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ABSTRACT: Effective conservation, particularly of threatened species, requires an understanding
of both abiotic and biotic drivers of distribution. In the case of one of Africa’s most endangered
mammals, the riverine rabbit Bunolagus monticularis, only environmental covariates of presence
have been used to provide coarse predictions of their distribution. Two potential competitors,
namely scrub hare Lepus saxatilis and cape hare L. capensis, have significant (> 90%) range overlap with the riverine rabbit, yet little is known about how these species interact. We used multispecies occupancy models, which model co-occurrence as a function of environmental variables,
to assess the spatial response of riverine rabbits to both species of hare in Sanbona Wildlife
Reserve, South Africa. We also examined temporal overlap between riverine rabbits and hares.
Camera trapping data were collected from 150 camera traps distributed in clusters of 5 cameras at
30 independent sites, covering 223.24 km2. Contrary to prior studies, we found that riverine rabbits were not restricted to riparian habitat, and that their occurrence was conditional on hare
absence and was negatively affected by terrain ruggedness. Whilst hare occurrence was independent of terrain ruggedness, it was negatively affected by rabbit presence. Activity patterns
revealed high temporal overlap between hares and rabbits (Δ = 0.828, CI = 0.745−0.940); however,
neither species co-occurred at any given site. Our results suggest that conservation management
has greatly underestimated the importance of competition with other lagomorphs in understanding riverine rabbit occurrence.
KEY WORDS: Riverine rabbit · Endangered species · Camera trapping · Multi-species occupancy ·
Interspecific competition

1. INTRODUCTION
Understanding factors that influence the distribution of species is critical to their conservation (Marcer
et al. 2013, Burgar et al. 2019). Biotic variables
including interspecific competition are important
(Connell 1983, Akçakaya et al. 2020), but they are
more difficult to quantify and are thus often overlooked by conservation management in favour of
defining suitable habitat in terms of easily measured
*Corresponding author: zwoodgate@outlook.com

environmental attributes (Campbell et al. 2002). Mitigation strategies which ignore biotic interactions
may present recovery criteria that are not biologically meaningful, hindering efforts intended to contribute to the persistence of threatened species (Dee
Boersma et al. 2001, Campbell et al. 2002, Gerber &
Hatch 2002, Akçakaya et al. 2020).
The riverine rabbit Bunolagus monticularis is one
of the rarest wild animals in Africa, and it is currently
listed as Critically Endangered under IUCN Red List
© The authors 2021. Open Access under Creative Commons by
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criteria (Collins & du Toit 2016). Having recently disappeared from several known localities, conservationists suggest that its numbers are declining
(Ahlmann et al. 2000). Despite this concern and their
rarity, only 3 studies, each conducted at a single
locality, have attempted to understand the environmental covariates associated with the species’ presence (Duthie 1989, Coetzee 1994, Adams 2014). All 3
studies have proposed that the riverine rabbit is a
habitat specialist, dependent on the soft alluvial soils
and vegetation along seasonal water courses in the
semi-arid regions of the Groot and Klein Karoo,
South Africa. These riverine corridors are used
extensively by farmers for small-scale cultivation of
feed crops and for grazing livestock (Collins & du
Toit 2016). Such agricultural activities are assumed to
have adversely impacted riparian habitat, driving the
decline of riverine rabbits (Duthie 1989, Hughes et
al. 2008). Endeavours to preserve such habitat, such
as establishing conservancies along important
drainage lines, have thus been at the vanguard of
recent conservation efforts (Smith et al. 2018,
Ahlmann et al. 2000).
Recently, Collins & du Toit (2016) utilised data from
direct observations and museum records, within a
Maxent modelling framework, to derive a predictive
distribution map and estimate the total population
size of the species. However, using presence-only
data to build species distribution models often introduces a sampling bias that is difficult to overcome
(Tobler et al. 2019). Collins & du Toit (2016) conceded
that their models failed to produce reliable results for
1 subpopulation, and that no single model performed
well across the species’ known range. Additionally,
new localities of the species have been confirmed
well outside of their predicted distribution and seldom in what was considered to be their preferred
habitat.
Species distribution models have improved inference about the habitat associations of species when
biological interactions are included (Burgar et al.
2019). Whilst the mechanism of competitive exclusion between lagomorphs (particularly between
Lepus species) remains largely unknown, there is
evidence that it plays a significant role in shaping
their distributions (Hulbert et al. 1996, Probert & Litvaitis 1996, Leach et al. 2017). Weak competitive
interactions often lead to resource partitioning,
allowing multiple species to occur within the same
landscape (Connell 1983, Amarasekare 2003, Araújo
& Luoto 2007, Lush et al. 2017). Alternatively, temporal avoidance may facilitate coexistence (Stott 2003).
However, during periods of food scarcity and/or

when competitors are phylogenetically closely
related (Valiente-Banuet & Verdú 2008), this cooccurrence may lead to local exclusion (Amarasekare 2003). Despite its importance, research on
threatened lagomorphs rarely includes the influence
of sympatric competitors from the same order
(Scharine et al. 2011, Lorenzo et al. 2015).
A number of larger lagomorph species have significant (> 90%) range overlap with the riverine rabbit,
namely scrub hare Lepus saxatilis, cape hare L.
capensis and, to a lesser degree, Smith’s red rock
hare Pronolagus rupestris (Farmer 2006). There is
some evidence of dietary overlap among all 4 species
(Duthie 1989, Kerley 1990). Species from the
Aizoaceae family (commonly referred to as ‘vygies’)
and the Bassia genera make up the bulk of the riverine rabbit diet in the drylands of South Africa (Duthie
1989, Hughes et al. 2008). Similarly, hares (which are
mixed feeders) have been known to browse on both
grasses and species from the Aizoaceae (Kerley
1990), although their feeding habits appear to vary
across their range (Robinson et al. 2016). Duthie
(1989) noted that there may indeed be competitive
interactions between riverine rabbits and scrub
hares, but was unable to provide evidence for his
suggestion or infer which was the more dominant
competitor.
Camera traps have emerged as a useful tool for
gathering data on rare and elusive species and provide useful information on the presence and absence
of competitors (Fidino et al. 2019). They have also
been used to successfully study lagomorphs (Arias
Del-Razo et al. 2012, Caravaggi et al. 2016, Tilker et
al. 2020), and Adams (2014) demonstrated the potential of camera trapping as a monitoring technique for
the riverine rabbit. Camera trap data is commonly
used in assessing interspecific competition by calculating daily activity overlap (Chaudhary et al. 2020)
and co-occurrence (Devarajan et al. 2020). Recent
statistical advances allow for modelling the co-occurrence of multiple species as a function of environmental covariates (Rota et al. 2016). Such models
allow ecologists to investigate hypotheses relating to
the role of interspecific competition in habitat selection and spatial distribution (Rota et al. 2016, Ladle et
al. 2018, Parsons et al. 2018).
In this study, we used camera trapping data from
Sanbona Wildlife Reserve (SWR), South Africa, to
investigate the importance of interspecific interactions between riverine rabbits and hares along environmental gradients. It is impossible to distinguish
between the ecologically similar scrub and cape hare
from camera trap photographs, so captures of both
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species were classified as ‘hare’ and treated as 1 species in the analyses. We hypothesised that both riverine rabbit and hare would minimise the risk of negative interactions through temporal and spatial
avoidance. We predicted that both species would
spatially segregate along local habitat covariates, but
temporally segregate when co-occurring. We tested
this hypothesis by estimating the activity patterns
and subsequent overlap of both species (Ridout &
Linkie 2009) and then applying a multi-species occupancy model (Rota et al. 2016) to investigate changes
in the co-occurrence of riverine rabbits and hares
with select environmental variables.
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is dominated by semi-arid succulent karoo vegetation, while critically endangered renosterveld vegetation is found across the southern section (Swanepoel 2019). Riverine habitats, found in and around
major drainage lines, are present throughout the
reserve. These broad vegetation types greatly influence the distribution of megaherbivores within the
reserve (Swanepoel 2019).
For the purposes of this study, we confined the survey to the southern section of the reserve (central
coordinates: 33.823698° S, 20.595015° E), where
there had been previous opportunistic sightings of
riverine rabbits. This section covers an area of
approximately 126.89 km2 and includes all 4 of the
dominant vegetation types present in the reserve.

2. MATERIALS AND METHODS
2.1. Study area

2.2. Camera trapping

We used camera traps (Bushnell Trophy 2012 CAM
HD) to survey for riverine rabbits and hares. As single-camera trap survey designs are known to detrimentally impact occupancy estimates (O’Connor et
al. 2017, Evans et al. 2019) and given the scarcity of
our target species, we decided to place camera traps
in clusters of 5 non-independent cameras, with each
cluster covering an area equivalent to the estimated
home range of riverine rabbits (0.15 km2; Duthie
1989). Clusters (hereafter called ‘sites’) were selected
using a random stratified design across the 4 main
habitat types present in the southern section of the
SWR (renosterveld, riverine, thicket
and succulent karoo). Cameras were
placed randomly within sites. This
resulted in a total of 30 sites (150 camera traps) with an average distance of
4.63 km between neighbouring sites
(minimum of 1 km between each site;
Fig.1).
Cameras were mounted on steel
stakes at a height of approximately
30 cm above the ground. To minimise
false triggers, vegetation was removed within the detection range of
each camera. A 30 s delay was programmed between successive photographs and the sensor set to high sensitivity. All cameras within a site were
operational for 45 consecutive days,
but not all sites were sampled simulFig. 1. Study area (Sanbona Wildlife Reserve) overlaid on a digital elevation
taneously, with camera traps being
map with hillshade. Black dots: locations of all 30 camera sites (each dot reprolled over in 3 phases between the
resents a cluster of 5 camera traps). Insert: location of the study area in relation
end of April and end of November
to the Western Cape province, South Africa; dark gray area represents the

The study was conducted in the SWR (Fig. 1). At
550 km2, this is the largest private nature reserve in
the Western Cape, South Africa, and was established
in 2002 following the merging of 19 privately owned
farms (Swanepoel 2019). All domestic livestock were
removed prior to the merge, and large indigenous
ungulates were reintroduced in 2003 together with
selected extra-limital species. The reserve is roughly
bisected by the Warmwaterberg Mountain and an
impermeable game fence, with the northern section
receiving less rainfall (mean annual = 150 mm) than
the southern section (300 mm). The northern section
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2015. SD cards were only retrieved from cameras at
the end of each phase to minimise human disturbance in the study area. We catalogued all independent captures per site (defined by 30 min intervals
between photographs of the same species or if the
capture was clearly of a new individual) using Camera Base® software (Tobler 2014).

2.3. Temporal overlap
To investigate overlap in the temporal activity
between riverine rabbits and hares, we extracted
time-stamps from all independent captures of each
species. These markers were used to create distributions of photographic captures across 24 h periods. The coefficient of overlap (Δ) was estimated
using non-parametric methods, as developed by
Ridout & Linkie (2009), to account for small sample
sizes (< 75) (Meredith & Ridout 2016). The value of Δ
can range from 0−1, where 1 represents complete
temporal overlap in activity for both riverine rabbit
and hare. Subsequent confidence intervals were
calculated from 500 bootstrap samples. Temporal
overlap was calculated using the R package ‘overlap’ (Meredith & Ridout 2016) in R v.4.0.0 (R Core
Team 2020).

2.4. Co-occurrence modelling
We applied a multi-species occupancy model
developed by Rota et al. (2016) to investigate the
occupancy of both riverine rabbit and hare species in
the SWR. As our survey design only accounted for
known riverine rabbit home range size and not the
data deficient hare, model estimates in our study are
more analogous to occurrence (or ‘use’) than true
occupancy (Gould et al. 2019, Parsons et al. 2019). In
our model, which is a generalisation of MacKenzie et
al.’s (2002) single-species occupancy model, the
latent occupancy state (ψ) is assumed to be a multivariate Bernoulli (MVB) random variable. Therefore,
when there are 2 species:
Z ~ MVB(ψ 11, ψ 10 , ψ 01, ψ 00 )

(1)

where Z is a 2-dimensional vector of 1s and 0s designating the latent occurrence state of species i and j,
such that ψ11 represents presence of both species, ψ00
absence of both species and ψ10/ψ01 represents presence of only species i or only species j, respectively. .
As an MVB distribution generalises the Bernoulli distribution to >1 dimension, no a priori assumptions

about asymmetric species interactions are required, thereby overcoming the limitations of previous 2-species conditional occupancy models. This
allows researchers to explore different hypotheses
regarding the influence of environmental covariates
and species interactions (Rota et al. 2016, Devarajan
et al. 2020).
To investigate the importance of interspecific interactions, we constructed 2 sets of models which,
following Miller et al. (2018), were analysed together
as part of an integrated modelling framework (Rota
et al. 2016). The first set comprised marginal occurrence models which assumed that riverine rabbits
and hares occur independently. The second set comprised conditional occurrence models that assumed
the occurrence probability of both species was dependent on the presence or absence of one another.
This second set of models included structures that
allowed the conditional occurrence probability to
change as a function of environmental covariates.
All models were fitted in STAN v.2.23 (Stan Development Team 2020) using the ‘rstan’ v.2.19.3 interface. Four chains were run for each model, and trace
plots were used to determine an adequate burn-in
phase. As we lacked prior information on the relationship between rabbit and hare co-occurrence and
the selected environmental covariates, we set uninformed logistic priors for all parameters. All models
achieved adequate convergence by running 50 000
iterations following a burn-in phase of 25 000 iterations. We assessed model fit with the Brooks-Gelman-Rubin convergence diagnostic (R̂ = 1.1; Gelman
et al. 2014) and visually examined the posterior distributions via trace plots (Rota et al. 2016, Conn et al.
2018, Kass et al. 2020). Models were ranked using
Watanabe-Akaike’s information criterion (WAIC),
which is appropriate in measuring the fit of Bayesian
models (Gelman et al. 2014). Models with a ΔWAIC <
2 were considered equally plausible.

2.5. Covariates
We modelled variation in occurrence using 5
covariates previously assessed as being important for
lagomorphs in the drylands of South Africa. All
covariates were calculated at the site level either
using camera trap photographs or by extracted mean
values for a 400 m2 buffer area around each site. The
following methods were used to derive geospatial
data. (1) distance to drainage: distance (m) from each
site’s centroid to the nearest drainage line (Swanepoel 2019) was determined using nearest-neighbour
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analysis. (2) Terrain ruggedness: 30 m raster elevation data from the Shuttle Radar Topography Mission
(SRTM) (2008) was used to calculate a topographic
ruggedness index as mean difference in elevation
(m) between the central pixel and its 8 neighbours
(Wilson et al. 2007). (3) Land degradation: the Modified Soil-Adjusted Vegetation Index (MSAVI2) (Qi et
al. 1994) was used as a proxy for historical habitat
degradation, similar to previous studies in drylands
(Rossi et al. 2018). MSAVI2 is calculated with the following formula:
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3.1. Temporal overlap
The daily activity patterns of riverine rabbits and
hares overlapped substantially (Δ = 0.828, CI =
0.745−0.940; Fig. 2), where both species were crepuscular. Riverine rabbits had a slightly longer activity window, with no clear peak in activity. Hare activity peaked ca. 01:00−03:00 h and was suppressed
during midday.

3.2. Co-occurrence and covariates

MSAVI2 =

(2)

2 × NIR + 1 − (2 × NIR + 1)2 − 8 × (NIR − RED)
2
where NIR is the near infrared band reflectance and
RED is the red band reflectance from the ModerateResolution Imaging Spectroradiometer (MODIS) sensor (Didan et al. 2015). We averaged MSAVI2 for
each site for the entire survey period. (4) Predator
relative abundance: the number of independent photographs per 100 trap nights provided the relative
abundance index (RAI) of 2 common predator species known to prey on leporids, namely the blackbacked jackal Canis mesomelas and caracal Caracal
caracal (Drouilly et al. 2018b). (5) Vegetation type:
we used the SANBI vegetation map of South Africa,
Lesotho and Swaziland (Mucina et al. 2006) to extract the vegetation type for each 400 m2 site. The 4
vegetation types present in the study area included
succulent karoo, renosterveld, thicket and drainage.
If multiple types were present within a site, the dominant vegetation type (> 50% coverage) was used.
Finally, ‘Nuisance’ covariates (i.e. longitude and
latitude) were included in all models to account for
spatial variation not directly related to our main
hypotheses. We modelled detection probability using
1 covariate, namely vegetation type. Covariates were
checked for correlation using Pearson correlation
tests; none were highly correlated.

In total, 57 candidate models were considered in
this study (Table S2). Model selection provided clear
evidence for interspecific dependence between
riverine rabbits and hares, where all marginal models were ranked considerably lower than the top conditional model (ΔWAIC ≥ 4.041). We found that our
chosen detection covariate (vegetation type) failed to
improve the model in all instances and was not
included in the top 12 models. The top model (M1;
WAIC weight [w WAIC] = 0.2) had a R̂ value of 1.004,
indicating sufficient convergence. M1 retained only terrain ruggedness as an occurrence covariate
(Table 1). The daily detection probability of riverine
rabbits was similar to that of hares (riverine rabbit:
0.334, CI = 0.177−0.492; hare: 0.326, CI = 0.161−
0.488), and both were notably low. The second highest ranked model (ΔWAIC = 2.352, w WAIC = 0.06)
incorporated the predator RAI but not terrain
ruggedness. Hereafter, we present results from our
top ranked model, which had considerably more
support than the next best model.
Riverine rabbits and hares showed strong negative
co-occurrence (f12 = −2.35), with neither species cooccurring at any given site. Irrespective of terrain
ruggedness, there was a 90% reduction in the prob-

3. RESULTS
We recorded a total of 3794 detections of 31 mammal species >0.5 kg during 1824 active camera nights
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/n044p351_supp.pdf). We captured 58
independent photographs of riverine rabbits at 5
sites (naïve occurrence: 0.17) and 114 independent
photographs of hare species at 11 sites (naïve occurrence: 0.37); however, neither species co-occurred at
any site.

Fig. 2. Daily activity patterns of riverine rabbit Bunolagus
monticularis (solid line) and hare spp. Lepus saxatilis and L.
capensi (dashed line) in the Sanbona Wildlife Reserve,
South Africa. Shaded area: temporal overlap between
B. monticularis and Lepus spp.
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Table 1. Beta coefficients and 95% credible intervals for the top multi-species occurrence model. Estimates where the credible
intervals did not overlap zero are highlighted in bold
Parameter
β
Intercept
Terrain ruggedness

Riverine rabbit
Lower
Upper

−1.88
−1.94

−3.81
−3.83

−0.49
−0.45

ability of occurrence for either species when the
other was present. Terrain ruggedness, the only
environmental covariate retained in our top model,
adversely affected the marginal occurrence probability of both species (Fig. 3). However, its effect is

β

Hare
Lower

Upper

−0.58
−0.42

−1.75
−1.39

0.45
0.53

Riverine rabbit × Hare
β
Lower
Upper
−2.35
0.68

−5.76
−1.68

−0.17
3.23

more nuanced than the marginal relationship suggests. Terrain ruggedness was only a strong driver
for riverine rabbit conditional and marginal occurrence. Specifically, terrain ruggedness exerted a
prominent negative influence on rabbit conditional
occurrence, and was stronger at sites
when hares were absent (Fig. 4). Conversely, terrain ruggedness was a
weak driver of hare occurrence. It was
still noted that a unit increase in
ruggedness was associated with a
35% decrease in hare conditional
occurrence probability when rabbits
were absent, but a 30% increase
when rabbits were present (Fig. 4).

4. DISCUSSION
Fig. 3. Marginal occurrence probability of riverine rabbit Bunolagus monticularis and hare Lepus saxatilis and L. capensis, shown as a function of terrain
ruggedness. Lines: posterior means; shading: 95% credible intervals. All
variables not included in a plot are fixed at their observed means

Our study is the first to account
for interspecific interactions within a
multi-species occupancy framework to
determine the drivers of riverine rab-

Fig. 4. Conditional occurrence probability of riverine rabbit Bunolagus monticularis (left) and hare spp. Lepus saxatilis and L.
capensis (right), shown as a function of terrain ruggedness. Lines: posterior means; shading: 95% credible intervals, shaded
according to presence/absence of the other species. All variables not included in a plot are fixed at their observed means
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bit distribution and the first to investigate the potential of temporal niche partioning between closely
related lagomorph species in Africa. Despite
research showing significant temporal partitioning
between lagomorphs (Harrison 2019, Weterings et al.
2019) we found no evidence of temporal avoidance
between rabbits and hares (Fig. 2). It is probable that
thermoregulatory and antipredator strategies may be
more important than competition between lagomorphs in the SWR (Larrucea & Brussard 2009); however, as riverine rabbits and hares were not detected
together at any site, we could not determine if either
species altered their temporal niche when co-occurring. We suggest that further work should attempt to
expand our camera trapping methodology across the
drylands of South Africa to investigate this question
further.
Our prediction that riverine rabbits and hares
would spatially segregate to avoid direct competition was supported, as the top model predicted a
near-zero co-occurrence. Globally, the geographic
ranges of species from the Lepus genus often overlap or encompass those of rabbits (Scott 2003, Alves
et al. 2008). This sympatry has been poorly understood and is often attributed to fine-scale segregation associated with preferential habitat selection
(Chapman & Flux 1990, Hulbert et al. 1996, Scharine et al. 2011). In our study, riverine rabbits and
hares clearly segregated at the landscape level. The
top co-occurrence model incorporated pairwise interactions between both riverine rabbits and hares,
whilst retaining only one environmental covariate
(terrain ruggedness), and it performed significantly
better than all marginal models and models where
species interactions did not vary along an environmental gradient (Table S2).
Riverine rabbits in the SWR were unlikely to
occur at any sites where hares were present, regardless of how rugged the terrain was. It was only
in the absence of hares that terrain ruggedness
exerted a strong negative effect on riverine rabbit occurrence (Fig. 4), where rabbits favoured
smoother topography commonly associated with
fertile plains (Nunn & Puga 2012). In contrast, the
relationship between hare occurrence and terrain
ruggedness changed dramatically depending on
whether riverine rabbits were predicted to be present or not. Whilst not a strong effect, terrain
ruggedness negatively impacted hare marginal and
conditional occurrence when rabbits were absent,
similar to other studies in which hares preferred the
more open plains (Mayer et al. 2020). However, the
model predicted that hares would favour slightly
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more rugged terrain should both species co-occur.
This response suggests that both species of hare are
able to change their habitat preferences when in
the presence of their closely related competitor.
Such fine-scale habitat selection has been documented amongst other lagomorph species (Hulbert
et al. 1996, Scharine et al. 2011), allowing amicable
co-existence at the landscape level.
As riverine rabbits have been previously associated with riparian habitat (Duthie 1989), we expected habitat or distance to drainage to be important in riverine rabbit occurrence. However, neither
covariate was included in our top model (wWAIC ≤
0.06; Table S2). Whilst Duthie (1989) and, to a
lesser degree, Coetzee (1994), described the riverine rabbit as a riverine habitat specialist, the paucity of basic biological information on the species
makes it difficult to evaluate this claim. Hughes et
al. (2008) assumed that riverine rabbits did not
appear to occupy areas of steep slope as a result of
associated first and second order streams, which
lack the alluvial soils supposedly preferred by rabbits. We suggest riverine rabbits may be restricted
to the more fertile plains, and not third or fourth
order rivers, whilst being unable to compete with
the ecologically flexible hares who can use refugia
present along a range of ruggedness (Smith et al.
2018). We acknowledge that because we worked at
a novel site we cannot control for environmental
factors when comparing our results with these previous studies. However, given the strong effect of
competitive interactions on riverine rabbit occurrence in our system, we would urge caution when
modelling their ecological association with solely
abiotic predictors. Absence of modelled dependence between rabbits and hares in the Collins & du
Toit (2016) study may explain why their models did
not perform well across the entirety of riverine rabbit range. Our results, together with recent studies
showing the importance of interspecific competition
on species distribution more generally (Leach et al.
2017, Tobler et al. 2019), justify a reassessment of
riverine rabbit distribution using both abiotic and
biotic variables.
Historical land degradation and predator RAI, 2
covariates shown to be important in determining
lagomorph habitat selection (Havstad et al. 1999,
Smith et al. 2005, Rouco et al. 2019), were not significant drivers of either riverine rabbit or hare occurrence in the SWR (whilst predator RAI was incorporated in the 2nd ranked model, its w WAIC was 0.06
and therefore not well supported; Table S2). It is possible that at the scale of our study, patterns in preda-
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tor RAI, most of which have home ranges far greater
than our study area (Table S1, Drouilly et al. 2018a),
were not apparent. Vegetation density and structure
has been shown to be associated with habitat riskiness in other recent lagomorph studies (Weterings et
al. 2019, Mayer et al. 2019, 2020), and it is therefore
possible that riverine rabbits and hares prefer less
rugged terrain that allows for the early detection of
predators. However, several important predator species, such as Verreaux’s eagle Aquila verreauxii,
were excluded from our study as camera trapping is
an unsuitable method for detecting such species.
Weterings et al. (2019) used camera trapping to
quantify residence time by hares, rabbits and foxes
in the Netherlands, and found that hares were more
strongly affected by habitat riskiness than rabbits.
We suggest that future work on riverine rabbit and
hare competition incorporate an analysis similar to
that of Weterings et al. (2019) as well as attempt to
devise methods to identify and then collect dung
pellets to allow for dietary and genetic analyses.
Flexible habitat selection in the presence of a competitor, as shown by the hares in our study, has been
shown to indicate subordination (Aunapuu & Oksanen 2003). Indeed, Duthie (1989) noted that riverine
rabbits did not co-occur with hares unless the former
were at unusually low densities (less than 50% of
other sites surveyed in the study). He hypothesized
that high mortality rates in riverine rabbits allowed
for the competitively excluded hare to extend their
range into the former’s preferred habitat of dense
riparian vegetation. This interpretation is contrary to
ours, and we would argue that the generalist nature
of both hare species (Farmer 2006), their broader distribution (Robinson et al. 2016) and larger size
(1.4−4.0 kg for hares versus 1.4−1.9 kg for riverine
rabbits) all suggest that they competitively displace
riverine rabbits in the SWR. Interestingly, our results
are similar to those from studies conducted on
islands, whereby introduced hares are far more
antagonistic to rabbits and frequently extirpate them
on islands smaller than 1000 ha (Alves et al. 2008,
Flux 2008). It is possible that in resource-sparse environments, such as the drylands of South Africa, interspecific competition may be a strong determinant of
riverine rabbit distribution.
Accurate monitoring methods are crucial for determining population trends (Lindenmayer et al. 2020),
and camera trapping appears to be an efficient
method for detecting both riverine rabbits and their
competitors. As hares appear to have a significant
effect on riverine rabbit occurrence, there is the
potential to use the former as a ‘surrogate’ species

(Caro et al. 2005). Surrogate species are often used in
large-scale management, both to represent broad
biodiversity and to infer the population status of a
closely linked species (Wiens et al. 2008, Tilker et al.
2020). The key characteristic of a surrogate species is
conspicuousness, allowing for cost-effective monitoring of cryptic species by conservation authorities.
Whilst research on the ecology and distribution of
hares in South Africa is lacking, their ubiquity makes
them a potentially useful tool in helping researchers
to refine landscape-level surveys by focussing on
locations lacking hares. Camera trap surveys in
South Africa’s drylands are increasing (Drouilly et al.
2018a, Woodgate et al. 2018), and these existing surveys could be used to explore the distribution of
hares in South Africa, and subsequently test the generality of our findings in this study.

5. CONCLUSIONS
Our finding that riverine rabbit occurrence in the
SWR is best predicted by hare absence along a gradient of terrain ruggedness contrasts markedly with
previous studies. These studies have led to extensive
and expensive riverine habitat restoration programs
to ensure the long-term survival of the species. Our
results suggest these efforts may be misdirected, and
that we need a clear and generalizable understanding of the ecological principles that underlie population dynamics and interspecific interactions before
making such investments. While we still do not fully
understand the drivers of riverine rabbit distribution,
our study shows that conservation management has
underestimated the importance of competition with
other lagomorphs and over-estimated the importance
of riverine habitat preservation. We propose that
future studies aim to replicate our methodology
across the species’ range, both at well-established
sites that have been used to derive previous distribution models, and at recently discovered new localities (i.e. Touwsrivier and Uniondale).
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