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African elephants Loxodonta africana are habitat modifiers, with the ability to impose heavy impact on trees. Con-
servation managers are concerned about increasing elephant impact on keystone tree species such as the marula
Sclerocarya birrea subsp. caffra, however, a variety of natural and management-based factors influence the like-
lihood of a marula receiving elephant impact. Our study focused on a marula population in the Greater Kruger
National Park which has been exposed to elephants for five years. Our objectives were to (1) examine the poten-
tial factors responsible for the decline of adult marula, (2) evaluate elephant impact across marula size classes,
and (3) evaluate elephant impact on male and female marula. We modelled tree mortality as a response variable
to factors, which included previous elephant impact, sex of the tree, distance to water, distance to roads, and ter-
mite presence. Of the sampled trees, 38% were dead. We found that a combination of elephant impact and termite
presence within trees best explained tree mortality, with the presence of water and roads having relatively
uniformed effects on tree mortality because of an overabundance of these features. Trees in the smaller height
classes had the highest annual mortality levels, whilst female trees had heavier impact levels in comparison to
males. Our results highlight the complexity of a marula tree mortality, and how both natural and manage-
ment-based factors can influence tree survival. We propose that environmental management alterations can de-
crease elephant-tree encounter rates and increase tree survival.
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1. Introduction

The ability of African elephants Loxodonta africana to structurally
modify vegetation in extreme measures has resulted in a number of
studies focusing on how elephants transform their surrounding envi-
ronment (Ben-Shahar, 1998; Gandiwa et al., 2011; Asner et al., 2016)
and the effects that this transformation may have on other species
(Kerley and Landman, 2006; Hrabar and Du Toit, 2014; Joseph et al.,
2018). Past management strategies in protected areas such as South
Africa's Greater Kruger National Park (KNP) have focused on controlling
elephant numbers in an attempt to control the impact that elephants
have on large tree species (Whyte et al., 1999). Culling, however, did
not reach its management objectives of preventing the decline of large
trees and so current management strategies focus on a macroscale
level of altering elephant distributions across the landscape
(SANParks, 2012; Purdon and van Aarde, 2017; Robson and Aarde,
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2017), as well as on a microscale level of directly protecting the large
trees (Derham et al,, 2016; Cook et al., 2018).

One tree species of particular concern to conservation managers is
the marula tree Sclerocarya birrea subsp. caffra, an ecologically impor-
tant keystone species which provides both food (Palmer and Pitman,
1972) and habitat (Shackleton et al., 2002) to a variety of species.
Marula trees are actively selected for by elephants (Greyling, 2004;
Shannon et al., 2008), with heavy impact being recorded on adult
trees across the Greater KNP landscape (Jacobs and Biggs, 2002; Helm
et al., 2009; Helm and Witkowski, 2013; Cook et al., 2017). Elephants
also appear to favour female marula trees in comparison to their male
counterparts due to the fruit in the female trees (Hemborg and Bond,
2007), whilst trees between the heights of 5 and 11 m are particularly
vulnerable to elephant impact (Jacobs and Biggs, 2002; Shannon et al.,
2008; Cook et al., 2017).

The relationship between the number of elephants and large trees in
a protected area is highly complex, as the encounter rate between ele-
phants and large trees is influenced by the density of elephants and
their spatial distribution (O'Connor et al., 2007). The presence of surface
water is a primary attractant for elephants (Smit et al., 2007; Robson
and Aarde, 20177), with elephant impact usually greatest around sur-
face water points (Gaylard et al., 2003; Chamaillé-Jammes et al., 2007;
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Fig. 1. Location of the surveyed marula trees across eight transects in Jejane Private Nature Reserve, Greater Kruger National Park.

Sianga et al., 2017). Furthermore, large trees closest to roads within
protected areas may be more at risk to elephant impact, as bull ele-
phants, in particular, make frequent use of roads within their home
ranges (Pienaar, 1968; Coetzee et al., 1979). Added to this complexity,
the condition of the tree prior to its encounter with an elephant may in-
fluence its survival rate. Termites (Coptotermes species) for example, at-
tack older stressed trees with lower water content and larger gaps
present (Cowie et al., 1989; Gould et al., 1993; Werner et al., 2008). A
tree's susceptibility to termite entry is increased through exposure to
fires (Midgley et al.,2010) or bark-stripping by elephants and other spe-
cies (Helm et al., 2011). Trees may be internally hollowed out, leaving
them more vulnerable to animal- (Holdo, 2003) or wind-impact
(Koizumi and Hirai, 2006).

Therefore, in order to further understand how complex factors affect
the survival of large trees in a small protected area, we conducted sur-
veys on a subsample of marula trees in Jejane Private Nature Reserve
(JPNR), a reserve within the Greater KNP. The marula trees in JPNR
have been surveyed both before elephants were present in the reserve
(Helm and Witkowski, 2012), as well as three years after elephants
moved into the reserve from the Greater KNP area due to the removal
of fences (Cook et al., 2017). Whilst high rates of marula tree mortality
(23.8% of resampled trees) were recorded in the first three years of ex-
posure to elephants, there was also a high presence of termites within

Table 1
Impact scores to assess elephant impact on marula trees.

Score Score description

0 No damage

1 <50% of the bark around the main stem's circumference has been removed
and/or secondary branches have been broken off

2 >50% of the bark around the main stem's circumference has been removed,
or one primary branch has been broken off

3 >50% of the bark around the main stem's circumference has been removed

and one primary branch has been broken off, or more than one primary
branch has been broken off

4 The tree has had its main stem snapped but is coppicing or alive

5 Tree is dead

these trees (66.7%) (Cook et al., 2017). JPNR also has a high density of
artificial surface water points (Cook et al., 2017). Understanding the fac-
tors affecting the decline of adult marula trees, in conjunction with ele-
phant impact, will help inform conservation managers as to the best
management practices to use for protecting adult marula trees. There-
fore, after five years of elephant presence in JPNR, our study objectives
were to: (1) examine the potential factors responsible for the decline
of adult marula trees, (2) evaluate elephant impact across marula tree
size classes, and (3) evaluate elephant impact on male and female
marula trees.

2. Material and methods
2.1. Study area

JPNR (524.29045; E30.97664) is a 21 km? shareholders block situ-
ated within Balule Private Nature Reserve, forming a part of the Greater
KNP (Fig. 1). JPNR occurs in the savanna biome's granite lowveld vege-
tation unit (SVI 3), a moderately open savanna type dominated by large
trees such as Sclerocarya birrea and Senegalia nigrescens (Mucina and
Rutherford, 2006). JPNR receives a mean annual rainfall of 400-
600 mm (Cook et al., 2017) and has an artificial surface water point den-
sity of 1 per 1.78 km? in the wet season and 1 per 3.35 km? in the dry

Table 2

Results from the top eight logistic regression models investigating characteristics which
explain marula tree mortality in combination with elephant impact in Jejane Private Na-
ture Reserve. The models are arranged from best (table top) to worst (table bottom) based
on the corrected Akaike's information criteria (AICc). Columns include AICc score, A AlCc
(difference in AICc score from the best model), and the Akaike's model weight ().

Model AlCc AAICc o

Elephant impact * Height * Termites 89.61 0 0.649
BSD * Elephant impact * Termites 92.46 2.85 0.156
Elephant impact * Height * Road distance * Termites ~ 93.75  4.14 0.082
Elephant impact * Termites 94.15 454 0.067
Elephant impact * Height * Sex 97.76 8.15 0.011
Elephant impact * Sex * Termites 9848  8.87 0.007

Elephant impact * Termites * Water distance 99.01 9.40 0.006
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Fig. 2. Elephant impact levels on marula tree height classes in Jejane Private Nature Reserve. Different letters indicate significant differences in elephant impact levels.

season (Cook et al., 2017). JPNR had not had any elephants in over a cen-
tury, with the first elephants moving into the reserve in 2013
(Thomson, 2013). No management-controlled fires are conducted in
JPNR (Cook et al., 2017).

2.2. Field surveys

One the 16 and 17 February 2018, 202 marula trees, first surveyed by
Helm and Witkowski (2012) in 2009 and then by Cook et al. (2017) in
2016, were resurveyed. The trees were located in eight transects along
the western section of JPNR, with each transect ranging from 203 to
289 min length and 40 m in width (Fig. 1). Unfortunately, as no surveys
were conducted in 2013, we cannot accurately assume that all 202 trees
recorded in 2009 were alive in 2013. However, using unpublished data
of Elephants Alive collected from 1219 trees across the Greater KNP, our
results suggest that other agents such as wind toppling, insects, fungi, as
well as unknown causes were responsible for the mortality of 0.49% of
adult trees in a single year. No fire occurs in JPNR and so fire was ex-
cluded from this analysis. This equates to 1 tree per year of the 202 sur-
veyed marula trees, or 4 trees between 2009 and 2013. As this mortality
rate is minimal and not accurately accounted for, we have not included
it in our analysis. We do, however, recognise the potential loss of trees
prior to their exposure to elephants.

Relocated trees were classified as ‘mature and standing’, ‘snapped or
toppled but alive’, and ‘dead’. Elephant impact on each tree was mea-
sured according to scoring standards previously used by Helm and
Witkowski (2013) and Cook et al. (2017) (Table 1). These scores were
further grouped into the following categories: light impact (scores
0-1), moderate impact (scores 2-3), and heavy impact (scores 4-5).
Tree height was measured using the VolCalc digital photography
method for estimating tree dimensions (Barrett and Brown, 2012) and
heights were placed into the following size categories: <5, 5-8, 8-11,
11-15,and >15 m. The basal stem diameter (BSD) of each tree was mea-
sured and placed into the following size categories: 20-30, 30-40,

Table 3

Elephant preference ratings for marula tree height classes in Jejane Private Nature Reserve.
Preference ratings >1.00 indicate that the height class is sought after or preferred by
elephants.

Height class Quantities Preference rating
Trees available Trees removed

5-8m 17 13 1.97

8-11m 79 38 1.29

11-15m 98 25 0.66

>15m 8 1 0.32

Totals 202 78 -

40-50, 50-60, and 60-70 cm. The presence or absence of termites
(Coptotermes species) were recorded on every tree. Trees had previ-
ously been sexed by Helm and Witkowski (2012) and Cook et al.
(2017) by using the presence of kernels underneath the tree as an indi-
cation of a female tree. Each tree's distance to the nearest road and per-
manent surface water point was subsequently measured by a distance
matrix on QGIS (QGIS Development Team, 2018).

2.3. Data analysis

2.3.1. Marula tree mortality

A moderately strong positive correlation existed between tree
height and BSD (Pearson’s correlation, r = 0.62, n = 202, p <.001) and
therefore height was used as a proxy for overall tree size when compar-
ing elephant impact across size classes. A generalised linear model with
a binary response (tree alive = 0, tree dead = 1) and a logit-link func-
tion was used to determine the covariates that best explained tree mor-
tality between the survey periods. The following covariates were used:
grouped elephant impact on the tree (Elephant impact), height of tree
(Height), basal stem diameter of the tree (BSD), distance of tree to
nearest road (Road distance), distance of tree to nearest permanent sur-
face water point (Water distance), and presence or absence of termites
on tree (Termites). All models were ranked using the corrected Akaike's
information criteria (AICc), where the model with the lowest AICc was
selected for as the best model (Burnham and Anderson, 2004). Analyses
were conducted in R statistical software version 3.5.0. (R Core Team),
using the glm2 package (Marschner, 2011). Pearson's correlations
were run to test for relationships between trends in elephant and
marula tree densities and the number of years in which elephants
have been within the study site.

2.3.1.1. Tree mortality across height classes. Differences in elephant im-
pact scores across height classes were compared using a Kruskal-Wallis
by ANOVA rank test. A preference ratings assessment was used to iden-
tify whether elephants were selecting for trees of a particular height
class (Petrides, 1975). Preference ratings are calculated as a dividend
of percentage diet choice over diet availability (p = d/A). This method
is further described by Petrides (1975). Total tree mortality (%) and an-
nual mortality rates (% per annum) were compared across height clas-
ses and between survey years (2016 and 2018 surveys), and a log
rank test was used to test for differences in the probability of tree sur-
vival across height classes using the survival package (R Development
Core Team, 2016) (Therneau and Lumley, 2009).

2.3.1.2. Tree mortality between female and male trees. Differences in mor-
tality levels between female and male trees were analysed using a Chi-
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Table 4
Comparison of the total mortality percentages and annual mortality rates of marula trees since 2013 across height classes for the 2016 and 2018 surveys in Jejane Private Nature Reserve.
Height class
5-8m (n =17) 8-11m (n=78) 11-15m (n = 98) >15m(n=28)
Total tree mortality (%)
2016 survey (3-year elephant presence) 41.18 28.21 19.39 12.50
2018 survey (5-year elephant presence) 76.47 50.00 25.51 12.50
% change between survey years 35.29 21.79 6.12 0
Annual mortality rate (% dead trees per year)
2016 survey (3-year elephant presence) 13.73 6.46 6.46 4.17
2018 survey (5-year elephant presence) 15.29 10.00 5.10 2.50
% change between survey years 1.56 3.54 —1.36 —1.67

square test. A Log rank test was used to test for differences in the prob-
ability of survival between male and female trees (R Core Team)
(Therneau and Lumley, 2009).

3. Results
3.1. Marula tree mortality

Of the 202 resurveyed trees in JPNR, 54% (n = 110) were mature and
standing, 6.4% (n = 13) have been stem snapped or toppled but were
still alive, whilst 38% (n = 78) were dead. The surveyed JPNR tree den-
sity had significantly decreased from 25.6 trees/ha in 2009 to 15.7 trees/
ha in 2018 (Analysis of variance, F5 51y = 5.21,n = 8, p <.05). Termites
were present in 43.5% (n = 88) of all surveyed trees, whilst 24.8% (n =
31) of trees which were still alive had termite activity. Tree distance
from artificial water points ranged from 389 m - 1205 m, with 90.6%
(n = 183) of trees <1 km from a water point.

Results from the GLM analysis are presented in Table 2. The best
model for explaining tree mortality included ‘Elephant impact’, ‘Height’,
and ‘Termites’ and had a model weight of 0.649. The next best model,
with a delta of 2.85 and weight of 0.156, included ‘Elephant impact’,
‘BSD’, and ‘Termites’. ‘Road distance’ featured in the third best model,
along with ‘Elephant impact’, ‘Height’, and ‘Termites’ with a model
weight of 0.082. ‘Sex’ occurs in the fifth best model, along with ‘Elephant
impact’ and ‘Termites’ with model weight of 0.011. ‘Water distance’
only occurs in the seventh best model, along with ‘Elephant impact’,
‘Height', and ‘Termites’ with a model weight of 0.006.

The JPNR marula tree density has continually decreased since being
exposed to elephants (Pearson’s correlation, r = —0.99, n = 3, p <.05),
however, elephant densities have varied between <0.2 and 2.1 ele-
phants/km? since the fences have dropped, with no correlation between
elephant numbers and the years in which they have been present
within the study site (Pearson's correlation, r = 0.25,n = 7, p <.059).

3.1.1. Tree mortality across height classes

The highest elephant impact scores were recorded for trees in the 5-
8 m height class, with impact scores decreasing with an increase in
height class (Fig. 2.). Both the 5-8 m and 8-11 m height classes had
preference ratings >1.00 (Table 3), indicating that these height classes
were selected for by elephants in comparison to the larger height clas-
ses. Whilst the log rank test did not find statistical differences between
the survival probabilities of trees across the height classes (Log Rank
Test, X253 = 2.3, p = .5), the greatest total tree mortalities have occurred
in the 5-8 m (76.47%) and 8-11 m (50.00%) height classes (Table 4). The
annual mortality rates of both of these height classes have also in-
creased between the 2016 and 2018 surveys (Table 4). Lower total mor-
talities have occurred in trees in the 11-15 m (25.51%) and >15 m
(12.50%) height classes, with the mortality rates of both height classes
decreasing between the 2016 and 2018 surveys (Table 4).

3.1.2. Tree mortality between female and male trees

Female tree mortality was significantly higher in comparison to male
tree mortality X%, = 4.15, p <.05, no = 74, ng = 127), with 49% of the
74 female trees dead in comparison to 33% of the 127 male trees. The fe-
male to male sex ratio has changed from 1 @:1.72 & trees in 2009, to 1
@:2.24 J trees in 2018, with female trees having a significantly lower
probability of survival versus male trees (Log Rank Test, X, = 4.9, no
= 74, ng = 127, p <.05). Of the female trees, 50% (n = 37) have been
either uprooted or main stem snapped, versus 37% (n = 47) of the
male trees. A greater percentage of male trees (65%, n = 83) have re-
ceived some form of bark-stripping versus 55% (n = 41) of the female
trees.

4. Discussion

After five years of exposure to elephants, 38% of the surveyed marula
trees are dead, with the highest mortality levels recorded on female
trees and trees under a height of 11 m. The presence of termites in
trees during the 2016 surveys (43.5% of surveyed trees) was a signifi-
cant factor for predicting tree mortality for the 2018 surveys.

High levels of elephant impact on marula trees less than 11 m in
height have been recorded elsewhere (Jacobs and Biggs, 2002;
Shannon et al., 2008; Cook et al., 2017), as these individuals are small
enough to be toppled over by elephants during foraging activities
(Stokke and Du Toit, 2000). Furthermore, female trees may be targeted
more by elephants in comparison to males because of the presence of
fruit in female trees during the fruiting season (Hemborg and Bond,
2007). In our study, more female trees were subjected to heavier levels
of elephant impact (stem snapping and uprooting) in comparison to
male trees, potentially in an attempt by elephants to gain access to the
fruit. However, our results also suggest that the presence of termites
in marula trees may affect a tree's survival and susceptibility to elephant
impact and subsequent tree mortality. Termites are prevalent in un-
burnt savannas (Abensperg-Traun and Milewski, 1995) and
Coptotermes species are capable of penetrating trees through fractures
in the bark (Gould et al., 1993; N'Dri et al., 2011) and establishing sec-
ondary nests inside of the trees’ cavities (Harris, 1966). The susceptibil-
ity of trees to termite penetrations is increased when bark is removed by
animals such as elephants or porcupines Hystrix africaeaustralis (Helm
et al,, 2011), leaving the trees hollowed out from the inside (Werner
et al., 2008). These hollowed out sections of the trees may be more vul-
nerable to various degrees of elephant impact. Reports of termites
preventing the regrowth of marula trees have been recorded in the
Greater KNP (Coetzee et al., 1979) and our results highlight the impor-
tance considering termite activity when focusing on the persistence of
trees exposed to elephants. We suggest that further research is required
in this field, where levels of termite infestation are scored in conjunction
with elephant impact levels (Gould et al., 1993), thereby monitoring
how superficial or internal termite damage may increase a trees suscep-
tibility to elephant-induced mortality. Our correlations of changes in
marula tree and elephant densities over time suggest that the
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relationship between the two densities are nonlinear, as marula tree
densities have continued to significantly decline with varied elephant
densities. However, elephant impact which promotes a tree's suscepti-
bility to termite invasions may explain the continued decline of adult
marula trees, even when elephant densities are low. This pattern of ac-
cumulated mortality was recorded on Vachellia tortilis in the Sengwa
Wildlife Ranching Area, where ring-barking in combination with borer
attack were thought to be the primary drivers for tree mortality
(Anderson and Walker, 1974). A tree's internal state is important to
monitor, and further research into savanna trees' susceptibility to accu-
mulated mortality will help explain the complexities surrounding ele-
phant impact and the lag effects associated with this impact.

Our model indicated a nonsignificant but general increase in ele-
phant impact on trees closer to roads. Whilst previous studies have re-
corded a greater level of elephant impact on trees closer to roads
(Pienaar, 1968; Coetzee et al., 1979; but see Gadd, 2002), JPNR has an
extensive road network within a small area that may decrease such a
pattern. Interestingly, distance to water was only present in the seventh
highest model and no significant trend was evident. Surface water is an
important attractant for elephants (Smit et al., 2007; Purdon and van
Aarde, 2017) and elephant impact on trees is usually greatest in the im-
mediate areas surrounding surface water (Sianga et al., 2017; Teren et
al., 2018). Ideally, this promotes heterogeneity within the landscape,
as elephant impact on large trees decreases in areas further from surface
water (Chamaillé-Jammes et al., 2007; Sianga et al., 2017). JPNR, how-
ever, is a water saturated landscape (Cook et al., 2017), where 90.6%
of our surveyed trees were less than 1 km from a surface water point.
This high density of surface water points homogenises elephant impact
across the area, thereby leading to increased tree mortality within JPNR
because of an increased encounter rate between the elephants and the
trees (O'Connor et al., 2007). The density of surface water points, com-
bined with the road network, may explain why the marula tree mortal-
ity levels in JPNR are so high when compared with other marula tree
mortality levels across the Greater KNP (Helm et al., 2009). Further-
more, JPNR had a relatively high density of adult marula trees prior to
the return of elephants into the reserve when compared with other
Greater KNP sites (Helm and Witkowski, 2012), which add to the ele-
vated tree mortality levels currently being experienced within JPNR.

Our results highlight the complexity surrounding tree mortality in
protected areas containing elephants, and how both natural (i.e. termite
presence) and management-based factors (i.e. road and artificial water
point density) can affect the likelihood of elephant-induced tree mortal-
ity. Whilst the closure of the majority of artificial surface water points
may seem ideal, this management decision would need to be applied
across the entire Greater KNP to produce the desired effect (Robson
and Aarde, 2017) and is not a practical solution for smaller, private re-
serves within the Greater KNP. Mitigation methods that increase the
survival rate of individual large trees against elephant impact may be
beneficial in the water-saturated private sector of the Greater KNP
(Derham et al., 2016; Cook et al., 2018; Wright et al., 2018). However,
it would also be beneficial to focus on large tree protection across all
life history stages, where the survival of both the seeds (Helm et al.,
2011) and seedlings (Moe et al., 2009) of large tree species are taken
into account. Furthermore, the impact of both termites and other
wood-borer species require further monitoring to understand how
they affect the survival rates of African savanna trees, both with and
without the presence of elephants.
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