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Abstract

Many studies on the coexistence of wildlife with livestock have focused primarily on similar-
sized species. Furthermore, many of these studies have used dietary overlap as a measure
of potential competition between interacting species and thus lack the important link
between dietary overlap and any negative effects on a particular species—a prerequisite for
competition. Consequently, the mechanisms that drive interspecific interactions between
wildlife and cattle are frequently overlooked. To address this, we used an experimental
setup where we leveraged different cattle stocking rates across two seasons to identify the
drivers of interspecific interactions (i.e. competition and facilitation) between smaller-bodied
oribi antelope and cattle. Using direct foraging observations, we assessed dietary overlap
and grass regrowth, and also calculated oribi nutritional intake rates. Ultimately, we found
that cattle compete with, and facilitate, smaller-bodied oribi antelope through bottom-up con-
trol. Specifically, cattle facilitated oribi during the wet season, irrespective of cattle stocking
density, because cattle foraging produced high-quality grass regrowth. In contrast, during
the dry season, cattle and oribi did not co-exist in the same areas (i.e. no direct dietary over-
lap). Despite this, we found that cattle foraging at high densities during the previous wet sea-
son reduced the dry season availability of oribi’s preferred grass species. To compensate,
oribi expanded their dry season diet breadth and included less palatable grass species, ulti-
mately reducing their nutritional intake rates. Thus, cattle competed with oribi through a
delayed, across-season habitat modification. We show that differences in body size alone
may not be able to offset competitive interactions between cattle and wildlife. Finally, under-
standing the mechanisms that drive facilitation and competition are key to promoting co-
existence between cattle and wildlife.
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Introduction

The debate over whether livestock, primarily cattle (Bos spp.), and native wildlife compete
with each other for resources has been ongoing for decades. However, definitive evidence of
these competitive interactions, and whether these interactions are responsible for the observed
decline in wildlife numbers, is rather limited [1, 2]. This is primarily due to the difficulty in
determining whether a shared resource is indeed limited [1]. The vast majority of the literature
only provides evidence for potential competition via dietary overlap [3-5], with only a handful
providing evidence of actual competition with one species having a deleterious effect on
another-an integral component of competition (e.g. [6-9]). Thus, experimental studies that
provide direct evidence for competition, and the factors driving these interactions, between
livestock and wildlife are crucial for the conservation of wildlife populations outside of pro-
tected areas, or in areas where cattle feed within protected areas [1, 10, 11].

Body size is an important trait involved in resource partitioning and interspecific interac-
tions because a herbivore’s morphology, physiology, and ecology (e.g. gut capacity, bite size,
food intake rate, and feeding site selection) vary allometrically with body size [12-15]. Thus,
body size ratios are important predictors for potential resource competition, which would
explain why the majority of livestock-wildlife studies have focused on the interactions of simi-
lar-sized herbivores where the potential for resource overlap is greatest [8, 16-18].

Owen-Smith [19] modeled the combined effect of differences in body size and relative bite
dimension and found that different grazers specialized on different grass height categories,
which allowed for coexistence. Similarly, Prins and OIff [14] predicted that with coexisting
grazer assemblages, there should be an optimum difference in body mass, with each grazer
species being, on average, a constant proportion larger than the closest smaller grazer. How-
ever, Arsenault and Owen-Smith [20] suggest that the scaling of mouth-width relative to body
size may be more important in explaining grass height selection than body size. Despite the
differential use of resources imposed by body size and mouth morphology, the findings of
empirical studies on foraging between herbivores of different body sizes, and the nature of the
interspecific interactions between these herbivores, does not always match theoretical expecta-
tions. For example, larger grazers can compete with smaller grazers by reducing food availabil-
ity, especially during the dry season (i.e. exploitation competition; [21-23]), or through more
long-term negative effects (i.e. habitat modification; [1]). Large grazers can also influence
grassland productivity via their foraging by promoting high-quality grass regrowth, which
may positively influence (facilitate) smaller grazers [24-27]. However, through their selective
foraging, small herbivores may outcompete larger herbivores by reducing the availability of
high-quality green grass during the dry season [28].

As wildlife continues to experience increased pressure from livestock [29], the above exam-
ples highlight the necessity to understand how cattle interact with a diverse native herbivore
assemblage and not merely herbivores of a similar size. Furthermore, understanding the nature
and processes that mediate interspecific interactions between different-sized herbivores can
ensure the successful management and coexistence of mixed wildlife and livestock grazing
assemblages. Ultimately, whether interspecific interactions promote coexistence, or increase
competition, depends on herbivore density [18], season [8], and the biology of the interacting
species [30, 31].

In South Africa, oribi antelope (Ourebia ourebi) provide a unique opportunity to explore
interspecific interactions between domestic and wild herbivores because the majority of oribi
populations occur on private rangelands resulting in frequent interactions between oribi and
cattle [32]. Furthermore, both species are primarily grazers and the ~40-fold difference in
body size between these two species allowed us to examine the role of body size in interspecific
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Fig 1. Graphical representation of our experimental design. We leveraged different cattle stocking rates across two seasons (wet and dry) to identify potential drivers
of interspecific interactions between oribi antelope and cattle. Cattle grazing under different intensities can alter the structural heterogeneity of grass swards as well as
alter the availability of specific grass species. In turn, these changes can influence oribi foraging behavior and ultimately, influence their nutritional intake rates, which
can lead to either competitive or facilitative interactions between cattle and oribi. Cattle and oribi only directly overlap during the wet season. As a result, interspecific
interactions that are observed during the dry season as a consequence of the intensity of cattle grazing in the previous wet season.

https://doi.org/10.1371/journal.pone.0236895.g001

interactions. In South Africa, oribi are listed as endangered and population declines have been
attributed to competition with cattle [32, 33]. However, there is no empirical evidence to sup-
port this. We address this issue through an experimental study exploring whether interspecific
resource competition occurred between livestock and oribi. To do this, we explored how cattle
foraging under different stocking rates influenced the seasonal foraging behavior, crude pro-
tein intake, and digestibility of vegetation consumed by oribi (see Fig 1). Further objectives of
the study were to identify potential mechanisms driving interspecific interactions and discuss
the roles of body size and feeding ecology in determining the differential effects of livestock
stocking rates on oribi populations. Finally, we discuss the implications of our results for the
conservation of small-bodied wild herbivores that frequently interact with cattle on African
rangelands and communal grazing areas.

Methods

Study area

We conducted our study on Arundel Farm (~770 ha) in Ixopo, South Africa (S 30°11.557 E
30°12.199) during the dry (June-August 2013) and wet (January-February 2014) seasons.
Mean rainfall for the area was 725 mm (1995-2013; South African Weather Services). Arundel
farm is stocked with ~370 head of beef cattle (Bonsmara breed) that are managed using a con-
tinuous grazing policy and are not herded. Arundel Farm is split into wet and dry season for-
aging areas. The wet season foraging area is divided into three fenced grazing areas (hereafter
referred to as “camps”) totaling ~380 ha of natural grassland. These three camps also contained
~21 oribi. Within each camp, oribi were free-ranging and foraged within and around the cattle
herds. During the dry season (May-September), the cattle are moved into the adjacent dry sea-
son foraging area (~380 ha). As a result, cattle and oribi only occur in the same camps, and
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thus directly interact, during the wet season. In addition to the wet and dry season foraging
areas, there was a single fenced camp (~15 ha) that was ungrazed by cattle during our study
period. This camp was adjacent to the wet season foraging area and was only accessible to and
used by oribi. We only observed oribi feeding in this area during the wet season.

We calculated the cattle stocking rate for each camp as: land area/number of animal units
(i.e. ha per AU). One adult beef cow (~650 kg) equaled one animal unit, and a heifer as 0.7 ani-
mal units [34]. Cattle stocking rates for the different camps were: 1.7 ha per AU, 1.5 ha per AU
and 0.95 ha per AU, (hereafter referred to as “low”, “intermediate”, and “high” respectively).
These stocking rates fall within the approximate stocking rates that are recommended for con-
tinuous grazing in the region ([i.e. summer grazing only: 1-2 ha per AU; [35]). In addition to
cattle, each of the three camps had several resident oribi (low stocking rate camp: n = 7 indi-
viduals across three herds, intermediate stocking rate camp: n = 8 individuals across two
herds, and high stocking rate camp: n = 6 individuals across two herds). The University of
KwaZulu-Natal and Ezemvelo KZN Wildlife approved all aspects of the research design (Ethics
code: 058/14/Animal and W/2052/01).

Data collection

To determine seasonal changes in grass sward structure and grass greenness, we walked two, 1
km transects (separated by approximately 50 m to ensure data were spatially independent)
through each camp in each of the five months. Within each camp, the starting location for
each monthly transect was randomly selected to ensure the same areas were not resampled
and thus, provide a random representation of sward height in each camp. Every 50 m along
these transects, we randomly placed two quadrats (0.4 m?). Within each quadrat (n = 1230),
we measured the sward height of the dominant grass species using the direct measurement
method (a single measurement that represents the average sward height; [36]) and the percent-
age of green grass using Walker’s [37] eight-point scale (0%, 1-10%, 11-25%, 26-50%, 51—
75%, 76-90%, 91-99%, and 100%). Prior to analysis, we combined these estimates into four
greenness categories: very brown (0-10%), mainly brown (11-50%), mainly green (51-90%),
and very green (91-100%).

Structural heterogeneity facilitates the coexistence of herbivores and is particularly impor-
tant for oribi habitat selection [38]. As a result, we calculated the coefficient of variation (CV =
(standard deviation/mean) x 100%) of grass sward height as a measure of structural heteroge-
neity per camp. The greater the variation in sward height, the greater the CV. We used the
transect data for each month to calculate average seasonal heterogeneity values for each camp.

Grass regrowth. To determine if cattle grazing intensity influenced grass regrowth, and
therefore the ability of cattle to compete with or facilitate oribi, we conducted a grass regrowth
trial from 19 January to 25 February 2014. In each grazing area with different cattle stocking
rates (i.e. camps), we selected 30 swards of Hyparrhenia hirta, which was the most consumed
grass species by oribi (Table 1). All swards were similar in size (~8 cm in diameter) and were
selected so that they formed a 6 x 5 grid, with each sward separated by ~1.5 m. To ensure we
measured the same swards, we marked them with an orange nail hammered flush to the
ground. To obtain an estimate of sward height, we averaged five height measurements of each
sward every three days. For each camp, we determined: 1) mean net relative regrowth (i.e. (In
final sward height-In initial sward height); [39]), 2) mean sward height at the end of the exper-
iment, and 3) mean number of times a sward was grazed (see below).

Because each stocking rate camp was unreplicated, we were unable to discern whether the
observed differences in the above grass regrowth was a result of cattle grazing intensity or site-
specific differences between camps. To account for this, we conducted a concurrent clipping
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Table 1. Dietary contribution of consumed grass species for cattle (wet season only) and oribi (Ourebia ourebi) antelope (wet and dry season) at low (1.7 ha/AU),
intermediate (1.5 ha/AU), and high cattle stocking rates (0.95 ha/AU). Spatial and temporal overlap between the two herbivores only occurred during the wet season so
the dietary overlap reflects the overlap between the top contributing grass species in the wet season diet of cattle and oribi.

Low stocking rate Intermediate stocking rate High stocking rate
Dietary contribution (%) Dietary contribution (%) Dietary contribution (%)

Grass species Wet Wet Dry Wet Wet Dry Wet Wet Dry

cattle oribi oribi cattle oribi oribi cattle oribi oribi
Hyparrhenia hirta 56.07 63.92 88.69 36.86 79.95 72.43 11.21 35.29 57.68
Paspalum dilatatum 9.82 10.82 3.62 0 0.55 8.5 0 0
Setaria nigrirostris 0 10.57 0 0 4.95 0 6.36 36.65 0
Themeda triandra 5.2 6.44 2.71 10.2 12.09 6.45 25.15 21.72 24.72
Paspalum scrobiculatum 10.4 2.06 0 6.27 0 0 0 0
Tristachya leucothrix 0 1.8 0 7.06 0 0 0 0.9 0
Chloris gayana 0 1.55 0.9 0 0 1.47 0 0 0
Cyprus sedge 0 0.77 0 0 0 0 0 0 0
Eragrostis plana 0 0.77 0 0 0 0 0 0 0
Unknown succulent forb 0 0.77 0 0 0 0 0 0 0
Pennisetum clandestinum 0 0.52 4.07 14.9 0 6.74 0 0 0
Aristida junciformis 8.09 0 0 5.49 0 0 0 0 0
Unknown flat leaf forb 0 0 0 0 2.47 0 0 0 0
Digitaria eriantha 0 0 0 0 0 0 0 2.71 0
Setaria sphacelata var torta 0 0 0 0 0 0 42.12 1.36 0
Sporobolus africanus 5.78 0 0 0 0 0 7.88 1.36 2.25
Eragrostis curvula 0 0 0 0 0 1.17 0 0 0.74
Heteropogon contortus 0 0 0 0 0 3.23 0 0 14.23
Cymbopogon excavatus 0 0 0 0 0 0 0 0 0.37
Dietary overlap 90% 77% 75%

https://doi.org/10.1371/journal.pone.0236895.t001

experiment in the adjacent camp that was ungrazed by cattle. Because our goal was to make
comparisons between the clipping experiment and the grazing grass regrowth trial at different
stocking rates, we used the same grass species (H. hirta) and sward diameter selected in the
grazing grass regrowth trial. For the clipping experiment, we used a blocked experimental
design (n = 3 blocks), with each block (4 x 10 grid of grass swards) containing all four defolia-
tion intensity treatments (i.e. each treatment had 10 replicates per block). The clipping treat-
ments included: no clipping, one clip every two weeks (i.e. 3 clipping events during the
experiment), one clip every week (5 clipping events), and two clips a week (10 clipping events).
We clipped each sward to a height of 8 cm above the ground, which was the average height to
which cattle reduced grass swards post grazing (pers. obs.). Each sward was marked (as above)
and measured every three days (i.e. grass swards in the regrowth and clipping experiment were
measured on the same days). For each clipping intensity, we determined the number of times
a sward was clipped over the experimental period (set by our clipping frequencies), the relative
regrowth, and the resulting sward height at the end of the experiment.

To compare the observed relative growth under different stocking rates to the expected
growth rates due to variation in grazing pressure, we plotted net relative growth from the clip-
ping experiment against the number of times the swards were clipped during the experiment
(i.e. 3, 5,and 10). We used the linear relationship from the clipping experiment (see Data Anal-
ysis section below), and the relative regrowth to estimate the number of times a sward was
grazed by cattle in a camp as a function of grazing pressure. The analysis showed a good quali-
tative agreement between the predicted (clipping experiment) and observed (grass regrowth in
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the cattle camps) relationships, thus, we are confident that the observed regrowth in each
camp is a function of cattle grazing intensity.

Oribi and cattle foraging. To determine if and how cattle foraging affected oribi, we col-
lected foraging data from both oribi and cattle in the early mornings and afternoons when
oribi were most active [33]. We observed oribi from a stationary vehicle using binoculars and
collected data from both sexes (8 males, 13 females). To reduce potential observation error or
bias associated with conducting fine-scaled behavioral observations, all data were collected by
the same trained observer throughout the study.

We initiated data collection when an individual oribi started feeding. Each foraging obser-
vation spanned five feeding steps (i.e. feeding stations; [40]). Preliminary observations indi-
cated that the average area in which oribi fed before taking a step was ~0.4 m*. Thus, we
represented each feeding station using a 0.4 x 0.4 m quadrat. Once the oribi had moved off by
~50 m, we approached the feeding stations on foot. For each foraging observation, we calcu-
lated the bite rate by dividing the total number of bites along the five feeding steps by the time
taken for these bites. Additionally, we determined the bite mass of each bite by hand plucking
a simulated bite from surrounding un-grazed grass of the same species, see [41]. Each of these
bite mass estimates (n = 1802) were then dried at 60° C for 48 hours and weighed. For every
foraging observation, we calculated dry matter intake rate (g/min) by multiplying the mean
bite mass from the five feeding steps with the corresponding bite rate. In addition, for each
bite, we recorded the plant species consumed, grass greenness, and used the surrounding
ungrazed grass of the same species to estimate sward height of consumed vegetation, as per
[42]. To determine mean sward height grazed by oribi for a feeding observation, we averaged
the sward height of consumed vegetation for each bite in the five feeding stations. For each
bite, we differentiated older use from newly foraged grass by the white appearance of the dam-
aged cuticle, as per [42]. In total, we observed 39 oribi foraging observations in the wet season
(low stocking rate camp: n = 14, intermediate stocking rate camp: n = 17, high stocking rate
camp: n = 8) and 63 observations in the dry season (low stocking rate camp: n = 26, intermedi-
ate stocking rate camp: n = 15, high stocking rate camp: n = 23). For cattle, we followed a simi-
lar experimental protocol. However, for cattle, each feeding station was represented by a 1.5 x
1.5 m quadrat and we identified the grass species consumed, its height, and its grass greenness
category. Comparisons of dietary overlap, sward height, and greenness of consumed vegeta-
tion by cattle and oribi occurred at the bite scale (oribi: low stocking rate camp: n = 364 bites,
intermediate stocking rate camp: n = 388 bites, high stocking rate camp: n = 221; cattle: low
stocking rate camp: n = 510 bites, intermediate stocking rate camp: n = 361 bites, high stocking
rate camp: n = 990 bites) during the wet season (i.e. the period when both cattle and oribi for-
aged together in the camps).

Dietary overlap. The dietary contribution of the top contributing species (i.e. species that
contributed >90% of the diet) to both oribi and cattle diets was determined within each feed-
ing station (i.e. quadrat) for each foraging observation. We determined the wet season dietary
contribution for each species by dividing the number of bites of that species by the total num-
ber of bites of all species in that time period. We calculated the dietary overlap at each stocking
rate using Schoener’s index: Ojk = 1-1/23|Pij-Pik| where Oj is the dietary overlap between
ungulate species j and k; P;; and Pj are the utilization of the ith resource by the jth and kth spe-
cies [43].

Nutritional intake rates of oribi. We analyzed the crude protein content (CP) and the
organic matter digestibility (OMD) of the top six species comprising >90% of the diets in each
stocking rate (see Results; Table 1) using Near Infrared Reflectance Spectroscopy (NIRS).
Prior to analysis, all grass samples were oven dried at 60° C for 48 hours and milled. NIRS
spectra were calibrated off a database of South African grasses that were analyzed using wet
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chemistry by the Wallon Agricultural Research Centre, Belgium. We were able to estimate
measures of nutritional quality for each sample because the averaged standardized H value
(distance between a sample and the centroid of the group) was lower than or close to 3.0 for
each predicted parameter [44]. We estimated the nutrient concentration of bites by using the
CP estimate of each grass species in the respective grass greenness category. For bites that did
not contain one of the six chemically analyzed species, the mean nutrient concentration of the
analyzed grasses for that grass greenness was assigned. The intake rate (g/min) of CP was
determined by multiplying the nutrient concentrations of the grass by bite mass. We then
established the mean nutrient concentration per foraging observation which was then multi-
plied by the respective bite rate to give the nutritional intake rate (g CP/min). We repeated the
same procedure for OMD.

Data analysis

To compare the average grass sward height in each stocking rate camp during the wet season, we
used a Generalized Linear Model (GLM; Gamma distribution and Log link function). We ran
another GLM (Gamma distribution and Log link function) to determine if wet season grazing by
cattle influenced the average sward height during the dry season when cattle were not present.
The dependent variable was sward height and the independent variable was stocking rate.

Grass regrowth. We modeled the relationship between the net relative regrowth and the
number of times a sward was clipped during the clipping experiment (i.e. 3, 5, and 10 clips).
We did not include the no clipping treatment because we were only interested in regrowth of
swards that were grazed. The data were well fitted by a linear relationship, which yielded the
following equation: y = —0.0606x + 0.6502, r* = 0.89, where y is the relative regrowth and x is
the number of times the sward was clipped during the experiment. The equation provides an
estimate of the predicted net relative regrowth as a function of grazing pressure (i.e. how fre-
quently a sward was eaten). To obtain an empirical estimate of how many times a sward was
eaten per stocking rate camp, we used the above trend line to fit a relationship between stock-
ing rate and relative regrowth (i.e. we used the relative regrowth in each stocking rate camp
and solved for x). For statistical representation, the relative regrowth was back transformed
into percentage growth.

We used a GLM (Gamma distribution and Log link function) to assess whether cattle graz-
ing (independent variable) and the number of times a sward was grazed influenced the relative
grass regrowth (dependent variable). Because these swards were grazed by cattle, the average
net relative regrowth was negative for some swards. As a result, we transformed the data by
adding the lowest negative relative regrowth value to each net relative regrowth value to
remove all negative values from the dataset.

Dietary overlap between cattle and oribi. To determine if stocking rates (independent
variable) influenced: 1) the sward height that cattle selected during the wet season, and 2) the
sward height that oribi selected during the wet season (both dependent variables), we used
GLMs with a Gamma distribution and Log link function. In addition, we ran a GLM (Gamma
distribution and log link function) to determine if the wet season grazing by cattle (indepen-
dent variable) influenced the sward height selection by oribi during the dry season (dependent
variable) (i.e. inter-seasonal exploitation competition).

Stocking rate influenced the availability of green grass in the dry season (See Results and
Fig 2). To determine if a reduced availability of green grass during the dry season influenced
the proportion of green grass consumed by oribi, we calculated the proportion of green grass
in their diet (dependent variable) among the different stocking rates. For each stocking rate,
the number of bites in each grass greenness category was divided by the total number of bites
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50%, mainly green 51-90%, and very green 91-100%.

https://doi.org/10.1371/journal.pone.0236895.9002

obtained for that stocking rate camp. For this analysis, we used only the mainly green and very
green categories because the oribi selectively fed from these greenness categories.

Nutritional intake rates of oribi. We ran a GLM (Gamma distribution and Log link func-
tion) to determine if different cattle stocking rates influenced; 1) the dry matter intake rate, 2) the
CP intake rate, and 3) the OMD of consumed vegetation by oribi. We ran a separate model for
each season (wet and dry) with dry matter intake rate, CP intake rate, and OMD as the dependent
variable in their respective models, and stocking rate as the independent variable. Finally, we ran a
GLM (Gamma distribution and Log link function) for CP and OMD (dependent variables) and
compared these values between camps that were grazed and ungrazed by cattle (independent vari-
able). We found no significant difference in CP intake rate and OMD across stocking rates (see
below). As a result, we pooled the CP intake rates and OMD across the stocking rate camps for
comparison with camps that were ungrazed by cattle. For the above analyses, we were unable to
use mixed models (individual foraging observation as a random effect) because it was not possible
to identify individual oribi and the foraging observations associated with a specific individual. All
analyses were conducted in the R environment for statistical computing [45] and model assump-
tions were assessed using the performance package [46].

Results
Seasonal changes in sward height and the availability of green grass

During the wet season, the average sward height and resulting structural heterogeneity (mea-
sured as the coefficient of variation, CV, of grass sward height) was significantly influenced by
cattle stocking rates (GLM: x> = 23.625, df = 2, P < 0.001), with similar measures in the low
(23 cm, range 12-37 cm, 58% CV) and intermediate (24 cm, range 13-47 cm, 55% CV) camps,
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but much lower measures in the high stocking rate camp (18 cm, range 10-29 cm, 47% CV).
Moreover, we found a carry-over effect where the increasing wet season stocking rates signifi-
cantly reduced the average sward height and resulting structural heterogeneity in the dry sea-
son (GLM: ;(2 =121.107, df = 2, P < 0.001; low: 34 cm, range of 17-52 cm, 53% CV;
intermediate: 34 cm, range 11-48 cm, 53% CV; high: 21 cm, range 12-30 cm, 46% CV).

During the wet season, the availability of green grass was similar among all camps, with
grass being primarily very green and mainly green (Fig 2). However, as the seasons progressed,
the availability of green grass decreased (Fig 2). In the dry season, the low and intermediate
grazing camps had higher availabilities of green grass (35% and 32% respectively) than the
high stocking rate camp (23%). In addition, the high stocking rate camp lacked very green
grass, and was the only area containing very brown grass during the dry season.

Grass regrowth

We found that over the duration of the grass regrowth trial (38-day observation period), swards
in the low stocking rate camp were grazed ~4 times, those in the intermediate stocking rate camp
were grazed ~3 times, and those in the high stocking rate camp were grazed ~14 times. As a result,
the different grazing pressures influenced net grass regrowth (GLM: 3> = 85.508, df = 2,

P < 0.001). The low and intermediate camps had relatively similar positive regrowth (+46% and
+56% respectively), whereas the high stocking rate camp showed negative overall growth (-20%).

Dietary overlap between cattle and oribi

Throughout the study, both oribi and cattle maintained narrow diet breaths, with six species
contributing to >90% of oribi diets and six species contributing to >85% of cattle diets
(Table 1). These narrow diets resulted in a large dietary overlap between oribi and cattle across
all stocking rates (low stocking rate = 90%, intermediate = 77%, high = 75%; Table 1). There
was also a high degree of overlap between the wet season cattle diet and the dry season oribi
diet (low stocking rate: 77% overlap, intermediate: 74% overlap, high: 70% overlap).
Comparing the dietary overlap of the top species consumed by oribi in the wet and dry sea-
sons, we found that the greatest seasonal change in oribi diet (i.e. lowest overlap) was in the
high stocking rate camp (62% overlap), compared to the low (75% overlap) and intermediate
(83% overlap) stocking rate camps. Moreover, the high intensity grazing pressure from cattle
during the wet season reduced the availability of preferred grass species for oribi in the high
stocking rate camp. As a result, oribi adjusted their diet to the greatest degree in this camp
incorporating previously avoided Heteropogon contortus, into their diet. Indeed, this grass spe-
cies became one of the top contributing species in the diet of oribi that fed in this camp during
the dry season (Table 1).

Greenness and height of consumed grass species

During the wet season, both oribi and cattle only consumed very green (91-100%) grass, irre-
spective of stocking rates. However, the wet season feeding intensity in the high stocking rate
camp reduced relative regrowth and influenced the availability of green grass for oribi in the
dry season (Fig 2). Specifically, in the low and intermediate stocking rate camps, oribi had sim-
ilar proportions of mainly green (0.65 and 0.64 respectively) and very green grass (0.35 and
0.36 respectively) in their dry season diet. Although oribi in the high stocking rate camp also
consumed mainly green and very green grass, they focused primarily on mainly green grass
(0.99), while the limited availability of very green grass prevented extensive use (0.01).
Throughout the wet season, cattle fed on swards of similar height (mean + SE) irrespective
of stocking rates (11.83 + 0.20 cm; GLM: x> = 0.102, df = 2, P = 0.950). However, the stocking
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rate of cattle influenced the sward height on which oribi fed (GLM: y* = 435.354, df = 2,
P < 0.001; Fig 3A). Specifically, as the cattle stocking rate increased, oribi fed on taller grass
swards (low: 12 £ 0.15 cm, intermediate: 13 + 0.17 cm, high: 18 + 0.31 cm).

Although oribi and cattle did not directly interact during the dry season, the wet season for-
aging of cattle influenced the height of the grass swards on which oribi could feed (GLM: y* =
33.726, df =2, P < 0.001; Fig 4A). In the low and intermediate stocking rate camps, oribi
shifted and fed from taller grass swards (low: 20 + 0.57 cm, intermediate: 20 + 0.45 cm), com-
pared to the wet season, while oribi in the high stocking rate camp continued feeding on tall
grass swards (17 + 0.43 cm).

Nutritional intake rates of oribi

Despite feeding on different sward heights during the wet season, oribi maintained similar dry
matter intake rates (GLM: y* = 4.750, df = 2, P = 0.093; Fig 3B), crude protein intake rates
(GLM: ;(2 =0.228, df =2, P = 0.892; Fig 3C), and consumed vegetation of similar digestibility
(GLM: y* = 3.140, df = 2, P = 0.208; Fig 3D), irrespective of cattle stocking rate. However, oribi
feeding with cattle were able to maintain higher crude protein intake rates (GLM: y* = 14.26,
df=1, P < 0.001; Fig 3C) and consume vegetation of higher digestibility (GLM: y* = 9.47,
df=1, P=0.002; Fig 3D) during the wet season compared to oribi feeding without cattle.

During the dry season, when the cattle were not feeding in the camps, oribi fed on taller
grass swards in all three camps and maintained similar dry matter intake rates (GLM: y* =
5.113, df = 2, P = 0.078; Fig 4B). However, the wet season cattle stocking rates did influence
dry season crude protein intake rates (GLM: x> = 11.301, df = 2, P = 0.040; Fig 4C) and the
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digestibility of vegetation consumed by oribi (GLM: y* = 16.741, df = 2, P < 0.001; Fig 4D). A
pairwise comparison of the marginal means revealed that oribi in the low and intermediate
stocking rate camps obtained similar crude protein intake rates (P = 0.966) and consumed veg-
etation of similar digestibility (P = 0.295). Whereas, oribi in the high stocking rate camp
obtained lower mean CP intake rates, and consumed vegetation that was less digestible com-
pared to oribi in low (CP: P = 0.003; OMD: P = 0.002) and intermediate stocking rate camps
(CP: P=0.013; OMD: P < 0.001).

Discussion

Conclusive evidence of competitive interactions between herbivores of different body size is
scarce, particularly in an African context [1]. Here, we provide an experimental study that
assessed how cattle foraging under different stocking rates influenced the foraging behavior of
smaller-bodied oribi antelope and their ability to coexist with cattle. We found that (1) there is
a high degree of dietary overlap between cattle and oribi; (2) this shared resource resulted in
cattle facilitating oribi antelope when resources were abundant (wet season); (3) under high
stocking rates, cattle reduced the availability of high quality resources; and (4) the combined
resource overlap under high cattle stocking rates resulted in cattle competing with oribi when
resources were limited (dry season). These competitive interactions occurred despite signifi-
cant differences in body size and mouth morphology.

Cattle foraging under different stocking rates influenced grass greenness, grass regrowth,
and ultimately the structural heterogeneity of available vegetation, with these variables having
a negative relationship with increasing cattle stocking rates. Thus, cattle influenced oribi
through bottom-up processes (i.e. availability of high-quality grass species—a limiting resource
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for oribi). In our study, cattle were managed under a continuous grazing policy, which allows
for greater habitat heterogeneity compared to other more intensive practices such as rotational
grazing of cattle [47]. This habitat heterogeneity allowed oribi to switch their foraging behavior
(i.e. adaptive foraging options; [48]) depending on the conditions available to them. This sug-
gests that, at least for oribi, structural heterogeneity in sward height, which is important for the
maintenance of multiple herbivore guilds [20], may be an important resource to buffer the
potential effects of competition and promote the coexistence of wildlife on livestock domi-
nated rangelands [47, 49, 50].

During the wet season, in the high cattle stocking rate camp, we observed high dietary over-
lap between cattle and oribi as well as low levels of grass regrowth. These conditions suggest
potential competition. Despite the high cattle stocking rate, this camp did maintain some
degree of structural heterogeneity (47% CV). Thus, oribi feeding in the high cattle stocking
rate camp (low grass regrowth) took advantage of the available structural heterogeneity and
fed on taller swards compared to oribi under lower cattle stocking rates. The selective foraging
of oribi allowed them to take advantage of the less intensively grazed areas by cattle and
achieve similar crude protein intake rates and feed on vegetation of similar digestibility,
despite feeding on taller vegetation, compared to oribi feeding under lower cattle stocking
rates. Under low and intermediate cattle stocking rates, we observed high dietary overlap as
well as an overlap between the height of consumed vegetation by oribi and cattle. Despite this,
we found no evidence of competition at any cattle stocking rate during the wet season because
oribi fed on high-quality grass regrowth that was generated by cattle grazing. In contrast, we
found that oribi that fed with cattle achieved higher crude protein intake rates and consumed
vegetation of higher digestibility compared to oribi that fed without cattle (Fig 3C and 3D).
This highlights the important role that cattle can play in the conservation management of
small-bodied wildlife on rangelands, where wild, large bulk-feeders, have been lost [26, 27].
Furthermore, the assumption that a high dietary overlap leads to competition has little validity
and is likely a major contributor to the debate over the contentious issue of whether livestock
compete with wildlife. Dietary overlap needs to be linked with nutritional intake rates, at the
very least, to show potential competition, a step that is frequently overlooked in competition
studies between wildlife and livestock [1].

During the dry season, oribi in the low and intermediate cattle stocking rate areas main-
tained a similar diet, but fed from taller vegetation (a previously unused resource), compared
to their diet in the previous wet season. In contrast, oribi in the area with a high cattle stocking
rate continued to feed on taller swards, but showed the highest degree of dietary expansion
compared to their wet season diet. A high degree of dietary expansion during the dry season is
consistent with predictions of a shared preference model that oribi are negatively affected by
cattle grazing [49]. Under high stocking rates, cattle grazing in the previous wet season
reduced the availability of high-quality grass species—a limiting resource for oribi. Thus, to
compensate in the following dry season, oribi incorporated a previously avoided grass species,
H. contortus, which has a lower nutritional quality compared to their preferred grass species,
H. hirta and T. triandra (see S1 Table). Oribi also increased their use of the more palatable H.
hirta and T. triandra. Despite this, oribi achieved lower crude protein intake rates and con-
sumed vegetation of lower digestibility when compared to oribi feeding under lower cattle
stocking rates. This suggests that for oribi, the cost of incorporating a low-quality grass species
into their diet was greater than the benefits of somewhat increasing their use of more palatable
grass species. These competitive effects occurred when cattle were not directly interacting with
oribi (cattle were relocated to other grazing areas during the dry season). Thus, the previous
wet season foraging by cattle caused cattle to compete with oribi through delayed habitat mod-
ification [1]. While the benefits of facilitation has been shown to be inter-seasonal (e.g. [51]),
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this is, to our knowledge, the first example of delayed, inter-season, competition by cattle on
wildlife.

The net effects of interspecific interactions are the result of both competition and facilita-
tion, with the net effect resulting from the interaction (competition or facilitation) that is
quantitatively greater [8]. While the important role of competition in shaping communities
has been well investigated, the perceived importance of facilitation in community-level pro-
cesses has waned [52]. We propose that future research should address whether facilitation can
offset the negative effects of competition and under what conditions this may actually occur.
For example, African savannas or rangelands are characterized by a diverse grazing herbivore
assemblage whose members vary in body size, dentition, and digestive physiology. These dif-
ferences interact with forage quality to influence the degree to which competition or facilita-
tion may structure the grazing community [53]. A number of studies posit that the beneficial
effects of facilitation may offset the negative effects of competition [8, 23]. However, we argue
that this is unlikely the case for small herbivores like oribi because the scaling of metabolic
rates and the rates of body reserve depletion result in small-bodied species having a low resis-
tance to starvation [54, 55]. Alternatively, oribi could increase the time they spent foraging.
This response is likely to incur increased costs associated with heightened predation risk [56],
which could be compounded by the low abundance of tall swards in high-stocking rate camps,
which oribi use as refugia to avoid predation [38].

The cattle stocking rates for this study were not specifically selected, but rather occurred
as a result of rangeland managers. Consequently, the similar foraging behavior of oribi, and
the lack of any competition, in the low and intermediate stocking rates may be a result of
the two cattle stocking rates being similar (1.7 ha per AU and 1.5 ha per AU). Alternatively,
the selective foraging of oribi may buffer these small antelope from competition, such that
there is a tipping point where competition occurs rather than a gradual response of oribi
foraging behavior to increased cattle grazing (e.g. [6]). The cattle stocking densities for our
study area fall within the recommended densities, however, across many African rangelands
and communal grazing areas, cattle stocking densities greatly exceed recommended stock-
ing densities [5]. Thus, it is plausible for competition to be more severe than presented in
this study.

For oribi populations, and other wildlife in general, to be restored to sustainable levels, it is
likely that these wildlife species will interact with cattle on shared rangelands (e.g. [16, 50, 57]).
Private rangelands have been identified as important areas to support the long-term conserva-
tion of terrestrial fauna [58]. Our results, in conjunction with Odadi et al. [8] show that the
coexistence of wildlife and cattle on rangelands has the potential to benefit both wildlife and
cattle. However, to successfully integrate private rangelands into conservation and wildlife
management, these systems need to be carefully managed [50]. For ecosystem stability, the
strategic management of cattle densities is essential to firstly understand how the herbaceous
layer responds to cattle grazing to ultimately reduce the competitive effects of cattle on wildlife,
and secondly, to provide structural heterogeneity in sward height to sustain multiple herbivore
guilds and promote biodiversity [59, 60]. Finally, we suggest that current management policies
(e.g. avoiding temporal overlap in resource use during the dry season; [50, 61]) and differences
in body size alone may not be entirely successful in mitigating competitive interactions
between cattle and wildlife.

Supporting information

S1 Table. Seasonal mean % crude protein per grass species in different grass greenness cat-
egories across low (1.7 ha/AU), intermediate (1.5 ha/AU) and high (0.95 ha/AU) stocking

PLOS ONE | https://doi.org/10.1371/journal.pone.0236895  July 31, 2020 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236895.s001
https://doi.org/10.1371/journal.pone.0236895

PLOS ONE

Cattle and wildlife coexistence

rates at Arundel Farm, Ixopo, South Africa.
(DOCX)

Acknowledgments

We thank Hugh Humpbhries for hosting this research on his property, Ian Little from the
Endangered Wildlife Trust, Athol Marchant, Ezemvelo KZN Wildlife, and the Oribi Working
Group for their valuable insights throughout this project. We also thank Virginie Decruye-
naere for analyzing the NIRS spectra for the collected grass samples and M.H. Schmitt for valu-
able discussions and comments.

Author Contributions

Conceptualization: Keenan Stears, Adrian M. Shrader.
Data curation: Keenan Stears.

Formal analysis: Keenan Stears.

Funding acquisition: Keenan Stears.

Supervision: Adrian M. Shrader.

Visualization: Keenan Stears.

Writing - original draft: Keenan Stears.

Writing - review & editing: Adrian M. Shrader.

References

1. Prins HHT. Competition between wildlife and livestock in Africa. In: Prins HHT, Grootenhuis JG, Dolan
TT, editors. Wildlife conservation by sustainable use. Boston: Kluwer Academic Publishers; 2000. p.
51-80.

2. Butt B, Turner MD. Clarifying competition: the case of wildlife and pastoral livestock in East Africa. Pas-
toralism. 2012; 2:9. https://doi.org/10.1186/2041-7136-2-9

3. BreebaartL, Bhikraj R, O’'Connor TG. Dietary overlap between Boer goats and indigenous browsers in
a South African savanna. Afr. J. Range For. Sci. 2002; 19:13-20.

4. BeckJL, Peek JM. Diet composition, forage selection, and potential for forage competition among elk,
deer, and livestock on aspen-sagebush summer range. Rangeland Ecol. Manage. 2005; 58:135—-147.

5. Kimuyu DM, Veblen KE, Riginos C, Chira RM, Githaiga JM, Young TP. Influence of cattle on browsing
and grazing wildlife varies with rainfall and presence of megaherbivores. Ecol. Appl. 2017; 27:786-798.
https://doi.org/10.1002/eap.1482 PMID: 27935669

6. Hobbs NT, Baker DL, Bear GD, Bowden DC. Ungulate grazing in sagebrush grassland: effects on
resource competition on secondary production. Ecol. Appl. 1996; 6:200-217.

7. DernerJD, Detling JK, Antolin MF. Are livestock weight gains affected by black-tailed prairie dogs?
Front. Ecol. Environ. 2006; 4:459-464.

8. Odadi WO, Karachi MK, Abdulrazak SA, Young TP. African wild ungulates compete with or facilitate
cattle depending on season. Science. 2011; 333:1753-1755. https://doi.org/10.1126/science.1208468
PMID: 21940896

9. Odadi WO, Kimuyu DM, Sensenig RL, Veblen KE, Riginos C, Young TP. Fire-induced negative nutri-
tional outcomes for cattle when sharing habitat with native ungulates in an African savanna. J. Appl.
Ecol. 2017; 54:935-944.

10. Grootenhuis JG, Prins HHT. Wildlife utilization: a justified option for sustainable land use in African
savannas. In: Prins HHT, Grootenhuis JG, Dolan TT, editors. Wildlife Conservation by Sustainable Use.
Boston: Kluwer Academic Publishers; 2000. p. 382—-469.

11.  Augustine DJ, Veblen KE, Goheen JR, Riginos C, Young TP. Pathways for positive cattle-wildlife inter-
actions in semiarid rangelands. SM C. Zool. 2011; 632:55-71.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236895  July 31, 2020 14/17


https://doi.org/10.1186/2041-7136-2-9
https://doi.org/10.1002/eap.1482
http://www.ncbi.nlm.nih.gov/pubmed/27935669
https://doi.org/10.1126/science.1208468
http://www.ncbi.nlm.nih.gov/pubmed/21940896
https://doi.org/10.1371/journal.pone.0236895

PLOS ONE

Cattle and wildlife coexistence

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Owen-Smith N. Megaherbivores: the influence of very large body size on ecology. Cambridge: Cam-
bridge University Press; 1988.

Owen-Smith N, Cumming DHM. Comparative foraging strategies of grazing ungulates in African Savan-
nah grasslands. The XVII International Grassland Congress, NZ Grasslands Association; Palmerston
North1993. p. 691-697.

Prins HHT, OIff H. Species-richness of African grazer assemblages: towards a functional explanation.
In: Newbury DM, Prins HHT, Brown ND, editors. Dynamics of tropical communities: 37th Symposium of
the British Ecological Society. Oxford: Blackwell Scientific; 1998. p. 449—-490.

Voeten MM, Prins HHT. Resource partitioning between sympatric wild and domestic herbivores in the
Tarangire region of Tanzania. Oecologia. 1999; 120:287-294. https://doi.org/10.1007/s004420050860
PMID: 28308091

Dunham KM, Robertson EF, Swanepoel CM. Population decline of tsessebe antelope (Damaliscus
lunatus lunatus) on a mixed cattle and wildlife ranch in Zimbabwe. Biol. Conserv. 2003; 113:111-124.

Young TP, Palmer TD, Gadd ME. Competition and compensation among cattle, zebras, and elephants
in a semi-arid savanna in Laikipia, Kenya. Biol. Conserv. 2005; 122:351-359.

Bhola N, Ogutu JO, Piepho H, Said MY, Reid RS, Hobbs NT, et al. Comparative changes in density and
demography of large herbivores in the Masai-Mara and its surrounding human-dominated pastoral
ranches in Kenya. Biodivers. Conserv. 2012; 21:1509-1530.

Owen-Smith N. Niche separation among African ungulates. In: Vrba ES, editor. Species and speciation.
Pretoria: Transvaal Museum Monographs No. 4; 1985. p. 167-171.

Arsenault R, Owen-Smith N. Resource partitioning by grass height among grazing ungulates does not
follow body size relation. Oikos. 2008; 117:1711-1717.

du Toit JT, Owen-Smith N. Body size, population metabolism, and habitat specialization among large
African herbivores. Am. Nat. 1989; 133:736-740.

du Toit JT, Cumming DHM. Functional significance of ungulate diversity in African savannas and the
ecological implications of the spread of pastoralism. Biodivers. Conserv. 1999; 8:1643-1661.

Arsenault R, Owen-Smith N. Facilitation versus competition in grazing herbivore assemblages. Oikos.
2002; 97:313-318.

Vasey-Fitzgerald DF. Grazing succession among East African game animals. J. Mammal. 1960;
41:161-172.

Bell RHV. The use of the herb layer by grazing ungulates in the Serengeti. In: Watson A, editor.
Animal populations in relation to their food resources. Edinburgh: Blackwell Scientific; 1970.
p. 111-124.

Western DJ, Gichohi H. Segregation effects and the impoverishment of savanna parks: the case for
ecosystem viability analysis. Afr. J. Ecol. 1993; 31:269-281.

Verweij RJT, Verrelst J, Loth PE, Heitkonig IMA, Brunsting AMH. Grazing lawns contribute to the sub-
sistence of mesoherbivores on dystrophic savannas. Oikos. 2006; 114:108-116.

lllius AW, Gordon IJ. The allometry of food intake in grazing ruminants. J. Anim. Ecol. 1987; 56:989—
999.

Ottichilo WK, Grunblatt J, Said MY, Wargute PW. Wildlife and livestock trends in the Kenya rangeland.
In: Prins HHT, Grootenhuis JG, Dolan TT, editors. Wildlife conservation by sustainable use. Boston:
Kluwer Academic Publishers; 2000. p. 203-218.

Bakker ES, Olff H, Gleichman JM. Contrasting effects of large herbivore grazing on smaller herbivores.
Basic Appl. Ecol. 2009; 10:141-150.

Kutt AS, Gordon IJ. Variation in terrestrial mammal abundance on pastoral and conservation land ten-
ures in north-eastern Australian tropical savannas. Anim. Conserv. 2012; 15:416-425.

Shrader AM, Little |, Coverdale B, Patel T. A conservation assessment of Ourebia ourebi. In: Child MF,
Roxburgh L, Do Linh San E, Raimondo D, Davies-Mostert HT, editors. The Red List of Mammals of
South Africa, Swaziland and Lesotho. South Africa: South African National Biodiversity Institute and
Endangered Wildlife Trust; 2016.

Coverdale B, Daly B, Friedmann Y, Lemmer F, Marchant A, McCann K, et al. Oribi antelope

(Ourebia ourebi) population and habitat viability assessment workshop report. Johannesburg: Conser-
vation Breeding Specialist Group (SSC/IUCN)/ CBSG Southern Africa, Endangered Wildlife Trust,
2006.

Meissner HH, Hofmeyr HS, van Rensburg WJJ. Classification of livestock for realistic prediction of sub-
stitution values in terms of a biologically defined large stock unit. Pretoria: Animal and Diary Science
Research Institute, 1983.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236895  July 31, 2020 15/17


https://doi.org/10.1007/s004420050860
http://www.ncbi.nlm.nih.gov/pubmed/28308091
https://doi.org/10.1371/journal.pone.0236895

PLOS ONE

Cattle and wildlife coexistence

35.

36.

37.

38.

39.
40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

DARD. Beef cattle on veld. Department of Agriculture and Rural Development; 2016. Available from:
http://www.kzndard.gov.za/images/Documents/RESOURCE_CENTRE/GUIDELINE_DOCUMENTS/
PRODUCTION_GUIDELINES/Beef_Production/Beef%20Cattle%200n%20Veld.pdf.

Stewart KEJ, Bourn NAD, Thomas JA. An evaluation of three quick methods commonly used to assess
sward height in ecology. J. Appl. Ecol. 2001; 38: 1148-1154.

Walker BH. An approach to the monitoring of changes in the composition and utilization of woodland
and savanna vegetation. S. Afr. J. Wildl. Res. 1976; 6:1-32.

Stears K, Shrader AM. Increases in food availability can tempt oribi antelope into taking greater risks at
both large and small spatial scales. Anim. Behav. 2015; 108:155—-164.

Evans GC. The quantitative analysis of plant growth. Oxford: Blackwell Scientific; 1972.

Ruyle GB, Dwyer DD. Feeding station of sheep as an indicator of diminished forage supply. J. Anim.
Sci. 1985; 61:349-353.

Bonnet O, Hagenah N, Hebbelmann L, Meuret M, Shrader AM. Is hand plucking an accurate method of
estimating bite mass and instantaneous intake of grazing herbivores? Rangeland Ecol. Manage. 2011;
64:366—-374.

Arsenault R, Owen-Smith N. Competition and coexistence among short-grass grazers in the Hluhluwe-
iMfolozi Park, South Africa. Can. J. Zool. 2011; 89:900-907.

Schoener TW. The Anolis lizards of Bimini: resource partitioning in a complex fauna. Ecology. 1968;
49:704-726.

Shenk JS, Westerhaus MO. Population definition, sample selection and calibration procedures for near-
infrared reflectance spectroscopy. Crop Sci. 1991; 31:469-474.

R Core Team. R: a language and environment for statistical computing. Vienna: R Foundation for Sta-
tistical Computing; 2019.

Ludecke D, Makowski D, Waggoner P, Patil |. performance: assessment of regression models perfor-
mance. R package version. 0.4.7. https://CRAN.R-project.org/package=performance. 2020

Fuhlendorf SD, Engle DM. Restoring heterogeneity on rangelands: ecosystem management based on
evolutionary grazing patterns. BioScience. 2001; 51:625-632.

Owen-Smith N. Adaptive herbivore ecology, from resources to populations in variable environments.
Cambridge: Cambridge University Press; 2002.

Codron D, Hull J, Brink JS, Codron J, Ward D, Clauss M. Effect of competition on niche dynamics of
syntopic grazing ungulates: contrasting the predictions of habitat selection models using stable isotope
analysis. Evol. Ecol. Res. 2011; 13:217-235.

Fynn RWS, Augustine DJ, Peel MJS, de Garine-Wichatitsky M. Strategic management of livestock to
improve biodiversity conservation in African savannahs: a conceptual basis for wildlife-livestock coexis-
tence. J. Appl. Ecol. 2016; 53:388-397.

Gordon IJ. Facilitation of red deer grazing by cattle and its impacts on red deer performance. J. Appl.
Ecol. 1988; 25:1-9.

Bruno JF, Stachowicz JJ, Bertness MD. Inclusion of facilitation into ecological theory. Trends Ecol.
Evol. 2003; 18:119-125.

Odadi WO, Jain M, Van Wieren SE, Prins HHT, Rubenstein DI. Facilitation between bovids and equids
on an African savanna. Evol. Ecol. Res. 2011; 13:237-252.

Bauchinger U, McWilliams SR. Tissue-specific mass changes during fasting: the protein turnover
hypothesis. In: McCue MD, editor. Comparative Physiology of Fasting, Starvation and Food Limitation.
Heidelberg: Springer; 2012. p. 193—-206.

Gregs A, Jager T. Body size-mediated starvation resistance in an insect predator. J. Anim. Ecol. 2014;
83:758-768. https://doi.org/10.1111/1365-2656.12195 PMID: 24417336

Verdolin JL. Meta-analysis of foraging and predation risk trade-offs in terrestrial systems. Behav. Ecol.
Sociobiol. 2006; 60:457—-464.

Ranglack DH, Durham S, Du Toit JT. Competition on the range: science vs. perception in a bison-cattle
conflict in the western USA. J. Appl. Ecol. 2015; 52:467—474. https://doi.org/10.1111/1365-2664.12386
PMID: 25960573

Clements HS, Kerley GIH, Cumming S, De Vos A, Cook CN. Privately protected areas provide key
opportunities for the regional persistence of large- and medium-sized mammals. J. Appl. Ecol. 2019;
56:537-546.

DeGabriel JL, Albon SD, Fielding DA, Riach DJ, Westaway S, Irvine RJ. The presence of sheep leads
to increases in plant diversity and reductions in the impact of deer on heather. J. Appl. Ecol. 2011;
48:1269-1277.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236895  July 31, 2020 16/17


http://www.kzndard.gov.za/images/Documents/RESOURCE_CENTRE/GUIDELINE_DOCUMENTS/PRODUCTION_GUIDELINES/Beef_Production/Beef%20Cattle%20on%20Veld.pdf
http://www.kzndard.gov.za/images/Documents/RESOURCE_CENTRE/GUIDELINE_DOCUMENTS/PRODUCTION_GUIDELINES/Beef_Production/Beef%20Cattle%20on%20Veld.pdf
https://CRAN.R-project.org/package=performance
https://doi.org/10.1111/1365-2656.12195
http://www.ncbi.nlm.nih.gov/pubmed/24417336
https://doi.org/10.1111/1365-2664.12386
http://www.ncbi.nlm.nih.gov/pubmed/25960573
https://doi.org/10.1371/journal.pone.0236895

PLOS ONE Cattle and wildlife coexistence

60. Treydte AC, Baumgartner S, Heitkdnig IMA, Grant CC, Getz WM. Herbaceous forage and selection pat-
terns by ungulates across varying herbivore assemblages in a South African savanna. PLOS ONE
2013; 8(12): e82831. https://doi.org/10.1371/journal.pone.0082831 PMID: 24358228

61. duToitJT, Cross PC, Valeix M. Managing the livestock-wildlife interface on rangelands. In: Briske DD,
editor. Rangeland Systems. Switzerland: Springer; 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236895  July 31, 2020 17/17


https://doi.org/10.1371/journal.pone.0082831
http://www.ncbi.nlm.nih.gov/pubmed/24358228
https://doi.org/10.1371/journal.pone.0236895

