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Abstract 

Leopard (Panthera pardus) populations in Africa are increasingly faced with high levels of 

anthropogenic pressure. Research on how leopards respond to humans and to other predators in 

human-impacted regions can help guide conservation interventions, and rigorous estimates of 

populations are necessary to prioritise investments and assess their effectiveness. However, across 

the leopard’s range, and particularly in Africa, such research is lacking. This study used camera trap 

data, combined with occupancy and capture-recapture modelling, to provide inferences on leopard 

status and habitat use in Limpopo National Park and Xonghile Game Reserve, two areas of 

southern Mozambique experiencing different levels of anthropogenic pressure. Multi-scale 

replicated detection/non-detection surveys were used to estimate the proportion of area occupied 

by leopards in a representative area of Limpopo National Park, and to investigate the relative 

impacts of environmental and anthropogenic factors on leopard occurrence at two spatial (home-

range selection, temporary resource use within the home range) and temporal (wet season only, 

full year) scales. The estimated proportion of area occupied by leopards was 0.812 (SE = 0.095). 

Results suggest that distribution and habitat use by leopards at both scales are influenced by a 

complex, multifaceted combination of top-down and bottom up factors, rather than by a single 

defining influence. Little evidence was found that leopards were spatially avoiding humans or lions 

(Panthera leo), a dominant sympatric carnivore, even at finer spatial scales. Comparisons with past 

studies reveal that leopards are using human-disturbed areas which other predators, lion and 

cheetah (Acinonyx jubatus), are both avoiding. The study also established a baseline leopard density 

for the region and the first empirical leopard density estimate in Mozambique, through density 

estimation in nearby Xonghile Game Reserve, where leopards are exposed to lower levels of 

anthropogenic disturbances than in Limpopo National Park. Maximum-likelihood spatially-

explicit capture-recapture modelling revealed a density of 1.53 (SE=0.57) adult leopards per 100 

km2. Altogether, the study provides unbiased estimates of occurrence and density that can be used 

to compare changes across sites or time, and provides some of the few data available on leopard 

habitat-use in a human-dominated landscape in Africa. Results also highlight the potential for a 

multi-country leopard meta-population, and future interventions should focus on assessing and 

improving connectivity in the region.   
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1 Introduction_____________________________________________ 

1.1 Problem statement & significance 

The leopard, Panthera pardus, has historically received lower conservation attention than other large 

African felids, mainly as a result of its widespread distribution and ecological flexibility (Nowell & 

Jackson 1996). The species, however, is vulnerable to extinction in fragmented landscapes due to 

its low densities, large spatial requirements and potential for conflict with humans (Cardillo et al. 

2005), and an increasing number of regional populations are facing threats from rising 

anthropogenic pressures (Ray et al. 2005). This has resulted in an increased conservation concern 

(Balme et al. 2014), and in a call for more rigorous status estimates of populations to inform 

conservation and management activities (Chapman & Balme 2010). In the absence of such crucial 

baseline information, management decisions are often based on expert opinion or educated 

guesses, and it is not possible to identify areas of high conservation concern, prioritise conservation 

investments, or evaluate the effectiveness of interventions (Blake & Hedges 2004). 

Additionally, while large, intact protected areas remain critical to the survival of many carnivore 

populations (Balme et al. 2010a), it has been widely accepted that the future of large predators 

cannot rely on such areas alone (Woodroffe 1998; Swanepoel et al. 2013), and the fact the majority 

of leopards in Africa exist outside of parks and reserves (Hunter et al. 2013) exemplifies this. 

Research on how leopards respond to human presence can help understand underlying 

mechanisms behind system changes and guide conservation in human-dominated regions (Conroy 

& Carroll 2011; Carter et al. 2015). However, while some studies have examined leopards in densely 

human populated areas in Asia (Athreya et al. 2013; Carter et al. 2015), the majority of investigations 

in Africa have taken place in areas with little or no direct anthropogenic impacts, suggesting a 

mismatch between where leopard research is being conducted and where it is needed the most 

(Balme et al. 2014). There is, as a result, a clear need to document the status of leopards in these 

human-dominated landscapes (Athreya et al. 2013; Balme et al. 2014). Understanding the dynamics 

of their relationship with humans, and identifying the limits of their tolerance, in addition to the 

nature of their preferences, is critical if leopards are to survive in this new, densely human-

populated Africa.  

In this context, Limpopo National Park (LNP), in Mozambique, provides a unique landscape 

where ecological interactions between leopards and subsistence agro-pastoralist-hunter 

communities can be investigated, and insights gained into how leopard populations adapt their 

spatiotemporal activity to the different forms of anthropogenic pressure present, including human 
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settlements and subsistence hunters. Additionally, a greater understanding of the leopard’s status 

and diverse ecological requirements can help inform practitioners attempting to integrate large 

carnivores in a wider landscape matrix, where protected areas are connected via multiple use 

landscapes (Balme et al. 2007; Athreya et al. 2013). This is of particular relevance to the study areas, 

Limpopo National Park and Xonghile Game Reserve, which form part of the Greater Limpopo 

Transfrontier Conservation Area (GLTFCA), a trans-boundary conservation area where non-

protected areas (NPAs) link Kruger National Park (KNP) in South Africa, Gonarezhou National 

Park (GNP) in Zimbabwe, and Limpopo, Banhine and Zinave National Parks in Mozambique. 

(Fig. 1.1).  

 

  

 

 

 

 

 

 

 

 

 

 

 

Finally, substantial gaps remain in the understanding of interactions between leopards and other 

large carnivores (Maputla et al. 2015), and monitoring efforts generally ignore the effects of 

sympatric species. However, information on such interactions can be important for effective 

conservation planning (Carter et al. 2015), and understanding the spatial and temporal nature of 

inter-species interactions is a prerequisite for designing conservation strategies that benefit the 

enter predator guild within an area (Linnell & Strand 2000). As a result, there is also a need to 

understand the interspecific interactions between such species, and particularly how these are 

Figure 1.1 The Great Limpopo 

Transfrontier Park (GLTP; dark 

green), comprising Kruger NP 

(South Africa), Limpopo NP 

(Mozambique) and 

Gonarezhou NP (Zimbabwe). 

Together with other protected 

(lighter green) and non-

protected (tan) areas it forms 

the Greater Limpopo 

Transfrontier Conservation 

Area (GLTFCA)  
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affected by human presence in the landscape. Factoring the presence of the lion, Panthera leo, a 

sympatric carnivore dominant to the leopard, in leopard habitat use studies in LNP can help 

elucidate how leopard space use is affected by these multiple pressures in a human-shaped 

environment.    

1.2 Project aims, objectives and hypotheses 

1.2.1 Aims & Objectives 

The study had two overarching aims. Firstly, it aimed to improve our understanding of habitat 

use of African leopards in a human-impacted landscape, including their relationship with humans 

and with sympatric large carnivores, and assess how leopards compare with two other large felids 

in their spatial adaptations to anthropogenic pressures. In addition, the project looked to provide 

baseline status estimates for two populations of leopards in Mozambique, under different levels 

of anthropogenic threat.  

These aims were to be realised through the achievement of the following objectives, and 

answering the related research questions:  

1. Model the relative importance of anthropogenic and environmental factors at two spatial 

scales (home-range selection and temporary resource use within the home range) in the 

habitat matrix of leopards in LNP, to better understand leopard space use in a human-

disturbed environment. 

What is the relative impact of different ecological and anthropogenic variables on leopard habitat use? 

Does it vary at different spatial and temporal scales? 

 

2. Obtain an estimate for the proportion of area occupied by leopards in the study area in 

LNP, and model the density of leopards in nearby Xonghile Game Reserve (XGR) using 

spatially-explicit capture-recapture (SECR) methods, to obtain a baseline density for 

leopards in the region and the first empirical estimate of leopard density in Mozambique. 

What is the status of two leopard populations in Mozambique, under different levels of anthropogenic 

pressure, as measured by two commonly used indicators for the species (proportion of are occupied (POA) 

and density)? How do results compare to previous knowledge of leopards in the country? 

 

3. Use findings from objectives (1) and (2) to investigate differences in responses to human 

presence between leopards and two other large carnivores in the landscape, lion and 

cheetah (Acinonyx jubatus). 
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What is the relative effect of anthropogenic pressures on habitat selection and POA by leopards in LNP 

(this study), compared to that on lion and cheetah (past studies)? What are the conservation implications 

of these findings? 

1.2.2 Hypotheses 

The hypotheses of the study were the following: 

1. Leopard habitat use will be primarily driven by prey resources and by an avoidance of 

human settlements at the coarser home-range scale. In addition, it’s predicted that at the 

finer (resource use within the home range) scale leopard space use will also be 

determined by an avoidance of bushmeat hunters and lions, with leopards avoiding 

locations where encounters with lions or humans are likely, even if those areas have 

suitable prey. 

 

2. Nonetheless, given current knowledge of the species, it’s predicted that leopards will be 

more tolerant of humans than lion and cheetah in LNP. This will reflect in both a higher 

occupancy estimate, and in weaker negative associations between leopard occurrence and 

anthropogenic factors than those observed for cheetah and lion by past studies.  

 

3. Leopard density in XGR will be lower than in nearby protected areas in South Africa, 

such as the adjacent Kruger National Park, reflecting differences in protection history, 

anthropogenic impacts outside the reserve, and habitat. 
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Figure 2.1 Map 

of the current 

range of 

Panthera pardus. 

Source: Panthera 

(2015) 

2 Background_____________________________________________ 

2.1 The African leopard Panthera pardus  

2.1.1 Status and threats in sub-Saharan Africa 

The leopard is the fourth largest and most wide-ranging member of the Panthera genus, distributed 

across much of sub-Saharan Africa, through Southwest Asia and the Caucas into India, China and 

the Russian Far East (Nowell & Jackson 1996) (Fig. 2.1).  

  

Nevertheless, the leopard is globally listed as Near Threatened (NT) by the IUNC Red List of 

Threatened Species (Henschel et al. 2015); although still locally common in certain areas of sub-

Saharan Africa, it is becoming increasingly patchily distributed in the continent, and has been 

locally extirpated from areas densely populated by humans or which have undergone intense 

habitat conversion (Hunter et al. 2013). By the turn of the century, Ray et al. (2005) estimated that 

leopards had disappeared from at least 37% of their range in Africa, a figure which is likely to have 

since increased as a result of their decreasing population trend (Henschel et al. 2015). There are no 

reliable continent-wide estimates for the species. The most commonly cited estimate of 700,000 

leopards in Africa (Martin & De Meulenaer 1988), obtained through a model that correlated 

leopard numbers with rainfall but omitted information on prey density or human related mortality, 
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has been heavily criticised and is widely considered by specialists to be flawed (Norton 1990; 

Marker & Dickman 2005).  

The leopard is listed in CITES Appendix I, with legal international traffic being limited largely to 

exports of skins and hunting trophies under a quota system by 13 Africa countries (2015 CITES 

quota is 2,648; Henschel et al. 2015), as well as being protected under national legislation through 

the majority of its range (Nowell & Jackson 1996). Nonetheless, in sub-Saharan Africa the majority 

of leopards are believed to occur outside of protected areas (Hunter et al. 2013), highlighting the 

need for effective conflict mitigation measures and for a shift from the current PA centric 

approach to a landscape level conservation approach (Athreya et al. 2013; Swanepoel et al. 2014).  

In addition to habitat conversion, declining prey populations, and competition with human hunters 

for prey, leopards can suffer intense persecution in retribution for real or perceived livestock loss 

(Ray et al. 2005). Additionally, illegal trafficking of leopard skins for cultural regalia (Hunter et al. 

2013) and unsustainable harvest levels through trophy hunting (Packer et al. 2011) are also thought 

to be important drivers of leopard range declines.  

2.1.2 Habitat use and functional relationship with humans and with other large felids 

The geographical success of the leopard can largely be attributed to its high levels of habitat 

tolerance; although in Africa leopards are most successful in woodlands, grassland savannahs and 

forests, reaching their highest densities in riparian zones (Bailey 1993), they also occur in mountain 

habitats, coastal scrub, swamps, shrubland, semi-deserts and deserts, and range from sea level to 

as much as 4,600 m on Mt Kenya (Hunter et al. 2013). 

      2.1.2.1 Relationship with humans 

Although habitat loss and fragmentation remains the main threat across Africa, leopards have been 

found to persist in the vicinity of large human populations, provided suitable cover and prey are 

available (Hunter et al. 2013). In India, Athreya et al. (2013) found leopards inhabiting a cropland 

landscape devoid of wilderness and wild herbivore prey at relatively high density (4.8 adults/100 

km2), while Balme et al. (2009) found a density of 2.49/100 km2 in non-protected farmland in South 

Africa (although this was considerably lower than the 7.17 per 100 km2 density estimated in a 

nearby protected area buffer by the same study).  

Competition with humans for resources can affect carnivore species-habitat relationships, as has 

been shown at the level of home-range habitat selection by cougars (Felis concolor; Dickson & Beier 

2002), tigers (Panthera tigris; Barber-Meyer et al. 2013), lions (Everatt et al. 2014), and cheetahs 
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(Andresen et al. 2014). Research on how leopards respond to people and on the mechanisms that 

govern such responses is however lacking (Carter et al. 2015), and the few data available indicate 

that the behaviour of leopards in heavily human impacted landscapes remains equivocal. Balme et 

al. (2010) found that leopard density declined from the core of a reserve to the border, and was 

lowest in non-protected areas adjoining the reserve, which acted as an ecological trap (that is, an 

area with disproportionate mortality that would otherwise provide suitable resources; Schlaepfer 

et al. 2002) for predators. Similarly, in Gabon, leopard density was found to decrease closer to 

human settlements (Henschel et al. 2011), and in Kaeng National Park, Thailand, leopards avoided 

human traffic inside the park both spatially and temporally (Ngoprasert et al. 2007). In contrast, 

however, Kawanishi & Sunquist (2004) found no apparent effect of human traffic on leopard 

spatiotemporal activity in Taman Negara National Park, Malaysia. 

 2.1.2.2 Relationship with sympatric large carnivores 

Leopard activity and distribution patterns can also be affected by interspecific competition with 

sympatric large carnivores (Vanak et al. 2013; Carter et al. 2015). In many protected areas in Africa, 

leopards are at risk of kleptoparasitism, injury and direct morality  from predators that are larger 

and/or live in large social groups, such as lions and spotted hyenas (Crocuta crocuta; Nowell & 

Jackson 1996), while in Asia leopards are sympatric with the larger tiger and the more social dhole 

(Cuon alpinis) across much of their protected range (Karanth & Sunquist 2000). Solitary carnivores 

such as leopards have been known to adopt various strategies to coexist with these dominant 

competitors, including alternate activity patterns (Durant 2000), habitat specific ranging (Durant 

1998; du Preez et al. 2015), and prey specialisation (Donadio & Buskirk 2006). In particular, 

arboreal caching of prey (“hoisting”) has been suggested as a key adaptive response to intraguild 

competition (Bailey 1993; Nowell & Jackson 1996). Nevertheless, studies investigating the extent 

to which leopards spatially coexist with dominant predators have revealed contrasting results, 

suggesting that dynamics are likely to depend on a combination of site-specific variables. For 

example, although tigers are socially dominant to leopards (Odden et al. 2010), reports regarding 

their impact on leopard spatiotemporal activity are conflicting; while some studies suggest that 

interference competition causes leopards to avoid tigers in both space and time (Odden et al. 2010; 

Carter et al. 2015), others revealed high levels of spatiotemporal overlap between individuals of the 

two species (Karanth & Sunquist 2000; Ramesh et al. 2012).  

Recently, efforts have been made to investigate in more depth the relationship between leopards 

and lions, which can represent a significant source of mortality for leopards (Bailey 1993). In 

Kruger National Park (KNP), Maputla et al. (2015) found that movements of collared leopards 
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were not strongly affected by lion presence, suggesting resources were the main driver of leopard 

movement behaviour. Similar results were obtained by Vanak et al. (2013) in Karongwe Game 

Reserve, also in South Africa. Diet partitioning, as observed to be relatively profound in the area 

(Owen‐Smith & Mills 2008), was proposed as the principal reason for this (Maputla et al. 2015). 

Nonetheless, counter to results obtained in KNP, Maputla et al. (2015) found that in nearby 

Timbavati Game Reserve lion movements appeared to significantly influence male leopards’ 

movements, thus indicating site specific differences in large carnivore assemblages between the 

two areas. While the authors hypothesize that these differences could be a result of higher lion 

density in Timbavati, the exact effect of lions on leopard behavioural ecology, demography and 

population density remains unclear. Furthermore, the majority of such studies have taken places 

at sites with little anthropogenic presence, and the effects of lion occurrence on leopard habitat 

use in a human-impacted landscape are yet to be studied. 

Refer to Appendix II for a complete list of studies investigating effects of anthropogenic 

disturbances and/or sympatric large carnivores on leopard space use. 

2.1.3 The leopard in Mozambique  

Very little research has been conducted on the status, distribution or ecology of the leopard in 

Mozambique.  No published estimates of abundance, density or other indicators of status are 

currently available for leopard populations in the country. In 2014, a camera-trap based leopard 

survey was conducted in Niassa National Reserve (NNR), the largest protected area in the country, 

located in the Northern Cabo Delgado Province; the data however are still being analysed (Begg 

& Begg 2015).  

Leopards are currently legally hunted in several locations in Mozambique, including in the NNR 

and in several ‘coutadas’ (hunting blocks) across the country, in a total combined area amounting to 

55,678 km2. In addition, leopards are also hunted in community programme areas, game farms, 

experimental areas and multiple use areas (CITES 2007). In 2007, the Mozambican government 

successfully requested and obtained an increase in its assigned leopard trophies and skins export 

quota, which was raised to 120 permits per year from the previously approved figure of 60. Very 

little scientific input goes into quota setting (Balme et al. 2010b); the estimate of 37,542 leopards 

in the country, based on the over-simplified Martin & de Meulenaer (1988) modelling attempt, was 

cited as justification for the export quota increase. A “very conservative” density of 0.05/km2, half 

of that expected through the Martin & de Meulenaer (1988) model, was used to suggest that at 

least 20,000 leopards inhabit the country (CITES 2007).  
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2.2 Sampling large carnivore populations 

2.2.1 Capture-recapture methods for density estimation 

Density is a key parameter in animal ecology, particularly if comparing different populations of the 

same species, where population size on its own may be of limited use (Noss et al. 2012). 

Historically, density of large carnivores has been calculated by first obtaining an abundance 

estimate through closed capture-recapture (C-CR) statistical frameworks, which use capture-

frequency data derived from photographed animals identified through their unique pelage 

markings, before dividing the value by some approximation of the effective sampling area (ESA) 

(Karanth & Nichols 1998). An estimate of the ESA is typically obtained by adding a boundary 

strip to the trapping area equal to either half or the full mean maximum distance moved (MMDM) 

by captured individuals (Borchers & Efford 2008). This approach has however been proven to 

have no theoretical mechanism, and has resulted in density estimates having been questioned due 

to the ad-hoc nature of the ESA estimation process (Efford et al. 2004; Royle et al. 2009). In 

particular, studies have reported that H/MMDM buffers are prone to underestimating the ESA, 

consequently overestimating density (Soisalo & Cavalcanti 2006). 

In light of this, Efford (2004) proposed an alternative approach which does not assume geographic 

closure or rely on the estimation of the area sampled, known as spatially-explicit capture-recapture 

(hereafter SECR). Such models overcome the limitations of conventional CR by incorporating 

information on the spatial locations of capture histories and camera traps, and using the locations 

at which each animal is detected to fit a spatial model of the detection process, deriving probability 

density functions based on distance from individual activity centres. The capture histories are also 

used to model the decline in probability of detection as a function of increased distance from home 

range centres, usually assumed to be half-normal (Efford et al. 2008). Two parameters model the 

shape of the function: g0, the probability of detection at the hypothetical centre of an individual’s 

home range, and sigma, a function of the scale of animal movement (Borchers & Efford 2008; 

Royle et al. 2009). SECR models have bene developed in both likelihood-based (Efford et al. 2008) 

and Bayesian (Royle et al. 2009) frameworks. While the Bayesian approach is advantaged in studies 

modelling encounter data conditioned on covariates, the likelihood alternative is considered more 

appropriate for simpler density analyses, as it is considerably faster and both methods have not 

shown any significant difference in terms of density estimates (Kalle et al. 2011; Noss et al. 2012).  

Since being first used by Karanth (1995) to estimate tiger density in India, C-CR and SECR 

methods have been applied to populations of most individually identifiable large carnivores, 

including jaguar (Panthera onca - Sollmann et al. 2011; Tobler & Powell 2013), cheetah (Marnewick 
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et al. 2008), striped hyena (Hyaena hyaena - Singh et al. 2014), and leopard (see Appendix III for a 

review of leopard density estimates from sub-Saharan Africa, including those obtained through 

CR methods). Recent advances suggest that employing camera trap data to estimate density of 

non-individually identifiable species might also be a possibility in the near future (Rowcliffe et al. 

2008) 

2.2.2 Occupancy modelling and estimation in the context of large carnivores 

Although establishing reliable population estimates of large carnivores is essential for effective 

conservation and management interventions (Balme et al. 2009), obtaining absolute abundance or 

density estimates can be very resource consuming, both in terms of time and cost. In contrast, 

presence–absence data can be collected cost-effectively and rapidly across large areas (Mackenzie 

& Royle 2005). Failure to detect a species, however, does not necessarily reflect absence, and 

neglecting to account for this error in detection can result in biased estimates, causing misleading 

inferences (Mackenzie et al. 2002). To account for this source of bias, Mackenzie et al. (2002) 

developed occupancy models that use replicated detection/non-detection surveys to estimate a 

detection probability, and consequently derive unbiased estimates of occurrence, or occupancy. 

When absolute abundance or density estimates are particularly difficult to obtain, estimations of 

the proportion of an area occupied by a species are considered a robust alternative state variable 

(Mackenzie & Royle 2005). 

In addition to being a useful metric for assessing species status, occupancy analyses allow 

modelling of covariates to explain heterogeneity in occupancy and detectability simultaneously, 

permitting investigations into the relationships between variables and how these affect occurrence 

and resource selection. Furthermore, as a result of their cost-effectiveness and efficiency, 

occupancy surveys can be a robust tool in the context of long-term, large-scale monitoring 

programmes, particularly those targeting rare and elusive species (MacKenzie 2006).  

Although relatively novel compared to conventional CR, this methodology has been used to obtain 

state variables and/or investigate habitat use relationships for a number of large carnivores, 

including the tiger (Karanth et al. 2011; Linkie et al. 2010); jaguar (Sollmann et al. 2012; Petracca et 

al. 2013), lion (Everatt et al. 2014; Midlane et al. 2014), cheetah (Andresen et al. 2014) and leopard 

(Steinmetz et al. 2013; Carter et al. 2015).  
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2.3 Study area  

2.3.1 A note on Mozambique  

Mozambique’s terrestrial biodiversity has received relatively little attention, particularly with 

respect to some of its neighbours to the north (Tanzania), west (Zimbabwe) and south (South 

Africa). This paucity in conservation efforts can be largely attributed to the long armed conflict in 

the country, first during the Mozambican War of Independence (1964-1974) and then through the 

subsequent civil conflict (1977-1992), which contributed to large declines in the wildlife 

populations across the country (Hatton et al. 2001). Although Mozambique has since gazetted a 

number of protected areas, little baseline information is available for the majority of these. 

2.3.2 Limpopo National Park   

Limpopo National Park (LNP), located in south-western Mozambique, is the largest National Park 

in the country, and together with Kruger National Park (KNP, South Africa) and Gonarezhou 

National Park (GNP, Zimbabwe) forms the Greater Limpopo Transfrontier Park (GLTPP); 

together with other National Parks and Reserves, this constitutes the Greater Limpopo 

Transfrontier Conservation Area (GLTFCA), a mosaic of protected areas linked by regions lacking 

formal protection (refer to Fig. 1.1). The northern and eastern boundaries of LNP are demarcated 

by the Limpopo River, characterised by high densities of human settlements and levels of habitat 

degradation. The western boundary stretches north-south for a distance of nearly 200 km, and is 

contiguous with South Africa’s KNP, characterised by high wildlife densities; the Elefantes River 

and Massingir Dam form the southern boundary (Fig. 1.1). Although the park officially covers 

over 11,000 km2, by excluding cultivated areas in the park (see below) and a section to the south 

that has been separated by a recently erected wildlife barrier fence, the effective park area is reduced 

to 6,708 km2 (Andresen et al. 2014). Around 20,000 people reside in a near-continuous band of 

agro-pastoralist settlements along the eastern boundary of the park, on the Limpopo River. In 

addition, an estimated 6,500 people inhabit eight villages and agricultural areas located in the core 

area of the park (Huggins et al. 2003) (see Fig. 3.2 in next section). Settlements in the park are 

characterised by free-grazing livestock, land clearing for subsistence agriculture, and high levels of 

‘bushmeat poaching’ (illegal hunting of wildlife for consumption – see Appendix I). Infrastructure, 

including road networks and tourist facilities, is very limited (Everatt et al. 2014).  

The area receives an annual average 500 mm of rain, with the majority occurring between October 

and March. LNP consists mainly of woodland savannah plains, with four distinct landscapes 

present in the park. The predominant habitat in the park consists of sand plains (‘sandveld’) 
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characterized by low woodlands and thickets on deep sandy soils, as well as short-grass ‘pans’ 

(seasonally flooded depressions – see Appendix I). Other habitats found in the park include 

mopane (Colophospermum mopane) shrubveld characterised by tall shrublands and woodlands on clay 

soil; shrubveld characterized by thickets, short woodland and tall grasslands on calcareous soils; 

and the Lebombo hills, consisting of short woodlands on undulating stony, rhyolite soil (Stalmans 

et al. 2004) (Fig 3.2). Large mammal populations in LNP were severely depleted during the armed 

conflicts (Hanks 2000); although the declaration of the park in 2000 and the subsequent removal 

of sections of fence along the KNP border provided the potential for movement of wildlife into 

the area, wildlife protection in LNP is currently limited, and the considerable anthropogenic 

impacts it experiences, particularly through poaching, are hindering this recolonisation process 

(Andresen et al. 2014). Nevertheless, Andresen et al. (2014) and Everatt et al. (2014) recorded 22 

species of ungulate and 18 species of mammalian carnivore in the park, including leopard, lion, 

spotted hyena, cheetah and wild dog (Lycaon pictus). The lion population was estimated at 66 

individuals (density of 0.99/100 km2), occupying approximately 44% of Everatt et al. (2014)’s 

representative 2,400 km2 study area, while cheetahs were estimated to occupy approximately 40% 

of the same area (Andresen et al. 2014). Densities of ungulates and other potential large carnivore 

prey were estimated to be considerably lower than in KNP (Andresen & Everatt, unpublished 

data).  

2.3.3 Xonghile Game Reserve  

Xonghile Game Reserve (XGR) is located south of LNP, with its northern border distancing 

approximately 13 km from LNP’s southernmost edge. XGR is unfenced, bordering KNP to the 

west and unprotected land to the north, east and south.  

The reserve covers an area of approximately 450 km2, and possesses similar landscapes to those 

found in LNP, with the majority of the area consisting of sandveld habitat. Populations of many 

of the same species recorded in LNP and in KNP, including lion, leopard, spotted hyena and wild 

dog, have been recorded. No human population resides in XGR, and the sole anthropogenic 

impacts come from anti-poaching efforts and from the low levels of tourism the reserve 

experiences. Poaching for bushmeat is very limited. Infrastructure is more developed than in LNP, 

with a good network of roads extending throughout XGR. (Andresen & Everatt; unpublished 

data) 
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3 Methods________________________________________________ 

3.1 Conceptual Framework 

In LNP occupancy modelling was used to investigate resource selection at two different spatial 

and temporal scales, combining presence-absence data with measured trap-level environmental 

and anthropogenic covariates to evaluate their effect on leopard habitat use. Detection covariates 

were measured in order to account for heterogeneity in detection probabilities, and methods 

similar to those used by past studies on other large felids in LNP were employed when measuring 

habitat covariates, in order to facilitate comparisons of their impacts between species. In addition, 

the proportion of the study area occupied (POA) by leopards was estimated through one of the 

occupancy analyses.  

In XGR, capture histories from trapping sessions were used in combination with maximum-

likelihood SECR modelling to obtain a baseline density estimate of leopards in the reserve.  

Fig. 3.1 provides a visual representation of the conceptual framework of the project, including how 

the methods used relate to the objectives and related research questions. 

3.2 Data collection  

All data used in this study were collected through camera traps set and operated in LNP and XGR 

by Leah Andresen (LA) and Kris Everatt (KE), of the Limpopo Transfrontier Predator Project.  

3.2.1. Camera trap array in Limpopo National Park  

Camera traps were operational in LNP for a period of 12 months, between November 2011 and 

October 2012. Traps were set to cover approximately one third of the park (circa 2,500 km2), 

following a gradient of biophysical features and thus incorporating the major environmental strata 

of LNP. A total of 68 stations, each comprising one camera, were installed over the 12 months of 

data collection (Fig. 3.2).  
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Figure 3.1 Conceptual framework of the project. Colour coding illustrates the multiple objectives of the project, 

together with their related research questions, methods, and measure of results (POA=Proportion of Area 

Occupied). 
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3.2.2. Camera trap array in Xonghile Game Reserve  

Camera traps were operated in XGR by LA & KE for 3 months (August 24 - November 23, 2013). 

Cameras were set up at 26 stations over an area of circa 300 km2 (Fig 3.2); 23 stations had only 

one camera at the station, while at 3 stations two cameras were deployed. Cameras were placed at 

a distance of between 0.3-6.4 km to each other. 

3.2.3 Sampling protocol 

In order to maximise detection of carnivores, cameras in LNP and XGR were placed by LA and 

KE along game trails, dirt track, roads, waterholes and river edges, as recommended by Karanth 

& Nichols (1998). Digital motion-activated cameras with infra-red flashes were used, of multiple 

models (http://www.trailcampro.com/trailcamerareviews.aspx; see Appendix IV for model 

details). Cameras were deployed facing towards the trail, camouflaged, and secured at 

approximately 0.15 m from the ground; if risk of theft in the area was deemed high, they were 

Figure 3.2 Camera trap arrays in Limpopo National Park (LNP) and Xonghile Game Reserve (XGR). Inset map: 

LNP & XGR (dark green) in relation to the GLTP and the rest of the GLTFCA.  
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instead placed on branches overhanging the trail, at a height of between 4-5m. Vegetation directly 

in front of the camera was removed in order to avoid accidental triggering, and the time delay was 

set to minimise the risk of missing any events. Cameras were checked regularly by LA & KE for 

data and malfunctions.  

3.3 Habitat selection investigation and POA estimation through occupancy 

modelling in LNP 

3.3.1 Occupancy estimation rationale and assumptions 

Likelihood-based site-occupancy methods that directly account for probability of detection 

(Mackenzie et al. 2002) were used to investigate factors affecting leopard occurrence and estimate 

the proportion of area occupied by leopard. Site-occupancy models are based on replication of 

detection/non-detection surveys at multiple sites to estimate a detection probability (p) and derive 

unbiased estimates of species occurrence probability (Ψ).  

In order to allow for the estimator (Ψ) to be interpreted as the proportion of area occupied, the 

following assumptions of an occupancy model were made: 1) sites are closed to changes in 

occupancy (i.e. they are either occupied or not by the species for the survey duration); 2) species are 

not falsely identified; 3) detections are independent; and 4) heterogeneity in occupancy or detection 

probability are modelled using covariates (MacKenzie 2006). 

3.3.2 Survey design  

Habitat use can be investigated at multiple spatial scales using sampling arrays of different, 

biologically appropriate dimensions (Baldwin & Bender 2008; Sunarto et al. 2012). Habitat selection 

can be seen as a hierarchical process, ranging from distribution and home range selection to 

temporary use of resource patches and feeding sites across the home range (Johnson 1980; 

Schaefer & Messier 1995). Selection of habitat at different scales involves behavioural decisions 

over a continuum of time, space and ecological processes (Mitchell et al. 2012), and importance of 

habitat components may be misunderstood if investigations are limited to a singular scale (Dickson 

& Beier 2002). Thus, in order to examine the effects of multiple environmental and anthropogenic 

factors on leopard occurrence, and assess whether these varied at different spatial scales and with 

seasons, three separate arrays were constructed: a 5 month, home-range selection scale study; a 5 

month, finer (resource use within home range) scale study; and a 12 month, finer scale study.  

In order to investigate home-range scale habitat use, as well as estimate the proportion of area 

occupied by leopards, sites were defined as 50 km2 grid cells, based on average male leopard home 
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ranges being measured at 27.7 km2 and 76.2 km2 in two areas of contiguous KNP (Bailey 1993). 

This was considered a biologically meaningful scale at which leopards make home-range level 

habitat decisions. Although lower prey densities in LNP (Everatt et al. 2014) might result in slightly 

larger leopard home ranges than in KNP, this was deemed a conservative enough cell size to 

assume that if leopard was detected within a grid cell, the entire cell was occupied (thus allowing 

the estimator (Ψ) to be interpreted as the proportion of area occupied), and small enough to 

minimise the risk of spatial autocorrelation within neighbouring cells. A grid array of 23 sites was 

selected (Fig. 3.3), each with between 1 and 3 cameras active during the duration the study (total 

no. of cameras = 34; mean no. of cameras per grid cell = 1.5). To reduce the possibility that a grid 

cell would be permanently vacated or colonised during the study period, the survey length was 

restricted to 5 months (May 1 - September 30, 2012); this was deemed long enough to allow for 

sufficient sampling to be carried out at each site, and short enough for the closure assumption to 

be met (Andresen et al. 2014; Everatt et al. 2014).  

 

To investigate finer resource use within the home range, two further sampling arrays were designed 

for occupancy modelling. In both cases, sites were defined as 1 km2 cells, as it was reasoned that 

this is a meaningful scale to investigate fine-scale resource use by a large felid (Sunarto et al. 2012; 

Figure 3.3 5-month 

home-range scale survey 

design in LNP. Surveyed 

sites (50 km2 grid cells) 

are overlaid over a 

gradient of distinguishing 

landscapes and proximity 

to areas of anthropogenic 

pressure. 
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Everatt et al., in press). One of the two studies used the same camera array as the 50 km2 grid cell 

study (5 months, May 1 – September 30, 2012; sites = 30; total no. of cameras = 34), while for the 

second the full 12 months of camera trap data were employed (November-October 2012; sites = 

58; total no. of cameras = 68), to examine whether habitat use varied over seasons. The same 

occupancy assumptions were made for both models as for the home-range scale study, except that 

the closure assumptions was relaxed given that the parameter of interest of the estimator (Ψ) was 

interpreted as the probability of site use, rather than the proportion of area occupied (MacKenzie 

2006). 

For all three analyses, sample occasions were represented by temporally replicated 7-day camera-

trap intervals; this was deemed a long-enough amount of time to assume independence between 

detections. Number of sampling occasions per site varied throughout the three analyses (Table 

3.1); unequal sampling across sites is accounted for in the modelling process (Mackenzie et al. 

2002). Detections were represented by unambiguously identified leopard photographs; a “1” was 

recorded for each sampling occasion at each site if a leopard was detected, and a “0” if it was not. 

Photographs where uncertainty remained on the species captured were discarded to ensure no 

false positives were recorded. A leopard detection matrix was then obtained for each of the three 

analyses by combining leopard detection/non-detection data at each site.  

Table 3.1 Summary of key parameters of different occupancy models utilised in the study.  

 Occupancy analysis 

 Home-range scale 

habitat use 

Fine (resource use) scale 

habitat use 

Fine (resource use) scale 

habitat use 

Length (months) 5 5 12 

Estimator definition POA PSU PSU 

Size of sites (cells) 50 km2 1 km2 1 km 2 

No. of sites (cells) 23 30 58 

Cameras 34 34 68 

Mean cameras per site 1.5 1.1 1.2 

POA = Proportion of area occupied; PSU = Probability of site use 

 

3.3.3 Site covariate identification 

A total of six predictor variables (covariates) were identified that could explain heterogeneity in 

leopard occurrence in LNP (Table 3.2), and measured at the different spatial scales.  

Prey resources available to leopard at sites were modelled through the probability of occurrence 

of a preferred prey species in the region (P), impala (Aepyceros melampus). Although leopards have a 
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very wide dietary breadth (Hayward et al. 2006), impala is the most commonly consumed species 

in contiguous KNP (Bailey 1993). An impala occupancy model for LNP was therefore borrowed 

from Andresen et al. (2014), providing probability of impala occurrence at each camera station; if 

multiple cameras were present in a site, site-specific impala probability of use were calculated as 

the average of the values for each camera station present, weighted by the number of sampling 

occasions each contributed. Individual sampling days from separate cameras in a site were not 

pooled together into 7 day samples, due to detection covariates being station-specific (see next 

section).  The assumption was made that the impala occurrence probability model developed by 

Andresen et al. (2014), and the subsequent extraction of site-specific values carried out in this study, 

are biologically representative of the encounter probability of preferred prey for leopard. Unlike a 

relative abundance index, modelling impala occurrence through site use accounts for error in 

detection, and was therefore consider the better alternative.  

Anthropogenic pressures that might affect leopard resource use were modelled through two 

separate covariates: proximity to agro-pastoralist settlements (S) and probability of bushmeat 

poaching (B); both villages and hunters have been shown to potentially impact leopard space use 

(see 2.1.3). Settlement location data were extracted from a raster layer (Peace Parks Foundation, 

Stellenbosch), and site-specific estimates of proximity were calculated at the different spatial scales 

as the mean Euclidean distance of each 30x30-m pixel in a grid cell (50 km2 or 1 km2) to human 

settlement using Spatial Analyst tool in ArcGis 10.2. A bushmeat poaching occupancy model 

developed by Everatt et al. (2014), which provided the probability of bushmeat poaching at each 

camera station, acted as a proxy of encounter with humans at sites (B). The same weighted average 

protocols adopted for impala site use were followed.  

In contiguous KNP, leopards preferentially inhabit perennial river riparian zones, as a result of 

higher prey density and stalking cover; of 50 kills recorded in KNP by Bailey (1993), 46% were in 

dense riparian vegetation, compared to 44% in medium to dense thickets and 10% in open 

habitats. Thus, although probability of prey encounter was already modelled through probability 

of impala site use, a covariate for availability of riparian areas habitat (H) was included, as a proxy 

for landscape features that facilitate capture of prey. Landscape data were extracted from a raster 

layer (Peace Parks Foundation, Stellenbosch), and site-specific estimates of proximity to riparian 

areas were measured as the mean Euclidean distance of each 30x30-m pixel in a grid cell to rivers 

(including drainage lines), using Spatial Analyst tool in ArcGis 10.2. 

Finally, to investigate whether lion presence affected leopard occurrence, camera station-specific 

probabilities of lion site use (L) were borrowed from the lion occupancy model of Everatt et al. 



20 

 

(2014), and used as a proxy for probability of leopard encounter with lions. The same weighted 

average protocol used for the previous covariates was adopted.  

 

3.3.4 Detection covariate identification 

Four detection covariates, all categorical, were included to explain heterogeneity in detection 

probabilities between occupied sites.  

As leopards use landscape features that facilitate movement when travelling (Hunter et al. 2013), it 

was predicted that cameras placed on roads, trails or other similar features would have a higher 

probability of detecting an individual given its presence at a site. Thus, sites where the sampling 

camera trap was located on a road, track, large game trail or river-bed were assigned a score of “1”, 

while cameras not located along any of the above received a score of “0”.  It was also hypothesized 

that, since leopards in adjoining KNP have been found to spend a disproportionate amount of 

time around riparian areas (Bailey 1993), similar behaviour could be expected in LNP, suggesting 

that if a camera was placed close to a river it could have a higher capture rate, all else being equal. 

This was tested by assigning a score of “1” if a camera was within 1km of a river, and a score of 

“0” if it was placed further. This covariate was only included in the home-range scale model, given 

the small (1 km2) size of the cells in the finer-scale scenarios. Potential differences in detection 

efficacy between camera model were also tested; two models of cameras were used throughout the 

two 5 month studies (Reconyx HC500 and Bushnell Trophy Cam), and each station received a 

score of “1” or “0”, depending on the model used. During data collection for the 12 month study, 

Table 3.2 Site covariates expected to influence leopard habitat use. PSU = Probability of site use 

Covariate (unit) Key 

Relationship to 

leopard 

occurrence 

Range of 

values 

(mean):        

5-mo HR 

Range of values 

(mean):               

5-mo FS 

Range of 

values (mean):         

12-mo FS 

A priori 

prediction 

of effect on 

leopard 

occurrence 

Preferred prey 

(PSU) 

 

P 
Availability of food 

resources 

0.11 – 0.79 

(0.48) 

0.08 – 0.90  

(0.45) 

0.08-0.90 

(0.51) 
+ 

Bushmeat 

poaching (PSU) 

 

B 

Competition for 

prey, targeted and 

accidental snaring 

0.20 – 0.99 

(0.78) 

0.07 – 0.99  

(0.77) 

0.00 – 0.99 

(0.82) 
- 

Agro-

pastoralist 

settlement 

(mean site 

proximity, km) 

 

S 
Persecution, loss 

of hunting cover 

2.18 – 22.39 

(11.77) 

0.94 – 22.60 

(11.60) 

0.95 – 22.65 

(11.88) 
- 

Riparian area 

(mean site 

proximity, km) 

 

R 

Landscape feature 

facilitating prey 

capture 

0.77 – 5.68 

(1.89) 

0.17 – 5.58  

(1.00) 

0.16 – 5.70 

(1.15) 
+ 

Lion (PSU) 

 
L 

Competition for 

prey, predation 

0.01 – 0.83 

(0.47) 

0.01 – 0.83 

(0.47) 

0.01 – 0.83 

(0.41) 

+ (HR) / - 

(FS) 
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Spy Point Tiny-W2 cameras were also used. As a result of the comparatively longer trigger time, 

Spy Point Tiny-W2 cameras were assigned a score of “0”, while Reconyx HC500 and Bushnell 

Trophy Cam stations were pooled together and both assigned a score of ‘1’ (see Appendix IV for 

model details). Finally, in the 12-month occupancy model the effect of season on detection was 

tested, by assigning a score of “1” to dry season (November-April) sampling occasions and a score 

of “0” to wet season (May-October) occasions. 

3.3.5 Analytical Methods: Occupancy Modelling  

Maximum likelihood estimates for leopard detection probability (p) and site occupancy (Ψ) were 

obtained using program PRESENCE v9.3 (Hines 2006). A two-step process was followed. First, 

p was modelled using the most parametrised (general) covariate model, to compare candidate 

detection models (MacKenzie 2006; Karanth et al. 2011) and identify that which better explained 

heterogeneity in probability of detection. Models were ranked based on their Akaike Information 

Criterion (AIC), adjusted for small samples sizes (AICc), defining sample size as the number of 

sites (MacKenzie 2006). Following this, occupancy probability (Ψ) was modelled by fixing the 

previously identified best detection model, and instead varying all possible combinations of 

occupancy covariates. Covariates were tested for collinearity and were not included in the same 

model if r > 0.5. Models were ranked according to their AICc, and were considered to be strongly 

supported if they had a ΔAICc of <2. Models that did not reach numerical convergence were 

excluded and not considered. In the event of no single model possessing an AICc weight of over 

0.95, a final candidate set of all modes with ΔAICc <7, whose combined weights surpassed 0.95 

(95% confidence set), was retained. Importance of individual variables in explaining heterogeneity 

in site occupancy was determined by their relative summed model weights (Mackenzie & Royle 

2005). 

The sign of the untransformed β-coefficients for each covariate represented the direction of 

influence of the covariate (i.e. positive or negative). Average β-coefficients were obtained for each 

covariate by averaging values (with shrinkage) across all models within the final 95% candidate set 

containing the covariate, based on their relative weights. Covariates were deemed to have a robust 

impact if the β-coefficient ± 1.96 x SE did not include zero (MacKenzie 2006). Site-specific and 

overall estimates of Ψ  (when the estimator was interpreted as POA) and p were obtained by 

averaging values (with shrinkage) across models within the 95% confidence set, based on their 

relative weights (MacKenzie & Bailey 2004). A goodness of fit test using 10,000 bootstrap samples 

and a Pearson’s chi-squared statistics were performed for the most parametrised model, as per 

MacKenzie & Bailey (2004).  
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3.4 SECR Modelling for Density Estimation in XGR 

3.4.1 Survey Design  

A total of 29 cameras were deployed at 26 station in XGR (see Fig. 3.2), over a period of 3 months 

(August 24 - November 23, 2012). The sampling protocol described in section 3.2.3 was followed 

by LA & KE for data collection.  

The survey length of 92 days was considered adequate for assuming demographic closure (Otis et 

al. 1978), as confirmed by numerous studies on large felids (e.g. Karanth & Nichols 1998; 

O’Connell et al. 2011). Each day (24 hours) was treated as a separate sampling occasion (Otis et al. 

1978). As a result of logistical constraints at the time of data collection, not all stations were active 

for the same length of time (range=8-82 days, mean=39); differences in sampling effort are 

accounted for by the model. The majority of stations were at a distance of between 0.5-3 km to 

each other, with the exception of three, which were >5 km from the nearest station; while there 

therefore was a possibility that an individual’s home range did not contain a station (smallest female 

home range recorded in contiguous KNP is 10.4 km2), SECR models allow for the presence of 

such ‘holes’ in the trap array when estimating density (Borchers & Efford 2008).  

3.4.2 Leopard Identification   

Individual leopards were identified through unique pelage patterns, comparing these to 

photographs of identified individuals. Identifications were verified by two additional observers; 

images that were blurred or could not be used to confirm or disprove identification with certainty 

were not used. 

 

 

 

 

 

 

 

 

© LTFPP  

Figure 3.4 Two different photographs of 

the same female leopard, Akagera. An 

example of a pelage pattern that can be 

used for identification is shown in both 

photographs. 
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Given that a single trap was present at the majority of stations, only the flank with the greater 

number of captures (left) was initially chosen for identification. However, as a result of the 

leopards’ inquisitive behaviour towards the traps, a database comprising both sides of the majority 

of individuals was developed, allowing many of the leopards to be identifiable from either side.   

3.4.3 Analytical Methods: Density Estimation using SECR Models 

Density estimates (per 100 km2) were obtained through full maximum-likelihood SECR using 

Program DENSITY v5.0 (Efford et al. 2004). This approach was chosen over the Bayesian 

alternative, as it is faster yet as effective for simpler analyses where data cannot be conditioned on 

covariates (Kalle et al. 2011) 

Input data included: files describing trap layout (consisting of UTM coordinates of each trap 

location within the grid); capture history (detailing the unique ID of individuals captured and 

recaptured, and the trap ID where this occurred); and individual trap effort (traps were assigned a 

score of “1” per occasion (i.e. day) they were active, and a score of “0” when inactive).  

The initial buffer width around the trapping grid was set at the conservative value of 4,000 m and 

increased until density estimates stabilised. A half-normal spatial capture probability function was 

fitted to the distance between the home range centre and trap, and a Poisson distribution of home-

range centres was assumed for estimating density (Borchers & Efford 2008). ‘Proximity’ trap 

option was chosen to allow for multiple captures on the same sampling occasion, with camera 

traps animals are registered but not captured (Noss et al. 2012). Leopard gender was not coded as 

a variable affecting estimations of g0 (capture probability at the centre of an individual’s home 

range) and sigma (function of the scale of animal movements; Efford 2004), given the inability to 

determine the sex of some of the leopards identified.  
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4 Results__________________________________________________ 

4.1. Occupancy Modelling  

The results for three occupancy analyses at the different spatial and temporal scales investigated 

are presented below. Table 4.1 illustrates the model ranking procedure for each analysis, and Table 

4.2 presents the relative summed model weights and average β-coefficient (with associated 

standard errors) of each covariate used to explain occupancy/site use. Refer to Appendix V for 

the full candidate model set (Σw>95%) for each analysis and for the individual model-specific β-

coefficients of covariates. 

4.1.1 Five month home-range scale occupancy model 

A survey effort of 1455 camera-trap nights at 34 camera stations resulted in 70 leopard 

photographic events. The final data set used for analysis comprised 202 surveys (sampling 

occasions), with an average number of 8.8 sampling occasions per site (23 sites). 

The model-averaged probability of detecting a leopard given presence in a grid cell was �̅̂�  = 0.284 

(SE = 0.045). When accounting for detectability, the model averaged (Σw>95%) probability of 

site occupancy estimate was �̅̂� = 0.812 (SE = 0.095), meaning that leopards were estimated to 

occupy circa 81% of the 1,150 km2 sample area surveyed in LNP. This estimate is circa 20% higher 

than the naïve occupancy estimate (0.609) that does not account for detection error. Site-specific 

probabilities of occupancy based on the model average are shown in Fig. 4.1. 

Comparing the different combination of detection covariates while keeping the general occupancy 

model fixed, and ranking them according to their AICc weights, resulted in the model ‘psi (ALL), 

p(Camera, Track)’ (hereafter ‘p(C,T)’) fitting the data best. Maintaining this fixed and instead 

ranking models with different combinations of site-specific covariates based on their AICc weights 

revealed model ‘psi(L,B),p(C,T)’ ranking highest. Nevertheless, no single model stood out in terms 

of likelihood; a total of three models, including the above, had strong support (i.e. ΔAICc <2), and 

a further six models had some level of support (ΔAICc <7) (Table 4.1). None of the individual 

occupancy covariates had a robust, significant impact (i.e. average β-coefficient ± 1.96 x SE did 

not include zero) on leopard space use (Table 4.2).  

The factor contributing most to predicting leopard presence was lion occurrence (Σw=0.67), 

followed by probability of bushmeat poaching (Σw=0.35) (Table 4.3). The covariate β-coefficient 

estimates suggest that leopard occurrence positively correlates with both lion and bushmeat 

occurrence probability (Table 4.2), although not significantly. There was only weak, non-significant 
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support for the hypotheses that leopard presence decreased with proximity to human settlements, 

as well as for the hypothesis that occupancy increased with preferred prey (impala) occurrence and 

with increased average proximity of the site to riparian habitat (Tables 4.1, 4.2). A goodness-of-fit 

test on the most parametrised model showed no evidence of lack of fit (P=0.71) or overdispersion 

(�̂�=0.74).  

4.1.2 Five month fine (resource use within home range) scale occupancy model 

A survey effort of 1455 camera-trap nights at 34 camera stations resulted in 70 leopard 

photographic events. The final data set consisted of 197 sampling occasions, with sites being 

sampled on average 6.6 occasions. The model-averaged probability of detecting a leopard given 

presence at a site was �̅̂�  = 0.311 (SE = 0.04).  

Ranking the different combination of detection covariates while keeping the occupancy model 

fixed led to the model ‘psi(.),p(T)’ ranking highest. Similarly to the home-range scale study, varying 

site covariates and ranking models by their AICc values resulted in multiple models with strong 

support, and in model ‘psi(L,B), p(T)’ ranking highest (Table 4.1). 

The covariates with the highest summed weights were once again presence of lion (Σw=0.73) and 

bushmeat poaching (Σw=0.48; Table 4.3), and the covariate specific β-coefficients suggest a 

positive relationship between these and leopard probability of occupancy, albeit not significant 

(Table 4.2). Thus, there was no support for the hypothesis that leopards are avoiding lions or 

bushmeat hunters at a fine spatial scale. As in the home-range scale analysis, there was weak 

support for a negative relationship with proximity to villages, and for positive prediction by 

occurrence of preferred prey and proximity to riparian areas (Tables 4.1, 4.2). There was no 

evidence of lack of fit (P= 0.31) or overdispersion (�̂�=0.74). 

4.1.3 Twelve month fine (resource use within home range) occupancy model 

A survey effort of 3932 camera-trap nights at 68 camera stations resulted in 161 leopard 

photographic events. The final data set used for analysis comprised 510 sampling occasions, with 

sites being sampled an average of 8.8 occasions. Thirty-four individual adult leopards were 

identified, and the model-averaged probability of detecting a leopard given presence at a site was 

�̅̂�  = 0.258 (SE = 0.033). 

Ranking different detection models resulted in ‘psi(.),p(T)’ best explaining heterogeneity in 

detection probability. Detection probability did not vary with season. Once again, there was no 

single model which individually explained leopard occurrence; instead, six model received strong 
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support (ΔAICc <2), and there was some support (ΔAICc <7) for several others (Table 4.1, 4.2). 

Covariate β-coefficients showed same directions of effect as in the other two models, and the same 

non-significant relationships between leopard occurrence and the covariates used were observed 

(Table 4.2). There was no evidence of lack of lack of fit (P= 0.78) or overdispersion (�̂�=0.67). 

Table 4.1 Model selection procedure for factors influencing leopard site occupancy (Ψ) at the different spatial 

and temporal scales investigated. Covariate key: prob. of lion occurrence (L); prob. of bushmeat poaching (B); 

proximity to agro-pastoralist settlements (S); probability of preferred prey (impala) occurrence (P); proximity to 

riparian habitat (R); camera-trap placed on track (T); camera-trap model (C) 

 Models   AICc ΔAICc Wi K -2log 

 

Home-range scale 

Ψ (L,B), p(C,T) 194.94 0.00 0.31 6 177.69 

Ψ (L),p(C,T) 195.00 0.06 0.30 5 181.47 

Ψ (.),p(C,T) 196.83 1.89 0.12 4 186.61 

Ψ (S),p(C,T) 197.25 2.31 0.09 5 183.72 

Ψ (L,H),p(C,T) 198.70 3.76 0.05 6 181.45 

Ψ (B),p(C,T) 199.16 4.22 0.04 5 185.63 

Ψ (P),p(C,T) 199.81 4.87 0.03 5 186.28 

Ψ (H), p(C,T) 199.96 5.02 0.03 5 186.43 

Ψ (.), p(.) 200.34 5.40 0.02 2 195.74 

 

Resource-use scale (5 months) 

Ψ (L,B),p(T) 195.93 0.00 0.46 5 183.43 

Ψ (L),p(T)  197.39 1.46 0.22 4 187.79 

Ψ (S),p(T) 198.33 2.40 0.14 4 188.73 

Ψ (.),p(T) 199.87 3.94 0.07 3 192.95 

Ψ (L,H),p(T) 200.13 4.20 0.06 5 187.63 

Ψ (P),p(T) 201.96 6.03 0.02 4 192.36 

Ψ (B),p(T) 201.99 6.06 0.02 4 192.39 

Ψ (H),p(T) 202.36 6.43 0.02 4 192.76 

Ψ (.),p(.) 208.46 12.53 0.00 2 204.02 

 

Resource-use scale (12 months) 

Ψ (.),p(T) 465.48 0.00 0.17 3 459.04 

Ψ (L,B),p(T) 465.79 0.31 0.15 5 454.64 

Ψ (L),p(T) 465.90 0.42 0.14 4 457.15 

Ψ (P),p(T) 466.13 0.65 0.12 4 457.38 

Ψ (B),p(T) 467.43 1.95 0.06 4 458.68 

Ψ (H),p(T) 467.46 1.98 0.06 4 458.71 

Ψ (S),p(T) 467.65 2.17 0.06 4 458.90 

Ψ (L,H),p(T) 467.69 2.21 0.06 5 456.64 

Ψ (L,P),p(T) 467.86 2.38 0.05 5 456.71 

Ψ (P,H),p(T) 468.10 2.62 0.05 5 456.95 

Ψ (P,B),p(T) 468.28 2.80 0.04 5 457.13 

Ψ (B,S),p(T) 469.65 4.17 0.02 5 458.50 

Ψ (B,H),p(T) 469.68 4.20 0.02 5 458.53 

Ψ (.),p(.) 484.65 19.17 0.00 2 480.43 

ΔAICc = Difference between model AICc and that of model with the lowest AICc; Wi = relative model weight; k 

= number of parameters in the model; -2 log = twice the negative likelihood; (.) signifies constant parameter 
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Table 4.2 Relative summed model weights and average β-coefficients (and associated standard errors) of 

each covariate explaining leopard occupancy/site use (Ψ) at the different spatial and temporal scale 

investigated. Only models retained in the final confidence set Σw (>95%) were considered. See Appendix 

V for the complete list of model-specific β-coefficients. 

Occupancy covariate Σw (%) Average β-coefficient (SE) 

 

Home-rage scale (5 months)  

 

Lion 0.67 3.15 (1.91) 

Bushmeat poaching 0.35 2.47 (2.27) 

Settlements 0.10 -5.07 (4.53) 

Riparian habitat 0.08 -0.12 (0.82) 

Preferred prey (impala) 0.03 0.53 (0.92) 

 

Resource-use scale (5 months) 

 

Lion 0.73 3.50 (2.35) 

Bushmeat poaching 0.48 2.67 (2.32) 

Settlements 0.14 -7.51 (6.59 

Riparian habitat  0.07 -0.41 (0.96) 

Preferred prey (impala) 0.02 0.68 (0.93 

 

Resource-use scale (12 months) 

 

Lion 0.40 0.69 (0.45) 

Bushmeat poaching 0.29 0.51 (0.44) 

Preferred prey (impala) 0.26 0.52 (0.44) 

Riparian habitat  0.19 -0.31 (0.40) 

Settlements 0.08 -0.16 (0.41) 

 

 

 

 

 

 

 

 

 

Figure 4.1 Site-specific output from the 5 month home-range scale analysis, where the estimator (Ψ) is defined as 

the POA, showing spatial variation in leopard site occupancy across sites and associated standard errors (SE), based 

on the averaged model (Σw>0.95). 
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4.2. SECR Modelling  

4.2.1 Capture success 

The total sampling effort of 1,021 trap nights by 26 cameras in XGR (mean trap nights per camera 

= 39.3) yielded 57 leopard capture events. Of these, 40 were used to identify nine individual 

leopards (four males, three females, two unsexed); the remaining 17 events consisted of pictures 

which could not be used to identify any individual with certainty, and were therefore discarded. 

Capture frequencies were 14, 3, 2, and 1 for the four males; 6, 6, and 1 for the three females; and 

4 and 3 for the two unsexed individuals. Table 4.3 provides a summary of capture success statistics; 

see Appendix VI for details on individual leopards’ capture frequencies.  

      4.2.2 Density estimation in XGR  

Leopard density in XGR was estimated at 1.53 ± SE 0.57 adults per 100 km2. Capture probability 

at home-range centre (g0) was estimated to be 0.009 ± SE 0.002, and the movement function, 

sigma (σ), was 3563 ± 534 m. The buffer increased from its initial conservative size (4,000 m) until 

density estimates stabilised at 10,000 m; this buffer width was therefore used for analysis (Noss et 

al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3 Summary statistics of camera trapping success on 

leopards in XGR 

Survey statistic  Value 

Number of camera trap stations 26 

Effort (trap nights) 1,021 

Mean trap nights per camera 39 

Number of independent photographic events 57 

Number of identified leopards 9 

Total number of captures of identified leopards 40 

Number of individuals caught once 2 

Number of individuals caught more than once 7 
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5 Discussion_________________________________________ _____ 

5.1 Occupancy and habitat use by leopards in Limpopo National Park 

Robust status assessments and  inferences on species’ ability to utilise human-dominated 

landscapes are necessary for informed evidence-based conservation management (Conroy & 

Carroll 2011). In addition to obtaining an estimate of the proportion of area occupied (POA) by 

leopards in a representative area of a developing national park in Mozambique, the study provides 

some of the few data on habitat use by African leopards in a severely human impacted landscape. 

Results suggest that distribution and habitat use by leopards in LNP at both scales investigated are 

influenced by a complex, multifaceted combination of top-down and bottom up factors, rather 

than by a single defining influence (see Table 4.1, 4.2). These observations agree with those of 

studies that have modelled leopard habitat use in Asia (Steinmetz et al. 2013; Carter et al. 2015): in 

both cases, no single model emerged to explain heterogeneity in occupancy, indicating a similarly 

complex combination of space use drivers. Interestingly, determinants of spaces use of leopards 

in LNP were similar at both spatial scales investigated, with few differences in the impacts of 

covariates. One potential reason for this is that using temporal replicates, rather than spatial ones 

(e.g. walking spatial transects at a wider range of different locations in the site), masked the 

heterogeneity in variation in space use within sites, particularly in the case of station-specific rather 

than site (grid cell) specific covariates (i.e. probability of bushmeat poaching, lion and impala 

occurrence). On the other hand, Everatt et al. (in press) used the same methodology when 

investigating scale-dependent determinants of lion space use in LNP, and instead found significant 

scale-specific differences in the effect of covariates. This suggests that the covariates investigated 

are in fact having similar effects at both home-range and finer resource use (within the home-

range) scales.  

Model ranking procedures resulted in no individual environmental or anthropogenic covariate 

having a robust, significant impact on leopard space use (see Table 4.2). Nevertheless, all three 

analyses agreed on the direction of the impact of the covariates (sign of the β-coefficient), and the 

β-coefficients ± 1.96 x SE were in most cases either well above or below 0 (Table 4.2, Appendix 

V), indicating that the direction of impact was clear. This suggests that although the magnitude of 

the effect is poorly known, covariates are likely to be significant biologically (MacKenzie 2006; 

Carter et al. 2015), and as a result certain inferences can be made on their effect on leopard space 

use (MacKenzie 2006).  
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5.1.1 Anthropogenic impacts on leopard habitat use and occupancy 

The three studies revealed that, albeit non-significantly, proximity to settlements was negatively 

correlated with leopard space use, at both spatial scales investigated. Similar results were obtained 

by Henschel et al. (2011) in Gabon, who found leopard densities to decrease with proximity to 

villages1. However, while leopards avoided coming into extreme proximity of settlements (no 

photographs of leopards were recorded by cameras located <5 km from edge of settlements), the 

model rankings (Table 4.1), as well as the β -coefficients and errors (Table 4.2), reveal that distance 

from settlements was only one determinant of leopard habitat use at both scales. Furthermore, it 

is possible that avoidance of areas in close proximity to human settlements is also a result of the 

low prey densities in these areas (Andresen & Everatt, unpublished data), rather than solely a 

consequence of human presence. Although an impala covariate has been considered in the model, 

meaning it should be possible to detect independent effects if present, it is possible that even if 

present prey would exist at lower densities due to the higher poaching rates, therefore masking 

this effect.  

Contrary to predictions, leopards did not seem to displace themselves spatially from humans on 

foot at a finer scale within the home-range. While Carter et al. (2015) obtained similar results for 

leopards in Nepal, the fact that human presence was in the form of bushmeat poachers with 

potential negative attitudes towards leopards, rather than tourists and anti-poaching patrolling 

personnel, as was in Nepal, could have suggested different impacts. Instead, there was some 

support for bushmeat poaching being a positive predictor of leopard occurrence, and it was a 

covariate in the highest-ranked models for both wet season analyses (Table 4.1). Once again, 

although this association was not significant, the confidence intervals and the consistent signs of 

the β-coefficients provide some support for the findings (MacKenzie 2006), and allow for certain 

interpretations of the results.  

It is unlikely that there exists a positive causal relationship between bushmeat poachers and leopard 

distribution; rather, bushmeat poachers in the park select for prey-rich habitats (Everatt et al. 2014), 

and, given that medium-sized antelopes such as those in the preferred prey range of the leopard 

are a main target for poachers (Andresen & Everatt, unpublished data), it seems probable that 

results are indicating that both species are selecting for similar locations. It has been indeed 

observed that both hunters and leopards have overlapping dietary niches and use areas where 

                                                           
1 Although a few studies have recently attempted to ascertain the relationship between occupancy and density (e.g. 
Clare et al., 2015), with findings suggesting there can be a positive correlation between the two, this relationship is still 
for the most part equivocal; thus, while it is possible that increased occupancy might coincide with higher population 
densities, this might not necessarily be the case.   
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herbivories are abundant (Marker & Dickman 2005; Henschel et al. 2011), and in West-Central 

Africa Toni & Lodé (2013) found more evidence of leopard presence in poached areas. It is 

possible that leopards in heavily poached areas of LNP are forced to hunt smaller prey as a result 

of exploitative competition with bushmeat hunters, as Henschel et al. (2011) found to be the case 

in Gabon. 

These results suggest a relatively high spatial tolerance of human presence by leopards in LNP. It 

is possible that leopards are displacing temporally, rather than spatially, during periods of high 

human activity (70% of leopard captured in this study were obtained at night), in order to maintain 

preferred habitat. This coexistence strategy has been previously observed in Nepal, where leopards 

in a human-disturbed landscape were one-third as active during the day than at sites with 

considerably lower human activity (Carter et al. 2015), and similar patterns of temporal avoidance 

were revealed in Thailand (Ngoprasert et al. 2007).  

5.1.2 Effect of impala site use on leopard occupancy 

Contrary to initial predictions, there was little evidence that impala probability of site use had a 

strong effect on leopard occupancy at the home-range scale, although all three models suggested 

a weak positive relationship between the two (Table 4.2). There are two likely reasons for this. 

Firstly, leopards have a wide dietary breadth (Hayward et al. 2006; Hunter et al. 2013), as can be 

inferred from leopards occupying areas where site use by impala is low. In addition, another 

preferred prey species of the leopard, the common duiker (Sylvicapra grimmia) (Bailey 1993), is 

extremely widespread across all habitats of the park (Andresen & Everatt, unpublished data), 

resulting in leopards in LNP having relatively easier access to another preferred food type. A 

combination of these factors is, in all likelihood, what causes probability of impala site use to have 

only a minor effect on leopard occurrence.  

5.1.3 Effect of lion space use on leopard habitat use 

All three models indicate a positive relationship between lion site use and leopard occurrence, and 

the covariate was the highest ranked in terms of summed model weights at both spatial scales 

(Table 4.1, 4.2). Thus, there is little support for the hypothesis that lions negatively impact leopard 

occurrence at the finer resource-use scale, and the results present little evidence of interspecific 

spatial exclusion among the two predators in LNP.  

These observations reinforce findings by Maputla et al. (2015), in KNP, and by Vanak et al. (2013) 

in Karonge GR, also in South Africa, who found considerable spatial overlap between leopards 

and lions, and that leopard movements were not significantly affected by those of lions. However, 
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other recent evidence suggests the relationship between leopards and sympatric carnivores is not 

always one of spatial tolerance; both du Preez et al. (2015) and Maputla et al. (2015) found that 

leopards avoided the immediate presence of lions at a fine scale. Results of this study therefore 

strengthen the idea that spatial relationships between the two carnivores seems to be very context 

dependent. Furthermore, it is possible that spatial partitioning in LNP would be more pronounced 

were settlements and agricultural lands not limiting the habitat available to the two felids.  

Similarly, although temporal niche partitioning has been identified as a potential strategy for 

coexistence among leopards and tigers (Steinmetz et al. 2013), camera trap data reveals that both 

lions and leopards were mostly active at night, suggesting that marked temporal heterogeneity is 

unlikely. While possible that this stems from leopards already employing temporal partitioning 

mechanisms to avoid competition with humans, and that temporal partitioning between leopards 

and lions would be more marked were people absent, other studies have also found little evidence 

of temporal separation as a strategy for leopard coexistence with both lions (Maputla et al. 2015) 

and tigers (Karanth & Sunquist 2000; Kawanishi & Sunquist 2004; Ramesh et al. 2012), even at 

sites with relatively low human presence.  

Instead, it is more likely that the adaptability of leopards, in terms of both diet and behaviour, is 

enabling them to successfully compete for resources even in areas where they overlap spatially and 

temporally with larger predators (Karanth & Sunquist 2000; Mills & Biggs 1993). Indeed, while 

leopards mainly prey on medium sized antelopes across their range (Hayward et al. 2006), Everatt 

et al. (2014) showed that lions in LNP were strongly predicted by African buffalo (Syncerus caffer), 

suggesting that the observed lack of spatiotemporal separation is probably facilitated by hunting 

different prey. Maputla et al. (2015), who likewise found no evidence of spatiotemporal segregation 

between lions and leopards, also suggest diet partitioning as the most likely reason for this. 

Strategies observed elsewhere as being adopted by leopards to avoid asymmetric competitive 

interactions, such as arboreal caching of prey (Bailey 1993) or retreating to denser habitats in 

proximity of lions (du Preez et al. 2015) are also likely to be commonly employed by leopards in 

LNP to minimise conflict with competitors. In addition, density of the dominant competitor has 

been indicated as the strongest factor influencing the impact on a subordinate competitor (Creel 

et al. 2001), and the relatively low lion densities in the park (0.99 lions per 100 km2; Everatt et al. 

(2014)) would facilitate this coexistence. Given the low lion density, it is possible that higher prey 

densities in the more productive areas are offsetting the increased trade-off in safety associated 

with presence of a dominant competitor (Creel et al. 2001). Thus, while many species of 

subordinate carnivores coexist with larger predators through spatial and temporal avoidance 

strategies (Glen & Dickman 2008; Steinmetz et al. 2013), results suggest that trophic niche 
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partitioning, and potentially specific adaptive responses such as prey caching, are instead key to 

lion and leopard co-occurrence in LNP.  

5.1.4 Effect of riparian habitat on leopard space use 

There was little evidence of riparian habitat being a key factor in leopard habitat use at either spatial 

scale investigated. One potential reason for this is that the predominant landscape in LNP, the 

sandveld, is characterised by short-grass pans surrounded by dense vegetation, which provides 

hunting cover alternative to that of riparian zones (see Appendix I). Balme et al. (2007) found that, 

in Phinda GR (South Africa), the probability of a kill occurring was greater in habitats with 

intermediate cover levels, rather than riverine forests; thus, although leopard hunting preferences 

in terms of the different habitats in LNP are unknown, it is possible that the presence of alternative 

hunting cover is affecting the relative importance of riparian areas in leopard habitat selection and 

use decisions.  

5.1.5 Comparisons with results from other large felids 

The study employed the same data-set used to investigate cheetah (Andresen et al. 2014) and lion 

(Everatt et al. 2014) habitat use in LNP, providing an opportunity to ascertain similarities and 

differences between space use patterns of leopard and of two other large felids in the same severely 

human-impacted landscape.  

Leopards were estimated to occupy nearly twice as much of the survey area as either lion or cheetah 

(leopard: 81%, this study; lion: 44%, Everatt et al. 2014; cheetah: 40%, Andresen et al. 2014). In 

contrast to leopards, for both lions and cheetah distance to settlements was the most important 

factor limiting occurrence, with the greatest predictor of both species being a robust negative 

correlation with agro-pastoralist settlements. Leopards, on the other hand, are showing a much 

greater tolerance to the different forms of anthropogenic pressure in the park. Andresen et al. 

(2014) and Everatt et al. (2014) found that mean cheetah and lion site occupancy was �̅̂�=0.179 

(SE=0.101) and �̅̂�=0.182 (SE=0.098), respectively, at sites <10 km from settlements, versus 

�̅̂�=0.558 (SE=0.145) and �̅̂�=0.591 (SE=0.129), respectively, at sites farther than 10 km from 

settlements. Results therefore revealed a marked disinclination of cheetahs and lions to occupy 

areas in the vicinity of settlements. Mean site occupancy for leopards was also higher for sites 

further than 10 km from settlements (�̅̂�=0.907 (SE=0.0756)) versus those nearer (�̅̂�=0.603 

(SE=0.058)); however, while leopards avoid coming into the immediate proximity of settlements 

(no photos were recorded by cameras <5 km from settlements), they are willing to occupy areas 

between 5 and 10 km from settlements (Fig. 4.1), which cheetah and lion are leaving vacant.   



34 

 

In addition, Everett et al. (in press) found probability of bushmeat poaching to be one the principal 

(negative) contributing factors to habitat use by lions at a fine, resource use scale, highlighting a 

strong spatial avoidance of sites with a greater probability of occurrence of bushmeat poaching. 

There is no evidence, on the other hand, that leopards are spatially avoiding bushmeat poachers; 

rather, results suggest that the two are selecting for similar habitats, and leopards are possibly 

avoiding hunters through temporal displacement strategies. Leopards therefore seem more 

tolerant than lions to spatial overlap with bushmeat hunters, suggesting a greater level of 

adaptability to human disturbances at a finer, resource use within home-range scale, in addition to 

a coarser one. 

5.2 Estimation of leopard density  

This study produced the first density estimate for a population of leopards in a protected area of 

Mozambique. SECR models were used in XGR to obtain a density estimate of 1.53 ± SE 0.57 

adult leopards per 100 km2, from the capture of nine identified individual adult leopards. 

The estimate of leopard density in XGR is in the lower end of the spectrum of estimates from 

protected areas in sub-Saharan Africa (Appendix III). Leopard density in XGR is nonetheless on 

par with, or higher than, estimates from some protected areas of southern Africa, including the 

densities of 0.6 leopards per 100 km2 in the savannah environments of the Kalahari Gemsbok 

National park (South Africa; Bothma & Le Riche (1984); of 0.62 per 100 km2 in the 

savannah/woodland Cederberg Wilderness Area (South Africa; Martins 2010); and of 1.0 per 

100 km2 in the savannah habitat of the Kaudom Game Reserve, Namibia (Stander et al. 1997).  

In South Africa’s KNP, contiguous with XGR’s western border, high leopard densities of 30.3 

leopards per km2 were reported for the Sabie riverine area (Bailey 1993), and of 12.7 per 100 km2 

in the N’wantesi concession (Maputla et al. 2013). There are a few potential reasons why leopard 

density in XGR is lower than the estimates from the adjacent park. Most likely, the observed 

differences are a reflection of contrasting habitats, and prey availability, between study sites. The 

densities from KNP came from highly productive riverine forests (Bailey 1993) and savannah 

woodlands (Maputla et al. 2013), while XGR is comprised for the most part of nutrient-poor, 

lower-productivity sandveld that is able to sustain lower animal densities (Redfern et al. 2003; 

Scholes et al. 2003). Given the relatively high level of protection experienced by XGR (Andresen 

& Everatt, pers. comm.), this seems a likely reason for differences in densities between XGR and 

adjacent KNP. Nevertheless, there is also a possibility that XGR is acting as a population sink 

for leopards dispersing from the KNP population (see 5.4.1), through anthropogenic mortalities 

occurring in unprotected areas to the north, south or east of the reserve (XGR is unfenced).  
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No density estimates could be obtained from LNP as a result of the structure of the camera 

array. Nonetheless, 34 individual adult leopards were identified (Appendix VI), indicating this as 

the minimum leopard population area in the study area. Given that the main landscape in LNP is 

sandveld, constituting 44% of its surface area (Stalmans et al. 2004), densities in much of LNP 

are expected to be similar to those in XGR, or potentially lower given the impact of bushmeat 

poaching on prey populations in the park.  

5.2.1 Limitations of density estimate  

No sex covariates were incorporated in the SECR models, as a result of the inability to 

confidently determine the sex of two identified adult males, and that of programme DENSITY 

to include an ‘unknown’ category in addition to male and female ones. This absence is a 

limitation, as sex has been shown to influence movement and detection parameters, and 

therefore density estimates (Sollmann et al. 2011). Moreover, heterogeneous capture probabilities 

between males and females can result in a negative bias in SECR models, leading to 

underestimation of density (Tobler & Powell 2013); in fact, disparity in the exposure of different 

genders to traps has been suggested as a feature of many CR studies on large carnivores (Gray & 

Prum 2012). This could potentially have been a source of bias, given that more males (N=4) than 

females (N=2) were captured, even though males commonly occupy territories overlapping with 

those of two to four females (Bailey 1993), suggesting that more females than males should have 

been recorded (although the gender of N=2 adult leopards could not be determined). 

Interestingly, Maputla et al. (2013) also captured more females than males, and cited several 

potential reasons for this, as identified by Krebs (1989); heterogeneity between genders in 

behaviour in the vicinity of the trap, and in tendencies to use trap locations (e.g. roads), were 

suggested as probable causes, and the same could be the case in XGR. One option for removing 

this bias would be to estimate density of males and females separately; this would however 

require a much larger population than that studied. Nonetheless, future studies should aim to 

improve density estimates by including sex covariates in the modelling process, if possible. 

It should also be noted that misclassification of individuals to age groups, particularly by 

identifying sub-adults (2-3 years of age) as adults, could lead to inflated density estimates as a 

result of treating transient or dispersing individuals as residents (Balme et al. 2012). Although all 

efforts were made to correctly age individuals, this remains a source of potential base. Longer 

camera surveys would need to be undertaken in order to explore this further, as well as to 

understand fluctuations in the population and study the effect of factors such as seasonality on 

leopard population density.  
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5.3 Conservation implications of findings  

Scientists must put their research in a broader conservation and management context and evaluate 

the outcomes of management decisions (Balme et al. 2010a). Conservation implications of the 

findings of the study are explored below, and recommendations regarding future work are 

presented. 

5.3.1 Interspecific competition with lions and bushmeat hunters 

It is possible that leopards are tolerating lion presence as a result of the latter’s low densities (see 

5.1.3). In Rajaji NP, India, Harihar et al. (2011) found that after pastoralists living in the park 

were relocated, the tiger population recovered but leopard densities declined sharply. 

Furthermore, when tiger densities increased leopards were pushed to the periphery of the 

protected area, and forced to subsist on small prey and domestic livestock. Thus, in addition to 

increased human-lion conflict, an increase in lion densities in the park could potentially also lead 

to decreased leopard densities, and/or to increases in predation of livestock by leopards, 

especially if natural prey is kept artificially low by high levels of bushmeat poaching.  Given that 

long-term development plans for LNP include the resettlement of villagers in the park to areas 

along the Limpopo River (LNP Park Management, pers. comm), effective conflict-mitigation 

measures and monitoring procedures will be crucial to ensure that potential increases in predator 

numbers, and/or re-adjustments in the spatial equilibriums of the park’s large carnivore guild, 

will not correspond to increased levels of conflict with the human population in the region. 

Additionally, the indication that leopards and hunters are selecting for similar habitats, together 

with the knowledge that hunters are targeting small to medium sized antelopes, suggest a high 

dietary niche overlap between the two (see 5.1.1). Increases in bushmeat hunting could negatively 

affect leopard in LNP through competitive exploitation, leading to declines in the leopard 

population in the park. Given that the observed spatial overlap is in all likelihood a result of 

necessity by part of leopards, caused by lower prey densities elsewhere, if pushed out of their 

current hunting grounds they would be forced to less productive areas, possibly increasing risks 

of conflict and threatening the viability of the population.  

5.3.2 LNP & XGR as potential population sinks  

Even in productive habitat, the wide-ranging behaviour of large carnivores frequently leads them 

to cross reserve boundaries where they are killed, deliberately and accidentally, by humans 

(Woodroffe 1998). While no exact estimates are available regarding anthropogenic leopard 

mortalities in the area, five human-caused lion mortalities were opportunistically recorded over a 
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period of 14 months in LNP (Everatt et al. 2014), as well as one poisoned leopard and several 

trapped African civets (Civettictis civetta; Andresen & Everatt, unpublished data). People residing in 

the park have also been known to use baited carnivore traps (see Appendix I). It is possible that 

dispersers moving into the study areas or the adjacent NPAs could be suffering relatively high 

anthropogenic mortality rates, which in turn could attract leopards from surrounding areas (e.g. 

KNP). This ‘vacuum effect’ has been documented in large carnivores and in leopards in particular, 

and it may cause edge effects that affect the interior of even very large protected areas (Loveridge 

et al. 2007; Swanepoel et al. 2015). While Balme et al. (2014) found that leopards in South Africa 

were able to thrive outside of protected areas as a result of the spread of commercial game farming, 

the lack of such activities in the NPAs surrounding LNP and XGR could lead leopards to turn to 

agro-pastoralist livestock, potentially resulting in higher levels of conflict than those observed in 

game ranches. Longer term studies through camera trapping or GPS telemetry, ideally combined 

with social surveys targeting the communities within and around the study areas, would be 

necessary to ascertain whether the surrounding NPAs may be functioning as ecological traps (i.e. 

areas with disproportionate mortality that would otherwise provide suitable resource; Delibes et al. 

(2001). 

5.3.3 Results in the wider GLTFCA context  

Recent observations suggest that landscape permeability between the interconnected protected 

areas in the GLTFCA is limited by growing human presence between the protected areas, and by 

the lack of formally delineated corridors (Andresen & Everatt, unpublished data). Carnivore 

populations are likely to be highly fragmented, and conservation interventions, including the 

identification of potential wildlife corridor areas, are required to assess management actions needed 

to ensure viable populations in the GLTFCA (Andresen et al. 2014; Everatt et al. 2014). 

The observed spatial tolerance of leopards towards humans indicates that the possibility of a 

connected meta-population across the GLTFCA should not excluded. Further, landscape-scale 

research into current extents of connectivity would be required to assess this, and could help 

inform conservation initiatives, such as corridor identification and delineation, necessary to ensure 

viability of the population in the long-term. Given the observed tolerance towards anthropogenic 

disturbances, it is likely that potential corridors connecting these areas would benefit leopards more 

immediately than other large felids.  
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5.3.4 Implication of results for previous estimates of leopards in Mozambique 

Martin & de Meulenaer (1988) estimated a country-wide population for Mozambique of 37,542 

leopards, based on density of 0.10/km2 (10 leopards per 100 km2). This estimate was recently 

successfully quoted as a justification for an export quota increase (CITES 2007). The same report 

also states that “it is clear that much of Mozambique (perhaps up to 80 %) falls within the category 

capable of supporting leopards at densities of between 0.03 and 0.1 per km²” – i.e. between 3.00 

and 10.00 per km2. Such estimates have already been universally rejected as exaggerated and 

inaccurate by experts (Balme et al. 2010b); indeed, that density in XGR, one of the better protected 

areas of the country, was estimated at 1.53/100 km2 suggests that it is unlikely that many areas in 

Mozambique experience leopard densities such as those quoted in the quota revision application. 

Although some landscapes will have higher primary productivity levels, it seems plausible that the 

high levels of anthropogenic disturbances common in much of the country (Hatton et al. 2001) 

likely more than counteract this. 

Trophy hunting has been shown to have substantial potential to foster conservation of large 

carnivores (Lindsey et al. 2007; Loveridge et al. 2007). If poorly managed or additive to other source 

of anthropogenic mortalities, however, it can have a number of deleterious effects on large 

carnivore populations, potentially to such an extent that a population is no longer viable in the 

long term (Treves & Karanth 2003; Swanepoel et al. 2013; Braczkowski et al. 2015). The results 

obtained highlight the need for caution when setting quotas, and the importance of reliable, 

empirical estimates to effectively inform management decision. Demonstrating that hunting 

practices, including quotas, are biologically sustainable is essential for trophy hunting to be 

considered as an effective tool in the management and conservation of carnivores (Loveridge et al. 

2007).  

5.3.5 Implications for occupancy as a state variable for leopards 

The fact that the estimated density is relatively low when compared to other leopard populations 

in sub-Saharan Africa is also interesting in the context of the relatively high proportion of area 

occupied (POA) estimate obtained. Although LNP has stretches of riparian habitat, a large 

proportion of it (and of the study area) is sandveld, as in XGR. Furthermore, unlike in XGR, prey 

species are severely impacted by poaching. As a result, it seems unlikely that leopard densities in 

LNP would be much higher than in XGR, if at all.  Instead, the relatively high POA estimate could 

be a result of leopards having large home ranges; as home range size is correlated with prey 

abundance in leopards, they should require larger home ranges in areas of lower prey densities, 
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resulting in lower numbers (Ray et al. 2005). This could result in relatively high POA estimates 

even at low densities.  

Occupancy approaches are advantageous as a monitoring tool given their efficiency in terms of 

both time and cost, and the relative ease of replicability (MacKenzie 2006). However, although an 

estimate of leopard density in LNP would be required to test this, the results nonetheless suggest 

that caution should be employed by managers and practitioners in drawing conclusions on leopard 

status through POA estimates, as it is possible that high estimates could be underlying relatively 

low densities and large home ranges, rather than necessarily a numerous population.  

5.5. Final thoughts and recommendations  

Baseline status estimates for leopards are essential for guiding conservation decisions and for 

assessing the success of conservation initiatives (Gray & Prum 2012), and this study provides the 

first reliable density and occupancy estimates for leopard populations in Mozambique. 

In addition, findings provide some of the few data available on leopard space use in a heavily 

anthropogenically disturbed African landscape. For leopards, and for many other species in 

Africa, the case for researching basic aspects of ecology or behaviour in protected areas is rapidly 

fading. Applied research and conservation initiatives can have a significant impact on large 

carnivores outside protected areas (Sillero-Zubiri & Laurenson 2001), and will be critical for the 

long-term conservation of viable leopard populations across much of sub-Saharan Africa 

(Marker & Dickman 2005). Research that does not incorporate the human factor is unlikely to 

benefit the increasing number of threatened leopard populations in Africa, and studies that 

investigate leopard habitat relationships in a context of elevated anthropogenic pressure are 

necessary to inform effective management across its range (Balme et al. 2014). Thus, if the last 

twenty years have focussed on understanding the leopard in its natural, ideal environment, the 

next will require a combination of robust ecological and social science research, to provide 

insights into aspects of leopard ecology necessary for its persistence in Africa’s shrinking, 

increasingly human-dominated landscapes. 
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Appendix I – Photographs of described features and impacts in LNP 

Photos by P. Strampelli 

 

 

 

 

 

 

 

 

Two ‘pans’, seasonally flooded depression characteristic of the dominating ‘sandveld’ landscape in the park 

 

 

 

 

 

 

 

 

 

Rio Shingwedzi in the dry season, source of riparian habitat and perennial pools of water 

 

 

 

 

 

 

 

 

 

The village of Makandezulo B, located in the core of the park 
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A snare set in LNP, aimed at capturing small to medium sized antelopes 

 

 

 

 

 

 

 

 

The remains of a collection of discarded large snares, used to capture larger ungulate such as buffalo, Syncerus 

caffer, also retrieved in the core area of the park 

 

 

 

 

 

 

 

 

Remains of a carnivore trap. Bait is placed in the centre, and a snare is set beyond the opening in the thorns. This 

trap was most likely set to capture crocodile; it is unknown if such traps are used to target leopards in the park 
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Appendix II – Studies investigating effects of anthropogenic disturbances and/or 

sympatric large carnivores on leopard space use 

 

Study Field 

Techniques 

Analyses Variables tested Significant results  

Human Impacted landscapes 

Impacts of people 

and tigers on 

leopard 

spatiotemporal 

activity patterns in a 

global biodiversity 

hotspot (Carter et 

al., 2015) 

76x 1km2 sampling 

cells with camera 

traps, to gain 

detection/non-

detection data on 

leopard, tiger, 

human and prey 

species 

Investigated effect of 

covariates of fine scale 

leopard habitat use. 

Occupancy analyses 

using R-package 

“stocc” (R 

Development Core 

Team, 2009) 

Detection frequencies of: 

tiger, humans on foot, 

vehicles, six prey species 

(wild boar, spotted deer, 

barking deer, hog deer, 

gaur, sambar) 

Prey covariates had no 

significant effect on 

leopard spaces use; 

possible negative 

correlation with tigers. 

No negative correlation 

with humans. POA = 

81% 

Leopard prey choice 

in the Congo Basin 

rainforest suggests 

exploitative 

competition with 

human bushmeat 

hunters (Henschel et 

al., 2011) 

Camera traps to 

collect 

detection/non-

detection data in 

areas with 

different levels of 

anthropogenic 

impacts 

Density estimates 

through CAPTURE 

(Rexstad and Burnham, 

1991). Habitat use 

investigation with 

PRESENCE v2 (Proteus 

WRC, New Zealand) 

Distance from public 

roads, from settlements, 

elevation, % forest cover, 

relative abundances of 

hunters and leopard 

prey 

No leopards were 

photographed at the 

most heavily hunted site; 

leopard use of an area 

increased with prey 

abundance and distance 

from settlements 

Human disturbance 

affects habitat use 

and behaviour of 

Asiatic leopard 

Panthera pardus in 

Kaeng Krachan 

National Park, 

Thailand 

(Ngoprasert et al., 

2007) 

Twenty-four traps 

were rotated 

through the 72 

locations in 3-

month trapping 

cycles 

Relative importance of 

landscape variables on 

variation in habitat use 

was determined using 

stepwise linear 

regression 

Road, streams, villages, 

mineral licks, prey 

abundance (RAI*) 

Leopard habitat use 

increased with distance 

from human settlements; 

leopards showed less 

diurnal activity in areas 

more heavily used by 

people 

Non-human impacted landscapes 

Impact of risk on 

animal behaviour 

and habitat 

transition 

probabilities (Du 

Preez et al., 2015) 

Fit 21 lions and 15 

leopards with GPS 

radiotelemtery 

collars.   

Markov chain analyses 

to investigate track 

data of sympatric 

carnivores and signals 

of interaction, and 

assess how these 

varied with cover 

Habitat type (grassland, 

scrub, riparian), lion 

presence 

Proximity to lions 

influenced leopard 

habitat use and 

behaviour. 

. 

Behavioural 

correlates of 

predation by tiger 

(Panthera tigris), 

leopard (Panthera 

pardus) and dhole 

(Cuon alpinus) in 

Nagarahole, India 

(Karanth and 

Sunquist, 2000) 

Fit VHF 

radiocollars on 4 

tigers and 3 

leopards; selected 

animals were 

continuously 

radio-tracked for a 

12-hr period for a 

few days a month 

Used radio-tracking 

data to assess 

temporal separation of 

predatory activity 

between leopards, 

tigers and dholes 

Habitat type (open, 

moderate, dense), 

presence of sympatric 

carnivore (tiger, dhole) 

Spatial overlap with 

tigers and dholes; 

activity patterns did not 

suggest temporal 

avoidance eotjer. 

Leopards hunted in 

majority of prey in 

denser habitat 

Spatio-temporal 

separation between 

lions and leopards in 

the Kruger National 

Park and the 

Timbavati Private 

Nature Reserve, 

South Africa 

(Maputla et al., 

2015) 

Fit GPS collars on 

3 male and 3 

female leopards, 

and on 3 female 

and 1 male lions. 

Study was carried 

out in 2 study 

areas.  

Investigated 

associations between 

leopards and resource 

distribution (GAMs*); 

built landscapes of 

movement activities of 

lions to investigate 

relationship with 

leopards 

Lion visitation rates, lion 

duration of stay, 

enhanced vegedation 

indices for growing and 

dry seasons, woody 

cover percentage, 

distances to roads and 

streams, water 

distribution 

Lion influence did not 

affect leopards in one 

study area, but did in the 

other. Differences in 

observed behaviours 

were concluded to be a 

result of different 

management regimes 
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Do tigers displace 

leopards? If so, why? 

(Odden et al., 2010) 

Track survey of 

206 km to 

estimate ungulate 

density and collect 

tiger and leopard 

scat 

Investigated 

differences in 

distributions between 

tiger and leopard signs 

with BLRM* (ic 

regression models 

Habitat type, densities of 

large ungulates, 

densities of medium-

sized ungulates 

Interference com- 

petition, was a limiting 

factor for leopards, 

restricted to the margins 

of the tiger territories 

Spatial distribution 

drivers of Amur 

leopard density in 

northeast China (Qi 

et al., 2015) 

84x 10 km2 cells; 

one camera trap 

pair in each 

Linked density of 

leopard with prey 

densities and habitat 

variables using GAMs* 

Vegetation type (forest, 

mixed broad-leaf conifer 

forest, broad leak 

Korean pine forest), 

distance to road, 

elevation, distance to 

river 

Density increased with 

roe deer density, greater 

distance to the nearest 

road, pine forests, 

decreased with wild boar 

density, spruce–fir forest. 

Spatio-temporal 

partitioning among 

large carnivores in 

relation to major 

prey species in 

Western Ghats 

(Ramesh et al., 2012) 

50x 9 km2 cells Time of capture used 

to create activity 

patterns for the study 

species. Percent 

photographic capture 

for each hour tested 

through Spearman’s 

rank test, and Pianka 

niche overlap index to 

assess temporal 

overlap between 

carnivores and prey. 

Temporal activity 

patterns of tigers, dhole, 

chital, sambar, gaur, wild 

pig, langur 

Leopard was active 

throughout the day and 

is spatially correlated 

with almost all prey 

species with no active 

separation from tiger, 

and exhibited relatively 

broader temporal and 

spatial tolerance than 

other carnivores 

Tigers, leopards, and 

dholes in a half-

empty forest: 

Assessing species 

interactions in a 

guild of threatened 

carnivores 

(Steinmetz et al., 

2013) 

Sampled 39x 9 

km2 cells using 

sign-based and 

camera trap 

detection/non-

detection surveys  

Single-species and 

multiple species co-

occurrence occupancy 

analyses using 

PRESENCE (Haines et 

al., 2006) 

Probability of site use of 

tiger and dhole, RAI of 

muntjac, pig, and langur, 

habitat structure (open 

or closed) 

leopard influenced by 

prey availability and 

avoidance of tigers, 

mediated spatially by 

habitat structure 

Moving to stay in 

place: Behavioral 

mechanisms for 

coexistence of 

African large 

carnivores (Vanak et 

al., 2013) 

All adults of focal 

carnivore species 

in the reserve fit 

with VHF 

transmitters. 

Road-strip 

censuses to 

generate prey 

availability maps 

Determined the extent 

of overlap in home 

ranges between 

competing species 

using volume of 

intersection (VI) index 

and step selection 

functions 

Location of lions, 

cheetahs and wild dogs 

Leopard less likely to 

move toward recent 

location of lions, but 

only in dry season, when 

habitat selection was 

most similar; leopards 

minimized risk using 

fine-scaled avoidance 

behaviours and resource 

acquisition tactics 
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Appendix III – Previously reported leopard density estimates in sub-Saharan    Africa 

 

Study Area Country 

Density 

(per 100 

km2) 

Metho

d 
Habitat 

State-

protected? 
Reference 

Kruger NP South Africa 30.2 VHF Riverine 

forest 

Yes Bailey et al., 2005 

N’wanetsi 

concession 

(Kruger NP) 

South Africa 12.7 C-CR Savannah 

woodland 

Yes Maputla et al., 2013 

Ivindo NP  Gabon 12.1 C-CR Forest Yes Henschel, 2008* 

Phinda PGR  South Africa 11.25 C-CR Woodland 

and grassland 

Yes Balme et al., 2010 

Western 

Soutpansberg  

South Africa 10.7 SECR Montane 

woodland 

No Chase-Grey et al., 2013 

Tai NP Ivory Coast 8.7 C-CR Forest Yes Jenny, 1996 

Tsavo NP Kenya 7.7 Obs Montane 

bushveld 

Yes Hamilton, 1976* 

Blouberg NR South Africa 5.4 SECR Savannah 

grassland 

Yes Constant, 2014* 

Serengeti NP Tanzania 4.7 C-CR Riverine 

forest 

Yes Cavallo, 1993* 

Serengeti NP Tanzania 3.5 Obs. Riverine 

forest 

Yes Schaller, 1972 

North-central 

farmland 

Namibia 3.6 C-CR Shrub and 

woodland 

No Stein et al., 2011 

Kruger NP South Africa 3.5 VHF Savannah Yes Bailey, 2005 

Logging 

concession 

Gabon 2.7 C-CR Forest No Henschel, 2008* 

Non-protected 

area adjoining 

Phinda GR 

South Africa 2.49 C-CR Savannah and 

woodland 

No Balme et al., 2010 

Cederberg WA South Africa  2.0 C-

CR+GPS 

Montane 

fynbos 

Yes Martins, 2010* 

Xonghile GR,  Mozambique 1.53 SECR Sandveld  

savannah 

Yes This study* 

Kaudom GR,  Namibia 1.5 VHF Savannah No Stander & Haden., 

1997 

Waterberg 

Plateau Park,  

Namibia 1.0 C-CR Savannah and 

woodland 

Yes Stein et al., 2011 

Commercial 

farms, 

Limpopo 

Province 

South Africa 0.7 SECR Savannah 

grassland 

No Constant et al., 2014* 

Cederberg WA South Africa 0.62 C-

CR+GPS 

Montane 

karoo 

Yes Martins, 2010* 

Kalahari 

Gemsbok NP 

South Africa 0.6 VHF Savannah Yes Bothma & Le Richie, 

1984 

Obs.=Individual identification through direct observation; VHF = Very High Frequency radio telemetry; *indicates 

source is a Masters or Doctoral thesis rather than peer-reviewed literature 
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Appendix IV – Specifications of camera trap models  

Source: http://www.trailcampro.com/trailcamerareviews.aspx  

Model 
Reconyx HC500 

(Wisconsi, China) 

Spy Point Tiny-W2 

(Quebec, Canada) 

Bushnell Trophy 

Cam (Beijing, China) 

Trigger time (s) 0.22 0.91 0.66 

Approximate detection 

zone (m) 
24 17 18 
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Appendix V – Final candidate model sets (Σw>95%) for each analysis, and model-specific 

β-coefficients (and associated standard error estimates) for covariates determining 

leopard occupancy and site use (Ψ) at the different scales investigated. 

 

 

Models 
�̂�𝟎(𝑺�̂�[�̂�𝟎] �̂�𝑺(𝑺�̂�[�̂�𝑺] �̂�𝑩(𝑺�̂�[�̂�𝑩] �̂�𝑷(𝑺�̂�[�̂�𝑷] �̂�𝑳(𝑺�̂�[�̂�𝑳] �̂�𝑯(𝑺�̂�[�̂�𝑯] 

Home-range scale  

Ψ  (L,B), p(C,T) 3.88 (2.94) - 2.45 (2.02) - 4.29 (2.84) - 

Ψ (L),p(C,T) 2.15 (1.07) - - - 2.14 (1.09) - 

Ψ (.),p(C,T) 1.83 (0.87) - - - - - 

Ψ (S),p(C,T) 5.96 (4.93) -5.07 (4.53) - - - - 

Ψ (L,H),p(C,T) 2.15 (1.08) - - - 2.11 (1.09) -0.12 (0.82) 

Ψ (B),p(C,T) 5.06 (8.04) - 2.59 (4.27) - - - 

Ψ (P),p(C,T) 1.80 (0.90) - - 0.53 (0.93) - - 

Resource-use scale (5 months)  

Ψ (L,B),p(T) 4.16 (3.59) - 2.67 (2.32) - 4.35 (3.13) - 

Ψ (L),p(T) 2.41 (1.10) - - - 2.09 (1.07) - 

Ψ (S),p(T) 9.52 (7.73) -7.51 (6.59) - - - - 

Ψ (.),p(T) 1.99 (0.84) - - - - - 

Ψ (L,H),p(T) 2.50 (1.21) - - - 2.12 (1.10) -0.41 (0.96) 

Ψ (P),p(T) 1.98 (0.90) - - 0.68 (0.93) - - 

Resource-use scale (12 months)  

Ψ (.),p(T) 1.14 (0.45) - - - - - 

Ψ (L,B),p(T) 1.41 (0.62) - 0.73 (0.51) - 1.00 (0.55) - 

Ψ (L),p(T) 1.11 (0.44) - - - 0.53 (0.38) - 

Ψ (P),p(T) 1.08 (0.45) - - 0.56 (0.42) - - 

Ψ (B),p(T) 1.21 (0.51) - 0.20 (0.34) - - - 

Ψ (H),p(T) 1.13 (0.45) - - - - -0.25 (0.40) 

Ψ (S),p(T) 1.11 (0.45) -0.16 (0.41) - - - - 

Ψ (L,H),p(T) 1.12 (0.45) - - - 0.57 (0.39) -0.39 (0.41) 

Ψ (L,P),p(T) 1.07 (0.44) - - 0.33 (0.49) 0.36 (0.44) - 

Ψ (P,H),p(T) 1.08 (0.44) - - 0.58 (0.43) - -0.27 (0.39) 

Ψ (P,B),p(T) 1.15 (0.50) - 0.17 (0.34) 0.56 (0.45) - - 
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Appendix VI (a) – Capture histories of individually identified adult leopards in XGR  

Leopard ID Sex No. captures Station ID of capture 

V  M 14 3, 8, 9, 9, 9, 9, 9, 9, 15, 2, 5, 9, 9, 23 

Kurtz F 6 10, 10, 10, 10, 10, 10 

Juno F 6 16, 23, 9, 2, 23, 23 

Joker Unk. 4 9, 9, 13, 14 

Christian  Unk. 3 1, 1, 22 

Jupiter M 3 9, 14, 13 

Hades M 2 16, 16 

Bad Day F 1 8 

Blackbeard M 1 10 

 

Appendix VI (b) – Identified adult leopards in LNP   

N.B. Captures from LNP were not used for density estimation; individuals were still identified 

Leopard ID & Sex 

Akagera F Rungwa F 

Rubondo M Gorongosa M 

Liuwa F Niassa M 

Kbira F Selous M 

Igando M Saadani Unk. 

Kruger M Ruaha F 

Nyika F Arusha F 

Savuti M Caprivi Unk. 

Hwange M Mana Unk. 

Amboseli F Mahale Unk 

Gonarezhou M Kibale Unk 

Katavi M Luangwa F 

Mkomazi Unk. Moremi M 

Manyara F Mara Unk. 

Mikumi Unk. Serengeti Unk. 

Etosha M Tarangire Unk. 

Atlas Unk Mtwara F 

Total minimum number of adult leopards in LNP = 34 
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Appendix VII (a) – SECR Input file 1: Trap layout & effort  

 

 

 

 

 

 

 

 

 

Appendix VII (b) – SECR Input file 2: Animal capture data  

 

 

 

 

 

 

 

 

 

 

 

 

 

Ssn    ID     Day    Stn 

Stn     UTM-X   UTM-Y  History 
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Appendix VIII – SECR capture and movements plot 

Plots of individual movements (lines) between capture occasions (dots) over camera stations 

(red squares), used for density analyses with DENSITY v5.0 in Xonghile Game Reserve.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


