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In an evergreen lowland rain forest of the Cuvette Centrale, DR Congo, at the LuiKotale Max-Planck
research site, forest elephants (Loxodonta cyclotis) are close to extinction. Between January 2009 and June
2011 we investigated the influence of elephant decline on sustainability of elephant-dispersed tree pop-
ulations.

For this, we explored how trees with the megafaunal syndrome reproduce without seed dispersal by
elephants and how does this affect the demography and spatial distribution of these tree species. We
studied alternative partners for functional replacement of the elephant.

Overall, 18 tree species presenting the megafaunal syndrome were identified and studied. They repre-
sent 4.5% of the local tree diversity with a density of 28.2 ± 2.7 tree/ha. Seventy-eight percent (14/18) of
these megafaunal-tree species are elephant-dependent and do not recruit enough young for self replace-
ment, either under the parent or beneath other tree species. For 12 of these species populations, the first
cohorts were absent in our plots. For species able to recruit, the spatial structures of the young genera-
tions are more clumped than adults while they are not different for control tree species.

There is no alternative partner for seed dispersal for the majority of the megafaunal trees which are
actually elephant dependent.

We discuss the likely consequences of the loss of elephant dispersed tree species and propose alterna-
tives for species survival to bridge the time until efficient conservation strategies take effect.

� 2013 Elsevier B.V. All rights reserved.

r é s u m é

Dans une forêt tropicale humide de la Cuvette centrale du Congo (RDC), dans le camp de recherche LuiKo-
tale du Max Planck Institut, les éléphants de forêt (Loxodonta cyclotis) sont proches de l’extinction. Entre
janvier 2009 et juin 2011, nous avons étudié l’influence du déclin des éléphants sur la reproduction et la
survie des populations de plantes dont les graines sont dispersées par ces pachydermes.

Pour ceci, nous avons étudié comment les arbres au syndrome megafaunal se reproduisent sans disper-
sion de graine, ce qui implique l’étude du recrutement sous les arbres-parents, nous avons étudié le
recrutement sous les autres espèces d‘arbres (impliquant une dispersion) et enfin les effets potentiels
sur la démographie et la structure spatiale de ces populations d’arbres. Nous avons par ailleurs estimé
l’efficacité de dispersion des partenaires alternatifs qui pourraient se substituer au rôle fonctionnel des
éléphants.

De façon générale, 18 espèces d’arbre présentant le syndrome megafaunal ont été identifiées. Ces espè-
ces représentent 4.5% de la diversité locale d’arbre avec une densité de 28.2 ± 2.7 arbres/ha. Soixante-
dix-huit pour cent (14/18) de ces espèces d’arbre sont éléphant-dépendant et ne recrutent pas assez
de jeune pour le remplacement des parents. Le recrutement est insuffisant sous les arbres-parents com-
me sous les autres espèces d’arbres. Chez 12 espèces, les premières cohortes sont absentes de nos par-
celles d’étude. Pour les espèces capables de recruter, les structures spatiales des jeunes générations
sont plus groupées que la structure aléatoire, voire uniforme, des adultes.

Il n’existe pas de partenaire alternatif pour la majorité des arbres au syndrome mégafaunale qui sont
par conséquent: éléphant-dépendants.
ll rights reserved.
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Nous discutons les conséquences probables de la perte d’espèce d’arbre dispersées par les éléphants et
proposons des solutions alternatives d’urgence pour la survie des espèces éléphant dépendantes jusqu’à
ce que les stratégies efficaces de conservation entrent en vigueur.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The elephant is the largest terrestrial animal and one of the last
megafauna represented on earth. The African elephant (Loxodonta
cyclotis, Matschie and Loxodontaafricana, Cuvier) is extant in 37
sub-Saharan African countries, and has recently been extirpated
from multiple regions. (Blanc, 2007; Bouché et al., 2011, Blanc,
2008 in Bouché et al., 2011; IUCN, 2012). Rarefaction and possible
extinction of elephants in many countries may have implications
beyond the loss of the species itself. These large herbivores are
known to consume a huge amount of food and interact with many
plants, both quantitatively and qualitatively (White et al., 1993;
Blake et al., 2009). Recently Campos-Arceiz and Blake (2011) com-
piled a food list of 335 elephant dispersed species from 213 genera
in 65 families across several African research sites. In Afrotropical
forests, many of these plant species are disseminated by forest ele-
phants (L.cyclotis) sometimes at very long dispersal distances
(Blake et al., 2009), a mutualism that matters to the population
dynamics of plants and to the structure of forest tree communities
(Cain et al., 2000).

Moreover, the rate of seed germination of many forest plant
species increases significantly after passage through an elephant’s
gut (reviewed in Campos-Arceiz and Blake, 2011). Therefore, ele-
phants are widely recognized as a keystone species (Western,
1989; Power et al., 1996), and are qualified as ‘‘megagardeners of
the forest’’ (Campos-Arceiz and Blake, 2011). The elephant is
known to be an obligate disperser for Balanites wilsoniana (Cochra-
ne, 2003; Babweteera et al., 2007), and recent evidence points to
many other plant-species being dependent on elephants for dis-
persal (Cochrane, 2003; Babweteera et al., 2007, reviewed in Cam-
pos-Arceiz and Blake, 2011). Following Alexandre (1978)
megafaunal syndrome fruits have been defined by Guimarães
et al. (2008) as the fruits produced by plant species that interact
with large bodied frugivore species. These authors have classified
these fruits as either big fleshy fruits (4–10 cm in diameter) pro-
ducing big (>2 cm) seeds with a hard coat or bigger fleshy fruits
(>10 cm) producing numerous small seeds. These fruits are gener-
ally brown, green or yellow and have a strong odor (Feer, 1995a;
Guimarães et al., 2008; Campos-Arceiz and Blake, 2011). Moreover,
the fruits are commonly very noisy when dropping and hitting the
soil at maturity and are thus likely to attract potential see-
dispersers.

Several plant species share these megafaunal syndromes in Afri-
can forests historically inhabited by elephants. Considering the
massive decline of forest elephant populations in Africa these last
decades, many authors have suggested that the phenomenon
would seriously impact the regeneration process of many plant
species in particular those presenting megafaunal syndrome fruits
(Blake et al., 2007, 2009; Guimarães et al., 2008; Campos-Arceiz
and Blake, 2011) although these dramatic predictions are still de-
bated (Campos-Arceiz and Blake, 2011). However, it is difficult to
evaluate the consequences of the decrease of forest elephant pop-
ulations in forest ecosystem dynamics because it would be neces-
sary to compare the demography of tree species with long
generation times in forests where the elephants are still present
with those in forests where they have been extirpated.

An alternative approach is to compare regeneration, demogra-
phy and conspecific spatial aggregation patterns of plant species
with the megafauna seed-dispersal syndrome at different age clas-
ses in forests where elephants have been hunted. Our hypothesis is
that if dissemination and reproduction of a tree species has been
impacted by the disappearance of the elephant population we
should detect a crash in the youngest cohorts (with class age co-
horts being reported as class size cohorts) and a change in the spa-
tial aggregation of the new disseminated cohorts. Indeed for spatial
ecology, a strong relationship between dispersion syndromes and
spatial aggregation was found among 561 tree species in a 50 ha
plot in Malaysia (Seidler and Plotkin, 2006). Barochore (seed dis-
persal by gravity) and ballistic species with short dispersal distance
are more aggregated than species dispersed by large animals and
this pattern was found for saplings and adult trees (Seidler and
Plotkin, 2006). Our hypothesis is that in a forest where elephants
have been extirpated we should detect the disappearance of young
age classes or for population able to recruit we should detect a de-
crease in young age classes and/or a shift in aggregation patterns
between old age classes (that have been dispersed by elephants)
and young age classes that have been dispersed without elephants
for species that present a megafaunal syndrome.

In the Salonga National Park (NP) (DR Congo), the largest for-
ested NP in Africa and the second largest on earth, forest elephants
have been severely poached for decades (Alers et al., 1992; Van
Krunkelsven et al., 2000; Blake et al., 2007). The forest elephant
population in Salonga NP can be considered as one of the most lim-
ited in the Congo basin (0.05 individuals km�2) with severe poten-
tial consequences for the elephant-dependent tree community. In
contrast, mean estimated forest elephant densities in the other
NP in this area ranged from 0.4 individuals km�2 in Nouabalé-Ndo-
ki NP and Dzanga-Sangha NP to 2.9 elephants km�2 in the Minkébé
NP (Blake et al., 2007). Thus in this paper, we examine the potential
impact of a reduced density of forest elephants on recruitment for
several trees species having megafaunal dispersal syndrome in the
Salonga NP. Overall, we aim to assess the ability of the megafaunal
tree community at LuiKotale to reproduce without elephant seed
dispersal service.

To test these hypotheses: (1) decrease or disappearance and (2)
shift in aggregation patterns of young age classes, we (1) assess
demography of the different cohort-size and (2) compare the spa-
tial distribution of different age classes of tree species (adults,
poles, saplings and seedlings) among species with different disper-
sion syndromes (megafaunal, zoochorous and autochorous), in a
forest where elephants were nearly extirpated 30 years ago and
sustain only a tiny population. Moreover we have quantified the
recruitment of megafaunal-syndrome plants under parental trees
(without seed dispersal) and other trees.
2. Materials and methods

2.1. Study site

The LuiKotale research site (LK) is located within the equatorial
rainforest (2�470S, 20�210E), at the south-western fringe of Salonga
NP. Salonga NP has a size of 33.346 km2, and has been classified as
UNESCO world heritage site (Grossmann et al., 2008). The study
site covers >60 km2 of primary evergreen lowland tropical forest.
This forest traditionally belongs to Lompole village (17 km away)

https://www.researchgate.net/publication/6746719_Seed_Dispersal_and_Spatial_Pattern_in_Tropical_Trees?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
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and has been used for hunting, fishing and the collection of forest
products Beaune et al., 2013). Since 2001 Lompole agreed to stop
all exploitation and devote it for the purpose of research (Hoh-
mann and Fruth, 2003). The climate is equatorial with abundant
rainfall (>2000 mm/yr) and two dry seasons, a short one around
February and a longer one between May and August. Mean tem-
perature at LuiKotale ranges between 21 �C and 28 �C with a min-
imum of 17 �C and a maximum of 38 �C (2007–2010). Two major
habitat types can be distinguished: 1-Dry (terra firme forest) and;
2-Wet (temporarily and permanently inundated forest). The dry
habitat dominates with heterogeneous species composition cover-
ing 73%, and homogenous species composition (e.g. Gilbertoden-
dron spp) covering 6% of the site. The wet habitat consists of
heterogeneous forest temporarily (17%) and permanently (4%)
inundated (Mohneke and Fruth, 2008).

2.2. Tree species

Between 2002 and 2010, botanical data collection were col-
lected within the framework of the long term project ‘‘The Cuvette
Centrale as Reservoir of Medicinal Plants’’ (Fruth, 2011): Fertile
plant material was collected in at least triplicate along natural
trails (31 km), standardized transects (8 km), in plots, and opportu-
nistically. It was identified by vernacular name, described, tagged
with a unique collection number, and herborized. The dried vouch-
ers were shipped to Kinshasa, taxonomically determined and
incorporated into the herbarium of the INERA at Kinshasa Univer-
sity (herbarium code: IUK). Copies of specimens were shipped to
herbaria in Belgium (National Botanic Garden of Belgium: code
BR, Meise) and Germany (Botanische Staatssammlung München:
code M, Munich) for verification and identification by specialists.
By May 2010, the herbarium consisted of 7300 vouchers. So far,
P403 tree species from 40 families have been identified for LuiKo-
tale (Fruth unpub. data). Among the tree species censused, the
diaspores were analyzed and dispersal strategies defined as (1) -
zoochore (animal dispersed), (2) -anemochore (wind dispersed)
or (3) -autochore (self dispersed). Species were assigned zoochory
when an edible part of the fruit that promotes swallowing or trans-
port of seeds was found. Anemochory was assigned when wings or
other structures (e.g. plumes) favouring wind transport were
found. Finally, autochory was assigned to species that lack any
obvious dispersal structure. (Howe and Smallwood, 1982). We dis-
tinguished the species with megafaunal syndrome following the
criteria of Feer (1995a) and Guimarães et al. (2008). Effective seed
dispersal of these species by elephants was confirmed by literature
(White et al., 1993; Yumoto et al., 1995; White and Abernethy,
1997; Theuerkauf et al., 2000; Nchanji and Plumptre, 2003;
Morgan and Lee, 2007; Blake et al., 2009; Campos-Arceiz and Blake,
2011).

2.3. Tree population demography

To investigate the impact of elephant decline on tree popula-
tion demography at LuiKotale, we censused all adults trees
P10 cm DBH in 13 plots of 1-ha (100 � 100 m) each, as well as
all seedlings (<50 cm high), saplings (50–200 cm high), and poles
(>200 cm high and <10 cm DBH) in 400 subplots of 4 m2 (2 � 2 m)
/ha plot. The plots were randomly positioned in heterogeneous
primary forest. The closest plot pair is separated by 250 m and
the most distant one by 6 km. From February to June 2011, all
trees were spatially referenced with compass and hectometer,
using the South-Western plot-corner as origin. Viable tree popula-
tions are characterized by an exponential decrease in the rates of
death (Demetrius, 1978; Makana et al., 2011) with the youngest
cohort experiencing the greatest mortality outnumbering the next
one. Our hypothesis is that we should detect a crash in the
youngest cohorts (with class age cohorts being reported as class
size cohorts) in this forest emptied of elephants. In this study
the first cohort starts at the sapling stage (>50 cm height) for
avoiding fluctuations observed on seedling density (massive
mortality due to predation, drought, stochastic events, etc.
Beaune, unpub. data). DBH and fruit dimensions were measured
for all species investigated.

2.4. Recruitment under parental tree (no seed dispersal) and under
non-parental tree (seed dispersal)

To assess the actual recruitment of megafaunal trees dependent
on elephants for dissemination, both megafaunal and control tree
species were chosen from the Max-Planck-projects’ long-term
inventory of plants and exploration of the field site. As control
we included six tree species known to be independent of ele-
phant-dispersal, three were autochorous, and three zoochorous.
The autochorous species were Scorodophloeus zenkeri Harms, and
Hymenostegia mundungu Pellegr, J. Léonard (Caesalpiniaceae with
ballistic seed dispersal able to propel seeds 30 m away), and Strom-
bosiopsis zenkeri Engl. (Olacaceae, with barochory and probable
secondary dispersal). The zoochorous species were Enantia olivacea
Robyns & Ghesq., Polyalthia (=Greenwayodendron) suaveolens Engl.
& Diels (Annonaceae), and Pancovia laurentii Gilg ex De Wild. (Sap-
indaceae), which are dispersed by frugivores still present in LK
including primates and birds (Beaune, 2012; Beaune et al. in
preparation).

Between May 2010 and June 2011 a minimum of 10 adult
individuals of both megafaunal and control species that were
previously observed to produce seeds were censused for actual
recruitment under the parental crown (without conspecific within
200 m radius) as follows: All seedlings (<50 cm high), saplings
(50–200 cm high), and poles (>200 cm high and <10 cm
DBH = Diameter at Breast Height) were counted in the correspond-
ing fruit-fall zone. The surface of the fruit fall zone (=A) was
calculated according to A = r2p, where r is the measured radius of
the crown.

Mean production of seedling, sapling and pole were calculated
subsequently (=number per tree/fruit-fall zone). We considered a
population being able to self replace when the average pole pro-
duction/tree was P1. In order to assess actual seed dispersal, the
average density of nineteen species-specific seedlings, saplings
and poles from twelve families was calculated for each parental
and nonparental tree species. The average densities calculated un-
der nonparental species were compared with adult species densi-
ties determined from 13 � 1 ha-plots (details below). In viable
populations pole density should exceed adult density (see demog-
raphy below). Recruitment abilities were categorized according to
(Chapman and Chapman, 1995) as follows: (1) Autorecruit (re-
cruits under the parent, characteristic of the autochorous species);
(2) Dispersal dependent (no recruit under the parent but high re-
cruits densities (>to adults) under other trees); (3) Polyvalent (able
to recruit more than one pole under the parent and other trees); (4)
Unable to recruit (insufficient recruits under the parent and other
trees (density < to adults’).

2.5. Spatial analyses

The spatial distribution of the different cohorts of the megafa-
unal and control were investigated. We calculated Morisita’s Index
(IM) within the censused 1-ha quadrates (Morisita, 1959) to deter-
mine the degree of clumping. The index corresponds to the scaled
probability that two plants randomly selected from the entire pop-
ulation are in the same quadrate. The index varies from 0 to n. In
uniform patterns the index varies between 0 and 1, where values
>1 indicate clumping, with the distribution being more clumped,

https://www.researchgate.net/publication/231890269_Demography_and_biomass_change_in_monodominant_and_mixed_old-growth_forest_of_the_Congo?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
https://www.researchgate.net/publication/226293978_Bonobo_Pan_paniscus_Density_Estimation_in_the_SW-Salonga_National_Park_Democratic_Republic_of_Congo_Common_Methodology_Revisited?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
https://www.researchgate.net/publication/256303581_Seed_dispersal_strategies_and_the_threat_of_defaunation_in_a_Congo_forest?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
https://www.researchgate.net/publication/234150438_Ecology_of_Seed_Dispersal?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
https://www.researchgate.net/publication/230046735_Morphology_of_fruits_dispersed_by_African_forest_elephants_Afr?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2
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the higher the value. When the index value is 1, the distribution of
the plants is random irrespective of plot-size or mean density of
individuals per plot. Calculations were performed using PASSaGE
(Pattern Analysis, Spatial Statistics, and Geographic Exegesis;
(Rosenberg and Anderson, 2008). For control species we expect
no difference of spatial structure among generations. Statistical
analyses are specified in results. Analyses were performed using
R 2.13 (R Development Core Team, 2011).

3. Results

3.1. Tree species

Table 1 shows the 18 tree species from 12 families identified as
megafaunal. This megafaunal tree community represents 4.5% of
the local tree species diversity. In terms of abundance, the megafa-
Table 1
Elephant-dependent tree species: characteristics show averages of fruit and seed size, spec
as well as current human uses of these species. Fruit-size is average length, seed size is larg
indicated as diameter ø or length M (n = 10). Human usage is specified as F (fruit consum

Family Species name Vernacular name Size (cm

Anacardiaceae Antrocaryon nannanii Bokongwende 5ø
Anisophylleaceae Poga oleosa Ememo 7ø
Annonaceae Anonidium mannii Bodzingo 30M

Apocynaceae Picralima nitida Botolo 17M

Chrysobalanaceae Parinari excelsa Bodzilo Mpongo 5ø
Clusiaceae Mammea africana Bokodzi 10M

Euphorbiaceae Drypetes gossweileri Bopambe 10M

Fabaceae Tetrapleura tetraptera Bolese 16M

Irvingiaceae Irvingia gabonensis Boseki 7M

Irvingiaceae Irvingia grandifolia Loote 7M

Irvingiaceae Klainedoxa gabonensis Boseki ya Moindo 6ø
Moraceae Treculia africana Boimbo 35ø
Rubiaceae Massularia acuminata Welo 6M

Sapotaceae Autranella congolensis Bonianga 9M

Sapotaceae Gambeya lacourtiana Bopambu 90ø
Sapotaceae Omphalocarpum letestui Boiliki 14ø
Sapotaceae Omphalocarpum procerum Bosanga 20ø
Sapotaceae Tridesmostemon omphalocarpoides Boyoko 10ø

Fig. 1. Morisita’s index (IM) of adults, poles, saplings and seedlings of three autochorous
plots. The index-value is 1 when individuals are randomly dispersed, values greater than
value, the more clumped the distribution. (For interpretation of the references to color
unal tree density represents with 28.2 trees/ha ±2.7, a total of 7.8%
±0.7 of all trees/ha.

3.2. Population demography

Among the 18 megafaunal species tested at LuiKotale, only two
species, A. mannii and D. gossweileri, follow exponential demogra-
phy (Figs. A1 and A2). Four species (P. excelsa, M. africana, K. gabon-
ensis, I. grandifolia) show higher numbers of recruits in the first
cohort than in the next one, although the fit is not exponential.
For the other twelve species the first cohort is absent. No seedlings
at all were found for A. congolensis, A. nannanii, G. lacourtiana, I.
grandifolia, M. acuminata, M. africana, O. letestui, O. procerum, P. nit-
ida, P. oleosa and T. tetraptera either in the 13-ha plots or in the
realm where attention was focused on these species during the
study period.
ies density, trunk diameter in breast-height (DBH), handling of their seeds by bonobos
est width or passage size according to the morphology and passage in a digestive tract,
ption), W (wood), TM (traditional medicine).

) of fruit and seed Mean density (tree/ha) Mean DBH (cm) Human usage

4ø <0.1 97 F
5ø <0.1 68 Poison
6M 8.8 47 F, TM
3M 5.2 19 W
3ø 0.3 113 W
6M 0.3 118 TM, W
4M 8.3 46 TM, W
<1ø <0.1 82 F, TM
5M 1.7 83 F
5M 0.1 110 TM
4M 2 125
1M 0.1 60 F
<1M 0.8 11 W, TM
6M <0.1 185 TM, W
4M 0.3 92 F, TM
3M 0.2 69
4M <0.1 73
3M <0.1 27

(blue), three zoochorous (green) and six megafaunal species (yellow) of 13 one-ha-
one indicate clumping, values between 0 and 1 indicate uniformity. The higher the

in this figure legend, the reader is referred to the web version of this article.)

https://www.researchgate.net/publication/227726948_PASSaGE_pattern_Analysis_Spatial_Statistics_and_Geographic_Exegesis_Version_2?el=1_x_8&enrichId=rgreq-1f5039c4-6cc6-4e3b-8c0e-ed6de81a4fba&enrichSource=Y292ZXJQYWdlOzI1NjMwMzM3NztBUzo5NzY4MTQ5Mzk4NzMzMEAxNDAwMzAwNDkxMTQ2


Fig. 2. Mean number of poles present (or recruited) under parent tree; for autochorous (blue), zoochorous alternative partners (green) and zoochorous megafaunal-partner
tree species (red). The dotted line is the theoretical value of pole recruitment necessary for self-replacement. Y-error lines in bars indicate standard errors. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3. Spatial analyses

Of all 19 control tree-species, three autochorous (Hymenostegia
mundungu, Scorodophloeus zenkeri, Strombosiopsis zenkeri) and
three zoochorous (Enantia olivacea, Pancovia laurentii, Polyalthia
(=Greenwayodendron) suaveolens) were analyzed (Fig. 1). For
megafaunal species, only populations able to recruit with existing
cohorts of poles, sapling and poles were analyzed. Consequently,
Table 2
Recruitment of the megafaunal and control species, with mean pole recruitment under the p
the adults (from the 13-ha plots) using Wilcoxon’s signed-rank test (>: pole density > adu

Recruitment Species Avera

Seedl

Control tree
Polyvalent Hymenostegia mundungu 4.4

Scorodophloeus zenkeri 16.3
Strombosiopsis zenkeri 2

Dispersal dependent Enantia olivacea 0
Pancovia laurentii 0.1
Polyalthia suaveolens 0.1
Anonidium mannii 0.5
Treculia africana 0.1

Megafaunal-tree species
Unable to recruit = Elephant dependent Antrocaryon nannanii 3

Autranella congolensis –
Drypetes gossweileri –
Gambeya lacourtiana 1
Irvingia gabonensis 1.7
Irvingia grandifolia –
Klainedoxa gabonensis –
Mammea africana 0.1
Massularia acuminata –
Omphalocarpum procerum 0.2
Parinari excelsa 19.8
Picralima nitida –
Tetrapleura tetraptera 2
Tridesmostemon omphalocarpoides 1.5
Omphalocarpum letestui 0.6
Poga oleosa –

* p-value <0.05.
** p-value <0.01.
*** p-value <0.001.
analysis included A. mannii, D. gossweileri, and P. excelsa. Three spe-
cies, I. grandifolia, K. gabonensis and M. africana, while reported,
could not be analyzed completely due to a lack of entire cohorts
and recruit numbers <2. The spatial patterning is similar among co-
horts for the control species with clumped distribution, with
IM > 1.8 for autochorous trees and a random distribution for zooch-
orous trees with a mean IM = 1.2 [1–1.7] (Fig. 1). However, the spa-
tial patterning of the megafaunal species varies among cohorts.
arent trees and density under other species. Density of poles is compared with that of
lt density (and reverse with <).

ge recruitment under parent tree Recruitment density/ha under other trees

ings Saplings Poles Poles

4.1 2.5 >11.8**

2 3.4 >25.0**

2.1 1.2 >1.3**

1.8 0.8 >7.6**

1 0.5 >34.4**

1.6 0.5 >96.4**

0.6 0.4 >27.7**

– – >1.4***

4.5 – –
– – –
0.2 0.1 <1.2*

– – –
0 – –
– – –
– – –
0.9 – –
– – –
– – –
0.1 0.1 –
– 0.3 <0.8**

– – –
– – –
– 0.2 –
– – –
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Young generations tend to be more clumped than adult genera-
tions. The spatial patterning of the six adults is similar to the other
zoochorous species with a dispersed distribution (uniform and ran-
dom, IM range: 0–1.5), while the young cohorts are much more
similar to autochorous spatial patterns with clumped distribution
(IM > > 1).
3.4. Recruitment under parental tree (no seed dispersal) and under
non-parental species (seed dispersal)

A total of 302 trees from 37 species was censused (18 megafau-
nals + 19 controls). The cumulative fruit fall zone of these trees
represents 5.13 ha, with an average fruit-fall zone for each tree
of 207 m2 ± SE.19). For eight of the 18 megafaunal species, we were
unable to find 10 specimens within the study area. This was the
case for Antrocaryon nannanii (n = 2), Autranella congolensis (1),
Omphalocarpum procerum (6), Tetrapleura tetraptera (2), Treculia
africana (7), Tridesmostemon omphalocarpoides (2), Omphalocarpum
letestui (5), and Poga oleosa (2). Both Fig. 2 and Table 2, show that
none of the megafaunal species can recruit enough poles for self
replacement. Sixty-seven percent (12/18) of the elephant-
dependent tree species did not recruit any pole either under the
parent or beneath other trees, resulting in the recruitment
category 4 (unable to recruit). Only four megafaunal species
(Anonidium mannii, Drypetes gossweileri, Picralima nitida and
Treculia africana) were able to disperse and recruit poles under
nonparental trees resulting in the recruitment category 2 (dis-
persal dependent). However for D. gossweileri and P. nitida, pole
recruit densities were significantly lower than the adults’ ones
(1.2 pole/-ha <<8.3 trees/ha; Wilcoxon signed-rank test: V = 71,
p-value = 0.01 and 0.8 pole/ha <<5.2 trees/ha; V = 75, p-value
<0.01 respectively). Our hypothesis of population viability is
challenged by the last two megafaunal species, A. mannii and
T. africana, being the sole dispersal dependent trees that recruit
beneath other nonparental trees with higher pole densities than
adult (falling in category 2: dispersal dependent).

Except for Antrocaryon nannanii, negative effects of adult
megafaunal trees such as growth inhibition of seedlings, saplings
and poles within the fruit fall zone can be excluded. Seventeen ele-
phant-dependent tree species censused for recruits from other spe-
cies beneath their crown, showed an abundance and diversity of
other plant species not significantly different from what is found
beneath control trees (all p-values >0.05).

Control species in contrast exhibited significantly different pat-
terns. Of 19 species from 12 families, all resulted in the recruitment
category 1 (autorecruit), 2 (dispersal dependent) or 3 (polyvalent).
A typical example of autochorous tree-recruitment is illustrated by
the control-species H. mundungu, Scorodophloeus zenkeri and
Strombosiopsis zenkeri. These species are able to recruit beneath
the parental crown on average 2.5 poles/parent ±0.4; 3.4 ± 0.9;
1.2 ± 0.3 respectively resulting in the recruitment category 1 (auto-
recruit). A typical example of dispersal dependent tree-recruitment
is illustrated by the control species E olivacea, P. suaveolens, P.laur-
entii, which are dispersed by primates and birds. These were able
to disperse and recruit poles under nonparental trees resulting in
the recruitment category 2 (dispersal dependent).
4. Discussion

Here we analyzed 18 plant species with a megafaunal dispersal
syndrome to test the tree population’s ability to survive without
elephants in an evergreen lowland rainforest of the Cuvette Cent-
rale. Without seed dispersal none of the 18 megafaunal plant-spe-
cies can recruit enough poles for self replacement. Furthermore, 12
of those species did not recruit poles either under other species,
resulting in the recruitment category 4 (unable to recruit). These
results could be explained by the density dependent effect also
named the Janzel–Connel effect, where the seed mortality is corre-
lated with seed density which attracts predators and pathogens
(Janzen, 1970; Connell, 1971; Beaune, 2012). At LuiKotale most
of the megafaunal-tree species were seed predated under their
canopy by bush pigs (Potamochoerus porcus) resulting with a high
seed mortality (Beaune et al., 2012a). In the absence of an endozo-
ochorous partner such as the elephant, this ‘‘putting all your eggs
in one basket’’ adaptation is likely to turn out as a maladaptation,
unless a tree-species has alternative dispersal partners or mecha-
nisms. Within the megafaunal plant-species we found four species
with recruits beneath nonparental trees demonstrating alternative
seed dispersal. However their pole density was lower than the cur-
rent adults’ density found in the forest except for one species: A.
mannii.

With demographic analysis, six species seem to be resilient
without elephants: A. mannii, D. gossweileri, I. grandifolia, P. excelsa
and K. gabonensis. However, only A. mannii and D. gossweileri show
demography with an exponential representation of the youngest
cohort. These species are likely to be dispersed by other agents that
are efficient enough to allow a high recruitment of the first cohort.
Duiker species are known to disperse several large-seeded plants
in African tropics (Gautier-Hion et al., 1985; Feer, 1995b) and scat-
ter-hoarding rodents such as Cricetomys emini can be secondary
dispersers for some plants usually dispersed by megafauna. In
our site, Cricetomys emini was observed and camera trapped carry-
ing seeds >3 cm (Beaune et al., 2012b). As demonstrated with the
rodent: Cricetomys kivuensis in an afromontane forest (Nyiramana
et al., 2011), the rat genus Cricetomys transports and buries seeds
(including large seeds) for later consumption. Part of these large
seeds can germinate due to superabundant reserves, obliviousness
or death of the animal. The 12 described megafaunal plant-species
currently do not seem to recruit sufficiently to maintain their pop-
ulation and could be qualified as elephant-dependent.

New generations of megafaunal species are distributed differ-
ently from the adults. The spatial pattern of the young cohort is
more similar to autochorous species (clumped) while the adult
pattern is more similar to animal-dispersed species (random). Even
if secondary dispersers such as rodents allow certain megafaunal
species to recruit, the next population would be clumped due to
shorter distance of dispersal, with consequences for inter-popula-
tional genetic exchange (Hamrick and Trapnell, 2011) and in-
creased mortality due to density effects (Burkey, 1994). In
addition to seed dispersal, absence of gut passage could affect ger-
mination success. Nchanji and Plumptre (2003) have shown that
seeds that have not passed through the gut of an elephant have
longer germination times and lower growth rates than seeds that
have passed through the gut of elephants.

In the southern area of the Congo River, bonobos, the second
biggest frugivores, are unable to replace elephants as seed dispers-
ers, as the seeds are too large to be swallowed. They may contrib-
ute in some cases to dispersal outside the fruit fall zone by short
distance ectozoochorous transport, similar to what can be dis-
persed by rodents (Forget and Wall, 2001). For I. gabonensis, M. afri-
cana, A. mannii, the bonobo is a poor disperser as it disperses over
shorter distances and these seeds do not gain the benefit of being
passed through a digestive tract.

Unfortunately for the elephant-dependent tree community, ele-
phants have vanished from numerous forests. Healthy adult trees
producing fruits remain in structurally intact in forests, empty of
elephants and often of other large/medium fauna (Wilkie and Car-
penter, 1999). This so called empty forest syndrome (Redford,
1992; Terborgh et al., 2008) occurs everywhere in overhunted for-
ests giving the illusion that plant communities are still fine despite
the lack of animals. Since recruitment and population dynamics of



Fig. A1. Demography of 18 megafaunal-tree species censused in 13-ha plots. Bars indicate cohorts, starting with saplings. Red cross shows absence of the first cohort. Y-Axis
shows proportion of survivors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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trees take longer than animal dynamics and go beyond human life
time, ignorance to the change is widespread. Several studies have
described changes in recruitment due to changes in seed dispersal
(Asquith et al., 1997; Chapman and Onderdonk, 1998; Andresen
and Laurance, 2007; Babweteera et al., 2007; Muller-Landau,
2007; Wright et al., 2007; Terborgh et al., 2008; Vanthomme
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et al., 2010), and recent models of forest defaunation show alter-
ation of plant reproduction, with changes after each generation
and clear consequences for the future of our forests (Muller-Lan-
dau, 2007). This study closes the loop by demonstrating the decline
or absence of the last cohort likely to have been produced during
the decades of elephant massacres (after the 1980s). The doom of
the large dispersal vector might trigger a radical change in the for-
est composition, probably with a new era for the wind and ballistic
dispersed trees (Beaune et al., 2013).

Looking closely at the primate-Irvingia seed dispersal commen-
salism, however, it’s not only the tree species that is on the losing
side. Numerous primate species include fruits of Irvingia in their
diet. Certain populations use it massively during the fructification
season as shown with drill (Mandrillus leucophaeus) (Astaras et al.,
2008), bonobos and chimpanzees (see Table A1). Irvingia is only
one of many elephant dependent tree species that highlight the
cascade effect that is likely to occur with elephant extinction: first
on the direct mutualists, such as the elephant-dependent trees,
second on their consumers, third on all species depending on the
consumers for seed dispersal service, et cetera. However, this will
take at least a tree lifespan’s time. At Gashaka for example, a study
site in Nigeria, where elephants have been extinct for more than
50 years, chimpanzees still eat bush mangos of maybe, a virtually
dead tree-population: as do bonobos in some areas in DRC such
as at Wamba and other sites (see Appendix A).

Taking into consideration that some of these trees, already on
the 1st level of this cascade, are valuable for humans with respect
to supplies such as nutrition, medicine construction material and
economic aspects (Table 1), the following steps have to be included
in conservation management plans. There are several strategies to
investigate.(1) Artificial nurseries in National Parks, scientific sta-
tions, forest concessions and other places where elephant preser-
vation is not ensured in order to bridge the time till effective
Fig. A2. Demography of 6 control tree species censused in 13-ha plots
conservation measures allow the elephant to rebuild viable popu-
lations; (2) law enforcement; (3) reintroduction.

The park, classified as a World Heritage Site in Danger since
1999, may soon turn into another 33,346 km2 of empty forest.

We invite all partners to join and contribute of the creation list
of the species which cannot reproduce without their endangered
partners (contact authors). In order to create a web red list of the
species that needs artificial reproductive assistance for conserva-
tion in their ecosystem.
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Figs. A1 and A2 and Table A1.
. Y-Axis shows proportion of survivors. X-axis shows cohort size.



Table A1
Examples of great ape populations eating bush mango and local elephant status (Ref:
(1): this study, (2): (Hohmann and Fruth, 2000), (3): (Kano and Mulavwa, 1984);
Furuichi pers. comm, (4): Renaud & Jamart pers. comm., unpub. data., (5): Fowler
pers. Comm., (6): Boesch comm. pers., (7): (White and Abernethy (1997))).

Species location elephant local status

P. paniscus LuiKotale, DRC1 poached
P. paniscus Lomako, DRC2 poached
P. paniscus Wamba, DRC3 extinct
P. troglodytes verus Conkouati Douli, Congo4 preserved
P. troglodytes verus Gashaka, Nigeria5 extinct
P. troglodytes verus Tai, Ivory Coast6 poached
P. troglodytes verus Lopé, Gabon7 poached
G. gorilla gorilla Lopé, Gabon poached
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