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ABSTRACT

1. With a drastic decrease in their populations over the last decades, forest elephants Loxodonta
cyclotis are facing increasing human pressure. Their decline will have serious ecological
consequences, as they are key actors in shaping ecosystems. Whilst timber concessions host many
mammal species, the interactions between selective logging and forest elephants remain unclear.

2. Through an extensive literature review, we discussed the following: 1) the ecological and human
factors that drive the distribution of forest elephants on a large scale as well as in the specific
context of logged forests; 2) the contribution of forest elephants to the regeneration of timber
species; and 3) the damage caused by forest elephants to timber species.

3. Although human activities have the greatest impact on forest elephant dis-tribution, it is the
availability of food, water, and minerals that locally determines their use of the habitat. Under
specific conditions, timber concessions may host large populations of forest elephants.

4. As effective seed dispersers, forest elephants contribute to the regeneration of at least 41 timber
species, such as Bobgunnia fistuloides (pao rosa), one of the most expensive woods on the market.
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Damage caused by forest elephants is diverse and affects a wide range of species. From branch
breaking to bark stripping, at least 61 timber species are used by forest elephants, and little is
known about the consequences for the tree’s vitality and wood quality.

The interactions between forest elephants and logging are complex and involve many variables,
requiring additional research. Nevertheless, this review suggests that timber concessions
constitute key areas for forest elephant conservation, provided that low-impact logging and
wildlife management are implemented.

RESUME EN FRANGAIS

1.

Avec une diminution drastique de leurs populations au cours des dernieres décennies, les
éléphants de forét Loxodonta cyclotis font face a une pression humaine croissante. Jouant un réle
clé dans le faconnement des écosystemes, leur déclin aura d’importantes conséquences
écologiques. Alors que les concessions forestiéres abritent de nombreuses especes de
mammiféres, les interactions entre I'exploitation sélective du bois d’ceuvre et les éléphants de
forét restent floues.

Par une revue approfondie de la littérature, nous avons examiné: 1) les fac-teurs écologiques et
humains qui déterminent la distribution des éléphants de forét a grande échelle ainsi que dans le
contexte spécifique des foréts exploitées; 2) la contribution des éléphants de forét a la
régénération des espéces de bois de d’ceuvre; et 3) les dommages causés par les éléphants de
forét aux espéces de bois d’ceuvre.

Bien que les activités humaines soient le facteur le plus important dans la répartition
géographique des éléphants de forét, c’est la disponibilité en nourriture, en eau et en minéraux
qui conditionne localement leur utilisation de I’habitat. Dans certaines conditions, les concessions
forestieres peuvent abriter de grandes populations d’éléphants de forét.

En tant qu’important disperseur de graines, les éléphants de forét contribuent a la régénération
d’au moins 41 espéces de bois d’ceuvre, telles que Bobgunnia fistuloides (pao rosa), I'un des bois
les plus chers du marché.

Les dommages causés par les éléphants de forét sont divers et touchent un large éventail
d’especes. Du cassage des branches a I’écorgage des arbres, au moins 61 espéces de bois d’ceuvre
sont concernées, et peu de choses sont connues quant aux conséquences sur la vitalité de I'arbre
et la qualité du bois.

Les interactions entre les éléphants de forét et I'exploitation forestiere sont complexes et font
intervenir de nombreuses variables, ce qui nécessite des recherches supplémentaires.
Néanmoins, cette revue de la littérature suggére que les concessions forestiéres constituent des
zones clés pour la conservation des éléphants de forét, a condition qu’une exploitation a faible
impact et une gestion de la faune soient mises en ceuvre.
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INTRODUCTION

Defaunation is at its highest level since the beginning of the Anthropocene (Dirzo et al. 2014, Young et
al. 2016). Human impact has led to a significant loss of animals, especially large species in the Tropics
(Dirzo et al. 2014). Iconic examples of dramatically declining species are the African savannah elephant
Loxodonta africana and the African forest elephant Loxodonta cyclotis (Maisels et al. 2013, Chase et
al. 2016). The forest elephant has been subject to the greatest loss (Maisels et al. 2013, Poulsen et al.
2017), with a decline of more than 80% of its population over the last four decades, leading to its
International Union for Conservation of Nature Red List classification as Critically Endangered (Gobush
et al. 2021). Coupled with fragmentation and habitat loss driven by the human population growth and
infrastructure development, poaching for ivory is still the main threat to forest elephant persistence,
even in areas where protection efforts are high (Gobush et al. 2021). These persistent threats make
the future of forest elephants very uncertain.

Forest elephants interact closely with their environment, and the ecological implications are far
reaching. Regularly referred to ecosystem engineers, forest elephants have the capacity to shape the
composition and structure of Tropical ecosystems because of their enormous dietary requirements
and the impact of their body size (e.g. via trampling damage; Terborgh et al. 2015, Rosin et al. 2017).
Forest elephants induce a reduction in stem density, resulting in reduced competition amongst trees
and the development of larger trees with higher wood density, positively impacting carbon
sequestration (Berzaghi et al. 2019, Maicher et al. 2020). They also preserve the forest richness and
diversity by dispersing the seeds of many species (Campos-Arceiz & Blake 2011). Forest elephants
maintain nutrient cycles (Wolf et al. 2013), keep forest clearings open (Turkalo & Fay 1995), and their
water-filled footprints provide habitat for aquatic macro-invertebrates (Remmers et al. 2017). Finally,
their repeated movements create a vast network of trails that criss-cross the undergrowth. Through
repeated passage of the forest elephants, these trails can be up to three metres wide (Vanleeuwe &
Gautier-Hion 1998), particularly when they converge towards focal spots such as fruit trees and bais
(natural forest clearings rich in minerals; Blake & Inkamba-Nkulu 2004).

As was previously observed with the reduction and subsequent extinction of other megaherbivores
(Corlett 2013), a continuing decline of populations of forest elephants may have important negative
ecological consequences (Poulsen et al. 2018). The associated reduced herbivory pressure greatly
impacts vegetation (Corlett 2013). It also affects nutrient cycling, the behaviour of cohabiting species
(Young et al. 2016), and other ecological processes (e.g. reduced seed dispersal of species with large
fruits, resulting in higher density-dependant mortality and decreased genetic variability; Corlett 2013).

Whilst large forest elephant populations have been observed in protected areas (Turkalo et al. 2013,
Breuer et al. 2021), recent studies also highlight the persistence of some important populations outside
these areas (Laguardia et al. 2021, Wall et al. 2021), notably in logged forests (Clark et al. 2009, Stokes
et al. 2010, Maisels et al. 2013, Fonteyn et al. 2020). Logged forests constitute 54 million hectares,
corresponding to 27% of the central African rainforest area (Eba’a Atyi et al. 2022). This is twice the
size of the protected areas, which cover 27 million hectares (Eba’a Atyi et al. 2022). According to
several authors, timber concessions have a high conservation potential, playing a buffer role around



the existing network of protected areas, if illegal activities are strictly controlled and sustainable
management plans are properly implemented (Clark et al. 2009, Stokes et al. 2010, Putz et al. 2012).

Timber exploitation is a major economic sector in central Africa, requiring large areas. This industry is
still expanding. For example, in Gabon, more than two-t hirds of the forest area falls within commercial
logging concessions, corresponding to nearly 60% of the country’s area (Conseil National Climat
Gabonais 2020). Many studies have highlighted the impacts of logging on birds, mammals, and other
vertebrates (Dranzoa 1998, Haurez et al. 2016, Omeja et al. 2016). Whilst some species are negatively
affected by logging operations, others can actually benefit (Poulsen et al. 2011, Haurez et al. 2016).
However, the impacts of logging on forest elephants are not yet clearly established. Given their extent,
timber concessions could be a major actor in forest elephant conservation, but it is still necessary to
understand more clearly the impacts of logging on forest elephants, and, conversely, the impacts of
forest elephants on timber resources, as elephants affect vegetation structure and composition
strongly (Terborgh et al. 2015).

In this paper, we aim to synthesise the existing knowledge on the interactions between selective
logging and forest elephants, by: 1) describing the ecological and human factors that drive the
distribution of forest elephants on a large scale, as well as in the specific context of logged forests; 2)
outlining the role of forest elephants in the regeneration of timber species; and 3) characterising the
damage caused by forest elephants to timber species. Finally, the contribution of timber concessions
to the conservation of forest elephants and further research prospects are discussed.

METHODS

We conducted a literature search on the search engines Scopus and Google Scholar using the following
keywords and their combinations, in both English and French: ‘elephant’, ‘Loxodonta cyclotis’, ‘forest’,
‘habitat’, ‘abundance’, ‘distribution’, ‘movement’, ‘logging’, ‘timber’, ‘seed dispersal’, ‘seed predation’,
‘herbivory’, ‘damage’ and ‘bark stripping’. Peer-reviewed publications were preferred, but MSc and
PhD theses, as well as reports from the ‘grey literature’, were also included. No date limit was imposed.
The selection of articles was first based on their title and then on their abstract. A paper was considered
relevant if it addressed one of the objectives of our review, either by being directly related to the forest
elephant or by being about an ecological process covered in this paper (seed dispersal or predation,
herbivory damage etc.). Once we finished scanning Scopus and Google Scholar in December 2019, we
created email alerts on these search engines using the same keywords to be notified of newly
published articles. We also obtained information from the literature cited in the selected papers and
from the articles referencing these papers. Given the limited documentation on forest elephants, some
additional useful references on savannah elephants were added.



RESULTS AND DISCUSSION

DRIVERS OF FOREST ELEPHANT DISTRIBUTION AND ABUNDANCE

Anthropogenic impact is the main driver of the current distribution of forest elephants (Wall et al.
2021). Since humans have been shaping the African rainforest for thousands of years (Oslisly et al.
2013), they have also been impacting forest elephant distribution and abundance. Since the onset of
the ivory trade during colonial times, millions of forest elephants have been hunted for their tusks
(Poulsen et al. 2018), leading to extremely low densities and occasionally even to local extinction,
particularly in the Democratic Republic of Congo. In the former French colonies, people living in the
rainforest have been resettled (Morin-rivat et al. 2017), leaving large tracts of rainforest free from
human impact, such as seen in northern Congo, Gabon, and south-eastern Cameroon, where many
protected areas have been established. Thus, it is not surprising that these landscapes sustain the
highest forest elephant densities (Blake et al. 2007), or that this is where most of our current
knowledge of ecological factors shaping forest elephant abundance has been revealed.

ECOLOGICAL FACTORS

Forest elephants generally live and travel in small family units or range on their own (Morgan & Lee
2007, Fishlock et al. 2008, Fishlock & Lee 2013, Turkalo et al. 2013), but Beirne et al. (2021) noted that
the individual behaviours of forest elephants are very diverse and therefore difficult to predict,
highlighting the need for further research.

The few studies that have investigated habitat use and movements of forest elephants showed an
increase in range and travel distances with changes in water availability (Beirne et al. 2021, Wall et al.
2021), and a strong habitat selectivity with seasonal and daily variations (Morgan & Lee 2007, Mills et
al. 2018, Beirne et al. 2021) particularly related to fruit availability (Short 1983, White 1994, Morgan
2009).

More abundant and wider tracks, indicating repeated passage, around areas with high concentrations
of mineral deposits suggest that forest elephants are attracted to them (Blake & Inkamba-Nkulu 2004).
Indeed, forest elephants are often found in abundance around bais (Clark et al. 2009, Stokes et al.
2010, Breuer et al. 2021). In certified logging concessions, such areas are therefore generally included
in the conservation series (Dainou et al. 2016, Haurez et al. 2020).

Topography also influences the behaviour of forest elephants: although they access almost all areas,
they tend to avoid very steep slopes (Terborgh et al. 2015, Ngama et al. 2019, Wall et al. 2021).

ANTHROPOGENIC FACTORS

Poaching, habitat loss, and fragmentation are the greatest threats to the forest elephant (Gobush et
al. 2021). Human population growth coupled with industrial development has led to the expansion of
the road network, which is one of the most significant human impacts on landscapes and wildlife
behaviour (Blake et al. 2008, Schuttler et al. 2012, Vanthomme et al. 2013, Kleinschroth et al. 2019).



Although roads facilitate the movement of elephants, they also ease access to areas that were
previously unreachable for poachers. Associated with greater hunting pressure in their surroundings
(Laurance et al. 2006, Blake et al. 2007, Van Vliet & Nasi 2008), active roads are generally avoided by
forest elephants (Barnes et al. 1991, Blom et al. 2005, Blake et al. 2008, Maisels et al. 2013). However,
roads with restricted and controlled access are less detrimental to wildlife because the threat is lower
and hunting is limited (Laurance et al. 2006, Vanthomme et al. 2013, Mills et al. 2018). Furthermore,
secondary forests, prized by forest elephants for the abundance of forage they provide, grow along
the roads (Barnes et al. 1997).

Generally, forest elephants do not approach human settlements, in order to avoid risky confrontations
(Barnes et al. 1991, Blom et al. 2005), but they may do so when they feel safe, potentially increasing
human—elephant conflict (e.g. by crop raiding, consumption of fruit trees planted by humans; Nsonsi
et al. 2017, Mills et al. 2018, Beirne et al. 2019, Ngama et al. 2019).

IMPACT OF TIMBER EXTRACTION

Logging in central Africa is very selective. Only trees of high economic value are harvested, with 0.7-2
stems cut per hectare (Ruiz Pérez et al. 2005). Logging is organised in felling cycles, meaning that the
same part of the forest can only be logged every 25-30 years, depending on the country (Fargeot et
al. 2004). Certified timber companies are subject to numerous regulations, in terms of legality,
environmental protection, and socio-economic development (Lescuyer et al. 2021). For instance,
timber companies must produce a management plan, respect minimum cutting diameters that are
site-and species-specific, define conservation areas where no logging is allowed, and implement
reduced-impact logging techniques (Bayol & Borie 2004, Ruiz Pérez et al. 2005).

Although standards exist to limit the environmental impact of logging, it is self-evident that this
industry introduces in its surroundings landscape fragmentation, human settlements, and poaching,
factors that are known to impact the presence of forest elephants. Indeed, logging requires the
development of numerous infrastructures and the opening of hundreds of kilometres of roads within
the forest. It also induces an increase in the human population in the vicinity. Moreover, the removal
of fruit trees could have long-term impact on forest elephants (Blake 2002, Bush et al. 2020). We might
therefore assume that they would move away from logged areas, but this has not been verified by the
few studies that addressed the question (Merz 1981, Struhsaker et al. 1996, Clark et al. 2009, Stokes
et al. 2010, Poulsen et al. 2011, Omeja et al. 2014).

In the northern Republic of Congo, Poulsen et al. (2011) and Clark et al. (2009) found higher forest
elephant abundance in logged than in unlogged areas. The number of individuals increased during 15
years after logging and then returned to a lower abundance, similar to that straight after logging and
still higher than in the nearby unlogged forests (Clark et al. 2009). The results of Stokes et al. (2010)
are not as conclusive, with some logged forests hosting higher and some lower forest elephant
densities than the surrounding protected area. In Kibale National Park in western Uganda, where
logging ended in 1969, elephant dung and trail surveys conducted in 1996, 2005, 2008, and 2014
consistently recorded higher elephant abundance in the heavily logged area of the park than in the
lightly logged and unlogged areas (Struhsaker et al. 1996, Omeja et al. 2016). Finally, in Tai National



Park (Ivory Coast), a study conducted two years after the cessation of timber extraction showed that
forest elephants used secondary forest resources more intensively than primary forest, but the
combination of the two habitats was essential (Merz 1981).

Three complementary hypotheses are put forward by the authors to explain the high abundance of
forest elephants in logged areas. First, light conditions and the micro-climate resulting from gaps in
the canopy favour the development of light-demanding herbaceous and shrub species particularly
appreciated by forest elephants (Merz 1981, Struhsaker et al. 1996, Stokes et al. 2010, Poulsen et al.
2011, Omeja et al. 2014). Moreover, there are more young trees in secondary forests than in
undisturbed forests, so forest elephants can easily access the leaves by breaking branches or knocking
down the tree (Merz 1981). Second, the presence of villages close to logged areas could attract forest
elephants that raid crops (Clark et al. 2009, Poulsen et al. 2011). Finally, law enforcement efforts to
protect wildlife in some concessions directly benefit forest elephants in the areas under surveillance
(Poulsen et al. 2011).

Other studies conducted in timber concessions have explored the influence of logging roads and noise
disturbance on forest elephants. However, these studies are too sparse to draw general conclusions.
Old logging roads facilitate wildlife movement and provide abundant forage due to vegetation that
recovers about four years after logging (Kleinschroth & Healey 2017). Van Vliet and Nasi (2008) found
that logging roads have no effect on the distribution of forest elephants, whilst other researchers
showed negative impact (Clark et al. 2009, Stokes et al. 2010, Maisels et al. 2013), suggesting
potentially confounding effects of other variables such as poaching pressure (Blake et al. 2007) and
distance to settlements (Lhoest et al. 2020). Furthermore, the road network within a forest concession
consists of different types of roads, and additional research is still needed to clarify their potential
impacts, especially impacts associated with old roads and skid trails (i.e. temporary paths used to
extract the logs from the place where the trees were cut) that are less studied.

Very limited information is available on the response of forest elephants to noise disturbance. A study
in Gabon showed that the frequencies of sounds from logging overlap with the frequencies of forest
elephant rumbles, potentially compromising communication between individuals (Wrege et al. 2017).
Acoustic surveys suggest that forest elephants are more active at night than during the day, in places
where they are exposed to human disturbance (Wrege et al. 2010, 2012). Research on changes in
forest elephant behaviour caused by logging is rare but would provide essential insights into the short-
term impact of logging on the ecology of this iconic species.

FOREST ELEPHANT-MEDIATED SEED DISPERSAL

BENEFITS OF FOREST ELEPHANT-MEDIATED SEED DISPERSAL

Numerous studies have demonstrated the dispersal potential of forest elephants for many Tropical
plant species (Blake 2002, Nchanji & Plumptre 2003, Beirne et al. 2020). Through the large amount of
fruits they consume and the long distances forest elephants are able to travel, they contribute strongly
to the dissemination of endozoochorous species (Poulsen et al. 2018). Campos-Arceiz and Blake (2011)



compiled the results of existing studies and identified 335 plant species occurring in the faeces of
African savannah and forest elephants. For plants, multiple benefits result from forest elephant-
mediated seed dispersal, including less competition between seeds, reduced germination time, faster
growth, and better development conditions (Poulsen et al. 2018). Nonetheless, the ingestion of a fruit
by the forest elephant does not systematically lead to the dispersal of its seed. It may have been
crushed or destroyed during the digestion process, in which case, the forest elephant is actually acting
as a predator (Morgan & Lee 2007).

Although forest elephants are very effective dispersers, the fate of a seed does not exclusively depend
on the quality of the primary dispersion. The local conditions of the environment where the seed is
dropped and the subsequent secondary processes are fundamental to the survival of the disseminated
seeds and the establishment of seedlings (Balcomb & Chapman 2003). A seed can be predated in a
faeces by granivores such as bushpigs Potamochoerus porcus and sitatungas Tragelaphus spekii as
observed by Magliocca et al. (2003), or be dispersed elsewhere by a secondary agent (Vander Wall et
al. 2005, Theuerkauf et al. 2009, Midgley et al. 2012). Studies regarding secondary processes are less
common than those on primary dispersion. However, it is essential to quantify these processes to
establish the most reliable predictions of the evolution of Tropical tree communities (Granados et al.
2017).

DISPERSAL OF VALUABLE TIMBER SPECIES

From 27 studies on seeds found in elephant dung in African forests, we listed the African rainforest
timber species dispersed by the forest elephant: 18 main timber species were identified (Table 1; ATIBT
2016). Twenty-three additional lesser-known timber species, which are not very widely marketed but
whose wood has interesting properties (Gérard et al. 2016), are listed in Appendix S1. Considering
Table 1 and Appendix S1, the genera most frequently found in forest elephant dung are Parinari,
Klainedoxa, Antrocaryon, Tieghemella, Detarium, Bobgunnia, and Chrysophyllum. They do not
represent high volumes exploited (FRMi 2018), but Bobgunnia fistuloides is one of the most expensive
species on the market (ITTO 2019).

The forest elephant’s ability to swallow very large seeds makes it an unequalled disperser (Feer 1995a).
Indeed, the large size of some seeds prevents them from being swallowed by other animals such as
duikers (Cephalophinae) or great apes (Hominidae; Tutin et al. 1991, Feer 1995b). Of the species that
are thought to depend exclusively on forest elephants for their dispersal, four are commercial:
Autranella congolensis, Detarium macrocarpum, Klainedoxa gabonensis, and Mammea africana
(Campos-Arceiz & Blake 2011). The decline of forest elephant populations could jeopardise the
regeneration of these species, as most of them would not be able to recruit sufficiently, as
demonstrated by Beaune et al. (2013) in a Congolese forest, without forest elephants.

IMPACT OF LOGGING ON SEED DISPERSAL

Logging can disrupt seed dispersal processes by affecting disperser populations or by modifying their
habitat use. A meta-analysis conducted by Markl et al. (2012) clarified the effects of fragmentation and
logging coupled with hunting on the different components of the dispersal process. On average,



logging and hunting have a negative impact on visitation rates, seed removal, and dispersal distance
(Markl et al. 2012). These results are based on the hypothesis that frugivorous communities are
strongly reduced in forests where logging decreases the number of fruit trees (Blake 2002), although
this is not systematic, and where hunting is not regulated. It is very complex to distinguish the impacts
of logging and hunting because these processes often act synergistically (Poulsen et al. 2011). Poulsen
et al. (2013) and Nufiez et al. (2018) have also shown that dispersal distances are impacted by logging
activities but not in a single direction: they increase or decrease, depending on the tree species and its
mode of dispersal. Despite the existence of numerous studies, the general impact of logging on
dispersal processes remains uncertain. It seems to vary according to the tree species and the dispersers
on which they depend, as well as the intensity of hunting and logging.

The directed-dispersal hypothesis formulated by Howe and Smallwood (1982) suggests that some
seeds dispersed by animals are deposited in locations propitious to their development. This has been
verified for interactions with several dispersal agents, including the western lowland gorilla Gorilla
gorilla gorilla, which prefers nesting in open areas and is known to play an important role in the
dispersal of many tree species (Haurez et al. 2016). Selective logging does not seem to impact the
efficiency of seed dispersal by this primate, which continues to nest in open areas, including forest
zones opened by logging activities such as logging roads, skid trails, and felling gaps (Haurez et al.
2016). To our knowledge, no study has specifically looked at the use by forest elephants of these areas
modified by logging, or at the impact of logging on forest elephant-mediated seed dispersal. However,
it is evident that forest elephants travel a lot on the skid trails (Stiernon 2022), which may result in
directed-dispersal processes. This could have long-term effects that are presently unknown, including
on the distribution of megafaunal fruit species. As the forest elephant is reported to be one of the
most effective seed dispersers in Tropical forests, further research is needed to assess the impact of
logging on its dispersal activities.

As with seed dispersal, logging can impact secondary processes. In Malaysia, Granados et al. (2017)
demonstrated that seed predation is higher in logged than in unlogged forests. In Mexico, logging
activities affect the scatter-hoarder animal communities, resulting in declines in the quality and
quantity of dispersion by those agents (Gutiérrez-Granados 2011). These findings underline the need
to study seed predation and secondary seed dispersal in central Africa, especially in timber concessions
where logging seems to positively affect rodents and negatively affect dung beetle communities
(Laurance et al. 2006, Lhoest et al. 2020).

DAMAGE TO TREES AND TREE REGENERATION BY FOREST ELEPHANTS

DIFFERENT TYPES OF DAMAGE BY FOREST ELEPHANTS

Although forest elephants help the regeneration of many tree species, their feeding behaviour and
large size also cause serious damage to the vegetation. They trample seedlings (Short 1981, Piiroinen
et al. 2017, Rosin et al. 2020), snap saplings (Omeja et al. 2014, Terborgh et al. 2015), break branches
(Wing & Buss 1970), uproot trees, and strip their bark (Wing & Buss 1970, Blake 2002). Besides fruits
and grass, terminal twigs, leaves, and bark are dominant in the forest elephant’s diet. Although forest



elephants feed on hundreds of tree and liana species, a relatively low number of them constitute the
majority of their diet (Merz 1981, Blake 2002). By browsing on small trees and debarking larger ones,
forest elephants shape landscapes (Rosin et al. 2020), both in the interior and at the edge of forests
(Cardoso et al. 2019). For instance, a study conducted in Mount Cameroon showed reduced tree
diversity and shorter trees, but with larger diameter at breast height, in areas disturbed by forest
elephants (Maicher et al. 2020).

In the central African forests, the damage caused by forest elephants to the vegetation is poorly
documented compared with their role as seed dispersers (Poulsen et al. 2018). Yet, depending on the
forest elephant density, the impact of megaherbivory damage on the structure and composition of
vegetation can be greater than that of seed dispersal (Omeja et al. 2016). According to Clark et al.
(2012), it could even be stronger than the effect of well-known ecological mechanisms such as density-
dependent mortality or niche partitioning.

We found 13 studies that have listed tree species damaged by forest elephants in African rainforests.
Based on them, we listed 28 important timber species (Table 2) and 33 lesser-known timber species
(Appendix S2) used by forest elephants. Most studies were focussed on bark-stripping damage.

BARK STRIPPING

Bark stripping by African elephants has been widely studied in savannahs (Guldemond et al. 2017)
where the mortality rate of debarked trees is particularly high (Léyttyniemi & Mikkola 1980, O’Connor
2017). Numerous studies have investigated the factors influencing debarking rates in arid
environments (Gadd 2002, Fullman & Child 2013, Seloana et al. 2018).

Such research is less common in rainforests, where, however, debarking is also observed (Poulsen et
al. 2018). In some forests, barks are even more important than fruits in the forest elephant’s diet
(White et al. 1993). Forest elephants have a preference for soft and fibrous bark (Blake 2002). They
tend to debark large trees (Blake 2002, Cardoso et al. 2019) and sometimes spit out bark fragments
(Short 1981). Table 3 and Appendix S3 list the frequency and severity of debarking on 24 timber tree
species and 31 lesser-known timber species, respectively. For the same species, the impacts are very
variable from one site to another. Depending on the area, forest elephants appear to be more or less
selective about the species they debark. In Bia National Park (Ghana), 20 tree species, and in the
Santchou Reserve (Cameroon), eight tree species are debarked (Short 1981, Tchamba & Seme 1993).
By contrast, White et al. (1993) and Blake (2002) identified 85 and 121 debarked tree species at Lopé
National Park (Gabon) and in the Ndoki Forest (Congo), respectively. Differences in available tree
species and forest elephant needs may partially explain this difference (Short 1981). There are also
intraspecific differences, with identical species debarked in some places and not damaged or less so in
others (Morgan 2007), as observed in Table 3 and Appendix S3. The variation is probably due to
environmental variations that affect the composition of the bark, making it more or less palatable to
forest elephants (Short 1981, White et al. 1993), or to the presence and abundance of alternative food
sources.



Some tree species are more affected by debarking than others, probably because of the structure of
the bark and the compounds it contains, as it has been shown in savannahs (Ihwagi et al. 2012). Ngama
(2018) has demonstrated that parasitised forest elephants feed preferentially on the leaves of banana
Musa spp. and papaya Carica papaya trees, whose medicinal properties are known and used by local
human communities. This suggests that the forest elephant selects its food not only for its nutritional
value, but also for its medicinal properties (Ngama 2018). To our knowledge, no studies to date have
investigated the bark composition of trees damaged by forest elephants. Such studies could, however,
have important implications in the medical field, as shown by Ogboru et al. (2015) by identifying the
phytochemical components of the bark of Dacryodes edulis.

DAMAGE BY FOREST ELEPHANTS IN LOGGING CONCESSIONS

Studies that have investigated damage caused by forest elephants in logged forests focus mainly on
damage to seedlings, the impact on regeneration, and how elephants affect the structure and
composition of the vegetation (Struhsaker et al. 1996, Chapman & Chapman 1997, Paul et al. 2004,
Lawes & Chapman 2006, Omeja et al. 2014, Terborgh et al. 2015, Omeja et al. 2016, Piiroinen et al.
2017). In Kibale, elephants visit extensively the gaps in the logged areas, leading to more tree damage
and slower regeneration than in unlogged areas (Chapman & Chapman 1997, Omeja et al. 2016). The
development of herbaceous plants in the logging gaps can act in synergy with damage caused by
elephants to slow down ecological succession, but the direct impact of elephants is greater than that
of herbaceous plants (Lawes & Chapman 2006). Nonetheless, it is the proliferation of herbaceous
plants that attracts these megaherbivores (Omeja et al. 2014). The intensity of logging is also a key
factor: the larger the gap, the more herbaceous plants that develop rapidly and the more elephants
are attracted to the area (Chapman & Chapman 1997). Although results are mostly consistent across
studies, Piiroinen et al. (2017) showed that rodents, seeking shelter in dense vegetation of logging
gaps, have a greater impact than elephants on seedling mortality.

Some timber concessions that are committed to sustainable forest management reforest in logging
gaps, to help regenerate species that are being harvested or those that are of great importance to
wildlife and local people (Doucet et al. 2009). Although much damage caused by mammals is observed
in these reforested gaps (M. Scalbert, unpublished data), to date, there are no published studies that
identify the mammals involved and tree species concerned, quantify the damage, and estimate the
financial losses to the timber company.

Studies on tree damage are even scarcer. Most of the damage inflicted on trees is not fatal, but it can
influence their growth and shape, directly impacting their commercial value (Struhsaker et al. 1996).
Debarked trees, although exposed to external pathogens, can continue to live and reproduce for many
years (Struhsaker et al. 1996). Therefore, debarking and other forms of damage may not directly
impact forest composition and structure, but could strongly affect timber quality and lead to economic
losses for forest managers, although this is not yet documented and should be investigated. In Tables
2 and 3, and Appendices S2 and S3, some of the most heavily exploited timber species are listed.
Entandrophragma cylindricum and Triplochiton scleroxylon are the second and third most exploited
species, after Aucoumea klaineana, with more than 1100000 and 800000 m? extracted per year,



respectively (FRMi 2018). With almost 300000 m? exploited per year, Cylicodiscus gabunensis is also
an important timber species prized by forest elephants.

CONCLUSION AND RESEARCH PERSPECTIVES

This literature synthesis highlights the existence of numerous interactions between forest elephants
and logging. They can be favourable or detrimental to both. For example, logging can impact the
abundance of food for forest elephants, by fostering the development of herbaceous species and
seedlings in certain parts of the forest (Struhsaker et al. 1996), but also by reducing the number of fruit
trees in other parts (Blake 2002). Timber concessions can host many forest elephants if poaching is
controlled, but they can also facilitate poaching and harm forest elephant populations (Poulsen et al.
2011). Forest elephants can help the regeneration of some commercial tree species (Campos-Arceiz &
Blake 2011), but they can also damage high-value individual trees (Short 1981).

The complexity of the interactions between logging and forest elephants, as well as the multiple
variables involved, requires further research on this topic. We recommend that priority should be given
to:

e The impact of logging on forest elephant abundance, behaviour and movements, and the
consequences for forest regeneration patterns.

e The impact of logging on seed dispersal by forest elephants, including on post-seed-dispersal
processes and on the fate of seedlings.

e The importance of bark in the forest elephant’s diet, factors favouring the debarking of certain
tree species, the volumes of timber lost due to damage by forest elephants, and the mortality
rate of trees debarked by forest elephants.

In the current state of knowledge, it would be too ambitious to attempt to rule on the general impact
of selective logging on forest elephants and, conversely, on the overall influence of forest elephants
on the forest resource available in a timber concession. Nevertheless, this review suggests that timber
concessions have an interesting potential as key habitat for forest elephants, especially if the actions
required to preserve the forest and its wildlife are implemented, such as antipoaching patrols and the
development of effective wildlife management plans (Haurez et al. 2020). Timber concessions could
therefore become a key component of the forest elephant conservation strategy in central Africa,
where logged forest makes up 27% of the forest area (Eba’a Atyi et al. 2022). However, wildlife
management is not the main purpose of timber concessions, and incentives such as wildlife credits
(https://wildlifecredits.com/) should be considered to encourage the preservation of forest elephants

in these places.
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Table 1. Timber species found as seeds in the droppings of forest elephants Loxodonta cyclotis.
Frequency is the percentage (mean calculated from the references in bold, with range in parentheses)
of droppings containing seeds of the species. Harvested volume is the volume harvested in the Congo
Basin, excluding Equatorial Guinea (source: FRMi 2018). Price is the commercial value (free on board)
of exported logs (source: ITTO 2019, 2022). Species sold under the same commercial name are assigned
the same volume and price

Botanical name of timber Commercial Frequency mean  Harvested volume,
species name % (range) m? year™' Price, €m~ References
Anacardiaceae
Antrocaryon klaineanum Onzabili 36(1.1-56) 15 No data Gautier-Hion et al. (1985), White et al. (1993), Feer (1995a), Blake (2002),
Beirne et al. (2020)
Antrocaryon micraster Onzabili 15.1(2-37) 15 Mo data Alexandre (1978}, Short {1281), Nchanji and Plumptre {2003)
Antrocaryon nannanii Onzabili 36(2843) 15 Mo data Feer (1995a), Yumoto et al. (1995)
Burseraceae
Dacryodes buettneri Ozigo 0.1 o Mo data Beirne et al. (2020)
Dacryodes normandii Ossabel 0.5{0.2-0.9) No data No data Gautier-Hion et al. (1983), White et al. {1993), Feer (1995a), Beime et al. (2020}
Fabaceae
Afzelia bipindensis Doussié =] 17853 Mo data Tchamba and Seme (1993)
Bobgunnia fistuloides Pao rosa 10.7 (1-18) 3795 400-430 Alexandre (1978), Short (1981), White et al. (1993), Feer (1995a), Blake
(2002), Mbété et al (2010), Beirne et al. (2020)
Moraceae
Milicia excelsa Iroko Frequent 160026 300 Short (1981), Theuerkauf et al. (2000)
Milicia regia Iroko Frequent 160026 300 Theuerkauf et al. (2000)
Myristicaceae
Staudtia kamerunensis Niové 0.8 4395 160 Mchanji and Plumptre (2003)
Rubiaceas
Nauclea diderrichii Bilinga No data 18633 275 White et al. (1993)
Nauclea sp. Bilinga No data 18633 275 Morgan and Lee (2007)
Sapotaceae
Autranella congolensis Mukulungu 3 (0.1-7) 81161 No data Yumoto et al. {1995), Blake (2002), Inogwabini et al. (2011), Beirne et al.
(2020)
Baillonella toxisperma Moabi 1.5(0.3-2.8) 9887 280 White et al. (1993), Feer (1995a), Debroux {1998), Nchanji and Plumptre
(2003), Morgan and Lee (2007)
Chrysophyllum africanum Longhi blanc  2.3{2.1-2.5) 393 No data white et al. ( , Yumoto et al. (1995), Nchanji and Plumptre (2003)
Chrysophyllum lacourtianum  Longhi rouge  10.8 (0.7-21.1) 916 Mo data Gautier-Hion et al. {(1985), Feer (1995a), Yumoto et al. (1995), Debroux (1998),
Blake (2002), Inogwabini et al_ (2011)
Tieghemella africana Douka No data 4747 Mo data White et al. ( , Morgan and Lee (2007)
Tieghemella heckelii Makoré 11(1012) [i] 560 (sawnwood)  Alexandre (1978), Merz (1981), Short (1981), Tchamba and Seme (1993),

Theuerkauf et al. (Z




Table 2. Timber species damaged by forest elephants Loxodonta cyclotis. All species listed are used by
forest elephants. When the type of damage is mentioned in a reference, it is indicated by a cross in the
corresponding column; uprooting was not reported for these species, but see Appendix S2. Harvested
volume is the volume harvested in the Congo Basin, excluding Equatorial Guinea (source: FRMi 2018,
Ngoya-Kessy 2020). Price is the commercial value (free on board) of exported logs (source: ITTO 2022).
Species sold under the same commercial name are assigned the same volume and price

Branch Bark Harvested volume,
Botanical name of timber spedies Commercial name breaking stripping  m° year! Price, € m2 Refarences
Anacardiaceae
Aniracaryon kiaineanum Onezabili = 15 No data White et al. (1993)
Antrocanyon micraster Onzabi = 15 Mo data Bl P
Combretaceae
Terminzla vorensis Framiré = No data Mo data Short {1981}, Theuerkauf et al (2
Terminalia superba Limia = 123537 No data Tchamba and Semea | Theuwerkauf et al. (2
Fabaceae
Afzefiz bipindensis Doussié = 17853 No data
Afla sp. Doussié = 17853 No data
Cylicodisous gabunensis Okan P 261929 30
Guibourtia shie Orvengluol = 2NE No data
Fiptadeniastrum africanum Dzbéma = ® 85103 No data i
Prioria oxyphylia Tchitola = Se34 Mo data
Sindoropsis letestul Ghéombi = [V Mo data
Malvaczas
Nesogordoniz papaverifea Kotiné = 45 Mo data
Nesogordonia =p._ Kotibé = a5 No data
Triplochiton sclenmxyion Ayous = B03548 250
Meliaceas
Entandrophragma angolenss Tiama x x 71852 No data 70, Short {1%81), Tcharmba and
{ Theuerkauf et al. (2000), Blake (2002)
Entandrophragma cyfindricum Sapelli = 1148634 260 ‘Wing and B )
Entandrophragma =p. x N& MA Wing and Buss
Entandrophragma utiie Sipo = E3948 280 1}
Khaya anthothecs = 16815 65
khaya grandifoliola = o 285
Khaya ivorensis b 21646 65
Moraceas
Milicia exreka Iroko o 160026 300 Sheil and Salim (Z004)
Ochnaceae
Lophira alsta Azobé 286084 75 Cardoso et al. {201
Sapotaceas
Aningeria altisima = = 3364 No data Wing and Buss {1370), 5
Auranella congolensis ® Bl161 Mo data Blake (2002)
Bailionellz toxisperma " 9887 280 White et al. {1993}
Thwysophyfium lcowrtianum = o916 Wo data Blake (2007
Tieghemeils heckelii Makoré ® o 560 (sawmaood) Short {1981}, Thevarkauf et al. {7

Iexported log volumes in 2018 from the Republic of Congo only.



Table 3. Frequency and severity of damage to debarked timber species, caused by forest elephants
Loxodonta cyclotis. ‘% indiv.” = percentage of debarked trees and ‘% circ.” = percentage of circumference
affected. Harvested volume is the volume harvested in the Congo Basin, excluding Equatorial Guinea
(source: FRMi 2018, Ngoya-Kessy 2020). Price is the commercial value (free on board) of exported logs
(source: ITTO 2022). Species sold under the same commercial name are assigned the same volume and

price
Harvested
volume,
Botanical name of timber species Commercial name miyear! Price, €Em~3? 9% indiv % circ. Country References
Anacardiaceae
Antrocaryon klainsanum Onzabili 15 No data 100! No data Gabon White et al.
Antrocaryon micraster Onzabili 15 No data 100! Heawy Rep. of Congo Blake (2003
Combretaceae
Terminalia ivorensis Framiré No data No data 100 39 Ghana Short (1981)
Frequent No data Ivory Coast Theuerkauf et al. (2
Terminalia supsrba Limba 122537 No data 60 17 Camercon Tchamba and Seme ( )
Rare No data Ivory Coast Theuerkauf et al.
Fabaceae
Afzelia bipindensis Doussié 17853 No data 87 34 Cameroon 393)
Afzelia sp. Doussié 17853 No data 1007 No data Gabon
Cylicodiscus gabunensis Okan 261929 230 Mo data No data Ghana
100 No data Gabon
Guibourtia ehie Owengkol 2018° No data 65 34 Ghana Short (1981)
Frequent No data Ivory Coast Theuerkauf et al )
Piptadeniastrum africanum Dabéma 85103 Mo data Rare No data Ivory Coast Theuerkauf et 00}
88 No data Gabon White et al.
60 No data Uganda
Prioria oxyphyila Tchitola 5684 No data 3 Heavy Rep. of Congo
Sindoropsis letestui Gheéombi o No data 3 No data Gabon
Malvaceae
Nesogordonia sp. Kotibé 45 Mo data 27 Moderate Rep. of Congo
Triplochiton scleroxylon Ayous 803548 250 21.1 Heawy Rep. of Congo
(Continues)
Table 3. (Continued)
Harvested
volume,
Botanical name of timber species Commercial name miyear! Price, €m—3 % indiv % dirc. Country References
Meliaceae
Entandrophragma angolenss Tiama 21852 No data 136 Low Rep. of Congo
4 26 Ghana
35 23 Cameroon Tchamba and Seme (193:
Rare No data vory Coast Theuerkauf et al
125 No data Uganda Wing and Buss (1970
Entandrophragma ufile Sipo 83948 260 25 Moderate Rep. of Congo Blake (2002}
79 26 Ghana Short (1981)
38 21 Cameroon Tchamba and Se
Khaya anthotheca Acajou d"Afrigue 16815 265 Rare No data Ivory Coast Theuerkauf et al
(African mahogany)
Khaya grandifoliola Acajou d'Afrique o 265 Rare No data Ivory Coast Theuerkauf et al. (200
{African mahogany)
Khaya ivorensis Aczjou d"Afrique 21646 265 Rare No data Ivory Coast Theuerkauf et al. (2000]
(African mahogany)
Moraceae
Milicia excelsa Iroko 160026 300 143 No data Uganda Sheil and Salim (2004)
Sapotaceae
Aningeria aftissima Aniégré 3364 Mo data 18 No data Uganda Wing and Buss (1970)
Autranella congolensis Mukulungu 81161 No data 647 Heavy Rep. of Congo Blake (2002)
Baillonella toxisperma Moabi 9887 280 100! No data Gabon White et al_ (1
Chrysophyllum lacourtianum Longhi rouge 916 No data 16.7 Low Rep. of Congo Blake (:
Tieghemella heckslii Makoré 0 560 Mo data No data Ghana Short (12
(sawn-
wood)
Rare No data vory Coast Theuerkauf et al. (2000)

'Fewer than five trees sampled.
Zxported log volumes in 2018 from the Republic of Congo only.
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