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Introduction
Environmental heterogeneity across savanna landscapes (spatial heterogeneity) may play a key 
role in determining plant (MacFayden et al. 2016), large mammal and bird diversity (Fuhlendorf 
et al. 2006; Harrington et al. 1999; Krook, Bond & Hockey 2007; Mills & Gorman 1997). This 
heterogeneity also determines the strength of density-dependent feedbacks on large herbivore 
population growth (Hobbs et al. 2008; Wang et al. 2006) and the viability of their populations 
(Hobbs et al. 2008; Hopcraft, Olff & Sinclair 2010; Illius & O’Connor 2000; Owen-Smith 2004). 
Spatial heterogeneity is determined by spatial variation in abiotic factors such as physical, 
chemical, topographic, hydrological, climatic and biotic factors (Fynn 2012; Hobbs et al. 2008; 
Hopcraft et al. 2010; Owen-Smith 2004).

Distance to water during the dry season, which affects herbivore foraging intensity, habitat 
structure and niche diversity, is another form of spatial heterogeneity. Plant species favoured by 
large herbivores may be spared from excessive herbivore impact in regions of landscapes far from 
permanent water (O’Connor, Goodman & Clegg 2007). Sable (Hippotragus niger) and roan 

Environmental heterogeneity across savanna landscapes, including different seasonal 
resources at different distances to water, may play a critical role in maintaining the size and 
diversity of wildlife populations and the sustainability of their resource base. We investigated 
whether extensive landscapes with functionally diverse seasonal resources and large waterless 
regions can mediate the effect of herbivory on plant composition, structure and diversity. 
Vegetation composition, structure and richness in two different vegetation types (mopane and 
sandveld woodland) at three distance zones (0 km – 5 km, 10 km – 15 km and > 20 km) from 
the permanent water of the Okavango Delta and Linyanti Swamps were surveyed. We 
modelled vegetation response of the most abundant species to herbivory in relation to distance 
from permanent water, and included fire frequency as a covariate. Trees favoured by elephants 
during the dry season occurred typically as immature, pollarded populations within 5 km of 
permanent water sources while mature tall populations of these species were found far from 
water (> 10 km – 15 km). Similarly, short high-quality grazing grasses were higher in abundance 
within 5 km of permanent water, whereas taller high-quality perennial grasses peaked in 
abundance beyond 20 km from permanent water. Trends in herbaceous richness with distance 
from water were contingent upon vegetation type, while tree richness did not change with 
distance from water. Spatial refuges in waterless regions of landscapes facilitate the creation of 
heterogeneity of vegetation structure, composition and richness by large herds of mammalian 
herbivores. Therefore, the extension of herbivore dry season foraging range, for example, by 
the creation of artificial water points (AWP) in backcountry woodlands, could seriously 
undermine the resilience of landscapes to herbivory by reducing the availability of spatial 
refuges. Consequently, it reduces the resilience of herbivore and predator populations that 
depend on these spatial refuges. We strongly advise that future scientific work, and 
management and policy actions should be focused on the identification and sustaining of 
these spatial refuges in wildlife areas.

Conservation implications: Management and policy actions should be focused on the 
identification and sustainability of spatial refuges in wildlife areas. Too many AWP in 
backcountry woodlands could undermine the resilience of landscapes to herbivory by reducing 
the proportion of landscapes beyond 15 km from permanent water.

Spatial refuges buffer landscapes against 
homogenisation and degradation by large herbivore 
populations and facilitate vegetation heterogeneity
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(Hippotragus equinus) antelope depend upon waterless, 
backcountry parts of landscapes to avoid higher 
concentrations of predators and other herbivore species 
closer to permanent water (Harrington et al. 1999; Havemann 
2014; Hensman et al. 2014). These species have specialised 
narrow mouths adapted to foraging on taller grasses in these 
low herbivore density backcountry habitats (Codron et al. 
2008; Fynn et al. 2016). Similarly, mesocarnivores, such as 
African wild dog (Lycaon pictus), may also be forced by 
competition with larger carnivores to focus their hunting in 
regions of landscapes with lower abundances of their 
favoured prey (Mills & Gorman 1997). Thus, large distances 
from water during the dry season are a key characteristic of 
landscapes in African savannas, creating spatial refuges for 
various plant and animal species. For example, in the Kruger 
National Park, where artificial water provision (AWP) from 
boreholes in waterless, backcountry parts of landscapes 
removed these spatial refuges, which may have resulted in a 
collapse of rare herbivore populations (Harrington et al. 
1999).

Fragmentation of ecosystems and landscapes by 
anthropogenic activities poses a threat to the viability of 
wildlife populations because of the restricted access to 
spatially heterogeneous landscapes, and by degrading 
resources caused by an increase in the strength of coupling of 
herbivores to their resources (Fynn 2012; Hopcraft et al. 
2010). Herbivores become increasingly coupled to their 
resources as the opportunity for adaptive foraging declines 
with greater restrictions on movement and with decreasing 
heterogeneity (Fynn 2012; Hobbs et al. 2008; Hopcraft et al. 
2010). Thus, extensive heterogeneous landscapes, where 
herbivores are able to move seasonally between functionally 
different habitats and avoid heavily utilised areas and where 
large distances from permanent water exist, are likely to be 
more resilient to the impacts of large herbivore populations 
but this resilience is likely declining with increasing 
modification of ecosystems by agriculture, fencing and AWP.

The African elephant (Loxodonta africana) is notorious for its 
effects on woody vegetation (O’Connor et al. 2007) and there 
is much concern that growing elephant populations may 
negatively influence ecosystem functioning and diversity 
in protected areas (Cumming et al. 1997). Elephants have 
induced dramatic changes in ecosystems by transforming 
woodlands into open savanna or grasslands (Laws 1970; 
Spinage 1994), effects that may be compounded by 
interactions with fire (O’Connor et al. 2007). Elephants can 
kill large trees and shrubs through pollarding and ring-
barking, and young plants through uprooting (O’Connor 
et al. 2007; Vesey-FitzGerald 1973) reducing the density and 
structure of woody vegetation (Asner & Levick 2012; Ben-
Shahar 1998; Cumming et al. 1997; Glover 1963; Teren & 
Owen-Smith 2010).

However, the ability of elephants to access food is strongly 
constrained by water availability, with bulls and breeding 
herds generally limited to foraging within 15 km and 5 km of 

water, respectively (O’Connor et al. 2007; Young & Van Aarde 
2010). Thus, areas farther from water than the viable foraging 
range of elephants (> 15 km) are likely to represent a spatial 
refuge from elephant impact, for vegetation and herbivores 
that depend on these spatial refuges (O’Connor et al. 2007). 
The diet of elephants varies seasonally, with green grass and 
herbs being favoured during the wet season, browse during 
the early dry season and tree roots and bark by the late dry 
season (O’Connor et al. 2007). Certain woody species appear 
to be particularly favoured during the dry season, and it is 
expected that these species will be heavily impacted in areas 
within 5 km of water during the dry season (maximum 
foraging range of breeding herds) with little impact beyond 
15 km from permanent water (maximum foraging range of 
bulls). We refer to this as the distance from water spatial 
refuge hypothesis (DWSR hypothesis) (O’Connor et al. 2007). 
The DWSR hypothesis is also applicable to large populations 
of other grazers, whose year-round grazing effects may 
eliminate high-quality tufted perennial grasses that require 
long periods of recovery from grazing (Fynn 2012). Thus, one 
may expect to find a higher abundance of high-quality, tufted 
perennial grasses within habitat types beyond the maximum 
foraging range of herbivores from water during the dry 
season and a higher abundance of more grazing-tolerant 
shorter grasses closer to available water. This suggests that 
herbivory gradients across unmodified landscapes facilitate 
greater compositional and structural heterogeneity than in 
landscapes where the distance to dry season water has been 
greatly modified by AWP.

Against this background, AWP is increasingly used in 
protected areas in African savannas, with the consequence 
that landscapes are losing spatial refuges from year-round 
herbivory for plants and animals, even in very large protected 
areas (e.g. Redfern et al. 2003). Owing to the potential for 
AWP to disrupt spatial refuges for plants and animals, it is 
becoming increasingly urgent to study the effects of herbivory 
on vegetation and animals in extensive, unfragmented 
landscapes that still have large areas without AWP and with 
large distances away from permanent water. The northern 
conservation area of Botswana is one of the few remaining 
open wildlife systems in Africa (about 100 000 km2 on the 
Botswana side and extending into protected areas in Namibia 
and Zimbabwe) supporting the largest African elephant 
population globally at around 130 000 (Chase 2011; Chase 
et al. 2016). This Savuti-Mababe-Linyanti ecosystem (SMLE) 
is a relatively pristine region of the northern conservation 
area containing extensive savanna woodlands sandwiched 
between the permanent water sources of the Okavango Delta 
and Linyanti Swamps, where large areas of woodland may 
occur > 20 km from permanent water sources, well beyond 
the maximum movement distance of the more mobile bull 
elephants during the dry season. Thus, the extensive 
unmodified landscapes of the SMLE with their large distances 
from available water during the dry season (> 20 km), their 
lack of anthropogenically induced barriers to herbivore 
movement, and their large populations of elephant, buffalo 
(Syncerus caffer) and zebra (Equus quagga) provide an ideal 
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study site to gain insights into landscape-mediated herbivore 
controls of vegetation composition, structure and diversity.

Considering that a large proportion of the landscapes of the 
SMLE occurs beyond the reach of large herbivores during the 
dry season (spatial refuge) we hypothesise that greater year-
round herbivore density within 5 km of permanent water 
will negatively affect the woody structure, grass cover and 
plant richness in this zone but have little effect in zones 
farther from permanent water. Thus at a landscape scale, 
herbivores are likely to create spatial heterogeneity in 
plant composition, diversity and structure, as opposed to 
homogenisation of plant composition and structure and a 
decline of species richness in less resilient landscapes.

Methods
Study area
This study was conducted over the 2014 wet season in the 
northern conservation area of Botswana, in the extensive 
open woodland landscapes between the Okavango Delta in 
the south west and the Linyanti Swamps in the north east 
(Figure 1). Rainfall in the area averages between 500 mm 
and 600 mm in the Okavango region (western boundary of 

the SMLE) and Chobe Enclave region (eastern boundary of 
the SMLE), respectively (Fynn, Chase & Roder 2014). Rainfall 
is received between November and April (Botswana 
Meteorological Services), with maximum daily temperatures 
between 35 °C and 40 °C (Fynn et al. 2014). The Kwando 
River that feeds into the Linyanti Swamps and the Okavango 
River that feeds into the Okavango Delta are the primary 
sources of permanent water in the ecosystem (Figure 1). One 
artificial water point at Hyena Pan (± 11 km from water), near 
one of our large transects (T3), has been pumped consistently 
since 2013, about a year prior to our sampling, and as 
such unlikely to have affected the vegetation at that time. 
The major vegetation of the woodlands between the 
Okavango Delta and Linyanti Swamps is a mosaic of mopane 
woodland on alluvial soils and sandveld woodland on 
deep Kalahari sands, which have filled old river channels 
(Mendelsohn et al. 2010). Mopane woodland is dominated 
by Colophospermum mopane in the tree layer and Jasminum 
stenolobum, Zornia glochdiata, Kyllinga buchananii, Commelina 
forskaolii, Aristida adscensionis, Aristida scabrivalvis and 
Urochloa trichopus in the herbaceous layer, while sandveld 
woodland is dominated by Terminalia sericea and Philenoptera 
nelsii in the tree layer and Ipomoea chloroneura, Oxygonum 
alatum, Hibiscus mastersianus, Chamaecrista stricta, Aristida 
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Source: Map adapted from Sianga, K. & Fynn, R., 2017, ‘The vegetation and wildlife habitats of the Savuti-Mababe-Linyanti ecosystem, northern Botswana’, Koedoe 59(2), a1406. https://doi.
org/10.4102/koedoe.v59i2.1406

FIGURE 1: A map of the study area in the woodlands between the Okavango Delta and the Linyanti Swamps showing the locations of the large (T1–4) and small transects.
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stipitata, Digitaria eriantha and Panicum maximum in the 
herbaceous layer (Sianga & Fynn 2017).

Vegetation sampling
Four large transects (about 27 km each) perpendicular to 
permanent water sources of the Linyanti Swamps and 
Okavango Delta (Figure 1) were sampled during the wet 
season (from January 2014 to end of March 2014) along easy 
access routes such as cutlines extending out from the two 
wetland systems and, therefore, across the major axis of 
the landscape (Figure 1). Each transect was divided into 
three distance zones as follows: near zone (0 km – 5 km), 
intermediate zone (10 km – 15 km) and far zone (> 20 km; up 
to 27 km) from permanent water. Thus, our four large transects 
represent landscapes with > 40% of their total area being 
beyond the maximum movement distance of elephant from 
water during the dry season. We controlled environmental 
effects by selecting only mopane and sandveld woodland 
because these are dryland plant communities that occur in all 
three distance zones. Thus, we avoided the confounding 
effects of soil type and soil moisture by keeping vegetation 
and soil types constant along the large transects (we avoided 
moist riverine communities directly adjacent to floodplains). 
The mopane-sandveld mosaic makes up over 90% of the total 
surface area of the dryland vegetation and so provides the 
greater bulk of the forage resources outside of the wetlands 
(Figure 1). This study aimed to assess the integrated effect of 
herbivory on vegetation in both the wet and dry season, 
which is manifest in wet season growth. Additionally, dry 
season sampling is impossible, since all species senesce and 
most herbaceous species disappear completely, making it 
impossible (and spurious) to determine composition and 
richness during this time of year. Therefore, vegetation 
sampling was done during the wet season, starting in January 
for easier identification of species (i.e. presence of flowers or 
inflorescence).

In each distance zone along the large transects, we laid down 
6–7 small transects in each of the two vegetation types 
(mopane and sandveld). The position of small transects was 
identified by using two random numbers between 20 m and 
100 m, with the first random number taken along an access 
route (cutline) and the second perpendicular from the cutline 
into the vegetation. A transect was set at a point where the 
second number fell. Each small transect was 100 m long and 
orientated perpendicular to the access road. Small transects 
were at least 500 m apart if in the same patch of woodland 
but we generally chose a new patch of sandveld or mopane 
woodland for each transect (the mopane and sandveld 
communities consists of a mosaic of patches, each generally 
several hundred metres wide, determined by patches of 
alluvial soils alternating with sand filled paleo-river 
channels).

Plant species richness
For plant species richness, all forb, grass and woody species 
were enumerated in one 40 m × 20 m releve plot per transect 

laid down over the first 40 m of each small transect. On large 
transect 3 (T3) in the > 20 km zone in mopane woodland, 
only three releve plots were used in the analysis instead of 
seven, owing to an error in plot sizes (50 m × 20 m instead of 
40 m × 20 m) for four releve plots, which we discarded.

Woody vegetation
Woody vegetation structure was assessed at three points on 
the small transects (0 m, 50 m and 100 m) according to an 
adaptation of the point-centred quarter (PCQ) method 
(Mitchell 2010), whereby we added height classes of woody 
vegetation (0 m – 1 m, 1 m – 2 m, 2 m – 4 m and > 4 m). Per 
centre point, the area to be sampled was divided into 
quarters by imagining a line perpendicular to the transect 
line. For every quarter (hereafter sample point), the closest 
tree was identified in every height class. To avoid overlap 
between the sample points, a maximum sampling distance 
of 25 m to the nearest tree of a specific height class was 
chosen. For the sampled trees, distance from sampling point 
to the centre of tree trunk (with the use of a rangefinder) and 
height (with the use of a measuring pole) (Mitchell 2010) 
was recorded. Although plotless methods such as the point-
centre quarter method may not be suitable for estimating the 
density of rare species, we restricted our analyses to the 
three most abundant species and our probability estimates 
are expected to be robust.

Grasses
Grasses were sampled at five points on the small transects 
(0 m, 25 m, 50 m, 75 m and 100 m) in 1 m2 quadrats (hereafter 
sample point). All grass species rooted within each quadrat 
were listed and their cover estimated (to within 5% accuracy 
if cover > 10% [Koerner et al. 2014], and to within 1% 
accuracy if cover < 10%, as not to overestimate the abundance 
of rare species). Grasses that could not be identified to the 
species level, mainly because of the absence of inflorescence 
or small growth stage of the plant in young grasses, were if 
possible identified to the genus level or else marked as 
‘unidentified’.

Unknown plants were pressed in the field and brought to the 
Peter Smith Herbarium (PSUB) collection at the Okavango 
Research Institute (Maun, Botswana) for identification. All 
vegetation nomenclature followed Germishuizen et al. (2006).

Herbivore density estimates
Herbivore dung was used to estimate herbivore density in 
this study area. Elephant and other herbivore dung heaps 
were counted within 2 m of each side of each small transect. 
Dung counts of elephants are a reliable index of elephant 
density (Barnes 2001), which is also true for the other 
mammalian herbivores (Cromsigt et al. 2009). Owing to the 
long-lasting nature of elephant dung, dung counts represent 
current wet season deposits as well as carry over from the 
previous dry season. Identification of herbivore species based 
on dung found in this study area was based on Walker (1996) 
and the expertise of various researchers.

http://www.koedoe.co.za
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Fire
To test the effects of fire, we used moderate resolution 
imaging spectroradiometer (MODIS) normalised difference 
vegetation index (NDVI) time-series to map fire events over 
the last 15 years. These data were used to determine the burn 
frequency of each small transect, which was used as a 
covariate in our statistical models.

Statistical analysis
Data from the two vegetation types (mopane and sandveld) 
were analysed separately. We analysed the relationships 
between each of the three response variables, (1) species 
richness of grasses, forbs and trees, (2) woody species 
structure (height class) and (3) grass cover in mopane and 
sandveld woodland, and four predictor variables, (1) distance 
zone from permanent water, (2) elephant dung count, 
(3) herbivore dung count and (4) fire frequency, and added 
one or two (see motivation below) random effects: (1) small 
transect and (2) sample point, using Bayesian generalized 
linear mixed models (BGLMMs) with Markov chain Monte 
Carlo (MCMC) estimation using the MCMCglmm package 
(Hadfield 2010) in R, Version 3.2.3 (R Core-Team 2013). 
We tested our hypothesis that greater elephant density 
closer to permanent water would negatively affect the 
woody structure, grass cover and plant richness using two 
approaches: (1) a model that considered distance zone from 
permanent water and fire frequency and their interaction as 
fixed effects, where the 0 km – 5 km zone was thought to be 
subject to year-round elephant occupancy in greater numbers, 
but occupancy and abundance would decline further from 
permanent water, especially beyond 20 km during the dry 
season (O’Connor et al. 2007; Young & Van Aarde 2010) and 
(2) a model that considered elephant dung count (or herbivore 
dung count) and fire frequency and their interaction as fixed 
effects (as elephant dung count strongly differed between 
distance zone and could cause collinearity in the model). 
We included fire frequency as a covariate because fire is 
considered to be a critical variable affecting the composition 
and structure of woody vegetation (Mudongo, Fynn & 
Bonyongo 2015). Furthermore, previous studies indicate that 
fire frequency interacts with herbivory in its effect on plant 
richness (Collins et al. 1998; Koerner et al. 2014).

Random effects were included in the models based on the 
rules of thumb: > 5–6 levels per random effect and > 10–20 
samples per treatment level or experimental unit (Bolker 
et al. 2008). Thus, none of our models included the large 
transects (4 levels) in the random effect structure. The models 
for grass cover and species richness included only small 
transect (7 levels) in the random effect structure, while for 
woody species we also included sample point as a random 
effect (12 levels), nested within small transect.

For species richness, a Poisson distribution with a log-link 
(family ‘poisson’) was specified for both models. Initial 
models started with an inverse Wishart prior for both the 
residual and random effect (co)variances [R and G-structures: 

Pr (σ2) ~ IW (V = 1, nu = 0.002)]. For the response variables, 
woody structure and grass cover, binomial distributions 
with logit-links (families ‘categorical’ and ‘multinomial2’, 
respectively) were specified. Initial models started with a 
prior residual variance component fixed to 1 [R-structure: 
Pr(σ2) ~ IW(V = 1, fix = 1)] and an inverse Wishart prior for 
the random effect (co)variances [G-structure: Pr(σ2) ~ IW(V = 
1, nu = 0.002)].

We ran all initial models with 500 000 iterations, a burn-in 
period of 100 000, and a thinning interval of 100 iterations to 
allow us to store 4000 samples. We examined sampling 
efficiency and convergence of each initial model through 
their mixing properties, using trace plots and calculated 
autocorrelation within and between all fixed and random 
effects. We only accepted models if the autocorrelation was 
< 0.1 (Hadfield 2015).

If model sampling efficiency and convergence was 
unsatisfactory, we used a stepwise process to improve the 
model’s performance: first, by adding a redundant non-
identified parameter to the G-structure of the initial prior 
(parameter expanded priors: alpha.mu = 0 and alpha.V = 
1000); then, by using the slice sampling method of Damien, 
Wakefield and Walker (1999) in combination with both the 
initial and parameter expanded priors; and, when previous 
adjustments did not improve mixing properties of the 
models to a satisfying level, we improved mixing by 
varying the residual variance from 1 to a maximum of 10. 
These adjustments may improve mixing properties of the 
chain and lead to quicker model convergence (Hadfield 
2015). If this still did not result in an acceptable level of 
autocorrelation, we increased the total number of iterations 
with steps of 500 000 iterations until it did, which required 
also increasing the thinning and burn-in proportionally 
(thin = 0.0002 and burn-in = 0.2 of total number of iterations) 
to maintain the total number of stored samples at 4000. Our 
final models are specified in supplementary material under 
Table 1-A1. We validated our models by running each 
final model three times and calculate their average 
autocorrelation and checked model convergence using the 
Gelman and Rubin’s convergence diagnostic (Gelman & 
Rubin 1992), which compares within and between chain 
variance. Models had converged if the potential scale 
reduction (PSR) factor was less than 1.1. For woody 
structural and grass cover responses, we here present only 
species that were abundant enough to be analysed, for 
example, to give an adequate model convergence. Hence, 
hereafter we discuss only three tree species (C. mopane, 
P. nelsii and T. sericea) and 12 grass species (A. adscensionis, 
A. scrabrivalvis, A. stipitata, Dactyloctenium giganteum, 
D. eriantha, Digitaria milanjiana, Eragrostis rigidior, Eragrostis 
trichophora, P. maximum, Pogonarthria fleckii, Schmidtia 
pappophoroides and U. trichopus).

Results
We observed a total of 38 tree, 191 forb and 66 grass species. 
Unidentified grass species (including grasses that were 
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identified only to the genus level) accounted for < 1% cover 
in both mopane and sandveld woodland.

Plant species richness
Grasses
Species richness of grasses, forbs and trees responded 
differently to distance zone, elephant dung counts and fire 
frequency and between vegetation types (Table 1; Figures 2 
and 3). In mopane woodland, grass richness was not 
significantly related to distance zone, elephant or herbivore 

dung count or fire, but in sandveld woodland the far zone 
(> 20 km) had significantly lower grass richness than 
the near zone (< 5 km) (pMCMC = 0.012) (Table 1 and 
Figure 2). Similar to distance zone, grass richness was 
greater in sites with higher elephant dung counts (but not 
herbivore dung counts) in sandveld woodland (pMCMC = 
0.033), suggesting that higher richness in the near zone 
in sandveld is related to greater elephant impact in this 
zone (Table 1 and Figure 3). Similarly, fire frequency was 
positively related to grass richness in sandveld woodland 
(pMCMC = 0.0055) (Table 1).

TABLE 1: Markov chain Monte Carlo analyses (Hadfield 2010) of grass, forb and tree richness data in sandveld and mopane woodland in different distance zones from 
permanent water (zone) and gradients of elephant density (elephant dung count).
Variable Mopane Sandveld

Post. mean Lower CI Upper CI pMCMC Post. Mean Lower CI Upper CI pMCMC

Grasses
 Intercept 2.22409 2.04225 2.40356 < 3e-04 1.87523 1.64360 2.10593 < 3e-04
 Zone 2 -0.06946 -0.34388 0.22440 0.62500 -0.15135 -0.52249 0.22733 0.44200
 Zone 3 -0.03411 -0.32712 0.24297 0.80200 -0.49862 -0.89228 -0.10933 0.01200
 Fire 0.02679 -0.09982 0.14635 0.65700 0.06136 -0.08926 0.21421 0.41050
 Zone 2: Fire 0.09890 -0.08549 0.27494 0.28100 0.00180 -0.21427 0.22520 0.99750
 Zone 3: Fire 0.04279 -0.14016 0.19470 0.61300 0.19445 -0.01006 0.40049 0.06450
 Intercept 2.20136 2.05532 2.33642 < 3e-04 1.54702 1.34921 1.77001 < 3e-04
 Elephant dung -0.00048 -0.00899 0.00667 0.91900 0.00929 0.00112 0.01830 0.03300
 Fire 0.08018 -0.00860 0.15753 0.07000 0.15630 0.04498 0.26772 0.00550
 Elephant dung: Fire -0.00120 -0.00716 0.00480 0.68800 -0.00217 -0.00676 0.00283 0.35400
 Intercept 2.206151 2.078758 2.329491 < 3e-04 1.65394 1.47749 1.84133 < 3e-04
 Herbivore dung -0.00945 -0.07213 0.04554 0.754 0.02493 -0.03005 0.0743 0.358
 Fire 0.072843 -0.00034 0.146269 0.053 0.13796 0.04831 0.22172 0.0015
 Herbivore dung: Fire -0.00131 -0.03429 0.030614 0.954 -0.01142 -0.06086 0.03934 0.657
Forbs
 Intercept 3.55230 3.44039 3.65256 < 3e-04 3.69706 3.59712 3.79533 < 3e-04
 Zone 2 0.02557 -0.14427 0.18676 0.76500 -0.08621 -0.24687 0.07482 0.27550
 Zone 3 0.24796 0.08323 0.39824 0.00400 -0.22532 -0.37550 -0.04891 0.00550
 Fire -0.06195 -0.13510 0.01624 0.10900 0.00654 -0.05933 0.07359 0.83750
 Zone 2: Fire 0.06764 -0.04205 0.17971 0.24400 0.03394 -0.06100 0.13115 0.48300
 Zone 3: Fire 0.06308 -0.03209 0.16845 0.20700 0.06791 -0.01770 0.16448 0.13450
 Intercept 3.63079 3.53999 3.72541 < 3e-04 3.53599 3.44915 3.62710 < 3e-04
 Elephant dung -0.00195 -0.00713 0.00317 0.46100 0.00526 0.00110 0.00888 0.00800
 Fire 0.04478 -0.01105 0.10084 0.10700 0.06102 0.01256 0.11055 0.01450
 Elephant dung: Fire -0.00549 -0.00970 -0.00098 0.00900 -0.00191 -0.00406 0.00022 0.08500
 Intercept 3.605146 3.514217 3.696185 < 3e-04 3.572131 3.498008 3.648137 < 3e-04
 Herbivore dung 0.006931 -0.03095 0.04547 0.737 0.028307 0.00676 0.0497 0.0095
 Fire 0.013994 -0.04046 0.066021 0.61 0.048589 0.00783 0.083679 0.015
 Herbivore dung: Fire 0.000175 -0.02273 0.021779 0.978 -0.01446 -0.0368 0.006218 0.1785
Trees
 Intercept 1.86873 1.65504 2.08320 < 3e-04 1.87771 1.63194 2.10895 < 3e-04
 Zone 2 -0.00147 -0.37023 0.35343 0.99500 -0.41440 -0.82848 0.00662 0.05500
 Zone 3 -0.04993 -0.40315 0.28506 0.78900 -0.28358 -0.65677 0.12384 0.16200
 Fire -0.10026 -0.26445 0.05877 0.21800 -0.10368 -0.27068 0.06374 0.23100
 Zone 2: Fire 0.01066 -0.24075 0.25998 0.94100 0.13277 -0.11361 0.39494 0.30400
 Zone 3: Fire 0.09558 -0.12434 0.30662 0.38100 0.14158 -0.07948 0.37012 0.22200
 Intercept 1.84200 1.66000 2.01800 < 3e-04 1.61508 1.40903 1.84147 < 3e-04
 Elephant dung 0.00008 -0.00900 0.01007 0.97200 0.00519 -0.00342 0.01450 0.26200
 Fire -0.02390 -0.13560 0.08372 0.67300 -0.05893 -0.18405 0.07043 0.37100
 Elephant dung: Fire -0.00378 -0.01241 0.00403 0.36500 0.00176 -0.00366 0.00625 0.48200
 Intercept 1.837142 1.668944 1.988468 < 3e-04 1.64481 1.44272 1.830941 < 3e-04
 Herbivore dung 0.008271 -0.0633 0.07838 0.798 0.041822 -0.01006 0.092675 0.115
 Fire -0.03664 -0.13681 0.056301 0.445 0.002977 -0.09611 0.099106 0.964
 Herbivore dung: Fire -0.0148 -0.06091 0.028589 0.511 -0.0486 -0.10664 0.007623 0.091

Significant variables ( p < 0.05) in bold font.
Post., posterior mean; CI, confidence interval; pMCMC, Markov chain Monte Carlo.
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Forbs
Forb richness showed similar responses to grasses being 
higher in the near zone of sandveld woodland (pMCMC = 
0.0055) and increasing with increasing elephant dung count 
(pMCMC = 0.008) (Table 1 and Figure 3) but showed the 

opposite response in mopane woodland, being lower in the 
near than the far zone (pMCMC = 0.004) (Table 1; Figures 2 
and 3). While there was no significant relationship between 
grass richness and herbivore dung count, for forb richness 
there was a significant positive relationship in sandveld 
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FIGURE 2: The relationship between species richness in mopane woodland and distance zone from permanent water or elephant dung count. (a) Grass species richness 
versus distance zone, (b) forbs species richness versus distance zone, (c) tree species richness versus distance zone, (d) grass species richness versus elephant dung, (e) 
forbs species richness versus elephant dung and (f) trees species richness versus elephant dung. 
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FIGURE 3: The relationship between species richness in sandveld woodland and distance zone from permanent water or elephant dung count. (a) Grass species richness 
versus distance zone, (b) forbs species richness versus distance zone, (c) tree species richness versus distance zone, (d) grass species richness versus elephant dung, 
(e) forbs species richness versus elephant dung and (f) trees species richness versus elephant dung. 
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woodland (pMCMC = 0.0095), similar to the relationship 
with elephant dung count (Table 1 and Figure 3). Thus, there 
appears to be a general trend of forb and grass richness being 
affected positively by disturbances from elephants (and to a 
lesser extent herbivores) in sandveld woodland, but with the 
opposite trend in mopane woodland.

Trees
In contrast to grasses and forbs, fire, elephant and herbivore 
dung count, and distance zone were not significantly related 
to tree richness in sandveld or mopane woodland (Table 1).

Woody species structural responses
For C. mopane, there was a significant zone × height class 4 
interaction where the > 20 km zone (posterior mean = 
2.7973, pMCMC = 0.0080) had a significantly higher 
probability of finding individuals of C. mopane in the > 4 m 
height class (Table 2-A1; Figure 4). This was also reflected in 
the elephant dung count × height class interaction where 
the probability of finding individuals of C. mopane of the > 4 m 
height class was lower with higher elephant dung count 
(posterior mean = -0.0570, pMCMC = 0.0295) (Table 2-A1; 
Figure 4). However, these effects were small relative to 
those on T. sericea. Fire frequency was negatively related to 
the probability of observing C. mopane, especially in the 
taller height classes as shown by the fire frequency × height 
class interaction (Table 2-A1).

For P. nelsii, there was also a significant zone × height class 4 
interaction but in the opposite direction to T. sericea, where 

the 10 km – 15 km zone (posterior mean = -2.3549, pMCMC = 
0.0190) and the > 20 km zone (posterior mean = -4.1166, 
pMCMC = 0.0003) had significantly lower probability of 
containing individuals of P. nelsii > 4 m height class 
(Table 2-A1; Figure 4). In other words, taller trees of P. nelsii 
were more common in the 0 km – 5 km zone (Figure 4). There 
was a lower probability of finding individuals of P. nelsii 
> 4 m tall where fire frequency was greater (posterior mean = 
-0.9277, pMCMC = 0.0130) (Table 2-A1).

For T. sericea, there was a significant zone × height class 4 
interaction, whereby the 10 km – 15 km zone (posterior 
mean = 6.4833, pMCMC = 0.0020) and the > 20 km zone 
(posterior mean = 6.3842, pMCMC = 0.0015) had significantly 
higher probability of containing individuals of T. sericea in 
the > 4 m height class (Table 2-A1; Figure 4). This was also 
reflected in the elephant dung count × height class interaction 
where the probability of finding individuals of T. sericea 
of the > 4 m height class was lower with higher elephant 
dung count (posterior mean = -0.1020, pMCMC = 0.0065) 
(Table 2-A1; Figure 4).

Grass cover responses
Distance from permanent water
Digitaria eriantha, a high-quality medium or tall perennial 
grass, was not different across the three distance zones (0 km – 
5 km: posterior mean= -14.08, pMCMC = 0.0003; 10 km – 
15 km: posterior mean = 2.56, pMCMC = 0.365 and > 20 km: 
posterior mean = 0.966, pMCMC = 0.759) in mopane woodland 
(Figure 5; Table 3-A1). However, in its preferred habitat, 

HC, Height class: (1: 0 m – 1 m, 2: 1 m – 2 m, 3: 2 m – 4 m and 4: > 4 m); C. mopane, Colophospermum mopane; P. Nelsii, Philenoptera nelsii; T. sericea, Terminalia sericea.

FIGURE 4: The relationship between the height structure of the three most dominant tree species of the study area and distance zone from permanent water. 
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sandveld, where it is more abundant, D. eriantha had lower 
cover in the near zone (0 km – 5 km) than the intermediate 
(10 km – 15 km) (posterior mean = 2.0178, pMCMC = 0.0295) 
and far zones (> 20 km) (posterior mean = 2.2788, pMCMC = 
0.0105) (Table 3-A1; Figure 5) but for P. maximum, another 
high-quality tall perennial grass, cover in the 10 km – 15 km 

(posterior mean = 0.5020, pMCMC = 0.6980) and > 20 km 
(posterior mean = -0.5565, pMCMC = 0.6780) zones did not 
differ from the 0 km – 5 km zone in sandveld woodland 
(Figure 5; Table 3-A1). Urochloa trichopus, a high-quality short 
annual grass, had much greater cover in the 0 km – 5 km 
zone than the 10 km – 15 km (posterior mean = -6.8563, 
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Uro.trich, Urochloa trichopus; Sch.papp, Schmidtia pappophoroides; Pog.flec, Pogonarthria fleckii; Pan. Maxi, Panicum maximum; Era.tric, Eragrostis trichophora; Era.regi, Eragrostis rigidior; Dig.
mila, Digitaria milanjiana; Dig.eria, Digitaria eriantha; Dac.giga, Dactyloctenium giganteum; Ari.stipi, Aristida stipitata; Ari.scab, Aristida scrabrivalvis; Ari.adsc, Aristida adscensionis.

FIGURE 5: The relationship between the cover of the major grasses of the study area and distance zone from permanent water. 
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pMCMC = 0.0005) and > 20 km (posterior mean = -4.4625, 
pMCMC = 0.0120) zones in sandveld woodland, while in 
mopane woodland only the 10 km – 15 km (posterior mean = 
-4.0511, pMCMC = 0.0160) and not the > 20 km (posterior 
mean = -1.6514, pMCMC = 0.2730) zone was significantly 
lower than the 0 km – 5 km zone (Figure 5; Table 3-A1). For 
poor-quality grazing grasses, such as A. adscensionis, the cover 
of the 10 km – 15 km (posterior mean = 0.7943, pMCMC = 
0.2900) and > 20 km (posterior mean = 0.3081, pMCMC = 
0.6760) zones in mopane woodland did not differ from the 
0 km – 5 km zone (Figure 5; Table 3-A1) as was the case with 
A. stipitata in sandveld woodland, where its cover in the 10 km 
– 15 km (posterior mean = -0.6306, pMCMC = 0.5960) and far 
> 20 km (posterior mean = 0.2058, pMCMC = 0.8750) zones did 
not differ from the 0 km – 5 km zone (Figure 5; Table 3-A1). 
However, cover of the poor-quality P. fleckii was greater in the 
0 km – 5 km zone in both sandveld (posterior mean = -7.7248, 
pMCMC = 3e-04) and mopane woodlands (posterior mean = 
-6.0431, pMCMC = 0.0010) (Figure 5; Table 3-A1).

Elephant dung count
Cover of poor-quality grazing grass such as P. fleckii 
increased with increasing elephant dung count in mopane 
(posterior mean = 0.1983, pMCMC = 0.0040) and sandveld 
woodlands (posterior mean = 0.2602, pMCMC = 0.0003), 
respectively, but that of A. adscensionis and E. trichophora 
decreased with increasing elephant dung count in mopane 
woodland (posterior mean = -0.0513, pMCMC = 0.0100 and 
posterior mean = -0.5610, pMCMC = 0.0005), respectively 
(Table 3-A1). The high-quality annual grass D. giganteum 
also decreased with increasing elephant dung count in 
sandveld woodland (posterior mean = -0.0881, pMCMC = 
0.0235) (Figure 5; Table 3-A1).

Herbivore dung count
Aristida adscensionis, E. rigidior, E. trichophora and 
S. pappophoroides (all in mopane woodland) decreased with 
herbivore dung (posterior mean = -0.3058, pMCMC = 
0.0340, posterior mean = -1.2515, pMCMC = 0.0320, posterior 
mean = -1.5979, pMCMC = 0.0145 and posterior mean = 
-3.0292, pMCMC = 0.0010), respectively (Table 3-A1) while 
that of U. trichopus in sandveld woodland increased with 
herbivore dung (posterior mean = 0.5256, pMCMC = 0.0345) 
(Table 3-A1).

Fire
Fire had no effect on A. adscensionis, U. trichopus, E. rigidior, 
E. trichophora, P. maximum and P. fleckii in mopane woodland 
and D. giganteum, D. eriantha, P. maximum, U. trichopus and 
P. fleckii in sandveld, respectively (Table 3-A1). Grasses such 
as D. eriantha and S. pappophoroides increased with fire in 
mopane woodland (Table 3-A1).

Discussion
This study demonstrated that spatial refuges far from 
permanent water in the relatively unmodified landscapes 

of this study area provided a buffering effect against 
homogenisation of vegetation composition, structure and 
diversity across the landscape by a massive elephant 
population and large populations of buffalo and other large 
herbivores. This supported our hypothesis that landscapes 
that have a large proportion of their area beyond the 
maximum foraging distance from water during the dry 
season for most large herbivores (> 15 km) would be resilient 
to the impacts of large herbivore populations. There is great 
concern that growing populations of elephant may eventually 
reach levels that will negatively affect ecosystem function 
and diversity, and thereby populations of other herbivore 
species (Cumming et al. 1997). Northern Botswana has by far 
the largest population of elephants in Africa at approximately 
130 000 (Chase 2011; Chase et al. 2016) and there is therefore 
potential for elephant to homogenise vegetation structure 
and reduce diversity across landscapes (e.g. Asner & Levick 
2012). However, in the landscapes of our study area, which 
extend to at least 25 km from available water during the dry 
season, we did not observe homogenisation of vegetation 
composition, structure or richness but rather heterogeneity in 
these variables. For example, woody species favoured over 
the dry season such as T. sericea (Ben-shahar 1993) occurred 
as immature populations of short, pollarded shrubs within 
5 km of water but tall mature populations of these species 
were typical of the landscape beyond 20 km from permanent 
water although present within as little as 10 km of water 
(Figures 4 and 6). By contrast, elephants are impacting 
favoured woody species right across landscapes in the 
Kruger National Park (Asner & Levick 2012), where artificial 
water points have reduced the average distance to available 
water in the dry season to around 6 km (Redfern et al. 
2003), well under our proposed distance of 15 km, thereby 
eliminating spatial refuges in the landscape for favoured 
woody species. Similarly, elephants are impacting trees up to 
60 km from the Chobe River (Fullman & Child 2013) because 
of many artificial water points in those distant back country 
woodlands, enabling elephant to spend all year in the 
backcountry areas (no spatial refuge available).

In addition, there was no change in woody species richness 
in sandveld and mopane woodland with distance from water 
or with elephant dung count (Table 1), suggesting that in 
these extensive landscapes most woody species populations 
are not extirpated under high elephant impact but rather 
survive in a shorter structural state. Thus, in accordance with 
our hypothesis, it appears that in extensive, heterogeneous 
landscapes without fences restricting movement, where 
elephants are able to move seasonally between functionally 
different habitats and shift their foraging away from over-
utilised areas, woody plants are able to persist under a large 
elephant population (albeit in a shorter state), such that 
woody diversity is not negatively impacted (sensu Fynn 
2012). By contrast, richness of woody species was found to be 
significantly lower in the elephant-impacted zone (< 10 km) 
of the Chobe River Front (Fullman & Child 2013) and inside 
the southern buffalo fence of the Okavango Delta (Cassidy, 
Fynn & Sethebe 2013). The much greater effect of elephants 
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on tree richness in sandveld and mopane woodlands (the 
same communities examined in this study) along the 
southern buffalo fence than in this study could possibly have 
been caused by elephant movement ranges in these 
woodlands being constrained to a relatively narrow band of 
woodland between the floodplains of the Okavango Delta 
and the southern buffalo fence; hence, no spatial refuges are 
possible and the southern buffalo fence is likely to further 
concentrate elephant foraging. Thus in these extensive, 
relatively unfragmented woodland landscapes, where large 
parts of the landscape occur greater than 15 km from 
permanent water (spatial refuges), elephants have not 
homogenised woody vegetation structure or reduced 
diversity but rather have created structural heterogeneity 
across the landscape, as predicted for large unmodified 
landscapes (Du Toit, Skarpe & Moe 2014).

The contrasting responses of forb and grass richness to 
herbivory and distance from permanent water in mopane and 
sandveld woodlands appear to be related to well-known 
interactions of herbivory and habitat productivity on grass 
and forb richness, with richness generally being decreased by 
herbivory in less productive habitats and increased by 
herbivory in more productive habitats, observed globally 
(Bakker et al. 2006; Osem, Perevolotsky & Kigel 2002; Proulx & 
Mazumder 1998) and in African savannas (Burkepile et al. 
2017). This is because in more productive habitats herbivory 
reduces competition from dominant herbaceous species while 
in unproductive habitats dominants are not productive enough 
to exclude other species but instead herbivory increases stress 
on many species (Burkepile et al. 2017). Sandveld woodland 
generally has a taller and denser grass layer than mopane 
woodland, which has a lot of bare ground. For example, during 
the wet season, the total cover of grasses in the > 20 km zone of 
sandveld woodland was 83.4% ± 29.3%, whereas in mopane 
woodland total grass cover was 56.9% ± 12.9%. Thus it appears 
that insufficient fire or herbivory in sandveld woodland results 
in large dominant herbaceous species excluding small grasses 
and forbs (e.g. Koerner et al. 2014). Thus overall, richness does 
not appear to have undergone catastrophic declines under 
foraging and trampling impacts of a large herbivore biomass, 
but rather responds to herbivory positively or negatively 
depending upon habitat productivity and the potential for 
competitive exclusion (Bakker et al. 2006; Burkepile et al. 2017; 
Osem et al. 2002; Proulx & Mazumder 1998).

Similarly to patterns of woody vegetation structure with 
distance from water, we found that taller tufted high-quality 
perennial grasses such as D. eriantha were more abundant far 
from water (> 20 km) but that shorter, high-quality grasses 
such as U. trichopus were most abundant within 5 km of 
water (Figure 5) demonstrating that gradients of herbivory 
and trampling by elephant and other large herbivores with 
increasing distance from permanent water created both 
compositional and structural heterogeneity in the grass layer. 
Had there been significant numbers of artificial water points 
in the backcountry parts of these landscapes, however, we 
would predict that elephant and other large herbivores 

c

b

a

Source: Photos taken by Jip Vrooman

FIGURE 6: Structure of Terminalia sericea with increasing distance from water. (a) 
Within 5 km of water, most individuals of Terminalia sericea have been severely 
pollarded and (b) kept in a shrubland structural state. (c) However, beyond 10 km 
from water, individuals of Terminalia sericea > 4 m in height are common.
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would have homogenised the structure of favoured woody 
species as well as composition and structure of grasses 
right across the landscape. A decline in the abundance of 
high-quality tall grasses with year-round grazing in the 
backcountry woodlands would be expected to negatively 
impact tall-grass grazers such as buffalo, sable and roan 
antelope (Fynn et al. 2016). This might have had negative 
knock-on effects on other biota such as various birds, bats, 
insects, et cetera. that rely on mature woodland or taller 
grasses as optimal habitat (e.g. Cumming et al. 1997). Creation 
of heterogeneity in woodland structure (zones of short, 
immature and tall, mature woodland) and in grass 
composition and structure may be expected to maximise 
niches for various biota, some of which may favour different 
structural and compositional states of woodland and 
grassland, as observed for birds with woodland structural 
heterogeneity (Bradbury et al. 2005) and for birds and insects 
with grassland structural heterogeneity (Chambers & 
Samways 1998; Fuhlendorf et al. 2006; Krook et al. 2007).

In addition, creation of heterogeneity in grassland structure 
facilitates adaptive foraging options and more stable and 
productive herbivore populations (Hopcraft et al. 2010; Owen-
Smith 2002, 2004). Grassland structural heterogeneity also 
facilitates niche diversity for medium and tall-grass grazers 
such as roan and sable antelope and buffalo, having a spatial 
refuge far from water and short-grass grazers such as 
wildebeest and impala having a special niche closer to water 
(Fynn et al. 2016). Several studies in this landscape have shown 
that roan and sable antelope prefer these backcountry areas far 
from water in both wet and dry seasons, though they will walk 
to water every 3 or 4 days to drink during the dry season 
(Havemann 2014; Hensman et al. 2014). In addition, it has been 
observed that immediately once the rains arrive African 
buffalo leave the floodplains and move far out from water, 
presumably to benefit from the higher abundance of D. eriantha 
far from water (Sianga, Fynn & Bonyongo 2017). These effects 
of herbivores on composition and structural heterogeneity 
across these landscapes are likely to be further enhanced by 
the observation that herbivory also increased heterogeneity in 
grass and forb richness across the landscape (Table 1). Richness 
may be important for adaptive foraging options for herbivores 
in the form of diet breadth expansion (Owen-Smith 2002). 
Owing to the spatial refuges for tall grasses in this study area, 
roan and sable populations are indeed maintained here at 
healthy numbers (Chase 2011; Havemann 2014; Hensman et 
al. 2014) but have collapsed in Kruger National Park where 
spatial refuges in landscapes have been eliminated by AWP 
(Harrington et al. 1999).

Conclusion
It is clear that herbivory on the large distance gradients away 
from permanent water (> 20 km) in the SMLE has created key 
diversity, compositional and structural heterogeneity in 
grass, forb and woody species that is likely to result in greater 
niche diversity and adaptive foraging options that will 
enhance biodiversity and herbivore population stability and 
productivity. In this regard, our findings show that spatial 

refuges for both grass and woody species operated beyond 
15 km from permanent water, with the implication that 
managers should avoid AWP in backcountry woodlands, 
because water points will reduce the distance to available 
water during the dry season and consequently eliminate 
spatial refuges for plants and animals. If AWP cannot be 
avoided, for whatever reason, then artificial water points 
should be spaced at least 50 km apart to ensure a 25 km 
distance away from dry season water, providing for a large 
proportion (around 40%) of the landscape area as a spatial 
refuge from herbivory during the dry season (15 km – 25 km = 
40% of the landscape). Consequently, too many artificial 
water points in backcountry woodlands could seriously 
undermine the resilience of landscapes to herbivory by 
reducing the proportion of landscapes beyond 15 km from 
permanent water (reduced area of spatial refuges), which 
will reduce the resilience of plant, herbivore and predator 
populations that depend on these spatial refuges. We strongly 
advise that future scientific work, and management and 
policy actions should be focused on the identification and 
sustaining of these spatial refuges in wildlife areas.
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