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Summary

1. Productivity and herbivory often interact to shape plant community composition and species rich-
ness with levels of production mediating the impact of herbivory. However, differences in herbivore
traits such as size, feeding guild and dietary requirements may result in different impacts of diverse
herbivore guilds across productivity gradients.
2. We used size-selective herbivore exclosures to separate the effects of herbivory by larger herbi-
vores, such as elephant, Burchell’s zebra and blue wildebeest from those of medium/smaller herbi-
vores, such as impala and warthog, on herbaceous plant communities. These exclosures were
established along a 10-fold productivity gradient, ranging from 90 to 950 g m�2 of standing plant
biomass in the Kruger National Park, South Africa.
3. Exclusion of all herbivores generally increased plant species richness at low productivity, but
decreased richness at high productivity. Exclusion of medium/smaller herbivores (e.g. impala,
warthog) showed stronger effects on plant richness, particularly loss of forbs, at higher productivity
rather than at lower productivity. In contrast, exclusion of larger herbivores had stronger effects on
plant richness, typically with increasing forb richness, at low rather than high productivity.
4. The change in species richness appeared linked to changes in light availability following herbi-
vore exclusion. Strong increases in shading led to declines in species richness while more moderate
increases in shading led to increases in species richness, possibly due to amelioration of heat and
water stress by modest increases in shading.
5. Increasing plant dominance, which likely alters multiple mechanisms of plant interactions, was
correlated with declines in plant richness following herbivore exclusion. The impact of increasing
dominance on plant richness operated independent of productivity, with the exclusion of impala
appearing particularly important in driving this relationship.
6. Synthesis. We show that the impact of herbivore losses on plant diversity will be strongly situa-
tion dependent and will vary with the herbivores lost (e.g. larger vs. smaller, grazers vs. browsers),
plant functional type (e.g. grasses vs. forbs) and environmental context (e.g. productivity). Although
larger herbivores are often emphasized for their strong impacts on community dynamics and
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ecosystem processes, we show that smaller, abundant herbivores can exert strong top-down control
on plant communities.

Key-words: abiotic gradients, bottom-up effects, foundation species, grazing lawn, mega-
herbivore, meso-herbivore, plant dominance, plant–herbivore interactions, top-down effects, wildlife
decline

Introduction

Productivity and herbivory often interact to shape plant com-
munity composition and species diversity with levels of pro-
duction mediating the impact of herbivory (Gough & Grace
1998; Olff & Ritchie 1998; Proulx & Mazumder 1998; Bur-
kepile 2013). At high levels of resource availability, large,
fast-growing plants are often abundant (Wilson & Keddy
1986; Osem, Perevolotsky & Kigel 2004; Fynn, Morris &
Kirkman 2005). However, herbivores often preferentially con-
sume these dominant species, decreasing their competitive
advantage and preventing exclusion of subordinate species. In
the absence of herbivory, plant biomass and litter accumulate
and increase competition for light in productive systems
(Knapp & Seasteadt 1986; Collins et al. 1998; Wilson & Til-
man 2002), resulting in the loss of subordinate species and
declines in plant species richness (Gough & Grace 1998;
Osem, Perevolotsky & Kigel 2002). While herbivory may
increase richness in productive habitats, it may have the oppo-
site effect in low-productivity habitats where nutrients and/or
water are often limiting and competition for space and light is
likely minimal (Tilman 1988). Here, herbivory may reduce
species richness directly via targeting nutritious species or
indirectly by increasing resource limitation, stress or the abun-
dance of a few grazing-tolerant species (Milchunas, Sala &
Lauenroth 1988; Berendse, Elberse & Geerts 1992). Under
these conditions, excluding herbivores may allow recovery
and recolonization of plants, resulting in increased species
richness (Olff & Ritchie 1998; Osem, Perevolotsky & Kigel
2002).
The complexity of the responses of plants to herbivory is

compounded by the multifaceted nature of herbivory. This is
especially true in African savannas where diverse herbivore
communities include species that differ in guild (grazers,
browsers and mixed feeders), dietary requirements and prefer-
ences (high vs. low selectivity), feeding morphology and
body size (Owen-Smith 1988; du Toit & Cumming 1999;
Kartzinel et al. 2015). Most studies examining how the inter-
active effects of herbivory and productivity shape plant com-
munities have focussed on herbivory in general (herbivory vs.
no herbivory), while much less is known about how different
species or groups of species may differentially affect plant
composition and species richness across productivity
gradients.
For example, limited evidence suggests that relative body

size may influence herbivory impacts on herbaceous plant
communities. In an intercontinental experiment, exclusion of
relatively large-bodied grazers (e.g. cattle, sheep) decreased
plant species richness in productive habitats and increased

richness in unproductive habitats (Bakker et al. 2006). How-
ever, smaller-bodied grazers (e.g. rabbits, rodents) had little
effect across the same productivity gradient. Similarly, in
South Africa, only the extremely large-bodied, mega-herbi-
vore white rhinoceros (Ceratotherium simum) but not smaller
herbivores such as impala (Aepyceros melampus) and blue
wildebeest (Connochaetes taurinus) were able to maintain
short-grass lawns in high-rainfall areas (Waldram, Bond &
Stock 2008). When rhinoceros were removed from less pro-
ductive areas, however, impala were able to maintain these
short-grass lawns. However, a more recent study from the
same area suggested that white rhinoceros had less impact on
long-term patterns in vegetation structure or functional com-
munity composition than did smaller grazers such as Burch-
ell’s zebra (Equus quagga burchelli) and African buffalo
(Syncerus caffer) (van der Plas et al. 2016). Similarly, in a
productive savanna in Kenya, excluding mega-herbivores,
mostly African savanna elephant (Loxodonta africana), had
little effect on herbaceous vegetation, while excluding rela-
tively smaller herbivores such as zebra, wildebeest and impala
had the largest effects on herbaceous plant abundance (Goh-
een et al. 2013). Although these studies begin to provide
important insights into the effect of herbivore body size on
herbaceous plant communities, more studies are needed over
ranges of habitat productivities and levels of herbivory to bet-
ter understand how productivity shapes the impact of her-
bivory and how this varies with body size and foraging
strategy.
Here, we examined whether African herbivores differing in

body size and feeding guild had differential impacts on herba-
ceous plant communities across a gradient of habitat produc-
tivity in the Kruger National Park (KNP), South Africa.
Specifically, we used size-selective herbivore exclosures to
separate the effects of herbivory by larger herbivores, such as
blue wildebeest, Burchell’s zebra and elephant from those of
medium/smaller herbivores, such as impala and warthog
(Phacochoerus aethiopicus), along a 10-fold productivity gra-
dient. We hypothesized that herbivory, in general, would vary
in its impact on plant species richness across the productivity
gradient, with herbivore removal increasing richness at low
productivity and decreasing richness at high productivity, as
predicted by previous work (Milchunas, Sala & Lauenroth
1988; Proulx & Mazumder 1998). Furthermore, we expected
that herbivore size would have differing effects across the
productivity gradient. In high-productivity areas, we expected
the exclusion of larger herbivores (e.g. elephant, buffalo,
zebra, wildebeest) to have the largest effects because their lar-
ger body size enables them to forage more effectively in taller
and lower-quality vegetation and because they have larger
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absolute food requirements (Bell 1971; Hopcraft, Olff &
Sinclair 2010). Thus, herbivores would prevent competitive
exclusion of subordinate plant species and maintain high
levels of species richness in areas of higher productivity. In
contrast, we expected that effects of excluding medium/smal-
ler herbivores (e.g. impala, warthog) would be strongest in
lower-productivity areas. In these resource-limited sites, we
expected smaller herbivores would remove a significant
amount of plant biomass and that excluding them would
increase plant species richness in these often water-stressed
sites.

Materials and methods

STUDY AREA AND EXPERIMENTAL DESIGN

Kruger National Park, South Africa (22° 250 to 25° 320 S, 30° 500 to
32° 20 E), encompasses nearly 2 million hectares of African savanna
protected since 1898. This study was conducted in the region near the
Satara tourist camp (24° 230 52″ S, 31° 460 40″ E) in the central
region of KNP. The Satara region has a mean annual rainfall of c.
550 mm, with 80–90% falling between November and March. During
our study (2006–2013), precipitation averaged 518 mm (range 397–
684 mm).

Vegetation in the region is generally open savanna that is com-
prised of a mixture of C4 grasses, annual and perennial forbs and
woody plants (e.g. Senegalia [previously Acacia] nigrescens,
Dichrostachys cinerea). Common grasses are Urochloa mossambicen-
sis, Themeda triandra, Panicum maximum, Bothriochloa radicans
and Digitaria eriantha, with areas higher in soil moisture often sup-
porting Setaria incrassata, Chloris mossambicensis, Lintonia nutans,
Echinochloa colona, Ischaemum afrum and Dinebra retroflexa. Cen-
tral KNP supports a diverse assemblage of large mammalian herbi-
vores (≥10 kg; Table S1, Supporting Information) with elephant,
white rhinoceros, giraffe (Giraffa camelopardalis giraffa), African
buffalo, Burchell’s zebra, wildebeest, greater kudu (Tragelaphus
strepsiceros) and impala being most common.

We selected four study sites with abundant herbivores, similar in
concept to nutrient hotspots in other African savannas (Anderson
et al. 2010), where herbivory was intense with little plant biomass
accumulating throughout the year. These sites were separated from
each other by 1–14 km, depending on location. A key feature of each
site was the presence of well-drained areas with lower productivity
and lower-lying, poorly drained areas with higher productivity. The
well-drained areas represent portions of the landscape where water
transports soils and nutrients downslope into comparatively poorly
drained areas. Soil analyses suggested that poorly drained areas had
higher clay and lower sand percentages, as well as higher levels of
nutrients, than did well-drained areas (Table S2).

Given that soil moisture is an important factor limiting grass pro-
ductivity (Deshmukh 1984), the extra moisture supplied from down-
slope runoff, combined with higher soil fertility, results in high
productivity in poorly drained areas. Thus, variation in soil moisture
across the gradient of well- and poorly drained sites drove a pro-
nounced productivity gradient across sites spanning c. 90–950 g m�2

standing plant biomass inside herbivore exclosures. Areas of KNP
typically burn every 3–5 years on average (van Wilgen et al. 2003),
and fire is an important aspect of the ecology of plant communities in
KNP (Smith et al. 2013). However, our sites did not burn during this
study, and they likely rarely burn due to the low fuel loads common

on these heavily grazed sites. Thus, fire was not considered an impor-
tant driver of plant communities during the duration of our study.

We established an experiment across this productivity gradient to
test for the effects of different-sized herbivores on the herbaceous
vegetation community. We manipulated access to the plant communi-
ties using a selective removal experiment that allowed differential
access to experimental plots according to herbivore size. The experi-
mental design consisted of three treatments: (i) full exclosures, (ii)
exclosures starting at a height of 0�85 m (hereafter ‘partial exclo-
sures’) and (iii) open access areas. Full exclosures excluded all ungu-
late herbivores (Table S1). Partial exclosures excluded all animals
with a shoulder height 0�85 m or greater (e.g. zebra, wildebeest, buf-
falo; see Table S1), but allowed access to medium/small herbivores
(e.g. impala, warthog). Open access areas allowed access by all herbi-
vores. Thus, we created a gradient in herbivory that ranged from no
herbivores to medium/small herbivores only, to medium/small plus
large herbivores, similar to other studies assessing impacts of differ-
ent-sized herbivores (Bakker et al. 2006; Hagenah, Prins & Olff
2009; Veblen & Young 2010; Goheen et al. 2013; van der Plas et al.
2016). Similar to these other studies, our experiment does have the
drawback that we cannot examine the impact of only larger herbi-
vores by selectively excluding medium/small herbivores only. Fur-
thermore, our experiment would have also created differential impacts
of other mammalian-driven processes such as trampling, granivory
and soil disturbance (Cumming & Cumming 2003). Although we
did not quantify these processes, they may have contributed
somewhat to the changes in plant communities that we observed
across the exclosures.

Full exclosures measured 7 m in diameter (enclosing 38�5 m2 of
savanna) and consisted of diamond mesh (5-cm-diameter mesh) to a
height of 1�2 m, with a bailing-wire barrier at 2 m (see Koerner et al.
2014). Partial exclosures, also 7 m in diameter, consisted of bailing-
wire barriers at 0�85, 1�0, 1�2, 1�5 and 2 m above the ground (see
Fig. 1 for pictures of the exclosure types). Smaller herbivores and
granivores (e.g. rodents), which can also have strong impacts on plant
communities (e.g. Keesing 2000), had equal access to all of the treat-
ments. Exclosures and open access areas were located to avoid trees
and shrubs as the focus was on herbaceous vegetation. The exclosures
and open access areas captured significant heterogeneity in the plant
communities as up to eight species of grass and 15 species of forbs
(Table S4) were encountered just within the 4 m2 species composition
plots in each treatment (see below for species composition details).
Furthermore, many of these grass species have the capacity to become
dominants in the plant community, setting the stage for significant
changes in the community over time following herbivore exclusion.

Exclosures and open access areas were arranged in a blocked
design with one replicate of each treatment in each block. Each treat-
ment within each block had similar initial plant abundance, commu-
nity composition and productivity based on visual assessment. In
November 2006, 14 blocks of exclosures were established at two sites
(10 blocks at one site, Mananga and 4 blocks at another, Shibotwana)
with 8 additional blocks, split evenly across two additional sites
(Satara North and Satara South), added in November 2007. Thus,
there were 22 replicates of each exclusion treatment spread across
four sites that spanned a broad productivity gradient. The experiment
ran until the end of the March 2013 growing season.

RESPONSE VARIABLES

To assess herbivore abundance at our different sites, we used dung
surveys to quantify relative herbivore use. Although dung surveys
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may not be reliable for calculating absolute abundance of herbivores
in a given area, they yield reliable estimates of relative abundance
across a landscape (Barnes 2001; Cromsigt et al. 2009; Burkepile
et al. 2013; Young et al. 2013). Every March (except for 2012), we
surveyed 4 m 9 100 m dung transects that ran adjacent to the blocks
of exclosures at each of our four study sites (n = 3–5 transects per
site). We counted herbivore dung piles and identified them to species
(Stuart & Stuart 2000) before removing them from the transect to
avoid recounting during subsequent surveys.

We used two methods to determine the efficacy of the partial exclo-
sures in excluding larger herbivores ≥0�85 m at the shoulder (Burkepile
et al. 2016a). First, every c. 4 weeks during the growing seasons of
2007 and 2008, we identified and counted herbivore tracks (Stuart &
Stuart 2000) inside 4 m2 plots in each open access area and paired par-
tial exclosure. Almost all plant biomass was removed from these treat-
ments by the end of the previous dry season, making it feasible to count
and identify tracks on the resultant bare ground in the subsequent year.
Second, we identified dung piles inside the partial exclosures and in the
open access areas across all sites. Although we did not quantitatively
assess the efficacy of the full exclosures, we never saw herbivore dung
or tracks inside them over the duration of our experiment.

To assess changes in herbaceous plant communities, we surveyed
plant community composition during the growing season every Jan-
uary and March during 2007–2013 to capture peak abundance of
early- and late-season species, respectively. We sampled one perma-
nent 4 m2 plot (divided into four 1 m2 subplots) in each exclosure
and open access area. Within each subplot, we estimated the per cent
cover (to the nearest 1% when the species was <50% cover or to the
nearest 5% when the species was >50% cover) for each plant species
(Koerner et al. 2014; Burkepile et al. 2016a). We also estimated the

amount of exposed bare ground (i.e. % area not covered by vegeta-
tion), dung and dead leaf litter.

We also measured the effect of herbivore exclusion on light avail-
ability, the percentage of photosynthetically active radiation (PAR)
reaching the soil surface, in each treatment at the end of the growing
season in 2013. Using a ceptometer (Accupar LP-80; Decagon
Devices, Pullman, WA, USA), we took three measurements of PAR
above the plant canopy in each 1 m2 subplot and then three measure-
ments of PAR below the plant canopy at the ground surface. We then
calculated the percentage reduction in PAR caused by the plant
canopy for each exclosure and open access area.

Beginning in 2008, we measured accumulated biomass at the end
of each growing season (March) using a disc pasture metre. Within
each 1 m2 subplot of our permanent monitoring plots, we took four
disc pasture metre readings. We then averaged the 16 readings for
each plot and converted these averages into biomass using a calibra-
tion curve established for KNP (Trollope & Potgieter 1986). These
biomass values are not a strict measure of annual primary production
as they cannot discriminate between current year’s growth and resid-
ual previous growth (when present). Rather, the calculations give reli-
able estimates of plant biomass accumulation in each treatment. Thus,
the biomass accumulated in the full exclosures where herbivores had
no access serves as a proxy for habitat productivity.

STAT IST ICAL ANALYSES

To assess potential differences in herbivore abundance across sites, we
used mixed models to test for site, year and site 9 year interactions.
When we detected either site or year effects (there were no site 9 year
interactions), we used Tukey’s HSD to determine post hoc differences
within those effects. To assess the effectiveness of the partial exclo-
sures, we used one-way ANOVA (impala) or Wilcoxon signed-rank
tests (wildebeest, zebra, warthog) to compare data on tracks or dung
piles between the two treatments. Although elephant dung was never
found in the partial exclosures, it was found so infrequently in open
access areas that meaningful statistics were not possible.

We calculated several metrics of plant community composition for
each exclosure/open access area. We used maximum cover values of
each species over the growing season averaged across the four 1 m2

subplots per plot to calculate plant cover (total, grass and forb), spe-
cies richness [total (S), grass (SG) and forb (SF)], Shannon–Wiener
diversity index (H0) and Berger–Parker Index (D), which is the rela-
tive abundance of the most abundant species in each plot. As a proxy
for habitat productivity in each exclosure block, we used standing
plant biomass from the full herbivore exclosure averaged across all
years of the experiment. We present analyses of plant community
composition only for 2013, the last year of data collection, as this
allowed us to analyse the cumulative impact of herbivore exclusion
on plant communities.

For each response metric (e.g. richness, diversity, light reduction),
we calculated the strength of the herbivore effect as the log response
ratio of different pairings within each exclosure block. Thus, for each
block we calculated three effect sizes: (i) the effect of excluding all
herbivores calculated as ln(full exclosure/open access area), (ii) the
effect of excluding only larger herbivores (e.g. elephant, buffalo,
zebra, wildebeest) calculated as ln(partial exclosure/open access area)
and (iii) the effect of excluding only medium/smaller herbivores (e.g.
impala, warthog) calculated as ln(full exclosure/partial exclosure).
Positive effects indicated that excluding herbivores increased the
response, while negative effects indicated that excluding herbivores
reduced the response.

(a)

(b)

Fig. 1. Photographs of the full exclosure (a) and partial exclosure (b)
on a lower-productivity site in the Satara region of Kruger National
Park, South Africa. Note the relatively large increase in plant biomass
vs. the area outside for the full exclosure, excluding both medium/
small (e.g. impala, warthog) and larger (e.g. wildebeest, zebra, buf-
falo) herbivores, in comparison to the more modest increase in plant
abundance in the partial exclosure, excluding only larger herbivores.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Previous studies have shown that herbivore exclusion impacts the
similarity in plant community structure differentially across productiv-
ity gradients (Milchunas & Lauenroth 1993; Bakker et al. 2006).
Thus, we also calculated community similarity between herbivore
treatments using Euclidean distance (ED) (Collins, Micheli & Hartt
2000). Similarity, as measured by ED, increases as the degree of dif-
ference in composition among sample units decreases. We used ED
rather than per cent similarity because ED is less affected by species
richness and therefore more accurately measures community hetero-
geneity than per cent similarity (Collins, Micheli & Hartt 2000). In
each exclosure block, we calculated how community similarity was
affected by removing: (i) all herbivores (by comparing the full exclo-
sure to the open access area), (ii) only larger herbivores (partial exclo-
sure vs. open access area) and (iii) only medium/smaller herbivores
(full vs. partial exclosure).

We used Bayesian linear regressions to determine how the effect
size of herbivore removals varied across the productivity gradient,
where each effect size was the response variable and plant biomass in
the full exclosure was the predictor. Because we used effect sizes as
a response, both the intercept and slope were of interest. For example,
a significant intercept but non-significant slope would suggest that
herbivore removals do impact plant communities (i.e. the effect 6¼ 0),
but that the effect does not vary with habitat productivity. A signifi-
cant slope would suggest that the effect of herbivore removal changes
across the productivity gradient.

Prior to regressions addressing productivity relationships, we stan-
dardized the biomass data so that it had a mean of zero. Thus, the
intercept of the regressions represented the effect of herbivore
removal at average levels of plant biomass and not at zero plant bio-
mass, which would make little sense ecologically. As a consequence,
a regression of the effect of herbivore removal on species richness vs.
plant biomass that had a significantly negative intercept would indi-
cate that at average plant biomass herbivore removal had a negative
effect on plant species richness. In addition, given that changes in
light availability (Borer et al. 2014) and plant dominance (Eby et al.
2014; Koerner et al. 2014) may impact changes in plant species rich-
ness, we regressed the response ratio of species richness vs. these
other metrics.

All regressions were Bayesian linear regressions, run using STAN
v2.8 (Stan Development Team, 2015) accessed via PYSTAN. All
coefficient and variance parameters were given uninformative prior
distributions. MCMC models were run using 25 000 burn-in iterations
to achieve convergence and another 25 000 sampling iterations. We
ran four chains, resulting in 100 000 samples for each posterior distri-
bution. Chain convergence and autocorrelation were assessed using
trace plots of posterior samples. �R ¼ 1 for all parameters in all mod-
els, indicating convergence. We generated 95% Bayesian credible
intervals for each parameter, as well as calculating the exact probabil-
ity that the coefficient was < or >0.

Results

HERBIVORE ABUNDANCE AND EXCLUSION EFFICACY

At all sites, we periodically observed herds of impala (200+
individuals), zebra (50+ individuals) and wildebeest (30+
individuals), which were the most common herbivores
(Fig. 2). Buffalo and elephant also appeared relatively fre-
quent with other herbivores such as warthog, giraffe, kudu
and steenbok being less abundant but frequently present in
dung surveys. White rhinoceros dung was rarely encountered

on transects, but rhinoceros middens were evident near all
sites, suggesting rhinoceros grazing across all sites.
Herbivore abundance was similar among sites but variable

across years for most species (Fig. S1). There were no differ-
ences in abundance across sites for impala, wildebeest, zebra,
buffalo or warthog (Table S3), although impala and wilde-
beest differed across years. The Mananga site had the highest
elephant dung densities and Satara North the lowest. Dung of
giraffe, kudu and rhinoceros was not encountered frequently
enough for meaningful statistical analysis. Overall, the analy-
ses showed no obvious consistent differences in herbivore use
of our four study sites for the duration of our research, sug-
gesting similar levels of herbivory across our different sites.
Surveys of tracks and dung in the exclosures showed that

adults of numerically dominant, large herbivores such as
zebra and wildebeest, which were abundant in the adjacent
open access areas, were successfully excluded by the partial
exclosures (Fig. S2). In contrast, both track counts and dung
surveys suggested that impala and warthog used open access
areas and partial exclosures similarly (Fig. S2). We recorded
tracks of immature zebra or wildebeest inside the partial
exclosures only very rarely (less than 1% of the time). Dung
and tracks of adult zebra and wildebeest, as well as elephant,
were never observed within the partial exclosures.

IMPACT OF HERBIVORE EXCLUSION ON PLANT

SPECIES RICHNESS

Herbaceous plant biomass ranged from 89 to 951 g m�2 in
full herbivore exclosures. The effect of total herbivore exclu-
sion on plant species richness showed a significant negative
relationship with plant biomass (Table 1, Fig. 3a). Excluding
herbivores led to a gain of two to four species at lower pro-
ductivity, but a loss of three to seven species at higher

Fig. 2. Density of herbivore dung per transect per survey for 2008–
2013, excluding 2012 when data were not collected. Bars are mean val-
ues for each herbivore species indicated. Error bars have been omitted
for clarity. # marks medium/small species that can access the partial
exclosures. [Colour figure can be viewed at wileyonlinelibrary.com]
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productivity. Exclusion of only larger herbivores showed a
similar pattern to excluding all herbivores (Fig. 3b), although
with a smaller range of effect sizes. In contrast, excluding
smaller herbivores led to declines in species richness, on aver-
age, across almost the whole productivity range (Fig. 3c).
The negative model intercept suggests that at mean levels of
biomass there was a negative effect of medium/small herbi-
vore exclusion on species richness (corresponding to an aver-
age loss of two species) and that this effect varied little across
the biomass gradient (slope = �0�098, Pr = 0�904). On the
whole, patterns for species diversity were very similar to rich-
ness (Table 1, Fig. S2).
Patterns in overall plant species richness were often a com-

bination of contrasting patterns in grass and forb species rich-
ness. Grass richness declined regardless of the type of
herbivore exclusion (Table 1, Fig. 3d–f), with exclosures los-
ing up to five species. This pattern was similar across the
range of productivity as was evident by negative model inter-
cepts without obvious slopes. Exclusion of medium/small her-
bivores appeared to more strongly influence the overall
pattern of declines in grass richness (intercept = �0�225,
Pr = 0�955) given that the effect of excluding larger herbi-
vores (intercept = �0�099, Pr = 0�905) was only half as
strong, with marginal evidence for this effect.
For forb richness, exclusion of all herbivores led to

increases of up to five or six forb species at low productivity
but declines of five to seven species at high productivity
(Table 1, Fig. 3g). However, exclusion of larger vs. medium/
smaller herbivores appeared to have different effects. Exclud-
ing larger herbivores increased forb richness (average of one
species; maximum of seven species) across much of the pro-
ductivity range, although the effect weakened with increasing
plant biomass (Fig. 3h). In contrast, excluding medium/small
herbivores resulted in a decline in forb richness at average
productivity (average loss of one species), with losses of five
to eight species at high productivity (Fig. 3i). Thus, exclusion
of large herbivores tended to increase forb richness while
exclusion of medium/smaller herbivores appeared to suppress
forb species across much of the range of productivity.

IMPACT OF HERBIVORE EXCLUSION ON BARE GROUND,

SHADING AND PLANT DOMINANCE

Excluding herbivores decreased the amount of bare ground
regardless of productivity (Table S5), with full exclosures
having <2% bare ground while open access areas had 14%
bare ground on average (Table S4). When all herbivores were
excluded, there was some evidence of a negative relationship
between the effect of herbivore removal on bare ground and
the effect on plant species richness (Table S5). Thus, as the
effect of herbivore removal on bare ground became more
strongly negative, the effect removing herbivores on plant
richness tended to be more positive.
Excluding herbivores increased shading by the plant

canopy regardless of the exclosure type (Table 2, Table S4)
with the plant canopy in full exclosures intercepting c. 65%
of PAR on average. Although herbivore exclosures decreased
light by up to 70–90% in the most productive areas, the effect
size of light reduction decreased as productivity increased.
Thus, the greatest relative increase in shading occurred at
lower productivity where plant biomass outside of the exclo-
sures was relatively low (Table 2). In contrast, at higher pro-
ductivity, there was often a significant amount of plant
biomass in open access areas, already intercepting c. 50–60%
of PAR. Thus, when herbivores were excluded, the increase
in plant biomass, and subsequent increase in shading, was
proportionately less than in the lower-productivity areas.
There were positive correlations between the effect of herbi-

vore exclusion on shading vs. the effect on species richness
regardless of exclosure type (Fig. 4a–c). Thus, exclosures that
had relatively higher increases in shading also experienced
increased species richness. In contrast, we saw reduced species
richness at comparatively lower relative increases in shading
following herbivore exclusion. However, the absolute level of
shading in the herbivore exclosures did influence how herbi-
vore exclusion impacted plant species richness. There were
strong negative relationships between the absolute levels of
PAR reduction in the herbivore exclosures and the effect of
herbivore removal on species richness (Table 2, Fig. 4d–f).

Table 1. Results of Bayesian regression analyses of the effect of herbivore exclusion on plant community metrics vs. standing plant biomass.
Values are median intercept and slope. We standardized biomass data to a mean of zero. Thus, the intercept is the effect size of herbivore
removal at average plant biomass, not at zero biomass. Pr = probability of an effect either greater (for positive numbers) or less (for negative
numbers) than 0. For example, an intercept with median of �0�121 and Pr = 0�980 means that there is a 98% probability that the intercept is <0.
Conversely, an intercept with a median of 0�131 and a Pr = 0�962 means that there is a 96�2% probability that the intercept is >0. Regressions
are from plant community data from 2013 vs. standing plant biomass from full herbivore exclosures (averaged over 2008–2013)

Herbivore exclusion effect Intercept Pr Slope Pr Intercept Pr Slope Pr

Species richness vs. Biomass Species diversity vs. Biomass

All �0�100 0�959 �0�267 0�999 �0�144 0�982 �0�168 0�990
Large 0�042 0�857 �0�129 0�998 �0�023 0�670 �0�092 0�954
Medium/small �0�143 0�971 �0�098 0�904 �0�122 0�946 �0�076 0�843

Grass richness vs. Biomass Forb richness vs. Biomass

All �0�323 0�994 �0�129 0�856 0�001 0�505 �0�276 0�996
Large �0�099 0�905 �0�099 0�896 0�145 0�980 �0�125 0�960
Medium/small �0�225 0�955 �0�030 0�590 �0�143 0�950 �0�151 0�955
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Thus, the strongest declines in richness occurred where absolute
light levels were the lowest. However, more modest reductions
in PAR often led to increased species richness.
Only exclusion of all herbivores consistently increased

plant dominance (i.e. the abundance of the most abundant
species) given the positive intercept (intercept = 0�127,
Pr = 0�946). This relationship did not vary with productivity
(Table 2). On average, the most dominant species represented
70% of the plant community in herbivore exclosures as com-
pared to 50% in open access areas (Table S4). Increased
dominance was linked to declines in species richness with the
effect of excluding herbivores on species richness becoming
more negative as the effect on dominance increased (Table 2,
Fig. 4g). This was especially apparent when assessing the
effect of excluding medium/small herbivores; decreased domi-
nance following herbivore removal led to increases in species

richness while increased dominance led to declines in species
richness (Fig. 4i).

IMPACT OF HERBIVORE EXCLUSION ON COMMUNITY

SIMILARITY

When we used ED to assess how herbivore exclusion
impacted plant community similarity, we found some evi-
dence of a negative relationship (slope = �4�99, Pr = 0�900)
between productivity and ED when all herbivores were
excluded (Table 1, Fig. 5a). Thus, when herbivores were
excluded, the plant communities in the exclosures tended to
be more different from the open access areas at lower produc-
tivity, but more similar to open access areas at higher produc-
tivity. There was no linear relationship between productivity
and similarity when excluding only larger herbivores.

Fig. 3. Effect sizes for exclusion of all herbivores [ln(full exclosure/open access area)], large herbivores only [ln(partial exclosure/open access
area)] or medium/small herbivores only [ln(full exclosure/partial exclosure)] on overall species richness (a–c), grass species richness (d–f) or forb
species richness (g–i) across a gradient of plant biomass. Biomass is the g m�2 for the full exclosure within each block of treatments averaged
over 2008–2013. The lines on the figure show the median posterior prediction from Bayesian regression analyses. The shaded area shows the
95% Bayesian credible interval of the predicted relationship. This interval was determined by calculating fitted values (i.e. regression lines) for all
4000 posterior draws and then taking the 2�5% and 97�5% quantiles of the fitted values.
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However, areas where the larger herbivores were present vs.
absent appeared to be more similar at both low- and high-pro-
ductivity areas and most dissimilar at moderate productivity
(Fig. 5b). In contrast, excluding medium/small herbivores
showed a negative relationship (slope = �9�88, Pr = 0�960)
between productivity and ED (Fig. 5c), with exclusion result-
ing in more dissimilar communities at lower productivity.

Discussion

The interactive effects of herbivory and productivity on plant
community structure and species richness have been well
studied in savanna and grassland ecosystems (e.g. Milchunas
& Lauenroth 1993; Borer et al. 2014). We expanded on the
topic by focusing on how different groups of African ungu-
lates, based on body size, impact plant communities across a
productivity gradient. As we hypothesized, exclusion of all
herbivores generally increased plant species richness at low
productivity but decreased richness at high productivity.
These results are similar to those from exclusion experiments
at local, topographically determined productivity gradients
(Osem, Perevolotsky & Kigel 2002, 2004) as well as for pro-
ductivity gradients at regional (Frank 2005; Young et al.
2013), continental (Lezama et al. 2014) and intercontinental
scales (Milchunas & Lauenroth 1993; Bakker et al. 2006).
However, we show several key patterns that expand on pre-

vious works. Contrary to our hypotheses, exclusion of med-
ium/small herbivores (e.g. impala, warthog) showed stronger
effects on plant richness at higher productivity rather than at

lower productivity. In particular, the loss of forb species at
higher productivity was linked to exclusion of medium/small
herbivores. In contrast, larger herbivores had stronger effects
on plant richness at low rather than high productivity, with a
strong increase in forb richness following large herbivore
exclusion across almost the whole productivity gradient.
Increases in shading following herbivore exclusion appeared
to drive species losses at higher productivity. However, at
lower productivity, similar increases in shading resulted in
increases in plant richness, possibly due to amelioration of
heat and water stress. In addition, increases in plant domi-
nance were correlated with declines in plant richness follow-
ing herbivore exclusion. Although increases in plant
dominance are often emphasized as driving species loss fol-
lowing herbivore exclusion at higher productivity (e.g. Olff &
Ritchie 1998), we showed that the negative effects of increas-
ing dominance on plant richness operated independent of pro-
ductivity, with the exclusion of impala appearing particularly
important for driving this relationship.

THE ROLE OF LARGER VS. MEDIUM/SMALL

HERBIVORES

Rather than larger or smaller herbivores dominating effects on
plant communities (e.g. Olofsson et al. 2004; Bakker et al.
2006; van der Plas et al. 2016), exclusion of both groups
appeared to have unique, sometimes contrasting, impacts on
plant community dynamics. For example, exclusion of larger
herbivores appeared to increase species richness at lower

Table 2. Results of Bayesian regression analyses of the effect of herbivore exclusion on light/plant community metrics vs. standing plant biomass
or effect on plant richness vs. effect on light/plant community metrics. Values are median intercept and slope. We standardized biomass data to a
mean of zero. Thus, the intercept is the effect size of herbivore removal at average plant biomass, not at zero biomass. Pr = probability of an
effect either greater (for positive numbers) or less (for negative numbers) than 0. For example, an intercept with median of �0�121 and
Pr = 0�980 means that there is a 98% probability that the intercept is <0. Conversely, an intercept with a median of 0�131 and a Pr = 0�962
means that there is a 96�2% probability that the intercept is >0. Regressions are from plant community data from 2013 vs. standing plant biomass
from full herbivore exclosures (averaged over 2008–2013)

Herbivore exclusion effect Intercept Pr Slope Pr Intercept Pr Slope Pr

Relative shading (PAR effect size) vs. Biomass Relative shading (PAR effect size) vs. Richness

All 1�333 0�999 �0�680 0�999 �0�380 0�999 0�214 0�998
Large 0�780 0�999 �0�230 0�940 �0�090 0�910 0�173 0�990
Medium/small 0�551 0�999 �0�460 0�999 �0�230 0�990 0�156 0�910

Absolute shading (% PAR reduction) vs. Richness

All 0�540 0�989 �0�012 0�999
Large 0�203 0�992 �0�003 0�980
Medium/small 0�277 0�866 �0�006 0�964

Dominance vs. Biomass Dominance vs. Richness

All 0�127 0�946 0�087 0�869 �0�059 0�782 �0�330 0�934
Large 0�067 0�825 0�051 0�746 0�039 0�780 0�043 0�611
Medium/small 0�059 0�784 0�036 0�680 �0�108 0�955 �0�580 0�997

Community similarity (Euclidian distance) vs.
Biomass

All 59�08 0�999 �4�99 0�900
Large 48�19 0�999 4�82 0�829
Medium/small 54�54 0�999 �9�88 0�960
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Fig. 4. Effect sizes for exclusion of all herbivores, large herbivores only or medium/small herbivores only (see Fig. 3 for details) on the relation-
ship between effects on species richness vs. relative shading (a–c), on the relationship between effects on species richness vs. absolute shading
(d–f), and on the relationship between effects on species richness vs. dominance (g–i). Regression line and credible intervals as in Fig. 3.

Fig. 5. Similarity of plant communities (Euclidean distance) following exclusion of (a) all herbivores (i.e. similarity of full exclosures vs. open
access areas), (b) larger herbivores (i.e. similarity of partial exclosures vs. open access areas) or (c) medium/small herbivores (i.e. full exclosures
vs. partial exclosures) across a gradient of plant biomass (g m�2). Higher numbers for Euclidean distance indicate increasing dissimilarity of the
plant communities between the two treatments. Regression line and credible intervals as in Fig. 3.
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productivity while exclusion of medium/small herbivores
appeared to suppress species richness at higher productivity
(Fig. 3). These patterns are different from other recent studies,
which often show that removal of larger herbivores generally
has the strongest impacts on plant diversity and community
structure, especially in areas of higher productivity (e.g. Bak-
ker et al. 2006; Waldram, Bond & Stock 2008). These results
were also contrary to our hypotheses as we expected exclud-
ing medium/small herbivores would have more of an impact
on diversity in lower-productivity habitats while excluding
larger herbivores would have stronger impacts in higher-pro-
ductivity habitats.
One reason for the strong impact of excluding both large

and medium/small herbivores in our study, as compared to
previous studies, may have been due to differences in the rel-
ative abundance of the different groups. In an intercontinental
comparison, Bakker et al. (2006) showed that only removing
larger herbivores had strong impacts on plant communities.
However, in their study, larger herbivores were abundant
grazers (e.g. cattle, sheep, bison) while smaller herbivores
were typically rabbits and other small rodents, which were
likely orders of magnitude less abundant in terms of biomass
making their lack of effect on plant communities unsurprising.
However, in our study, medium/small herbivores, particularly
impala, are the numerically abundant herbivore in KNP
(Owen Smith & Ogutu 2003), consistent with their strong
impacts on plant communities.
Furthermore, we may have seen strong effects of smaller

herbivore exclusion on richness and diversity because our
experiment likely created a gradient in grazing pressure across
the three treatments, and the impact of herbivores on plant
communities often intensifies as grazing pressure increases
(e.g. Milchunas & Lauenroth 1993). During the wet season,
impala are primarily grazers in KNP with grasses often repre-
senting over 90% of their diet (du Toit 2003). Thus, the partial
exclosures likely resulted in an intermediate level of grazing
with larger-bodied buffalo, zebra and wildebeest absent, but
impala, the most numerically abundant herbivore, present. The
large impacts on plant richness, diversity and dominance often
only manifested when the impala were also excluded with the
full exclosures (i.e. compare the effects of excluding Large
Herbivores vs. All Herbivores). Thus, the impact of removing
the medium/small herbivores may have had less to do
with them being smaller and more to do with impala being
important, numerically abundant grazers in the wet season.

MECHANISMS DRIV ING CHANGES IN PLANT RICHNESS

Most studies examining the effects of removing herbivores on
plant diversity typically focus on cattle, sheep or other grazers
(e.g. Collins et al. 1998; Osem, Perevolotsky & Kigel 2002;
Bakker et al. 2006; Lezama et al. 2014). Thus, when these
single grazer species are removed, the competitively superior
grasses dominate and out-compete forb species, lowering
plant diversity. However, the diverse guild of African herbi-
vores often has over a dozen species of grazers, browsers and

mixed feeders whose impacts on plant communities could be
more complex than having one or a few dominant grazers.
In our study, the differential effects of grazers and browsers

likely interacted with differences in plant competitive strate-
gies to drive the often contrasting responses of grass and forb
richness. For example, excluding larger herbivores, which
comprised both abundant grazers (e.g. buffalo, zebra, wilde-
beest) and browsers (e.g. kudu), had no consistent effect on
grass richness but increased forb richness across most of the
productivity range. Grasses likely have a suppression-based
strategy, which requires rapid growth rates and over topping
neighbours, while forbs use a more tolerance-based strategy,
which requires shade tolerance to withstand competition
(MacDougall & Turkington 2004). Forbs often contribute the
greatest amount to the diversity of grasslands but are rarely
dominant (Uys, Bond & Everson 2004). In our study, com-
munities often had up to two times more forb species than
grass species. However, forbs were the dominant species in
only 12% of the exclosures or open areas. Thus, many forb
species may exist through tolerance of competition by the
dominant grasses, at least until light or some other resource
becomes too limiting. Thus, after excluding larger herbivores,
forbs likely increased in richness by escaping consumption
from browsers (e.g. kudu) while being able to tolerate moder-
ate increases in competition with grasses following removal
of grazers (e.g. wildebeest, zebra, buffalo).
Competition for light is often emphasized as the primary

mechanism driving changes in species richness when herbi-
vores are removed from grasslands (Milchunas & Lauenroth
1993; Borer et al. 2014). When we excluded herbivores at
the lower range of productivity, we saw increases in species
richness, particularly in annual forbs (e.g. Indigastrum parvi-
florum, Indigofera rhytidocarpa, Gisekia africana). These
increases in species richness were strongly positively associ-
ated with moderate increases in shading and moderately posi-
tively associated with decreases in bare ground in herbivore
exclosures, both of which may have reduced stress on plant
seedlings. However, the herbivore exclosures with the highest
absolute levels of shading (PAR reduction), often in the high-
est productivity areas, had the highest losses of species. This
increased competition for light is often linked to increased
dominance of large grasses in more productive areas (e.g. Olff
& Ritchie 1998). However, we also showed that increases in
plant dominance following herbivore exclusion led to declines
in species richness, regardless of productivity. This effect was
especially pronounced when considering the effect of med-
ium/smaller herbivores (i.e. impala). Only a few studies have
linked changes in dominance to changes in species richness
(Eby et al. 2014; Koerner et al. 2014; Burkepile et al. 2016a).
However, plant communities can have strong dominance in
both high- (Smith & Knapp 2003) and low- (Collins & Xia
2015) productivity systems. Thus, changes in dominance may
be a generalizable mechanism driving the varied responses of
richness to herbivore exclusion across productivity gradients
due to the concomitant changes in the availability of many
resources, such as light, water, nutrients and space.
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LOSS OF DIVERSE HERBIVORE GUILDS AND PLANT

COMMUNITY SIMILARITY

Both theory (Milchunas, Sala & Lauenroth 1988) and previ-
ous research (Milchunas & Lauenroth 1993; Bakker et al.
2006; Anderson, Ritchie & McNaughton 2007) has suggested
that exclusion of herbivores leads to increasingly dissimilar
plant communities as primary productivity increases. When
we assessed how exclusion of all herbivores impacted plant
community similarity across productivity, we showed that
there was only a marginal relationship between community
similarity (inside vs. outside exclosures) and productivity. The
difference in results between our study and previous work
could be because most other studies have focused almost
completely on the effects of removing large grazers. How-
ever, feeding by grazers and browsers in African savannas
may compensate for each other to minimize changes in the
plant community (Burkepile et al. 2016a). Thus, the exclusion
of both types of herbivores in our study could result in much
less dramatic and more similar changes in community compo-
sition regardless of productivity. For example, previous
empirical work comparing North American vs. Southern Afri-
can savanna grasslands has shown similar plant community
responses between continents when only grazers are excluded
(Burns, Collins & Smith 2009; Eby et al. 2014), but dissimi-
lar responses when comparing grazers vs. grazers plus brow-
sers (Koerner et al. 2014). Work from other African savannas
with much larger herds of dominant grazers (e.g. Serengeti)
as compared to KNP shows more dissimilar plant communi-
ties following herbivore exclusion at higher productivity
(Anderson, Ritchie & McNaughton 2007). Here, when we
isolated the effect of excluding the medium/small herbivores,
mostly impala – the wet season grazer –, there was a negative
relationship between productivity and their effect on commu-
nity similarity, with communities becoming more similar with
increasing productivity. Thus, having one dominant grazer
may have driven these more linear changes in community
similarity as found in other studies (e.g. Milchunas & Lauen-
roth 1993; Bakker et al. 2006).
However, the pattern in community similarity is opposite to

that shown by other studies, which suggest that community
similarity decreases following herbivore exclusion as produc-
tivity increases. The increase in similarity with increasing pro-
ductivity that we showed may have been due to how
herbivore exclusion altered the abundance of dominant spe-
cies. At lower productivity, herbivore exclusion facilitated the
colonization of new species, such as the grass U. mossambi-
censis, which often became dominant in the community.
However, forbs and unpalatable grasses often dominated open
access areas. In more productive communities, however, large
grasses such as S. incrassata and P. maximum and large forbs
such as Indigophera schimperi were often the most abundant
species in open access areas and then increased in dominance
in herbivore exclosures. These dominant grasses then out-
competed relatively uncommon forbs and smaller grasses.
Thus, at low productivities the dominant species often chan-
ged between herbivore exclosures and open access areas,

resulting in very dissimilar communities. However, at higher
productivities the same species were dominant in both herbi-
vore exclosures and open access areas but simply increased in
abundance with herbivore exclusion, resulting in fairly similar
communities despite the loss of some subordinate species.

Conclusions

Ecosystems continue to lose important herbivore species
world-wide with larger herbivores often being lost first (Rip-
ple et al. 2015), a pattern mimicked by our exclosures in a
South African savanna. We show that the impact of losses of
these herbivores on plant communities will be strongly con-
text dependent and will vary with the herbivores lost (e.g. lar-
ger vs. smaller, grazers vs. browsers), plant functional type
(e.g. grasses vs. forbs) and environmental context, as other
recent studies have suggested (Waldram, Bond & Stock 2008;
Goheen et al. 2013; van der Plas et al. 2016). Loss of impala
appear especially important for impacting species richness,
likely by regulating plant dominance and preventing competi-
tive exclusion, especially in high-productivity areas. This pat-
tern was surprising given the strong emphasis on the role of
mega-herbivores in African savannas (Owen-Smith 1988;
Waldram, Bond & Stock 2008; Cromsigt & te Beest 2014).
However, our work and several other recent studies (e.g.
Goheen et al. 2013; Pringle et al. 2014; Burkepile et al.
2016a; van der Plas et al. 2016) have shown strong roles of
abundant, medium/small herbivores in controlling plant com-
munity dynamics even in the presence of larger herbivores.
Despite the differential impacts of herbivores differing in

body size and foraging mode, we show that excluding herbi-
vores increases plant richness at low productivity and increases
plant richness at high productivity, similar to other recent stud-
ies. Local soil moisture determined productivity in our experi-
ment, in contrast with region-wide or continental-scale studies
where precipitation gradients often drive productivity (e.g.
Milchunas & Lauenroth 1993; Bakker et al. 2006; Young et al.
2013; Lezama et al. 2014). Thus, in our study, areas across the
range of productivity were often separated by metres or a few
kilometres, instead of hundreds of kilometres, and had similar
levels of herbivory, herbivory diversity and plant species pools.
The same cannot be said for the larger-scale studies that often
included sites with different baseline plant species richness, dif-
ferent herbivores and varying grazing intensities. However,
studies ranging from local to intercontinental scales show very
similar patterns in the responses of the plant communities
across productivity gradients. These common patterns strongly
suggest that the mechanisms shaping the herbivory–productiv-
ity–richness relationship may operate independent of scale and
may be a robust, general concept in ecology.
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Supporting Information

Details of electronic Supporting Information are provided below.

Table S1. Mammalian herbivores (>10 kg) observed on the Experi-
mental Burn Plots in the central region of Kruger National Park. Bio-
mass estimates for an average individual from each species from
Estes (1991).

Table S2. Soil properties of well-drained and poorly drained areas.
Soil profiles are averages of n = 11 samples taken across all four
study sites (n = 2–4 per site).

Table S3. Results of fixed effects tests from mixed models testing for
differences in herbivore dung density across sites and years for the
common herbivore species.

Table S4. Summary statistics for plant community metrics.

Table S5. Results of Bayesian regression analyses of the effect of
herbivore exclusion on per cent bare ground vs. standing plant bio-
mass and effect of exclusion on per cent bare ground vs. effect of
exclusion on plant species richness.

Fig. S1. Density of dung piles per transect (means � SE) of the most
common herbivores across sites and across years of our study. Note
that there is often year-to-year variation in density. However, few spe-
cies have consistent differences among sites. See Table S3 for statis-
tics testing differences across sites, years and their interaction.

Fig. S2. Tracks per species composition plot (a & b) and dung piles
(c & d) per partial exclosure or open access area for either 2007 or
2008.

Fig. S3. Effect sizes for exclusion all herbivores [ln(full exclosure/
open access area)] (a), large herbivores only [ln(partial exclosure/open
access area)] (b), or small herbivores only [ln(full exclosure/partial
exclosure)] (c) on plant species diversity across a gradient of plant
biomass.
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