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Abstract: It has become clear that state-owned protected areas (PAs) are insufficient in preserving the
world’s spatially heterogenous biodiversity. Private land conservation could contribute significantly
to national conservation goals, without further burdening state resources. In South Africa, legislation
has been introduced to incentivise private landowners to contribute to national biodiversity goals.
In this study, we used camera trap arrays and hierarchical multi-species occupancy modelling to
evaluate the impact of land-use on mammal (body mass >0.5 kg) diversity in the drylands of South
Africa. Four hundred and fifty-one camera traps were deployed across a statutory PA, private PA
and a neighbouring group of farmlands, covering ~2096 km2. Although trophic species richness
were similar across all three land-uses, occurrence and detection probabilities of larger (>20 kg)
species were low in the farmlands and highest in the private PA. In contrast, smaller species had
higher occurrence probabilities in the farmlands, where large predators and megaherbivores have
been extirpated. Differences in species-specific occurrence probabilities were primarily driven by
land-use context, as opposed to fine-scale habitat attributes. These results highlight how a land-use
matrix incorporating statutory PAs, private PAs and well-managed rangelands can benefit wildlife
conservation, as long as these land-uses are included in carefully developed regional conservation
planning.
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1. Introduction

Habitat loss and fragmentation, largely due to expanding agriculture, are the leading
drivers of terrestrial biodiversity loss [1,2]. Preserving large tracts of natural habitat is thus
critical to achieving global conservation goals and this has largely been achieved through
the establishment of state-run protected areas (PAs) [3]. Many statutory PAs are, however,
situated in the least productive portions of the landscape, where anthropogenic activities
are either unprofitable or non-viable [4,5]. This is particularly evident in Africa, with the
consequence that the contemporary network of PAs fails to protect a representative sample
of the continent’s ecosystems and biodiversity [6,7].

To bolster national conservation objectives, South Africa has introduced legislation
that offers landowners commercial authority over wildlife on their property [8,9]. Although
these laws typically prioritise economically viable species (e.g., gemsbok [Oryx gazella]),
they encourage the husbandry of biodiversity on privately owned properties [10]. Con-
sequently, there is increasing interest in conservation actions in the matrix of agricultural
lands and private protected areas (hereafter called private PAs) surrounding existing statu-
tory PAs [11,12]. Yet the preservation of wildlife is heavily dependent on the land-use
and the perceived financial viability of each species [9,13]. Most larger species are heavily
persecuted on commercial livestock farms, to reduce competition for grazing [14] and in
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retaliation for real or perceived livestock predation [12]. Abundant wildlife populations,
particularly those of predators, are thus seldom tolerated on rangelands [15]. In contrast,
private PAs, which seek to support profit-driven ventures (i.e., trophy hunting and/or
eco-tourism]), often introduce charismatic extralimital species to inflate species richness
and abundance [16–19]. Even private PAs established for reasons other than economic
benefit may be ignorant of local ecosystem processes [20], unintentionally implementing
practices that may degrade the ecosystem(s) they were established to preserve [21,22].

Recent evidence has shown, however, that when managed correctly, farmland used
for low-intensity livestock grazing may encompass enough ecological variation to sustain
diverse wildlife [23,24]. This is particularly notable in South Africa’s drylands, where com-
mercial farmlands typically support sparse populations of cosmopolitan mammals [25,26],
invertebrates [27] and birds [18,19]. Likewise, private PAs can effectively preserve biodiver-
sity not subsumed by statutory PAs, as they often have the financial capabilities to manage
larger, conflict-prone species [10,28,29].

Although a number of studies have examined the differences in farmland and statutory
and private PAs in preserving biodiversity at a national/regional level in South Africa [8,30],
relatively few have been conducted at the local scale (however, see [31,32]). A major
challenge with such research is that it is seldom possible to control for environmental
variation between land-uses. To address this limitation, here, we investigate dryland
terrestrial mammal (>0.5 kg) communities across three land-uses (private and statutory
PAs and a neighbouring cluster of commercial small-livestock farms), all of which are
in proximity within South Africa’s Karoo region. We hypothesised that land-use would
influence the target communities’ species richness, functional composition, and species-
specific detection and occurrence. More specifically, we predicted that the overall mammal
assemblage would be positively influenced by an increased level of protection. We expected
that the richness of trophic guilds would be significantly modified in the farmland relative
to both PAs, due to targeted removal of species from the carnivore and herbivore trophic
guilds. We also anticipated that the reduced larger species occurrence outside of PAs would
result in the increased occurrence of smaller indigenous mammals, whose abundance may
be suppressed through complex top-down trophic cascades [33].

2. Materials and Methods
2.1. Land-Uses

Our study was carried out in the Karoo, a dryland region (characterised by low,
unpredictable rainfall) found within the Western Cape Province of South Africa (GPS:
33◦23′ S; 20◦50′ E). The land-use includes three distinct types, namely commercial small-
livestock farms (farmland), a statutory PA and a nearby private PA. The proximity of the
three land-uses somewhat limits biogeographic variation (e.g., climate) and allows for a
matched pseudo-experimental study design with land-use as the treatment. The farmland
comprises 22 neighbouring small-livestock (predominantly sheep) farms in the Laingsburg
Municipality District (Figure 1; [32]). Dorper and Merino are the primary sheep (Ovis
aries) breeds used by the commercial livestock industry within the region, with a mean
stocking rate of 144 breeding ewes/10 km2 [32]. Most farms are sub-divided into multiple
‘camps’ (characterised by low-level wire fencing) to allow for rotational grazing [34,35].
Some farmers have reintroduced fallow deer (Dama dama), an introduced European species,
onto their properties, for trophy hunting. These farms cover approximately 800 km2 in the
Nama-Karoo biome, which is characterised by perennial dwarf shrubs and grasses [36,37].
Meandering throughout this region are somewhat more productive drainage lines, with
sturdier shrubs and small trees providing shade and forage for browsers [38].



Land 2023, 12, 599 3 of 23Land 2023, 12, x FOR PEER REVIEW 3 of 23 
 

 
Figure 1. The location of the three land-uses (farmland [A], statutory PA [B] and private PA [C]) 
within the Karoo and the major biomes in the region. Black and green polygons represent the ca-
dastral boundaries of each land-use, and (+) shows the position of the camera traps (i.e., sites) within 
them. Camera traps were spaced approximately 2km apart. Areas within the farmland with no cam-
era traps present indicate landowners unwilling to permit access or faulty camera traps, and gaps 
in the statutory and private PA represent inaccessible areas due to extreme terrain (i.e., cliffs) and 
faulty camera traps. Insert shows the three land-uses within South Africa. 

Only 50 km south-west of the farmland is the Anysberg Nature Reserve. This large 
PA (±796.2 km2) is presently managed by Cape Nature, the provincial government entity 
responsible for conserving biodiversity in the Western Cape, South Africa (Figure 1; [39]). 
The PA contains elements of the Fynbos, Succulent Karoo and Albany thicket biomes [40]. 
Patterns of vegetation within the statutory PA are strongly influenced by rainfall, which 
varies predictably with the topography in the reserve [39]. Formally proclaimed as a stat-
utory PA in 1990, the reserve is unique in that it is one of the few PAs which have not 
sought to reintroduce extirpated carnivores or megaherbivores (e.g., cheetah [Acinonyx 
jubatus] or African elephant [Loxodonta africana]). Instead, vegetation rehabilitation is a 
primary focus for the reserve, and as such, although reserve management has removed 
most internal fences, most of the boundary fences consist of a dilapidated 1.4 m tall jackal-
proof fence [39]. 

Finally, Sanbona Wildlife Reserve is approximately 540 km2, with its northern border 
adjacent to the statutory PA (Figure 1). This private PA is the largest privately owned 
protected area in the region and includes the Fynbos and Succulent Karoo biomes [41]. 
Historically, the private PA comprised 19 privately owned small-livestock farms, with 
small areas set aside for crop production. However, as with the statutory PA, variable 
rainfall patterns and cumulative environmental damage reduced the profitability of agri-
cultural ventures, and the land was purchased by the Mantis Collection in 2002 to estab-
lish a for-profit private PA. The non-consumptive tourism model employed by the Mantis 
Collection necessitated the reintroduction of large, charismatic carnivores (i.e., African 
lion [Panthera leo] and cheetah) and herbivores (i.e., African elephant, black wildebeest 
[Connochaetes gnou], plains zebra [Equus quagga], South African giraffe [Giraffa camelopar-
dalis giraffa], white rhinoceros [Ceratotherium simum]), that had been previously extirpated 

Figure 1. The location of the three land-uses (farmland [A], statutory PA [B] and private PA [C])
within the Karoo and the major biomes in the region. Black and green polygons represent the cadastral
boundaries of each land-use, and (+) shows the position of the camera traps (i.e., sites) within them.
Camera traps were spaced approximately 2km apart. Areas within the farmland with no camera
traps present indicate landowners unwilling to permit access or faulty camera traps, and gaps in the
statutory and private PA represent inaccessible areas due to extreme terrain (i.e., cliffs) and faulty
camera traps. Insert shows the three land-uses within South Africa.

Only 50 km south-west of the farmland is the Anysberg Nature Reserve. This large
PA (±796.2 km2) is presently managed by Cape Nature, the provincial government entity
responsible for conserving biodiversity in the Western Cape, South Africa (Figure 1; [39]).
The PA contains elements of the Fynbos, Succulent Karoo and Albany thicket biomes [40].
Patterns of vegetation within the statutory PA are strongly influenced by rainfall, which
varies predictably with the topography in the reserve [39]. Formally proclaimed as a
statutory PA in 1990, the reserve is unique in that it is one of the few PAs which have not
sought to reintroduce extirpated carnivores or megaherbivores (e.g., cheetah [Acinonyx
jubatus] or African elephant [Loxodonta africana]). Instead, vegetation rehabilitation is a
primary focus for the reserve, and as such, although reserve management has removed most
internal fences, most of the boundary fences consist of a dilapidated 1.4 m tall jackal-proof
fence [39].

Finally, Sanbona Wildlife Reserve is approximately 540 km2, with its northern border
adjacent to the statutory PA (Figure 1). This private PA is the largest privately owned
protected area in the region and includes the Fynbos and Succulent Karoo biomes [41].
Historically, the private PA comprised 19 privately owned small-livestock farms, with small
areas set aside for crop production. However, as with the statutory PA, variable rainfall
patterns and cumulative environmental damage reduced the profitability of agricultural
ventures, and the land was purchased by the Mantis Collection in 2002 to establish a for-
profit private PA. The non-consumptive tourism model employed by the Mantis Collection
necessitated the reintroduction of large, charismatic carnivores (i.e., African lion [Panthera
leo] and cheetah) and herbivores (i.e., African elephant, black wildebeest [Connochaetes
gnou], plains zebra [Equus quagga], South African giraffe [Giraffa camelopardalis giraffa], white
rhinoceros [Ceratotherium simum]), that had been previously extirpated from the region.
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To prevent these species from moving out of the reserve, the private PA maintains an
electric 1–1.5 m game-proof fence [42]. Presently, the private PA is managed by the Caleo
Foundation, a non-profit organisation which aims to promote conservation of vulnerable
ecosystems ([41]).

2.2. Camera Trapping

To allow for direct comparisons between all three land-uses we followed the methods
described by the authors of [32], who used camera trapping and a systematic sampling
design (2 km2 grid), with a randomised starting point and orientation. This systematic
sampling survey design ensures that key habitat features are sampled in proportion to their
occurrence in the landscape [43–45] and prevents bias in detection as it targets no single
species [46,47]. We therefore deployed Bushnell Trophy CAM HD (model #119437; Bushnell
Outdoor Products, Overland Park, KS, USA) camera traps at 451 locations (Figure 1)
within the farmland and statutory and private PAs (Table A1). We did not have sufficient
camera traps to sample the all three land-uses concurrently; thus, cameras traps were
sequentially deployed within each land-use (in two phases). Cameras were deployed
between September 2012 and March 2013 in the farmland, between October 2013 and June
2014 in the statutory PA, and between August and November of 2015 in the private PA. To
give the highest probability of obtaining photographs of a wide range of species, we placed
camera traps within 100 m of the chosen centroid, choosing a micro placement which
provided the least obstructed field of view and included signs of animal activity [48,49].
Camera traps were mounted on natural elements present in the landscape (i.e., small trees)
in the statutory PA and farmland, and on metal poles approximately 30–50 cm above
ground in the private PA. To minimise potential anthropogenic stimuli, we did not visit the
camera traps until the end of each phase. All camera traps were programmed to take three
pictures per trigger, with a 1 min delay between triggers.

2.3. Single-Season Multi-Region Community Occurrence Model

We adopted the hierarchical multi-region community occurrence model described by
Tenan et al. (2016), and expanded upon by Oberosler et al. (2020), to assess how different
land-uses (r = 3, i.e., farmland, statutory PA and private PA) influenced community- and
species-level attributes [50,51]. This model accounts for both imperfect detection and
regional heterogeneity in occurrence [52]. We defined each occasion (hereafter denoted by
k) as a pooled 6-day (144 h) period. For each target species i the observed data consisted of
a site by occasion matrix (‘detection history’ [53]), whereby at each site j, for each occasion
k, a species was either recorded as detected (‘1′) or not detected (‘0′). Species detected
in each land-use were assigned to one of four guilds g: carnivore, herbivore, insectivore
and omnivore [51]. In this manner, g was known for all detected species, but unknown
for unobserved species (with nr being the total number of observed species in each land-
use). We defined species-, site- and land-use-specific occurrence as the binary variable zijr,
whereby zijr =1 if species i occurs at site j in land-use r (and zero otherwise [52]). zijr is
assumed to be the outcome of a Bernoulli random variable, such that:

zijr ∼ Bern
(
ψijrwir

)
(1)

where ψijr is the probability of occurrence of species i at site j in land-use r, and wir is a
binary variable indicating whether species i is present (wir = 1) or absent (wir = 0) in land-use
r. We estimated the number of species in the three communities (Nr) that were unobserved
through the method of ‘data augmentation’ [54–56]. We augmented the detection data such
that the total number of possible species in any land-0use was M = 80, with the proportion
of undetected species (i.e., M–nr) estimated to exist in Nr being Ωr. wir is therefore governed
by the hyper-parameter Ωr:

wir ∼ Bern(Ωr) (2)
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This is specified as:

Ωr =

(
Σgλgr

)
M

(3)

where λgr is the expected variation in guild- and land-use-specific species richness, and
is assumed to be the outcome of a Poisson process [50,51]. We adopted a guild indicator
variable that allows for the estimation of guild membership for each undetected species:

gir ∼ Cat(πr) (4)

with πr being the sum of πgr (the derived probability that species i from land-use r belongs
to guild g), which is defined as:

πgr =
λgr

Σgλgr
(5)

Due to imperfect detection [53], zij is not known for unobserved species. We thus
specified a detection model for the observed data (yijr) as:

yijr ∼ Bin
(
Kjr, pijrzijr

)
(6)

where Kjr is the total number of occasions k at site j in region r, and pijr is the detection
probability of species i at site j in land-use r, conditional on its presence (i.e., zijr = 1 [57]).
Both the occurrence (Ψ) and detection (p) probabilities for species i were modelled as
a function of environmental covariates [51]. We expected ψijr to vary based on three
environmental covariates, namely distance from drainage lines, vegetation productivity
and terrain ruggedness. We firstly included the linear distance (m) from each site to the
nearest drainage line (DIST). Drainage lines were obtained from the World Wildlife Fund
(WWF) 3-arc-second HydroSHEDS, which calculates flow accumulation based on high-
resolution SRTM data. Flow accumulation values >80 were considered in this study [58].
We also included both the Modified Secondary Soil-Adjusted Vegetation Index (MSAVI2)
and Terrain Ruggedness Index (TRI) as proxies for vegetation productivity and habitat
complexity, respectively [59]. For this study, MSAVI2 was sampled every 16 days at 250 m
spatial resolution and averaged within a 1 km radius of all camera sites. We derived TRI
from 30 m raster elevation data from the Shuttle Radar Topography Mission (SRTM) [60].
The TRI at each site was calculated as the average mean difference in elevation (m) between
the central pixel and its eight neighbours from within a 500 m buffer of each site [61]. All
covariates were scaled to have a mean of 0 and a variance of 1. The occurrence model for
species i at site j in region r (on the logit scale) is thus specified as:

logit
(
ψijr

)
= β0ir + β1ir(DIST) + β2ir(MSAVI2) + β3ir(TRI) (7)

We assumed that pijr varied based on vegetation structure, whereby denser foliage
limited the sensitivity of the camera traps. We thus modelled pijr (on the logit scale) as:

logit
(

pijr
)
= α0ir + α1ir(MSAVI2) (8)

Finally, the occurrence and detection models are connected through an additional
hierarchal component, in which species- and land-use-specific parameters (e.g., β0ir) are
random effects that are derived from community-level distribution. For example:

β0ir ∼ N
(
µβ0r, σβ0r

)
(9)

where µβ0r is the mean occurrence probability of land-use r’s community, and σβ0r is
the associated standard deviation amongst all land-use r’s species. Finally, as species’
abundance may impact detection probabilities, we included a correlation structure ρr
between β0ir and α0ir [57].
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All modelling was carried out in a Bayesian framework using JAGS [62], executed
through ‘R v.4.2.1′ [63], using the package ‘jagsUI’ [64]. For most parameters, we used un-
informative priors of normal distributions [0,0.01] for the means, and uniform distributions
over the interval of [0,10] for the standard deviations. Posterior distributions were obtained
using 3 chains of 100,000 iterations, after first discarding a burn-in sample of 10,000 itera-
tions, with a thinning rate of 10. Model convergence was assessed through a combination
of Geweke statistics (Z; where −1.96 < Z < 1.96 indicates adequate convergence within

single chains [65]),
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< 1.1 indicates convergence across all chains [66])
and visual examination of the chains through trace plots.

3. Results

The final dataset resulted in a total of 8261 pooled independent detections of indige-
nous mammal species (>0.5 kg), with 43 species from 19 families being recorded across all
three land-uses (Table A1). Six of the species are categorised by the International Union for
Conservation of Nature (IUCN) as being ‘globally threatened’ (vulnerable or endangered).
Of these, four were exclusively found in the private PA (as expected due to reintroductions;
African elephant, African lion, cheetah and South African giraffe), whereas leopard (Pan-
thera pardus) and Cape mountain zebra (Equus zebra) were detected in both the statutory
and private PA but not farmland. The only extralimital species recorded (black wildebeest,
South African giraffe and white rhinoceros [Ceratotherium simum]) were unique to the
private PA. Fallow deer were only detected in the farmland.

One species known to occur throughout the region (based on discussions with landown-
ers and official species lists) was not detected, namely the riverine rabbit (Bunolagus mon-
ticularis). At the land-use level, we failed to detect three additional species in the private
PA (African buffalo [Syncerus caffer], striped polecat [Ictonyx striatus] and vervet monkey
[Chlorocebus pygerythrus]), one in the statutory PA (yellow mongoose [Cynictis penicillata])
and one in farmland (water mongoose [Atilax paludinosus]). Additionally, although red
hartebeest were detected in the farmland at two camera sites, software failure meant that
the date and time of these detections were not recorded, and these data were subsequently
removed from further analysis.

Estimates of species richness differed substantially between the three land-uses (Figure 2),
with a mean species richness of 27.92 (95% BCI = [27.01, 31.23]) in the farmland, 31.10 in
the statutory PA (95% BCI = [30.05, 35.49]) and 38.88 in the private PA (95% BCI = [36,46]).
Although species richness within each of the four guilds was similar between the three
land-uses (Figure 3), carnivore and herbivore species richness were highest in the private
PA, omnivore species richness was lowest in the private PA and insectivore lowest in the
statutory PA.
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black bars: 95% BCI).
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Figure 3. Estimated mammalian (>0.5 kg) species richness for each functional guild in the small-
livestock farmland (Farmland), protected area (PA), and private protected area (PPA) (black dots:
mean, grey boxes: 50% BCI, and black bars: 95% BCI).

After excluding species not common across paired land-uses, species-specific mean
occurrence (Ψ) was similar between all three land-uses and most similar between the
statutory and private PA (adjusted r2 = 0.40, F [1,19] = 1.49, p < 0.00), and least similar
between the farmland and both the farmland and private PA (Figure 4). The highest
overall probability of use across all three land-uses was obtained for chacma baboon (Papio
ursinus), whereas the lowest was for striped polecat. Large herbivores, such as greater
kudu (Tragelaphus strepsiceros), gemsbok (Oryx gazella) and Cape eland (Taurotragus oryx),
were more likely to occur within the private PA as opposed to either the statutory PA or
farmland (Figure 4). Although more large carnivores (such a brown hyena [Parahyaena
brunnea]) were more widespread throughout the private PA, leopards had higher rates of
occurrence within the statutory PA. Smaller, generalist species (e.g., steenbok [Raphicerus
campestris]) tended to occupy a greater proportion of farmland relative to both protected
areas (Figure 4). Aardvark (Orycteropus afer) and African wildcat (Felis silvestris) had similar
occurrence patterns in the private PA and farmland, whereas black-backed jackal (Canis
mesomelas) had almost equitable occurrence probabilities between the statutory PA and
farmland. As with occurrence, the detection probability of all species across all three
land-uses was low, with over 80% of species having mean detection probabilities of less
than 0.3 per sampling occasion (Figure 4). Species-specific mean detection was remarkably
similar across all three land-uses, although it differed the most between the statutory and
private PA (Figure 4). The highest overall detection probabilities across all land-uses were
obtained for Chacma baboon, whereas the lowest were for bushpig (Potamochoerus larvatus).

None of the modelled covariates had a significant negative effect (i.e., 95% BCIs
included zero; Table 1) on either community-level habitat use or detection in the farmland.
However, vegetation productivity (MSAVI2) had a significant effect on community-level
detection in the statutory (negative) and private PA (positive). Interestingly, only eight
species-specific detection probabilities on farmland and the statutory PA were affected by
vegetation productivity (Figure A3). Both vegetation productivity (positive) and terrain
ruggedness (TRI, negative) exerted a significant influence over community-level habitat
use in the statutory and private PA. Distance to drainage line (m) had a significant negative
impact in the private PA only. Most species-specific occurrence probabilities were not
significantly impacted by distance to drainage or vegetation productivity, but >50% of
species were negatively associated with increasing terrain ruggedness (Figure A6).
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Figure 4. Species-specific mean occurrence (left) and detection (right) probabilities of mammal
species between the small-livestock farmland (Farmland), protected area (PA), and private protected
area (PPA). Species not found in any of the land-uses were excluded. Solid grey lines illustrate the
regression line for each relationship, and the dotted black line the 1–1 line. Species with notably
higher occurrence (>0.25) on the Y or X axis are labelled.
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Table 1. Mean and associated 95% Bayesian credible intervals (BCIs) of community-level hyper-
parameters hypothesised to influence the probability of use and detection of mammal species (>0.5 kg)
across three land-uses (farmland, PA and PPA). Bold denotes covariates with significant effects.
Parameters include distance to drainage line (m), vegetation productivity (MSAVI2) and terrain
ruggedness (TRI) on the occurrence probability, and MSAVI2 on the detection probability.

Land-Use Parameter Mean Lower Upper

Occupancy
(Ψ)

Farmland

Intercept
Distance to drainage (m) 0.05 −0.05 0.14

Vegetation productivity (MSAVI2) −0.11 −0.22 0.00
Terrain ruggedness (TRI) 0.05 −0.05 0.15

PA

Intercept
Distance to drainage (m) −0.11 −0.32 0.09

Vegetation productivity (MSAVI2) 0.23 0.05 0.40
Terrain ruggedness (TRI) −0.67 −1.11 −0.27

PPA

Intercept
Distance to drainage (m) −0.15 −0.26 −0.03

Vegetation productivity (MSAVI2) 0.14 0.02 0.27
Terrain ruggedness (TRI) −0.31 −0.56 −0.08

Detection (p)
Farmland

PA
PPA

Intercept
Vegetation productivity −0.03 −0.13 0.05

Vegetation productivity (MSAVI2) −1.19 −0.28 −0.11
Vegetation productivity (TRI) 0.09 0.00 0.18

4. Discussion

Identifying the potential contribution private land can make to national conservation
objectives is imperative, given the limited resources available to biodiversity preserva-
tion [67]. Our study revealed minimal, yet crucial, differences in a mammal community
between commercial farmland and both state-owned and privately owned PAs in the
Karoo region of South Africa—highlighting the important role private landowners play in
bolstering South Africa’s statutory PA network.

In line with our predictions, the private PA had higher species richness than both the
statutory PA and farmland (with the latter having the lowest), a dissimilarity likely driven
by the high number of unique species present in the private PA (n = 7). As mammalian
diversity in African PAs is positively related to visitor attendance (and thus increased
profits [68]), the private PA in our study is incentivised to augment its wildlife populations.
The private PA has, since its inception, bolstered the abundance of select large charismatic
species through introductions (e.g., African elephant) [69]. In contrast, the statutory PA
has only introduced one species (Cape mountain zebra), and the gemsbok population was
culled in 2013 to limit the impacts of over-grazing on the unique local flora [39]. In addition
to active removal, the statutory PA’s boundary fence is porous in many parts, allowing
species to move into the surrounding farmlands, whereas the private PA’s fence restricts
the movement of larger species (e.g., African lion) [69]. The high costs of installing and
maintaining adequate perimeter fencing (e.g., ±$25,972.23 per annum to maintain 100 km
of game fencing [70]) and anti-poaching operations effectively precludes most PAs from
supporting such species [11].

Despite concerns that reintroductions of larger species would have detrimental impacts
on smaller mammal richness [17], we found that the composition of trophic guilds did
not differ significantly between the land-uses. The similarity between the three land-uses
also suggests that decades of sedentary pastoralism in the Karoo [71] and the subsequent
protection in statutory or private PAs have had minimal impact upon the region’s medium-
sized mammal community (Figure 3). Although not significant, carnivore and herbivore
species richness was higher in both PAs than in farmland. This likely reflects the long
history of reintroductions in PAs and targeted removal by commercial farmers of large
species [31,72,73]. Yet, the farmland in our study did not differ in overall species richness
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from that of the statutory PA, a result congruent with other studies on extensive livestock
farms in Africa; [32,42,74–76]). This result is not exclusive to Africa; low-intensity farming
in West Bengal [77] and Brazil [78] has been shown to be similarly compatible with local
wildlife. Many smaller, cosmopolitan species present in the farmland in our study are
ecologically elastic, allowing them to adjust to persistent persecution.

Although species richness was similar across all three land-uses, species-specific oc-
currence probabilities varied substantially. Unsurprisingly, the greatest differences were
observed between protected areas and farmland, with minimal differences between the
statutory and private PA (Figure 4). Most observed dissimilarities were driven primarily
by increased occurrence of large herbivore species in the private PA relative to both the
statutory PA and farmland. Furthermore, the occurrence of most species >20 kg, many of
which are herbivores in direct competition with domestic livestock for sparse resources [25],
was artificially suppressed in the farmland through hunting. Interestingly, smaller her-
bivores, such as common duiker and hare spp. (Lepus saxatilis and Lepus capensis), had
significantly higher occurrence probabilities in the farmland than in either PA (Figure 4).
Owen-Smith et al. (2017) suggested that the declining densities of small ungulates in PAs is
because of their confinement within increasingly homogenous habitats, depriving them
of their need for fine-scale patchy habitats [79]. Well-managed small-livestock farming
maintains this heterogenous habitat over large spatial scales, and is compatible with the
many adaptable, gregarious antelope species [80–82]. It is also possible that the abundance
of small herbivores in the Karoo’s PAs, both private and statutory, is suppressed through
ecological top-down effects (i.e., predation) by a full suite of large- and medium-sized
carnivores that is incomplete in farmlands due to the absence of large carnivores [83].
Costs associated with predator avoidance reduce the foraging efficiency of herbivores,
diminishing their overall fitness [84,85]. For many small herbivores, open habitat, such as
that present on commercial rangelands, can drastically improve visibility, thus lowering
predation risk [33,86]. In addition, in rangelands, the abundance of mostly unguarded,
easily catchable sheep stocked just under carrying capacity (as in our system) may act as
a buffer for small wild ungulates against predation, by forming an important part of the
mesopredators’ diet without outcompeting small wild ungulates for resources [87].

The impact of abiotic environmental factors (i.e., distance to drainage lines, vegetation
productivity and terrain ruggedness) was similar across all three land-uses, albeit with
varying degrees of importance. None had a significant impact on the community-level
probability of occurrence for target mammal species in the commercial small-livestock
farmlands. Most of the species present throughout the farmland are adaptable, generalist
mammals able to persist in landscapes with substantial anthropogenic impacts. In the
Karoo, the prevalence of artificial water sources (typically one per camp [88]) has likely
reduced wildlife’s reliance on riparian zones and associated natural water sources. The
overall lacklustre response to vegetation productivity is, however, not unprecedented in
the Karoo—there is prior evidence of its inconsequential effect in the farmland [32]. It is
possible that high stocking rates of livestock and very low rainfall have greatly reduced the
productivity of drainage lines, making the distinction between riverine vegetation and the
surrounding plant communities less apparent [38]. Finally, it may be that anthropogenic
pressures not measured in this study (e.g., hunting) are far more important in determining
species’ occurrence within the landscape.

In the both PAs, community-level probability of occurrence was significantly influ-
enced both by vegetation productivity and terrain ruggedness. Terrain ruggedness, in
particular, was important for 40% (n = 13) of all detected species in the statutory PA and
38% (n = 14) in the private PA, with only klipspringer and Smith’s red rock rabbit having
a positive association with more rugged terrain (Figure A6). Globally, species richness,
diversity and distribution all vary predictably for vertebrates along elevation gradients [89].
Lower elevations are typically less rugged, have richer soils and increased water availabil-
ity, and are associated with higher primary productivity [90], all of which are important
resources in determining species occurrence [91]. The private PA annual census data has
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historically been used to map several large antelope and carnivore landscape preferences,
whereby species favoured lower-lying areas [69]. Distance to drainage lines was only a
significant driver of community-level probability of occurrence in the private PA. This
might be the result of the influence of introduced extralimital species, which are not dry-
lands specialists, on the community’s response in the private PA. Despite being in close
proximity, observed differences between land-uses were almost certainly confounded by
land-use-specific differences not accounted for in this study. For example, the farmland
was located within the Nama-Karoo biome, whereas both the statutory and private PA
consisted largely of succulent Karoo flora. Similar to anthropogenic impacts, small-scale
habitat use may be impacted by the change in vegetation structure associated with these
biomes.

5. Conclusions

Through single-season multi-region community occurrence analyses, we have shown
that the mosaic of land-uses present in South Africa’s Karoo region supports a diverse
community of mammals, thus playing a crucial role in the preservation of dryland wildlife.
With the current challenges of a growing human population and its associated need for
increased resources [92,93], there is little opportunity to expand the network of statutory
PAs, and those already established are coming under increasing pressure for access to their
natural resources [3,6], despite clear evidence of their global importance in preserving
mammals [94,95]. Many existing statutory PAs are also too small or poorly connected to
provide resilient protection for all mammal species [96]. When managed correctly, multi-
tenure landscapes increase landscape connectivity between state-owned PAs, providing
corridors for wildlife and preserving a wider array of environments and the whole suite of
mammals present within them [29,97–99]. They also support various economic models and
human-centric activities. Encouragingly, the farmland in this study still maintains consider-
able ecosystem functionality, while allowing for food production and local employment,
and, although reduced, its mammal assemblage is somewhat comparable to both PAs. In
contrast, the newly established private PA has the economic capacity to preserve larger
species that many statutory PAs lack.

The Karoo is experiencing substantial shifts in land-use, some of which will have a
positive influence on biodiversity (e.g., private PAs [100]), but some of which may have
negative impacts (e.g., hydraulic fracturing [71]). Thus, encouraging a land-use matrix
incorporating multiple land-uses can benefit wildlife conservation, as long as these land-
uses are included in carefully developed regional conservation planning.
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Appendix A

Table A1. Summary of the camera trap surveys conducted on the farmland, protected area (PA) and
private protected area (PPA) in the Karoo, South Africa. Area is the total extent (km2) of each land-use.
Camera trap failure indicates the proportion of camera traps that failed, due to software malfunction
or physical damage, in each survey. Effort is the total number of days (24 h) camera traps were active
in each land-use. The total independent detections is the sum of independent photographs (≥30 min)
of all target species per survey, and the overall trapping rate is the number of independent detections
divided by the total number of trap nights.

Land-se Area
(km2)

Sampling
Period

Total No.
Sites Effort

Total
Independent
Detections

Overall
Trapping

Rate

Total
Detected
Species

Mean No.
Species per

Site

Farmland 754 September–March
2012/2013 156 10,842 3480 0.27 27 1 10.8

PA 802 October–June
2013/2014 176 9538 2966 0.28 30 10.8

PPA 540 August–November
2015 119 5951 2484 0.38 36 11.4

Total 2096 451 15,489 8930

This should be 26, but the presented number includes detections of red hartebeest (Alcelaphus buselaphus caama)
that had no associated date or time stamp due to software failure, and so were not included in multi-species
occupancy analysis.

Table A2. General results of the camera trapping surveys conducted on the farmland, presented per
family and species. Shaded in light grey, the species/families that are absent or were not detected.
Shaded in blue, the species/families that are true (i.e., known) absences. Total independent detections
indicate the sum of independent detections, and the naïve occupancy is the proportion of camera
trap sites at which the species was detected. The detection frequency (or relative abundance index
[RAI]) is the camera trapping rate.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Bovidae

Black Wildebeest Connochaetes gnou 0 0 0.00 0.00
Blesbok Damaliscus pygargus 27 10 0.06 0.25
Cape eland Taurotragus oryx 0 0 0.00 0.00

Cape grysbok Raphicerus melanotis 0 0 0.00 0.00
Common duiker Sylvicapra grimmia 957 107 0.69 8.83

Gemsbok Oryx gazella 20 3 0.02 0.18
Greater kudu Tragelaphus strepsiceros 124 27 0.17 1.24

Grey rhebuck Pelea capreolus 69 20 0.13 0.64
Klipspringer Oreotragus oreotragus 50 14 0.09 0.46

Red hartebeest Alcelaphus buselaphus caama 2 1 * *
Springbok Antidorcas marsupialis 86 14 0.09 0.79
Steenbok Raphicerus campestris 700 116 0.74 6.46

Canidae

Bat-eared fox Otocyon megalotis 218 41 0.26 2.01
Black-backed jackal Canis mesomelas 107 34 0.22 0.99

Cape fox Vulpes chama 16 11 0.07 0.15
Cercopithecidae



Land 2023, 12, 599 13 of 23

Table A2. Cont.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Chacma baboon Papio ursinus 95 36 0.23 0.88
Vervet monkey Chlorocebus pygerythrus 8 6 0.04 0.07

Cervidae

Fallow deer Dama dama 18 4 0.03 0.16

Elephantidae 0.00

African elephant Loxodonta africana 0 0 0.00 0.00
Equidae

Cape mountain zebra Equus zebra zebra 0 0 0.00 0.00
Plains zebra Equus quagga 0 0 0.00 0.00

Felidae

African Lion Panthera leo 0 0 0.00 0.00
African wildcat Felis silvestris 10 10 0.06 0.09

Caracal Caracal caracal 23 19 0.12 0.21

Cheetah Acinonyx jubatus 0 0 0.00 0.00
Leopard Panthera pardus 0 0 0.00 0.00

Giraffidae

South African giraffe Giraffa camelopardalis giraffa 0 0 0.00 0.00
Herpestidae

Cape grey mongoose Herpestes pulverulentus 37 27 0.17 0.34
Meerkat Suricata suricatta 3 3 0.02 0.02

Water mongoose Atilax paludinosus 0 0 0.00 0.00
Yellow mongoose Cynictis penicillata 16 12 0.08 0.15

Hyaenidae

Aardwolf Proteles cristata 100 49 0.31 0.92
Brown hyena Parahyaena brunnea 0 0 0.00 0.00

Hystricidae

Porcupine Hystrix africaeaustralis 65 36 0.23 0.60

Leporiade

Hare spp. Lepus saxatilis and Lepus capensis 556 114 0.73 5.12
Smith’s red rock rabbit Pronolagus rupestris 30 2 0.01 0.28

Mustelidae

Honey badger Mellivora capensis 0 0 0.00 0.00

Striped polecat Ictonyx striatus 36 25 0.16 0.33

Orycteropodidae

Aardvark Orycteropus afer 43 24 0.15 0.40
Procaviidae

Rock hyrax Procavia capensis 14 5 0.03 0.13
Rhinocerotidae

White rhinoceros Ceratotherium simum 0 0 0.00 0.00
Suidae

Bushpig Potamochoerus larvatus 0 0 0.00 0.00
Viverridae

Small spotted genet Genetta genetta 42 24 0.15 0.39
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Table A3. General results of the camera trapping surveys conducted on the statutory protected
area, presented per family and species. Shaded in light grey, the species/families that are absent or
were not detected. Shaded in blue, the species/families that are true (i.e., known) absences. Total
independent detections indicate the sum of independent detections, and the naïve occupancy is the
proportion of camera trap sites at which the species was detected. The detection frequency (or relative
abundance index [RAI]) is the camera trapping rate.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Bovidae

Black Wildebeest Connochaetes gnou 0 0 0.00 0.00
Blesbok Damaliscus pygargus 0 0 0.00 0.00
Cape eland Taurotragus oryx 64 25 0.14 0.67

Cape grysbok Raphicerus melanotis 0 0 0.00 0.00
Common duiker Sylvicapra grimmia 320 63 0.36 3.36

Gemsbok Oryx gazella 441 68 0.39 4.62
Greater kudu Tragelaphus strepsiceros 80 18 0.10 0.84

Grey rhebuck Pelea capreolus 73 19 0.11 0.77
Klipspringer Oreotragus oreotragus 193 49 0.28 2.02

Red hartebeest Alcelaphus buselaphus caama 115 19 0.11 1.21
Springbok Antidorcas marsupialis 91 22 0.13 0.95
Steenbok Raphicerus campestris 103 37 0.21 1.08

Canidae

Bat-eared fox Otocyon megalotis 7 1 0.01 0.07
Black-backed jackal Canis mesomelas 237 51 0.29 2.48

Cape fox Vulpes chama 0 0 0.00 0.00
Cercopithecidae

Chacma baboon Papio ursinus 536 112 0.64 5.62
Vervet monkey Chlorocebus pygerythrus 16 5 0.03 0.17

Cervidae

Fallow deer Dama dama 0 0 0.00 0.00

Elephantidae

African elephant Loxodonta africana 0 0 0.00 0.00

Equidae

Cape mountain zebra Equus zebra zebra 20 10 0.06 0.21
Plains zebra Equus quagga 0 0 0.00 0.00

Felidae

African Lion Panthera leo 0 0 0.00 0.00
African wildcat Felis silvestris 97 44 0.25 1.02

Caracal Caracal caracal 9 5 0.03 0.09

Cheetah Acinonyx jubatus 0 0 0.00 0.00
Leopard Panthera pardus 23 15 0.09 0.24

Giraffidae

South African giraffe Giraffa camelopardalis giraffa 0 0 0.00 0.00
Herpestidae

Cape grey mongoose Herpestes pulverulentus 49 21 0.12 0.51
Meerkat Suricata suricatta 0 0 0.00 0.00

Water mongoose Atilax paludinosus 1 1 0.01 0.01
Yellow mongoose Cynictis penicillata 0 0 0.00 0.00

Hyaenidae
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Table A3. Cont.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Aardwolf Proteles cristata 23 16 0.09 0.24
Brown hyena Parahyaena brunnea 15 9 0.05 0.16

Hystricidae

Porcupine Hystrix africaeaustralis 112 36 0.20 1.17

Leporidae

Hare spp. Lepus saxatilis and Lepus capensis 137 25 0.14 1.44

Smith’s red rock rabbit Pronolagus rupestris 99 28 0.16 1.04

Mustelidae

Honey badger Mellivora capensis 17 9 0.05 0.18
Striped polecat Ictonyx striatus 1 1 0.01 0.01

Orycteropodidae

Aardvark Orycteropus afer 28 23 0.13 0.29
Procaviidae

Rock hyrax Procavia capensis 37 4 0.02 0.39
Rhinocerotidae

White rhinoceros Ceratotherium simum 0 0 0.00 0.00
Suidae

Bushpig Potamochoerus larvatus 4 4 0.02 0.04
Viverridae

Small spotted genet Genetta genetta 18 13 0.07 0.19

Table A4. General results of the camera trapping surveys conducted on the private protected area,
presented per family and species. Shaded in light grey, the species/families that are absent or were not
detected. Shaded in blue, the species/families that are true (i.e., known) absences. Total independent
detections indicate the sum of independent detections, and the naïve occupancy is the proportion of
camera trap sites at which the species was detected. The detection frequency (or relative abundance
index [RAI]) is the camera trapping rate.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Bovidae

Black Wildebeest Connochaetes gnou 24 4 0.03 0.51
Blesbok Damaliscus pygargus 0 0 0.00 0.00
Cape eland Taurotragus oryx 460 69 0.58 7.10

Cape grysbok Raphicerus melanotis 2 1 0.01 0.03
Common duiker Sylvicapra grimmia 159 44 0.37 2.45

Gemsbok Oryx gazella 231 55 0.46 3.56
Greater kudu Tragelaphus strepsiceros 121 30 0.25 1.87

Grey rhebuck Pelea capreolus 33 9 0.08 0.51
Klipspringer Oreotragus oreotragus 81 19 0.16 1.25

Red hartebeest Alcelaphus buselaphus caama 25 6 0.05 0.39
Springbok Antidorcas marsupialis 68 11 0.09 1.05
Steenbok Raphicerus campestris 89 31 0.26 1.37

Canidae

Bat-eared fox Otocyon megalotis 7 4 0.03 0.11
Black-backed jackal Canis mesomelas 134 51 0.43 2.07

Cape fox Vulpes chama 0 0 0.00 0.00
Cercopithecidae
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Table A4. Cont.

Family
Common Name Species

Total Independent
Detections

Total Camera
Trap Sites

Naïve
Occupancy

Detection
Frequency

Chacma baboon Papio ursinus 228 54 1.92 3.52
Vervet monkey Chlorocebus pygerythrus 0 0 0.00 0.00

Cervidae

Fallow deer Dama dama 0 0 0.00 0.00
Elephantidae

African elephant Loxodonta africana 24 6 0.05 0.37

Equidae

Cape mountain zebra Equus zebra zebra 1 1 0.01 0.02
Plains zebra Equus quagga 165 32 0.27 2.55

Felidae

African Lion Panthera leo 42 10 0.08 0.65
African wildcat Felis silvestris 32 20 0.17 0.49

Family
Common name Species

Total independent
detections

Total camera
traps

Naïve
occupancy

Detection
frequency

(RAI)

Caracal Caracal caracal 21 12 0.10 0.32
Cheetah Acinonyx jubatus 10 5 0.04 0.15
Leopard Panthera pardus 6 4 0.03 0.09

Giraffidae

South African giraffe Giraffa camelopardalis giraffa 42 12 0.10 0.65
Herpestidae

Cape grey mongoose Herpestes pulverulentus 14 9 0.08 0.22
Meerkat Suricata suricatta 0 0 0.00 0.00

Water mongoose Atilax paludinosus 2 2 0.02 0.03
Yellow mongoose Cynictis penicillata 3 3 0.03 0.05

Hyaenidae

Aardwolf Proteles cristata 2 1 0.01 0.03
Brown hyena Parahyaena brunnea 49 27 0.23 0.76

Hystricidae

Porcupine Hystrix africaeaustralis 55 24 0.20 0.85
Leporidae

Hare spp. Lepus saxatilis and Lepus capensis 244 28 0.24 3.77
Smith’s red rock rabbit Pronolagus rupestris 41 14 0.12 0.63

Mustelidae

Honey badger Mellivora capensis 3 3 0.03 0.05
Striped polecat Ictonyx striatus 0 0 0.00 0.00

Orycteropodidae

Aardvark Orycteropus afer 19 11 0.09 0.29
Procaviidae

Rock hyrax Procavia capensis 5 2 0.02 0.08
Rhinocerotidae

White rhinoceros Ceratotherium simum 12 4 0.03 0.19
Suidae

Bushpig Potamochoerus larvatus 0 0 0.00 0.00
Viverridae

Small spotted genet Genetta genetta 30 18 0.15 0.46
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