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Resource availability is a key component in animal ecology, yet the manner in which 
carnivore populations respond to spatial and temporal fluctuations of resources remains 
unclear. We take a population-level approach to determine how resource pulses, in this 
case a temporary hyper-abundance of prey, influence the densities and space-use of 
cheetahs Acinonyx jubatus. The Maasai Mara in Kenya experiences an annual migration 
of > 1.4 million wildebeest Connochaetes taurinus and large numbers of zebras Equus 
quagga and Thomson’s gazelle Eudorcas thomsonii thereby providing a natural experi-
ment to examine the influence of resource pulses on carnivore movement and densi-
ties. To draw inferences on fluctuating cheetah densities and space-use, we collected 
unstructured search-encounter data during eight sampling sessions, four during and 
four out of the migration, and analysed these using Bayesian spatially-explicit capture–
recapture (SECR) models with sex-specific detection function parameters. Both densi-
ties and space-use fluctuated seasonally but this varied according to sex. Local cheetah 
densities increased in areas and during times when prey abundance was highest but 
this was more pronounced for females than males. In terms of space-use, movements 
were larger during the migration than out of the migration but this was more pro-
nounced for males than females. These results suggest that males are influenced more 
by resource distribution whereas females by resource abundance. Overall densities did 
vary but there was no clear pattern in relation to resource pulses. Understanding the 
behavioural drivers of population dynamics in relation to resource pulses can provide 
important insights into ecological processes at multiple ecological levels.
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Introduction

Resource availability is a key component in ecology (Sinclair 
and Krebs 2002) and fluctuations in resources can have 
significant impacts on ecological processes at individ-
ual, population and community levels (Yang  et  al. 2010, 
Greenville  et  al. 2014). Extreme fluctuations can result in 
resource pulses, whereby a normal state is followed by a tem-
porary hyper-abundance, that can have significant impacts 
on food webs (Yang 2004, Holt 2008). Resource pulses are 
a common occurrence in both terrestrial and aquatic systems 
(Nowlin  et  al. 2008). In terrestrial systems, for example, 
changes in rainfall can trigger seasonal pulses in primary pro-
ductivity (Chesson et al. 2004, Schwinning and Sala 2004). 
An increase in primary productivity, followed by a sudden 
decease, can have cascading direct and indirect effects on con-
sumers at higher trophic levels (Ostfeld and Keesing 2000, 
Yang et al. 2010).

Consumers may respond behaviourally and/or numeri-
cally to temporal fluctuations in resource abundance such as 
decreasing home-range size (Litvaitis et al. 1986) or increas-
ing reproduction as resource abundance increases, or in 
open systems, by moving into areas where pulsed resources 
are available (Furey et al. 2018). Resources, whether or not 
they are ephemeral, are likely to be heterogeneously distrib-
uted throughout the landscape thus creating resource patches 
(Wiens 1976). To optimally exploit ephemeral and hetero-
geneous resources, consumers will need to exhibit some 
degree of plasticity in behaviour (Nussey et al. 2007), which 
is expected to vary widely across taxa and systems. A recent 
review (Furey et al. 2018) used evidences from various preda-
tor–prey systems to hypothesize conditions favouring plastic-
ity in the movement of predators (consumers) in response to 
migrations of prey animals (resource pulses) and termed this 
rarely studied phenomenon as ‘migratory coupling’.

Members of the mammalian order Carnivora, which 
tend to exhibit high site fidelity and occur at low densities 
(Gittleman 2013), are therefore expected to be constrained 
to optimally exploit ephemeral and heterogeneous prey 
resources (but see Furey et al. 2018) even while there has been 
adequate empirical evidence to demonstrate that the variation 
in local densities of carnivores are determined by correspond-
ing variations in prey density (Karanth et al. 2004). However, 
the resource dispersion hypothesis (RDH; Macdonald 1983), 
predicts that mammalian carnivores will adapt to heteroge-
neous environments by increasing space-use (i.e. territories 
or home-ranges) as the availability of resources become more 
dispersed (Macdonald 1983, Carr and Macdonald 1986, 
Macdonald and Johnson 2015). In addition, if resources are 
abundant and costs (e.g. competition) are minimal, then mul-
tiple individuals may use the same area to access key resources, 
with the degree of sociality between overlapping individuals 
varying from temporary aggregations to the formation of per-
manent social groups (Macdonald and Johnson 2015). This 
‘spatial grouping’ of consumers can result in spatio-tempo-
ral changes in their local and overall densities. Responses to 
resource availability can however vary depending on sex as a 

result of sex-specific differences in space-use and movement 
(Sandell 1989, Sollmann et al. 2011).

Large carnivores are important in maintaining healthy eco-
systems (Miller et al. 2001). Yet there is paucity in our under-
standing of how they respond to resources, partly because the 
majority of studies that have explored these processes have 
drawn inferences from a selection of individuals within a 
population, usually through the use of GPS collars (Eide et al. 
2004, Valeix et al. 2012, Elbroch et al. 2015, Mbizah et al. 
2019). GPS collars are often not deployed randomly so it is 
possible that individuals with certain behavioural character-
istics, e.g. bolder individuals, are more likely to be sampled 
(Biro 2013). Such sampling biases and untested assumptions 
about the locations of unsampled individuals may cloud pop-
ulation-level inferences. Spatially-explicit capture–recapture 
(SECR) models (Royle  et  al. 2013b) provide an analytical 
framework that helps overcome this sampling bias by provid-
ing an ecological rationale for the heterogeneity in detection 
probabilities among different individuals in a population and 
thus permitting inferences on the number and the locations 
of unsampled individuals. As a result, SECR models provide 
robust estimates of density (Royle  et  al. 2013b, Rich et  al. 
2014) and by incorporating information on individual spa-
tial encounters, SECR models can be used to confront a wide 
range of spatial process hypotheses (Royle et al. 2013a, 2018, 
Morin et al. 2017).

In this study, we use SECR models to determine the effects 
of resource pulses (Furey et al. 2018) on the density and space-
use of a wide-ranging carnivore population. We conducted the 
study in the Maasai Mara (Kenya), well known for its annual 
migration of prey (Msoffe et al. 2019). Every year there is a 
seasonal influx of resources as > 1.4 million migrating wil-
debeest Connochaetes taurinus and large numbers of zebras 
Equus quagga and Thomson’s gazelle Eudorcas thomsonii move 
into the Maasai Mara for a four month period (Holdo et al. 
2009). This annual pulse of hyper-abundant prey occupies 
certain parts of the Maasai Mara and are consumed by a 
wide array of large carnivores, including lion Panthera leo, 
leopard P. pardus spotted hyaena Crocuta crocuta and cheetah 
Acinonyx jubatus, thereby serving as a natural experiment to 
assess the influence of resource pulses on a large carnivore 
population. We use cheetahs as our model species as they are 
a wide-ranging carnivore (home-ranges often exceed 1500 
km2; Marker et al. 2018) and are therefore able to respond 
to these large scale resource dynamics (Furey et al. 2018). We 
tested the hypothesis that the temporary increase in resource 
availability influences local and overall consumer density 
(Macdonald 1983). We predicted that during the migration, 
when resources are hyper-abundant, overall cheetah density 
within the study area would be higher than out of the migra-
tion period, possibly as a result of increased immigration 
or recruitment. We also tested whether spatial variation in 
resource abundance influenced consumer space-use and dis-
tribution and predicted that cheetahs would congregate in 
areas of high prey abundance, reflected by changes in local 
density. In addition, we expected cheetah movement, and 
hence home-range size, to increase when prey are dispersed 
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(during the migration) and decrease when prey are concen-
trated (out of the migration). However, because females are 
expected to be driven by the availability of prey resources, 
and males by the availability of females (Clutton-Brock and 
Harvey 1978), we also expected that the response to changes 
in prey availability would be more pronounced for females 
than males and as a result we would observe a fluctuation in 
sex ratio with a higher female:male ratio during the migration 
compared to outside the migration period.

Methods

Study area

The study was conducted in the Maasai Mara (Kenya) which 
is part of the larger Mara-Serengeti landscape. The study 
area (1°S, 35°E; elevation ca 1700 m) covered ca 2400 km2 
and included the Maasai Mara National Reserve (MMNR), 
the Mara Triangle and numerous, neighbouring wildlife 

conservancies (Fig. 1). Within the study area precipitation 
decreases with increasing distance from Lake Victoria (south-
west of the study area) and ranges from 1300 mm in the 
northwest to 650 mm in the southeast (Bartzke et al. 2018). 
The dry season spans from July to October and the wet season 
from November to June with two distinct periods: the short 
rains (November–December) and the long rains (March–
June; Ogutu et al. 2008). The MMNR and the Mara Triangle 
are characterised by open plains dominated by red oat grass 
Themeda triandra, interspersed by occasional trees (Vachellia 
spp.) or clumps of bushes (Croton dichogamus and Eulclea 
divinorum). The wildlife conservancies in the north and 
northeast of the study area consist mostly of Croton thickets 
Croton dichogamous and Vachellia woodlands (V. drepanolo-
bium and V. gerrardii; Broekhuis et al. 2017). Based on these 
ecological differences (including prey availability, see ‘Spatio-
temporal fluctuations in prey’), for our analyses we grouped 
the MMNR and the Mara Triangle (hereafter termed the 
‘southern wildlife areas’) and the wildlife conservancies (here-
after termed the ‘northern wildlife areas’; Fig. 1).

Figure 1. The study area was located in the Kenyan side of the Mara-Serengeti ecosystem within which a cyclical migration of ungulates 
occurs (black arrows). In July, migratory ungulates move into the southern wildlife areas resulting in an increase in prey abundance from 
August to October in the southern wildlife areas and a decrease in the northern wildlife areas. In November the migratory ungulates move 
to the northern wildlife areas causing a decrease in prey abundance in the southern wildlife areas from December to June and an increase in 
the northern wildlife areas.
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Spatio-temporal fluctuations in prey

Every year, the Mara experiences significant fluctuations 
of ungulates, including wildebeest and Thomson’s gazelle 
(Mduma et al. 1999, Sinclair et al. 2007, Holdo et al. 2011) 
both of which are the most frequently killed by male and 
female cheetahs, respectively (Broekhuis et al. 2018).

During the migration
From August to October there is a hyper-abundance of prey 
in the southern wildlife areas (Fig. 1; Probert  et  al. 2019). 
Attracted to the tall-grass plains and water in the Mara River, 
which separates the MMNR and the Mara Triangle, more 
than 1.4 million wildebeest and other migratory ungulates 
travel north from the Serengeti in Tanzania (Mduma et  al. 
1999, Holdo  et  al. 2011). These migrating ungulates are 
joined by those from the northern wildlife areas and spread 
throughout the southern wildlife areas creating spatio-tem-
poral resource hotspots (Probert et al. 2019).

Outside the migration
After October, prey numbers in the southern wildlife areas 
slowly decline and from February to May most of the migra-
tory ungulates have returned to the Serengeti or the northern 
wildlife areas (Fig. 1; Stelfox et al. 1986, Probert et al. 2019).

Cheetah data

Cheetah data were collected using the search-encounter 
method described in Broekhuis and Gopalaswamy (2016). 
Briefly, whenever cheetahs were sighted, profile photographs 
of each individual were taken and the number of individu-
als, GPS location, date and time of day were recorded. To 
account for search effort, GPS locations were recorded every 
10 s giving a detailed record of the areas that were covered in 
search of cheetahs. Each cheetah was individually identified 
by three observers who visually inspected photographs taken 
at each sighting by examining their unique coat pattern (Caro 
and Durant 1991). In line with previous research, dependent 
cubs were excluded from the analyses and each individual in a 
male coalition was considered independently (Broekhuis and 
Gopalaswamy 2016, Linden et al. 2020).

To capture potential variation in cheetah space-use 
according to pulses in resources, we conducted eight surveys, 
each lasting 90 d. This timeframe was chosen as it was short 
enough not to seriously violate the assumption of closure but 
long enough to collect sufficient data according to the pat-
terns of the ungulate migration. Sampling was conducted 
from 2015 to 2018 and each year consisted of two surveys, 
one during the migration (1 August–30 October) and one 
outside the migration (1 February–2 May).

Data analysis

To estimate survey-specific cheetah densities, sex ratios and 
the spatial scale parameter (σ) which is related to movement, 
we used Bayesian spatially-explicit capture–recapture (SECR) 

models that account for sex differences in encounter prob-
ability (Broekhuis and Gopalaswamy 2016). SECR models 
are hierarchical models that differentiate between the obser-
vation process, which influences detection probability, and 
the state process (e.g. density and distribution).

Data processing
For each survey, we used the cheetah sightings to create cap-
ture histories using a standard capture–recapture 3-dimen-
sional array that consisted of individuals (i = 1, 2, 3 … N), 
trap locations (j = 1, 2, 3 … J) and sampling occasions (k = 1, 
2, 3 … K). The trap locations were defined by 1 km2 pixels 
to represent an array of ‘traps’ and the sampling occasion was 
based on whether a given pixel was surveyed on any particu-
lar day. Since investing more effort in certain pixels could 
yield a higher number of detections, we incorporated an 
additional covariate of search effort (logarithm of the distance 
travelled in kilometres) per pixel per sampling occasion. We 
also added sex-specific covariates (female = 0 and male = 1) so 
that we could determine sex-specific space-use and densities 
(Sollmann et al. 2011).

For the analysis, the state-space or the area that the popu-
lation occupies (Royle et al. 2009), was defined by creating a 
40 km buffer around the study area which we discretized into 
650 × 650 m (0.422 km2) pixels. All habitats were consid-
ered suitable apart from intense agricultural areas towards the 
north and west of the study area and large, densely populated 
towns which were masked out for analysis (see Broekhuis and 
Gopalaswamy 2016 for details).

Due to small sample size, we fixed the detection function 
parameter (ϑ) to 1 (Gaussian detection function) for all the 
models based on previous findings for cheetahs in this system 
(Broekhuis and Gopalaswamy 2016). Hence, the probability 
of detecting cheetah i in pixel j on sampling occasion k (πijk) 
is defined by a complementary log–log function of covariates 
(Elliot and Gopalaswamy 2017):
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Since we were interested in making inferences related to 
movement (σ), we explored whether compensatory heteroge-
neity (where σ covaries with the basal detection rate λ0; Efford 
and Mowat 2014) would lead to spurious inferences. Here we 
make a distinction between true compensatory heterogene-
ity (TCH), as described by Efford and Mowat (2014), and 
apparent compensatory heterogeneity (ACH): TCH arises, 
for example, when the increase in an animal’s home-range 
(inferred by an increase in σ) results in a decrease in the time 
spent at any given point location in the home-range, thereby 
decreasing the basal detection probability (λ0), or conversely, 
when σ decreases, λ0 increases. ACH on the other hand arises 
due to sampling artefacts, such as a lack of sample size, or 
high between-individual variation leading to sampling biases. 
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This distinction is particularly important when confronting 
data from species that occur at low densities and exhibit large 
movements, such as the cheetah. To differentiate between 
TCH and ACH we visually inspected the Markov Chain 
Monte Carlo (MCMC) outputs and evaluated the percentage 
coefficient of variance (%CV) for σ and λ0 (posterior stan-
dard deviation/posterior mean). A high %CV, implying large 
within-season variation relative to between-season variation, 
would suggest a masking of TCH by ACH. In addition, we 
plotted σ against λ0 (Efford and Mowat 2014) to assess the 
extent of ACH.

Within the large state-space the data-augmented value of 
cheetah abundance M was set at 335, the maximum number 
of cheetahs possible within the state-space. For each survey 
period we defined four a priori models that assumed that 1) 
both the detection probability (λ0) and the rate of decline in 
detection probability (σ) are sex-specific, 2) λ0 is sex-specific 
but σ is not sex-specific, 3) neither λ0 nor σ are sex-specific 
and 4) λ0 is not sex-specific but σ is sex-specific. 

The SECR models were implemented using an adapta-
tion of the package ‘SCRbayes’ (<https://github.com/jaro-
yle/SCRbayes>) in the programming environment R (R 
Development Core Team). For each model we set four chains 
to run for 31 000 iterations with an initial burn-in period 
of 1000 iterations. We assessed convergence for all the mod-
els using the Gelman–Rubin diagnostic (Gelman and Rubin 
1992). If necessary, we discarded more iterations as burn-in 
until the Gelman–Rubin convergence diagnostic indicated 
adequate convergence ( R̂  ≤ 1.05). For each survey period, 
our model choice was influenced by a combination of the fol-
lowing three criteria (Elliot et al. 2020): the Bayesian p-value 
(Royle et al. 2009), the logarithm of the marginal likelihood 
using the harmonic mean estimator (Dey  et  al. 2019) and 
the pair-wise correlation plots between estimated param-
eters from the posterior MCMC draws. We were particularly 
concerned about correlations with the density parameters. 
If, based on these model diagnostics, one model dominated 
over other models across all the analyses, then we selected 
this model for drawing inferences across the different surveys. 
Results are presented as either the posterior mean together 
with the associated posterior standard deviations (PSD) or as 
the inverse–variance weighted posterior mean (Hartung et al. 
2011) together with the associated standard errors.

To determine spatio-temporal variations in local cheetah 
densities, sex-specific densities were calculated for the areas 
that were consistently surveyed across the eight survey peri-
ods namely the Mara National Reserve and the Mara Triangle 
(southern wildlife areas), and the conservancies (northern 
wildlife areas; Fig. 1). We used the model outputs to compute 
the posterior mean densities in these areas by summing the 
posterior pixel densities within these areas for all the itera-
tions of the MCMC output. In addition, as ϑ was set to 1, we 
calculated an approximation of home-range size based on σ 

using the bivariate normal kernel estimator p s 5 99
2

.( )( )  

(Calhoun and Casby 1958, Royle et al. 2013b).

Results

In total, we drove 79 431 km in search of cheetahs with the 
drive effort ranging between 7658 and 12 343 km per survey 
period. Per survey period, the number of detections ranged 
from 62 to 192 and the number of individuals sighted ranged 
from 19 to 43 (see Supporting information for a detailed data 
summary).

Model diagnostics

Based on the model diagnostics (Supporting information) 
we opted to use Model 4 (λ0 with no sex-specificity and σ 
with sex-specificity) for all the surveys. All selected models 
achieved adequate convergence by running 31 000 iterations 
with an initial burn-in period of 1000 iterations. In three sur-
veys the Bayesian p-value lay outside the extremities (0.15 < 
Bayesian p-value < 0.85). At this point, we hypothesize that 
the combined effects of intrinsically low densities of cheetahs, 
large movements and finely-defined discrete state-space may 
have led the Bayesian p-value measure (based on individual 
encounters; Royle et al. 2009) to be an overly sensitive mea-
sure for our application. Summaries of the model diagnostics 
for each of the 32 models are provided in the Supporting 
information.

The correlation plots generated from the MCMC out-
puts for the selected models showed a negative relationship 
between λ0 and σ (Supporting information) that is similar in 
form to TCH described in Efford and Mowat (2014). This 
pattern was more evident for females than males. In addition, 
the skewness indicated by the 95% HPDs and the %CVs of 
σ and λ0 (Supporting information) suggests that we can be 
confident in drawing inferences on σ in the face of ACH.

Population parameters

Across the eight surveys, the overall cheetah density within 
the study area ranged between 0.66 (PSD = 0.10) and 1.39 
(PSD = 0.13) cheetahs 100 km−2. Overall female densities 
ranged between 0.38 (PSD = 0.10) and 0.70 (PSD = 0.10) 
individuals 100 km−2 and for males this ranged between 0.27 
(PSD = 0.07) and 0.69 (PSD = 0.08) individuals 100 km−2 
(Fig. 2). We predicted that cheetah densities would by higher 
during the migration than out of the migration, especially for 
females. While the density of female cheetahs was slightly higher 
than that of males, the sex ratio across the surveys did not devi-
ate significantly from a 1:1 ratio (Fig. 3). In addition, there was 
no clear temporal pattern in the overall and sex-specific cheetah 
densities as in 2016 and 2017 these were estimated to be higher 
during the migration than out of the migration whereas in 2015 
and 2018 this was the opposite (Fig. 2).

We tested whether spatial variation in resource avail-
ability influenced the distribution (i.e. local densities) and 
movement of cheetahs. We predicted that prey distribu-
tion would influence spatial grouping, and hence local 
cheetah densities, as cheetahs were expected to congregate 
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in areas of high prey abundance. Based on the estimated 
activity centers, there was indeed a shift in local densities 
of cheetahs, which we infer to be prompted by the ephem-
eral change in prey distribution (Fig. 4). Most notably, in 
the southern areas there were on average 1.06 (SE = 0.07) 
cheetahs 100 km−2 during the migration when prey 

congregated here, which was higher than out of the migration.  
(D�no migration = 0.90(0.07) cheetahs 100 km−2). Inversely, out  
of the migration, when prey left the southern areas 
and some moved to the northern areas, cheetah densi-
ties in the northern areas during this period were higher  
(D�no migration = 0.95(0.13) cheetahs 100 km−2) than during 
the migration (D�migration = 0.66(0.11) cheetahs 100 km−2). 
Both sexes exhibited spatio-temporal changes in local densi-
ties with densities in the southern areas being higher dur-
ing the migration (D� female = 0.58(0.05) cheetahs 100 km−2;  
D�male= 0.46(0.04) cheetahs 100 km−2) than out of the 
migration (D� female = 0.50(0.05) cheetahs 100 km−2; D�male = 
0.41(0.05) cheetahs 100 km−2) and densities in the northern 
areas being higher out of the migration (D� female = 0.53(0.09) 
cheetahs 100 km−2; D�male = 0.38(0.09) cheetahs 100 km−2) 
than during the migration (D� female = 0.39(0.07) cheetahs 
100 km−2; D�male = 0.27(0.08) cheetahs 100 km−2). As expected, 
the seasonal fluctuations in area-specific densities were more 
pronounced for females than males (Fig. 4).

In terms of space-use, we expected cheetah movement, 
and hence home-range size, to increase when prey were dis-
persed (during the migration) and decrease when prey were 
concentrated (out of the migration). The value of σ fluc-
tuated across the seasons but the extent of this variation 
appeared to be influenced by sex. Overall, male movement 
( σ� male = 6.06(0.18)) was comparable to female movement 
( σ� female = 5.67(0.18)) (Fig. 4, Table 1). However, across the 
survey periods males moved further, and therefore had larger 
approximated home-ranges (HR), during the migration  

( σ� male = 7.17(0.29); HR
�

male = 966.38(78.80) km-2) compared  

to outside the migration ( σ� male = 5.30(0.24); HR
�

male =  
488.01(46.24) km-2), except in 2017 when the movement 
of males outside the migration was similar to that during 
the migration. Similarly, the smallest movement by females 
occurred out of the migration ( σ� female = 5.22(0.24); HR

�
female =  

461.73(45.41) km-2) compared to during the migration  
( σ� female = 6.25(0.27); HR

�
female = 720.14(64.57) km-2) but across  

the survey periods their movement did not exhibit a clear 
pattern (Fig. 5).

Discussion

We tested the effect of resource pulses on the distribution and 
movement of cheetahs in the Maasai Mara, Kenya. Overall 
densities varied but there was no clear pattern in relation to 
resource pulses. However, in 2016 and 2017 densities dur-
ing the migration were higher than out of the migration 
which could be related to emigration or seasonal recruitment 
as the ratio of observed sub-adults (< 2.5 yr) to adults (> 
2.5 yr) was higher during the migration compared to out 
of the migration (Broekhuis unpubl.). While this observed 
sub-adult:adult ratio does not account for detection prob-
ability, seasonal increases in density as a result of increased 

Figure 2. Overall cheetah densities within the study area across the 
eight surveys that were conducted between 2015 and 2018 both out 
of the migration (S1) and during the migration (S2). Error bars 
represent the 95% HPD intervals.
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recruitment have been observed in other carnivore species 
(Ballard et  al. 1997, Morin et  al. 2018). It is believed that 
survival increases during times of plenty as there is less intra- 
and inter-guild competition. For cheetahs residing in migra-
tory systems it could explain the large range in dispersal ages 
(14–22 months; Caro 1994). Due to small sample sizes we 
were unable to split the analysis according to age categories 
but whether these fluctuations are caused by births/death, 
immigration/emigration or recruitment could potentially 
be explored using open population models (Harmsen et al. 
2017). It is also important to note that as we were dealing 
with a small number of individuals (typical of cheetahs) there 
is a relatively large effect on the overall population density 
when only a few individuals enter or leave the population.

In the Maasai Mara it has been suggested that shifts in 
cheetah densities may be related to changes in prey abun-
dance (Linden et al. 2020) but this has not explicitly been 
tested or quantified. Our results indicate that this is indeed 
the case but that this local shift in densities is more pro-
nounced for females than for males. This is not surprising 
as optimal access to food is important for females, especially 
those with large cubs. Furthermore, unlike males, females 
are not territorial and so are not confined in their space-use, 
allowing them to better access pulsing resources. The non-
territorial nature of females also means that spatial overlap is 
more likely (Caro 1994). We note that our inferences on local 
densities of cheetahs are arrived at by utilising the posterior 

locations of activity centres which are based on the assump-
tion that space-use is symmetrical and that activity centres are 
static (Royle et al. 2013b, 2018). As such, our inferred pat-
terns on spatio-temporal dynamics of cheetahs in the Mara 
may be more pronounced if changing resources are explicitly 
accounted for in the model. 

In terms of movement in relation to spatial variation in 
resources, male cheetahs exhibited a clear pattern of larger 
movement during the migration and smaller movement 
out of the migration. This is particularly interesting because 
prey density increases significantly during the migration, 
thereby deviating from the more commonly observed inverse 
relationship between prey density and home-range sizes 
of carnivores (Litvaitis  et  al. 1986). We surmise that the 
ephemeral nature of the resources in this system causes the 
domination of changes in resource dispersion over changes 
in resource density in determining the space-use character-
istics of male cheetahs. Male space-use could additionally 
be influenced by their need to balance access to prey with 
access to females (Clutton-Brock and Harvey 1978) and 
minimise competition with other males (Melzheimer  et  al. 
2018, Broekhuis et al. 2019). However, in 2017 male move-
ment was similar to the migration period before and after. 
This is likely due to the appearance of a unique coalition of 
five young males in December 2016 that were first captured 
during this survey and contributed to ~29% of the observed 
males (Supporting information). During this period the 

Figure 3. Cheetah sex ratios in the Maasai Mara from 2015 to 2018. Error bars represent the 95% HPD intervals.
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coalition was dispersing, and therefore covering a large area, 
until mid-June 2017 when they established a small territory 
(Broekhuis et al. 2019). Similar to males, female movement 
was smallest out of the migration, however overall there was 
no clear pattern across the seasons, which is in contrast to our 
predictions. It is possible that the presence of cubs, which can 
be born throughout the year (Pettorelli and Durant 2007), 
may have restricted the movements of some cheetahs at 

certain periods (Houser et al. 2009), thereby concealing this 
pattern. Despite using a simplistic representation of home-
range size, the approximate home-range sizes for the three-
month survey periods were within the range of collar-based 
home-range calculations for cheetahs in the Mara-Serengeti 
landscape (Caro 1994, Broekhuis et al. 2019) and other areas 
(Melzheimer  et  al. 2018). Our study further adds to the 
growing body of evidence in favour of migratory coupling 

Figure 4. Cheetah densities for the northern and southern wildlife areas across the eight surveys that were conducted between 2015 and 
2018 both out of the migration (S1) and during the migration (S2). Error bars represent the 95% HPD intervals.

Table 1. A summary of sex-specific σ and an approximation of home-range size* for each of the eight surveys that were conducted between 
2015 and 2018 where survey 1 = out of the migration and survey 2 = during the migration.

Year Survey σMale (PSD) Male home-range size in km2 (PSD) σFemale (PSD) Female home-range in km2 (PSD)

2015 1 5.82 (0.77) 647.68 (178.17) 6.69 (0.94) 858.20 (252.82)
2 7.39 (0.84) 1042.00 (241.78) 6.82 (0.68) 884.95 (180.51)

2016 1 4.27 (0.62) 349.67 (102.47) 5.00 (0.43) 474.07 (82.89)
2 7.35 (0.91) 1031.08 (266.02) 6.97 (0.76) 923.81 (205.73)

2017 1 7.68 (0.63) 1117.97 (183.84) 7.62 (0.62) 1101.16 (183.27)
2 7.47 (0.43) 1053.09 (122.53) 5.66 (0.40) 606.65 (85.74)

2018 1 4.30 (0.30) 454.30 (56.67) 4.42 (0.35) 369.77 (58.31)
2 6.66 (0.49) 840.09 (125.78) 6.63 (0.55) 832.57 (142.14)

* As ϑ = 1 we used the bivariate normal kernel estimator (Calhoun and Casby 1958, Royle et al. 2013b) to calculate an approximation of 
home-range sizes for male and female cheetahs. This calculation was executed for all the iterations of the MCMC output.
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(Furey  et  al. 2018), however, the sex differences in move-
ment observed in our study may indicate a latent role played 
by mating systems in determining the extent of migratory 
coupling. 

We found that σ negatively covaried with λ0 across the 
surveys suggesting some presence of TCH, as described by 
Efford and Mowat (2014), rather than ACH due to the 
combined effect of model overparameterisation and lack 
of sample size (Supporting information). However, while 
Efford and Mowat (2014) suggested this potential param-
eter redundancy problem can be reduced by singularising the 
two parameters (λ0, σ), this does not appear to be warranted 
in our study noting the sampling variation. Moreover, the 
relatively low %CVs permitted reasonable inferences on λ0 
and σ. However, we recognize that to fully test the influence 
of ACH on the resulting parameter estimates (especially for 
λ0 and σ) an extensive set of simulations may be required, 
which was beyond the scope of this study. Regardless, the 
potential presence of ACH in this and other studies, prompts 
us to recommend close inspection of the variance–covariance 

matrices or the Hessians (Bolker 2008) in likelihood-based 
SECR analysis and by inspecting the correlation plots from 
the MCMC chains as done here.

It has been suggested that the Resource Dispersion 
Hypothesis might not apply to competitively subordinate 
species such as cheetahs and African wild dogs Lycaon pictus  
(Mills and Gorman 1997). This is due to the assumption 
that competitively subordinate species are excluded from 
prey rich areas by larger carnivores (Mills and Gorman 1997, 
Durant 1998). However, this is unlikely to be the case for 
cheetahs as they do not avoid other predators in either space 
or time (Cozzi et al. 2012, Broekhuis et al. 2013) and other 
predators, especially lions, do not influence cheetah densi-
ties (Swanson et  al. 2014). On the contrary, the non-terri-
torial nature of cheetahs may in fact more aptly conform 
to the RDH as compared to highly territorial species since 
the cost of losing a territory for the sake of maximising the 
use of ephemeral resources for a territorial carnivore can be 
very large. In addition, while the original focus of RDH 
was on group-living species such as badgers Meles meles  

Figure 5. Sex-specific σ for each of the eight surveys that were conducted between 2015 and 2018 both out of the migration (S1) and during 
the migration (S2). Error bars represent the 95% HPD intervals.
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(Johnson  et  al. 2001), red and Artic foxes (Vulpes vulpes 
and Alopex lagopus; Hersteinsson and Macdonald 1982) 
and lions (Valeix  et  al. 2012), our results, similar to those 
of Elbroch et al. (2015), suggest that RDH may be used to 
explain the spatial organisation, but not necessarily the soci-
ality, of predominantly solitary carnivores. As such, our study 
demonstrates the use of SECR models to test ideas of carni-
vore ecology, such as the RDH, which have previously been 
limited by sampling biases in individual-based studies (see 
Introduction).

Variations in resource availability can influence reproduc-
tion (Holekamp et al. 1996), offspring survival (Soto et al. 
2004), mortality (Anholt and Werner 1998) and preda-
tion (Suryawanshi  et  al. 2017) which can determine varia-
tions in population densities (Williams et al. 2002). Hence, 
it becomes important, both from the standpoint of ecology 
and conservation, to understand how adaptable a species is 
to optimally exploit such resource pulses (Furey et al. 2018). 
Indeed, how behavioural processes are involved in shaping 
parameters related to population dynamics remains one of 
the fundamental unanswered questions in ecology (May 
1999). Here we illustrate that spatio-temporal responses of a 
largely non-territorial carnivore to resource pulses may be sex-
specific and will likely influence their population dynamics. 
These adaptations can in turn influence density-dependent 
interactions such as host–parasite interactions (May 1978, 
Blower and Roughgarden 1989), competition (Chesson 
1985), coexistence (Sakavara et al. 2018), intraguild interac-
tions (Greenville et al. 2014), social dynamics (Smith et al. 
2008) and predator–prey dynamics (Fryxell and Sinclair 
1988, Hanski  et  al. 2001) over landscape scales. As such, 
population persistence could depend on the behavioural abil-
ity of a predator to respond to spatio-temporal fluctuations in 
resource availability. Among carnivores, it would be interest-
ing to understand how a more territorial species (e.g. lions) 
will respond to similar resource pulses. 

Changes in the timing and occurrence of resource pulses 
could have significant bottom–up effects on predators that 
rely on these seasonal variations (Walton et al. 2017). Indeed, 
it has been shown that when a prey system shifts from stable 
to complex or unpredictable, that this can negatively influ-
ence the vulnerability of predator populations (Travis et al. 
2013). While some systems naturally occur in multiple 
states or shift between states (Sinclair  et  al. 2007), anthro-
pogenic pressures are increasingly affecting system dynam-
ics (Veldhuis et al. 2019). Climate change, for example, can 
threaten existing resource pulses (Bartlam-Brooks et al. 2013) 
or create new ones (Wilmers and Getz 2005). As such, behav-
ioural responses to such fluctuations should continue to be 
investigated and incorporated in theoretical and empirical 
studies of population dynamics.
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