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Abstract
1. Though elephants are a major cause of savanna tree mortality and threaten vul-

nerable tree species, managing their impact remains difficult, in part because 
relatively little is known about how elephant impacts are distributed throughout 
space.

2. This is exacerbated by uncertainty about what determines the distribution of el-
ephants themselves, as well as whether the distribution of elephants is even in-
formative for understanding the distribution of their impacts.

3. To better understand the factors that underlie elephant impacts, we modeled el-
ephant distributions and their damage to trees with respect to soil properties, 
water availability, and vegetation in Kruger National Park, South Africa, using 
structural equation modeling.

4. We found that bull elephants and mixed herds differed markedly in their distribu-
tions, with bull elephants concentrating in sparsely treed basaltic sites close to 
artificial waterholes and mixed herds aggregating around permanent rivers, par-
ticularly in areas with little grass.

5. Surprisingly, we also found that the distribution of elephant impacts, while highly 
heterogeneous, was largely unrelated to the distribution of elephants themselves, 
with damage concentrated instead in densely treed areas and particularly on ba-
saltic soils.

6. Results underscore the importance of surface water for elephants but suggest 
that elephant water dependence operates together with other landscape factors, 
particularly vegetation community composition and historical management inter-
ventions, to influence elephant distributions.
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1  | INTRODUC TION

Elephant conservation aims to balance the protection of elephants 
with the management of the impacts they have on their surroundings. 
Although African savanna elephants (Loxodonta africana) are consid-
ered a vulnerable species overall (Chase et al., 2016), their popula-
tions have grown rapidly in some parks (Smit & Ferreira, 2010), so 
much so that they often have the greatest per- species biomass in 
an area (Hempson et al., 2015). Combined with their lack of preda-
tors, which allows them to forage more intensely than smaller her-
bivores (Abraham et al., 2019; Owen- Smith et al., 2006), feeding by 
elephants can result in severe impacts on savanna vegetation, par-
ticularly trees (Morrison et al., 2016; Vanak et al., 2012).

Altogether, elephants pose a central concern as agents of sa-
vanna tree mortality (Asner & Levick, 2012; Jacobs & Biggs, 2002; 
Morrison et al., 2016), both via direct damage and in interaction with 
other stressors such as fire and insects (Vanak et al., 2012; Wigley 
et al., 2019). Elephants impact trees directly by stripping bark, 
breaking stems and branches, or simply uprooting trees entirely, 
all of which can make trees more susceptible to insect damage and 
fire- induced mortality (Jacobs & Biggs, 2002; Moncrieff et al., 2017; 
Wigley et al., 2019). Some tree species are at particular risk (Duffy 
et al., 2002; Edkins et al., 2008; Midgley et al., 2020; Shannon 
et al., 2008), including Sclerocarya birrea (marula), Adansonia digitata 
(baobab), and Acacia nigrescens (alt. Senegalia nigrescens; knobthorn), 
which are considered valuable ecologically and function as iconic 
species with touristic value (Owen- Smith et al., 2006).

However, debate continues as to the real threat posed by elephants 
to trees and biodiversity overall in savannas (Coverdale et al., 2016; 
Guldemond et al., 2017; Henley & Cook, 2019). This debate is exac-
erbated by general uncertainty about what underlies heterogeneity 
both in elephant density and in how their impacts are distributed in 
savanna landscapes, which can vary dramatically in space (Anderson 
& Walker, 1974; Codron et al., 2006). Many studies have attempted 
to identify consistent patterns of impact (Anderson & Walker, 1974; 
Asner et al., 2016; Davies & Asner, 2019; Duffy et al., 2002; Van Wyk 
& Fairall, 1969), but results are so often uncertain or contradictory that 
meta- analysis has concluded there is no universal predictor that gener-
alizes well across study areas (Guldemond et al., 2017).

One exception to this uncertainty is a well- documented associa-
tion of elephants with water (Harris et al., 2008; Hempson et al., 2015). 
Elephants are widely considered to be a “water- dependent” species 
(Chamaillé- Jammes et al., 2007), and water availability is believed to be 
a key driver structuring elephant landscape use (Smit & Ferreira, 2010; 
De Beer & Van Aarde, 2008). Indeed, most elephant populations 
are observed to cluster around rivers (Harris et al., 2008; Smit & 
Ferreira, 2010; Smit et al., 2007) and to a lesser extent around artificial 
waterholes (Chamaillé- Jammes et al., 2007; Loarie et al., 2009), which is 
thought to increase encounter rates between elephants and vulnerable 
tree species (O’Connor et al., 2007). However, the factors that shape 
elephant distributions are more complex than this wholesale focus on 
water availability suggests. Water availability may be only a strong de-
terminant of elephant distributions locally (de Knegt et al., 2011; Smit 

& Ferreira, 2010), or water availability may determine elephant land-
scape use at multiple scales (Chamaillé- Jammes et al., 2007; Hempson 
et al., 2015). Furthermore, elephant landscape use has been shown to 
vary with temperature (Williams et al., 2018), short- term changes in 
NDVI (Bohrer et al., 2014), and particularly tree density and identity 
(Harris et al., 2008; Owen- Smith et al., 2006). These drivers of ele-
phant landscape use may, like water availability, also depend on scale, 
with different factors dominating local versus regional elephant dis-
tributions (Marshal et al., 2011; Shrader et al., 2012). How all these 
processes integrate to determine elephant distributions is not known, 
making it difficult to predict or manage their impacts.

Furthermore, it is often assumed that the distributions of ele-
phant impacts and elephants themselves are analogous and inter-
changeable (Chamaillé- Jammes et al., 2007; Loarie et al., 2009; Smit 
& Ferreira, 2010). However, elephants do not only damage trees for 
food (Coverdale et al., 2016; Midgley et al., 2005); elephants — young 
bulls in particular—  often knock down trees as a sexual display, to 
impress females or intimidate other males (Midgley et al., 2005). 
Likewise, elephants have been hypothesized to purposefully knock 
down nonfeeding trees to modify the structure of vegetative com-
munities (“elephant farming” hypothesis; Midgley et al., 2005). As 
such, even places where elephants are not foraging intensely may still 
suffer severe impacts. Indeed, the assumption that elephant impacts 
are most severe where elephants are most densely concentrated has 
limited empirical support (Asner et al., 2016; Davies & Asner, 2019), 
in part because (a) spatially explicit data on both elephants and their 
impacts across sufficiently large scales are challenging to collect; and 
(b) few places have stable enough elephant populations and man-
agement histories to reasonably draw such a comparison (Bradshaw 
et al., 2005; Chase et al., 2016; Guldemond et al., 2017; Smit & 
Ferreira, 2010). Altogether, it remains unclear whether the distribu-
tion of elephants informs the distribution of their impacts.

Here, we address these uncertainties by investigating the dis-
tribution of elephants and their impacts on trees in Kruger National 
Park, South Africa (Kruger). We modeled potential predictors of el-
ephant landscape use and elephant impacts using structural equa-
tion modeling (SEM) and identified environmental and ecological 
factors that most contributed to explaining the distributions of el-
ephants and their impacts. Because these models can be suscepti-
ble to spatial autocorrelation, we also used a more limited spatially 
explicit structural equation modeling (SE- SEM) framework to verify 
nonspatial SEM results. By doing so, we aimed to clarify the drivers 
of elephant impacts in order to better inform current management 
practices.

2  | MATERIAL S AND METHODS

2.1 | Study site

Kruger National Park encompasses ~20,000 km2 (22°20′ to 
25°30′S; 31°10′ to 32°00′ E) of low- lying areas (260– 839 m) of 
northeastern South Africa. It is dominated by two underlying 
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parent materials, a granite and a basalt, broadly characterized as 
nutrient- poor and nutrient- rich, respectively (Staver et al., 2017) 
(Figure 1a). Across the park, mean annual rainfall ranges from 
450 mm in the north to 750 mm in the south, with significant inter-
annual variation in rainfall (Staver et al., 2019). The park is bisected 
by six major river systems flowing west to east, down from the 
Drakensberg escarpment toward the Mozambican coastal plain 
(Figure 1a). This variation in both water and nutrient availability 
contributes to the wide variety of vegetation found throughout 
the park (Venter, 1990). Park management has also historically pro-
vided water at artificial water points (Pienaar et al., 1997; Redfern 
et al., 2005), and many small streams (associated with major river 
networks) are seasonal, resulting in temporal variability in water 
availability; however, water in the larger rivers remains accessible, 
even in extreme drought (Smit & Ferreira, 2010).

2.2 | Data sources

Spatially explicit data on elephant impacts were collected in 2008 
at Kruger's Veld Condition Assessment (VCA) sites (Figure 1b). 
These 50 m × 60 m plots (n = 533) are distributed throughout 
the entirety of the park and capture Kruger's major vegetation 
types; they have been monitored since 1989 for variations in grass 
biomass to inform fire management, but tree layer plots were 
added in 2008 (see Staver et al., 2017, Staver, 2018, and Staver 

et al., 2019 for formal analyses of vegetation structure and a more 
complete description of the full data). At each VCA site, all trees 
>3 m in height were identified and measured within 8 subplots 
of 5 m radius (for a total sampling area ~628 m2 per site). For this 
analysis, trees were grouped into three height classes: trees <4 m 
in height, trees between 4 and 8 m, and trees >8 m (see Figure 2b). 
In addition, the severity of elephant damage was scored on each of 
these trees; in order to calculate per- site rates of damage for this 
study (Figure 1b) and also due to concerns around the consistency 
of severity scores, we have reduced these scores to a binary pres-
ence/absence of elephant damage.

To evaluate how tree species composition impacted elephant 
distributions, we computed the density of tree species damaged 
by elephants at each VCA site (“preferred tree species”). We 
weighted the stem density for each tree species at a given VCA 
site by that species’ whole- park mean damage rate. This resulted 
in a comparable metric corresponding to the relative density of 
elephant- preferred trees at each VCA site, generating a prefer-
ence score wherein larger values correspond to a higher density of 
more preferred tree species.

For each VCA site, we also extracted information on underlying 
parent geologic material and mean annual rainfall from maps main-
tained by the park. Rainfall maps are based on data collected at 22 
weather stations that have been continuously monitored since 1989 
throughout Kruger (see Staver et al., 2017 for more information). We 
also calculated the minimum distance from each VCA site both to 

F I G U R E  1   The distributions of (a) landscape features (soil parent geology and permanent rivers), (b) elephant impacts at VCA sites, (c) bull 
elephant densities, and (d) densities of elephants in mixed herds in Kruger National Park, South Africa. Note that the scales differ in (c) and 
(d), as elephants in mixed herds are nearly an order of magnitude more numerous than bull elephants
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the nearest permanent rivers (order ≥ 6) and to the nearest artificial 
waterholes open in 2011 (the distribution of which is largely repre-
sentative of the waterholes open during the end of the study period; 
Pienaar et al., 1997; Redfern et al., 2005).

Finally, elephant densities at the VCA sites were estimated 
based on megaherbivore helicopter aerial censuses performed by 
park management each year from 1985 through 2008. Aerial cen-
suses were performed during the late dry season (August) when 
elephant impacts on trees are thought to be most severe (Davies 
& Asner, 2019; Smit & Ferreira, 2010) due to their increased uti-
lization of trees for forage (Codron et al., 2006). Transects were 
flown across the park following drainage lines, with four expert 
observers noting the position, number of individuals, and com-
position of all elephant groups (see Smit et al., 2007 for further 
details). To account for movement, parkwide density layers were 
generated from point counts for each year from 1985 to 2008; 
separate layers were generated for bulls and for mixed herds (com-
prising females, young males, and calves) (Figure 1c and d). Point- 
based censuses were interpolated using a 5 km Gaussian kernel 
smoother with the function density.ppp in the “spatstat” package 
(Baddeley & Turner, 2004) to generate maps of elephant density 
across the park for each census year (per Davies & Asner, 2019; 
MacFadyen et al., 2019). Parkwide density layers from 1985 to 
2008 were aggregated across years to yield average distribution 
estimates for bulls and mixed herds (Figure 1c and d). Because el-
ephant populations have increased in Kruger through time (Smit 
et al., 2007), this approach inherently ascribes more weight to 
more recent censuses. However, we feel this approach is appropri-
ate since damage data are from 2008 and more contemporaneous 
elephant distributions likely do matter more for understanding 
their impacts. Densities at the VCA sites were then extracted from 
aggregated density maps to correspond to site- level data, at which 
level we performed analyses.

2.3 | Data analysis

Data were analyzed in R 3.2.3. To evaluate the possibility that el-
ephant preferences for certain vegetation types might contribute to 
how their impacts are distributed in space, we compared the pro-
portion of trees damaged by elephants across all tree species and in 
each of the three tree height classes using a series of χ2 and pairwise 
binomial tests (see Figure 2). Confidence intervals were calculated 
at 95% around mean damage rates for the three height classes and 
for each species via bootstrapping within each category using the 
“boot” package in R (Canty & Ripley, 2017). Then, the mean percent-
ages of trees damaged by elephants for each species and height class 
were compared to the overall mean (27.97% across all trees) using 
binomial tests to determine whether damage rates differed signifi-
cantly from the mean. Species that were damaged significantly more 
than the global mean were considered preferred species (Figure 2b).

To examine relationships of the site- level variables described 
above on elephant densities and their impacts, we used structural 
equation models (SEM) in the “lavaan” R package (Rosseel, 2012). 
We constructed alternative candidate models to test the inclusion 
of variables locally significant for p < .1, and locally insignificant rela-
tionships were tolerated if they improved overall model fit. Missing 
data were handled using full information maximum likelihood (FIML), 
which performs well in SEM (Enders & Bandalos, 2001). The model 
with the lowest AIC was considered the best model, and we com-
pared it with spatially explicit SEM (SE- SEM) models (using R package 
“sesem”; Lamb et al., 2014) to test the importance of spatial autocor-
relation. In SE- SEM, SEMs are fit with varying lagged distances to 
evaluate whether the strengths of relationships change as the spa-
tial scale of dependencies changes. By synthesizing the results from 
both SEM and SE- SEM, we were able to identify the strongest pre-
dictors of both elephant distributions and the distributions of their 
impacts throughout Kruger.

F I G U R E  2   Elephant damage rates on 
trees by (a) height class and (b) by species. 
In (a), error bars denote 95% confidence 
intervals around each sample mean, and 
letters indicate significant difference 
(p < .001). In (b), the mean percentage 
of trees damaged (28.0%) is given by the 
dotted line. Species means significantly 
different from the universal mean are 
indicated by stars (*p ≤ .05, **p ≤ .01, and 
***p ≤ .001). Discussion continues on the 
proper classification of the polyphyletic 
Acacia genus; here all species have been 
identified as Acacia, but those proposed 
to belong in Vachellia are marked with an 
asterisk (*) and those in Senegalia with a 
dagger (†)
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3  | RESULTS

Spatially explicit structural equation modeling showed that spatial 
models were preferred (Figure S3), but most relevant relationships re-
mained consistent between spatial and nonspatial models (Figure S4). 
As such, unless otherwise noted, all links mentioned hereafter are 
consistent across spatial and nonspatial models. Overall model fit 
was within acceptable limits (CFI = 0.97, RMSEA = 0.06 [0.03, 0.08], 
SRMR = 0.03) despite a substandard χ2 (χ2 = 36.7, df = 16, p = .002; 
large p- values are preferred in SEM). This disparity results from the 
inclusion of the “preferred trees” metric, which was derived from 
the same data as the “tree density” and “elephant impact” variables 
and therefore could not be linked to either of them without violating 
assumptions of independence. Such links, however, were strongly 
suggested by modification indices, and excluding them therefore 
made the final model appear “worse” in contrast to the hypothetical, 
statistically invalid model that did include these links.

3.1 | Landscape features

The relationships observed among vegetative and abiotic factors 
were unsurprising. More grass was found in rainy, basaltic areas far 
from rivers, especially where trees were sparse (Table S1; Figure S2), 
confirming prior work indicating that both rainfall and nutrient- rich 
soils favor grass productivity (which in turn suppresses tree recruit-
ment; Staver et al., 2017) and that grass biomass is low around riv-
ers due to high levels of trampling and grazing from high herbivore 
traffic (Jacobs & Naiman, 2008; Van Coller et al., 2013; Van Wyk & 
Fairall, 1969). Sites in rainier parts of Kruger were nearer permanent 
rivers in nonspatial models (Figure S2), but intuitively this relation-
ship fell away in spatially explicit modeling (Figure S4).

Tree density seemed to be dependent on rainfall, with higher 
densities in dry areas, but the effect was weak in spatial modeling 
(Figure S4); instead, geology was the best predictor of tree density, 
with more trees at granitic sites (Figure S2). This again agrees with 
past work suggesting that soil plays a key role in determining savanna 
vegetation structure both in Kruger (Staver et al., 2017) as well as at 
continental scales (Case & Staver, 2018). The importance of geology 

and rainfall was reversed when considering the density of elephant- 
preferred trees in particular: Their density was most strongly influ-
enced by rainfall and only weakly by geology (Figure S2). Tree species 
preferred by elephants therefore are more common at drier sites 
but are only marginally more common on granitic soils. The model 
also suggested that river proximity may influence the distribution of 
these tree species, but the link proved insignificant (Figure S4).

3.2 | Elephant impacts

Elephants had significant impacts on trees, damaging large trees 
(>8 m) (χ2 = 27.95, df = 1, p < .0001) and medium trees (4– 8 m) 
(χ2 = 99.9, df = 1, p < .0001) more than short ones (< 4 m) (Figure 2a), 
although there was no difference in the rates of damage between 
tall and medium trees (χ2 = 1.08, df = 1, p = .30). Elephants also 
impacted some tree species more than others (Figure 2b). Of the 
18 species for which at least 15 individuals were sampled, four spe-
cies were damaged significantly more often than the average and 
five species were damaged significantly less often (see Figure 2b for 
significance levels by species and Table S3 for estimated rates). Most 
notably, elephants damaged significantly more Sclerocarya birrea 
(marula) and Acacia tortilis (alt. Vachellia tortilis, umbrella thorn), 
while damaging low proportions of bush- encroaching species, in-
cluding Dichrostachys cinerea, Terminalia sericea, and Euclea divino-
rum (though note that damage may not perfectly correlate with how 
widely utilized a species is, due to species- specific differences in 
growth rates and tolerance to herbivory; Owen- Smith et al., 2006; 
Staver et al., 2012; Wakeling et al., 2011).

Several weak predictors of elephant damage across Kruger were 
observed, such as bull elephant density, which was linked to damage 
in the best nonspatial model (Table S1) but proved an insignificant 
predictor not only in SEM (Figure S2), but also in SE- SEM (Figure S4) 
and linear modeling (F1,387 = 0.527, R2 = 0.00, p = .47). Grass biomass 
also seemed to increase tree damage (Figure S2), but the effect again 
vanished in spatial models (Figure S4).

Tree density, on the other hand, was the strongest predictor of 
elephant damage in both spatial (Figure S4) and nonspatial models 
(Figure S2), with elephants damaging the highest proportion of trees 

F I G U R E  3   Relationships between 
elephant impact and (a) tree density 
and (b) geology. Elephants damage 
significantly more trees in densely 
treed areas and on basalt- derived soils. 
Relationships are significant in SEM 
(p ≤ .001), though the relationship 
between impact and geology is only 
weakly supported in SE- SEM. Axis colors 
correspond to color gradients in Figure 1b
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in the most densely treed areas (F1,381 = 42.15, R2 = 0.10, p < .0001) 
(Figure 3a). This pattern interacted with geology: Despite lower tree 
densities on basaltic sites (Figure S2), we observed little difference 
in tree damage between basalt and granite (t = −0.83, df = 142.92, 
p = .41) (Figure 3b). This suggests that the influence of tree density 
on damage rates was offset by some other effect (Figure S2), per-
haps indicating that nutrient- rich basalts make trees more palatable. 
This result aligns with SEM results, which indicated that impact was 
somewhat more frequent on basaltic sites (Figure S2), though the 
link was only weakly supported by SE- SEM (Figure S4).

3.3 | Elephant densities

Elephant density was influenced by a variety of water and vegeta-
tive characteristics, but the determinants of distributions differed 
markedly between bull elephants and elephants in mixed herds 
(Figures 4 and 5). Bull elephant density was most strongly associated 
with areas of low tree density (F1,395 = 43.47, R2 = 0.10, p < .0001) 
and was also somewhat greater on basalts (t = −7.07, df = 200.68, 
p < .0001; granite mean 2.23 elephants/km2, basalt mean 2.71 el-
ephants/km2) and marginally greater in areas close to artificial water 
points (F1,413 = 15.80, R2 = 0.03, p < .0001) (Figure 4). It also seemed 
that they might be concentrated in areas of the park with less rain, 
though this link fell away in spatial models (Figure S4).

In contrast, the density of elephants in herds was associated with 
an entirely different set of factors. Herds tended very strongly to 
areas close to rivers (F1,413 = 141.20, R2 = 0.253, p < .0001), par-
ticularly those with less grass (F1,413 = 34.20, R2 = 0.07, p < .0001) 
(Figure 5), agreeing with the well- known water dependence of herds 
that include calves (Barnes, 1983; Harris et al., 2008). An appar-
ent tendency toward lightly treed granitic areas was insignificant 
in spatial modeling (Figure S4); there was also a slight relation-
ship between herd density and areas that specifically had higher 

densities of “preferred” trees which was supported in spatial mod-
eling (Figure S4) but insignificant in linear regression (F1,400 = 0.799, 
R2 = 0.00, p = .37).

4  | DISCUSSION

Here, we examined the distributions of elephants and their impacts 
in Kruger National Park, South Africa. We found that (1) elephants 
have distinct preferences for certain tree size classes and species, 
particularly Sclerocarya birrea (marula), Acacia tortilis (alt. Vachellia 
tortilis, umbrella thorn), and Colophospermum mopane (mopane). 
Surprisingly, however, we found that (2) the distribution of preferred 
trees did not seem to influence the distribution of elephants: The 
density of preferred trees was not associated with bull elephant den-
sities and was only weakly associated with the density of elephants 
in mixed herd. Instead, we found that (3) bull elephants concen-
trate in sparsely treed basaltic sites close to artificial waterholes, (4) 
whereas mixed herds aggregate strongly around permanent rivers, 
particularly in areas with little grass. Finally, we found that (5) the 
distribution of elephant impacts was largely unrelated to the dis-
tribution of elephants themselves, concentrated instead in densely 
treed areas and on basaltic soils.

First and foremost, these findings corroborate existing work 
suggesting that elephants are dependent on surface water and that 
their landscape use is tightly associated with water as a result (Harris 
et al., 2008; Smit & Ferreira, 2010; De Beer & Van Aarde, 2008): 
Here, elephants in mixed herds concentrated near rivers (Figure 4a), 
whereas bull elephants ranged close to waterholes (Figure 3a). This 
aligns with the fact that Kruger's elephants generally seek drinking 
water every two days (De Beer & Van Aarde, 2008), which forces 
them to remain within easy traveling distance of surface water 
sources (Barnes, 1983). While bulls may wander more freely from 
water while traveling alone or in small bachelor groups (De Beer 

F I G U R E  4   Relationships between bull elephant densities and (a) distance to the nearest waterhole, (b) tree density, and (c) geology. Bull 
elephants aggregate in sparsely treed basaltic regions of Kruger, particularly around waterholes. All relationships are significant in SEM and 
SE- SEM (p ≤ .001). Axis colors correspond to color gradients in Figure 1c
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& Van Aarde, 2008), relatively more numerous herds that include 
calves and lactating cows are more water- dependent (De Beer & 
Van Aarde, 2008), such that the majority of elephants concentrate 
around rivers (though vegetation may also play a role in driving the 
preference of mixed herds for rivers, see below).

However, contrastingly, we found that water availability did not 
determine elephant densities at regional scales. The density of el-
ephants in mixed herds was largely unrelated to rainfall, and bulls 
were possibly negatively associated with rainfall (Figures S2 and 
S4). This pattern contrasts both with the local water dependence 
discussed above and with broader patterns at continental scales, 
which show that elephant biomass increases with increasing rain-
fall across all of Africa (Hempson et al., 2015). These discrepancies 
suggest that, while water access is important for elephants, this 
need is largely satisfied by access to surface water sources (Loarie 
et al., 2009), such that wholesale water availability may not be a 
major determinant of overall variation in elephant densities in the 
landscape (Chamaillé- Jammes et al., 2007; de Knegt et al., 2011).

Alternatively, the discrepancy between local and regional rela-
tionships could mean that additional factors outweigh elephants’ 
water dependence in determining overall patterns of elephant 
landscape use. In particular, past management interventions (e.g., 
culling, large- scale elephant exclosures, and water provisioning; 
Bradshaw et al., 2005; Graham et al., 2009; Smit et al., 2020) and 
vegetation composition (de Knegt et al., 2011) may play a promi-
nent role in structuring elephant distributions overall, mediated by 
locally heterogeneous population growth rates (Chamaillé- Jammes 
et al., 2007; Robson & van Aarde, 2018) and elephant foraging be-
haviors and preferences (Shrader et al., 2012).

Indeed, the relationship between bull elephants and water points 
suggests a role for management in structuring current elephant dis-
tributions, indicating that water provisioning may have modified the 
relationship between Kruger's elephants and rainfall; water points 
may have allowed elephants to make use of drier portions of the 
landscape that they could not previously access (Loarie et al., 2009; 

Smit & Ferreira, 2010). This is particularly noteworthy since we 
found here that the tree species preferred by elephants are con-
centrated in the drier portions of Kruger (Figure S2). Historic water 
provisioning may therefore have enabled elephants to access this 
preferred vegetation, potentially explaining the high damage rates 
observed therein.

These findings raise the question of what role management has 
had in determining elephant distributions in Kruger. Kruger has been 
subject to a wide range of management interventions, including cull-
ing elephants to suppress populations, fencing off regions to protect 
against elephant impacts, and provisioning surface water to disperse 
elephants (Redfern et al., 2005; Robson & van Aarde, 2018; Smit & 
Ferreira, 2010; Smit et al., 2020). All of these initiatives are thought 
to have profound effects on how elephants use space (Chamaillé- 
Jammes et al., 2007; Loarie et al., 2009; Robson & van Aarde, 2018; 
Smit & Ferreira, 2010; Smit et al., 2020), such that current distribu-
tions may still reflect the legacies of these interventions and there-
fore cannot be understood without explicit consideration of past 
management efforts.

Additionally, our results suggest that characteristics of the vege-
tative community may play a role in determining elephant space use. 
Both bulls and herds seem to preferentially use nutrient- rich sub-
habitats: Bulls preferentially utilize the nutrient- rich basaltic sites 
(Figure 3c), where vegetation is possibly more palatable. Similarly, 
herds utilize riverside sites (Figure 4a), which are likewise thought 
to be comparatively nutrient- rich and also feature distinctive ripar-
ian vegetation (Owen- Smith et al., 2006; Van Wyk & Fairall, 1969). 
This apparent preference by both bull elephants and mixed herds for 
relatively nutrient- rich vegetation is somewhat surprising in light of 
metabolic theory suggesting that large- bodied herbivores like ele-
phants should be more concerned with forage quantity rather than 
quality (Damuth, 1987; Olff et al., 2002), as well as evidence that 
comparatively smaller female elephants prefer high- quality forage 
compared to larger male elephants, which seek out large quantities 
of forage (Greyling, 2004; Shannon et al., 2006). In further support 

F I G U R E  5   Relationships between densities of elephants in mixed herds and (a) distance to the nearest river, (b) grass biomass, and (c) 
geology. Mixed herds congregate strongly around rivers, particularly in granitic sites with low grass biomass. All relationships are significant 
in SEM and SE- SEM (p ≤ .001). Axis colors correspond to color gradients in Figure 1d
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of the role of vegetation in driving elephant landscape use, we found 
that herds seem to utilize sites with greater numbers of “preferred” 
trees (Figure S2), again suggesting that vegetation characteristics 
may contribute to their landscape use preferences, though the link 
was weak (and absent for bulls). In sum, our results suggest that 
vegetation may play a role in determining elephant distributions, 
through both nutrient content and species composition. Both these 
possibilities bear further examination.

Much like the distribution of elephants themselves, we found 
substantial variation in elephant damage, both compositionally and 
spatially: Damage to trees differed dramatically by species and size 
class, with elephants preferentially damaging larger trees and cer-
tain tree species while avoiding other species (Figure 2; Table S3); 
furthermore, impacts differed from plot to plot, ranging from 
local tree damage rates of near- zero to almost 100% (Figure 5). 
However, despite substantial heterogeneity in impacts, the varia-
tion was largely unexplainable from the predictors evaluated here; 
the only strong correlate of elephant damage to trees was tree 
density (Figure 5a), possibly due to increased browsing efficiency 
in densely treed areas (a type 3 functional response). Surprisingly, 
local elephant densities— bulls and herds both— had little explana-
tory power for understanding impact, at least at this coarse binary 
resolution (Figures S2 and S4). While it is often assumed that the 
places where elephants are congregated are subject to the most 
severe impacts (Chamaillé- Jammes et al., 2007; Loarie et al., 2009; 
Smit & Ferreira, 2010), our results call into question this assumption. 
It remains unclear from our analysis what decouples elephant dis-
tributions from the distribution of their impacts; spatial variation in 
tree tolerance to elephant damage may play a role, as may variabil-
ity in tree growth rates, confounding underlying rates of elephant 
utilization (Owen- Smith et al., 2006; Staver et al., 2012; Wakeling 
et al., 2011).

Altogether, our results suggest that, while elephant impacts are 
indeed heterogeneous, they are not heterogeneous in a way that 
maps easily onto environmental variation. This indicates a need to 
rethink future investigations of elephant damage to trees.

5  | CONCLUSIONS

There are two major takeaways from this study. Firstly, this research 
adds to the substantial body of literature demonstrating the im-
portance of water for elephants (Barnes, 1983; Chamaillé- Jammes 
et al., 2007; Hempson et al., 2015; Loarie et al., 2009; Smit & 
Ferreira, 2010; De Beer & Van Aarde, 2008). However, we find that it 
is surface water in particular, rather than regional water availability, 
to which elephants respond (Chamaillé- Jammes et al., 2007; Smit & 
Ferreira, 2010; De Beer & Van Aarde, 2008). That said, we speculate 
that both past management interventions and vegetation character-
istics may contribute to this pattern; water provisioning may have 
enabled bull elephants in particular to access regions of the park— 
and the vegetation therein— previously inaccessible to them (Loarie 
et al., 2009; Smit & Ferreira, 2010). Similarly, preferences for specific 

tree species and vegetation of a particular quality may contribute to 
decoupling elephants from rainfall (Midgley et al., 2005; Shannon 
et al., 2008; Shrader et al., 2012). Both possibilities warrant direct 
examination.

Our results also emphasize the importance of separately 
considering the landscape use of bulls and mixed herds (Midgley 
et al., 2005; Smit et al., 2007). We find that their distributions are 
entirely determined by different factors: Mixed herds are con-
strained to rivers by the poor mobility of calves, whereas more 
mobile bulls are comparatively free to roam farther from rivers 
(Barnes, 1983; De Beer & Van Aarde, 2008). As such, future man-
agement efforts should account for the differential mobility of 
bulls and herds.

Secondly, we find that the distribution of elephant damage is 
largely inexplicable by any of the factors we analyze here, even by 
the distribution of elephants themselves. This suggests that there is 
no obvious silver bullet for why elephants are where they are and 
why their preferences are what they are, consistent with a large 
body of literature (Anderson & Walker, 1974; Asner et al., 2016; 
Davies & Asner, 2019; Duffy et al., 2002; Guldemond et al., 2017; 
Van Wyk & Fairall, 1969). This does present an intriguing question, 
however: What decouples elephants from their impacts?

One possibility is that we may be looking at elephant distribu-
tions at the wrong time. It has historically been assumed that ele-
phant impacts on vegetation are most severe during the dry season, 
due to increased utilization of trees for forage (Codron et al., 2006). 
However, certain preferred tree species are consistently utilized 
by elephants for forage year- round (Codron et al., 2006; Jacobs & 
Biggs, 2002). Also, elephant damage to trees is not just for food 
(Coverdale et al., 2016; Midgley et al., 2005), such that we may need 
to consider how elephants damage trees even when they are not 
foraging on them intensely. Alternatively, the distribution of ele-
phant damage may be determined by particularly severe resource 
bottlenecks (e.g., during drought, when resources are especially lim-
ited, and elephants change their landscape use accordingly to ac-
cess forage reserves; Abraham et al., 2019), such that considering 
elephant distributions during average conditions may likewise be 
inadequate.

Furthermore, focusing on the elephants alone may be inap-
propriate for understanding their impacts. Instead, we may need 
to shift our focus to incorporate plants too. Savanna trees differ 
markedly in their growth rates and tolerance to herbivory (Midgley 
et al., 2020; Owen- Smith et al., 2006; Staver et al., 2012; Wakeling 
et al., 2011), and as such, spatial variation in the ability of trees 
to tolerate and recover from elephant damage may obscure any 
relationship between where elephants are and where damage is 
observed (Fornoni et al., 2004; Więski & Pennings, 2014). Trees 
in areas densely populated by elephants may be locally adapted 
to avoiding or recovering from elephant damage, for example. 
Evaluating variation in plants themselves may therefore be crucial 
to understanding the impacts elephants have on them. Altogether, 
predicting elephant distributions and that of their impacts remains 
an ongoing challenge.
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