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A B S T R A C T

Variability in large mammalian herbivores can reshape smaller animal communities in complex ways. Accord
ingly, conservation strategies require a deeper understanding of the extent to which mesoherbivores (>20–1000 
kg) and megaherbivores (>1000 kg) influence on animal communities are mediated by changes to vegetation 
structure, and the extent to which the influence of megaherbivores overlap with mesoherbivores. Using an 
exclusion experiment, we examined how megaherbivores altered mesoherbivore activity and how both groups 
influenced small mammals. We compared influences that were mediated by broad metrics of vegetation structure 
(i.e., indirect effects) with all other influences that were not mediated by vegetation structure (e.g., direct ef
fects). We found megaherbivores were linked to increased mesoherbivore activity, particularly grazers, through 
both vegetation structure-mediated and other pathways. Alternatively, we found small mammals were sup
pressed where megaherbivores were present, and their population fluctuations were explained by both structure- 
mediated and other pathways. Small mammal abundance was higher where large herbivores were excluded 
compared to open plots, with no difference between plots excluding only megaherbivores and those excluding all 
herbivores. This suggests that these effects were produced by either megaherbivores alone, or by megaherbivores 
in conjunction with the increased mesoherbivore activity they facilitated. While small mammal abundance was 
linked to mesoherbivore-induced changes in grass biomass, their non-linear response, did not correspond with 
the exclusion of mesoherbivores. These findings highlight megaherbivores’ capacity to reshape animal com
munities through interactions beyond broad metrics of vegetation structure, underscoring the importance of 
considering the varied influences of megaherbivores on mammal communities in conservation strategies.

1. Introduction

The unprecedented loss of species has had widespread ecological 
consequences that cascade through ecosystems (Barnosky et al., 2011; 
Ceballos et al., 2015). Large mammalian herbivores (> 5 kg, Fløjgaard 
et al., 2022), including both mesoherbivores (>2–1000 kg; Wells et al., 
2021) and megaherbivores (> 1000 kg, Owen-Smith, 1988) are among 
the most vulnerable mammals to population declines and extinction 

(Ripple et al., 2015; Atwood et al., 2020). Anthropogenic, size- 
dependent extinctions have led to the elimination of megaherbivores 
in most parts of the planet and have far-reaching ecological conse
quences (Gill, 2014; Pringle et al., 2023). Conservation actions to restore 
(Wedel et al., 2024) and reintroduce (Dvorský et al., 2022; Gordon et al., 
2021) the ecological functions and massive influences of mega
herbivores and mesoherbivores on vegetation (Cook et al., 2023; Tiller 
et al., 2022; Smit, 2011), have become increasingly urgent (Seddon 
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et al., 2014; Lundgren et al., 2018). Conversely, in regions with sizable 
meso- and megaherbivore populations, there are concerns about their 
potentially deleterious impacts on vegetation structure (Cumming et al., 
1997; Herremans, 1995; Kerley and Landman, 2006; Ogada et al., 2008; 
McCleery et al., 2018).

While it is well-established that both mesoherbivores and mega
herbivores can broadly reshape grass biomass and woody cover (Bakker 
et al., 2016; Cid et al., 1991; Coverdale et al., 2024; Kimuyu et al., 2014), 
conservation initiatives often give little weight to their influence on 
other animal communities. This is likely because their impacts on ani
mal communities are often complex and harder to isolate (Kerley and 
Landman, 2006; Poulsen et al., 2018; Goheen et al., 2018). Nonetheless, 
research has linked changes in animal communities to megaherbivores’ 
and mesoherbivores’ broad and easily measurable changes to the 
structure (e.g., woody cover and grass biomass) of vegetation (Guiden 
et al., 2023; Ogada et al., 2008; Pringle, 2008; Valeix et al., 2011), but 
their potential to influence animal communities beyond these structural 
measures remain poorly understood (Kerley and Landman, 2006; 
Svenning et al., 2016; Poulsen et al., 2018). Other more cryptic in
fluences may arise from mammals behavioral response to mega
herbivores, such as attraction to avoid predation (Ferry et al., 2016) and 
to find favorable foraging sites (Schulte and LaDue, 2021), or avoidance 
of competition and trampling (Fletcher et al., 2023; Landman and Ker
ley, 2014; Avenant and Cavallini, 2007). Additionally, both mega
herbivore and mesoherbivores can alter soils (e.g., compaction and 
nutrients), and generate subtler changes to vegetation, from trail for
mation and compositional changes to enhanced palatability and re
ductions in fruits and seeds (Haynes, 2012; Arsenault and Owen-Smith, 
2002; Goheen et al., 2018), all of which may influence other animal 
communities. Compared with the more obvious broad structural in
fluences of megaherbivores and mesoherbivores, these subtler effects 
are considerably harder to isolate and replicate via management in
terventions and have received less attention. Accordingly, effective 
conservation, restoration, and rewilding strategies require a deeper 
understanding of the extent to which the impacts of mesoherbivores and 
megaherbivores overlap (Moe et al., 2009; O’Kane et al., 2014) and are 
mediated by changes in broad measures of vegetation structure or other 
ecological interactions (Bakker et al., 2016; Cid et al., 1991; Coverdale 
et al., 2024; Kimuyu et al., 2014).

To address this knowledge gap and better inform restoration and 
mitigation efforts, we conducted a six-year exclusion experiment in 
southern Kruger National Park, South Africa, to understand the rela
tionship between megaherbivores, mesoherbivores, and small mammal 
communities. Using treatments that selectively excluded only mega
herbivores or all mesoherbivores and megaherbivores, we aimed to 
determine the extent of their indirect influences through broad measures 
of vegetation structure and distinguish these from the other effects of 
megaherbivores and mesoherbivores (e.g., behavioral influences, soil 
compaction, trails, plant composition, pant palatability) on small 
mammal populations. We predicted three specific outcomes. 1) Small 
mammals would decline with reductions in grass biomass from meso
herbivores, but excluding megaherbivores would have no influence 
because megaherbivores should not exert a strong direct influence on 
grass biomass (Keesing, 2000; Saetnan and Skarpe, 2006; Young et al., 
2015). 2) Mesoherbivore activity would increase where megaherbivores 
were present, as they responded positively to megaherbivore reductions 
in woody cover that facilitate foraging (Arsenault and Owen-Smith, 
2002; Owen-Smith, 1988) and reduce perceived predation risk 
(Epperly et al., 2021; Le Roux et al., 2018). 3) Mesoherbivores have been 
shown to aggregate in areas with megaherbivore activity to avoid pre
dation (Ferry et al., 2016), access improved forage quality and palat
ability (Arsenault and Owen-Smith, 2002), and use megaherbivores’ 
distinct paths (Haynes, 2012). Accordingly, we predicted that a portion 
of their responses to megaherbivores would not be explained through 
megaherbivore-induced changes of broad vegetation structure metrics 
(e.g., cover and biomass), commonly used to explain changes in 

mesoherbivore activity (Valeix et al., 2011; de Boer et al., 2015; Le Roux 
et al., 2018; Wells et al., 2021).

2. Material and methods

2.1. Study area

We established herbivore exclosures in southeastern KNP. The park 
covers 19,000 km2 of savannas and woodlands in northeastern South 
Africa (Fig. 1). This region of the park has nutrient rich basaltic soil and 
receives 500–700 mm of rain annually (Smit et al., 2013). Over the last 
70 years, this portion of KNP has seen a considerable decrease in woody 
vegetation (Asner and Levick, 2012) coupled with increased elephant 
activity (Abraham et al., 2021). The density of elephants in KNP as of 
2020 was 1.66 per km2 (Ferreira et al., 2024). Because of our study 
area’s productivity, there has been greater elephant activity at our study 
area compared with other regions of KNP (Abraham et al., 2021). Prior 
to the implementation of our treatments, overstory (> 5 m) canopy 
cover was 3.5 %, shrub cover (woody vegetation up to 3 m in height) 
was 5.5 %, and there was negligible bare ground (McCleery et al., 2018). 
Ground cover was dominated by the grasses Themeda triandra and 
Megathyrsus maximum while the shrub layer was dominated by 
Dichrostachys cinerea and Gymnosporia senegalensis. The tree canopy 
mostly comprised of Senegalia nigrescens and Vachellia gerrardii (Jones 
et al., 2022). Our study site was managed with prescribed fires at a mean 
return interval of 4–5 years (Smit et al., 2013) and a management- 
related fire occurred on all plots in May 2020.

Our study site was frequented by several herbivores that were 
common throughout KNP. In addition to elephants (2020 KNP estimate 
= 31,324; 1.66/ km2), other megaherbivores included southern giraffe 
(Giraffa giraffa, 2021 KNP estimate = 12,270; 0.65/ km2) and white 
rhino (Ceratotherium simum, 2022 KNP estimate = 1849; 0.10/ km2). We 
detected southern giraffe with 75 % less frequency than elephants, and 
white rhinos have become extremely uncommon (1 detection). Common 
mesoherbivores included blue wildebeest (Connochaetes taurinus, 2023 
KNP estimate = 18,845; 1.00 km2), plains zebra (Equus quagga burchellii, 
2023 KNP estimate = 51,284; 2.70 km2), and Cape buffalo (Syncerus 
caffer, 2023 KNP estimate = 30,999; 1.63/ km2). While impala has been 
the most common mesoherbivores in KNP (Aepyceros melampus, 2023 
estimate = 144,525; 7.61/ km2), they were less common than other 
mesoherbivores on our sites, possible due to the distance from a per
manent water source (Smit et al., 2007). The rodent community at our 
study site has been dominated by the Natal multimammate mouse 
(Mastomys natalensis) and has included the single-striped mouse (Lem
niscomys rosalia), fat mouse (Steatomys pratensis) and pouched mouse 
(Saccostomus campestris) (McCleery et al., 2018).

2.2. Experimental design

To quantify the influence of megaherbivores on mesoherbivore ac
tivity and to understand how both these groups influence small mammal 
populations we initiated the BROWSE (Biodiversity Research On Wild
life and Savanna Ecosystems) long-term field experiment on three grids 
with 5 plots each, with each grid >350 m apart (Fig. 1). We randomly 
assigned the 0.49 ha plots (70 × 70 m) to three different exclosure 
treatments, Open (open to all herbivores), Mega (excluding mega
herbivores but accessible to small mammals and mesoherbivores) and 
Full (excluding megaherbivores and mesoherbivores but accessible to 
small mammals). We replicated the Full treatments three times and the 
Open and Mega treatments six times (Fig. 1). We doubled the samples of 
the Open and Mega treatments to increase statistical power to isolate 
megaherbivore effects and because of the potential for these two treat
ments to show more varied responses (Goheen et al., 2013). Fence posts 
for the exclosures were made of galvanized steel placed 1.5 m below and 
2.5 m above ground. Our Mega exclosures have a large metal cable and 
three electrified wires starting at 2.5 m above ground. In addition to 
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these features, the Full exclosures have three electrified wires clustered 
at approximately 20–35 cm above ground and a chain linked fence 
(Fig. 1). The Open plots were unmodified. From the initiation of treat
ments in December 2018, we checked fences every month for damage 
that might influence exclosure integrity; additionally, we used twice 
annual dung counts and game cameras twice a year for 10–14 days to 
examine the integrity of our exclosures.

2.3. Vegetation structure and rainfall

To capture changes in vegetation structure on the plots, we estab
lished a center line running south to north through the plot, ending 10 m 
from the plot boundary. Next, we created two parallel 50 m transects 
placed 10 m on both sides of this line. We measured the three dominant 
structural layers (grass, shrubs, tree canopy) at the end of each growing 
season (May–June). We sampled the biomass of grass (and other her
baceous plants) using a disc pasture meter sampling every 5 m (n = 22). 
We converted raw scores to estimates of biomass (t/ha) based on cali
brations established for KNP (Zambatis et al., 2006). To estimate shrub 
cover, (all woody cover up to 2 m) we measured the amount of shrub 
cover crossing our transects using the line intercept method (Canfield, 
1941), sampling every 10 m along the transects. While traversing the 
transect we also measured overstory canopy cover, taking one reading 
every 10 m in the direction of transect with a spherical convex densi
ometer. We converted the measure of reflected cover on densiometer 
into a measure of percent cover (Lemon, 1956).

We extracted annual rainfall totals from the nearest weather station 
in Lower Sabie, approximately 10 km away. Using this publicly available 
data (https://www.sanparks.org/conservation/scientific-services/data- 
information-resources/kruger-climate-rainfall), we summed monthly 
rainfall totals from June to May to generate a measure of rainfall for 1 
year prior to the collection of our measures of vegetation structure.

2.4. Mammal communities

We surveyed small mammals for four nights on each plot using 20 

folding-box traps (3 × 3.5 × 9″ Sherman traps, Tallahassee, FL, USA; 
McCleery et al., 2022) in a 4 × 5 formation with 10 m spacing (30 × 40 
m), to sample the core of the 50 × 50 m area (0.25 ha) of the plot. We 
identified all small mammals to species. For each animal, we recorded 
mass, sex, age (adult or juvenile) and the length of its hindfoot, body, 
and tail. We administered an ear-tag (1005–1, National band Co., 
Newport, KY, USA) to each new capture. In accordance with previous 
work, we trapped small mammals at the end of the growing season 
(May–June) when rodents are most abundant in this region (Loggins 
et al., 2019; McCleery et al., 2018; O’Farrell et al., 2008). We estimated 
rodent abundances on each plot using a minimum number of individuals 
alive estimator. This provided a standard measure that is commonly 
used when a paucity of detections from some samples precludes the use 
of detection-corrected abundance estimates for all samples (McCleery 
et al., 2022).

To assess interannual change in mesoherbivore activity across the 
experimental plots, we estimated the density of dung as a proxy for plot- 
based activity (Goheen et al., 2013). To sample the center 50 × 50 m 
area (0.25 ha), we established five 50 m transects running south to north 
and surveyed them using a distance sampling methodology (Buckland 
et al., 2004) (Appendix A). We measured the perpendicular distance 
from the transect to the center of each dung pile, identified dung to 
species, and measured the pile’s diameter at the largest point. Based on 
observations of dung persistence on our plots, we broke large clumps of 
dung into small pieces to prevent recounting during subsequent seasons. 
We sampled twice a year during May/June and November/December 
and combined the measure into and annual estimates of activity. To 
understand variation in response across treatments, we grouped meso
herbivores into two functional groups: grazers (blue wildebeest, plains 
zebra, common warthog [Phacochoerus africanus], and Cape buffalo) and 
those that eat woody vegetation, including browsers (greater kudu 
[Tragelaphus strepsiceros] and common duiker [Sylvicapra grimmia]) and 
mixed feeders (impala). To evaluate the efficacy of our experiment, we 
also recorded the presence of megaherbivore dung. All animal surveys 
were conducted in accordance with scientific permits from South Afri
can National Parks (KRUGL1427), the American Society of 

Fig. 1. Study areas in Kruger National Park, South Africa. Our experiments consisted of three grids with 5 plots each (15 plots total). We assigned plots (70 × 70 m) 
three different treatments, Open (open to all herbivores), Mega (excluding megaherbivores but accessible to small mammals and mesoherbivores) and Full (excluding 
megaherbivores and mesoherbivores but accessible to rodents).
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Mammalogist (Sikes et al., 2016) and approved by the University of 
Florida’s Institutional Animal Care and Use Committee (#202011155) 
and the University of Florida’s Non-regulatory Animal Review Com
mittee Institutional Animal Review (010-13WEC).

2.5. Analysis

Our general approach was to evaluate the response of small mam
mals and mesoherbivores over time and then to explain variation in their 
responses via different drivers and pathways. First, we examined the 
annual responses of small mammals and large herbivores to our treat
ments by comparing estimates from the year prior to our manipulations 
(pre-treatment = 2018) with each of the 5 years after the initiation of the 
treatments (post-treatment-2019-2023), which included a prescribed 
fire in May 2020 that burned all the plots in this experiment. Then to 
understand how vegetation structure and other pathways explained 
changes in these two communities, we examined the linkages from 
treatments, fire and rainfall to vegetation structure and animal com
munities. We detail our approach below.

To understand how both small mammals and mesoherbivores 
responded annually, we used a generalized linear mixed model (GLMM) 
framework in the glmmTMB package (Brooks et al., 2017) on the R 
platform (v4.5.0, R Core Team, 2023). We also constructed annual 
models for two mesoherbivore functional groups, grazers, which were 
common on our plots, and browsers and mixed feeders. The latter were 
not common before or after the initiation of treatments. Pre-treatment 
data for all mesoherbivores was derived from sampling in May 2018 
before construction of fences (October–December 2018) and we did not 
consider the Full exclosures in our mesoherbivore models because 
mesoherbivores were excluded from these treatments. To assess varia
tion in the animal responses we parameterized our model with the 
categorical variables treatment, year and the interaction between year 
and treatment. We used Poisson distributions and included grid as a 
random effect to account for unexplained heterogeneity in grids. Dis
tance sampling generates estimates of continuous data; however, the 
resultant distributions often follow a Poisson distribution (Buckland 
et al., 2004) and can be modeled as count data (Royle et al., 2004; 
McNeil et al., 2019) by rounding to the nearest integer (Kowal and Wu, 
2023). We considered significant (P < 0.05) interactions between the 
treatment and year to indicate a response to experiments. Consistent 
with other megaherbivore and mesoherbivore exclusion studies, we 
interpreted differences between Open and Mega plots as reflecting a 
megaherbivore effect, and differences between Mega and Full plots as 
reflecting a mesoherbivore effect. In the absence of a mesoherbivore 
effect, we also interpreted differences between Open plots and plots that 
exclude megaherbivores as a megaherbivore effect (Jones et al., 2025; 
Wells et al., 2021; Goheen et al., 2013). Using the predicted responses 
and SE from GLMMs, we graphically displayed the response of each 
animal community to each treatment by year.

To explain how small mammals and mesoherbivore communities 
varied across time and space we used a mixed model piecewise Struc
tural Equation Modeling approach (PSEM) (Bowen et al., 2017). To 
untangle the indirect effects of treatments (i.e., via vegetation structure- 
mediated), from more direct pathways (i.e., those not mediated by 
vegetation structure) we evaluated PSEMs with and without direct 
treatment effects. Finding no pre-treatment differences in measures of 
vegetation and mammal communities across our plots, we combined all 
pre-treatment data (i.e., animal and vegetation data from all plots) into a 
single pre-treatment category (Gibb et al., 2021). We populated both 
PSEMs with four GLMMs, three using vegetation structures (grass 
biomass, shrub cover and canopy cover) and one using animal com
munities (mesoherbivore activity and small mammal numbers) as 
response variables. First, we modeled broad measures of vegetation 
structure as response variables correlated with fire (yes or no), annual 
rainfall totals and herbivore treatments (Pre-treatment, Open, Mega, 
Full). We transformed measures of grass biomass and canopy cover using 

a Tukey Ladder of Powers Transformation, which fits different (e.g., 
square root, logarithm, inverse) transformations to stabilize variance 
and improve normality, to better meet assumptions of normality 
(Mangiafico, 2020). Next, we fitted a model with each animal commu
nity as the response variable. These models included each measure of 
vegetation structure, our treatments, fire, and rain. These models also 
included a quadratic term for grass to capture nonlinear responses. For 
each model we included we included grid as a random effect. We fit 
models of vegetation to Gaussian distributions and models with count 
data (small mammals [minimum number of individuals alive] and 
mesoherbivores [estimated number of dung piles]) to Poisson distribu
tions using the glmmTMB package (Brooks et al., 2017). Next, we 
combined these models in PSEMs using the piecewiseSEM package 
(Lefcheck, 2016). We parameterized the PSEM to allow variables 
influencing the number of small mammals and the activity of meso
herbivores to covary. This included direct pathways from fire and 
rainfall to both communities. Fire can cause the direct mortality of in
dividuals in both communities (Swanepoel, 1981; Nieman et al., 2022). 
Alternatively, mesoherbivores may respond positively to fire because of 
reductions in parasite and disease (Scasta, 2015). Moreover, the domi
nant rodent on our site, the Natal multimammate mouse, has been 
shown to increase density in recently burnt areas, likely capitalizing on 
different food resources, such as insects (Monadjem and Perrin, 2003; 
Manyonyi et al., 2020). Alternately, increased rainfall can flood rodent 
burrows (Sheppe and Osborne, 1971) and promote parasites and dis
eases in mesoherbivores (Cizauskas et al., 2015; Huang et al., 2021). 
Lastly, elevated rainfall can increase mesoherbivores activity in areas 
like our study site that are removed from permanent sources of surface 
water (Ogutu et al., 2008; Harris et al., 2015). To control for collinearity 
between treatment and rainfall, we used group-mean center
ing—subtracting the average rainfall per treatment group from each 
observation—to evaluate within-treatment effects of rain on herbivore 
activity.

We evaluated the overall fit of the PSEMs with and without direct 
links of treatments to animal communities using the Х 2 statistic and 
considered P > 0.05 as an adequate fit. Given that our herbivore 
exclusion treatments were categorical, we used a Х 2 Likelihood ratio 
tests and post-hoc pairwise comparisons to test pathways (Bowen et al., 
2017; Lenth et al., 2019). Direct effects of herbivore treatments were 
reported as estimated marginal means (EMMs), while indirect and 
vegetation effects were standardized using model-based estimates 
incorporating predicted values and R2-adjusted standardization (Grace 
et al., 2018). We also evaluated the response of small mammals and 
mesoherbivores across the entire study by comparing their predicted 
responses to treatments using the emmeans package (Lenth et al., 2019). 
Additionally, by limiting our comparison to two categories, mega
herbivore exclusion after initiation of treatments (Post Mega) and full 
access after the initiation of treatment (Post Open), we were able to 
apply model-based standardizations to assess the strength of direct and 
indirect pathways. We estimated direct effects by calculating the dif
ference in regression coefficients (β values) between these two cate
gories. To quantify indirect effects, we multiplied the treatment- 
associated β values for vegetation structure (grass biomass, shrub 
cover, and canopy cover) by the respective β values describing vegeta
tion’s effects on rodent abundance and mesoherbivore activity. Then we 
standardized effect sizes using model-predicted values and R2-adjusted 
variance (Grace et al., 2018). This approach follows the principles of 
causal mediation analysis (Vander Weele, 2015), where megaherbivore 
exclusion can influence small mammal abundance and mesoherbivore 
activity through changes in vegetation structure and other pathways.

3. Results

Over the course of this study, there was no observable damage to 
fences of the Full exclosures. Poles on our Mega exclosures were bent by 
elephants on three occasions and repaired; however, we only have one 
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recorded incident (based on a dung pile) of a small elephant on one 
Mega exclosure before it was repaired. We recorded megaherbivore 
dung on 14 of 15 plots prior to initiation of treatments and for the 
subsequent 5 years we recorded megaherbivore dung on every open 
plot, every year, expect for once on one plot during the second-year post 
treatments.

3.1. Response of small mammals

While we captured nine species of small mammal, >82 % (1280 of 
1546) of the captures were Natal multimammate mice. Prior to the 
initiation of treatments, we estimated 38.0 (SE = 6.02) rodents per plot, 
during subsequent 5 years we estimated an average of 17.5 (SE = 2.5) on 
all plots. Small mammal numbers were elevated in areas where mega
herbivores and all large herbivores were excluded. This pattern changed 
over the course of the study, we found smaller but significant differences 
in the response of small mammals to the treatment during the first three 
years post-treatment. There were more small mammals on both exclo
sure treatments relative to open plots, increasing on the Full (year 3 
post) and Mega (year 2 post) treatments separately and together (year 1 
post) (Table S1). However, during years 4 and 5, this pattern became 
increasingly clear and more pronounced, with negligible differences 
between the small mammal response on the Mega and Full treatments 
(Fig. 2). After the fences were established, with and without the inclu
sion of the fire year, we found no difference in small mammal numbers 
between the Full (small mammals = 22.0 SE = 3.1) and Mega treatments 
(small mammals = 19.4, SE = 2.6) suggesting no mesoherbivore effect, 
but there were fewer small mammals on the Open treatment (small 
mammals = 12.9, SE = 1.8) when compared to the Mega and Full 
treatments (Tables S2, S3) suggesting small mammal abundance was 
limited on treatments with megaherbivores present (i.e., Open plots).

Our PSEMs with a treatment pathway that was not mediated by 
vegetation fit the observed data well for small mammals (Х 2 = 1.04, P =
0.793) and the model explained 64 % of the variation in the response of 
small mammals. The model without direct effects (i.e., treatment 
pathway) did not fit the data well (goodness of fit Х 2 = 161.42, P =
0.00). As predicted, small mammals responded positively to increases in 
grass biomass (β = 1.58), which decreased with fire and exposure to 

herbivores (Fig. 3). However, the positive response of small mammals 
was mediated by an almost equally strong and negative quadratic term 
(β = 1.22), with small mammals decreasing at the highest and lowest 
measures of grass biomass (Fig. 4). Consistent with our predictions, we 
found differences in small mammal numbers were explained by path
ways that were unrelated to vegetation structure (Fig. 3). Moreover, 
more of the reduction in rodents in the presence of megaherbivores 
(Post-Open) compared with their exclusion (Post-Mega), was explained 
by pathways that were not mediated by vegetation structure (Fig. 6). We 

Fig. 2. The predicted annual response and SE (error bars) of A) small mammals (number of individuals) and B) Mesoherbivore activity (dung piles per plot) as a 
function of three experimental treatments, Open (open to all herbivores), Mega (excluding megaherbivores but accessible to small mammals and mesoherbivores) 
and Full (excluding megaherbivores and mesoherbivores but accessible to small mammals), across 6 years.

Fig. 3. Piecewise Structural Equation Modeling (PSEM) of herbivore treat
ments (Open, Mega and Full) fire and on vegetation structure (% shrub cover, % 
canopy cover, t/ha grass biomass) and small mammal numbers. Gray lines = no 
significant effect. Black lines = post-treatment differed from pre-treatment 
conditions. Red lines = post-treatment decreased from pre-treatment condi
tions. Marginal means are reported for categorical herbivore treatments, other 
estimates are standardized. R2 values are presented as marginal and then 
conditional values. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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also saw a small positive (β = 0.36) influence of fire on rodent abun
dance (Fig. 3).

3.2. Response of mesoherbivores

Grazers accounted for 90 % of mesoherbivore dung observed. The 
most common mesoherbivores we detected were zebra, wildebeest, and 
cape buffalo. Prior to the initiation of treatments, we estimated 31.8 (SE 
= 11.3) piles of dung per plot as a metric of activity; however, during 
subsequent years we estimated an average of 48.3 (SE = 17.0) on all 
plots open to mesoherbivores. We found significant differences in the 
activity of mesoherbivores on Open vs. Mega treatments during each of 
the five years after the treatment (Table S1), with trends of increasing 
differences between the treatments over time (Fig. 2). After five years of 
treatments, we found a > 650 % increase of measure of activity (pre- 
treatment = 28.1, SE =8.9, 5-years post = 211.0, SE = 65.6) on open 
plots, but no change on the Mega treatments (pre-treatment = 35.1, SE 
=11.1, 5-years post = 36.2, SE = 11.4). Aggregating all five years after 
the initiation of treatments, we saw a smaller but considerable increase 
in activity from pre-treatment (Open and Mega treatment across 5-years 
post = 37.4 SE = 13.2) and a reduction in activity on the Mega treat
ments (Mega treatment across 5-years post = 21.6 SE = 7.4; Fig. 2; 
Table S2). The annual differences in grazer activity between Open and 
Mega plots, was almost identical to the patterns seen when we consid
ered all mesoherbivores together (Fig. S1; Table S1). Browsers and 
mixed functional groups only differed across treatments during the 
third-year post-treatment when there was a slight increase in the activity 

of browser/mixed feeders on the Open treatments (0.9, SE = 1.0) 
compared with the Mega treatment (0.07, SE = 0.1) (Fig. S1; Table S1).

The mesoherbivore PSEMs with a treatment pathway that was not 
mediated by vegetation fit the observed data well (Х 2 = 2.09, p = 0.553) 
and explained 67 % of the variation in the response of mesoherbivores. 
The model without this pathway did not fit the data well (Х 2 = 666.94, 
p = 0.00). Mesoherbivores responded to changes in vegetation structure, 
rainfall and exclusion of megaherbivores (Fig. 5). Mesoherbivore ac
tivity, measured via dung per plot, increased with shrubs cover and 
decreased with canopy cover, both of which decreased on open plots 
with exposure to megaherbivores (Fig. 5; Table S2). Mesoherbivore 
activity also increased with reductions in grass biomass (Fig. 5). After 
initiation of our treatments, mesoherbivores increased activity 183 % on 
open plots (Post Open) compared to megaherbivore (Post Mega) plots 
(Fig. 5, Table S2). Additionally, the greatest portion of this increase 
could be attributed to the pathway that did not account for mega
herbivore influence on mesoherbivores through broad measures of 
vegetation structure (Fig. 6).

4. Discussion

There is little doubt that megaherbivores and mesoherbivores can 
profoundly alter vegetation structure and architecture across ecosys
tems, with cascading effects on associated animal communities (Bakker 
et al., 2016; Pringle et al., 2023). We found that where megaherbivores 
were present mesoherbivore activity increased and small mammals were 
suppressed. Consistent with prior research, we found that 

Fig. 4. Predicted small mammal response (number of individuals) to tons (t/ha) of grass biomass on 15 plots in Kruger National Park from 2018 to 2023. The solid 
line represents the predicted means from model used in PSEM, the shaded area represents predicted 95 % CI and the circles are data points used to generate 
the model.
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mesoherbivores influence grass biomass which helped explained some 
of the variation in the response of small mammals, and megaherbivores 
had an influence on mesoherbivores through their impact on woody 
vegetation. However, contrary to our small mammal predictions and 
previous studies on both small mammals (Goheen et al., 2018; Keesing, 
2000; Young et al., 2015) and mesoherbivores (Valeix et al., 2011; de 
Boer et al., 2015; Le Roux et al., 2018; Wells et al., 2021), the responses 
of small mammals and mesoherbivores to megaherbivores were only 
partially attributable to megaherbivores influence on vegetation struc
ture. Our results underscore the significant, yet complex, impacts meg
aherbivores have on mammal communities.

In many grass-dominated systems, declines in small mammal pop
ulations in the presence of mesoherbivores have been attributed to re
ductions in grass resources that small mammals rely on for food and 
shelter (Bueno et al., 2012; den Herder et al., 2016; Young et al., 2015). 
In contrast, our findings showing the strength of the pathways that did 
not represent vegetation- structure, suggest that subtler environmental 
changes or behavioral responses—such as avoidance of trampling or 
competition—may play a larger role. This nuance highlights the need for 
a broader perspective when evaluating herbivore-driven ecosystem 
changes, extending beyond traditional vegetation structure focused 
approaches. It is likely that excluding megaherbivores increased the 
availability of seeds (Goheen et al., 2018), fruits (Bernard et al., 2015), 
and insects (Ogada et al., 2008), all of which benefit small mammals in 
this system (Monadjem, 1997). Alternatively, small mammals may have 
avoided areas with larger herbivores because of competition (e.g., 
cryptic interference; Ferry et al., 2016), trampling risks (Avenant and 
Cavallini, 2007), or exposure to mammalian predators along game trails 
(Cusack et al., 2015).

While mesoherbivores reduced grass biomass (Table S2), the rela
tionship between small mammals and grass was non-linear. Small 
mammal numbers declined at both the lowest and highest levels of grass 
biomass (Fig. 4). Thus, mesoherbivores could potentially increase small 
mammal populations by reducing grass biomass when it is high (> 4.5 t/ 
ha) or decreased small mammal populations by reducing grass biomass 
to levels that are less than optimal (≈ 3.8 t/ha; Fig. 4). It is also possible 
that the activity of mesoherbivores was not sufficient to induce the 

changes in grass biomass necessary to establish a strong negative rela
tionship between mesoherbivores and small mammals. However, large 
herbivore biomass in our study area appeared comparable to sites where 
strong grass-mediated effects on small mammals have been observed 
(Staver et al., 2021). Moreover, a marked increase in mesoherbivore 
activity in 2023 (Fig. 2) did not alter the observed response of small 
mammals to the treatments. In savannas, small mammal densities are 
often linked to grass and rainfall (Byrom et al., 2014; Loggins et al., 
2019; Young et al., 2015). However, with above-average rainfall 
throughout the study period (792 mm annually), and low small mammal 
numbers at the highest grass biomass levels, it seems unlikely that 
rainfall or grass were primary limiting factors under these conditions.

Similar to small mammals, mesoherbivores exhibited responses to 
our treatments that were only partially mediated by our broad measures 
of vegetation structure. In fact, the direct pathway accounting for the 
megaherbivores’ influences on mesoherbivores that were not mediated 
by vegetation structure were more than two times stronger than 
vegetation-structure mediated pathways (Fig. 6). Three potential ex
planations for this response include: (1) species interactions, such as 
behavioral facilitation; (2) environmental changes not captured by our 
measurements of vegetation structure; or (3) avoidance of fenced plots. 
Behavioral facilitation may arise when grazers, such as zebra and 
wildebeest, increase proximity to megaherbivores to reduce predation 
risk from apex predators like lions (Ferry et al., 2016), or because they 
are signaling quality foraging (Schulte and LaDue, 2021). Alternatively, 
megaherbivores could have altered vegetation composition—reducing 
forbs and benefiting grazers like zebra (Young et al., 2005)—or 
improved forage quality and palatability by removing moribund grasses 
(Arsenault and Owen-Smith, 2002). Megaherbivores’ distinctive game 
trails might also enhance accessibility for mesoherbivores (Haynes, 
2012). Finally, while temporary avoidance of fences (e.g. 4 days) has 
been documented (Jakopin et al., 2021), there is no evidence of longer- 
term fence avoidance from similar studies (Saikkonen et al., 2019; Wells 
et al., 2021). Moreover, if mesoherbivores responses were a function of 
fence avoidance, over time we would have expected to see a consistent 
difference or a decline in the differences between their activity on Mega 
and Open plots. This is the opposite of what we observed.

Mesoherbivores activity increased after the fire and during the last 
two years of the study. The notable increase at the end of the study may 
have been a function of elevated rainfall during these years (>940 mm) 
that allowed zebra and cape buffalo to expand their foraging away from 
permanent sources of water (Ogutu et al., 2008; Harris et al., 2015). 
Mesoherbivore activity also increased with shrub cover in this relatively 
open system. This response may reflect the behavior of grazers seeking 
higher-quality forage near woody vegetation (Ludwig et al., 2008). 
Conversely, mesoherbivores avoided areas with elevated tree canopy 
cover, a pattern previously observed in wildebeest and zebra that may 
be related to reductions in grass biomass (Mandlate et al., 2019; Soto- 
Shoender et al., 2018). Throughout the study we found more meso
herbivore activity in areas with reduced grass biomass, consistent with 
their preference for greener, lower biomass vegetation (Mandinyenya 
et al., 2020; Mariotti et al., 2020). In contrast, the density of browsing 
herbivores is typically associated with woody vegetation (Smit and 
Prins, 2015), but minimal initial woody vegetation and browsing her
bivore numbers likely limited such effects in our study. Over the last 40 
years, our study area has experienced marked declines in tree canopy 
and overstory cover, largely attributed to elephants and fire (Asner and 
Levick, 2012; Eckhardt et al., 2000). If the observed recovery trends in 
shrubs and canopy cover on our megaherbivore exclusion plots 
continue, we might expect increased activity of browsers and mixed 
feeders (Smit and Prins, 2015).

Like most large-scale field experiments, our study’s spatial and 
temporal scope imposed limitations on the generalizability of our find
ings. While our results offer strong evidence for the influence of mega
herbivores on vegetation structure and faunal abundance, extending 
these insights across broader landscapes, timeframes and community 

Fig. 5. Piecewise Structural Equation Modeling (PSEM) of herbivore treat
ments (Open, Mega) fire and on vegetation structure (% shrub cover, % canopy 
cover, t/ha2 grass biomass) and mesoherbivore activity. Gray lines = no sig
nificant effect. Black lines = post-treatment increased from pre-treatment 
conditions. Red lines = post-treatment decreased from pre-treatment condi
tions. Marginal means are reported for categorical herbivore treatments, other 
estimates are standardized. R2 values are presented as marginal and then 
conditional values. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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metrics (e.g., diversity and dominance) will require additional work. 
One promising avenue is the integration of experimental data with 
broader-scale observational platforms, such as citizen science or remote 
sensing datasets (McCleery et al., 2023). Furthermore, long-term 
monitoring of our experimental plots should help us determine if the 
observed dynamics continue or fluctuate over time. We also acknowl
edge that the enclosures may concentrate resources, potentially ampli
fying small mammal responses relative to the surrounding matrix. This 
scale mismatch highlights the importance of future work that compares 
localized patterns with broader landscape conditions. Finally, our cur
rent analysis uses derived abundance estimates as covariates, a common 
approach in ecological field studies. However, future work could 
develop Bayesian or meta-analytical frameworks to more fully account 
for the uncertainty in these estimates and better integrate diverse data 
sources.

4.1. Conservation and management applications

As rewilding, restoration, and herbivore impact mitigation efforts 

expand, it is essential to consider the complex interplay among mega
herbivores, mesoherbivores, vegetation structure, and other animal 
communities. Our findings emphasize the multifaceted role mega
herbivores play in shaping ecosystems, highlighting that their impacts 
extend well beyond structural changes to vegetation. Megaherbivores 
likely reshape other animal communities through a host of subtle 
environmental (Haynes, 2012) and behavioral pathways (Ferry et al., 
2016; Valeix et al., 2007; Landman and Kerley, 2014) that are not easily 
replicated via management or the use of other large herbivores.

The management of abundant megaherbivore and mesoherbivore 
populations are also likely to present critical tradeoffs. In our study site 
and other areas with substantial megaherbivores, concerns persist about 
their cascading impacts on wildlife communities (Cumming et al., 1997; 
Herremans, 1995; Kerley and Landman, 2006; McCleery et al., 2018). In 
these contexts, deterrents (Cook et al., 2023; Tiller et al., 2022), fences 
(Dupuis-Desormeaux et al., 2016), and the removal of artificial surface 
water (Smit, 2011) have been used to protect sensitive vegetation from 
megaherbivores (O’Connor et al., 2007). However, such measures may 
inadvertently prevent megaherbivores from reducing populations of 

Fig. 6. Comparison of models to predict A) small mammal numbers and B) mesoherbivore activity given the exclusion of megaherbivores (Mega plots after initiation 
vs. Open plots after initiation) with vegetation mediated pathways (canopy cover, grass biomass, and shrub cover) and a direct pathway that was not mediated by 
vegetation structure (other). Colored bars represent standardized effect sizes from model-predicted values and R2-adjusted variance. Error bars represent stan
dardized standard errors (SE) of effect sizes.
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smaller mammals that prey on seeds and seedlings of the same vegeta
tion (Teman et al., 2021; Goheen et al., 2010). Similarly, managing 
megaherbivores is likely to generate tradeoffs between their effects on 
smaller versus larger wildlife communities (Vaccaro and Schulte, 2024). 
To address these challenges, assessments of megaherbivores’ potentially 
deleterious impacts on wildlife must account for the differing spatial and 
temporal scales at which populations and communities of varying body 
sizes operate.

Our findings underscore that some ecological functions of mega
herbivores—such as their suppression of small mammals and ability to 
increase the activities of mesoherbivores—cannot be replicated through 
vegetation management alone (Gordon et al., 2023; O’Connor and Page, 
2014). Nor can these roles be entirely replaced by more common mes
oherbivores (Moe et al., 2009; O’Kane et al., 2014) or surrogates like 
cattle (Pringle et al., 2023; Veblen et al., 2016). Moreover, by increasing 
the activity of mesoherbivores and suppressing small mammals, mega
herbivores are helping address the global loss and replacement of large 
mammals with smaller ones (Epperly et al., 2021; Estes et al., 2011).

Ultimately, restoring and maintaining the full functionality of sa
vannas and other ecosystems may not be achievable without the chal
lenging yet essential task of establishing (Gordon et al., 2023), 
protecting (Ripple et al., 2015), and managing megaherbivore pop
ulations. This effort will require integration across small conservation 
areas and larger landscape matrices that include agriculture and other 
anthropogenic land uses (Garaï et al., 2004; Gordon et al., 2023; Sven
ning et al., 2016). By addressing these complexities, conservation 
practitioners can better ensure that megaherbivores contribute to 
biodiversity conservation, ecosystem functionality, and resilience in a 
rapidly changing world.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2025.111378.
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Jakopin, U., Povše, M.P., Skok, J., 2021. Novel object test in farmed fallow deer (Dama 
dama)–the impact on appearance, diurnal rhythm and behaviour in the foraging 
area. Appl. Anim. Behav. Sci. 242, 105428.

Jones, M., Fletcher Jr., R., Kruger, L., Wigley, B., Coetsee, C., Bijl, A., et al., 2025. Mega- 
and large herbivores influence survival but not recruitment rates of African savanna 
trees. Biol. Conserv. 308, 111201.

Jones, M.M., Fletcher, R.J., Kruger, L.M., Monadjem, A., Simelane, P., McCleery, R.A., 
2022. Drought limits large trees in African savannas with or without elephants. 
Austral Ecol. 47, 1668–1684.

Keesing, F., 2000. Cryptic consumers and the ecology of an African savanna. Bioscience 
50, 205–215.

Kerley, G.I.H., Landman, M., 2006. The impacts of elephants on biodiversity in the 
eastern cape subtropical thickets: elephant conservation. S. Afr. J. Sci. 102, 395–402.

Kimuyu, D.M., Sensenig, R.L., Riginos, C., Veblen, K.E., Young, T.P., 2014. Native and 
domestic browsers and grazers reduce fuels, fire temperatures, and acacia ant 
mortality in an African savanna. Ecol. Appl. 24, 741–749.

Kowal, D.R., Wu, B., 2023. Semiparametric count data regression for self-reported 
mental health. Biometrics 79, 1520–1533.

Landman, M., Kerley, G.I., 2014. Elephant both increase and decrease availability of 
browse resources for black rhinoceros. Biotropica 46, 42–49.

Le Roux, E., Kerley, G.I.H., Cromsigt, J.P.G.M., 2018. Megaherbivores modify trophic 
cascades triggered by fear of predation in an African savanna ecosystem. Curr. Biol. 
28, 2493–2502.

Lefcheck, J.S., 2016. PIECEWISESEM: piecewise structural equation modelling in R for 
ecology, evolution, and systematics. Methods Ecol. Evol. 7, 573–579.

Lemon, P.A., 1956. A spherical densiometer for estimating forest overstorey density. For. 
Sci. 4, 314–320.

Lenth, R., Singmann, H., Love, J., Buerkner, P., Herve, M., 2019. Package ‘emmeans’.
Loggins, A.A., Monadjem, A., Kruger, L.M., Reichert, B.E., McCleery, R.A., 2019. 

Vegetation structure shapes small mammal communities in African savannas. 
J. Mammal. 100, 1243–1252.

Ludwig, F., De Kroon, H., Prins, H., 2008. Impacts of savanna trees on forage quality for a 
large African herbivore. Oecologia 155, 487–496.

Lundgren, E., Ramp, D., Ripple, W.J., Wallach, A.D., 2018. Introduced megafauna are 
rewilding the Anthropocene. Ecography 41, 857–866.

Mandinyenya, B., Monks, N., Mundy, P.J., Sebata, A., Chirima, A., 2020. Habitat choices 
of African buffalo (Syncerus caffer) and plains zebra (Equus quagga) in a 
heterogeneous protected area. Wildl. Res. 47, 106–113.

Mandlate, L., Cuamba, E., Rodrigues, F., 2019. Postrelease monitoring habitat selection 
by reintroduced Burchell’s zebra and blue wildebeest in southern Mozambique. Ecol. 
Evol. 9, 6458–6467.

Mangiafico, S., 2020. Rcompanion: functions to support extension education program 
evaluation. R Package Version 2..

Manyonyi, A.M., Mariki, S.B., Mnyone, L.L., Belmain, S.R., Mulungu, L.S., 2020. Effects 
of prescribed burning on rodent community ecology in Serengeti National Park. 
J. Vertebr. Biol. 69, 20001–1.

Mariotti, E., Parrini, F., Louw, C., Marshal, J.P., 2020. What grass characteristics drive 
large herbivore feeding patch selection? A case study from a south African grassland 
protected area. Afr. J. Range Forage Sci. 37, 286–294.

McCleery, R., Guralnick, R., Beatty, M., Belitz, M., Campbell, C.J., Idec, J., et al., 2023. 
Uniting experiments and big data to advance ecology and conservation. Trends Ecol. 
Evol. 38, 970–979.

McCleery, R.A., Monadjem, A., Baiser, B., Fletcher, R.J., Vickers, K., Kruger, L., 2018. 
Animal diversity declines with broad-scale homogenization of canopy cover in 
African savannas. Biol. Conserv. 226, 54–62.

McCleery, R.A., Monadjem, A., Conner, L.M., Austin, J.D., Taylor, P.J., 2022. Methods 
for Ecological Research on Terrestrial Small Mammals. JHU Press.

McNeil, D.J., Otto, C.R., Moser, E.L., Urban-Mead, K.R., King, D.E., Rodewald, A.D., 
Larkin, J.L., 2019. Distance models as a tool for modelling detection probability and 
density of native bumblebees. J. Appl. Entomol. 143, 225–235.

Moe, S.R., Rutina, L.P., Hytteborn, H., du Toit, J.T., 2009. What controls woodland 
regeneration after elephants have killed the big trees? J. Appl. Ecol. 46, 223–230.

Monadjem, A., 1997. Stomach contents of 19 species of small mammals from Swaziland. 
Mammalia 32, 23–26.

Monadjem, A., Perrin, M., 2003. Population fluctuations and community structure of 
small mammals in a Swaziland grassland over a three-year period. Afr. Zool. 38, 
127–137.

Nieman, W.A., van Wilgen, B.W., Radloff, F.G., Leslie, A.J., 2022. A review of the 
responses of medium-to large-sized African mammals to fire. Afr. J. Range Forage 
Sci. 39, 249–263.

O’Connor, T.G., Page, B., 2014. Simplification of the composition, diversity and structure 
of woody vegetation in a semi-arid African savanna reserve following the re- 
introduction of elephants. Biol. Conserv. 180, 122–133.

O’Connor, T.G., Goodman, P.S., Clegg, B., 2007. A functional hypothesis of the threat of 
local extirpation of woody plant species by elephant in Africa. Biol. Conserv. 136, 
329–345.

O’Farrell, P.J., Donaldson, J.S., Hoffman, M.T., Mader, A.D., 2008. Small mammal 
diversity and density on the Bokkeveld escarpment, South Africa—implications for 
conservation and livestock predation. Afr. Zool. 43, 117–124.

Ogada, D.L., Gadd, M.E., Ostfeld, R.S., Young, T.P., Keesing, F., 2008. Impacts of large 
herbivorous mammals on bird diversity and abundance in an African savanna. 
Oecologia 156, 387–397.

Ogutu, J.O., Piepho, H.P., Dublin, H.T., Bhola, N., Reid, R.S., 2008. Rainfall influences on 
ungulate population abundance in the Mara-Serengeti ecosystem. J. Anim. Ecol. 77, 
814–829.

O’Kane, C.A.J., Duffy, K.J., Page, B.R., Macdonald, D.W., 2014. Model highlights likely 
long-term influences of mesobrowsers versus those of elephants on woodland 
dynamics. Afr. J. Ecol. 52, 192–208.

Owen-Smith, R.N., 1988. Megaherbivores: The Influence of Very Large Body Size on 
Ecology. Cambridge University Press.

Poulsen, J.R., Rosin, C., Meier, A., Mills, E., Nunez, C.L., Koerner, S.E., Blanchard, E., 
Callejas, J., Moore, S., Sowers, M., 2018. Ecological consequences of forest elephant 
declines for Afrotropical forests. Conserv. Biol. 32, 559–567.

Pringle, R.M., 2008. Elephants as agents of habitat creation for small vertebrates at the 
patch scale. Ecology 89, 26–33.

Pringle, R.M., Abraham, J.O., Anderson, T.M., Coverdale, T.C., Davies, A.B., Dutton, C.L., 
et al., 2023. Impacts of large herbivores on terrestrial ecosystems. Curr. Biol. 33, 
R584–R610.

R Core Team, 2023. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical.

Ripple, W.J., Newsome, T.M., Wolf, C., Dirzo, R., Everatt, K.T., Galetti, M., et al., 2015. 
Collapse of the world’s largest herbivores. Sci. Adv. 1, e1400103.

Royle, J.A., Dawson, D.K., Bates, S., 2004. Modeling abundance effects in distance 
sampling. Ecology 85, 1591–1597.

Saetnan, E.R., Skarpe, C., 2006. The effect of ungulate grazing on a small mammal 
community in southeastern Botswana. Afr. Zool. 41, 9–16.

Saikkonen, T., Vahtera, V., Koponen, S., Suominen, O., 2019. Effects of reindeer grazing 
and recovery after cessation of grazing on the ground-dwelling spider assemblage in 
Finnish Lapland. PeerJ 7, e7330.

Scasta, J.D., 2015. Fire and parasites: an under-recognized form of anthropogenic land 
use change and mechanism of disease exposure. EcoHealth 12, 398–403.

Schulte, B.A., LaDue, C.A., 2021. The chemical ecology of elephants: 21st century 
additions to our understanding and future outlooks. Animals 11, 2860.

R.A. McCleery et al.                                                                                                                                                                                                                            Biological Conservation 310 (2025) 111378 

10 

http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0125
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0125
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0125
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0130
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0130
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0130
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0135
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0135
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0140
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0140
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0145
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0145
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0150
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0150
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0150
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0155
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0155
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0155
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0160
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0160
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0160
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0165
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0165
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0170
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0170
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0170
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0175
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0175
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0180
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0180
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0180
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0185
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0185
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0185
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0185
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0190
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0190
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0190
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0190
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0195
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0195
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0195
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0200
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0200
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0205
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0205
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0205
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0210
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0210
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0210
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0215
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0215
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0220
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0220
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0225
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0225
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0230
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0230
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0230
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0235
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0235
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0235
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0240
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0240
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0240
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0245
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0245
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0245
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0250
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0250
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0255
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0255
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0260
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0260
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0260
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0265
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0265
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0270
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0270
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0275
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0275
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0275
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0280
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0280
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf2280
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf2280
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0285
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0290
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0290
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0290
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0295
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0295
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0300
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0300
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0305
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0305
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0305
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0310
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0310
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0310
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0315
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0315
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0320
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0320
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0320
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0325
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0325
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0325
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0330
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0330
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0330
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0335
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0335
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0335
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0340
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0340
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0345
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0345
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0345
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0350
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0350
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0355
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0355
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0360
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0360
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0360
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0365
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0365
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0365
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0370
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0370
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0370
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0375
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0375
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0375
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0380
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0380
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0380
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0385
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0385
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0385
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0390
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0390
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0390
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0395
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0395
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0395
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0400
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0400
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0405
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0405
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0405
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0410
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0410
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0415
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0415
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0415
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0420
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0420
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0425
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0425
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0430
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0430
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0435
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0435
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0440
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0440
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0440
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0445
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0445
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0450
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0450


Seddon, P., Griffiths, C., Soorae, P., Armstrong, D., 2014. Reversing defaunation: 
restoring species in a changing world. Science 345, 406–412.

Sheppe, W., Osborne, T., 1971. Patterns of use of a flood plain by Zambian mammals. 
Ecol. Monogr. 41, 179–205.

Sikes, R.S., Animal Care and Use Committee of the American Society of Mammalogists, 
2016. 2016 guidelines of the American Society of Mammalogists for the use of wild 
mammals in research and education. J. Mammal. 97, 663–688.

Smit, I.P., Grant, C.C., Devereux, B.J., 2007. Do artificial waterholes influence the way 
herbivores use the landscape? Herbivore distribution patterns around rivers and 
artificial surface water sources in a large African savanna park. Biol. Conserv. 136, 
85–99.

Smit, I.P.J., 2011. Resources driving landscape-scale distribution patterns of grazers in 
an African savanna. Ecography 34, 67–74.

Smit, I.P.J., Prins, H.H.T., 2015. Predicting the effects of woody encroachment on 
mammal communities, grazing biomass and fire frequency in African savannas. PLoS 
One 10.

Smit, I.P.J., Smit, C.F., Govender, N., van der Linde, M., MacFadyen, S., 2013. Rainfall, 
geology and landscape position generate large-scale spatiotemporal fire pattern 
heterogeneity in an African savanna. Ecography 36, 447–459.

Soto-Shoender, J.R., McCleery, R.A., Monadjem, A., Gwinn, D.C., 2018. The importance 
of grass cover for mammalian diversity and habitat associations in a bush 
encroached savanna. Biol. Conserv. 221, 127–136.

Staver, A.C., Abraham, J.O., Hempson, G.P., Karp, A.T., Faith, J.T., 2021. The past, 
present, and future of herbivore impacts on savanna vegetation. J. Ecol. 109, 
2804–2822.

Svenning, J.C., Pedersen, P.B.M., Donlan, C.J., Ejrnæs, R., Faurby, S., Galetti, M., et al., 
2016. Science for a wilder Anthropocene: synthesis and future directions for trophic 
rewilding research. Proc. Natl. Acad. Sci. USA 113, 898–906.

Swanepoel, C.M., 1981. The effect of fire on a small mammal community. Afr. Zool. 16, 
232–236.

Teman, S.J., Stevens, N., Monadjem, A., Fletcher, R.J., Austin, J.D., McCleery, R.A., 
2021. Savanna rodents’ selective removal of an encroaching plant’s seeds increased 
with grass biomass. Front. Ecol. Evol. 9.

Tiller, L.N., Oniba, E., Opira, G., Brennan, E.J., King, L.E., Ndombi, V., Wanjala, D., 
Robertson, M.R., 2022. “Smelly” elephant repellent: assessing the efficacy of a novel 
olfactory approach to mitigating elephant crop raiding in Uganda and Kenya. 
Diversity 14, 509. https://doi.org/10.3390/d14070509.

Vaccaro, D., Schulte, B., 2024. Mammalian and avian community response to African 
elephant (Loxodonta africana) habitat disturbance in South-Eastern Kenya. Afr. Zool. 
59, 123–135.

Valeix, M., Chamaille-Jammes, S., Fritz, H., 2007. Interference competition and temporal 
niche shifts: elephants and herbivore communities at waterholes. Oecologia 153, 
739–748.

Valeix, M., Fritz, H., Sabatier, R., Murindagomo, F., Cumming, D., Duncan, P., 2011. 
Elephant-induced structural changes in the vegetation and habitat selection by large 
herbivores in an African savanna. Biol. Conserv. 144, 902–912.

Vander Weele, T.J., 2015. Explanation in causal inference: methods for mediation and 
interaction. Oxford University Press. 

Veblen, K.E., Porensky, L.M., Riginos, C., Young, T.P., 2016. Are cattle surrogate 
wildlife? Savanna plant community composition explained by total herbivory more 
than herbivore type. Ecol. Appl. 26, 1610–1623.

Wedel, E.R., Nippert, J.B., O’Connor, R.C., Nkuna, P., Swemmer, A.M., 2024. Repeated 
clearing as a mechanism for savanna recovery following bush encroachment. J. Appl. 
Ecol. 61, 1520–1530.

Wells, H.B.M., Crego, R.D., Opedal, O.H., Khasoha, L.M., Alston, J.M., Reed, C.G., et al., 
2021. Experimental evidence that effects of megaherbivores on mesoherbivore space 
use are influenced by species’ traits. J. Anim. Ecol. 90, 2510–2522.

Young, H.S., McCauley, D.J., Dirzo, R., Goheen, J.R., Agwanda, B., Brook, C., et al., 2015. 
Context-dependent effects of large-wildlife declines on small-mammal communities 
in Central Kenya. Ecol. Appl. 25, 348–360.

Young, T.P., Palmer, T.M., Gadd, M.E., 2005. Competition and compensation among 
cattle, zebras, and elephants in a semi-arid savanna in Laikipia, Kenya. Biol. Conserv. 
122, 351–359.

Zambatis, N., Zacharias, P., Morris, C., Derry, J., 2006. Re-evaluation of the disc pasture 
meter calibration for the Kruger National Park, South Africa. Afr. J. Range Forage 
Sci. 23, 85–97.

R.A. McCleery et al.                                                                                                                                                                                                                            Biological Conservation 310 (2025) 111378 

11 

http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0455
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0455
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0460
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0460
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0465
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0465
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0465
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0470
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0470
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0470
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0470
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0475
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0475
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0480
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0480
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0480
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0485
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0485
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0485
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0490
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0490
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0490
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0495
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0495
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0495
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0500
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0500
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0500
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0505
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0505
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0510
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0510
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0510
https://doi.org/10.3390/d14070509
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0520
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0520
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0520
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0525
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0525
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0525
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0530
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0530
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0530
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0535
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0535
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0540
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0540
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0540
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0550
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0550
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0550
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0555
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0555
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0555
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0560
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0560
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0560
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0565
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0565
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0565
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0575
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0575
http://refhub.elsevier.com/S0006-3207(25)00415-X/rf0575

	Megaherbivores facilitate large grazing herbivores and suppress small mammals through vegetation structure and cryptic pathways
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Experimental design
	2.3 Vegetation structure and rainfall
	2.4 Mammal communities
	2.5 Analysis

	3 Results
	3.1 Response of small mammals
	3.2 Response of mesoherbivores

	4 Discussion
	4.1 Conservation and management applications

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


