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ABSTRACT

Elephants play a significant role in shaping tropical ecosystems. They influence the dispersal and regeneration of various plant species and thus
shape plant and animal communities. In this study, we investigate seed predation rates by the African elephant on the torchwood forest tree
(Balanites maughamii) in a part of the Arabuko Sokoke dry coastal forest in southern Kenya. We test for effects on the germination and seedling
growth rates in ex situ experiments and consider the role of passing through the elephant gut and the effect of elephant dung on germination.
Seed predation rates were highest close to parent trees. Seeds that passed through elephant guts had the highest germination and growth rates.
Seeds enclosed by dung did not show higher rates of germination than seeds without dung. In general, our results underline the important role
of elephants for seed dispersal and germination of B. maughamii in tropical forest ecosystems.
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INTRODUCTION

A central goal of community ecology is to understand the pro-
cesses that generate and maintain diversity and enhance coexist-
ence of alarge number of species in a confined space (Levine and
HilleRisLambers 2009, Gerz et al. 2018). In this respect, an im-
portant mechanism is disturbance. Disturbance by large animals
creates numerous ecological niches, which can then be colon-
ized by organisms across all trophic levels (Dornelas 2010, Hall
et al. 2012). Mega-herbivores, such as elephants, can play a cen-
tral role here as disturbers and important ecosystem engineers
(Theuerkauf et al. 2000, Coverdale et al. 2016) that contribute
to the maintenance of plant and animal diversity in savannah
and forest habitats (Pringle 2008). Long-distance dispersal by
elephants is particularly important in shaping plant communi-
ties, maintaining genetic diversity, and promoting forest regen-
eration (Poulsen et al. 2021).

Elephants are known to shape ecosystems as browsers, with
trampling, uprooting, pollarding, and debarking. Thus, the pres-
ence of elephants can cause severe disturbance of ecosystems

(White et al. 1993, Theuerkauf et al. 2000). Similar to the African
savannahs, elephants can also play a central role in tropical forest
ecosystems, where a considerable number of different plant (and
animal species) coexist in a limited space (e.g. 300 tree species
found per hectare; Wright 2002, Silvertown 2004). Elephants
can create forest gaps when occurring in high densities. They are
known even to convert a primary forest into a secondary forest
state (Western 1989). Elephants might also act as important seed
dispersers (Campos-Arceiz and Blake 2011, Bunney et al. 2017,
Poulsen et al. 2021, Tan et al. 2021). Some tree species rely com-
pletely on seed ingestion and subsequent dispersal by elephants,
such as the Ugobandlovu or torchwood tree (Balanites maughami),
a common deciduous tree in Eastern African dry forests (Midgley
etal. 2015). The temporal dynamics of seed dispersal exert a strong
influence on germination success, primarily owing to the varying
environmental conditions encountered by seeds (de Souza et al.
2022). The foraging behaviour of elephants, characterized by their
ability to recall fruiting phenology and target specific trees, contrib-
utes significantly to effective seed dispersal (Poulsen et al. 2021).
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Figure 1. The Arabuko Sokoke Forest in southern Kenya (marked with a star in the small inset map) and the sampling area with the different
forest types: Brachystegia forest, Cynometra forest, mixed forest, and other vegetation types. Dots represent the trees for sampling.

A number of studies have dealt with the diversity effects of
elephants as seed dispersers (Hawthorne and Parren 2000,
Blake et al. 2009, Inogwabini et al. 2013), the spatial distri-
bution of transported seeds (Yumoto et al. 1995, Babweteera
et al. 2007, Blake and Maisels 2023), and the movement be-
haviour of elephants (Vanleeuwé et al. 1998). Less known
is the efficiency of elephant seed dispersal. The Janzen-
Connell hypothesis states that density-dependent seed pre-
dation increases tree recruitment distant from the host tree
and stabilizes tropical forest tree diversity (Janzen 1970).
However, seed dispersal by elephants and the effect of dung
on the germination did not unequivocally confirm this model
(Tan et al. 2021).

In this study, we conducted in situ observations on fruit
predation rates on the tree species B. maughami by elephants
depending on the distance to the respective parent tree in the
Arabuko Sokoke Forest in southern Kenya. We also analysed
seed germination and seedling growth rates of B. maughami.
This forest is known for a high elephant density, estimated
to reach ~215 individuals in total (~0.5 elephants/km?)
(Kinyanjui 2020). The Arabuko Sokoke Forest still repre-
sents intact dry coastal forest (Loarie et al. 2009, Otieno et
al. 2014). Based on the results obtained from our observa-
tions and experiments, we will answer the following research
questions:

(1) Do predation rates on B. maughami seeds by elephants de-
pend on the distance to the parent tree?

(2) Does elephant predation of B. maughami seeds by elephants
positively impact their germination and growth rates?

(3) Does elephant faeces affect the germination and growth
rates of B. maughami seedlings?

MATERIALS AND METHODS

Study area
We conducted this study in the East African dry coastal
Arabuko Sokoke Forest in southern Kenya (Fig. 1). This forest
remnant covers an area of 420 km? (Arabuko-Sokoke Forest
Management Team 2002) and is located northeast of the city
Mombasa. The region is characterized by bimodal rainfalls (long
rains from April to September and short rains from October to
December) (Otieno et al. 2014) and with mean temperatures
of 29°C (Muriithi 2001). The Arabuko Sokoke Forest consist
of three forest types that grow on different soil types (Fig. 1):
mixed forest grows on red soils and comprises dense vegetation;
Brachystegia forest grows on white sand; and Cynometra forest
grows on red soils (Ochien ef al. 2017). The Arabuko Sokoke
Forest represents a high plant and animal diversity, including
the African elephant, Loxodonta africana (Banks et al. 2010).
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Elephant individuals are usually distributed homogeneously
across the forest, but can accumulate in the northwest of the
forest during the dry season (Kinyanjui 2020). The tree species
Balanites maughamii grows mainly in mixed and Brachystegia
forest, but also, in lower densities, in Cynometra forest. The tree
produces bitter-sweet and edible fruits containing extremely
hard seeds that constitute >50% of the fruit volume.

Seed predation

To answer our first question, we selected 21 B. maughamii trees
and collected ripe fruits. We then placed these fruits in piles (10
fruits per pile) every 20 m, up to a total distance of 200 m from
the B. maughamii host tree. Pile deposition lines did not overlap
and did not run directly along other B. maughamii trees. We con-
trolled these piles weekly, from October 2018 until June 2019
(36 weeks in total). During each visit, we recorded the following
details: number of fruits missing, bite marks on fruits, cracked
fruits, and scratches on fruits. Fruits that had been removed were
not replaced. The animal species that removed (or destroyed)
the fruits were identified from bite marks, footprints, or dung
(from larger animals, such as elephants and antelopes) and faecal
pellets (from smaller vertebrates). Additional observations were
the stripping of branches on the tree/s where the experiments
were set. Observations were highly based on knowledge of the
staging areas for the elephants. Nine of the parent trees were lo-
cated in the mixed forest, eight trees in Brachystegia, and four
trees in the Cynometra forest. For each single parent tree, we as-
sessed canopy area classes according to Silva et al. (2011). The
complete set of raw data is contained in Supporting Information,
Table S1 of Appendix S1.

Germination and growth rates

To answer our second question, we collected 224 seeds from
ripe fruits of B. maughamii and 224 seeds from fresh (<1-week-
old) elephant dung. We established the following treatments: (i)
seed germination from elephant dung after gut passage planted
with elephant dung (I = 112); (ii) seed germination from ele-
phant dung after gut passage planted without elephant dung
(N = 112); (iii) seeds from parent trees planted with elephant
dung (therefore without gut passage; N = 112); and (iv) seeds
from parent trees planted without elephant dung (and without
gut passage; N = 112). Seeds were cultivated according to the
recommendations of the International Centre for Research in
Agroforestry and Kenya Forest Research Institute Tree Nursery
Training Manual (Oballa et al. 2017), monitored daily in the first
month and once a week for the next 2 months. At each visit, we
measured seedling height and the number of leaves. The raw data
are given in .Supporting Information, Table A2 of Appendix A.

Statistics

With respect to our first question and the fruit predation experi-
ment, we used generalized linear models with a Poisson error
structure and linear link function to relate numbers of removed
fruits (count data) to the forest type, duration of the fruiting
period, and canopy diameter class as categorical variables, and
distance from the host tree as a metric predictor.

To compare the importance of gut passage and dung, we used
factorial general linear models, with final plant height and the
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number of leaves as the response and with gut passage (yes/no),
dung presence (yes/no), and season (dry/wet) as categorical
predictors. Contingency table analyses served to assess the dif-
ference in numbers of germinating seeds between the four ex-
perimental variants.

To answer our second and third questions regarding the role
of gut passage and dung, we fitted the classical von Bertalanffy
growth model to the plant growth experiment:

Y = Yoo [1 -7 1)

where Y_ denotes the maximum value of variable Y, k is the
growth rate coefficient, and ¢, is the beginning of the growth
process. The coeflicient k quantifies the rate at which the growth
process reaches an asymptote, and low k values indicate constant
exponential growth in time. Given that model parameters de-
pend on the time of growing, we considered only plants that
germinated within the first 3 days of exposure and were alive at
the end of the experiment. They therefore grew for >90 days (in
total, 32 plants). Each growth curve consisted of 38 single data
points. The von Bertalanffy model fitted well, and all 32 single
growth functions explained more than r* = 85% of variance
(mean * = 0.97) in height increase and the number of leaves.
For final plant height and for the final number of leaves, we used
general linear models with In-transformed values of k to assess
whether growth patterns varied between seasons and dung avail-
ability. Final plant height or number of leaves served as metric
covariates in the models.

RESULTS

Regarding our first question, the number of fruits removed by
elephants was significantly [P(F) < .001; Table 1] higher in the
mixed and Brachystegia forests than in the two other forest types
(Fig. 2A). The number of fruits removed declined significantly
with the length of the fruiting period (Fig. 2B; Table 1) and with
increasing distance from the parent tree [Fig. 2C; P(F) < .001;
Table 1].

Regarding the second question, we found that during the
wet season B. maughamii fruits germinated only after elephant
gut passage (Table 2). In the dry season, 18 of 224 fruits (8.0%)
germinated with elephant dung only, 9 without gut passage
and dung (4.0%), and 152 (67.9%) germinated after gut pas-
sage (Table 2). Dung and gut passage accelerated germination
by >1 week (Table 2). The nine plants that germinated without
dung availability and gut passage were comparatively small and
had fewer leaves, despite longer growth times (Table 2). The

Table 1. Main effects generalized linear model (Poisson error
structure, linear link function) for numbers of removed Balanites
maughamii fruits as the response variable (N = 190).

Predictor d.f. Wald value P-value
Intercept 1 14.96 <.001
Forest type 3 76.38 <.001
Fruiting period 8 32.574 <.001
Canopy diameter 4 49.601 <.001
Distance 1 8.48 .004
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Figure 2. Summary of the results of the fruit removal experiment. A, B, differences in the mean number of fruits removed between habitat
types (A) and the length of the fruiting period (in days) at the 190 experimental sites. C, total numbers of fruits removed across all sites
depending on the distance from Balanites maughamii trees. Error bars denote standard errors.

final height of plants did not differ significantly with respect to
gut passage and dung presence (Table 3). In turn, final leaf num-
bers were significantly higher after gut passage and in the pres-
ence of dung (Tables 2 and 3).

Finally, we found an indication that plant growth differed
between seasons and was influenced by the presence of dung
(this analysis could only be done with plants after gut pas-
sage). Asymptotic (von Bertalanffy) growth was associated
with gut passage and dung in the wet season, but not in the
dry season (Fig. 3). The seasonal differences were most pro-
nounced for leaf numbers when including final plant size as
a covariate. (Table 4). In the dry season, the combination
of gut passage and dung caused constant exponential plant
growth throughout the observation time, whereas in the wet
season it resulted in more asymptotic growth and limited
tinal plant size.

DISCUSSION

Seed predation
In line with previous studies in savannahs, our forest data also
show that seed predation rates are highest close to B. maughamii
parent trees (Chapman and Chapman 1996, Matthesius et al.
2011). Predation rates decreased with increasing canopy diam-
eter. An explanation might be that canopy diameter is positively
correlated with fruit production (Camarero et al. 2010, Venter
and Witkowski 2011) and that predators might quickly become
satiated (see Espelta ef al. 2017). Our findings indicate highest
fruit predation in the Brachystegia and mixed forests compared
with the Cynometra forest or other vegetation forest types.
Higher predation rates might be related to the vegetation struc-
ture. Brachystegia and mixed forests have a more open under-
storey compared with the dense Cynometra forest (Otieno et
al. 2014). Previous studies have already shown that such more
accessible vegetation supports the presence of seed dispersers

(including elephants) and thus increases fruit predation rates
(Chimera and Drake 2011).

Elephants appeared to be important dispersers of B.
maughamii seeds across the Arabuko Sokoke Forest. We found
many B. maughamii seeds in elephant dung, and the percep-
tion of these fruits seems to be based largely on their scent, to
which elephants are strongly attracted. Elephants have poor
eyesight but have an excellent sense of smell (Midgley et al.
2015). Furthermore, the highly camouflaged fruits drop on
the ground early in development, which would indicate that
they are not presented to dispersers in the canopy. Other
studies have also shown that various plant species produce
large, dull-coloured fruits that might prevent predation by
antelopes, rodents, birds, or monkeys, but will be eaten by
mega-herbivores, resulting in only limited damage and excel-
lent dispersal (Gautier-Hion ef al. 1985, Yumoto et al. 1995).
Our findings and prior observations underline that elephants
(and other mammals) are very important seed dispersers in
forests, and thus significantly shape the tree diversity, in add-
ition to the understorey vegetation structure (cf. Berzaghi et
al. 2023). Investigation of the diet of elephants indicates that
they feed on selected trees and avoid shrubs, herbs, and grass
(Struhsaker ef al. 1996, Theuerkauf et al. 2000). They prefer
shade-tolerant to light-tolerant plant species (Theuerkauf et
al. 2000).

Germination and growth rates

Successtul seed germination would require the embryo to access
water and oxygen. Thick seed coats delay germination, whereas
removed or damaged endocarps might allow for faster germin-
ation (Midgley et al. 2015). This happens when elephants chew
the fruits by a downward and backward motion across the enamel
plates. This removes the fleshy part of the B. maughamii fruits, as
confirmed by the seeds collected from the elephant dung. It is
unlikely that other mega-herbivores (within our study region,
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Table 2. Basic information on the Balanites maughamii germination experiment, including data on the numbers of exposed and germinated
plants, the duration of exposure, the number of germinated plants that died before the end of the experiment, the earliest germination day, and
the final plant height and number of leaves. Data are for the wet season 2018 and dry season 2019.

Season Variable Gut passage and dung Gut passage only Dung only No gut passage,
no dung
Wet Plants exposed (N) 30 30 30 30
Period of exposure (days) 99 99 99 99
Plants germinating (N) 27 27 0 0
Plants dying (N) 4 6
Earliest germination (days) 1 1
Final plant height (cm) 6(3.0;8.6) 5.9(2.6;9)
Final leaves (N) 39 (22.0;50.8) 46 (22.0;66)
Dry Plants exposed (N) 112 112 112 112
Period of exposure (days) 93 119 9s 125
Plants germinating (N) 77 75 18 9
Plants dying (N) 1 1 1 0
Earliest germination (days) 3 11 18 80
Final plant height (cm) 3.1(1.7;6.2) 6.1(2.7;12.2) 4.6 (2.0;7.7) 2.9 (1.7;5.1)
Final leaves (N) 23(9;38) 38(17;72) 33 (16;53) 15(7;25)

Table 3. General linear model, with final plant height and final
number of leaves as the response and with gut passage, dung, and
season as categorical predictors. Given are degrees of freedom (d.f.),
partial n? values, and parametric probabilities. Only plants alive at
the end of the experiment are included.

Predictor d.f. Partial n* P-value
Plant height

Intercept 1 0.29 <.001
Gut passage 1 0.01 24
Dung 1 0.01 .39
Dung x gut passage 1 0.01 18
Season 1 0.04 <.01
7? (model) 224 0.06 <.01
Number of leaves

Intercept 1 0.55 <.001
Gut passage 1 0.06 .02
Dung 1 0.03 .02
Dung x gut passage 1 0.05 <.001
Season 1 0.03 .02
#? (model) 224 0.09 .001

only buffaloes or rhinoceroses) would be powerful enough to in-
crease the germination of B. maughamii in this way (Midgley et
al. 2015, Gordon et al. 2023).

In line with this prediction, we found that gut passage re-
duced germination latency from 96 to 47 days and increased
the germination rate from 11% to 74%. These findings are in
congruence with other studies showing that gut passage posi-
tively impacts germination and growth rates of plant seeds
(Traveset et al. 2007, Poulsen et al. 2021). Seed fruit pulp
often consists of germination inhibitors that can block bio-
chemical pathways to prevent seeds from sprouting (Meyer
and Witmer 1998). This guarantees that the seeds do not

Table 4. General linear model with von Bertalanfty height growth
rate coeflicient, k, and the number of leaves as the response and with
dung and season as categorical predictors and plant height (number
of leaves) as metric predictors. Given are degrees of freedom (d.f.),
partial n’ values, and parametric probabilities. Only the 32 plants
that germinated within the first 3 days and were alive at the end of
the experiments are included.

Predictor d.f. Partial n* P-value
Height growth parameter

Intercept 1 0.23 .01
Dung 1 0.14 .05
Season 1 0.04 .28
Plant height 1 0.39 .03
7* (model) 32 0.15 .20
Leaf increase parameter

Intercept 1 0.42 <.001
Dung 1 0.07 17
Season 1 0.16 .03
Number of leaves 1 0.05 25
7? (model) 32 0.34 .01

sprout when attached to the adult parent tree (Samuels and
Levey 2005).

We also found seasonal differences in the effect of dung
on germination. Elephant dung accelerated germination
and plant development only in the wet season. This finding
extends results from other studies showing that faecal ma-
terial enhances seed sprouting (Traveset et al. 2007). Apart
from promoting the growth of seedlings, frugivore manure
can also contain toxic compounds that might impact seed-
lings negatively, such as phenolic compounds and fatty
acids (Cosyns et al. 2005), in addition to fungi and bacteria
(Meyer and Witmer 1998).
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germinated after gut passage, either with or without dung. Error bars
denote standard errors.

CONCLUSION

In conclusion, in this study we have combined in situ observa-
tions and ex situ experiments to investigate the relevance of
elephants for the distribution and germination of B. maughamii,
a typical East African forest tree. We found that elephants in the
East African Arabuko Sokoke coastal forest frequently eat seed-
lings of B. maughamii and subsequently excrete them as part of
the faeces, hence distributing them in the forest. Elephants ap-
pear to be very important seed dispersers and support the regen-
eration of B. maughamii.

SUPPLEMENTARY DATA

Supplementary data is available at Biological Journal of the
Linnean Society online.
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