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Abstract:
Poaching is rapidly extirpating African forest elephants (Loxodonta cyclotis) from most of their
historical range, leaving vast areas of elephant‐free tropical forest. Elephants are ecological
engineers that create and maintain forest habitat; thus, their loss will have large consequences for
the composition and structure of Afrotropical forests. Through a comprehensive literature
review, we evaluated the roles of forest elephants in seed dispersal, nutrient recycling, and
herbivory and physical damage to predict the cascading ecological effects of their population
declines. Loss of seed dispersal by elephants will favor tree species dispersed abiotically and by
smaller dispersal agents, and tree species composition will depend on the downstream effects of
changes in elephant nutrient cycling and browsing. Loss of trampling and herbivory of seedlings
and saplings will result in high tree density with release from browsing pressures. Diminished
seed dispersal by elephants and high stem density are likely to reduce the recruitment of large
trees and thus increase homogeneity of forest structure and decrease carbon stocks. The loss of
ecological services by forest elephants likely means Central African forests will be more like
Neotropical forests, from which megafauna were extirpated thousands of years ago. Without
intervention, as much as 96% of Central African forests will have modified species composition
and structure as elephants are compressed into remaining protected areas. Stopping elephant
poaching is an urgent first step to mitigating these effects, but long‐term conservation will
require land‐use planning that incorporates elephant habitat into forested landscapes that are
being rapidly transformed by industrial agriculture and logging.
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Article:

Elephants as Ecological Engineers in a Time of Crisis
The worldwide loss of large animals is perhaps the most perceptible ecological consequence of
anthropogenic disturbance on Earth (Dirzo et al. 2014). In the late Pleistocene, extinctions of
megafauna (animals with body masses ≥1000 kg) reduced herbivory and caused large‐scale
shifts in vegetation patterns that contributed to global warming (e.g., Gill et al. 2009;
Johnson 2009; Malhi et al. 2016). Today, humans are causing equally dramatic reductions in
large animals: 60% of remaining large‐bodied herbivores (animals with body masses ≥100 kg)
are threatened with extinction, and nearly all suffer from range reduction due to overhunting,
anthropogenic climate change, and habitat loss (Ripple et al. 2015). In particular, poaching for
ivory is driving elephants, the largest terrestrial animals on Earth, to the brink of extinction
(Wittemyer et al. 2014). If the ecological effects of past megafaunal extinctions are indicators of
future changes, the decimation of elephants is likely to have far‐reaching consequences.
Although human activities have reduced the distribution and abundance of elephants worldwide
(Wittemyer et al. 2014; Chaiyarat et al. 2015; Ripple et al. 2015), the most precipitous declines
have occurred among African forest elephants (Loxodonta cyclotis) (Fig. 1). These reductions
have been driven by poaching, habitat loss, and fragmentation (Underwood et al. 2013). In West
Africa, forest elephant populations are restricted to 6–7% of their 1984 range and survive in
small, fragmented populations (e.g., Roth & Douglas‐Hamilton 1991; Chase et al. 2016;
Thouless et al. 2016). In Central Africa, forest elephant numbers plummeted 62% from 2002 to
2011, and current populations persist at 10% of their potential size and occupy <25% of their
potential range (Maisels et al. 2013). Even sites regarded as the last bastions of forest elephants
have lost over 80% of their populations to poaching in roughly the last 10 years (Poulsen
et al. 2017).

Figure 1. Timelines of historic threats to and declines (population estimates include savanna and
forest elephants) in forest elephants: (a) indigenous peoples in Central Africa hunting elephants
with spears before guns went into widespread use to hunt big game in the 19th century, (b)
President Theodore Roosevelt with 1 of 11 elephants killed on the Smithsonian‐Roosevelt
African Expedition of 1909, and (c) burning of Gabon's ivory stocks in 2012.

Despite the threat of extinction, African forest elephants remain understudied (Breuer
et al. 2016). Knowledge of their ecological impacts on tropical forests is limited, and most
studies of forest elephants have been concentrated in several protected areas (Fig. 2). Although
the better‐studied savanna elephant (Loxodonta africana) is a major driver of vegetation
structure, tree recruitment, and plant community composition (e.g., Laws et al. 1970; Guldemond
& Aarde 2008; Asner & Levick 2012), studies of savanna elephants provide limited inference for
understanding how forest elephants interact with their environment because the 2 taxa have
demonstrable differences in morphology, ecology, reproduction, and social structure (e.g., Roca
et al. 2001; Schuttler et al. 2014; Turkalo et al. 2017). This is a problematic knowledge gap
because forest elephants are ecosystem engineers that control, directly or indirectly, the
availability of resources to other organisms by causing physical state changes in biotic and
abiotic materials. For example, forest elephants can be powerful filters of tree recruitment and
survival (Terborgh et al. 2015a), generate extensive path networks, create and maintain forest
clearings (Blake & Inkamba‐Nkulu 2004), and shape tropical forest vegetation communities
(Hawthorne & Parren 2000). These ecological interactions are hypothesized to drive patterns of
forest structure and diversity that distinguish Afrotropical from Neotropical forests—where
megafauna have been absent for 10,000 years (Cristoffer & Peres 2003; Terborgh et al. 2015b).

Figure 2. Distribution and focus (category) of ecological studies on forest elephants in Central
Africa. The size of the pie charts represents the number of studies conducted at a given location
(range 1–6).
With elephants in crisis from poaching and anthropogenic change (Breuer et al. 2016), the area
of elephant‐free forest is expanding in Central Africa, raising the question of how the reduction
or loss of forest elephants will affect the diversity, composition, and structure of forests. We
synthesized current knowledge of the effects of African forest elephants on tropical forests to
infer how their loss may affect forest functioning. We conducted a comprehensive literature
search of the Web of Science and Scopus for the keywords “forest elephant,” “Loxodonta

africana cyclotis,” “Loxodonta cyclotis,” “L. cyclotis,” and combinations of “ecology,” “seed
dispersal,” “herbivory,” “browsing,” “damage,” “social behavior,” “habitat,” “diet,”
“movement,” “seed dispersal,” and “Central Africa.” We identified 158 peer‐reviewed
publications (Supporting Information). Of these papers, 66 (79 studies) focused on the ecology
of forest elephants. We categorized these articles into 6 broad subject classes: social behavior,
diet, movement, habitat selection, herbivory and damage, and seed dispersal. Of the 79 studies,
most focused on the behavior and biology of forests elephants. In a minority of studies, the
ecological effects of elephants were assessed, including 13.9% focused on seed dispersal and
2.5% focused on herbivory and damage.
We posit that declines in forest elephant populations will greatly modify ecological processes
and thus affect plant community composition, forest structure, and ecosystem function. First, we
reviewed the role of forest elephants in three principal ecological processes: seed dispersal,
nutrient recycling, and herbivory and physical damage. Second, we assessed the consequences of
these processes to predict the cascading ecological effects of the loss of elephants for tropical
forests. Third, we devised recommendations and research priorities for mitigating the negative
effects of declining populations of forest elephants.
Ecological Effects of Forest Elephants on Tropical Forests
Seed Dispersal
Elephants, the largest fruit‐eating animals on the planet, may consume higher abundances of
seeds from a wider variety of species than any other large vertebrate (Campos‐Arceiz &
Blake 2011). They transport large fruits and seeds with fibrous pulp, hard seed coverings, and
chemical defenses (Feer 1995; Yumoto et al. 1995), resulting in the dispersal of a greater number
of intact seeds than smaller‐bodied vertebrates (Blake et al. 2009). Elephants are keystone
dispersers for numerous tree species: 30 plant species in Taï National Park, Ivory Coast
(Alexandre 1978), and 13 species in the Nouabalé‐Ndoki National Park, Republic of Congo
(Blake et al. 2009), are dispersed solely or predominantly by elephants. Elephants travel much
greater distances than most other dispersers (Sekar et al. 2015), yielding a higher proportion of
seeds that escape heavy seed predation near parent plants (Yumoto et al. 1995). In a study of 4
GPS‐collared elephants in Congo, 88% of dispersed seeds were transported over 1 km and some
were dispersed up to 57 km from the parent tree (Blake et al. 2009).
Elephant feeding ecology and digestive physiology enhance seed survival and recruitment. Seeds
that pass through the digestive tract of elephants demonstrate reduced time to germination,
increased early growth rates, and improved seedling survival due in part to the protective and
nutrient‐rich growth environment provided by elephant dung (Nchanji & Plumptre 2003;
Jothish 2013; Spanbauer & Adler 2015). Elephant browsing and movement opens dense
vegetation, creating suitable establishment sites for dispersed seeds (Yumoto et al. 1995). As a
result, seed dispersal by elephants promotes seedling survival and growth (Nchanji &
Plumptre 2003; Jothish 2013; Spanbauer & Adler 2015) and high diversity of forest species
(Campos‐Arceiz & Blake 2011).
Nutrient Recycling

By chewing, digesting, and defecating, elephants redistribute the macro‐ and micronutrients
stored in plant material (Hobbs 2006). Due to their high dietary diversity (Blake 2002), elephants
may play a critical role in the cycling of a broad range of nutrients and secondary
compounds. Elephants facilitate rapid nutrient cycling by digesting recalcitrant plant matter and
releasing nitrogen, sodium, and other nutrients into the soil (McNaughton et al. 1997). Elephants
excavate termite mounds and salt licks—mineral hotspots where concentrations can be up to
seven times higher than in topsoil—unearthing previously inaccessible nutrients (e.g., sodium,
potassium, calcium, and magnesium [Metsio Sienne et al. 2014]).
Elephants also influence the spatial heterogeneity of nutrient availability and cycling rates
through long‐distance movements. By transporting nutrients away from fertile, nutrient‐rich
areas, large mammals create a relatively homogeneous nutrient distribution across the landscape
(Doughty et al. 2013; Wolf et al. 2013). This diffusion of nutrients has been likened to that of
blood flow in the human body: large animals act as arteries of ecosystems, transporting nutrients
long distances, and smaller animals act as capillaries, distributing nutrients to smaller subsections
of the ecosystem (Doughty et al. 2013).
Herbivory and Physical Damage
Elephants are considered ecosystem engineers because of their destructive feeding behaviors,
large body size, and herd movement. Savanna elephants break and uproot trees up to 40–60 cm
in diameter (Kortlandt 1984); annual elephant‐induced tree mortality is 40–1500 trees/elephant
(Cumming 1981). Although tree uprooting and destruction is less common in tropical forests,
few stems escape damage by elephants (Terborgh et al. 2015a). Elephants damage trees by
pollarding (clipping top branches), breaking limbs, and peeling or ripping bark (Rode
et al. 2006), which increase plant susceptibility to damage by parasites, pathogens, and fire
(Beuchner & Dawkins 1961). In addition to browsing, elephants modify the environment by
trampling vegetation, killing seedlings and saplings, and denuding the ground of plants. Elephant
trampling creates and maintains forest clearings and trail systems several meters wide and tens of
kilometers long (Blake & Inkamba‐Nkulu 2004).
Forest elephants are requisite generalists, consuming over 500 species of plants and a wide range
of plant parts (Blake 2002); thus, through herbivory they may affect community‐level vegetation
structure and species composition. In savannas high rates of elephant disturbance suppress
woody vegetation (Cumming et al. 1997; Shannon et al. 2008), which stalls succession, prevents
development of the shade canopy (Laws et al. 1970), and allows herbs and grasses to colonize
disturbed areas (Omeja et al. 2014). Elephants also alter the composition of the plant community
through preferential browsing, which selects for browsing‐tolerant plants that invest in chemical
or physical defenses (Höft & Höft 1995). The ubiquitous damage to saplings in forest, however,
may indicate elephants benefit fast‐growing, light‐demanding species that can recruit via escape
in space and time by growing quickly through the size range of vulnerability to breakage
(Poulsen et al. 2013; Osuri et al. 2016).
A World without Forest Elephants

Forest elephants have already been extirpated from large parts of their range (Maisels et al. 2013;
Poulsen et al. 2017). Unless poaching is halted, a world without forest elephants is possible, and
the effects of their loss will cascade through the ecosystem due to decreased rates of seed
dispersal, nutrient recycling, herbivory and physical damage, and indirect ecological effects
(Fig. 3). Based on the ecological roles of elephants, we examined how the loss of forest
elephants will alter ecological processes to influence forest composition and structure.

Figure 3. Ecological features (listed in rectangles) of tropical forests that are affected by
elephants and the effects of elephant removal on these features (arrows, increase or decrease; top
2 factors in rectangles, immediate changes that will occur with the loss of elephants; bottom 2
factors, long‐term changes that will occur with the loss of elephants).
Seed Dispersal
The loss of seed dispersal by forest elephants—the “megagardeners of the forest” (Campos‐
Arceiz & Blake 2011)—will reduce seed movement for many plant species, particularly those
with large fruits or seeds (Guimarães et al. 2008; Blake et al. 2009). These plant species will
become “Anthropocene anachronisms”—species with fruit traits and phenological patterns
unmatched in the existing disperser community (Janzen & Martin 1982). Where forest elephant
populations are extirpated, elephant‐dispersed seedlings are likely to be less evenly distributed
across the landscape and more susceptible to density‐dependent mortality (Beaune et al. 2013).
Furthermore, the reduction in long‐distance dispersal by elephants will likely reduce genetic
diversity and impede colonization of new habitats (Nathan 2006; Jordano et al. 2007). Without
elephant seed dispersers, the composition of the forest could shift toward a greater relative
abundance of species dispersed abiotically and by smaller animals (Terborgh et al. 2008).
Because tropical forests are predominately composed of animal‐dispersed tree species (Howe &
Smallwood 1982) and larger‐seeded species attain larger sizes than smaller‐seeded trees, the loss

of large animals such as elephants is expected to reduce the carbon storage potential of the forest
(Poulsen et al. 2013; Bello et al. 2015; Osuri et al. 2016).
Nutrient Recycling
The extirpation of forest elephants will reduce the flow of nutrients at the landscape scale and
have potentially global effects on the flux of phosphorous and sodium, as occurred following
Pleistocene extinctions (Doughty et al. 2016). Reductions in elephant‐mediated nutrient cycling
can be expected to reduce soil fertility and tree growth because tropical trees are generally
nutrient limited, particularly at younger life stages (Wright et al. 2011; Santiago 2015).
Specifically, the loss of elephants may increase the relative abundance of slow‐growing species
because nitrogen deposition is hypothesized to shift community composition toward early‐
successional, fast‐growing species (Tilman & Lehman 2001). Understory tree seedlings also
show greater growth responses to nutrient addition when light availability increases (Thompson
et al. 1988); thus, without elephant disturbance to open vegetation, seedlings may be less
efficient at nutrient uptake, which compounds the consequences of elephant loss.
Herbivory and Physical Damage
The ecological consequences of declining herbivory and physical damage by elephants may
mirror those that followed Pleistocene extinctions: increased abundance of woody plants and
shifts in plant structure and composition favoring shade‐tolerant (Bakker et al. 2016) and
palatable plant species (Gill et al. 2009). In tropical forests specifically, reduced elephant
browsing and damage is likely to increase understory stem density of tree seedlings, saplings,
and herbaceous vegetation. The loss of understory thinning, particularly of woody saplings,
could increase root competition among surviving trees, perhaps slowing tree growth and
reducing their eventual size. With a higher density of understory stems, we expect lower light
availability and higher competition for resources will limit the emergence of large, carbon‐dense
trees.
Summary and Hypothesized Long‐Term Effects
Through changes in ecological processes, we hypothesize that the absence of forest elephants
will Neotropicize tropical forests in Central Africa. Afrotropical forests generally support lower
species diversity and lower tree density but greater numbers of large trees and higher
aboveground biomass than Neotropical forests (Slik et al. 2013). Thus, we predict the loss of
elephants from African tropical forests will reshape species composition, increase stem density,
and lower the abundance of large trees (and carbon stocks). Such conditions will have the
following broad effects: alter plant community composition, increase stem density, and decrease
abundance of large trees.
Plant community composition will be altered via multiple processes. Lower dispersal of large‐
fruited tree species will result in higher proportions of species dispersed abiotically or by smaller
animals. Lower rates of nitrogen recycling and lower rates of vegetation disturbance (reduced
light availability) may favor the regeneration of slow‐growing, shade‐tolerant seedling species.

In contrast, undefended, palatable species—which tend to be fast growing and light loving—may
also be released from elephant browsing.
Stem density will increase in elephant‐free forests as a result of low rates of browsing, trampling
of seedlings, and removal of saplings and small adult trees by elephants. Saplings will be
released from the “browse trap” (Staver & Bond 2014) and be free to grow past the size at which
they are vulnerable to browsing.
Abundance of large trees will be decreased by the loss of seed dispersal by elephants: seed
diameter is positively associated with maximum tree height of animal‐dispersed trees (Bello
et al. 2015). Defaunation of seed dispersers can also increase the spatial aggregation of trees and
result in smaller population size and decreased median basal area (Caughlin et al. 2015). At the
same time, high stem density in the absence of elephant browsing will lessen the recruitment of
emergent wind‐dispersed species that require small gaps (Hall et al. 2003). With fewer large
trees, carbon storage will likely fall over time (Poulsen et al. 2013; Bastin et al. 2015),
particularly because mass growth rate increases continuously with tree size so that large trees fix
large amounts of carbon relative to smaller trees (Stephenson et al. 2014).
Understanding Elephant‐Free Tropical Forests
Forest elephants are increasingly being compressed into well‐protected parks and reserves
(Breuer et al. 2016). Assuming a minimum viable population of 100 elephants, with an average
home range of 546.8 km2 (Blake et al. 2008), and an average overlap in home range of 78%
(ANPN, unpub. data), elephant populations would only be maintained in protected areas larger
than 12,030 km2. Approximately, 96% of the Central African forest (forest outside protected
areas at least 12,030 km2 in size [UNEP‐WCMC 2016]) would be elephant‐free and susceptible
to our predicted changes. To know with confidence how the loss of elephants will affect forests,
multiple questions urgently need answers. To what extent do forest elephants determine forest
species composition and structure through seed dispersal, nutrient recycling, herbivory, or
indirect effects? Which of these mechanisms most strongly affects forest composition and
structure? Are plant species susceptible to extinction from loss of seed dispersal by elephants, or
can other animals provide redundant services? How does anthropogenic land use (e.g., roads,
timber concessions, agriculture) alter the ecosystem services provided by elephants? Do forest
elephants facilitate the recruitment and survival of large trees and thus contribute to carbon
sequestration? What is the necessary size of a forest elephant population to maintain its
ecological role? What is the optimal configuration (size, distance, etc.) of forest patches and
corridors to maintain forest elephant populations and their ecosystem services?
Safeguarding the Future of Forest Elephants
Although our predicted outcomes of elephant declines are probably underway in some places,
there is hope for the conservation of forest elephants across part of their range. Recent studies
call for recognizing African forest elephants as a unique species (Roca et al. 2001), which could
lead to listing them on CITES Appendix 1 and an upgraded IUCN Red List status of critically
endangered—an essential step to their conservation. And, international will exists to save the
forest elephant. In 2014 several African governments launched the Elephant Protection Initiative

to remove stockpiles of ivory from economic use and to ban ivory trade until elephant
populations are no longer threatened. Multiple countries have burned their ivory stocks.
Encouragingly, in early 2017 China announced a future ban on all domestic ivory trade. Closure
of the Chinese market should greatly reduce demand for ivory and lower rates of poaching –
remaining markets should be pressured to follow suit.
Preserving the ecological services of forest elephants will entail conservation of the largest area
of forested habitat possible. But elephants and forests are caught in the countercurrent of
expanding land development in Central Africa. Large‐scale land‐use planning (e.g., Austin
et al. 2017) that maximizes economic development while sustaining elephant populations will be
required to conserve functional elephant‐inhabited forests. As the last wilderness areas are being
attributed to logging, agricultural, and mining concessions (Abernethy et al. 2016), biodiversity
corridors need to be equally prioritized to link protected areas and reserves. Corridors can be
multiuse areas if settlements are prohibited and roads are policed (Blake et al. 2008; Clark
et al. 2009; Poulsen et al. 2011). Planning for elephant conservation must be transboundary
(CITES 2010) because poaching leaks across borders, (UNODC 2016). In the vein of Forest
Stewardship Council (FSC) and Roundtable for Sustainable Palm Oil (RSPO) certifications, we
propose an elephant‐friendly habitat certification be awarded to logging concessions, agricultural
plantations, ecotourism ventures, and carbon projects that take extra steps to protect elephants
from poaching and maintain their habitat. Now is the time to secure a future for elephant‐
inhabited forests in Central Africa.
Acknowledgments
This paper was written as part of the Duke Forest Elephant Working Group. Funding was
provided by Duke University Center for International and Global Studies, the Africa Initiative at
Duke University and NSF GRF‐1106401 to CN. We thank C. Clark, Neysa Williams, and two
anonymous reviewers for greatly improving the manuscript.
Supporting Information
A list of the articles included in our literature search (Appendix S1) is available online. The
authors are solely responsible for the content and functionality of these materials. Queries (other
than absence of the material) should be directed to the corresponding author.
Literature Cited
Abernethy K, Maisels F, White LJT. 2016. Environmental issues in central Africa. Annual
Review of Environment and Resources 41: 1– 33. Google Scholar
Alexandre DY. 1978. Dispersal of seeds by elephants in Tai forest, Ivory Coast. Review Ecologie
Terre Vie 32: 47– 72. Google Scholar
Asner GP, Levick SR. 2012. Landscape‐scale effects of herbivores on treefall in African
savannas. Ecology Letters 15: 1211– 1217. Google Scholar
Austin KG, Lee ME, Clark C, Forester BR, Urban DL, White L, Kasibhatla PS, Poulsen
JR. 2017. An assessment of high carbon stock and high conservation value approaches to

sustainable oil palm cultivation in Gabon. Environmental Research
Letters 12: 014005– 10. Google Scholar
Bakker ES, Gill JL, Johnson CN, Vera FWM, Sandom CJ, Asner GP, Svenning J‐
C. 2016. Combining paleo‐data and modern exclosure experiments to assess the impact
of megafauna extinctions on woody vegetation. Proceedings of the National Academy of
Sciences 113: 847– 855. Google Scholar
Bastin JF, et al. 2015. Seeing Central African forests through their largest trees. Scientific
Reports 5: 13156– 13158. Google Scholar
Beaune D, Fruth B, Bollache L, Hohmann G, Bretagnolle F. 2013. Doom of the elephant‐
dependent trees in a Congo tropical forest. Forest Ecology and
Management 295: 109– 117. Google Scholar
Bello C, Galetti M, Pizo MA, Magnago LFS, Rocha MF, Lima RAF, Peres CA, Ovaskainen
O, Jordano P. 2015. Defaunation affects carbon storage in tropical forests. Science
Advances 1: e1501105– e1501105. Google Scholar
Beuchner HK, Dawkins HC. 1961. Vegetation change induced by elephants and fire in
Murchison Falls National Park, Uganda. Ecology 42: 752– 766. Google Scholar
Blake S. 2002. The ecology of forest elephant distribution and its implications for conservation.
Doctoral thesis, University of Edinburgh, United Kingdom. Google Scholar
Blake S, Deem SL, Mossimbo E, Maisels F, Walsh P. 2009. Forest elephants: tree planters of the
Congo. Biotropica 41: 459– 468. Google Scholar
Blake S, Deem SL, Strindberg S, Maisels F, Momont L, Isia I‐B, Douglas‐Hamilton I, Karesh
WB, Kock MD. 2008. Roadless wilderness area determines forest elephant movements in
the Congo Basin. PLOS ONE 3 (e3546) https://doi.org/10.1371/journal.pone.0003546.
Google Scholar
Blake S, Inkamba‐Nkulu C. 2004. Fruit, minerals, and forest elephant trails: Do all roads lead to
Rome? Biotropica 35: 392– 401. Google Scholar
Breuer T, Maisels F, Fishlock V. 2016. The consequences of poaching and anthropogenic change
for forest elephants. Conservation Biology 30: 1019– 1026. Google Scholar
Campos‐Arceiz A, Blake S. 2011. Megagardeners of the forest ‐ the role of elephants in seed
dispersal. Acta Oecologica 37: 542– 553. Google Scholar
Caughlin TT, Ferguson JM, Lichstein JW, Zuidema PA, Bunyavejchewin S, Levey
DJ. 2015. Loss of animal seed dispersal increases extinction risk in a tropical tree species
due to pervasive negative density dependence across life stages. Proceedings of the Royal
Society B 282: 20142095– 20142095. Google Scholar
Chaiyarat R, Youngpoy N, Prempree P. 2015. Wild Asian elephant (Elephas maximus)
population in salakpra Wildlife Sanctuary, Thailand. Endangered Species
Research 29: 95– 102. Google Scholar

Chase MJ, et al. 2016. Continent‐wide survey reveals massive decline in African savannah
elephants. PeerJ 4: e2354– 24. Google Scholar
CITES (Convention on International Trade in Endangered Species). 2010. African elephant
action plan. CITES Secretariate, Geneva Available
from http://www.cites.org/common/cop/15/inf/E15i-68.pdf (accessed July 2017). Google
Scholar
Clark CJ, Poulsen JR, Malonga R, Elkan PW. 2009. Logging concessions can extend the
conservation estate for Central African tropical forests. Conservation
Biology 23: 1281– 1293. Google Scholar
Cristoffer C, Peres CA. 2003. Elephants versus butterflies: the ecological role of large herbivores
in the evolutionary history of two tropical worlds. Journal of
Biogeography 30: 1357– 1380. Google Scholar
Cumming D, et al. 1997. Elephants, woodlands and biodiversity in southern Africa. South
African Journal of Science 93: 231– 236. Google Scholar
Cumming DHM. 1981. The management of elephant and other large mammals in Zimbabwe.
Pages 91– 118 in Jewell PA, Holt S, editors. Large herbivore ecology, ecosystem
dynamics and conservation. Cambridge University Press, New York. Google Scholar
Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB, Collen B. 2014. Defaunation in the
Anthropocene. Science 345: 401– 406. Google Scholar
Doughty CE, Roman J, Faurby S, Wolf A, Haque A, Bakker ES, Malhi Y, Dunning JB
Jr., Svenning J‐C. 2016. Global nutrient transport in a world of giants. Proceedings of the
National Academy of Sciences 113: 868– 873. Google Scholar
Doughty CE, Wolf A, Malhi Y. 2013. The legacy of the Pleistocene megafauna extinctions on
nutrient availability in amazonia. Nature Geoscience 6: 761– 764. Google Scholar
Feer F. 1995. Morphology of fruits dispersed by African forest elephants. African Journal of
Ecology 33: 279– 284. Google Scholar
Gill JL, Williams JW, Jackson ST, Lininger KB. 2009. Pleistocene megafaunal collapse, novel
plant communities, and enhanced fire regimes in North
America. Science 326: 1100– 1103. Google Scholar
Guimarães PR, Galetti M, Jordano P. 2008. Seed dispersal anachronisms: rethinking the fruits
extinct megafauna ate. PLOS
ONE 3 (e1745) https://doi.org/10.1371/journal.pone.0001745. Google Scholar
Guldemond R, Aarde R. 2008. A meta‐analysis of the impact of African elephants on savanna
vegetation. The Journal of Wildlife Management 72: 892– 899. Google Scholar
Hall JS, Medjibe V, Berlyn GP, Ashton PMS. 2003. Seedling growth of three co‐occurring
Entandrophragma species (Meliaceae) under simulated light environments: implications
for forest management in central Africa. Forest Ecology and Management 179: 135– 144.
Google Scholar

Hawthorne WD, Parren M. 2000. How important are forest elephants to the survival of woody
plant species in Upper Guinean forests? Journal of Tropical Ecology 16: 133– 150.
Google Scholar
Hobbs NT. 2006. Large herbivores as sources of disturbance in ecosystems. Pages 261– 289 in K
Danell, R Bergstrom, P Duncan, J Pastor, editors. Large herbivore ecology, ecosystem
dynamics, and conservation. Cambridge University Press, Cambridge, United
Kingdom. Google Scholar
Höft R, Höft M. 1995. The differential effects of elephants on rain forest communities in the
Shimba Hills, Kenya. Biological Conservation 73: 67– 79. Google Scholar
Howe HF, Smallwood J. 1982. Ecology of seed dispersal. Annual Review of ecology and
systematics 13: 201– 228. Google Scholar
Janzen DH, Martin PS. 1982. Neotropical anachronisms: the fruits the gomphotheres
ate. Science 215: 19– 27. Google Scholar
Johnson C. 2009. Megafaunal decline and fall. Proceedings of the Royal Society
B 326: 1072– 1073. Google Scholar
Jordano P, Garcia C, Godoy JA, Garcia‐Castano JL. 2007. Differential contribution of frugivores
to complex seed dispersal patterns. Proceedings of the National Academy of
Sciences 104: 3278– 3282. Google Scholar
Jothish PS. 2013. Frugivory and seed dispersal of woody species by the Asian elephant (Elephas
maximus) in a mid‐elevation tropical evergreen forest in India. Journal of Tropical
Ecology 29: 181– 185. Google Scholar
Kortlandt A. 1984. Vegetation research and the “bulldozer” herbivores of tropical Africa.
Pages 205– 206 in AC Chadwick, SL Sutton, editors. Tropical rain‐forest. Leeds
Philosophical and Literary Society, Leeds, United Kingdom. Google Scholar
Laws RM, Parker ISC, Johstone RCB. 1970. Elephants and habitats in north Bunyoro, Uganda.
African Journal of Ecology 8: 163– 180. Google Scholar
Maisels F, et al. 2013. Devastating decline of forest elephants in Central Africa. PLOS
ONE 8 (e59469) https://doi.org/10.1371/journal.pone.0059469. Google Scholar
Malhi Y, Doughty CE, Galetti M, Smith FA, Svenning J‐C, Terborgh JW. 2016. Megafauna and
ecosystem function from the Pleistocene to the Anthropocene. Proceedings of the
National Academy of Sciences 113: 838– 846. Google Scholar
McNaughton S, Banyikwa F, McNaughton M. 1997. Promotion of the cycling of diet‐enhancing
nutrients by african grazers. Science 278: 1798– 1800. Google Scholar
Metsio Sienne J, Buchwald R, Wittemyer G. 2014. Plant mineral concentrations related to
foraging preferences of western lowland gorilla in central African forest
clearings. American Journal of Primatology 76: 1115– 1126. Google Scholar
Nathan R. 2006. Long‐distance dispersal of plants. Science 313: 786– 788. Google Scholar

Nchanji AC, Plumptre AJ. 2003. Seed germination and early seedling establishment of some
elephant‐dispersed species in Banyang‐Mbo Wildlife Sanctuary, south‐western
Cameroon. Journal of Tropical Ecology 19: 229– 237. Google Scholar
Omeja PA, Jacob AL, Lawes MJ, Lwanga JS, Rothman JM, Tumwesigye C, Chapman
CA. 2014. Changes in elephant abundance affect forest composition or
regeneration? Biotropica 46: 704– 711. Google Scholar
Osuri AM, et al. 2016. Contrasting effects of defaunation on aboveground carbon storage across
the global tropics. Nature Communications 7: 11351– 11357. Google Scholar
Poulsen JR, et al. 2017. Poaching empties critical Central African wilderness of forest
elephants. Current Biology 27: R134– R135. Google Scholar
Poulsen JR, Clark CJ, Bolker BM. 2011. Decoupling the effects of logging and hunting on an
afrotropical animal community. Ecological Applications 21: 1819– 1836. Google Scholar
Poulsen JR, Clark CJ, Palmer TM. 2013. Ecological erosion of an Afrotropical forest and
potential consequences for tree recruitment and forest biomass. Biological
Conservation 163: 122– 130. Google Scholar
Ripple WJ, et al. 2015. Collapse of the world's largest herbivores. Science
Advances 1: e1400103– e1400103. Google Scholar
Roca AL, Georgiadis N, Pecon‐Slattery J, O'Brien SJ. 2001. Genetic evidence for two species of
elephant in Africa. Science 293: 1473– 1477. Google Scholar
Rode KD, Chiyo PI, Chapman CA, McDowell LR. 2006. Nutritional ecology of elephants in
Kibale National Park, Uganda, and its relationship with crop‐raiding behaviour. Journal
of Tropical Ecology 22: 441– 449. Google Scholar
Roth HH, Douglas‐Hamilton I. 1991. Distribution and status of elephants in West
Africa. Mammalia 55: 489– 528. Google Scholar
Santiago LS. 2015. Nutrient limitation of eco‐physiological processes in tropical
trees. Trees 29: 1291– 1300. Google Scholar
Schuttler SG, Whittaker A, Jeffery KJ, Eggert LS. 2014. African forest elephant social networks:
fission‐fusion dynamics, but fewer associations. Endangered Species
Research 25: 165– 173. Google Scholar
Sekar N, Lee C‐L, Sukumar R. 2015. In the elephant's seed shadow: the prospects of domestic
bovids as replacement dispersers of three tropical Asian trees. Ecology 96: 2093– 2105.
Google Scholar
Shannon G, Druce DJ, Page BR, Eckhardt HC, Grant R, Slotow R. 2008. The utilization of large
savanna trees by elephant in southern Kruger National Park. Journal of Tropical
Ecology 24: 281– 289. Google Scholar
Slik JWF, et al. 2013. Large trees drive forest aboveground biomass variation in moist lowland
forests across the tropics. Global Ecology and Biogeography 22: 1261– 1271. Google
Scholar

Spanbauer BR, Adler GH. 2015. Seed protection through dispersal by African savannah
elephants (Loxodonta africana africana) in northern Tanzania. African Journal of
Ecology 53: 496– 501. Google Scholar
Staver AC, Bond WJ. 2014. Is there a “browse trap?” Dynamics of herbivore impacts on trees
and grasses in an African savanna. Journal of Ecology 102: 595– 602. Google Scholar
Stephenson NL, Das AJ, Condit R, Russo SE, Baker PJ. 2014. Rate of tree carbon accumulation
increases continuously with tree size. Nature 507: 90– 93. Google Scholar
Terborgh J, Davenport LC, Niangadouma R, Dimoto E, Mouandza JC, Scholtz O, Jaen
MR. 2015a. Megafaunal influences on tree recruitment in African equatorial
forests. Ecography 39: 180– 186. Google Scholar
Terborgh J, Davenport LC, Niangadouma R, Dimoto E, Mouandza JC, Schultz O, Jaen
MR. 2015b. The African rainforest: Odd man out or megafaunal landscape? African and
Amazonian forests compared. Ecography 39: 187– 193. Google Scholar
Terborgh J, Nuñez Iturri G, Pitman N, Cornejo Valverde FH, Alvarez P, Swamy V, Pringle
EG, Paine TCE. 2008. Tree recruitment in an empty forest. Ecology 89: 1757– 1768.
Google Scholar
Thompson WA, Stocker GC, Kriedemann PE. 1988. Growth and photosynthetic response to light
and nutrients of Flindersia brayleyana F Muell a rainforest tree with broad tolerance to
sun and shade. Australian Journal of Plant Physiology 15: 299– 315. Google Scholar
Thouless CR, Dublin HT, Blanc JJ, Skinner DP. 2016. African Elephant Status Report 2016: an
update from the African Elephant Database. Occasional paper of the IUCN Species
Survival Commission number 60. International Union for the Conservation of
Nature, Gland, Switzerland. Google Scholar
Tilman D, Lehman C. 2001. Human‐caused environmental change: impacts on plant diversity
and evolution. Proceedings of the National Academy of Sciences of the United States of
America 98: 5433– 5440. Google Scholar
Turkalo AK, Wrege PH, Wittemyer G. 2017. Slow intrinsic growth rate in forest elephants
indicates recovery from poaching will require decades. Journal of Applied
Ecology 54: 153– 159. Google Scholar
UNODC (UN Office on Drugs and Crime). 2016. World Wildlife Crime Report: trafficking in
protected species. Pages 1– 101. United Nations, New York. Google Scholar
Underwood FM, Burn RW, Milliken T. 2013. Dissecting the illegal ivory trade: an analysis of
ivory seizures data. PLOS ONE 8 (e76539) https://doi.org/10.1371/journal.pone.0076539.
Google Scholar
UNEP‐WCMC (UN Environment Programme‐World Conservation Monitoring
Centre). 2016. The world database on protected areas. UNEP‐WCMC, Cambridge,
United Kingdom. Available at: www.protectedplanet.net (accessed July 2017). Google
Scholar

Wittemyer G, Northrup JM, Blanc J, Douglas‐Hamilton I, Omondi P, Burnham KP. 2014. Illegal
killing for ivory drives global decline in African elephants. Proceedings of the National
Academy of Sciences 111: 13117– 13121. Google Scholar
Wolf A, Doughty CE, Malhi Y. 2013. Lateral diffusion of nutrients by mammalian herbivores in
terrestrial ecosystems. PLOS ONE 8: e71352– 10. Google Scholar
Wright SJ, et al. 2011. Potassium, phosphorus, or nitrogen limit root allocation, tree growth, or
litter production in a lowland tropical forest. Ecology 92: 1616– 1625. Google Scholar
Yumoto T, Maruhashi T, Yamagiwa J, Mwanza N. 1995. Seed‐dispersal by elephants in a
tropical rain forest in Kahuzi‐Biega National Park, Zaire. Biotropica 27: 526– 530.
Google Scholar

