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Abstract

In guilds, such as the large predators, species compete over multiple resources that are both consumable and non-consumable.
The niche complementary hypothesis states that competitors can overlap in resource use if there is low overlap for at least
one shared resource. In Africa, cheetah, Acinonyx jubatus, compete with other large carnivores across space, time and prey
and are known to be subordinate; however, rarely has the entire guild been considered when assessing resource partition-
ing by cheetah. Using camera-trap data from four areas sampled over 4 years, we compared spatial and temporal overlap
between cheetah and other large carnivores. Moreover, we estimated short-term avoidance of sites by cheetah after another
large carnivore had visited. We show that cheetah align with the niche complementary hypothesis to avoid other large carni-
vores. Cheetah experienced high overlap with African wild dog, Lycaon pictus, activity patterns but avoided sites that were
used frequently by them. The inverse was observed for lion, Panthera leo, and spotted hyena, Crocuta crocuta, with cheetah
avoiding them across time but not space. Cheetah experienced moderate overlap with leopard, Panthera pardus, across both
space and time, with only possible short-term avoidance occurring. Finally, cheetah exhibited high levels of spatial and
temporal overlap with preferred prey species, suggesting a novel demonstration of the trade-off between resource acquisition
and predator avoidance. Our results showcase the importance of taking multiple scales and resource axes into consideration
when determining species abilities to co-exist and provides tools for managers working in highly managed systems.
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Introduction

Species that occur sympatrically, and are members of the
same guild, typically compete for resources (Schoener
1983). Within the carnivore guild, competition or intraguild
predation has been documented as important in defining the
community structure and in some cases are believed to be
D4 Kristina L. Cornhill the cause of the decline of subordinate species’ populations
kristinacornhill @ gmail.com (Palomares and Caro 1999; Caro and Stoner 2003; Clements
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interactions (i.e., harassment, kleptoparasitism, and preda-
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In heterogeneous environments, resource partitioning is
effective when species exhibit differences in their ability
to exploit resources (Ziv et al. 1993; Wauters et al. 2002).
Co-existing competitors must separate themselves by at
least one resource axis, meaning that a high overlap in one
niche dimension can be compensated for by low overlap in
another, as stated in the niche-complementarity hypoth-
esis (Vieira and Port 2007). In addition, several theories,
including game or interference competition theory, suggest
that dominant carnivores should be unrestricted with their
resource use, matching that of their common prey, whereas
resource partitioning by subordinate carnivores should be a
trade-off between resource acquisition and risk avoidance
(Vanak et al. 2013; Palomares et al. 2016).

Resource partitioning of non-consumable resources can
involve spatial, temporal, and spatiotemporal partitioning.
Spatial partitioning is when a species avoids habitats/sites
that competitors use. Arboreal mammals (i.e., Macaca sile-
nus, M. radiata, Semnopithecus johnii, and Ratufa indica)
in the Western Ghats use vertical stratification to co-exist,
occupying different heights within the forest canopy
(Sushma and Singh 2006). Where they co-occur, ocelots,
Leopardus pardalis, and bobcats, Lynx rufus, avoid each
other through variation in microhabitat use (Horne et al.
2009), as do cougars, Puma concolor, and jaguars, Panthera
once (Palomares et al. 2016). Temporal partitioning occurs
when a species is active at different times to its competitors.
Here, avoidance is used to describe a lack of overlap between
species for a given resource. Mink, Neovison vison, become
active during the day when otters, Lutra lutra, or polecats,
Mustela putoris, (both of which are largely nocturnal) are
present but remained nocturnal when these species are
absent (Harrington et al. 2009). Spatiotemporal partitioning
is the avoidance of habitats/sites shortly after a competitor
was present (Niedballa et al. 2019). Studies have also looked
at multiple axes simultaneously, including in Brazil where
fox species (i.e., Cerdocyon thous and Psedalopex gymno-
cercus) had low overlap in activity patterns, moderate over-
lap across habitat use, but no differences in their prey use
(Vieira and Port 2007). In South Africa, black-backed jack-
als, Canis mesomelas, dominated Cape foxes, Vulpes chama,
and separate across multiple axes (space, time, and diet),
but bat-eared foxes, Otocyon megalotis, which overlapped
considerably with jackals in space and time, only separated
by diet (Kamler et al. 2012). These examples highlight the
importance of resource partitioning in the community struc-
turing of carnivores.

Africa has a diverse large carnivore guild, consisting
of lion, P. leo, leopard, P. pardus, spotted hyena, Crocuta
crocuta, cheetah, Acinonyx jubatus, African wild dog,
Lycaon pictus, brown hyena, Parahyaena brunnea, and
striped hyena, Hyaena hyaena, with the first five being
sympatric across most of their range (Vanak et al. 2013).
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All seven species’ global populations are declining, driven
mainly by habitat loss and fragmentation, as well as human
persecution (Ripple et al. 2014). Across their ranges, these
carnivores are increasingly being relegated to smaller areas,
often fenced game reserves, creating artificially high den-
sities which in turn may cause an increase in competition
(Darnell et al. 2014). Cheetah are a subordinate member
of this guild due to their small build and largely solitary
nature. Cheetah suffer high rates of cub and adult mortality
(Laurenson 1994; Hunter 1998; Mills and Mills 2017) and
frequently have their kills stolen by other large carnivores
(Mills and Biggs 1993; Broekhuis et al. 2018). Given this
subordinate status, cheetah have received considerable atten-
tion regarding possible resource partitioning to allow their
co-existence with larger competitors (Durant 1998; Cozzi
et al. 2012; Broekhuis et al. 2013; Vanak et al. 2013; Bissett
et al. 2015; Swanson et al. 2016; Droge et al. 2017; Cornhill
and Kerley 2020a; Cornhill et al. 2021).

Traditionally, cheetah have been regarded as open savanna
specialists that only hunt (and are mainly active) during the
diurnal/crepuscular periods, largely to avoid the spatial
and temporal activity peaks of dominant carnivores (Caro
1994; Laurenson 1994; Durant 1998; Hayward and Slotow
2009). Recently, work in other landscapes demonstrated that
cheetah use a variety of open-to-closed woodlands effec-
tively (Hunter 1998; Broomhall et al. 2003; Broekhuis et al.
2013; Rostro-Garcia et al. 2015; Cornbhill et al. 2021) and
are active on moonlit nights. These studies, showcasing the
variability in cheetah resource use, highlight the potential
for greater spatial and temporal overlap between cheetah and
other large carnivores than previously suggested. However,
most attempts to resolve the effects of dominant competitors
on cheetah behavior did not take the entire guild into account
(Durant 1998; Vanak et al. 2013; Swanson et al. 2016; Droge
et al. 2017) or considered only the effect of temporal parti-
tioning (Hayward and Slotow 2009). As carnivores’ ranges
become increasingly restricted, understanding how the entire
guild co-exists will become essential to managers and con-
servationist trying to conserve these species, especially those
that are subordinate like the cheetah.

In this study, we aim to determine which factors, if any,
cheetah use to separate themselves across space and time
from other members of the large carnivore guild (lion, leop-
ard, spotted hyena, and African wild dog) while still main-
taining access to prey. Using camera-trap data, we analyze
resource partitioning across two axes: spatial, and temporal
on both the long- and short-term (spatiotemporal) scale. In
addition, we explore how the effects of factors such as prey
capture frequency and habitat characteristics (visibility) alter
a cheetah’s resource use, as these may also influence chee-
tah behavior (Vanak et al. 2013). Overall, we hypothesize
that cheetah should avoid other carnivores along at least
one axis, thereby selecting for less risky areas and/or times.
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Additionally, we hypothesize that cheetah should align their
spatial and temporal patterns with those of their preferred
prey. Specifically, with respect to the spatiotemporal analy-
sis, we predict that cheetah will avoid (camera-trap) sites
shortly after other large carnivores have visited those sites
(Broekhuis et al. 2013; Cornhill and Kerley 2020a). For the
temporal and spatial analysis, we predict that cheetah should
utilize times/sites least utilized by other carnivores (Durant
1998) and avoid extra-large-bodied prey (> 350 kg) that are
too large for them to catch (Clements et al. 2014), but which
are attractive to larger carnivores (Vanak et al. 2013).

Methods
Study area

This study was conducted in four fenced protected areas
(two state-managed and two private reserves), in close
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proximity to one another in the KwaZulu-Natal province
of South Africa (Fig. 1, Table 1). The state-managed
reserves are Hluhluwe-iMfolozi Park (HiP) and uMkhuze
Game Reserve (uMkhuze), and the privately owned
reserves are Phinda Private Game Reserve (Phinda) and
Manyoni Private Game Reserve (Manyoni). The region
is characterized as hot, humid and subtropical with two
distinct seasons: a dry winter from April to September,
and a wet, hot summer from October to March (Balme
et al. 2007). The reserves are located within the Maputa-
land Center of Endemism (Steenkamp et al 2004) and are
dominated by mosaics of open grassland and various types
of open-to-closed woodland (‘bushveld’) (Steenkamp et al.
2004). Currently, three out of the four reserves house an
intact large carnivore guild (cheetah, lion, leopard, spot-
ted hyena, and African wild dog). Resident African wild
dogs do not occur in Phinda, but transients occasionally
pass through and did during the 2016 survey. Brown hyena
occur very rarely (two-to-three individuals in Manyoni) in
the study area and were not considered further.
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Fig. 1 Map of the reserves (green) used for this study, and their location in KwaZulu-Natal, South Africa, with the black dots representing cam-
era-trap sites: HiP (N=46), Manyoni (N=39), Phinda (N=42), and uMkhuze (N=40)
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Table 1 Reserve statistics including the size of the reserve (km?), size of the area surveyed (km?), number of sites, the density of camera sites
(by reserve size/by survey area), and the dates that each reserve was surveyed

Reserve Size (km?)  Size # of sites  Camera density ~ Years surveyed

surveyed (sites per km?)

(km?) 2013 2014 2015 2016
HiP 900 417 46 0.05/0.11 Feb 16-Apr 01  Apr 30-Jun 13 May 01-Jun 14 Apr 01-May15
Manyoni 233 205 39 0.17/0.19 Jul 29-Sep 4
Phinda 233 226 42 0.18/0.19 Jul 1-Aug 14 Jun 24-Aug 19
uMkhuze 395 166 40 0.10/0.24 Jun 12-Jul 26 Mar 29-May 12 Jun 2-Jul 16 May 27-Jul 11
Total 1761 1014 167 0.09/0.16
Data collection carnivores regularly visited the sites and the surveys cov-

From 2013 to 2016 (Table 1), cameras were set up in each
of the four reserves for approximately 6 weeks, once each
year or every alternate year (Miller et al. 2018). Each camera
station consisted of two cameras (PantheraCam V-series),
normally on opposite sides of the road/track, pointing
toward each other to capture both sides of individual animals
(Miller et al. 2018). Cameras were placed approximately
40 cm above the ground, triggered by movement with an 8 s
delay and active 24 h a day. Camera stations were spaced
about 1-3 km apart along roads, drainage lines, or game
paths. For each image, the camera recorded the time and
date, and experts identified the species photographed. We
recorded when both cameras were inactive at a site (e.g., due
to animal interference) to account for variable effort per site
(Swanson et al. 2016).

During 2017, we measured vegetation openness or vis-
ibility at each camera site, to represent perceived predation
risk (Ie Roux et al. 2018). We used a 1.6 x0.3 m Nudds’
density board, that was marked into 20 cm sections (Nudds
1977). The observer positioned their eye level at approxi-
mately 80 cm height (an estimate of cheetah eye height),
as visibility differs depending on the vantage point (Henley
2001). The visibility was measured in the four cardinal and
the four primary inter-cardinal directions based on compass
headings, at the center point between the two cameras. The
distance at which approximately half of each 20 cm verti-
cal section on the board was blocked by vegetation (Nudds
1977) was noted (to the closest meter) for all eight direc-
tions. We used the same observer for all sites to standardize
bias. The final visibility value used was an averaged distance
per site.

Panthera, a non-government organization, conducts reg-
ular camera-trap surveys within several protected areas in
KwaZulu-Natal, primarily to obtain robust population esti-
mates of leopard but also to track the relative abundance of
other species. Images from these surveys were used for our
analyses (Table S1). We recognize a possible bias in the
data, as cameras were located to maximize the probabil-
ity of capturing leopard (Miller et al. 2018). However, all
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ered a full representation of the habitat types available to
them. As this is a comparative study assessing point-specific
spatial and temporal activity of the focal species (cheetah),
as well as their competitors and prey, the data are deemed
appropriate.

Statistical analysis

We conducted all statistical analysis in R (R Core Team
2021) and all mapping and spatial analysis was conducted
in QGIS (QGIS Development Team).

Spatial analysis

For the spatial analysis, we analyzed the data by camera-trap
site to estimate spatial avoidance or overlap among the chee-
tah and the other large carnivores. Due to low capture rates
of cheetah, given the small populations in many of the small
fenced reserves, data for all years were combined. When we
had multiple consecutive captures of a species at a camera-
trap site, we defined independence as 30 min between photos
(Si et al. 2014). Additionally, we calculated prey abundance
using a relative abundance index (RAI), defined as the num-
ber of independent prey captures per 100 trap days (Miller
et al. 2018). RAIs are used for prey abundance, whereas
predators are absolute counts given the quantity at which
they are observed and the biases that can occur with RAIs
and low densities of individuals (Sollmann et al. 2013). We
grouped prey species into four categories based on their
average adult female mass (Owen-Smith and Mills 2008):
small (<25 kg), medium (25-99 kg), large (100-350 kg),
and extra-large (>350 kg). Cheetah commonly predate
small, medium, and large-bodied prey (the latter only typi-
cally available to cheetah male coalitions; Clements et al.
2014; Broekhuis et al. 2018). We assessed spatial avoidance
as a hurdle model (package: glmm), in two steps: first to
detect the presence of cheetah at a site (binomial response)
and the second investigated cheetah abundance given that
the site was used (truncated response) (Swanson et al. 2016).
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We fit the data using a generalized linear mixed-effect
model with a binomial response variable: cheetah pres-
ence/absence. The presence/absence of lion, leopard,
spotted hyena, African wild dog and small, medium, large
and extra-large-bodied prey were fixed effects, along with
visibility [also a binomial variable based on quantiles into
high (> 50th quantile) and low (< 50th quantile) visibility
sites]. We included the trapping effort and camera-trap
site ID nested in reserve as a random variable to control
the different number of days sampled at sites/reserves and
pseudoreplication.

To identify factors affecting the increased use of a site
by cheetah, we used a truncated model, including only
sites that had a minimum of one cheetah capture (Swan-
son et al. 2016). Once again, we ran a generalized linear
mixed-effect model using the Poisson distribution with
cheetah abundance (all captures summed per camera-
trap site) as the response variable. Lion, leopard, spot-
ted hyena, and African wild dog abundance were used as
fixed effects, as was visibility and prey RAI per size class.
Camera trap site ID nested in reserve and trap effort were
used as random variables.

We determined the relative importance of carnivores
on cheetah behavior by assessing the analysis of deviance
for different models. The models included a null model
(no fixed effects), a model with only visibility and prey
size categories, models with visibility, prey and one car-
nivore species, and the full model containing visibility,
prey, and all carnivores. The analysis of deviance was
calculated using the model deviance and the formula:

Null model-model being tested
Null model—full model (Swanson et al. 2016).

Temporal analysis

To test for temporal avoidance or overlap of cheetah with
other carnivores and prey species, we calculated activity
patterns for all species and measured the overlap between
cheetah and all other species using the overlap package
(Meredith and Ridout 2016). Using a kernel density plot,
we calculated activity patterns for all carnivores and prey
categories using all camera-trap images from all sites and
reserves (Miller et al. 2018). We did not test for differ-
ences between reserves due to the small sample size of
cheetah captures per reserve. We determined the overlap
in activity patterns between cheetah and all other species
using the non-parametric estimator for the coefficient of
overlap (Miller et al. 2018). An overlap value of 0 indi-
cates no overlap and 1 is an entire overlap of activity
patterns by the two species (Ridout and Linkie 2009). We
used a Kolmogorov—Smirnov test to determine overlap
significance (Hayward and Slotow 2009).

Spatiotemporal analysis

Following the linear regression methods described by
Niedballa et al. (2019), we analyzed the data to deter-
mine any spatiotemporal avoidance of other carnivores by
cheetah by determined the time interval between images
of cheetah and other carnivores at a site, regardless of
whether the cheetah was the first or second visitor. We
considered only carnivore captures and calculated the
time between subsequent photos at sites, as long as the
camera had remained active. Cheetah were species A, and
the other carnivores were species, B. Therefore, we ended
up with time intervals for AB, the time between a photo-
graph of A, followed by species B, and for BA, the time
difference between a photograph of species B followed
by A. We then fitted a generalized linear mixed-effect
model using the Ime4 package (Bates et al. 2015). The
time interval was the response variable with the order of
species (AB or BA) as the fixed effect. We also included
site ID nested in reserve as a random variable to control
for pseudoreplication across sites. The data failed normal-
ity assumptions as assessed by the Shapiro—Wilk test, so
the response variable was log transformed. We ran the
model separately with lion, leopard, spotted hyena, and
African wild dog as species B. The linear model estimates
the difference in the time interval between AB and BA,
with a positive estimate, that does not overlap zero, show-
ing avoidance and a negative estimate, not overlapping
zero, showing attraction (Niedballa et al. 2019). P values
indicate whether the time interval between AB and BA
is different, i.e., does A (cheetah) avoid/follow species B
(other carnivores) more than species B does to species A.

Results

In total, 167 camera-trap sites were surveyed for a total
of 18,578 days. This yielded 214 photos of cheetah (128
independent captures at 56 sites, 34%), 1055 photos of
lion (648 independent captures at 129 sites, 77%), 1547
photos of leopard (1337 independent captures at 146 sites,
87%), 2346 photos of spotted hyena (1923 independent
captures at 139 sites, 83%), 659 photos of African wild
dog (278 independent captures at 83 sites, 50%), 4440
photos of small-bodied prey (4102 independent captures
at 161 sites, 96%), 42,226 photos of medium-bodied prey
(20,758 independent captures at 167 sites, 100%), 14,037
photos of large-bodied prey (6772 independent captures
at 165 sites, 99%), and 2017 photos of extra-large-bodied
prey (1390 independent captures at 122 sites, 73%).
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Spatial partitioning

The variation in cheetah presence at camera-trap sites
was explained equally by prey availability/visibility and
carnivore presence (Table 2). African wild dog pres-
ence alone explained a quarter of the additional deviance
(Table 2) and was negatively related to cheetah presence
(z=-2.16, p=0.031; Fig. 2F, Table S3). Lion, leopard,
and spotted hyena presence explained the least additional
deviance in cheetah presence (Table 2) and were not sig-
nificantly related to cheetah presence (p > 0.16; Fig. 2G-I,
Table S3).

Slightly over 50% of the variance in cheetah abundance at
camera-trap sites was explained by prey RAI and visibility
(Table 2). Cheetah abundance was positively associated with
the RAI of large-bodied prey (z=3.208, p=0.001; Fig. 3D,
Table S4). Lion abundance explained an additional 21% of
the variation, but cheetah abundance showed a non-signif-
icant relationship with lion abundance (p =0.10; Fig. 3G,
Table S4). Spotted hyena abundance explained 16.5% of
the additional variation in cheetah abundance but displayed
a non-significant relationship (p =0.12; Fig. 31, Table S4).
Leopard and African wild dog abundances each explained
relatively little additional variance in cheetah abundance
(4.3%, Table 2) and were not significant factors in cheetah
abundance (p > 0.2; Fig. 3H, F, Table S4).

Temporal partitioning

All carnivore and prey species’ activity patterns indicated
activity throughout the 24-h period, with peaks at differ-
ent times (Fig. 4). Cheetah activity peaked at dawn with a
smaller peak in activity at dusk (Fig. 4), as did African wild
dog (Fig. 4E). Small-bodied prey activity peaked during the
crepuscular periods (Fig. 4A), whereas medium- and large-
bodied prey activity levels peaked during the day (Fig. 4B,
C). Extra-large-bodied prey had the highest activity at dusk

(Fig. 4D). Lion, leopard, and spotted hyena activity levels
peaked at night (Fig. 4F, G, H).

The activity patterns of cheetah were significantly dif-
ferent from all other carnivore and prey species (p <0.01,
Table S5). Cheetah had the greatest temporal overlap with
small-bodied prey (0.77), African wild dog (0.72), and large-
bodied prey (0.70) (Fig. 4A, E, C). Cheetah had the least
temporal overlap with spotted hyena (0.47) and lion (0.55)
(Fig. 4F, H). Leopard (0.61), medium-bodied prey (0.63),
and extra-large-bodied prey (0.65) had an intermediate level
of temporal overlap with cheetah (Fig. 4G, B, D).

Spatiotemporal partitioning

There was a total of 43 captures of cheetah after lion (aver-
age of 5.2 days between), 61 after leopard (4.9 days), 64
after spotted hyena (5.7 days), and 8 after African wild dog
(4.9 days). Additionally, there were 36 captures of lion after
cheetah (5.8 days), 55 leopard (4.7 days), 53 spotted hyena
(4.9 days), and 6 African wild dog (4.4 days). Due to the low
number of consecutive captures between cheetah and other
large carnivore, all sites were combined for this analysis.
Cheetah showed spatiotemporal avoidance toward leopard
but not more than leopard did to cheetah (p =0.2). Cheetah
showed an attraction toward sites visited by spotted hyena
and a neutral reaction to those visited by lion and African
wild dog, with all being non-significant (p > 0.5; Table S2).

Discussion

Our results demonstrate that cheetah space and time use fol-
low the predictions of the niche-complementarity hypoth-
esis, by avoiding other large carnivores on at least one of the
non-dietary resource axes available to them, but they did not
avoid any competitor on all axes (Table 3). Specifically, we
show that cheetah avoided: African wild dog across space,
spotted hyena and lion through time, and leopard through

Table 2 Analysis of deviance

Model Presence Abundance
(ANODEYV) for models of
presence and abundance of ANODEYV (%) Incremental ANODEV (%) Incre-
cheetah at camera-trap sites. change mental
The incremental change is the change
explanatory power of each
carnivore species alone and all Null 0.0 - 0.0 -
together compared to the model Visibility 4 prey 50.2 _ 532 _
of only visibility and prey Visibility + prey + lion 55.9 5.7 74.8 21.6
Visibility + prey + spotted hyena 60.4 10.2 69.8 16.5
Visibility + prey + leopard 63.3 13.1 57.6 4.3
Visibility + prey + African wild dog 76.3 26.1 57.6 4.3
Full 100.0 49.8 100.0 46.8
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medium prey (C), large prey (D), extra-large prey (E), African wild
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short-term avoidance (spatiotemporal). Moreover, we found
support for cheetah aligning their habitat selection and
activity patterns with that of their preferred prey and weak
support for the avoidance of extra-large-bodied prey, as a
way to avoid large carnivores that prefer large prey (Vanak
et al. 2013). There is thus a trade-off in resource acquisition
and risk avoidance in which cheetahs apparently prioritize

scale of cheetah presence with zero indicating absence and one indi-
cates presence. Medium-sized prey were photographed at all sites.
Only African wild dog presence (F) was negatively associated with
cheetah presence (p=0.015). The black dot indicates the mean and
the bars indicates the standard error of that mean

finding suitable prey and are able to effectively reduce risky
encounters with dangerous competitors without requiring
constant avoidance behavior.

Cheetah showed the highest overlap in activity patterns
with small- and large-bodied prey and their abundance
at a camera-trap site was positively influenced by large-
bodied prey. This supports our prediction that cheetah are
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Fig.3 Cheetah abundance at camera-trap sites in response to environ-
mental factors, including habitat visibility, prey visitation, and other
carnivores. The factors are visibility (A), small prey (B), medium
prey (C), large prey (D), extra-large prey (E), African wild dog (F),
lion (G), leopard (H), and spotted hyena (I). Visibility is a measure
of percent, openness, and prey factors are a relative abundance index

attempting to align themselves with commonly utilized prey
(Clements et al. 2014). The lack of support for medium-
sized prey could have been biased by one of two things:
the day-time activity of warthogs biasing that data diurnally
(Hayward and Slotow 2009), and the high capture rate of this
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Leopard Captures

Spotted Hyena Captures

(RAI) as opposed to the absolute abundance rates. Only large-bodied
prey abundance (D) was positively associated with cheetah abun-
dance (p=0.001) indicated by a solid blue regression line. Dashed
blue lines indicated non-significant regression lines and black dots are
the values for each individual camera-trap site

prey class at almost all sites due to the high abundance of
species in this class in all reserves.

Our hypothesis for spatiotemporal avoidance by cheetah
toward all other large carnivores was not supported. Previous
studies have demonstrated a reactive response by cheetah
toward lion and, in one case, leopard (Broekhuis et al. 2013;
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Fig.4 Temporal overlap of activity patterns for cheetah with small-
sized prey (A), medium-sized prey (B), large-sized prey (C), extra-
large-sized prey (D), African wild dog (E), lion (F), leopard (G), and

Swanson et al. 2016; Cornhill and Kerley 2020a), meaning
that they avoided these species on a short spatiotemporal
scale. Our data showed a spatiotemporal avoidance of sites
after leopard had visited a camera-trap site. Spatiotemporal
avoidance of other large carnivores could be occurring on

N
S ] ﬁ /\\ —— Cheetah
J [ \ Medium Prey
§ < //
g |
S|
o] j
© 0:00 6:00  12:00 1800  24:00
Time
N
D S ﬁ /\ —— Cheetah

Extra Large Prey

o
Q o
© 0:00 6:00 1200 1800  24:00
Time
N
S —— Cheetah
] Lion
ES
7] e s
c F
S
[a] g |
o
Tl S o
Q .
© 0:00 6:00 1200 1800  24:00
Time
—— Cheetah

Spotted Hyena

12200 1800 2400

Time

spotted hyena (H) from camera-trap sites. The solid black line repre-
sents cheetah activity patterns, the dotted blue line is the prey or car-
nivore species, and the gray shaded area indicates the area of overlap

a different scale than investigated here, given the cameras’
limited field of view.

We found mixed support for cheetah being active at
times when other large carnivores are not. Our results
showed cheetah to be active throughout the day and
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Table 3 Summary of our results by species and resource partitioning
axis. We predicted that cheetah should avoid predators and extra-large
prey (negative, low, or avoidance) on at least one of the axes but be
attracted to (positive or high) to their preferred prey. Spatial presence
(Fig. 2) and abundance (Fig. 3) indicate a positive or negative rela-

tionship between the species, temporal overlap (Fig. 4) whether it was
low (<0.56), medium (0.56-0.65), or high (<0.69) and whether there
was an avoidance, attraction, or neutral reaction by cheetah to the spe-
cies on the spatiotemporal scale. Bolded values indicate that they are
significant

Species Spatial presence Spatial abundance Temporal overlap Spatiotemporal

Predators Lion Positive Positive Low Neutral
Leopard Positive Positive Medium Avoidance
Spotted hyena Positive Negative Low Attraction
African wild dog Negative Negative High Neutral

Preferred Prey Small-bodied prey Positive Positive High -
Medium-bodied prey - Positive Medium -
Large-bodied prey Positive Positive High -

Prey Extra-large-bodied prey Negative Negative Medium -

night. These results are aligned with the recently docu-
mented nocturnal behavior of cheetah (Cozzi et al. 2012;
Broekhuis et al. 2014); 28.5% of cheetah captures in our
study occurred at night. Cozzi et al. (2012) reported simi-
lar levels (25.6 +3.5%) of nighttime activity for cheetah
and they suggested that moonlight facilitated nocturnal
behavior, something we did not test. Cozzi et al. (2012),
also, stated that the increased nocturnal activity of chee-
tah would lead to an increase in the overlap of activity
patterns with other carnivores. We noted a greater over-
lap in activity patterns between cheetah and other large
carnivores than that documented by Hayward and Slotow
(2009); however, they collected their cheetah data from the
literature using kill and movement data that would have
been biased toward diurnal observation. This emphasizes
the utility of using camera-trap data for assessing activity
patterns. Moreover, future studies could investigate dif-
ferences among seasons (i.e., wet/dry or summer/winter),
something not done in this study due to a lack of data
across all categories (Table 1).

Spatially, we again found mixed support for our hypoth-
esis that cheetah would select sites with low-to-no dominant
carnivore use. Cheetah presence was negatively related to
African wild dog presence. This result supports our pre-
dictions, as cheetah had high temporal overlap with Afri-
can wild dog, but avoided them across space, selecting for
sites that African wild dog were not using. This may reflect
exploitative competition between cheetah and African wild
dog, as shown to occur at least one of our study sites (Corn-
hill and Kerley 2020b). However, it is also possible that this
was not a product of cheetah avoiding African wild dog,
but African wild dog avoiding sites where all other large
carnivores were found (Vanak et al. 2013; Swanson et al.
2014; Droge et al. 2017). In addition, lion abundance was
positively associated with cheetah abundance, but otherwise
large carnivores had no effect of cheetah habitat use. Droge
et al. (2017) found no spatial avoidance by cheetah toward
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other large carnivores, indicating that cheetah are most likely
to select areas based on the prospects of obtaining prey.

If cheetah focused exclusively on risk avoidance, they
would be at risk of starvation, for they could not capture
prey. This is similar to the trade-off (food vs risk) response
of the Serengeti herbivore community, with Sinclair (1985)
showing that as grazing became limiting in the dry season,
grazers were more willing to accept the risk of predation,
than when grazing was abundant. We showed that cheetah
were willing to utilize resources that would be deemed risky
(e.g., night time and closed habitat) under the landscape of
fear hypotheses (Laundré et al. 2001) as the risk associated
with these resources must have not been high enough to war-
rant outright avoidance, a result supported by Swanson et al.
(2016). Rather, cheetah are driven by their need to acquire
prey and thus use other mechanisms to avoid risk (the niche
complementary hypothesis).

Cheetah are not the first species found to follow the pre-
dictions of the niche-complementarity hypothesis, this also
occurs among other carnivore species (e.g., Vulpes spp.
Jones and Barmuta 1998; Vieira & Port 2007; Kamler et al.
2012). The niche complementary hypothesis explains how
species can co-exist even when they are outcompeted on one
resource axis, as they separate themselves along another.
Moreover, it explains that taking into account the different
scales of the resource axes can further separate out the spe-
cies and impact their ability to co-exist. Our results expand
on the current literature and can provide scientists evaluating
other species in other systems, a set of dimensions to evalu-
ate their species upon.

Our study is the first to evaluate cheetah resource use
taking into account the entire large carnivore guild and
across multiple axes. It expands on previous work (Durant
1998; Cozzi et al. 2012; Broekhuis et al. 2013; Vanak et al.
2013; Bissett et al. 2015; Swanson et al. 2016; Droge et al.
2017), giving managers more refined tools to achieve their
objectives. This is especially useful to managers struggling
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with the challenges of isolated populations and reliance on
tourism revenue, such as at our study sites. Pressure from
tourists for large carnivore sightings often leads to reserves
stocking animals at higher than appropriate densities, with
management actions required to ameliorate possible prob-
lems (Slotow and Hunter 2009; Clements et al. 2016). A
greater understanding of how all sympatric carnivores as a
guild influence cheetah behavior may contribute to improved
management of the species. Our results show that even
with potentially artificially high carnivore densities and
with fences restricting movements, cheetahs are able to co-
exist with intact large carnivore guilds given adequate prey
densities.

Our study shows that cheetah uses resource partition-
ing to avoid the potential costs of competition, but that this
also represents a trade-off with the need to acquire prey.
Resource partitioning does not need to occur on all axes
for all competing large carnivores, nor was the response by
cheetah symmetrical across all competing large carnivores.
As we assessed resource use on multiple axes, we were able
to show that cheetah avoided different carnivores on different
axes. These results showcase the importance of looking at
the intact predator guild and their use of several resources
to obtain a full understanding of how competition shapes
resource use.
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