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Abstract Populations of carnivore species outside protected
areas may be of considerable importance for conservation,
as many protected areas do not provide sufficient space
for viable populations. Data on carnivore population sizes
and trends are often biased towards protected areas, and
few studies have examined the role of unprotected areas
for carnivore conservation. We used camera-trapping data
and spatial capture–recapture models to estimate popula-
tion densities for four sympatric carnivores: the African
leopard Panthera pardus, spotted hyaena Crocuta crocuta,
brown hyaena Parahyaena brunnea and African civet
Civettictis civetta in Platjan, a predominantly agricultural,
mixed land-use system, South Africa. Mean densities per
 km for the leopard were . (% CI .–.) and
. (% CI .–.) for left and right flank data, respec-
tively; spotted hyaena, . (% CI .–.); brown
hyaena, . (% CI .–.); and African civet . (%
CI .–.; left flanks) and . (% CI .–.; right
flanks). Our results indicate that although densities are
lower than those reported for protected areas, humans
and predators coexist in this unprotected agricultural
matrix. We suggest that increased conservation effort should
be focused in such areas, to mitigate human–carnivore
conflicts. Our study improves the knowledge available for
carnivore populations on privately owned, unprotected
land, and may benefit conservation planning.
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Introduction

Carnivore populations are undergoing range contrac-
tions globally (Wolf & Ripple, ), with declines

largely a result of anthropogenic threats, including persecu-
tion, hunting, poaching, habitat loss and insufficient prey
(Wolf & Ripple, ). As such, protected areas are consid-
ered essential for effective species conservation (Le Saout
et al., ). However, there is evidence of cross-boundary
impacts of human activities on protected areas, ranging
from edge effects on specific species (Balme et al., ) to
system-wide changes in ecosystem processes (Veldhuis
et al., ). Unprotected areas may provide favourable
habitat and connectivity for various species (Kent & Hill,
; Swanepoel et al., ; Pitman et al., a).
Consequently, there is increasing interest in conservation
and mitigation actions in buffer areas around protected
areas and in the broader agricultural matrix (Woodroffe &
Ginsberg, ; van der Meer et al., ).

There is growing evidence of the importance of the agri-
cultural matrix to wildlife and landscape conservation. For
example, small carnivores persist in rural smallholder agro-
ecosystems (Nogeire et al., ; Williams et al., a) where
they provide important ecosystem services (Ćirović et al.,
; Williams et al., a). Similarly, the agricultural
matrix can provide stepping stones in species migration or
dispersal (Davies-Mostert et al., ; Fattebert et al., )
or form corridors to connect protected areas (Pitman et al.,
a). Although protected areas cover c. % of the terres-
trial surface (Geldmann et al., ), pressures from human
activities (especially land conversion for agriculture) inside
protected areas may often be significantly higher than out-
side these areas in South America, South-east Asia and
sub-Saharan Africa (Geldmann et al., ). In South
Africa, c. .% of land is protected formally, with .% of
this area comprising privately owned protected areas (De
Vos & Cumming, ). However, protected areas are not
impervious to the landscapes within which they exist, or
to changes in and demands from society (De Vos et al.,
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), in some cases even resulting in protected area down-
grading, downsizing and degazettement (Mascia & Pailler,
).

Carnivores are vulnerable to anthropogenic landscape
alterations such as land conversion for agriculture. Agri-
cultural intensification leads to habitat loss and fragmenta-
tion, one of the most serious threats to biodiversity (Šálek
et al., ). Globally, the growth of human populations and
per capita consumption generates increasing agricultural
pressure on natural resources (Dobrovolski et al., ).
Understanding how biodiversity is affected by agricultural
landscapes is therefore of particular importance to species
conservation (Shamoon et al., ). Nonetheless, these land-
scapes may be of considerable value for carnivore species
(Kent &Hill, ). In South Africa, carnivores in agricultural
landscapes face threats in addition to habitat fragmentation.
For example, in some areas the natural prey base has been de-
pleted by bushmeat poaching or unsustainable hunting (Wolf
&Ripple, ; Rogan et al.,), or replacedwith livestockor
game farming (Grossmann et al., ). Legal and illegal per-
secution where carnivores compete for food with people can
often result in trapping, poisoning or shooting to mitigate
conflict (Nattrass & Conradie, ). Consequently, habitats
shared between people and carnivores can function as a popu-
lation sink, in which persistence is compromised by unsus-
tainable offtake (Abade et al., ). However, crop farming
areas may offer certain carnivore species alternative food
sources. For example, small- to medium-sized carnivores
may benefit from rodent populations in agricultural cropping
areas (Williams et al., a), whereas in livestock farming
areas some scavenging speciesmay take advantage of livestock
mortalities and so provide organic waste disposal services
(O’Bryan et al., ). Kent &Hill () suggest that a signifi-
cant proportion of the global brown hyaena population lives
in unprotected areas such as livestock farms. Protected areas
are not always large enough to conserve viable populations
of animals, especially for wide-ranging species such as the
leopard Panthera pardus, hyaena Crocuta crocuta and
Parahyaena brunnea and African wild dog Lycaon pictus
(Swanepoel et al., ). Furthermore, c. % of the habitat
most suitable for leopards in South Africa lies outside pro-
tected areas (Swanepoel et al., ).

Although unprotected areas and the agricultural matrix
can play an important role in carnivore conservation, little
research has focused on this (Shamoon et al., ). Here we
use an intensively utilized agricultural landscape as a model
to estimate the density of four sympatric carnivore species:
the African leopard, spotted and brown hyaenas, and
African civet Civettictis civetta. We focus on these species
because they have unique coat patterns that facilitate indi-
vidual recognition and robust density estimates, and they
are exposed to varying levels of human–carnivore conflict.
African leopards and spotted hyaenas are frequently sub-
jected to persecution (Gusset et al., ; Thorn et al.,

; Constant et al., ), and we expect their densities to
be low in comparison to similar habitats in protected areas.
Brown hyaenas may experience less conflict than leopards
(Constant et al., ), but we still expect their densities to
be low as they are persecuted using the same non-selective
trapping techniques, and may rely on leopard kills for scav-
enging opportunities (Williams et al., b). The African
civet is the least conflict-prone species, although occasionally
subjected to conflict where poultry farming occurs (Croes
et al., ), and we expect its density to be similar to that
in protected areas. Locating our study in a livestock, game
and crop farming area enables us to investigate carnivore
densities in a human-dominated landscape where there is
conflict with carnivores. We compare our density estimates
for the four species to density estimates in both protected and
unprotected areas elsewhere in southern Africa, to gauge the
conservation value of the agricultural matrix.

Study area

The study area is in Platjan, in northern Limpopo Province,
South Africa, where it borders Botswana (Fig. ), within the
Blouberg (Ward ) Municipal Area, which has an esti-
mated human population of , ( people per 

km; Statistics South Africa, ). Forty-eight per cent of
the population is unemployed and only .% have com-
pleted high school (Statistics South Africa, ). Forty-
three per cent of this region’s population is aged –
years, % –, and % .  years (Statistics South
Africa, ).

The vegetation is classified as Limpopo Sweet Bushveld
(Mucina & Rutherford, ), and altitude is –, m.
It is a summer (December–February) rainfall region with
dry winters (June–August) and a mean annual rainfall of
– mm (Mucina & Rutherford, ).

The area comprises a mixed land-use system, predom-
inantly commercial crop farming (dominated by butternut
squash, onion, potato and corn), livestock farming (mostly
cattle and goats), game farming for hunting, and one eco-
tourism reserve. The camera-trapping grid lies within 

privately owned farms, owned by  landowners; .% of
the properties were utilized for hunting and game farming,
.% for mixed agricultural farming practices (crop and
livestock), .% for livestock farming and hunting, % for
mixed land uses (crop, livestock and hunting), .% for crop
farming, and .% for ecotourism. All of the properties are
surrounded by fencing, with the majority being electrified
and c. . m high to keep game species in. Nonetheless,
most of the fences have multiple holes, often created by
warthogs Phacochoerus africanus, providing some connec-
tivity between properties.

Wildlife and habitat within the area are exposed to vari-
ous anthropogenic threats and disturbances such as legal
and illegal, selective and non-selective predator control
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(such as trapping, poisoning, shooting and snaring), and the
transformation of habitat for agricultural practices. This re-
flects the situation in the province more broadly (Thorn
et al., ; Pitman et al., ).

Methods

We surveyed carnivores using camera traps during 

August– October , deploying  camera traps at 
stations on average . km apart, with a maximum spacing
of . km (Fig. ). This spacing minimized chances of gaps
between camera traps being large enough to encompass the
entire home range of an individual of one of our study spe-
cies, so that all individuals had a probability of capture. .
Roads and trails were actively searched for carnivore scats
and tracks, to guide selection of sites for camera traps, there-
by maximizing the probability of detecting the four carni-
vore species. Camera traps were set at c.  cm above the
ground, in pairs, perpendicular to the trail and level with
the ground, to maximize chances of detection. No bait or
lures were used. Trigger time between consecutive photo-
graphic captures was set to the minimum possible time
for each camera, to maximize the possibility of obtaining
suitable images of both flanks for individual identification
from pelage patterns. The most suitable area for individual
identification of leopards, spotted hyaenas and African ci-
vets is their flanks, whereas brown hyaenas can be identified
by the stripe patterns on their legs. We used a Reconyx
(either a HC or HC model; Reconyx, Holmen,
USA) camera at each station, paired with either another
Reconyx or a Bushnell Trophy Camera (Bushnell,
Overland Park, USA), Browning Recon Force (Browning

Trail Cameras, St. Louis, USA), or Cuddeback Long Range
C camera (Cuddeback, Green Bay, USA). The total area
covered by the camera-trapping grid was  km. We con-
sidered this an adequate size for spatial capture–recapture
analyses as it is large enough to cover estimates of mean
home range for our study species from similar environments
(Supplementary Table ). We visited the camera traps at
least once per month to change batteries and memory
cards, clear vegetation in front of the camera’s field of
view, and to ensure proper functioning. The survey period
was limited to  days so as not to violate the capture–recap-
ture closure assumption (Kery & Royle, ).

Individuals of the focal species were identified based on
their unique coat patterns, using the open-source pattern
recognition software Hotspotter (Crall et al., ), and
then verified manually. We selected our sampling occasions
to stretch across midnight (from . to . the following
day) as all our study species are predominantly nocturnal,
with sampling occasions set to -day periods. We con-
structed spatial capture histories for all the identified individ-
uals for the  sampling occasions. As we did not obtain
images of both flanks of all individuals, we estimated density
first by excluding individuals for which we only had left-
flank images, and then by excluding those for which we
only had right-flank images, and compared the results.

We used a maximum likelihood modelling approach to
fit spatial capture–recapture models to estimate population
densities of the four species. Models were implemented
using the package secr .. in R .. (R Development
Core Team, ). Density was estimated within the state
space, which consists of an explicit spatial region within
which sampling occurs. This area includes the trapping

FIG. 1 Study area, with
camera-trap locations in
the Platjan area, Limpopo
Province, South Africa
(background map © 

Google, Maxar Technologies,
CNES/Airbus).
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grid and a buffer zone, to ensure that the activity centres of
all individuals potentially exposed to sampling would be in-
cluded in the buffer area (Kery & Royle, ). We used the
number of days a camera station was active (i.e. trap-nights)
as a variable in the detection process. We examined the
effect of varying the buffer size (– km, with . km in-
crements; Supplementary Fig. ) to test its influence on
predicted density estimates, using buffer sizes that were suf-
ficiently large to include all activity centres of individuals ex-
posed to trapping. We assumed buffers were large enough if
the density estimates began to plateau with increasing buffer
size and if the model’s buffer was at least  times the size of σ
(the spatial scale parameter). We used a buffer of  km for
the civet and leopard,  km for the brown hyaena and 

km for the spotted hyaena. The state space was described by
, (civet and leopard), , (brown hyaena), and ,
(spotted hyaena) equally spaced points in a regular grid
with a mesh size of . km. We assumed carnivores could
utilize anthropogenically modified areas (e.g. agricultural
fields) in the study area, and consequently all possible
home range centres in the state space were marked as suit-
able habitat in the input files.

Results

The -day camera-trap survey period comprised ,
trap-nights, with each individual camera-trap station active
for a mean of  days (range: – days). We captured
leopards at  camera-trap stations (% of the total) and
obtained on average . ± SE . and . ± SE . inde-
pendent captures for left and right flank data at each station,
respectively (Table ). For the spotted and brown hyaenas
there were no identification discrepancies between the left
and right flank data. Spotted hyaenas were captured at
 camera-trap stations (%) and we obtained on average
. ± SE . independent captures. Brown hyaenas were
captured at  camera-trap stations (%) and we obtained
on average . ± SE . independent captures. African
civets were captured at  camera-trap stations (%)
and we obtained on average . ± SE . left flank and
. ± SE . right flank independent captures. We

identified  and  individual adult leopards (left and
right flank data, respectively), nine spotted hyaenas, 
brown hyaenas, and  and  civets (left and right flank
data, respectively). We identified one subadult leopard
and one subadult spotted hyaena but no juveniles. For leo-
pards, we recorded nine adult males, eight adult females,
and five individuals of unknown sex. We could not reliably
sex spotted hyaenas, brown hyaenas or African civets.
Leopards had the highest baseline detection rate (i.e. the
probability of detecting an individual at its activity centre),
g, and the two hyaena species had the largest estimated
spatial scale parameter (i.e. the rate of decrease in encounter
probability as a function of distance to the camera trap),
σ. Density estimates ranged from . spotted hyaenas per
 km to . African civets per  km (Table ).

Discussion

Our results indicate that carnivores can co-occur with hu-
mans in agricultural areas and thus illustrates the potential
importance of such areas for the conservation of free-
ranging carnivore species. Although our estimates of density
fall within the range of densities reported for the leopard,
brown hyaena and African civet in both protected and
unprotected areas, these estimates were lower in comparison
to similar environments elsewhere, and closer to estimates
reported for more arid regions.

The estimate of . leopards per  km is at the lower
end of the range reported from  camera-trapping surveys
in seven protected areas in Limpopo Province, South Africa
(.–. per  km; Rogan et al., ). Although some
of the highest recorded densities of southern African leo-
pards came from unprotected land (Chase Grey et al.,
, but see Williams et al., ) our density estimates
are similar to those for other farming areas and slightly
below those in protected areas (Fig. ).

The estimate of . spotted hyaenas per  km was
much lower than previous studies in similar environments
such as the Ngamiland District (Rich et al., ) and central
Tuli, Botswana (Vissia et al., ), but similar to estimates
from farmlands in the Tsauchab River Valley, Namibia

TABLE 1 Total number of captures, number of captured individuals, number of individuals recaptured – times, and the mean ± SE
of the mean maximum distance moved (MMDM) for four carnivore species in Platjan, South Africa (Fig. ). Left and right flank data
are denoted by L and R, respectively.

Species Captures Individuals

Number of recaptures MMDM (m)
0 1 2 3 4 5 6 7 8 Mean ± SE

Leopard Panthera pardus (L) 109 21 10 3 2 1 2 1 1 1 0 9,856 ± 1,722
Leopard (R) 111 19 8 4 3 0 2 1 0 1 0 7,965 ± 1,660
Spotted hyaena Crocuta crocuta 69 9 1 2 1 0 3 1 0 0 1 10,832 ± 2,174
Brown hyaena Parahyaena brunnea 85 14 4 2 2 2 1 1 2 0 0 10,418 ± 1,773
African civet Civettictis civetta (L) 180 43 21 13 7 1 0 1 0 0 0 7,069 ± 1,037
African civet (R) 172 44 25 11 6 1 0 1 0 0 0 6,919 ± 1,119
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(Fouché et al., ; Fig. ). Call-up surveys in different
vegetation types in Kruger National Park, South Africa
recorded densities of .–. individuals per  km

(Mills et al., ), and clans of up to  individuals per
 km have been estimated in Ngorongoro, Tanzania
(Höner et al., ). Although density estimates from call-
up studies and spatial capture–recapture cannot be com-
pared directly, the results nevertheless suggest substantial
differences between areas, suggesting significant anthropo-
genic influence on the Platjan population.

The estimate of . brown hyaenas per  km was
similar to numbers extrapolated from occupancy estimates
in the North-West Province, South Africa (Thorn et al.,
), but lower than in similar environments such as the
Ghanzi District, Botswana (although within the % confi-
dence intervals; Kent & Hill, ), Pilanesberg National
Park, South Africa (Thorn et al., ), and Central
Kalahari Game Reserve, Botswana (Winterbach et al.,
; Fig. ). The highest recorded densities are from
reserves in Namibia (Okonjima Nature Reserve; Edwards
et al., ), South Africa (Kwandwe Nature Reserve;
Welch & Parker, ), and the central Tuli block,
Botswana (Vissia et al., ). These far exceed our density

estimate (Supplementary Table ), although assumptions
about fence permeability may account for some of these
differences (Williams et al., ). Although there are chal-
lenges in comparing density estimates given some of the
methods used (occupancy models and track counts; Balme
et al., ; Rich et al., ; Rogan et al., ), our densities
are similar to brown hyaena densities in similar habitats
where spatial capture–recapture methods have been used
(Williams et al., ; Fig. , Supplementary Table ).

Contrary to our expectations, the density of .–. civets
per  km is lower than other recorded densities (Fig. ),
although within the range of densities from three sites in the
Waterberg Biosphere Reserve (Isaacs et al., in press). Higher
densities recorded in South Africa (Amiard, ) and
Botswana (Rich et al., ) suggest that civets may be sub-
ject to significant anthropogenic pressure in our study area.

Several factors may be driving carnivore population
densities. Unlike previous studies that were predominantly
in protected areas, the Blouberg Ward  region within
which our study was conducted had a human population
of  people per  km (Statistics South Africa, ),
and there was frequent traffic such as crop and livestock
transportation, and movement of agricultural vehicles. Roads

TABLE 2 The buffer width, and estimated mean parameter values ± SE and range from spatial capture–recapture models for four carnivore
species in Platjan: estimated density, detection rate (g), and spatial scale parameter (σ). Left and right flank data are denoted by L and R,
respectively.

Species Buffer (km) Density ± SE (range), per 100 km2 g0 ± SE (range) σ ± SE (range), km

Leopard (L) 25 2.201 ± 0.586 (1.318–3.675) 0.012 ± 0.002 (0.009–0.016) 4.716 ± 0.539 (3.773–5.895)
Leopard (R) 25 2.180 ± 0.570 (1.316–3.609) 0.013 ± 0.002 (0.010–0.018) 4.291 ± 0.416 (3.549–5.186)
Spotted hyaena 40 0.219 ± 0.165 (0.059–0.812) 0.018 ± 0.012 (0.005–0.061) 11.159 ± 3.180 (6.454–19.295)
Brown hyaena 30 0.744 ± 0.372 (0.295–1.876) 0.007 ± 0.002 (0.004–0.012) 8.090 ± 1.811 (5.245–12.479)
African civet (L) 25 3.605 ± 0.809 (2.335–5.566) 0.008 ± 0.001 (0.006–0.010) 5.945 ± 0.626 (4.839–7.304)
African civet (R) 25 3.711 ± 0.829 (2.407–5.719) 0.008 ± 0.001 (0.006–0.010) 5.959 ± 0.632 (4.843–7.332)

FIG. 2 Estimates of density
ranges (individuals/ km)
from spatial capture–recapture
studies of (a) the African civet
Civettictis civetta, (b) brown
hyaena Parahyaena brunnea,
(c) spotted hyaena Crocuta
crocuta and (d) leopard
Panthera pardus in protected
and unprotected areas across
southern Africa, including this
study (top bar in each case).
See Supplementary Table  for
details of sources. GR, Game
Reserve; NR, Nature Reserve.
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may have negative impacts on wildlife habitat use and cause
habitat loss, fragmentation and degradation (van der Ree
et al., ; Shannon et al., ). The high human population
and associated anthropogenic disturbances may be negative-
ly affecting carnivore survival and space use in our study
area, and could explain the lower than expected densities of
the four study species. Moreover, carnivores are persecuted
where they compete for wild prey (Pitman et al., b) or
livestock (Constant et al., ) with humans, and in areas
where there is a lack of inexpensive protein substitutes for
people, carnivores may be affected by bushmeat poaching
activities (Lindsey et al., ; Rogan et al., ).

Fencing has been widely used in South Africa to protect
livestock and game species from carnivores, creating barriers
that impede movement and ranging behaviour, contributing
to habitat fragmentation, and influencing long-term survival
of carnivore populations (Cozzi et al., ). In our study
area most of the properties are fenced. Although we re-
corded multiple recaptures of the same individuals at dif-
ferent camera-trap stations, demonstrating that movement
between fenced properties does occur, carnivore densities
may still be negatively influenced by the impediment to
movement imposed by fencing.

Carnivore densities are also related to the abundance and
biomass of prey (Hayward et al., ). Even though game
farming may provide increased hunting and scavenging
opportunities for carnivores it may also be detrimental for
their conservation, especially where carnivore species com-
pete with people for prey (Pitman et al., b). Higher den-
sities of brown hyaenas on cattle farms than in neighbouring
protected areas (Kent &Hill, ) may be a result of scaven-
ging opportunities from larger predators in these areas or of
livestock mortalities, possibly related to disease (Maude &
Mills, ). Three of our study species are known to scav-
enge (spotted hyaenas: Cooper et al., ; brown hyaenas:
Faure et al., ; African civet: Daniel et al., ), and
the leopard, although not characterized as a scavenger,
may take advantage of opportunities to scavenge (Hayward
et al., ). Thus, the agricultural matrix appears to present
both opportunities and threats for carnivores.

There are several caveats to our research.We assumed that
all home range centres within the state space were suitable
habitat, but some areas may be more suitable than others
(e.g. the small ecotourism reserve vs crop farming areas
withmore human activity). Spatial capture–recapture models
assume there is a decline in detection probability with in-
creasing distance between the detector and an animal’s
home range centre (Kery & Royle, ). However, hetero-
geneity in an animal’s use of space may be a further source
of variation in detection probability, and failure to account
for this may bias density estimates (Efford, ); our study
did not account for any heterogeneity in animal space use
or test for any significant influence of this. Our study area
is subject to higher human activity during the day, from

agricultural practices, than at night, which could affect the
times when carnivores were detected (Gaynor et al., ).
However, as the four carnivore species are nocturnal, and
our sampling occasions incorporated the full duration of the
night (overcoming the so-called midnight problem; Jordan
et al., ), we assumed that human activity did not affect
the detection process within a spatial capture–recapture frame-
work, but this assumption may not hold for other systems.

Although the estimates of the density of our four study
carnivore species were lower than estimates for protected
areas, our research highlights the potential value of the agri-
cultural matrix for biodiversity conservation. The majority
of data available on population sizes and trends of carnivores
are for protected areas (Swanepoel et al., ), an issue that
could bias conservation strategies. Human-dominated and
altered landscapes can have negative effects on some wildlife
populations (Ramesh & Downs, ), and there is evi-
dence of human pressure on the carnivore populations in
Platjan (D. Cilliers, unpubl. data). Nevertheless, our findings
demonstrate that people and carnivores can coexist in shared
landscapes, and therefore the agricultural community could
potentially play an important role in carnivore conservation.
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