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Abstract

Interspecific competition plays a crucial role in shaping the structure and

dynamics of large carnivore guilds. Extreme temperatures and heightened

resource heterogeneity in drylands can present additional challenges to

intraguild coexistence, potentially making dryland carnivore guilds particu-

larly susceptible to climate change and anthropogenic stressors. We employed

multispecies occupancy modeling to analyze data from 232 camera trap loca-

tions throughout eight reserves in Iran over 18,806 trapping days to investigate

spatiotemporal co-occurrence within a guild of large dryland carnivores,

including Asiatic cheetahs (Acinonyx jubatus venaticus), gray wolves

(Canis lupus), Persian leopards (Panthera pardus tulliana), and striped

hyaenas (Hyaena hyaena). Furthermore, we evaluated temporal overlap and

differences in diel activity between Asiatic cheetahs and sympatric carnivores

across seasons to assess seasonal shifts in temporal activity. We found evidence

of spatial segregation between cheetahs and leopards and a negative associa-

tion between cheetah occupancy and proximity to humans. Cheetahs

displayed the highest temporal overlap with wolves, followed by leopards and

hyaenas, while seasonality was not found to influence the temporal activity of

any of the carnivores. Our findings highlight the risk of potential competition

between cheetahs and wolves and underscore the need to maintain sufficient

water sources and adequate ungulate prey diversity and abundance to dimin-

ish the risk of increased resource scarcity-induced competition in drylands.

This study further reinforces the importance of mitigating anthropogenic dis-

turbance for the last Asiatic cheetahs.
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carnivore community, cheetah, competition, dryland, occupancy modeling, temporal overlap
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INTRODUCTION

Competition plays a crucial role in shaping the structure
of large carnivore guilds (Davis et al., 2021). Individuals
can compete by directly interfering with resource access,
a process known as interference competition (Case &
Gilpin, 1974), or by indirectly reducing resource avail-
ability, referred to as exploitative competition
(Schoener, 1983). To coexist and mitigate reductions in
fitness caused by competition, different species of large
carnivores often segregate their use of space, time, or
food resources (Schoener, 1974).

Competition among large carnivore species is often
asymmetrical, with some species being competitively
dominant over others (Schoener, 1983). This dominance
hierarchy influences niche differentiation, as dominant
carnivores can overlap spatially and temporally with
their preferred prey, while subordinate species must bal-
ance mitigating the threat posed by dominant carnivores
and foraging for food (Polis & Holt, 1992). For example,
cheetahs (Acinonyx jubatus) endure high levels of
kleptoparasitism (Swanson et al., 2016). Lions (Panthera
leo), spotted hyaenas (Crocuta crocuta), and leopards
(Panthera pardus) are dominant over cheetahs
(Hayward & Slotow, 2009; Mills & Mills, 2017).
Cheetahs must find a trade-off through resource
partitioning with more dominant carnivores to acquire
resources while avoiding risks posed by these competitors
(Hayward & Slotow, 2009).

However, bottom-up processes, such as those driven
by landscape productivity and resource availability, can
lead to complex changes in carnivore interactions
(Burgos et al., 2023). Drylands, defined as areas with an
aridity index (precipitation divided by potential evapo-
transpiration) of less than 0.65 (Middleton &
Thomas, 1997), create landscapes with high levels of
resource heterogeneity, primarily in the form of water
resources and vegetation, and the prey that are predomi-
nantly dependent on them (Kluever et al., 2017). Extreme
temperatures in drylands can present additional chal-
lenges for their inhabitants, particularly in the context of
climate change, which could constrain niche
partitioning, such as by shifting diel activity patterns
(Rafiq et al., 2023). Therefore, given the projected effects
of climate change and rising temperatures in the coming
years, it is crucial to understand how species interactions
within a community of large carnivores are impacted,
especially if some species of concern are highly
conservation-dependent.

This study aims to understand the spatial and tempo-
ral patterns of co-occurrence in a guild of several large
carnivores in drylands based on a case study from various
sites in Iran. Since 2001, Iran has been running an

extensive conservation program to save the critically
endangered Asiatic cheetahs (A. j. venaticus) (Farhadinia
et al., 2017). However, these cheetahs share their dryland
habitats with other large carnivores, such as Persian leop-
ards (P. p. tulliana), gray wolves (Canis lupus), and
striped hyaenas (Hyaena hyaena) throughout much of
their range (Farhadinia et al., 2017). Unlike striped
hyaenas, which primarily meet their dietary needs
through scavenging (Kruuk, 1976), the other three large
carnivores actively hunt medium-sized ungulates, while
gray wolves and Persian leopards are also known to rely
on opportunistic scavenging (Farhadinia et al., 2023;
Hosseini-Zavarei et al., 2013). They are dependent on a
limited diversity of wild prey, including goitered gazelles
(Gazella subgutturosa), bezoar goats (Capra aegagrus),
wild sheep (Ovis orientalis), and chinkara (G. bennettii),
all of which occur at low densities throughout our study
sites (Farhadinia et al., 2023; Khalatbari et al., 2022),
potentially exacerbating interspecific competition.

Despite the possibility that resource scarcity could
exacerbate interspecific competition in drylands (Astete
et al., 2017), knowledge deficiencies remain regarding
intraguild interactions among carnivores in these
low-productivity landscapes. Drylands account for
approximately 41% of the planet’s terrestrial surface and
are essential for global biodiversity (Safriel et al., 2005).
Nonetheless, they are expected to expand due to climate
change and face rapid changes, with many dryland verte-
brates’ habitats threatened by anthropogenic disturbance
(Lewin et al., 2024), leading to additional scarcity of some
carnivores (Dunford et al., 2024; Shams et al., 2025).

We assessed the potential niche partitioning across
space and time between Asiatic cheetahs and other sym-
patric large carnivores, including Persian leopards, gray
wolves, and striped hyaenas, across multiple dryland sites
in Iran. To this end, we pursued the following three
hypotheses:

Hypothesis 1. Asiatic cheetahs reduce spa-
tial overlap with dominant predators, such as
Persian leopards and wolves, and reduce tem-
poral overlap with these predators during the
cold months, to avoid predation or competi-
tion risk (Cheraghi et al., 2019; Farhadinia
et al., 2017; Mills & Mills, 2017). Conversely,
in the hot months, they shift to nocturnal
activity due to extreme temperatures, which
increases their temporal overlap with other
large carnivores (Belbachir et al., 2015; Rafiq
et al., 2023).

Hypothesis 2. Asiatic cheetahs do not
exhibit spatial segregation from carnivores
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more strictly specialized in scavenging, nota-
bly striped hyaenas, as these scavengers are
less likely to pose a significant threat of
kleptoparasitism or other adverse interactions
(Panda et al., 2023).

Hypothesis 3. Spatial co-occurrence between
cheetahs and sympatric large carnivores is
influenced by conservation law enforcement
and human presence. Areas benefiting from
increased enforcement of wildlife laws are
known to harbor greater prey availability in
Iran (Ghoddousi et al., 2016), potentially creat-
ing a redoubt for carnivores given the relative
scarcity of wild ungulate prey in these arid
environments. Meanwhile, the prevalence of
livestock herding near our study sites will
likely influence carnivore spatial interactions
(Farhadinia et al., 2023). Cheetahs exhibit
lower tolerance to anthropogenic disturbance
than their sympatric carnivores, hence

influencing their spatial co-occurrence since
contrasting responses to human presence
can shape patterns of spatial overlap and
avoidance among carnivores (Havmøller
et al., 2024).

METHODS

Study areas

Our study was conducted across eight reserves in the
eastern half of Iran (Figure 1), with annual rainfall rang-
ing from 98.6 mm in Bafq, Ariz, and Dareh Anjir, the
southernmost reserves, to 274.2 mm in Miandasht,
the northernmost reserve (Khalatbari et al., 2022;
Table 1). These reserves encompass mountainous land-
scapes, flat arid lowlands, and hilly terrain with vegeta-
tion primarily consisting of bean caper (Zygophyllum sp.)
and wormwood (Artemisia sieberi). Wild ungulates in
these areas include wild sheep, bezoar goats, chinkara,

F I GURE 1 Location of the study sites in Iran. The study reserves are denoted by gray polygons and are labeled in the following

manner: (1) Miandasht, (2) Touran, (3) Abbasabad, (4) Siahkouh, (5) Dareh Anjir, (6) Ariz, (7) Bafq, (8) Naybandan. Land coloring was

derived from Natural Earth raster data.
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and goitered gazelle; however, not all prey species are
found in each reserve (Table 1).

Sampling design

Camera traps were deployed in 232 stations between
December 2011 and October 2021 (Table 1; Appendix S1:
Table S1). Water sources were prioritized for placing
camera traps during the warm season. Alternatively,
cameras were positioned along trails and flood paths,
consulting the expertise of the reserves’ rangers. The
Cuddeback C1 and Cuddeback X-Change Color 1279
(Green Bay, WI, USA) models were the dominant types
of camera trap, while a few Cuddeback Capture (Green
Bay, WI, USA), CamTrakker (CamTrak South Inc.,
Watkinsville, Georgia, USA), and Bushnell Trophy Cam
HD (Bushnell Europe Ltd., Colchester, Essex,
United Kingdom) models were also used. Camera traps
were placed approximately 40 cm off the ground on natu-
ral features, such as trees or rock piles, or on post
mounts. Camera trap functionality and downloading of
captures were monitored by inspections every 5–10 days.
When operating at night, there was a 20–30 s time lag fol-
lowing a photographic capture for the Xenon charge to
flash. To avoid this lag, we used infrared and black infra-
red flash.

Sampling effort was approximated by using the num-
ber of days each camera was active as a detection covari-
ate. Six occupancy covariates were delineated for each
camera station using QGIS version 3.22 (QGIS

Development Team, 2021). These covariates
encompassed vegetation, topographic complexity, anthro-
pogenic disturbance, and conservation law enforcement,
as these are key predictors of the distribution of carni-
vores and essential prey species in Iran (Ghoddousi
et al., 2016; Khosravi et al., 2018), as well as roads since
they constitute a key source of fatalities for Asiatic chee-
tahs and sympatric carnivores (Mohammadi &
Kaboli, 2016).

Topographic covariates encompassed topographic
heterogeneity, using the Terrain Ruggedness Index (TRI)
developed by Riley et al. (1999) and elevation. Elevation
and terrain ruggedness were derived from the SRTM
Digital Elevation Data Version 4 (Jarvis et al., 2008).
Vegetation cover was approximated through the
Modified Soil-adjusted Vegetation Index (MSAVI2) devel-
oped by Qi et al. (1994), which was calculated from
Sentinel-2 image data with a 10-m resolution
(ESA, 2022), as this metric is associated with essential
food resources for prey species in arid environments
(Funghi et al., 2020). Mean TRI and MSAVI2 were calcu-
lated at four different scales (with radii of 250, 500, 1000,
and 2000 m) to account for the possibility that rugged-
ness and vegetation influence the occupancy of different
species at different scales given the broad spatial range of
the carnivores in this study (Khosravi et al., 2018).

The Euclidean distance from the nearest ranger sta-
tion was calculated for each camera trap location, as a
proxy for conservation law enforcement and prey avail-
ability as areas near these stations have been found to
harbor a greater abundance of ungulate prey in Iran due

TAB L E 1 Dates of surveys, season, area, and potentially present ungulate and sympatric carnivore species for each study site.

Reserve
Area
(km2) Prey species

Sympatric large
carnivores Sampling period

Locally interpreted
season

Touran 3054 Goitered gazelle, bezoar goat,
wild sheep, chinkara

Wolf, leopard, hyaena 05 Jun 2021–20 Oct 2021 Summer

Abbasabad 1313 Bezoar goat, wild sheep,
chinkara

Wolf 12 Apr 2012–20 Jul 2012 Summer

Miandasht 1753 Goitered gazelle, wild sheep Wolf, hyaena 16 Aug 2014–11 Nov 2014 Summer

Siahkouh 850 Bezoar goat, wild sheep,
chinkara

Wolf 29 Dec 2011–05 Apr 2012 Winter

Bafq 15,169 Bezoar goat, wild sheep,
chinkara

Leopard, occasionally wolf 26 Dec 2011–08 Apr 2012 Winter

Naybandan 14,415 Bezoar goat, wild sheep,
chinkara

Hyaena 15 Nov 2012–22 Feb 2013 Winter

Ariz 885 Bezoar goat, wild sheep,
chinkara

NA 24 Dec 2011–08 Apr 2012 Winter

Dareh Anjir 2040 Bezoar goat, wild sheep,
chinkara

NA 30 Dec 2011–06 Apr 2012 Winter

Note: The terms “summer” and “winter” are used to refer to the warm and cooler periods within each study site based on the local context.
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to increased protection from hunting, a source of wild
ungulate population decline across our study regions
(Ghoddousi et al., 2016). The distance from the nearest
human settlement was calculated to account for anthro-
pogenic disturbance such as livestock grazing and hunt-
ing (Khosravi et al., 2018). Additionally, the distance
from the nearest road was calculated for each camera
trap location using the HOTOSM Iran Roads dataset
(Humanitarian OpenStreetMap Team, 2020). In addition
to these occupancy covariates, we included latitude and
longitude as geographic control covariates to account for
broadscale spatial variation in species occupancy across
multiple study sites distributed over a large geographic
area (Rota et al., 2016).

All statistical analyses were conducted using the
R software version 4.1.2 (R Core Team, 2021). All occu-
pancy covariates were examined for potential collinearity
using Pearson’s correlation matrix, with covariate pairs
that displayed an jrj ≥ 0.7 considered strongly correlated,
and one of the covariates in such pairs would be removed
prior to any subsequent analysis (Dormann et al., 2013).
TRI at the 2000-m scale and elevation were excluded
from occupancy modeling as they were found to be
highly correlated (jrj ≥ 0.7) to latitude, while elevation
also showed high collinearity with multiple scales of TRI
(Appendix S1: Figure S1). Moran’s I Index was applied
using the package “ncf” (Bjornstad, 2022) to test for spa-
tial autocorrelation for each species detection, and the
corresponding spatial correlograms were visually exam-
ined for patterns of correlations across the distance from
the trap where each species was detected (Legendre &
Legendre, 2012). Each covariate was standardized to have
a mean of ‘0’ and a standard deviation of ‘1’
(Curveira-Santos et al., 2021).

Multispecies occupancy modeling

We employed a joint occupancy model for two or more
interacting species (Rota et al., 2016), implemented
through the package “unmarked” (Fiske &
Chandler, 2011). Sampling days were grouped into
10 sampling occasions to minimize overdispersion in the
data and increase the temporal independence of detec-
tions (Penjor et al., 2022). As a few sites had two camera
traps set up, the spatial analyses only used the detection
records from one camera trap to avoid skewing
detection probability and to avoid pseudoreplication.

To obtain the most parsimonious set of multispecies
occupancy models and reduce their complexity, a multi-
stage modeling process was employed to select the most
relevant covariates (Andrade-Ponce et al., 2022), in
which we first used single-species occupancy models

(Mackenzie et al., 2002) to inform covariate selection.
First, a model with intercept-only occupancy parameters
and detection modeled as a function of sampling effort
and a null detection model were compared for each spe-
cies to determine whether to include sampling effort in
their detection formulae (Richmond et al., 2010). Then,
the optimal scale of the multiscale covariates for each
species was examined by fitting single-species models for
each covariate scale. Finally, a set of models, including
one model per covariate and a null model, was used to
select occupancy covariates for each species.

All single-species models were ranked using the
Akaike information criterion corrected for small samples
(AICc), with the R package “AICcmodavg”
(Mazerolle, 2023). Single-species models were selected at
each stage based on the lowest AICc score, with models
with a ΔAICc < 2.00 considered to receive considerable
support (Anderson, 2008). The covariates from the
highest ranking single-species models were incorporated
into candidate multispecies occupancy models, reflecting
the following interactions:

1. No spatial interactions between cheetahs and sympat-
ric carnivores.

2. Constant pairwise interactions (intercept-only
second-order parameters).

3. Pairwise interactions as a function of geographic vari-
ation (latitude and longitude).

4. Pairwise interactions as a function of the distance
from human settlements and the distance from ranger
stations.

Two null models were also included, one of which
holds all first-order parameters constant with no interac-
tions and another that also assumes constant interactions
between cheetahs and each of the other sympatric carni-
vores. None of the candidate models incorporated
pairwise interactions that did not involve cheetahs, as we
were specifically interested in discerning potential spatial
partitioning between cheetahs and each of the carnivores.
Higher order parameters (i.e., more than two species
interacting) were also excluded from all models to avoid
overparameterization. Each multispecies occupancy
model (except null models) incorporated latitude and
longitude to control for geographic variation, given the
broad spatial scope of this study (Rota et al., 2016). These
candidate models were ranked based on their respective
AIC scores, with those having ΔAIC <2.00 considered to
carry substantial support and used to make predictions
regarding marginal and conditional occupancy. The
p values of the model estimates were used to determine
the significance of a covariate’s effect on marginal and
conditional occupancy. Beta-coefficients and mean
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conditional occupancy probabilities were presented with
their corresponding SE. The goodness-of-fit of the
highest-ranked single-species and multispecies occu-
pancy models was evaluated using a parametric bootstrap
approach to calculate the sum of squared errors,
Freeman–Tukey, and χ2 statistics, with the observed
χ2 statistic being used to calculate the dispersion parame-
ter (ĉ or c-hat) as a measure of model fit (Andrade-Ponce
et al., 2022; Fiske & Chandler, 2011).

Temporal activity

To limit pseudoreplication, only one image was used for
the temporal analysis when the time of capture was
within 30 min of another photographic detection of the
same species at the same location (Davis et al., 2021). In
addition to analyzing temporal activity patterns with the
entire combined data set, temporal data from six of
the eight reserves were grouped into two regions which
are known to harbor the same cheetah subpopulations:
(1) The northern landscape: Touran and Miandasht, and
(2) the southern landscape: Ariz, Dareh Anjir, Bafq
and Naybandan, with data from the first three reserves
and Naybandan being pooled separately to compare
subregions where leopards and hyaenas are the only
sympatric carnivores, respectively. Siahkouh and
Abbasabad were excluded from these analyses as they
contained insufficient cheetah detections (n = 3). To
account for the seasonality effect, temporal data
were then pooled into locally interpreted seasons,
representing summer (April–September) and winter
(October–March), as they differ significantly in their
temperatures (Table 1).

We used the package “insol” (Corripio, 2020) to calcu-
late the sunset and sunrise times for the date of each detec-
tion. This approach was also used to calculate the average
sunrise and sunset time across detection dates within each
landscape or season, except the total combined data since
it spans multiple seasons, and obtaining an average sunrise
and sunset time for these data would likely misrepresent
the actual timing of these events. The average sunrise and
sunset times were 06:39 and 17:15 for winter and 06:00 and
18:54 for summer (Appendix S1: Table S2).

We then defined the crepuscular periods as 1.5 h
before and after sunrise and sunset (G�omez et al., 2005);
the diurnal period spanned from the end of the first cre-
puscular period (around dawn) until the beginning of the
second (around dusk), whereas the nocturnal period
spanned from the end of the second crepuscular
period until the beginning of the first (Appendix S1:
Table S2). When classifying detections within these cate-
gories, we employed the sunset and sunrise times of the

specific date of that detection rather than the averaged
sunrise and sunset times for its corresponding landscape
or season to avoid misclassifying the event’s timing
within the diel cycle.

We applied the Hermans–Rasson test for circular uni-
formity to test the null hypothesis that a species’ tempo-
ral activity was distributed in a uniform distribution over
24 h for each species within every temporal data cate-
gory, using the “HR_test” function from the “CircMLE”
package in R (Landler et al., 2018). We compared the
overlap in daily activity patterns through nonparametric
kernel density estimations for circular data through the
package “overlap” (Meredith & Ridout, 2021; Ridout &
Linkie, 2009). Detection times were converted to sun
time before analysis using the “sunTime” function, as
clock times are prone to misrepresent the actual timing
of the diel cycle (Nouvellet et al., 2012). Temporal overlap
between cheetahs and sympatric carnivores was esti-
mated using the coefficient of overlap (Δ), with Δ = 0
representing no overlap and Δ = 1 representing complete
overlap. Δ ≤ 0.5 was considered to represent low overlap,
0.5 < Δ ≤ 0.75 was considered to represent moderate
overlap, and Δ > 0.75 was interpreted as representing
high overlap (Monterroso et al., 2014).

We used estimator Δ1 when the number of detections
was lower than 50 and employed estimator Δ4 when the
number of detections was greater than 75 (Meredith &
Ridout, 2021). For each overlap estimate, 95% CIs were
calculated through smooth bootstraps with 10,000 per-
mutations (Meredith & Ridout, 2021). We assessed
pairwise differences in activity levels between species
using a Wald test applied using the “compareAct()” func-
tion from the “activity” package in R (Rowcliffe
et al., 2014), comparing the fitted activity models based
on bootstrapped CIs.

RESULTS

A total of 18,806 trapping days throughout 232 camera
stations in eight reserves resulted in a total of 809 detec-
tions of the four carnivores (Table 2). After excluding
photographic detections which failed to record a specific
time due to technical issues with the camera trap or that
occurred less than 30 min from another detection for the
same site and animal (as above), the temporal analyses
comprised 180 cheetah detections, 304 hyaena detections,
127 wolf detections, and 96 leopard detections. As many
of these detections occurred during the same day or
within the same occupancy modeling sampling occasion,
the spatial analyses comprised 148 cheetah detections,
185 hyaena detections, 91 wolf detections, and 59 leopard
detections (Appendix S1: Table S1). No evidence of
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spatial autocorrelation was found for any species
(Appendix S1: Figure S2).

Hyaenas were the most detected species with a naïve
occupancy of 32.8% (n = 76 sites), followed by cheetahs
(n = 69; 29.7%), wolves (n = 41; 17.7%), and leopards
(n = 27; 11.6%). The single-species models for the detec-
tion probability revealed that models incorporating sam-
pling effort ranked highest for all species except wolves,
where the null detection model ranked marginally higher
than the sampling effort detection model (sampling
effort: ΔAICc = 0.19). Since the sampling effort detection
model for wolves ranked only slightly lower than the null
detection model in terms of AICc, sampling effort was
incorporated as a detection covariate for subsequent
occupancy models to facilitate model convergence. For
TRI, the 1000-m scale ranked highest for hyaenas
(Appendix S1: Table S3). However, all other carnivores
had multiple scales that received considerable support
through the model selection for TRI and MSAVI2, so
while the highest ranking scales were incorporated in the
multispecies occupancy models, they cannot be consid-
ered to represent the only optimal scale (Appendix S1:
Table S3).

The second stage of single-species modeling revealed
multiple plausibly relevant predictors for cheetah occu-
pancy, as the models that incorporated TRI, distance
from human settlements, MSAVI2, distance from roads,
and distance from ranger stations all ranked highly
(ΔAIC < 2.00; Appendix S1: Table S4). Therefore, these
covariates were included in separate models in the
multispecies occupancy modeling stage. TRI was
the highest ranking covariate for hyaenas and wolves,
while MSAVI2 ranked highest for leopards among the
single-species candidate models (Appendix S1: Table S4).
All the highest ranking single-species models fitted the

data relatively well, with a dispersion parameter close to
1 (Appendix S1: Figures S1 and S4).

Multispecies occupancy modeling

We evaluated 22 candidate multispecies occupancy
models: two null models, five without interspecific inter-
actions, five with constant interactions, five with interac-
tions parameterized by latitude and longitude, and five
with interactions parameterized by distance to human
settlements and ranger stations (Appendix S1: Table S5).
The highest ranking multispecies model incorporated the
distance from human settlements as a covariate for chee-
tah occupancy and modeled pairwise interactions as a
function of latitude and longitude (AIC mass = 0.99).
This model fitted the data well, based on the goodness-
of-fit test results with a dispersion parameter relatively
close to 1 (ĉ = 1.08; Appendix S1: Figure S5). Sampling
effort was positively associated with the detectability of
all species (Appendix S1: Table S6).

Cheetah occupancy was positively associated with the
distance from human settlements (β = 1.14 ± 0.35 [SE],
p = 0.001; Figure 2a), while leopard occupancy was posi-
tively associated with MSAVI2 (β = 1.67 ± 0.39, p < 0.001;
Figure 2b). The second highest ranking multispecies occu-
pancy model (AIC mass = 0.007) incorporated MSAVI2
for cheetah marginal occupancy and only included geo-
graphic control covariates in the second-order parameters;
this model’s outputs present a marginal negative relation-
ship between this vegetation covariate and cheetah mar-
ginal occupancy (p = 0.06; Appendix S1: Table S7).

The mean conditional probability of cheetahs and
leopards co-occurring was lower (ψcheetah = 0.20 ± 0.02;
ψleopard = 0.07 ± 0.01) than that of one of these carnivores

TAB L E 2 Number of photographic detections for each of the four large carnivores focal to this study across eight protected areas

in Iran.

Study area

Species

Asiatic cheetah Gray wolf Persian leopard Striped hyaena

Abbasabad 0 9 0 0

Ariz 23 0 0 0

Bafq 4 0 30 0

Dareh Anjir 42 0 0 0

Miandasht 14 50 0 26

Touran 98 70 82 287

Naybandan 18 0 0 32

Siahkouh 3 21 0 0

Total 202 150 112 345

ECOSPHERE 7 of 17
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occurring in the absence of the other (ψcheetah = 0.58
± 0.02; ψleopard = 0.32 ± 0.02; Figure 3). However, no dis-
cernible spatial interactions were found for cheetahs and
any of the other carnivores based on model outputs, while
the co-occurrence between cheetahs and wolves was
positively associated with longitude (Appendix S1:
Tables S7–S9).

Temporal activity

The Hermans–Rasson test for circular uniformity
revealed considerable variation in the strength of tempo-
ral patterning across species, seasons, and regions. We
did not reject the null hypothesis of uniform activity for
cheetahs in Naybandan, leopards in Bafq, Ariz, and

F I GURE 2 Plotted marginal occupancy probabilities of (a) cheetahs in relation to the distance from human settlements and

(b) leopards in relation to vegetation (MSAVI2), with values for other covariates held constant. Ribbons indicate bootstrapped 95% CIs with

100 samples. Illustration credit: Nicholas Pilaud.

F I GURE 3 Plotted mean occupancy probability (p) and 95% CIs of cheetahs conditional on the absence and presence of leopards.

Illustration credit: Nicholas Pilaud.
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Dareh Anjir, and both leopards and wolves during winter
(all p > 0.05; Appendix S1: Table S10), suggesting no
clearly distinguishable activity pattern throughout the
24-h cycle for these species within the southern land-
scapes and during the cooler months, respectively. In
contrast, hyaenas exhibited consistently nonuniform
activity across all regions and seasons (all p < 0.001;
Appendix S1: Table S10). All species displayed significant
deviation from uniform activity for the northern region
and summer, as well as when temporal activity was
examined for each species for the entire combined
dataset (all p < 0.001; Appendix S1: Table S10).

Wald tests comparing seasonal activity levels indi-
cated no significant differences between winter and sum-
mer for any species (all p > 0.05; Appendix S1:
Table S11). In analyses of the northern landscape and

summer data, cheetahs exhibited diel activity patterns that
differed from those of leopards (p = 0.002 for both) and
hyaenas (northern: p = 0.045, summer: p = 0.050;
Appendix S1: Table S12). The crepuscular period
accounted for the largest proportion of cheetah detections
for the northern landscape and summer (58% for both)
with cheetahs displaying defined bimodal crepuscular
peaks of activity (Figure 4), and 29% of cheetah detections
occurred at night. In contrast, hyaena detections were
mostly nocturnal (77%), as were those of leopards (56%), a
distinction that appears to be reflected by the medium to
low temporal overlap between cheetahs and these species
(Table 3; Figure 4). However, hyaenas appeared to display
more pronounced nocturnal activity peaks than leopards
and displayed the lowest temporal overlap with cheetahs
of any of the sympatric large carnivores.

F I GURE 4 Temporal activity overlap plots of cheetahs (solid lines) and sympatric carnivores (dashed lines) for (a–c) combined data

from all reserves and (d–f) the northern landscape, and (g, h) the southern landscape. The shaded areas underneath the curves represent

temporal overlap. The coefficient of overlap estimators (Δ4 and Δ1) are displayed on each plot.
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Meanwhile, no evidence of differences in activity pat-
terns was found between cheetahs and wolves for any
landscape or season (p > 0.10 for all). The crepuscular
period accounted for the largest proportion of activity of
both species, with the exception of winter when wolves
displayed a higher proportion of nocturnal detections
(50%) while cheetahs remained most active during the
crepuscular period (49%; Appendix S1: Table S12).
Further, both species exhibited pronounced crepuscular
activity peaks, displaying the highest temporal overlap of
any dyad with high overlap between wolves and cheetahs
evident for the northern landscape and combined south-
ern and northern landscapes (Table 3; Figure 4). This
general trend in temporal overlap remained consistent
across seasons, with wolves displaying the highest tempo-
ral overlap with cheetahs, followed by leopards, and,
lastly, hyaenas (Figure 5).

DISCUSSION

Asiatic cheetahs displayed varied spatial and temporal
relationships with sympatric carnivores in dryland eco-
systems. Our findings reveal temporal partitioning with
hyaenas, both spatial and temporal separation from leop-
ards, but no clear evidence of pronounced partitioning
with wolves. Notably, 24% of cheetah detections occurred
at night, a level of nocturnality comparable to African

populations (Broekhuis et al., 2014; Cozzi et al., 2012).
This adds to the growing body of evidence that cheetahs
are more nocturnal than previously assumed, suggesting
that temporal segregation from other nocturnal carni-
vores may be less distinct than earlier proposed
(Hayward & Slotow, 2009).

Hypothesis 1: Asiatic cheetahs versus
sympatric predators

Consistent with our first hypothesis, Asiatic cheetahs and
Persian leopards exhibited clear spatial and temporal seg-
regation. This pattern is expected, given the lethal threat
leopards pose to cheetahs in arid landscapes (Cheraghi
et al., 2019; Mills & Mills, 2017). Persian leopards tend to
be less diurnal than cheetahs (Cheraghi et al., 2019;
Rouse et al., 2021) and typically occupy distinct habitat
types such as montane landscapes which are less
frequented by cheetahs (Khosravi et al., 2018). Although
both species rely heavily on the same spectrum of ungu-
late prey (Farhadinia et al., 2023; Khalatbari et al., 2022),
they appear to select different environments to optimize
their hunting strategies: cheetahs predominantly hunt at
lower altitudes, while leopards are better adapted to
higher elevations (Farhadinia et al., 2020, 2023). This eco-
logical divergence likely facilitates spatial separation
and reduces the risk of intraguild predation. Equally

TAB L E 3 Temporal overlap with 95% CIs and Wald test p values for the temporal activity curves of cheetahs and sympatric carnivores.

Data pooling Reserves Sympatric carnivore

Temporal overlap with cheetahs Wald test

Estimator Estimate 95% CI p

Northern Touran, Miandasht Wolf Δ4 0.83 0.73–0.92 >0.05

Leopard Δ4 0.72 0.60–0.84 <0.05

Δ1 0.73 0.61–0.84

Hyaena Δ4 0.58 0.49–0.67 <0.05

Southern Bafq, Ariz, Dareh Anjir, Naybandan Leopard Δ1 0.65 0.49–0.80 >0.05

Hyaena Δ1 0.33 0.15–0.51 >0.05

Winter Bafq, Ariz, Dareh Anjir,
Naybandan, Siahkouh

Wolf Δ1 0.75 0.58–0.90 >0.05

Leopard Δ1 0.64 0.48–0.79 >0.05

Hyaena Δ1 0.42 0.31–0.54 >0.05

Summer Touran, Miandahst, Abbasabad Wolf Δ4 0.82 0.72–0.90 >0.05

Leopard Δ4 0.72 0.60–0.84 <0.05

Δ1 0.73 0.61–0.84

Hyaena Δ4 0.58 0.48–0.67 <0.05

Total All reserves Wolf Δ4 0.81 0.74–0.88 >0.05

Leopard Δ4 0.73 0.63–0.82 >0.05

Hyaena Δ4 0.52 0.45–0.60 >0.05

Note: Wald test p values less than 0.05 are demarcated in bold typeface. The choice of estimator based on sample size is displayed, with both estimators
included for sample sizes between 50 and 75.
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important, cheetahs may employ behavioral avoidance
mechanisms similar to those observed in African ecosys-
tems, where they tolerate spatial overlap with leopards
by responding to sensory cues rather than actively
avoiding areas of high leopard activity (Cornhill
et al., 2023; Gigliotti et al., 2021). Such strategies may fur-
ther reduce direct encounters and enhance coexistence in
resource-limited drylands.

Contrary to our first hypothesis, we found no evi-
dence of spatial or temporal partitioning between wolves
and cheetahs. This dyad consistently exhibited high tem-
poral overlap, with no marked differences in activity pat-
terns across the 24-h cycle, while it displayed no
pronounced spatial segregation or overlap. Two factors
may explain this pattern. First, wolves were present in
Abbasabad and Siahkouh, two reserves with little to no

F I GURE 5 Temporal activity overlap plots of cheetahs (solid lines) and sympatric carnivores (dashed lines) for the (a, c, e) winter and

(b, d, f) summer data. The shaded areas underneath the curves represent temporal overlap. The coefficient of overlap estimators (Δ4 and Δ1)

are displayed on each plot.
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cheetah detections (Abbasabad: n = 0, Siahkouh: n = 3),
as well as in Miandasht and Touran, which yielded mark-
edly more cheetah detections (Appendix S1: Table S1).
These regional differences are supported by the positive
association between longitude and spatial interactions
between wolves and cheetahs since Abbasabad and
Siahkouh were the westernmost reserves whereas Touran
and Miandasht were the easternmost reserves in this
study (Figure 1; Appendix S1: Table S9). Consequently,
the broad spatial scale of this study may obscure more
local patterns of spatial overlap or segregation between
these two species.

Second, our data indicated that Asiatic cheetahs tend
to avoid areas near human settlements, whereas gray
wolves are partially reliant on anthropogenic food
sources such as livestock and waste (Hosseini-Zavarei
et al., 2013; Mohammadi et al., 2019). Our surveys in
Miandasht and Touran were conducted during the hot-
test period of the year, when extreme temperatures dis-
suade herders from grazing their livestock in more
remote areas, perhaps rendering wolves more likely to
forage near human settlements while cheetahs remain
farther away from these sites of anthropogenic distur-
bance. This anthropogenically mediated divergence in
habitat use may promote coexistence between these sym-
patric predators by reducing spatial overlap. However,
as both species likely share similar use for open habitat
that supports cursorial hunting strategies (Mech &
Boitani, 2003; Wilson et al., 2013), they may still display
higher spatial overlap when hunting wild ungulates.
Such opposing habitat use pressures may account for the
lack of pronounced broadscale spatial attraction or avoid-
ance between wolves and cheetahs.

Hypothesis 2: Asiatic cheetahs versus
scavengers

Consistent with our second hypothesis, we found no evi-
dence of spatial partitioning between Asiatic cheetahs
and striped hyaenas. While cheetahs exhibited a bimodal
crepuscular activity pattern with notable nocturnal activ-
ity, striped hyaenas were more strictly nocturnal.
Consequently, hyaenas showed the lowest temporal
overlap with cheetahs among all sympatric carnivores, a
finding aligned with their well-documented nocturnal
behavior (Panda et al., 2023).

Our results also suggest a potentially symbiotic
dynamic between the two species. Striped hyaenas may
partially fulfill their dietary needs by scavenging prey
remains left by cheetahs, perhaps accounting for the lack
of spatial partitioning between the two species. However,
the low temporal overlap implies limited direct

interaction and a reduced likelihood of kleptoparasitism,
which may occur only occasionally between striped
hyenas and large felids (Yosef & Kumbhojkar, 2025).

Hypothesis 3: Effects of environmental
covariates

Asiatic cheetah occupancy was inversely related to
anthropogenic disturbance, that is, the proximity to sites
of human habitation and activity. Asiatic cheetahs wid-
ely suffer from anthropogenic mortality (Farhadinia
et al., 2017) and tend to avoid human presence (Khosravi
et al., 2019), likely confining cheetah occurrence by
pushing them farther away from human settlements.
However, contrary to our predictions, we found no evi-
dence that co-occurrence between cheetahs and sym-
patric carnivores is influenced by anthropogenic
disturbance, suggesting that sympatric carnivores such as
leopards, hyaenas, and wolves may display greater flexi-
bility to occur both near human presence and in more
remote areas.

Although wolves, leopards, and striped hyaenas may
be attracted to anthropogenic food sources such as live-
stock (Khosravi et al., 2024; Mohammadi et al., 2019;
Mwebi et al., 2024), we found no evidence that the chee-
tah’s presumably lower tolerance for human disturbance
drives spatial partitioning with these species. This con-
trasts with previous findings that differences in tolerance
to human presence among sympatric carnivores can
shape anthropogenically mediated competitive relation-
ships (Havmøller et al., 2024). However, this lack of asso-
ciation could also reflect insufficient representation
of human presence in the detection data for other
carnivores.

We initially envisaged that the scarcity of food
resources in these arid landscapes would lead to increased
spatial overlap between cheetahs and sympatric carnivores
around resource-rich patches, particularly near ranger sta-
tions. These areas often coincide with higher prey avail-
ability, likely due to more effective enforcement of
conservation laws (Ghoddousi et al., 2016). However, our
findings do not support this bottom-up mechanism.

Two supplementary explanations may account for
this pattern. First, elevated prey densities near ranger
posts are frequently linked to greater access to water, a
critical limiting factor, especially during the hot summer
months in dryland ecosystems. Consequently, multiple
predators, including subordinate cheetahs, are compelled
to visit these sites to obtain both water and food
(Farhadinia et al., 2023). These locations function as
spatially fixed resources and can become hotspots for
competitive interactions unless mediated by temporal
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partitioning or short-term spatiotemporal avoidance
(Edwards et al., 2015; Krag et al., 2023; Morin et al., 2024;
Valeix et al., 2010). However, not all water sites are con-
centrated near ranger stations, a consideration that may
explain why we found no evidence of a pronounced rela-
tionship between the proximity to ranger stations and
carnivore co-occurrence. Second, cheetahs exhibit behav-
ioral adaptations that allow them to balance optimal
hunting conditions with the risks of encountering domi-
nant predators. Wherever they are sympatric with larger
carnivores, cheetahs mitigate intraguild competition by
employing strategies such as heightened vigilance and
fine-scale behavioral avoidance (Broekhuis et al., 2013;
Swanson et al., 2016), enabling them to access prey-rich
areas even in the presence of dominant competitors.

Limitations

Our study faced two primary limitations. First, despite an
extensive sampling effort, the scarcity of large carnivores
in dryland ecosystems resulted in relatively small sample
sizes, limiting the statistical power of our analyses. To
meet the detection thresholds required by multispecies
occupancy models (Kéry & Royle, 2021), we pooled data
across multiple reserves and landscapes. While this
approach was necessary for robust model performance,
we acknowledge that the broader spatial scale may
obscure finer scale patterns of co-occurrence. This issue
is particularly relevant for leopards and cheetahs, as pre-
vious studies suggest low spatial overlap at broadscales
(Khosravi et al., 2018), but higher overlap at more local-
ized levels (Cheraghi et al., 2019).

The second limitation, closely tied to the first, con-
cerns the sensitivity of the Rota et al. (2016) model under
conditions of limited sample size or weak co-occurrence
signals (Cowans et al., 2025). Similarly, the Wald test
used to assess differences in temporal activity may lack
statistical power when sample sizes are low, as was evident
in our winter dataset, which yielded far fewer carnivore
detections compared to summer. Although we found no
evidence of spatial segregation between wolves and chee-
tahs, it remains possible that subtle spatial co-occurrence
or segregation patterns went undetected due to these
methodological constraints. Moreover, we cannot rule out
the possibility that elevated temperatures may hinder tem-
poral partitioning between cheetahs and their competitors.
As the most diurnal large carnivore in our study system
(Cheraghi et al., 2019), cheetahs are expected to exhibit
diel activity patterns that are particularly sensitive to high
daytime temperatures. This thermal sensitivity may
increase temporal overlap with more nocturnal species, as
previously reported (Rafiq et al., 2023).

To address this limitation, we recommend that future
research directly investigate the role of daily temperature
variability, especially maximum daytime temperatures, in
shaping spatiotemporal co-occurrence. This approach is
particularly relevant for cheetahs and wolves, which
already show high temporal overlap and no evidence of
spatial segregation, and inhabit desert landscapes where
extreme temperatures are common. Additionally, while
this work was aimed at examining spatial and temporal
patterns of segregation or overlap to assess the potential
for partitioning or competition, we recommend that
future research more directly investigate the dominance
relationship between these species by examining patterns
of short-term spatiotemporal avoidance. Similarly, we
recommend investigating possible finer scale attraction
or avoidance between wolves and cheetahs as the broad
spatial extent of this study may obfuscate such interac-
tions. Recent methodological developments provide
robust ways to assess whether a species avoids or is
attracted to a site following the presence of another spe-
cies, providing further options for studying these finer
scale spatiotemporal interactions (Ferry et al., 2024;
Kellner et al., 2022).

CONCLUSIONS

Our study advances understanding of the spatial and tem-
poral dynamics within an understudied dryland carnivore
guild and provides three conservation implications:

First, our findings indicate that Asiatic cheetahs avoid
human disturbance, highlighting the need for targeted
conservation measures in areas with high human density
to minimize anthropogenic disturbance.

Second, the absence of clear partitioning between
cheetahs and wolves raises concerns about competition
in resource-rich patches, particularly near water
resources. To mitigate co-occurrence around scarce
water, we recommend restoring natural springs and
developing artificial water points with broad spatial cov-
erage. As climate change reduces water availability,
understanding the role of water provisioning during peak
heat periods becomes increasingly critical (Allan &
Douville, 2024). Reduced access to water may intensify
competition as carnivores converge around limited
sources (Edwards et al., 2015; Morin et al., 2024; Valeix
et al., 2010), especially in the absence of temporal
separation.

Finally, the lack of spatial or temporal partitioning
between cheetahs and wolves, coupled with competitive
pressure from leopards and limited anthropogenic niche
separation, highlights the need to sustain diverse and
abundant prey to enable coexistence. In degraded
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drylands, conservation-dependent carnivores like the
Asiatic cheetah face intensified competition and survival
challenges. As prey populations decline and habitats
deteriorate, restoring prey populations and habitats
becomes critical to easing competitive pressures and
securing the future of vulnerable dryland carnivores.
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