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Abstract 

Effective management of threatened wildlife, particularly large carnivores, depends on a sound 

understanding of their spatial distribution and status in relationship to environmental or 

anthropogenic impacts. Here we analyse data from spoor surveys to investigate occurrence 

across a multiple-use landscape in the Tarangire-Simanjiro ecosystem in northern Tanzania for 

four taxa of African large carnivores: lions (Panthera leo), hyaenas (spotted hyaenas (Crocuta 

crocuta) and striped hyaenas (Hyaena hyaena) combined), cheetahs (Acinonyx jubatus) and 

leopards (P. pardus). We analysed our data using occupancy modeling, explicitly accounting for 

detectability, to identify associations with environmental and anthropogenic variables. Overall 

occurrence was estimated at 0.85 (SE = 0.06) for hyaena, 0.82 (SE = 0.15) for cheetah, 0.55 (SE 

= 0.10) for lion and 0.61 (SE = 0.21) for leopard. Lion occurrence was negatively associated 

with distance to park boundary. Hyaena occurrence was positively associated with human 

population density and negatively associated with bushland, while cheetah and leopard 

occurrences were positively associated with grassland. These results suggest that lions may be 

more vulnerable to human impacts than other species, while hyaenas may benefit from vicinity 

to humans. Our study demonstrates the value of spoor-based occupancy surveys for 

understanding distribution and habitat-use of secretive large carnivores.  

Keywords African large carnivores, human-wildlife coexistence, multiple-use landscape, 

occupancy modeling, spatial distribution, spoor surveys 
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Introduction 

Reliable information regarding species distribution patterns and the factors that influence their 

occurrence is critical to their effective management and conservation. However, obtaining 

quantitative information on the distribution and status of rare, elusive and often, nocturnal 

species, such as large carnivores, can be particularly challenging (Durant, Bashir, Maddox, & 

Laurenson, 2007; Macdonald & Loveridge, 2010). Because most of the world’s large carnivore 

populations are in rapid decline (Ripple et al., 2014), there is an increasingly urgent need for 

efficient, practical and cost-effective methods that could be used to determine their population 

status and distribution across large areas (Funston et al., 2010; Mackenzie et al., 2006). Habitat 

loss and fragmentation, depletion of prey populations, hunting and illegal trade and persecution 

by humans, the latter primarily provoked by predation on livestock, are the main drivers of 

carnivore declines (Inskip & Zimmermann, 2009). Large carnivores are particularly vulnerable 

to the effects of anthropogenic pressures because they come into conflict with humans; often 

range over large areas; and occur at relatively low population densities (Woodroffe, 2000). 

 

Indirect sampling methods which rely on spoor counts along transects are often used by wildlife 

managers to estimate population densities and relative abundances of carnivore species such as 

cheetah (Acinonyx jubatus) (Houser, Somers, & Boast, 2009), spotted hyaena (Crocuta crocuta), 

leopard (Panthera pardus), lions (P. leo) and African wild dogs (Lycaon pictus) (Funston et al., 

2010; Stander, 1998). Spoor surveys are an effective non-invasive, inexpensive, repeatable and 

efficient method for detecting cryptic carnivores (Stander, 1998). Recent advances in occupancy 

modeling approach have provided a powerful statistical framework that allows analysis across a 

landscape, and enables the quantification of environmental and anthropogenic correlates of 
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distribution, while accounting for detection error (Hines et al., 2010; Thorn, Green, Bateman, 

Waite, & Scott, 2011). This takes the approach way beyond simple spoor density/abundance 

correlations. For large carnivores, occupancy modeling approaches are widely used to analyse 

camera trap data such as in Tanzania’s Tarangire ecosystem (Msuha, 2009), in Ghana’s Mole 

National Park (Burton et al., 2011), and in Kenya’s Rift Valley (Schuette, Wagner, Wagner, & 

Creel, 2013). Spoor surveys are more easily implemented across much larger areas than camera 

traps, and are thus particularly useful in generating data on spatial distribution over a relatively 

large landscape. Thus, there has been a growing interest in the use of spoor in an occupancy 

survey framework for surveying large carnivores, with recent studies investigating lions in 

Zambia’s Kafue National Park (Midlane, 2013) and the W-Arly-Pendjari ecosystem, in the 

border region of Benin, Burkina Faso, and Niger (Henschel, Petracca, Hunter, & Kiki, 2016), 

cheetah in Limpopo National Park in Mozambique (Andresen, Everatt, & Somers, 2014), and 

leopard in Asia (Steinmetz, Seuaturien, & Chutipong, 2013). 

 

Scientists have identified a bias in information on large carnivores from within protected areas 

and a need for surveys outside protected areas due to increasing levels of anthropogenic pressure 

on large carnivore communities there (Durant et al., 2017; Msuha, 2009). In the Tarangire 

landscape in northern Tanzania, the focus of this study, information on large carnivores is limited 

to data from non-invasive camera trapping across relatively small areas, and where surveys on 

unprotected lands were hampered by camera theft (Msuha, 2009). Here we use spoor-based 

surveys as our detection method in order to estimate the occurrence and detection probabilities of 

four focal large carnivore taxa (lions, leopards, hyaenas and cheetahs) on unprotected and 

protected land across a multiple-use landscape in the Tarangire-Simanjiro ecosystem. The 
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Tarangire ecosystem is an important stronghold for threatened large carnivore populations such 

as lions, cheetahs, leopards, hyaenas and African wild dogs, even though the National Park itself, 

encompassing 2,600 km2, is relatively small (TAWIRI, 2009). Because large carnivores range 

widely, securing their survival beyond, as well as within protected area boundaries is needed to 

maintain populations that are demographically and genetically viable (Msuha et al., 2012; 

Woodroffe & Ginsberg, 1998). Thus, understanding the impacts of anthropogenic pressures, 

including changes in land use outside protected areas on large carnivores, both inside and outside 

protected areas, is key to securing their long-term viability (Carbone & Gittleman, 2002). 

 

Our specific objectives were to 1) estimate the probability of occurrence (ψ) and detection (p) of 

focal large carnivore species across the study area; 2) evaluate environmental correlates of the 

distribution of the focal large carnivores; 3) evaluate how distributions of focal large carnivores 

are modified by key anthropogenic variables.  

Materials and Methods 

Study Area  

This study was conducted in the Simanjiro Plains and Tarangire National Park (TNP) across the 

Tarangire-Simanjiro ecosystem (TSE) of northern Tanzania and lies between 3°52΄ to 4 °24΄ S  

a n d  3 6 °05΄ to 36°39΄ E (Figure 1). This region is characterized by bimodal rainfall averaging 

650 mm per annum, with short rains (November-December) and long rains (March-May). The 

TSE is a mosaic of habitats comprised primarily of grassland (Digitaria macroblephara and 

Panicum coloratum), woodland (Acacia tortillis and Commiphora schimperi), bushland (Acacia 

stuhlmannii and A. drepanolobium) and seasonally water-logged bushed grassland (Pennisetum 

mezianum and Acacia stuhlmannii) (Kahurananga, 1979).  
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We used the Land-use/Land-cover (LULC) maps of Tarangire-Manyara ecosystem for 2015. 

These were extracted from Landsat-8 Operational Land Imager (OLI) satellite images captured 

during the dry season in 2015 and obtained from the Unites States Geological Survey website 

(http://earthexplorer.usgs.gov/), with 30-m spatial resolution. We used the supervised object-

oriented image classification technique (Green & Congalton, 2012) to reclassify LULC types 

into eight broad classes: woodland, wetland, grassland, bushland, forest, agricultural land, 

bareland and other lands (Figure 1). 

 

We divided the study area into three sample blocks based on an assessment of primary type of 

land use i.e. TNP/protected area (337 km2), communal grazing land (414 km2) and village land 

(468 km2) (Figure 1). The Tarangire National Park is the core protected area where no human 

settlement or hunting is allowed, and land uses are primarily restricted to wildlife-based tourism. 

The village land incorporates a wide variety of land uses including permanent human settlement, 

livestock grazing and cultivation. The communal grazing land does not include cultivation and is 

generally an open semiarid savanna with short grass plains and wooded grassland, encompassing 

the Simanjiro Game Controlled Areas which are administered by the Wildlife Division for 

licensed wildlife hunting and livestock grazing (Kahurananga & Silkiluwasha, 1997). The 

Simanjiro plains are the main dispersal areas for wildlife during the wet season (November - 

May) and grazing for pastoralists during the dry season (June – October). During the rainy 

season, most migratory wildlife species such as wildebeest (Connochaetes taurinus), zebra 

(Equus burchellii), hartebeest (Alcelaphus buselaphus) and fringe-eared oryx (Oryx 

beisacallotis) disperse away from TNP to areas in the east (Simanjiro plains), or north (Lakes 

Manyara and Natron) in search of better grazing and calving grounds. When they move out of 

http://earthexplorer.usgs.gov/
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the park, they may be followed by large carnivore species such as lion, cheetah, African wild 

dogs, spotted and striped hyaenas (Hyaena hyaena). Migratory wildlife eventually returns to 

TNP during the dry season (Kahurananga & Silkiluwasha, 1997).  

Sampling design and field methods 

Transects were conducted in defined sampling units (grid cells) delineated in each respective 

survey block (Figure 1). We used a grid-based sampling approach to define sampling units (grid 

cells) for the study species as 15 x 15-km for lion, 30 x 30-km for cheetah and 10 x 10-km for 

leopard and hyaena based on their home range sizes (Figure 1). We used 1-km trail/road 

segments within each grid cell as spatial replicates (Hines et al., 2010; Karanth et al., 2011) to 

estimate detection probabilities and occurrence estimates. We assessed large carnivore 

occurrence at the site (= grid cell) level, and not at the level of each trail or road segment within 

grid cells. For adjacent segments of track, each new segment started exactly where the previous 

segment ends. We considered that the grid cells should be larger than the home range size of 

focal species to minimize the risk of spatial autocorrelation between neighbouring grid cells, but 

conservative enough to assume that if carnivore species were detected within a grid cell, the 

entire unit could be assumed to be used or occupied (Karanth et al., 2011; Mackenzie et al., 

2006). The 15 x 15-km (225 km2) unit size was chosen for lion based on an estimated annual 

home range of approximately 209 km2 in the study area (Laizer, Tarimo, & Kissui, 2014). 

Studies from other regions have estimated home range for cheetah to be 800 km2 for non-

territorial males and females in the Serengeti National Park (SNP) (Caro, 1994; Laver, 2005); for 

striped hyaenas 44 km2 for males and 72 km2 for females in the SNP (Kruuk, 1976); for spotted 

hyaenas 24.5 km2 (ranging from 9-40 km2) in Ngorongoro crater (Höner, Wachter, East, 

Runyoro, & Hofer, 2005; Kruuk, 1976); and for male leopards 57.5 km2 and for females 50 km2 
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in the SNP (Schaller, 1972; Sunquist, 1983). Because our grid cells may have been smaller than 

the likely home range sizes of the focal large carnivore species we used occupancy as a measure 

of their habitat use instead of “true occupancy” (MacKenzie et al., 2002). We overlaid our grid 

cells on the land-cover matrix of the study area (Figure 1) using ArcGIS v10.3 (ESRI, Redlands, 

California).  

Spoor surveys 

We established spoor transects along the pre-existing road network and heavily-used cattle trails. 

We assessed the suitability of roads and trails in terms of substrate quality, accessibility and good 

network. We conducted spoor counts across two sampling occasions from August to November 

2014 (dry season) and April to May 2015 (wet season) with the help of the experienced Hadza 

trackers. Hadzabe live in traditional hunter-gatherer communities and are well known for the 

reliability and high accuracy of their tracking skills (Lichtenfeld, 2005). We systematically drove 

transects on a four-wheel-drive vehicle traveling at a slow speed of 10 to 15 km/hour (Funston et 

al., 2010) to maximize the likelihood of spoor detection and to minimize the likelihood of ‘false 

absences’ (Mackenzie et al., 2006). We identified 41 transects between 2 and 28 km in length, 

providing a total distance of 433 km. These transects were then split into 1-km segments across 

grid cells for lion, cheetah, leopard and hyaena over the landscape. The number of 1-km replicate 

segments surveyed per grid cell varied according to transect coverage, ranging from 2 to 38 (100 

km2), 2 to 75 (225 km2) and 3 to 115 (900 km2). We used occupancy models to correct 

occurrence data for imperfections in the detection process and unequal sampling across sites 

(MacKenzie et al., 2002).  

Two experienced observers sat on the bonnet/bumper and scanned for tracks directly ahead of 

the vehicle. When a fresh spoor (< 24 hours old) was encountered, the vehicle stopped and the 
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spoor was assessed for species, group size, sex, age class, the GPS location, transect number, 

date, time, number of individuals and vegetation type. When new spoor were detected, the spoor 

were followed on foot to establish whether the spoor belonged to a new individual or whether it 

belonged to a previously recorded individual that had rejoined the track. We drove each transect 

repeatedly in a random order in six replicates (i.e. 3 times wet season, 3 times dry season), with 

at least 48 hours between temporal replicates to minimize double counting. During the dry 

season, roads and trails outside protected area were prepared 12 hours before sampling by 

dragging thorn bushes behind the observation vehicle. This could have introduced bias in our 

survey approach during the dry season, even though for nocturnal species this difference should 

not have a big impact since they will not be moving around during the day, thus 12 hours versus 

24 hours should be equivalent. 

 

We postponed sampling on roads/trails disturbed by rain in the previous 24 hours and ended if 

rain occurred at any stage during sampling. Spoor surveys were conducted in the early morning 

hours (generally between 05:30 and 11:00 hours) to take advantage of the low angle of the sun 

making it easier to detect spoor, and prior to the disturbance of the track by livestock and people. 

Spoor were recorded as individual spoor, not as a group of animals. We merged the detection 

histories for striped and spotted hyaenas because it was extremely difficult to differentiate their 

tracks using our survey protocol. 

 

 

Data analysis 
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We used single-season, single-species occupancy models in the program PRESENCE v. 11.5 

(Hines, 2006) to estimate the probability of occurrence and detection for each species. We 

analysed our data according to separate surveys, and thus, we assume that sites were closed to 

changes in occupancy during each survey. Although the Hadzabe are experienced and reliable 

trackers, spoor identification was also always checked by the lead author. Due to the wide-

ranging behavior of focal carnivore species, the assumption that detecting a species at one site is 

independent of detecting at all other sites (MacKenzie et al., 2002) may have been violated. 

Thus, data could not be used to estimate overall abundance, but focused on the Proportion of 

Area Used (PAU) by each species and the probability of occurrence. Occupancy models also 

assume that both detection and occupancy probabilities remain constant across survey sites 

(MacKenzie et al., 2002). Spatial variation in abundance may induce heterogeneity in both 

parameters in our study area, hence we overcame this violation by including relevant covariates 

in the occupancy analysis  (Royle & Nichols, 2003). We analysed each focal carnivore species 

separately, since differences in ecology and behavior were expected to affect habitat use and 

detection probability.  

Model covariates 

The PAU by the focal carnivore species and the probability of detecting them (p) are functions of 

environmental and anthropogenic covariates. We extracted environmental and anthropogenic 

covariates likely to influence carnivore occurrence and detection probabilities from GIS layers 

using ArcGIS v10.3 (ESRI, Redlands, California). We identified fourteen predictor variables 

(covariates) expected to influence large carnivore occurrence in the study area: environmental 

variables [i.e., elevation, slope, distance to permanent water, proportions of woodland, grassland, 

bushland, forest, wetland, agricultural land, bareland and other lands], anthropogenic variables 
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[i.e., distance to nearest village, distance to park boundary and human population density as 

proxy for human influence] (Online Appendix A, Table A1). We calculated distance to villages 

and park boundary by taking the distance from the center of each grid cell to the nearest village 

or park boundary. Distance to park boundary was calculated as an absolute value that is always 

analyzed as an interaction term with the variable returning whether a site is inside or outside the 

park. We also expected carnivore detectability (p) to vary with season (dry, August – November, 

versus wet, April-May) and proportion of habitat available within each grid cell (woodland, 

grassland, bushland, forest, wetland, agricultural land, bareland and other lands), so we included 

both as covariates in detection models.  

 

We assumed that large carnivore occurrence would be influenced by environmental and 

anthropogenic variables affecting species presence, while detection of large carnivores would be 

influenced primarily by variables affecting spoor detectability on roads, primarily habitat (which 

may influence road use) and season (which affects spoor visibility). We also assumed that each 

focal large carnivore species used roads or trails with an equal frequency across sampling blocks 

and seasons.  

 

We selected covariates for occupancy modeling based on a priori knowledge of habitat 

preferences of the focal carnivore species. We first ran all models without additional covariates 

to allow comparisons of occupancy and probability of detection across species, survey blocks 

and seasons using the null model ψ(.), p(.), where occupancy and detection probability are held 

constant. Then, we constructed models for each species to examine the effect of habitat and 

season covariates on detection probability p through univariate and multivariate analyses while 
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holding ψ constant i.e. ψ(.)p(covariate) (Karanth et al., 2011). Finally, we modeled the effect of 

site covariates on occupancy probability ψ while holding p constant i.e. ψ(covariate)p(.) (Karanth 

et al., 2011). We constructed models where both occupancy and probability of detection were 

allowed to vary with individual or additive combination of the covariates. We scaled and/or 

standardized all continuous covariates to z-scores prior to analysis to optimize model 

convergence (Cooch & White, 2005). We used a Spearman’s correlation matrix in program 

SPSS v.22.0 (SPSS Inc., Chicago, Illinois, USA) to test for multi-collinearity between 

continuous covariates using a cut-off of (r |0.80|) (see Tables S1-S3, Supporting information). 

Where it happens that two covariates were highly correlated (i.e., r  0.80), we dropped one of 

the highly correlated covariates from the analysis (i.e., the one with lower AICc score).  

Model selection and assessment of model fit 

We selected the best-performing models based on the Akaike Information Criterion (AIC) 

corrected for small sample sizes (AICc) and model weights (ωi) (Burnham & Anderson, 2002; 

Mackenzie et al., 2006). We considered models with highest AIC weights (ωi) and the lowest 

AIC values (ΔAICc < 2) as having the best fit to the data and considered variables from these 

models important in predicting species occupancy and detectability (Burhan & Anderson, 2002). 

The estimated c-hat value for site occupancy models was close to 1 and did not suggest 

overdispersion or lack of fit (Burhan & Anderson, 2002). We used model-averaging for 

competing models (i.e., models within 2 ΔAICc to estimate ψ, p, and covariate coefficients) 

(Burhan & Anderson, 2002). We also calculated variable importance weights, which are the sum 

of the model weights of all models that contain a given variable.  

 

Results 
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We detected a total of 932 spoor incidents, 56 for cheetahs, 136 for lions, 24 for leopards and 

716 for hyaenas over 41 transects representing 433 1-km replicates across 34 surveyed cells for 

hyaena and leopard, 20 cells for lion and 10 cells for cheetah. We did not detect African wild 

dogs. 

Detection probability 

The probability of carnivore detection varied greatly between species and seasons. For cheetah 

and leopard, the probability of detection was highest during the dry season (p +/- SE = 0.45 +/- 

0.13) and (p +/- SE = 0.18 +/- 0.11) respectively, than in the wet season (p +/- SE = 0.38 +/- 

0.19) and (p +/- SE = 0.02 +/- 0.01) respectively. However, hyaena had a higher probability of 

detection in the wet season (p +/- SE = 0.73 +/- 0.06) than in the dry season (p +/- SE = 0.60 +/- 

0.06). For lion, the probability of detection was not significantly different between wet (p +/- SE 

= 0.50 +/- 0.09) and dry seasons (p +/- SE = 0.50 +/- 0.14). Hyaena had the highest overall 

probability of detection (p +/- SE = 0.64 +/- 0.04), while leopard had the lowest overall detection 

(p +/- SE = 0.10 +/- 0.05). 

Occurrence probability 

Overall occurrence (ψ) estimates from models with no covariates varied significantly between 

species. Hyaena showed highest overall occurrence ψ = 0.85 (SE = 0.06), using 85% or 

approximately 3400 km2 of potential habitat, followed closely by cheetah ψ = 0.84 (SE = 0.14) 

and leopard ψ = 0.70 (SE = 0.33), while lion had the lowest overall occurrence ψ = 0.56 (SE = 

0.11).  

 

 

Hyaena 
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During the dry season, hyaena had the highest probability of occurrence on village land, 

followed closely by the park and then communal grazing land in that order (t = 20.89, df = 2, p = 

0.002), but the reverse was true in the wet season (t = 8.34, df = 2, p = 0.014, Figure 2). The best 

fit model for detection was the null model Ψ(.),p(.), indicating that covariates had no effect on 

detection probability (Table 1). Hyaena occurrence was strongly positively associated with 

human population density (β = 2.03, SE = 0.81; ∑w = 0.65), and strongly negatively associated 

with the proportion of bushland cover (β = -11.10, SE = 4.96; ∑w = 0.68) (Table 3). The 

averaged models for overall estimated occurrence and detection probabilities were = 0.85 (SE 

= 0.06) and  = 0.63 (SE = 0.04) respectively. 

Cheetah 

Cheetah had the highest probability of occurrence in the village and communal grazing lands 

during the dry season (t = 22.07, df = 2, p = 0.002), while in the wet season there was no 

significant difference in occurrence between different land use types (p > 0.05, Figure 2). 

Grassland (β = 17.75, SE = 11.18) was an important positive predictor of cheetah occurrence 

(Table 3). Cheetah detection was higher in the dry season than in the wet season (β = -1.17, SE = 

0.48). The averaged models for overall estimated occurrence and detection probabilities were 

= 0.82 (SE = 0.15) and 
 
= 0.38 (SE = 0.07) respectively (Table 1).  

Lion 

The probability of occurrence (ψ) estimate from the model with no covariates showed that lion 

had the highest occurrence estimates on village land, followed closely by the park during the dry 

season (Figure 2). We failed to detect lions on communal grazing land over the entire sampling 

period (Figure 3). After adjusting for imperfect detection, lion occurrence across the entire 
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landscape was lower near water sources (β = 1.35, SE = 0.97) and greater closer to or within 

protected area (β = -3.16, SE = 1.66; Table 3). The model-averaged estimate of lion detectability 

was <1 (
 
= 0.49, SE = 0.06) and the overall estimate of occurrence was = 0.55 (SE = 0.10) 

(Table 2). However, within the National Park, lion occurrence was negatively associated with (1) 

distance to permanent water (β = -0.84, SE = 1.42) and (2) distance to village (Online Appendix 

A, Table A2). In the village land, lion occurrence was positively associated with distance to 

permanent water, and negatively associated with distance to park boundary.  

Leopard 

Leopard had the highest occurrence on the village and communal grazing lands than in the park 

during the dry season when all covariates were excluded (t = 7.82, df = 2, p = 0.016, Figure 2). 

There was no difference in the occurrence estimates between village land, communal grazing 

land and the park during the wet season (t = 2.00, df = 2, p = 0.183). Rather surprisingly, leopard 

occurrence was associated with a higher proportion of grassland (β = 3.40, SE = 3.50) (Table 3). 

The model-averaged estimate of leopard detectability was <1 (
 
= 0.11, SE = 0.04) and the 

overall estimate of occurrence was = 0.61 (SE = 0.21) (Table 2). 

 

Human population density had the strongest anthropogenic influence on occurrences across 

species (∑w = 1.00), followed by distance to park boundary (∑w = 0.69) and distance to village 

(∑w = 0.13). On the other hand, grassland cover had the strongest environmental influence on 

occurrences across species (∑w = 1.03), followed by bushland cover (∑w = 0.95), distance to 

permanent water (∑w = 0.50), woodland cover (∑w = 0.33), agricultural land cover (∑w = 0.29), 

slope (∑w = 0.14) and bareland cover (∑w = 0.11). 
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Discussion 

This study provides a detailed analysis of large carnivore occurrence from spoor count data 

across a multiple-use landscape in northern Tanzania. We were able to explore the distribution of 

a diverse large carnivore guild across a broader landscape compared with previous studies 

(Lichtenfeld, 2005; Msuha, 2009). The overall results uphold our predictions that anthropogenic 

and environmental variables influence the probability of occurrence of large carnivores in the 

Tarangire landscape. The influence of these variables on habitat use and occurrence were 

species-specific, likely due to the differences in ecology and behavior of the focal large 

carnivores. Lion and hyaena occurrences showed the strongest relationship with anthropogenic 

factors. As previous studies have shown (Online Appendix A, Table A1), the probability of lion 

occurrence outside the park declined with increasing distance from the park boundary, 

suggesting that lions may be more vulnerable to human impacts than other species. This finding 

corroborates the importance of full protection within the National Park for lions, and is 

consistent with a previous study showing that lion density is higher in the TNP as compared to 

areas outside its boundaries (Lichtenfeld, 2005). We also found that lions avoided agricultural 

landscapes, providing evidence that habitat conversion to agriculture could have serious 

implications for lion distribution due to their particular sensitivity to anthropogenic influences 

(Loveridge, Hemson, Davidson, & Macdonald, 2010; Valeix, Hemson, Loveridge, Mills, & 

Macdonald, 2012). In the National Park, where areas surrounding water bodies are protected, 

lions were strongly associated with permanent water. This is consistent with patterns observed by 

Hayward & Kerley, (2005, 2008), who found that close proximity to water increases the 

likelihood of use by lions, where encounter rates with water-dependent herbivores may be 

higher. In contrast, in the village land, lions strongly selected sites that were farther from 
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permanent water, suggesting that lions were possibly avoiding encounters with people around 

water bodies, likely because water acts as a proxy for human activities (cf. Sunarto, Kelly, 

Parakkasi, Klenzendorf, & Septayuda, 2012). We did not detect any lions in the communal 

grazing land, suggesting that there may be strong avoidance of these areas, perhaps due to 

persecution in form of poisoning and preventative or retaliatory killing (Kissui, 2008). However, 

this result should be interpreted cautiously, as the bias in our survey approach could have had 

reduced lion occurrence probability in this block. 

 

Contrary to our predictions, higher hyaena occurrence was associated with greater human 

population density across the study area, suggesting that they may be finding benefits from 

vicinity to humans, such as scavenging thrown away food or carcasses (Kolowski & Holekamp, 

2007; Yirga et al., 2015). Hyaenas avoided bushland habitat and appeared to prefer open 

grassland habitats, where it might be easier to find scavenged food (Hayward, 2006). Of all 

carnivore species surveyed, hyaena had the highest overall estimated occurrence and detection 

probability across habitat types and seasons, possibly due to their adaptability, wide-ranging 

habits and resilient behavior (Van Meter et al., 2009). Overall results showed that occurrence and 

detection probability estimates for hyaenas were statistically robust and were highest on village 

land and communal grazing land than inside the park.  

 

Contrary to our expectations, leopard occurrence was unrelated to proportions of forest and 

woodland cover, but was positively related to the proportion of grassland cover. However, this 

result should be interpreted cautiously, as leopards usually avoid grassland habitat (Durant et al., 

2010). We suspect this may be an artifact of wet season concentration of migratory prey in these 
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areas. Alternatively, the small sample size of leopard in this study (n = 24) could have led to 

potentially spurious results due to overfitting of complex models (Stockwell & Peterson, 2002). 

On the other hand, leopards are unlikely to be found in open areas in the dry season which may 

have induced a substantial amount of bias in our results. In addition, we found that the leopard 

used village and communal grazing lands considerably more often and the park considerably less 

during both dry and wet seasons. Previous studies have shown that leopards exhibit remarkable 

behavioral plasticity in terms of habitat selection and they can do better in human-dominated 

landscapes (Nowell & Jackson, 1996). 

 

Consistent with our predictions, cheetah occurrence was positively associated with grassland in 

the study area. This result concurs with previous studies showing that cheetahs prefer open 

grasslands (Caro, 1994; Durant, Caro, Collins, Alawi, & FitzGibbon, 1988), although they can 

also inhabit a wide range of bush, scrub and woodland habitats (Myers, 1975; Nowell & Jackson, 

1996; Purchase & du Toit, 2000). Therefore, our results should be interpreted with caution, as 

like leopard, this association may be an artifact of wet season concentration of migratory prey in 

these areas or may be a spurious result due to the low number of cheetah detections in this study 

(n = 56).  

Conclusion and management implications 

This study demonstrates the efficacy of spoor-based occupancy models in establishing the 

distribution of a guild of large carnivores across a multiple-use landscape. However, more 

sampling effort would increase confidence in our results for cheetah and leopard. Our findings 

emphasize the importance of protected areas, water availability, grassland habitat availability and 

the remaining natural habitats outside of formal protected area network for large carnivore 
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conservation in the region. Hence, in order to achieve conservation targets for large carnivores, 

wildlife managers should consider maintaining habitat connectivity between existing protected 

areas and areas outside of formal protected area networks. In addition, further studies would be 

useful to understand the mechanisms of human-wildlife interactions in relation to anthropogenic 

land modification in order to achieve coexistence with large carnivores. From a conservation 

perspective, it is vitally important to conserve protected areas and create buffers for wildlife, 

such as wildlife corridors in communal and village lands. 

 

Our occupancy modeling approach allowed effective analysis of data sampled from a very large 

area with limited access and resources, but also explicitly addressed imperfect detection of large 

carnivore tracks. However, this approach was constrained by low detection probability (for 

cheetah and leopard), limited number of grid cells (for cheetah and lions), grid-cell size, transect 

length within each grid cell and limited road networks with suitable substrate for tracking which 

might affect the strength of inference. We strongly recommend increasing sample size and 

spatial replication of grid cells in future surveys, as this will increase the detection probabilities 

and improve precision of occurrence estimates (MacKenzie et al., 2002). We also encourage 

additional examination of environmental and anthropogenic covariates that could influence 

detection and occupancy of large carnivores in the study area. Future studies should seek to 

supplement spoor count data with call-up (for lions and hyaenas), camera-trapping and radio-

tracking surveys (for lions, hyaenas, African wild dogs, cheetah and leopards) in order to 

increase detection probabilities and the precision of the occurrence estimates. Our study has 

demonstrated that a spoor-based occupancy survey is a valuable approach for assessing the 

distribution and habitat-use patterns of wide-ranging carnivore species across a wider landscape.  
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