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Drivers of leopard (Panthera pardus) habitat use and relative abundance in Africa’s largest

transfrontier conservation area

Abstract

Transfrontier conservation areas (TFCAS) have the potential to provide havens for large carnivores
while preserving connectivity across wider mixed-use landscapes. However, information on the status
of species in such landscapes is lacking, despite being a prerequisite for effective conservation
planning. We contribute information to this gap for leopard (Panthera pardus) in Africa, where the
species is facing severe range contractions, using data from transect surveys of a 30,000km? area
across Botswana and Zimbabwe in the Kavango-Zambezi (KAZA) TFCA. We used occupancy models
to assess how biotic, anthropogenic, and management variables influence leopard habitat use, and N-
mixture models to identify variables influencing the species’ relative abundance. Leopard were detected

in 184 out of 413 sampling units of 64km?; accounting for imperfect detection resulted in mean detection

probability p = 0.24 (SD = 0.06) and mean probability of site use ITJ = 0.89 (SD = 0.20). Habitat use was
positively influenced by prey availability and high protection. Relative abundance was best predicted by
trophy hunting, which had a negative influence, while abundance was positively associated with high
protection and availability of steenbok. Our findings suggest that securing prey populations should be
a priority in conservation planning for leopard in Africa, and underline the necessity of preserving highly-
protected areas within mixed-use landscapes as strongholds for large carnivores. Our findings also
support calls for better assessment of leopard population density in trophy hunting areas, and illustrate

the value of N-mixture models to identify factors influencing relative abundance of large carnivores.
Keywords

Habitat use; N-mixture models; occupancy models; relative abundance; transfrontier conservation

area; trophy hunting
1. Introduction

Despite being widely considered one of the most adaptable of the world’s large felids, the leopard
(Panthera pardus) is classified as vulnerable by the IUCN (Stein et al., 2016). In Africa, the species is
primarily threatened by habitat loss and fragmentation (Di Minin et al., 2016), prey depletion (Wolf and

Ripple, 2016), and direct persecution by humans (Inskip and Zimmermann, 2009), which have
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collectively contributed to the species losing at least 48% of its historical range on the continent

(Jacobson et al., 2016).

As apex predators, leopards and other large carnivore populations require large, connected landscapes
and viable prey populations to thrive (Crooks et al., 2011). However, the connectivity beyond protected
area borders required by these species is often at odds with the increased demand for land associated
with growing and developing human populations (Di Minin et al.,, 2016). The resulting habitat
fragmentation has contributed to substantial range contractions for members of the large carnivore guild
across the world (Wolf and Ripple, 2017). In light of this, there is a growing consensus that, while highly-
protected areas remain a vital component of many large carnivore conservation strategies (Karanth and
Chellam, 2009), small protected areas alone will not be sufficient to maintain viable populations of large
carnivores into the future (Ripple et al., 2014). A shift from the traditional protected area-centric
approach to a landscape-level approach to conservation holds particular promise for leopards in Africa,
the majority of which are believed to occur outside strictly-protected areas (Hunter, Henschel and Ray,

2013).

In Africa, transfrontier conservation areas (TFCAs) embody this movement, while emphasising the
coupling of conservation with development initiatives. Defined as areas spanning international borders
and encompassing multiple protected areas and land use types, TFCAs are managed as a single
contiguous landscape for conservation (SADC, 1999). If effectively managed, TFCAs have the potential
to protect large swathes of prime habitat and maintain connectivity within wider mixed-use landscapes,

and thus provide havens for leopard within their contracting African range.

Until now, however, there has been relatively little effort to understand how leopards are faring across
these larger conservation areas (Balme et al., 2014; Jacobson et al., 2016), with most research having
been restricted to small, highly-protected reserves (but see Balme, Slotow and Hunter, 2010; Henschel
et al., 2011; Strampelli et al., 2018). There is therefore a need to increase knowledge of the species
within the context of large, mixed-use landscapes like TFCAs. Understanding how leopards adapt to
different components of these modern mosaic landscapes is essential to inform management and
conservation planning, evaluate the conservation effectiveness of different land-use types, and ensure

the persistence of Africa’s leopard populations.
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One land-use strategy of particular relevance to the leopard in Africa is trophy hunting, whereby a set
quota of individuals may be hunted within a designated area each year. Trophy hunting has been used
by conservation managers to attach economic value to wildlife areas by generating revenue for
governments and local communities, and thus secure conservation benefits for natural habitats often
unsuitable for photographic tourism (Lindsey, Roulet and Romafiach, 2007). In the absence of viable
conservation-oriented land use alternatives, trophy hunting is argued to therefore play an important role
in preventing their conversion to agricultural land (Di Minin, Leader-Williams and Bradshaw, 2016;
Dickman et al.,, 2019). However, the practice can have detrimental long-term impacts on hunted
populations if carried out unsustainably or combined with other sources of anthropogenic mortality
(Packer et al., 2010; Lindsey et al., 2013). Information on these impacts is lacking even for species
which have attracted considerable attention from policymakers (e.g. lion, Panthera leo; Macdonald et
al., 2017), and these gaps are greater still for leopard. Leopard populations within hunting areas should
be assessed and monitored, and their habitat-use mechanisms understood, in order to ensure
detrimental effects of hunting are avoided, and to inform sustainable and adaptive hunting management

plans (Balme et al., 2010).

We employed data from large-scale spoor surveys to investigate leopard status and habitat use across
a mixed-use landscape within the southern Kavango-Zambezi (KAZA) TFCA. We used occupancy
models to estimate the proportion of this landscape used by leopard, and assess how a suite of biotic,
anthropogenic, and management variables influence habitat use for the species. We then employed
novel N-mixture models to identify factors influencing relative abundance of leopard within the study
area, and discuss the implications of our findings to highlight conservation priorities for leopard across

modern African conservation landscapes.
2. Methods
2.1. Study area

At approximately 520,000km?, KAZA is the world’s largest terrestrial TFCA, encompassing 36 national
parks and a host of other land uses, including unprotected land and communal areas (see Appendix
A). The study area consists of approximately 30,000km? within the southern part of the TFCA, stretching
across northeast Botswana and western Zimbabwe (Fig. 1). The area is generally water- and nutrient-

poor due to its location in the Kalahari Basin, with an annual rainfall average of 500-700mm, although
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there are a large number of artificial waterholes across parts of the landscape. Vegetation is dominated
by bushland savannah and woodland, interspersed with patches of grassland. Trophy hunting is
permitted in Zimbabwe, and takes place across approximately 14% of the total study area. Leopard
hunts follow an adaptive quota system for offtakes, with only males hunted. Although reinstated in 2019,
trophy hunting was suspended in Botswana in 2014; while some data collection for this study was

conducted prior to this ban, leopards were not hunted in this period.

2.2. Occupancy & N-mixture modelling

Occupancy models use patterns of detection and non-detection over multiple surveys (sampling
occasions) of a sampling unit (site) to estimate detection probabilities (p), and consequently derive
unbiased estimates of occupancy (@) (Mackenzie et al., 2002). The occupancy framework allows the
inclusion of covariates to explain heterogeneity in both occupancy and detection probability, facilitating

insights into factors driving habitat use by species (MacKenzie et al., 2006).

N-mixture models are a novel extension of occupancy models (Royle, 2004) which use counts of
unmarked individuals to estimate site-specific abundance (A). While a strict set of assumptions must be
met for total abundance to be derived from such models, the N-mixture framework allows the effect of
covariates on relative abundance to be explored, which can provide a more nuanced view of how a
species is faring within different components of a landscape than measures of site use alone (Royle,

2004).

2.3. Data collection

We divided our study areainto 8 x 8 km (64km?) sites for both occupancy and N-mixture modelling (Fig.
2a,b), a scale we consider appropriate to capture second order selection (Johnson, 1980). As there is
free movement of both leopard and their prey species among our sites, we relaxed the closure
assumption of occupancy modelling by interpreting our state variable, psi (y), as the probability of site

use instead of the probability of occupancy (Mackenzie, 2005).

Detection/non-detection data for leopard and other mammal species were collected across the study
area from May 2012 to October 2015. Spoor survey transects (Fig. 1) were carried out by driving a
vehicle at a low speed (~10km/h) along roads, fire-breaks and boundary cutlines, and recording any

fresh spoor encountered. As highly-skilled local trackers assisted with spoor detection and identification,



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

incorrect identification of tracks was highly unlikely. Surveys were started at first light to avoid

disturbance and maximise visibility.

Sampling occasions consisted of both spatial replicates and temporal replicates of the same transects.
Although the survey effort spanned multiple years, data collection within individual sites was restricted

to a single year.

To avoid spatial dependence, we tested for independence by pooling detection/non-detection data into
transects of increasing length, with any transect with at least one detection being assigned the value 1.
Transects were increased by increments of 2km until the standard occupancy model without Markovian
dependence (Mackenzie et al., 2002) outperformed the model extended to account for Markovian
dependence of detections/non-detections (Hines et al., 2010), as per Henschel et al. (2016), using

program PRESENCE (Hines, 2006).

2.4. Covariate selection

2.4.1. Detection covariate

Detection covariates are factors which are thought to potentially influence the probability of detecting a
species given presence in a site (p). For both occupancy and N-mixture modelling, the number of 2km
sections of transect per sampling occasion was modelled as a detection covariate (effort) to account

for variation in total segment length after pooling to avoid spatial dependence.

Substrate quality was not included as a detection covariate, as it can be considered largely homogenous
across the study area due to the prevailing soil type of Kalahari sand and the use of highly-skilled local

trackers (Trans-Kalahari Predator Programme (TKPP), unpublished data).

2.4.2. Site use & relative abundance covariates

Site use covariates are factors hypothesised to influence the probability of a site being used by a species
(p). Candidate variables which are believed to influence leopard spatial use were selected based on
prior research wherever possible. The same variables were tested in N-mixture models of relative

abundance (A).
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We hypothesised that leopard habitat use and relative abundance would be influenced by five metrics,
represented by nine spatial covariates (further information on how covariates were calculated and the

rationale behind their inclusion can be found in Appendix B):

- Water availability, quantified as the natural log of average pixel distance to nearest water point
(name: In(water distance), hypothesised relationship: negative).

- Prey availability, quantified by developing models of the probability of site use by frequently taken
prey species (as per Andresen et al., 2014; Everatt et al., 2014; Strampelli et al., 2018) using the
spoor transect dataset, ensuring a measure of availability that accounts for imperfect detection.
Probability of site use was modelled for four of the most frequently taken prey species by leopard
(Hayward et al., 2006): impala (Aepyceros melampus; impala, positive), common duiker (Sylvicapra
grimmia; duiker, positive), steenbok (Raphicerus campestris; steenbok, positive), and warthog
(Phacochoerus africanus; warthog, positive). Despite being considered an important prey species
for leopard (Hayward et al., 2006), our dataset contained insufficient detections of bushbuck (n =
20) for probability of site use to be modelled for the species. We hypothesised that habitat use by
prey would be influenced by 13 spatial covariates (see Appendix C). The mean probability of site
use for frequently taken prey was also calculated for each site, producing a variable reflecting
general availability of these prey species (all prey, positive).

- Human disturbance, quantified as the natural log of average pixel distance to nearest settlement
(In(settlement distance), positive).

- High protection, represented by the proportion of site highly protected (protection, positive), defined
as areas subject to a high level of management and law enforcement activities (see Appendix A).
Areas classified as being subject to high protection within the study area include National Parks
(where only photographic tourism is permitted), Wildlife Management Areas, and a Safari Area
(where limited trophy hunting is permitted; see Fig. 1 & Appendix A).

- Trophy hunting, represented by the proportion of site hunted (hunting, negative). At the time of data
collection, trophy hunting of leopard was only permitted in the study area within Zimbabwe’s Safari

Areas, Conservancy Ranches, and Forest Areas (see Fig. 1 & Appendix A).

Covariate values for each site were extracted using ArcGIS Version 10.5.1 (ESRI, 2016) and QGIS

Version 2.18.10 (QGIS Development Team, 2017).
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2.5. Modelling approach

Analysis was conducted in R version 3.6.2 (R Core Team, 2017) using RStudio version 1.2.5033
(RStudio Team, 2015). Single-season, single-species occupancy models (Mackenzie et al., 2002) were
produced for each prey species and leopard in package unmarked version 0.12-3 (Fiske and Chandler,

2011). All continuous site use covariates were standardised on a z-scale prior to analysis.

Univariate models were ranked based on their Akaike Information Criterion (AIC) scores, corrected for
small sample size (AlCc) (Burnham and Anderson, 2002). Where covariate pairs were correlated by |r|
> 0.7, the covariate with the highest-ranked univariate model was retained. For leopard, univariate
model rankings were employed to determine which prey availability covariate best predicted leopard
site use (y). We then held a global model consisting of all remaining site use covariates constant, while
modelling the covariate hypothesised to affect detection (p), effort. The detection model with lowest

AICc was then used to rank all possible additive combinations of site use covariates.

A final model set was produced for each prey species and leopard containing all models with AAICc <
2, representing models with substantial empirical support (Burnham and Anderson, 2004). Goodness
of fit was assessed for the top-ranked and most parameterised models within this model set using the
MacKenzie and Bailey goodness of fit test for single-season occupancy models based on Pearson's

chi-square (MacKenzie and Bailey, 2004).

The relative importance of covariates was assessed by summing AlCc weights of all models in the final
model set in which that covariate was present (Burnham and Anderson, 2004). The direction of impact
of covariates was represented by the sign of their beta coefficient estimates, and covariates were
considered to have a significant impact if the 95% confidence interval of the beta coefficient (8 £ 1.96
SE) did not span zero. Predicted site use values for each site were extracted via model averaging of

the final model set using package MuMin (Barton, 2013).

N-mixture models (Royle, 2004) were fitted to the leopard data to assess the relative influence of the
nine candidate covariates on relative abundance (A) across sites, following the same procedure as
above but with input data comprised of count detections. Goodness of fit was assessed for the top-
ranked model and the most parameterised model within the final model set using Sum of Squared

Errors, Chi-square, and Freeman-Tukey tests.



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

3. Results

Repeated surveys of 5,055km of unique transects resulted in a total of 11,665km driven. We surveyed

474 sites over 286 days, with an average of 10.4km driven per site.
3.1. Prey site use

Results and discussion of prey site use modelling can be found in Appendix D. None of the models

assessed for goodness of fit indicated lack of fit or overdispersion.
3.2. Leopard modelling

For leopard, spatial independence was achieved at 4km. Sites with only one sampling occasion were
excluded from analysis, resulting in 413 sites. 285 leopard detections were obtained in 184 of the 64km?

sites, giving a naive occupancy of 0.45.

The mean probability of site use of the four frequently taken prey species ranked highest among
covariates representing prey availability in the occupancy models, while probability of site use for
steenbok ranked highest in the N-mixture models (see Appendix E). Effort had a significant positive
impact on detection probability for both model types, and was retained as the detection covariate for all

subsequent model testing.

Three models were retained in the final occupancy model set, and seven in the final N-mixture model
set (Table 2). None of the models assessed for goodness of fit indicated lack of fit or overdispersion

(see Appendix E).
3.2.1. Leopard site use

We estimated a mean detection probability of p = 0.24 (SD = 0.06) and a mean probability of site use

of LTJ = 0.89 (SD = 0.20) for leopard, which is approximately double the naive occupancy estimate.
Model-averaged estimates suggest a high level of habitat use by leopard across the majority of the

study area (Fig. 2a).

The best predictors of leopard site use were high protection (summed model weight, Zw = 1.00; Fig.
2c¢) and prey availability (zw = 1.00; Fig. 2d). Both had a positive effect, which was significant for prey
availability (Table 3a). Site use was also generally negatively associated with distance to settlement

(2w = 0.37), and generally positively associated with distance to water (Zw = 0.19).
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3.2.2. Leopard relative abundance

Our estimates of abundance produced using N-mixture models cannot be interpreted as absolute
abundance, as individuals whose home range spans multiple sites would be included in the abundance
estimate of multiple sites within their home range, and there is growing evidence that N-mixture models
do not produce reliable absolute abundance estimates (Link et al., 2018; Nakashima, 2020).
Nevertheless, we use these models to make inferences about relative abundance across the study area
(Fig. 2b). Overall, leopard abundance was highest across much of the study area in Botswana, and in

Zimbabwe’s Hwange National Park.

The best predictors of leopard relative abundance were trophy hunting (Xw = 1.00; Fig. 2e) and high
protection (2w = 0.75; Fig. 2f). Trophy hunting had a significant negative impact on abundance, while
leopard abundance was positively associated with the level of protection, a relationship that was
significant in one model (Table 3b). Although distance to water (Xw = 0.24), availability of steenbok (3w
= 0.26), and distance to settlement (2w = 0.21) all appeared in the final model set with consistent

relationships to relative abundance, they did not show any robust relationship.

4. Discussion

4.1. General importance & impact

The widespread distribution estimated for leopard across the study area indicates that the species is
faring relatively well within protected areas of the southern KAZA TFCA. This suggests that the KAZA
TFCA has been successful in securing the continued persistence of the species in this region since its

inception, and it will have an important role to play in preserving existing leopard habitat into the future.

Due to their scale, TFCAs have the potential to secure corridors for wildlife that may otherwise be lost
to land-use conversion and fragmentation. Such landscape-scale connectivity is of particular value for
large carnivores, whose wide-ranging behaviour and vulnerability to conflict mean that a lack of
dispersal routes can result in population declines and eventual local extinctions (Winterbach et al.,
2013). The mosaic landscapes preserved through TFCAs can be especially important for species that
are particularly vulnerable to intra-guild competition — such as the African wild dog (Lycaon pictus) and
cheetah (Acinonyx jubatus) — whose avoidance of areas with high densities of dominant competitors

can force them into lesser- or non-protected land (Durant, 2000; Creel, 2001). Finally, large,
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appropriately-located tracts of interconnected land are necessary to support migratory species, which
are an important component of the prey base for large carnivores in the region (Naidoo et al., 2016).
However, we are unable to make inferences about connectivity from this study, as occupancy modelling
is not considered an appropriate proxy for landscape permeability across large scales (Zeller et al.,
2011; Pitman et al., 2017), and less than 5% of our total survey effort was conducted in completely
unprotected land. We therefore recommend further research to identify important corridors for wildlife
populations within KAZA and other TFCAs, with a particular focus on assessments in completely
unprotected land surrounding protected areas, and collaboration between researchers and land-use

planners to ensure their integration into management plans.

Our analysis illustrates that sign-based occupancy modelling can be employed to monitor large
carnivore habitat use across vast, mixed-use landscapes such as TFCAs (Thorn et al., 2010). Insights
provided by occupancy surveys can therefore be complementary to those obtained from more intensive
survey efforts such as camera trap surveys, which can be used to produce robust population density

estimates at finer scales.

This is the first study to employ N-mixture models to investigate relative abundance of leopard, and one
of the first to do so for large carnivores (but see Belant et al., 2016). We believe this method holds
promise as an efficient and cost-effective way to understand the factors affecting species’ abundance
over large scales. However, while we did control for spatial autocorrelation in our data, variation in
leopard movement patterns across the study landscape may have resulted in artificially high relative
abundance estimates in the more arid parts of our study area, where home ranges are likely to be larger
(Rogan et al., 2019). Thus, while we show that N-mixture models can provide useful insights through
assessments of relative abundance, we echo calls against employing this methodology to obtain

population estimates from spoor data (Link et al., 2018; Nakashima, 2020).

4.2. Drivers of leopard habitat use & relative abundance

4.2.1. Availability of natural resources

Abundant prey are a key requirement for the survival of large carnivores, and prey base depletion is a
major driver of global large carnivore population declines (Wolf and Ripple, 2016). In southern KAZA,
leopard habitat use was strongly positively influenced by prey availability, confirming findings elsewhere

in Africa (Burton et al., 2012; Kane, 2014; Balme et al., 2019). Our results suggest that it is the general
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availability of prey of preferred body size, and not of a specific species, that drives leopard habitat use
at the scale considered. This is in keeping with the species’ generalist feeding behaviour and ability to

adapt their diet to a range of prey depending on available resources (Hayward et al., 2006).

In contrast, relative abundance of leopard was better explained by the availability of a single prey
species, steenbok. This could relate to steenbok having the highest probabilities of detection and site
use across our study area, suggesting that it is the most widespread and readily available prey species
of preferred body size for leopard regionally. While leopard have been shown to be able to subsist on
smaller prey (Martins et al., 2011), our results suggest that a relatively high availability of prey species
within the preferred body size range may be necessary for higher densities of leopard to be supported.
However, an important consideration to note is that our prey availability metrics reflect only presence,
so any finer impact of prey abundance on leopard habitat selection and relative abundance will not be

captured.

Our results suggest that leopard habitat use increases with distance from water. This finding is likely an
artefact of the large number of water points at the northernmost part of our study area, parts of which
are not highly protected and are therefore estimated to have a relatively low probability of site use.
Nevertheless, this effect was not significant, in line with previous studies of leopard in Asia and

elsewhere in Africa (Ngoprasert, Lynam and Gale, 2007; Constant, 2014; Kshettry et al., 2017).

4.2.2. High protection

Leopard habitat use was positively associated with high protection, a relationship previously identified
in Kenya’'s Maasai Mara (Madsen and Broekhuis, 2018). We also found a positive association between
high protection and leopard relative abundance. The influence of protection may be direct, through the
reduced risk of anthropogenic mortality in such areas, or indirect, through the role of protection in
supporting higher densities of prey species. The latter mechanism was identified as more important in
shaping leopard density in neighbouring Zambia (Rosenblatt et al., 2016). However, these associations
were not significant except in a single model, which may be a consequence of insufficient surveys being
conducted in completely unprotected areas. Similarly, by grouping areas with a lower level of protection
with unprotected areas, we may have failed to capture the importance of these partially-protected areas

for leopard. Further conservation-oriented research should be carried out in such areas, as they are

11
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thought to contribute substantially to leopard range across Africa (Hunter, Henschel and Ray, 2013)

and are particularly vulnerable to degazettement (Jones et al., 2018).

4.2.3. Trophy hunting

Trophy hunting did not appear to have an influence on leopard occurrence. Moreover, given the
importance of high protection in predicting habitat use by leopard, our results suggest that well-
protected hunting areas may represent important areas of habitat for leopard in KAZA. However, results
of N-mixture modelling suggest that trophy hunting may exert a top-down effect on this leopard
population, even within highly protected hunting areas. The removal of mature individuals from a
population via trophy hunting has been found to negatively impact abundance of hunted carnivore
species elsewhere (Packer et al., 2010; Lindsey et al., 2013), and an inverse relationship between
abundance and hunting offtake has been observed for lion in the study landscape (Loveridge et al.,
2016). Our findings suggest that similar population suppression mechanisms may be occurring in the

study area for leopard.

4.2.4. Human disturbance

Habitat use by leopard was generally negatively associated with distance to human settlements.
Although this contradicts findings from Angola (Petracca et al., 2019), leopard have been shown to do
particularly well near agricultural lands — which often coincide with areas of human settlement —in many
other parts of their range (Athreya et al., 2015), a pattern that has been attributed to higher prey
availability in such areas (Constant, 2014). However, this result is likely to be an artefact of the large
number of human settlements adjacent to the boundary of the highly-productive and relatively well-
protected Hwange National Park at the south-eastern edge of our study area, where leopard site use
and relative abundance were both estimated to be high. This hypothesis is supported by the lack of
significance of this relationship. There is likely to also be a scale-dependency to this relationship, with
finer-scale analysis more likely to show avoidance of human settlements by leopard, as found

elsewhere (Strampelli et al., 2018).

4.3. Conservation recommendations

The wide distribution and habitat tolerance of leopards within KAZA protected areas supports the

continued movement towards conservation at the landscape-scale through initiatives such as TFCAs.
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At the same time, our results highlight the importance of maintaining highly-protected core areas within
these mixed-use conservation landscapes, as they provide areas of higher population abundance which
can protect species against detrimental source-sink dynamics (Hansen, 2011). We recommend that
further similar research be carried out as part of the transition to landscape-scale conservation to
understand how other species are faring across different landscape components. TFCA partner
countries should implement joint species-specific action and management plans, alongside landscape-
level strategies, to ensure collaboration and uniformity of activities for managing key species across

boundaries.

Given the importance of prey availability in shaping leopard habitat use, maintaining sufficient habitat
to support prey populations should be a priority for the conservation of African leopard populations.
Efforts should also focus on reducing bushmeat poaching of prey species, particularly as this brings the
added benefit of reducing accidental snaring, which has severely reduced and even extirpated leopard
populations in Asia (Rostro-Garcia et al., 2018; Rasphone et al., 2019) and is a threat to leopard survival
in Africa (Swanepoel et al., 2015). These recommendations would benefit all large carnivore species in

Africa, where 37% of prey species have decreasing population trends (Wolf and Ripple, 2016).

Our results suggest that trophy hunting can have both positive and negative impacts: well-protected
hunting areas can offer valuable habitat for leopard (Lindsey, Roulet and Romafiach, 2007; Di Minin,
Leader-Williams and Bradshaw, 2016; Dickman et al., 2019), but unsustainably high trophy hunting
guotas may contribute to long-term leopard population declines (Packer et al., 2009, 2010; Loveridge
et al., 2016). As such, quotas must be informed by robust estimates of population densities in hunting
areas of the KAZA TFCA, ideally as part of a long-term monitoring effort with flexible quotas tied to
annual population fluctuations (Balme et al., 2010) and combined with meaningful community
participation. Monitoring efforts should also be employed to identify any potential additional negative
impacts of hunting on KAZA'’s leopard populations, such as disrupted dispersal patterns and inbreeding
(Naude et al., 2020), and reduced trophy size (Muposhi et al., 2016), which can compromise the long-
term sustainability of hunting activities. In recent years, camera trap surveys have been implemented
across the study landscape to obtain density estimates for leopard, and findings are being utilised as
part of adaptive quota management for leopard trophy hunting in Zimbabwe (ZPWMA, 2018); with the
recent reinstatement of trophy hunting in Botswana, similar systems should also be integrated across

the border. Given our evidence of trophy hunting influencing leopard abundance, we welcome these

13



366  actions and recommend similar monitoring frameworks — for leopard and other hunted species — in
367 other trophy hunting areas, to ensure activities are carried out without long-term detrimental effects to

368 populations.
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Supplementary Material

A description of land use designations in the study area (Appendix A), an overview and justification of
leopard site use and relative abundance covariates (Appendix B), an overview and justification of prey
site use covariates (Appendix C), prey site use analysis results and discussion (Appendix D), and
detailed leopard site use and relative abundance analysis results (Appendix E) are available in the

Supplementary Material.

15



375

376
377

378
379
380

381
382

383
384
385
386
387
388

389
390
391

392
393
394

395

396
397

398

399
400

401
402

403

References

Andresen, L., Everatt, K. T. and Somers, M. J. (2014) ‘Use of site occupancy models for targeted monitoring of

the cheetah’, Journal of Zoology, 292(3), pp. 212—220. doi: 10.1111/jz0.12098.

Athreya, V. et al. (2015) ‘Spotted in the news: Using media reports to examine leopard distribution, depredation,
and management practices outside protected areas in Southern India’, Plos One, 10(11), p. €0142647. doi:

10.1371/journal.pone.0142647.

Balme, G. et al. (2019) ‘Big cats at large: Density, structure, and spatio-temporal patterns of a leopard population

free of anthropogenic mortality’, Population Ecology. John Wiley & Sons, Ltd. doi: 10.1002/1438-390X.1023.

Balme, G. A. et al. (2010) ‘An adaptive management approach to trophy hunting of leopards (Panthera pardus): a
case study from KwaZulu-Natal, South Africa’, in D.W. Macdonald and A.J. Loveridge (eds) Biology and
Conservation of Wild Felids. Oxford: Oxford University Press, pp. 341-352. Available at:
https://s3.amazonaws.com/academia.edu.documents/36486951/Leopard_Hunting_in_KZN.pdf?AWSAccessKeyl
d=AKIAIWOWYYGZ2Y53UL3A&EXpires=1523147018&Signature=0WdjjjiIMkCVnXYK4%2BCUPxIQ93cg%3D&re

sponse-content-disposition=inline%3B filename%3DAn_adaptive_managemen (Accessed: 8 April 2018).

Balme, G. A. et al. (2014) ‘Failure of research to address the rangewide conservation needs of large carnivores:
Leopards in South Africa as a case study’, Conservation Letters. John Wiley & Sons, Ltd (10.1111), 7(1), pp. 3—

11. doi: 10.1111/conl.12028.

Balme, G. A, Slotow, R. and Hunter, L. T. B. (2010) ‘Edge effects and the impact of non-protected areas in
carnivore conservation: leopards in the Phinda-Mkhuze Complex, South Africa’, Animal Conservation. Blackwell

Publishing Ltd, 13(3), pp. 315-323. doi: 10.1111/j.1469-1795.2009.00342.x.

Barton, K. (2013) ‘R package “MuMIn”: Multi-model inference (Version X).’

Belant, J. L. et al. (2016) ‘Estimating lion abundance using N-mixture models for social species’, Scientific

Reports. Nature Publishing Group, 6, p. 35920. doi: 10.1038/srep35920.

Burnham, K. P. and Anderson, D. R. (2002) Model selection and multimodel inference. New York: Springer.

Burnham, K. P. and Anderson, D. R. (2004) ‘Multimodel inference: Understanding AIC and BIC in model

selection’, Sociological methods & research, 33(2), pp. 261-304. doi: 10.1177/0049124104268644.

Burton, A. C. et al. (2012) ‘Hierarchical multi-species modeling of carnivore responses to hunting, habitat and

prey in a West African protected area’, PLoS ONE, 7(5). doi: 10.1371/journal.pone.0038007.

Constant, N. (2014) A socio-ecological approach towards understanding conflict between leopards (Panthera

16



404
405

406
407
408

409
410
411

412
413

414
415

416

417
418
419

420
421

422
423
424

425
426

427
428
429

430
431

432

pardus) and humans in South Africa: Implications for leopard conservation and farming livelihoods. Durham

University.

Creel, S. (2001) ‘Four factors modifying the effect of competition on carnivore population dynamics as illustrated
by African wild dogs’, Conservation Biology. John Wiley & Sons, Ltd (10.1111), 15(1), pp. 271-274. doi:

10.1111/j.1523-1739.2001.99534.x.

Crooks, K. R. et al. (2011) ‘Global patterns of fragmentation and connectivity of mammalian carnivore habitat,
Philosophical Transactions of the Royal Society B: Biological Sciences. The Royal Society, 366(1578), pp. 2642—

2651. doi: 10.1098/rstb.2011.0120.

Dickman, A. et al. (2019) ‘Trophy hunting bans imperil biodiversity’, Science (New York, N.Y.). American

Association for the Advancement of Science, 365(6456), p. 874. doi: 10.1126/science.aaz0735.

Durant, S. M. (2000) ‘Living with the enemy: avoidance of hyenas and lions by cheetahs in the Serengeti’,

Behavioral Ecology. Narnia, 11(6), pp. 624—632. doi: 10.1093/beheco/11.6.624.

ESRI (2016) ‘ArcGIS Desktop: Release 10.5.1. Redlands, CA: Environmental Systems Research Institute.’

Everatt, K. T., Andresen, L. and Somers, M. J. (2014) ‘Trophic scaling and occupancy analysis reveals a lion
population limited by top-down anthropogenic pressure in the Limpopo National Park, Mozambique’, PLoS ONE,

9(6). doi: 10.1371/journal.pone.0099389.

Fiske, . J. and Chandler, R. B. (2011) ‘unmarked: An R Package for fitting hierarchical models of wildlife

occurrence and abundance’, Journal of Statistical Software, 43(10). doi: 10.18637/jss.v043.i10.

Hansen, A. (2011) ‘Contribution of source-sink theory to protected area science’, in Liu, J. et al. (eds) Sources,
sinks and sustainability. Cambridge University Press, pp. 339-360. Available at:

https://www.cabdirect.org/cabdirect/abstract/20133401579 (Accessed: 9 October 2019).

Hayward, M. W. et al. (2006) ‘Prey preferences of the leopard (Panthera pardus)’, Journal of Zoology. Blackwell

Publishing Ltd, 0(0), pp. 060606025751008-2?? doi: 10.1111/j.1469-7998.2006.00139.x.

Henschel, P. et al. (2011) ‘Leopard prey choice in the Congo Basin rainforest suggests exploitative competition
with human bushmeat hunters’, Journal of Zoology. John Wiley & Sons, Ltd (10.1111), 285(1), p. no-no. doi:

10.1111/.1469-7998.2011.00826.x.

Henschel, P. et al. (2016) ‘Determinants of distribution patterns and management needs in a Critically

Endangered lion Panthera leo population’, 4(September), pp. 1-14. doi: 10.3389/fev0.2016.00110.

Hines, J. E. (2006) ‘Program PRESENCE: Software to estimate patch occupancy and related parameters.

17



433

434

435
436
437

438
439

440
441

442
443
444

445
446

447
448
449

450
451

452
453
454

455
456
457

458
459
460

461

USGS-PWRC. Available from http://www.mbr-pwrc.usgs.gov/software/presence.html.’

Hines, J. E. et al. (2010) ‘Tigers on trails: Occupancy modeling for cluster sampling’.

Hunter, L. T. B., Henschel, P. and Ray, J. (2013) ‘Panthera pardus Leopard’, Mammals of Africa. Volume V:
Carnivores, pangolins, equids, rhinoceroses, 8235, pp. 159-168. doi:

http://dx.doi.org/10.2305/I[UCN.UK.2008.RLTS.T15954A5329380.en.

Inskip, C. and Zimmermann, A. (2009) ‘Human-felid conflict: a review of patterns and priorities worldwide’, Oryx.

Cambridge University Press, 43(01), p. 18. doi: 10.1017/S003060530899030X.

Jacobson, A. P. et al. (2016) ‘Leopard (Panthera pardus) status, distribution, and the research efforts across its

range’, Peerd. PeerJ Inc., 4, p. €1974. doi: 10.7717/peerj.1974.

Johnson, D. H. (1980) ‘The comparison of usage and availability measurements for evaluating resource
preference’, Ecology, 61(1), pp. 65—71. Available at: http://digitalcommons.unl.edu/usgsnpwrc (Accessed: 24 July

2017).

Jones, K. R. et al. (2018) ‘One-third of global protected land is under intense human pressure’, Science.

American Association for the Advancement of Science, 360(6390), pp. 788—791. doi: 10.1126/science.aap95605.

Kane, M. D. (2014) ‘Estimating abundance, density, and occupancy of lion, leopard and serval in the Niokolo
Koba National Park in Senegal’, Masters thesis. Virginia Tech. Available at:

https://vtechworks.lib.vt.edu/handle/10919/64421 (Accessed: 15 June 2017).

Karanth, K. U. and Chellam, R. (2009) ‘Carnivore conservation at the crossroads’, Oryx. Cambridge University

Press, 43(01), p. 1. doi: 10.1017/S003060530843106X.

Kshettry, A. et al. (2017) ‘Leopard in a tea-cup: A study of leopard habitat-use and human-leopard interactions in
north-eastern India’, PLOS ONE. Edited by D. Russo. Duke University Press, 12(5), p. e0177013. doi:

10.1371/journal.pone.0177013.

Lindsey, P. A. et al. (2013) ‘The trophy hunting of African lions: Scale, current management practices and factors
undermining sustainability’, PLoS ONE. Edited by M. Hayward. Public Library of Science, 8(9), p. €73808. doi:

10.1371/journal.pone.0073808.

Lindsey, P. A., Roulet, P. A. and Romafach, S. S. (2007) ‘Economic and conservation significance of the trophy
hunting industry in sub-Saharan Africa’, Biological Conservation. Elsevier, 134(4), pp. 455-469. doi:

10.1016/J.BIOCON.2006.09.005.

Link, W. A. et al. (2018) ‘On the robustness of N-mixture models’, Ecology. Ecological Society of America, 99(7),

18



462

463
464

465
466

467
468

469
470
471

472
473

474
475

476
477
478

479
480
481

482
483

484
485

486
487
488

489
490

pp. 1547-1551. doi: 10.1002/ecy.2362.

Loveridge, A. J. et al. (2016) ‘Conservation of large predator populations: Demographic and spatial responses of

African lions to the intensity of trophy hunting’, Biological Conservation. doi: 10.1016/j.biocon.2016.10.024.

Macdonald, D. W. et al. (2017) ‘Lions, trophy hunting and beyond: knowledge gaps and why they matter’,

Mammal Review. doi: 10.1111/mam.12096.

Mackenzie, D. I. et al. (2002) ‘Estimating site occupancy rates when detection probabilities are less than onge’,

83(8), pp. 2248-2255.

Mackenzie, D. I. (2005) ‘Was it there? Dealing with imperfect detection for species presence/absence data’,
Australian & New Zealand Journal of Statistics. John Wiley & Sons, Ltd (10.1111), 47(1), pp. 65-74. doi:

10.1111/j.1467-842X.2005.00372.x.

MacKenzie, D. I. et al. (2006) Occupancy estimation and modeling: Inferring patterns and dynamics of species

occurrence.

MacKenzie, D. . and Bailey, L. L. (2004) ‘Assessing the fit of site-occupancy models’, Journal of Agricultural,

Biological, and Environmental Statistics. Springer-Verlag, 9(3), pp. 300—318. doi: 10.1198/108571104X3361.

Madsen, E. K. and Broekhuis, F. (2018) ‘Determining multi-species site use outside the protected areas of the
Maasai Mara, Kenya, using false positive site-occupancy modelling’, Oryx. Cambridge University Press, pp. 1—

10. doi: 10.1017/S0030605318000297.

Martins, Q. et al. (2011) ‘Diet determination of the Cape Mountain leopards using global positioning system
location clusters and scat analysis’, Journal of Zoology. John Wiley & Sons, Ltd (10.1111), 283(2), pp. 81-87.

doi: 10.1111/j.1469-7998.2010.00757.x.

Di Minin, E. et al. (2016) ‘Global priorities for national carnivore conservation under land use change.’, Scientific

reports. Nature Publishing Group, 6, p. 23814. doi: 10.1038/srep23814.

Di Minin, E., Leader-Williams, N. and Bradshaw, C. J. A. (2016) ‘Banning trophy hunting will exacerbate

biodiversity loss’, Trends in Ecology & Evolution, pp. 99-102. doi: 10.1016/j.tree.2015.12.006.

Muposhi, V. K. et al. (2016) ‘Trophy hunting and sustainability: Temporal dynamics in trophy quality and
harvesting patterns of wild herbivores in a tropical semi-arid savanna ecosystem’, PLOS ONE. Edited by S.

Rutherford. Public Library of Science, 11(10), p. e0164429. doi: 10.1371/journal.pone.0164429.

Naidoo, R. et al. (2016) ‘A newly discovered wildlife migration in Namibia and Botswana is the longest in Africa’,

Oryx. Cambridge University Press, 50(01), pp. 138-146. doi: 10.1017/S0030605314000222.

19



491
492
493

494
495

496
497

498
499

500
501

502
503

504
505

506
507

508
509

510
511
512

513
514

515
516

517
518

519

Nakashima, Y. (2020) ‘Potentiality and limitations of N -mixture and Royle-Nichols models to estimate animal
abundance based on noninstantaneous point surveys’, Population Ecology. John Wiley and Sons Inc., 62(1), pp.

151-157. doi: 10.1002/1438-390X.12028.

Naude, V. N. et al. (2020) ‘Unsustainable anthropogenic mortality disrupts natal dispersal and promotes

inbreeding in leopards’, Ecology and Evolution. John Wiley and Sons Ltd. doi: 10.1002/ece3.6089.

Ngoprasert, D., Lynam, A. J. and Gale, G. A. (2007) ‘Human disturbance affects habitat use and behaviour of

Asiatic leopard Panthera pardus in Kaeng Krachan National Park, Thailand’. doi: 10.1017/S0030605307001102.

Packer, C. et al. (2009) ‘Sport Hunting, Predator Control and Conservation of Large Carnivores’, PLoS ONE.

Edited by M. Somers. Public Library of Science, 4(6), p. €5941. doi: 10.1371/journal.pone.0005941.

Packer, C. et al. (2010) ‘Effects of trophy hunting on lion and leopard populations in Tanzania’, Conservation

Biology. doi: 10.1111/j.1523-1739.2010.01576.x.

Petracca, L. S. et al. (2019) ‘Modeling community occupancy from line transect data: a case study with large

mammals in post-war Angola’, Animal Conservation. Wiley, p. acv.12555. doi: 10.1111/acv.12555.

Pitman, R. T. et al. (2017) ‘Cats, connectivity and conservation: incorporating data sets and integrating scales for

wildlife management’, Journal of Applied Ecology. Edited by C. Howe. doi: 10.1111/1365-2664.12851.

QGIS Development Team (2017) ‘QGIS Geographic Information System. Open Source Geospatial Foundation

Project. http://qgis.osgeo.org’.

R Core Team (2017) ‘R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. Available from https://www.R-project.org/.’

Rasphone, A. et al. (2019) ‘Documenting the demise of tiger and leopard, and the status of other carnivores and
prey, in Lao PDR’s most prized protected area: Nam et - Phou louey’, Global Ecology and Conservation.

Elsevier, 20, p. e00766. doi: 10.1016/J.GECCO.2019.E00766.

Ripple, W. J. et al. (2014) ‘Status and ecological effects of the world’s largest carnivores’, Science, 343. doi:

10.1126/science.1241484.

Rogan, M. S. et al. (2019) ‘The influence of movement on the occupancy-density relationship at small spatial

scales’. doi: 10.1002/ecs2.2807.

Rosenblatt, E. et al. (2016) ‘Effects of a protection gradient on carnivore density and survival: an example with

leopards in the Luangwa valley, Zambia’, Ecology and Evolution, 6(11), pp. 3772—-3785. doi: 10.1002/ece3.2155.

Rostro-Garcia, S. et al. (2018) ‘An adaptable but threatened big cat: density, diet and prey selection of the

20



520
521

522
523

524
525

526
527

528
529

530
531

532
533

534
535
536

537
538

539
540

541
542

543
544
545

546
547

548

Indochinese leopard ( Panthera pardus delacouri ) in eastern Cambodia’, Royal Society Open Science. The

Royal Society, 5(2), p. 171187. doi: 10.1098/rs0s.171187.

Royle, J. A. (2004) ‘N-mixture models for estimating population size from spatially replicated counts’, Biometrics,

60(1), pp. 108—115. doi: 10.1111/.0006-341X.2004.00142.x.

RStudio Team (2015) ‘RStudio: Integrated Development for R. RStudio Inc., Boston, MA. Available from

http://www.rstudio.com/’.

Southern Africa Development Community (SADC) (1999) Protocol on wildlife conservation and law enforcement.

Available at: https://www.sadc.int/files/4813/7042/6186/Wildlife_Conservation.pdf (Accessed: 7 April 2018).

Stein, A. B. et al. (2016) ‘Panthera pardus, Leopard’, The IUCN Red List of Threatened Species. Available at:

https://www.cites.org/sites/default/files/eng/cop/17/InfDocs/E-CoP17-Inf-21.pdf (Accessed: 19 June 2017).

Strampelli, P. et al. (2018) ‘Habitat use responses of the African leopard in a human-disturbed region of rural

Mozambique’, Mammalian Biology. Urban & Fischer, 89, pp. 14-20. doi: 10.1016/J.MAMBIO.2017.12.003.

Swanepoel, L. H. et al. (2015) ‘Survival rates and causes of mortality of leopards Panthera pardus in southern

Africa’, Oryx. Cambridge University Press, 49(04), pp. 595-603. doi: 10.1017/S0030605313001282.

Thorn, M. et al. (2010) ‘Comparative Efficacy of Sign Surveys, Spotlighting and Audio Playbacks in a Landscape-
Scale Carnivore Survey’, South African Journal of Wildlife Research. South African Wildlife Management

Association, 40(1), pp. 77—-86. doi: 10.3957/056.040.0113.

Winterbach, H. E. K. et al. (2013) ‘Key factors and related principles in the conservation of large African

carnivores’, Mammal Review, 43, pp. 89-110. doi: 10.1111/j.1365-2907.2011.00209.x.

Wolf, C. and Ripple, W. J. (2016) ‘Prey depletion as a threat to the world’s large carnivores’, Royal Society Open

Science, 3(8). Available at: http://rsos.royalsocietypublishing.org/content/3/8/160252 (Accessed: 19 June 2017).

Wolf, C. and Ripple, W. J. (2017) ‘Range contractions of the world’s large carnivores’, Royal Society Open

Science, 4(7). Available at: http://rsos.royalsocietypublishing.org/content/4/7/170052 (Accessed: 25 July 2017).

Zeller, K. A. et al. (2011) ‘Integrating occupancy modeling and interview data for corridor identification: A case
study for jaguars in Nicaragua’, Biological Conservation. Elsevier, 144(2), pp. 892-901. doi:

10.1016/J.BIOCON.2010.12.003.

Zimbabwe Parks and Wildlife Management Authority (ZPWMA) (2018) Zimbabwe'’s review of the Convention on

International Trade in Endangered Species (CITES) leopard (Panthera pardus) quota.

21



549

550

551
552
553
554
555

Figures & Tables

KAZA TFCA \ o G
Study area |_ { -\\\_.' *1
ANGOLA ZAMBIA -
L /{’ e
I \7\’“)7‘_ ‘,\//
- “,\,’:,:/ 7_,\//}\\
| ZIMBABWE
NAMIBIA | S~
\ \
— BOTSWANA .
| s i
0 200 |400km i L
PRl S | \

— Survey transect
Leopard hunting area
High protection
National Park (NP)

- N
P -
NP . 20°5

Wildlife Management Area e
W Safari Area
Intermediate protection
Il Conservancy Ranch 0 50 100 150 200 km [

B Forest Reserve / Area J

Figure 1: The study area within the KAZA TFCA (left); land use types in the study landscape and locations
of survey transects (right). Protected areas are shown only in the study countries (Botswana & Zimbabwe). See
Appendix A for a description of land use designations in place in the study area. Of the land use designations that
permitted trophy hunting of leopard at the time of data collection, Safari Areas are classified as receiving high

protection, while Conservancy Ranches and Forest Areas are classified as receiving intermediate protection.
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556 Figure 2: Model-averaged estimates of leopard (a) site use () and (b) relative abundance (&) for each site in the southern KAZA TFCA; estimates (with 95% confidence intervals) of
557 leopard site use given variation in (c) prey availability, and (d) high protection, and relative abundance given variation in (e) trophy hunting, and (f) high protection. Plots were produced
558 using the top-ranked model based on AICc ranking (w(all prey + protection),p(effort) and A(protection + hunting),p(effort)). Each covariate was predicted while holding the other at its mean value.
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Table 2: Results of multivariate model selection estimating leopard (a) site use (occupancy models) and

(b) relative abundance (N-mixture models) in the southern KAZA TFCA.

(a) Site use (occupancy)

Model nPars -2*LogLike AlCc AAICc* AIC Wt
1 y(all prey + protection),p(effort) 5 1060.18 1070.33 0.00 0.43
2 y(all prey + In(settlement distance) + protection),p(effort) 6 1058.41 1070.62 0.29 0.37
3 y(In(water distance) + all prey + protection),p(effort) 6 1059.72 1071.93 1.60 0.19
(b) Relative abundance (N-mixture)

Model nPars -2*LogLike AlCc AAICc AIC Wt
1 A(protection + hunting),p(effort) 6 -676.87 1366.00 0.00 0.24
2 A(In(water distance) + protection + hunting),p(effort) 7 -676.31 1366.90 0.94 0.15
3 A(steenbok + protection + hunting),p(effort) 7 -676.32 1366.90 0.97 0.15
4 A(hunting),p(effort) 5 -678.47 1367.10 1.14 0.14
5 A(In(settlement distance) + protection + hunting),p(effort) 7 -676.58 1367.40 1.48 0.12
6 A(steenbok + hunting),p(effort) 6 -677.62 1367.40 1.50 0.11
7 A(In(water distance) + In(settlement distance) + protection 8 675.74 1367.80 188 0.09

+ hunting),p(effort)

*All models shown are within AAICc < 2 from the top-ranked model.
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Table 3: Parameter estimates (standard error in parentheses) of the final model set (AAICc < 2) for models estimating leopard (a) site use and (b) relative abundance

in the southern KAZA TFCA.

. Intercept B B Intercept B
(a) Site use (occupancy) In(water In(settlement .
1} distance) all prey distance) protection p effort
1  y(all prey + protection),p(effort) 4.42 (2.25) 1.36 (0.56) 1.48 (0.99) -3.25 (0.55) 1.11 (0.28)
2 y(all prey + In(settlement distance) + ) )
protection),p(effort) 4.75 (2.00) 1.55 (0.60) 0.68 (0.61) 1.73 (0.94) 3.25 (0.55) 1.11 (0.28)
3 y(In(water distance) + all prey + protection),p(effort) 2.79 (1.39) 0.48 (0.45) 1.02 (0.53) 0.92 (0.51) -3.23 (0.55) 1.14 (0.28)
B B
(b) Relative abundance (N-mixture) Intercept In(water B In(settlement g . B. Intercept B
1] : steenbok . protection hunting p effort
distance) distance)
1  A(protection + hunting),p(effort) 3.18 (0.62) 0.14 (0.08) -0.22 (0.08) -6.21 (0.77) 0.90 (0.24)
2 A(In(water distance) + protection + hunting),p(effort) 3.17 (0.62) 0.07 (0.07) 0.15 (0.08) -0.20 (0.08) -6.22 (0.77) 0.91 (0.24)
3 A(steenbok + protection + hunting),p(effort) 3.17 (0.62) 0.09 (0.09) 0.13 (0.08) -0.17 (0.09) -6.22 (0.77) 0.92 (0.24)
4 Ahunting),p(effort) 3.19 (0.63) -0.26 (0.08) -6.22 (0.78) 0.91 (0.24)
5  A(In(settlement distance) + protection + ) ) )
hunting)p(effort) 3.18 (0.61) 0.06 (0.08) 0.16 (0.09) 0.24 (0.08) 6.20 (0.77) 0.90 (0.24)
6  A(steenbok + hunting),p(effort) 3.18 (0.64) 0.11 (0.08) -0.20 (0.09) -6.23 (0.79) 0.92 (0.24)
7 Min(water distance) + In(settlement distance) + 3.16 (0.62) 0.09 (0.07) 009(0.08)  018(0.09)  -0.21(0.08)  -6.20(0.77)  0.91(0.24)

protection + hunting),p(effort)

Beta coefficients () in bold indicate a significant impact on (a) probability of site use or (b) relative abundance in the model shown, as the 95% confidence interval (B + 1.96 SE) does not span

zZero.
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