

Water trough

e ®@®0O0O

Kilometers

Figure 2.5: Topographical map depicting thstribution of water sources (reservoirs, earth

dams and water troughs) and contours throug8el#atiGame Reserve.
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Throughout Selati there are 38 earth dams (or seasonal pans; Fig.2.5 & 2.6), 20 artificial water
points (troughs; Fig.2.5 & 2.7), seven reservoirs (Fig.2.5) and three unequipped boreholes,
seven active boreholes. The earth dams were constructed in drainage lines to capture rainwater
runoff, but water levels can also be maintained by supplementing fronmyrieadholes. The
20 artificial water points are distributed throughout the reserve and provide borehole water for
wildlife. Six weirs have been constructed along the Selati River, three of which are broken (e.g.

Fig.2.8).

Figure 2.7: Examples of artificial water points (troughs) in Selati Game Reserve.
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==

Figure 2.8: An example of a broken weir along the Selati River in Selati Game Reserve.

Selati lies in an area described as Ancient Geanivhich have a rich and diverse geological
history(Norman & Whitfield, 2006Fig.2.9. The Murchison Greenstone belt in the newist
of the reserve is one of the volcasedimentary beltderived fromthe Archaean Kaapvaal
craton and contairome othe oldest rock formatior(e.g. quartz and schists) Earth(Block
et al, 2013 Fig.2.9. Theremainder of the reserve is made up of three different granite and
pegmatite formations; the Willie, kkersmaak and Mashishimale gneisses. The Lekkersmaak
gneiss encompasses all potassic granitardkis dominated by quartz and feldspar, whereas
the Willie gneiss is a intrusive coarsegrained plutonwith predominantly muscovite and
subordinate biotite ks (Jaguinet al, 201Q Fig.2.9. The Mashishimalgneisss considered
to be the most spectacularherebiotite graniteprotrudes on the Gilashishimale hills in the
south of the reserve(Fig.2.9) and provides habitat for the Lilie Cycad

(Encephalartoglyerianug, the rarest cycad on the planet.
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Figure 2.9: Map cepictingthe geology of Selati Game Reserve

Vegetation

Selati falls within the Savanna Biome of South Africa, where the Phalabomza\ati
Mopaneveld (61%) bioregion covers the largest portion of the redRutleerfordet al, 2006
Fig.2.10). The Granite Lowveld bioregion covers a third of the reserve (33%) whtrea
Gravelotte Rocky Bushveld bioregion (6%) represents only the mountainougRudeesford

et al, 2006 Fig.2.10).
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Legend
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Figure 2.10:Distribution of the three main vegetatiogqpés found in Selati Game Reserve.

Phalaborwalimbavati Mopaneveld occurs on undulating plains betweer6800m a.s.l.
and is dominated by tree species such as red bushwilmmlfretum apiculatujn silver
clusterleaf (Terminalia sericepand mopaneCGolophospermum mopan&utherfordet al,
2006) A common feature of this bioregion are the large number of termite mounds.-Quartz
feldspar rocks of the Makhutswi gneiss dominatedhés, however, in Selati it is intruded by
the Lekkersmaak granite. Sandy soils (<10% clay) prevail in the uplands, whereas clay soils
tend to be found in the bottetands (Fig.2.11). The prevailing landtype is Fb, which is
characterized by rocky or shaNasoil depths limited by hard ro¢koil Classification Working

Group & Macvicar, 1991Fig.2.129. This bioregion is classed as Least Threatened in terms of
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conservation as only 5% has been transformed througtiagement of human settlements and

mining (Mucina & Rutherford, 2006)

Granite Lowveld is characterised by tall shrubland with few trees to moderately dense, low
woodland on the deep sandy uplands whaheer clustedeaf, largefruited bushwillow
(Combretum zeyhgrand red bushwillow domina{®ucina & Rutherford, 2006)The ground
layer of this bioregion includes sickle graf3ogonarthria squarros), blue seed grass
(Tricholaena monachneand curly leaf grassE¢agrostis rigidior, Rutherfordet al, 2006)
Dense thicket to open savanna areas are dominated by knob Seoreg(ia nigrescenp
sicklebush Dichrostachys cineréaand brandy bushQrewia bicolo). Granite Lowveld
occurs at an altitude of between 250 to 700 m.avellere the Makhutswi gneiss forms the
major basement geology. The archaean granites and gneisemieathsandy soils in the
uplands and clay soils with high sodium content are found in the lowm{Rudiserfordet al,
2006 Fig.2.1). This bioregion is classified as Vulnerabfeterms of conservation as more
than 20% has been transformed through cultivation and settlement devel@ptueinta &

Rutherford, 2006)

Gravelotte Rocky Bushveld is characterised by open decidusesraleciduous woodland
on rocky slopes and inselbergs, contrasting strongly with the surrounding plains (Mucina and
Rutherford, 2006). This bioregion occurs at altitudes between 450 and 950. imaartant
tree species include; African teaRt¢rocarpis angolensis hookthorn Senegalia caffrg
bushveld candelabr&(phorbia coopejiand red bushwillow. This bioregion is characterized
by varying geology composed mainly of schist and amphibolite of the Gravelotte Group with
a few quartzitic and grandihills. Shallow, rocky soils dominate and the main landtypes are
Ib, Fa, Ae and Fb (Fig.2.11 & 2.12). Landtype Ib is characterised by rocky outcrops with short,
steep slopes covered with miscellaneous §8id Classification Wiking Group & Macvicar,
1991) Landtype Ae is characterized by freely drained;yeltbw high base soils, whereas
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landtype Fa is classified by shallow soils with little to no ligBeil Classification Working
Group & Macvicar, 191). The conservation of this bioregion is classified as Least Threatened
as erosion is very low to moderate and only 15% has been transformed mainly through

cultivation and a few settlements.

Legend

D Selati Game Reserve

DA high clay content
AC  red-yellow well drained soils lacking strong texture contrast

EB  limited pedological development and laver composed of silicates 6 1 2 4

Kilometers

Figure 2.11:Distribution of soil types throughout Selatae Reserve.
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METHODS

Reliable inferences about the ecology of mammals depends on high quality data. An optimal
strategy for collecting quality data is to increase the number of repeated surveys at specific
sites within the constraints of cost anue¢i(MacKenzie & Royle, 2005)More specifically
to acquire accurate information on species occurrence, distribution and habitat selection,
appropriately timed repeated surveys are impor{&neld, Tyre & Possingham, 2005;
MacKenzie & Royle, 2005)ield et al, (2005)argue that two to three repeated surveys are
normally sufficient in achieving adequate statistical power. Therefore, to investigate seasonal
changes in the occupancy (estimates of spgresenceof both prey and carnivore species,
repated surveys (n = 4) were conducted every dry (June to August) and wet (January to March)
season over a two year period (2016 to 2018). The four seasonal surveys will be referred as dry

2016, wet 2017, dry 2017 and wet 2018.

Various sampling techniques veeconducted to attain different research objectigee
Chapters 3, 4 and 5Yhe methodology of each technique is described below and specific

analytical processes will be provided within each subsequent chapter.

Camera trap survey

For modelling speciés di stri bution or activity patter
recommendedAncrenazet al, 2012) where camera traps (i.e. remotely triggered cameras)
are placed randomly in relation to animal movements and the chance of them encountering one
(Rovero & Zimmermann, 2016 he distance between camera trap units depends foremost on
the study objective, but also dme number of camera trap units available and the area to be
targetedRovero & Zimmermann, 2016)mportantly, when targeting multiple species, camera

trap spacing should be sufficient to ensure that animals with large (~Z)@dme ranges are
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sampled with adequate detection probabikithout cameras being too far apart, which could
result in missing animals with smaller (< 50%home rangefRovero & Zimmermann, 2016
Appendix 2.). Therefore, my camera trap survey followed a systematic grid structure, adapted
to the local logistic constraint$ 8elati(Ancrenazet al, 2012) A grid cell size of 9 krhwas
chosen to effectily survey all mammalian species found on the reserve (Appendix 2.1).
ArcMap 10.5.1 (ESRI, Redlands, California, USA) was used to construct A§ikinsystem

over the reserve (Fig.2.12).

When surveying rare or cryptic species, it is best to sample lraadihis increases the
likelihood of capturegFoster & Harmsen, 2012y herefore, from thenap (Fig.2.12) grid cells
that were filled by more than 50% of the reserve were chosen as areas for camera trap sites (n
= 31). | used aerial photographs to randomly select potential (e.g. presence of a sturdy tree
close to a road or game path) camena sites within each of the 31 chosen grid d@liscrenaz
et al, 2012) | ensured tat sites fell within all three major vegetation types (Fig.2.12). Global
Positioning System (GPS)-@ardinates of the 31 preelected sites were uploaded to a handheld
GPS unit Garmin GPSMap 629nd sites were scouted on foot for exact locations. Thet exa
location of the camera trap site was chosen based on whether there was a sturdy tree that the
camera could be attached to that was in close proximity to a relatively open area (e.g. a clearing,
game path or roadkelly & Holub, 2008) A standard approach to camera trapping is to place
cameras at locations that will maximise capture probabilftyarget speciegRovero &
Zimmemann, 2016)Therefore, throughout the reserve, 15 camera trap sites were placed along
prominent game paths, to increase the likelihood of detecting prey species and the remaining
16 camera trap sites were placed along roads, to increase the likeliltapdusing carnivores

(Karanh & Nichols, 1998; Thormt al, 2009)
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Figure 2.12:Location of the 31 sites in grids | selected to install camera traps throughout Selati

Game Reserve in relation to the three major vegetation types.

To reduce bias caused by variable sensitiiRgvero & Zimmermann, 2016) only used
Cuddeback Attack (Non Typical, Inc., Green Bay, WI, USA)nerasThe deployment of
camera traps on supports followed a standardized procedure in terms of camera height,
inclination and orientatiofRovero & Zimmermann, 2016\l camera traps were mounted to
sturdy trees in metalsings using cable ties and wird5€m above the groundt each site,
the cameras were placed parallel to thesen clearing, game path or roAdl.sites where
cameras needed to be higher than 45 cm, due to the surrounding environment, the cameras were
angled downwards. Care was taken to ensure that the inclination of the camera at each site
would result in the camera triggering for animals as small as dwarf mongdtslegdle

parvula) as well as for elephantsdxodonta africanga The understory growtvas cleared at

28



Chapter 2

all sites to minimise false triggering and to prevent obscured photographs. No lures were used

to prevent heterogeneous capture probabil{flester & Harmsen, 2@).

Cuddeback Attack cameras have a passive infrared sensor that detects heat and motion and a
Y. second trigger speed, which is one of the fastest for trail cameras. The cameras required four
D-cell batteries to operate and stored images on SD memodg. cBach camera was
programmed to take high quality (5SMP) images with the strobe flash range set at 3.3 m to
reduce the risk of overexposed photographs. Cameras were active for 24 hours per day with an
enforced 30 second interval between consecutive gragibs. Camera trap surveys are usually
conducted over short periods of time (30 to 90 days) to ensure demographic closure (no
immigration or emigration) of the animals being photograpfedanth & Nichols, 1998)I
therefore, conducted each seasonal sureey6D consecutive nightsThe cameraswvere
checked every two weeks to ensure thay were functioning correctly ama replace batteries

andmemory cards, as required.

Ungulate transect survey

Ungulates were counted using the line transect megiBgdtuet al, 2006) whereby hree
random,separde transect routes, totalling 97 kaereselected. The roads drivenveed the

majority of the reserve and passbtbugh all three major vegetation types (Fig.2.13).

Ungulate counts were undertaken during each of the four seasonal survey pergadh In
season, each transect route was driveoe, in opposite directions (north and south) over a
period of six to ninelays(weather dependent) by two observers in an opemwbeetdrive
vehicle at 225 km/hr(Hirst, 1969; Fischer & LinsenmairQQ1) Each observer was equipped
with binoculars and was responsible for counting animals on opposite sides of the road. Large

aggregations of ungulates (e.g. imp#agyceros melamp))svere counted by both observers
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to maximise accuracfDinerstein, 1980)All animal countsveremade in the early morning
between 07h00 and 11h00 in tbeder dry sasons, and between 05h30 and 09im3the
warmer wet seasons when ungulates are most g@inerstein, 1980) Animals observed

were counted and classified by species, sex and age (adult or juvenile). Additional information
recorded included the kilometre segmd&bBS ccordinates, radiaflistance of the animal or

herd from the roé (usng aNikon 800 rangefinde@nd the anglef the animal(sjrom theline

of movement of the vehicle.
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Figure 2.13:The three routes driven for the ungulate transect surveys on Selati Game Reserve.
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Aerial count survey

Personnel at Selati havedn conducting annual aerial counts to estimate total numbers of
mammals since 2003 (except for 2013). A Bell 206 helicopter was used with a survey team
consisting of a pilot, a scribe/forward observer seated next to the pilot and two rear seat
observersDuring the survey, all four individual were in communication. The scribe entered
the GPS location, species, age, sex and total numbers of all animals observed onto a computer
linked to the GPS. With the use of a GPS coupled to flight instruments, thélgdixed
flight lines (strips) between pmetermined points. The strip width was generally 300 m wide
and flown in a norttsouth direction. In areas of the reserve where visibility was limited, such
as over the mountains and river, narrower strip vgidtlere searched. The actual flight path,
ground speed and height above sea level were recorded every 100 m by the GPS. Depending
on weather conditions, the reserve was completely surveyed within three to four days. Strips
were not flown when it was rainiray when there was excessive cloud cover as these conditions

reduced animal sightings.

Collaring large carnivores

Capture, handling and collaring of large carnivores was done in accordance with the Animal
Ethics Subcommittee of the Rhodes University Eth&tandards Committee (ethics clearance
reference number: 7650848) and the Limpopo Economic Development, Environment and

Tourism department (local conservation authority permit number: ZA/LP/80087).

Adults of hree species of large carnivores (fdions (Panthera led, fourleopardgPanthera
pardug and four spotted hgenas Crocuta crocutd) were fitted with iridium satellite
GPS/UHF/GSM(Ultra High Frequency (UHF), Global System for Mobile communications

(GSM)) collarswith an integrated VHF radio tnamitter(African Wildlife Tracking(AWT),
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Rietondale, PretoriaDnly one male cheetalA¢inonyx jubatuswas present on the reserve so

for statistical reasons | was not able to include cheetah in my study. The collars were
programmed to record the lomat of the animals at threour intervals, which was stored on

the collars norvolatile memory and could be retrieved remotely from a comyhased

application (AWT Tracker Version 2.0.8.133).

Various methods can be used to ti@gé carnivores, includg freedarting,baitedcage trap
andbaitedfoot-loop trags (Frank, Simpson & Woodroffe, 2003All of these methodsause
minimal injury (Franket al, 2003) Boitani and PowellZ012) conducted an assessment on
various methods to capture carnivores and determined that boflodpoand cage traps are
humane médtods for capturingHyaenids (e.g. spotted hyaenas) &medids (e.gleopards).
Therefoe, | used both foelbop and cage traps initiallyp capture intended study animmal
After numerous failed attempts with baited fdmbp traps, | only used baited catyaps to

capture leopards and spotted hyaenas.

Baited cage traps

Carnivores captured in cage traps have been recorded to break their teeth or cut their mouths
by biting the wiremesh walls of the cagé&iuscages with small mesh holes are superior to
large mesh holes and reduce the risk of injfldgitani & Powell, 2012)The cage trap | used
was 2.2 m x 0.8 m x 0.8 m with a sliding door trap. The trap door was designed to fall past the
entrance of the cage to secure the door and to allow for the easy release of-targeaion
animals captured from a distanddie wiremesh walls of the cage had a small mesh size of
2.5 cm which preverdgdleverage of an animaiiting and thus minimize tooth breakage (Mr
Joubert, percomm). The mesh of the cageasplaced with the horizonkavire mesh welded

on the inside of the cage and the vertical meshswae the outside of the cage, which
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minimized hair loss (CJoubert, perscomm). Furthermore, the bait (impateeat)washung
deep inside the cage and set to onlgase the door on@n animal was feedin@r Joubert,

pers. comm), whicprevenedthe door frontlosing on an animal.

To capture leopards, baited camera trap sites (no tcageresent)were used to identify
suitable individuals for collaring. The baited camera trap srggge set up in suitable areas of
the reserve where signs (tracks, scats or kills) of leopards had been recorded. Sites were
selected near roads to ensure access for placing or replacing of baits and for the offloading and
setting up of the cagelu Preez, Loveridge & Macdonald, 201%all trees, usually a mopane
with a prominent fork about 2 m above the ground, were chosen to hang baits with wire from
a branch so that the lowest part of the bait was just above the fork of the tree. Masbait
always covered with vegetation to reduce the chance of vultures identifying it from the air and
feeding on it. | made sure that a camera trap could be set up in a tree within £ 3 m of the bait
tree(du Preezt al, 2014) A forked pole 3 to 4 m long, usually dubm a mopane tree, was
placed perpendicular to the camera trap, against the fork of the tree and under tbe bait t
facilitate access by leopar(tfu Preezt al, 2014) The camera trap always faced the right side
of the pole, which ensured that individual leopacdsild be identified from photographs
captured of their righside flanks (Fig.2.15). A mixture of intestines, stomach contents, blood
and water were spread on and around the bait tree to cover our human scent but to also attract
leopardgdu Preezt al, 2014) This mixture was also used to form scent trails from the bait
tree to the road and along the road for ~1 km. Bait sites and camera trap photographs were

checked every morning just after sunrise and baits were replaced when rotten (~every 5 days)

Once a sudébleleopardfor collaringhad beenphotographed feeding, tloage trap s set
up within ~5 m of the bait tree. The bait and pole were removed from the tree and when
necessary, a fresh bait used in the cage. The cage was always set just before suraset and
often placed under bushes or covered with vegetation to blend it into the surrounding
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environmen{McCarthyet al, 2013) The camera trap used at the bait site was replaced with a
RikRhino remote sensor camera tegp upon a tree facing thentrance to the cagRikRhino
cameras have multimedia messaging service capabilities (Rik Rhino Surveillance (Pty) Ltd.)
anduse cell phone SIM cards to semdrt messages and imageshe RikRhino Application.

The app was instalteonthe cell phones of select perseh This camera trap system alled

us to keep tracin real time)of any activity in and@und the cage. Thimsinimizedtheamount

of time an animal spent after capture in the cageemstire that nontarget anima were
releaseds soon as possible. If the cage trap was unsuccessful in capturing a leopard, or if the
intended candidate for collaring did not return, the bait was removed from the cage and the
cage was disarmed and closed the following morning beforese. If the cage trap was
successful in capturing the intended leopard, the qualified wildlife veterinarian on standby was

summoned to immobilize the animal.

e #
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Figure 2.15: Camera trap photograph of the rigiide flank of a male leopard feeding at a

baited site.

The same cage used to capture leopards was used to capture a spotted hyaena, following

procedures used yheer 016)in Kenya. No baited sites were used, but instead the baited
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cage trap was set up along a prominent game path close to a known active spotteddryaena
site. The baited cage was placed under bushes and trees to help blend the cage into the
surrounding environment. Importantly, the floor of the cage was covered with dead grass to
provide substrate continuity. Spotted hyaenas are olfactory foragermigture of intestines,
stomach contents, blood and bones was thrown in and around the cage to not only attract them,
but to encourage them to approach the cage to feed off the scraps. A scent trail leading to the
cage from the closest road along the greant game path was also formed to attract the spotted
hyaenas. A RikRhino camera trap was set up in a tree within 3 m of the entrance to the cage so
that animal movement in or around the cage could be monitored in real time. After each
unsuccessful trapght, just before sunrise, the cage was disarmed, closed and the bait removed
and then just before sunset the cage was reset. When the cage trap was successful in capturing
a spotted hyaena, the wildlife veterinarian on standby was contacted immedieehotalize

the animal.

Free darting

| used free darting from a vehiqBauer & longh, 2005{p capture three of the four lions and
two of the four spotted hyaenas. Tihtended animals wegtractedo an appropriate aréa
close proximity to where they had recently been recorded) asbaited callip stationOgutu
& Dublin, 1998; Ferreirat al, 2013; Tuqgaet al, 2014) To allow enough feeding time for the
wildlife veterinarian to dart the lions and spotted hyaenas, an entire impala carcass was secured
to a tree. A recording of pig squeals was used to attract lions and a recording of liliimg fee
off a carcass with the sounds of calling spotted hyaenas was used to attract hyaenas. The
playbacks started 30 min after sunset and was played for varying periods of time through a

speaker mounted on the roof of a single cab-faoeetdrive vehicle prked 20 m from the
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bait. The wildlife veterinarian and animal recovery team were in the back of the vehicle. A
spotlight was used to scan the area approximately every 10 minutes until the target lion or

spotted hyaena was feeding on the bait and coutthtied by the wildlife veterinarian.

Since spotted hyaenas are known to be skittish, a transmitter dart, which can be tracked using
a telemetry set and which usually remains embedded in the rump of the animal darted, was
used to immobilize the two spottégaenas. This meant that if the darted spotted hyaena ran
off before the immobilising properties of the drugs took effect, | was able to track the location
of the animal. Transmitter darts reduce both time and resources required to capture wildlife

(Kilpatrick, DeNicola & Ellingwood, 1996)

Free darting from a helicopter was used to immobilize the fourth lion and spotted hyaena.
This took place from a Bell 206 helicopter cangia qualified wildlife veterinarian and a
spotter. The intended lioness for collaring was carrying a failing VHF collar, which meant that
a ground team could search for her and relay information to the pilot. For the spotted hyaena,
an area of known hyaaractivity was flown until a suitable individual was identified and could
be darted. All occupants in the helicopter aided in observing both the lion and spotted hyaena
from the air both before and after they had been d#Fetds et al, 1997) Once darted, the
helicopter retreated several hundred meters until the animal became recyBdikmd,
Franzmann & Gardner, 1982)he location of the darted animals were relayed to a ground

team, who weied nearby and monitored the animal while the helicopter landed.

The qualified wildlife veterinarian w&s alwaysn charge of immobilising, moroting and
collaring animals.For darting, the wildlife veterinarian used formalised drug combinations
accordng to species and then d i v age and $ex(s.g. Table 2.0nce an animal had been
successfully darted, the wildlife veterinarian always waite@Q®inutes before approaching

to ensure they were immobilized enouglallow safe handling. A team tifree to four people
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always retrieved the immobilized animal with the help of a stretcher. Animals were transferred
to the back of a fouwheeldrive vehicle and relocated to a suitable open area nearby, where
the animal could be safely collared. Befordlaring, the wildlife veterinarian removed the

dart, treated the animals for any wounds, administered antibiotics and eye drops to lubricate
the animals eyes. Once all procedures were completed, the wildlife veterinarian injected the
animals with the reverl atipamezole (Antisedan), which accelerates the recovery process
from the immobilizing drugs. A single vehicle parked 100 to 200 m away monitored the
animals until fully recovered. An animal was considered fully recovered when it no longer

exhibited drg influence in gait and head moveme(allardet al, 1991)

Table 2.1: Drug combinations used to immobilise and reverse one average sized adult of each

species and sex (M = male, F = female and U = unknown).

Species Sex Immobilizing drug Reversal Antibiotics
P Zoletii  Medetomidine Yohimbine Atipameole Norotrim

Lion M 250 mg 6 mg/ml 2 ml 2 ml 15 ml

F 150 mg 4 mg/ml 2ml 2ml 15 ml
Leopard M 70 mg 4 mg/ml 1 ml 1 ml 10 ml

F 50 mg 3 mg/ml 1 ml 1 ml 10 ml
Spotted hyaena U 40 mg 2 mg/ml 1ml 1ml 5 mil
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Chapter 3

POPULATION ESTIMATES

Juvenile impala on Selati Game Reserve during the wet season of 2017

41



Chapter 3

INTRODUCTION

To avoid the extinction of threatened species, presemdiVigrsity and ensure adequate
protection of terrestrial, freshwater and marine systems, biological indicators that accurately
reflect trends in the abundance and distribution of species are dlsiahada, Hurtado &
Lizcano, 2013)Accordingly, basic and applied ecological research primarily revolves around
studying the distribution, abundee and interactions of animals with their environment
(Buckland, Anderson & Laake]l993; Chandler & Royle, 2013)Establishing reliable
population estimates (e.g. density (D) or size (N)) are essential for effective wildlife
conservation managemefBucklandet al, 1993; Ellis & Bernard, 2005; Balme, Slotow &
Hunter, 2009h)It is also important to ensure that population estimates are produced frequently
enough to appropriately inform decistamaking processegliménezet al, 2017) Constant
and reliable population estimates are of particular importance for species of conservation
concern, as imprecise estimates could provide a false indication of st@hlitier & Powell,

2013) resulting in a lack of the required conservataffort (Baueret al, 2015) However,
monitoring is one of the most controversial concerns when managidtifeviks obtaining
reliable estimates of wild populations is often logistically difficult to achieve given funding

and time limitationgCarboneet al, 2001; Jiméneet al, 2017; Palmeet al, 2018)

Globally, accurate population estimates for multiple, sympatric species (i.e. predators and
prey) are gnerally absent, hampering informed management and conservation initiatives
(Treves, Krofel & McManus, 2016; Burgar, Burton & Fisher, 2018apaddition, monitoring
has traditionally focused on single species while manageimterventions are increasingly
being oriented towards ecosystem functioning and population estimates of entire guilds
(Ahumadeet al, 2013; Jiméneet al, 2017) While obtaining reliable estimates for groups of
species such as farmland birds or large herbivores in open systems may be achievable,

estimates bcryptic and elusive vertebrate guilds is challendifigpnénezt al, 2017)
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Carnivores are notoriously difficult to monitor as many are shy, solitary, nocturnal species
with wide home ranges that occur at naturally loangities(Gese, 2001; Balme, Hunter &
Slotow, 2009a)Direct observations or complete counts of carnivore populai@nsractically
impossible, timeconsuming and expensiy&ese, 2001; Balmet al, 2009a) As a result, a
number of alternativeampling techniques have been developed to provide indices of carnivore
density and abundané8eber & Schwarz, 1999These techniques include interviewing local
people, collarig individuals within the population and collecting transect data on sighting or
spoor/sign encountefCarboneet al, 2001; Devengt al, 2018) All have limitations. For
instane, spoor and sign surveys are limited in that they require researchers with skills in both
tracking and identificationGese, 2001) Collaring of individuals is restricted to a few
individuals due to the high cost involved and there is always the uncgrdbimiit how many
untagged individuals exist within the populatifitaranth & Nichols, 1998; Deverst al,

2018)

In the last two decades there has been a shift from lab@umsive and invasive field
techniques (e.g. traditional capttnexapture) to ones that are less invasive and cost gfecti
such as remote sensor camera trggalock et al, 2002; Burtonet al, 2015; Rovero &
Zimmermann, 2016)The use of camera trap surveys in field biology has become extremely
common given that they enable concurrent deteaif multiple sympatric species. This makes
it a powerful tool to monitor biodiversity and populations across multiple s(aiesnweget
al., 2017) Camera trap surveys can also be replicated making them efficient tools to monitor
grounddwelling terrestrial mammals over space and t{Reveroet al, 2014) Camera trap
surveys do have limitations as they must contend with imperfect detections of mobile species
(Burton et al, 2015) Recent advances in statistical analyses have, however, improved our
ability to estimate population density using Bayesian spatially explicit capgoapture

(SECR) models, which account for varying detection probabil(i@&sandler & Royle, 2013
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Jiménezet al, 2017; Burgaet al, 2018b) SECR models link abundance with location data

by estimating a latent variable representing individual activity cef@bandler & Royle,

2013) The ability of camera trap surveys to estimate the community structure of carnivores
has been constrained because SECR models rely on the identification of marked individuals
(Karanth & Nichols, 1998; Jiménet al, 2017) As a result, these models have predominantly
been used to estimate the density of mammalian carnivores (particularly felid species) and to a
lesser extenbirds (Mollet et al, 2015) sharkgBradleyet al, 2017) amphibiangMufioz et

al., 2016)and insect¢TorresVila et al, 2012)

New analytical inferencbased spatial count (SC)oakels have been developed to estimate
the density of species without individual marks, something that is common for carnivore (and
ungulate) specie€Chandler & Royle, 2013; Sollmaret al, 2013) Generating spatial count
models, however, requires complex and computationally demanding statistics with
assumptions which are often difficult to verifiPalmeret al, 2018) Only a handfulof
published paper®.g.Sollmannet al, 2013; Jiméneet al, 2017; Burgaet al, 2018b, 2018a;
Evans & Rittenhouse, 2018pve applied SC models to field data, and these report variable
degrees bconvergence with other analytical models such as SECR. Although there is a need
to assess the reliability of SC models, integrating this analytical technique with other modelling
methods is a promising process to estimate the densities of entire amimmalinities or guilds

(Jiménezt al, 2017)

While multiple tools and analyses have been developed to monitor terrestrial carnivores,
estimates of community structures (species diversity, patterns of interactions etr.¢ @met
seeAhumadaet al, 2013; Jiméazet al, 2017) The carnivore guild can be a vital driver of
ecosystem function, structure and dynamidésnénezet al, 2017) This guild not only
produces various tegown processes (e.g. trophic cascades), but alsapsoother ecosystem
services such as seed dispe(3dmhénezt al, 2017) Ungulate density has been recognized as
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a major driver of carnivore density both within and between spéCmbone & Gittleman,
2002) Given that at least 90 carnivore species have been listed as either threatened or
endangered worldwide, understanding prey diversity and densities is therefore critical to the

conservabn of carnivore population&arbone & Gittleman, 2002)

Typically, ungulate abundance and densities are estimated using aerial total counts or ground
transects in combinationith distance or sightability mode{Pollock et al, 2002; Sollmann
et al, 2013) Transect sampling allows for the estimation of density of biological populations,
by measuring diances from a line to objects of interest. Many terrestrial mammal species have
been successfully surveyed using this method (e.g. mice, fruit bats, primates and many
ungulatesBucklandet al, 1993) However, an inérent drawback to both aerial and transect

surveys is the substantial cost to conduct tfieallocket al, 2002)

Animal abundance can be measured as edéhsolute or relativeabundanceising camera
trap surveygGese, 2001; Sollmanet al, 2013) Absolute abundance techniques involve
counts of animals leading to estimates of the number or density of animals in the population
(Gese, 2001)Whereas, glative abundance does not estimanimal numberper se,but
insteadproducesndices of animal abundance (e.g. relative abundance index (RAI)) that can
be compared over time or spdCGarboneet al, 2001; Gese, 2001fPhotographic capture rates
from camera trap surveys can be used to provide RAIs for a wide range of wildlife species.
This method is less complex and not alwaysensally applicable compared to other analytical
estimation methods, but RAIs are commonly used when absolute abundance estimates are too

difficult or costly to measuréollmannet al, 2013; Palmeet al, 2018)

Selat Game Reserve is a private, rRoommercial reserve that focuses on breeding large
mammals and trophy huntingough detection probability trend analyses have previdugsn

conducted for botharge and mediursized mammals on the reserbat these estiates were
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calculated using limited data, whichay bias assessmen(3oubert & Jobert, 2015) The
number of lions Panthera led on Selati however,has beencarefully monitored since their
reintroduction in June 20qdoubert & Joubert, 2015 he ion population has been artificially
manipulated (e.g. relocations and female contraceptioe) the yearsand is the onlyarge

carnivore for whichadefinite population number is knowdoubert & Joubert, 2015)

My research bjective was to assess the abundance and density of multiple, interacting
mammal species (i.e. prey and particularly carnivores) through various sampling techniques
and across multiple seasons in a small, enclosed protected area. | predicted that evithin th
carnivore guild, the larger, more dominant species would supress the abundance and density of

the smaller species through ingaild competition.

METHODS

The methodology for each sampling technigné the details of the study site described

in detail in Chapter 2.

Data analyses

Camera trap survey

| used Camera Base 1.7 (Copyright 2012 Mathias Tobler) to manage all mammalian carnivore
and herbivore photographs captured during each seasonal survey (i.e. dry 2016, wet 2017, dry
2017 and wet 2018pata recorded from each photograph included survey name, date and time
that the photograph was taken, camera trap site information (camera trap site number, camera

trap number, GPS location, elevation (m g,dlabitat type) and species present infororati
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(identification and total counts for male, female and unknown). To test whether the mammal
community of Selati was adequately sampled during each seasonal survey, the average species
richness was plotted against cumulative camera trap days to obtaiesspecumulation

curves. The order in which samples were included in the curve was randomized 1000 times
and results were used to derive 95% confidence intervals around thé®@adelli & Colwell,

2001)

For each seasonal survey, the number of active trap days (sampling effort) was calculated for
each station(Rovero & Zimmermann, 2016)If cameras malfunctioned, had technical
problems (e.g. no flash triggered at night, full SD carflatrbatteries) or were damaged by
animals (e.g. elephantsgxodonta africang the camera trap was deemed inactive for those
days. Only photographs of mammals (i.e. species of interest) were included in the analyses. To
prevent repeated captures of tlang species, independent capture events were defined by a
30 min interval betweenonsecutive photographs at a camera trap site of the same species
individually identified animalRovero & Zimmermann, 2016Relative abundance indices
(RAI) for each species captured during each seasonzey werecomputed as the number of
events divided by sampling effort and multiplied by 100 (i.e. events per 100 days of camera
trapping; Karanth & Nichols, 1998; Roveret al, 2014) In addition, naive occupancy was
calculated as the proportion of camera trap locations at which each species was detected,
divided by the total number of camera trap locati®w®mvero & Zimmermann, 2016Although
RAI and napve occupancy can be influenced by
Sollmannet al, 2013) both measures are useful for assessing species occuUirsveg et
al., 2018) To reduce detection bias and to adequately assess the prey and carnivore populations
of Selati, | standardized my sampling design by 1) orilygusne camera trap brande(reduce
variation in detection of spec)eand 2) randomly placing camera trap sites along roads and

game pathsi.¢. reduce overestimation chrnivore speciessolimannet al, 2013) Based on
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the size differences amongst terrestrial mamr{ibésniya, 2013, both prey and carnivore
species were categorised into four and three broad body mass categories resficateetly

& Sunquist, 1995; Karanth &lichols, 1998) Prey species were categorised as small (<30 kg),
medium (3090 kg), large (94.000 kg) and megaherbivore (>1000 Kgliger, Lawes &
Maddock, 1999)whereas carnivore species were categorised as small (<10 kg) medium (10
20 kg) and large (>20 kdye Cuyperet al, 2019) Data were not normally distributed, so
KruskalWallis (nonparametric) tests were run in the R programming language (version 3.4.2,
R Development Core Team, 2017) to test for tfeces of season (wet and dry) on total species
RAI, total prey species RAI and total carnivore species RAI. KreMkallis tests were also
used to assess whether season (wet and dry) or survey (dry 2016, wet 2017, dry 2017 and wet
2018) had an effect ommall, medium, large and megaherbivore prey species RAI and small,

medium and large carnivore species RAL.

Spatially explicit capturgecapture

Bayesian spatially explicit capturecapture (SECR) methods are used to model data from
individually identifisble animal captureecaptures to estimate population density and size
(Efford & Fewster, 2013)Camerarap surveys of cryptic carnivores, usually result in small
sample sizes lbause these species are found at naturally low dendfta@anth & Nichols,

2002) Many authors suggest caution when interpreting data with small sample sizes (i.e. when
the number bindividual animals caught is less than 20) because they may reflect biased results
(Otis et al, 1978; White, 1982) Therefore, of the individually identifiable carnivores
photographedserval Leptailurus servgl smallspotted genetZenetta genetlalargespotted

genet Genetta tigrind, African civet Civettictis civetta hereafter civgt leopard(Panthera

48



Chapter 3

pardug and spotted hyaengCrocuta crocut®) only those with> 20 individual animals

identified were use for SECR (i.e. leopard, spotted hyaena and civet).

Individuals were visually identified based on the position of several individually identifiable
markings such as unique pelage patterns (e.g. shape, size and specific location of spots, rosettes
or stripes) and facial or body scarrifigig.3.1;Balmeetal, 2009a; OO0Brien & Ki
Although leopards, spottddyaenas and civets are unique based on pelage patterns, these are
bilaterally asymmetrical. Consequently, the photographs of these species were split-into left
and rightside capturegecapture datasets, which were analysed separately. Unclear
photograph®f leopards, spotted hyaenas and civets either because of distance (e.g. too far or
too close; Fig.3.2A) or extreme angles (e.g. moving away or towards the camera; Fig.3.2B)

were discarded, as individuals could not be reliably identified.
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Figure 3.1: Photographs of two different individual (red and blue) spotted hyaenas (A),
leopards (B) and civets (C) captured by camera traps on Selati Game Reserve, indicating how
individuals could be visually identified. Identifications were based on the positieverfas
individually identifiable markings such as unique pelage patterns and the shape, size and

specific location of spots, rosettes or stripes.
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Figure 3.2: Examples of unclear photographs captured in Selati Game Reserve due to distance
(e.g. beng too close (A)) or angle (e.g. moving towards the camera (B)). These were removed

from density estimation analyses.

| followed Heilbrunet al. (2003)to assign identities to leopards, spotted hyaenas and civets,
whereby a photograph of an individual animal was considered an initiareapit could not
be matched to any previously identified individual. Each newly identified individual was added
to the reference collection and assigned a unique identifier consisting of letters and a number
(e.g. LPLO1 for the first leopard identifiddom a leftside photograph). A photograph was
considered a recapture when the individual had already been identified. For each seasonal
survey, trap days were not grouped and a sampling occasion was definedtasua [2driod

(Rovero & Zimmermann, 2016)

SECR multisession analyseswee r un in R using the package
by Efford, Dawson & Borcher2009)to produce full maximum likelihood populati density
estimates. The two primary input files requi
histories of known individuals. A trap layout file for each seasonal survey was created and
contained the numbered locations and UTM coordinateaasf eamera trap site followed by
a matrix of binary information about when ¢

The trap layout file also contained-eariate information associated with each camera trap site
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~

such as habitat type, elevationdrs.l),slope() , presence along road (A0
to the closest water source (m) and whether large predators, medium predators or small
predators had been captured at each camera trap site (e.g. Appendix 3.1la}s|seciey

detections wre combined into one detection history file, where each seasonal survey was given

a charactevalued code (survey identifier; e.g. Appendix 3.1b).

A habitat mask is required to run SECR anal
buffer striparound each camera trap site. Various techniques can be used to determine the
width of the buffer strip such as (1) mean distance from outer camera sites to reserve boundary,
(2) mean maximum distance moved for animals captured on more than one occé®itwld
this distance and the (4) mean maximum distance moved based data frornoladso
(Karanth & Nichols, 1998; Silveet al, 2004) When captureéecapture data are used for
animals that move across reserve boundaries (see Chapter 4), model fitting should be
undertaken with a habitat mask using a buffer ihatmultiple of sigma (M. Efford, author of
6secr 6, per s. comm) . Therefore, I used the |
determine buffer strip size for each capttgeapture dataset. RPSV is a measure of the 2
dimensional dispersion oféhocations at which individual animals are detected, pooled over

all individuals(Efford, 2018a)

| used theDtis et al. (1978)test for population closure for all species and the corresponding
capturerecapture datasets. Various models with predictor variables relating to the effects of
individual animals, camera trap sites, sessions (surveys) anebaiseyd camera trap
covariates were run for each dataset. The resulting models are an approximation of what is
occurring ecologically, s o I evaluated sui
Information Criterion (AIC;Akaike, 1974) (Symonds & Moussalli, 2011)ollowing the
guidelines recommended Byrnham & Anderson2004) AIC values were adjustddr small
sample sizes (AICGo/k is <40 n= sample sizék = number of parametgrto determine the
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best fitting model(s) for each datag&ymonds & Moussalli, 2011Delta AlCc ¢ AlCc)

values and AICc weights were calculated for each model to explain the relative strength of
each nodel and assess the importance of individual predictor varigglesham & Anderson,

2004) Low (<2)r AICc values indicate substantial support for the model, whereas values
between 3 and 7 indicate considerably less suppdktCc values greater than ten suggest the
model is very unlikel{{Burnham & Anderson, 2004)mportantly, t is not appropriate to use

AIC to compare different datas¢Burnham & Anderson, 2004)

If sampling sessions are evenly spaced in time or fall within a natural order, such as seasons
(wet and dry) then muHsession analyses can hbenrin R to estimate the finite rate of
popul ation change ( &)(Prada,hil99g)Both thaodesall antl surmely d a mo
specific rates of popul ation change (-&) wer

recapture dataséEfford, 2018hb)

Spatial count

| applied Bayesian spatial count (SC) models to unmarked individuals to estimate abundance
(N) and density (D) from species detection cousrgar et al, 2018h 2018a; Evans &
Rittenhouse, 2018Blackbacked Canis mesomelasind sidestriped jackalsGanis adustus
were the only two unmarked species with sufficient detection data to use this analysis
(Appendix 3.2). SC models are an extension of spatialljiciixpapture recapture (SECR)
models, which consider N to be a latent variable estimated by various model variables rather
than observed directly. In detail, N is estimated as a subset of the data augmentation variable
M, a supetpopulation (ovessized) which our population belongs {(Royle & Dorazio, 2012)
N is estimated by summing the number of inferred activity centres, and D isatadcby

dividing N by the estimated stagpace, which incorporates possible activity centres for all
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individuals with a compelling probability of being detected by the camera traps over the survey
period. The statspace is generated by buffering a dis&to the grid of camera trap locations.

SC models depart from SECR models in that SC models estimate the number of unmarked
individuals by spatially referencing count data to infer locations of an individual activity centre
(Chandler & Royle, 2013)n addition to density, SC models estimie encounter probability

of individuals at sites tallied across all occasiom$, the proportion of individuals with the
augmented population that OCCUBRspatialtsdale ar t h e
movement parameter describing the rate of decline in encounter probability with distance (

Chandler & Royle, 2013)

SC models were run using JA@&r 4.2.0Plummer, 2003)interfacing through Ryomeans
of the rjags package(Plummer, 2016)SC parameters were estimated using Markov Chain
Monte Carlo (MCMC) sampling in a hieical Bayesian modelling framewof&handler &
Royle, 2013) This requires specification of an upper limit (M) to a uniform pristrdiution
on abundance (N), which should be large enough such that the probability that N=M is
effectively 0 (Chandler & Royle, 2013)In all models, M was set to 200, well above the

expected population size of all species.

Previous studiege.g.Jiménezt al, 2017; Bugaret al, 2018b, 2018a; Evans & Rittenhouse,
2018) have concluded that the accuracy of SC model estimates is low without incorporating
additional information. Thus, for all modelss Ip e c i % prie @ith a ungorm distribution
bet ween O and 10 and a y prior havi Rogthea bet a
informativel priors, | assumed a gamma distribution with the shape and spread changing based
on the home rage sizes for each speci@handler & Royle, 2013; Jiménetal, 2017) Home
range stimates for blackbacked (217.8 knt; Fulleret al, 1989; Kaunda, 2001; Loveridge &
Macdonald, 2002; Kamlegt al, 2012)and sidestriped jackals (2.24 kn%; Fuller et al,
1989; Rhodest al, 1998; Loveridge & Macdonald, 2002j)ere taken from previous studies
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conducted in similar environmer(iménezt al, 2017) The home range @fwas calculated
following Chandler and Royl€013)and assuming a clsiquaredistribution with 2 degrees of
freedom: blackbacked jackal (30:50) and sid&riped jackal (30:58, Supplementary material

1).

| ran three chains of the JAGS model for 100,000 iteratwaith a burn in of 50,000 (after an
adaptive phase of 1,000) and | did not thin the posterior distribution. MCMC chain convergence
was assessed by visually examining trace plots for each parameter (Supplementary material 1).
| calculated the GelmaRubinstatisticY using thecodapackagédPlummeret al, 2006) where

values < 1.1 indicated convergence.

To test the validity of the SC model estimates for blaakked and sidstriped jackals, |
fitted Bayesian SC models to marked carnivore species (leqgmotied hyaena and civet) and
compared the results with Bayesian sirggason SECR (similar to multeason SECR
analyses described above) models. Both analyses were run with detection data collected during
the third seasonal survey (dry 20Efans & Rittenhouse, 2018) also fitted SC modelw
lion detection data from the third survey and compared these results to the known population
size. Sparse detection data can potentially produce biased low estimates for both SECR and SC
analysegChandler & Royle, 2013; Burgat al, 2018b) Thus, the third seasonal survey was
selected for the comparative analyses as most of the species concerned had the highest
recapture rates.df comparative purposes, | calculated the difference between the density

estimates of the two analyses as a percentage.

All SC models were run as described above, except that home range estimates for lion,
leopard and spotted hyaenas were derived fromnmaimi convex polygons created from GPS
telemetry location data collected from the study area (see Chapter 4). African civet home range

sizes were taken from the literatureS&n?; Swanepoeét al, 2016)
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Ungulate transect survey

Although mostungulate specieknown to occur onhe reservavere recorded during each
survey, only specie=10)that were likely to be encountered across all four surglis &
Bernard, 2005and which are known to be important prey species for large carnivores on the
reserve were included my analyseqVanaket al, 2013) These includedblue wildebeest
(Connochaetes taurinis common duiker $ylvicapra grimmig giraffe Giraffa
camelopardlis), impala Aepyceros melampyskudu {Tragelaphus strepsicerysnyala
(Tragelaphus angagsii plains zebra Equus quaggg steenbok Raphicerus campestrjs

warthog Phacochoerus africanyisindwaterbuck Kobus ellipsiprymus.

| used DISTANCE 7.2ZThomaset al, 2010)to analyse the da from the line transect surveys.
To reliably estimate relative density, DISTANCE requires a minimum of 60 observations per
object/animal per surve(Bucklandet al, 1993) To satisfy this requirement, all individual
observations rewded for the selected ungulates were combined in each survey. An overall
density of ungulates per square kilometre and an overall ungulate population size estimate was
obtained from which the relative density and population size of individual ungulatesp@as

calculated using the specisgecific contribution (frequency of occurrence).

My data were analysed followinguckland, Anderson & Laakf993)by first examining
histograms of the perpendiaunldistance versus count frequency data for each seasonal survey
to determine an appropriate truncation of outlier distances to improve estimation of the
detection function. Secondly, various models (e.g. undoosine, uniformsimple
polynomial, half nomalcosine, half normahermite, hazard rateosine, hazard rat@mple
polynomial, negative exponentiabsine, negative exponentsimple polynomial) were run
and the besfit model was chosen based on a combination of low AIC score, low variance and

anonsignificant chisquare goodness-fit value (Focardi, Isotti & Tinelli, 2002)
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Aerial count survey

| provide a summary of the aerial counts conductedndumy study (2012018), as

statistical parameters could not be computed from the single observations recorded.

Lion population estimates

Since their reintroduction in 2004, the lion population on Selati has been carefully monitored
by various researchroups using VHS collars, telemetry and direct observatidmsbert &
Joubert, P15) To compare the SECR and SC density estimates for the other carnivore species
on the reserve, the lion density was estimated using adults only. The density of lions was
calculated as the number of individuals/108kand was estimated using home ranigéa
derived from minimum convex polygons created from GPS telemetry location data (see

Chapter 4).

RESULTS

Camera trap survey

The 31 camera trap sites during each of the four camera trapping surveys covered an area of
144.27 km, with a mean (+ SD) intesite distance of 1.95 km (+ 0.54 km). Although each
seasonal camera trapping survey ran for 60 consecutive days, camera trap effort (number of
active trapping days) varied across the seasonal surveys because cameras either malfunctioned
or were removedrodamaged by animals (Table 3.1). The average number (+ SD) of active
trapping days was 1773 + 38 (range from 1709 (wet 2017) to 1805 (dry 2016; Table 3.1). The
average number of animal images captured was 3520 + 363 and ranged from 3010 (wet 2018)

to 4031(wet 2017; Table 3.1). Total number of mammal events ranged from 1937 (wet 2018)
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to 3250 (dry 2017). The first (dry 2017) and last (wet 2018) seasonal surveys had the fewest
mammal events with 1957 and 1937 respectively (Table 3.1). Overall, | photagjrdphe
mammal species of which 25 were prey species and 15 were carnivores (Table 3.1). The species
accumulation curves from all four seasonal surveys increased steeply initially but then reached
a plateau (Appendix 3.3), which indicates that sampling effast sufficient to capture a good

portion of species in the community.

The number of events, the proportion of total events and the relative abundance index (RAI)
for all mammal species recorded from each seasonal surveys is shown in Appendix 3.2.
Although the combination of the most commonly captured mammal species, based on RAI
values (> 6), varied across the seasonal surveys, impalalways the most common, followed
by either plains zebra, warthog or kudu (Appendix .3her common species captured
includedcommon duikergiraffe, blue wildebeest and spotted hyadA@pendix 3.2) The
most frequently captured carnivore across the seasonal surveys was the spotted hyaena
followed by either blaclbacked jackalor sidestriped jackal (Appendix 3.2). Thieast
common species, which were only captured once or twice throughout my study were cheetah
(Acinonyx jubatus dry 2016) , VRhynthegal® wmellentoyr2@l1@)p dwarf  (

mongooseHKlelogale parvulawet 2018)and thetree squirrel Paraxerus cegpi; wet 2018).
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Table 3.1: Summary data for the four seasonal camera trap surveys conducted on Selati Game Reserve, Limpopo, South Africa.

Dry 2016 Wet 2017 Dry 2017 Wet 2018 All sessions
(8th June to 7 (5" Jan to 7" (15t June to 2 (5" January to 7"
August 2016) March 2017) August 20T7) March 2018)

n % n % n % n % n %

No. active trapping days 1805 1709 1780 1799 7093

Total no. animal images capture 3458 4031 3583 3010 1408z

Total no. events 1957 3196 3250 1937 1034(

Total prey events 1653 100 2948 100 2816 100 1745 100 9162 100
Small prey (<30 kg) 279 16.88 332 11.26 406 14.42 334 19.14 1351 14.75
Medium prey (3690 kg) 576 34.85 1511 51.26 1299 46.13 757 43.38 4143 45.22
Large prey (>90 kg) 534 32.30 735 2493 751 26.67 437 25.04 2457 26.82
Megaherbivores (>1000 kg) 264  15.97 370 12.55 360 12.78 217 12.44 1211 13.21

Total carnivore events 304 100 248 100 434 100 192 100 1176 100
Small carnivorg<10 kQ) 18 5.92 23 9.27 31 7.14 13 6.77 85 7.22
Medium carnivore (1420 kg) 118 38.82 98 39.52 191 44.01 81 42..19 488 41.50
Large carnivore (>20 kg) 168 55.26 127 51.21 212 48.85 98 51.04 603 51.28

Total mammal species 36 35 37 36 40
Total prey species 23 24 24 23 25
Total carnivore species 13 11 13 13 15
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| found thatseason (wet and dry) had no effect on total specieqIRAN c2=0.6, df=1, P
= 0.449, total prey species RAK-W ¢2=0.6, df= 1, P = 0.4)%tor total carnivore species RAI
(K-W c?2=2.4, df = 1, P = 0.12). Further, neither season (wet and dry) nor suainye016,
wet 2017, dry 2017 and wet 20Q1Bad an effect on the RAI of small, medium, large or
megaherbivore prey spesie ( al | TRble@.2. Additichally, no seasonal or survey
effects were found for the RAI of small carnivore, medium carnivore or large carnivore species

(all P O 0.34; Table 3.2).

Table 3.2: The effect of season (wet and dry) and surgey 2016,wet 2017, dry 2017 and
wet 2018 on the relative abundance indices (RAI) of the prey and carnivore body mass

categories.
season statistics survey statistics
(wet and dry) (dry 2016, wet 2017, dry

2017 and wet 2018)
RAI K-We¢2 df P-value K-We¢2 df  P-value
small prey species 021 1 0.98 004 3 0.84
medium prey species 041 1 0.94 0.01 3 0.92
large prey species 0.00 1 0.92 0.13 3 0.72
megaherbivore species 001 1 0.92 034 3 0.72
small carnivore species 0.00 1 1.00 1.18 3 0.76
medium carnivorspecies 0.90 1 0.34 1.24 3 0.74
large carnivore species 0.00 1 0.94 210 3 0.55

Spatially explicit capturgecapture

My analysis for population closure based on thedefe datasets for leopard and spotted
hyaena across all four seasonal surveyssgiens) supported the assumption that the
populations were closed (P > 0.05; Table 3.3). Closure tests for thesidghtlataset for

leopards produced multiple warnings due to small sampl€Gireet al, 1978; Effordet al,
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2009)and was therefore excluded from further analyses. For spotted hyaenas, based on data
for theright-side, I rejected the population closure assumption for the first (dry 2016, P = 0.01)
and last (wet 2018, P = 0.03) seasonal surveys (Table 3.3). These data were, therefore, also
excluded from further analyses. Although both the- laftd rightside datasets for civets
supported the assumption of population closure (Table 3.3). Further analyses for civet were
based on only the rigistide dataset as more individuals were identified, making for more robust

estimates.

Table 3.3 Results of thétistest (Otiset al. 1978)for population closure in each seasonal

survey using lefside data for both leopard and spotted hyaena andsidgidata for spted

hyaena.
Leopard Spotted hyaena Civet
left-side left-side right -side left-side right -side
Survey Z P Z P Z P Z P Z P

dry 2016 -0.89 0.17 -0.52 0.30 -2.44 0.01 -0.55 0.29 055 0.71
wet 2017 0.07 0.53 0.79 0.78 -0.75 0.23 -1.56 0.06 -0.33 0.37
dry 2017 0.80 0.79 -1.39 0.08 2.37 0.99 1.12 0.87 0.61 0.73
wet 2018 -0.60 0.28 1.11 0.87 -1.95 0.03 0.06 052 1.16 0.88

* signifies a significant result and rejection of population closure

The buffer strip widths, as determined by the R$Mition, to create habitat masks for each
species capture dataset (Fig.3.3) were 4597 m for leopassidefdata, 3662 m for spotted

hyaena lefiside data and 2455 m for civet riggitle data.
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Legend

C Camera site

D Selati Game Reserve

- Leopard habitat mask
I spotted hyaena habitat mask Kilomiutes
I cCivet habitat mask 012 4 6 8

Figure 3.3: A map depicting the buffer strips creawund the camera trap sites used as the
habitat mask for density estimates in &6dsecrd
and civets (2455 m) in Selati Game Reserve.

Leopard

Fortheleftsi de | eopard data, t he démalaaariateabhckad mo d ¢
individual animal sitespecific learned response variable (bk), performed the best with an AIC
weighting of 0.94 (Table 3.4). This can be i
model was the most important model. Aahally, this model was the only model that scored
a low (<2)r AICc value (Table 3.4), which also supports the contention that it is the best
approximating model. The 6éroad + ko6 model , v

responsek&ari kd@dd/adee ¢f ©.33 (Table 3.4), meaning that although it is less
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likely to be the best approximating model, it should not be discounted. The AlCc weighting for

t his model (6road + koé) was, howev¥chanceonl y O
of being correct and was therefore ignored.
hadr AICc values greater than 10 and AICc weighting values of 0, indicating that they were
extremely unlikely to be the best approximating models andtierefore also ignored (Table

34). Thelefisi de density estimate (N SE) for the
leopard was 3.28 individuals/100 kmt 0.91 x10* (Table 3.4). The expected leopard
population size (x SE) for the best fitting models estimated to be 18.83 + 4.40 individuals,

with a range of between 9 and 27 individuals.

I estimated the overall finite rate of pop.
indicates that the population was declining over the entire samplifggl20162018). The
sessiorspecific rate of population change from survey one (dry 2016) to survey two (wet 2017;
> = 1.03), and from survey two to survey th
bet ween survey t hree thelebpafdpapulatigndecreasetl @yl68% o =

(Appendix 3.4).

Table 3.4 Results of the lefside maximum likelihood SECR analyses for the best performing
model s for | eopards. The 6Model 6 column dep
analyses wheréhé remaining columns describe the associated density estimate (expressed as
number of leopards per 100 Rinstandard error (SE xT), 95% confidence interval (95% CI)

and the four Akaike Information Criterion (AIC) values.

Model (Eoeonilr:r)\;) SE 95% Cl AIC  AICc r AlCc vﬁéi(;n
road +bie 328 001 1.921 558 739.16 741.66 0 0.04
road +k° 497 218 2.18i 13.10 74450 747.00 533  0.06
Bk 336 094 196i 576 75013 751.73 1007  0.00

a: individual animal sitspecific learned response variable

b: site learned response variable
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Spotted hyaerma

For the leftside spotted hyaena data, the model that included a road covariate and an
individual animal sitespecific learned response variable (bk), performed the best with an AIC
weighting+olbkd; (dablaed 3.5). This can be inte
road model was the most important model. Additionally, the road andpstafic learned
response (6road + bkdé) model was the only mo
(<2)r AlCcvalue (Table 3.5), which also supports the contention that it is the best performing
model . The remaining models (e.g. DAlGcad + K
values greater than 10, meaning that they were extremely unlikelytie best approximating
models, but that they also had AICc weightings of zero, meaning they were extremely
uni mportant. Therefore, all other model s, ex
3.5). The leftside density estimate for the bestfperr mi ng model (6road +
hyaena was 12.52 individuals/100 %m1.61 x10* (Table3.5). The expected population size
for the best fitting model (road) was estimated at 50.34 + 6.47 individuals, with a range of

between 39 and 64 individuals.

According to the overall finite rate of population change, the spotted hyaena population
remained fairly stable over t he -spenificrateef s ampl

population change for spotted hyaenas suggested that the populateasddcfrom survey

one (dry 2016) to survey two (wet20¥¢; = 0. 67), then increased f
three (dry 2017; & = 1.42) and then decrease
> = 0.75; Appendix 3.4).
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Table 3.5:Results of tk leftside maximum likelihood SECR analyses for the best performing
model s for spotted hyaenas. The O6Model 6 col u
the analyses where the remaining columns describe the associated density estimate (expressed
asnumber of spotted hyaenas per 10GFkrstandard error (SE xT), 95% confidence interval

(95% CI) and the four Akaike Information Criterion (AIC) values.

Model (?oeonilrtr)é) SE 9swcl AIC AlCc r AlCc Vc;i(;‘;‘t
road + bR 1252  1.61 8.20-12.49 2409.95 241052 0 1
road + K 12.82  1.67 9.95-16.52 242043 2421.00 1048 O
road 1146  1.35 9.10-14.43 2458.13 245851 47.99 0

a: individual animal sitspecific learned response variable

c: site transient response variable

Civet

For the leftsidecivet data, the model that included the presence or absence of medium sized
predators as a covariate amdsites peci f i c |l earned response Vv
pr ed awas thesb&st performing model with an AICc weighting of 1 (Table 3.6).CHnis
be interpreted as 100% likelihood that the model was the most essential. The remaining
model s (e. g. Obk + small predatorsd and O6sm
values greater than 10, indicating that they were irrelevant. Thereforg;, tamdidered the
model incorporating the presence of medium sized predators and-spesitBc learned
response in further analyses. The-kfte density estimate for the best performing model was
5.26 individuals100 knf+ 1.37 x10* (Table 3.6). The gected population size for civet from
the best fitting model (medium predators) was estimated at 21.73 individuals, with a range of

between 13 and 36 individuals.

According to the overall finite rate of population change, the civet population remairgd fair
stable over the entir e s aspegificrategf pgpdatian chdngd a =

for civet reveals that the population increased from survey one (dry 2016) to survey two (wet
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2017, = 1.41), then increased (drgm290UWr7y ey t=wadl

drastically decreased between survey three a

Table 3.6: Results of the righside maximum likelihood SECR analyses for the best
performing model s f or epgdtswkidh predictdrivagiablé Masdsed 6 c o
in the analyses where the remaining columns describe the associated density estimate
(expressed as number of civets per 10F)kmstandard error (SE x), 95% confidence

interval (95% CI) and the four Akaike Infaation Criterion (AIC) values.

Model (foeoniz) SE 95wl AIC AICe r Alcc vﬁi(;%t
bke + medium 896 254 5201 1544 98634 988.01 O 0.98
predators

bk + small predators  9.78  2.88 555i 17.21 994.64 99631 830  0.02
Bk 9.86  2.90 5.61i 17.34 1031.80 1032.88 44.87 0

a: individual animal sitspecific learned response

Spatial count

For all my models and parameters, tBelmanRubin statisticY was always < 1.1, which
indicated convergence of the MCMC chains on each run. The total nufrdemts recorded
for blackbacked jackals differed across all four seasonal surveys (ran@s; Iable 3.7).
The first dry seasonal survey (2016) recorded the lowest number of events, whereas the second

dry seasonal survey (2017) recorded the highedil€r3.7).
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Table 3.7:Spatial count posterior summaries for blacked jackals sampled in Selati Game
Reserve during four seasonal surveys from June 2016 to March 2018. Parameter values are
presented as the mean and standard deviation (SD). Paiaimeliede density (D), population
size (N), basel i ganiccugpon probability in thebaadmented data set o

for unmarked individuals (y) and a @Gaussi an
Dry 2016 (32) Wet 2017 (46) Dry 2017 (86)  Wet 2018 (48)
Mean SD Mean SD Mean SD Mean SD

D 26.10 12.84 6.46 3.90 11.34 5.05 7.72 4.03

N 85.32 42.08 21.10 12.76 37.08 16.51 25.24 13.17

G 0.04 0.02 0.84 1.53 0.54 0.35 0.55 0.97

Y 0.43 0.21 0.1 0.07 0.19 0.09 0.13 0.0r7

G 0.59 0.01 0.53 0.10 0.46 0.08 0.21 0.09

* Value in brackets indicates the number of detections for each seasonal survey

Interestingly, the total number of events for ssfieped jackals during both the dry season
surveys was 43, whereas for botét season surveys the number of events was only nine (Table

3.8).

Table 3.8: Spatial count posterior summaries for sgiigped jackals sampled in Selati Game
Reserve during four seasonal surveys from June 2016 to March 2018. Parameter values are
presated as the mean and standard deviation (SD). Parameters include density (D), population

size (N), baseline capture jra b i l)janh mclugios probability in the augmented data set

for unmarked individuals (y) and a Gaussi an
Dry 2016 (43) Wet 2017 (9) Dry 2017 (43) Wet 2018 (9)
Mean SD Mean SD Mean SD Mean SD

D 10.92 5.51 6.81 5.52 14.31 7.25 5.81 5.88

N 35.68 18.03 22.27 18.03 46.78 23.69 19.00 19.21

9 0.21 0.16 0.40 0.92 0.36 0.76 1.21 2.10

Y 0.18 0.09 0.12 0.10 0.24 0.12 0.10 0.10

V] 0.48 0.08 0.46 0.83 0.42 0.08 0.48 0.09

1 Value in bracketindicates the number of detections for each seasonal survey
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SC median densities (individuals/100 %(8D)) varied across the four seasonal surveys for
both blackbacked (6.46 (3.90) 26.10 (12.84)) and sie&triped (5.81 (5.88) 14.31 (7.25))
jackals (Table 3.7 and 3.8). The density estimates between the two analyses (SC and SECR)
varied for civet (6.94%), leopard (20.78%) and spotted hyaena (70%; Table 3.9). Comparing
the SC estimate to the known lion population density produced the least amourgrehdf
(5.23%), despite the lion population only having 11 detections (Table 3.9). My verifications
suggest that the SC models produced biased towards lower density estimates for species with
small detection datasets (leopards) and biased towards higtydestisnates when detection
datasets were larger (civet; Table 3.9). The complete opposite was the case for spotted hyaenas,
which had the largest detection dataset but an extremely biased estimate to a low density (Table
3.9). The SC model for spotteddgnas estimated a much smaller population size (12.63) than

the actual number of individuals (39) that were identified for the SECR analyses (Table 3.9).
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Table 3.9: Spatal count (SC)posterior summaries and spatially explicit capiweaptire

(SECR) estimates for civet, lion, leopard and spotted hyaena in Selati Game Reserve during
the third seasonal survey (dry 2017). Parameter values for SC and SECR are presented as the
mean and standard deviation (SD) or standard error (SE). Paranoet8( include density

(D), popul ation size ( Nj)an ibcusion lprobakelity mahpt ur e
augmented data set for unmar ked individual
distance function((). Parameter values for SECR indéudensity (D), population size (N) and
number of individuals identified (n). The final column (% diff) indicates the percentage

difference between the density estimates of the two analyses.

Civet
SC analyses (53) SECR analyses o
Y% diff
Mean SD Mean SE
D 19.01 8.26 D 17.69 8.55 6.9%%
N 62.14 33.40 N 53.96 26.20
) 0.49 0.23 n 18
% 0.31 0.17
| 0.34 0.05
Lion
SC analyses (11) .
NMean ) Known % diff
D 1.45 3.9 D 1.53 5.23%
N 4.73 12.98 N 5
o) 0.02 0.01
Y 0.03 0.07
G 3.17 0.32
Leopard
SC aralyses (34) SECR analyses on i
% diff
Mean SD Mean SE
D 3.08 1.43 D 4.46 2.44 20.78%
N 14.56 6.78 N 18.87 10.33
3 0.06 0.03 n 9
% 0.08 0.04
G 1.53 0.13
Spotted hyaena
SC analyses (140) SECR analyses o i
% diff
Mean SD Mean SE
D 3.20 0.69 D 10.51 2.11 70%
N 12.63 2.72 N 42.27 8.47
20 0.28 0.05 n 32
Y 0.07 0.22
G 1.27 0.28

1 Value in brackets indicates the number of detections for each seasonal survey
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Ungulate transect survey

Mean time spet in the field per seasonal survey was 2.8 + 0.4 (SD) hours. Across all four
seasonal surveys the best fit model incorporated truncating the largest 5% of distances and
either a negative exponentsimple polynomial (dry 2016 and wet 2017) or negative
exponentialcosine (dry 2017 and wet 2018) key estimator (Table 3.10). Total ungulate density
estimates (D + SE) p&m?were88.16 + 14.86, 65.46 + 15.45, 51.58 + 18.66 and 143.57 +
28.82 for the seasons dry 2016, wet 2017, dry 2017 and wet 2018 respddiamé 3.10).

The coefficient of variation (%) for each seasonal survey ranged from 16.85 to 36.18% and the

effective strip width ranged from 75.50 to 100.45 m (Appendix 3.5).

Ungulate densities of the 10 most important species varied considerablghéteengulate
surveys (Table 3.10). As for the camera trap survey, impala was always the most abundant and
contributed two thirds or more of the total ungulate density in each survey (Table 3.10). In the
last seasonal survey (wet 2018) | estimated tivere more than 1000 impala on the reserve
(Table 3.10), which is highly unrealistic. Aside from impala; kudu, blue wildebeest, giraffe and
plains zebra were the most abundant ungulates (Table 3.10). Of the five most abundant species
identified across theeasonal ungulate transect surveys, kudu and plains zebra were the only
two species that constantly increased (Table 3.10). By contrast, the abundance of the remaining
three species (impala, blue wildebeest and giraffe) all fluctuated and experiendedreaites

and decreases across the study period (Table 3.10).
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Aerial count survey

The data from the aerial surveys conducted in the years that overlapped with my study (2016
T 2018) identified 21 prey species and only five carnivore species (App&ixmpala were
always the most abundant species while giraffe, kudu, plains zebra and blue wildebeest were
the other most abundant species across the years (Appendix 3.6). The population trends of the
five most abundant species fluctuated across the® thears with all species increasing and

decreasing (Appendix 3.6).

Lion population estimates

Over the duration of the study, the lion population increased from five adults in 2016 to a
total of seven in 2017 after two cubs were born (Fig.3.4). In 28i6% tmore cubs were born,
increasing the total number to 10 (Fig.3.4). The adult lion density was estimated at 1.53
individuals/100 k.

18 H
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Lion numbers
— = —
= (o)} [#2s] (o] (] ey

[§e]

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Year
Figure 3.4:Lion population numbers in Selati Game Reserve since their reintroduction in June
2004.
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Table 3.10: Population estimates for the 10 most common species recorded during ungulate transect surveys in Selati Game Resesve. Estimat

include relative density (D), population size (N) and spespexific contribution%o) to the total group.

Dry 2016 Wet 2017 Dry 2017 Wet 2018

Species D N % D N % D N % D N %

Blue wildebeest 3.16 307 3.59 0.7 68 1.08 256 248 4.96 8.5 825 5.92
Common duiker 0.51 49 0.58 042 41 0.65 0.4 39 0.78 0.77 75 0.54
Giraffe 8.06 782 9.14 296 287 4.52 256 248 496 5.51 534 3.84
Impala 66.73 6473 75.69 54.34 5271 83.01 33.83 3281 65.58 111.4 10805 77.59
Kudu 1.22 119 1.39 1.83 178 2.8 3.36 326 6.51 7.34 712 5.11
Nyala 235 228 2.66 0 0 0 096 93 1.86 0.1 9 0.07
Plains zebra 1.22 119 1.39 155 150 2.37 296 287 5.74 4.06 394 2.83
Steenbok 051 49 0.58 0.21 20 0.32 056 54 1.09 0.48 47 0.34
Warthog 265 257 3.01 155 150 2.37 256 248 496 3.28 319 2.29
Waterbuck 1.73 168 1.97 1.9 184 2.9 1.84 178 3.57 2.13 206 1.48
Total 88.16 8552 100 65.46 6350 100 5158 5003 100 14357 13926 100
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DISCUSSION

Reliable methods to estimate species richness, abundance and density are important for
managers and conservationists as they provide key data to make the right decisions for wildlife
managementand conservation(BareaAzcén et al, 2007) My study advances our
understanding of conducting multiple camera trap, aerial total count and ungulate transect
surveys to effetively monitor wildlife population trends in an enclosed reserve. In terms of
species richness, the camera trap surveys identified 40 mammalian species (24 prey and 16
carnivores) while the aerial counts identified 26 (21 prey and 5 carnivores) andjthatein
transect survey was restricted, finding 10 predominantly medium anesliaegkprey species.
Despite the population estimates for ungulates being variable between the sampling techniques,
the five most abundant species were always impala, kudeiwbldebeest, giraffe and plains
zebra. The three techniques all showed that over the study period, ungulate populations
fluctuated in terms of abundance (relative and absolute). This is to be expected as wildlife
populations fluctuate naturally over tirdae to demographic stochasticity (random births and
deathsBjgrnstad & Grenfell, 2001)Predation, which | will explore in Chapter 5, is another
possibility but so is hunting and the harvesting of animals (see Supplementary material 2 for
figures for Selati). Well monitored hunting is of vital importance for conservation throughout
Africa, espeilly in areas which may be unsuitable for alternative wildbiésed land uses
such as photographic ecotouri¢bindsey, Roulet & Romarfiach, 200 Both trophy hunting,
through the provision of economic incentives and subsistence hunting, through the provision
of staff rations for example, can promote the acueg of conservation objectives for wildlife

areas such as Selétindseyet al, 2007)

Despite the potential for bias between relative abundance indices (RAIs) and true measures
of absolute abundance, RAIs are commonly used to draw inferences about the ecology of

unmarked manmals(Sollmannet al, 2013) Especially because only a small portion of the
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animals photographed by camera traps are individually identifig@@deboneet al, 2001)
Palmeret al. (2018) found that RAIs derived from systematic camera trap surveys could
provide reliable indices of relative abundance for multiple species. My study supports this
contention andhe incorporation of RAIs for both prey and carnivore species into additional
analyses (e.g. carnivore occupancy (Chapter 4) and diet (Chapter 5)) allow me to gain insight
into the mammalian community structure and dynamics of Selati, with particular docus

carnivore intraguild interactions.

Ungulate estimates from the transect survey were not only restricted to 10 medium and large
sized prey species (with only one small prey species), but also highly over estimated species
numbers, especially for impatiuring the final seasonal survey (wet 2018). This was most
likely because impala were always the most frequently observed species on the reserve,
skewing the results as line transect surveys do not account for undetected ¢Bamusen &

Fox, 2006) A number of other variables such as animal behaviour, observer effectiveness,
environmental conditions and topography can affect the detection of s(g@idsen & Fox,

2006) Although it is impossible to keep aif these variables constant during a survey, |
minimised their effects by using two observers and models that meet the requirements of
pool i ng, mod e | robust ness Barmham, Andensanp&elaaker i t e r |
(1980) To achieve more reliable ungulate estimates from transect surveys, greater sampling
effort could be incorporated, as | only used thmeglicate transect routéBardsen & Fox,

2006)

Even though the aerial count data produced more reliable results for a wider range of
ungulates, compared to the ungulate transect survey, these counts wietedéstonce a year
due to financial constraints. Although aerial counts are popular amongst wildlife managers and

a suitable means for Selati to monitor their wildlife over time, the RAIs were more appropriate
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for further analyses (e.g. occupancy madgh as they incorporated a much broader spectrum

of speciesand could be generated for each seasonal survey

In terms of monitoring carnivore species, the camera trap survey was the only technique to
accurately identify the wide range of mammalian camres present on the reserve. Sampling
design can play a major role in camera trap sur(fegkocket al., 2002; Sollmanet al, 2013)
anda potentiakresearch constraint of my projevas that the camerasght have beespaced
too far apart to gain reliable estimates of the smaller sized carnivore species (e.g. serval and
African wildcat elis silvestris lybicg). Conversely,reliable estimates from camera trap
surveys may have bee@nattainable for smaller sized carnivores because their population sizes

weretoo small(Otiset al, 1978; White, 1982; Efford, Dawson & Borchers, 2009)

Systematic camera tragampling of individually identifiable species, along with spatially
explicit capturerecapture models, typically give the most accurate estimate of density
(Carboneet al, 2001) Based on my analyses, | was able to estimate the density
(individuals/100 km + SE) of civet (5.26 + 1.37), leopard (3.28 + 0.91) and spotted hyaena
(12.52 = 1.61). Running seasonal caateap surveys allowed me to determine the finite rate
of change for these carnivore populations, which is of fundamental importance in assessing
population status. The overall population trends for civet and spotted hyaena were stable,
whereas the leopambpulation decreased. In fact, most leopard populations in South Africa
are declining(Mann et al, 2018) Since their reintroduction onto Selati in 2004, the lion
population has been continuously monitored and managed. With the exception of two adult
female lionesses beimgmoved in 2016, the adult lion population has remained stable over the
duration of the study (2016 2018) and was estimated to occur at a density of 1.53

individuals/100 krA.
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A lion density of 1.53 individuals/100 knin Selati falls at the low end dfi¢ density range
for lions in southern Africa. In Welgevonden Private Game Reserve (Limpopo) lions were
estimated to occur at 4.55 individuals/100%kmhereas in Pilansberg National Park (North
West) and Karongwe Game Reserve (Limpopo) lion densitiesegéreated at 7.89 ai®i86
individuals/100 kmrespectively(Miller & Funston, 2014) In the Greater Makalali Private
Game Reserve (Limpopo) lion densities are even higher at 9.36 individuals/1(diker &

Funston, 2014)

Within the Limpopo Province of South Africa, the leopard siign of Selati (3.28
individuals/100 k) is comparable to the 3.9 leopards/10¢ kim Atherstone Nature Reserve
(Mannet al, 2018) On commercial game and livestock farms, however, leopard densities are
slightly higher at 6.59 individuals/100 Kg8wanepoel, Somers & Dalerum, 201B)e highest
density ever recorded fordpard is from the Soutpansberg Mountains at 10.7 individuals/100
km? (Chase @y, Kent & Hill, 2013) The only other large carnivores present on the
Soutpansberg Mountains were unknown densities of brown hyBaranyaena brunnegand
spotted hyaengChase Gregt al, 2013) These results lead me to suspect that the presence of
competing sympatric carnivores could be negatively affecting leopard populatitins
protected areas, which | will explore in the next two chapters. Anthropogenic mortality (e.qg.
illegal killing for their skin, retaliatory Killing by farmers, road kill) has, however, been
associated with the nationwide decline of leopard populatio®outh Africa(Mann et al,

2018)

In the Kruger National Park (Limpopo Province) spotted hyaena densities are estimated to be
the highest in South Africa, falling between 2 and 20 individuals/100(Homnicutt et al,
2016) In Phinda Private Game Reserve (KwaZhilatal), the spotted hyaena population
continuously increased from 2007 to 2014, where their density was estimated at 8.8
individuals/100 krdin 2014. In Mkhuzu Game Reserve (KwaziNatal), hovever, the
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spotted hyaena population declined from 12.1 individuals/10G &km?2008 to 7.2
individuals/100 krmin 2015(Hunnicuttet al, 2016) In Selati, the spotted hyaena population
has been stable for the past three years (ZIB) and estimated at 12.52 individuals/100

km?, which is currently one of the highest recorded for South Africa.

Civet in Selati were estimated at 5.26 individuals/108, kvhich is similar to the estimate of
6.42 individuals/100 kron Welgevonden Private Game Reserve that also had lions present
(Swanepoelet al, 2016) Interestingly, civet density from a protected area without lions
(Lapalala Wilderness, Limpopo) was much higher at 14.11 individuals/10(Swanepoeét
al., 2016) which potentially supports my prediction that larger semes are supressing the
abundance of smaller, less dominant carnivores in Selati. Other areas in Limpopo also had
similar estimates of civet populations such as 10.1 individuals/18hKvtogalakwena Game
Reserve and 14.18 individuals/100 %at Moyo Caservation Project reservBwanepoeét

al., 2016)

These estimates for carnivores rely on individual identification of animals, for which camera
trapping is limited to species with individual markin@sg. coat patterngollmann, 2018)
Newly developed spatial count (SC) models have tried to overcome this limitatiaginigy u
spatial correlation on counts across camera trap detectors to estimate the density of species
with unmarked individual¢Chandler& Royle, 2013) SC models allowed me to estimate the
densities of blaclbacked jackals (between 6.46 and 26.10 individuals/10f) &nul side

striped jackals (between 5.81 and 14.31 individuals/10f) km

Black-backed jackal estimates for South Africa verlom 34 40 individuals/100 krhin the
Drakensburg Mountains (KwaZuNatal) to as low as 2 individuals/100 kon game farms
in the Free State and Northern Cape where they are actively mafkdgezlet al, 2010;

Minnie et al, 2016) On Benfontein Game Reserve (Northern Cape), where large carnivores
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were extirpated prior to 1990, the blaohckedjackal density was estimated to be 32.5
individuals/100km? (Kamleret al, 2012) which is higher than in Selati where large carnivores
are presemn This is not unexpected, as population densities of subordinate carnivores are often
negatively related to the density of sympatric large carnivores (particularly lions) because of
both exploitative and interference ingaild competition(du Preez, 2014)supporting my

prediction.

My study provides the first density estimate for sitigped jackal in South Africa. The only
previous density estimates for this species are from commercial farmlands in western
Zimbabwe andNiokolo-Koba National Park in Seneg@amacheet al, 2016) Estimates from
Zimbabwe ranged from 50 to 80 individuals/100%kmhereas sidstriped jackals were much
lower in Senegal at 7 individuals/100 kgCamachoet al, 2016) Although, both jackal
species are present throughout much ofSabaran Africa, in the arid regions of South Africa,
the sidestriped jackal is replaced by the blas#cked jackal and in North Africa sidtriped
jackals are replaced by the African golden w@lafis anthus lupaste€amacheet al, 2016;

Minnie et al, 2016) Sidestriped jackals, however, seem to be expanding their range in South
Africa andare known to occur in the Lowveld (e.g. Selati) where blzatked jackal numbers
appear to be suppressghmacheet al, 2016) My SC results support these observations, as
blackbacked jackl numbers in Selati were lower than elsewhere in South Africa.
Additionally, while sidestriped jackal density estimates for Selati are lower than those for
Zimbabwe, where the species is not being replaced by-bkadked jackals, they are similar

to the estimates in Senegal, where the species is being replaced by African golden wolf

(Camacheet al, 2016)

As with the large carnivore species, the blaelkcked and sidstriped jackal populations of
Selati may be influenced by the density and composition of both carnivore and prey
communities on reservé€amachcet al, 2016) For example, although large apex caones
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may facilitate scavenging opportunities for the two jackal species (increased local densities),
they may also increase the risk of predation and interspecific competition (decreased local
densities;Brassine & Parker, 2012) will assess both of these ecological scenarios in the

following two chapters.

SC cknsity estimates are sensitive to sampling design and detection data density and can be
inaccuratg(Chandler & Royle, 2013; Burgat al, 2018a) Verification of my SC estimates
are in line withBurgaret al. (2018)in that when detection data are small, density estimates
may be biased negatively (low). The complete opposite occurred for spydiEtbh as despite
having the most detections, the SC models produced biased low density estimates. Although
spotted hyaenas are flexible hunters that can cooperatively take down large prey items (e.g.
buffalo (Syncerus caffer caffgror steal carcasse®fm other carnivores, they spend up to 75%
of their time foraging alone for small prey itefiolekampet al, 1997) Analysing the spotte
hyaena photographsapturedsupports this statement as the majority of the photographs were
of lone individuals. However, spotted hyaenas are a social species, which means that a single
camera trap would have captured a larger number of individuals over the survey periods,
compared to the solitary leopard, civet or bihelcked jackal that live as monogamously mated

pairs.

There is no doubt that SC models require refiner(umtgaret al, 2018a) potentially with
respect to animal litdistory as identified in my verification analyses, but the other techniques
| used (e.g. ungulate transect survey and aerial total counts) were not preloese @amera
traps can operate continuously for multiple years with little effort, whereas other techniques
are timeconsuming and expensive. Camera traps along with SECR and SC models provide the
potential to monitor multiple species over time and spaé@iatosts(Burgaret al, 2018b)
SC models have the power to provide insight into the population numbers of understudied and
norrindividually identifiable species, such as the sstlgped jackal.
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Realistically, the lack of monitoring often reflects a lack of corestéyu effort(Baueret al,
2015) | demonstrate that systematic, nebaited camera trap survegnductedver time (i.e.
several seasons) is an effective method to monitor populations of multiple medium to large
sized terrestrial mammals. Wildlife populations may fluctuate for various reasons and so need
to be monitored frequently, as understanding the threatarnivores at the species level is

vital to the development of effective conservation strategies.
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SPATIAL UTILISATION

A male leopard captured on a camera trap allogrooming
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INTRODUCTION

Scientists and reserve managers are tasked with the challenge of monitoring biodiversity and
ecosystem integrityManley et al, 2004) It is impossible to monitor all species within a
reserve, or to develop appropriate management and conservation objbegtifecusing on
only one species at a tin{Eranklin, 1993) In an era of tightening budgets, managers and
reseachers typically compromise by carefully selecting a small set of individual species to
monitor that arguably represent the integrity of the entire ecosySiemberloff, 1998; Manley

et al, 2004)

Southern Africa is a biodiversity hotspot, vene the mammalian carnivore guild is an
important group of animals for econonddven operations (e.g. ecotourism and trophy
hunting) and for maintaining the structure and function of entire ecosystems (e.g. through
trophic cascades and seed dispetsatjsey, Roulet & Romafiach, 2007; Ow8mith & Mills,

2008) The influence of exploitation and interferencompetition among carnivore guild
members and their prey are vital components of functional terrestrial ecosyBersimet
al., 2008) Thus, conservation of the carnivore guild is arguably more important than the

conservation of other individual speci@8oodroffe & Ginsberg, 2005)

Despite decades of conservation effortgno/ores across the globe continue to suffer from
population declines, which are exacerbated by anieeezasing human populatigRippleet
al., 2014) Innate biological traits (e.g. specialised niche requirements) of terrestrial carnivores
put them at Igh risk of extinction(Sillero-Zubiri & Laurenson, 2001)Monitoring carnivores,
particularly large (> @ kg) carnivores is notoriously difficult because of their predominantly
nocturnal habits, secretive behaviour, low densities and extensive spatial requi{&alemts
Slotow & Hunter, 2010)Camera traps have become an inénegy important tool to collect
data important for conservation purposes and have improved our ability to study the temporal

and spatial patterns of rare carnivo(egnam et al, 2013) Camera traps are namvasive,
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affordable and can be deployed over vast areas to collect continuous detecto@igudion

data on multiple speciggRkovero & Zimmermann, 2016)ime stamps of captured animal
photographs can provide accounts of activity pateamenable to investigating ecological
processes such as whether potentially competing carnivores temporally overlap or avoid one

another(Karanth & Sunquist, 1995; Lynast al, 2013)

Carnivores are morphologically and behaviourally adapted to kill, which strengthens the
effects of interspecific competition in this gui(@alomares & Caro, 1999)nterference
competition (i.e. aggressive interactions for shared resources) can lead-guilttaredation
(often the killed competitor is not consumed) or to temporal/a spatial partitioning
(Schuetteet al, 2013) In addition, factors affecting carnivore survival andeggstence are
often interrelated, making multifaceted research approaches vital to collect data that enable

conservatiorfWinterbachet al, 2013)

Various fields of ecology use occupancy, or the probability of a species occupying a specific
area, as a parameter to address ecological hypotheses concerning digadieitions(e.g.
Monadjem, 1997and habitat associations (eRpveroet al, 2013) Occupancy models were
originally designed for sedentary animals and are based on the assumption of population
closure (i.e. no immigration or emigratipduring the sampling perio@iller, Dugelby &
Foreman, 2001; Bettst al, 2008; Bled, Nichols & Altwegg, 2013PDynamic occupancy
models, however, have been developed for mobile specasdnint for imperfect detections
and population dynamics, such as colonisation and local extingdanKenzie & Royle,

2005; Bledet al, 2013; Rovero & Zimmermann, 201@hese dynamic models do not require
species to be individually identifiable of species and can providabiaunformation on the
influence of environmental and other variables on species distributions, through the

examination of detection/nettetection datéMacKenzie & Royle, 2005; Bleet al, 2013)
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Space use of sympatric carnivores can be influenced by botie biod abiotic factors
(Rameshet al, 2012) For example, the fksof predation or interference competition can
significantly alter the spatial distribution of a carniv@F®rtin et al, 2005) In many cases,
parameters associated with ingraild relationships (i.e. biotic factors) have a greater influence
on carnivore occupancy than émmnmental factors (i.e. abiotic factoiSchuetteet al, 2013;
Wanget al, 2018) The occupancy of a species can vary over time and gpac&land,
Anderson & Laake, 1993yhich is why reliable occupancy estimates require data replicated

both spatially and temporalfvlacKenzie & Royle, 2005; Bailegt al, 2007)

Carnivores evolved and adapted to the interactions with guild members within large,
heterogeneous ecosystems where they roamed f@edgl, Spong & Creel, 2001)n South
Africa, there are very few free ranging carnivores as populations are restricted to predominantly
small, isolated, enclosed reserfemywardet al, 2007a, 2007b; Rostt@Garcia, Kamler &
Hunter, 2015) Although predateproof fences effectivelyeduce humaildlife conflict in
South Africa, they also influence the utilisation of space and resources within communities
(Packeret al, 2013) Within confined small, eslosed systems intiguild competition between
wide-ranging large carnivores could be particularly intense as these species share similar
resources and spatial requiremgiftalomares & Caro, 199%abitat selection of carnivores
is central to their ecology and may facilitate @astence within the guil@Pettorelliet al,
2010) Thus, analysing the spatial distributions of carnivores within reseamsprovide
valuable insights into key resource requireménisdseyet al, 2011) Enclosed reserves need
careful assessment in this regard, to investigate whether managers are providing adequate

resources to allow the eaxistence of multiple carnivorésarkeret al, 2008)

Global Positioning Satellite (GPS) collars are one of the most important tools available to
study carnivore ecology. These devices provide relocatitan that can be used to answer
guestions about space use (i.e. home ranges), interspecific relationships and behaviours that are
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otherwise difficult to obtair{Karanth, Funston & Sanderson, 201Dgspite their high cost,
GPS collars are also particularly important for collecting reliable dataelusive large

carnivoregKaranthet al,, 2010)

The magrity of studies examining intrguild competition focus on the interactions between
pairs of species and ignore interactions occurring among subordinate car(Masraket al,
2013) My research objectives were therefore to use camera trap surveys andialdBiRE
collared carnivores (e.g. lionBd&nthera le, leopardsRanthera pardusand spotted hyaenas
(Crocuta crocutd) to determine and compare activity patterns, habitat selection and occupancy
dynamics of multiple carnivores in a small, enclosed ves@elati Game Reserve). | predicted
that large carnivores (i.e. biotic factors) would have the greatest influence on the occupancy
dynamics of the smaller, subordinate carnivores. | also predicted that éma0 kg) and
mediumsized (1020 kg) carnivoes would select habitats and have activity patterns that
overlap the least with larger carnivores. Within the large carnivore guild, | predicted that lions
(being the largest members of the guild) would be the dominant species and negatively
influence thespace use, habitat selection and activity patterns of both spotted hyaenas and

leopards.

METHODS

The methodology for each sampling technigud the details of the study site described in

detail inChapter 2.
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Data analyses

Camera trap survey
Multi-season occupancy models

| used he singlespecies, multseason dynamic occupancy modeMafcKenzieet al.(2003)
to analyse probability of occurrencetrends in medium (blackbacked jackal(Canis
mesomelgs sidestriped jackal(Canis adustus honey badgefMellivora capensis and
African civet (Civettictis civetta here after cive})and largesized (lion, leopard and spotted
hyaena) carnivores. Dynamic occupancy models provide estimates of initial oocupdny ) ,
site col oloceleatianti{oh, (U) rat e setween.pmary c hang
sampling periods) and detection probabi(ity) the probability that a species will bletected
if it is truly presentMacKenzieet al, 2003; Schuettet al, 2013) Covariatege.g. abiotic and
biotic) were includedn my occupancy models to prevdidsed estimatesnd identifyfactors
that most strongly affectethe spatialpatternsand occupancydynamics of each species

(MacKenzieet al, 2003; Blecet al, 2013; Schuettet al, 2013)

| defined five abiotic site covariates (vegetatiaype elevation(m), slope(’), road and
distance tavater(m)) and bur (one abiotic and three biotikpy categoriesf surveyspecific
site covariates (rainfa{lnm), human activitRAI), sympatric carnivoreelative abundance
(RAI) and prey relative abundarscéRAI); Table 4.). Vegetation type, levation, slopeand
distance to closest water source were assigned to each camera trap site using topographical
maps ofSelatiin ArcGIS (version 10.5.1ESRI, Redlands, California, USAA riverine
vegetation type was added to the vegetation map of Selati (see Chaptér@peesents lush
strips of vegetation along rivers or drainage lines that contrast with the neighbouring savanna
landscapé€Fig.4.1;Monadjem & Resid, 2008) | accounted for the placement of camera traps

along road using the categorical varialfiges or no) Relative carnivore abundangg¥Al) at
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each camera trap site for each seasonal survey were individually determinkdgéor
carnivores ljons, leoparg and spotted hyaesn | allocated relative abundances of the
remaining carnivore species as either mediomsmaltsized carnivoresccording to their

body mass (see Chapter B)lso allocated gy specis relative abundancéRAl) to each

camea trap site during each seasonal survey according to body mass as either small, medium
or large(Kriger, Lawes & Maddock, 1999Pue to the large range of values Enets dl
continuous survegpecific site covariate values were scaledo standardized -gcores
(Harihar & Pandav, 2012; Bruggemanal, 2016) Variance inflation factors (VIFNeteret

al., 1996)were calculated to quantify multicollinearity among site covariated excluded

those with a VIF > 3Wanget al, 2018)

Legend

D Selati Game Reserve

s Mulati River

e Selati River
Phalaborwa-Timbavati Mopaneveld
Gravelotte Rocky Bushveld
Granite Lowveld

- Riverine

0 1 2 4
- s s Kilometers

Figure 4.1: Distribution of the three main vegetation types found in Selati GaaseriRe

including riverine vegetation.
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Table 4.1 Definitions of site and survegpecific site covariates used in modelling factors related to

the occupancy dynamics of carnivores in Selati Game Reserve.

Covariate level Name Description Source
site covarate vegetation  Categorical, 3 lan@over classesGranite
(Granite Lowveld), Mopaneveld Extracted from
(Phalaborwalimbavati Mopaneveld), topographical maps of
Bushveld (Gravelotte Rocky Bushveld) Selati Game Reserve
and Riverine (Refer to Chapter 2)
dlope Numeric, angle of the slope in degrees
elevation Numeric, meters above sea level

Camera trap data

road Categorical variable denoting if the (Refer to Chapter 3)

camera trap site v
or 6nood)
water Numeric, distance imeters to the neare: Extracted from
water source topographical maps of
Selati Game Reserve
(Refer to Chapter 2)

surveyspecific  rainfall Numeric, rainfall (mm) recorded for the "
site covariate area of the camera trap site

lion Numeric,relative abundance (RAI) of
lion

leopard Numeric,relative abundance (RAI) of
leopard

hyaena Numeric,relative abundance (RAHf
spotted hyaena

mpred Numeric,relative abundance (RAI) of
medium carnivore

spred Numeric,relative abundance (RAI) of
small carnivore

Iprey Numeric,relative abundance (RAYHf - Camera traglata
large prey species (Referto Chapter 3)

mprey Numeric,relative abundance (RAYHf
medium prey species

sprey Numeric,relative abundance (RAYHf
small prey species

human Numeric,relative abundance (RAHf
humanactivity

mpredno_ Numeric,relative abundance (RAHf
medium carnivores without tirelative
abundancef the model species

spredno_ Numeric,relative abundance (RAYHf
smallcarnivores withoutherelative

abundancef the model species -
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Unigue detection histories consisting of 1s (detection) and Osdetection) were created
for carnivores with sufficient recaptures for each seasonal survey (dry 2016, wet 2017, dry
2017, wet 2018). Thenique detection histories reflected the presence or absence of each
carnivore at each camera trap site on each occasian{ i mu m v a24 treeriodlféor p er
each survey (Appendix 4.1a). Original unique detection history datasets (n occasions = 61) for
each carnivore and seasonal survey were collapsed into data subsets by merging the occasions
into intervals of between five to 10 day sampling occasions (Appendix 4.1b). This was deemed
appropriate as it reduced e acds forccampuatationalr e 6 s
purposes and accurately represented the rarity of the study gfigbielslcShea & Guralnick,
2012; Sollmann, 2038 A global occupancy model (most complex) that included all
ecologically relevant covariates was applied to the subsets of data for each carnivore and tested
for goodnes®f-fit (MacKenzie & Bailey, 2004)The subset data for each carnivore that had

the closest over dispersion statisti} {0 1 (extreme values over (> 3) or under 1 (< 0.90)

2
indicate poor fit of the data) and an insignificant-shuare probabilityc p > 0.05, was
chosen for further occupancy analygbkzerolle, 2017) This showed maximum model fit
without over compressing the statistigeower of the dataBurnham & Anderson, 2004;

MacKenzie & Bailey, 2004)

Foreactcarnivore onl y combinations of covariates th
9, p) &hd that presented@ogically reasonable hypothaseere included@McDonaldet al,
2016) With such a large number of covariates, the set of candidatdsiibdel might have
examined wa vast(Schuetteet al, 2013) Therefore| useda stepwise mcedurefollowing

Dugger, Anthony & Andrews(2011) whereby the first step was to model detection
probabilities by investigating addiBvcombinations of both site arslirveyspecific site
covariates while treating the other three parameters as constant (i.e. interceptretaiy)ed

thebest detection probability model for eawdrnivoreto use insubsequent analyses of factors
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affectin gy , . Dhe secodd stép was to compare a set of nine models that combined site
covariates that | hypothesized might affect initial occupangyand 11 survegpecific
covariates | hypothesized could influence site colonisatipar(d extinction{). This resulted

in ana priori set of a maximum 99 models (9 combinations of variables potentially influencing
y X 11 variables potentially influencirgand Q) for each carnivore. Although this model set
was not exhaustive, it was appropriate to evaltiaeinfluence of various combinations of
biotic and abiotic variables based on my hypothgSetuetteet al, 2013) The package

0 u n ma K(Fisle d&6Chandler 2011) was used to fit modeland to estimate covariate

coefficients for each parameiarR (version 3.5.1, R Development Core Team, 2017)

For model selection, the oveispersion statistid] estimated from the global model for each
carnivore was used to compute gdéslihood information criteria (QAICc: for small sample
sizes) by scaling the lelikelihood of each model, for each carnivore, by its corresporiding
value(Mazerolle, 2017)In the case of miterate underdispersion (il@> 0.90), the value df
was set to 1 when calculating QAIQdazerolle, 2017) The R package O0AIl Cc

used for all model selection computatigMazerolle, 2017)

The bestapproximating models for each carnivore were selected using the loW@tCc
scores (< 2) and highest QAI@eights (v > 0.10;Burnham & Anderson, 2004) compared
the influence of abiotic anliotic variables on occupangyy, dhanges in occupanéy, ) and
detection probabilityp). | summed QAICc weights for athodels containing abiotic and biotic
variables withw > 0.10 and QAICc < 2 for the thrdmdy size classesafge, medium and
smal)). | drew conclusions about strength of evidence of relationships between covariates and
par ame,b @p msed gn 95% confidence intervals (Cls) of coefficients anditaction
of relationships. Iconsidered 95% ClIs not containing zero, to inicstrong evidence of

relationships, 95% Cls that contained zero, but not centred on zero to indicate medium strength
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and Qs containing zero to indicate weadvidence of relationships (i.e. uninformative

covariatesArnold, 2010)

Spatial partitioning byegetatiortype

To assess potential differences in tlecupancies of carnivores in various vegetation types
(i.e. spatial partitioning), | estimated carnivore occupancies across the four vegetation types.
To allow for the direct comparison of effects across the carnivore species, | applied the same
broad modkto all carnivores. The model included vegetation type (with the four categories)
as the only independent variable for initial occupanqylfcal colonisationd) and extinction
(O Schuetteet al, 2013) For detection proability (p) , each carnivoreos
detection probability covariates were used in an effort to reduce the likelihood that the
observation process masked the ecological process of interest (response to vegetation type;

Schuetteet al, 2013)

Temporal partitioning

To analysedifferences in activity patterns of large, medium and small sized carnivores, |
assigned independent capture events for eantivorespecies to each hour of the day (00:00
T 23:00).1 defined ativity as nocturnal (mostly active between 18@&00), diurnal (mostly
active between 06:008:00), crepuscular (mostly activduring twilight (04:0607:00 and
17:00-20:00 (valid for both wet and dry season in Limpopo Provihcand cathemeral
(irregular activity throughout the day and nightynam et al, 2013) To quantify overlap
betweenthe activity patterns of all carnivores,usedstatistical methodologyleveloped by
Ridout & Linkie (2009) For this, eaclearnivoresactiity pattern was first estimated separately

using kernel density estimatedich fits a smooth, circular curve to the times recorded from
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species capture events where peaks in the curve resemble peaks in animalRixtivitly &
Linkie, 2009) In a second step calculated a measure of overlap between two focal carnivore
distributions followingRidout & Linkie (2009)who recommend theoefficient of overlapr 1,

for small sample size® = < 75) and which is defined as the area under both density curves.
The coefficient of overlap varies from 0, indicating overlap to 1, indicating conplete

overlap | undertak these malysesusing he package 6overl apd in R.

Collared large carnivores

Home range and core area estimates

| calculatechome ranggusing relocation data (@5 locations) collected frooollared large
carnivoreg(see Chapter 2) downloaded eachagsiw or e 6s r el oc afromahe dat a
African Wildlife Tracking AWT, Rietondale, Pretoria, South Africa) compubased

application.

An ani mal 6s home range and core area, which
using an accumulation of 95%nd 50% of their GPS fixes respectivéliiyhite & Garrott,
1990) The kernel utilisation distribution (UD) technique has received considerable attention
since its introduction in 198@Vorton, 1989) This home range estimator has been integrated
into many computer and statistical packa@g&®rton, 1989, 1995; Seaman & Powell, 1996;
Laver & Kelly, 2008)K e r n e | UDO6 s dersity espimatobsadocaldulateé how much
time an animal spends in any one place. This method involves assigning a kernel (a bivariate
probability density) over each GPS locatioraisample and then superimposirrg@angular
grid over all kernels. A desity estimator is produced for each grid intersection. A kernel
density estimator is then calculated across the entire grid by using density estimates from each

intersection(Seaman & Powell, 19960bservations that are close to the GPS location of
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interest will contribute more to the density estimation than locations that are further away.
Therefore, areas with higher concentrations of GPS locations will have higher density
estimates, and vice ver6€@eaman & Powell, 1996 ontour lines or isopleths connecting areas

of equal density allow for home range estimates to be made. | calculated drayas (95%

UD) and core areas (50% UD) for each coll ar €

in R.

Home range overlap

At a coarse spatial scale (i.e. the entire study site), | determined the extent of overlap in home
ranges and core areas betweelared large carnivores using the volume of intersection (VI)
index (Fieberg & Kochanny, 2@ Vanaket al, 2013) The simplest statistical methods for
guantifying home range overlap only incorporate the spatial area of individual home ranges
and ignore relative probability of use (i.e. UBeberg & Kochanny, 2005Yhe VI index uses
UD estimates of two species and ranges from zero (two home ranges with no overlap) to one

(two home ranges with the same UEleberg & Kochanny, 2005)

Habitat use

My assessmerntdf spatial partitioning amongst collared large carnivores was limited to two
datasets because of the timing of collar deployment. | used data collected b&&veen
September an?é November 2016 and betwe&f July and 20 November 20iwhen location
data oerlapped for at least one individual from each species (i.e. lion, leopard and spotted
hyaena). To test whether large carnivores as a group selected specific vegetation types, | carried
out a compositional anal ysi s assessedthe ptopodionp a ¢ k a

of vegetation type selected for by all three large carnivores in comparison to the proportion of
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each vegetation type available within the r
investigate whether large carnivores used tregetation types in accordance to their

availability in the study sitéKrebs, 1989)

RESULTS

Camera trap survey

Multi-season occupancy models

Wit hout <collapsing the capture data, 752 uni
occasion) were recorded from 15 carnivore species across the four camera trap(3adiey
4.2). The total number of unique detections for each carnivore ranged frondwad (
mongooseHlelogale parvulaandMe | | er 6 s RimoahagaleontelE))itd 216 (spotted
hyaena; Table 4.2). Models for species with < 28 unique detectionstdidmverge (i.e. data
indicated lack of fit) and were thus excluded from occupancy analyses. Although the number
of unigue detections for civet was relatively high (n = 110; Table 4.2), there was a lack of fit

in the data (Appendix 4.2) and these were alscluded from my occupancy analyses.
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Table 42 Tot al number of uni que detections ( maxi
from each species be#8t global occupancy model. Data came from all four seasonal camera

trap surveys irbelati Game Reerve.

Carnivore species Body size # unigue detections
African wildcat elis silvestris lybic Small 30
Dwarf mongooseHelogale parvula Small 1
Mel | er 6 s Rhmoahagaleoneleyi ( Small 1
Serval (eptailurus serval Small 8
Smallspotted geet (Genetta genet)a Small 21
Largespotted genetFenetta tigrind Small 4
African civet Civettictis civettq Medium 110
Black-backed jackal@anis mesomelds Medium 134
Caracal Caracal caraca) Medium 9
Honey badgerMellivora capensiy Medium 28
Sidestriped jackal Canis adustug Medium 80
Cheetah Acinonyx jubatus Large 2
Leopard Panthera pardu Large 71
Lion (Panthera legy* Large 36
Spotted hyaenaifocuta crocutg* Large 216

* Indicates species analysed with occupancy models

Thenumber of variables influencing patterns of occupancy in-stgdported models (QAICc
<2;w > 0.10) ranged from five to 11 (Table 4.3). Leopard occupancy was influenced by 11
variables, sidestriped jackal by eight, three species by seven variables flaok-backed

jackal and honey badger), African wildcat $§ix and spotted hyaena by figEable 4.3).

Summing model weights across all carnivores, it was evident that unique combinations of
abiotic factors influenced occupancies (Table 4.3). Presen@dra traps along a road had
the strongest influence on occupancy for large carnivémes(1.03), whereas distance to the
closest water source was strongest for meeiimad carnivoresév = 1.67; Table 4.3).
Occupancies of African wildcats (the only dh@arnivore with sufficient data for occupancy

modelling) were negatively influenced by the steepness of slope (Table 4.3).

Detection probabilities for mediwsized carnivores and African wildcats were mainly

influenced by biotic factors, particularlydlpresence of large carnivores (Table 4.3). Lions
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were associated with decreased detection probabilities of-blated jackals and African

wildcats, whereas leopards had increased detection probabilities of these smaller carnivores.
Lions increased detgon probabilities of sidestriped jackals and leopards decreased detection
probabilities of honey badgers (Table 4.3). Spotted hyaenas only negatively influenced the
detection probabilities of bladbacked jackals and African wildcats (Table 4.3). By
comparison, large carnivore detection probabilities were strongly associated with abiotic
factors rather than biotic ones (Table 4.3). Presence of camera traps along a road was strongly
associated with all three spe3Liensweretheanlp abi | i

species whose detection probability was not associated with any biotic variables (Table 4.3).

Biotic factors had the strongest influences on the spatial patterns (colonisation or extinction)
of all carnivores (Table 4.3). Seasoohanges in mediursized prey (and largsized prey for
lion) triggered medium to weak changes in space use patterns e$iaedecarnivores (Table
4.3). Within the large carnivore guild, spatial patterns of leopards were influenced by spotted
hyaenas, ahto a lesser extent lions (Table 4.3). Spatial patterns of mesized carnivores
and African wildcats were influenced the most by seasonal changes in the presence of lions

(Table 4.3).
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Table 4.3 QAICc weights () for abiotic and biotic variables fevell-supported modelsM> 0.10, QAIC < 2; Appendix 4.3) for each carnivore
species. The direction of the relationship for variables from the best fit models are indicated in parentheses.

Large carnivore Medium carnivore Small carnivore
Par. type covariate lion hyaena leopard  EWcov  EWiype Ssj bbj badger  &Weov  EWiype wildcat  &wiype
Y Abiotic road 0.78 0.25 1.03 1.94 0.20° 0.2 2.28 0.69
elevation 0.3Q-)2 0.15 0.45 0.28 0.13 0.41
slope 0.18 0.28 0.46 0 0.69¢)2
water 0 0.60¢)* 0.88¢)2 0.19 1.67
2, Abiotic  rainfall 0.15 0.15 0.15 0 0 0
0
Biotic lion 0.14 0.14 1.96 0.28 0.885 42 1.16 2.13 0.69 0.69
leopard 0 0.17 0.17
hyaena 0.28% ) )%+ 0.28 0
mprednobadger 0 0.20° 0.20
Iprey 0.30° 0.30 0
mprey 0.13  0.780(a+ 0.15 1.06 0.600 (*+ 0.60
human 0.18 0.18 0
p Abiotic  water 0 2.44 0.6Q(+)* 0.60 3.16 0.69
rainfall 0 0.60(+)*  0.88()* 1.48
road 0.30 0.78 0.28 1.36 0.88* 0.20¢ 1.08 0.69*
vegetation 0.789+)* 0.78 0
slope 0.3Q+)* 0.2 0
Biotic  human 0 1.62 0.60(+)* 0.60 4.04 2.07
lion 0.28 0.28 0.60(+)*  0.88()* 1.48 0.69¢)*
leopard 0.78+)* 0.78 0.88(+)*  0.20q-)* 1.08 0.69(+)*
hyaena 0.2g+)* 0.28 0.88()* 0.88 0.69¢)?
Iprey 0.28+)? 0.28 0

Species abbreviations: lion (Adan lion), hyaena (spotted hyaena), ssj ¢sitliped jackal)bbj (blackbacked jackal), badger (honey badger).

Covariatesfor definitions refer to Table 4.1

EWcovis the sum of the model weights for the walipported models containing each covaréass the largeand mediurs i z e d ¢ a r n iwypdsrthe susnpfahe eights for &
models with covariates classified as abiotic or biotic variables for each parameter across-+thadamgdiurvsized carnivores.

*Indicates a strong effect (Ckmates do not overlap.0)

aindicates a medium effect (Cl estimates overlap 0, but are not cent@&d

bindicates a weak effect (Cl estimates overlap 0 and centred on 0).
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Spatial partitioning by vegetation type

Broadvegetation type occupanayodek (vegetation type set as the only varatn describe
e f f e c bandUgraveafed minimal evidender spatial partioning amongst carnivosén
Selati (Fig.4.2)The steep rocky slopes of the Gravelotte Rocky Bushveld (Bushveld) showed
zero utilization by carnivores, whereas the otherehregetation types were used evenly
(Fig.4.2A). Large carnivores occurred at high rates across all three vegetation types (Fig.4.2
B). Mediumsized carnivores occurred at the highest rates in the moderately dense woodland
areas of the Granite Lowveld (Gra®) and in the undulating plains of PhalabofWienbavati
Mopaneveld (Mopaneveld: Fig.4.2C). The riverine vegetation was utilized the least by
mediumsized carnivores compared with any other carnivore group (Fig.4.2C). African
wildcats, which were the onmall carnivore analysed (Fig.4.2D), occurred at extremely low

rates in the Granite vegetation and at high rates in Mopaneveld and riverine.
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Figure 4.2: Graphs illustrating the measstimated occupancies for each vegetation type,
averaged across alarnivore species (A), laregzed carnivores (B), mediusized carnivores
(C) and the estimated occupancies for African wildcat (sswadd carnivore (D)) in Selati
Game Reserve.

Temporal partitioning

Sufficient data enabled activity pattern analysedfl carnivore species (Fig.4.3). Caracal (n
= 9) and serval (n = 8) had the fewest detections while spotted hyaena (n = 438) and black
backed jackal (n = 212) had the most (Hi@). Based on the limited data, caracal sexyal
were cathemeral and hadtivity peaks throughout the day and night (Big). Genets and
civets werenocturnal, whereabons, spotted hyaenas, leopards, stlieped jackalsplack
backed jackaldioney badger and African wildcat were nocturnal with crepuscular peaks (Fig.

4.3). No carnivore exhibited a diurnal activity pattern (Fdg).
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Of 55 pairs of sympatric focal carnivore species, | found 11 with an extremely high degree of
daily activity overlap (estimated overl ap cc¢
deg ee of overlap (estimated overlap coeffici
patterns overlapped the most with one another, whereas small carnivore activity patterns
overlapped the least with one another (Table 4.4). In fact, small carastority patterns had
the lowest degree of overlap with all other carnivores. Across all pairs of sympatric carnivores,
except for African wildcat and smadpotted genetGenetta genet)a activity patterns
overlapped the least with lions (Table 4.4)rieore species with the highest degree of daily

overlap were spotted hyaenas and leopards (estimated overlap coefficient = 0.90).
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Figure 4.3 Activity density estimates of daily activity patternscafnivores (from large (toeft) to small (bottom right)) in Selati Game Reserve.
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Solid lines represent kerndensity estimates anble short vertical lines above thexis indicate the times of individual photographs.
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Table 4.4 Estimates of activity pattern overlap {) between arnivore species (1 = indicates identical activity) recorded in Selati Game Reserve,

with approximate 95% bootstrap cadince intervals in parentheses.

Large carnivore Medium carnivore Small carnivore
Side- Black- . Small-
Carnivore species Lion Spotted Leopard striped backed Civet Honey Caracal Serval Afr|can spotted
hyaena . . badger wildcat

jackal jackal genet

Lion - 0.81 0.87 0.76 0.8 0.70 0.77 0.52 0.35 0.79 0.80
(0.71,0.89) (0.76, 0.96) (0.64,0.88) (0.68,0.91) (0.58,0.83) (0.62,0.9) (0.29,0.73 (0.17,053 (0.66,0.9) (0.62, 0.9F

Spotted hyaena - 0.90 0.89 0.83 0.81 0.87 0.6 0.45 0.84 0.62
(0.83, 0.95) (0.81,0.95) (0.78,0.88) (0.74,0.87) (0.76,0.96) (0.36, 0.82) (0.27,0.62) (0.75,0.91) (0.49, 0.74)

Leopard - 0.84 0.83 0.77 0.85 0.58 0.40 0.87 0.57
(0.74,0.93) (0.74,0.91) (0.70,0.86) (0.71,0.95) (0.35, 0.80) (0.22,0.57) (0.76,0.95) (0.42,0.72)

Sidestriped jackal - 0.83 0.87 0.88 0.55 0.45 0.84 0.68
(0.75,0.90) (0.79,0.93) (0.75,0.98) (0.31, 0.80) (0.26,0.63) (0.73,0.92) (0.53,0.82)

Black-backed jackal - 0.72 0.89 0.53 0.45 0.79 0.56
(0.60,0.82) (0.77,0.99) (0.30, 0.75) (0.25,0.64) (0.70,0.88) (0.43, 0.69)

Civet - 0.77 0.53 0.41 0.85 0.76
(0.64,0.89) (0.29, 0.79) (0.22,0.59) (0.73,0.94) (0.60, 0.89)

Honey badger - 0.57 0.44 0.85 0.58
(0.34, 0.80) (0.24,0.65) (0.71,0.96) (0.40, 0.76)

Caracal - 0.31 0.57 0.36
(0.06,0.57) (0.33,0.80) (0.11, 0.63)

Serval - 0.38 0.50
(0.20,0.57) (0.29, 0.71)

African wildcat - 0.65
(0.48, 0.81)

Small-spotted genet -
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Home range and core area estimates

Chapter 4

AWT collars had variable success across the three collared large carnivore species. Collars

worked best for lions, with an avg® working duration of 481 days, whereas collars on

leopards worked for an average of 127 days (Table 4.5). Spotted hyaena collars only had an

average working duration of 93 days (Table 4.5). One leopard and spotted hyaena collar both

failed to record GP8xes after deployment (Table 4.5).

Table 4.5 Summary of collareddultlarge carnivores on Selati Game Reserve.

Species Name Sex GSM Date GPS #of  #of Method of
collared data days fixes collaring
until
Lion
Mburri M 1733 09/09/16 05/01/18 484 5361 Free dart
Dela M 2019 29/05/17 03/1048 493 3711 Free dart
Matumi F 2020 29/04/17 04/12A8 585 4172 Free dart
Mfuti F 1734 16/09/16 11/09/17 361 15036 Free dart
average 481
Leopard
LM1 M 1735 16/09/16 26/11/16 72 954 Baited cage
LF1 F 1737 22/09/16 05/06/17 257 3695 Baited cage
LF2 F 2012 08/06/17 04/12/17 180 1130 Baited cage
LF3 F 1739 15/06/17 - 0 0 Baited cage
average 127
Spotted hyaena
SH1 U 1736 16/09/16 06/0547 233 3166 Free dart
SH2 U 1738 02/05/17 14/05/17 13 83 Baited cage
SH3 U 2011 19/07/17 20/11/17 125 214  Transmitter dart
SH4 U 1736 15/07/17 - 0 0 Transmitter dart
average 93

* only collar to record a GPS hourly instead of every three hours
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As expectegdthe largest home ranga®re used by lionsspecially Dela (315.30 Kywho
used a large portion of neighbouring game faffiable 4.6 Fig.4.4 A). Female lions only sed
areas within SelatiHig.4.4 B. The only collared male leopard (LM1) had an axiedy large
home range (187.27 Kin Three months after being collared he mowed of Selati, after
which his collar failed to record GPS fixésig.4.4 C; Table 4) The two female leopards
exhibited remarkably different home ranges with LF2 having ach@mge (75.31 kfh twice
the size of LF1 (31.87 kinFig.4.4 C; Table 4.6). LF2 used game farm areas to the northeast
of Selati whereas LF1 remained within the reserve boundary (Fig.4.4 C). Spotted hyaenas had
the smallest home ranges, with all three atsrhaving similar home range sizes and using

areas only within Selati (Table 4.6; Fig.4.4 D).

Table 4.6 The home range (kn95% UD and core area (kn50% UD) for each collared

adultlarge carnivorén Selati Game Reserve

. . Homerange area Core area
Species Animal 1D Sex (km?) (km?)
Lion Mburri M 196.93 33.41

Dela M 315.30 81.66
Matumi F 132.49 17.22
Mfuti F 105.26 18.96
Leopard LM1 M 184.27 23.20
LF1 F 31.87 10.30
LF2 F 75.31 13.11
Spotted hyaena SH1 U 33.93 7.27
SH2 U 29.28 4.55
SH3 U 35.86 5.66
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Home range overlap

Codllared large carnivore home ranges overlapped little with each other (Table 4.7). Leopards
generally overlapped more with lions than with spotted hyaenas, whereas spotted hyaenas
generally overlapped more with leopards than lions (Table 4.7). Lions hside@ble overlap
among themselves whereas leopards had minimal overlap and spotted hyaenas had nearly no
overlap (Table 4.7). Regarding core areas, collared large carnivores had minor overlap with

each other (Table 4.8).

Table 4.7 Volume of intersectiomdicating overlap (zero = no overlap, 1 = complete overlap)
amongst the home ranges (98%rnel utilisation distribution)of the collaredarge carnivores

in Selati Game Reserve.

Lion Spotted hyaena Leopard
Lion 0.34+£0.16 0.12 £ 0.06 0.24 £ 0.06
Spated hyaena 0.03+£ 0.05 0.12 £ 0.09
Leopard 0.18+0.17

Table 4.8:Volume of intersection indicating overlap (zero = no overlap, 1 = complete overlap)
amongst the core areas (50% Kernel utilisation distribution) of large carnicolfasedin

Selat Game Reserve.

Lion Spotted hyaena Leopard
Lion 0.07 £ 0.07 0.03 £0.02 0.05 +0.03
Spotted hyaena 0.003+ 0.005 0.02 £0.02
Leopard 0.05: 0.05
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Habitat use

Large carnivoresexhibited no significant vegetation type preferences within the reserve
during 2016 (& = 0.17, P = 0.11) or 2017 (& = (
evidence forspatial partitioning amongsarge carnivore species as spotted hyaenas always
avoided areas (Bushld and Granite) preferred bipns and vice versa (§.4.5. Leopards
preferred the dense riverine (Riverine) vegetakemsthan the spotted hyaendsl (Fig.4.5),
but always preferred the rocky slopes of the Gravelotte Rocky Bushveld (Bushveld) more than
lions (Fig4.5). In 2016, lions preferred the modéely dense woodland areas of the Granite

Lowveld (Granite) whereas the leopards avoided it.

.
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Riverine Bushveld Granite Mopaneveld Riverine Bushveld Granite Mopaneveld
Vegetation type Vegetation type

mlion OHyaena OLeopard mLion OHyaena DLeopard

* overlapping large carnivore collar data collected in 2016 (22/09218811/16) for Mburri, Mfuti, LM1, LF1 and SH1
** overlapping large carnivore collar tiacollected in 2017 (19/07/1720/11/17) for all lions, LF2 and SH3

Figure 4.5: Vegetation selection by lions, leopards and spotted hyaenas (hyaena) within Selati
Game Reserve based on Ilvlevds index. Values
available (preferred) and values < O indicate a vegetation type used less than available

(avoidance).
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DISCUSSION

Some of the most complex terrestrial carnivore communities are found in African savannas,
where morphological, behavioural and life histayaptations have minimised the cost of
interspecific competition (especially for subordinate competitors) and promo#xdstence
through resource partitioning@-edrianiet al, 2000; OwerSmith & Mills, 2008) Carrivore
communities in most of South Africads-protec
Saharan Africa, where multiple species (~15)egest (Schuetteet al, 2013) A major
difference, however, is that in South Africa, many protecteshs are fenced, minimising
anthropogenic pressurédaywardet al, 2007a, 2007bbut potenially increasing carnivore

intra-guild competition(Palomares & Caro, 1999; Hayward & Kerley, 2Q08)

In the large (~1000 kf) |, open system of Kenyabs Rift Va
the strongest influences on the occupancy dynamics of medindhlargesized carnivores
(Schuetteet al, 2013) In Selati, human presence had a minimal influence on carnivore
occupancy dynamics. Instead, the presence of large carnivores (particularly lions) strongly
influenced mediunsized carnivores, whereas the presence of gpegies and placement of
cameras along roads were important factors for the large carnivores. Throughout most of
Africads savanna systems, |l ions and spotted
carnivoregPériquet, Fritz & Revilla, 2015 onsequently, these two large carnivores can have
profound effects on smaller carnivores through either exploitative (i.e. indirect negative effects
due to shared resources, usually food) or interferenogpetition (i.e. direct aggression for
resourcesyance, 1984; Périquet al, 2015) Such effects can include behavioural responses,
changes in activity patterns or space and habitat use, declines in population size through
predation or intraspecific killing and in extreme cases local extin(@oeelet al, 2001; Fortin
et al, 2005; Hayward & Kerley, 2008) found some support for interference competition and

changes in spatial distributions within the large carnivore guild of Selati. For example, leopards
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were the only spcies whose occupancy dynamics were negatively influenced by the presence

of the more dominant lions and spotted hyaenas.

Spatial partitioning can promote the-ewistence of sympatric carnivores when the ecological
niche of competitors differs from oneaher(Périquett al, 2015) This is an important aspect
of biological diversity as various biotic and abiotic factors may affect the competitive ability
of different speciefOrians& Wittenberger, 1991)My results show that each carnivore species
had a unique combination of abiotic variables influencing their initial occupancies, which could
support the spatial niche partitioning hypothé€Sishuetteet al,, 2013) Thishypothesis refers
to the process by which natural selection drives competitively inferior carnivores to use space
within the environment differently to escape competition and facilitatexeiencgDurant,
2000; Broekhuist al, 2013) In most systems, however, the situation is multifaceted -as co
existence can concurrently produce varyiogts (e.g. predation) and benefits (e.qg. facilitation)
for speciegPériqueet al, 2015) Although | found support for interference competition, which
is the direct negative effect resulting from aggressiawdsen specieshere was also evidence
against this ecological tegown force. For example, lions and spotted hyaenas negatively
influenced the detection probability of blablcked jackals and African wildcats, but leopards
had a positive effect. In addih, lions positively influenced the detection probability of side
striped jackals. These results contradict the ecological theory of mesopredatorn (&édas&
Prange, 2007; Ritchie & JohnsorQ(®) This theory posits that large carnivores assist in
limiting the populations of mesopredators (i.e. medsined carnivores) through opportunistic
intra-guild predation or through predation risk avoidance whereby mesopredators avoid areas
frequentedby larger carnivore$Gehrt & Prange, 2007; Lloyd, 2007 arnivore intreguild
avoidance could be a variation of thereyipr eda
interactions, where herbivores need to balance demands for resources (i.e. food and space) and

safety(MacArthur & Pianka, 1966; Lima & Dill, 1990 herefore, the risks posed by the lions
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and spotted hyaenas in Selati may have outweighed the benefites$ && resources for some
species such as leopards, blbekcked jackals and African wildcats. Conversely, the benefits
of resources (e.g. increased carrion) for blaakked jackals and African wildcats potentially

overshadowed any risks posed by leopard

Sidestriped jackals occur throughout the moist savanna regions of tropical Africa
(Macdonald, Loveridge & Atkinson, 20Q4but are adaptable in their habitzde and are
expanding their range into the seanid regions of South Africa where blablacked jackal
numbers appear to be suppressed (e.g. SEmtachaet al, 2016) Despite their larger size,
sidestriped jackals are usually displaced by the aggressive behaviours ebhtdad jacka
(Loveridge & Macdonald, 2002)The aggressive traits of blablacked jackals have been
associated with the greater tendency of this species to risk feeding alongside lions and spotted
hyaenagEstes, 1967, 1991\ completely different situation may be occurring in Selati, as my
results suggest that lions and spotted hyaenas are negatively influencinbdukel jackals
but lions appear to be positively influencing sglgped jackals. Perhaps in the small, enclosed
system of Selati, the risk of interference competition from blatked jackals is greater than
that of lions for sidestriped jackalsHowever, hformation on sidestriped jackals in South
Africa is extremelyimited and my study highlights the need for future research to focus on
this species, especially its relationship with other sympatric carnivores. While my results
partially support my hypothesis that large carnivores have the greatest influence orlére sma
less dominant carnivores, they also reveal that such a generalization does not necessarily hold
for all of the species considered. | believe that the complexity of carnt@oné/ore

relationships in African savannas is likely one of the main dgsigésuch variability.

Few published studies, most of which were conducted in open savanna systems, have
evaluated the spatiemporal use of habitat (vegetation) amongst carniv@es Périget et
al., 2015) This is an important mechanism proposed feexistence(Périquetet al, 2015)
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and is necessary for understanding how carnivores can be maintained within small, enclosed
reserves. Temporalighe partitioning is an advantageous evolutionary strategy adopted by
subordinate carnivores to avoid the potentially negative influences of dominant competitors
(Fedrianiet al, 2000; Hayward & Slotow, 2009All carnivores analysed in Selati were
nocturnal to at least some extent. Activity patterns of the smaller carnivores overlapped the
least with all carnivores but garlarly with those of the lions, supporting my prediction that
temporal partitioning promotes -@xistence gensuRidout & Linkie, 2009;Schuetteet al,

2013) The extensive activity overlap between large carnivore guild members, however, does
not promote temporal partitioning and-egistence. Carnivore activity patterns are not only
influenced by the restrictions imposed by competitbots can also be influenced by
environmental conditions such as temperafittayward & Slotow, 2009; Schuettt al,

2013) In extreme environments, such as the sama ecosystem of Selati, carnivores likely
adopt nocturnal habits to escape the intense haa®C+ see Chaet 2 during the dayPenido

et al, 2017) Spatial avoidance and the use offaent areas by competitively inferior
carnivores in Selati could also be promotingesistencg(Périquetet al, 2015) particularly

for the large carnivore guild, and thlsbould be the focus of future resga

Occupancies of carnivores in relation to the vegetation types of Selati showed minimal
evidence of spatial partitioning, whereas the selection of vegetation by the collared large
carnivores showed stronger evidence of spatial partitioning. For exaspmtted hyaenas
always avoided areas preferred by lions. Leopards, however, showed minimal evidence of
avoiding habitats preferred by lions and spotted hyaenas and used a wide range of habitats.
Leopards are described as being catholic in their usalofat and to have highly adaptable
hunting and feeding behavioufldaywardet al, 2006) Leopards are, however, considered
competitively subordinate to lions and spotted hyaéRatomares & Caro, 199@hd often

avoid areas of increased presence of competing carnivores, which present a potential threat to
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them or their kills(Balme, Hunter & Slotow, 2007; Wppleset al, 2011) In Phinda Private

Game Reserve, which is also a small, enclosed reserve in South Africa, leopards lost more kills
to spotted hyaenas than lions even though both dominant carnivores occurred at relatively low
densitiegBalmeet al., 2007) In Selati, when leopards and lions preferred the same vegetation
type, the preference of leopards was always stronger, whereas with spotted hyaenas the
preference of leopards was always weaker. Additionally, leopard home ranges and sore area
overlapped the least with spotted hyaenas compared to lions. These results could potentially be
because of kleptoparasitism and the much higher densities of spotted hyaenas (12.52
individuals/100 ki) compared to lions (1.53 individuals/100 nmon Selat | could not
empirically test this theory, as observational data on these species in Selati were not available.
Nevertheless, a recent studyBgimeet al.(2017)in Sabi Sand Game Reserve, South Africa
found that leopard distsution (no avoidance) and abundance (stable population) were not
affected by interference competition with lions despite interspecific killing and
kleptoparasitismBalmeet al. (2017)only considered interactions between lions kugards

and did not incorporate spotted hyaenas in their assessment. Furthermore, Sabi Sands Game
Reserve is open (no boundary fence) to surrounding game reserves (Manyeleti Game Reserve
and Kruger National Park), allowing animals to roam freely oveertt@n 22000 knt (Balme

et al, 2017) which could minimise the influence of competition. My results support those of
Balmeet al. (2017)in that leopards in Selati were unaffected by the relatively low density of
lions, bu seemed to be influenced by the higher density of spotted hyaenas. Prey abundance is
vital to the ceexistence of large carnivoréBériquetet al, 2015; Balmeet al, 2017)and in

highly productive ecosystems such as Selati where large and medium prey species are
abundant, spotted hyaenas are capable of attaining high densities (i.e. form large clans) which

may explain the negative impact on leopgR&riquetet al, 2015)
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Lions and spotted hyaenas have wide habitat tolerances, but spotted hyaenas are considered
to be more generalist in their habitat requirem@&iquetet al, 2015) Spotted kaenas do
not require vegetation cover while hunting, whereas the hunting tactics of lions require
vegetation and terrain that facilitates concealment to catcl{Ppesydsoret al,, 2012; Périquet
et al, 2015) This could explain why the lions in Selati preferred the steepeky slopes of
the Gravelotte Rocky Bushveld and the moderately dense woodland vegetation of the Granite
Lowveld, while the spotted hyaenas avoided these areas and preferred the undulating plains of
the Phalaborwdimbavati Mopaneveld and lush stripsrivierine vegetation. Previous studies
on the habitat use of sympatric lions and spotted hyaenas have shown that both species favour
dense woodland habitais.g.Broekhuisetal., 2013) or thicket vegetation with high densities
of impala (e.g.Mills & Biggs, 1993) or that their occupancy patterns in open mixed
landscapes are similar (e$chuéte et al, 2013) My study is the first account of the habitat
selection of simultaneously collared lions and spotted hyaenas and | found completely different
results. Despite their higher density, spotted hyaenas always avoided areas preferred by the
lions. The majority of the studies on interactions between lions and spotted hyaenas (and
carnivores in general) have been conducted in large open systems (>£pdfukimteractions
within closed savanna ecosystems are likely to d{ff@riquetet al, 2015) as highlighted by
my data. Périquetet al. (2015) theorized that in small, enclosed reserves, strong lion
populations would outcompete spotteghenas and cause local population declines. | have
found no evidence for spotted hyaena population decline in Selati (see Chapter 3). This could
be because when prey availability is high, spotted hyaena clan sizes tend to increase while their
home rangedecrease. This enables spotted hyaenas to tolerate competition with lions, as they
are more capable of protecting their kills or aggressively take over lion(Rélsquetet al,
2015) My study supports thiscenario as spotted hyaena densities were high and their home

ranges were relatively small (~32 RmMale lions are a major cause of spotted hyaena
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mortality, whereas there is little evidence of spotted hyaenas killing lions (b&ckeder,

1972; Loveridgeet al., 2007) Spotted hyaenas are therefore, considered subordinate to male
lions and the fear or predation risk of the two large home ranged male lions in Selati could
potentially be the cause of the habitat selection differences between the two specieRalt

of exploitation competition is likely to play an important role in shaping the carnivore

community(Loveridgeet al, 2007)of Selati. | will investigate this in the next chapter.

My results demonstratthe importance of collecting empirical information on the spatio
temporal partitioning of multiple carnivores in a small, enclosed reserve, which represents a
conservational gap in South Africa. Focusing on pairs of carnivores and overlooking the
interactons of subordinate carnivores could lead to inappropriate conservation and
management actions and prevent the protection of biodiversity and ecosystem health. Future
research needs to be aimed at improving our understanding of carcavaneore interactins
and how these relationships influence ecosystem functioning, particularly in small, enclosed

systems.
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INTRODUCTION

Large mammalian carnivores such as lidPanthera le, spotted hyaena€focuta crocuta
and leopard¢Panthera parduscan regulate ecological interactions and maintain terrestrial
ecosystem healtliRitchie & Johnson, 2009; Pitman, Swanepoel & Ramsay, 2048)
keystone specig®oweret al, 1996; Elbroch & Wittmer, 2012)arge carnivores can influence
lower trophic levels by affecting tlieensity of subordinate carnivores and natural prey through
direct (interference competition, predation or killing) or indirect (exploitative competition,
trophic cascades) interactiorf€ase & Gilpin, 1974; Elbroch & Wittmer, 2012)arge
carnivores even have the potential to influence plant communities by supressing the effects of

ungulates on vegetatigiMessier, 1994; Hobbs, 1996; Augustine & McNaughton, 1998)

Carnivores exhibit morphological (e.g. dental) and behavioural (e.g. hunting strategies)
adaptations that reflect competition in various fo(MeDonald, 2002; Tannerfeldt, EImhagen
& Angerbjorn, 2002; Donadio & Buskirk, 2006)'he most extreme form of competition
between species is killing (i.e. interference competition), which is increasingly recognised as
one of the most important factors structuring carnivore commuribiesant, 2000; Caro &
Stoner, 2003; Donadio & Buskirk, 2006; Di Bitetti al, 2010; Broekhui®t al, 2013) For
instance, species diversity can be limited by interference competition as the number of
carnivores that can potentially -exist in an eosystem is restricted by their similarity in
ecological nichegMorin, 1999; Di Bitettiet al, 2010) Carnivores run the risk of being killed
by sympatric carnivores and if the victim is consumed, the phenomenon is referred to as intra
guild predatior(Lindstrom, Brainerd & Overskaug, 1995; Palomares & Caro, 199%83n the
killed competitor is not consumed and thus referred timtasspecific killing(Palomares &

Caro, 1999; Schuettt al, 2013)

Competition theory proposes that carnivores should kill sympatric guild members when

benefits @ershadow costs or riskPonadio & Buskirk, 2006) Benefits may include the
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freeing of resources that otherwise would be used by the competitor that is killed, whereas risks
may include injuries and costs may include energy expendiCase & Gilpin,1974)
Carnivores with lower competitive abilities can be highly affected by interference and
exploitative competition, which have been credited as playing a major role in limiting their
abundance and space (kaurenson, 1995; Lindstroet al, 1995) Competition for dod has

been acknowledged as a key factor triggering {gtridd predation and interspecific killing
(Palomares & Caro, 1999as extensive dietary overlap often motivates aggression among
carnivores (Mills & Biggs, 1993; Palomares & Caro, 199%rey abundance within an
ecosystem can be important in determining carnivore species richsessgective predation

and ecological separation could possibly facilitate theiexistence(Karanth & Sunquist,
1995a) Theoretical models of intrguild predation and interspecific kilg predict that
carnivore ceexistence arises when the subordinate carnivore (i.e. victim) is superior at
exploitative competition for shared resources (i.e. prey), but that the killer gains significantly
from the consumption or killing of the subordiegPalomares & Caro, 1999Therefore, a
tradeof f may exi st between a speciesbd success

(Vanak & Gompper, 2009)

Carnivores can obtain food through patidn, scavenging (i.e. feeding on carrion) or
kleptoparasitism (i.e. the displacement of other carnivores from their kills through superiority
in size or numbersjoneret al, 2002; Pereira, OweSmith & Moledn, 2014)Spotted hyaenas
and |lions are Africadéds top two carnivores
with one another cabe intense, as their diets tend to overlap extensi@lyenSmith &

Mills, 2008; Pereirat al, 2014) Lions haveifequently been recorded killing spotted hyaenas,
but spotted hyaenas have seldom been recorded killing lions and when they have it has mainly

been cubgPalomares & Car, 1999; Pereirat al, 2014) Both large carnivores scavenge from

one another, but in areas where spotted hyaenas are more abundant, lions are said to scavenge
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more regularly from spotted hyaenas than vice v@psaieiraet al, 2014) This is usually
because the presence of at least one male lion provides lions with a substantial advantage
(Kruuk, 1972) Competiive interactions such as these may result in subordinate carnivores,
such as spotted hyaenas, altering their foraging strategies and diet comBéttiquett al,

2015h).

As an opportunistic and competitively inferior large carnivore, leopards have been recorded
exploiting an incredibly wide variety of prey, ranging from rodents to adult €¢laadelaphus
oryx, Haywardet al, 2006) Their wide dietary brealdtand prey size variation could reflect
the level of intraguild competition leopards face throughout their range, and may be a means
to minimize competitiorfdu Preezt al, 2017) For example, in India, leopards were found to
switch from a rodent dominated diet to an increased consumetiderger prey species
following the extirpation of the local tigePénthera tigris)population(Mondal et al, 2011)
This suggests that leopards may be particularly vulneralgbedioitative competition and alter
their behavioural ecology in relation to the level of irgrald competition(du Preezt al,
2017) Therefore, carnivore competition may force species to occupy niches in which they are

less efficient, potentially affecting their survidu Preezt al, 2017)

In Africa, high levels ohumancarnivore conflict, particularly in areas adjacent to protected
areas, leads to hum#amduced carnivore mortalitfyWoodroffe & Frank, 2005; Balme, Slotow
& Hunter, 2010) These actions have been shown to be one of the most important factors
causing the local extinction of large carnivof@égatts & Holekamp, 2008alme, Slotow &
Hunter, 2009) During the early 20 century, the agricultural and economic development of
South Africa led to the local extinction of many carnivores in all but the most uninhabitable
areagHaywardet al, 2007; Devineatet al, 2010) Over the past two decades, however, the
conversion of uneconomical pastoral land into enclosed protected areas has led to the
reintroduction of locally extirpated wildlife populations throughout South Affitaywardet
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al., 2007) Large carnivore reintroductions have been of particular importance because not only
are thg major tourist drawcards (i.e. economic incentives), but they also have the potential to
restore ecosystem structure and funcfidndsey, Roulet & Romafiach, 2007; Ow8mith &

Mills, 2008). Though these enclosed reserves often reduce the potential for-namawore
conflict and mortality, these systems are often small (< 40%), kwhich may increase the
likelihood of canivore intraguild competition(Palomares & Caro, 1999; Pacletral, 2013)

The conservation ofiable large carnivore populations, which is not naturally attainable in
these small, enclosed reserves, is essential to ecosystem(Hesltrardet al, 2007; Rostro
Garcia, Kamler & Hunter, 2015Effective conservation strategies are therefore needed to
ensure the viability focarnivores in South Africa, but such strategies cannot be developed
without understanding how carnivores affect each other or their prey in small reserves
(Périquet, Fritz & Revilla, 2015aPradation also constitutes an important feature of the biotic
environment of wild ungulatedirst, 1969) Human pressure and fencing of protected areas
can also affect ungulate species as their-distance migrations are constrain@kreiraet

al., 2014) This increases the predation pressareprey populations, which could have
cascading effects throughout the food web, especially for threatened qjRerieisaet al,

2014) Regional variation in ecological community structures (i.e. species richness and
abundance) and resulgininteractions are inevitable, so understanding the ecological
preferences and interactions of carnivores throughout their range i§RotliguezSoto et

al., 2011)

Hunting habits and prey selection of carnivores is best studied through continuous
observatios (Mills, 1992), but these methods are labantensive, timeconsuming and, in
moderately dense, woodland savanna landscapes, logistically unre@istialler, 1972;
Silvestre, Novelli & Bogliani, 2000; Radloff & Du Toit, 2004} arnivores aralso naturally

scarce, making direct surveys difficDavisonet al, 2002) Recent advances in Global
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Positing System (GPS) technology has allowed for theimaasive analyses of caxare Kill
sites which, along with nemvasive, cost efficient scat analyses, can be used to effectively
determine the dietary composition of multiple sympatric carniv(fes/d, Mech & Jordan,

1978)

My aim for this chapter was texamine thedietary overlap among carnivores a small,
enclosed reserve (Selati Game Reserve) through the analysis of a combination of kill site and
scat datal predicted that within the large carnivore guild, lions and spotted hyaenas would
have the highest digta overlap, as both species would preferentially select for the most
abundant medium (390 kg) and large (3Q000 kg) prey species. | further predicted that
leopards would consume the widest variety of prey, potentially minimising their dietary overlap
with the dominant lions and spotted hyaenas because of exploitation competition. | also
predicted that smal(<10 kg) and mediursized (1620 kg) carnivores would suffer the most
from intraguild predation and that their dietary composition would overlapntiost with

leopards.

METHODS

The details of the study site atescribed irdetail inChapter 2.

Small mammal trapping

Small mammalle.g. rodents$pecies are oftedifficult to identify in carnivore scatisecause
reference material is not availab|Breuer, 2005)The snall mammal community of Sdlas

understudiedmeaning not all potential food items for carnivores such as cargalacal
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caracal) and leopads areknown. Consequently, reference material for small mammal species
weremissing and the diet auch carnivores could not be accumatiedsessed. To address this
data gap, | undertook small mammal trapping (Authorized by the Animal Ethics Subcommittee
of the Rhodes University Ethical Standards Committee; ethics clearance reference number:

RU-LAD-16-09-002).

Sherman traps (7.5 x 9 x 23 prbaited with peanut butter and rolled oét®rley, 1992;
Avenant, Watson & Schulze, 2008)ere used to trap small mammabktween 12 February
and 2 March 2018A trapping statiorwasestablished in each of the three major vegetation
types ofSelati (Fig.5.], wherethreetrap lines of at least 10@ apartwereset up with 15 traps
each,spaced 15 to 20 m apart fihreenights (Gurnell & Flowerdew, 1990Most species of
small mammals are nocturnal or crepuscular, so tragpe set at dusK17h30)and checked
and removed tadawn (05h30;Barnett & Dutton, 1995)Thus, animals spent as little time as
possible in the traps to reduce mortalitiBarnett & Dutton, 1995)All traps wereset under
vegetatiorto hide them and to provide thermal insulatiGurnell & Flowerdew, 1990; Barnett

& Dutton, 1995)

If a trap captured an animalisedthe plastic bag technique to extract animals from the traps
(Gurnell & Floverdew, 1990Q) Animals were handled as little as possible ambre thick
leather gloves to avoid exposure to viral or bacterial disd@sesett & Dutton, 1995)To
remove a captured animal fromra, the trap was placed inside an adequately sizelddip
bag, after which the trap was opened and the animal gently shakéBaoo¢tt & Dutton,
1995) Once the animal was in the bag, the trap was removed and the animal gently manoeuvred
into a corner(Barnett & Dutton, 1995)Each captured animatasidentified to species if

possible sexed, weighed and a hair sample clipf@dcapturerecapture purposes and to
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produce hair slides to add to the Rhodes Universé@gnmal reference collectioAll captured

animalswerereleasedt the point of capture anchpswerecleaned before rase

Legend

E Selati Game Reserve
- Breeding camps

Phalaborwa-Timbavati Mopaneveld
Gravelotte Rocky Bushveld
Granite Lowveld

& Small mammal trapping station

0 B 2 4 6 8
B e s Kilometers

Figure 5.1: Positioning of the small mammal trap grids within Selati Game Reserve.

Large carnivore diet composition
Carnivorescat collection

Carnivore scat sampleswere collected opportunisticallyvhile either driving or walking
between June 2016 and July 20C&rnivore scats can Ipeliably identified to species level
using diagnostic characteristics such as shapeand snell (Davisonet al, 2002; Stuart &
Stuart, 2003)Scats were stored in aiight zip-lock bagslabelled with spee@s ID, dateand

GPS ceordinates and frozen before procegdimthe laboratory at Rhodes University.

Each frozen scat sample was placed in a nylon stocking tied at botfKésnds Kamler &
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MacDonald, 2011a)The stockings werplaced into beakers of water in a hot water bath (+
45 C) and left to soalkand soften for up to 48 hour®nce soft scats were removed and
carefully washed and strained under running water and through awlirmmesh sieve ttrap
remains (e.g. hair, Ib@s, and teettgnd remove all faecahatter(Karanth & Sunquist, 1995b)
Remains from each scat were plag&d plastic containers lineslith paper tovel and allowed

to air-dry for ~36 hours. Once dry, all remains wetered inlabelled plastic bags.

Cross sections of mammalian hair found in the scats were prepdosdng the methoadbf
Douglas(1989) whereby a random selection of between 10 and 20 hairs (ensuring that all hair
types present in the scat waneluded from each scat was placed into the front section of a
disposable plag pipette(Reynolds & Aebischer, 1991)elted paraffin wax (Paraplast Plus,
Sherwood Medical Co., St Louis, Missouri, USA) was drawn into the pjpelieh washen
dipped intoa beaker of crushed ice to solidify the wax. The front end of the pipette was cut
into several thin cross sectiorf$-2 mm thick) with a surgical blade. These sections were

securé onto lakelled microscope slides usingops of meltedparaffin wax.

Hair samples for each scat samplere identified to species level by comparing the prepared
slides to the Rhodes University mammal hair reference collegtierd0)of all potential pey
species found in SelgKaranth & Sunquist, 1995b; Splding, Krausman & Ballard, 2000i)
verified all species identifications at least twice to ensure accyidiams et al, 2018)
Rodents and mongooses are difficult to identdyspecies and werthereforeclassified to
Order and Family respectivelfMartins et al, 2011; Williamset al, 2018) Birds were
classified to their clas@Martins et al, 2011)and f hair samples could not beassified to

species or ordethey wee recordedis unidentifiedKlare et al, 2010)
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Lion and leopard kill sites

Relocation data from collared carnivores can be used to collect valuable information on their
diet andprey selection through the GPS cluster metfaderson & Lindzey, 2003)This
method has been used with success fdtiphel carnivores including cougsuPuma concolar
Anderson & Lindzey, 2003wolves Canis lupus Sandet al, 2005; Webb, Hebblewhite &
Merrill, 2008), lynx (Lynx lynx Mejlgaardet al, 2013) tigers Athreyaet al, 2013) cheetahs
(Acinonyx jubatusHubelet al, 2016) snow leopardsRanthera unicaShehzacet al, 2012)

lions (Tamblinget al, 2010)and leopard¢Martinset al, 2011)

Spotted hgenas are efficient hunters and scavengers and it is not possible to assess whether
prey remains found at their GPS clusters have been scavenged qiFéliggieet al, 2015b)
Hence,l only considered Killsite data for lions and leopards. During each seasonal fieldtrip
(see Chapter 2)l downloadedrelocation data (i.e. GPS fixes) remotélpm the AWT
computerbased applicatiofor a maximum period of three months for lions and leopdrds
plottedthe relaation data iMrcMap 10.5.1 (ESRI, Redlands, California, USA) to identify
GPS clusters and potential kill sitdsdefineda GPS cluster as more than two consecutive
locations within 100 m of each other over ahtGeriod(Anderson & Lindzey, 2003; M#ns
et al, 2011) Oncel hadidentified potential kill clusterd, uploadedthe ceordinates onto a
handheld GPS unit (Garmin GPSMap 62s) and investigated each cluster on foot. GPS
locations can be inaccuraf@/ebbet al, 2008)and kill remains can be scattered around the
points of the GPS cluster, $searchedin area of ~20 m around eachmidor prey remains
(Tambling et al, 2010) Potential predation events were identified from the presence of prey
stomach contents (Fig.5.2A), hair, teeth, bones (Fig.5.2B) or h¢daesblinget al, 2010)
These items were used to identify prey species and, whenever possible, to record the age
(juvenile mall dependent calf or lamb) or adult (fully grown, reproductive animalidson
et al, 2012)and seXTamblinget al, 2010)of the prey iteml also recordethe actual location
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of each kill. Direct observations or the opportunistic location of lion and leopard Kkills in the

field were also recorded (prey species, age, sex and GPS location)

Figure 5.2: Examples of potential prey remains fAstomach content8 i adult male
waterbuck Kobusellipsiprymnu$ skull) found at large carnivore GPS clusters/potential Kill

sites.

Data analyses

Small mammal trapping

No statistical aalyses were necessarylasnly conducted a single mammal trap survey to
identify potential food items (and create hair reference material) for carnivores suachcs

and leopdd.
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Large carnivore diet composition

Scat analyses are an indirect metlobdlescribing diet and are therefore inherently biased
(Klare, Kamler & Macdonald, 2011b)fwo broad categories of scat analyses have been
developed and include qualitative methods in which frequency gfgmecies occurrence is
determined and quantitative methods that take into account the mass of the prey consumed (e.g.
biomass calculationgslare et al, 2011) Using the wrong method for intended species and
data could lead to imprecise biological conclusi@iare et al, 2011b) For example, spotted
hyaenas are efficient hunters and scavengers who can regurgitate variable portions of excess
hair and (or) skin from eaten préyruuk, 1972; Bearder, 197.7jairs found in their scats are
therefore better considered an indication of the frequency with which they feed on each species
(Bearder, 1977; Silvestet al, 2000) Thus, for comparative purposes, the importance of each
food item found in the scat samples of each large carnivore was expressed only in terms of

frequency of occurrence (FSjlvestreet al, 2000)

Trites and JoyZ4005)calculated that a minimum of 59 scats is required to broadly describe
the diet of a carnivore at a specific site. Therefbmmnstructed species accumulation curves
in the R programming langage (version 3.5.1, R Development Core Team, 204 Zgst
whethermy sample sizes were adequdWentworth, Tambling & Kerley, 2011) Spotted
hyaena and leopard curves reached asymptotes, inditainigcollecteda sufficient number
of scats for these two species. However, insufficient lion scats were collected (Appendix 5.1).
Qualitative scat analyses tetadoverestimate smaller prey spediEkyd et al, 1978) while
kill site data tends to be biased towards larger prey spédimpvard et al, 2006) To
compensate for the small lion scat sample size and the biases of the two data collection
methods,| choseto include both methods in determining the diet composition of large
carnivores on Selati, to ensure that the majority of each carnivores prey species were assessed
in my analyse¢Haywardet al, 2006)
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Overall diet composition for each species was calculated asvRiOh is calculated as a
percentage, using the number of times a food item was encountered as a function of the total
number of occurrences of all food items foyhdveridge & Macdonald, 2003; Klaret al,
2011b; Périquett al, 2015b) Reducing the large number of prey species consumed into
categories allows for the simplification of descriptions and comparisons dfdies & Joy,

2005) Thereforeprey species were assigned to one of four size categoria$:(sB80 kg),

medium (3890 kg),large(90-1000 kg Krlger, Lawes & Maddockl999)a n d 6 .GSpebiesr s 6
occurring in low proportions in the diets of large carnivores or species for which reliable
population numbers were not availablz. Cape porcupineHystrix africaeaustraliy chacma

baboon Papio ursinuy, rock hyrax Procavia capensis scrub harel(epus saxatilis vervet

monkey Chlorocebus pygerythriissidestriped jackal Canis adustus smaltspotted genet
(Genetta genet)a, mongooses, rodents and birds were

(Appendix5.2g Périquetet al, 2015b; Périquet, Fritz & Revill2015a)

The age or size of food items killed or scavenged by carnivores cannot be determined from
scat sampled. recognizedthe potential limitation of direct body size inference due to the
uncertainty of the actual size of consumed pkywever,du Preezt al. (2017) stated that
intraspecific prey size differences are not crucial to determining niche separation between
carnivores, as adults and juveniles of the same species are likely to associate sypatially
(seeEstes, 1991)Even though carnivores may hunt different size cladsé®e same species,
incidents of carnivore interactions and conflict could still arise, as there may be little spatial
separation in actual predation behaviour and events when consuming the sa(da pregz
et al, 2017) Therefore, the potential ecological separation between carnivoresitice
competition can still be tested without including data on the actual size of individuals consumed

(du Pree=zt al, 2017)
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lassessepr ey preference for each cab=nmiip/(@f e usin
p)-(2rp)), which takes into account the proportion of scats contgiaiparticular prey species
(r) and the proportional abundance (derived from aerial counts) of the prey speciegmilled (
Jacobs, 1974)Jacobs index ranges betwedn(highly avoided), O (used in proportion to
availability) and +1 (highly selected) and minimises the biases associatedmatl sample
size, rare food items and ndinearity in proportional use over tim@rebs, 1989)1 used
L evi n 0 8)tddetermainxe digtary breadth (i.e. uniformity) for lions, spotted hyaenas and
leopards. ® compare the dietary overlap of |l ions,
index ©), which rangegrom 0 (no overlap) to 1 (complete overldianka, 1974)Dietary
overlap was considered biologically significant when the value exceede(Nagi@, Mejia

Falla & Giraldo, 2007)

Insufficient numbers of smaland medium sized carnivore scats were collected to conduct
reliable analyses. Nevertheless, to get an indication of thbaimaller sized carnivores may
be feeding onlgroupedt hese species as o660t her carnivor es

those of the large carnivores.

RESULTS

Small mammal trapping

| trappedand identified five Rodentia species (fat mouSteétonys pratensis Natal
multimammate mouseMastomys natalengis pouched mouseS@accostomus campesjris
lowveld gerbil Gerbilliscus leucogasterFig.5.3) and highveld gerbiGerbilliscus brantsi)
from the entire small mammal trap survéycollectedhar from each species and created
reference slides to add to the Rhodes University mammal hair reference collection.

139



Chapter 5

Figure 5.3: A lowveld gerbil captured during the small mammal trap survey in Selati Game
Reserve.

Large carnivore diet composition

In total, | identified 23 prey species (in addition to rodents and birds) from large carnivore
scats and kill sites (Appendix 5.2a). Lions fed on 11 food items (from 22 scats and 95 Kkill sites),
spotted hyaenas fed on 16 (from 78 scats) while leopards fdéw ondst with 18 food items
recorded (52 scats and 22 kill sites; Appendix 5.2a). Only five prey species were common to
all three large carnivores (Appendix 5.2a) and, in order of importance, thesemypeaia
(Aepyceros melamplyskudu {Tragelaphus strepserog, blue wildebeest Gonnochaetes
taurinug, warthog Phacochoerus africanyiand bushpigfotamochoerus larvatugppendix

5.2h).

Lions and spotted hyaenas completely avoided small prey spBcresl whereas leopards
had a high preference for smphey © = 0.89;Fig.5.4). Medium prey species were avoided
by lions O =-0.60), whereas spotted hyaen2s=(0.04) and leopards used medium sized prey

in accordance to their availability in Seldd € 0.18;Fig.5.4). Leopardsl¥ =-0.71) avoided

140



Chapter 5

large pey species while liondX= 0.61) preferentially selected for them asmbtted hyaenas

(D =-0.006) selected for them in accordance to their availability (Fig.5.4).

Avoided Jacob's index Selected
-1 -0.5 0 0.5 1

Small ‘

@ mLions
<
3} O Spotted hyaenas
1] .
oﬁﬁ Medium OLeopards
>1
2
~
Large
Figure54Jacobb6s selection indices for pre)ey si z

spotted hyaenas (grey bars) and leopards (white bars) in Selati Game Reserve.

Of the six most abundant prey species (impala, kudu, blue wildeb@esnhdchaetes
taurinug, plains zebraEquus quaggg waterbuckand warthogpn Selat{seeAppendix5.2b),
lions preferentially selectetbur species (kuduyaterbuck, blue wildebeest angarthog),
spotted hyaenas two (waterbuck and warthog) amghlels one (warthog; Fig.5.®Despite the
relative rarity of prey species such as teeesDamaliscus luntus), mountain reedbuck
(Redunca fulvorufulp  and Shar Repbicerusgshaypkib Setati (FO < 0.10%;
Appendix 5.2b), lions preferentially selected for tsessebe and leopards preferentially selected

for the latter two (Fig.5.5).
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The diet of the lions contained predomiratérge prey (71%), whereas for spotted hyaenas

and leopards, medium prey species (~48%) were more important (Fig.5.6). Food items
classified as o6otherdé accounted for ~1% of
leopards it accounted for 20 30%, respectively (Fig.5.6). This category was also the most
important for smalland medium sized carnivores (66%; Fig.5.6) and consisted predominantly
of rodents and mongooses (Appendix 5.2c). Similarly, leopards and spotted hyaenas also
consumed thes i tems the most within the oO0o0othero
presence of mongoose, leopards were the only carnivore found to consume other carnivores

(sidestriped jackahnd smaklspotted geneAppendix 5.2c).
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Figure 5.6 Diet composition in prey size classfor lions, spotted hyaenas, leopards and the

group of smal and mediurrsized carnivores.
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Dietary niche breadths were simi@mnongsthethree large carnivores, with lions exhibiting

a slightly broader breadtB & 5.96), followed by spotted hyaen&<5.51) and then leopards

(B=5.13; Table 5.1). Dietary overlap between spotted hyaenas and leopards was the greatest

and biologically sigificant(i.e. O > 0.60)for both prey specie®)(= 0.91;Table 5.1) and prey

size class@ = 0.96; Table 5.2). Dietary composition overlapped the least between lions and

leopards and was not considered biological significant for either prey specie343; Table

5.1) or prey size clas€O(= 0.56; Table 5.2). Smaland mediurrsized carnivores (other)

overlapped the most with leopard3 £ 0.63 & 0.76), followed by spotted hyaen&s< 0.42

& 0.62) and finally lions@ = 0.21 & 0.27; Table 5.1 & 5.2).

Table 5.1:Di et ary breadth (Levinds index)

hyaenas, leopards and other carnivores according to prey species.

and

Piankaodo® i ndex ( Levi

Species Lions Spotted hyaena Leopards Other* index B)
Lions - 0.65 0.43 0.21 5.96
Spotted hyaersa - 0.91 0.42 5.51
Leoparc - 0.63 5.13
Other - 3.76

*QOther carnivores include serval, caracal, blaakked jackal, sidstriped jackal and civet

Table 5.2:Di et ary over | ap) foq Ronhsa spkital dygenas randeleopards

according to prey size class.

Species Lions  Spotted hyaenas Leopards Other*
Lions - 0.76 0.56 0.27
Spotted hyaersa - 0.96 0.62
Leoparc - 0.76
Other -

*QOther carnivores include serval, caracal, blaakked jackalsidestriped jackal and civet
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DISCUSSION

Dietary overlap among carnivores is commonly used to assess the potential for competition
(Donadio & Buskirk, 2006)Both interference and exploitative competition can occur among
sympatric carnivores when the sameeyp species are preferentially selected in greater
proportions than available in the environm@tirant, 2000; Caro & Stoner, 2003pBadio &
Buskirk, 2006) In these circumstances, competition theory predicts that larger carnivores will
have a competitive advantage over smaller carnidtagward & Kerley, 2008)which may
include intraguild predation or killing(du Preezet al, 2017) Prey size distributions and
densities within an ecosystem can either enhance or reduce competition, and in areas where
suitably sized prey are not limited, selective predation is thought to facilitate large carnivore
co-existence(Karanth & Sunquist, 1995a; du Preetz al, 2017) My results support this
contention because, large carnivore guild members in Selati preferentially selected for varying

combinations of small, medium and large prey.

Contrary to my predictions, lions and spotted hyaenas did not exhibit the highest dietary
overlap. Instead, spotted hyaenas and leopards showed almost complete overlap (91%). Dietary
overlap between lions and spotted hyaenas was still considered biologigalficant and
conformed with the values reported in other studies (overlap > BB8fyard, 2006) This
high degree of overlap amonbet large carnivores of Selati suggests that there is strong
potential for exploitation competitigiPériquetet al, 2015a) particularly between the spotted
hyaenas and leopards. Exploitative competition lmannferred where dominant carnivores
kleptoparasitise from subordinates, but this phenomenon cannot easily be accounted for in
carnivore communities, especially in areas such as Selati where continuous observations are
logistically challengingVanak & Gompper, 2009}t is therefore impossible to determine to
what extent this activity contributes to the digteomposition of carnivores in Selati. In Phinda

Private Game Reserve (Phinda), which is also a small enclosed South African reserve like
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Selati, leopards suffered higher rates of kleptoparasitism from spotted hyaenas compared to
lions despite both domina carnivores having relatively low densitié@®alme, Hunter &
Slotow, 2007) The much higher densities of spotted hyaenas (12.52 individuals/18)0 km
compared to lions (1.53 individuals/100 Rron Selati, coupled with the potentidlincreased
kleptoparasitism could partially explain the almost complete dietary overlap of spotted hyaenas

and leopards.

Additionally, when the dietary niche breadth of sympatric competitors are alike, as | found to
be the case among large carnivoreSetati, the species that can survive at the lowest resource
density has the potential to outcompete otf@dden, Wegge & Fredriksen, 201®Yithin the
large carnivore guild, sympatric carnivores are known to scavenge from one another (i.e.
consume food left by another species with no confrontation) or from animals that have died
from natural causs Périquetet al, 2015a) Spotted hyaenas are probably the species that gain
the most from this feeding strategy as they can access nourishment from skin and bones,
whereas lions and leogs are more dependent on meat remains at a cdR&sguetet al,

2015a)

Consistent with my second prediction, leopards consumed the greatest number of food items
(n=18) in Selati. Additionally, | iderfied leopards as the only large carnivore to preferentially
kill small prey, which could be attributed to their inability to continually defend their kills from
kleptoparasitism and not necessarily their hunting abilitiadPreezt al, 2017) Smaller prey
items may be more energeticallsofitable for leopards as they can be consumed instantly or
cached in vegetatiofiHenschel, Abernethy & White, 2005; du Pre¢al, 2017) du Preezt
al. (2017) predicted that under minimal competitive pressue.g. interference and
exploitative) leopards may select for larger prey. Studies conducted on leopards and tigers in
India, revealed how recovering tiger populations forced leopards to switch to smaller,
suboptimal prey such as rodentda(ihar, Pandav & Goyal, 2011; Mondet al, 2011)
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Increased exploitative and interfere competition among the two caesiwas also linked to
leopard population declineHarihar, Pandav & Goyal, 2011; Mondat al, 2011) The

|l eopardbdés ability to hunt a wide variety of
hyaenas and lion@Mondal et al, 2011; Harihar & Pandav, 2012; du Preeizal, 2017)
Therefore, the dietary composition of leopards, along with evidence of their population
declining (see Chapter 3) in Selati, could potentially be attributed tegutich competition

with the lions angpotted hyaenas.

In Selati, | found spotted hyaenas to be generalist foragers that fed on a wide range of prey
species (n = 16), which is consistent with prior stuBesKruuk, 1972; Mills, 1990)Spotted
hyaenas did not consistently consume prey relative to their availability, which has also been
reported in other studies researching their feeding ecééogy-Honeret al, 2002; Wentworth,
Tambling & Kerley, 2011; Périquet al, 2015b) All studies, including my research, showed
site-specific dietary composition for spotted hyae(ériquetet al, 2015b) Lions, on the
other hand, always seem to favour the same three or four species in savanna ecosystems (i.e.
wildebeest, warthog and kudu as priitls, 1991; Power, 2002)which was no different for
lions in Selati.Honer et al. (2002) suggest that spotted hyaenas have preferencqwdygr
species that are relatively easier to hunt, such as juveniles because they are smaller. In Selati, |
found that spotted hyaenas predominantly consumed medium prey, which would be easier to
kill than large preyPériquett al, 2015a) | based spotted hyaena dietary composition entirely
on scat analyses, which meant | could not discern what proportion of their diet was hunted,
scavenged or comprised juveniles. Therefore, the dietary overlap among liospcdiedi
hyaenas may be lower if these two species are preying on different age(tassexsd, 2006;

Périquetet al, 2015a)

Lions are much larger than spotted hyaenas and, within small, enclosed reserves, where lions
are not actively managed and reach high densities, it is possible for lions to outcompete spotted
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hyaenas causing localtsdeclinegdu Preezt al, 2017) Lions on Selati are actively managed

(e.g. through translocations and contraception) and have an adult population density (1.53
individuals/100 krd) that falls on the low end of the range for this species in southern Africa
(Miller & Funstan, 2014) Besides a few permitted hunts (see Supplementary material 2)
spotted hyaenas have not been actively managed and have reached an estimated density of
12.52 individuals/100 kfy which is amongst the highest recorded for South Africa. Despite
spoted hyaenas outnumbering lions nearly seven fold in Selati, interspecific killing of three
spotted hyaenas by lions was recorded between 2016 and 2017 (see Supplementary material
2). Spotted hyaenas did not kill any adult lions or ci#gsiquetet al. (2015a)state that the
presence of an adult male lion at a kill always allows lions to outcompete spotted hyaenas.
Competition for food and the presence of two wideging male lions in Selatbald explain

the spotted hyaena killings. When prey abundance is high, exploitative competition is said to
be limited and spotted hyaenas are able to reach higher densities, forming larger foraging
groups over smaller home ranges (as seen in Selati), wbidd have negative impacts on

lions (Périquetet al, 2015a) In Selati, however, the higher spotted hyaena densities seem to
be affecting the declining leopard population more than the lion populatiortulilyreiterates

the complexity of carnivore guild interactions and emphasises the need foicannitiore

research.

| found dietary overlap between lions and leopards to be limited which supports the findings
of Balmeet al. (2017)where lions predominantly targeted large prey and leopards small to
medium prey. ThougBalmeet al.(2017)found lions to account for 20% of leopard mortalities
in Phinda, this form of competition was compensatory as the leppardation was regarded
as stable. No evidence for interspecific killing or predation on leopards from lions or between
spotted hyaenas and leopards was found on Selati, but should not be ruled out as a possible

cause for the declining leopard populatibty. results show that lions are potentially the most
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dominant carnivore on Selati and that the availability of suitably sized prey could be enabling
resource partitioning between the large carnivores, facilitating thexistencgBalmeet al,

2017).

Interspecific competition and predation by lageed carnivores has emerged as an
important limiting factor for smalland mediunrsized carnivores (Hayward et al. 2006; Caro
& Stoner 2003). Myresults support this statement and my final predicteenthe diets of
spotted hyaenas, leopards and other carnivores (samallmediurrsized) all contained the
presence of mongoos@0 > 6%) Additionally, sidestriped jackahairwas found in thecats
of leopards whichalong with other small carnivores considered a common occurrence
(Kruuk, 1972; Schaller, 1972The presence of large prey species in the diets of samll
mediumsized carnivores is most likely dueth@consumptiorof carrion(Pereiraet al, 2014)
These results show the potential for fisnefit tradeoffs occurring among mediwsized
carniores in Selati that may be attributed to their ability teegst with dominant carnivores

(Vanak & Gompper, 2009

Throughout southern Africas identified in Selati, carnivaseshowvaryingpatterns of prey
selection(Linnell & Strand, 2000) Changesn the compositionof carnivorecommunites
mediated by aggressive interactions may have kiooakffects on prey species of conservation
or managemennterest(Henke& Bryant, 1999) For instance, in Selati, lions and leopards
preferentially selectedor tsessebe and mountain reedhudkspite their low population
abundances. Throughout their range over the past two decades, mountain reedbuck have
suffered extreme papation declines resulting in this species being listed as Endangered
(Taylor et al, 2016) Reasons as to why mountain reedbuck populations have drastically
declined are unknown, but it is suspected that higher predation rates from increased abundances
of large and mediurrsized carnivores in areas that laatosystem based management are a
major factor(Taylor etal., 2016) The low abundance of mountain reedbuck in Selati could
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therefore be attributed to predation, not because of increased densities of leopard (the only
carnivores recorded to prey on mountain reedbuck), but because interference and exploitative

competition have forced leopards to be opportunistic and prey on a wider range of species.

Tsessebe are listed as vulnerable in southern Africa, and although the population seems stable,
threats such as poaching surrounding protected areas and increasgd fitequency, brought
about by climate change are intensify(igl et al, 2016) Besides preden, unnaturally high
competition from other grazers due to high stocking rates in enclosed reserves, have also been
listed as a threat to this spec{®l et al, 2016) This could be a reason for this species low
abundance in Selati as densities of other grazers (e.g. blue wildebeest (260 animafs/100km
impala (1270 animals/100 Knand plains zelas (199 animals/100 K)) are relatively high,
especially impala. Wildlife managers across southern Africa are encouraged to continue
establishing and monitoring threatened prey species throughout their natural range, because in
protected areas where prggpulations are forced to be resident, predation can easily eliminate

prey species with low abundand@ower, 2002)

In Selati, impala was the most frequently consumed prey by spotted hyaenas and leopards
and third after kudu and waterbuck for lions. In accordance with their abundance (~50% of
entire prey populson), however, impala were undselected. My results are similar to those
found in PhindgHunter, 1998)and Madjuma Lion Reserve, Limpopo Province where lions
underselected impala despite their availabilifiyower, 2002) This occurrence has been
attributed to the extreme alertness and superior vigilaebavour of impalgMooring &

Dennis, 1999)Monitoring preyspecies can be important for ecosystem health, especially for

a species such as impala, which are destructive, highly selective mixed feeders that have the
ability to alter the composition of vegetation to the detriment of other ungulates, such as
tsesseb@WVentzel, Bothma & van Rooyen, 1991; Nglal, 2016) Although Selati personnel
removed ~1600 impala between 2016 and 2017 (see Supplementary material 2), an aerial count
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survey conducted in 2018 estimated the populaéibr3600 individuals (Appendix 3.6).
Therefore, for ecological reasons, Selati management should continue monitoring and

controlling the impala population, as the large carnivore guild seems to be unable to do so.

My study demonstrates the importancenodnitoring multiple prey and carnivore species
within an enclosed system. The full implications of carnivore 4igtriégd competition,
particularly aggressive interactions in small, enclosed reserves throughout southern Africa are
largely unknown. Additionldy, interactions among carnivores and their interactions with prey
species, are flexible and subject to variation depending on severspaddic circumstances

(e.g. composition of prey and carnivore communities or presence of fences), which is why

community based research is encouraged across all protected reserves in southern Africa.
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Over the past century, carnivore intraild competition has been recognised viaydlife
scientists as a vital component of animal community struc{@eBierre, Ouellet & Créte,
2006) and ecosystem functioninfyanak et al, 2013) Additionally, conservational efforts
have shown how large, apex carnivores can be particularly important to these processes
because of their role in ding trophic cascadegderger, Gese & Berger, 2008; Terborgh &
Estes, 2010and their topdown competitive fects on sympatric carnivorékinnell & Strand,
2000; Ritchie & Johnson, 20Q9As a result of these strengthening conservational efforts,
people across the globe have changed their perception of carnivores purely being vermin
(Sillero-Zubiri & Laurenson, 2001)This change in attitude, however, may not be taking place
among local communities living near freengng wild carnivores who suffer from human
carnivore conflic{i.e. actual or perceivettireat posed to livestock and humaslero-Zubiri
& Laurenson, 2001)Throughout Africa, carnivores frequently spill over the edges of unfenced
protected areas and come into conflict with humans which sometimes results in a hostile
relationship betweernlocal communities and conservation agenci{&llero-Zubiri &
Laurenson, 2001)In these areas, commuyibased conservation (e.g. educate and involve
local communities) is essential to ensure theexigtence between humans and carnivores

(Sillero-Zubiri & Laurenson, 2001)

In South Africa, all protected areas containing dangerous carnivores (e.g.Rambdra
leo)) have to be bound by electrified predapooof fencing, which reduces humaarnivore
conflict (Haywardet al, 2009) Often these protected areas are small (< 400 &nd unable
to naturally conserve viable poptitans of large carnivore6 Hay wa r d O6Brien
2007), which due to their size and trophic positions, require extensive home ranges and large
prey populationgSillero-Zubiri & Laurenson, 2001; Woodroffe & Frank, 2008 | found in
my study, predateproof fences do not always providefeztive barriers to carnivores

(Woodroffe, Hedges & Durant, 2014s both lions and leopardanthera pardushad home
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ranges encompgaing game farms outside of Selati (see Chapter 4). This is usually due to the
challenges of appropriate fence design, location of required fences (e.g. mountainous regions
or across rivers), construction and maintendWeodroffeet al, 2014) Species such warthog
(Phacochoerus africandisndporcupine Hystrix africeaustrali}, which are skilled at digging
under fences can cause frequent and widespread damage making maintenang¢®costly
Plessiset al, 2018) The nationwide decline of leopards in South Africa has partly been
attributed to anthropogenic mortality, which includes the illegal killing of leopardhéar

skin or retaliatory killing by farmer@annet al, 2018) Other carnivores such as blaz&cked
jackals Canis mesomelasand caracalsGaracal caraca) also suffer extensive losses from
retaliatory Killing by South African farmef8ergmanet al, 2013) primarily due ¢ financial

losses inflicted by predation on livesto(Bu Plessist al, 2018) Even though fences may
reduce humaicarnivore conflict in South Africa, wildlife managers still have to deal with the
difficulty of deciding what action to take when carnivores leave the confines of protected areas
(Mills, 1991). Conservation strategies aimed at changing the perspectives and attitudes of
farmers and illegal hunters towards caanes may be just as important for the protection of

carnivores in fenced areas as it is in unfenced areas.

A balance between the beneficial and harmful effects of fencing wildlife populations is
needed to conserve biodiversity global\}oodroffe et al, 2014) For example, lions have
been foud to reach higher densities in fenced areas compared to unfencefMiliea®t al,
2013) This could have detrimental effects on sympatric carnivores and herbivores in small,
enclosed reserves due to increased predation, which could be linked to changes in vegetation
and other ecosystem components if managementgmsgare not implement§d@/oodroffeet
al., 2014) A major concern highlighted throughout my study was that the implications of small,
enclosed reserves on the ecology of carnivores has not been adequately studied in South Africa

(Haywardet al, 2009) The overabundance of large carnivores within small, enclosed reserves
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needs further attention as changes in their population dynamics may significantly disrupt
ecosystm structure, function and services through interactions associated with increased intra
guild competition(Périquet, Fritz & Revilla, 2015For example, in Selati, lions are the only
actively managd large carnivore and are kept at a relatively low density, whereas spotted
hyaenas Crocuta crocuta which are not managed were recorded to have one of the highest
densities in South Africa. Despite spotted hyaenas outnumbering lions seven to ond, | foun
that lions (due to their size and the presence of two dominant males) outcompeted spotted
hyaenas in terms of intguild predation (see Chapter 5), space use (see Chapter 4) and
potentially resource use (see Chapter 5). Leopards were recorded aitvalydayv density

and were the only large carnivore with a declining population in Selati. This could potentially
be attributed to increased ingaild competition as lions negatively influenced their
occupancy dynamics and their diet almost completedylapped (91%) with spotted hyaenas,
which might be due to increased kleptoparasitism from the large spotted hyaena population.
The large carnivore guild had varying influences on subordinate medindhsmalksized
carnivores through riskenefit tradeoffs (Schuetteet al, 2013; Vanalet al, 2013)as | found
evidence for predation and resource facilitation (i.e. carrion). This shows that assemblages of
dominant carnivores cannot simply be assumed to have homogenous effects corecarniv
communities in Africa and that maintaining intact guilds of carnivores is important for
ecosystem functionin¢Esteset al, 2011; Vanaket al, 2013) My study provides valuable
insight into the complexity of carnivof@rnivore interactions in a small, enclosed reserve and
how there are gaps in ouwnderstanding of intrguild competition (e.g. extent of
kleptoparasitism and interspecific killing, segregation in selection of prey species age classes
and spatigemporal segregation). The real challenge for future research is to investigate how

different carnivores c@xist in the presence of these complex interactions, as tbeistence
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of different carnivore guild members across varying landscapes is integral for biodiversity and

ecosystem dynamig&innell & Strand, 2000; Périquet al, 2015)

At the beginning of my research there was only one male cheftatoyxjubatug on the
reserve, so this species was excluded from my study for statistical reasons. In April 2018, once
the majority of my fieldwork was completed, an additional female cheetah was released onto
Selati and by August 2018, she had seven cubs.&splayaenas killed all seven cubs several
weeks later. This was not unexpected as lions and spotted hyaenas are the two main competitors
of cheetahs and severely affect cheetah offspring survival through pre(agi@nt, 2000)

The adult lion population in Selati will soon double with the maturation of five cubs, three of
which are males. Along with the already high spotted hyaena population, the increasing lion
populatian (especially of competitively dominant males) could have detrimental implications
on subordinate carnivorg®ériquetet al, 2015) Increasing competition pressure between
lions and spotted hyaenas has begibated to the decline and local extinction of subordinate
carnivores, such as African wild dods/¢aon pictuyin small, enclosed protected aré@seel

& Creel, 1996; Durant, 18). The only way to minimise these potential effects and maintain
viable populations of multiptearnivores within Selati and other small protected areas would
be to intensively manage all carnivore populatifeckeret al, 2013; Périquett al, 2015)
Managing prey species is also imperative as the availability of appropriately sized prey can
affect the intraspefic variation and density of carnivorg€arbone & Gittleman, 2002;
Woodroffe & Ginsberg, 2005Management interventions for ovabundant carnivores can
include translocations, fertility control and regulated trophy huntingdsey, Roulet &
Romanach, 2007Haywardet al, 2009) Many privately owned reserves in South Africa
depend on the economic benefits of trophy hunting or ecoto(irisht, Slotow & Millspaugh,

2008) Income fromtightly managed trophy hunting can provide incentives for management,

conservation and reintroductions of both carnivore and prey sgeoeseyet al, 2007). In
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parts of South Africa, the recovef bontebok Damaliscus dorcgs black wildebeest
(Connochaetes gnandCape mountain zebr&Quus zebrpawere facilitated by trophy hunting

on private reservedindseyet al, 2007)

Worldwide, range fragmentation due to the esgranding human population has led to the
decline and local extinction of many large carnivore populat{@nsinderink et al, 2003;
Rippleet al, 2014) This is because numerous carnivore populations are genetically isolated
(Slotow & Hunter, 2005and inbreeding can cause measurable reductions in reproductive rates
and disease resistan¢8odhi, Bro&x & Bradshaw, 2009) Metapopulation management
strategies, which involve the linking of isolated populations of carnivores (or ungulates)
through continuous translocations, have become a major focus of conservation across
landscapes such as South Afribattare highly modified by human activiyvegmanret al,

2014) These strategies have been successful in pirmjeendangered carnivores such as
African wild dogs and cheetalfgan Dyk & Slotow, 2003; Lindsey, du Toit & Mills, 2005;
Dolrenryet al, 2014) These strategies could be implemented in the conservation of multiple
species and could even help protect carnivoreuwsngailate populations in heavily disturbed

areagBothma, 2002; Dolrenrgt al, 2014)

Humanrmediated climate change also represents a potentially déagssleeping giant in
terms of future biodiversity logSodhiet al., 2009) According to future biodiversity scenarios,
by 2050, Africa is predicted to be among the continents with the largest habitat and biodiversity
losseqViscontiet al, 2011) In this scenario, protected areas such as the ones found in South
Africa are expected to play a crucial role in conserving biodive(Sitggmanret al, 2014)
Protecting large carnivore polations is essential to ecosystem health, but this cannot be
guaranteed without fully understanding the complex interactions of multiple sympatric
carnivoreqPériquetet al, 2015; Gomppeet al, 2016) As my study highlights, the outcomes
of intra-guild competition, such as cascading ecological impacts are likely to vary with resource
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availability (e.g. structre and abundance of prey), habitat structure and carnivore community
composition. Therefore, to better understand the effects of-gnitd competition and
carnivore ceexistence, sitspecific ecosysterbased research is needed in small, enclosed

resenes across southern Africa.
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APPENDICES

Appendices

Appendix 2.1: List of mammalian species found in Selati Game Reserve. Each specageave

home range size (Khacross southern Africa is given. Based on average adult weight prey

species (small prey (<30 kg), medium prey -€80 kg), large prey (92000 kg) and

megaherbivore (>1000 kg)) and carnivore species (small carnivore (<10 kgdpmeadnivore

(10-20 kg) and large carnivore (>20 kg)) were divided into size classes.

Species

Home range size

Carnivore size class Prey size class

(km?)
Order Primates
Chacma baboon 27 small
(Papio ursinu¥
Vervet monkey 1.76 small
(Chlorocebus pygerythriis
Order Carnivora
African civet 4-11 medium
(Civettictis civetta
African wildcat 6-10 small
(Felis silvestris lybica
Banded mongoose 2 small
(Mungos mungp
Black-backed jackal 2-18 medium
(Canis mesomelas
Cape clawless otter 2-5 medium
(Aonyx capens)s
Caracal 5-48 medium
(Caracal caraca)
Cheetah 102-438 large
(Acinonyx jubatus
Dwarf mongoose 0.45 small
(Helogale parvula
Honey badger 120- 540 medium
(Mellivora capensis
Largespotted genet 3-6 small
(Genetta tigrina
Leopard 31-75* large
(Panthera pardus
Lion 105315* large
(Panthera led
Marshmongoose 2 small
(Atilax paludinosu}s
Mel | er 6s
(Rhynchogale melléeyi
Serval 5-60 small
(Leptailurus serval
Sidestriped jackal 2-13 medium

(Canis adustus
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Slender mongoose
(Galerella sanguineg
Smallspotted genet
(Genetta genet)a
Spotted hyaena
(Crocuta crocuta

Order Tubulidentata
Aardvark
(Orycteropus afér

Order Hyracoidea
Rock hyrax
(Procavia capens)s

Order Lagomorpha
Scrub hare
(Lepus saxatiliy

Order Rodentia
Bushveld gerbil
(Tatera leucogastér
Cape porcupine
(Hystrix africaeaustralil
Commonmole rat
(Cryptomys hottentotiis
Fat mouse
(Steatomys pratengis
Highveld gerbil
(Tatera brantsi

Mountain ground squirrel

(Xerus princepps

Natal multimammate mous

(Mastomys natalensis
Pouched mouse
(Saccostomus campestyis
Tree squirrel
(Paraxerus cepapi

Order Artiodactyla
Blue wildebeest
(Connochaetes taurinys
Bushbuck
(Tragelaphus @riptus)
Bushpig
(Potamochoerus larvatiis
Commonduiker
(Sylvicapra grimmia
Eland

(Tragelaphus oryx
Giraffe

(Giraffa camelopardus

0.21-0.60 small
0.340.75 small
29-36* large
10-30

0.040.20

0.130.33

3-10

0.030.17

50-200

7-11

medium

small

small

small
small
small
small
small
small
small
small

small

large
medium
large
small
large

megaherbivore
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Impala 0.805 medium
(Aepyceros melampus

Klipspringer - small
(Oreotragus oreotragys

Kudu 8-24 large
(Tragelaphus strepsiros

Mountain reedbuck 0.080.76 medium
(Redunca fulvorufula

Nyala 0.153.60 large
(Tragelaphus angagii

Sable antelope 38118 large
(Hippotragus niger

Sharpebs gry - small
(Raphicerus sharpgi

Southern reedbuck 0.741.20 medium
(Redunca arundimm)

Steenbok 0.62 small
(Rhaphicerus campestr)s

Tsessebe 2-3 large
(Damaliscus lunatys

Warthog 0.62-3.30 medium
(Phacochoerus africanjis

Waterbuck 2-6 large

(Kobus ellipsiprymnys

Order Perissodactyla

Black rhinoceos 20 megaherbivore
(Diceros bicorni3

Plains zebra 80-600 large

(Equus quagga

White rhinoceros 12-52 megaherbivore

(Ceratotherium simujn

Order Proboscoidea
African elephant 52-240 megaherbivore
(Loxodonta africanp

*Home rage estimatesoin collared individuals in Selati Game Reserve
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Appendix 3.1a An example of the format for a trap | ayout file wused in t
locations (trap ID) and UTM coordinates (X, Y) of each camexja site. The numbersill 0 r epr esent occasions, whe
camera was active on that particular occasiorv&@ate information associated with each camera trap site: habita¢kypation(m a.s.l), slope,

road, distance to closestater source (distance to water) and whether large predators, medium predators or small predators were captured; are
given.

trap X v 12345678 910 habitat m sope road distance large medium small
ID type a.s.l to water predator predator predator
Cl 261428 7350906 1 1 1 1 1 1 1 1 1 1 Granite 513 2.3 no 524.26 yes yes yes
C2 264310 7351403 1 1 1 1 1 1 1 1 1 1 Granite 521 5.2 yes 1200.24 yes yes no
C3 266489 73510221 1 1 1 1 1 1 1 1 1 Bushvel 548 7.1 yes 741.24 no no no
C4 269117 7352796 1 1 1 1 1 1 1 1 1 1 Granite 520 2.9 yes 1014.24 yes yes no
Cs 271592 7352498 1 1 1 1 1 1 1 1 1 1 Mopane 482 3.6 yes 210.74 yes yes yes
C6 274797 7351192 1 1 1 1 1 1 1 1 1 1 Mopane 452 1.0 vyes 1784.95 yes yes no
C7 260928 7349794 1 1 1 1 1 1 1 1 1 1 Granite 530 0.0 no 742.21 yes yes no
C8 264189 73491451 1 1 1 1 1 1 1 1 1 Granite 473 59 yes 1025.56 yes no no
C9 266111 73494331 1 1 1 1 1 1 1 1 1 Granite 514 2.9 no 540.98 yes yes no
Cl0 269246 73491431 1 1 1 1 1 1 1 1 1 Granite 489 3.2 no 1085.27 no yes no
Cl1 270940 73489711 1 1 1 1 1 1 1 1 1 Mopane 453 4.0 no 1135.02 no yes no
Cl2 274249 7349743 1 1 1 1 1 1 1 1 1 1 Mopane 473 6.5 yes 1176.97 yes yes no
C13 277727 7348877 1 1 1 1 1 1 1 1 1 1 Mopane 455 3.2 no  1087.49 yes no no
Cl4 263928 7346383 1 1 1 1 1 1 1 1 1 1 Granite 494 0.0 no 702.7 no yes no
Cl15 267239 73452161 1 1 1 1 1 1 1 1 1 Mopane 472 3.0 no 2528.24 no no no
Cl6 269716 7346402 1 1 1 1 1 1 1 1 1 1 Mopane 504 3.2 yes 1762.65 yes yes yes
Cl7 272323 7346193 1 1 1 1 1 1 1 1 1 1 Mopane 497 29 yes 925.2 yes yes yes
C18 275190 73462281 1 1 1 1 1 1 1 1 1 Mopane 508 52 yes 938.94 yes no no
Cl19 277549 7346562 1 1 1 1 1 1 1 1 1 1 Mopane 491 1.0 yes 615.74 yes yes yes
C20 279802 73467541 1 1 1 1 1 1 1 1 1 Mopane 486 5.1 no  2354.39 yes no no
C21 266705 73437651 1 1 1 1 1 1 1 1 1 Mopane 517 0.0 vyes 1203.63 yes no no
C22 268657 73436941 1 1 1 1 1 1 1 1 1 Mopane 505 0.0 no 1317.41 yes no no
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Appendix 3.1 An exampl e of the detection histories
estimatedensity. The table shows the character valge (survey ID) for each season along

with the surveyspecific detections of individual animals (animal ID) and the associated
occasion and camera trap site (trap ID).

survey ID animal ID  occasion trap ID

S1 LPL18 52 C6

S1 LPL19 16 C8

S1 LPL20 44 C9

S1 LPL21 28 C18
S1 LPL21 41 C12
S1 LPL22 39 C13
S1 LPL22 54 C20
S1 LPL23 19 C16
S1 LPL24 11 C31
S1 LPL24 23 Cc22
S1 LPL25 52 C22
S1 LPL26 45 C24
S1 LPL27 28 C29
S2 LPL20 58 C8

S2 LPL22 21 C12
S2 LPL22 46 C18
S2 LPL24 59 C29
S2 LPL26 57 C24
S2 LPL27 16 C24
S2 LPL29 16 C19
S2 LPL32 18 C12
S2 LPL33 51 C10
S2 LPL42 31 C21
S2 LPL42 38 C16
S2 LPL43 48 C1l7
S2 LPL44 48 C17
S2 LPL45 14 C25
S2 LPL45 28 C29
S2 LPL45 32 C29
S2 LPL45 38 C24
S2 LPL45 48 C24
S3 LPL20 29 C8

S3 LPL20 31 C8

S3 LPL20 34 C8

S3 LPL29 4 C12
S3 LPL29 4 Ci4
S3 LPL29 13 C12
S3 LPL29 53 C6

S3 LPL30 4 C7

S3 LPL31 10 C7

S3 LPL32 8 C12
S3 LPL32 36 C29
S3 LPL32 46 C1l6
S3 LPL33 17 Ci4
S3 LPL33 25 C19
S3 LPL35 27 C19
S3 LPL35 55 C19
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Appendix 3.2 Checklist of mammal specighotographediuring the four seasonal camera trap surveys (dry 2016, wet 2017, dry 2017 and wet
2018) in Selati Game Reserve, Limpopo Province, South Africa. Mammalian species are categorismty isizetclasses for both prey and
carnivore species, reporting raw indices of abundances: number of events (n), species percentage of total eventsaiepats)noknce index

(RAI) and naive occupancy (n.o).

Speci Dry 2016 Wet 2017 Dry 2017 Wet 2018
pecies n Spp.% RAI n.o n Spp.% RAI n.o n Spp.%  RAI n.o n Spp.% RAI n.o
Small prey (<30 kg)

Cape porcupine 17 087% 0.94 0.32 24 0.75% 1.40 0.23 37 1.18% 2.08 0.16 8 0.41% 0.44 0.22
(Hystrix africaeaustraliy

Common duiker 85 434% 4.71 0.81 146 457% 8.54 0.77 222 6.8%0 12.47 0.77 144 7.43% 8.09 0.84
(SyWicapra grimmid

Chacma baboon 39 199% 2.16 0.52 84 2.63% 4.92 0.52 57 1.7 3.20 0.45 48 2.48% 2.67 0.74
(Papio ursinu¥

Klipspringer - - 3 0.09% 0.18 0.03 1 0.03% 0.06 0.03 - -
(Oreotragus oreotragys

Scrub hare 77  393% 4.27 042 16 0.50% 0.94 0.26 49 152 2.75 0.42 99 511% 556 0.42
(Lepus saxatiliy

Sharpebds grysb 2 0.10% 0.11 0.03 7 0.22% 0.41 0.13 3 0.09% 0.17 0.06 3 0.15% 0.17 0.10
(Raphicerus sharpgi

Steenbok 55 2.81% 3.05 0.58 49 1.53% 2.87 0.55 35 1.09% 197 0.45 29 150% 1.63 0.48
(Raphicerus campestr)s

Tree squirrel - - - - - - 1 0.05% 0.06 0.03
(Paraxerus cepapi

Vervet monkey 4 0.20% 0.22 0.10 3 0.09% 0.18 0.10 2 0.06% 0.11 0.03 3 0.15% 0.17 0.09
(Chlorocebus pygerythriis

Medium prey (30-90 kg)

Aardvark 23 1.18% 1.27 0.32 30 0.94% 1.76 0.58 29 090% 1.63 0.32 21 1.08% 1.18 0.48
(Orycteropus afer

Bushbuck 8 0.41% 0.44 0.06 1 0.03% 0.06 0.03 2 0.06% 0.11 0.03 1 0.05% 0.06 0.03
(Tragelaphus ariptus)

Impala 411 21.00% 2277 1 1198 37.48% 70.10 1 1126 3494 6326 1 623 32.16% 35.00 1
(Aepyceros melampls

Warthog 134 6.85% 7.42 0.90 282 8.82% 1650 0.84 142 441% 7.98 0.68 112 5.78% 6.29 0.81

(Phacochoerus africanlis
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Large prey (90-1000 kg)
Blue wildebeest
(Connochaetes taurinys
Bushpig
(Potamochoerus larvatyis
Eland

(Tragelaphusoryx)

Kudu

(Tragelaphus strepsicerps
Plains zebra

(Equus quaggrp

Nyala

(Tragelaphus angagii
Sable antelope
(Hippotragus nigey
Waterbuck

(Kobus ellipsiprymnys

Megaherbivore (> 1000 kg)
African elephant
(Loxodonta africanp

Black rhinoceros

(Diceros bicorni$

Giraffe

(Giraffa camelopardlis)
White rhinoceros
(Ceratotherium simujn

Small carnivore (<10 kg)
African wildcat

(Felis silvestris lybica
Dwarf mongoose
(Helogale parvula

Mel |l er6s mongo
(Rhynchogale mellgi
Serval

(Leptailurus serval

140

140

188

14

38

49

167

40

10

2

7.15%

0.15%

0.36%

7.15%

9.61%

0.20%

0.72%

1.94%

2.50%

0.41%

8.53%

2.04%

0.51%

0.10%

7.76

0.17

0.39

7.76

10.42

0.22

0.78

2.11

2.71

0.44

9.25

2.22

0.55

0.11

0.87

0.06

0.10

0.84

0.90

0.06

0.13

0.35

0.65

0.23

0.94

0.35

0.19

0.03

149

55

152

268

14

86

81

12

216

61

17

4.66%

0.06%

1.72%

4.76%

8.39%

0.44%

0.28%

2.69%

2.53%

0.38%

6.76%

1.91%

0.53%

0.16%

8.72 0.77 165
0.12 0.06 1
3.22 0.23 20
8.89 0.87 249
15.75 0.87 234
0.82 0.10 12
0.53 0.26 16
5.03 0.58 54
475 0.71 87
0.70 0.29 8
12.64 0.87 198
3.57 0.32 67
0.99 0.10 15
- 1
0.29 0.26 1

5.12%

0.03%

0.62%

7.7

7.26%

0.37%

0.50%

1.68%

2.70%

0.25%

6.14%

2.08%

0.47%

0.03%

0.03%

9.27

0.06

1.12

13.99

13.15

0.67

0.90

3.038

4.89

0.45

11.12

3.76

0.85

0.06

0.06

0.81

0.03

0.13

0.94

0.74

0.16

0.16

0.42

0.77

0.13

0.45

0.16

0.03

0.03

108

12

115

145

10

39

30

115

65

5.58%

0.21%

0.62%

5.94%

7.49%

0.21%

0.52%

2.01%

1.55%

0.36%

5.94%

3.36%

0.26%

0.05%

6.07

0.22

0.67

6.46

8.15

0.22

0.56

2.19

1.69

0.39

6.46

3.65

0.28

0.06

0.71

0.06

0.26

0.81

0.84

0.13

0.16

0.45

0.52

0.23

0.77

0.45

0.13

0.03
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Smallspotted genet
(Genetta genet)a
Largespotted genet
(Genetta tigrina

Medium carnivore (10-20 kg)
African civet
(Civettictis cietta)
Black-backed jackal
(Canis mesomelas
Caracal

(Caracal caraca)
Honey badger
(Mellivora capensis
Sidestriped jackal
(Canis adustus

Large carnivore (> 20 kg)
Cheetah

(Acinonyx jubatus
Leopard

(Panthera pardus

Lion

(Pantheraleo)

Spotted hyaena
(Crocuta crocut

29

32

10

43

17

11

138

0.26%

0.05%

1.48%

1.64%

0.20%

0.51%

2.20%

0.10%

0.87%

0.56%

7.05%

0.28

0.06

1.61

1.77

0.22

0.55

2.38

0.11

0.94

0.61

7.65

0.03

0.03

0.35

0.45

0.10

0.19

0.32

0.03

0.42

0.19

0.74

34

46

36

12

79

0.03%

1.06%

1.44%

0.03%

0.25%

0.28%

1.13%

0.38%

2.47%

0.06

1.99

2.69

0.06

0.47

0.53

2.11

0.70

4.62

0.03

0.19

0.26

0.03

0.19

0.13

0.35

0.29

0.61

13

53

86

43

34

11

140

0.40%

0.03%

1.6%4%

2.6™0

0.06%

0.22%

1.33%

1.0%%

0.34%

4.3%%

0.73

0.06

2.98

4.83

0.11

0.39

2.42

1.91

0.62

7.87

0.16

0.03

0.35

0.39

0.03

0.19

0.32

0.35

0.19

0.61

16

48

11

81

0.21%

0.10%

0.83%

2.48%

0.10%

0.31%

0.46%

0.57%

0.31%

4.18%

0.22

0.11

0.89

2.67

0.11

0.33

0.51

0.61

0.33

4.55

0.10

0.06

0.26

0.29

0.29

0.03

0.16

0.19

0.13

0.68
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Appendix 3.3 Species accumulatiaurves (solid lines) and 95% confidence intervals (dashed
lines) for the mammal community of Selati Game Reserve, Limpopo Province, South Africa
detected by camera trapping across four seasonal surveys (dry 2016 (A), wet 2017 (B), dry
2017 (C) and wet 201(D)).
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Appendix 3.5: The outcomes of the bet model for the seasonal ungulate transect survey analyses conducted in DISTANCE from data collected
in Selati Game Reserve, Limpopo Province, South Africa. Parameters given are relative density (Density (D)), populblimniszef animals
N)), standard error (SE), coefficient of variation (% CV) and the 95% confidence intervals (95% CI).

Survey  Bestfit model Goodnessof-  Effective strip Parameter D/N SE % CV 95% ClI
fit (c?) width
Dry 2016 Negative exponential P=0.15 75.50 Density 88.16 14.86 16.85 63.241 122.90
simple polynomial Number of animals 8552 1441.30 16.85 6134- 11922
Wet 2017 Negative exponential P=0.12 83.55 Density 65.46 1545 23.61 40.269-106.41
simple polynomial Number of animals 6350 1499.10 23.61 3906- 10322
Dry 2017 Negative exponential P =0.15 82.02 Density 51.58 18.66 36.18 20.720-128.38
cosine Number of anima 5003 1809.90 36.18 2010- 12453
Wet 2018 Negative exponential P=0.17 100.45 Density 143.57 28.82 20.08 95.168-216.59
cosine Number of animals 13926 2796.30 20.08 9231- 21009
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Appendix 3.6 Total counts of mammalian speciesrh aerial surveys conducted in Selati Game Reserve, Limpopo Province, South Africa from
2003 to 2018 (except for 2013). Values in brackets indicate the sjspeieisic percentage contribution of the total number of species counted.

Species 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2014 2015 2016 2017 2018
Small prey (<30 kg)
Common duiker 70 17 57 79 54 12 44 16 55 61 41 90 108 44 53
(Sylvicapra grimmig (2.34) (0.76) (0.82)
Klipspringer 16 14 3 7 10 8 15 2 7 6 7 15 21 2 5
(Oreotragus oreotragys (0.26) (0.03) (0.08)
Sharpebds gr 12 15 9 2 2 2 3 1 5 8 1 8 16 2 0
(Raphicerus sharpgi (0.20) (0.03)
Steenbok 21 26 14 25 21 7 14 9 26 28 18 48 30 23 30
(Raphicerus campestr)s (0.37) (0.40) (0.46)
Medium prey (30-90 kg)
Bushbuck 38 36 47 47 46 15 9 1 17 13 19 9 13 9 1
(Tragelaphus ariptus) (0.16) (0.16) (0.02)
Common reedbuck 1 - 3 - 12 2 - - 13 14 12 1 0 0 0
(Redunca arundinum
Impala 339 2224 4013 3695 4660 4101 2922 2274 2804 3653 3778 3785 4007 2675 3605
(Aepyceros melamplus (49.80) (46.33) (55.44)
Mountain reedbuck 7 23 5 5 8 19 10 7 18 18 13 17 6 2 9
(Redunca fulvorufula (0.07) (0.03) (0.14)
Warthog 869 641 442 426 708 222 139 195 266 298 288 327 335 201 129
(Phacochoerus africaniis (4.16) (3.48) (1.98)
Large prey (90-1000 kg)
Blue wildebeest 623 603 776 460 456 633 531 497 606 695 675 813 717 809 592
(Connochaetes taurinys (8.91) (14.01) (9.10)
Bushpig 14 - 5 6 - - 9 - 13 3 6 4 8 8 1
(Potamochoerus larvatjis (0.10) (0.14) (0.02)
Eland 188 207 222 226 219 213 131 92 84 94 58 41 70 52 64
(Tragelaphusoryx) (0.87) (0.90) (0.98)
Kudu 866 957 1140 1020 1250 557 477 506 634 691 782 1041 1006 678 765

(Tragelaphus strepsicerps

(12.50) (11.74) (11.79)
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Nyala 91 71 119 119 106 68 33 40 41 39 51 61 61 53 22
(Tragelaphus angagii (0.76) (0.92) (0.34)
Plains zebra 388 354 469 334 355 383 301 422 435 481 484 671 648 483 485
(Equus quagga (8.05) (8.37) (7.46)
Red hartebeest 2 4 - 5 - - - - - - - - - - -
(Alcelaphus buselaphys

Sable antelope 149 62 16 16 14 8 9 2 4 9 6 14 31 49 39
(Hippotragus nigey (0.39) (0.85) (0.60)
Tsessebe 11 13 - - 10 - - - 7 6 - 3 4 5 4
(Damaliscus lunatys (0.05) (0.09) (0.06
Waterbuck 492 283 461 583 487 352 353 350 375 427 355 301 399 200 184
(Kobus ellipsiprymnys (4.96) (3.46) (2.82)

Megaherbivore prey

(>1000 kg)

African dephant 72 87 84 75 67 71 61 75 84 87 115 112 102 114 115
(Loxodonta africana a.27)y (.97 @.77)
Black rhinoceros - - - - - - - - 13 7 11 9 13 10 14
(Diceros bicorni$ (0.16) (0.127) (0.22
Known black rhino 13 10 13 14 14 15

15

Giraffe 207 197 255 251 265 226 315 244 268 321 329 303 354 253 312
(Giraffa cameloparellis) (4.40) (4.38) (4.80
White rhinoceros 45 53 51 49 60 58 66 58 69 65 74 101 78 67 54
(Ceratotherium simuim (0.97) (1.16) (0.83)
Known white rhino 74 80 78 74 78
Medium carnivore (10-

20 kg)

Black-backed jackal 5 2 10 - - - 5 5 5 3 2 2 1 7 12
(Canis mesomab) (0.01) (0.12) (0.18
Honey badger - - 2 - - - - - - - 2 1 3 1 0
(Mellivora capensip (0.03) (0.02)
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Large carnivore (>20 kg)

Cheetah 4 - - 3 - 3 2 0 0 0
(Acinonyx jubatus

Leopard - - - 1 1 5 7 1 14 1
(Parthera pardu} (0.01) (0.24) (0.02)
Lion - - - 2 3 - 15 3 1 0
(Pantheraleo) (0.03) (0.02)

Spotted hyaena 5 3 - 1 - 1 7 11 12 6
(Crocuta crocutq (0.14) (0.21) (0.09)
Total 4535 5892 8203 7437 8814 6966 5478 4798 5869 7048 7224 7876 8013 5774 6595
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Appendix 4.1a: Example of a unique detection history file for spotted hyaenas captured during the first seasonal camera trap surn@yafdry 201

sampling occasi

represent

Selati Game Reserve. Numbers-C31 represendach camera trap site where number2 6

was abseni

an ani mal

t hat

gni fies

Occasions
13

i mal was present and S

an

an

22 23 24 25 26
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14

11 12

10

Site

C1

C2

C3

C5

Co6

C7

C8

C9

C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
Cc22
C23
C24
C25
C26
Cc27
C28
C29
C30
C31

183



Appendices

Appendix 4.1b: An example of a spotted agna unique detections subsidiata after being collapsed into intervals ofdHy sampling occasions

Numbers CiC31 represent each camera trap site where numberd.6.tepresent the iday sampling occasions for each seasonal survey

es that spmdtted [

f

i gni

S

dry2017:3, wet2018: 4) nlo

2,

(dry2016:1, wet@ 1 7 :

during the 16day interval.
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Appendix 4.1a: Example of a unique detection history file for spotted hyaenas captured during the first seasonal camera trap surn@yafdry 201
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Appendix4.1b: An example of a spotted hyaena unique detections soitdata after being collapsed into intervals ofdHy sampling occasions

Numbers CiC31 represent each camera trap site where numberd.6.tepresent the iday sampling occasions feach seasonal survey

(dry2016:

byaemas wédra absent t h a t

wet2017:2, dry2017:3, wet2018: 4)

1,

during the 16day interval.
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Appendix 4.2 Goodnes®of-fit results from the chsquare probability c(zp) and over

dispersion statistid]J for the global model for each suitable carnivore species, using different
collapsing day periods. For each species, environmental and biologically important covariates
were set for initial occupancy (@J)Thesampel oni s a
period was limited to 54, 56 or 60 days depending on whether it was a multiple of the sampling
occasion length and all 31 camera trap stations were included. The best fit model for each

species is italicised in bold and was used totinendynamic oagpancy models

Lion
Collapsing period No. of periods czp U
5 day sampling period 12 0.03 3.1
6 day sampling period 10 0.12 1.03
7 day sampling occasions 8 0.76 0.78
8 day sampling occasions 7 0.78 0.77
9 day sampling occasions 6 0.03 2.96
10 day sampling occasior 6 0.77 0.81

Spotted hyaena
Collapsing period No. of periods czp U
5 day sampling occasions 12 0.70 0.91
6 day sampling occasions 10 0 19.04
7 day sampling occasions 8 0.20 1.06
8 day sampling occasions 7 0.71 095
9 day sampling occasions 6 0.61 0.97
10 day sampling occasions 6 0.56 0.98
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Leopard
Collapsing period No. of periods czp U
5 day sampling period 12 0.22 1.22
6 day sampling occasions 10 0.35 0.98
7 day sampling occasions 8 0.95 0.57
8 day sampling occasions 7 0.96 0.60
9 day sampling occasions 6 0.89 0.77
10 day sampling occasior 6 0.92 0.75
Sidestriped jackal
Collapsing period No. of periods czp U
5 day sampling occasions 12 0.56 0.87
6 day sampling occasions 10 0.53 0.90
7 day sampling occasions 8 0.21 1.17
8 day sampling occasions 7 0.3 1.06
9 day sampling occasions 6 0.47 0.98
10 day sampling occasior 6 0.21 1.13
Blackbacked jackal
Collapsing period No. of periods czp U
5 day sampling occasions 12 0 20.76
6 day sampling occasions 10 0.98 0.68
7 day sampling occasions 8 0.41 1.03
8 day sampling occasions 7 0.96 0.75
9 day sampling occasions 6 0.98 0.74
10 day sampling occasions 6 0.82 0.86

188

Appendices



African civet:p > 0.05 indicated lack of fit

Collapsing period No. of periods czp U

5 day sampling occasions 12 0 6.8

6 day sampling occasions 10 0 2

7 day sampling occasions 8 0 7.4

8 day sampling occasions 7 0 2.7

9 day sampling occasions 6 0.001 1.59
10 day sampling occasior 6 0.001 1.62

Honey badger
Collapsing period No. of periods czp 0
5 day sanpling occasions 12 0.98 0.07
6 day sampling occasions 10 0.94 0.15
7 day sampling occasions 8 0.09 1.73
8 day sampling occasions 7 0.95 0.34
9 day sampling occasions 6 0.13 1.31
10 day sampling occasions 6 0.14 1.39
African wildcat

Collapsing period No. of periods czp U
5 day sampling occasions 12 0.69 0.69
6 day sampling occasions 10 0.79 0.69
7 day sampling occasions 8 0.53 0.92
8 day sampling occasions 7 0.89 0.55
9 day sampling occasions 6 0.76 0.79
10 day sampling occasions 6 0.78 0.78
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Appendix 4.3 Below are the dynamiccoupancy results fothe best fit models for each
carnivorespecies

Lion

Table 43.1: Top ranked models fdions in Selati Game Reseryvesing quaslikelihood
information criterionfor small sample sizeAICc), qQAICc differencein QAICc between

each model and top ranking mod@AIC cwt cum.wt, andK the number of parameters

Model K QAICc gRAICc QAICcwt Cumwt LL

y (elevationo(lprey) 10 25256 0 0.30 0.30 -118.31
(lprey)p(road+slop

Y (slop@a(humar) 10 253.52 1.03 0.18 0.48 -118.82
(humanp(road+slopg

y (slopga(lprey){lprey) 10 254.03 1.57 0.14 0.62 -119.09
p(road+slopg

y (elevationa(mprey) 10 254.20 1.75 0.13 0.75 -119.19
(mpreyp(road-+slop

y (elevationa(human(human 10 254.36 1.92 0.12 0.86 -119.27
p(road+slopg

y (water+elevatiojo(lprey) 11 256.65 4.03 0.04 0.90 -117.88
(lprey)p(road+slope

Table 4.3.2 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% CI)) from the best approximating model (table x3) from the analysisieixa factors

related to the occupancy dynamics of lion in Selati Game Reserve. Bold estimates indicate that
there was a strong association between the covariate and lion occupancy (Cls do not overlap
zero). ltalicised estimates indicate an intermedittength of evidence (Cls contain zero but

are not centred on zero).

Parameter  |njtial occupancy Colonisation Local extinction Detection
covariate probabili probabil probabi probability (p)
Intercept -27.2 €450.58, -30.1 €111.71, -5.58 ¢7.15,-

32.16 ¢2.48, 66.81) 396.21) 51.52) 4.01)
elevation -0.06 €0.13, 0.005)
Iprey -15.8 (396.59, 14.2 (24.18,

364.98) 52.51)

road 2.72 (1.19, 4.25)
slope 0.20 (0.02, 0.38)
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Figure 4.3.1:Probability of detecting lions in Selati Game Reserve related to slhpgéréy

ribbons depict upper and lower 95% confidence intervals
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Spotted hyaena
Table 4.3.3 Top ranked models faspotted hyaersain Selati Game Reseryvesing quasi
likelihood information criteriorfor small sample siz&QAICc), qgQAICc difference inQAICc

between each model and top ranking mod@hlCcwt cum.wt, and K the number of

parameters

Model K  QAICc gRAICc QAICcwt Cumwt LL

y (roada(mpreyUmprey) 12 888.87 0 0.78 0.78 -423.77
p(road+leopard+vegetatipn

y (roada(spredUspred 12 892.33 3.46 0.14 0.92 -425.50

p(road+leopard+vegetatipn

Table 4.3.4 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% CI)) from the best approximating model (table x3) from the analysis examining factors
relaied to the occupancy dynamics of spotted hyaena in Selati Game Reserve. Bold estimates
indicate that there was a strong association between the covariate and spotted hyaena
occupancy (Cls do not overlap zero). Italicised estimates indicate an intermaeiagghsof

evidence (Cls contain zero but are not centred on zero).

Zi:::?;;er o clc?tljt;)jncy Colonisation Local extinction Detection
orobabi| Probabil probabil probabiliy (p)
Intercept -1.91 €3.25,- -3.83 (5.35,-
0.66 €0.57, 1.88) -0.69 ¢2.10, 072) 0.57) 2.32)
road 7.96 (36.48,
52.39) 1.15 (0.68, 1.61)
mprey 0.32 €0.60, 1.25) 1.29 ¢0.09, 2.66)
leopard 0.25 (0.03, 0.48)
Vegetation
Granite 2.96 (1.47, 4.45)
Vegetation
Mopaneveld 2.01 (0.56, 3.47)
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Figure 4.3.2 Probability of detecting spotted hyaenas in Selati Game Reserve related to (A)
leopard relative abundance (RAI) in Mopaneveld vegetation and (B) leopard abundance in

Granite vegetation. Grey ribbons depict upper and lower @i#fsdence intervals.
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Leopard
Table 4.3.5 Top ranked models fdeopard in Selati Game Reseryasing quaslikelihood
information criterionfor small sample sizeJAICc), qQAICc difference inQAICc between

each model and top ranking de, QAIC cwt cum.wt, andK the number of parameters

Model K QAICc gRAICc QAICcwt Cumwt LL
Yy (slopga(hyaena 12 45788 0 0.28 0.28 -208.27
(hyaendp(road+lion+hyaena+Iprdy

y (roada(hyaena 12 458.08 0.20 0.25 0.53 -208.37
({hyaendp(road+lion+hyaena+Iprdy

y (elevationo(rainfall)(rainfall) 12 459.07 1.19 0.15 0.69 -208.87
p(road+lion+hyaena+lprgy

y (slopga(mprey) 12 459.15 1.28 0.15 0.84 -208.91
mpreyp(road-+lion+hyaena+lprdy

y (roado(lion) 12 459.32 1.45 0.14 0.97 -208.99
(lion)p(road+lion+hyaena+Iprdy

y (vegetatiofo(hyaena 13 462.43 4.55 0.03 1.00 -207.51
(hyaendp(road-+leopar}l

Table 4.3.6 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% ClI)) from the best approximating model (table x3) from thadyais examining factors

related to the occupancy dynamics of leopard in Selati Game Reserve. Bold estimates indicate
that there was a strong association between the covariate and leopard occupancy (Cls do not
overlap zero). ltalicised estimates indicateintermediate strength of evidence (Cls contain

zero but are not centred on zero).

Parameter Initial occupancy Colonisation  Local extinction Detection
covariate probabiliprobabi probabi probability (p)
Intercept -33.8 €150.14, -1.29 €2.33,- -3.65 €4.33,-
2:29£0.08, 4.66) 82.63) 0.25) 2.97)

slope -0.28¢0.80, 0.23)
hyaena 55.9 ¢136.5,

248.40) 0.62 (0.37, 1.60) 0.31 (0.07, 0.55)
road 1.52 (0.79, 2.4)
lion -0.10 (0.40, 0.20)
lprey 0.21 ¢0.02, 0.45)

194



Appendices

0100 (A) 1,001 (B)
00751 0.75
e ~
S )
= =
i i
£ 0.050 2 050
4 =]
5 // 5
> %
~ m
0.0251 0251 /
0.000 0.00-
00 04 08 12 16 00 04 08 12 16
Hyaena RAI Hyaena RAI

Figure 4.3.3:Probability of detecting leopards in Selati Game Reserve related to (A) spotted
hyaena (hyaenaglative abundance (RAI) and the extinction probability of leopards related to

(B) spotted hyaena (hyaena) relative abundance (RAI). Grey ribbons depict upper and lower
95% confidence intervals.
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Sidestriped jackal

Table 4.3.7 Top ranked models for sidstriped jackad in Selati Game Reseryasing quasi
likelihood information criteriorfor small sample sizeQAICc), gQAICc difference inQAICc

between each model and top ranking mod@hlCcwt cum.wt, and K the number of

parameters
Model K QAICc gRAICc QAICcwt Cum.wt
y (waterp(mprey(mprey) 12 336.14 0.00 0.60 0.54

p(water+rainfall+human-+lion

y (wateda(spredUspred 12 337.66 1.53 0.28 0.89
p(water+rainfall+human-+lion

y (watepa(lion){lion) 12 339.78 3.32 0.11 1.00
p(water+rainfall+human-+lion

Table 4.3.8 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% ClI)) from the best approximating model (table x3) from the analysis examining factors
related to the occupancy dynamics of sstigped jackalin Selati Game Reserve. Bold
estimates indicate that there was a strong association between the covariate-smigheiie
jackal occupancy (Cls do not overlap zero). Italicised estimates indicate an intermediate

strength of evidence (Cls contain zero éxd not centred on zero).

Parameter Initial occupancy Colonisation Local extinction Detection
covariate probabili probabil probabi | probability (p)
Intercept 6.80 ¢3.84,-1.31) -2.58 ¢3.84,-1.31) -0.20 ¢1.27,0.87) -3.25 ¢4.26,-2.25)
water -0.006 ¢0.01,-0.001) 0.002 (0.001,

0.003)
rainfall 0.59 (0.25, 0.94)
human 0.70 (0.17,1.23)
lion 0.48 (0.06, 0.89)
mprey -0.48 ¢€2.01, 1.06) 2.14 (0.002, 4.27)
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Figure 4.3.4: Probability of déecting sidestriped jackals in Selati Game Reserve related to
(A) lion relative abundance (RAI), (B) distance to the closest water source (m), (C) rainfall
(mm) and (D) human relative abundance (RAI). The initial occupancy probability of side
striped jaclals related to distance of water and the extinction probability of leopards related to
(F) medium prey relative abundance (RAIl). Grey ribbons depict upper and lower 95%

confidence intervals.
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Blackbacked jackal

Table 4.3.9 Top ranked models fdrackbadkedjackakin Selati Game Reseryvasing quasi
likelihood information criteriorfor small sample sizeQAICc), gQAICc difference inQAICc

between each model and top ranking mod@hlCcwt cum.wt, and K the number of

parameter.s
Model K QAICc gRAICc QAICcwt Cum.wt
y (watedo(lion)lion) 13 521.07 0.00 0.88 0.88

p(road+rainfall+leopard+lion+hyaeha

y (watepa(sprey[sprey 13 524 4.68 0.09 0.97
p(road+rainfall+leopard+lion+hyaeha

Table 4.3.10 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% CI)) from the best approximating model (table x3) from the analysis examining factors
related to the occupancy dynamics of blaelcked jackal in Selati Game Reserve. Bold
estimates indicate that there was a strong association between the covariate abddiledk
jackal occupancy (Cls do not overlap zero). Italicised estimates indinabeteamediate

strength of evidence (Cls contain zero but are not centred on zero).

Parameter Initial occupancy Colonisation Local extinction Detection

covariate probabili probabil probabi |l probability (p)

Intercept 2.28 €0.34, 4.89) -1.613 €2.55,- 2.0 (20.08, 2.07 €2.62,-1.52)
0.67) 24.08)

water -0.002 ¢0.004,

0.0007)
lion -0.44 ¢1.82, 0.95) 7.2 (44.37, -0.42 ¢0.83,-0.004)
58.76)

leopard 0.46 (0.18, 0.74)

road 1.50 (0.86, 2.14)

hyaena -0.40 €0.74,-0.06)

rainfall -0.32 €0.56,-0.08)
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Figure 4.3.5:Probability of detecting blackacked jackals in Selati Game Reserve related to

(A) spotted hyaena (hyaena) relative abundance (RAI), (B) leopard relative abundance (RAI),
(C) lion relative abundance (RAI) and (D) rainfall (mm).
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Honey badger

Table 4.3.11 Top ranked models fanoney badgerin Selati Game Reseryvesing quasi
likelihood information criteriorfor small sample siz&JAICc), qgQAICc difference inQAICc

between each model and top ranking mod@hlCcwt cum.wt, and K the number of

parameters
Model K  QAICc gqRAICc QAICcwt Cum.wt
y (roadao(mprednobadgér 10 169.57 0.00 0.20 0.20

(mprednobadgép(road-+leoparil

y (watepo(mprednobadgér 10 169.61 0.04 0.19 0.39
({mprednobadgép(road-+leopar}l

y (watedo(leopard({leopard 10 169.91 0.34 0.17 0.56
p(road+leoparyl

y ()2()q.)p(road+leoparyl 9 170.30 0.73 0.14 0.69

y (elevationa(mprednobadgér 10 170.40 0.83 0.13 0.82
(mprednobadgép(road-+leoparil

y (roago(rainfall)(rainfall) 10 171.08 1.51 0.09 0.91
p(road+leoparyl

Table 4.3.12 Model averaged covariate caefént estimates (and 95% confidence intervals
(95% ClI)) from the best approximating model (table x3) from the analysis examining factors
related to the occupancy dynamics of honey badger in Selati Game Reserve. Bold estimates
indicate that there was a@tig association between the covariate and honey badger occupancy
(Cls do not overlap zero). Italicised estimates indicate an intermediate strength of evidence

(Cls contain zero but are not centred on zero).

Parameter Initial occupancy Colonisation  Local extinction Detection
covariate probability (y) probabi probabi | probability (p)
Intercept -12.84 ¢206.59, -9.06 €£146.20, -4.29 (5.29,-

6.16(-91.005, 103.32) 180.90) 128.09) 3.30)
road -6.42 ¢103.60, 90.75) 2.25 (1.16, 3.33)
mprednpbéeger 5.53(-226.93, -12.96 (231.07,

238.00) 205.15)
leopard -0.76 €1.51,-
0.005)
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Figure 4.3.6:Probability of detecting honey badgers in Selati Game Reserve related to leopard

relative abundance (RAI).
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African wildcat

Table 4.313: Top ranked models fokfrican wildcat in Selati Game Reseryvasing quasi
likelihood information criteriorfor small sample sizeQAICc), gQAICc difference inQAICc

between each model and top ranking mod@hlCcwt cum.wt, and K the number of

parameter.s
Model K QAICc gRAICc QAICcwt Cumwt LL
y (slop@a(lion)lion) 11 216.47 0.00 0.69 0.69 -87.57

p(road+leopard+lion+hyaeha

y (slopaa(leopard) ({leopard 11 218.52 2.05 0.25 0.94 -88.59
p(road+leopard+lion+hyaeha

Table 4.3.14 Model averaged covariate coefficient estimates (and 95% confidence intervals
(95% CI)) from the best approximating model (table x3) from the analysis examaaitogsf
related to the occupancy dynamics of African wildcat in Selati Game Reserve. Bold estimates
indicate that there was a strong association between the covariate and African wildcat
occupancy (Cls do not overlap zero). Italicised estimates indicatéesmediate strength of

evidence (Cls contain zero but are not centred on zero).

Parameter Initial occupancy Colonisation Local extinction Detection

covariate probabil probabi probabi |l probability (p)

Intercept 6.34-3.60, 16.29)  -3.71(-18.41, 2.05¢19.77, -5.21¢6.83,-3.58)
10.98) 23.88)

slope -2.04(5.29, 1.21)

lion -4.03(-38.32, 7.38(43.57, -1.46(2.69,-0.22)
30.26) 58.32)

road 3.74(2.09, 5.39)

leopard 0.67(0.17, 1.18)

hyaena -0.41¢0.84, 0.02)
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Figure 4.3.7:Probability of detecting African wildcats in Selati Game Reserve related to (A)
leopard and (B) lion relative abundance (RAI).
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Appendix 5.1: Species accumulation curves for lion (A), spotted hyaena (B) and leopard (C)

sat samples in Selati Game Reserve, Limpopo Province, South Africa.
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Appendix 5.2a Food items identified in large carnivore scats and at kill sites in Selati Game
Reserve. Number in parenthesis give the sample size.

Lions Spotted hyaena Leopards
scats (22) Kkills (68) scats (78) scats (52) Kills (22)

Food items

Small prey (<30 kg)

Common duiker 1
(Sylvicapra grimmia

Sharpeds grys 1 1
(Raphicerus sharpgi

Steenbok 1
(Raphicerus campestr)s

Medium prey (30-90 kg)

Bushbuck 1 1
(Tragelaphus scripts)

Impala 6 10 34 18 12
(Aepyceros melampls

Mountain reedbuck 2

(Redunca fulvorufula

Warthog 7 8 9 3 1
(Phacochoerus africaniis

Large prey (90-1000 kg)

Blue wildebeest 1 13 4 1
(Connochaetes taurinys

Bushpig 1 1 2
(Potamochoerus larvatjis

Eland 1 2 2

(Tragelaphusoryx)

Kudu 3 25 9 3 2
(Tragelaphus strepsicerps

Nyala 2 1 4
(Tragelaphus angagii

Plains zebra 1 3

(Equus quaggp

Sable antepe 2 1

(Hippotragus nigey

Tsessebe 1

(Damaliscus lunatys

Waterbuck 2 25 6

(Kobus ellipsiprymnys

Other

Cape porcupine 2 3

(Hystrix africaeaustraliy

Chacma baboon 2 1
(Papio ursinu}

Rock hyrax 1
(Procavia capens)s

Scrub hare 1
(Lepus saxatilis

Vervet monkey 1
(Chlorocebus pygerythriis

Sidestriped jackal 1
(Canis adustus

Smallspotted genet 1
(Genetta genet)a

Mongoose 7 5
Rodent 12

Bird 3

w
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Appendix 5.2b: Diet composition from scats and Kill sites combined given as the total number (n) and frequency of occurrence (FO)dolr each f

item for each large carnivore in Selati Game Reserve. Prey species average abundance over the study p2fia8)(#0h6adal counts (n)

and their frequency of occurrence (FO) are given.

. Prey species Spotted hyaens Leopards
Food items n FO n FO n FO n FO
Small prey (<30 kg)
Common duiker 68 1.01% 1 1.30%
(Sylvicapra grimmia
Shar pebdks gr vy« 6 0.0%% 2 2.60%
(Raphicerus sharpgi
Steenbok 28 0.41% 1 1.30%
(Raphicerus campestr)s
Medium prey (30-90 kg)
Bushbuck 8 0.11% 1 1.11% 1 1.30%
(Tragelaphus scrifpts)
Impala 3429 50.62% 16 13.78% 34 37.78% 30 38.96%
(Aepyceros melampls
Mountain reedbuck 6 0.08% 2 2.60%
(Redunca fulvorufula
Warthog 222 3.2 15 12.93% 9 10.00% 4 5.19%
(Phacochoerus africaniis
Large prey (90-1000 kg)
Blue wildebeest 706 10.42% 14 12.07% 4 4.44% 1 1.30%
(Connochaetes taurinyis
Bushpig 6 0.08% 1 0.86% 1 1.11% 2 2.60%
(Potamochoerus larvatiis
Eland 62 0.9%% 2 2.59% 2 2.22%
(Tragelaphusoryx)
Kudu 816 12.0%% 28 24.14% 9 10.00% 5 6.49%
(Tragelaphus strepsicerps
Nyala 45 0.6™0 2 2.22% 5 6.49%
(Tragelaphus angsii)
Plains zebra 539 7.9%% 7 6.03% 3 3.33%
(Equus quaggp
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Sable antelope 40 0.5% 2 1.72% 1 1.11%
(Hippotragus nigey

Tsessebe 4 0.06% 1 0.86%

(Damaliscus lunatys

Waterbuck 261 3.8%% 27 23.28% 6 6.67%
(Kobus ellipsiprymnus

Other

Cape porcupine 2 1.72% 3 3.33%

(Hystrix africaeaustraliy

Chacma baboon 2 2.22% 1 1.30%
(Papio ursinu¥

Rock hyrax 1 1.30%
(Procavia capens)s

Scrub hare 1 1.30%
(Lepussaxatili

Vervet monkey 1 1.30%
(Chlorocebus pygerythriis

Sidestriped jackal 1 1.30%
(Canis adustus

Smaltspotted genet 1 1.30%
(Genetta genet)a

Mongoose 7 7.78% 5 6.49%
Rodent 3.33% 12 15.58%

Bird 3 3.33%

w
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Appendix 5.2c: Diet composition from scats as the total number (n) and frequency of
occurrence (FO) for each food item for smalid mediunrsized carnivores (other carnivores)

in Selati Game Reserve.

Other carnivores*
scats (31) FO

Food items

Small prey (<30 kg)
Klipspringer 1 2.86%
(Oreotragus oreotragys

Medium prey (30-90 kg)

Bushbuck 1 2.86%
(Tragelaphus ariptus)

Impala 5 14.29%
(Aepyceros melampys

Warthog 1 2.86%

(Phacochoerus africaniis

Large prey (90-1000 kg)

Eland 1 2.86%
(Tragelaphusoryx)

Kudu 1 2.86%
(Tragelaphus strepsicerps

Waterbuck 2 5.71%
(Kobus ellipsiprymnuys

Other

Chacma baboon 1 2.86%
(Papio ursinu¥

Mongoose 6 17.14%
Rodent 16 45.71%

* Other carnivores inade serval, caracal, blatlacked jackal, sidetriped jackal and civet
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SUPPLEMENTARY MATERIAL

Supplementary material 1

1) SC model

{
sigma ~ dgamma(30,5& blackbacked jackal

# sigma ~ dgamma(30,58) # sidigiped jackal
# sigma ~dgamma(40,110) # civet

# sigma ~ dgamma(100,31) # lion

# sigma ~ dgamma(164,100) # leopard

# sigma ~ dgamma(1965,1500) # spotted hyaena
lamO ~ dunif(0,10)

psi ~ dbeta(1,1)

for(i in 1:M) {

z[i] ~ dbern(psi)

s[i,1] ~ dunif(xim[1], xlim[2])

s[i,2] ~ dunif(ylim[1], ylim[2])

for(jin 1:J) {

distsq[i,j] < (s[i,1] - X[j,1]D"2 + (s][i,2] - X[],2])"2
lam[i,j] <- lamO * expédistsq][i,j] / (2*sigma”2)) * z[i]
}

}

for(jin 1:J) {

bigLambda][j] < sum(lam[j])

for(k in 1:K) {

n[j,k] ~ dpois(bigLambdal[j])

}

N <- sum(z[])
D <- N/area

}
" file="bbj_dry2016_Xxt")
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2) Home range size and calculations for the
Home range size estimates for lion (n=4), leopard (nr@)aotted hyaena (n=3) were derived
from minimum convex polygons created from GPS telemetry location data collected from the
study area (lion: 2028018, leopard: 2028017; spotted hyaena: 202617; refer to Chapter
4). Blackbacked jackal, sidstripedjackal and civet home range sizes were taken from the
|l iterature from studies conducted in similar
following Chandler & Roylg2013)and assuming ehi-squaredistribution with 2 degrees of

freedom.

Blackbacked jackal
#home range estimates from literaturé: 27.8 knt

sqrt(2/pi)/sqrt(5.99) = 0.33 km
sqrt(17.8/pi)/sqrt(5.99) = 0.97 km

# we want a prior with most of the density between:
0.33 and 0.97

# Gamma(30,50) covers this

ggamma(c(0.001,0.5,0.999),30,50p#8173834.59334670.9960723

Sidestriped jackal
#home range estimates from literaturé: 23 km?

sqrt(2/pi)/sqrt(5.99) = 0.33 km

sqrt@3/pi)/sqrt(5.99) = 0.88m

# we want a prior with most of the density between:
0.33and 0.83

# Gamma(3®8) covers this

ggamma(c(0.001,0.5,0.999),30)380.2736064.51150570.8586830
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Civet
#home range estimates from literaturé: 2km?

sqrt(3/pi)/sqrt(5.99) = 0.4km

sqrt®/pi)/sqrt(5.99) = 0.5@m

# we want a prior with most of tlensity between:
0.40 and 0.50

# Gamma40,11Q covers this

ggamma(c(0.001,0.5,0.998),110 #0.211454(M.3606108).5674510

Lion
#home range estimates fraaienetrydata 105- 315km?

sqrt(105/pi)/sqrt(5.99) = 2.36n
sqrt@15/pi)/sqrt(5.99) = 4.0Bm

# we want a prior with most of the density between:
2.36 and 4.09

# Gammal00,3) covers this

ggamma(c(0.001,0.5,0.99800,3] # 2.3200453.2150604.315170

Leopard
#home range estimates fraslenetry data 30- 75 km?

sqrt(31/pi)/sqrt(5.99) = 1.288m

sqt(75/pi)/sqrt(5.99) = 1.98m

# we want a prior with most of the density between:
1.28 and 1.99

# Gammal64,100 covers this

ggamma(c(0.001,0.5,0.99954,100 # 1.2725591.6366682.064389
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Spotted hyaena
#home range estimates fraalenetry data 29- 36 km?

sqrt(29/pi)/sqrt(5.99) = 1.2dm

sqrt@36/pi)/sqrt(5.99) = 1.38m

# we want a prior with most of the density between:
1.24 and 1.38

# Gammal965,1500 covers this

ggamma(c(0.001,0.5,0.999)965,150p # 1.2205731.3097781.403226
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Markov Chain Monte Carla Traceplots and Posterior Probability Histograms for the dry 2017
survey for each species, where M was set at 88@sity (D) is individuals per kfrand (i

(sigma) is in 10 km units
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Sidestriped jackal

214



