Status & ecology of leopardP@nthera pardus

In African conservation landscapes

Charlotte E. Searle

Department of Zoologg Pembroke College

University of Oxford

A thesis submitted for the degree@dCTOR OFPHILOSOPHY

MICHAELMAS TERMT JANUARY 2021

Supervised by

Professor DavidW. Macdonald, Dr Andrew. Loveridge & Dr Amy J. Dickman



Abstract

Status & ecology of leopard (Panthera pardus) in African conservation landscapes
A thesis submitted yharlotte E. Searlim fulfilment of the degree of Doctor Bhilosophyin Zoology

Pembroke College, Universitf Oxfordi Michaelmas Term, January 2021

Althoughwidely considered one of the o r Imibsh resilient large carnivores, the leopéPdnthera

pardug is severely threatened by habitat fragmentation, prey base declines, and-ihduczal

mortality. In Africa, a relative lack of conservation urgency hasud t ed i n t he specie
poorly understood across much of itsnaining range, despite evidence of range contractions and
population declineacross the continenin this thesis, | set out to answer some of the most pressing
guestions facing the lorgrm persistence of leopapdopul ati ons i n Africabds e
landscapeusing data from two mixedse landscapes which are likely to represent major stréagyho

for the species within its remainirgrican range. In Chapter 3fihd leopard to be widespread across

the southern KAZA TEFECA, Africabs | argest transf
protection are importa predictors of habitat uskalso find that the species is most abundant in areas

with high protection and prey availability, whereas trophy hunting appears to have a negative influence

on leopard abundancén Chapter 4, ktep back to take a communigvel perspective on KAZA

wildlife distributions, and show thatitered rainfallandrising livestocknumberare emergindrends

that may impacteopard and their prey in thimportantconservation area. In Chapterl5ind that

|l eopard density acr osRagwadtandschpesiikely td Bedargalydrivem bys R u a h ¢
availability of prey, whichtself varies with habitat types and anthropogenic impaddysresultsshow

that a hunting area with significant protection investment supports a leopard density comparable to
similar habitain a photographic tourism area, and provide evidémaecommunitynmanaged WMAs

can be highly valuable favildlife but should be prioritised for monitorintn Chapter 6, find evidence

that leopard in RuakRRungwa employ finescale partitioing mechanisms to facilitate coexistence with

both dominant competitors and humans, and that groantigropogeni@ressures may interfere with

these adaptations. Taken together, this work provides evidence that leopard are resilient but not immune

to human impacts, and that populations may continue to decline acrossakaban Africa without

major interventionl usemy findings to highlight priorities for leopard conservation in Africa, including

securing prey populations, preserving hightptectedareas as refugiaithin mixeduse landscapes,

closely monitoring atisk populations, and enacting adaptive hunting quotas.
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CHAPTER1: Introduction

Introduction

The leopardRanthera parduyis the mostwide angi ng and adaptable of the
populations found in a diverse range of habitats across Africa, Asia, and parts of the Middle East
(Hunter, 2015) However, the worlddés | eopards face an
carnivores, the species is severely threatdnehabitat fragmentatiofbaguardia et al., 2017; Rostro

Garcia et al., 2016)prey base declind$lenschel et al., 2011; Hussain et al., 2018; Wolf & Ripple,

2016) and humasinduced mortality(Inskip & Zimmermann, 2009; Oswell, 2010; Parchizadeh &

Adibi, 2019; Raza et al., 2012)s a result of these pressuresumber of local extinctions have been
documented for leopar@Rasphone et al., 2019; RostBarcia et al., 2016and the species has been

lost from nearly 80% of its former global ran@®olf & Ripple, 2017)

Although classified as one of the least threatened subspecies of leopard, the African Retaetg

pardus pardupis nonetheless thought to have lgsto two thirds of its historical range on the continent
(48-67%; Jacobson et al., 201§rimarily due to the loss and degradation of natural hafitatk &

Eva, 2009; Swanepoel et al., 2088)d the decline of many prey spedi€saigie et al., 2010)These
pressures alsgauseleopard tocome into increasing contact withumans, which can exacerbate
conflict, another major t h(Saanepoetedal t2BleAthoymle ci es 6
reliable data on trends in leopard status are sorely lacking feSaudran Africa, these combined
threats ee likely to have caused population declines of at least 30% over the last three generations
(Stein et al., 2020)They also show little sign of abating,tiwvieconomic and population growth, and

the associated demand for land, projected to continue across muchS#haran Africa through the

21% century (African Development Bank Group, 2020; UN, 201®@)creasing pressure on the

continent 6s r e miBaewmarky2008wWVitterdylerietfak, 2088) e a s

Despite this concerning trend, the leopard continues to be widely considered one of thedwds mo s t
resilient large carnivores, bolstered by evidence of populations successfully persisting in human
dominated and highlfragmented area@threya et al., 2013; Braczkowski et al., 2018; Kittle et al.,

2014; Oddenetal.,2014) I n Afri ca, the | eopardds reputation
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lack of research and conservation urgency for the spg@dsie et al., 2014; Jacobson et al., 2016;

Stein et al., 2020particularly compared to other large carnivores like African wild dggdon pictuy
cheetal{Acinonyx jubatus and lion Panthera led, which are typically considered to bre acutely

atrisk (Bauer et al., 2016; Durant et al., 2015; Winterbach et al., 2013; Woodroffe & ilibia,

2020) Because of this, the status and population trends of the African leopard is unknown across much

of its remaining rang@lacobson et al., 2016; Stein et al., 208 ere assessments have been carried

out, they have largely been concentrated in areas of lower conservation cortenanghave failed

to contribute meaningfully to conservation outcor(i@alme et al., 2014)As a result, although the

majority of leopards are believed to occur outside strigtbtected areas across theiridén range

(Hunter et al., 2013Yelatively little is actually known about how human pressures impact the species

in African conservation landscapes, and how well these populations vaililedo persist in the face

of rising anthropogenic disturbanddacobson etal., 2016) Combi ned wi th the spec
nature, this lack of empirical assessments may [

leopard populations.

Leopards and other largaroivores require access to large, connected landscapes for populations to
thrive (Boitani & Powell, 2012; Crooks et al., 2011 light of this, there is a growing consensus among
conservation experts that, while higlgyotected areas remain dal component of many large
carnivore conservation strategig&ranth & Chellam, 2009kmall protected areas alone will not be
sufficient to maintain viable populations of large carnivores into the fuRigple et al., 2014;
Swanepoel et al., 2013) number of complementasgrategies have evolved to address this challenge,
marking a shift from the current protected aceatric approach to a landscape level approach to
conservation, while emphasising the coupling of conservation efforts with development initiatives
(Trombulak & Baldwin, 2010)However, as the popularity of thesegrammes accelerates, there is a
pressing need to assess and monitor the impacts these initiatives have on the wildlife populations they
contain(Campbell et al., 2002; Witmer, @B). To understand how best t o ¢
populations into the future, we need to expand our research efforts to assess populations across areas

under different forms of utilisation and managen{&atime et al., 2014}o determine which strategies
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can successfully reconcile effective wildlife conservation with both local and nationalesmeiomic

development.

In this thesis, | set out to answer some of the most pressing questions fadimgyieem persistence

of | eopard populations in Africads evolving con
establish just how valid the | eopardés reputati
species is actually faring a@®land uses, management strategies, habitatke\astsl of anthropogenic

impact | also explore which methods can be used to monitor theserandéng and elusive species

particularly against a backdrop of limited funding for conservation and manag@mmany range

states. Finally, as African conservation landscapes continue to evolve, | attempt to shed light on which
approaches hold promise for securing the contin
populations. By exploring thesee@gtions, this thesis aims to improve our understanding of how leopard

can be successfully conserved across the large, mulisgleeomplexes characteristic of the modern

African landscape.

1.1. Thesis outline

This body of work is presented as an integratedgsh&ke thesis opens with a general introduction and
literature review, followed by four data chapters formatted as independent research articles, before
closing with a general discussion. The thesis is followed by six appendices, each comprising a

manuscipt published, in review, or in preparatiamhich | have contributed talongsidethis DPhil.

My research focuses on two mixade landscapes which are likely to represent strongholds for leopard
within its remaining global range: the southern Kavadgatbezi Transfrontier Conservation Area
(KAZA TFCA) across Botswana and Zimbabwe (Chapters 3 & 4), and the FRuatgwa landscape

in southern Tanzania (Chapters 5 & 6).

In Chapter 21 introduce the challenges of largermisore conservation in the 2Xkentury, review
available literature on methods for monitoring large carnivores, and introduce the study species and

study landscapes.
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In Chapter 31 employ data from largecale spoosurveys to investigate leopard status and habitat use
across a mixedse landscape spanning Botswana and Zimbabwe, in the southern KAZA TFCA. | use
occupancy models to estimate the proportion of the landscape used by leopard, and assess how a suite
of biotic, anthropogenic, and management variables influence leopard habitat use. | then employ N
mixture models to identify factors influencing relative abundance of the species in the study area. |
discuss the implications ahy results for leopard conservation $abSaharan Africaand usemy

findings to highlight conservation priorities for the species across modern conservation landscapes.

In Chapter 4 | employ the same spoalataset useéih Chapter 3 to model muiipecies habitat
associations across the southern KAZA TFCA. | use the random forest machine learning algorithm to
model habitat suitability for 16 mammal speaiégonservation importandeincluding six carnivores

and ten herbivoresusing a multiscale approach, to identify the scales at which each species responds
to differentvariables. | then combine these specizecific insights to build a mulsipecies view of the
factors determining mammal distributiorress southern KAZA, including leopard and their prey, and

identify potential future threats to the landscape.

In Chapter 51 employ data from camera trap surveys | conducted in the misedRuahd&ungwa
landscape irsouthernTanzania in 2018 ar2D19. Surveys were carried out in four sites representing a
range of habitats and management strategies: aripfeyAcaciaCommiphorahabitat in Ruaha
National Park (NP)a miombo woodland habitat in Ruaha NP; tremeunitymanaged Acacia
CommiphoraMBOMIPA Wildlife Management Area (WMA); and the miombo woodladaminated
Rungwa Game Reserve (GR), a trophy hunting.drese spatiallyexplicit capturerecapture (SECR)
modellingto estimate population density of leopard across the study sites, and discuss the implications
of my findings for leopard conservation management across rugedandscapes in Tanzania, and in
Africa more widely. This study provides one of the firstisdaissessments for leopard in Tanzania, and

one of the first in an African miombo habitat.

In Chapter 6 1 complement the RuafRungwa camera trap survey data used in Chapter 5 with

concurrent data from cameteaps deployed in neighbouring unprotected village |asdpart ofa
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communityengagement programme. Together, | use these data to investigate temporal partitioning and
spatiotemporal avoidance and attraction among members of an intact East Africaariairgae guild
(leopard; lion; spotted hyaen@rocuta crocutastriped hyaendjlyaena hyaenaAfrican wild dog and
cheetal, and explore how these effects vary across an anthropogenic pressure gradient. In doing so, |
identify coexistence mechanisms ployed by leopard in RuakHRungwa to minimise intrguild
competition, and shed light on how the species may adjust its behaviour in the presence of heightened

human pressures.

In Chapter 71 synthesise my findings, and diss the contribution of this thesis to current knowledge
on the ecology, monitoring, and conservation management of leopard populativodam African

conservatiodandscapes.
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Literature review

2.1. Large carnivore conservation in the 215 century: Protection beyond parks

Thelossof apexpredatordhasbeenarguedo beoneofh u ma n kmostsiydifisantimpactson nature
(Esteset al., 2011) Large carnivoresplay a key role in regulatingecosystemgAtkins et al., 2019;
Rippleet al., 2014;Treves& Karanth,2003)andcanbeavaluableassefor theareasn whichtheyare
found, bringing economicvalue at a local and nationallevel throughtourism (Lindseyet al., 2007;
Okello et al., 2008) and stimulatingconservatiorefforts that can help protectco-occurringspecies
throughtheirrole asumbrellaspeciegRoberges Angelstam2004) Beyondthemoralimplicationsof
condemningspeciego extinctioni a concernwhich lies at the heartof conservatiorbiology (Soulé,
1985)71 thelossof large carnivorescanthereforehave profoundconsequencef®r the structureand

functionof ecosystemgEstesetal., 2011;Rippleetal., 2014;Ritchieetal., 2012)

Thedietaryandhabitatrequirementsf largecarnivoresneantheyoftenoccupylargehomerangesand
persistat naturallylow densitiegBoitani & Powell,2012) Thesetraits leavethe speciegarticularly
susceptibleo habitatloss and persecutionas individuals must roamwidely acrossrangesthat can
extendbeyondthe bordersof protectedareasinto landsshapedand occupiedby humans(Carter&
Linnell, 2016;Rippleetal.,2014) Insidethesefragmentedandscapes;arnivoresareexposedo high
levelsof mortality (Woodroffe,2000), often asa resultof accidentalor intentionalkilling by humans
(Balme, Slotow, et al., 2009; Loveridgeet al., 2007) Humanimpactsalsothreatenlarge carnivores
indirectly: 25% of thew o r |ladgé carnivoreprey speciesare classifiedas threatenedn the [IUCN
RedList, primarily asaresultof habitatconversiorto agriculture deforestationandhunting(Wolf &
Ripple,2016) Reducedrey populationscanin turn increasdivestockpredationby large carnivores,
further exacerbatingevelsof conflict (Khorozyanetal., 2015) Althoughthereare someexampleof
large carnivorepopulationssuccessfullypersistingin humandominatedareasi suchas leopardin
Mumbai, India (Braczkowskiet al., 2018)andspottechyaenan northernEthiopia(Yirga etal., 2015)
T suchcasesrethe exceptionratherthantherule, andthe frequencyof corflicts betweernumansand

carnivoresappearso beontherisein manyareagTreves& Karanth,2003;Wittemyeretal., 2008)
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Facedoy thesepressuregnanyofthew o r llacgécarnivoresareunderthreatof extirpationfrom large
partsof their historicalhabitd. Overthreequartersof thew o r [3Hlargecarnivorespeciesareknown
to bein decline,with 17 specieaccupyinglessthanhalf of their historicaldistributions(Rippleetal.,
2014) Intactlargecarnivoreguilds,whichonceoccupied®6%of thew o r Itetrdstsialareanowcover

just34%oof thew o r lladdiWolf & Ripple,2017)

Africa holds mostof thew o r | rem@isingpopulationsof large mammals(Wilson & Mittermeier,
2011) andis hometo oneof the mostfunctionally diverseguilds of large carnivoregDalerumet al.,
2009) Despitethis, the continenthasbeenidentified asa hotspotof carnivoredecline(Ripple et al.,
2014) primarily asaresultof habitattossanddegradatior{Craigieetal., 2010;Newmark,2008;0gutu
etal., 2016) direct persecutiorby humans(Dickmanet al., 2014; Ogadaet al., 2003; Woodroffe &
Frank,2005) anddecliningprey numbergWinterbachet al., 2013; Wolf & Ripple,2016) Members
of the African large carnivore guild are undegoing widespreadrange contractionsi with losses
estimatedat 94%for lion (Pantheraleo), 93%for African wild dog (Lycaonpictus, 92%for cheetah
(Acinonyxjubatug, 48-67% for leopard(in Africa; Pantherapardus Jacobsoretal., 2016) 27% for
brown hyaenaParahyaenérunneg, 24%for spottechyaenaCrocutacrocutg), and15%for striped
hyaengacrossts globalrange;HyaenahyaenaWolf & Ripple,2016)i andall butbrownhyaendace
declining populationtrends (AbiSaid & Dloniak, 2015; Baueret al., 2016; Bohm & Hdner, 2015;
Durantetal., 2015; Steinet al., 2020; Wiesel,2015; Woodroffe & Sillero-Zubiri, 2020) As aresult,
four of the sevenlarge carnivore speciesin Africa are classified as Threatenedby the IUCN
(EndangeredAfrican wild dog; Vulnerable lion, leopard,cheetahBaueret al., 2016; Durantet al.,
2015; Steinet al., 2020; Woodroffe & Sillero-Zubiri, 2020) while stripedhyaenaandbrown hyaena
areclassifiedasNearThreatenedAbiSaid& Dloniak,2015;Wiesel,2015)andspottechyaenaaslL east

Concern(Bohm& Héner,2015)

Largecarnivorerangecontractiondiavebeenshownto besignificantlymorelikely in regionswith high
rural humanpopulationdensity,cattledensity,or cropland(Wolf & Ripple,2017) Thesepressuresre

only settoincreasdor largecarnivoresn Africa, drivenby acomplexcombinatiorof social,economic,
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andpolitical factors.Humanpopulationin subSahararAfrica (SSA),which increasedpproximately
six-fold sincethestartof the 215 century(DeGeorgeg Reilly, 2009) is predictedo increasea further
300%by 2100(UN, 2019) Many African nationsarealsoexpectedo seecontinuedeconomicgrowth
aswe progresgowardsthe middle of the century,with six economiegankingamongthew o r Iteth 6 s
fastestgrowersin 2020 (Rwanda,Ethiopia, Coted 6 | v Ghamaglanzania,and Benin; African
DevelopmenBankGroup,2020) Togethereconomicandpopulationgrowthacrosghe continentwill
generataéncreasingdemandfor land for the expansiorof humansettlement@and otherinfrastructure
(Tilman et al., 2017) Agricultural demandswill also continueto rise: by 2050, food demandfor
livestockproductsn SSAwill benearlydoublewhatit wasin 2010(vanVuurenetal., 2009) with the
total marketsize of beef(comparedo 200507; PicaCiamarraet al., 2013) and milk consumption
(comparedo 2000;Herreroet al., 2014) both expectedo triple in this period.In additionto demand
for food, livestocknumbersarelikely to be pushedup evenfurtherwith populationgrowth asa result
of the considerablesocialvalueplacedon livestockowneshipin manypartsof the region(Thornton,
2010, althoughthis trend may be counteredby concurrenturbanisation(Awumbila, 2017) As the
intensificationof livestockproductionalonewill notbesufficientto meetthisincreasinglemandihese
trendswill requireconversionof landto supportthe expansiorof grasslandgor livestocki whichis
responsibldor nearly60% of landusechangein SSAT atthe costof someof ther e g i remaigirsg
wooded savannah&nd primary forests(Herrero et al., 2014) All thesepressureswill be further
exacerbatetly theimpactsof climatechangewhichis expectedo increaseaemperaturesalterrainfall

patternsandreduceagricutural yieldsthroughoutheregion(FAO, 2017)

Despitethetroublingoutlook, effortsto avertan African extinctioncrisisareunderwayln 2017,CMS
(Conventionon Migratory Species)and CITES (Conventionon InternationalTradein Endangered
Species)announced joint African Carnivoreslnitiative (ACI; CMS, 2017) intendedto provide a
sharedlatformfor theimplementatiorof crossborderandtraderelatedconservatiorsolutionsfor lion,
leopard cheetatandAfrican wild dog.While thisinitiative seekgo galvanisanternationalwill to save
thesespeciesnationatlevel solutionsto thelargecarnivoreextinction crisiswill dependbndeveloping

strateges thatfacilitate coexistencé thatis, the lastingpersistencef self-sustainingarge carnivore
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populationan humandominatedandscape$Chapron& LépezBao, 2016) Widespreadadoptionof
predatoffriendly pastoralandagriculturalpracticesshouldhelp to slow large carnivoredeclines,and
canbenurturedthroughfavourablepolicy andeffortsto increaseoleranceof predatorgWinterbachet
al.,2013;Wolf & Ripple,2017) Stemmingtheconversiorof ther e g i remaidirsgwild habitatswill

alsobeanimportantsteptowardssecuringhefutureof its largecarnivoresAs agriculturalproductivity
in SSAis still far belowyield potential(Chauvinetal., 2012) intensificationof existingcroplandsand

rangelandshroughthe useof modernandnoveltechnologiesnay go someway to achievingthis goal.

However,arguablythe mostimportantfactorundepinningthefutureof A f r i largedarmivoredsthe
c o nt i pratactedareanetwork. Protectedareas(PAs) play a key role in safeguardingarge
carnivoresand other speciedrom extinction (Brondizio et al., 2019; Karanth& Chellam,2009) by
providing refugiaaway from the threatsof land conversionand overexploitation.In doing so, PAs
provideareaf higherpopulationrabundancevhich canprotectspeciesgainsdetrimentakourcesink
dynamicgHansen2011) andharbouiirreplaceabldiodiversity (Le Saoutetal.,2013) Approximately
15%of thew o r ltedrésisialareais undersomeform of protection(UNEP-WCMC & IUCN, 2020)
falling shortof the goal of 17% by 2020setout in the Conventionof Bi o d i v AichisTargeylt s
(CBD, 2010;UNEP-WCMC & IUCN, 2020)i althoughthis targetis alreadybeingexceededn some
countriesjncludingZimbabwe(27%; UNEP-WCMC & IUCN, 2020) Botswang29%; UNEP,2019a)
andTanzania38%; UNEP,2019b) Post2020 targetsaremoreambitiousstill, amountingto asmuch
as 44% protectionof the E a r ttelr@stsialsurface(Allan et al., 2019) Levels of protectionacross
differentPA categoriesangewidely, from areasvholly setasidefor biodiversityto areasvherenatural
resouce extractionis permitted(UNEP-WCMC etal., 2018) Overthe pastcentury,African countries
haveestablishedn extensve networkof PAs encompassingomeof thew o r |msdiconic natural
landscapegNewmark,2008) the moststrictly-protectedof thesearetypically designatecsNational
Parks.However althoughthe coverageof PAsacrosghe continenthasdoubledsincel1970,manyPAs

in SSAarebecomingncreasinglyisolatedasa result of humanpressuregNewmark,2008)
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2.1.1. Achieving large carnivore conservation at scale

Thesizeof PAshasimportantimplicationsfor largecarnivoresthe smallerthe PA in relationto their
homerange the greaterthe proportionof the populationthatmustrangebeyondits bordersandcome
into potentiallylethal contactwith humangWinterbachetal., 2013) This cancreatepopulationsinks
surrounding?A boundariesandcanhavemajorimpactsthatreverberat¢hroughoupopulationswithin
PAs(Davidsonetal., 2011;Loveridgeet al., 2010;Woodroffe& Ginsberg,1998) Theseedgeeffects
may be mitigatedthroughconservatiorefforts that incorporateconflict mitigation strategiesandthe
developmentof buffer zonesin marginal habitat outside strict PAs (Balme, Slotow, et al., 2010;
Winterbachet al., 2013) Such marginal areascan also be highly important for speciesthat are
particularly vulnerableto intra-guild competitioni suchas African wild dog and cheetahi whose
avoidanceof areaswith high densitiesof dominantcompetitorscanforce theminto lesse- or non

protectedand(Creel,2001;Durant,2000)

Theissueof scaleis particularlyimportantfor securingesilientregionalpopulationsof largecarnivores
(NabeNielsenet al., 2010; Rudnicket al., 2012) Failureto maintainconnectivityamongpatchesof
habitat canimpedes p e cabil#ydodisperseandmigrateacrosswider landscapesyhich canleadto
increasedgeneticisolation (Willi et al., 2007) compromisedresilienceto population bottlenecks
(Gilpin, 1987) andreducedopportunitiesto adaptto a changingclimate (Opdam& Wascher2004)
As such,identifying and maintaininglinkagesbetweenrhabitatpatchedoth amongandwithin PAsis
recognisedsa critical requiremenftor the effective conservatiorof large carnivoreg/Ashrafzadelet

al., 2020;Cushmaretal., 2018)

Althoughit is widely agreedthat the continuedpreservatiorof highly-protectedcoreareasemainsa
vital componenof large carnivoreconservationLeaderWilliams et al., 1990; Lindseyet al., 2018;
MacKinnon,1986;McNeely & Miller, 1982) the considerableostsassociatedvith maintainingstrict
PAs meanthat they are unlikely to be viable at the scalerequiredto overcomeedgeeffects,secure
marginalhabitats,and maintainconnectivityacrosswider landscape$ particularlywith the chronic

underfundingalreadyfacing A f r i existi@g®A network(Lindseyet al., 2018,2014; Packeret al.,
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2013) As aresult,thereis agrowingconsensuamongconservatiorexpertghatalternative|andscape
scaleconservatiormodelsarerequiredto secureviable populationsof largecarnivoresnto the future

(DeGeorge# Reilly, 2009;Rippleetal., 2014)
Transfrontier conservation areas

Recognitionof the needto achievelarge carnivoreconservatiorat scalehasinitiated a shift from the
traditional protected areacentric approachtoward a landsc@elevel approachto conservation
(Donaldsonet al., 2017; Kennedyet al., 2016; Trombulak& Baldwin., 2010) One major example

illustratingthis shift is the emergencef transfrontierconservatiorareas(TFCAS).

The importanceof policy and governancen preservingwild ecosystem$ashistorically meantthat
conservatioras beerrestrictedo effortswithinac o u n bordgréThisapproachs atoddswith how
theworld is usedby wildlife, andhasresultedin a numberof otherwisecontiguouswild ecosystems
and dispersalcorridors being severedby political boundaries(Dallimer & Strange,2015; Lopez
Hoffmanetal.,2010) As awarenessf thisincongruitygrewoverthelastcentury the concepf trans
borderPAsrosein prominenceamongbodieslike the IUCN, which in 1988identified morethan70

PAsaaoss65 countriesthatstraddlechationalboundariegThorsell,1990)

TFCAsareamodelbornefrom this mismatchbetweergeopoliticsandecology,andwerefirst defined
in 1999 by the SouthernAfrican DevelopmentCommunity (SADC) as fia compment of a large
ecologicalregionthat straddleghe boundariesof two or more countries encompassingne or more
PAs, as well as multiple resourceuse area® (SADC, 1999) The SADC is an intergovernmental
organisatiorof 16 southernAfrican statesandis responsibldor the oversightof ther e g i TF@AS.s
Thereare currently eighteensuchareasin various stagesof developmentcrossthe terrestrialand

marineregionsoverseerby the SADC, coveringover 700,000km? (SADC, 1999)

Dueto their size, TFCAs havethe potentialto securecorridorsfor wildlife thatmay otherwisebe lost
to land-useconversionandfragmentationproviding tractsof intercomectedland that are critical for

wide-rangingand migratoryspeciegElliot etal., 2014;Naidooet al., 2016) The SADC alsopraises
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TFCAs as i e f f evehiclesvoe fostering regional cooperationand integration, and enhancing
socioeconomiaevelopmenin rural areasthroughthe sustainablauseof sharednaturaland cultural
r e s o U(BADE,4999) While the succesof many tourism destinationswithin TFCAs pre-dates
their establishmentthe extra supportprovidedfor crossbordertourismand developments part of
theseschemesaugmentgheir potentialto generateemploymentandreducepovertyin areasthatare
often margnalised(Hanks,2003) Moreover theinstitutionalframeworksestablishedor oversightof
TFCAsmayhavevaluefor peaceandcooperatiorefforts (Muboko,2017) However, TFCAshavealso
beensubjectto criticism, including accustions that they represenain undemocraticcentralisingand
top-downapproactio environmentamanagementDuffy, 2006)thatcanserveto reinforcecontrolson
the accessanduseof land by thoseinhabitingthem(Noe, 2010) andthatthey mayfunction moreas

i p a p & r thanéffectivevehiclesfor onthe-groundconservatior{Ferreira,2004)

2.1.2. Overcoming the costs of conservation

In additionto theissueof scale anothemajorchallengdacingA f r i PAsisGhequestiornof funding.
PAsthatdonotgeneratesufficientfinancialbenefitso overcomeahelocal or nationalopportunitycosts
of resistingconversiorareat risk of downgrading,downsizing,or degazettemer{iMasciaetal., 2014;
NortonGriffiths etal., 2009) This challenges particularlyacutein developingcountriesi which are
hometo manyof thew o r |biddiversityhotspotgMyersetal., 2000)i whereareasusedby wildlife

are often highly enmeshé with thoseusedby marginalisedrural populations(UNDP, 2016) In the
contextof large carnivoreconservationpreservatiorof healthywildlife populationscan also bring
considerabledditionalcosts,includingthe threatof humanattack(Kushniretal., 2010;Packeret al.,
2005) andlivestock losses(Butler, 2000; Hemsonet al., 2009) As such,thereis an urgentneedto
identify land usestrategieghat can generatesufficient funding to overcomethesecosts,and enable
effectivemanagemenb limit thelossof bothlargecarnivoresandwider biodiversity(Dickmanetal.,

2019;Lindseyetal., 2018;Sarukharetal., 2005)
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Community-based natural resource management

Thepreservatiorof NationalParkshasbeencriticisedasanexampleof i f ord o ressesr (Kiagt i o n 0O
2010) establishmenof thesestrictly-protectedareascanforcibly excludeimpoverishedoopulations
from naturalresourceso which theyhavehadtraditionalaccesgAdams& Mulligan, 2003) rerouting
the economicvalueof thoseresourceawayfrom thesepopulationspftento centralisedyjovernments,
while continuingto expectthem to bearthe burden of coexistenceln many countries,efforts to
reconcilethe needsof wildlife and local communitieshave already beeninitiated, by placing an
increasedemphasison decentralisedvildlife managemenpolicies as a complementto traditional
centralisedrameworks.Underpinningmany suchefforts is the conceptof communitybasednatural
resourcananagemeniCBNRM), aframeworkfor landmanagemerttaseduponthetheorythatnatural
resourcesvill be sustainablymanagedvhenlocal communitieshaveownershipof thoseresourcesnd
derivebenefitsfrom their use(Magomeé& Fabricius,2004) Whenthe conceptof CBNRM startedto
grow in popularityin thelate 20" century,it quickly beganto filter into land managenentplanningby
governmentslueto its promiseasa meanof promotingbothlong-termprotectionof wildlife andrural
economicdevelopmentToday,a large numberof governmentsn Africa haveintegratedargescale

CBNRM programmesnto their land managenentplans.

However,despiteits promisingpremise,CBNRM hasbeencriticisedasan idealisedapproaclthatis
challengingto implementin complexreatworld settings(DeGeorges® Reilly, 2009; Garner,2012)
with particulardifficulties associatedvith the distribution of benefitsto participatingcommunities
While successfucommunitybasedland managemeninitiatives have beendocumentedat sitesin
BotswanaandKenya(Chisanga2016; Measham& Lumbasi,2013) similar programmedavefailed
to achievethe anticipatedgainsin conservatioranddevelopmentlsewherén BotswanaandKenya,
andin UgandaZimbabwe andZambia(Garner 2012;Milupi etal., 2017;Wainwright& Wehrmeyer,
1998) In Tanzaniaalthoughthereis evidenceof communitymanagedildlife Managemenireas
(WMAS) suppoting comparablevildlife populationgo stronglyprotected\ational Parks(Kiffner et

al., 2020) thec o u n WM#As@agpearto haveachievedmixed successn their engagemenof local
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communitiegWalsh,2000), andthereis no clearevidenceof theinitiative contributingto widespread
povertyreduction(Keaneet al., 2020) Reviewsof community conservatiorsuggesthat, while some
initiatives have shown measurablesuccessand others have clearly failed, most examplesfall

somewherdetweerthesetwo extremegJones2015)
Trophy hunting

Tourismis oneof the mostimportantindustriesin Africa, contributing7.1%ofthec o nt | GDPmt 6 s
2019(168.5hillion USD; World Travel & TourismCouncil,2020) Non-consumptivetourism, often
termedphotographictourism or ecotourism,is one of the major mechanismsy which funding is
generatedn African PAs (Lindseyetal., 2017) However,manyareaghatarecritical for the survival
of largecarnivorepopuationsarenotsuitablefor photographid¢ourism(Dickmanetal., 2019;Lindsey
etal.,2007;Winterbachetal., 2015) Large partsof remaininghabitatin Africa supportrelativelylow
wildlife denstiesi includinglessproductivehabitatdike miombowoodlandgFrost,1996)andmany
areagritical for connectivity(Jonesetal., 2012;Kiffner etal.,2016)1 whichdonotoffer thesightings
expectedby mostinternationaltourists. Many of theseareasare also very remote making tourism
activities expensiveto operateand less competitive againstwell-establishedourist routesoffering
internationalflights (suchasin Tanzaniawhere80% of internationakouristsvisit the northerncircuit,
despitethe wealth of wildlif e areaselsewheran the country; Hunt & Gorenfb, 2019; Mgonjaetal.,
2015) Wildlife areascanalsobeinfestedwith tsetselies, which deliver painful bitesandcantransmit
sleepingsicknesgtrypanosomiasisfyHO, n.d; althoughthepresencef thisinsectis whathasactually
enabledmany areasto resistconversioni it is thoughtthat tsetseeradicationwould increasecattle
densityby morethan50 headperkm? in partsof TanzaniaSwallow,2000) Moreover,althoughnon
consumptivetourismis often closelyalignedwith conservatiorgoalsat a local scale,it comeswith a
considerablearbonfootprintfrom thethousandsf internationaflights takeneachyearby safarigoers

(Marzoukietal.,2012)

Trophy huntingis one commonalternativeto photographidourismthatis usedto generatdunding

from the presenceof large mammals.n Africa, c o | 0 n idesireto snairdain populationsof wild
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gamefor huntingwascentralto the formationof manyNational Parks(which were often established
alongsideforcible eviction of indigenouspopulations)King, 2010) andhuntersare often considered
the forebearsof modernconservationist§Adams& Mulligan, 2003) Today, huntsof African large
carnivoresmustcomply with strict quotason the numberof individualsthat may be huntedwithin a
designate@reaeachyeari althoughmanyquotadackrobustscientificbasisandmaybeunsustainably
high (Lindsey et al., 2013; Trouwborstet al., 2020)T and haveto meeta numberof other national
regulationsaboutwhen,where,andhow huntscanbe carriedout (e.g.MNRT, 2015) Becausedourist
huntersaregenerallymoreacceptingof remoteandchallengingconditionsandoften pay substantially
higherfeesthanphotographi¢ourists(Baker,1997;Lindseyetal.,2007) trophyhuntinghasbeenused
by conservationmanagersto attach economic value to many natural habitats unsuitable for
photographit¢ourism(Lindseyetal., 2007) andcando soatarelativelylow ecologicalcost(Dickman
etal., 2019 althoughnotethatthis doesnot applyto cannechunting,awidely condemnegbracticethat
often employshighly unethicalpracticesandsecuredew conservéon benefitsfor wild populations;

IUCN, 2004)

In the absenceof viable conservatiororientedland use alternatives,trophy hunting is arguedto
thereforeplay animportantrolein preventingheconversiorof valuablehabitatto agriculturalland (Di
Minin et al., 2016; Dickman et al., 2019; Lindsey et al., 2007) However, the practice can have
detrimentallong-term impactson huntedpopulationsif carriedout unsustainablyor combinedwith
othersourcesof anthropogenianortality (Lindseyet al., 2013; Loveridgeet al., 2016; Packeret al.,
2010;PackerKosmalagtal.,2009)i althoughinformationonthesampactss lackingevenfor species
which haveattractedconsiderableattentionfrom policymakersD. W. Macdonaldet al., 2017)7 and
hasthe potentialto distort communitystructure(Ripple et al., 2016) The trophy huntingindustryis
alsocurrentlyfielding global public criticism over the ethicsof killing animalsfor sport(Dickmanet
al.,, 2019) As aresult, Af r i toophg lunting industry facesan uncertainfuture, with activities
decliningin partsof the continent(FZS, 2018; Ministry of Natural Resourcesand Tourism,2016)
Neverthelesgheindustryremainsa significantsourceof fundingfor A f r i wildiifé areaspeingthe

predominantevenuesarnefor over1 million km? of PAs, andcontributingapproximately200million
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USD peryearto PAsin Africa (Di Minin etal.,2016;Lindseyetal., 2007) The phasingout of trophy
hunting without viable alternativefinancing or forms of land use alreadyin place thereforerisks
underminingtheseresourcedgor protectionof vital wildlife habitat(Di Minin etal., 2016;Dickmanet

al.,2019)

2.1.3. Assessing the impacts of conservation models

In the face of ongoingeconomicand populationgrowth, the continuedprotectionof Af r i larged s
carnivoresandtheir prey remainsprecarious While the majority of wildlife populationsin largeand
wel | p resetvescetlmastcertainlystable(Stoneretal., 2007) manyAfrican PAs havefailed
to mitigate humaninducedthreatsto African large mammalpopulationgCraigieet al., 2010) At the
samdime, the African conservatiotandscapés undergoingwidespreadhangesincludingthedecline
of trophyhuntingin partsof the continent(Lindseyetal., 2014)andthegrowthof landscapescaleand
developmentinked modelslike TFCAs and CBNRM (Hackel,1999; Suich et al., 2009) However,
manyof thesechangearebeingimplementedvithout sufficientinformationontheimpactsof different
conservatiormodelson biodiversityandecosysteniunction (Coadet al., 2015;UNEP-WCMC et al.,
2018) With A f r i PA aebwarkalreadyunderresourcedgrowingpressuresnremaininghabitatand
rising opportunity costsmay also resultin decreasedupportfor PAsif their conservatiorbenefits
cannotbe demonstrate (Coetzee2017) As such,thereis a pressingneedto assesand monitor the
extentto which different conservatiormodels,which are underpinnedy widely varied cultural and
economic factors acrossthe contirent, actually fulfil their conservationgoals (Coetzee, 2017,
NaughtonTreveset al., 2005) Ideally, thes efforts shouldbe implementedalongsideassessments
long-term social sustainability,to ensureland managemenplansare also capableof securingtheir
developmengoals (Sachset al., 2009; UNEP-WCMC et al., 2018) Information of this kind is an
essentiatomponentf effectiveconservatiomplanning,andis particularlycritical for largecarnivores,
whoselong-term survival is highly dependenbn PA networksand favourableconservatiornpolicy

(Ripple et al., 2014; Trouwborst, 2015; Winterbachet al., 2013) Only through such empirical
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assessmentndadaptivepolicy canwe ensurghatA f r i landn@arsagemerftameworkwill continue

to evolvein adirecion thattruly benefitswildlife.

2.2. Assessing and monitoring large carnivore populations

Assessingand monitoring the statusof large carnivorepopulationsis essentiako their conservation
(Boitani & Powell, 2012) Effective monitoring allows decisionmakersto evaluatethe impact of
different land usesand managemenstrategieson the health of populations,and can provide the
oppatunity to interveneandadaptor replaceapproacheshat are not securingtheir intendedbenefits
before populationssuffer too many negativeimpacts.This is particularly importantin areaswhere
extractiveactivitieslike trophyhuntingarebeingcarried out, asit mustbe ensuredhattheseactivities
arecarriad out sustainablywith no long-termdetrimentalimpactson populationsto ensurethatthey
arecompatiblewith conservatiorgoals(Bunnefeldetal.,2013;D. W. Macdonaldetal., 2017; Selier&
Di Minin, 2015) The in-depth understandingf large carnivore populationsthat can be nurtured
througheffective monitoring can also feedinto longerterm conservatiorplanning,asit enableghe

potentialimpactsof differentactionsto be anticipatedoeforechangesareimplemented.

Thereare a numberof different aspectf large carnivoreecologyand statusthat shouldideally be
takeninto accountwhen monitoring populations(Boitani & Powell,2012) Although it may not be
possibleto monitor all of thesein all landscape$ be this due to financial, logistical, or political
limitationsi decisionmakersshouldstriveto developmonitoringprogrammeshatincorporateasmany
of thesedifferentcomponentaspossible(Winterbachetal., 2013) In doingso,theywill beequipped
with the bestpossibleinformationto be ableto enactmanagemenplansthatcansecurehelongterm

viability of largecarnivorepopulationsn a changingworld.

2.2.1. Distribution and habitat use

Establishingreliable and accuratepopuldion estimatesremainsa gold standardin large carnivore
conservationand is often cited as an essentialcomponentof effective managemeninterventions

(Balme, Hunter, et al., 2009) However,the surveyefforts requiredto obtain suchestimatescanbe
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prohibitively expensiveandtime-consumingWitmer, 2005)i particularlyfor conservatiorprojectsin
lower-incomecountrieswhich areoftenequippedwith limited fundsandsmallteams(Le Saoutetal.,
2013; Waldron et al., 2013) Although lessrobustthan measure®f densityand abundancesimple
presenceabsencalatacanbe collectedrapidly and costeffectively acrosdarge areag(Mackenzie&
Royle,2005) As such,preenceabsencelatacanprovideacoarseiindicatorof statushatcanbeused
to monitor the distribution of speciesat large scaleswhile providing valuableinsightsinto habitat

prefaencesandtolerancdimits.

Theability to accuratelymodelcurrentandpotentialspeciedistributionshasimmensevalueasatool
for conservationa detailed understandingdf currentdistribution can help decisionmakersassess
populationstatus(Bahaael-din et al., 2015) identify priority areasfor conservatior(RodriguezSoto
etal.,2011) anddetermindevelsof connectivitybetweensubpopulation®f a specieKanagarajt
al., 2011) This understandinganalsoactasa foundationfrom which to makepredictionswhich can
beusedo identify tractsof landwith thepotentialto actascorridors(Cushmaretal.,2010)andevaluate
changesn landscapeconnectivityunderdifferent climatechangeandland usescenariogCushmaret

al., 2016)

Occupancy modelling

Onemethodof assessingpeciedistributionsis to estimatethe proportionof anareaoccupiedby the
speciesf interest(MacKenzieet al., 2006) However,in orderfor suchinferencego berobust it is
essentihato accounffor the fact thatdetectionis not perfectfor the vastmajority of ecologicalsurveys
This s particularlythe casefor large carnivoreswhosenaturallylow densitiesandelusivenaturecan
makethemdifficult to detect(Boitani & Powell,2012) Failureto detecta speciesloesnot necessarily
reflect absenceand failing to accountfor such fifalse a b s e nwdlleleadto underestimate®f
occupancy(Mackenzie& Royle, 2005) To addressthis sourceof bias, Mackenzieet al. (2002)
developedhe occupancymodelling framework,which usespatternsof detectionand non-detection
overmultiple surveysof a siteto estimatedetectiorprababilities(p), andconsequentlgeriveunbiased

estimatesof occupancy( yMackenzieet al., 2002) The methodis basedon the closedpopulation
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capturerecapturanodelsdevelopedor estimation®f abundancésee2.2.2.Populationdensity 1 with

sitesanalogoudo individualsi but with the addition of a parameterepresentinghe probability of

speciepresencéMacKenzieetal., 2018)

The proportionof anareaoccupiedby a specieds considerech valuablemetric for assessingpecies
occurrencerangeand distribution, and is acceptedas a robustsurrogatefor abundancen species
monitoringefforts (MacKenzieetal., 2006) It is particularlyusefulasatool for long-term,largescale
monitoring programmesof rare and elusive speciesfor which more direct measuref abundance
would comeat a considerableostin termsof bothtime and effort. Moreover,occupancymodelling
allowstheinclusionof covariatego explainheterogeneityn bothoccupancyanddetectiorprobability,
facilitating insightsinto the factorsdriving habitatuseand selectionby a speciegMacKenzieet al.,
2006)1 informationthatcanbe highly valuablein informing conservatiorandmanagemenplanning.
Sincetheirinception,occupancymodelshavebeenextendedo incorporatemodellingof multi-season

populationdynamics speciesnteractionsandcommunitylevel occupacy (MacKenzieetal., 2018)

While the occupancymodelling framework has beenappliedto numerousspeciesworldwide, the
techniquehasprovenaparticularlypopularmethodfor assessingtatusandhabitatusepatternsof large
carnivoresjncludingbobcat(Lynxrufus Clareetal., 2015) cheetal{Andreseretal., 2014) clouded
leopard(Neofelisnebulosa Tan et al., 2017) puma(Pumaconcolor Sollmannet al., 2012) jaguar
(Pantheraonca Petracceetal.,2013;Sollmannetal.,2012;Zelleretal.,2011) leopard(Ghoddouset
al., 2010;Gubbietal., 2020; Strampellietal., 2018a) lion (Everattetal., 2014;Henschekt al., 2016;

Midlaneetal., 2014) andtiger (Pantheratigris: Karanthetal.,2011;Sunartoetal.,2012)

N-mixture modelling

N-mixture models are a novel extensionof occupancymodels which use counts of unmarked
individuals, ratherthan simple detection/nordetectiondata, to estimate site-specific abundance e ;
Royle,2004) A strictsetof assumptionsnustbe metfor total abundancéo bederivedfrom N-mixture
models andmultiple studieshaveurgedagainsusingsuchmodelsto obtainpopulationestimategLink

et al., 2018; Nakashima,2020; Roganet al., 2019) Neverthelessthe N-mixture framework holds
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promiseasan efficient and costeffective way to understandhe factorsaffectings p e cabumdarice
overlarge scales by allowing the effect of covariateson relative abundanceo be explored.In doing
so,thismethodcanprovideamorenuancediiew of howaspeciess faringwithin differentcomponents

of alandscapéhanmeasuresf site usealone(Royle,2004)

Machine learning to model and predict multi-species distributions

Maintaining healthyplant and animal communitiesis centralto safeguardingunctional ecosystems,
andis the main motivation underpinningcurrentinternationalbiodiversity targets(CBD, 2010) As

sieh, landscapédevel wildlife assessmenghouldalsostriveto incorporatemulti-specieperspectives,
sothatthis informationcanbe usedto inform effectivelandscapédevel conservatiorandmanagement

plans(Zelleretal., 2012)

Identifying habitatpreferencefor multiple speciestalandscapacales necessaly complex:different
speciecanrespondo environmentabndbiotic variablesin complexanddivergentways(Ficetolaet
al.,2007) and areaf connectivitybetweersubpopulationsf onespeciesnaynotcoincidewith those
of anothel(Richardson2012) As aresult,makingreliableinferencesboutmulti-speciesystemsver
spaceand time can be extremelychallenging(Austin, 2007; Dunganet al., 2002) In recentyears,
however,machinelearningapproachefiaveemergedas a powerful tool to modelspatally complex
andtemporallydynamicsystemsastheyareableto disentangleomplexandnortintuitive interactions
from largedatasetsnuchmorereadilythantraditionalmodellingapproachegEvansetal.,2011) One
modelthatis becomingan importantpart of the ecologicaltoolsetis randomforest (Breiman,2001;
Cutleretal.,2007;Evansetal.,2011;Rogaretal.,2008) apowerfulmachinelearningalgorithmwhich
hasbeenusedin remotesensing(Hengl et al., 2017; Immitzer et al., 2012; Naidoo et al., 2012)
restoratiorecology(Barnardetal., 2019) habitatsuitability andconnectivityanalysegAshrafzadelet
al., 2020;Vanbianchiet al., 2017) andclimatechangepredictions(Ashrafzadetet al., 2018;Rehfeldt

etal.,2006)

In simpleterms,randomforestmodelsconsistof multiple decisiontrees that operateasanensemble.

Eachof theseindividual decisiontreesmakesa classprediction,andtherandomforestselectgheclass
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with the mostpredictionsacrossall its constituentdecisiontrees.The decisiontreesthat makeup a
randomforestare built with randomsubset®f acompletedatasetselectedsia abootstrapaggregation
( A b a g grocedu@;)he remainingfi o -oftheb a glata are then usedto evaluatethe model.
Although the randomforestclassificationalgorithmcan strugglewhensampling is not representative
or dataarepatrticularlynoisy, it is neverthelessonsidere@neof themostaccuratdearningalgorithms

available(Yiu, 2019)
2.2.2. Population density

Reliableandaccuratgopulationestimatesrenecessaryo monitorpopulationtrends comparespecies
statusacrosdifferentmanagemendtrategieslandusesandhabitattypes,andensuresustainabléevels
of offtake in huntedpopulations(Balme, Slotow, et al., 2009; Packeret al., 2010; Strampelliet al.,
2018b) Understandingnow populationsvary acrosdifferentcomponent®f alandscapeanalsohelp
identify refugiaandat-risk populationsincludingpopulationsinks(Boulangeretal., 2018;ChaseGrey
etal., 2013; Loveridgeet al., 2010) Whenmonitoringwildlife populationspopulationdensityi an
estimateof populationsizeperunit areai canbea moremeaningfulmetricthansimpleabundanceas
it translates purepopulationestimatento somethinghatcanbe comparedirectlyacrosssites(Balme,
Slotow, et al., 2010; Espinoseet al., 2018) or throughtime (Harmsenret al., 2017; Satteret al., 2019

providedthatcomparablenethodsareused.
Capture-recapture modelling

Capturerecapturenodelswerefirst developedo overcomeahelimited informationprovidedby count
statistic§ thenumberof animalsseenheardor caught obtainedoy ecologistasvhensurveyinganimal
populations Suchstatisticsaloneareonly capableof providinga minimum boundon populationsize,
asthe surveysfrom which they ariseonly samplean unknownfraction of the populationof interest
(Nichols,1992) In thelate 19" andearly 20" century,a numberof ecologistindependentlyeasoned
that, by estimatingthis samplingfraction, it would be possibleto deriveanestimateof populationsize
from the countstatistic(Jackson;1933; Lincoln, 1930; Petersen1896) This thinking gaveriseto the

Lincoln-Petersemmethod the earliestmethodfor estimatingoopulatian sizefrom markedanimals.
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Fromthis foundation,subsequentapturerecapturenodelsweredevelopedhataccountfor different
samplingframeworks,suchas scenariosvith morethantwo samplingoccasionsCapturerecapture
surveyf thiskind resultin datasummarisedisingcapturehistoriesrowsof 1sandOsdenotingcapture
andno capture respectivelyfor eachsamplingoccasion(Rovero& Zimmermann,2016) For closed
populations,in which neitherimmigration nor emigrationoccurs (MacKenzieet al., 2006) these
capture historiesare modelledin terms of captureprobabilities,and can take a numberof forms

accordingto the differentassumptionshatcanbe madeaboutvariationin captureprobabilities.

Thepopularityof capturerecapturanethoddor thestudyof animal populationggrewdramaticallyover
the 20" century,in stepwith advancesn the technologyavailablefor usein suchstudies,including
camerdraps(Karanth,1995) acoustiaecordingdevicedDawson& Efford, 2009) andDNA sampling

methodqMurphy etal., 2016)
Spatially explicit capture-recapture (SECR) modelling

The developmentof capturerecapturemethodologiesmarked a significant advancein ecological
surveying frameworks, particularly for rare and elusive species.However, one major shortfall of
classicakapturerecapturanethodsds their failure to explicitly accounfor spatialcharacteristicef the
ecologicalsystembeingstuded. Specifically,two major problemscausedy the spatialdistributionof
animalswasrecognisedfirst, thatanimalshaveheterogeneousaptureprobabilitiesasa resultof the
positionsof their rangesrelative to trap locations;and second that the translationof measureof
abundancénto densityestimatesequiresnferenceaboutthetotal areasampledwhich will begreater

thantheareacoveredby samplingdevicesRoyleetal., 2014)

Variousadhoctechniguesveredevelopedo dealwith thesespatialissuesin the earliestapplications
of capturerecapturdo studiesof large carnivoresgdensityestimatesverecalculatedoy usingcapture
frequencydatafrom photographe@nimals,denified throughtheir uniquepelagemarkings,to obtain
anabundancestimatevia the closedcapturerecapturestatisticafframework beforedividing thisvalue
by anapproximatiorof the effectivesamplingarea(ESA; Karanth& Nichols,1998) ESAis typically

calculatedby addingaboundarystrip to thetrappingareaequatto eitherhalf or thefull meanmaximum
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distancemoved(MMDM) by capturedndividuals(Borchers& Efford, 2008) Althoughwidely used,
this approactasdrawncriticismfor its lack of robusttheoreticafoundation(Efford etal.,2004;Royle
etal., 2009) with studiesreportingatendencyfor hal-MMDM buffersto underestimat&SA andthus

overestimatelensity(Soisalo& Cavalcanti2006)

Efford et al. (2004) pioneereda solution to this shortfal of traditional capturerecapturewith the
developmenbf spatiallyexplicit capturerecapturd SECR),anapproachwhich explicitly incorporates
information on the spatialdistribution of individualsrelativeto traps.The SECRapproachdescribes
thedistribution of individualsvia a Poissorpoint processnodel,with ana n i mmaadbability of being
capturedat any particulartrap modelledasa decreasindgunction of the distancebetweenthe centreof
thea n i nmhomebasgeandthetraplocation(Royleetal.,2014) In doingso,this methodenableghe
ESA to be estimatedin a statistically rigorous way from the underlying capturerecapturedat

(Borchers2012) andis thusableto directly estimatedensity.

While Efford et al. (2004 snethodformally describedthe spatialmodel for density estimation,it
continuedo adoptanad-hocframeworkfor inference Subsequentffortsto formalisethis component
of the analyticalframeworkhasresultedin two distinct methodsfor achievinginferencewithin the
SECRframework,one usng a more classical likelihood-basedapproachBorchers& Efford, 2008;
Efford etal.,2009) andtheotheradoptinga Bayesiarframework(Royleetal.,2009;Royle& Young,
2008) While thetwo methodsdo notdiffer significantlyin termsof thedensityestimatesheyproduce
the maximum likelihood approachhas the advantageof being computationallyfaster, and thus
advantageoufor simpleranalysegqKalle et al., 2011; Nosset al., 2012) In contrast,the Bayesian
frameworkmaybemoreappropriatdor studieswith smallsamplesizes asis typical of rareandelusive
speciesHowever,unlike maximumlikelihood methods Bayesianestimatesare particularly sensitive

to buffer width andaugmentatiorsize,andshouldthusbe usedwith care(Kalle etal., 2011)

Sincetheywerefirst usedto estimateiger densityin Indiain 1995(Karanth,1995) capturerecapture
and more recently SECR modelshave beenemployedto study populationsof mostlarge carnivore

specieghatcanbeindividually identified from their coatmarkings,including cheetah(Fabianoet al.,
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2020;Marnewicketal.,2008) cloudedeopard(Borahetal.,2013;Brodie& Giordano2012;Sollmann
etal.,2014;Wilting etal., 2012) jaguar(Maffei etal.,2004;Silver etal., 2004;Soisalo& Cavalcanti,
2006; Sollmannetal., 2011; Tobler & Powell,2013) leopard(seeS2.J), ocelot(Leoparduspardalis

Dillon & Kelly, 2007; Maffei & Noss,2008; Trolle & Kéry, 2003) snowleopard(Pantherauncia
Alexanderet al., 2015; Jacksonet al., 2006; Sharna et al., 2014) and spottedhyaena( O6 B&i e n
Kinnaird, 2011) The methodshavealsobeenapplied to lessreadily-identifiablespeciedy comparing
distinguishingieaturessuchasscarsgarnicksandsubtledifferencesn colourationamorechallenging
andlabourintensiveapproachhat hasnonethelesbeenusedto estimatedensitiesor puma(Kelly et

al., 2008)andlion (Elliot & Gopalaswamy2017)

SECRanalysisusingcameratrap datais a well-establishednethod for estimatingpopulationdensity
for marked species,and has beenusedin a numberof locationsto assesghe statusof leopard
populationgJacobsortal., 2016 seeS2.7). Themaindisadvantagef camerarapsurveydor density
estimationis their relatively high cost: while camerasare continuallycomingdownin price,the area
thatcanbe coveredin a single surveyis limited by the numberof cameraghat canbe purchaseagnd
thetime availableto deployandcheckthem(Meek & Pittet,2012;Roveroetal., 2013) Nevertheless,
SECRmodellingof cameratrap datais one of the mostwidely usedmethodsto estimatedensityfor
large carnivoresandcanyield accurateestimatesof densityif camerasare spacedappropriatelyand
coveranareaof sufficientsize(Balme,Hunter,etal.,2009;Foster& Harmsen2012;Tobler& Powell,
2013) Cameratrap surveysalso bring the addedadvantageof beingableto provide informationon
populationdemographicgAnile & Devillard, 2018;Packer Lichtenfeld,etal., 2009) andcanprovide
awealthof i b y ¢ alatanmndntargetspeciesandhumanpresencewhich canbe usedto monitor
wider animalcommunitiegAhumadaet al., 2011;Roveroet al., 2014) humanpressuregFerreguéi
etal., 2018; Loveridgeet al., 2020) andinterspecificassociationgCarricondeSanchezt al., 2019;
Easteret al., 2020) Although cameratrappingcanbe prohibitively expensiveandlabourintensiveto
carry out at a landscapescale,survey protocolscan be employedthat target sites within different

habitatsandland usetypesthatarerepresentativef thewider landscape.
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2.2.3. Intra-guild interactions

Finally, comprehensivenonitoring programmeshouldtakeinto account the fact that speciesdo not
existin isolation:largecarnivorepopulationsanbe stronglyimpactedoy otherspeciesincludingboth
prey and sympatric competitors.Interspecific competition can be particularly acute amonglarge
carnivoresastheyoftencompeteor the samespaceandresourcegCaro& Stoner,2003) andhavean
increasedikelihood of lethalinteractionsdueto theirpredatoryadaptationgDonadio& Buskirk,2006)
As such, interspecific competition can have a strong influence on large carnivore density and
distribution(Winterbachetal., 2013) andcanin turntriggercascadingmpactsacrosswider ecological
systemgRitchie & Johnson2009) Developingan understandingf competitiveinteractionsamong
membersof the large carnivoreguild i and how thesemay be alteredor exacebatedby growing
anthropogenipressures is thereforenighly importantfor multi-speciesonservatiomndmanagement

planning.

Many largecarnivoregnakeuseof partitioningmechanisms$o minimisethe negativeconsequencesf
competition(Linnell & Strand,2000) While somespeciegnay be ableto avoid competitorsentirely
throughspatialsegregatiorthis strategycanbeara highfithesscostby limiting accesso vital resources
(Swansoret al., 2014) andis likely to becomeincreasinglydifficult in the faceof continuedhabitat
fragmentation(Parsonset al., 2019) As such, finer-scale avoidancei such as fine-scale spatial
avoidancgVanaketal., 2013) temporalavoidancgHayward& Slotow,2009) or dietarypartitioning

(Hayward& Kerley, 2008)i canbevaluablestrategiedor competitordo facilitate coexistence.

Therearea variety of waysto investigatecompetitiveinteractionsamonglarge carnivores mirroring
the variety of waysin which specis may respondio competitivepressureMulti-speciesoccupancy
modelling of presenceabsencealatacanbe usedto explore patternsof co-occurrenceand avoidance
amongdifferent large carnivorespeciesacrosslarge areas(Rotaet al., 2016) providing a meansof
investigatingspatialsegregatiomndsharechabitatpreference¢Lombardiet al., 2020;RameshKalle,
& Downs,2017;Sunartoet al., 2015) Wherespecieso-exist, spatiotemporatiatalike thatcollected

by cameraraps(Balmeetal., 2019;Cusacket al., 2017;Sogbohossoet d., 2018)or VHF andGPS
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collars(Broekhuisetal.,2013;Drogeetal., 2016;Vanaketal., 2013)canprovideinformationon how
dominantcompetitorsnfluenceindividual behaviourat finer spatialandtemporalscalesIn addition,
direct observationan shedlight on the precisenatureof direct competitiveinteractionsi suchas
killing (Laurenson1994)andkleptoparasitisniBalme,Miller, etal.,2017;Cooper,1991)i andtheir
prevalencevithin agivenpopulation aswell asthebehaviourabdaptationsdoptedy largecarnivores

to minimisesuchinteractiongsuchaspreycachingby leopard;Balmeetal., 2017a;Steinetal., 2015)
Interactions among African large carnivores

Africa is hometo oneof the mostfunctionallydiverseguilds of largecarnivoreqDalerumetal., 2009)
and its membersare exposedto a wide range of potential competitive interactions.Competitive
dominancewithin the African large carnivoreguild is primarily determinedby body size, with the
outcomeof individual encounterglependingpnanumberof factorsincludinggroupsize(Cooper,1991;
Smith et al., 2008) Lion and spottedhyaenaare the dominantcarnivoresin most protectedAfrican
ecosystemsctingasonea n o t mancodnpetitordor resource¢Périquettal.,2016)andexhibiting
top-downpressur@ntheirsmallerbodiedcounterpartd-or spottechyaenakleptoparasitisnanddirect
killing by lion havebeenshownto contributeto high mortality rates(Trinkel & Kastberger2005)and
populationsuppressiorfWatts& Holekamp,2008) However,competitionbetweerthe two speciess
not asymmetricalwith factorsincluding spottedhyaenaclan size (Watts & Holekamp,2008) and
individual behaviouraldifferences (Watts et al., 2010) influencing the outcome of competitive
interactionsDespitetheir high degreeof dietary(Hayward,2006)andtemporal(Hayward& Slotow,
2009) overlap, lion and spottedhyaenacontinueto coexistacrossmuch of their range, possibly
facilitatedby spottedhyaenashifting from active predationto scavengingn areaswith a high density

of lion relativeto spottechyaera (Périquetetal., 2015)

Lion areknownto attackandkill leopard(Balmeet al., 2017) which havebeenshownto moveto
densemhabitatswhenin closeproximity to lion (du Preezet al., 2015)andactively avoid areaswvhere
theprobabilityof encounteringhemis highest(Balme, Pitman,etal.,2017) However multiple studies

havefoundno evidenceof lion suppressindeopardat a populationlevel (Balme,Pitman,etal., 2017;
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Miller etal.,2018;Rafigetal., 2020} this maybefacilitatedby minor temporalpartitioning(Miller et
al., 2018)anddietarynichedifferentiation(du Preezetal., 2017) aswell asl e o p abilitgl t8 éache
preyin treesto avoidkleptoparasitisngSteinetal., 2015) Spottechyaenaalsotypically dominateover
leopard(Hayward,2006) andthereis someevidenceof temporalpartitioningbetweernthetwo species
inT a n z aUdzuag@adountaingHavmglleretal.,2020) buttheoutcomeof encountersandepend

onthesizeof theleopardandthe numberof hyaenan the clan(Bothma& Le Riche,1984)

Bothlion andspottechyaenaareknownto kill, stealfoodfrom, anddisplayaggressiomowardscheetah
(Hunteretal., 2007;Laurenson1994)andAfrican wild dog(Creel& Creel,1996;vanderMeeretal.,
2011) Cheetathavebeenshownto employfine-scalespatialandtemporalavoidanceof bothdominant
speciegBroekhuiset al., 2013; Durant,2000; Swansoret al., 2016) andthereis evidencethat wild
dogavoidusingareaswith high densitiesof lion (Drégeetal., 2016;Marnewecket al., 2019)andthat

lion havecontributedto wild dogpopulationdeclines(Swansoretal., 2014)

Very little is known aboutintra-guild interactionsof stripedhyaenaputit is likely thatthey sharea
similarcompetitivestatugo brownhyaenabelowspottechyaenaandlion (Mills, 1984) asbothspecies
occupya similar dietary niche. Primarily scavengershoth speciesmay howeverbenefitfrom carrion

left by sympatriccarnivoreqSteinetal., 2013)

2.3. Theleopard (Panthera pardus)

2.3.1. Species description and global status

The leopardis oneof thew o r I nmibsiisonic felids. The specieshasbeenclassifiedas one of the
w o r | nabét sharismaticanimals (Courchampet al., 2018) and top ambassadospecies(E. A.
Macdonaldetal., 2017) andis considered powerfulemblemfor manyof the countriesin whichit is
found,featuringonthecoatof armsof five African nations(Benin,DemocratidRepublic of the Congq
Gabon,Malawi, and Somalia). Despite being widely consideredone of the most adaptableof the
w o r llacgécarnivorestheleopards globallyclassifiedasVulnerableby thelUCN; thislisting marks

an upwardtrendfrom LeastConcernin 2002 and Near Threatenedn 2008,andwas upheldin the
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sped e latdstassessmerih 2019 (Steinetal., 2020) This statusreflectsthes p e cdecdins@trend
(Steinetal., 2020) andis aresultof evidencehatleopardpopulationshavebeendramaticallyreduced
worldwide dueto habitatfragmentationLaguardiaetal., 2017;RostreGarciaet al., 2016) preybase
declines(Henschelet al., 2011; Hussainet al., 2018; Wolf & Ripple, 2016) and direct human
persecutionjncluding severelevels of conflict (Inskip & Zimmermann,2009; Kabir et al., 2014;
Parchizadel& Adibi, 2019) illegal wildlife trade(Bergin& Nijman, 2014;0swell,2010;Razaetal.,
2012) andpoorly-managedrophy hunting(Balme, Slotow, etal., 2009;Naudeet al., 2020; Packeret

al., 2010)

Theleopardis the mostwide-rangingof thew o r Ifetld8, with populationdoundacrossAfrica, Asia,
andpartsof theMiddle East.A highly adaptablespeciestheleopardhasbeenableto establishtself in
avastrangeof habitatstoleratingtemperaturefrom -30 °C to 50 °C, andaltitudesashigh as5,200m
in the Himalayas(Hunter, 2015) Populationscanbe found in the desertand semidesertregionsof
southernAfrica, in the unforgiving aridity of the ArabianPeninsulaalongruggedmountainrangesof
southwestAsia, andin the snowy mountainsof the RussianFar East. The species reacheshighest
densitiesn themesicwoodlandstropicalandsubtropicaforests andgrasslangavannahsf its range,
whereproductivity is highest(seeS2.1for a summaryof leoparddensityestimatedrom cameratrap
datg. The specieds unusualamongthe large carnivoresfor its relatively high toleranceof human
modified landscapeswith sufficient coverandprey availability, leopardshavebeenknownto persist
in areaswhere traditional use of natural resourcesis permitted (RostreGarciaet al., 2018} in
agricultural landscapesincluding both croplands(Kshettry et al., 2018) and livestock rangelands
(Marker & Dickman, 2005; Van Cleave et al., 2018) and even in denselypopulated urban

environmentsuchasMumbai(Braczkowskietal., 2018)

A memberof the Felidag leopardare one of five extantmembersof the genusPanthera alongside
lion, jaguar tiger,andsnowleopard Althoughhistoricallyasmanyas27 leopardsubspeciebavebeen
recognisedon the basisof geography,morphologyand appearancenine subspeciesre currently

recognisedAt aspeciedevel,leopardnow occupy25i 37% of their historicrange buttherehavebeen
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substantialdifferencesin rangeloss betweensubspeciesthree of the nine recognisedsubspecies
accounfor 97%ofthel e o p extamrénge(AfricanleopardpP.p.pardus IndianleopardP. p.fusca
Persiarieopard P. p. saxicolop, while anothethreesubspeciebaveeachlostasmuchas98%of their
historicrange(Amur leopard,P. p. orientalis Arabianleopard,P. p. nimr; North Chinesdeopard,P.
p. japonensis Jacobsoret al., 2016) As such,one subspeciess classifiedas EndangeredPersian
leopard;Khorozyan 2008)andfour asCritically EndangeredAmur leopard;Jacksor& Nowell, 2008
Arabianleopard;Mallon etal., 2008 ; Indochinesdeopard P. p. delacouri RostreGarciaetal., 202Q
Javanleopard,P. p. melas Ario etal., 2008) with the remainingfour subspeciefisted asVulnerable
(African leopard;Iindianleopard;North Chinesdeopard;Steinet al., 202Q Sri Lankanleopard,P. p.

kotiyag Kittle & Watson,2020)

Leopardsarenocturnal,andaregenerallyactivefrom duskuntil dawnandat restfor mostof the day
(Estes1991) althoughin someareagreyactivity patternshavebroughtaboutdiurnalandcrepuscular
huntingbehaviourJenny& Zuberbuhler2005) Unlike lion andcheetali the only wild catsto form
enduringsocial groupsi leopardslead a largely sditary existence Adult leopardssocialisemainly
duringmating,andfemalessocialisewith offspringbeforeand,to afar lesseextent afterindependence.

Amicableinteractionsalsooccurbetweermalesandfamiliar femalesandcubs.

Leopardshavea polygynousmating systemandboth sexesare territorial. Adults defendthe core of
their territory againstsamesexconspecificswith somedegreeof overlaptoleratedin the outeredges
of theirrange Both sexegnarktheirterritoriesvia scentmarks(sprayng andcheekrubbing)andvocal
communication(sawing,which canbe heardup to 3 km away; Estes,1991) Male territoriesoften
overlapwith the smallerrangesof females Homerangesizeis highly dependentn habitatquality and
prey availability, with recordedsizesrangingfrom 5.6 kn? for a femalein highly-protectedTsavo
National Park,Kenya,to 2,750km? for a malein the harshclimate of the southernKalahari(Hunter,
2015) Consequentlyleopardsreach their highest densitiesin highly-productive, well-protected

habitats.Uponindependencdemalecubswill ofteninherit partof theirmo t h mngévehile males
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will dispersefurtherto establishtheir own territory. In the wild, femalescanlive up to 19 yearsand

malesup to 14 years(Hunter,2015)

In stepwith thediversityof habitattypesin which theyarefound,leoparddietis highly variableacross
thes p e cektenslrectsyeptiles,birdsandmammalsof all sizesarefrequentlyeaten put medium
sizedungulatepreyweighing10-40 kg aregenerally preferredwhereavailable(Haywardet al., 2006)
Althoughthespeciedss renownedor its dietaryplasticity,individual leopardpopulationsusuallyshare
adietdominatedby oneor two locally abundanspeciesLeopardsarestalkambushhunterswith the
precisehunting strategyused varying accordingto prey species.Hunting occurs mostly at night,
althoughopportunistichuntingdoestakeplaceduringthe day. Oncecaught,smallerpreyaretypically
killed with a bite to the backof the skull or neck,while largerpreyareusuallysuffocatedwith athroat
bite. In the presencef competitors|eopardswill oftencachetheirlargerkills for laterconsumptiorby
draggingtheminto densevegetatioror up treesto avoidkleptoparasitisniBalme,Miller, etal., 2017;

Steinetal., 2015)
2.3.2. Theleopard in Africa

The African leopardis widely but patchily distributedacrossCentral,Eastand southernAfrica, with
southermfrica thoughtto containthe healthiesteopardpopulationsof thes p e centieegidge(Stein
etal., 2020) Distributionin WestAfrica hasbeendramaticallyreducedandtheregionis now hometo
only a small numberof fragmentedpopulations.n North Africa, wherethe speciesvas historically
foundin the northernreachesf Morocco, Algeria and Tunisia, it is thoughtto either havebecome
extinctor existonly asrelict populationsPreviouslydivided into asmanyas12 differentsubspecies,
leopardmetapopulationson the African continentwere consolidatednto the presentday P. p. pardus
classificationon the basisof mitochondrialand microsatelliteanalysisat the startof the 215 century

(Miththapalaetal., 1996;Uphyrkinaetal., 2001)

The first in-depthstudy of African leopardwas publishedin 1993, when Ted Bailey publishedhis
seminalbook examiningthe ecologyandbehaviourof leopardin SouthA f r i KeugebNationalPark

(Bailey, 1993) In theyearsthatfollowed,advance trackingandcamerarappingtechnologyenabled
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studiesof the s p e crmogeméntpatterns(Standeret al., 1997) and saw improved estimationof
populationdensities(e.g. Henschel 2008) Overall, however,thel e o p seputhifiosas one of the
mostresilientandadaptableAfrican largecarnivoreshascontributedto arelativelack of researctand
conservatiorurgencyfor the speciegBalme et al., 2014; Jacobsoret al., 2016; Stein et al., 2020)
Leopardresearcho datein Africa haslargelybeenconcentrateth areaf lower consevationconcern,

such as highly-protectedareasreservedfor nonconsumptiveuse, and many efforts have failed to
contributemeaningfullyto conservatioroutcomes(Balme et al., 2014) As a result, the statusand
populationtrendsof leopardis unknownacrossmuchof its remainingAfrican range(Jacobsoret al.,

2016) Thislack of enpirical populationassessmentaaybe contributingto unseeossedorAf r i ca 6 s

remainingleopardpopulations.

Neverthelesghe African| e o p adapdabilgyhighlightsthe potentialvalueof a shift from protected
areacentricconservationo landscapdevel strategiesor thespeciegAthreyaetal., 2013) Giventheir
potentialto persistacrossvider mosaidandscapes in contrasto otherspecieshataremoredependent
on highly protected,annexedareasof wildernessto survive i leopardare thereforea particularly
importantspeciedo studyacrosshumandefinedlandscapesso that effective conservatiormeasures

canbeintegratedo largescalemanagemerplans.
Conservation status

In SSA the majority of leopardsarebelievedto occuroutsideof PAs (Hunteretal., 2013) However,
despitethis reputedability to persistin humanfragmentedandscapeghe African leopardis thought
to havelost hugeswathesf its formerrangeacrosshe countriesin whichit remains’ with decreases
of 45-60%in EastAfrica and28-51%in southerrAfrica (Jacobsoret al., 2016) The primarydrivers
of this declineincludethelossandfragmentatiorof naturalhabitat(Brink & Eva,2009;Swanepoeét
al., 2013)andthedeclineof manypreyspeciegCraigieetal.,2010) Thesepressureslsoincreasingly
forceleopardto useareasoccupiedby humanswhich canexacerbatéumanleopardconflict, another
majorthreattothes p e csunévalid Africa (Swanepoeétal.,2015). Althoughreliabledataontrends

in leopardstatusaresorelylackingfor SSA thesecombinedhreatsarelikely to havecausegopulation
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declinesof atleast30% overthelastthreegenerationgSteinetal., 2020) As a result,the lUCN Red
List currently classifiesthe African leopardas Vulnerable reflecting the view that the speciesis
consideredlikely to become endangeredunless the circumstaies threateningits survival and

reproductionmprove(Steinetal., 2020)

The US Fish and Wildlife Service (USFWS) definesan Endangeredspeciesas one in dangerof
extinctionthroughoutall or a significantportion of its range,while a Threatenedpecieds a species
deemedikely to becomeendangereth theforeseeabléuturethroughouall or asignificantportion of
its range USFWSliststheleopardas Endangeredvhereverfound,exceptn 18 countriedsn SSA where
the specieds consideredThreatened USFWS, n.d.). Although this lower-priority statusin partsof
Africa hasremainedunchangedinceit was broughtinto effectin 1982,the classifi@ation hasbeen
subjectto intensedebate.ln July 2016, The HumaneSocietyof the United Statesand the Fund for
Animalssubmitteda petitioncallingonthe USFWSto reclassifytheleopardasEndangeredhroughout
its range(The HumaneSocietyof the United Stateset al., 2016) this triggereda 90-day period for
review of the information presentedn the petition (Docket FWSHQ-ES-20160131). The USFWS
found the petition to presentsubstantiainformationindicating that reclassifyingthe leopardmay be
warrantedand commenced review of the statusof the speciesn November2016, attractingover

16,000public commentgalthoughthis reviewhasyet to leadto anyreclassification).
Trophy hunting and trade

Theleopardhasbeenlistedon Appendixl by CITEST thebodyresponsibldor imposingtradecontrols
andsettingquotason the import andexportof wildlife specimensg sincethe classifications y st e mé s
inception, meaningthe speciesis consideredto be threatenedwith extinction. CITES prohibits
internationakradein specimen®f specieon Appendixl exceptwhenthe purposeof theimportis not
comnercial. Despitethis, therecontinuesto be a significantglobal marketfor internationaltrade of
leopardi particularlyin the US, which wasconsistentljthe biggestimporterof leopardtrophiesfrom

2000to 2018(CITES, 2020b)

37



CHAPTERZ: Literature review

As of 2020,nine of the42 countriesin which the African leopardis foundallow trophy huntingof the
speciesBotswanaCentralAfrican Republic Ethiopia,MozambiqueNamibia,SouthAfrica, Tanzania,
ZambiaandZimbabwe(CITES,2020a) AlthoughKenya,Malawi, andUgandaarepermittedto export
huntingtrophies(CITES, 2020a) thesecountrieshavebannedrophy hunting. Previoushuntingbans
in Zambia(2013)andBotswangexcepton privatelyownedgamefarms;2014)werelifted in 2016and
2019 respectivelyLaRocco2020;Mweetwaetal.,2018) Betweer2000and2018,thew o r lladgéss

exportersof leopardtrophieswere SouthAfrica, Zimbabwe ,Namibia,andTanzanig CITES,2020b)

SouthAfrica, oneof the mostpopulardestinationgor overseagrophy hunters(Balme,Hunter,et al.,
2010) makesuseof anadaptivemanagemenframeworkto adjustquotasannuallybasedon available
populdion data.The countryissueda zeroquotafor leopardin 2016and2017 following areportthat
found the populationestimateson which offtake quotaswere basedo be unreliable,suggestinghat
hunting levels were unsustainabléDepartmentof EnvironmentalAffairs, 2017a) A precautionary
huntingguotawasimplementedn 2018following theintroductionof asetof stardardsfor management
andmonitoringof leopardhunts(Departmenbdf EnvironmentalAffairs, 2017b) Althoughazeroquota
was againissuedin 2019, a quotafor 11 leopardswas issuedfor 2020 on the basis of written
submissiongrom stakeholdergMinister of ForestryFisheriesandthe Environment2020) However,
thefactthatquestionshavebeenraisedaboutSouthA f r i leppatdopulationestimatesdespitethe
majority of researclon the African subspecieseingcarriedout in the country (Balmeet al., 2014;
Jacobsomrtal.,2016) raisesseriousdoubtsaboutthe sustainabilityof leopardofftake quotaselsewhere
onthecontinentindeed recentresearcthashighlightedtheinadequag of manycurrentexportquotas
in meetingthegeneraprinciplesof precautionsustainableiseandadaptivemanagemenfTrouwborst
et al., 2020) The deficiencyof robustpopulationdensityestimatedor leopardin African countries
meansthat most extractionquotasare currently not basedon empirical data, which may resultin
unsustainablefftakeand,in turn,havelonglastingdetrimentaimpactsonleopardpopulationgNaude

etal.,2020;Packeretal., 2010)
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2.4. Study landscapes

2.4.1. Kavango-Zambezi Transfrontier Conservation Area
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Figure 2.1: Left: location of the KAZA TFCA within southern Africa. Right: location of the spoor survey area within
KAZA (see Chapters 3 & 4).

The KavangeZambezi(KAZA) TransfrontierConservationArea (TFCA) in southernAfrica was
establishedn 2006,andis namedfor its locationin the KavangoandZambeziRiver basins,spanning
the regionwherethe bordersof Angola, Botswana,Namibia, Zambiaand Zimbabweconverge(Fig.
2.1). At approximately520,000km?, KAZA isthew o r |ladgésterrestrialTFCA, encompassing6
National Parks (NPs), as well as a host of Game ReservegGRs), Forest ReservesCommunity
ConservancieandGameManagemenfreas.Dueto its vastarea,a hugevariety of habitatsarefound
within K A Z Aéxtent:atits northernmosteachesrethefertile plainsof Z a mb Kafu@ SP; to the
souh liesthearid expansef theKalahariDesertand,to the eastthe patchywoodlandsof HwangeNP.
At the heartof the TFCA arethe swampsof the ChobeLinyanti river systemandthe sprawlingriver
networksof the OkavangoDelta, one of two world heritag sitesfound within the TFCA alongside

Zi mb a bieteria Ralls.
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Figure 2.2: Left: the study area within the KAZA TFCA in southern Africa. Right: land use types in the study
landscape. PAs are shown only in the study countries (Botswana & Zimbabwe).

The datausedin Chapters3 & 4 were collectedwithin an areaof approximately30,000km? in the
southernKAZA TFCA, spanning northeastBotswanaand western Zimbabwe (Fig. 2.2). The
Zimbabwearportionof thestudyareais dominatecby HwangeNP,thecounty OagestNationalPark
at approximatelyl4,650km? (Zimparks,n.d.). Originally occupiedby Sanbushmenthe areawas
establishedsroyal huntinggroundsfor the Matebeleking Mzilikazi in the early 19" century,before
being gazettedas Wankie GameReserven 1928 andformally establishedhsan NP two yearslater
(Friendsof HwangeTrust,n.d.) Thewider studyareaalsoincludesthe MatetsiandDekaSafariAreas
to its north, Sikumbi Forestto its east,and Zambezi NP, which lies alongside Victoria Falls at
Zi mb a mevteednborderwith Zambia.Spanningwestacrossthe borderinto Botswanathe study
areaencompasses patchworkof former huntingconcessiong{asane Maikaeleloand SibuyuForest

Reservesind,atits southernmosteach Nxai PanNP.

The studyareais generallywaterpoor. Surfacewateris availablefrom seasonalvaterholesor pans,

althoughonly a few continueto hold water into the dry seasonWater is artificially pumpedto
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waterholesscatteredacrossthe landscapeduring the dry season(Valeix et al., 2010) which exist at

muchhigherdensityin the Zimbabwearpartof the studyareathanin Botswana.

SoutherrKAZA hasan arid steppeclimate (Peelet al., 2007) Rainfall is low 7 with annualaverages
of around500 mm, reachingup to 700 mm in the north- and easternmoseédgesof the studyareain
Zimbabwe(British GeologicalSurvey,2018b,2018a)i andis highly variablefrom yearto year.There
is awell-defineddry seasorfrom April to October with maximumtemperatureslimbingto 35 °C in
October,anda wet seasorfrom Novemberto March. The climatecoolswith the arrival of rains,and
night time temperaturesandrop aslow as6 °C duringthe coldestmonthsof May, JuneandJuly, in

partdueto the poorheatretentionof the Kalaharisandghatdominatetheregion.

The studyareasits on a large plateauapproximatelyl000m abovesealevel; topographyis relatively
flat acrossmuch of its extent,but becomesnore undulatingtowardsthe northeastinto the Zambezi
River basin. The areais generallynutrientpoor due to its locationin the Kalaharibasin, although

fertility increasesowardsthe north, benefittingfrom proximity to the ChobeandZambeziRivers.

The areais comprisedof a mosaicof bushlandsavannatandwoodland,the latter being particularly
prominentin HwangeNP to the east,interspersedvith patchesof grasslandin HwangeNP, the
vegetationcommunityis dominatedby Baikiaea plurijuga, Coloplospermunmopane Combretum
spp, Acacia spp. and Terminalia sericea on the Botswananside, the dominantcommunitiesare
sandveldi featuringCombretunspp, Acaciaspp.and Terminaliasericeai andmopanedominated

woodland(Europearoil DataCentre(ESDAC),1991)

The variedlandscape$ound within its borderscontributeto the KAZA T F C Arighsecosystermand
speciegliversity. Theareais hometo thelargestcontiguougpopulationof African elephan{Loxodonta
africang), with approximately250,000individuals, and supportsa wide variety of other wildlife,
includingover600bird speciegSADC, 2015) HwangeNP aloneboastsover 100specief mammals
andnearly400 speciesf birds (Zimparks,n.d.). Of over 3,000plantspeciefoundwithin the TFCA,
100 are endemicto the region (KAZA TFCA, 2016) The region is also an important sourceof

connectivityfor wild animalpopuktions:GPScollaring of plainszebra(Equusquaggd in Botswana
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hasrevealedheareato be hometo thelongestterrestrialwildlife migrationin Africa (BartlamBrooks

etal.,2011)

242. Tanzani a6Rundgwa kaidacape
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Figure 2.3: Left: location of the Ruaha-Rungwa landscape in Tanzania. Right: close-up location of Ruaha-Rungwa

within Tanzania (see Chapters 5 & 6).

The RuahaRungwalandscapes a mixed-useconservatiorcomplexin southernTanzania(Fig. 2.3).
Spanningover 45,000 km? and encompassin@ spectrumof land managemenstructures,Ruaha
Rungwahasbeenidentified asoneof the mostbiologically valuableecoregionsn theworld (Olson&
Dinerstein, 2002) and is considereda Key Landscapefor Conservationby the EU (European

Commission2016).

At the heartof the landscapdies RuahaNP, a 20,000km? PA whereonly photographicourismis
permitted.To the north of the NP over the MzombeRiver is a complexof three GRswheretrophy
huntingis permitted:Rungwa(9,000km?), Kizigo (4,000km?), andMuhesi(2,200km?). Neighbouring
the NP along its southeasternboundaryover the GreatRuahaRiver are two communitymanaged
WMAs, the Idodi-PawagaMBOMIPA WMA (777 km?) and WagaWMA, which act as a buffer

betweenRuahaNP and the surroundingunprotectedvillage land. A numberof other, lessstrictly
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protectedareasare also presentin the wider landscapeincluding OpenAreasand GameControlled
Areas. As the PAs in the landscapeare unfenced,wildlife are able to roam freely betweenthe

landsc@ e BAsandnonprotectedareas.

RuahaNP is namedfor the Great RuahaRiver, which runs along part of the N P Gssutheastern
boundary.Historically a perennialriver that flowed yearround, upstreamwater mismanagemerfbr
agriculturalprojectssincethe mid-1990shascausedhe river to ceaseto flow duringthe dry season
(Epaphrastal., 2008) This drying out hasled to adegradatiorof theN P gaual ecosystemsndis
thoughtto havehadsignificantimpactson animalnumbersandmovementsn thelandscap€Epaphras
etal.,2008;Mtahikoetal.,2006) A humberof artificial waterholeswereintroducedn 2005and2006

to alleviatethe watershortaggroblems(Epaphrastal., 2008)

Climatein RuahaRungwais arid to semiarid, with adry seasornhatoccursfrom May to Octoberand
awetseasorirom Novembetto April, startingwith shortrainswhich becoméancreasinglyintenseThe
areareceivesaanaveragennualainfall of 600mm (Fick & Hijmans,2017) themajority of whichfalls
betweenDecemberand April (Mtahiko et al., 2006) Temperaturdn the landscapedoesnot vary
substantiallythroughoutheyear,with daytimetemperatureganging from a maximumof around26 °C
in Juneto highsof upto 35°Cin OctoberandNovemberandnighttime minimumtemperaturesanging

from 13 °C in Juneto 18 °C in November

The RungwaRuahalandscapés approximatelyl000m abovesealevel, althoughaltitudethroughout
the park rangesfrom around700 m to nearly2,200m (ESA, 2009) The topographyof RuahaNP is
characterisedby rolling low hills studdedwith baobabsandrocky outcrops,andis bisectedby a dry
escarpmerit anoffshootof the GreatRift Valley to thewesti from southwesto northeastVegetation
cover in the landscapdas a mosaicof AcaciaComniphora bushland,Central Zambezianmiombo

Brachystegialubelnardiawoodland riverineforestandflood-plain grassland¢Foleyetal., 2014)
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Figure 2.4: Left: Tanz anrnote tha chBnges m status simcé September 2019 are not shown, with

the exception of the upgrading of part of Selous GR to form Nyerere NP. Right: the Ruaha-Rungwa landscape,
showing the location of camera trap survey sites in (1) Ruaha NP Acacia-Commiphora habitat, (2) Ruaha NP
miombo habitat, (3) MBOMIPA WMA Acacia-Commiphora habitat, and (4) Rungwa GR miombo habitat (see

Chapters 5 & 6). Only villages and towns in close proximity to the PA complex are shown.

RuahaRungwais recognisedy the EU asaKey Landscapédor Conservatiorueto its internationally
importantwildlife populationsattributecto its uniquepositioningatthetransiton zonebetweereastern
andsouthernAfrican ecoregiongDickman,2008) The regionis hometo over 500 specieof birdsi
half of thosefoundin thewhole countryi andboastsover1,700specief plants(SouthernTanzania
ElephantProject,n.d.) The landscapéds also hometo an intact EastAfrican large carnivoreguild,
supportingglobdly importantpopulationsof lion, leopard,cheetahAfrican wild dog, spottedhyaena,

andstripedhyaenaijn additionto a numberof smallercarnivorespecies.

Thedatausedn Chapter$ & 6 (andAppendice®-5) werecollectedatsiteswithin Ruaha\P,Rungwa

GR,andMBOMIPA WMA, andin unprotectedillage landto the eastof the PA complex(Fig. 2.4).

44



CHAPTERZ: Literature review

Ruaha National Park

RuahaNP historically madeup the southernportion of SabaGR, which was establishedn 1910by
GermanyandlaterrenamedRungwaGR by the British in 1946.Ruahawaselevatedo NationalPark
statusin 1964,andwasexpandedn 2008with the additionof UsanguGR andsurroundingwvetlands.
ThisexpansiormadeRuahahelargestNationalParkin EastAfrica, atitle it helduntil November2019,
whenapproximatel\30,000km?of T a n z aSelouaGRsvasupgradedo form NyerereNP (Kimboy,

2019)

Managemenbf RuahaNP is overseerby the TanzaniaNational ParksAuthority (TANAPA), anda
numberof tourist lodgesand campsare establishedboth within and outsidethe park. Due to its
remotenes$ the parkis only accessibldy carvia dirt roadfrom Iringa, or by planeto two airstripsi

Ruahais advertisedo internationakouristsasa chancdo expefenceuntouchedvildernessawayfrom

thecrowdstypicalof T a n z anortharriiscuit (TanzanisOdysseyn.d.).
Rungwa Game Reserve

RungwaGR is managedisa singleentity alongsideKizigo andMuhesiGRsby the Tanzaniawildlife

ManagemenAuthority (TAWA; TAWA, n.d.). ThethreeGRsarereservedor trophyhunting,andare
subdividedinto huntingblocksthatareleasedo operatorg althoughsomeblocksarevacantandnot
currentlyhunted(FZS,2018) Thelargestof thethree,Rungwa GR is dividedinto six blocks;of these,
five wereactivelyhuntedduringthestudyperiod,includingthelkiri blockin whichdatacollectionwas

carriedout.
MBOMIPA Wildlife Management Area

MBOMIPA WMA is a communitymanagedPA covering777 km? adjacentto RuahaNP, alongthe
GreatRuahaRiver. MBOMIPA wasestablishedn 2003andgazettedn 2007aspartof the Tanzanian
Go v er n Wadlife Masmiagemenirea initiative to i p r o sustair@ablenanagemenof natural

resourcesas a meansof enhancinglocal economicd e v e | o praneamiaTourist Board, n.d.)
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MBOMIPA is anacronymof thep r o j Swahili @asne MatumiziBorayaMalihai Idodi na Pawaga

( A s u s tuaeofwildlifel resourcedn IdodiandP a w a @iaktnan 2008)

MBOMIPA is comprisedof areasof land carvedfrom villages locatedin the Idodi and Pawaga
administrativewardsof Iringa Rural District. While 21 villages are membersof the programmethe
landitself wascontibutedby only eightvillages;the remainingl3 wereincludedon the groundsthat
it would incentivisetheir membergo not poachor encroachinto the WMA (WWF, 2014) Protection
andland-useplanningfor the WMA falls to thehandsof themembewillagesvia anelectedboardcalled
the AuthorisedAssociation Both photographi¢ourismandtrophyhuntingoperationsarepermittedin
MBOMIPA, with profitsto be sharecamongmembeuvillages(although35% of revenuesnustbe paid
to the governmentTrompell,2019) but neitheractivity wastaking placeat the time of study.Dueto
its position alongthe borderof RuahaNP, MBOMIPA forms an importantbuffer zonefor wildlife

rangingfrom the coreprotectedareaof RuahaNP towardsthevillage landsthatlie to the east.
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S2.1 African leopard population density estimates from camera trap data

Table S2.1.1: African leopard population density estimates from camera trap data, with the country and study area,
year of data collection, and method used. Study area abbreviations include National Parks (NP) and Game
Reserves (GR). Reported densities are the number of individuals per 100 km?. Methods used include capture-
recapture (CR), spatially explicit capture-recapture (SECR), and spatial partial identity model (SPIM). Sources are

restricted to peer-reviewed scientific papers and academic theses.

Country Study Area Density?* Year Method Reference
Botswana Ghanzi commercial farmland 0.3-0.6 2009 CR Kent, 2011
Gabon Ivindo NP 12.1 2006-2007 CR Henschel, 2008
Gabon Rainforest partially inside lvindo NP 4.6 2006-2007 CR Henschel, 2008
Gabon Logging concession rainforest outside 2.7 2006-2007 CR Henschel, 2008
Ivindo NP
Kenya Mpala Ranch 12.0 2008 SECR O6Brien & Kin
Malawi Kasungu NP 1.9 2016-2018 SPIM Dauvis et al., 2020
Malawi Majete Wildlife Reserve 1.6 2016 SECR  Briers-Louw, 2017

Mozambique Niassa National Reserve, riparian habitat 9.9-12.7 2008-2010 SECR  Jorge, 2012

Mozambique Niassa National Reserve, miombo 22-43 2008-2010 SECR  Jorge, 2012
woodland habitat
Mozambique Xonghile GR 2.6 2012 SECR  Strampelli et al., 2018
Namibia Okonjima Nature Reserve 145 2015-2016 SECR  Noack et al., 2019
Namibia Farmland outside Waterberg Plateau Park 3.6 2006 CR Stein et al., 2011
Namibia Waterberg Plateau Park 1.0 2006 CR Stein et al., 2011
Namibia Commercial farmland east of Namib- 0.9 2013 CR Edwards et al., 2015
Naukluft NP
Namibia Commercial farmland east of Tsau//Khaeb 0.6 2013 CR Edwards et al., 2015
(Sperrgebiet) NP
Senegal Niokolo Koba NP 2.1 2013 SECR? Kane, 2014
South Africa  Kruger NP, N'wantesi concession 12.7 2008 CR Maputla et al., 2013
South Africa  Sabi Sands GR 11.8 2017 SECR Balmeetal., 2019
South Africa Mkhuze GR 10.8 2008 CR Balme, Slotow, et al.,
2010
South Africa Soutpansberg Mountains 10.7 2008 SECR  Chase Grey et al., 2013
South Africa St Lucia Wetland Park, western shores 8.4 2013-2014 SECR Ramesh, Kalle,
Rosenlund, et al., 2017
South Africa St Lucia Wetland Park, eastern shores 7.4 2013-2014 SECR Ramesh, Kalle,
Rosenlund, et al., 2017
South Africa Phinda Private GR 7.2 2005 CR Balme, Slotow, et al.,
2010
South Africa Waterberg Biosphere, commercial 6.6 2009 SECR  Swanepoel et al., 2015
farmland
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South Africa

South Africa

South Africa

South Africa

South Africa
South Africa

South Africa

South Africa

South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania

Tanzania

Tanzania
Tanzania
Zambia
Zambia
Zambia
Zambia
Zimbabwe
Zimbabwe

Zimbabwe

Waterberg Biosphere, Lapalala
Wilderness

Tembe Elephant Reserve

Zululand Rhino Reserve

Waterberg Biosphere, Welgevonden
Private GR

Soutpansberg Mountains
Phinda Private GR

Non-protected areas adjoining Phinda &
Mkhuze GRs

Ndumo GR

Little Karoo

Western Cape, Langberg

Cederberg Mountains, fynbos biome
Western Cape, Agulhas

Western Cape, Garden Route
Western Cape, Overberg

Eastern Cape, Baviaanskloof
Tarangire NP (wet season)

Ruaha NP, Acacia-Commiphora habitat
Serengeti NP (wet season)

Serengeti NP (dry season)
MBOMIPA Wildlife Management Area

Udzungwa Mountains NP & Kilombero
Nature Reserve

Rungwa GR

Ruaha NP, miombo woodland habitat
Luambe NP

South Luangwa NP

GMA-Chanjuzi

Lupande GMA & South Luangwa NP
Bubye Valley Conservancy, Kwalusi
Bubye Valley Conservancy, Mazunga

Mangwe district

5.4

4.8

4.8

4.6

3.7

34-37

2.5

1.6

13

1.2

0.7-1.0

0.7

0.7

0.4

0.2

7.9

6.8

5.7

54

4.2

4.2

3.4

3.2

8.5

8.5

5.1

51

54-6.1

2.8-4.0

14

2009

2013-2014

2009

2009

2016

2012

2005

2013-2014

2011-2012

2012

2004-2007

2011-2012

2013-2014

2011-2012

2011-2012

2006

2018

2012

2012

2018

2013-2014

2019

2018

2006-2008

2012-2014

2006-2008

2012-2014

2012

2012

2009-2010

SECR

SECR

CR

SECR

SECR
SECR

CR

SECR

SECR
SECR?
CR
SECR
SECR?
SECR?
SECR
CR
SECR
SECR
SECR
SECR

SECR

SECR
SECR
CR
SECR
CR
SECR
SECR?
SECR?

SECR

Swanepoel et al., 2015

Ramesh, Kalle,
Rosenlund, et al., 2017

Chapman & Balme, 2010

Swanepoel et al., 2015

Williams et al., 2017
Braczkowski et al., 2016

Balme, Slotow, et al.,
2010

Ramesh, Kalle,
Rosenlund, et al., 2017

Mann et al., 2020
Devens et al., 2020
Martins, 2010
Devens et al., 2018
Devens et al., 2020
Devens et al., 2020
Devens et al., 2018
Msuha, 2009

See Chapter 5
Allen et al., 2020
Allen et al., 2020

See Chapter 5

Havmgller et al., 2019

See Chapter 5

See Chapter 5

Ray, 2011

Rosenblatt et al., 2016
Ray, 2011

Rosenblatt et al., 2016
du Preez et al., 2014
du Preez et al., 2014

Grant, 2012

! Leopards per 100 km?

2 Mean of maximum likelihood and Bayesian estimates
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Drivers of | eopard habitat use an

largest transfrontier conservation area

Abstract

Transfrontier conservation areas (TFCAs) have the potential to provide havens for large carnivores
while preserving connectivity across wider mixggk landscapes. However, information on the status

of spedes in such landscapes is lacking, despite being a prerequisite for effective conservation planning.
We contribute information to this gap for leopaRhfithera pardusin Africa, where the species is

facing severe range contractions, using data fromecassrrveys of a 30,000n? area across Botswana

and Zimbabwe in the Kavangtambezi (KAZA) TFCA. We used occupancy models to assess how
biotic, anthropogenic, and management variables influence leopard habitat usenaddrsl models

to identify wvar i ab relate abundahca.taopaidwere detaceed is 184 autok s 6

413 sampling units of 84m?; accounting for imperfect detection resulted in mean detection probability

Aku0.24 (SD = 0.06) and mean probability of site Gse0.89 (SD = 0.20). Habitat use wassjtively
influenced by prey availability and high protection. Relative abundance was best predicted by trophy
hunting, which had a negative influence, while abundance was positively associated with high
protection and availability of steenhakthough thdatter resultmay bean artefact of steenbok range
coinciding with areas of lower human impact in the study lands€xpefindings suggest that securing

prey populations should be a priority in conservation planning for leopard in Africa, and undeline t
necessity of preserving highprotected areas within mixate landscapes as strongholds for large
carnivores. Our findings also support calls for better assessment of leopard population density in trophy
hunting areas, and illustrate the value ofmikture models to identify factors influencing relative

abundance of large carnivores.
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3.1. Introduction

Despitebeing widely consideredone of the mostadaptableof thew o r |ladgé felids, the leopard
(Pantherapardug is classifiedasVulnerableby the IUCN (Steinetal., 2020) In Africa, the speciess
primarily threatenedby habitatlossandfragmentatior(Di Minin, Slotow, etal., 2016) preydepletion
(Wolf & Ripple,2016) anddirectpersecutiorby humangInskip & Zimmermann2009) which have
collectively contributedto the specieslosing at least48% of its historical rangeon the continent

(Jacobsormtal., 2016)

As apexpredators|eopardsandotherlarge carnivorepopulationgequirelarge,connectedandscapes
andviablepreypopulationgo thrive (Crooksetal.,2011) However theconnectivitybeyondprotected
area(PA) bordersrequiredby thesespeciesis often at odds with the increaseddemandfor land
associatedvith growing and developinghumanpopulations(Di Minin, Slotow, et al., 2016) The
resulting habitatfragmentationhas contributedto substantiakrangecontractionsfor membersof the
large carnivoreguild acrossthe world (Wolf & Ripple, 2017) In light of this, thereis a growing
consensusthat, while highly-protectedareasremain a vital componentof many large carnivore
conservatiorstrategiegKaranth& Chellam,2009) smallPAsalonewill notbe sufficientto maintain
viable populationsof largecarnivoresnto the future (Rippleetal., 2014) A shift from the traditional
protectedareacentricapproacho alandscapdevel approacho conservatiorholdsparticularpromise
for leopardsin Africa, the majority of which are believedto occur outsidestrictly-protectedareas

(Hunteretal., 2013)

In Africa, transfrontierconservatiorareas(TFCAs) embodythis movement,while emphasisinghe
couplingof conservatiomwith developmeninitiatives. Definedasareasspanningnternationaborders
and encompassingnultiple PAs and land use types, TFCAs are managedas a single contiguous
landscapdor conservatiofSADC, 1999) If effectivelymanagedT FCAshavethe potentialto protect
largeswatheof prime habitatandmaintainconnectivitywithin wider mixed-uselandscapesandthus

providehavendor leopardwithin their contractingAfrican range.

Until now, however therehasbeenrelativelylittle effort to understandiow leopardsarefaring across
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theselargerconservatiorareagBalmeet al., 2014; Jacobsoret al., 2016) with mostresearctaving
beenrestrictedo small, highly-protectedeservegbut seeBalme,Slotow, etal., 2010;Henschektal.,
2011;Strampellietal., 2018) Thereis thereforeaneedto increas&knowledgeof the specieswithin the
contextof large, mixeduselandscaeslike TFCAs. Understandindhow leopardsadaptto different
component®f thesemodernmosaiclandscapess essentiato inform managemenand conservation
planning,evaluataheconservatioreffectivenessf differentland-usetypes,andensureghepersstence

of Af r ileopafdmopulations.

One landuse strategy of particular relevance to the leopard in Africa is trophy hunting, whereby a set
guota of individuals may be hunted within a designated area each year. Trophy hunting has been used
by conservAon managers to attach economic value to wildlife areas by generating revenue for
governments and local communities, and thus secure conservation benefits for natural habitats often
unsuitable for photographic touristhindsey et al., 2007)In the absence of viable conservation
oriented land use alternatives, trophy hunting is argued to therefore play an importamnmenting

their conversion to agricultural larf®i Minin, LeaderWilliams, et al., 2016; Dickman et al., 2019)
However, the practice can have detrimental {fargn impacts on hunted populations if carried out
unsustainably or combined with other sources of anthropogenic moftatitsey et al., 2013; Packer

et al., 2010)Information on these impacts is lacking even for species which have attracted considerable
attention from policymakers (e.g. liodanthera leoMacdonaldet al.,2017) and these gaps are greater

still for leopard. Lepard populations within hunting areas should be assesdedanitored, and their
habitatuse mechanisms understood, in order to ensure detrimental effects of hunting are avoided, and

to inform sustainable and adaptive hunting management {Bairse, Hunter, et al., 2010)

We employed data from largeeale spoor surveys to investigate leopard status and habitat use across a
mixeduse landscape within the southern Kavadgmbezi (KAZA) TFCA. We used occupancy
models to estimate the propaonti of this landscape used by leopard, and assess how a suite of biotic,
anthropogenic, and management variables influence habitat use for the species. We then employed

novel N-mixture models to identify factors influencing relative abundance of leopahnthwtiite study
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area, and discuss the implications of our findings to highlight conservation priorities for leopard across

modern African conservation landscapes.
3.2. Methods

3.2.1. Study area

> T — p— =T T T
KAZA TFCA t*’rkLu‘w\ f\‘ 4% 2’5"E\‘ 26°E 27°E /
'\F\ Yq| L.
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Figure 3.1: Left: the study area within the KAZA TFCA in southern Africa. Right: land use types and locations of
survey transects in the study landscape. PAs are shown only in the study countries (Botswana & Zimbabwe). See
S3.1 for a description of land use designations in place in the study area. Of the land use designations that permitted
trophy hunting of leopard at the time of data collection, Safari Areas are classified as receiving high protection,

while Conservancy Ranches and Forest Areas are classified as receiving intermediate protection.

At approximately 520,000 kn  KAZA is the worl ddés | argest tert
National Parks (NPs)and a host of other land uses, including unprotected land and communal areas
(seeS3.]). Thestudy area consists of approximately 30,008 Within the southern part of the TFCA,

stretching across northeast Botswana and western Zimbabwe (HigThe area is generally water

and nutrierdpoor due to its location in the Kalahari Basin, with anuah rainfall average of 56000

mm, although there are a large number of artificial waterholes across parts of the landscape. Vegetation

is dominated by bushland savannah and woodland, interspersed with patches of grassland. Trophy

hunting is permitted iZimbabwe, and takes place across approximately 14% of the total study area.
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Leopard hunts follow an adaptive quota system for offtakes, with only males hunted. Although
reinstated in 2019, trophy hunting was suspended in Botswana in 2014; while soowdleetian for

this study was conducted prior to this ban, leopards were not hunted in this period.

3.2.2. Occupancy & N-mixture modelling

Occupancy models use patterns of didecand nordetection over multiple surveys (sampling
occasions) of a sampling unit (site) to estimate detection probabilities (p), and consequently derive
unbi ased est i matMackenziefet alo, 2002) beaoncapancy framework allows the
inclusion of covariates to explain heterogeneity in both occupancy and detection probability, facilitating

insights into factors driving habitat use by speéMacKenzie et al., 2006)

N-mixture models are a novel extension of occupancy models which use counts of unmarked
individuals to estimateste pe ci f i ¢ ;&Royle,2@04)While a sfriek set of assumptions must

be met for total abundance to be derived from such models;thigthire framework allows the effect

of covariates on relative abundance to be explored, which can provide a more nuanced view of how a
species is faring within different components of a landscape than measures of site ugRmliene

2004)

3.2.3. Data collection

We divided our study area into 88 km (64 km) sites for both occupancy andrixture modelling

(Fig. 3.2A & 3.2B), a scale we cordér appropriate to capture second order sele@liaimson, 1980)

As there is free movement of both leopard and their prey species among our sites, we relaxed the closure
assumption of occupancy modelling by interpretin

use instead of the probability of occupgiMackenzie, 2005)

Detection/nordetection data for leopard and other mammal speeges collected across the study
area from May 2012 to October 2015. Spoor survey transects were carried out by driving a vehicle at a
low speed (~10 km/h) along roads, fbeeaks and boundary cutlin@sg. 3.1), and recording any fresh

spoor encountereds highly-skilled local trackers assisted with spoor detection and identification,
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incorrect identification of tracks was highly unlikely. Surveys were started at first light to avoid

disturbance and maximise visibility.

Sampling occasions consisted ottbgpatial replicates and temporal replicates of the same transects.
Although the survey effort spanned multiple years, data collection within individual sites was restricted

to a single year.

To avoid spatial dependence, we tested for independence lixygpdetection/nordetection data into
transects of increasing length, with any transect with at least one detection being assigned the value 1.
Transects were increased by increments of 2 km until the standard occupancy model without Markovian
dependencéMackenzie et al., 2002utperformed the model extendenl dccount for Markovian
dependence of detections/ndetections(Hines et al., 201Q)as perHenschelet al. (2018, using

program PRESENCHHines, 2006)

3.2.4. Covariate selection

Detection covariate

Detection covariates are factors which are thought to potentially influence the probability of detecting
a species given presence in a §ife For both occupancy andiNixture modelling, the number of 2
km sections of transect per sampling occasion was modelled as a detection cafforjte(account

for variation in total segment length after paglito avoid spatial dependence.

Substate quality was not included as a detection covariate, as it can be considered largely homogenous
across the study area due to the prevailing soil type of Kalahari sand and the use aikillgtljocal

trackers (Tran&alahari Predator Programme (TKPBjpublished data).

Site use & relative abundance covariates

Site use covariates are factors hypothesised to influence the probability of a site being used by a species
(y) . Candidate variables which are ledbaseslvored t o
prior research wherever possible. The same variables were testethixtuke models of relative

abundance (@&).
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We hypothesised that leopard habitat use and relative abundance would be influenced by five metrics,
represented by nine spatiaivewiates (further information on how covariates were calculated and the

rationale behind their inclusion can be foun&3.2:

- Water availability, quantified as the natural log of average pixel distance to nearespuiat

(name:In(water distance)hypothesised relationship: negative).

- Prey availability, quantified by developing models of the probability of site use by frequently taken
prey species (as péndresen et al., 2014; Everatt et al., 2014; Strampelli et al., 2&118) the
spoor tranect dataset, ensuring a measure of availability that accounts for imperfect detection.
Probability of site use was modelled for four of the most frequently taken prey species by leopard
(Hayward et al., 2006)impala @Aepyceros melampudmpala positive), common duiker
(Sylvicapra grimmiaduiker, positive), seenbok Raphicerus campestristeenbokpositive), and
common warthog Phacochoerus africanyswvarthog positive). Despite being considered an
important prey species for leopa(blayward et al., 2006)our dataset contained insufficient
detections of bushbudRragelaphusscriptus n = 20) for probability obite use to be modelled for
the species. We hypothesised that habitat use by prey would be influenced by 13 spatial covariates
(seeS3.3. The mean probability of site use for frequently taken prey was also calcidatsth

site, producing a variable reflecting general availability of these prey spaltipsey, positive).

- Human disturbance, quantified as the natural log of average pixel distance to nearest settlement

(In(settlement distancepositive).

- High protection, represented by the proportion of site highly proteqiemt€ction positive). Areas
classified as being subject to high protection within the study area include National Parks (where
only photographic tourism is permitted), Wildlife Management Aread Safari Areas (where

limited trophy hunting is permitted; see F&jl andS3.J).

- Trophy hunting, represented by the proportion oftsiighyhunted fiunting negative). At the time

of data collection, trophyhunting of leopard was only permitted in the study area within
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Zi mbabwedbds Safari Areas, Conser3lamf3y). Ranches,

Covariate values for eachtesiwere extracted using ArcGl@ngin 10.5.1(ESRI, 2016)and QGIS

version 2.18.1QQGIS Deelopment Team, 2017)

3.2.5. Modelling approach

Analysis was conducted in R version 3.2 Core Team, 2017)sing RStudio version 1.2.5033
(RStudio Team, 2020%5ingleseason, singtepecies occupancy modéMackenzie et al., 2002yere
produced for each prey species and leopard in packagarkedversion 0.123 (Fiske & Chandler,

2011) All continuous site use covariates were standardised estale prior to analysis.

Univariate models were ranked based oir thkaike Information Criterion (AIC) scores, corrected for

small sample size (AIC®&urnham & Andeson, 2002)Where covariate pairs were correlated by |r| >

0.7, the covariate with the highesinked univariate model was retained. For leopard, univariate model
rankings were employed to determine which prey availability covariate best predictad Isitpase

(y) . We then held a gl obal mo d e | consisting of
modelling the covariate hypothesised to affect detectioneffiit The detection model with lowest

AICc was then used to rank all possible agiditombinations of site use covariates.

A final model set was produced for each prey spe
2, representing models with substantial empirical sugBantnham & Anderson, 2004§00dness of

fit was assessed for the tognked and most parameterised models within this model set using the
MacKenzie and Bailey goodnessfibftest for singleseason occupancy models based on Pearson's chi

squargMacKenzie & Bailey, 2004)

The relative importance of covariates was assessed by summing AICc weights of all models in the final
model set in which thiecovariate was prese(Burnham & Anderson, 2004The direction of impact

of covariates was represented by tign sof their beta coefficient estimates, and covariates were
considered to have a significant impact i f the ¢

SE) did not span zero. Predicted site use values for each site were extracted via enagiglgpof the
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final model set using packauMin( B a r t o; @6te that fahf@&rencesvere made based on model

averaged coefficients

N-mixture modelqRoyle, 2004)were fitted to the leopard data to assess the relative influence of the
nine candidate covari at es dlowingthesanie procedura fisabovka n c e
but with input data comprised of count detections. Goodness of fit was assessed forramiedp

model and the most parameterised model within the final model set using Sum of Squared Efrors, Chi

square, and Freemdrukey tests.
3.3. Results

Repeated surveys of 5,055 km of unique transects resulted in a total of 11,665 km driven. We surveyed

474 sites over 286 days, with an average of 10.4 km driven per site.
3.3.1. Prey site use

Results and discussion of prey site use modelling can be foi®@l4 None of the models assessed

for goodness of fit indicated lack of fit or overdispersion.
3.3.2. Leopard modelling

For leopard, spatial independence waseaa at 4 km. Sites with only one sampling occasion were
excluded from analysis, resulting in 413 sites. 285 leopard detections were obtained in 184 of the 64

kn? sites, giving a naive occupancy of 0.45.

The mean probability of site use of the four fredlyetaken prey species ranked highest among
covariates representing prey availability in the occupancy models, while probability of site use for
steenbok ranked highest in theniixture modelgseeS3.95. Effort had a significant positive impact on
detection probability for both model types, and was retained as the detection covariate for all subsequent

model testing.

Three models were retained in the final occupancy modé¢Taete3.1A), and seven in the final-N

mixture model set (Tabl&1B). None of the models assessed for goodness of fit indicated lack of fit or
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overdispersiongeeS3.5.
Leopard site use

We estimated a mean detection probability)lef 0.24 (SD = 0.06) and a mean probability of site use

of ¢ =0.89 (SD = 0.20) for leopard, which is approximately double the naive occupancy estimate.
Modelaveraged estimates suggest a high level of habitat use by leopard across the majority of the study

area (Fig.3.2A).

The best predictors of | eopard site useVFguere hi
32C) and prey avai | 32D)iBothhaga ppdtive effect,hidh Was sighificant for
prey availability (Table3.2A). Site use was also generally negatively associated with distance to

settlement (EFEw = 0.37), and generally positively
Leopard relative abundance

Our estimates of abundance produced usiAgifture models cannot bimterpreted as absolute
abundance, as individuals whose home range spans multiple sites would be included in the abundance
estimate of multiple sites within their home range, and there is growing evidencentiulke models

do not produce reliable aldste abundance estimatd&ink et al.,, 2018; Nakashima, 2020)

Nevertheless, we use these models to make irdfeseabout relative abundance across the study area

(Fig. 3.2B).
Overall, |l eopard abundance was highest across mu
HwangeNP.The best predictors of | eopard relative ab

32E) and high pr ot e3@R).iTrophy hintthevhad a s@ynifiecaht;negétivegmpact on
abundance, while leopard abundance was positively associated with the level of protection, a
relationship that was significant in one model (Teédh2B) . Al t hough di stance to
availability ofse enbok (Ew = 0.26), and distance to sett]

model set with consistent relationships to relative abundance, they did not show any robust relationship.
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Table 3.1: Results of multivariate model selection estimating leopard (A) site use (occupancy models) and (B)
relative abundance (N-mixture models) in the southern KAZA TFCA.

(A) Site use (occupancy)

Model nPars -2*LogLike AlCc Al Cc AICWt
1 y(all prey + protection), p( 5 1060.18 1070.3 0.00 0.43
2 y(all prey + In(settlement 6 1058.41 1070.6 0.29 0.37
3 y(I n(water di s tpoteaion)p(effort)al | 6 1059.72 1071.9 1.60 0.19

(B) Relative abundance (N-mixture)

Model nPars -2*LogLike AlCc Al Cc AICWt
1 a(protection + hunting), p(e 6 -676.87 1366.0 0.00 0.24
2 a(l n(water distance) + prot 7 -676.31 1366.9 0.94 0.15
3 a(steenbok + protection + h 7 -676.32 1366.9 0.97 0.15
4 a(hunting),p(effort) 5 -678.47 1367.1 1.14 0.14
5 (Il n(settl ement distance) + 7 -676.58 1367.4 1.48 0.12
6 a( st e e humtmd),p(effort) 6 -677.62 1367.4 1.50 0.11

a(l n(water distance) + I n(s )
7 + hunting), p(effort) 8 675.74 1367.8 1.88 0.09
Al l model s shown are wi-“ahkedmodplAl Cc < 2 from the top
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Table 3.2: Parameter estimates (standard error i rforpalelsestimdtiregdeopar) (Apsite uselard (B) rielatigelabundardesin thes et ( pA |
southern KAZA TFCA.

b b
(A) Site use (occupancy) Intercept In(water b In(settlement b Intercept b
Y distance) all prey distance) protection p effort
1 y(all prey + protection) 4.42(225) 1.36 (0.56) 1.48 (0.99) -3.25 (0.55) 1.11 (0.28)
2 y(all prey + In(settl eme ) )
protection),p(effort) 4.75 (2.00) 1.55 (0.60) 0.68 (0.61) 1.73 (0.94) 3.25 (0.55) 1.11 (0.28)
3 y(I n(water di s tpmteation)p(effort)a 2.79 (1.39) 0.48 (0.45) 1.02 (0.53) 0.92 (0.51) -3.23 (0.55) 1.14 (0.28)
) ) b b
(B) Relative abundance (N-mixture) Intercept In(water b In(settlement ) b Intercept b
¥ distance) steenbok distance) protection hunting p effort
1  affrotection + hunting),p(effort) 3.18 (0.62) 0.14 (0.08) -0.22 (0.08) -6.21 (0.77) 0.90 (0.24)
2 a(Il n(wat er pratectiort +ehuntng))p(effort) 3.17 (0.62) 0.07 (0.07) 0.15 (0.08) -0.20 (0.08) -6.22 (0.77) 0.91 (0.24)
3 & ( st e e prbtection +hunting),p(effort) 3.17 (0.62) 0.09 (0.09) 0.13 (0.08) -0.17 (0.09) -6.22 (0.77) 0.92 (0.24)
4 o(hunting),p(effort) 3.19 (0.63) -0.26 (0.08) -6.22 (0.78) 0.91 (0.24)
5 oa(In(settl emprotcton# st ance ) ) )
hunting), p(effort) 3.18 (0.61) 0.06 (0.08) 0.16 (0.09) 0.24 (0.08) 6.20 (0.77) 0.90 (0.24)
6 o(steenbok + hunting), p( 3.18 (0.64) 0.11 (0.08) -0.20 (0.09) -6.23 (0.79) 0.92 (0.24)
7oa(ln(water distance) + | 546046 0.09 (0.07) -0.09 (0.08) 0.18 (0.09) -0.21 (0.08) -6.20 (0.77) 0.91 (0.24)

protection + hunting),p(effort)

Beta coefficients (b) in grey indicate a significant impact on (A) probability of siteuseor(B) r el ati ve abundance in the model shown, as the 9
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3.4. Discussion

3.4.1. General importance & impact

The widespread distribution estimated for leopard across the study area indicates that the species is
faring relatively well withinPAs of the southern KAZA TFCA. This suggests that the KAZA TFCA
has been successful maintainingthe continued persistencd the species in this region since its

inception, and it will have an important role to play in preserving existing leopard habitat into the future.

Due to their scale, TFCAs have the potential to secure corridors for wildlife that may otherwise be lost
to landuse conversion and fragmentation. Such landssagke connectivity is of particular value for

large carnivores, whose wiglanging behaviour and vulnerability to conflict mean that a lack of
dispersal routes can result in population declines aedteal local extinctiongWinterbach etal.,

2013) The mosaic landscapes preserved through TFCAs can be especially important for species that
are particularly vulnerable to intiguild competitioni such as the African wild dod.ycaon pictus

and cheetahAcinonyx jubatusi whose avoidance of areas with high densities of dominant competitors
can force them into lessenr nonprotected landCreel, 2001; Durant, 2000).arge, appropriatety
located tracts of interconnected land algonecessy to support migratory specigiaidoo et al.,

2016) However, we are unable to make inferences about connectivity from this study, as occupancy
modelling is not considered an appropriate proxy for landscape permeability across lard@isceas

etal., 2017; Zeller et al., 201, Bnd less than 5% of our total survey effort was conducted in completely
unprotected land. We therefore recommend further research to identify important corridoldlife
populations within KAZA and other TFCAs, with a particular focus on assessments in completely
unprotected land surroundirRAs, and collaboration between researchers and-uaedplanners to

ensure their integration into management plans.

Our aralysis illustrates that sigbased occupancy modelling can be employed to monitor large
carnivore habitat use across vast, mixee landscapes such as TFGAkorn et al., 2010)Insights

provided by occupancysveys can therefore be complementary to those obtained from more intensive
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survey efforts such as camera trap surveys, which can be used to produce robust population density

estimates at finer scales.

This is the first study to employ-hixture models tanvestigate relative abundance of leopard, and

one of the first to do so for large carnivores (butBelant et al., 2016)\We believe this method holds

promise as an efficientandcestf f ect i ve way to understand the fa
over large scales. However, ihwe did control for spatial autocorrelation in our data, variation in

leopard movement patterns across the study landscape may have resulted in artificially high relative
abundance estimates in the more arid parts of our study area, where home ealikgdy &y be larger

(Rogan et al., @19). Thus, while we show that-Kixture models can provide useful insights through
assessments of relative abundance, we echo calls against employing this methodology to obtain

population estimates from spoor déitink et al., 2018; Nakashima, 2020)

3.4.2. Drivers of leopard habitat use & relative abundance

Availability of natural resources

Abundant prey are a keyqeirement for the survival of large carnivores, and prey base depletion is a

major driver of global large carnivore population decli@®slf & Ripple, 2016) In southern KAZA,

leopard habitat use was strongly positively influenced by prey availability, confirming findings
elsewhere in Afric§Balme et al., 2019; Burton at., 2012; Kane, 2014Pur results suggest that it is

the general availability of prey of preferred body size, and not of a specific spétiesthis group

that drives leopard habitat use at the scale considered. This is in keeping with théspegiesn e r al i s
feeding behaviour and ability to adapt their diet to a range of prey depending on available resources

(Hayward et al., 2006)

In contrast, relative abundance of leopard was better explained by the availability of a single prey
species, steenboklowever, this result may be an artefact of steenbolge coinciding with areas of

lower human impact in the study landscape, where leopard densities are likely to bevibgbever

92



CHAPTER3: Drivers of leopard habitat use and relative abundance

an important consideration to note is that our prey availability metrics reflect only presence, so any finer

impact of preyabundance on leopard habitat selection and relative abundance will not be captured.

Our results suggest that leopard habitat use increases with distance from water. This finding is likely an
artefact of the large number of water points at the northernpaosof our study area, parts of which

are not highly protected and are therefore estimated to have a relatively low probability of site use.
Nevertheless, this effect was not significant, in line with previous studies of leopard in Asia and

elsewhere in Kica (Constant, 2014; Kshettry et al., 2017; Ngoprasert et al., 2007)

High protection

Leopard habitat use was positively associated with high protection, a relationship previously identified
i n Kenyabs (MAdsans&aBroekiMiss,r2020We also found a positive association between
high protection ad leopard relative abundance. The influence of protection may be direct, through the
reduced risk of anthropogenic mortality in such areas, or indirect, through the role of protection in
supporting higher densities of prey species. The latter mechanisndevdified as more important in
shaping leopard density in neighbouring Zan{Rasenblatt et al., 20168jowever, these associations
werenot significant except in a single model, which may be a consequence of insufficient surveys being
conducted in completely unprotected areas. Similarly, by grouping areas with a lower level of protection
with unprotected areas, we may have failed to capghe importance of these partiafiyotected areas

for leopard. Further conservatiamiented research should be carried out in such areas, as they are
thought to contribute substantially to leopard range across AfHcater et al., 2013pand are

particularly vulnerable to degazetteméitnes et al., 2018)

Trophy hunting

Trophy hunting did not appear to have an influence on leopard occurrence. Moreover, given the
importance of high protection in predicting habiuse by leopard, our results suggest that-well
protected hunting areas may represent important areas of habitat for leopard in KAZA. However, results
of N-mixture modelling suggest that trophy hunting may exert adtopn effect on this leopard

population, even within highly protected hunting areas. The removal of mature individuals from a
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population via trophy hunting has been found to negatively impact abundance of hunted carnivore
species elsewherg@.indsey et al.,, 2013; Packet al., 2010) and an inverse relationship between
abundance and hunting offtake has been observed for lion in the study landsnagelge et al.,

2016) Our findings suggest that similar population suppression mechanisms may be occurring in the

study area for leopard.

Human disturbance

Habitat use by leopard was generally negatively associated with distance to human settlements.
Although this contradicts findings from AngdRetracca et al., 2019¢opard have been shown to do
particularly well near agricultural landswhich often coincide with areas of human settlenieint

many other past of their ranggAthreya et al., 2015k pattern that has been attributed to higher prey
availability in such area@onstant, 2014)However, this result is likely to be amtefact of the large
number of human settlements adjacent to the boundary of the -pigldyctive and relatively well
protected Hwang®&lP at the soutkeastern edge of our study area, where leopard site use and relative
abundance were both estimated ¢ohigh. This hypothesis is supported by the lack of significance of
this relationshipand the importance of high protection in our final occupancy anaxture models

There is likely to also be a scalependency to this relationship, with firmrale aalysis more likely

to show avoidance of human settlements by leopard, as found els¢@tnanepelli et al., 2018)

3.4.3. Conservation recommendations

The wide distribution and habitat tolerance of leopards wiE#As in KAZA supports the continued
movement towards conservation at the landssapée through initiatives such as TFCAs. At the same
time, our results highlight the importancé raaintaining highlyprotected core areas within these
mixed-use conservation landscapes, as they provide areas of higher population abundance which can
protect species against detrimental sowiok dynamic§Hansen, 2011)We recommend that further

similar researchbe carried out as part of the transition to landscapde conservation to understand

how other species are faring across different landscape components. TFCA partner countries should
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implement joint speciespecific action and management plans, alorgkiddscapéevel strategies, to

ensure collaboration and uniformity of activities for managing key species across boundaries.

Given the importance of prey availability in shaping leopard habitat use, maintaining sufficient habitat
to support prey populans should be a priority for the conservation of African leopard populations.
Efforts should also focus on reducing bushmeat poaching of prey species, particularly as this brings the
added benefit of reducing accidental snaring, which has severely rezhiteden extirpated leopard
populations in AsidRagphone et al., 2019; Rostf@arcia et al., 201&nd is a threat to leopard survival

in Africa (Swanepoel et al., 28). These recommendations would benefit all large carnivore species in

Africa, where 37% of prey species have decreasing population {\&fudfs& Ripple, 2016)

Our results suggest that trophy hunting can have both positive and negative impagisoteeted

hunting areas can offer valuable habitat for leogBidinin, LeaderWilliams, et al., 2016; Dickman

et al., 2019; Lindsey et al., 20Q0But unsustainably high trophy hunting quotas may contribute te long
term leopard population declin@soveridge et al., 2016; Packer et al., 202009) As such, quotas

must be informed by robust estimates of population densities in hunting areas of the KAZA TFCA,
ideally as part of a lonterm monitoring effort with flexible quotas tied to annual population
fluctuations(Balme, Hunte et al., 2010and combined with meaningful community participation. In
recent years, camera trap surveys have been implemented across the study landscape to obtain density
estimates for leopard, and findings are being utilised as part of adaptieengaieiagement for leopard

trophy hunting in ZimbabweZPWMA, 2018) with the recent reinstatement of trophy hunting in
Botswana, similar systems should also be integrated across the border. Given our evidence of trophy
hunting influencing leopard abundance, we welcome these actions and recommend sinmitaimng
frameworksi for leopard and other hunted spedidan other trophy hunting areas, to ensure activities

are carried out without loaterm detrimental effects to populations.
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S3.1 Description of land use designations in the study area
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Figure S3.1.1: Left: the study area within the KAZA TFCA. Right: land use types in the study landscape. PAs are

shown only in the study countries (Botswana & Zimbabwe).

Land use designations classifiedhigh protectionin this study:

A National Park (Botswana & Zimbabwe)
PAsmanaged and run by government authorititi®e Department of Wildlife and National Parks
in Botswana, and Zimbabwe Parks and Wildlife Management Authority in Zimbaléch are
preserved for noconsumptive wildlife utilisation (photographic touristWo hunting is allowed
inside National Parks.

A Wwildlife Management Area (Botswana)

GazettedPAs where wildlife utilization is the primary form of land use. Some Wildlife
Management Areas (WMAs) are managed by local communities under the principles of
commurty-based natural resource management (CBNRM). Others are leased out to private
concessionaires for either consumptive use (huntirajthough leopards were not hunted in

Botswana during the data collection period for this study);aomsumptive use (phagraphic
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tourism) or both. WMAs are intended to act as buffer zones around National Parks, provide benefits

to local and national economies, and act as models for sustainable development.
A Safari Area (Zimbabwe)

PAs managed by Zimbabwe Parks and Wildlife Management Authority, where the officially
designated landse is consumptive sustainable use of wildlife (usually through trophy hunting).
Hunting is managed through an annual quota system and hunting concessleaseat by private

hunting operators who market the allocated quota to tourist hunters.

Land use designations classifiedragrmediate protectiom this study:
A Conservancy Ranch (Zimbabwe)

Privately owned land, predominantly utilised for wildlife cenation and commercial and
subsistence farming. Annual hunting quotas are allocated to individual properties by Zimbabwe

Parks and Wildlife Management Authority through an annual stakeholder quota setting process.
A Forest Reserve (Botswana) / Forest Area (Zimbabwe)

In Botswana, Forest Reserves are areas established specifically for the conservation and better
regulation of use of forest resources, and are managed by the Department of Forestry and Range

Resources.

In Zimbabwe, Forest Areas are natioR#ls managed by the Zimbabwe Forestry Commission,
primarily for extractive use of forest products (largely indigenous hardwoods in western
Zimbabwe). Annual hunting quotas are allocated to Forest Areas, with hunts marketed to tourist

hunters either directly byhé Forestry Commission or through third party safari hunting operators.
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S3.2 Overview and justification of leopard site use and relative abundance covariates

Table S3.2.1: Site covariates hypothesised to affect leopard habitat use and relative abundance across the
southern KAZA TFCA.

Hypothesised
effect on site

Covariate Description Name use Data source Justification
Water Natural log of In(water - Water points  Multiple studies have found leopard
availability average pixel distance) dataset abundance or habitat use to not be
distance to nearest (TKPP, significantly affected by distance to
water point unpublished  water (Constant, 2014; Kshettry et al.,
data) 2017; Ngoprasert et al., 2007)
However, the study area is arid, with
limited water availability across the
landscape. Water may therefore be a
limiting factor on leopard habitat use,
both directly and through the water-
driven distribution of prey.
Prey Duiker site use duiker + Spoor Various studies have shown prey
availability ) ) dataset availability to be positively associated
Impala site use impala + with leopard habitat use (Balme et al.,
Steenbok site use steenbok + 2019; Burton et al., 2012; Kane, 2014,
Steinmetz et al., 2013; but see
Warthog site use warthog + Strampelli et al., 2018) and population
Mean preferred all prey + den§ity (Boast & Houser, 2012; Marker
prey site use & Dickman, 2005; Rosenblatt et al.,
2016; Stein et al., 2011; but see Balme,
Slotow, et al., 2010; Havmgller et al.,
2019).
Human Natural log of In(settlement + Settlements Human disturbance may negatively
disturbance average pixel distance) dataset impact leopards directly (e.g. snaring
distance to nearest (TKPP, bycatch) or indirectly (e.g. habitat
settlement unpublished  conversion, poaching of prey species).
data) Multiple studies have shown human
disturbance to be one of the strongest
predictors of leopard habitat use
(Kshettry et al., 2017; Ngoprasert et al.,
2007; Petracca et al., 2019; Zakaria &
Sanei, 2011).
High Proportion of site protection + Protected Highly-protected areas can provide
protection highly protected areas large carnivores with refugia from
dataset human disturbance and habitat
(TKPP, fragmentation. Although leopards are
unpublished  widely considered to be highly
data) adaptable species (Stein et al., 2020),
multiple studies in Africa have found
protection to be positively associated
with leopard habitat use (Madsen &
Broekhuis, 2018; but see Burton et al.,
2012), population density (Balme,
Slotow, et al., 2010; Rosenblatt et al.,
2016) and survival (Swanepoel,
Somers, van Hoven, et al., 2015).
Trophy Proportion of site hunting - Protected Leopard populations are
hunting with trophy hunting areas demographically sensitive to over-
for leopard dataset harvesting (Braczkowski et al., 2015),
(TKPP, and trophy hunting has been identified
unpublished  as a primary driver of a decline in
data) leopard abundance in Tanzania

(Packer et al., 2010).
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Covariate calculation

Water availability

In the study region, using distance to rivers as a measure of water availabilityfaoialdiccount for
the fact thamany rivers run dry during the dry season. Water was thus extlagl a covariate via a

map of permanent waterbodi@scludingmanmade pumps and perennial rivers.

Water availabilitywas represented by the natural log of distance to water. Distance to water was
calculated as the average pixel distance to the neasesedson water sourGea combination of

manmade pumped water points qadenniakivers, which were converted into a series of points at 100

m spacing using the Euclidean Distan&patial Analyst tool in ArcGlSarsion 10.5.XESRI, 2016)

andZonal Statistics tool in QGIlSevsion 2.18.10QGIS Developrant Team, 2017)T'he natural log of

this distance was then calculated, to reflect the fact that the impact of a water access point being
avail able should reach an asympt o(tMacKendietehal.,t he an

2018)

Prey availability

As leopards are generalists with a broad spectrum of potential prey species, it would be unfeasible to
capture the full suitef potential prey available to leopard in the study area. As puep,availability

was quantified by developing models of the probability of site usetbye s peci esd most fr
prey species (as pAndresen et al., 2014; Everatt et al., 2014; Strampelli et al., 2318 the spoor

transect dataset, ensuring aasure of availability that accounts for imperfect detection and is

contemporaneous with our detection/raetection data for leopard.

Hayward et afs 2006metaa nal ysi s of | eopard dietary preferen
frequently taken prey to be impala, followed by common duiker, steenbok, bushbuadqrambn

warthog. We basedur definition of preferred prey on the frequency of predatianwa believe the

J a c o b 6f prdfenedceised by Hayward et al. (2006) overestimates the importance of rare species

in |l eopard diet. As our dataset contained insuff
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to be modelled (n = 20), we dadeped probability of use models for impala, duiker, steenbok and
warthog (seeS3.3& S3.9. All four species have been recorded as part of leopard diet in northern
Botswana(Stein et al., 2015and/or HwangeNP, Zimbabwe(Chatikobo, 2017) Finally, a mean
probability of site use for the prey species at each site was calculated to produce a variable reflecting

general, rather than speciepecific, prey availability.
Human disturbance

Proximity to setééments is often used as an easgdanve measure of human disturbaf@mharjan et
al., 2017; Ngoprasert et al., 2000t is likely to be better represented by an asymptotic relationship
than a linear relationshiphis pattern was recorded in LimpodB, Mozambique, wherthe avoidance
of agrapastoralist settlements by leopards was only observed within 5 km of vi{Bigaspelli et al.,

2018.

Human disturbancevas represented by the natural log of distance to settlement. Distance to settlement
was calculated as the average pixel distance to the nearest human settlement using the Euclidean
DistanceSpatial Analyst tool in ArcGISersion 10.5.1ESRI, 2016)andZonal Statistics tool in QGIS

version 2.18.1@QGIS Development Team, 201&nd included as a candidate variable via its natural

log to reflect the fact that the impact of a human settlement on leopard habitat use should reach an

asymptote withta ani mal 6s di stance from that settl ement.
High protection

For modelling purposes, we gragPA types into broader categories. Thigh protectionvariable

was therefore determined based on a three level grading of protection across the stiid{iarea
National Park, Wildlife Management Ase Safari Area; (2) Forest Area Beserve, Conservancy
Ranch; (3) Community Land, State Land, Farming Argath only the areas with the highest level of
protection (category 1) considered. These highly protected werasassigned a value of 1, and the
lesser and nonprotected areas assigned a value of 0. The proportion of area highly protected was then
calculated for each cell using the IntergattGeoprocessing tool in QGISrsion 2.18.10QGIS

Developnent Team, 2017)
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Trophy hunting

One land use strategy in place in the Zimbabwean portion of the study area is trophy hunting, which
has been shown in certain cases to have an impact on leopard habitat use and relative §Bacllance

etal., 201,

As there is very limited information avdike on the leopard quotas in place during this period, the
trophy huntingvariable was based simply on whett@phy huntingof leopardwas conducted in a

given area or not. Areas where trophy hunting was conducted during the survey period were assigned a
value of 1, and areas without trophy hunting assigned a value of 0. The proportion of area hunted was
then calculated for each cell using the Intersection Geoprocessing @@l8ersion 2.18.10QGIS

Development Team, 2017)
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S3.3 Overview and justification of prey site use covariates

Table S3.3.1: Site covariates hypothesised to affect habitat use by the four most frequently taken prey species

(duiker, impala, steenbok, warthog) across the southern KAZA TFCA.

Hypothesised
effect on site

Covariate Description Code use Data source Justification
Water Average pixel Some herbivores, such as impala,
availability distance to nearest WDI - are highly water-dependent, and as
water point such can be expected to be
¥ ; Water points  positively associated with water
Natural log OI dataset availability (Estes, 1991).
average pixe INWDI ; (TKPP,
distance to nearest :
water point unpublished
P data)
Average pixel value
of water point WDE +
density raster
Precipitation Precipitation can be an important
Average monthly Fick & factqr driving hab_ltat sele_ctlon by
o . herbivorous species, as it
precipitation for year PR + Hijmans . .
surveyed (2017) contributes to both vegetation
growth and surface water availability
(Fang et al., 2005).
Vegetation Vegetation cover Vegetation is an important habitat
N EVI_M + . .
cover (EVI) i Mean - ) feature for herbivorous prey species
) Didan due to its importance as a food
Vegetation cover (2015) source, and for the cover it provides
(EVI)T Standard EVI_STD + for concealment from predators
Deviation (Estes, 1991).
Myneni,
. Knyazikhin,
Leaf area index LAI + & Park
(2015)
Dimiceli et
+
Canopy cover VCF al. (2015)
Soil nutrients . . Hengl, Soil nutrients 1 including the amount
Soil organic carbon . ) )
Mendes de of carbon and nitrogen stored in soil
content (g per km at C + . . :
5 cm depth) Jesus, et al. i can have an important influence
(2017) on plant growth, and thus on food
availability for herbivores.
. Hengl,
Total nitrogen by
wet oxidation (ppm) N * Leenaars, et
PP al. (2017)
Human Average pixel Herbivores can be negatively
disturbance distance to nearest SDI + impacted by humans through both
settlement direct (e.g. bushmeat poaching) and
Settlements indirect (e.g. habitat conversion,
Natural log 0{ dataset competition with livestock) impacts
average pixe INSDI + (TKPP, (Ripple et al., 2015), although
distance to nearest unpublished ~ species vary in their vulnerability to
settlement data) these threats.
Average pixel value
of settlement density SDE -

raster
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Covariate calculation

Water availability

Water availabilitywas represented in the prey models by three covariates: distance to water, the natural
log of distance to water, and water density. Distance to water was calculated as the average pixel
distance to the nearest water point using the Euclidean Disspatel Analyst tool in ArcGIS grsion
10.5.1(ESRI, 2016)and Zonal Staitstics tool in QGIS ersion 2.18.1JQGIS Development Team,

2017) An additional covariate reflecting water availability, water density, was also included in the prey
models, to reflect the fact that the number of water points in a givenmaganfluence prey habitat

use, in addition to simple proximity having an effect. Water density for each cell was derived as the
average pixel value of a density raster, produced via Kernel Density Estimation in the Heatmap Plugin

in QGISversion 2.18.10QGIS Development Team, 2017).

Precipitation

Average monthlyprecipitationdatawereobtained from WorldClim (Version 2), at 30 seconds (~1 km)
spatial resolutior{Fick & Hijmans, 2017) The Cell Statistics tool in ArcGl8ersion 10.51 (ESRI,
2016) was used to calculate the mean monthly precipitation for each year of stud2@261i@clusive)
across the study area. Each cell was then assigned the avenatipdy precipitation value for the year

in which that cell was surveyed.

Vegetation cover

Four variables reflecting aspectsvefgetation covewere included as candidate variables for the prey
models: vegetation continuous fields (VCF), mean and standard deviation of the Enhanced Vegetation
Index (EVI), and the leaf area index (LABII vegetation data were accessed via the NASA Earthdata

Searchapplication https://search.earthdata.nasa.yov/

Vegetation Continuous Fields (VCF) is a measure of canopy cover, representing surface vegetation
cover as gradations of three ground cover components: percent tree cover, perboe® cover, and

percent norvegetated (bare). VCF values were obtainethfthe yearly Moderate Resolution Imaging
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Spectroradiometer (MODIS)/Terra Vegetation Continuous Fields product (MOD44B), at 5&tial

resolution(Dimiceli et al., 2015)

The Enhanced Vegetation Index (EVI) is a vegetation index developed to address some of the
limitations of the Normalized Difference Vegetation Index (NDVI); namely, to be more sensitive to
areas of high biomass, to reduthe influence of atmospheric conditions, and to correct for canopy
background signals. The algorithm chooses the best available pixel value from all data collected during
the 16 day period. EVI values were obtained from the MODIS/Terra Vegetation Irpfmehsct
(MOD13Q1), generated every 16 days at 250 m spatial reso(lllidan, 2015) Monthly EVI values

were extracted using granules overlapping with the midpoint of each month, with the value for each
cell taken from the mean and standard deviaimong these monthly values for the year in which that

cell was surveyed. We chose to include standard deviation in EVI as well as the mean annual value to

account for the potential impact of fluctuations in vegetation on habitat selection by prey.

Leaf Area Index (LAI) is defined as the oséded green leaf area per unit ground area in broadleaf
canopies, and is effectively a measure of how much foliage there is per unit area. LAl values were
obtained from the MODIS/Terra & Aqua WAPAR product (MCD15A2H)an 8 day composite

dataset with 500 m spatial resolutiddyneni et al., 2015)

Soil nutrients

Two variables representirgpil nutrientswere included in the candidate covariates for preferred prey.
Carbon was measured via soil organic carbon content in g per kg at 5 cm depth (ORCDRC_M_sl|2) at
250 m spatial resolution, obtained from the International Soil Reference and Information Centre
(ISRIC) SoilGrids global gridded soil information interfagéengl, Mendes de Jesus, et al., 2017)

Ni trogen was measured via total nitr edmapsoby we't

sub-Saharan Africa at 250 m spatial resolut{blengl, Leenaars, et al., 2017)

Human disturbance
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Human disturbancevas included in the prey modeli& distance to settlement and the natural log of
distance to settlement. Distance to settlement was calculated as the average pixeltdigtantearest
human settlement using the Euclidean DisteéBatial Analyst tool in ArcGISersion 10.5.XESRI,

2016) and Zonal Statistics tool in QGISevsion 2.18.10(QGIS Development Team, 2017An
additional covariate reflecting human disturbance, settlement density, was also included in the prey
modds, to reflect the fact that the number of settlements in a given area may influence prey habitat use,
in addition to simple proximity having an effect. Settlement density was estimated as per water density,

above.
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S3.4 Prey site use analysis results and discussion

Spatial independence was achieved at 2 km for warthog, 4 km for duiker and steenbok, and 6 km for
impala. Effort had a significant positive impact on detection probability, and was fixed for all
subsequent model testing (Table S3.4.1). Thd fimadel set comprised 6 models for duiker, 17 for
impala, 9 for steenbok, and 9 for warthog (Tal88.4.3 & S3.4.4)Modelaveraged probabilities of
detection and site use for each species and mean prey estimates are shown in Tablko88 df she

mockels assessed for goodness of fit indicated lack of fit or overdispdiisable S3.4.6Fig. S3.4.1).

Table S3.4.1: Model selection procedure for the covariate associated with probability of detection (p) of most
frequently taken prey species in the southern KAZA TFCA, effort. Models with and without effort were ranked based
on AIC scores, with occupancy covariates fixed in both models as the full candidate set for that species. This
process was not carried out for warthog as there was no variation in effort in the warthog data.

Species Model nPars AlC Al C AICWt cmitv Wt
Duiker effort 12 845.67 0.00 1.00 1.00
null 11 865.61 19.94  4.70E-05 1.00
Impala effort 12 736.58 0.00 1.00 1.00
null 11 755.41 18.83  8.20E-05 1.00
Steenbok  effort 12 1269.54 0.00 1.00 1.00
null 11 1299.90 30.35 2.60E-07 1.00

Table S3.4.2: Codes used to refer to prey site covariates in subsequent tables and figures.

Covariate Description Code
Water availability Average pixel distance to nearest water point WDI
Natural log of average pixel distance to nearest water point InWDI
Average pixel value of water point density raster WDE
Precipitation Average monthly precipitation for year surveyed PR
Vegetation cover Vegetation cover (EVI) i mean EVI_M
Vegetation cover (EVI) 7 standard deviation EVI_STD
Leaf area index LAI
Canopy cover VCF
Soil nutrients Soil organic carbon content (g per km at 5 cm depth) C
Total nitrogen by wet oxidation (ppm) N
Human disturbance  Average pixel distance to nearest settlement SDI
Natural log of average pixel distance to nearest settlement InSDI
Average pixel value of settlement density raster SDE
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Table S3.4.3: Results of multivariate model selection for occupancy models estimating site use for most frequently
taken prey species inthe southernKAZA TFCA. Al |l model sc<s2lirenitre top-rarkedwmbddelh i n @Al C
and comprise the final model set for that species.

(A) Duiker

Global model call: occu(formula = ~ effort ~ InWDI + WDE + SDI + SDE + C + EVI_M + EVI_STD + LAI, data = Duiker)

Model nPars -2*LogLike AlCc Al Cc AICWt
1 y(C+EVI_M+EVI _STD+| nWDI +SDE) p 8 -636.45 1289.2 0.00 0.28
2 y(C+EVI _M+EVI _STD+LAI +1 nWDI +W 9 -635.88 1290.2 0.95 0.17
3 Y(C+EVI _M+EVI _STD+| nWDI +SDE+W 9 -635.89 1290.2 0.97 0.17
4 y(C+EVI _M+EVI _STD+LAI +I nWDI +S 10 -634.95 1290.4 1.18 0.16
5 y(C+EVI _M+EVI _STD+| nWDI +SDE+ S 9 -636.34 1291.1 1.87 0.11
6 y(C+EVI _M+EVI _STD+LAI +1 nWDI +S 9 -636.36 1291.1 1.91 0.11
(B) Impala

Global model call: occu(formula = ~ effort ~ InWDI + WDE + SDI + SDE + N + EVI_M + EVI_STD + LAl + VCF, data = Impala)

Model nPars -2*LogLike AlCc @Al Cc AICWt
1 Yy(EVI _M+LAI +1 nWDI +N+VCF+WDE) p 9 -358.37 735.1 0.00 0.09
2y EVI_M+EVI_STD+LAI+InWDI+N+SDI+VCF+WDE)p(effort) 11 -356.29 735.2 0.02 0.09
3 Y(EVI _M+LAI +I nWDI +N+VCF) p(eff 8 -359.66 735.6 0.50 0.07
4 yYy(EVI _M+EVI _STD+LAI +1 nWDI +N+V 10 -357.59 735.7 0.53 0.07
5 Y(EVI _M+LAI +1 nWDI + Nxe¥®t) + VCF + W 10 -357.60 735.7 0.54 0.07
6 Yy(EVI_M+EVI _STD+LAI +l nWDI +N+S 10 -357.66 735.8 0.65 0.07
7 Yy(I nwDI +N+WDE)p(effort) 6 -361.87 735.9 0.78 0.06
8 Y(EVI _M+LAI +l nWDI +N+SDI +VCF) p 9 -358.77 735.9 0.79 0.06
9 y(Il nwDI+N)p(effort) 5 -362.90 735.9 0.79 0.06
10 y(!l nWDI +N+VCF+WDE) p(effort) 7 -360.89 736.0 0.88 0.06
11 y(LAI +1 nWDI +N+VCF)p(effort) 7 -361.12 736.5 1.34 0.05
12 y(EVI _M+EVI _STD+LAI +1 nWDI +N+V 9 -359.05 736.5 1.35 0.05
13 y (!l nWDI +N+SDI )p(effort) 6 -362.19 736.6 1.42 0.05
14 y(LAI +1 nWDI +N+VCF+WDE) p(effor 8 -360.26 736.8 1.69 0.04
15 y(l nWDI +N+SDI +VCF+WDE) p(effor 8 -360.28 736.9 1.73 0.04
16 y (!l nwWDI +N+SDI +WDE) p(effort) 7 -361.33 736.9 1.76 0.04
17 y (!l nwDI +N+VCF)p(effort) 6 -362.38 736.9 1.81 0.04
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(C) Steenbok

Global model call: occu(formula = ~ effort ~ InWDI + WDE + SDI + SDE + PR + EVI_M + EVI_STD + LAl + VCF, data = Steenbok)

Model nPars -2*LogLike AlCc Al Cc AICWt
1 y(LAI +PR+WDE)p(effort) 6 -624.76 1261.7 0.00 0.21
2 yY(LAI +PR+SDI +WDE)p(effort) 7 -623.82 1261.9 0.17 0.19
3 Y(EVI _M+LAIl +PR+WDE) p(effort) 7 -624.52 1263.3 1.57 0.09
4 yYy(LAI +1l nwWDI +PR+SDI +WDE)p(effo 8 -623.50 1263.3 1.60 0.09
5 Y(EVI _M+LAI +PR+SDI +WDE)p(effo 8 -623.52 1263.3 1.64 0.09
6 y (Al+InWDI+PR+WDE)p(effort) 7 -624.59 1263.4 1.72 0.09
7 Y(LAI +PR+VCF+WDE)p(effort) 7 -624.64 1263.5 1.82 0.08
8 Y(LAI +PR+SDE+WDE)p(effort) 7 -624.65 1263.5 1.83 0.08
9 Yy(EVI _STD+LAI +PR+WDE) p(effort 7 -624.66 1263.6 1.85 0.08
(D) Warthog
Global model call: occu(formula = ~ 1 ~ InWDI + WDE + SDI + SDE + PR + EVI_M + EVI_STD + LAI + VCF, data = Warthog)

Model nPars -2*LogLike AlCc Al Cc AICWt
1 y(! nwWDlI +PR+SDE+VCF)p(.) 6 -874.23 1760.6 0.00 0.20
2 Y(!l nwDlI +SDE+VCF)p(.) 5 -875.26 1760.7 0.02 0.19
3 Y(LAI +1 nWDI +PR+SDE+VCF)p(.) 7 -873.81 1761.9 1.23 0.11
4 y(l nwWDI +SDE+SDI +VCF) p(.) 6 -874.88 1761.9 1.31 0.10
5 y(I nwWDlI +PR+SDE+SDI +VCF)p(.) 7 -874.02 1762.3 1.64 0.09
6 Y(EVI _STD+I nWDI +SDE+VCF) p(.) 6 -875.07 1762.3 1.69 0.08
7 Y(I nwWDlI +PR+VCF)p(.) 5 -876.13 1762.4 1.76 0.08
8 Y(LAI +1 nWDI +SDE+VCF)p(.) 6 -875.12 1762.4 1.78 0.08
9 yYy(l nwDlI +SDE+VCF+WDE) p(.) 6 -875.17 1762.5 1.89 0.08
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Table S3.4.4: Parameter estimates (standard error in parentheses) of the final occupancy model set for estimating site use for most frequently taken prey species in the southern

KAZA TFCA. Al

mo d e | s ¢ sfronwthe tapraekedwmodeh Beta cogfficiers (b) highlighted in grey indicate a significant impact on probability of site use in

the model shown, as the 95% confidence interval (b N 1.96 SE) does not span zero.
(A) Duiker Intercept b b b b b b b b Intercept b

(y) ©) (EVI.M) (EVL.STD)  (LAl) (nWDl)  (SDE) (SDI) (WDE) ®) (effort)

1.26 0.45 0.42 -0.34 0.64 1.80 3.14 1.61

1 Y(CHEVI _M+EVI _STD+I nWDI +SDE) 559 (0.18) (0.16) (0.14) (0.21) (1.28) (0.50) (0.26)
1.24 0.39 0.90 032 0.65 0.68 0.68 3.18 1.62

2 Y(C+EVI _M+EVI _STD+LAL+1nWDI #1450 (0.20) (0.41) (0.15) (0.54) (0.22) (0.51) (0.49) (0.26)
1.34 0,50 0.45 038 0.70 1.80 0.18 -3.16 1.61

3 Y(C+EVI _M+EVI _STD+I nWDI +SDE+\ 43 (0.19) (0.17) (0.14) (0.22) (1.38) 0.17) (0.49) (0.26)
1.37 -0.45 0.72 -0.34 -0.40 0.72 1.95 0.44 317 1.61

4 y C+EVI_M+EVI_STD+LAI+InWDI+SDE+WDE)p(effort) (0.31) (0.20) (0.30) (0.15) (0.35) (0.22) (1.61) (0.32) (0.49) (0.26)
. 125 0.43 0.41 031 0.61 1.84 0.11 -3.14 1.61

5 Y(C+EVI _M+EVI _STD+I nWDI +SDE+t 45 (0.18) (0.16) (0.15) (0.21) (1.29) (0.23) (0.50) (0.26)
. 125 0.42 0.47 032 -0.09 0.63 1.84 3.14 1.61

6 Y(CHEVI _M+EVI _STD+LAI+InWDI+t o0 (0.19) (0.21) (0.14) (0.22) (0.21) (1.30) (0.50) (0.26)
Averaded model 1.29 -0.44 0.56 -0.34 0.18 0.66 152 0.01 0.22 312 1.61

g (0.28) (0.19) (0.31) (0.14) (0.37) (0.22) (1.43) (0.08) (0.37) (0.49) (0.26)

(B) Impala Intercept b b b b b b b b Intercept b

P (y) (EVLM) (EVIL.STD) (LAl (InWDI) N) (SD) (VCF) (WDE) ®) (effort)

021 0.75 1.39 -0.62 0.78 -0.46 0.88 2.04 0.91

1 ¥ BV MHLAHINWDHN+VCF+WDE)p(effort) (0.26) (0.44) 0.77) (0.19) (0.23) (0.21) (0.78) (0.57) (0.20)
o022 -1.00 -0.42 1.89 0.63 0.69 0.28 -0.50 0.90 2.04 0.90

2 Y(EVI_M+EVI _STD+LAIL+1InWDI+N+< 50 (0.45) (0.33) (0.81) (0.20) (0.23) (0.18) (0.21) (0.79) (0.57) (0.20)
-0.41 -0.60 115 072 0.69 -0.41 -2.04 0.92

3 Y(EVI_M+LAL+I nWDI+N+VCF)p(eff 4yg (0.40) (0.70) (0.18) (0.22) (0.20) (0.57) (0.20)
021 0.87 030 1.68 0.63 0.78 -0.48 0.92 2.04 0.90

4y EVI_M+EVI_STD+LA+INWDI+N+VCF+WDE)p(effort) 0.25) 0.44) 0.29) (0.80) (0.20) 0.23) ©.21) ©0.79) ©0.57) (0.20)
022 0.82 1.49 0.62 0.71 021 -0.47 0.85 -2.04 0.90

5 Y(EVE_M+LAL+T nWDIL+N+SDI+VEF+\ 55 (0.46) (0.80) (0.20) (0.24) (0.17) (0.21) (0.78) (0.57) (0.20)
. 042 0.83 037 1.59 0.74 0.59 -0.29 -0.44 -2.04 0.91

6 Y(EVI_M+EVI _STD+LAI+1nWDI+N+$ 4 (0.43) (0.31) (0.78) (0.19) (0.22) (0.18) (0.20) (0.57) (0.20)



-0.41

-0.63

0.69

0.63

-2.04

0.91

7 Y(I nWDI +N+WDE)p(effort) (0.20) (0.18) 0.18) (0.65) 057 (0.20)
v e s ven s 8588 s By - B = W
o o y(inWhlxRypletiont) ©016) o1 ©an 0sn (020
10 y (! nWDI +N+VCF+WDE) p(effort) ('3';% (-3-% (8:;?)) (-(())..lzé) (8222) (5377) (83(2))
H v CARIWDRRVERR(Eron 016 oz 1 (020 018 05 (020
12 y(EVI _M+EVI _STD+LAI +1 nWDI + N+\ (‘8-{‘;) (_(())_2472) ('8-2286) ((1132) (-8-1751) (8:22) (—8.515) (—g_.g;l) (8:%)
13 y (! nWDI +N+SDI )p(effort) (815;:) (81772) (8?% (‘8112) ((?5?;{) (838)
14 y(LAI +1 nWDI +N+VCF+WDE) p(effor ('8_-23% (8:32) (-g-fgﬁ) (g:gg) (-3.135) (8:2573) (.g-,g) (8138)
15 y (1l nWDI +N+SDI +VCF+WDE) p(effor ('8_';"12) ('3-{381) (8:;3) (-8-11% (—3-12; (8:23) (—g_.g;) (8:%)
10 ¥(1nWDI +N+SDI+WOE) p(effort) ooy o1 018 (019 09  ©5) (020
17 y (1 nWDI +N+VCF) p(effort) ('g-fg) ('8-17;‘) (8:?3) (-8-1121) (-5..5077) (8:%)
Averaged model o24 052 023  (©s (019 (02 (o 02 06  ©0s) (020

(C) Steenbok Inte(ri(e?t (EVEI)_M) (EVIE)STD) (LbAI) (Ith\)lDI) (PbR) (ng) (SEIJDI) NgF) (\NE[))E) Inte(E;C)ept (eff%rt)

1 y(LAI +PR+WDE)p(effort) (gég) (8:;3) (—3-53% (0122% (01353% (éég)

2 y(LAI +PR+SDI +WDE) p(effo (g:g% (8:;(2)) (—3-35) (8:42‘-3) (0121% (-01..582) (éég)

3 Y(EVI _M+LAI +PR+WDE) p(ef (é:gz) (8:%) (g:gg) (-3-;22) (—01..32(())) (—01..?% (éé(z))

4 yYy(LAI +Il nWDI +PR+SDI +WDE) (g:g% (8:;(1)) (8:;3) (gﬁg) (gg% (0121782) (—&.?% (éég)

5 Y(EVI _M+LAlI +PR+SDI +WDE) (S:gg) (gég) (8:23) ('g-gz?) (8:‘2%) (-ol,'gg) (—&.gé) (éég)



Y(LAI +1 nWDI + PR+WDE) p ( ef 3.19 0.74 0.13 -3.27 -1.24 -1.63 1.13
(0.61) (0.20) (0.23) (0.59) (0.28) (0.37) (0.20)
3.06 0.79 -3.19 -0.10 - -
Y(LAI +PR+VCF+WDE)p(effo ) 20 1.62 fA2
(0.60) (0.22) (0.62) (0.20) (0.27) (0.37) (0.20)
3.09 0.76 -3.26 -0.12 -1 -
YyY(LAI +PR+SDE+WDE) p(effo 28 1.62 e
(0.58) (0.20) (0.57) (0.31) (0.27) (0.37) (0.20)
3.11 -0.24 0.81 -3.29 - -
Y(EVI _STD+LAI +PR+WDE) p( i 1.62 e
(0.59) (0.51) (0.24) (0.58) (0.27) (0.37) (0.20)
Averaged model 3.05 0.03 -0.02 0.72 0.03 -3.14 -0.01 0.15 -0.01 -1.22 -1.62 1.12
(0.60) (0.13) (0.16) (0.24) (0.11) (0.61) (0.09) (0.27) (0.06) (0.28) (0.37) (0.20)
(D) Warthog Intercept b b b b b b b b Intercept
(y) (EVI_STD) (LAI) (InwDI) (PR) (SDE) (SDI) (VCF) (WDE) (P)
1.15 -0.82 0.34 5.45 -0.74 -
1 y(l nwDlI +PR+SDE+VCF) p(. ) 1.14
) (0.46) (0.23) (0.24) (4.73) (0.19) (0.09)
1.22 -0.98 5.84 -0.64 -
2 y(InWDI +SDE+VCF) p(.) : 115
(0.47) (0.21) 4.77) (0.17) (0.09)
1.12 0.17 -0.78 0.39 5.16 -0.86 -
3 Yy (A+InWDI+PR+SDE+VCF)p(.) ) 114
(0.45) (0.19) (0.22) (0.24) (4.59) (0.24) (0.09)
1.33 -1.07 6.71 0.16 -0.67 -
4 y(l nwWDI +SDE+SDI +VCF) p( . ’ ) 1.16
( (0.52) (0.24) (5.21) (0.19) (0.18) (0.09)
1.22 -0.88 0.32 6.04 0.11 -0.74 -
5 y(!l nWDI +PR+SDE+SDI +VCF : ) 1.15
) (0.49) (0.26) (0.24) (5.07) (0.18) (0.19) (0.09)
1.22 -0.09 -0.98 5.88 -0.63 -
6 Y(EVI _STD+| nWDI +SDE+VCE : 1.15
(0.47) (0.15) (0.21) (4.80) (0.17) (0.09)
0.73 -0.81 0.38 -0.69 -
7 Y(I nWDI +PR+VCF)p(.) ) 1.15
(0.23) (0.22) (0.24) (0.19) (0.09)
1.20 0.10 -0.97 5.70 -0.70 -
8 yYy(LAI +I nwWDI +SDE+VCF) p(. ) 1.15
(0.47) (0.18) (0.21) (4.74) (0.21) (0.09)
1.21 -1.00 5.88 -0.61 - -
9 y(l nwWDI +SDE+VCF+WDE) p( . ) 0.09 1.15
(0.46) (0.21) (4.75) (0.18) (0.20) (0.09)
Averaged model 1.16 -0.01 0.03 -0.91 0.17 5.32 0.03 -0.70 -0.01 -1.15
(0.48) (0.05) (0.10) (0.24) (0.24) (4.90) (0.10) (0.20) (0.06) (0.09)
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Table S3.4.5: Detection information, naive occupancy, and mean probability of detection & site use estimates

(standard deviation in parentheses) for most frequently taken prey species.

Number of sites

Mean detection

Mean probability of

in which Naive probability site use
Species Detections detected occupancy ==(SD) (SD)
Duiker 846 252 0.53 0.45 (0.12) 0.72 (0.21)
Impala 3909 148 0.31 0.55 (0.15) 0.40 (0.25)
Steenbok 1381 306 0.65 0.60 (0.10) 0.76 (0.31)
Warthog 889 206 0.43 0.24 (0.00) 0.65 (0.20)
All prey (mean) - - 0.48 0.46 (0.11) 0.63 (0.25)

Table S3.4.6: Output of the MacKenzie and Bailey goodness of fit test (1000 bootstraps) for single-season

occupancy models of most frequently taken prey species. Outputs are shown for both the highest ranked model

(top) and the most parameterised model (parameterised) withinthe model-a ver aged s<e2). ( @Al Cc

Species Model Model details i 2 stat p-value U]

Duiker top Y(C+EVI _M+EVI _STD+| nWDI +SDE) p 6.57 0.654 0.77
parameterised y ( C+EVI _M+EVI _STD+LAI +1 nWDI + & 6.82 0.638 0.79

Impala top Y(EVI _M+LAI +1 nWDI +N+VCF+WDE) p 0.80 0.721 0.46
parameterised y ( EVI _M+EVI _STD+LAI +1 nWDI +N+§ 0.93 0.633 0.54

Steenbok top Y(LAI +PR+WDE)p(effort) 9.64 0.324 1.15
parameterised y (LAl +1 nWDI +PR+SDI +WDE) p(effo 9.63 0.326 1.14

Warthog top Yy(l nWDI +PR+SDE+VCF)p(.) 247.36 0.056 1.70
parameterised y (LAl +1 nWDI +PR+SDE+VCF) p(.) 247.01 0.075 1.66

Frequency

Figure S3.4.1: MacKenzie and Bailey fit statistic plots (1000 bootstraps) assessing goodness of fit of the top-

ranked and most parameterised models in the final model set for most frequently taken prey species.

(A) Duiker

Top model

Most parameterised model

YyY(C+EVI _M+EVI _STD+| nWDI +SDE) f Yy(C+EVI _M+EVI _STD+LAI +1 nWDI +S

Bootstrapped MacKenzie and Bailey fit statistic (1000 samples)
P =0.654

200
)

150
L

100
I

Simulated statistic (observed = 6.57)

Bootstrapped MacKenzie and Bailey fit statistic (1000 samples)
P=0.638

200
)

150
L

Frequency

100
L

Simulated statistic (observed = 6.82)

113



CHAPTER3: Drivers of leopard habitat use and relative abundance

(B) Impala
Top model Most parameterised model
Y(EVI _M+LAI +1 nWDI +N+VCF+WDE) f Y(EVI _M+EVI _STD+LAI +1 nWDI +N+S
Bootstrapped MacKenzie and Bailey fit statistic (1000 samples) Bootstrapped MacKenzie and Bailey fit statistic (1000 samples)
P=0.721 P =0633

Simulated statistic (observed = 0.8) Simulated statistic (observed = 0.93)

(C) Steenbok

Top model Most parameterised model
Y(LAI +PR+WDE)p(effort) Yy(LAI +1 nWDI +PR+SDI +WDE) p(effo
Bootstrapped MacKenzie and Bailey fit statistic (1000 samples) Bootstrapped MacKenzie and Bailey fit statistic (1000 samples)
P=0.324 P=0.326
o s w5 » = w : 0 s 2 2
Simulated statistic (observed = 9.64) Simulated statistic (observed = 9.63)

(D) Warthog

Top model Most parameterised model
Yy (1 nWDlI +PR+SDE+VCF)p(.) Yy (LAl +1 nWDI +PR+SDE+VCF) p(.)
Bootstrapped MacKenzie and Bailey fit statistic (1000 samples) Bootstrapped MacKenzie and Bailey fit statistic (1000 samples)
- P =0.056 P =0.075
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Table S3.4.7: Summed AICc weights and relationship with site use of all site use covariates in the final model set

for each most frequently taken prey species.

(A) Duiker
Covariate ~ Summed Weight Relationship

C 1.00 -

EVI_M 1.00 +
EVI_STD 1.00 -
InWDI 1.00 +

SDE 0.83 +
WDE 0.50 +

LAl 0.44 -

SDI 0.11 +

(B) Impala
Covariate  Summed Weight  Relationship
InWDI 1.00 -

N 1.00 +
VCF 0.79 -

LAl 0.66 +
EVI_M 0.57 -
WDE 0.56 +

SDI 0.41 -

EVI_STD 0.28 -

115

(C) Steenbok

Covariate ~ Summed Weight Relationship

LAl 1.00 +

PR 1.00 -

WDE 1.00 -

SDI 0.37 +
EVI_M 0.18 +
InWDI 0.18 +

SDE 0.08 -

VCF 0.08 -

EVI_STD 0.08 -
(D) Warthog
Covariate ~ Summed Weight  Relationship
InWDI 1.00 -

VCF 1.00 -

SDE 0.92 +

PR 0.47 +

SDI 0.19 +

LAl 0.19 +

EVI_STD 0.08 -
WDE 0.08 -
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Prey results discussion

Duiker habitat use was found to decrease with increasing soil carbon storage, a counterintuitive finding
which may be the result of the speciesbd high ads
(Wilson, 2013) Duiker habitat use was shown to increase with meana vegetation and decrease

with standard deviation in annual vegetation; together, this indicates that duiker preferentially use areas

with thicker vegetation and with less annual fluctuation in vegetation. This aligns with our
understanding that the eges can live in virtually any habitat that provides sufficient cover for
concealment from predatg(estes, 1991)Duiker are not watedependent, and accordingly habitat use

was found to increase with distance to water, suggesting that the species may be specialising in drier
areas. Duikehabitat use was also generally associated with higher settlement density, as may be

expected for this resilient species which is often found close to human settlérudeyset al., 2014)

Impala are seldom found more than a few kilometres from wWatdey et al., 2014)in line with this,

we found impala habitat use to decrease with increasing distance from water. This is further supported
by a general association between impala habitat use and water density. Impala habitaeasedin

with soil nitrogen content, possibly due to the higher nutritional content available for plant growth.
Impala habitat use was also generally associated with higher leaf area index but lower canopy cover,
which may r el at e tnedgdsheeies|spepiaising 6ndntesmnediaty hadfistess a

1991)

Steenbok habitat use increased with | eaf area in
with a high abundance of leaves (steenbok are browsers, feeding on young shoots and leaves). Steenbok
habitat use wanmegatively associated with both annual precipitation and water density, reflecting the

fact that this species is wai@dependen{Estes, 1991)

Warthog habitat use decreased with distance to watdrle warthogs are highly adaptable and able
to go long periods without water, some populations have been shown to be dependent on perennial
surface water, which may be the case for the populatiooristady aregCumming, 2013)Warthog

avoid forests and dense vegetation, instead preferring open savannah h&sitess 1991)
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accordingly, we found warthog habitat use to decrease with canopy cover. Warthog habitat use was also
positively associated with settlement density, possibly as a résdteating for areas with crops as a
food source (wahog have been identified as a problem anifoal cropraiding in neighbouring

Zambia;Nyirendaet al.,2011)
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S3.5 Detailed leopard site use and relative abundance analysis results

Table S3.5.1: Univariate model ranking for prey availability covariate selection for (A) the simple single-season

leopard occupancy model; and (B) the N-mixture model for estimating relative abundance.

(A) Leopard (Occupancy)

Variable nPars AlIC Al C AIC Wt cumlitv Wt
all prey 3 1093.20 0.00 0.59 0.59
steenbok 3 1094.29 1.09 0.34 0.93
duiker 3 1098.45 5.25 0.04 0.98
impala 3 1099.70 6.50 0.02 1.00
warthog 3 1105.49 12.29 0.00 1.00

(B) Leopard (N-mixture)

Variable nPars AlC @Al C AICWt cumltv Wt
steenbok 4 1386.06 0.00 0.52 0.52
impala 4 1388.01 1.95 0.20 0.72
all prey 4 1388.62 2.56 0.15 0.86
duiker 4 1388.98 2.92 0.12 0.99
warthog 4 1393.32 7.26 0.01 1.00

Table S3.5.2: Model selection procedure for the covariate associated with probability of detection (p) of leopard in
the southern KAZA TFCA, effort, for (A) the simple single-season leopard occupancy model; and (B) the N-mixture
model for estimating relative abundance. Models with and without effort were ranked based on AIC scores, with
occupancy covariates fixed in both models as the full candidate set.

Species Model nPars AIC Al C AICWt cmltv Wt

(A) Leopard (Occupancy)  Effort 8 1073.87 0.00 1.00 0.98
Null 7 1081.23 7.36 2.50E-02 1.00

(B) Leopard (N-mixture) Effort 9 1369.27 0.00 1.00 1.00
Null 8 1385.23 15.96 3.40E-04 1.00
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Table S3.5.3: Output of the MacKenzie and Bailey goodness of fit test (10,000 bootstraps) for the simple single-
season leopard occupancy model. Outputs are shown for both the highest ranked model (top) and the most

parameterised model (parameterised) withinthe model-aver aged set ( @Al Cc < 2).

Species Model Model details i ? stat p-value 0
Leopard (Occupancy) top y(all prey + prote 735 0.57 0.85
parameterised y(all prey + In(se 721 0.58 0.84
protection)p(effort)

Figure S3.5.1: MacKenzie and Bailey fit statistic plots (10,000 bootstraps) assessing goodness of fit of the top-

ranked and most parameterised models for estimating leopard site use in the final occupancy model set.

Top model Most parameterised model
y(all prey + protection)p(eff y(all prey + In(settlement di
Bootstrapped MacKenzie and Bailey fit statistic (10000 samples) Bootstrapped MacKenzie and Bailey fit statistic (10000 samples)
P =0.5678 P =05786

2000
|
2000
|

1500
I
1500

Frequency
1000
L
Frequency
1000
L

500
I
500
I

Simulated statistic (observed = 7.35) Simulated statistic (observed =7.21)
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Table S3.5.4: Output of the SSE, Chi-square and Freeman-Tukey goodness of fit tests (10,000 bootstraps) for the
N-mixture model for estimating relative abundance. Outputs are shown for both the highest ranked model (top) and

the most parameterised model (parameterised) within the model-aver aged s e

t (Al Cc <

Test Model Model details p-value U]
SSE top a(protection + hunting)op( 0.27 1.06
parameterised & ( Wate( distance) + In(settlement distance) + 0.25 1.06
protection + hunting)p(effort)
Chi-square top a(protection + hunting)op( 0.06 1.08
parameterised & ( Wate( distance) + In(settlement distance) + 0.07 1.08
protection + hunting)p(effort)
Freeman-Tukey top a(protection + hunting)op( 0.37 1.01
parameterised & ( Wate( distance) + In(settlement distance) + 0.33 1.02

protection + hunting)p(effort)

Figure S3.5.2: (i) SSE, (ii) Chi-square, and (iii) Freeman-Tukey fit statistic plots (10,000 bootstraps) assessing

goodness of fit of the top-ranked and most parameterised models for estimating leopard relative abundance within

the final N-mixture model set.
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affrotection + hunting)p(effort)
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Frequency
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Random forest modelling of muiicale, multispecies habitat

associati ons witransfiontier éohservatoa éresa | ar g

Abstract

As landscapsscale conservation models grow in prominence, information on how wildlife communities
usemultiple-uselandscapes is required to inform effective conservatiomanhgement planning. We

used theandan forest machine learning algorithm to investigate sdalgendent habitassociations

for 16 mammal speciesf high conservation importanéeincluding six carnivoreand ten herbivores

I across the southern KAZA Transfrontier Conservation Area (TH@&otswana and Zimbabwe

using data from largecalespoorbasedransect surveys. Our findings revealed substantial variation in
the factors shaping habitaseacross species, and illustrate that different spedtea have divergent
responses to the samanvironmental and anthropogenic fact@sddiffer in thescales at which they
respond to thent:or all variables across all species, scale optimisation most often selected our largest
scale Precipitation, soil nutrients, and vegetatappeared to be the most important factors determining
mammal distribution across southern KAZA, likely through their associations with food resources for
herbivores and, in turn, prey availability for carnivores. Anthropogenic pressures also had aanimport
influence on habitatse with many species selecting against areas with high cattle density. The variety
of relationships with human density indicated that species vary in their toleramemains. Although
management was not a highly important peeati of habitat use for most speciékely due to non
representative sampling, we found a consistent positive relationship with areas under high protection,
and negative relationship with unprotected and-s¢sstly protected areasVe use our findingso
highlight two emergindrends that may impaatildlife populations in the KAZA TFCAchanging

rainfall patterns anihcreasing livestock numberghis study highlights the importance of adopting a
multi-scale, multi-species approach for critical deoisimaking processes that depend on

understanding wildlife distributions and habi#gsociations
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4.1. Introduction

ProtectedareagPAs) play a key role in safeguardingvildlife from the threatsof land conversiorand
overexploitation(Brondizioetal.,2019;Karanth& Chellam,2009) andarewidely believedto bethe
mosteffective meansof conservingmuchof thew o r |bibdiversity (Le Saoutet al., 2013; Leacer-
Williams etal., 1990;MacKinnon,1986;McNeely & Miller, 1982) However failing to alsomaintain
connectivityamongand within theseprotectedpatchesof core habitas canleadto the severancef
important migratory and dispersalroutes(BartlamBrooks et al., 2011) increasedgeneticisolation
(Willi etal.,2007) compromisedesilienceto diseass andpopulationbottleneckqGilpin, 1987) and
reducedopportunitiego shift rangesn responseo climatechanggOpdam& Wascher2004) A lack
of intact habitatoutsidePAs canalso exacerbatedgeeffectsaroundPA boundarieswhich canhave
harmfulimpactsthatreverberatéhroughoutpopulationgdDavidsonetal., 2011;Loveridgeetal., 2010;

Woodroffe & Ginsberg,1998)andleadto increasechumanwildlife conflict (Broekhuisetal.,2017)

As aresult, thereis a growing consensushat alternative,landscapescaleconservatiormodelsare
requiredto secureviablewildlife populationsnto the future (DeGeorges Reilly, 2009;Rippleetal.,
2014) While critical areasof habitatwithin individual countriescanbe securedhroughcoordinated
nationallandmanagememtlanning,manyareasof importanceor migratoryanddispersinganimalsdo
not adhereto political boundaries,and instead straddle multiple countries( B a ret a.®019;
Farhadiniaet al., 2020;Holdo et al., 2009) In this context,transfrontierconservatiorareagTFCAS)

provide aninstitutionalframeworkthatcanhelp secureboth corehabitatandcritical linkages.

In stepwith this shift from localisedto landscapescaleconservationit is critical thatwe improveour
understandingf how wildlife populationsusethesewider mosaiclandscapessothatthisinformation
canbeusedo inform conservatiomndmanagemerplans(Zelleretal.,2012) In particular jdentifying
which factorsunderpinspaceuseby wildlife populationsis likely to be a centralcomponenf PA,
corridor, andbuffer zoneprioritisationi exerciss thatwill becomencreasinglynecessaryn theface

of rapid ongoing changesin climate (Collins et al., 2013; Was®&rman et al., 2012) and rising
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anthropogenidisturbanc€Hassaretal., 2005) andthe considerableostsassociatedvith maintaining

alreadychronicallyunderfundedPAs(Lindseyetal., 2018,2014;Packeretal., 2013)

Maintaininghealthyplantandanimalcommunitieds critical for safeguardindunctionalecosystems
andis the main motivation behind currentinternationalbiodiversity targets(CBD, 2010) As such,
landscapdevel wildlife assessmenghouldstriveto incorporatemulti-speciegperspectivesilthough
assessmentd habitatuseacrosdargelandscapesftenrely on datafrom collaredor taggedanimals
(de Knegtet al., 2011; Klaassen& Broekhuis,2018; Snymanet al., 2018) dataof this kind canbe
difficult andexpensivdo obtainbeyondsmallsamplesizes(Zelleretal., 2018) andtypically resultin
assessmentgstrictedo singlespeciesn limited geographi@reasin contrastpresencenly surveys,
suchasthosebasedn spooror othersign,canbeconductedicrosdargescalegapidly andatrelatively
low cost andallow informationto be collectedsimultaneouslypn multiple speciesPresencenly data
canthereforebe a powerfultool to developspeciedistributionmodelsandassessabitatassociations
atthecommunitylevel (Zelleretal., 2018) which canbe usedto helpdecisionmakersdentify priority
areagRodriguezSotoetal., 2011) corridors(Kanagaragtal., 2011) andthreatsfor multiple species

acrosamixed-uselandscapegCushmaretal., 2013)

Assessmentsf habitat use should also accountfor scale,which is widely recognisedas a central
componenbf speciesenvironmentelationshipgMayoretal.,2009) andis widely recognisedsbeing
an importantconsideratiorfor assessmentd habitatuse(McGarigaletal., 2016) Failing to account
for the relevantscaleat which speciesespondto environmentalariablescan undermne efforts to

disentanglespecieshabitatrelationshipsand may resultin incorrectinferencesbeingusedto guide
conservationand managementinterventions (Everatt et al., 2015) Despite this, many studies
investigatinghabitatusefail to incorporatemultiple scales andof thosethatdo, fewer still makeuse
of scaleoptimisationprocedureso empirically determinethe mostrelevantscalefor eachcovariateof

interest(McGarigaletal., 2016)

Identifying factorsassociated with habitasefor multiple speciescross multiple scalés a complex

task: different species can respond to environmental and biotic variables in unexpected and divergent
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ways(Ficetola et al., 2007andcan vary considerably in the scale at which they respond to these factors
(Holland et al., 2004)As a result, making reliable inferences over space and time can be challenging
for multi-species system@ustin, 2007; Dungan et al., 2002n recent years, howevemachine
learning approaches have emerged as a powerful tool to model spatially complex and temporally
dynamic systems, as they are able to disentangle complex andtuitive interactions from large
datasets much more readily than traditional modellpr@achegEvans et al.,@L1). One model that

has become an important part of the ecological toats#te last two decades is thendomforest
algorithm(Breiman, 2001; Cutler et al., 2D0Evans & Cushman, 2009; Rogan et al., 2p@@pwerful
machinelearning algorithm which has been used in restorgi@mnard et al., 2019yemote sensing
(Hengl, Mendes de Jesus, et &017; Immitzer et al., 2012Yaidoo et al., 2012)deforestation
modelling (Cushman et al., 201, 7habitat suitability and connectivitgnalyseqAshrafzadeh et al.,
2020; Vanbianchi et al., 201,7And climate change predictioffsshrafzadeh et al., 2018; Rather et al.,

2020; Rehfeldt et al., 2006)

In this study, we use themdomforest machine learning algorithm to investigate sdalgendent
habitatassociations fot6 mammal specidsincluding six carnivores and ten herbivoreacross the
southern KAZA TFCA in Botswana and Zimbabwe, using data from-scgke preseneenly surveys.
Of the 16 study species, six are classifiefaserableor Near Threatenedn the IUCN Red List,rzd
nine are thought to have decreasing population trga@N, 2020) We combine these specisgecific
insights to build a mukspecies view of the key drivers of habitseand potential futurérends that

may impact wildlifeacr oss t he study | andscape, which for ms

4.2. Methods

4.2.1. Study area

The Kavango Zambezi Transfrontier Conservation A
TFCA, covering an area of approximately 520,808 in southern Africa. KAZA spans the boundaries

of five countries, encompassing 36 National ParkBgNind a host of other land usescluding
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communitymanaged Wildlife Management Areas (WMAS), trophy hunting ategsptected land and

communal areas (s&83.1for a description of land use designations in toelygared

KAZA TFCA
Study area
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Figure 4.1: Left: the study area within the KAZA TFCA in southern Africa. Right: land use types in the study
landscape and multi-scale variable areas surrounding survey transects. PAs are shown only in the study countries

(Botswana & Zimbabwe).

Our study area consists of approximately 30,08 in the southern KAZA TFCA, across Botswana
and Zimbabwe (Figd.1). We collected data in Hwange NP & Zambezi NP in Zimbabwe, and Nxai Pan
NP in Botswana, as well as areas adjacent to Kazum&lPan Zimbabweand Chobe NP & Moremi
Game Resenvie Botswana. We also collected data in a numbégssstrictly protected WMAsSafari

Areas, Conservancy Ranches, and Forest Afeldeserves, in addition to unprotected land.

The study area receives average of 50000 mm of rainfall per year, and is generally watand
nutrientpoor, although there are a large number of artificial waterholes across parts of the landscape.
Vegetation is dominated by bushland savannah and woodland, intersperspdtelits of grassland.
Trophy hunting took place in Zimbabwe at the time of data collection, across approximately 14% of the

total study area.
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4.2.2. Data collection

We collected presence data for mammal species across the study area between May 2012 and October
2015. Spoor surveys were carried out by driving transects at a low speed along roadsakiseand
boundary cutlinegFig. 4.1), and recording any fresh spdtnacks) of all medium and large mammals
(seed.3.Resultsfor acomplete list of species ultimately included in the studg)highly-skilled local

trackers assisted with spoor detection and identification, incorrect identification of tracks was highly

unlikely. Surveys were started at first light to avoid disturbamtemaximise visibility.

4.2.3. Data preparation

We divided all transects into 58 segmentdn each segment we notegeesence (1) or absence (0)
of eachspecies. Due to large number of absemaescalculated density of the presence locations for
each species usirakernel density estimator with 500 search radius in ArcGIgrsion10.6 (ESRI,
2016) As some transects were surveyed multiple timegments were also assigned a measure of

survey effort, represented by the numbetirnes thasegment wasurveyed.

4.2.4. Multi-scale variables

We selected 8 variableghat we hypothesised may influence the distributiomammalsacross the

study area (Tablé.1). In addition to these, wiacludedlongitude and latituddue to the large size of

the study area, arslirvey effortWe employed a mukscale approach for all variables except latitude,
longitude, and effort, to identify the most appropriate scale at which to include each variable in our final
models for each species. All raster layers were convertbd &ame projection, aligneghd resampled

to the same extent at 50 m resolutiba test for selection of variables at different scalescalculated

a focal mean at varying circular moving window<860, 500, 1000, 2000, 4000, and 800@aatiusin

ArcGIS version 10.6ESRI, 2016 equaing to circles ranging from a minimuareaof 0.2 kn¥ to a
maximumareaof 200 kn¥; Fig. 4.1). For variables based on point data, produceanulti-scale raster
layers using the Point Density tool with a circular radius equal to each $baldnal multi-scale

variable values were then extracted by sampling each variable at each scale from the midpoint of all 50
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m transect segmentads one of the original aims of this study was to predict connectivity across the

study landscape, we did not exclude vaealdlom the same models on the basis of correlations.

4.2.5. Random forest modelling

We fitted randomforestmodels(Breiman,2001)to the speciesletectiondensitydatausingR package
randomFores{Liaw & Wiener,2002) For eachspecieof interest scaleoptimisationwascarriedout
by runningrandomforestmodelselectionon all variablesusingtherf.modelSefunctionin R package
rfUtilities (Evans& Murphy, 2019). For eachvariable we selectedthe scalewith the highestMIR
(ModelImprovemenRatio; Evans& Murphy, 2019) The modelselectionprocessvasthenrepeated
with only the scale optimised variablesfor that species,to producea final randomforest model
consistingof the bestand most parsimoniouscombinationof variablesat their bestscales Model

performancavasassesseda the percentagef varianceexplainedn the spoordensitydata

We investigatedthe relationshipbetweenthe final model variablesand detectiondensity for each
speciesdy producingsmoothedsplinesusingthe plsmofunctionin packageHmisc(Harrell Jr, 2020)

Theimportanceof differentvariablesin thefinal modelfor individual speciesvasassessely ranking
MIR values Theimportanceof variablesacrossall speciesvasassesselly calculatingthe proportion
of specieswith eachvariablein its final model,andthe averagaank (basedon MIR) of eachvariable
acrossll speciesThefrequencyof scalesvasassessebly calculatingheproportion of variablesacross

speciesateachspatialscale.
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Table 4.1: Variables hypothesised to affect distribution of the study species across the southern KAZA TFCA.

Original
Variable Code | resolution Description Units Reference
1 Longitude X - X coordinate (UTM35S) of pixel - -
2 Latitude Y - Y coordinate (UTM35S) of pixel - -
3  Effort Effort - Number of times segment was - This study
surveyed
4 Carbon C 250 m Soil organic carbon content in g per kg dg / kg Hengl, Mendes de
at 5 cm depth (ORCDRC_M_sI2) Jesus, et al. (2017)
5 Nitrogen N 250 m Soil nutrient maps of sub-Saharan cg/kg Hengl, Leenaars, et al.
Africa (2017)
6  Vegetation cover (EVI) EVI 250 m MODIS/Terra Vegetation Indices EVI Didan (2015)
(MOD13Q1), averaged from the
midpoint of each month within the
survey period
7  Leaf area index (LAI) LAI 500 m MODIS/Terra+Aqua Leaf Area Index m? / m?2 Myneni et al. (2015)
(MCD15A2H), averaged from the
midpoint of each month within the
survey period
8  Canopy cover (VCF) VCF 250 m MODIS/Terra Vegetation Continuous % Dimiceli et al. (2015)
Fields (MOD44B), averaged from each
year within the survey period
9  Precipitation P 30 s (~1 km) WorldClim (Version 2), monthly mm Fick & Hijmans (2017)
precipitation averaged from each
month within the survey period
10 Permanent water points WP - Vector layer of permanent water points - Trans-Kalahari Predator
(pans, manmade pumps) Programme (TKPP),
unpublished data
11 Permanent rivers R - Vector layer of major rivers, converted - TKPP, unpublished data
into a series of points at 100 m spacing
12 Cattle density CD 5m (~8 km)  Gridded livestock of the world (GLW3) animals per  Gilbert et al. (2018)
Global cattle distribution in 2010 (5 pixel
minutes of arc)
13 Human density HD 3s (~100 m)  WorldPop 2013 population UN adjusted population Linard et al. (2012)
per pixel
14 Settlements S - Vector layer of settlements - TKPP, unpublished data
15 No protection NP - Rasterised shapefile with value of (1) - TKPP, unpublished data
within all unprotected land, and (0)
within PAs
16 Intermediate protection P - Rasterised shapefile with value of (1) - TKPP, unpublished data
within Conservancy Ranches, Forest
Areas, and Forest Reserves, and (0)
elsewhere
17 High protection HP - Rasterised shapefile with value of (1) - TKPP, unpublished data
within National Parks, Wildlife
Management Areas, and Safari Areas,
and (0) elsewhere
18 Trophy hunting H - Rasterised shapefile with value of (1) - TKPP, unpublished data

within areas where trophy hunting was
taking place during the study period,
and (0) elsewhere
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4.3. Results

We collected species @ence data along 4,8%4n of transectsmost of which were surveyddo

times We divided these transects into 96,474 segments of 50 m for analysis. Restricting the data to
medium and largebodied mammal species with sufficient detections (> 400) resulted in 16 study
species:six carnivores (blackacked jackalCanis mesomelasaracal,Caracal caracal& serval,
Leptailurus servalcaracal and serval were grouped togetherto their highly similar spogrleopard,
Panthera parduslion, Panthera leg spotted hyaenarocutacrocutg and wildcat;Felis silvestri3,

and ten herbivores (African buffal8yncerus cafferAfrican elephantLoxodonta africanacommon
duiker, Sylvicapra grimmia common warthog, Phacochoerus africanus giraffe, Giraffa
camelopardalis greater kuduTragelaphus strepsicerpdmpala, Aepyceros melampuplains zebra,
Equus quaggasable antelopefippotragus niger and steenbokiRaphicerus campest)isOf these
speciessix are classified a8dulnerableor Near Threatenedn the IUCN Red LisfVulnerable leopard,

lion, elephant, giraffeNear Threatenedbuffalo, zebra) and nine are thought to have decreasing
population trendgleopard, lion, spotted hyaena, wildcat, buffalo, common duiker, warthog, giraffe,

zebra;lJUCN, 2020)

4.3.1. Scale optimisation

The sale optimisation procedure revealed substantial variation in the scales at which different species
responded to variables: the optimal scale varied among species for a given variable, and among
variables for a given species (Tabke3 &4 .4). For allvariables across all species, scale optimisation
most often selected our largest scale (80084#0 of scale optimised variables across all species, and
81% of variables in the final models; Tables &.3.4), and the second largest scale (4000 m) was the
second most frequently selected (9% of scale optimised variables across all species, and 11% of

variables in the final models; Tables &31.4).

In the final species models, eight of the 15 multiscaléables appeared at more than one scale (Fable
4.3 & 4.4). The remaining seven multiscatariables were exclusively selected at the largest $cale

including variables relating to soil quality (carbon), vegetation (EVI), water availability (rivers),
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anthropogenic impact (settlements), and management@btecpion, intermediate prection, hunting;
Tables 4.3 &4.4). Interestingly, in contrast to the other protection variables, high protection was most

frequently selected at an intermediate scale (4000 m) in the final modelss@&#e4.4).

4.3.2. Model performance

Performance of selected models was high across all species, with more than 98% of variance explained

for all specieqTable 4.2)

4.3.3. Variable importance

Although we did not exclude variables from the same models on the basis of correlations, tee relati
importance of variables in our models nonetheless provides insights into fatiorsappear to be
most important in predicting species detection densities. Variable pairs correléed®@y0 (assessed
using 250 m valuesyere carbonnitrogen (0.D), carborprecipitation (0.77), EVLAI (0.73), and

LAI-VCF (0.80).

The total number of variables in the final model for each species ranged from 8 to 18. Vdifitakas

in their importance across species, with some appearing in all final modeltharslappearing in the

final models of only a relatively small number of species (T&ah2& 4.4). Variables that appeared in

a high proportion of final models generally also ranked highly (based on MIR) across all species, while
variables that appear@udonly a small number of final models were generally less important than other
variables where they didppear (Table 4.2). The most and least important variables were largely
consistent across both carnivores and herbivores, whereas variables of itatier mgzbrtance showed

more variation between the two species groups (Table 4.4).

Smoothedlsmo spline®f all variables in the final model for each species (except longitude, latitude,
and effort)are shown in Fig4.2, with the five most importantariables for each species (based on

MIR) shaded in grey.
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Table 4.2: Percentage of variance explained and importance (MIR, Model Improvement Ratio) of all variables selected for the final random forest model for each species. Cells

are coloured according to the MIR of that variable for that species at the optimised scale; variables with higher importance for the species are shaded green, while those with

lower importance are shaded yellow. Species have been grouped into carnivores and herbivores. Variables are coded as follows: longitude (X), latitude (Y), carbon (C), nitrogen

(N), vegetation cover (EVI), leaf area index (LAI), canopy cover (VCF), precipitation (P), water points (WP), rivers (R), cattle density (CD), human density (HD), settlements (S),

no protection (NP), intermediate protection (IP), high protection (HP), and trophy hunting (H).

% variance

Species explained X Y Effort C N EVI LAI VCF P WP R CD HD S NP 1P HP H
Black-backed jackal 98.51 0.562 0.673 0.507 0.497 0.377 0.377 | 1.000 0.404

Caracal & Serval 98.09 0.959 0949 0.233 0.714 0998 0871 0.775 0.742 1.000 0.148 0.007 0.517  0.977 0.072 0.203 0.151 0.277 0.366
Leopard 98.17 0.994 0.827 1.000 0.886 0.791 0.909 0.980 0.734

Lion 98.02 0.503 0.620 0.183 0451 0.381 0.376 0.360 0.725 1.000 0.259 0.356 0.374 0.217

Spotted hyaena 98.46 0.858 0.668 0.762 0.822 0.986 1.000 0.737 0.641

Wildcat 98.25 0.847 0.742 0.677 0.570 0.583 0.603 | 1.000 0.639

African buffalo 98.42 1.000 0.595 0.600 0.532 0.513 0.625 0.547 0.546

African elephant 99.40 1.000 0.601 0.730 0.729 0.471 0478 0.407 0357 0.784 0540 0.011 | 0.776 0.437 0.088 0.208 0.152 0.472 0.170
Common duiker 98.89 0.995 0.840 0.605 0.583 0.587 1.000 0.563 0.604

Common warthog 98.34 0.838 0.765 0.855 0.917 0.906 0.793 1.000 0.825

Giraffe 98.75 0.875 0.807 0.829 0.629 0.600 0.571 0.555 0.593 1.000 0.304 0.033 | 0.982 0.654 0.067 0.222 0.196 0.703 0.233
Greater kudu 98.81 0.895 0.689 0.823 0.837 1.000 0.730 0.705 0.606

Impala 99.03 0.473 0.631 0.187 0.622 0.493 0.345 0371 0.654 1000 0.153 0.020 0.306 0.345 0.032 0.111 0.092 0.270 0.169
Plains zebra 98.87 0.519 0.542 0.060 0.566 0.486 0.393 0.419 0.532  1.000 0.431 0.020 0.500 0.364 0.047 0.144 0.095 0.420 0.148
Sable antelope 98.59 0.900 0.849 0.573 0.459 0.460 0.489 | 1.000 0.506

Steenbok 98.78 0.043  0.055 0.045 0.093 0.032 0.016 0.092 | 1.000 0.041 0.027 0.015 0.039 0.033



Table 4.3: Percentage of variance explained and optimised scale of all variables selected for the final random forest model for each species. Cells are coloured according to the

importance (MIR, Model Improvement Ratio) of that variable for that species at the optimised scale; variables with higher importance for the species are shaded green, while

those with lower importance are shaded yellow. Species have been grouped into carnivores and herbivores. Variables are coded as follows: longitude (X), latitude (Y), carbon

(C), nitrogen (N), vegetation cover (EVI), leaf area index (LAI), canopy cover (VCF), precipitation (P), water points (WP), rivers (R), cattle density (CD), human density (HD),

settlements (S), no protection (NP), intermediate protection (IP), high protection (HP), and trophy hunting (H).

% variance

Species explained X Y Effort C N EVI LAI VCF P WP R CD HD S NP P HP H
Black-backed jackal 98.51 1 1 8000 8000 8000 8000 | 1000 8000

Caracal & Serval 98.09 1 1 1 8000 8000 8000 8000 8000 = 8000 8000 8000 = 8000 & 8000 | 8000 8000 8000 8000 8000
Leopard 98.17 1 1 8000 8000 8000 8000 8000 8000

Lion 98.02 1 1 1 8000 8000 8000 8000 ~ 4000 & 4000 @ 4000 1000 8000 4000

Spotted hyaena 98.46 1 1 8000 8000 8000 250 2000 4000

Wildcat 98.25 1 1 8000 8000 8000 8000 | 4000 8000

African buffalo 98.42 1 1 8000 8000 8000 8000 2000 8000

African elephant 99.40 1 1 1 8000 8000 8000 8000 4000 4000 8000 8000 250 8000 8000 8000 8000 8000 8000
Common duiker 98.89 1 1 1 8000 4000 8000 8000 8000

Common warthog 98.34 1 1 8000 8000 8000 8000 8000 8000

Giraffe 98.75 1 1 1 8000 4000 8000 8000 8000 ' 8000 8000 8000 250 4000 8000 8000 8000 250 8000
Greater kudu 98.81 1 1 8000 8000 8000 8000 8000 4000

Impala 99.03 1 1 1 8000 8000 8000 8000 4000 ' 2000 8000 8000 8000 8000 8000 8000 8000 4000 8000
Plains zebra 98.87 1 1 1 8000 8000 8000 8000 250 4000 4000 8000 8000 8000 8000 8000 8000 500 8000
Sable antelope 98.59 1 1 8000 8000 8000 8000 250 8000

Steenbok 98.78 1 1 8000 8000 8000 8000 8000 | 8000 8000 8000 8000 4000 8000

Figure 4.2 (overleaf): Smoothed plsmo splines showing the relationship between the final model variables (x-axis; except longitude, latitude, and effort) and detection density (y-

axis) for each species. Variable scales are shown in brackets in the relevant x-axis label; units for each variable can be found in Table 4.1. Plots shaded in grey indicate variables

that appear in the five most important variables for that species, based on MIR (Model Improvement Ratio).
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Table 4.4: Variable importance across final random forest models for all species. The number of scales at which each variable was selected during scale optimisation and was
included in the final models (out of a possible total of 6) across all species; and the average and most frequent scale at which the variable was selected during scale optimisation
and included in the final models. Importance is indicated by the proportion of the 16 study species for which each variable appeared in the final model, separated into carnivores
(black-backed jackal, caracal & serval, leopard, lion, spotted hyaena, wildcat) and herbivores (African buffalo, African elephant, common duiker, common warthog, giraffe, greater
kudu, impala, plains zebra, sable antelope, steenbok); and the average rank (based on MIR, Model Improvement Ratio) of each variable for each species, from 1 (most important)
to 18 (least important). Variables are ordered from those which appeared in the highest proportion of final species models to those which appeared in the lowest proportion of final
species models.

Optimised scale Scale in final models % of species with variable in final model Average

Variable Code | Number  Mean Mode | Number Mean Mode All Carnivores Herbivores rank
Precipitation P 5 5703 8000 5 5703 8000

Longitude (UTM35S) X - - - - - -

Latitude (UTM35S) \% - - - - - -

Nitrogen N 2 7750 8000 2 7733 8000

Carbon C 1 8000 8000 1 8000 8000

Human density HD 3 7375 8000 3 7231 8000

Cattle density CD 4 5734 8000 4 4979 8000

Leaf area index (LAI) LAI 3 7281 8000 2 7667 8000

Canopy cover (VCF) VCF 3 5547 8000 3 6205 8000

Vegetation cover (EVI) EVI 1 8000 8000 1 8000 8000

High protection HP 5 5109 8000 4 4083 4000

Water points WP 2 7250 8000 2 6857 8000

Effort E - - - - - -

No protection NP 1 8000 8000 1 8000 8000

Trophy hunting H 1 8000 8000 1 8000 8000

Intermediate protection P 1 8000 8000 1 8000 8000

Settlement points 1 8000 8000 1 8000 8000

Rivers R 3 7375 8000 1 8000 8000
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Longitude and latitude had high importance in our species distribution models, appearing in the final

models for all species (average rank: 3.2 and 4.5, respectively; Babl@st.4).

Our results suggest that, alongside location, variables relating to climate, soil quality, and vegetation
were the most important factors determining where mammals were found in the study landscape across
southern KAZA: precipitation, soil ntiénts (carbon and nitrogen), and vegetation indices (VCF, LAl,

EVI) all appeared in the final model for more than half of¢tuelyspecies (Table 4.4).

Average monthly precipitation appeared in the final model for all species (average rank: 1.4;4)able 4.
and was the most important variable (MIR > 0.78) for nearly all species considered, except buffalo
(0.63) and steenbok (0.09; Table 4.2). For most species this relationship was curvilinear, with detection
density increasing wittmonthly precipitation util a peak at around 50 mm, after which detection
decreased with increasing rainfall. This peak occurred at a lower average precipitation for common
duiker, leopard, steenbok, and wildgadssiblysuggesting a preference for drier habitats among these
species. In contrast, bladkacked jackal, caracal & serval, and impala did not show any decline in
density at the highest rates of precipitation, suggesting that these species may benefit from particularly

high rainfall (Fig.4.2).

Biogeochemical variablesere highly important, with nitrogen appearing in 94% (average rank: 5.5)
and carbon in 88% (average rank: 5.1) of final models across all species (Table 4.4). Both variables
showed a generally positive relationship with detection density in most ofntdeniodels in which

they were of high importance, but with detections dropping off after a peak for many species. However,
leopard and steenbok showed gatése association with carbosiiggesting a possible preference for

less productive habitats by tleespecies (Figt.2).

While precipitation and soil nutrients appeared to be similarly important for herbivores and carnivores,
variables relating to vegetation showed some differences between the two groups. LAl and VCF
appeared to be more important forrdaores (both appearing in 83% of final models, versus 70% and

60% among herbivores, respectively), and EVI more important for herbivores (80% of final models,

versus 50% among carnivores; Table 4.4). Vegetation indices also had less consistent igsationsh
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across different species: LAl generally increased to a peak and then decreased for most species, while
EVI and VCF appeared in many final models (Tah®), but had highly variable relationships. This
variability is likely to be a reflection of themge of habitats and vegetation structures preferred by

different species.

Anthropogenic variables appeared to be important for most species in the study area. Both human
population density and cattle density showed high importance, each appearing irhamothréee
guarters of final species models (81% for human density and 75% for cattle density; average rank: 7.8
and 7.0, respectively; Table 4.4). Interestingly, human density appeared to be a more important factor
influencing habitatisefor carnivores tan herbivores (appearing in 100% versus 70% of final models),
while cattle density was of higher importance for herbivores than carnivores (appearing in 90% versus

50% of final models; Table 4.4).

The relationship between detection density and human gessied substantially between species.
Considering only species for which human density was in the top five variables in the final model by
MIR, detection density was negatively associated with human density for buffalo, sable antelope, and
wildcat, but msitively associated for bladbacked jackal, giraffe, greater kudu, and spotted hyaena
(Fig. 4.2). This suggests that the latter species may be most able to persist in areas of high human

density, provided there is sufficient habitat.

Cattle density, in @ntrast, showed a highly consistent negative relationship with detection density of
different species, including buffalo, elephant, caracal & serval, warthog, giraffe, greater kudu, impala,
lion, zebra, spotted hyaena, and steenbok. The only specieppleared to be positively associated

with cattle density wasommonduiker (Fig. 4.2).

Management variabldsincluding different levels of protection and whether trophy hunting is carried
out in an areail were generally less important than climatic, biagephic, vegetation, and
anthropogenic variables (Tables 4.2 & 4.4). Protection status was much more important for herbivores
than carnivores: no protection (MIR < 0.60, average rank: 13.1), intermediate protection (MIR < 0.20,

average rank: 15.6), and ptoy hunting (MIR < 0.37, average rank: 13.3) all appeared in only 17% of
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final carnivore models, versus 60%, 50%, and 50% for herbivores (Tables 4.2 & 4.4). Importantly,
however, high protection showed greater importance across all species (average. Ban&ppearing

in 50% of final carnivore models and 60% of final herbivore models (Table 4.4).

When protection variables did appear in the final model for a species, they exhibited consistent
relationships with detection densities: unprotected areasraad ander intermediate protection were
negatively associated with detection density, while areas under high protection had a positive
association. All three variables relating to protection appeared in the final models for caracal & serval,
elephant, girfie, impala, and zebra, albeit with low to intermediate importance (MIR:@.02 Table

4.2).

Trophy hunting, in contrast, had a more variable influence on detections between species, and did not
appear to be linked to how heavily different species amtddl: although greater kudu, buffalo, zebra,

sable antelope, leopard, elephant and lion have been documented as the seven most hunted species in
Zimbabwe(Barnett & Patterson, 2006)f these species, hunting only appeared as a variable in the final
models for elepharfMIR: 0.17) and zebra (MIR: 03; Table 4.2), showing a negative association with

detection densitjor both speciesHig. 4.2).

The least important variables were settlement points (MIR < @@9age rank: 16)@nd rivers (MIR

< 0.03 average rank: 17.9able 4.2), which each appeared in only 31% of final models (Table 4.4).
Although the presence of water points anabrs did not appear to have high importance for most
species (MIR < 0.54), both surface water variables appeared together in the final models for caracal &
serval, elephant, giraffe, impala, and zebra (Table 4.2). For all of these species, with thieregtep

caracal & serval, both variables were positively associated with habégig. 4.2).

4.4. Discussion

In this study, we used the random forest algorithm to investigate-soalt, multispecies habitat use
across part o fanstohter consardasorarieaa Asdae astwe dre aware, this is the first

time machine learning has been used to model spoor data in sscaldtiframework. It is also one of
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the first studies to assess mugdtiale habitat use for such a large and diverse mamsehatage: our
16 study species rangesize from aroun® kg (wildcat;Herbst & Mills,2010)to more than 5,000 kg
(elephant;Laursen & Bekoff, 1978)and tature members of four taxonomic orders (including six
carnivoranseight ezentoed ungulatesone odetoed ungulateand one proboscidean) and three IUCN

Red List categories (tdreast Concerpfour Vulnerable and twoNear ThreatenedUCN, 2020)

4.4.1. Factors determining mammal distribution across southern KAZA

This study was based on spoor data collected along roads and cutlisesh asur inferences about
mammal distributions and habitat use relate specifically tboe st u duse oftiesechabéas 6
features and may therefore be more representative of areas used for travel between preferred patches
of habitatthan broader Hatat selectionHowever, as all variables were most frequently selected at the
largest scale in the final models, we believe that our inferences are still likely to be reflective of preferred

habitats and areas in which species are able to persist.

The pominence of longitude and latitude in all final species models reflects the importance of
geographic variation in species distributions, particularly when assessments are being carried out across
avery largearea The clearest example of such geographitation from this study is impala, which

were abundant in Zimbabwe but much more limited across the study area within Botswana, which

corresponds to the edge(lUBN SSC AmelopeBeecidlistGraup,8046) gr ap h

Our results suggest thatimatic, biogeochemical, and vegetativariables are the most important
factors determining mammalatiiibution acrossouthern KAZAi although it should be noted thatithe
importance may have been slightly amplified by correlations betweendfdhesevariables Average
monthlyprecipitationover the survey periodlas the most important predictor of habitaefor nealy

all species considered. This is an unsurprising finding given the aridity of theasealpnd its large
extent, which enables spatial variatiorprecipitationto affect the distrilation of species in different
ways depending on the structure anéri@nce of their ecological nichd3recipitations an important
factor affecting nearly all aspects of ecological systearsd is the dominant driver of vegetation

structure, density, and biomasset\brimary productivity has been shown to increase fsignitly with
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annual precipitation in theush and grassland savannahsooftern Africa(Zhu & Southworth, 2013)

and droughts often lead to degradation of natural veget@fiberego & Gwenzi, 2014)

It is important to note that, by considering only mpagcipitation during alinonths in which surveys

were conducted acrossetstudy aregthis analysis did not take into account seasonal rainfall patterns.
These annual fluctuations are known to play an important role in shaping wildlife movement patterns

in the study landscape: the longest known mammal migration in Africackeasrécorded among zebra

moving northfrom Nxai Pan NPin the southernmost paoft our study area, to dry season habitat on

the Chobe River floodplain@aidoo et al., 2016)and these migtary prey may also be tracked by

some predator@/aleix et al., 2009)Similarly, elephant have been found to show seasonal variation in
halitat usein part of the study landscaggRoever et al., 2012) As suc h, model |l i ng
distributions varyacross different times of yearparticulaty wet season versus dry seasooould

reveal valuable insights infow these seasonal dynamics shape sptidstat use across the study

landscape, and would be an important component of corridor planning exercises in KAZA

Soil carbon and nitrogen were also important variables predicting habédétr many of the sty

species. Soil carbon and nitrogen stocks are generally higher in more productive ecosystems where litter
input into the soil is greatéiWang et al., 2009)and a higher soil nutrient content is associated with
greater plant diversity and biomass productiyiiiou et al. 2011) Mineral content of foods is also an
important determinant of the spatial distribution of ungul@sNaughton, 1988)and rich soils have

been estimated to support 20 times more large ungulate biomass than poor soils with low nutrient
availability (Fritz & Duncan, 1994)For herbivoreshiogeochemicavariables ar¢herefore likely to be
important predictors of distribution due to their impact on food availabiiyhough the high variation

in herbivoresd associ at i ostdy illusirdtel thes divgrgentahabitab n i n
preferences that can be found across wider mammal communities. In turn, many African carnivore
species are known to make habitat use decisions based on prey avafkstiigt al., 2020; Everatt et

al., 2015; Honer et al., 2005; Searle et2020) and carnivore numbers closely scale with prey numbers

(Carbone & Gittleman, 2002As we did not explicitly include information on prey availability in our
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carnivore models, it is likely thatimatic, biogeochemical, and vegetatioariables ranked highly in

our carnivore modelas they acted ggoxies for prey.

Anthropogenic presureslsoappeared to have an important direct influence on haisithty mammals

in the southern KAZA TFCA. The majority of species considered in this study showed a strong negative
association with cattle density; among the herbivores, this relaijionsts found not just for grazers
(such as buffalo and zebra), which compete directly with cattle for food, but also browsers (such as
giraffe and greater kudu). Overgrazing can severely degrade soil nutrients, leaving areas used by cattle
with reduced plat biomass and species diversity, and dominated by plant species preferred by livestock
(Zhou et al., 2011)As a result, while many ungulates compete directly with livestock for food, even
those that do not can be left with little to consumemdwatle densities are particularly higtarnivores

may select against areas with a high density of cattle as these areas lack spffigiéralthough
livestock can provide an alternative food source to wild prey for carnigdfiegerbach et al., 2013)

but could also bkilled or pushed out of these areas by harmful encounters with livestock herders, such
as poisoningg§Treves & NaughtoiTreves, 2005)In line with this, large carnivore range contractions
have been shown to be significantly more likely in regions with high cattle déWéity & Ripple,

2017)

Human density was also an important predictor of halratbut its relationship with detection density
varied substantially across species. The regassociatiorwith human densityound forcaracal &

serval, lion, wildcat, buffalo, zebrandsable antelopaligned with our expectations: human population
density has been established as a key cause of mammal species becoming threatened waitlh extincti
(Karanth et al., 2010; McKee et al., 2013; Parks & Harcourt, 2@0®) high rural human pafation
density is a significant predictor of large carnivore range lq8¥e# & Ripple, 2017) In contrast, the
positive association with human density obseragtbng blackbacked jackal, giraffe, greater kudu,
impala, leopardandspotted hyaena madicate an ability for these species to persist in areas of higher
human dengy, provided there is sufficient habitat. This finding aligns with previous researtiefci

backed jackafMinnie et al., 2016)greater kud(Riggio et al., 2018)leopardBalme et al., 2010xnd
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spotted hyaengXirga et al., 2017)However, the relationship between wildlife distributions and human
density maypartly be confounded in this study by the large number of human settlements adjacent to
the boundary of the highlgroductive and welprotected Hwange NP, at the soetistern edge of our

study area.

Variables relating to protection status showedsistentelationships across species: habitat use was
negatively associated witinprotected and lessrictly protected areaand positively associated with
highly protected areas. Although protection status appeared to be more important for herbivores than
carnivaes, high protection was similarly important across both grdugtdjghting the value of strictly
protected areas as refugia for biodivergity Saout et al., 2013However, a less than 5% of our total
survey effort was conducted in completely unpratédand,we are unable to make clear inferences
about the importance of protected versus unprotected land in this study. It is likely that wildlife densities
are much lower in unprotected areas than PAs across the KAZA landscape, given the role afrprotecti
in reducingillegal activities (such as bushmeabaching Loveridge et al.,, 2020)and thewell-
established link betweeeffective protection and persistence of mammal populafidasanth et al.,

2010) especially large carnivorddbade et al., 2018; Henschel et al., 2016; Wegge et al., 2009)

light of this and the mounting pres&son wildlife areasutside PAs across Afrigdlewmark, 2008)

continued protectionfaore wildlife areas should remain a priority in the KAZA TFCA.

Trophy huntingwas of intermediate importanctr most of our study species, and showed greater
importance among herbivores than carnivores. The relationship between trophy hunting ahddeabita
was negative for all herbivores with the variable in their final model. Two of these spetggshant
and zebrd are among the most hunted species in ZimbalBaenett & Patterson, 20063uggesting

that hunting activities may be influencing the distribution or density of these species.

Variables relating tpermanent surface water showed intermediate imporiarm# final models for
most species, and appeared to be more important for herbivores than carnivores. In particular, surface
water availability appeared to be an important factor shaping habitat use for elephant, in line with

previous studies of the specid$afris et al., 2008; Shannon et al., 2008¢luding in the study area
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(Valls-Fox et al., 2018)Although we expected water availability to have greater importance in shaping
distribution ofmammals in the watdimited southern KAZA TFCAthis is likely to be a consequence

of the limitations ofour watervariables:.we were not able to incorporate informationlmw surface
water availability may vary over the course of different seasans the water source information
believed to cotain someerrorswith regards tahe number, location and activity status of artificial bore
holes Nevertheless, most species with variables represepgnganent surfaceater in the final

model showed a positive relationship wiltiese variables, as pxcted

4.4.2. Importance of a multi-scale, multi-species approach

We identified a number ofpatialscales at which species respond to different variahtegat which
different species responded to the same variables, in line with previousacaldtihabitatisestudies
(Ashrafzadeh et al., 2020; Grand et al., 2004; Khosravi et al., ZD4i8)highlights theémportanceof
adoptinga multiscale approach fapeciedistribution modelling, as it can reveal divergent patterns

of decisioamaking both among and within species.

Our results suggest théte 16 studiednammals in southern KAZA generally make habitae
decisions at relatively broad scalggossibly at even broader scales than those considered in this study,
as our maximum scale (a radius of 8000 m, equating to an area of approximately?’p@@&nmmost
frequently selected as the most representatiage for all variables across all species. This is consistent
with previous studies that have fouhdtmammalswvith large home rangeespond to habitat variables

at broader spatial scales, a pattern that appears commonly among caf@iushgsan & Wasserman,
2018; Hearn et al., 2018; Khosravi et al., 2019; Macdonald et al., 2019; Rather et alaizD28%lso

been observed in herbivor@aneifel-Schielly et al., 2009)

We alsaillustrate that different species can have divergent responses to the sames/iMieBrigal

et al., 2016) underscoringhe importance of adopting a mutfpecies approador critical decision
making processes that depend on understanding wildlife distributions laitat dssociationssuch as
PA expansion & prioritisation andorridor planning(Macdonald et al., 2020; Penjor et al., 2020)

Basing decisions on only a small number of speaigs not considering specispecific spatial exteat
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of habitat components or anthropogenic effaras fail to emphasise the importance of different habitat

types and conditions for the wider mammal commugityderson et al., 2016; Gandiwa, 2013; Smit

et al., 2007)Integrating multispeciesmulti-scalethinking into these processes should help decision

makers to prioritise areas of habitat that maximise value for as many species as (©gshoiean €

al., 2013; Le Saout et al., 201Efforts of this kind are likely to be key to preserving biodiversity in

the face of ongoing | oss o(Hoekstiaet aly 2003ard éhechnorecma i ni n
lack of funding for conservation amdanagemen(Lindsey et al., 208). To date, very few assessments

of multi-species ecology have been carried out inSabaran Africa at the scale achieved in this study

T both in terms of spatial scale (but &&ennan et al., 202@&lso in KAZA) and number of species.

4.4.3. Potential future trends in the southern KAZA TFCA

The critical importance of precipitation in predictittge distributiors of all species highlights the

significant impacts that altered rainfall patterns could have on wildlife distributions in-wvaited

areas like KAZA. Rainfallg predicted to decrease acrassteern Africa under multiple climate change
scenariogSolomon et al., 2007with significant drying (~1€20%) projected over parts of Betana

(Meehl et al., 2007; Moise & Hudson, 2008)ur models suggest thétese changes could have
substantiaimpacts on wildlife distributions across the KAZA TFCA, wijbtentialimplications for

t he | ands-distapce dirgulate anigmtio(Naidoo et al., 2016)As such, management
authorities in KAZA must work to ensure the are

under anticipated changesrainfall patternsthrough modelling exeises and adaptive management.

The clear negative impact of cattle density on mammals in the study area hints at @otbaring

trend for KAZAG6s wil dl i f e p o pSaHarart Afrioarae expdctedvtee st o c k
increase substantially the coming years: food demand for livestock products in the region is expected

to benearly doublevhat it was in 201@y 2050(van Vuuren et al., 2009yvith both the market size of
beef(compared to 20067; PicaCiamarra et al., 2013nd milk coxsumption(compared to 2000

Herrero et al., 2014jrojected to triple. Not only will the intensification of livestock production required

to meet this demand increase the direct catitipn faced by wild herbivores and contribute to habitat
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degradation, but it is also likely to require conversion of habitat to support grassland exjf@ansion
grazingi a process responsible for niga0% of land use change in s@aharan AfricgdHerrero et

al., 2014)

In light of these projections ef f orts must be made to ensure prot
network, to prevent encroachment by livestock and illegal granirgjrictly protected areasnd

safeguad t he | andscapebds remaining natur al habitat.
known to enter Hwange NP, one of the karsttected parts of the study landscape, in the rainy season
(Valls-Fox et al., 2018) which may partly explain why cattle density was more importaman

protection in predicting habitatsefor many species in this study. At the same time, management
authorities should strive to enact directives that promote the coexistence of wildlife and livestock, such

as through controlled grazing and other dustale pastoral practices, which have been shown to
regenerate vegetation in overgrazed a(@ésstern et al., 2020; Zhou et al., 2Q1hjtiatives of this

kind arelikely to beparticularly important in large conservatitandscapes like the KAZA TFQAhich

encompass mosaics of protected and communal (Malds-Fox et al., 2018)and will be a critical

comporent of efforts to align conservation with human development
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Leopardpopulationdensityacrosshabitatsandmanagemergtrategies

in southernl a n z aRuahaRusgwalandscape

Abstract

Although widely considered one of the most resilient African large carnivores, the status of leopard
(Panthera pardusis unknown across much of its remaining African range. We provide the first
comparison of leopard population density within different ponents of a mixedse landscape in
Tanzania, via spatially explicit capturecapture (SECR) modelling of data from camera trap surveys
conducted in the RuatRungwa landscape in 2018 and 20R8pulation density was highest in highly
productive AcaciZCommiphora habitat in the core tourist area of Ruaha National Park (6.81 + 1.24
leopards per 100 kin The next highest density (4.23 + 1.02 per 106)kwas estimated in similar
habitat in a neighbouring communityanaged area (MBOMIPA WMA). Lowest densitievere
estimated in miomboBfachystegialubelnardig woodland habitat, both in a trophy hunting area
(Rungwa Game Reserve; 3.36 + 1.09 per 109 lamd inside the National Park (3.23 + 1.25 per 100
km?). Population density was highly correlated with pedyundance, suggesting that variation in
leopard density may be primarily driven by availability of prey, which likely varies with habitat types
and anthropogenic impacts. Anthropogenic mortality may also have a direct influence on leopard in
more impactedareas, but further research is required to investigate this. Our findings show that a
hunting area with significant protection investment supports a leopard density comparable to similar
habitat in a photographic tourism area. We also provide evidenasthatunitymanaged areas have

the potential to effectively conserve large carnivore populations at relatively high densities, but may be

vulnerable to edge effects.
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5.1. Introduction

Despite being considered the least threatened subspecies of Id@patide(a pardusStein et al.,

2020) the African leopardRanthera pardus pardiishas nonetheless lost up to twards of its

historical range (4&7%;Jacobson et al2016) The primary drivers of this decline include the loss

and fragmentation of natural habi(Brink & Eva, 2009)and the decline of many prey spec{€saigie

et al., 2010) These pressures also increasingly force leopard to use areas occupémplgywhich

can exacerbatdumanleopardc onf | i ct , anot her maj or t hreat t o
(Swanepoel et al., 281 Although reliable data on trends in leopard status are sorely lacking for sub
Saharan Africa, these combined threats are likely to have caused population declines of at least 30%

over the last three generatigi@ein et al., 2020)

Nevertheless, the | eopardés reputation as one of
has contributed to a relative lack of research and conservatienay for the specig8alme et al.,

2014; Jacobson et al., 2016; Stein et al., 20R8ppard research to date in Africa has largely been
conceftrated in areas of lower conservation concern, such as highly protected areas reserved for non
consumptive use, and many efforts have failed to contribute meaningfully to conservation outcomes
(Balme et al., 2014 As a result, the status and population trends of leopard across much of its remaining
African range is unknowfJacobson et al., 2016)his lack of empirical population assessments may

be contributing to unseen | oss g partifularty autdidercarec a 6 s r

protected area®urant et al., 2016)

Meani ngf ul assessments of a species6 status oft
abundances, and are a key requirement to monitor population trends, assess habitat requirements, and
select and evaluate appropriate management and coticersiaategiegBoitani & Powell, 2012)In

particular, estimates of population density allow for comparisons between sitearabd used as a

tool to monitor population trends. Spatially explicit capttgeapture (SECR) analysis using camera

trap data is a weltstablished method for estimating population density for marked sgjRciesro &
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Zimmermann, 2016)and is one of the most widelised and robust methods to assess the status of

leopard population€lacobson et al., 2016)

I nformation on | eopar ds (Packef lachteneld,ietaal., ROYYeBpgea r t i ¢ u |
the country being thought to contain approximately 10% of extant African leopard(&tegeet al.,

2020) Althoughseverakcamera trap surveys have beanried out in Tanzania as part of the Tanzania

Mammal Atlas ProjecfLobora et al., 2008)only three sets of leopard population density estimates

have been published for the country, with only two of these employing comphrattatistically

robust methodgAllen et al., 2020; Crosmary et al., 2018; Havmgller et al., 2019)

Tanzania has the largest proportion of land under formal protection of any African country
(approximately 48.2%Riggioetal, 2019) but only around a third of th
as National Parks (NPs) or Conservation Areas, where photographic tourism is theronitiege
revenuegenerating activityRiggioetal.,2019) I n contrast, around two th
set aside for trophy hunting, with other forms of extractive use permitted alongside this in all except the
most strictlyprotected hunting areas, Game Reserves (GRs). Howeg a result of a lack of
population estimates, trophy hunting quotas for leopard in the country are currently largely based on
unpublished status assessmdMBIRT, 2018) Although trophy hunting has beshown to have the

potential to foster conservation of wildlife, particularly large carnivores, with a relatively low ecological
footprint (Di Minin et al., 2016; Dickman et al., 2019; Lindsey et al., 20@7xan have strong
detrimental impacts on large carnivore populations if carried out unsusta{hatidgey et al., 2013;

Naude et al., 2020; Packer, Kosmala, et al., 200B)s, there is a pressing need to assess hunted

leopard poplations to ensure that quotas are sustain@aleker et al., 2010; MNRT, 2018)

In addition,thestatusof manyof thec o u n huntingareashasbeenin flux in recentyears:while six
GRshavebeenupgradedo NP statussince2018(including two thirds of SelousGR beingupgraded
to createNyerereNP, the largestNational Parkin East Africa; Kimboy, 2019) a numter of lesser
protectedareatawe beendegazetteduringthis sameperiod(Kideghesho2019) Revenudrom trophy

hunting has also declinedin recentyears,and there is uncertaintyover the long-term economic
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sustainabilityof this industry in subSaharanAfrica (Lindsey et al., 2014) Information on leopard
populationdensityis thereforealsorequiredto provideinsightsinto the potentialimpactsthesechanges

mayhaveonthec o u n tegpardpapulationsandfeedinto PA prioritisationexercises.

Finally, in recent years, a growing proportion of the country has been gazetted for community
management as Wildlife Management Areas (WMAS), with 38iagisind planned WMAs set to cover

7% of the country(Keane,2015) Based on the principles of communitgsed natural resource
management (CBNRM), WMAs are formed from parcels of land set aside for conservation by member
villages, and are designed to empower local communities by giving them greater autteritigeov
management of natural resour¢@8WVF, 2014) Communites benefit from participation in WMAs by
receiving a share of revenues generated by any widdifeed enterprises established on the land
(normally photographic or trophy hunting tourisw\WF, 2014. However, despite their promise as a
means of promoting both lortgrm protection of wildlife and rural economic demment(WWF,

2014) few studies have set otat scientifically assess how effective the WMA initiative has been in
meeting its conservation goals (but dexe, 2018; Lee&& Bond, 2018; Kiffner et al 2020, with a

particular research gap across southern Tanzania.

Against this changing conservation | andscape,
stronghold for leopard in stBaharan Africathere is a pressing need to understand the status of the
countryodés |l eopard populations within the differ
habitats that make up its P#etwork. To contribute research to this knowledge gapcaveed out

SECR modelling of camera trap data at four sites in the RRaimgwa landscape in southern Tanzania,

including two within different habitats in a National Park, one within an activehted Game Reserve,

and one in a communiiyanaged WMAWe expected le@d density to be highest in the National

Park and lower in the communitganaged area, despite its comparable habitat, as a result of edge
effects(Abade et al., 2018; Balme et al., 2010)je expected lower densities in the miombo woodland

sites within the National Park and trophy hunting area due to lower habitat prody&ieiy, 1996)

possibly with lower densities in the huntingearas a result of hunting offtakacker et al., 2010)
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Together, our findings provide thigst comparison of leopard status across different habitats and land
management strategies within a mixek landscape in Tanzania, and have important implications for

conservation management.

5.2. Methods

5.2.1. Study area

The study area is situated within the Ru&hmgwa landscape,~#5,000 knd mixed-usePA complex
in southern Tanzania (Fi§.1), which isrecognisedy the EUas a Key Landscape for Conservation

due to its internationally important wildlife populatiofi@uropean Commission, 2016)

RuahaRungwa encompasses a spectrum of land management strategies. At its heart lies Ruaha NP, the
second largest NP in East Africa at over 20,008, kvhere only photographic tourism is permitted. To

the north of the NEreRungwa, Kizigo, and Muhesi Game Reserves, where trophy hunting is permitted.
Neighbouring the park to its east over the Great Ruaha River are two commaniaged WMAs, the
Idodi-Pawaga MBOMIPA WMA and Waga WMA, which act as a buffer between Ruaha NP and the
surrounding unprotected village lands. Although both photographic tourism and trophy hunting are
permitted in these WMAS, neither activity was taking place at the time of.studymber of other,
lessstrictly protected areas are also present in the wider landscape. As the PAs in the landscape are

unfencedwildlife often move between these areas aaijhbouringhon-PAs.

Climate in Ruahd&ungwa is arid to senarid, with averge annual rainfall of 60@nm (Fick &
Hijmans, 2017) the majority of which falls during a single wet season from December to April
(Mtahiko et al., 2006)Vegetation cover in the landscape is a mosaic of SouttartiaComniphora
bushlands and Central Zambezian mionB@¢hystegialubelnardig woodlands, riverine forests, and

flood-plain grasslands.
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Figure 5.1: Top left: Location of the Ruaha-Rungwa landscape within Tanzania. Centre: the different land use
types in place in the study landscape and the location of camera trap survey areas. Right: detail of camera trap
grids in (1) Ruaha NP Acacia-Commiphora habitat, (2) Ruaha NP miombo woodland habitat, (3) the community-
managed MBOMIPA WMA (Acacia-Commiphora habitat), and (4) Rungwa GR (a trophy hunting area; miombo
woodland habitat). Hunting is permitted in Game Reserves and Wildlife Management Areas, but was only carried
out in Game Reserves at the time of the study. Note that the survey site in Rungwa GR is dominated by miombo
woodland, but lies at the transition zone with Acacia-Commiphora habitat; this is not accurately reflected in the

figure due to minor discrepancies in the habitats shapefile.

5.2.2. Cameratrap surveys

We estimated population densitying datdrom camera trapurveysat four sites in the RuatRungwa

landscape, each representing a different habitat and management $Eiategl):

- The stronglyprotected and highly productive core tourist area of Ruaha NP, which is
dominated byAcaciaCommiphorabushland and open grasslamabitat. This sités located
near the Great Ruaha River, which exhibits very high herbivore densities astioadeni dry

season water sources in the lands¢@apaVIRI, 2019).

- The miombo woodland in western Ruaha NP, which receives ledsgnound protection

than the core tourist area of the NP due to its remoteness anddowist traffic

177



CHAPTERS: Leopard density across habitats and management strategies

- The communitynanagedMBOMIPA WMA, a lessstrongly protected area oAcacia
Commiphoraabitat, located in a highly productive area near the Great RuahaRivirectly
adjacent to unprotected village lafidhis area received relatively high level of foot patrols in

2018 after several years of absence of law enforcement (SR, 209).

- Thelkiri hunting block of Rungwa GR, an area under strong protection where trophy hunting
is permitted andvas taking placat the time of data collectioThe survey sités dominated

by miombo woodland.
Camera set up

We conductedsurveysduring the dry season®f 2018 and 2019, using various modelsof motion
activatedcamera(CuddebackProfessionalColor Model 1347 & X-ChangeColor Model 1279, Non
Typicallnc., Wisconsin USA; HC500HyperFire,Reconyx Wisconsin USA). Themajority of cameras
usedxenonwhite flash, to improvethe clarity of markingsin photosfor individual identification.All
butonestationusedpairedcameraso maximisetheprobabilityof photographindpothflanksof animals
passinghroughthe station Camerasveremountedin protectivecasesandsecuredvith bindingwire
to preventdamageandlossto both animalsand humans.n particularly high-risk areas casesvere

furthersecuredvith padlocksandcamouflagedo reducetherisk of theft.
Survey design

We spaced camera 8tans according to the smallest hypothesised female home range size, to ensure
that all individuals in each survey area had a-neno probability of captur@Noss et al., 2013; Rovero

& Zimmermann, 2016)As we did not have priori information on leopard home range sizes in the

study area, we set camera spacing conservatively based on female home range data from similar
ecosystems elsewhere in Africa (e.g. 2% kmnearby Piti GR, Tanzani&aso, 2002)At the same

time, we sought to ensure the total area covered by each survey grid exceeded hypothesised average
male home range (e.g. 136 kin Piti GR; Caso, 2002)asthis isrecommended for robust density
estimation(Noss et al.,, 2013; Tobler & Powell, 2013 verage spacing between stations varied

between sitesu to logistical factors.
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We set stations along roads whenever possible, prioritising junctions, to maximise captures of large
carnivores, and offoad stations were added along major game trails to avoid gaps in the grid. Cameras
were mounted on trees alp roads and game trails at a height o#480cm, and checked every4l

weeks. Each grid was surveyed fo 2Znonths, to ensure sufficient captures without violating the

assumption of population closufEobler & Powell, 201R
Survey grids

Forty-five stations(all but one paired;89 camerasere deployedover an areaof 223 km? (average

spacingl.96km) in the coretouristareaof RuahaNP, for 83 daysbetweenJuneandSeptembe2018.

Twenty-six stations(all paired;52 cameras)vere deployedin the miombowoodlandof RuahaNP,
coveringan areaof 152 km? (averagespacingl.88 km), for 90 daysbetweenAugustand November

2018.

Forty stations(all paired;80 cameras)were deployedacross270 km? (averagespacing2.08 km) in

MBOMIPA WMA, for 70daysbetweerSeptembeandNovember2018.

Forty stations(all paired;80 cameras)vere deployedover an areaof 555 knv’ (averagespacing3.46

km) in thelkiri block of RungwaGR, for 90 daysbetweenJuly andOctober2019.
Detailedsummaryinformationfor thefour surveygridscanbefoundin Table5.1
5.2.3. Density estimation

We estimated population density of leopard (defined as the number of adult individuals pef)1@0 km
each site via maximurikelihood SECR analysi¢Efford, 2011) using packagesecrversion 3.2.1
(Efford, 2019a)n R version 3.6.2ZR Core Team?017)and RStudio version 1.2.508RStudio Team,

2020)

Following data collection, individual leopards were identified from camera trap photos via visual
inspection of their unique pelage patterns and sexed based on visible external Jdioitddia &

Powell, 2013) with IDs verified by a second observer; photos in which individuals could not be
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confidently identified were excluded from analysis. Data inputs for each grid consisted of a capture
history detailing the location and sampliogcasion of captures for each individual, using the flank
with the greatest number of captures for each grid, and the trap layout, containing information on the
location and activity of each camera station. Sampling occasions were defined as a 24 bdur peri
running from midday to midday, as recommended for nocturnal sp@Ree®ro & Zimmermann,

2016) SeeS5.1 for additional details on the SECR modelling process.
5.2.4. Model selection

We included station location (eror off-road) as a covariate hypothesised to influence capture
probability (g0), to account for the fact that capture probabilities are likebe higher at stations

located on roads (which are often used preferentially by large carnikecEgnzie et al 2012)than

on trails. We included sex as a covariate hypothesised to influence both capture probability (g0) and the
movement parameter (hawh o exhibit séspecificerait ia theirdrangingr e k
behaviourgTobler & Powell, 2013)Sex was modelled as a covariate by fitting a hybrid mixture model,
which allows the inclusion of individuals of unknown sex by ap\a random effect to individuals in

this categoryEfford, 2019b)

We fitted eight modls to estimate population density and test the influence of camera location and sex
on model parameters 852). Models were ranked based on their Akdiermation Criterion score,
corrected for small sample size (AlCc). Where more than one model had substantial empirical support
( oAl C Burrhanik ;Anderson, 2004)we used model averaging to determine the final population
density and parameter estimates for that grfee width of the buffer around each trapping grias
increased until density estimates stabilised, to ensure that individuals whose home range centre was

located outside the buffer had a negligible chance of being de{&dtert, 2020)
5.2.5. Precision of estimates

To asess the precision of our population density estimates, we calculated the half relative confidence

interval width (HRCIW) for each grid, using the equatid®:Y 0 (0 M A— p T, Twhere

180



CHAPTERS: Leopard density across habitats and management strategies

UCL and LCL are the upper and lower 95%nfidence limits of the density estimate for that grid,
respectively(Droge et al., 2020HRCIW provides a measure of the magnitude of population change

that an estimate has a reasonable probability of degecti

5.2.6. Prey relative abundance

We calculated the relative abundance index (RAI) of leopard prey species from the camera trap data
from each survey, to provide a measure of prey availability in each study site. We classified 13 mammal
species as prey based on known dietary preferences of Idbfmndard et al., 20Q6ull details can

be found inS5.3. We calculated RAI for each species by multiplying the number ofieaptents for

that species in each giiy 100, and dividing this by the number of trap nights for that(favero &
Zimmermann, 2016)Capture events were defined as captutéaggplace more than 30 minutes after

the previous capture of that species at the same station. We then summed the RAI of each prey species
for each survey, to produce a measure of overall prey relative abundance across the different study sites.
As we wee unable to directly test the effect of prey RAI on leopard density (as this would require RAI
values to be extrapolated beyond our station locatieifierd, 2020) we carried out a ccelation test

between the leopard density estimates and prey RAI for each survey site.

5.3. Results

5.3.1. Survey effort

Across the four study sites, a total sampling effort of 11,668 camera trap nights across 151 stations
yielded 925 images of leopard, 95.2% of whweere suitable for individual identificatioidble 5.).
Counting only the flank with the greatest number of captures for each grid resulted in a total of 362
unique capture events, from which 90 individuals were identified. 73.0% of identified inds/ueis
recaptured at more than one station in the Ruah@ddéieiaCommiphoragrid, versus 66.7% in the

Ruaha NP miombo grid, 50.0% in the MBOMIPA WMA grid, and 26.3% in the Rungwa GR grid.

Sex was confidently assigned to 83.8% of individuals identified in the Ruaka&tdfa Commiphora

grid (15 female, 16 male, 6 unknown), 83.3% of individuals in the Ruaha NP miombo grid (7 female,
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3 male, 2 unknown), 77.3% of individuals in the MBOMIPA WIgAd (8 female, 9 male, 5 unknown),
and only 47.4% of individuals in the Rungwa GR grid (4 female, 5 male, 10 unknown). The lower rates
of recapture and sex identification in the Rungwa GR grid were likely a resuillef spacing between
stations in thisurvey. None of the identified individuals were captured across more than one survey

site.
5.3.2. Population density

We estimated density based on left flank captures for the Ruaha@tiRxCommiphora MBOMIPA
WMA, and Rungwa GR grids, and from right flank aaes for the Ruaha NP miombo grid. Buffer
width stabilised at 12 km for the Ruaha N€aciaCommiphoragrid, 14 km for the MBOMIPA WMA

grid, 16 km for the Rungwa GR grid, and 30 km for the Ruaha NP miombo grid.

The topranked model of populationdensitysva secr . road. sex.s (g0 varies
with sex) for the Ruaha NRcaciaCommiphoragr i d, and secr.sex.s (U0 vari
NP miombo grid, in each case being the only model with substantial support. For both MBOMIPA

WMA and Rungwa GR grids, there were two model s o
secr.road.sex.s and secr.sex.s in MBOMIPA WMA, and secr.0 (null model) and secr.sex.s in Rungwa

GR. Results of model ranking for all sites can be four858. Sex therefore had a significant impact

on leopard movement across all four sites, with males moving greater distances than females, while
capture probabilities were higher at stations on roads than those ain ttagltsvo AcaciaCommiphora

sites.

We estimated the highest population density in the Ruah&dd&iaCommiphoragrid, at 6.81 + 1.24
leopards per 100 kinThe next highest density of 4.23 + 1.02 individuals per 100vkas estimated
for the AcaciaCommiphoraMBOMIPA WMA grid, followed by 3.36 + 1.09 per 100 Rnn the

miombo-dominated Ikiri block of Rungwa GR, ai®3 + 1.25 per 100 khin the miombo of Ruaha

NP (Table5.2; Fig.5.2).
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A HRCIW of 50% or lower indicates that a density estimate has a reasonable probability of detecting a
critical population decline of 50%, thus meeting the IUCN A2 criterion to classify a leopard population
asEndangeredf that decline takes place withi® years or 3 generations (whichever is longe€N,

2019; Droge et al202Q. The density estimates from the RuahaAtBciaCommiphoragrid (HRCIW

= 36.1%) and MBOMIPA WMA (48.3%) were sufficiently precise to fall below this threshold, but the

estmates from miombo woodland in Rungwa GR (65.6%) and Ruaha NP (80.2%) were nobdjable

5.3.3. Prey relative abundance

We estimated an overall prey RAI of 104.8 in Reaha NPAcaciaCommiphoragrid, 73.7 inthe
AcaciaCommiphoraMBOMIPA WMA grid, 43.5 inthe miombo woodland dRungwa GRand 41.2

in theRuaha NAmiombo woodlandyrid (Table5.1). RAI and capture information for individual prey
species can be found$5.3 A P e ar s-momgrd copetatiod tasetiveen the leopard density
estimates and prey RAI showttht these values are highly positively correlated across our four sites
(r(2) = .97, p =.031). We do, however, acknowledge the limitations of this test, as it is based on a very

small number of datpoints, and does not incorporate information on the error in our density estimates.
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Table 5.1: Summary information for the four survey grids in Ruaha-Rungwa.

Ruaha NP
Acacia-Commiphora

Ruaha NP
miombo woodland

MBOMIPA WMA
Acacia-Commiphora

Rungwa GR
miombo woodland

Study site details

PA name Ruaha
PA designation National Park
Management authority TANAPA?
Trophy hunting permitted No
Trophy hunting carried No

out at the time of study

Camera trap survey details

Survey period 19 Jun - 10 Sep 2018

Survey duration (nights) 83
Stations 45
Trap nights 3,601
Average spacing 1.96 km
Survey area* 223 km?
Leopard capture details
Buffer width 12 km
Flank with most captures Left
Individuals recorded® 37
Female 15
Male 16
Sex unknown 6
Capture events® 201
Recapture rate®® 73.0%
Summed prey relative 104.8

abundance index (RAI)

Ruaha
National Park
TANAPA?!
No
No

5 Aug - 3 Nov 2018
90
26
2,187
1.88 km
152 km?

30 km
Right
12

44
66.7%

41.2

MBOMIPA
WMA
Member villages?
Yes
No

19 Sep - 28 Nov 2018

70
40
2,689
2.08 km
270 km?

14 km
Left
22

85
50.0%

73.7

Rungwa
Game Reserve
TAWAS
Yes

Yes

3 Jul - 12 Oct 2019

90
40
3,395
3.46 km
555 km?

16 km
Left
19

10
32
26.3%

43.5

1 Tanzania National Parks Authority

2The WMA is managed by

an

el ected

board calll

member villages located in the Idodi and Pawaga administrative wards of Iringa Rural District

3 Tanzania Wildlife Management Authority

4 Area of the minimum convex polygon around all stations (does not include buffer)

5Based on the flank with most captures for each grid

6 Percentage of identified individuals recaptured at more than one station during the survey period
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Table 5.2: Leopard population density and parameter estimates for the four survey sites. Estimates taken from

model s with substantial empirical support (@Al Cc < 2); wher

averaging was used to obtain averaged estimates.

. Ruaha NP*? Ruaha NP? MBOMIPA WMA?3 Rungwa GR*
Parameter Estimate . . . . ) :
Acacia-Commiphora miombo Acacia-Commiphora miombo
g0°® Mean + SE 0.015 + 0.006 0.007 + 0.003
95% ClI 0.007 1 0.033 0.003 1 0.015
00onr0ad>  Mean = SE 0.035 + 0.004 0.022 + 0.004
95% ClI 0.0281 0.044 0.015171 0.032
00oir0ad>  Mean = SE 0.003 £ 0.002 0.013 + 0.005
95% ClI 0.0017 0.011 0.0061 0.029
Otemae® Mean = SE 1532 + 109 1964 + 377 1865 + 190 2321 + 594
95% ClI 133371 1761 135271 2852 152971 2276 14167 3804
Omae® Mean = SE 3211 £ 215 12964 + 3663 3521 + 482 2868 + 537
95% ClI 28161 3661 75301 22318 2696 1 4599 19927 4128
Density’ Mean + SE 6.81+1.24 3.23+1.25 4.23+1.02 3.36 £ 1.09
95% ClI 4781 9.70 15571 6.73 2.651 6.74 1.821 6.23
HRCIW (%)® 36.1 80.2 48.3 65.6

! Parameter estimates from only model wi t h

2 parameter estimates from only model with strong support; secr.sex.s

str ong csB)psecaroad.sex.spAl C

3 Averaged parameter estimates from models with strong support; secr.road.sex.s and secr.sex.s

4 Averaged parameter estimates from models with strong support; secr.0 and secr.sex.s

590 = capture probability at home range centre

60

0 = di st an crelated ® homerarigesize

" Population density defined as the number of individuals per 100 km?

8 HRCIW = half relative confidence interval width; a measure of the magnitude of population change that could be confidently

detected
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Population density (individuals per 100km2)

T T T T
Ruaha NP Ruaha NP MBOMIPA WMA Rungwa GR

Acacia-Commiphora miombo Acacia-Commiphora miombo
Survey site

Figure 5.2: Leopard population density estimates for the four survey sites, with error bars showing the standard

error (SE) for each estimate.

5.4. Discussion

This study provides evidence of a globdhyportant leopard population in the RuaRangwa
landscape of southern Tanzarialine with our expectations, we estimated a high population density
for leopard in the riverine core tourist area of Ruaha NP, a slightly lower density in the neighbouring
MBOMIPA WMA, and lowest densities in the miombo woodlands of Rungwa GR and RiRha
These are some of the first such estimates for the country (batlseest al., 2020; Havmagller et al.,
2019) including one of the first robust estimates of leopard population density in a trophy hunting area
in Tanzania This studyalso provide someof the first insights into leopard ecology in a miombo
woodland habitat (but ségavis et al., 2020; Jorge, 201®)hich represent an important component of

t he speci e sa(~18%afaxtant rang®lshrf et dl., 2001; Stein et al., 2020)

The density estimates for the core tourist area of Ruaha NP and MBOMIPA WMA are sufficiently
precise to detect a critical population decline per IUCN guidelines, suggesting that future surveys at the

same sites could provide valuable information on population dynamics through open-cagaptare
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analysis(Karanth et al., 2006)n contrast, neither density estiméitem the miombo woodland sites
metthis threshold, indicating that caution sitebbe exercised when using these estimates as a baseline
for population monitoring. However, future surveys at the same sites could nonetheless provide

valuable information on mortality sllowing the comparison ahdividuals captured across years.

Ourestimates of leopard population density are comparable to densities estimated using SECR methods
elsewhere in Africa, which range from 0.76 leopards per 160 km Sout h Af r iiMaanps Li tt
2014)to 1451 per 100 ki n Nami bi a6s f enced (Koadcketjal 2000) Nat ur e
Looking specifically to Tazania, our estimates are consistent with the range of leopard densities
estimated using comparable methods in the Udzungwa Mountathpd100 krfi Havmgller et al

2019) while our estimate for the core tourist area of Ruaha NP is higher than the dry season density
estimated in the similarly highlgrotected Serengeti Ni.41 per 100 ki Allen et al., 202Q) The

densities we estimated in miombo woodland are comparable to densities estimated in the Eastern
miombo woodland of Niassa National Reserve, Mozambiqu8-@3Il per 100 ki Jorge, 201p and

are higher than the mean density estimated in the himmaected Central Zambezian miombo

woodland of Kasungu NP, &awi (1.9 per 100 krh Davis et al., 2020)
5.4.1. Possible drivers of variation in density

Although it was not possible to formally test for the effect of prey on leopard density, the strong
correlation between prey availability and leopard deresitimates across our four study sites suggests
that prey may be a key driver of variation in leopard density within the study landscape. This aligns
with studies elsewhere in Africa that have found prey abundance to be an important predictor of leopard
population densityBoast & Houser, 2012; Marker & Dickman, 2005; Rosenblatt et dl§;2Btein et

al., 2011)

The high population density estimated in feaciaCommiphoracore tourist area of Ruahd, which
al so had the highest | eopard prey RAI of our st
protection and locationear the highproductive Great Ruaha River, which supports the highest dry

season ungulate biomass across the landse¢&wWIRI, 2019).
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Despite having similar highlproductive habit to the core tourist area Buaha NP we found the
communitymanaged MBOMIPA WMA to support a lower density of leopard in the area surveyed.

This may be linked to the lower abundance of prey in this site, as indicated by our RAI estimates. The
lower avdlability of prey in this area may itself be a result of edge effects acting on prey populations
(Balmeetal.,2010) habitat is highly degraded i4asternpr ot ec
boundary(Abade et al., 2018)and prey species in this area are likely to face higher levels of
anthropogenic impact than those in our other study sites. Eviflenites is provided by the fact that

nine illegal incursions (two picturing captured bushmeat) were photographed in the community
managed area during the survey period, versus tRamgwa GRone in theRuaha NAnmiombo, and

none in the core tourist a®f Ruaha NP

In addition to potential edge effects impacting prey populations, there may also be edge effects acting
directly on leopard irthis part of the landscap®ushmeat poaching has been shown to directly
contribute to leopard mortality when ingluals get caught in snar€wvanepoel et al., 201,5hcluding

in the study landscape (Ruaha Carnivore Project, unpublished data)ghrievels of humaiheopard

conflict and anthropogenic mortality are reported in the @bade et al., 2018; Dickman et al., 2014)

While we were unable to disentangle the relative importance of baipofprey availability) and top

down (anthropogenic mortality) processes in shaping leopard density in this study, future auheys

same sites would help answer this question by allowing density and survival rates to be compared
betweenMBOMIPA WMA and the core area &uaha NRperBalme et al., 2010; Rosenblatt et al.,

2016) Regardless of the exact mechanism by which human encroachment around the cemmunity
managed area impacts density, our results are consistent with other studies across Africa which have
found negative relationghs between leopard population density and human encroachment around PAs
(Balme et al., 2010; Havmgller et al., 2019; Henschel et al., 2011; Marker & Dickman, 2005; Rosenblatt

et al., 2016)

Whereas the lower recapture rateRongwa GRwas likely a result of the wider spacing between

stations in this grid, the lower recapture rattiBOMIPA WMA 1 where stations were spaced more
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comparably to the grid in thRuaha NPAcaciaCommiphorahabitati could result from the area
supporting a greater proportion of transient individuals, such as dispersiaddtd than the core area
of Ruaha NRBraczkowski et al., 2015)f mortality risk is heightened in the area as a result of edge

effects, this could indicate that the communitgnaged area is acting as a population sink.

The lower leopard population density estimated in both miombo woodland sites is probably a result of
the lower abundance of prey supported by miombo woodlands, due to naturally low soil productivity
of this habitat(Frost, 1996) This is supported by our prey RAI estimateshich were very similar
across the two miombo sites, and lower than tho8eaiaCommiphorahabitati and mirrors findings

from miombo woodlands in northern Mozambig(d®rge, 2012) Howewer, comparisons between

density estimates for these sites should be made with caution, given their relatively low precision.

Although populationdensitiesof a speciesnay be expected to be lower in areas with particularly high
dersities of dominantompetitors multiple studies have found no evidence of lion suppressing leopard

at a population levgBalme, Pitman, et al2017; Miller et al., 2018; Rafig et al., 2020) the study
landscape, we found population densities of leopard, lion, and spotted hyaena to be highly correlated
across our systematic survey sites (leogianat 0.97; leoparehyaena: 0.94; lioinyaera: 0.88; se&5.4
andAppendices & 4), suggestinghat the abundance of dominant competitors at each site may not
have asignificant effect on leopard densities. Thisly bea result of leopard employing fireeale
avoidance mechanismseeChapter § andadaptive behaviours such as poaching(Balme, Miller,

et al., 2017; Stein et al., 201f5) minimise antagonistic interactions and facilitate coexistence, in order

to secure access to limited shared resources

5.4.2. Trophy hunting areas and sustainable quotas

Our study provides the first published spatially explicit population density estimatgdphy-hunted
leopard population in Tanzania. Such robust estimates of population densities are particularly important
in trophy hunting areas, to form the basis of sustainable hunting q(Steempelli et al., 2018)

Although wildlife authorities in Tanzania strive to base leopard humfirajas on robust, empirical
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popul ation data, they are currently |limited by t

populationg TAWIRI, 2009; MNRT, 2018)

At present, leopard quotas in Tanzania are based on a natamnahtion estimate extrapolated from
average densities of 7.9 per 100%kior NPs and 4.5 per 100 Krfor GRs, largely derived from
unpublished camera trap studi®NRT, 2018) Whi | e T a n z aNatualtResoutesn& st r vy
Tourism (MNRT) administer bloekpecific hunting quotas, the lack of density estimates for the
majority of Tanzaniads hunting areas means that
the population of interest. The figgreurrently employed are higher than our estimated population
densities for Ruaha NP and Rungwa GR, respectively, which are each the second largest PA of their
type in Tanzania. Although the average estimate used for WMAs is, at 2.3 per2.0@wen thanour

estimate for MBOMIPA WMA, this figure also applies to GCAs, where human settlement and livestock
grazing are unrestricted and leopard densities are therefore likely to be lower. Our density estimate from
MBOMIPA WMA was also from the best protecteddamost productive part of a WMA which forms

a boundary along a major river, so is likely to support higher wildlife densities than many other WMAs
across the country. As a result, we encourage our estimates to be employed alongside existing

population esthates from elsewhere in the country to inform conservation policy.

Although there is evidence of some large carnivore populations existing below carrying capacity in
trophy hunting areadalme et al., 2009, 2010; Loveridge, Valeix, Chapron, et al., 2016; Packer et al.,
2010) our results suggest that the Ikiri block of Rungwa GR supports a leopard population comparable
to that in similar habétt in an adjacent photographic tourism area in Ruaha NP. Our findings are likely
a result of the substantial management investment received in the lkiridMeckhe last four years,
particularly in the form of frequent ground and law enforcement patirolestment in roads and
infrastructure, and ranger training supp@TEP, 2019)We therefore cautipagainst extrapolating

these findings to other areas, and instead encourage additionaksptatfic surveys, especially in
hunting blocks not receiving comparable levels of protection investment or those that border

unprotected village land.
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5.4.3. Insights into effectiveness of community-management in Tanzania

We provide evidence that MBOMIPA WMA is an important area of habitat for leopard and its prey
species in the RuakRungwa landscape, acting as a buffer zone between Ruaha NP and the surrounding
unproteced village lands, where intense human activities and huntlrced mortality are a key

limiting factor to leopard distributiofAbade et al., 2018)The WMA is particularly important for

wildlife in the wider landscape as it lies along the Great Ruaha River, thus protectingtbadef

sources of dry season surface water in the landscape. However, this area may be acting as an attractive
sink, drawing wildlife from the adjoining area of strong protection and good habitat to an area with
higher mortality risk(Loveridge, Valeix, Elliot, et al., 2016)Nevertheless, our results suggest that
WMAs have the potential to effeedly conserve large carnivore populations at relatively high

densities.

Li ke MBOMI PA, many of Tanzani-prétected/dMassare posittbned t h e r
along the boundaries of strongtyotected area@VWF, 2014) As such, these areas not only play an

important role on a local scale, insulating Wyghrotected areas from illegal activities and other
anthropogenic impacts, but may also act as steggiomges linking multiple stronglgrotected areas on

a national scale. These areas are ther eiasr e cri-t
(Riggio & Caro, 2017) However, despite their potential to contribute to conservation goals, the

c ount r yappedVtd Aave achieved mixed success in their engagement of local communities
(Walsh, 2000) and there is no clear evidence of the initiative contributing to widesp@astty
reduction(Keane et al., 2020Challenges of this kind which are also faced by similar initiatives

elsewhere on the contineint may limit the efficacy of community management as a @mm

conservation tool if left unaddressed.

5.4.4. Conservation recommendations

The level of variation in our density estimates illustrates the importance of surveying different
components of a landscaend not extrapolating density estimates from a single stud{Faister &

Harmsen, 2012)This is particularly important as there is a general bias in density studies towards
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selecting survey sites in areas thought to support higher densities ofjitesfrecie§Suryawanshi et
al., 2019) We theefore recommend that future studies of leopard in RRalywa complement our
findings by assessing population status i-n the
protected hunting block$ess productive areas, and completely unprotetstad to provide a more

complete view of leopard status across the landscape.

Given the apparent importance of prey abundance in shaping leopard population density, our findings
support recommendations that securing prey populations should be a foiotitg conservation of

African leopard populationdRosenblatt et al2016; Searle et al., 202@onservation efforts aimed at
reducing bushmeat poaching and other human impacts in areas adjacent to unprotected land should not

only benefit prey populations, but also help mitigate direct threats to leopard occupgim@grbas.

We recommend that our results be employed to inform sustainable use management in the Ikiri block
of Rungwa GR. We also encourage the research and hunting communities to collaborate on similar
monitoring efforts for hunting areas elsewhere inidsfy to equip policymakers with the information
required to set sustainable levels of offtake. If carried out sustainably, trophy hunting has the potential
to foster conservation of wildlife with a relatively low ecological footpfipt Minin et al., 2016;
Dickman et al., 2019; Lindsey et al., 200Wje therefore recommend the continued implementation of
regulations thatdwe been shown to improve sustainability of trophy hunting and reduceéglongisk

of extinction of hunted leopard populations, such as minimum age and size requirements for hunted
individuals(Balme et al., 2012; Braczkowski et al., 201G)ven that trophy hunting areas comprise a
significant portion of leopard range in Tanza@NRT, 2018)and a number of other African range
states(Stein et al., 2020)and law enforcement in many hunting areas is funded primarily through
hunting revenue@NRT, 2018) proposals to phase out trophy hunting must be supported with viable
alternative financing or forms of ldruse, so as not to risk undermining resources for the protection of

vital habitat for the speci€®i Minin et al., 2016; Dickmaset al., 2019)

Finally, given the potentially important role of many WMASs in maintaining healthy ecosystems across

Tanzaniaas well as their potential contributions to local developm&atsuggest that support for
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communitymanaged areabe considered a nationahd internationakonservation priority, with

particular efforts made to empower participating communities and secut he i ni ti ati ve:
development benefits. Walsorecommend the implementation of letegm wildlife monitoring in

WMAs like MBOMIPA, which are adjacent to highprotected areas, to assess trends in wildlife
populations andmonitor edge effectsMBOMIPA WMA in particular should be prioritised for

additional investment and support, to safeguard its position as a critical buffer for the globaltant

wildlife populations of Ruah&ungwa.
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S5.1 Additional details on the SECR modelling process

As camera traps do not physically capture animals, we classed stations as proximity detectors, which

act independently of one another. Detection probability was modelled usingraoimatl detection

function, which describes the probability of capturedfRhdividual i at trap j as a decreasing function

with distance (d) from th@ouA@BQar, duwaetedGistieo me r a
capture probability at the home range ceaipetre, at

(Efford, 2004)

In line with previous studieRoyle et al., 2009 we fitted a Bernoulli encounter model; under this
model, an individual can only be captured at most once at a single station on any sampling occasion (as
multiple visits to a single station on the same night are unlikely to be independent), beiceatubed

at more than one station within a single sampling occasion. The width of the buffer around each trapping
grid was increased until density estimates stabilised, to ensure that individuals whose home range centre

was located outside the buffer hadegligible chance of being detecté&dford, 2020)
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S5.2 Results of model ranking

Table S5.2.1: Model ranking of leopard density models for the four survey sites in Ruaha-Rungwa, based on AIC

correctedforsmallsamp | e si ze, Al Cc. Rows shaded grey indi
< 2 from the top-ranked model).

Model* nPar LogLik AlCc @Al Cc AlCc Wt
Ruaha NP i Acacia-Commiphora
secr.road.sex.s 6 -1135.938 2286.675 0.000 0.8084
secr.road.sex 7 -1135.846 2289.554 2.879 0.1916
secr.sex.s 5 -1150.683 2313.302 26.627 0.0000
secr.sex 6 -1150.639 2316.078 29.403 0.0000
secr.road.sex.g 6 -1155.316 2325.433 38.758 0.0000
secr.road 5 -1160.210 2332.355 45.680 0.0000
secr.sex.g 5 -1171.889 2355.713 69.038 0.0000
secr.0 4 -1176.064 2361.378 74.703 0.0000
Ruaha NP i miombo
secr.sex.s 5 -284.223 588.446 0.000 0.9574
secr.road.sex.s 6 -283.375 595.551 7.105 0.0274
secr.sex 6 -283.965 596.730 8.284 0.0152
secr.0 4 -293.380 600.475 12.029 0.0000
secr.road 5 -292.787 605.574 17.128 0.0000
secr.sex.g 5 -293.129 606.258 17.812 0.0000
secr.road.sex 7 -283.044 608.088 19.642 0.0000
secr.road.sex.g 6 -292.361 613.522 25.076 0.0000
MBOMIPA WMA i Acacia-Commiphora
secr.road.sex.s 6 -522.214 1062.029 0.000 0.5937
Secr.sex.s 5 -524.877 1063.503 1.474 0.2841
secr.road.sex 7 -522.065 1066.129 4.100 0.0764
secr.sex 6 -524.779 1067.157 5.128 0.0457
secr.road 5 -530.902 1075.553 13.524 0.0000
secr.road.sex.g 6 -529.338 1076.276 14.247 0.0000
secr.sex.g 5 -532.613 1078.976 16.947 0.0000
secr.0 4 -534.380 1079.114 17.085 0.0000
Rungwa GR i miombo
secr.0 4 -218.094 447.046 0.000 0.4176
Secr.sex.s 5 -216.491 447.597 0.551 0.3171
secr.sex 6 -215.575 450.150 3.104 0.0885
secr.sex.g 5 -218.094 450.804 3.758 0.0638
secr.road 5 -218.094 450.804 3.758 0.0638
secr.road.sex.s 6 -216.489 451.979 4.933 0.0355
secr.road.sex.g 6 -218.094 455.189 8.143 0.0071
secr.road.sex 7 -215.570 455.323 8.277 0.0067
tsecr.0 = null model

secr.sex = 0 and g0 vary with sex

secr.sex.s = U varies with sex

secr.sex,g = g0 varies with sex

secr.road = g0 varies with station location (on- or off-road)

secr.road.sex = g0 varies with station | ocat

secrroadsex.s = g0 varies with station ocation;

secr.road.sex,g = g0 varies with station location and sex
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S5.3 Preferred prey relative abundance indices (RAI)

Relative species abundance is a component of biodiversity, and refers to how common or rare a species
is relative to other species in a defined communit9y 6 B r i e The reldtiDelaiuhdance index (RAI)

of all leopard preferred prey species was calculated from the 2018 and 2019 CT data to provide a
measure of prey availability for each study site. Mammal species were classified as preferred prey based

on the preferregrey body size range and known dietary preferences of le@igaysvard et al., 2006)

RAI was calculated by multiplying the number of capture events for a given species in each grid by
100, and dividing this by the number of trap nights for that gRidvero & Zimmermann, 2016)
Capture events were defined as captures taking place more than 30 minutes after the previous capture

of that species at the same station.

While RAI is limited by its inabilityto account for imperfect and variable detection (particularly as our
camera locations were optimised for captures of carnivores, and were thus not optimised for ungulates;
Sollmann et al., 20)3these issues are somewhat mitigdigdhe fact that we are comparing similar

species across grids of similar design.

Table S5.3.1: Relative abundance indices (RAI) for leopard preferred prey species in Ruaha-Rungwa, based on
data from the 2018 and 2019 camera trap surveys.

Relative Abundance Index (RAI)
Ruaha NP MBOMIPA WMA

Acacia- Rri?:n?b’\(ip Acacia- Rumn%\’r:’q?)fR

Common name Latin name Commiphora Commiphora
African savanna hare Lepus victoriae 15 4.8 0.0 0.0
Bushbuck Tragelaphus scriptus 1.7 2.4 1.3 0.1
Bushpig Potamochoerus larvatus 0.0 0.2 0.3 0.1
Common duiker Sylvicapra grimmia 1.8 8.6 7.0 25.1
Common warthog Phacochoerus africanus 8.2 18.8 2.9 8.3
Impala Aepyceros melampus 77.3 0.2 46.8 0.8
Kir kdai& dik Madoqua Kirkii 12.7 0.4 4.8 5.3
Klipspringer Oreotragus oreotragus 0.0 0.0 0.0 0.0
Lesser kudu Tragelaphus imberbis 1.6 0.0 10.4 0.0
Natal red duiker Cephalophus natalensis 0.0 0.0 0.3 0.0
Oribi Ourebia ourebi 0.0 17 0.0 2.3
Shar peds gr Raphicerussharpei 0.0 2.9 0.0 0.3
Southern reedbuck Redunca arundinum 0.0 11 0.0 1.2

Total 104.8 41.2 73.7 43.5
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S5.4 Ruaha-Rungwa large carnivore population density estimates

Table S5.4.1: Population density estimates for leopard, lion (see Appendix 3), spotted hyaena (see Appendix 4),
and striped hyaena (see Appendix 5). Estimates were produced via spatially explicit capture-recapture (SECR)
modelling of data from the systematic camera trap surveys in Ruaha NP, MBOMIPA WMA, and Rungwa GR.

Population density*

Survey site Leopard Lion Spotted hyaena Striped hyaena
Ruaha NP Acacia-Commiphora 6.81+1.24 6.12+0.94 10.8+1.08 N/A
Ruaha NP miombo woodland 3.23+1.25 1.75+0.62 3.55+0.72 N/A
MBOMIPA WMA Acacia-Commiphora 4.23+1.02 4.06 +1.03 5.11+0.81 1.36 £ 0.50
Rungwa GR miombo woodland 3.36 + 1.09 2.25+0.52 5.89+0.75 N/A

Individuals per 100 km?

Figure S5.4.1: Plot of leopard, lion, and spotted hyaena population density estimates across the four survey sites
in Ruaha-Rungwa (see Appendices 3 & 4).
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Temporalpartitioningandspatiotemporahvoidanceamonglarge

carnivoresn a humanimpactedAfrican landscape

Abstract

Africa is home to some of the worl doésHomevert f unc!H
they are increasingly under threat from anthropogenic pressures thatxaesrizate already intense
intra-guild competition.Understanding the coexistence mechanisms employed by these species in
humanimpacted landscapesuld Felp shed light on some of the more subtle ways in which humans
may impacwildlife populations, and fiorm multi-species conservation planning. \i&ed camera trap
data fr om T aRuagwalandstape tRRex@odneaemporal and spatiotemporal associations
between members of an intact East African large carnivore guild, and determine how theseressed ac
gradients of anthropogenic impact and protection. All large carnivores except African wild dog
exhibited predominantly nocturnadadtravelbehaviour. Leopard appeared to employ minor temporal
avoidance of lion in all sites except those where hummacts were highgssuggestinghat leopard

may have been freed up from avoidance of lion in areas where the dominant competitor was less
abundant, or that the need for leopard to avoid humans outweighed the need teyayuadkic
competitors. Lion appeared to modify their activity patterns to avoid humans in the most impacted areas.
We also found evidence of avoidance aiidaction among large carnivord®n and spotted hyaena
followed leopardleopard avoidetion; spotted hyana followed lionand lion avoided spotted hyaena.

Our findings suggest that large carnivores in ReRbagwa employ finescale partitioning
mechanisms to facilitate coexistence with both sympatric species and humans, and that growing human

pressures materfere with these behaviours.
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6.1. Introduction

Competitive interactions have important fithess consequences for individuals and pop(llatioels

& Strand, 2000)and can trigger cascading impacts across widéogical system¢Ritchie & Johnson,

2009) Competition can be particularly acute among large carnivores, as they often compete for the
same spacand resourceCaro & Stoner, 2003nd hae an increased likelihood of lethal interactions

due to their predatory adaptatiofidonadio & Buskirk, 2006)As a result, interspecific coratition

can have a strong influence on the distribution, density, and habitat use of large carnivore populations,

andthushas important implications for their conservation and managefWénterbach et al., 2013)

Intra-guild competition among large carnivores can be indirect, through speeexling to access
limited shared resources (exploitative competition), or direct, in the form of harassment,
kleptoparasitism, or killing (interference competition). Many large carnivores make use of partitioning
mechanisms to minimisthe negative congpiences othis competition(Linnell & Strand, 2000Q)
However, while some species may be able to avoid competitors entirely through spatial segregation,
this strategy can bear a high fitness cost by limiting accesstoesource$Swanson et al., 2014As

such, finerscale avoidancé such as finescale spatial avoidano®@/anak et al., 2013)temporal
avoidancgHayward & Slotow, 2009)or dietary partitionindHayward & Kerley, 2008) can be a

valuable strategy for subordinate competitors to facilitate coexistence.

Africa is home to the most functionally diverse guild of large carnivi@aterum et al., 2009and its

members are therefore exposed to a wide range of potential competitive interactions. Cempetitiv
dominance within the African large carnivore guild is primarily determined by body size, with the
outcome of individual encounters depending on a number of faatohsding group siz€Cooper,

1991; Smith et al., 2008)ion (Panthera lep and spotted hyaen&(ocuta crocuta are the dominant
carnivoresimost Afri can ecosystems, acting 4dPriqeene anot
et al., 2016)and exhibiting topdown pressure on their smaleodiedcompetitors Kleptoparasitism

and direct killing by lios havebeen shown to contribute to high mortality rafBsnkel & Kastberger,

2005) and population suppressiofWatts & Holekamp, 2008)or spotted hyaenaHowever,
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competition between the two species is not asymmetrical, with factors including spotted hyaena clan
size(Watts & Holekamp, 200&nd individual behavioural défencegWatts et al., 2010pfluencing

the outcome of competitive interactions. Lion anewkn to attack and kill leopar@anthera pardus

Balme et al., 2017which have been shown to move to denser habitats when in close proximity to lion
(du Preez et al., 201%)nd actively avoid areas where the probability of encountéh@glominant
competitoris highest{Balme, Pitman, et al., 201 Hlowever, multiple studies have found no evide

of lion suppressing leopard at a population I¢Ballme, Pitman, et al., 2017; Miller et al., 2018; Rafiq

et al., 2020) and it has been theorised that the species may be forced to share space in more
anthropogenically impacted arg&trampelli et b, 2018) Spottechyaena also typically dominate over
leopard (Hayward, 2006)and there is evidence of temporal partitioning between the two species
(Havmgller et al., 2020)Bath lion and spotted hyaena are also known to kill, steal food from, and
display aggression towards cheetd@tifonyx jubatusHunter et al., 2007; Laurenson, 19%Hd

African wild dog (Lycaon pictusCreel & Creg 1996; van der Meer et al., 201¥ery little is known

about intraguild interactions of striped hyaeftdyaena hyaenabut it is likely that they share a similar
competitive status to brown hyaefRarahyaena brunngabelow spotted hyaena and li¢hlills,

1984)

Regardless of their competitive status,al\df r i cads | arge carnivores ar e
habitat fragmentation, conflict with humans, and declining prey populdfipple et al., 2014)As a

result, members of the African large carnivore guild have been extirpated fronpéatgeof their

former ange,with range contractions estimated at 94% for lion, 93% for African wild dog, 92% for
cheetah, 4&7% for leopardJacobson et al., 201,87% for brown hyaena, 24% for spotted hyaena,

and 15% for striped hyaen@Volf & Ripple, 2016) In addition to directly impacting survival,
anthropogenig@ressuresre likely to exacerbate already intense Hgudd competitionamong these
speciesHabitat fragmentation has been shown to lead to higher levels of spatiElpamong large
carnivoreqParsons et al., 201,9)miting options for spatial avoidance. The threat of huinauced

mortality can also trigger large carnivores to partitiogirtlactivities to avoid direct encounters with

humangOriol-Cotterill et al., 2015)which may interfere with temporal avoidance of competitors. In
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addition, decliningprey populations may force an increase in dietary overlap among large carnivores
(Creel et al., 2018) which would increaseexploitaive competition and potential antagonistic
interactiong or force subordinates to shift their diet toward livest@tarihar et al., 2011which can

intensify conflict with humans.

Given the ongoing decline of Africabs | arge car
coexistence mechanisms employed by these species vary across,hademshaped landscapes

and how they may be affected by anthropogénjgacts. Such knowledge is ki&y better undestand

species responses to these novel landscaeb,help inform multspecies and landscapeale
conservation planning. In this studye used camera trap data fragrossT a n z ani aRursgwaR u a h a
landscape to explore temporal and spatiotemporal associations between members of an intact East
African large carnivore guildncluding lion, leopard, spotted hyaena, striped hyaena, Africiandeg

and cheetahWe used activity overlap analysis to explore temporal partitioning aspegjes across
habitats, land use types, and gradients of anthropogenic ingatttemporal spacing analysis to
investigate spatiotemporal associations betvageaies with sufficient capture datéoh, leopard, and

spotted hyaenaBy incorporating data from two habitat types within a National Park, a trophy hunting
area (Game Reserve), a commumitgnaged area (Wildlife Management Area), and village land, we
exdore how intraguild associations between large carnivores vary across a -mmeechuman

impacted area typical of modern African conservation landscapes.

6.2. Methods

6.2.1. Study area

The Ruah&Rungwa landscape is a mixaede landscape adver 45,000 km located in southern
Tanzania. Theomplexis comprised of an unfenced network of protected areas (PAs) and unprotected
land, including Ruaha National Park (NP; allocated for-cmmsumptive tourism); Rungwa, Kizigo,

and Muhesi Game Reserves (GRs; consivapiise through trophy hunting tourism); community
managed MBOMIPA and Waga Wildlife Management Areas (WMAs; consumptive and non

consumptive use); and a number of other-&sstly protected areas (Game Controlled Areas and Open
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Areas). The landscapehisme to a complete East African large carnivore giildif & Ripple, 2017)

including the

cont i

nent 6s

s o(koleyheeal.,i20t4) s t
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Figure 6.1: Left: the location of the Ruaha-Rungwa landscape within Tanzania. Right: detail of the four systematic

camera trap grids, comprising a total of 151 camera pairs, and the 56 unpaired cameras deployed in village land

as part of a community camera-trapping (CCT) programme. Systematic camera trap grids were located in (1)
Ruaha NP Acacia-Commiphora habitat, (2) Ruaha NP miombo habitat, (3) MBOMIPA WMA Acacia-Commiphora
habitat, and (4) Rungwa GR miombo habitat.

6.2.2.

Data collection

Systematic camera trap surveys

We wsed data from camera trap surveys at four sites in the FRuaigwa landscap&ystematic camera

trap grids were deployed in &taciaCommiphorasite in Ruaha NR45 stationsaverage spacing 1.96

km), in the miombo woodland of western Ruaha (€ statims,average spacing 1.88 knand in an

AcaciaCommiphorasite within MBOMIPA WMA (40 stationsaverage spacing 2.08 krduring the

2018 dry season; and in the miomloodlanddominated Ikiri block of Rungwa GR (40 stations,
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average spacing 3.46 km) in t2019 dry season (Fig.1; seeChapter 5and S5.1 for detailed

information on the four survey grids).

The systematicsurveysusedvarious modelsof motionactivatedcamera(CuddebackProfessional
Color Model 1347 & X-ChangeColor Model 1279, Non Typical Inc., Wisconsin, USA; HC500
HyperFire,Reconyx,Wisconsin,USA). The majority of camerasisedxenonwhite flash, to improve
the clarity of markingsin photosfor individual identification.All but onestationusedpairedcameras
to maximisethe probability of photographingboth flanks of animals passingthrough the station

Camerasveremountedin protectivecasesandsecuredvith bindingwire to preventdamageandloss

to both animalsandhumans.

We set stations along roadsmajor game trailsprioritising junctionsto maximise aptures of large
carnivores Cameras were mounted on trees at a height -g¢f03€m, anddeployed for a total 02-3

months(seeS5.7).

Of the four systematic survey sites, the siteMBOMIPA WMA was the most anthropogenically
impacted. Although the area wiaeiving a relatively high level ainti-poachingpatrols at the time of

data collection after several years of absence of law enforcement effort (STEP, 2019), it was
nevertheless the site most strongly affectedllbgal human impacts (including poachingharcoal
production and livestock encroachment), as a result of its location il@djacent to unprotected land

and the lack ofourismactivities taking place in the WMA at the time of study.

Community camera traps

Data from village land were obtained fré@® camera traps deployed negstematically as part of the
Ruaha Carwiore Proje t 6 s ¢ o mmutrappiny programm€Ruaha Carnivore Projec2019)
To facilitate comparisons with the systematic camera trap ghdsjata employedererestricted to
the 2018 and 2019 dry seasons (June to November inclusivé; FigeS6.1for detailed information

on thelocation and activity oEommunity camera traps.
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Community camera trapsere deployed on land belonging to 16 villages within the Iringa region.
Cameras were placampportunistically to maximise captures of large carnivoras @her wildlife,
mosty along trails or watepoints, and were comprised of both xenon and infrared flash cameras
(Cuddeback Professional Color Model 1347, Non Typical Inc., Wisconsin, USA; HC500 HyperFire,

Reconyx, Wisconsin, USA; Scout Guard, HCO Ouotderoducts, Georgia, USA).

As sunrise and sunset times do not \&gyificantlyduring the dry season in the study area, we did not

standardise observations to account for this varigif@zquez et al., 2019)

6.2.3. Analyses

We used camera trap data to investigate activity pat(daimed as the active periodj the six large
carnivore species found in RuaRangwa: leopard, lion, spotted hyaena, striped hyaena, African wild
dog, and cheela We assessed activity pattern overlap between these species to identify potential
temporal partitioning mechanism@eredith & Ridout, 2020b; Ridout & Linkie, 2009)and
investigated teioral spacing between detections of different species at stations where they co
occurred to shed light on spatiotemporal avoidance and attraction among large carnivores in the

landscapéCusack et al., 2017)

As our camera traps were placed predominantly along roads and major trails, it is important to note that
the activity we discuss in this study relates specifically to the times at which the study species travel

alongthese habitat features

Activity overlap

We determined activity patterns foreachspe@esd est i mat ed t he coef ficien
each large carnivore species paireachof our five sites and between different sites for the same

species, using theackageverlap(Meredith & Ridout, 2020bin R version 3.6.2R Core Team, 2017)

and RStudio version 1.3.9%BStudio Team, 2020All community camera traps village land were

grouped and treateb a single site for this anaiys
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