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Summary 

1. Top predators can dramatically suppress populations of smaller predators, with cascading 

effects throughout communities, and this pressure is often unquestioningy accepted as a 

constraint on mesopredator populations. 

2. In this study, we reassess whether African lions suppress populations of cheetahs and African 

wild dogs, and examine possible mechanisms for coexistence between these species. 

3. Using long-term records from Serengeti National Park, we tested 30 years of population data 

for evidence of mesopredator suppression and we examined six years of concurrent radio-

telemetry data for evidence of large-scale spatial displacement. 

4. The Serengeti lion population nearly tripled between 1966 and 1998; during this time, wild dogs 

declined but cheetah numbers remained largely unchanged. Prior to their local extinction, wild 

dogs primarily occupied low-lion density areas, and apparently abandoned the long-term study 

area as the lion population “saturated” the region. In contrast, cheetahs mostly utilized areas of 

high lion density, and the stability of the cheetah population indicates that neither high levels of 

lion-inflicted mortality nor behavioral avoidance inflict sufficient demographic consequences to 

translate into population-level effects.  
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5. Population data from fenced reserves in southern Africa revealed a similar contrast between wild 

dogs and cheetahs in their ability to coexist with lions.   

6. These findings demonstrate differential responses of subordinate species within the same guild 

and challenge a widespread perception that lions undermine cheetah conservation efforts. Paired 

with several recent studies that document fine-scale lion-avoidance by cheetahs, this study further 

highlights fine-scale spatial avoidance as a possible mechanism for mitigating mesopredator 

suppression. 

 

Key Words: African wild dog, apex predator, cheetah, intraguild predation, landscape of fear, lion, non-

consumptive effects 

 

Introduction 

Top predators can dramatically affect population sizes of smaller guild members (mesopredators). 

Mesopredator suppression has been documented in over 60 studies worldwide, in taxa ranging from fish 

to birds to large mammalian carnivores, and can play a significant role in structuring the larger ecological 

community (Soulé et al. 1988; Crooks & Soulé 1999; Sergio & Hiraldo 2008; Ritchie & Johnson 2009; 

Prugh et al. 2009; Wallach et al. 2010; Estes et al. 2011). Meta-analyses indicate that top predators have 

disproportionate effects on their smaller guild members such that a change in top predator abundance 

results, on average, in a ~4-fold change in abundance of mesopredators, even in cases with minimal diet 

overlap (Ritchie & Johnson 2009).  
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Mesopredator suppression appears to be mediated primarily through interference competition (sensu 

Schoener 1983) which involves (a) direct aggressive interactions (Palomares & Caro 1999; Sergio & 

Hiraldo 2008; Prugh et al. 2009) and (b) behavioral avoidance by mesopredators to minimize risks of 

encountering top predators (Cresswell 2008; Creel & Christianson 2008). Direct aggression such as 

harassment and kleptoparasitism can be substantial, and top predators are often responsible for >50% of 

mesopredator mortality (e.g. gray wolves on coyotes, (Thurber et al. 1992); coyotes on swift foxes 

(Kamler et al. 2003a, Kamler et al. 2003b); and dingoes on red foxes (Moseby et al. 2012)), but unlike 

traditional intraguild-predation systems (sensu Holt & Polis 1997), top predators rarely consume their 

mesopredator victims.  

 

The threat of direct aggression can further create a ‘landscape of fear’ (Laundré, Hernández & Altendorf 

2001) that excludes mesopredators from large portions of suitable habitat. For instance, coyotes 

concentrate primarily at boundaries between wolf-pack territories (Fuller & Keith 1981), and swift and 

red foxes are located almost completely in gaps between coyote territories (Voigt & Earle 1983; Kamler 

et al. 2003a; see also Tannerfeldt, Elmhagen & Angerbjörn 2002; Kamler, Stenkewitz & Macdonald 

2013). By restricting their activity to safe areas, mesopredators may lose vital access to prey, water, or 

shelter, resulting in severe demographic consequences (Creel & Christianson 2008; Cresswell 2008; 

Sergio & Hiraldo 2008).  

 

Anthropogenic-induced losses of top predators and associated cascading effects have highlighted an 

urgent need to understand the dynamics of predator-predator coexistence (Estes et al. 2011). While 

spatiotemporal partitioning (Case & Gilpin 1974; Carothers & Jaksić 1984) and active avoidance (e.g. 

Durant 2000; Webster, McNutt & McComb 2012) play a prominent role in reducing the frequency of 
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direct aggression, coexistence outcomes may also depend on habitat structure (Finke & Denno 2006; 

Janssen et al. 2007) and ecosystem productivity (Elmhagen & Rushton 2007; Borer, Briggs & Holt 2007).  

 

African lions (120-180 kg) live in fission-fusion social groups (Schaller 1972), and wild dogs (18-28 kg) 

forage in packs (Creel & Creel 1996), whereas cheetahs (25-40 kg) are mostly solitary (Caro 1994).  

Lions kill up to 32% of African wild dogs (Van Heerden et al. 1995; Woodroffe & Ginsberg 1999) and 

57% of cheetah cubs (Laurenson 1994) and occasionally steal food from both species (Schaller 1972; 

Fanshawe & Fitzgibbon 1993; Caro 1994). Across reserves, wild dog and cheetah densities have both 

been reported to vary with lion densities (Laurenson 1995; Creel & Creel 1996; Mills & Gorman 1997), 

and conservationists have advocated focusing wild dog and cheetah conservation in areas with few or no 

lions (Creel & Creel 1996; Kelly & Durant 2000), even voicing concern that lion-inflicted mortality could 

drive localized cheetah populations to extinction (Chauvenet et al. 2011). However, despite high levels of 

interspecific aggression by lions and fine-scale avoidance by both wild dogs and cheetahs, it remains 

unclear how these interactions translate into population-level dynamics.   

 

 Spotted hyenas (48-55 kg, Kruuk 1972) also occur in most savanna ecosystems and steal food from wild 

dogs and cheetahs (Fanshawe & Fitzgibbon 1993; Caro 1994; Creel & Creel 2002). However, hyenas 

inflict less mortality than lions do: ~5% mortality in wild dogs (Woodroffe & Ginsberg 1999) and ~21% 

in cheetah cubs (Laurenson 1994), and playback experiments indicate that both wild dogs and cheetahs 

perceive hyenas as lesser threats than lions (Durant 2000; Webster et al. 2012). 

 

In this study, we test whether African lions (Panthera leo), suppress populations of cheetahs (Acinonyx 

jubatus) and African wild dogs (Lycaon pictus), and we examine possible mechanisms for coexistence 
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between these species.  To assess the possibility of competitive exclusion by African lions, we first 

compare joint population dynamics of lions, cheetahs, and African wild dogs using > 30 years of data on 

population sizes in Serengeti National Park. Because hyena data were insufficient to include in the joint 

population analysis; we can only address their potential effects in cheetah/wild dog suppression 

qualitatively. We then explore the role of spatiotemporal partitioning as a possible mechanism for lion-

cheetah-wild dog coexistence in the Serengeti using concurrent radio-telemetry data. Finally, we examine 

population data from fenced game reserves in southern Africa to test whether patterns observed in 

Serengeti hold across other African ecosystems.  

 

Methods 

Data Collection 

Study System: The 2,200 km2 study area is located in the center of Serengeti National Park, at the 

intersection of open plains and savanna woodlands. Soils and rainfall follow a gradient from the wetter 

northwest woodlands to the drier southeast short-grass plains (Sinclair 1995). The ecosystem is 

dominated by the annual migration of the combined 1.6 million wildebeest and zebra that follow the 

seasonal rainfall onto the nutrient-rich plains (Holdo, Holt & Fryxell 2009). 

 

Population Numbers & Ranging: Lion, cheetah, and wild dog populations and ranging patterns have been 

monitored by three separate long-term research projects in overlapping study areas in the southeastern 

Serengeti National Park (Figure 1). Population data for cheetahs are taken from Chauvenet et al. (2011) 

and reflect continuous monitoring by the Serengeti Cheetah Project from 1980 – 2011. Wild dog numbers 

are taken from Burrows (1995) from 1970 until their disappearance within the joint study area in 1992. 

Wild dogs continued to reside in the greater Serengeti ecosystem over the following decade (Maddox 
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2003), but formal monitoring was only resumed in 2005 (by EM).  The Serengeti Lion Project has 

monitored lions continuously in the joint study area since 1966 (Packer et al. 2005), with the exception of 

1969-1974. All three species are individually identifiable by natural markings (pelage patterns in cheetahs 

and wild dogs; “whisker spot” patterns in lions), allowing for precise measurements of population size. 

Prey population data are taken from aerial surveys conducted by the Tanzania Wildlife Research Institute 

(Serengeti GIS and Data Centre 2007). 

 

All three species were concurrently monitored via radio-telemetry from 1985-1990.  The lion project has 

radio-tracked 1-2 females in every pride in the joint study area since 1984, providing the necessary 

coverage necessary for mapping lion densities across the region. Twenty-two female cheetahs were radio-

collared by TC between 1985 and 1990. Ten wild dog packs were radio-collared by MB from 1985 to 

1990. Since 2009, EM has monitored eight wild dog packs (~130 individuals); two of these packs were 

radio-collared from 2007 to 2009. Existing GIS data on habitat type were taken from the Serengeti Mara 

Data Library (Serengeti GIS and Data Center 2007). 

 

Data Analysis 

Joint Population Dynamics: We used generalized least-square models fitted by maximum-likelihood 

estimation (Package nlme, function gls, Pinheiro, Bates & Sarker 2012) to compare lion population sizes 

to 27 years of wild dog numbers and 29 years of cheetah numbers. We used square-root transformations 

(as per Zuur et al. 2009) to normalize the response variables and applied autoregressive correlation 

structures (corAR1[form = ~Years]) to control for temporal autocorrelation. We chose an autoregressive 

structure to reflect the biology of the system; qualitatively similar results were produced by alternative 

autocorrelation structures (corARMA). We also compared the effect of lion numbers on annual percent 

change in wild dog and cheetah populations, running regressions (gls, incorporating autoregressive 
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correlation structure as indicated by examining autocorrelation functions) with and without an 

intraspecific term to control for any density dependence (e.g. % change cheetah(time t to t+1) ~ lion(time t) as 

well as % change cheetah(time t to t+1) ~ lion(time t) + cheetah(time t)). We incorporated prey availability into 

these models based on population totals for preferred prey of cheetahs (Thomson’s gazelle, Caro 1994) 

and wild dogs (Thomson’s gazelle plus wildebeest, Schaller 1972). Because of the limited availability of 

joint annual predator-prey data (eight years for cheetah, four years for wild dogs), we performed separate 

statistical analyses with and without prey numbers. We also interpolated prey population estimates 

between surveys that occurred 1-4-years apart (Package timeSeries, Function interpNA, Wuertz & Chalabi 

2013).  

 

Home Range and Density Calculations: We calculated habitat-use patterns from 1985–1990, when lions, 

cheetahs, and wild dogs were simultaneously radio-collared (nlion = 3,328 independent locations; ncheetah = 

996; ndog = 73). All analyses were limited to sightings (located via radio-telemetry) within the regularly 

monitored study area for all three species. 

 

Because territories shift seasonally but are relatively stable across years, we analyzed data separately for 

wet and dry seasons. We mapped lion core areas by first calculating pride-specific kernel utilization 

distributions from daily radio-collar locations of females (fixed kernel, Program R, package adehabitat, 

Calenge 2006). We selected the 75 Percent Volume Contour (PVC) as the territory boundary (as per 

Mosser et al. 2009). To calculate long-term lion density, we divided the total number of lions per pride by 

the area of the territory (75PVC) to calculate lions per 1-km2. We then mapped these density-values onto 

a raster layer of 1-km x 1-km grid cells. Densities were summed in grid cells where territories overlapped.  
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To evaluate cheetah and wild dog ranging with respect to the long-term risk of encountering a lion, we 

conducted a bootstrapping analysis comparing the mean lion density of n independent cheetah and wild 

dog sightings to the mean lion density of 1,000 iterations of n simulated points. Points were generated as 

random locations within the study using Package splancs, function csr (Rowlingson & Diggle 2013). We 

compared the actual mean lion density to the distribution of 1,000 simulated means and calculated 

significance using a 2-tailed Fisher’s exact test.  We further calculated the average lion density at the 

location of each cheetah sighting and compared these values across cheetah reproductive states (e.g., 

denning females (cubs 0-2 mos), females with mobile cubs (>2 mos), and females without cubs), testing 

for significance with a Wilcoxon rank-sum test. 

 

Cross-Reserve Comparison: HDM, DWM, and MGM collected annual population counts of all 

individuals to calculate densities of reintroduced African wild dogs and lions at four fenced reserves in 

South Africa (6-10 years at each reserve, see Figure S1). Densities for the first year following each 

reintroduction were excluded to reduce artifacts of management approaches (see (Davies-Mostert 2010). 

We used a linear mixed model (function lmer) to evaluate log-transformed wild dog densities against 

concurrent lion densities and reserve size, implementing an autoregressive correlation structure 

(corAR1[form = ~Years]) and random effects for Reserve to control for repeated measurements within 

each reserve. 

 

Lion and cheetah densities were extracted from published data in 38 fenced reserves in South Africa 

(Table S1, see Lindsey et al. 2011 for management practices). We calculated prey biomass for eight 

reserves using species-specific prey densities (given in Lindsey et al. 2011) and average male weight per 

species (taken from Estes 1991).  We used linear regression (function lm) within a backwards-stepwise 

selection framework to compare log-transformed cheetah densities as a function of reserve size, prey 
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biomass, and log-transformed lion density (where lions were present). We separately evaluated the effect 

of lion presence/absence on cheetah density, controlling for reserve size (function lm).  Because so few 

reserves had values for prey biomass, we first compared models without considering biomass, and then 

ran models on only those reserves with biomass values.  

 

Results 

Population Dynamics 

The Serengeti lion population increased threefold over the last 30 years (Figure 2a). African wild dogs 

disappeared from the Serengeti study area over the same period, despite considerable increases in 

wildebeest and overall prey biomass (Figs. 2a and b). In contrast, the Serengeti cheetah population 

remained stable, matching a relatively stable prey base of Thomson’s gazelle (Figure 2b). Time series 

analysis shows a substantial decline in African wild dogs as lion numbers increased (Figure 2c), reflecting 

a decline in total number of packs as opposed to decreasing pack sizes. Mean total pack size during the 

years of decline (9.28 +/- 1.17, 1986-1990) did not vary significantly from pre-decline levels (9.8 

individuals, 1967-1978 (Frame et al. 1979)) or from pack-sizes recorded after monitoring was resumed in 

2005 (10.1 +/- 1.40 individuals). Wild dog numbers were lower in years of high lions (n = 23, p = 

<0.0001), and were lower after a one-year time lag of high lion populations (n = 22, p = 0.0012). In 

contrast, cheetah populations were not related to lion populations in concurrent years (n = 29, p = 0.1983) 

or after a one-year time lag (n = 29, p = 0.6336). Per capita population growth rates for wild dogs and 

cheetahs were not correlated with lion population size in univariate regressions (p = 0.8746 and p = 

0.3248, respectively) or when controlling for density dependence in wild dog or cheetah numbers (p = 

0.7246 and p = 0.3138, respectively). Prey density (both the subset of years with raw data and the subset 

of years with interpolated data) was not a significant term in any analysis of growth rate or population 

size, nor did including prey density change the relationship between lion and cheetah or wild dog 
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numbers [See Table S2 for detailed model output].  Note that though wild dogs disappeared from the joint 

study area in 1992, they continued to reside elsewhere in the greater Serengeti ecosystem (Maddox 2003), 

and the population just outside the park boundary is known to have remained stable since at least 2005 

(EM unpublished data).  However, recent monitoring by EM confirms that wild dogs have failed to re-

establish ranges within the joint study area (Figure 3).  

 

Space Use 

Figure 4 shows cheetah and wild dog locations overlaid on lion densities each season. Both lions and 

cheetahs concentrate in the northwestern woodlands in the dry season, whereas wild dogs are scattered on 

the fringes of high-lion density areas. During this time, wild dogs occupied areas of lower lion density 

than expected by chance (p = 0.004), whereas cheetahs occupied higher lion-density areas (p < 0.0001, 

Table 1). In the wet season, lions are more evenly distributed, whereas wild dogs and cheetahs 

concentrate more on the short grass plains. Wild dog and cheetah ranging was unrelated to lion density in 

the wet season (p = 0.202 wild dogs; p = 0.942, cheetahs).  Throughout the year, denning female cheetahs 

experienced higher lion density than those with mobile cubs or no cubs at all, while there was no 

difference between females with mobile cubs or without cubs (Figure 5).  

 

Cross-Reserve Comparison: Wild dog densities were negatively related to lion density across reserves 

and through time (Figure 6a, S3a). Model comparison (function anova with a likelihood ratio test) 

including reserve size and lion density indicates that lion density alone was the best predictor of wild dog 

densities. In contrast, cheetah densities were not significantly related to lion densities across South 

African reserves (Figure 6b, Table S3b-c). For the full set of reserves, regression of cheetah density on 

reserve size and lion presence/density indicates that reserve size alone is the best predictor of cheetah 

density; model comparison shows no support for models incorporating lion presence (n = 38 reserves; p = 
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0.221) or lion density (n = 25 reserves; p = 0.445) [See Table S3 for detailed model output]. In the subset 

of reserves for which prey biomass has been measured, the sample size was too small to capture 

statistically significant relationships of cheetah density for any predictors; the null model is the best fit. 

 

Discussion 

Our results demonstrate markedly different responses of two mesopredators to the same top predator. 

Lions appear to have contributed to the disappearance and continued absence of wild dogs from the 

Serengeti while having no effect on cheetah numbers. Disease also contributed to the decline of wild dogs 

in the early 1990s (Macdonald 1992; Creel & Creel 2002), but wild dogs never disappeared from the 

larger Serengeti ecosystem and persisted for the past twenty years. Today, wild dogs occasionally pass 

through the long-term study area without settling in the same region that they occupied in the 1960s-

1980s, when lion population density was far lower (Figure 3). These results mirror patterns seen in other 

reserves, where wild dogs strongly avoid areas most actively used by lions (Mills & Gorman 1997; Creel 

& Creel 2002; Cozzi 2012; Vanak et al. 2013). 

 

It is possible that spotted hyenas also contributed to the decline of the Serengeti wild dog population: the 

hyena population increased from the 1960s to 1977 (Hofer & East 1995) and appears to have remained 

stable thereafter (Durant et al. 2011). Although data on hyena numbers and ranging patterns were 

insufficient to include in our statistical analysis, any effects of rising hyena numbers are likely to have 

been minor compared to those of lions: hyena-inflicted mortality is low (4-6%, Woodroffe & Ginsberg 

1999), wild dogs do not demonstrate immediate (Webster 2012) or large-scale avoidance (Cozzi 2012) of 

hyenas, and although wild dogs are vulnerable to energetic losses incurred by scavengers (Gorman et al. 

1998), dogs rarely relinquish kills to hyenas until they have finished eating (Fanshawe & Fitzgibbon 

1993; cf. Carbone et al. 2005).  
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In contrast to the response of wild dogs, the stability of the cheetah population over the same time period 

indicates that neither high levels of lion-inflicted mortality (see Laurenson 1994) nor behavioral 

avoidance (see Durant 1998, 2000) inflict sufficient demographic consequences to translate into 

population-level effects. If cheetahs had been suppressed through a “landscape of fear” and/or systematic 

persecution by lions, their population size should have declined by as much as 9-12-fold (e.g. 3-4 times 

the change in lion numbers, as typically observed in the mesopredators reviewed by Ritchie & Johnson 

2009).  But unlike wild dogs, cheetahs are not displaced from large sections of their landscape. Cheetahs 

and wild dogs show similar prey preferences, thus they would be expected to show similar spatial 

distributions if their ranging patterns were driven solely by food-acquisition. However, wild dogs mostly 

occupied low lion-density areas, whereas cheetahs mostly occupied high lion-density areas in the dry 

season and ranged independently of lions during the wet season (Figure 4), when cheetahs follow 

migratory Thomson’s gazelles onto the open grass plains (Durant et al. 1988). Similar to results in Figure 

4, Broekhuis et al. (2013) found that cheetahs are more likely to occur in areas with high long-term risk of 

encountering a lion, and Vanak et al. (2013) demonstrated a high degree of overlap between cheetah and 

lion home ranges and found that cheetahs sought out prey-rich areas regardless of long-term lion-risk or 

recent lion presence.  

 

Instead of large-scale displacement, cheetahs may employ fine-scale avoidance strategies that minimize 

risk of encounters without reducing their access to resources.  Cheetahs stay farther away from lions in 

open habitats than in wooded areas (Broekhuis et al. 2013); Vanak et al. (2013) further found that 

although cheetahs often move towards recent lion sightings, they almost always maintain at least 110 m 

distance from lions. Divergent life-history strategies may further reduce the likelihood of encounter 

within high lion-risk areas: as ambush predators, lions prefer habitat with greater cover (Hopcraft, Sinclair 

& Packer 2005), whereas cheetahs select for open areas (Mills, Broomhall & du Toit 2004; Vanak et al. 

2013; Broekhuis et al. 2013), where they achieve higher hunting success (Mills et al. 2004; Bissett & 
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Bernard 2006). Cheetahs, which are primarily solitary, may be able to employ such fine-scale responses 

more effectively than dogs, which actively roam in large social groups in search of their prey. Ultimately, 

there is no evidence that active avoidance of lions excludes cheetahs from large areas of preferred habitat, 

a finding that contrasts the clear patterns of exclusion in wild dogs in several ecosystems across Africa. 

 

Our cross-reserve analysis further supports the contrasting pattern of lion-cheetah-wild dog coexistence 

observed in the Serengeti.  Wild dogs exist at lower densities in reserves with higher densities of lions, as 

well as in years with more lions. In contrast, lions have no significant effect on cheetah density across 

South African protected areas. Instead, cheetah population densities vary inversely with reserve size 

either because a relatively consistent number of re-introduced animals were subsequently confined to a 

small area or because the smaller reserves were established in richer habitats. Note that our results 

contrast with an earlier analysis by Laurenson (1995) who documented a negative relationship between 

lion and cheetah biomass across nine reserves in east and southern Africa but did not test for effects of 

reserve size.  

 

Allaying conservation fears:  The disappearance of the Serengeti wild dogs in 1992 led to considerable 

controversy over the role of stress, rabies and veterinary interventions (Macdonald 1992). Burrows, Hofer 

& East (1994) presumed that the stress from vaccinating wild dogs against rabies rendered them more 

susceptible to the disease.  Little noted at the time, though, was the importance of interspecific 

interactions and the growing lion population (but see Hanby & Bygott 1979). Figs. 3 & 4 illustrate the 

first analysis on the spatial distribution of the Serengeti wild dogs during the years preceding their 

disappearance, and it is clear that the dogs were already restricted to areas that were largely unoccupied 

by lions.  With the further growth of the lion population and the continued absence of wild dogs from the 

lion study area despite the successful control of rabies in Serengeti by 2005 (Hampson et al. 2009), the 
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“stressful handling” hypothesis now seems highly unlikely.  The long-term data from the Serengeti 

combined with similar patterns across the rest of Africa suggest instead that wild dogs fare poorly in areas 

with high lion density.  

 

Our results also challenge a widespread perception that lions suppress cheetah populations and undermine 

cheetah conservation efforts (e.g. Chauvenet et al. 2011). Laurenson (1995) and others (e.g. Caro & 

Laurenson 1994; Chauvenet et al. 2011) attributed presumed cheetah suppression to high levels of lion-

inflicted mortality on cheetah cubs (ranging from 24% actually witnessed to 57% inferred, Laurenson 

1994, but see Mills & Mills 2013). Indeed, with <5% of cheetah cubs reaching independence in the 

Serengeti, lion-inflicted cub mortality would appear to limit cheetah population growth. Yet existing data 

are inconsistent; litter sizes were lower in years of higher lion density (Laurenson 1995, Kelly et al. 

1998), but lion numbers did not affect total cub production or adult cheetah numbers (Kelly et al. 1998).  

Thus although lions may kill large numbers of cheetah cubs, lion predation may be compensatory with 

sources of mortality such as starvation, disease, abandonment, or predation by other smaller, less 

conspicuous carnivores (as described in Mills and Mills, 2013). Further, if cheetah populations are 

saturated, lions may only be killing cubs that would otherwise disperse from the system, as in the case of 

swift foxes during coyote removal experiments in southeastern Colorado (Karki, Gese & Klavetter 2007).  

 

In addition, denning female cheetahs occupy areas of high lion density (Fig. 5), and lactating females 

spend more time than non-lactating females in patches of high lion density (Durant 1998), presumably 

because den sites are situated in areas that provide shade, water, and cover for small cubs of both species 

(cheetahs: Laurenson 1993; lions: Mosser et al. 2009).  Lions occupy these high quality denning areas 

even at low population sizes (Mosser et al. 2009), thus cheetah cub mortality rates may be relatively 

insensitive to changes in lion numbers.  Alternatively, cheetah population dynamics may not be especially 
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sensitive to cub mortality (Crooks, Sanjayan & Doak 1998; cf. Kelly & Durant 2000), because female 

cheetahs quickly reproduce after losing litters (returning to estrus within ~ 2 weeks, Laurenson 1992). 

 

Finally, immigration into the Serengeti plains may insulate cheetah dynamics against lions. The Serengeti 

study area is known to be an open system for both lions (Pusey & Packer 1987; Mosser et al. 2009) and 

cheetahs (Kelly & Durant 2000; Durant et al. 2004), which may render local interactions irrelevant in 

determining (cheetah) population size (e.g. Chesson 2000). Nonetheless, our analysis across the fenced 

South African reserves suggests that lions and cheetahs are able to coexist in the complete absence of 

immigration.  

 

Conclusion: While lions have apparently contributed to the local extinction and continued absence of wild 

dogs, cheetahs are able to coexist with lions in the Serengeti and across South African reserves. These 

findings challenge a basic tenet of cheetah conservation: that cheetahs require areas with few or no lions 

to survive (e.g. Kelly & Durant 2000). Such concerns about lion-cheetah coexistence may even lead to 

inappropriate cheetah conservation efforts, for example, by focusing too much effort on cheetah 

populations in lion-free ecosystems. Further investigation and longitudinal analyses in other systems 

might reveal additional ecological drivers that better inform cheetah conservation actions.  

 

More generally, our study highlights a possible mechanism mitigating mesopredator suppression. 

Numerous studies across a wide array of vertebrates indicate that the disproportionate effect of top 

predators on their smaller competitors may derive not from direct killing, but by triggering costly 

behavioral avoidance responses (Salo et al. 2008; Kamler et al. 2013) such as large-scale displacement 

from large areas of preferred habitat (e.g. Kamler et al. 2003a; Shirley et al. 2009). As we find no 
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evidence of large-scale cheetah displacement, the fine-scale avoidance found by Durant (1998), Vanak et 

al. (2013), and Broekhuis et al. (2013) may facilitate coexistence by minimizing large-scale displacement 

and associated habitat loss.  

 

The precise mechanism of mesopredator suppression (behavioral avoidance vs. direct killing) will often 

have implications for wildlife management (Ritchie et al. 2012). For example, dingo control programs not 

only increased feral cat abundance in Australian rangelands, but also allowed feral cats to increase their 

activities in areas or at times of day that they had previously avoided (Brook, Johnson & Ritchie 2012). 

Similarly, in the absence of jackals, cape foxes expand their diurnal activity and select den sites that are 

more broadly distributed across the landscape (Kamler et al. 2013). These behavioral shifts can have 

unexpected and cascading consequences throughout the ecosystem (Wallach et al. 2010; Ritchie et al. 

2012).  

 

Experimental studies of invertebrate systems have found that habitat structure facilitates mesopredator 

coexistence by reducing rates of aggressive encounters between competing species (Finke & Denno 2002; 

Janssen et al. 2007). Similarly, the reduced visibility of miombo woodlands can reduce rates of lion-

inflicted mortality on cheetahs (Mills & Mills 2013) and lion klepto-parasitism on wild dogs and cheetahs 

(Creel, Spong & Creel 2001; Bissett & Bernard 2006).  Wild dogs manage to coexist with lions in many 

wooded ecosystems (e.g., Selous, Creel & Creel 2002; Kruger, Mills & Gorman 1997), thus, future 

research should focus on the interaction between habitat characteristics and multi-scale avoidance 

behavior to better predict patterns of mesopredator coexistence.  

 

Acknowledgements: Research clearance was provided by the Tanzania Wildlife Research Institute and 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Tanzania National Parks.  We thank Grant Hopcraft for assistance with Serengeti GIS and prey data, and 

Sarah Cleaveland and Marcella Kelly for thoughtful feedback, Dr. Aaron Rendahl at the UMN Statistical 

Consulting Clinic, and members of the Serengeti Lion Project, especially Ingela Janssen, Daniel 

Rosengren, and Stanslaus Mwampeta.  This work was supported by NSF grant DEB-1020479 to C.P.  

 

REFERENCES 

Bissett, C. & Bernard, R.T.F. (2006) Habitat selection and feeding ecology of the cheetah (Acinonyx 
jubatus) in thicket vegetation: is the cheetah a savanna specialist? Journal of Zoology, 0, 
060818015547003–??? 

Borer, E.T., Briggs, C.J. & Holt, R.D. (2007) Predators, parasitoids, and pathogens: a cross-cutting 
examination of intraguild predation theory. Ecology, 88, 2681–2688. 

Broekhuis, F., Cozzi, G., Valeix, M., McNutt, J.W. & Macdonald, D.W. (2013) Risk avoidance in 
sympatric large carnivores: reactive or predictive? (ed J Fryxell). Journal of Animal Ecology, 82, 
1098–1105. 

Brook, L.A., Johnson, C.N. & Ritchie, E.G. (2012) Effects of predator control on behaviour of an apex 
predator and indirect consequences for mesopredator suppression. Journal of Applied Ecology, 
49, 1278–1286. 

Burrows, R. (1995) Demographic changes and social consequences in wild dogs, 1964-1992. Serengeti II: 
Research, Management and Conservation of an Ecosystem (eds P. Arcese & A.R.E. Sinclair), pp. 
299–314. University of Chicago Press, Chicago. 

Burrows, R., Hofer, H. & East, M.L. (1994) Demography, Extinction and Intervention in a Small 
Population: the Case of the Serengeti Wild Dogs. Proceedings of the Royal Society of London. 
Series B: Biological Sciences, 256, 281–292. 

Calenge, C. (2006) The package “adehabitat” for the R software: A tool for the analysis of space and 
habitat use by animals. Ecological Modelling, 197, 516–519. 

Carbone, C., Frame, L., Frame, G., Malcolm, J., Fanshawe, J., FitzGibbon, C., Schaller, G., Gordon, I.J., 
Rowcliffe, J.M. & Du Toit, J.T. (2005) Feeding success of African wild dogs (Lycaon pictus) in 
the Serengeti: the effects of group size and kleptoparasitism. Journal of Zoology, 266, 153–161. 

Caro, T.M. (1994) Cheetahs of the Serengeti Plains: Group Living in an Asocial Species. University of 
Chicago Press. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Caro, T. & Laurenson, M. (1994) Ecological and genetic factors in conservation: a cautionary tale. 
Science, 263, 485–486. 

Carothers, J.H. & Jaksić, F.M. (1984) Time as a Niche Difference: The Role of Interference Competition. 
Oikos, 42, 403. 

Case, T.J. & Gilpin, M.E. (1974) Interference competition and niche theory. Proceedings of the National 
Academy of Sciences, 71, 3073–3077. 

Chauvenet, A.L.M., Durant, S.M., Hilborn, R. & Pettorelli, N. (2011) Unintended Consequences of 
Conservation Actions: Managing Disease in Complex Ecosystems. PLoS ONE, 6, e28671. 

Chesson, P. (2000) Mechanisms of maintenance of species diversity. Annual review of Ecology and 
Systematics, 343–366. 

Cozzi, G. (2012) Patterns of Habitat Use and Segregation among African Large Carnivores: A Case 
Study on the African Wild Dog (Lycaon Pictus), the Spotted Hyena (Crocuta Crocuta), and the 
Lion (Panthera Leo). Ph.D., University of Zurich. 

Creel, S. & Christianson, D. (2008) Relationships between direct predation and risk effects. Trends in 
Ecology & Evolution, 23, 194–201. 

Creel, S. & Creel, N.M. (1996) Limitation of African wild dogs by competition with larger carnivores. 
Conservation Biology, 10, 526–538. 

Creel, S. & Creel, N.M. (2002) The African Wild Dog: Behavior, Ecology, and Conservation. Princeton 
University Press. 

Creel, S., Spong, G. & Creel, N. (2001) Interspecific competition and the population biology of 
extinction-prone carnivores. CONSERVATION BIOLOGY SERIES-CAMBRIDGE-, 35–60. 

Cresswell, W. (2008) Non-lethal effects of predation in birds. Ibis, 150, 3–17. 

Crooks, K.R., Sanjayan, M.A. & Doak, D.F. (1998) New insights on cheetah conservation through 
demographic modeling. Conservation Biology, 12, 889–895. 

Crooks, K.R. & Soulé, M.E. (1999) Mesopredator release and avifaunal extinctions in a fragmented 
system. Nature, 400, 563–566. 

Davies-Mostert, H. (2010) The Managed Metapopulation Approach for African Wild Dog (Lycaon 
Pictus) Conservation in South Africa. Ph.D., University of Oxford. 

Durant, S.M. (1998) Competition Refuges and Coexistence: An Example from Serengeti Carnivores. 
Journal of Animal Ecology, 67, 370–386. 

Durant, S.M. (2000) Living with the enemy: avoidance of hyenas and lions by cheetahs in the Serengeti. 
Behavioral Ecology, 11, 624–632. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Durant, S.M., Caro, T.M., Collins, D.A., Alawi, R.M. & FitzGibbon, C.D. (1988) Migration patterns of 
Thomson’s gazelles and cheetahs on the Serengeti plains. African Journal of Ecology, 26, 257–
268. 

Durant, S.M., Craft, M.E., Hilborn, R., Bashir, S., Hando, J. & Thomas, L. (2011) Long-term trends in 
carnivore abundance using distance sampling in Serengeti National Park, Tanzania. Journal of 
Applied Ecology, 48, 1490–1500. 

Durant, S.M., Kelly, M. & Caro, T.M. (2004) Factors affecting life and death in Serengeti cheetahs: 
environment, age, and sociality. Behavioral Ecology, 15, 11–22. 

Elmhagen, B. & Rushton, S.P. (2007) Trophic control of mesopredators in terrestrial ecosystems: top-
down or bottom-up? Ecology Letters, 10, 197–206. 

Estes, R.D. (1991) The Behavior Guide to African Mammals: Including Hoofed Mammals, Carnivores, 
Primates. University of California Press. 

Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter, S.R., Essington, 
T.E., Holt, R.D. & Jackson, J.B. (2011) Trophic downgrading of planet earth. science, 333, 301–
306. 

Fanshawe, J.H. & Fitzgibbon, C.D. (1993) Factors influencing the hunting success of an African wild dog 
pack. Animal Behaviour, 45, 479–490. 

Finke, D.L. & Denno, R.F. (2002) Intraguild predation diminished in complex-structured vegetation: 
implications for prey suppression. Ecology, 83, 643–652. 

Finke, D.L. & Denno, R.F. (2006) Spatial refuge from intraguild predation: implications for prey 
suppression and trophic cascades. Oecologia, 149, 265–275. 

Frame, L.H., Malcolm, J.R., Frame, G.W. & Van Lawick, H. (1979) Social Organization of African Wild 
Dogs (Lycaon pictus) on the Serengeti Plains, Tanzania 1967–19781. Zeitschrift für 
Tierpsychologie, 50, 225–249. 

Fuller, T.K. & Keith, L.B. (1981) Non-Overlapping Ranges of Coyotes and Wolves in Northeastern 
Alberta. Journal of Mammalogy, 62, 403–405. 

Gorman, M., Mills, M., Raath, J. & Speakman, J. (1998) High hunting costs make African wild dogs 
vulnerable to kleptoparasitism by hyaenas. Nature January 29, 1998, 391, 479–481. 

Hampson, K., Dushoff, J., Cleaveland, S., Haydon, D.T., Kaare, M., Packer, C. & Dobson, A. (2009) 
Transmission Dynamics and Prospects for the Elimination of Canine Rabies. PLoS Biol, 7, 
e1000053. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Hanby, J.P. & Bygott, J.D. (1979) Population changes in lions and other predators. Serengeti: Dynamics 
of an Ecosystem (eds A.R.E. Sinclair & M. Norton-Griffiths), pp. 249 – 262. Chigago University 
Press, Chicago. 

Van Heerden, J., Mills, M.G., Van Vuuren, M.J., Kelly, P.J. & Dreyer, M.J. (1995) An investigation into 
the health status and diseases of wild dogs (Lycaon pictus) in the Kruger National Park. Journal 
of South African Veterinary Association, 66, 18–27. 

Hofer, H. & East, M.L. (1995) Population dynamics, population size, and the commuting system of 
Serengeti spotted hyenas. Serengeti II: Dynamics, Management, and Conservation of an 
Ecosystem (eds A.R.E. Sinclair & P. Arcese), University of Chicago Press. 

Holdo, R.M., Holt, R.D. & Fryxell, J.M. (2009) Opposing Rainfall and Plant Nutritional Gradients Best 
Explain the Wildebeest Migration in the Serengeti. The American Naturalist, 173, 431–445. 

Holt, R.D. & Polis, G.A. (1997) A theoretical framework for intraguild predation. American Naturalist, 
745–764. 

Hopcraft, J.G.C., Sinclair, A.R.E. & Packer, C. (2005) Planning for success: Serengeti lions seek prey 
accessibility rather than abundance: Prey accessibility in Serengeti lions. Journal of Animal 
Ecology, 74, 559–566. 

Janssen, A., Sabelis, M.W., Magalhães, S., Montserrat, M. & Van der Hammen, T. (2007) Habitat 
structure affects intraguild predation. Ecology, 88, 2713–2719. 

Kamler, J.F., Ballard, W.B., Gilliland, R.L., II, P.R.L. & Mote, K. (2003a) Impacts of Coyotes on Swift 
Foxes in Northwestern Texas. The Journal of Wildlife Management, 67, 317–323. 

Kamler, J.F., Ballard, W.B., Gilliland, R.L. & Mote, K. (2003b) Spatial relationships between swift foxes 
and coyotes in northwestern Texas. Canadian Journal of Zoology, 81, 168–172. 

Kamler, J.F., Stenkewitz, U. & Macdonald, D.W. (2013) Lethal and sublethal effects of black-backed 
jackals on cape foxes and bat-eared foxes. Journal of Mammalogy, 94, 295–306. 

Karki, S.M., Gese, E.M. & Klavetter, M.L. (2007) Effects of Coyote Population Reduction on Swift Fox 
Demographics in Southeastern Colorado. The Journal of Wildlife Management, 71, 2707–2718. 

Kelly, M.J. & Durant, S.M. (2000) Viability of the Serengeti Cheetah Population. Conservation Biology, 
14, 786–797. 

Kelly, M.J., Laurenson, M.K., FitzGibbon, C.D., Collins, D.A., Durant, S.M., Frame, G.W., Bertram, 
B.C. & Caro, T.M. (1998) Demography of the Serengeti cheetah (Acinonyx jubatus) population: 
the first 25 years. Journal of Zoology, 244, 473–488. 

Kruuk, H. (1972) The Spotted Hyena: A Study of Predation and Social Behavior. University of Chicago 
Press Chicago. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Laundré, J.W., Hernández, L. & Altendorf, K.B. (2001) Wolves, elk, and bison: reestablishing the 
“landscape of fear” in Yellowstone National Park, U.S.A. Canadian Journal of Zoology, 79, 
1401–1409. 

Laurenson, M.K. (1992) Reproductive Strategies in Wild Female Cheetahs. Ph.D., University of 
Cambridge, Cambridge. 

Laurenson, M.K. (1993) Early maternal behavior of wild cheetahs: Implications for captive husbandry. 
Zoo Biology, 12, 31–43. 

Laurenson, M.K. (1994) High juvenile mortality in cheetahs (Acinonyx jubatus) and its consequences for 
maternal care. Journal of Zoology, 234, 387–408. 

Laurenson, M.K. (1995) Implications of high offspring mortality for cheetah population dynamics. 
Serengeti II: Dynamics, Management, and Conservation of an Ecosystem (eds A.R.E. Sinclair & 
P. Arcese), University of Chicago Press. 

Lindsey, P., Tambling, C. j., Brummer, R., Davies-Mostert, H., Hayward, M., Marnewick, K. & Parker, 
D. (2011) Minimum prey and area requirements of the Vulnerable cheetah Acinonyx jubatus: 
implications for reintroduction and management of the species in South Africa. Oryx, 45, 587–
599. 

Macdonald, D.W. (1992) Cause of wild dog deaths. Nature, 360, 633–634. 

Maddox, T.M. (2003) The Ecology of Cheetahs and Other Large Carnivores in a Pastoralist-Dominated 
Buffer Zone. University of London. 

Mills, M.G.L., Broomhall, L.S. & du Toit, J.T. (2004) Cheetah Acinonyx jubatus feeding ecology in the 
Kruger National Park and a comparison across African savanna habitats: is the cheetah only a 
successful hunter on open grassland plains? Wildlife Biology, 10, 177–186. 

Mills, M.G.L. & Gorman, M.L. (1997) Factors Affecting the Density and Distribution of Wild Dogs in 
the Kruger National Park. Conservation Biology, 11, 1397–1406. 

Mills, M.G.L. & Mills, M.E.J. (2013) Cheetah cub survival revisited: a re-evaluation of the role of 
predation, especially by lions, and implications for conservation. Journal of Zoology, 292, 136-
141. 

Moseby, K.E., Neilly, H., Read, J.L. & Crisp, H.A. (2012) Interactions between a Top Order Predator and 
Exotic Mesopredators in the Australian Rangelands. International Journal of Ecology, 2012. 

Mosser, A., Fryxell, J.M., Eberly, L. & Packer, C. (2009) Serengeti real estate: density vs. fitness-based 
indicators of lion habitat quality. Ecology Letters, 12, 1050–1060. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Packer, C., Hilborn, R., Mosser, A., Kissui, B., Borner, M., Hopcraft, G., Wilmshurst, J., Mduma, S. & 
Sinclair, A.R.E. (2005) Ecological Change, Group Territoriality, and Population Dynamics in 
Serengeti Lions. Science, 307, 390–393. 

Palomares, F. & Caro, T.M. (1999) Interspecific Killing among Mammalian Carnivores. The American 
Naturalist, 153, 492–508. 

Pinheiro, J., Bates, D. & Sarker, D. (2012) Nlme: Linear and Nonlinear Mixed Effects Models. R Package 
Version 3.1-104. 

Prugh, L.R., Stoner, C.J., Epps, C.W., Bean, W.T., Ripple, W.J., Laliberte, A.S. & Brashares, J.S. (2009) 
The Rise of the Mesopredator. BioScience, 59, 779–791. 

Pusey, A.E. & Packer, C. (1987) The evolution of sex-biased dispersal in lions. Behaviour, 101, 275–310. 

Ritchie, E.G., Elmhagen, B., Glen, A.S., Letnic, M., Ludwig, G. & McDonald, R.A. (2012) Ecosystem 
restoration with teeth: what role for predators? Trends in Ecology & Evolution, 27, 265–271. 

Ritchie, E.G. & Johnson, C.N. (2009) Predator interactions, mesopredator release and biodiversity 
conservation. Ecology Letters, 12, 982–998. 

Rowlingson, B. & Diggle, P. (2013) Splancs: Spatial and Space-Time Point Pattern Analysis. 

Salo, P., Nordström, M., Thomson, R.L. & Korpimäki, E. (2008) Risk Induced by a Native Top Predator 
Reduces Alien Mink Movements. Journal of Animal Ecology, 77, 1092–1098. 

Schaller, G.B. (1972) The Serengeti Lion: A Study of Predator-Prey Relations. University of Chicago 
Press. 

Schoener, T. (1983) Field Experiments on Interspecific Competition. American Naturalist, 122, 240–285. 

Serengeti GIS and Data Centre (2007).  Available at: http://www.serengetidata.org (Accessed: 20 Oct. 
2012) 

Sergio, F. & Hiraldo, F. (2008) Intraguild predation in raptor assemblages: a review. Ibis, 150, 132–145. 

Shirley, M.D.F., Elmhagen, B., Lurz, P.W.W., Rushton, S.P. & Angerbjörn, A. (2009) Modelling the 
spatial population dynamics of arctic foxes: the effects of red foxes and microtine cycles. 
Canadian Journal of Zoology, 87, 1170–1183. 

Sinclair, A.R.E. (1995) Serengeti past and present. Serengeti II: Dynamics, Management, and 
Conservation of an Ecosystem (eds A.R.E. Sinclair & P. Arcese), University of Chicago Press. 

Soulé, M.E., Bolger, D.T., Alberts, A.C., Wrights, J., Sorice, M. & Hill, S. (1988) Reconstructed 
dynamics of rapid extinctions of chaparral-requiring birds in urban habitat islands. Conservation 
Biology, 2, 75–92. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Tannerfeldt, M., Elmhagen, B. & Angerbjörn, A. (2002) Exclusion by interference competition? The 
relationship between red and arctic foxes. Oecologia, 132, 213–220. 

Thurber, J.M., Peterson, R.O., Woolington, J.D. & Vucetich, J.A. (1992) Coyote coexistence with wolves 
on the Kenai Peninsula, Alaska. Canadian Journal of Zoology, 70, 2494–2498. 

Vanak, A.T., Fortin, D., Thaker, M., Ogden, M., Owen, C., Greatwood, S. & Slotow, R. (2013) Moving 
to stay in place: behavioral mechanisms for coexistence of African large carnivores. Ecology, 94, 
2619–2631. 

Voigt, D.R. & Earle, B.D. (1983) Avoidance of Coyotes by Red Fox Families. The Journal of Wildlife 
Management, 47, 852–857. 

Wallach, A.D., Johnson, C.N., Ritchie, E.G. & O’Neill, A.J. (2010) Predator control promotes invasive 
dominated ecological states. Ecology Letters, 13, 1008–1018. 

Webster, H., McNutt, J.W. & McComb, K. (2012) African Wild Dogs as a Fugitive Species: Playback 
Experiments Investigate How Wild Dogs Respond to their Major Competitors: African Wild 
Dogs as a Fugitive Species. Ethology, 118, 147–156. 

Woodroffe, R. & Ginsberg, J.R. (1999) Conserving the African wild dog Lycaon pictus. I. Diagnosing 
and treating causes of decline. Oryx, 33, 132–142. 

Wuertz, D. & Chalabi, Y. (2013) timeSeries: Rmetrics - Financial Time Series Objects. R Package 
Version 3010.97. 

Zuur, A., Ieno, E.N., Walker, N., Saveliev, A.A. & Smith, G.M. (2009) Mixed Effects Models and 
Extensions in Ecology with R. Springer. 

  

Figure 1: Joint lion, cheetah, and wild dog study area, and surrounding protected areas. Darker shading 

indicates areas of increased tree cover. 

 

Figure 2: (A) Lion, cheetah, and wild dog numbers in the 2,200km2 overlapping study area as reported by 

(1) Serengeti Lion Project (this study), (2) Chauvenet et al. (2011), and (3)  Burrows (1995)  and E. 

Masenga (this study). (B) Wildebeest and Thomson gazelle numbers in the study area (Serengeti GIS and 

Data Centre).  (C) Cheetah and (D) wild dog populations plotted against lion populations each year. 

Regression lines are plotted for significant relationships from the univariate gls models. 
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Figure 3: Joint lion, cheetah, and wild dog study area denoted by central polygon; black lines indicate the 

boundaries of Serengeti National Park and surrounding protected areas. A) Average lion densities 

(background shading) and all wild dog radio-telemetry locations (black triangles) collected from 1985-

1990. B) Current average lion densities and all sightings (both opportunistic and radio-telemetry) of wild 

dogs 2005-2009, after they returned to the larger Serengeti ecosystem.   

 

Figure 4: Lion densities mapped per km2 grid cell, with highest densities shown in green. Cheetah 

locations shown in brown circles, wild dogs in black triangles. Black line denotes limits of the shared 

study area.  

 

Figure 5:  Average lion density per sighting of female cheetahs denning with young cubs (<=2 mos), 

with mobile cubs (>2 mos), and without cubs. Wilcoxon-Rank Sum tests showed Denning females 

experienced higher lion densities than females with Mobile cubs (dry p <0.0001, wet p = 0.03) and No 

cubs (dry p = 0.0002, wet p = 0.03). Females with mobile cubs were not significantly different than those 

without cubs in either wet or dry seasons (p = 0.591 and p = 0 .529, respectively). 

 

Figure 6: (A) Wild dog densities vs. lion densities from Hluhluwe-iMfolozi Park (HIP), Madikwe Game 

Reserve (MGR), Pilanesberg National Park (PNP), and Venetia Limpopo Nature Reserve (VLNR). (B) 

Cheetah densities vs. lion densities in 25 reserves (see Table S1); circles are proportional to the size of the 

reserve. All statistics are presented in Table S3 
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Figure 2 
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Figure 4 
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Table 1: Results from bootstrapping analysis evaluating cheetah and wild dog ranging patterns with 

respect to lion densities. N reflects total number of independent radio-telemetry sightings of each species. 

Avg. lion density (Actual) reflects mean lion density (lions/km2) at the location of each sighting. Avg. 

lion density (Simulated) reflects the lion density averaged across 1,000 iterations of n randomly generated 

points. P was calculated using a two-tailed Fisher’s exact test as 2 x the number of simulated means above 

or below actual mean lion density. 

      

Dry Season         

  Avg. Lion Density   

 N Actual  Simulated  P  

Cheetahs 460 0.030 0.021 < 0.0001  

Wild dogs 39 0.016 0.021 0.004  

      

Wet Season      

  Avg. Lion Density   

 N Actual Simulated P  

Cheetahs 536 0.021 0.020 0.942  

Wild dogs 34 0.010 0.020 0.202  

      

 


