N

N

Mutualistic tree-frugivore interactions in Afrotropical
forests: from local ecological knowledge to the
identification of network interaction patterns

Clementine Durand Durand-Bessart

» To cite this version:

Clementine Durand Durand-Bessart. Mutualistic tree-frugivore interactions in Afrotropical forests:
from local ecological knowledge to the identification of network interaction patterns. Environment
and Society. Université Bourgogne Franche-Comté, 2022. English. NNT: 2022UBFCKO076 . tel-
03962339

HAL Id: tel-03962339
https://theses.hal.science/tel-03962339
Submitted on 30 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03962339
https://hal.archives-ouvertes.fr

UBFC Q\ﬁ BIOGE@SCIENCES

UNIVERSITE
BOURGOGNE FRANCHE-COMTE

THESE DE DOCTORAT DE L’ETABLISSEMENT UNIVERSITE BOURGOGNE
FRANCHE-COMTE

Préparée a I’Unité Mixte de Recherche Biogéosciences (UMR 6282) et au CESCO
(MNHN)

<5

ECOLE DOCTORALE

Envionnachenits: - Sarid
Ecole doctorale n°554, Environnement - Santé

Doctorat en Ecologie

Mutualistic tree-frugivore interactions in Afrotropical forests:
from local ecological knowledge to the identification of network
interaction patterns

Par

DURAND-BESSART Clémentine

These présentée et soutenue a DIJON, le 28 juin 2022

Composition du Jury:

McCONKEY, Kim, Assistant Honorary Professor — University of Nottingham Rapportrice
THEBAUD, Christophe, Professor — Universite de Toulouse Paul Sabatier Rapporteur
GOURLET-FLEURY, Sylvie, Chargée de recherche, CIRAD Examinatrice
CARRIERE, Stéphanie, Directrice de Recherche IRD Examinatrice
BRETAGNOLLE, Francois, Professeur — Université de Bourgogne Directeur de thése

FONTAINE, Colin, Chargé de Recherche, CNRS Co-directeur de theése



UBFC

uBrC<

UNIVERSITE

BOURGOGNE FRANCHE-COMTE

Titre : Interactions mutualistes arbres-frugivores dans les foréts Afrotropicales : des
connaissances écologiques locales a la mise en évidence des patrons d'interaction du réseau de
frugivorie

Mots clés : Interactions mutualistes, latent block model, communauté forestiére, interview

Dans les foréts tropicales la frugivorie est un
processus écologique majeur, car la plupart des
especes d'arbres dépendent des frugivores pour
leur dispersion, et de nombreux animaux
utilisent les fruits comme principales sources de
nourriture. Cependant, les réseaux de frugivorie
sont peu décrits dans les foréts Afrotropicales et
les mécanismes qui les faconnent restent
largement inexplorés. Cette theése de doctorat
aborde une approche structurelle du réseau de
frugivorie, une approche plantes-communautés
et une approche méthodologique utilisant les
connaissances locales et les caméras.

Le chapitre 1 décrit le réseau de frugivorie des
foréts Afrotropicales, basé sur une compilation
des interactions de frugivorie issues de la
littérature avec >10 000 interactions. La
structure du réseau a été analysée avec un latent
block model, une méthode probabiliste qui
groupe des especes présentant des schémas
d'interaction similaires. Les grands frugivores
étaient les principaux disperseurs de la plupart
des arbres et les grands arbres étaient les
principales sources de fruits de la plupart des
frugivores. Nos résultats montrent aussi la
vulnérabilité de ce réseau de frugivorie et
I'intégrité fragile des foréts Afrotropicales.

Le chapitre 2 s'est concentré sur les variations
des traits des communautés d'arbres dans les
foréts du Bassin du Congo en relation avec les
interactions frugivores. Nos résultats ont montré
des différences dans les traits liés a la frugivorie
selon les types floristiques, les foréts atlantiques
offrant de plus gros fruits, tandis que les foréts
du Nord présentaient une plus grande abondance
de petits fruits. Nous avons constaté que les
chimpanzés et les calaos interagissent avec les
fruits les plus abondants, les éléphants
consomment toujours les plus gros fruits offerts
par la communauté, tandis que les petits oiseaux
consomment les plus petits fruits.

Le chapitre 3 portait sur les connaissances
écologiques locales (LEK) en rapport avec les
interactions de frugivorie. Un socle commun
darbres et de frugivores a été utilise, pour
comparer les informations provenant des LEK et
les connaissances académiques. Les populations
locales avaient une connaissance substantielle
des relations entre arbres et frugivores, avec
39% de nouvelles interactions, modifiant
également la structure du réseau de frugivorie,
en attribuant en moyenne de plus petits
frugivores aux espéces d'arbres.

Dans le chapitre 4, I'utilisation de caméras pour
enregistrer les interactions entre arbres et
frugivores de la communauté forestiére des
frugivores terrestres du Gabon, a permis
d’ajouter plus de 30% de nouvelles interactions.
La plupart de ces interactions concernaient les
petits frugivores comme les rongeurs, mais aussi
certains grands mammiferes. Ces résultats
montrent la nécessité de poursuivre les
recherches sur les interactions arbres-frugivores
mais aussi  d'intégrer d'autres  sources
complémentaires pour apprécier la complexité
des réseaux mutualistes.

Ce travail de thése a permis de comprendre les
différents mécanismes qui régissent les
interactions entre les arbres et les frugivores,
notamment l'importance de la distribution
spatiale des espéces et leurs traits biologiques.
Nous avons également mis en évidence des biais
concernant les données, la plupart des études
portant sur des especes emblématiques et
certaines zones, et concernant les différentes
méthodes, les caméras se concentrant sur les
frugivores terrestres et le LEK étant borné par
les connaissances académiques. Ces résultats
nous permettent de faire des recommandations
pour contrer ces biais, dont la diversification des
méthodes d'échantillonnage, notamment en
collaborant avec les populations locales dans
diverses zones Afrotropicales.
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Frugivory in tropical forests is a major
ecological process, as most tree species rely on
frugivores for their dispersion, and numerous
animal species used fruits as their principal
sources of food. However, frugivory networks
between plants and animals in Afrotropical
forests are poorly described, and the
mechanisms shaping them remain largely
unexplored. This PhD thesis addresses a
structural approach of the frugivory network, a
plant-community approach and a
methodological approach using local ecological
knowledge and cameras.

The first chapter describes the frugivory network
of Afrotropical forests, based on a compilation
of frugivory interactions from the literature that
comprised >10,000 links. We analysed the
network structure with a latent block model that
groups species with similar interaction patterns
and estimates interaction probabilities among
them. Larger frugivores were the main
dispersers of most trees and larger and/or low
wood density trees were the primary fruit
sources of most frugivores. Our findings show
the vulnerability of this frugivory network and
the fragile integrity of Afrotropical forest
composition.

The second chapter focused on the trait
variations of tree communities within Central
African forests in relation to frugivory
interactions. Our findings showed differences in
frugivory traits offered among the floristic type,
with Atlantic forests offering larger fruits, while
Northern forests presented a greater abundance
of smaller fruits with smaller seeds. Moreover,
we found that while chimpanzees and calaos
interact with the fruits that are more abundant,
elephants always consume the largest fruits and
seeds offered by the community, while smaller
birds consume the smallest fruits and seeds.

The third chapter focused on local ecological
knowledge on tree-frugivore interactions. We
used a common set of trees and frugivores
species, to compare information gathered by
local people, academic knowledge. Local people
had substantial knowledge on tree-frugivore
relationships, with 39% of unique interactions.
LEK also changed our understanding of the
frugivory network, by assigning on average
smaller frugivores to tree species and smaller
seeded plants to frugivore species.

In the chapter four, we used camera traps to
monitor frugivory interactions of terrestrial
species of Gabonese forests. We compared the
records of cameras with the LEK and academic
dataset, and showed that camera added more
than 30% of new interactions Most of these
interactions concerned smaller frugivore like
rodents, but also large mammals like elephants
and gorillas. These results show the necessity to
continue the investigation on tree-frugivore
interactions but also to integrate other
complementary sources to appreciate the
complexity of mutualistic networks.

This PhD work gave insight on the different
mechanisms governing frugivory interactions,
regarding the importance of overlap in
distribution areas and match between biological
traits. We also highlighted biases concerning the
dataset with most studies on emblematic species
and certain areas, and concerning the different
methods with cameras focus on ground
frugivores, and LEK restricted by academic
knowledge. These results allowed us to give
recommendations to increase our knowledge on
frugivory  interactions. One  of  the
recommendations was to diversify the methods
to sample interactions, by collaborating with
local people in diverse areas of the Afrotropical
forests, or by using arboreal cameras to record
smaller frugivores.
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INTRODUCTION

One of the largest tree of the Moukalaba-Doudou forests, an incredible source of food for numerous frugivores. Picture
Clémentine Durand-Bessart
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Introduction

PART 1: PLANT-ANIMAL MUTUALISTIC INTERACTIONS

Mutualistic interactions between plants and animals have been a major axis of ecological studies since
the beginning of ecological research (May, 1982; Bronstein, 1994; Holland and Bronstein, 2008). They
stressed the huge impact mutualism had on Earth biodiversity with pollination inducing the
diversification of insects and Angiosperms and dispersal by animals influencing fruit plants diversity
(Ehrlich and Raven, 1964). Mutualism interactions between plants and animals are organised in
networks, where each plant or animal species evolves in a community and interacts with one or more
species (Bascompte and Jordano, 2006). The large number of studies on plant-animal interactions
carried out over the last fifty years, with various methods, now facilitates research on interaction
networks. The challenge of network studies was then to understand the functioning of these networks of
mutualistic interactions and also to apprehend and anticipate the cascading effects resulting from
perturbations (Bascompte et al., 2006; Thebault and Fontaine, 2010). For this purpose, diverse network
analysis helped understand the structural organisation as well as the mechanisms behind interaction
patterns.

A. Mutualistic plant-animal interactions: focus on the frugivory and seed dispersal

Mutualistic interactions between plant and animal species have been the centre of attention of the
research community since the beginning of ecological and evolutionary studies (Box 1), beginning with
Darwin’s fascination for Angraecum orchids and its “untraceable” moth pollinator (Darwin, 1862).
From then on, numerous examples of these species-specific interactions have been described,
particularly the coevolution dynamic between some plant and animal species, such as figs and wasps
(Wiebes, 1979; Michaloud et al., 1996; Cook and Rasplus, 2003), or yuccas and moths (Macior, 1971;
Pellmyr, 2003). These examples applied only to a small minority of plant-animal interactions, based on
an almost exclusive and obligatory relationship between both partners. Later on, studies have extended
their focus to multi-specific approaches, by investigating small groups of interacting species, to describe
a larger aspect of plant-animal interactions (Gautier-Hion et al., 1985; Parchman and Benkman, 2002).
Today, studies and methods have changed to take into account hundreds of species, from diverse groups
and to analyse their interaction dynamics through space and time (Poisot et al., 2015; Timoteo et al.,
2018). Moving from interactions between species couples to complex multi-species interactions was
made possible by approaching these multi-interactions partnerships as a network of interactions
(Bascompte, 2019).
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Introduction

Box 1 — Definition of mutualism

Mutualism, i.e. the mutualistic interactions between individual of different species, is by definition
beneficial to both parts, with positive effects on their fitness: reproduction and/or survival (Holland
and Bronstein, 2008). Species involved in this mutualistic partnership must benefit from this
interaction, being goods or services. In mutualism, the benefit received does not come without a cost
for species (Bronstein, 1994), and mutualistic interactions are not altruistic: they do not imply the
equitability between benefits and costs between interacting partners.

Benefits and costs come in various forms and depend on the organisms involved in this mutualism.
In plant-animal interactions, such as pollination and seed dispersal, plants produce goods, here food
resources, to attract pollinator or frugivore-dispersers, being nectar or fleshy-fruits. The cost of this
production is non-negligible for the plant, while animals spend time and energy on fetching the goods.
These costs and benefits also relate to the dependence of the species to this mutualistic interaction.
Mutualism can be facultative or obligatory for both species, but also facultative for one and obligatory
for the other. Interactions are facultative when the species population persists without the interactions,
and are obligatory if the disappearance of the partnership causes the extinction of the population
(Holland and Bronstein, 2008). This dependency can also vary in space and time, as a plant could
have an obligatory interaction with an animal species to persist in one geographic area, but not

throughout all its geographic range. In plant-animal interactions, obligatory interactions are rare.

Considering mutualistic interactions as an ensemble allowed to express their importance as a key process
in the diversity dynamic of plants and animals — particularly insects — biodiversity on Earth, particularly
through pollination and seed dispersal (Ehrlich and Raven, 1964). Indeed, the diversification of
Angiosperms, i.e. flowering plants, is strongly linked to their increasing mutualistic interactions with
insects for their pollination, a phenomenon that accelerated during the mid-Cretaceous (120 million
years ago) (Labandeira et al., 2002). The diversification of plants with fruits and small mammals and
birds also coincides with the evolution of fruit with structures involved in attracting animals for seed
dispersal, which appeared in the Tertiary period (66-2.6 million years ago) (Tiffney, 2004). Also, strong
evidences lead to a diversification of primate as a result of mutualism with plant species (Gémez and
Verdu, 2012).
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Introduction

Box 2 — Definition of frugivory and seed dispersal

Dispersal is the departure of a diaspore — seed or fruit — from the parent plant. Establishment is the
process during which a germinating seed takes root, uses up parental provisioning, and assumes
independent growth as a seedling. A fruit is the matured gynoecium with or without other floral
organs or parts of organs. Loosely, it is the ripened ovary including the embryo, seed nutrient
(endosperm), and other parental tissues (Howe and Smallwood, 1982).

Zoochory is the seed dispersal of plants by animals as a vector of the dispersal, these animals help
the dissemination of plants by consuming and defecating the seed elsewhere, or carrying it away from
the parental tree, mostly through fleshy-fruits. Recent studies showed the importance of pulp removal,
rather than digestion, for the seed to germinate. In seed dispersal by animals, fleshy-fruits are often
composed of a soft, edible and nutritive tissue called pulp, located around the seeds, that is a
substantial food resources for numerous frugivorous animals, such as mammals, birds, but also
reptiles and insects (Howe, 1986; Jordano, 2000). There are multiple ways animals can disperse seeds:
epizoochory where animals carry the seeds on their fur or feathers; endozoochory when animals
consume the seeds through fruit consumption and the seeds is split or digested and rejected in the
faeces; synzoochory when seeds are dispersed by caching animals, these animals often being seeds
predators too (Gémez et al., 2019). In seed dispersal and frugivory plant-animal interactions, studies

focus on endoozoochory and synzoochory.

The dispersal phenomenon is often divided in two or three phases (Vander Wall and Longland, 2004).
Primary dispersal corresponds to the dispersion phase from the moment the fruit is detached from the
mother tree and consumed directly on the plant or after it falls and is eaten on the ground. Secondary
dispersal occurs when the seed has already been moved or consumed by another individual or species,
and another species will consume it or move it. This dispersal is then assured by terrestrial dispersers
that will eat or cache the seed (Kurten, 2013). Both dispersal phases benefit differently for the plant,
phase 1 helps avoid the density-dependency mortality by the fact that the seed is moved away from
the mother tree, and helps to colonize a new environment, but not automatically with a great
establishment success. Phase 2 increases seeds establishment and survival by being placed in hides

or safe sites.

B. Methods to monitor frugivory and seed dispersal

This extensive research on plant-animal networks dynamic was possible thanks to the effort allowed in
recording and monitoring these interactions through diverse methods. Recording and monitoring plant-
animal relationships has been a great challenge in ecology, as they take multiple form, change through

space and follow phenological changes.
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a. Developing tools to monitor frugivory and seed dispersal interactions

Frugivory interactions have been the focus of numerous studies for decades and various methods have
been developed to monitor plant-animal mutualistic partnerships. The methods are often divided in two
categories: i) visitation of animal on plant, based on direct observation by observant or cameras; or ii)

dissemination, where information are collected indirectly mostly through faeces analysis (Fig. 1).

In the direct observation methods, species interactions monitoring is centered on the focal tree species:
after identification of the tree species, the animal feeding on its fruits are recorded. The first method
used to record plant-animal frugivory interactions was the direct observation of animals feeding directly
on the trees bearing fruits (Levey et al., 1986). While being efficient, this method has several limits: the
difficulty to detect shy or cryptic animals, the difficulty to identify the species involved and the cost that
it represents in terms of sampling time. From this method, camera-trapping has been developed, still
centered on specific plant or tree species. Cameras are helpful as they can detect shy and cryptic animals
as well as nocturnal animals. Also, cameras have been useful to go further in monitoring interactions,
by allowing a quantification of some animal feeding behaviour (Trolliet et al., 2014). Among other
advantages, cameras can stay on study sites for a few weeks and even more with batteries replacement.
A recent extension of this method is the possibility to place cameras in the canopy (Moore et al., 2021),
as most studies were based on terrestrial species, creating a bias toward these species, mostly large
mammals. Canopy cameras, while more technical and labor intensive, have been successful in recording

interactions involving birds and bats (Zhu et al., 2021).

Indirect methods mostly use animal faeces, by identifying the remaining seeds or through DNA-
based molecular analysis. They allow to monitor indirect and delayed interactions, and have opened new
possibilities in this research area (Gonzalez-Varo et al., 2014). They give details on the number of seeds
ingested, and their viability after digestion. However, it is difficult and expensive to apply this method

on a large scale, as most of them focus on one species of animal.
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Seed dispersal stages
Method Visitation Dissemination
At the plant | Transport Deposition

Spot census L O O
Focal census [ O O
Camera trap @ O
Mist-netting/capture/stomach O o O
DNA-barcoding O O ®
Tracks and signs @

Feces O -]
Stable isotopes O 9

Archived sources/Interviews ® L] L]

Figure 1. Most frequently used methods for recording plant—frugivore interactions. Sampling methods are
classified according to the seed dispersal stage in which they are most frequently applied: ‘visitation’, ‘transport’

and ‘deposition’. Extracted from Quintero el al. (2021).

b. Local ecological knowledge on plants and animals and their interactions

Along with the recent development of new tools to record plant-animal interactions, studies increasingly
integrate local ecological knowledge (LEK), i.e. knowledge of indigenous peoples and local
communities, on ecological processes. The knowledge of indigenous people and local communities
about their surrounding environments on multiple ecological aspects ranging from the species
composition of ecosystems to the services they provide, has recently been incorporated to ecological
studies (Asselin, 2015; Camara-Leret et al., 2019). Research efforts initially focused on the expertise of
indigenous peoples and local communities on plants, mostly for pharmaceutical or conservation
purposes, in different ecosystems (Schultes and Raffauf, 1990; Gadgil et al., 1993; Schultes, 1994;
Sheng-Ji, 2001; Marie et al., 2009; Brondizio et al., 2021). Recently, local ecological knowledge has
helped monitor species abundances (Anadon et al., 2010) and assess animal diversity trends (Azzurro et
al., 2011).
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From this assement, further studies focus on local ecological knowledge on more complex
ecological processes such as species interactions. The combination of local ecological knowledge and
academic studies has proven useful to understand the perturbation caused by invasive species on
fisheries trophic networks (Rosa et al., 2014; Farr et al., 2018). Regarding frugivore-plant interactions,
insights into frugivory and seed dispersal interactions in Amazonian forests (Hawes and Peres, 2014),
and Asian tropical forests (Ong et al., 2021) have been consolidated and increased by including the
knowledge of local people.

Network of interactions between plant and animal emerged from each study of plant-animal interaction,
regardless of the methods. The compilation of different methods, such as camera trap, DNA barcoding,
and interview with local people to monitor plant-animal interactions has proven effective in increasing
the completeness of interaction networks and compensating for the bias of each method, e.g., the reduced
sample size used for DNA barcoding and the ground animal bias for cameras (Quintero et al., 2021).
Also, merging different data set from different methods induces the merging of multiple local networks,
which has recently shown its efficiency to work on large scale networks (de Almeida and Mikich, 2018).

C. Network analysis

Network approaches in mutualistic interactions studies help unravel the link, i.e. the interactions
between species at the community scale and help understand their dynamics (Bascompte, 2019). Plant-
animal mutualistic networks exhibit a bipartite structure, meaning that there are two levels of species —
here plants and animals — one level interacting with the other. In this framework, there are no interactions
within each level, plants do not interact with plants, and the same goes for animals (Figure 2). In network
studies, the distinct elements from a level (here, species) are also named “nodes”, while interactions,

i.e., links between species, are named “edge”.
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Figure 2. Networks of mutualistic interactions, between fruit plants and animal dispersers. Adapted from
Bascompte (2019).

The structure of these bipartite networks depends on the diversity of species in the network, the number
of links between species and the organisation of those links that create patterns of interactions. The
diversity of species corresponds to the number of species integrated in the network, both for plants and
animals. The number of links between species depends on how many species are connected inside this
network, a property called connectance (Thebault and Fontaine, 2010). Connectance is defined as the
number of observed interactions over the total number of possible interactions between species: if all
species from one level, for example all animals, are interacting with all species from the other level —
plants — the connectance is 1 (Jordano, 1987). Network diversity impacts connectance and an increase
in the number of species will result in a decrease in connectance, as species do not perform all possible

interactions.

The structural study of mutualistic networks of pollination and seed dispersal highlights the
heterogeneity of interactions between plants and animals (Bascompte et al., 2006). Indeed, most species,
called specialist species, interact with few species of such network, while some generalist species
interact with most species of the network. In the Figure 2, the generalist animal is the monkey, and the
bird is the specialist. This heterogeneity of interactions was repeatedly associated with a nested structure

of the network, represented by a small number of generalist species that interact strongly with each other
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— the core of the network — and a large number of specialist species that interact with the generalist
species (Bascompte et al., 2003). After the discovery of nested structures in mutualistic networks,
research focused on the explanation of such structures and their consequences for plant-animal networks.
The dynamic of these networks was studied by testing their resilience to perturbations using simulations
of species extinction. These studies showed that the degree of nestedness influences the stability of the
network, as an increased nestedness raised the stability of the network. These results were obtained with
different extinctions scenario, showing that the extinction of specialist species did not affect the network
structures as long as generalist species — the core of the network — was maintained and allowed to
continue most of the mutualistic partnerships (Memmott et al., 2004). This indicates that bipartite nested
networks are more robust to habitat loss and extinction. Also, the nested structure seems to reduce the

interspecific competition and increases the number of species that can coexist (Bastolla et al., 2009).

Another structure described in bipartite networks was the presence of subset of species highly
connected, forming groups of species — called modules — having many interactions, but with few
connections with species out of their modules (Jordano, 1987; Olesen et al., 2007). The investigation of
the dynamic impact of perturbations on modular network structures showed that modularity — the
presence of modules — in network increases its stability, because the effects of perturbations are mostly
restrained inside a module (Olesen et al., 2007). However, some studies showed no or a negative
correlation between resilience to perturbation and modularity, in complex mutualistic networks with
high connectance (Thebault and Fontaine, 2010). Modularity and nestedness structure are non-exclusive
and numerous mutualistic networks presented modular and nested structures (Olesen et al., 2007;
Valdovinos et al., 2009). Still, future research has to focus on the links between different structural
properties of mutualistic networks: connectivity, nestedness and modularity (Fortuna et al., 2010). The
degree of nestedness has been arguably related to ecological stability (Bascompte et al., 2007; Thébault
and Fontaine, 2010), while modularity has mostly been linked to species traits and functional diversity,
with module expressing coevolutionnary units (Olesen et al. 2007; Tylianakis et al., 2010).

A new approach in network ecology is to use latent block models that are based on statistical
inference to assign species with similar interaction patterns into groups called blocks (Leger et al., 2015).
This approach has only recently been adapted to mutualistic networks (de Manincor et al., 2020a,
2020b). The development of latent block models offers a new perspective for the description of network
structures (Leger et al., 2015; de Manicor et al., 2020; Bar-Hen et al, 2020). Indeed, latent block model
is a clustering method that groups species into blocks — here distinct blocks for plants and animals —
according to their patterns of interactions and estimates the probabilities of interaction among species
from all plant-animal block couples. Compared to the modularity analysis, the latent block model is
more flexible as it allows different numbers of blocks for plant and animals and allows each block, for
example plant ones, to be linked to several animal blocks with links of variable intensity (Figure 3).

Species within blocks might be considered as functionally redundant as they have a similar interaction
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pattern, while the functional complementarity among blocks can be assessed from the estimated
interaction probabilities among blocks (de Manincor et al., 2020; de Manincor et al., 2020). Then, the
relationship between functional redundancy inside blocks and phenotypic traits or taxonomic signal of
the species can be explored. Likewise, the probability of interactions between blocks allows to test
different mechanisms behind interaction patterns between plant and animal blocks. Such mechanisms
include for instance, the phenotypic hypothesis, where species interactions are defined by their
phenotypic traits, or the encounter hypothesis, which relies only on the probability of one frugivore

species to encounter a given tree species.

A Interaction network B Modularity approach C Latent block model approach

Module 1 api al species Ani.block 1 Ani. block 2
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Ani. block 1 Ani. block 2

Matrix representation
Plant species
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(o]

Animal species
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Plant species Module 1 Module 2 Pla. block 1 Pla. block 2 Pla. block 3

Figure 3. Interactions between species from two levels — here plants and animals — represented in matrix form
(above) or network (below), and treated by two different analysis: modularity (B and E) and latent block model
(C and F). The modularity analysis, clusters species in module composed of plants and animals having dense
connections (B and E). The latent block model clusters species into blocks of two levels — here plants and animals
separated according to their similar pattern of interactions, links between blocks are the probability of interactions

and are illustrated by different intensities of grey (C) or different thickness of lines (F).

PART 2: FRUGIVORY AND SEED DISPERSAL NETWORKS IN TROPICAL FORESTS

Frugivory and seed dispersal are a central process in the ecosystems structure, particularly in tropical
forests where 60 to 90% of tree species depend on animal for the dispersal of their seeds in favourable
environments. Interactions between plants and animals are governed by a multiplicity of processes such
as spatial and temporal species distribution, trait-based processes and phylogenetic relationships. These

interactions patterns influence communities’ assemblages in tropical forests. However, these key
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interactions are threatened by deforestation and defaunation, leading to cascading effects on whole

communities of plants and animals.

A. Interactions patterns between plant and animals

Network studies of plant-animal interactions gave new insight on the importance of mutualism to
communities’ structure and assemblage. First, frugivore species are consuming various fruits, depending
on the season and their diet. These mutualistic interactions come from long co-evolution processes,
where plant species traits evolved to be attractive to animals, and where frugivores increased their fruit
diet (Jordano et al., 2011). Second, plants are often dispersed by different frugivore species, where each
disperser has its own dispersing efficiency, following its living cycle, and transit (Fuzessy et al., 2016).
These complex networks of interactions involve different factors that constrain the possible interactions,
such as the spatial distribution of species, or their phenological timing, as well as trait-based processes
or trait-matching, and phylogenetic relationships (Vazquez et al., 2009; Valdovinos, 2019).

Trait-based processes, mostly related to animals' body mass and seeds’ size were shown as a
determinant factor in the number of interactions between animal and plants (Jordano et al., 2011; Bender
etal., 2018). Indeed, the size of the jaw or beak is highly correlated with the size of the animal and these
are limiting factors in the ingestion of seeds (Sivault et al., 2020). However, frugivory and in some cases
seed dispersal, is not only dependent on the body mass parameters, as dispersal methods can differ (Box
2). Then, smaller animals like rodents or bats are able to disperse larger fruits and seeds than predicted
for their size (Ong et al., 2022). Biotic factors governing plant and animal relationships are not confined
to animals’ and seeds’ size: different studies underlined the importance of fruit type e.g., drupe, berry
or pods, or fruit color and smell (Valenta and Nevo, 2020). The description of syndrome of frugivory or
seed dispersal represents specific fruits traits that attract different groups of frugivores, like the colors
red and black attract birds, while green, orange and brown colors attract more mammals. This effect
described in the early 90s is now being discussed (Valenta et al., 2018), as the prevalence of more cryptic
colored fruits related to mammals is high in tropical areas, while birds are the most diverse frugivorous
group (Fleming et al., 1987). Indeed, the correlation between large fruits and seeds with cryptic colors
may be the results of an adaptation to the shaded environment of tropical forests (Willson and Whelan,
1990; Mack, 2000). Moreover, recent studies showed the importance of abiotic condition in selecting
fruit traits, with the importance of temperature and season in the coloring patterns of fruits (Sinnott-
Armstrong et al.,, 2021). Also, birds’ beak sizes are positively correlated to temperature for
thermoregulation purposes (Tattersall et al., 2017). Therefore, plants and animal traits are also linked to
their taxonomic groups and phylogenetic effects while tenuous often plays a role in frugivory and seed
dispersal networks (Rezende et al., 2007; Donatti et al., 2011). Indeed, some frugivores’ group will

preferentially be associated with other groups of plants and recent study showed that primates’ evolution
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and diversification could be linked to that of some tree families (Fuzessy et al., 2022), like Fabaceae and
Moraceae. For example, the capacity of Moraceae species, like figs, to produce fruits year-round has an
influence on the spatial distribution of primates species (Gautier-Hion and Michaloud, 1989; Shanahan
et al., 2001; Ramos-Robles et al., 2018; Lim et al., 2021). The temporal parameters play an important
role in seed dispersal efficiency, e.g. through species phenology, particularly fruiting peak — mast
fruiting strategies (Norden et al., 2007), especially in seasonally dry forests (van Schaik et al., 1993).
Fruits selection by birds depend on the abundance of the fruit species but also on the composition and
abundance of co-fruiting species (Blendinger et al., 2016).

The overlapping in species spatial distribution and temporal factors, such as species distribution
and abundance or phenology and fruit abundance, discriminate forbidden links from possible
interactions (Olesen et al., 2011; Gonzalez-Varo and Traveset, 2016; Ramos-Robles et al., 2018). Then,
the asymmetric structure of bipartite mutualistic networks is related to species abundance, where
abundant species have more symmetric interactions — having strong interactions with other abundant
species, while rare species have asymmetric interactions as they depend more on abundant species
(Véazquez et al., 2007). Showing that species generalism is strongly linked to their relative abundance.
In addition, generalist species having large geographic distribution have proven to increase the
connectivity between multi-layer networks in close localities, by guaranteeing the continuity of seed
dispersal processes throughout a gradient of different landscapes (Timéteo et al., 2018). The temporal
availability of plant and animal species also influences the network structures, with species of plant
fruiting every years and frugivores’ presence regularly forming a core of interacting partners — having
more symmetric interactions — from which transient species of the network are related, independently

of their relative abundance (Costa et al., 2020).

Then, plant-animal interactions depends on abundance and distribution of species, at local and regional
scales, and these frugivory and seed dispersal interactions also influence abundance and distribution of

species, particularly in tropical species.

B. Importance of frugivory in tropical forests

Tropical forests are widespread in South America, Africa and South-East Asia, covering about 18
million of km? (Keenan et al., 2015) and hosting the greatest species diversity on Earth (Schemske and
Mittelbach, 2017). This high biodiversity closer to equatorial latitudes has been the subject of humerous
hypotheses that can be summed up with three processes: the ecological hypothesis focusing on
mechanisms of species’ coexistence and the maintenance of species diversity, the evolutionary
hypothesis focusing on rates of diversification, and the historical hypothesis focusing on the duration

and extent of tropical environments in Earth's history (Mittelbach et al., 2007). The ecological
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hypothesis linked the coexistence of species and the maintenance of high species richness to the
heterogeneity of ecological niches. For plants in general and woody species in particular —that are fixed
organisms — local occurrence depends on the suitability of the environment — the ecological niche — and
on the dispersal success of the seeds. Then, the mechanism explaining species coexistence is the niche
partitioning caused by interspecific competition.

The heterogeneity of available environments is thus a main factor determining the organisation
of plant communities in rainforests (Flores et al., 2006). Disparities in abundance are common among
plant species between different habitats or localities, but also on broader biogeographic scales, between
different regions. The abundance and spatial distribution of species are intimately linked, with species
having broader environmental tolerances achieving higher local densities and having a wider
distribution range (Gaston and Kunin, 1997; Davidar et al., 2008). Some plant species tends to have
aggregative patterns at a local scale, with the rarest species that tend to be more aggregated than the
most common ones (Condit et al., 2000; Réjou-Méchain et al., 2011). Biological traits of plant species
play a role in this aggregative pattern, with some plant families being more locally aggregated than
other, mostly species without dispersal agents, or pioneer species, with low wood density and rapid
growth (Condit et al., 2000). However, at a landscape scale (> 10km2) these aggregation patterns are
not visible, implying other mechanisms such as sites’ history or environmental conditions (Réjou-

Méchain et al., 2011).

Plant assemblages of tropical forests are then highly linked to animal dispersal, as 50 to 90 %
of tree species produce fleshy fruits and depend on fruit consumption and seed dispersal by animals
(Howe and Smallwood, 1982; Bleher and Bohning-Gaese, 2001; Bascompte and Jordano, 2007). Seed
dispersal diversifies potential habitats where a seed can be disseminated, and allows plant to move and
colonize new environments (VVander Wall and Longland, 2004), or habitats after perturbation (Carlo and
Yang, 2011). Compared to anemochory or barochory, only animals species, particularly vertebrates
species, ensure the most efficient dispersal (Beaudrot et al., 2013).

Plant communities are differently impacted by long distance seed dispersal and short distance
dispersal by animals. For most plant species, the majority of seeds are first dispersed to a short distance
from the mother tree (Willson, 1993). Seed dispersal events thus have direct impact on the local
population and the communities’ dynamics (Howe and Smallwood, 1982). The fact that animals increase
distance between seedlings or saplings, and parental trees, helps reduce their mortality and the intra-
specific competition (Janzen, 1970; Connell, 1971). Indeed, the higher mortality of seeds, seedlings and
saplings closer to the mother trees is due to their higher densities or in conspecific aggregates, mostly
because of the highest rates of pests, pathogens, and herbivores or seed predators, which have a negative
impact on tree recruitment (Connell, 1971; Janzen, 1970; Augspurger, 1984; Gonzalez et al., 2010). This
phenomenon, known has the density and distance dependence mortality, promotes species diversity by

decreasing seed and tree seedling density (Janzen 1970; Connell 1971). This negative density
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dependence also affects conspecific species in plant assemblages, where population growth decreases
with high densities, implying a higher species richness in the different communities (Johnson et al.,
2012). Thus, dispersal is a strategy for plants to colonise a larger number of vacant sites, escape natural
enemies present in concentrated sites around mother trees and reduce intraspecific competition.

The long distance dispersal performed by animals also allows distant plant populations to be
connected which then has an effect on a larger scale (Levine and Murrell, 2003; Nathan, 2007). The
organisation of communities on a local scale, even though they may be due to distinct processes, then
contributes to global patterns observed at regional scale (Flores et al., 2006). These variation in tropical
forests communities implied variation in community traits compositions that influence different
ecological processes, such as the mutualistic relationship between plants and animals (de Bello et al.,
2010; Dias et al., 2013). In pollination networks, the functional diversity of plants — their phenotypic
differences — and their abundance, was positively correlated with the richness of pollinators and their
visit frequency (Fontaine et al., 2005; Fornoff et al., 2017). These effects of the community traits on the
ecosystem functioning have been explained by two non-exclusive mechanisms: the functional diversity
and the mass-ratio effect. The functional diversity effect looks into the dissimilarities of traits values
between co-existing species in a given community, regarding morphological traits such as petal color or
fruit size; and also the non-additive effects due to the complementarity of traits in communities (Petchey
et al., 2004; Mouillot et al., 2011; Dias et al., 2013). The mass-ratio effects explain this difference by
integrating the abundance of species and expresses the traits of dominant species inside the community
(Grime, 1998; Hector, 1998; Dias et al., 2013). In plant-frugivore assemblages, the abundance and
dominance of large fruits would be related to the presence of large frugivore species, as they assume
more of their dispersal. In community where megafaunal species have declined or disappeared,
consequences on the plant assemblage is already visible, with a decrease of large seed establishment
(Effiom et al., 2013).

C. Threats on tropical forests and consequences on plant-animal interactions

Tropical forests are threatened by defaunation (Fig 2) and deforestation (Box 3), resulting from the
unsustainable activities of humans (Dirzo et al., 2014; Young et al., 2016). Deforestation impacts
directly the resources available for animals, due to a decrease in tree diversity and density (Melito et al.,
2021), affecting particularly plant-animal mutualistic interactions (Cowlishaw, 1999; Kinnaird et al.,
2003; Garcia-Morales et al., 2016; Morante-Filho et al., 2018). A loss of forest’s cover greater than 30%
causes important disruption in the functional diversity of forests, with an impact on reproductive and
dispersal traits (Rocha-Santos et al., 2020). Some studies nonetheless suggest that communities are more

resilient to forest degradation when relying more on plant-animal interactions (Montoya et al., 2008;
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Camargo et al., 2022). In addition to deforestation problems, the defaunation crisis heavily impacts

tropical ecosystems, creating “empty and silent” forests (Redford, 1992; Wilkie et al., 2011).

Figure 4. Number of declining species in the word. Extracted from Dirzo et al. (2014).

Disruption in forests communities are direct consequences of defaunation in tropical forests, where
forest functioning relies heavily on plant-animal interactions (Gardner et al., 2019; Fricke et al., 2022).
The negative effect on forest communities will have ecological and evolutionary consequences in the

short and long term and at plot scales as well as global scales (Galetti and Dirzo, 2013).

Indeed, forest regeneration is impacted by the disturbance of functional structure processes such
as seed predation (Galetti et al., 2015), herbivory (Jia et al., 2018), pollination (Anderson et al., 2021)
and seed dispersal (Gardner et al., 2019). The changes in seed predation and/or herbivory lead to higher
or lower seed recruitment, depending on tree species, inducing shifts in tree communities (Kurten, 2013).
Moreover, the majority of tropical trees relies on animal for their dispersal, and in addition to the global
decline of animal having important consequences on the downsizing crisis due to the removal of mostly
large animal greatly impacts large-seeded tree species (Beaune et al., 2013a; Donoso et al., 2017, 2020).
Large frugivores are primary disperser of large-seeded trees, and, by performing a long distance
dispersal, provide unique services not fully compensated by other secondary dispersers (Galetti et al.,
2018). A disruption in large seed dispersal leads to an increase in the aggregation of seedling close to
parents and then to a greater mortality due to the distance dependence effect (see Janzen-Connell
hypothesis Part 1-B) (Kurten, 2013).
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In addition, studies showed that interactions between frugivores and plants are at a higher risk
of extinction than the species implied (McConkey and Drake, 2006; Valiente-Banuet et al., 2015).
Indeed, in areas where dispersers have a low abundance, the number of seed dispersers decrease, and
the frugivores become inefficient dispersers before becoming extinct in the area. Specialist tree species
dependent on few dispersers are highly at risk of extinction, where more generalist species could rely
on secondary and less important dispersers (Beaune et al., 2013a; Kurten, 2013).

This phenomenon is already visible with the declining regeneration of large-seeded trees, and
the increased regeneration of trees dispersed abioticaly or by smaller vertebrates, causing shifts in the
composition of woody plant communities (Cordeiro and Howe, 2001; Nufiez-1turri and Howe, 2007;
Terborgh et al., 2008; Vanthomme et al., 2010; Effiom et al., 2013; Gardner et al., 2019). Also, the
modelling of defaunation and downsizing of smaller species, like birds, showed a negative impact on
seed size and diversity (Donoso et al., 2017). The disappearance of birds and primates, two key groups
in frugivory and seed dispersal, was shown to lead to great declines in forest regeneration (Terborgh et
al., 2008; Gardner et al., 2019), and also in other functional processes like pollination (Anderson et al.,
2011, 2021).
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Figure 5. Schematic representation of forest regeneration in natural and defaunated forest communities. Extracted from
Gardner et al (2019).

The prediction of the shifting of tree species toward smaller fruits and seeds, with the downsizing crisis
was already recorded in the past, with the extinction of large mammals during the Late Pleistocene
causing seeds to be smaller today than in the past (Lim et al., 2020). Moreover, a study of fossil records

showed clearly that major extinctions of flowering plants were congruent with the decline of insects that
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happened during the Cretaceous/Tertiary boundary (Labandeira 2002). In the Anthropocene, these
deforestation and defaunation events are combined with climate change, and some studies suggest that
the conjuncture of both phenomenon would only exacerbate the predicted effects (Abernethy et al.,
2013; Fricke et al., 2022).

Box 3 - Definition of defaunation and deforestation

Defaunation is the loss of animals, due to direct human activities such as hunting and poaching, but
also indirect such as deforestation, habitat loss and habitat fragmentation (Redford, 1992).

The removal of the largest species is creating a downsizing effect on animal communities, as large
animals are hunted for food but are also more vulnerable to ecological and demographic changes
caused by deforestation and habitat fragmentation (Peres and Palacios, 2007; Vidal et al., 2013).
Vertebrates populations of tropical forests have shown an important decline (estimated to reach 41
%) over the past 40 years (n=369) (WWF, 2016).

The definition of deforestation has changed throughout the years (Fernandez-Montes de Oca et al.,
2021), from complete transformation of forests to lands without a single tree (Myers, 1991), to a
conversion of forests to other land uses, or to the long-term reduction of the tree canopy cover below
the minimum 10% threshold (FAO, 2015). However, in the FAO definition, areas where trees were

harvested or logged are not considered as deforested and the replacement of old-growth forests by

plantations is not considered as deforestation.

PART 3: AFROTROPICAL FORESTS

Afrotropical forests have changed drastically in the past Quaternary (from 2.58 Ma to today), affecting
their tree diversity that is today lower than that of South American and Asian tropical forests (Couvreur
et al., 2021). Afrotropical forests are famous for their emblematic megafauna, with forests elephants,
gorillas, chimpanzees and bonobos, species that are particularly threatened by defaunation due to
poaching, and have already disappeared from certain areas, like in West Afrotropical forests. Despite
their peculiarities, few studies have yet investigated their global mutualistic networks and tried to

understand the functioning and structure of plant-animal interactions in these forests.

A. Afrotropical forests: tree composition and paleo history

Afrotropical forests are stretching discontinuously from Senegal in the West, to Kenya and Tanzania in

the East. They can be subdivided in different bioregions, following the diversity of plant species, the
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level of endemism with plant abundance, richness and distribution (Fig 6; Droissart et al., 2018).
Tropical forests are mostly present in two of these regions: the Guineo-Congolian forests that are divided
in three sub-bioregions: Upper Guinea, Lower Guinea and Congolia; and the Albertine Rift Montane
forests (ARM) (Figure 6). These Afrotropical forests have a strong floral homogeneity, with differences
between the Guineo-Congolian forests and the ARM forests. The higher plant species richness is located
in the Lower Guinea forest, followed by the Upper Guinea, then the Congolia and the ARM forests, with
the lower Guinea and Congolia bioregions having a greater proportion of shrubs and lianas than other

regions.

====== Limits RAINBIO

Bioregion name
1 - Guineo-Sudanian (GSu, 9.2%)
I 2 - East African montane (EAM, 22.6%)
E 3 - Guineo-Congolian (GCo, 41.5%)
3a - Upper Guinea (UGu, 12.8%)
3b - Lower Guinea (LGu, 24.2%)
I 3c- Congolia (Con, 6.3%)
4 - Sdo Tomé and Principe (STP, 12.5%)
- 5 - Albertine Rift montane (ARM, 8.1%)
6 - Central Tanzania (CTz, 5.7%)

Il 7 - Swahilian coastal (SWC, 21.1%)
I 8 - Central Zambezian (CZb, 22.7%)
Il © - Southern Rift montane (SRM, 10.3%)

10 - Angola (Ang, 20.9%) {

11 - South Zambezian (SZb, 8.2%)
- 12 - Zambezian montane (ZbM, 9.0%) «

13 - Zambezian coastal (ZbC, 7.0%) 30°S-
I 14 - Maputaland coastal (MaC, 14.7%)
m Transition zones

Figure 6. The main floristic bioregions and transition zones of tropical African forests, from Droissart et al (2018).
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Compared to other tropical forests from South America and South-East Asia, African forests count fewer
plant species (Couvreur, 2015; Slik et al., 2018). The different bioregions and this lower richness of
Afrotropical forests can be explained by their evolution. A reconstruction of the past of these forests
with palynology, carpology and paleo-botanic showed that Afrotropical forests shrank between the
Eocene (55 Ma) where they covered 15-22 million km?, the Pliocene (3 Ma, 10 million km?) and today,
where they stretch over 3.4 million km? (Malhi et al., 2013). This general reduction in the area of African
tropical forests over time, much greater in Africa than in the Amazon (Kissling et al., 2012) could
explain current patterns of species diversity. The recent study of population dynamics (since the
Pleistocene) of African tropical forests, using palynology analyses and climatic reconstruction models,
shows an alternation during the Quaternary of long phases of cooling (glacial) and shorter phases of
warming (interglacial) (Maley, 1996; Couvreur et al., 2021). The Ice Ages periods were characterised
by a drier climate and one of the strongest hypotheses on the changes in vegetation that occurred during
these periods, and notably during the last glacial Era (18000 BP), is the expansion of the savannah, that
caused a contraction of forest in refuges areas (Robbrecht, 1996; Sosef, 1996). The location of these
areas, distinguished by paleo-vegetation data and by current patterns of diversity and specific endemism,
is controversial: there could either be several discrete refuges (Maley 1996), or a more continuous refuge
area along the coasts of Cameroon and Gabon (Anhuf et al., 2006). Today, the advance of these
savannahs during the last Glacial Era is still visible in South-West Gabon, where a mosaic of savannah
and forests persisted, with human action, and where remnants of savannah fauna, like the waterbuck

(Kobus ellipsiprymnus defassa), are still present.

B. Frugivory in Afrotropical forests: the lack of information

Afrotropical forests are mostly remarkable for the emblematic animals inhabiting the forests,
particularly the remnant megafauna comprising forest elephants (Loxodonta cyclotis) and great apes like
gorillas (Gorilla gorilla), chimpanzees (Pan troglodytes) and bonobos (Pan paniscus). These
megafaunal species have tight interactions with woody species producing fleshy-fruits from whom they
consume a large diversity of fruits and disperse their seeds (Malhi et al., 2016; Terborgh et al., 2016;
Berzaghi et al., 2018). Elephants and apes are of the greater importance in frugivory and seed dispersal
networks, but they are usually absent of most global network studies (Vidal et al., 2013). In general,
Afrotropical forests are poorly studied, even if seed dispersal processes of some taxonomic groups like
birds, bats or monkeys are well-documented, few researches focus on seed-dispersal networks on
multiple taxonomic groups (Schleuning et al., 2012). However, to understand the mechanisms that fix
seed-dispersal networks, there is a necessity to take into account all frugivores, from small birds to large

mammals, even including secondary dispersers (Brocardo et al., 2013).
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Elephants are presented as crucial for the proper functioning of Afrotropical forests, first
because some tree species are elephant-dependent, mostly species with large seeds — like stone seeds —
as well as late successional species (Beaune et al., 2013b; Berzaghi et al., 2021); second as they are the
greatest seed consumers and long distance dispersers (Campos-Arceiz and Blake, 2011). Plant
assemblages therefore depend on elephants, whose role was proven to influence tree diversity and
distribution. Studies showed that a higher presence of elephants was correlated with lower tree
aggregation, implying a reduction of the density dependence mortality (Blake et al., 2009; Berzaghi et
al., 2019). On the primates side, apes and monkeys have been at the centre of numerous studies on
frugivory and seed dispersal, showing their heterogeneous diet and their efficiency to disperse seeds on
short to long distances (Balcomb and Chapman, 2003; Flérchinger et al., 2010). However, while being
a great component of frugivory networks, megafauna species are often left out from structural network

studies (Vidal et al., 2013), as most research are species-centre.

Megafauna species are greatly threatened by targeted hunting and poaching causing population
scarcity (Abernethy et al., 2013; Bush et al., 2020). Indeed, some Central African forests showed a very
striking rate of defaunation over the past decades, mainly due to increased poaching (Abernethy et al.,
2013; Malhi et al., 2016). This practice has led to the decline of hundreds of animal species in Africa,
with greater pressure on large animal, like forests elephants and apes (Abernethy et al. 2013). Recently,
a long-term study showed a decline in fruiting offer of 80%, correlated with a decline in elephant body
conditions, in a protected area of Gabon (Bush et al., 2020). Suggesting that the capacity of the
ecosystem — here the offer in fruits — to support megafaunal species is decreasing, highlighting another
threats for these communities. As interactions between seeds and their dispersal agents have a
considerable influence on the dynamics of plant populations and communities, and their diversity
(Jordano et al. 2011). This significant decline of African plant and animal species is likely to radically
alter species assemblages and the communities that depend on interactions in which these species play
a key role (Abernethy et al. 2013). The lack of data on community dynamic approach or network studies
at large-scale including megafaunal species as well as other taxa prevent us from fully understanding

the consequences of this disturbance on the Afrotropical forests.
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OBJECTIVES, HYPOTHESIS & THESIS PLAN

In this context, where African forests are threatened by deforestation and defaunation, knowledge on
ecological processes such as frugivory and seed dispersal interactions are essential to understand the
consequence on these forests communities. However, Afrotropical ecosystems are largely understudied,
and information on ecological processes are still lacking. Which is why, the goals of this PhD thesis

were to:

()] Reinforce our understanding of interaction patterns in frugivory networks and fill a gap in
network studies in Afrotropical forests

(m Evaluate our knowledge on plant-frugivore communities of Afrotropical forests

(1 Acquire new knowledge on frugivory network in Afrotropical forests by developing new

methods

The first step of this PhD thesis (chapter 1) aims to uncover the structure of the network and test
mechanism governing frugivory interactions and to develop our understanding of the frugivory networks
in Afrotropical forests. Indeed, no extensive study was done in large scale in the area, or on diverse
group of frugivore, despite numerous studies centered on species or specific taxonomic groups, like
birds or monkeys. For that, we built a database compiling over 10,000 interactions between trees and
frugivores species from all Afrotropical forests, extracted from 255 literature sources. Here, |
contributed in the making of this database by adding interactions, but especially by adding traits related
to tree and frugivore species. Thanks to this database, we were able to summarize and evaluate our
knowledge on the Afrotropical frugivory network. We used the block model analysis to simplify our
hyper-diverse network, a method recently applied to ecology that clusters species with similar
interactions according to the identity of partner as well as the quantity. The use of latent block model
analysis allowed us to work on the interactions patterns of frugivory, related to plants and animals
biological traits, but also linked to their taxonomy and probability of encounter.

This first chapter was submitted as a paper in New Phytologist.

A collaborative work that focused on megafaunal species, has integrated data from the frugivory
database, and this work was submitted to PNAS (Berzaghi F, Bretagnolle F., Durand-Bessart C., Blake
S., in prep — APPENDIX 1).

The second part (chapter 2) focuses on variations in plant assemblages across afro-tropical forests,
specifically the relationship between plant abundance and distribution over the Central African forests
and their traits related to frugivory interactions. For this chapter, we had access to a database registering
tree species composition and abundance from forestry inventories all over Central African forests
(Réjou-Méchain et al., 2021). The aims of this study was to link the different forest types delimited in

the study of Réjou-Méchain et al. 2020, to the frugivory interactions of our database. We compared the
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plant communities of these different floristic types, in term of species composition and community traits,
to understand the variation in the offer in fruits among the floristic types, by calculating community
weighted means for each forests types.

This chapter is an ongoing chapter, and this work is in collaboration with Maxime Réjou-Méchain,
Cyrille Violle, Lucie Mahaut, and Fabio Berzaghi. For this project, my work consist in linking the tree
abundance and distribution database to the frugivory database, and analysed the mechanisms involved

in the communities dynamic.

In the third chapter, my work consisted in developing a collaboration with Indigenous communities, to
integrate local ecological knowledge on tree-frugivore interactions in our research study. Indeed, ethno-
ecological approaches have received more attention since the past decade but remains poorly used
despite promising results. To achieve this work, | developed a methodology to interview people and
gather information on their knowledge about frugivory interactions, based on semi-structure interview
using photographic guides of plant and animal species. | went to Gabon in 2019 for 10 weeks, and stayed
at the scientific station of IRET (Research Institute on Tropical Ecology of Gabon) in Doussala, a small
village neighbouring the southern border of Moukalaba-Doudou National Park. The population of
Doussala is partly dependent on the forest, for hunting and gathering foods like fruits or tuber, and also
for medicinal and construction purpose. This chapter also allowed us to evaluate academic knowledge
on frugivory network by comparing the interactions from academic literature to the one gathered from
local people. Also, we investigated the change brought by the new interactions from local ecological

knowledge to interaction patterns.

This work is still an ongoing chapter but soon to be submitted.

Finally, the fourth chapter consisted in positioning cameras in Gabonese forests, on woody species with
falling mature fruits, to record frugivory interactions of terrestrial vertebrate species. This chapter
contributed to increase our knowledge on tree-frugivore interactions in Afrotropical forests. Linking this
camera database to local ecological knowledge and academic literature allowed us to pinpoint where we

still need to put effort to improve interactions knowledge.

This work is still an ongoing chapter but soon to be submitted.
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CHAPTER 1

A latent block model approach reveals that species

traits structure Afrotropical tree-frugivore networks

A young gorilla feeding on Lannea welwitchii. Picture by Clementine Durand-Bessart.



Chapter 1

Context

In tropical forests, frugivory is a major ecological process, as 50 to 90 % of tree species rely on
animals for their dispersal, and numerous groups of vertebrates rely on fruit as their primary source
of food. Numerous studies focused on unraveling the structure of these mutualistic networks, looking
into the diversity of species in the network, the number of links between species and the organisation
of those links that create patterns of interactions. From there, different structures have been described
such as nestedness (i.e. few species interacting strongly with each other and many species interacting
with these strongly connected species), and modularity (i.e. structure forming groups of species called
modules, with many interactions within a module but few between modules). This network structure
highlighted that possible interactions between species are constrained by diverse filters, such as the
spatial distribution of species or their phenology, but also their biological traits.

In Afrotropical forests, the mechanisms shaping frugivory interaction networks remain understudied.
Here, we evaluate the data available on the Afrotropical frugivory interactions to identify structural
properties of the network, as well as assessing knowledge gaps. To achieve this work, we compiled
frugivory interactions from 255 literatures studies all over Afrotropical forests. This frugivory
database comprised >10,000 links, between 807 tree and 285 frugivore species. We analysed the
network structure, by using an approach recently incorporate in ecology studies, the latent block
model. This clustering analysis groups species with similar interaction patterns into blocks and
estimates interaction probabilities among them. We investigated the species traits related to this
grouping structure and the relationship with the position of each block in the network.

Key results

The block model analysis simplified the Afrotropical frugivory network in 14 tree and 14 frugivore
blocks. The block structure depended as expected on the overlap in species distribution, but also on
the difference of sampling efforts among species, highlighting that further data is needed to fully
assess the structure of the network.

Tree and frugivores blocks composition and the probability of interactions between them was also
well predicted by biological traits of species related to frugivory. The composition of these blocks
was mostly structured by species traits, with the frugivore body mass, and for trees: the mean wood
density, fruit, seed, and tree size. We showed that larger trees were the primary fruit sources of most
frugivores. Also, blocks with larger seeds and fruits had higher probabilities to be consumed by large

frugivores.

38



Chapter 1

A latent block model approach reveals that species traits structure

Afrotropical tree-frugivore networks

Clementine Durand-Bessart 2, Colin Fontaine?, Katharine Abernethy®# Colin A. Chapman®%’8,

Norbert J. Cordeiro®, Pierre-Michel Forget!!, and Francois Bretagnolle?

! Biogeosciences, UMR 6282, Université Bourgogne Franche Comte-CNRS, Dijon, France

2 Centre d’Ecologie et des Sciences de la Conservation, CESCO, UMR 7204, MNHN-CNRS-SU, Paris,

France

3 African Forest Ecology Group, School of Natural Sciences, University of Stirling, UK
4 Institut de Recherches en Ecologie Tropicale, CENAREST, Gros Bouquet, Libreville, Gabon

SWilson Center,1300 Pennsylvania Avenue NW, Washington, DC 20004

¢ Department of Anthropology, Center for the Advanced Study of Human Paleobiology, The George
Washington University, Washington DC, USA, 20037

"School of Life Sciences, University of KwaZulu-Natal, Scottsville, Pietermaritzburg, South Africa
8 Shaanxi Key Laboratory for Animal Conservation, Northwest University, Xi’an, China

° Department of Biology (mc WB 816), Roosevelt University, 430 S. Michigan Avenue, Chicago,
Ilinois 60605, United States of America

10 Science & Education, The Field Museum, Chicago, 1400 S. Lake Shore Drive, Illinois 60605, United

States of America

11 Muséum National d’Histoire Naturelle, UMR 7179 MECADEV CNRS-MNHN, 1 avenue du Petit
Chéateau, 91800 Brunoy, France

Authors emails: clementine.durand-bessart@u-bourgogne.fr; colin.fontaine@mnhn.fr;

k.a.abernethy@stir.ac.uk; colin.chapman.research@gmail.com; ncordeiro@fieldmuseum.org; pierre-

michel.forget@mnhn.fr; Francois.Bretagnolle@u-bourgogne.fr

Corresponding author: Clementine Durand-Bessart, Biogéosciences UMR CNRS/uB 6282, Université
de Bourgogne, 6 bd Gabriel, 21000 DIJON, France; + 33 (0)3 80 39 63 56; clementine.durand-

bessart@u-bourgogne.fr

39


mailto:clementine.durand-bessart@u-bourgogne.fr
mailto:colin.fontaine@mnhn.fr
mailto:k.a.abernethy@stir.ac.uk
mailto:colin.chapman.research@gmail.com
mailto:ncordeiro@fieldmuseum.org
mailto:pierre-michel.forget@mnhn.fr
mailto:pierre-michel.forget@mnhn.fr
mailto:Francois.Bretagnolle@u-bourgogne.fr
mailto:clementine.durand-bessart@u-bourgogne.fr
mailto:clementine.durand-bessart@u-bourgogne.fr

Chapter 1
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ecology, tropical forests

Summary

o Frugivory in tropical forests is a major ecological process as most tree species rely on frugivores
to disperse their seeds; however, the underlying mechanisms driving frugivory networks remain
understudied. Here, we evaluate the data available on the Afrotropical frugivory network to
identify structural properties of the network, as well as assessing knowledge gaps.

e We assembled a database of frugivory interactions from the literature that comprised >10,000
links, between 807 tree and 285 frugivore species. We analysed the network structure using a
latent block model approach that groups species with similar interaction patterns and estimates
interaction probabilities among them. We investigated the species traits related to this grouping
structure and the relationship with the position of each block in the network.

e The Afrotropical frugivory network was simplified into 14 tree and 14 frugivore blocks. The
block structure depended on the difference of sampling efforts among species, highlighting that
further data is needed to fully assess the structure of the network. The block structure was also
related to the overlap in species distribution areas.

¢ In addition, we found that species traits related to frugivory were strong predictors of both the
specie composition of blocks and interactions among them. The composition of these blocks
was mostly structured by species traits, with the frugivore body mass, and mean wood density,
fruit, seed, and tree size. We found that larger trees were the primary fruit sources of most
frugivores. Also, larger seeds and fruits had higher probabilities to be consumed by large
frugivores. Although expected, these results are new at a large-scale for Afrotropical forests and
exemplify the potential of latent block models to analyse network structure and the factors
chapping it.

e As large frugivores are particularly threatened by hunting and logging, our findings show the
vulnerability of this plant-frugivore network and the fragile integrity of Afrotropical forest

composition.
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INTRODUCTION

Biodiversity depends on multiple ecological interactions and, in the last decades, one of the goal of
community ecology was to characterise the complex patterns of interactions among species and the
factors shaping them (Olesen et al., 2007; Coelho and Rangel, 2018). Such interaction network
approaches are particularly relevant to understand the responses of communities to disturbances of
anthropogenic or natural origins (e.g. Galetti et al., 2006; Tylianakis et al., 2007).

Bipartite mutualistic interaction networks, involving beneficial interactions between two
categories of species such as plants and seed-dispersers or plants and pollinators, share consistent
patterns in their topological structures (Bascompte and Jordano, 2007). These patterns have been widely
studied, in particular regarding the heterogeneity of species interactions, with few species being highly
connected and most species being poorly connected (Jordano et al., 2003). From this observation, the
nestedness was described as the overlap in interaction among species in the network (Bascompte et al.,
2003; Almeida-Neto et al., 2008), and the modularity which seeks to identify groups of interacting
species (modules) that are linked more densely than with other species of the network (Olesen et al.,
2007). Both nestedness and modularity are predicted to relate to community stability (Thebault and
Fontaine, 2010), and several processes originating them have been highlighted. These non-exclusive
processes include filters that constrain the possibility of links, such as the spatial (distribution matching)
or temporal (phenological matching) species matching, trait-based processes (i.e., trait-matching), and
phylogenetic relationships (Vazquez et al., 2009b, 2009a; Gonzalez-Varo and Traveset, 2016; Araujo et
al., 2018; Valdovinos, 2019).

The recent development of latent block models offers a new perspective to understand the
structure of ecological networks (Leger et al., 2015; Bar-Hen et al., 2018; de Manincor et al., 2020,
2020). Latent block models are parametric clustering methods that groups species into blocks — here
distinct blocks for the two set of nodes of the bipartite network — according to their pattern of interaction;
species in the same block probabilistically share the same interactions with species from other blocks.
Species within blocks can therefore be considered as functionally redundant if they have a similar
interaction pattern. Latent block model can not only reveal a modular or a nested structure, but also
highlight structures that are more complex. This because the approach allows different numbers of
blocks for each side of the network, and estimates the probabilities of interaction among each block
couple (see Supplementary 1 Fig S1.1). Contrary to nestedness and modularity approaches that look for
a single predefined architectural pattern, latent block models look for the structure that best explain the
data. Further, the identification of the functional and taxonomic characteristics of the species within
blocks appears promising to investigate the relative role of functional convergence with potential
associated syndromes (Ronce and Clobert, 2012; Valenta and Nevo, 2020), and phylogenetic inertia

with species sharing inherited traits (Olesen et al., 2007). Finally, as latent block model estimates
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probabilities of interaction between all block couples, it is possible to investigate the factor affecting
these interactions, such as spatial overlap or matching traits between block couples.

Few studies looked at the structure of tropical plant-frugivore networks (de Almeida and Mikich,
2018), and this is particularly lacking in Afrotropical forests. These forests are particularly affected by
the global decline in large wildlife and plants due to the unsustainable human extraction and persecution,
known as the downsizing crisis (Abernethy et al., 2013; Malhi et al., 2016). Afrotropical forests are
some of the last remaining areas where megafauna and megaflora persist at densities that maintain their
ecological functions (Terborgh et al., 2016; Berzaghi et al., 2018). The decline in megafauna and
megaflora raises major concerns for the future functioning and resilience of tropical ecosystems (Markl
et al., 2012; Abernethy et al., 2013; Beaune et al., 2013; Effiom et al., 2013; Galetti et al., 2018).

In these forests, most trees produce fleshy fruits and depend on frugivores to disperse their seeds
(Abernethy et al., 2013; Effiom et al., 2013). These fruits are important food resources for much of the
forest fauna, particularly the megafauna (Gautier-Hion et al., 1985; Beaune et al., 2013; Bush et al.,
2020). Many studies on frugivory have documented diets of African frugivores, but there is a bias
towards charismatic species (e.g., monkeys, apes, elephants) and general knowledge on plant-frugivore
interactions in tropical Africa remains scattered. At the continental scale, a large amount of information
about frugivory is available, but at more regional level, interactions remain poorly sampled. Thus, the
overall structure of tree-frugivore networks in Afrotropical forests is largely unexplored (Dugger et al.,
2019).

We know from other parts of the world that tree-frugivore interactions are mostly governed by
trait-matching, with the size of fruits and seeds ingested by fruit-eaters constrained by the size of the
fruit-eaters and their corresponding beak or jaw gape sizes (Kitamura et al., 2002; Forget et al., 2007,
Donatti et al., 2011; Dehling et al., 2016). We also know that frugivore body mass is related to
specialization, with the biggest species tending to be more generalist than the smaller ones, as they are
able to ingest both small and large fruits and seeds (Trolliet et al., 2019; Godinez-Alvarez et al., 2020).
These large-bodied species increase network cohesion and thereby network stability (Vidal et al., 2014).
Investigating such patterns related to body, fruit and seed size frugivory networks in Afrotropical forest
is thus a priority to anticipate the consequences of the downsizing crisis in these forests.

Recently, de Almeida & Mikich (2018) proposed an approach of concatenating local
information to assemble a global network so that structural properties could be ascertained. Their
approach, which advanced the understanding of the ecological processes of network structure within the
hyper-diverse Neotropical communities, inspired us to conduct a similar study on Afrotropical plant-
frugivore networks.

Here we assemble and analyse a database aggregating the current knowledge on tree-frugivore
interactions in Afrotropical forests. We quantify the database’s sampling completeness and then analyse
the structure of the corresponding interaction network using a latent block model. Finally, we investigate

the relationships between network structure and species taxonomy, geographic distribution, trait, and
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conservation status. Through the block model analysis, our findings advance our understanding of

Afrotropical forest plant-frugivore networks, specifically the biological traits.

MATERIALS AND METHODS
Study sites and database

We assembled a tree-frugivore interaction dataset from literature by searching both Web of Science and
Google Scholar using terms were frugivor*, seed dispers*, tree-frugivore interaction, and the genus or
guild name of tree and vertebrate species that inhabit Afrotropical forests. We selected literature sources
presenting data on endozoochory and synzoochory with trees, palms, or shrubs taller than 3 m (hereafter
tree).

A total of 256 literature sources were selected (Table S1.2), listing 10,547 interactions - one
interaction being the consumption of the fruit of a given tree species by a given vertebrate species. This
involved 807 tree and 285 frugivore species and included forests across Africa (Fig. 1). We focused our
study on the 6022 unique interactions, i.e., an interaction between one species of tree and one of
frugivore, by removing duplicates, to avoid the redundancy and bias toward certain interactions.

In addition to species’ identity, we included their Order and Family, geographic distribution,
and conservation status. Distributional data was obtained from the African Plant database of the Geneva
Botanical Garden for trees and, for frugivores this data was derived from IUCN
(https://www.iucnredlist.org). Following Droissart et al., (2018), we considered three biogeographical
regions as categorical variables: Guinea (West Africa, W), lower Guinea and central (Central Africa,
C), and Albertine Rift montane (East Africa, E). Each species was assigned to one category: W, C, E,
WC, WE, CE, or A (whole geographical area). For conservation status, we used the species status given
in the IUCN Red List of Threatened Species (2020) considering species with a Critically Endangered,
Endangered, Vulnerable or Near Threatened status as “threatened” and species with a Least Concern

status as “not threatened”.
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Figure 7. a) Location and contribution of the different study sites included in the database. Circles represent study
sites, with their size being proportional to the number of species studied, and their colour related to the number
of studies per site. The green areas show forest cover > 30%. b) Proportion of unique interactions involving the
different frugivore groups included in the database, in order ungulates, birds (large and small), carnivores, pigs,
bats, primates (apes and monkeys), elephant, rodents. ¢) Proportion of unique interactions involving the different

tree orders included in the database (only orders involved in more than 0.5% of unique interactions are presented).

We derived species traits of trees and frugivores from the different literature sources (Table
S1.2). For frugivores, we recorded body mass (g). For tree species traits, we recorded fruit and seed
dimensions (length and width in cm), number of seeds per fruit, average height (m), and wood density
(g.cm). The wood density values for each tree species were obtained in R (R Core Team, 2021) with
the function getWoodDensity from the BIOMASS package (Réjou-Méchain et al., 2017) using data from
Chave et al., (2009).
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Sampling completeness of the tree-frugivore interactions

To assess the sampling completeness of the dataset, we used accumulation curves for both species and
interactions, examining the difference between the estimated richness calculated by the non-parametric
estimator Chao 2, i.e. the asymptote of the accumulation curve, and the observed richness (Costa et al.,
2016). We estimated the expected richness of tree and frugivore species using the full dataset as well as
the three biogeographical regions separately. Similarly, we estimated the expected number of
interactions per frugivore taxonomic group as in Figure 1b, comparing it to the number of interactions
included in our database. The expected Chao 2 estimator values were obtained with the specpool

function from vegan package in R ( R Core Team, 2021; Chao et al., 2009).

Network structure: block model analysis

We used a latent block model to analyse the structure of the presence-absence interaction matrix between
tree and frugivore species. This parametric method, based on regression models and latent variables,
uses statistical inference to assign species with similar interaction patterns into groups called blocks,
and estimates probabilities of interaction among blocks. The number of blocks, the probabilities for
species to belong to each block, and the probabilities of species interaction between block couples are
estimated by maximising the integrated complete-data likelihood (ICL) (Newman, 2016). This allows
one to highlight network structure in a very flexible way, without predefining a structure beforehand,
except the existence of blocks. We used the blockmodels R package (Leger, 2016) adapted for bipartite

networks, with the Bernoulli family to match our binary adjacency matrix.

Relative contribution of sampling effort, species distribution area, traits and taxonomy to the
block structure of the frugivory network

Several non-exclusive factors could originate the block structure, or in other words, could make pattern
of interaction similar within groups of species. Among those, species could have similar pattern of
interaction because they share the same distribution area and thereby the same pool of potential partners;
or because they share traits involved in the choice of similar interacting partners, related or not to a
common evolutionary history. In addition, the sampling effort on each species might also affect the
block structure of the network, with for example species with low sampling effort having very few
interactions could be grouped in the same block, while species with high sampling effort having many

interactions could be grouped in other blocks.

To evaluate the relative contribution of these factors to the block structure of the network despite
the correlations among them (Fig S2.1). We first performed a Random Forest model as implemented in

the R package ‘randomForest’ (Liaw and Wiener, 2002). This classification method rely on building

45



Chapter 1

decision trees from bootstrap samples (Fox et al., 2017) that allows one to incorporate categorical
(taxonomy and distribution area), as well as continuous variable (species traits), and support possible
interactions and collinearity among variables, as expected in our case among species traits and taxonomy
(De’ath and Fabricius, 2000; Loh, 2014). We quantified the importance of each of the above-mentioned
variables, that could affect the group structure of the network, by calculating for each of them the total
decrease in node impurities from splitting on this variable over all trees, and using the Gini index to
guantify node impurity (Archer and Kimes, 2008). The variable importance thus represents how much
removing a variable reduces the accuracy of the Random Forest model.

We fitted one Random Forest classification models for frugivore blocks and another one for tree
blocks. For Frugivores, we included the effects of the body mass (log transformed), of the taxonomic
group, and of the distribution area of the species, as well as the effect of the number of publications in
the database where the species is cited to account for sampling effort. For trees, we had pairs of highly
correlated trait variables, such as fruit length and width or seed length and width. For these cases, we
selected the trait with highest variable importance in determining the blocks, i.e. fruit length and seed
length. We further added tree height, wood density and seed number as well as the taxonomic Order, its
distribution area, and the number of publications in the database where the species is cited. For both tree
and frugivore models, we used the seven geographic categories described above descriptors of

distribution area.

In a second step, to visualize potential differences in tree traits among blocks, we ran a principal
component analysis (PCA) ( FactoMineR; Husson et al., 2018). The variables used in the PCA were the
seed length, seed width, fruit length, fruit width, tree size, number of seeds by fruit, and wood density.
The first dimension explained 38.26% of the variation, and had a positive loading with the fruit size —
width and length — and seed size — width and length — components. Dimension 2 explained 24.67% of
the variance and had a positive loading with the number of seeds, and a negative loading with wood
density; it differentiated species with numerous seeds and low wood density from species with few seeds
and high wood density. Dimension 3 explained 12.89% of the variation, and had a positive loading with

tree size.

Connectedness of blocks and average species traits

We evaluated the connectedness of blocks as the summed of the probabilities of interaction with other
blocks estimated by the latent block model. A high connectedness or sum of probabilities for a block
indicates strong interactions with many blocks it interact with.

To investigate the relationships between block connectedness and the average trait values of the
species within blocks, we used a generalized linear model with a negative binomial family distribution.

We included the connectedness of blocks as dependant variable and the average trait values of the
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species within blocks as well as the number of publication that include species from the blocks as
covariates. The average trait values were average body mass for frugivore blocks and the average species
coordinate from the PCA previously described using dimension 1 to 3 (Figure S2.1). The average
frugivore body mass was log transformed to satisfy the model assumptions. We selected the best models
(Table S2.2), using the muMIn package (Barton, 2019).

Determinants of the probability of interaction between blocks couples

The probability of interaction between species from one frugivore block and one tree block might be
related to the overlap in distribution areas between the species belonging to this block couple
(distribution matching). Similarly, this probability might also be affected by the match in the mean trait
value of the species in each block (trait matching). We quantified the proportion of species couple having
some overlap in their distribution area as the number of tree-animal species couples with overlapping
distribution areas over the total number of possible species pairs between the two blocks. We performed
a linear mixed-model regression, with the probability of interaction between tree and frugivore blocks
as the dependant variable and with (a) the average body mass per frugivore block, (b) the mean
coordinate of the first dimension of the PCA, (c) the mean coordinate of the second dimension of the
PCA, (d) the mean coordinate of the third dimension of the PCA, (e) the proportion of species with
overlapping distribution areas, as well as (f) the mean number of study by tree and (g) per frugivore
blocks. We implemented interactions between (a) and (b), (a) and (c), (a) and (d). We included tree and
frugivore block identity as random factors, to account for pseudo-replication. The probability of
interactions between blocks was logit transformed to fulfil the assumption of the linear model. We
selected the best model (Table S2.3), using the muMIn package (Barton, 2019).

RESULTS

Sampling completeness of the dataset

The sampling completeness for species richness reached 72% for frugivore species and 73% for tree
species. Concerning the richness of interactions, our dataset only reached a sampling completeness of
42% (Fig. S2.4). The sampling completeness for interaction richness did not differ when considering
the biogeographical region separately: 43% for Western Africa and 42% for Central Africa and 42% for
Eastern Africa.

The sampling completeness of interactions by frugivore groups ranged from 3% to 66%, with
elephants having the highest sampling completeness, followed by primates, bats, ungulates, and birds,

with intermediate values, and pigs, carnivores, and rodents having the lowest values (Table 1).
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Table 1. Sampling completeness of interaction richness for frugivore groups. The number of observed interactions
correspond to the number of unique interactions in our database. The estimated total number of interactions
correspond to the asymptotic values calculated by the Chao 2 estimator, with standard error. The sampling
completeness represents the proportion of observed interactions over the estimation; the completeness range is

presented in brackets.

Number Number of observed Estimated total number of Sampling

of species interactions interactions + SE completeness (%)
Rodents 21 199 6578.2 + 3794.9 3[1-4]
Carnivores | 4 27 182.7 + 127.1 15 [9-49]
Pigs 2 9 44.9 +25.4 20 [13-46]
Birds 141 2151 6354.5 + 318.2 34 [32-36]
Ungulates | 13 421 931.5 + 81.2 45 [42-49]
Bats 20 341 734.0+72.3 46 [42-51]
Primates 48 2767 5604.6 + 192.1 49 [48-51]
Elephant 1 209 3155+ 28.9 66 [61-73]

Structure of the tree-frugivore network: blocks and interaction probability

The latent block model found the best block combination with 14 tree blocks and 14 frugivore blocks
(Fig.2). Most species were attributed with high certainty to their respective blocks, with 95% of
frugivores and tree species having a probability higher than 0.8 of belonging to their block (Fig. S2.5).

The number of species within each block was highly variable. In particular, one block of
frugivores and one block of trees, respectively named F14 and T14, encompassed a much higher number
of species than the others: respectively, 105 and 427 species or 37% and 55% of the total number of
species. The remaining 13 frugivore and tree blocks contained 4 to 33 species (mean = 14.6) and 12 to
84 species (mean = 40), respectively.

The probabilities of interactions between species of frugivore and tree blocks estimated by the
latent block model were typically low (Fig. S2.6). Only 11% of the interactions had a probability higher
than 0.5, while 63 % had a probability lower than 0.1 (Fig. 2). The richest blocks F14 and T14 had
probabilities of interactions lower than 0.1 with any other block, except for the interactions between T14
and F2 that reached 0.15 (Fig. 2). This low probability to interact with the other blocks was likely due
to a lack of information regarding the interactions of their respective species. Indeed, while the average
number of bibliographic sources per species and per block was 39.36 for tree blocks and 109.57 for
frugivore blocks, this number was minimal for the blocks T14 and F14, with on average 2.70 and 3.07

bibliographic sources per species, respectively.
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AE: eastern Africa, AW: western Africa. The blocks represented by stars had an over-representation of threaten

species, showed by a chi-square test.
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Determinants of the species composition of tree and frugivore blocks

For both tree and frugivore blocks, the Random Forest model that best predicted the block of tree species
included all traits, taxonomy, distribution area and sampling effort variables. These models had a 58%
and 56% accuracy respectively for tree and frugivore blocks indicating that nearly 60% of species were
correctly assigned to their block with this set of predictors. To investigate the contribution of the
predictor, we looked at the variable importance that quantify how much the performance of the
classification rely on the different variables included in the model (Fig 3). For frugivores, the predictor
with the highest importance were the body mass of the species, followed by the sampling effort, and
subsequently by the distribution area and the taxonomic groups of frugivore (Fig 3a). The correlation
between frugivore body mass and sampling effort suggests that part of the block structure may be related
to the higher sampling effort on large frugivores (Fig S2.7). Turning to tree blocks, the pattern was
different, with the sampling effort on tree species having the highest variable importance by far,
suggesting that we still miss many data to elucidate fully the structure of afro-tropical frugivory network.
Then a set of four tree traits including fruit and seed sizes, followed by taxonomic order, distribution

area and seed number (Fig 3b).
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Figure 9. Results of random forest models illustrating the relative importance of different model variables
(measured by the mean decrease of Gini coefficient) in predicting the assignment of species to their blocks. The
greater the average decrease in the Gini coefficient, the more the associated variable contributes to predicting the
assignment of species in their block. (a) frugivores species and (b) trees species. Note: Nb studies = number of

studies; Geo. area = biogeographical regions.

We further illustrated the relatively high variable importance of fruit and seed size using a PCA
(Fig. 4 & S2.8). Five blocks tended to have distinct traits values, the blocks T2, T3, T4, T7, T10, and
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T11. The blocks T2 and T3 had, on average, larger seeds and fruits, and also larger trees than most of
the other blocks. The blocks T4, T7, T10 and T11 had, on average, smaller fruits and seeds, but while
T7 was composed of smaller trees T4 and T11 have larger trees (Fig. 4; Fig S2. 8). Blocks T1, T4, T5
and T6 had, on average, larger trees. The second dimension of the PCA, driven by the number of seeds
and wood density, was not discriminating strongly the various blocks (Fig S2.8).

Dimension 3 - Tree size (12.89%)

-2.0

-2.5 0 25 5.0
Dimension 1 - Fruit and seed size (38.26%)

Figure 10. Representation of the species through the first and third axes of the PCA on tree traits, regarding their
blocks. The first axis (Dimension 1) is driven by the size of fruits and seeds, while the third axis (Dimension 3)
differentiates small and large trees (see Fig S2.1). The ellipses are confidence ellipses representing the mean value
of the block around the barycentre. Blocks are represented by different colours.

Despite a rather low variable importance of taxonomy for both tree and frugivore blocks, there
was some taxonomic clustering within blocks, with some blocks presenting a high proportion of one or
two taxonomic groups of trees or frugivores (Fig 2). For frugivore blocks, blocks F1, F2, F3, F6, and F9
were mostly composed of primates, blocks F4, F7, F8, F11, F12, and F14 were mostly composed of
birds, and blocks F5 and F13 ungulates and rodents, whereas the block F10 was mostly composed of
bats and primates (Fig. 2). For the tree blocks, block T1 was mostly composed of Magnoliales, whereas
blocks T4 and T6 had the highest proportion of Rosales trees (Fig. 2).

Similarly, some blocks tended to group species according to their distribution areas (Fig 2). For
frugivore blocks, the blocks F1, F2, F5, and F6 had a high proportion of species from Central Africa.
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The block F3 had a high proportion of species from East Africa, with the blocks F11 and F12 that also
had species widespread in all three regions. Blocks F9 and F10 were mostly composed of species from
West Africa. Blocks F7, F8, and F14 had a high proportion of species widespread across all three regions
(Fig. 2). Trees with wide distributions covering all three regions were present in all blocks in high
proportion. In the block T3 and T8, a high proportion of species were from central Africa, with some
species also present in Central and West Africa. Blocks T10 and T11 had a high proportion of species
from East Africa (Fig 2).

Determinants of the connectedness of blocks

The connectedness of blocks, measured as the sum of the probabilities that species from a block have to
interact with species from all other blocks, was for frugivores only related to the mean number of
publication per species (p=0.002; Table S2.9; Fig. 5), and not to the mean body mass of frugivores
(Table S2.2). For tree blocks, we found that block connectedness was positively related to the third
dimension of the PCA, related to tree size (p=0.002; Table S2.9; Fig 5), but the other dimensions as well
as the number of publication by species had no significant effect (Table S2.2). Suggesting that larger
tree species tend to be food resources of most frugivore species.
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Figure 11. Relationships between sums of probabilities of blocks and the number of study by species by blocks:
(a) mean number of study by frugivore species inside frugivore blocks, (b) mean number of study by tree species

inside tree blocks.

Determinants of the probability of interaction between blocks couples

We found that the probability of interaction between tree and frugivore block couples was related to the
statistical interaction between the mean value of the dimension 1 of the PCA - representing the size of
fruits and seeds of trees — over the species of the tree block and the mean body mass of the species of

the frugivore block (Table S2.10). This indicated that while the probability to interact with small fruits
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and seeds was not affected by the mean body mass of the frugivore blocks, the probability to interact
with larger fruit and seed increased with the mean body mass of the frugivore blocks (Fig. 6a). We also
found a negative relationship between the probability of interactions between block couples and the
statistical interaction between the mean value of dimension 3 of the PCA over the species of the tree
block and the mean body mass of the species of frugivore blocks. This indicated that small trees had
higher probability of interaction with larger frugivores, while large trees had similar probability of
interactions with small and large frugivores (Fig 6b). As expected, the higher was the mean distribution
overlap among the species between block couples, the higher was the probability for them to interact
(Table S2.10). The mean number of studies per species and per block of trees and frugivores were also
positively related to the probability of interactions between block couples, suggesting that blocks with
well-studied species had higher probability of interactions with each other. We also found a significant
positive relationship with the mean body mass of frugivore blocks, suggesting that blocks containing
large frugivores had higher probabilities of interactions with tree blocks (Fig S2. 11). We found a
negative relationship with the dimensions 1 and 2 of the PCA on tree traits and a positive relationship
with the dimension 3 (Fig S2.11). This indicates that blocks containing trees with smaller seeds and
fruits — dimension 1 — had higher probability of interactions with frugivore blocks, as well as blocks
with trees with high wood density and low number of seeds — dimension 2 — and blocks with taller tree
species — dimension 3.

Overall, these results suggests that the structure of the network depends on the spatial
distribution of species but also on species traits such as fruit and seed size and frugivore body mass
making the imprint of trait matching visible in the block structure of the network.
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Figure 12. The relationship between the probability (logit) of interactions between blocks, and biological traits of
tree and frugivore species. (a) How the mean seed size and fruit size of trees (represented by the dimension 1 of
the PCA) and the mean body mass of frugivores affect the probability of interaction among blocks. (b) How the
size of trees (represented by the dimension 3 of the PCA) and the mean body mass of frugivores affect the
probability of interaction among blocks. Each point represents one of the interactions between one frugivore and
one tree block. The colour of the point indicates the mean body mass of the frugivores, from dark blue for large
frugivore to red for small frugivores. Blue and red lines represent fitted values for a mean frugivore body mass of

11.71 and 3.61, respectively.

DISCUSSION

We provide here an assessment of current knowledge on frugivory interactions between trees and
frugivores in Afrotropical forest. Our analysis of available data as an interaction network using the latent
block model approach allowed us to highlight blocks for both frugivores and trees, i.e., groups of species
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with similar patterns of interaction, and further showed that these blocks likely result from multiple non-

exclusive processes.

The random forest analysis revealed that an important part of the block structure identified by
the latent block model was related to variation in sampling effort among species. This was particularly
evident for one block of frugivore and one block of trees that grouped together species that were little
present in the publications originating the dataset. These two blocks are therefore more related to the
absence of data rather than to the actual structure of the network. Importantly, these two blocks were the
ones including the highest number of species, highlighting that we still miss data on the interactions of
many species to fully uncover the structure of Afrotropical frugivory network (Gonzalez-Varo and
Traveset, 2016). The sampling completeness of our dataset was indeed moderate and varied substantially
among vertebrate groups, with large frugivores reaching higher sampling completeness. However, even
for primates, a very well-studied group, only half of the interactions were known. Thus, despite a large
effort, the network was under-sampled and biased to larger vertebrates. There is comparatively little
data on small birds, bats, rodents, and carnivores, although they can contribute significantly to seed
dispersal (Seltzer et al., 2013; Carreira et al., 2020; Godinez-Alvarez et al., 2020). To gain a deeper
understanding of these networks, the bias towards large-charismatic vertebrates should be compensated
by additional sampling on lesser-known species and by tree-centred studies with systematic day and
night observations of fruit eaters.

Species traits, in particular those related to frugivory interactions, such as body mass for
frugivore or seed and fruit length for trees, also had high importance, that was expected from extended
studies on frugivory interactions mostly outside Afrotropical forests (Donatti et al., 2011; Bender et al.,
2018; Ong et al., 2022). The structure highlighted by the latent block model further stresses the
functional aspects of frugivory, making this approach very relevant to study networks of ecological
interactions (Bar-Hen et al., 2018). Interestingly, the variable importance of such traits was higher than
the ones of taxonomic groups or distribution areas. This suggests first that despite known phylogenetic
signal in frugivory interactions (Gautier-Hion et al., 1985; Donatti et al., 2011) these traits might not be
fully conserved and that some convergences might be present, or at least that these traits contain more
information on frugivory interactions than the taxonomic levels we used in our analysis. Also, it suggests
that despite the large area covered by our data the species composition of the blocks we identified was

more related to species traits than an imprint of the spatial distribution of species.

For frugivores, the mean body mass differed among blocks, and while it seems positively related
to block connectedness, the literature bias toward these large frugivore species involved in this pattern,
did not allow us to confirm what was showed in previous studies (Donatti et al., 2011). For trees, their
height as well as fruit and seed length differed among blocks, but trees height only was positively related

to block connectedness. The absence of relationships between block connectedness and fruit or seed

55



Chapter 1

length was unexpected as a negative relationship was found in Asian forests (Kitamura et al., 2002). The
increase in block connectedness with tree height indicating blocks with tall trees were the more
generalists also fit with previous findings showing that some frugivores, like birds and bats, prefer taller
trees (Duncan and Chapman, 1999), a trait often associated with late successional canopy species that
primarily interact with generalist species (Schleuning et al., 2011).

Looking at the probability of interactions among blocks, we found that they were related to the
overlap in distribution area of species between block couples. This was expected as species with non-
overlapping distribution areas cannot interact. We also found that the match in the functional traits of
species between block couples had a great importance, with large-bodied frugivores interacting with a
large spectrum of fruits and seed size and yet being the main disperser of large-seeded fruits. Such
relationships between network structure and traits compatibility between frugivores and fruits and seeds
of trees had already been highlighted in the forests of Gabon (Gautier-Hion et al. 1985); for African
primates and hornbills (Poulsen et al., 2001, 2002); and in other tropical forests (Donatti et al., 2011,
Hawes and Peres, 2014), and is compatible with a nested structure (Balcomb and Chapman, 2003; Vidal
etal., 2013).

The blocks identified by the latent block model can further be interpreted in term of functional
redundancy. As species within blocks share similar pattern of interactions, blocks grouping many
species may be considered as having a high redundancy. Trees inside blocks share similar frugivores,
while frugivores of the same blocks feed on similar tree species. Therefore, the loss of one tree or
frugivore species inside a block may have its ecological role substituted by another species in the block.
On the contrary, blocks with few species and therefore low redundancy, or blocks grouping many
threaten species might require particular conservation attention. This may be the case for three frugivore
blocks with a high proportion of ungulates, monkeys, or bats species that are globally threatened and
vulnerable to hunting (Osuri et al., 2020). Similarly, for the block F1 that was composed of the
Endangered or Critically Endangered species, mostly apes (Vidal et al., 2014), the loss of this entire
block could leads to the decline of tree and frugivore species by weakening the frugivore network, and
this even before extinctions occur (Valiente-Banuet et al., 2015). For example, in south-eastern Nigeria
a reduction in Endangered megafauna, like gorillas and chimpanzees, negatively impacted recruitment
of dependent tree species, many of which were large-seeded species (Effiom et al., 2013). In
Afrotropical forests where large megafauna are rapidly declining, due to hunting and logging, negative
consequences on seed dispersal and thereby tree recruitment have been predicted by several studies (e.g.
Vanthomme et al., 2010; Abernethy et al., 2013; Beaune et al., 2013).

Here, our large-scale study revealed that biological traits of both animals and plants played
important roles in the network structure. In the future, our understanding of this network would be

enhanced by more information on the role frugivores play in seed dispersal, particularly of poorly
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studied groups, such small birds, bats, rodents, and carnivores. With this information, it would be
possible to improve our predictions of structural changes that will result from defaunation and

deforestation and, at the same time, improve future conservation strategies.

ACKNOWLEDGEMENTS

The authors thank Vincent Porcher for his help in data representation, Etienne Akomo-Okoue and
Ghislain W. Ebang Ella, resarchers from the Institut de Recherches en Ecologie Tropicale (IRET) in
Libreville for helpful discussion. The research project was supported by the Agence Universitaire de la
Francophonie (AUF). Colin Chapman was supported by the Wilson Foundation while working on this

project.

AUTHORS CONTRIBUTION

Frangois Bretagnolle conceived the study, Colin Fontaine, and Clementine Durand-Bessart took part in designing the
study. Clementine Durand-Bessart and Colin Fontaine performed data analysis. Frangois Bretagnolle assembled
the dataset. Clementine Durand-Bessart wrote the first draft of the manuscript, and all authors contributed

substantially to the ideas and writing of the manuscript.

DATA ACCESSIBILITY STATEMENT

Should the manuscript be accepted, the data supporting the results will be archived in an appropriate

public repository.

57



Chapter 1

REFERENCES

Abernethy, K.A., Coad, L., Taylor, G., Lee, M.E., Maisels, F., 2013. Extent and ecological consequences
of hunting in Central African rainforests in the twenty-first century. Philosophical Transactions
of the Royal Society B: Biological Sciences 368, 20120303-20120303.
https://doi.org/10.1098/rstb.2012.0303

Almeida-Neto, M., Guimarées, P., Guimaraes Jr, P.R., Loyola, R.D., Ulrich, W., 2008. A consistent
metric for nestedness analysis in ecological systems: reconciling concept and measurement.
Oikos 117, 1227-1239. https://doi.org/10.1111/j.0030-1299.2008.16644.x

Araujo, A.C., Martin Gonzélez, A.M., Sandel, B., Maruyama, P.K., Fischer, E., Vizentin-Bugoni, J., de
Araujo, F.P., Coelho, A.G., Faria, R.R., Kohler, G., Las-Casas, F.M.G., Lopes, A.V., Machado,
A.O., Machado, C.G., Machado, I.C., McGuire, J.A., Moura, A.C., Oliveira, G.M., Oliveira,
P.E., Rocca, M.A., Rodrigues, L. da C., Rodrigues, M., Rui, A.M., Sazima, I., Sazima, M.,
Varassin, 1.G., Wang, Z., Dalsgaard, B., Svenning, J.-C., 2018. Spatial distance and climate
determine modularity in a cross-biomes plant-hummingbird interaction network in Brazil.
Journal of Biogeography 45, 1846-1858. https://doi.org/10.1111/jbi.13367

Archer, KJ., Kimes, R.V., 2008. Empirical characterization of random forest variable importance
measures.  Computational ~ Statistics &  Data  Analysis 52,  2249-2260.
https://doi.org/10.1016/j.csda.2007.08.015

Balcomb, S.R., Chapman, C.A., 2003. Bridging the Gap: Influence of Seed Deposition on Seedling
Recruitment in a Primate—Tree Interaction. Ecological Monographs 73, 625-642.
https://doi.org/10.1890/02-4036

Bar-Hen, A., Barbillon, P., Donnet, S., 2018. Block models for multipartite networks.Applications in
ecology and ethnobiology.

Barton, K., 2019. R package MuMIn: model selection and model averaging based on information criteria
(AICc and alike).

Bascompte, J., Jordano, P., 2007. Plant-Animal Mutualistic Networks: The Architecture of Biodiversity.
Annual Review of Ecology, Evolution, and Systematics 38, 567-593.
https://doi.org/10.1146/annurev.ecolsys.38.091206.095818

Bascompte, J., Jordano, P., Melian, C.J., Olesen, J.M., 2003. The nested assembly of plant—animal
mutualistic networks. PNAS 100, 9383-9387. https://doi.org/10.1073/pnas.1633576100

Beaune, D., Bretagnolle, F., Bollache, L., Hohmann, G., Surbeck, M., Fruth, B., 2013. Seed dispersal
strategies and the threat of defaunation in a Congo forest. Biodivers Conserv 22, 225-238.
https://doi.org/10.1007/s10531-012-0416-x

Bender, LM.A., Kissling, W.D., Blendinger, P.G., Bohning-Gaese, K., Hensen, 1., Kiihn, 1., Mufoz,
M.C., Neuschulz, E.L., Nowak, L., Quitidn, M., Saavedra, F., Santillan, V., Topfer, T.,
Wiegand, T., Dehling, D.M., Schleuning, M., 2018. Morphological trait matching shapes plant—
frugivore networks across the Andes. Ecography 41, 1910-19109.
https://doi.org/10.1111/ecog.03396

Berzaghi, F., Verbeeck, H., Nielsen, M.R., Doughty, C.E., Bretagnolle, F., Marchetti, M., Scarascia-
Mugnozza, G., 2018. Assessing the role of megafauna in tropical forest ecosystems and
biogeochemical cycles — the potential of vegetation models. Ecography 41, 1934-1954.
https://doi.org/10.1111/ecog.03309

Bush, E.R., Whytock, R.C., Bahaa-el-din, L., Bourgeois, S., Bunnefeld, N., Cardoso, A.W.,
Dikangadissi, J.T., Dimbonda, P., Dimoto, E., Ndong, J.E., Jeffery, K.J., Lehmann, D., Makaga,
L., Momboua, B., Momont, L.R.W., Tutin, C.E.G., White, L.J.T., Whittaker, A., Abernethy, K.,
2020. Long-term collapse in fruit availability threatens Central African forest megafauna.
Science 370, 1219-1222. https://doi.org/10.1126/science.abc7791

Carreira, D.C., Déttilo, W., Bruno, D.L., Percequillo, A.R., Ferraz, K.M.P.M.B., Galetti, M., 2020.
Small vertebrates are key elements in the frugivory networks of a hyperdiverse tropical forest.
Scientific Reports 10, 10594. https://doi.org/10.1038/s41598-020-67326-6

Chao, A., Colwell, R.K., Lin, C.-W., Gotelli, N.J., 2009. Sufficient sampling for asymptotic minimum
species richness estimators. Ecology 90, 1125-1133. https://doi.org/10.1890/07-2147.1

58



Chapter 1

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G., Zanne, A.E., 2009. Towards a worldwide
wood economics spectrum. Ecology Letters 351-366. https://doi.org/10.1111/j.1461-
0248.2009.01285.x@10.1111/(1SSN)1461-0248.conservation-management-forests

Coelho, M.T.P., Rangel, T.F., 2018. Neutral Community Dynamics and the Evolution of Species
Interactions. The American Naturalist 191, 421-434. https://doi.org/10.1086/696216

Costa, J.M., da Silva, L.P., Ramos, J.A., Heleno, R.H., 2016. Sampling completeness in seed dispersal
networks: When enough is enough. Basic and Applied Ecology 17, 155-164.
https://doi.org/10.1016/j.baae.2015.09.008

de Almeida, A. de, Mikich, S.B., 2018. Combining plant—frugivore networks for describing the structure
of neotropical communities. Oikos 127, 184-197. https://doi.org/10.1111/0ik.04774

de Manincor, N., Hautekeete, N., Mazoyer, C., Moreau, P., Piquot, Y., Schatz, B., Schmitt, E., Zélazny,
M., Massol, F., 2020. How biased is our perception of plant-pollinator networks? A comparison
of visit- and pollen-based representations of the same networks. Acta Oecologica 105, 103551.
https://doi.org/10.1016/j.acta0.2020.103551

De’ath, G., Fabricius, K.E., 2000. Classification and Regression Trees: A Powerful yet Simple
Technique for Ecological Data Analysis. Ecology 81, 3178-3192. https://doi.org/10.1890/0012-
9658(2000)081[3178:CARTAP]2.0.CO;2

Dehling, D.M., Jordano, P., Schaefer, H.M., Béhning-Gaese, K., Schleuning, M., 2016. Morphology
predicts species’ functional roles and their degree of specialization in plant—frugivore
interactions. Proceedings of the Royal Society B: Biological Sciences 283, 20152444,
https://doi.org/10.1098/rspb.2015.2444

Donatti, C.I., Guimaraes, P.R., Galetti, M., Pizo, M.A., Marquitti, F.M.D., Dirzo, R., 2011. Analysis of
a hyper-diverse seed dispersal network: modularity and underlying mechanisms. Ecology
Letters 14, 773-781. https://doi.org/10.1111/j.1461-0248.2011.01639.x

Droissart, V., Dauby, G., Hardy, O.J., Deblauwe, V., Harris, D.J., Janssens, S., Mackinder, B.A., Blach-
Overgaard, A., Sonké, B., Sosef, M.S.M., Stévart, T., Svenning, J.-C., Wieringa, J.J., Couvreur,
T.L.P., 2018. Beyond trees: Biogeographical regionalization of tropical Africa. Journal of
Biogeography 45, 1153-1167. https://doi.org/10.1111/jbi.13190

Dugger, P.J., Blendinger, P.G., Bohning-Gaese, K., Chama, L., Correia, M., Dehling, D.M., Emer, C.,
Farwig, N., Fricke, E.C., Galetti, M., Garcia, D., Grass, I., Heleno, R., Jacomassa, F.A.F.,
Moraes, S., Moran, C., Mufioz, M.C., Neuschulz, E.L., Nowak, L., Piratelli, A., Pizo, M.A.,
Quitian, M., Rogers, H.S., Ruggera, R.A., Saavedra, F., Sanchez, M.S., Sanchez, R., Santillan,
V., Schabo, D.G., Silva, F.R. da, Timoéteo, S., Traveset, A., Vollstadt, M.G.R., Schleuning, M.,
2019. Seed-dispersal networks are more specialized in the Neotropics than in the Afrotropics.
Global Ecology and Biogeography 28, 248-261. https://doi.org/10.1111/geb.12833

Duncan, R.S., Chapman, C.A., 1999. Seed Dispersal and Potential Forest Succession in Abandoned
Agriculture  in Tropical  Africa.  Ecological  Applications 9,  998-1008.
https://doi.org/10.1890/1051-0761(1999)009[0998:SDAPFS]2.0.CO;2

Effiom, E.O., Nufiez-Iturri, G., Smith, H.G., Ottosson, U., Olsson, O., 2013. Bushmeat hunting changes
regeneration of African rainforests. Proceedings of the Royal Society B: Biological Sciences
280, 20130246. https://doi.org/10.1098/rspb.2013.0246

Forget, P.M., Dennis, A.J., Mazer, S.J., Jansen, P.A., Kitamura, S., Lambert, J.E., Westcott, D.A., 2007.
Seed allometry and disperser assemblages in tropical rain forests: a comparison of four floras
on different continents. Seed dispersal: theory and its application in a changing world 5-36.

Fox, E.W., Hill, R.A., Leibowitz, S.G., Olsen, A.R., Thornbrugh, D.J., Weber, M.H., 2017. Assessing
the accuracy and stability of variable selection methods for random forest modeling in ecology.
Environ Monit Assess 189, 316. https://doi.org/10.1007/s10661-017-6025-0

Galetti, M., Donatti, C.1., Pires, A.S., Guimarées, P., Jordano, P., 2006. Seed survival and dispersal of
an endemic Atlantic forest palm: the combined effects of defaunation and forest fragmentation.
Botanical Journal of the Linnean Society 151, 141-149. https://doi.org/10.1111/j.1095-
8339.2006.00529.x

Galetti, M., Moleon, M., Jordano, P., Pires, M.M., Guimar&es, P.R., Pape, T., Nichols, E., Hansen, D.,
Olesen, J.M., Munk, M., Mattos, J.S. de, Schweiger, A.H., Owen-Smith, N., Johnson, C.N.,
Marquis, R.J., Svenning, J.-C., 2018. Ecological and evolutionary legacy of megafauna
extinctions. Biological Reviews 93, 845-862. https://doi.org/10.1111/brv.12374

59



Chapter 1

Gautier-Hion, A., Duplantier, J.-M., Quris, R., Feer, F., Sourd, C., Decoux, J.-P., Dubost, G., Emmons,
L., Erard, C., Hecketsweiler, P., Moungazi, A., Roussilhon, C., Thiollay, J.-M., 1985. Fruit
characters as a basis of fruit choice and seed dispersal in a tropical forest vertebrate community.
Oecologia 65, 324-337. https://doi.org/10.1007/BF00378906

Godinez-Alvarez, H., Rios-Casanova, L., Peco, B., 2020. Are large frugivorous birds better seed
dispersers than medium- and small-sized ones? Effect of body mass on seed dispersal
effectiveness. Ecology and Evolution 10, 6136-6143. https://doi.org/10.1002/ece3.6285

Gonzélez-Varo, J.P., Traveset, A., 2016. The Labile Limits of Forbidden Interactions. Trends in Ecology
& Evolution 31, 700-710. https://doi.org/10.1016/j.tree.2016.06.009

Hawes, J.E., Peres, C.A., 2014. Fruit—frugivore interactions in Amazonian seasonally flooded and
unflooded forests. Journal of Tropical Ecology 30, 381-399.
https://doi.org/10.1017/S0266467414000261

Husson, F., Josse, J., Le, S., Mazet, J., 2018. FactoMineR: Multivariate Exploratory Data Analysis and
Data Mining.

Jordano, P., Bascompte, J., Olesen, J.M., 2003. Invariant properties in coevolutionary networks of plant—
animal interactions. Ecology Letters 6, 69-81. https://doi.org/10.1046/j.1461-
0248.2003.00403.x

Kitamura, S., Yumoto, T., Poonswad, P., Chuailua, P., Plongmai, K., Maruhashi, T., Noma, N., 2002.
Interactions between fleshy fruits and frugivores in a tropical seasonal forest in Thailand.
Oecologia 133, 559-572. https://doi.org/10.1007/s00442-002-1073-7

Leger, J.-B., 2016. Blockmodels: A R-package for estimating in Latent Block Model and Stochastic
Block Model, with various probability functions, with or without covariates. arXiv:1602.07587
[stat].

Leger, J.-B., Daudin, J.-J., Vacher, C., 2015. Clustering methods differ in their ability to detect patterns
in ecological networks. Methods in Ecology and Evolution 6, 474-481.
https://doi.org/10.1111/2041-210X.12334

Liaw, A., Wiener, M., 2002. Classification and Regression by randomForest. R news 18-22.

Loh, W.-Y., 2014. Fifty Years of Classification and Regression Trees. International Statistical Review
82, 329-348. https://doi.org/10.1111/insr.12016

Malhi, Y., Doughty, C.E., Galetti, M., Smith, F.A., Svenning, J.-C., Terborgh, J.W., 2016. Megafauna
and ecosystem function from the Pleistocene to the Anthropocene. Proceedings of the National
Academy of Sciences 113, 838-846. https://doi.org/10.1073/pnas.1502540113

Markl, J.S., Schleuning, M., Forget, P.M., Jordano, P., Lambert, J.E., Traveset, A., Wright, S.J.,
Bo6hning-Gaese, K., 2012. Meta-Analysis of the Effects of Human Disturbance on Seed
Dispersal by Animals. Conservation Biology 26, 1072-1081. https://doi.org/10.1111/j.1523-
1739.2012.01927.x

Newman, M.E.J., 2016. Equivalence between modularity optimization and maximum likelihood
methods for community detection. Phys. Rev. E 94, 052315.
https://doi.org/10.1103/PhysRevE.94.052315

Olesen, J.M., Bascompte, J., Dupont, Y.L., Jordano, P., 2007. The modularity of pollination networks.
PNAS 104, 19891-19896. https://doi.org/10.1073/pnas.0706375104

Ong, L., McConkey, K.R., Campos-Arceiz, A., 2022. The ability to disperse large seeds, rather than
body mass alone, defines the importance of animals in a hyper-diverse seed dispersal network.
Journal of Ecology 110, 313-326. https://doi.org/10.1111/1365-2745.13809

Osuri, A.M., Mendiratta, U., Naniwadekar, R., Varma, V., Naeem, S., 2020. Hunting and Forest
Modification Have Distinct Defaunation Impacts on Tropical Mammals and Birds. Front. For.
Glob. Change 2. https://doi.org/10.3389/ffgc.2019.00087

Poulsen, J.R., Clark, C.J., Connor, E.F., Smith, T.B., 2002. Differential Resource Use by Primates and
Hornbills: Implications for Seed Dispersal. Ecology 83, 228-240. https://doi.org/10.1890/0012-
9658(2002)083[0228:DRUBPA]2.0.CO;2

Poulsen, J.R., Clark, C.J., Smith, T.B., 2001. Seed dispersal by a diurnal primate community in the Dja
Reserve, Cameroon. Journal of Tropical Ecology 17, 787-808.
https://doi.org/10.1017/S0266467401001602

60



Chapter 1

Réjou-Méchain, M., Tanguy, A., Piponiot, C., Chave, J., Hérault, B., 2017. biomass: an r package for
estimating above-ground biomass and its uncertainty in tropical forests. Methods in Ecology
and Evolution 8, 1163-1167. https://doi.org/10.1111/2041-210X.12753

Ronce, O., Clobert, J., 2012. Dispersal syndromes, in: Dispersal Ecology and Evolution. Oxford
University Press, pp. 119-138.

Schleuning, M., Bluthgen, N., Flérchinger, M., Braun, J., Schaefer, H.M., Bohning-Gaese, K., 2011.
Specialization and interaction strength in a tropical plant—frugivore network differ among forest
strata. Ecology 92, 26—-36. https://doi.org/10.1890/09-1842.1

Seltzer, C.E., Ndangalasi, H.J., Cordeiro, N.J., 2013. Seed Dispersal in the Dark: Shedding Light on the
Role of Fruit Bats in Africa. Biotropica 45, 450-456. https://doi.org/10.1111/btp.12029

Terborgh, J., Davenport, L.C., Niangadouma, R., Dimoto, E., Mouandza, J.C., Schultz, O., Jaen, M.R.,
2016. The African rainforest: odd man out or megafaunal landscape? African and Amazonian
forests compared. Ecography 39, 187-193. https://doi.org/10.1111/ecog.01643

Thebault, E., Fontaine, C., 2010. Stability of Ecological Communities and the Architecture of
Mutualistic and Trophic Networks. Science 329, 853-856.
https://doi.org/10.1126/science.1188321

Trolliet, F., Bauman, D., Forget, P.-M., Doucet, J.-L., Gillet, J.-F., Hambuckers, A., 2019. How
complementary are large frugivores for tree seedling recruitment? A case study in the Congo
Basin. Journal of Tropical Ecology 35, 223-236. https://doi.org/10.1017/S026646741900018X

Tylianakis, J.M., Tscharntke, T., Lewis, O.T., 2007. Habitat modification alters the structure of tropical
host—parasitoid food webs. Nature 445, 202—-205. https://doi.org/10.1038/nature05429

Valdovinos, F.S., 2019. Mutualistic networks: moving closer to a predictive theory. Ecology Letters 22,
1517-1534. https://doi.org/10.1111/ele.13279

Valenta, K., Nevo, O., 2020. The dispersal syndrome hypothesis: How animals shaped fruit traits, and
how they did not. Functional Ecology 34, 1158-11609. https://doi.org/10.1111/1365-2435.13564

Valiente-Banuet, A., Aizen, M.A., Alcantara, J.M., Arroyo, J., Cocucci, A., Galetti, M., Garcia, M.B.,
Garcia, D., Gémez, J.M., Jordano, P., Medel, R., Navarro, L., Obeso, J.R., Oviedo, R., Ramirez,
N., Rey, P.J., Traveset, A., Verd(, M., Zamora, R., 2015. Beyond species loss: the extinction of
ecological interactions in a changing world. Functional Ecology 29, 299-307.
https://doi.org/10.1111/1365-2435.12356

Vanthomme, H., Bellé, B., Forget, P.-M., 2010. Bushmeat Hunting Alters Recruitment of Large-seeded
Plant Species in Central Africa. Biotropica 42, 672-679. https://doi.org/10.1111/j.1744-
7429.2010.00630.x

Vazquez, D.P., Blithgen, N., Cagnolo, L., Chacoff, N.P., 2009a. Uniting pattern and process in plant—
animal mutualistic networks: a review. Annals of Botany 103, 1445-1457.
https://doi.org/10.1093/aob/mcp057

Vazquez, D.P., Chacoff, N.P., Cagnolo, L., 2009b. Evaluating multiple determinants of the structure of
plant—-animal mutualistic networks. Ecology 90, 2039-2046. https://doi.org/10.1890/08-1837.1

Vidal, M.M., Hasui, E., Pizo, M.A., Tamashiro, J.Y., Silva, W.R., Guimaraes, P.R., 2014. Frugivores at
higher risk of extinction are the key elements of a mutualistic network. Ecology 95, 3440-3447.
https://doi.org/10.1890/13-1584.1

Vidal, M.M., Pires, M.M., Guimaraes, P.R., 2013. Large vertebrates as the missing components of seed-
dispersal networks. Biological Conservation, Special Issue: Defaunation’s impact in terrestrial
tropical ecosystems 163, 42—48. https://doi.org/10.1016/j.biocon.2013.03.025

61



Chapter 1

APPENDIX 1

A Interaction network B Modularity approach C Latent block model approach

c Animal species Module 1 imal species Ani.block 1  Ani.block 2

9 Pla. block i

E " " 1 probability

[ = [] ] 1

g 8 3

S g a Pla. block 05

@ - 4

- g g 2 0

E [ o

a2 Pla. block Low

= 3 probability
Module 2

g [0 | |

2 Animal species Ani. block 1 Ani. block 2

©

g CLLLICITTITT]

¢ iy~ ™

[ s A

s ' I ,

g gy P :

)

2

3 Plant species Module 1 Module 2 Pla. block 1 Pla. block 2 Pla. block 3

Figure S1.1. Interactions between species from two levels — here plants and animals — represented in matrix form
(A) or network (D), and treated by two different analysis: modularity (B and E) and latent block model (C and F).
The modularity analysis, clustering species in module composed of plants and animals having dense connections
(B and E). The latent block model clusters species into blocks of two levels — here plants and animals separated -
according to their similar pattern of interactions, links between block are probability of interactions and illustrated

by different intensity of grey (C) or different thickness of lines (F).
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APPENDIX 2
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Figure S2.1. Representation of the three dimensions of the PCA, on traits of trees species. (a) The dimension 1 is
positively loaded to the seed and fruit size (length or width), the dimension 2 is positively loaded to the number of

seeds by fruits and negatively to the wood density of trees. (b) The dimension 3 is positively loaded to the tree size.
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Table S2.2. Results from the model selection from the relationship between the sum of probabilities by blocks and
species traits and number of study by blocks. For frugivore blocks, the covariates are mean body mass of frugivore
by blocks and the number of study y blocks. For tree blocks, the dimension 1, 2 and 3 of the PCA, respectively
representing the size of fruit and seeds, the seed number and wood density, and the tree size. The selection was

realised on AlCc from the dredge function in the MuMIN package.

Components Df logLik AlCc delta weight
Mean body mass (log) 3 -21.29 51.24 0.00 0.50
(NULL) 2 -23.18 5155  0.31 0.42
Mean body mass (log) + number of studies (log) 4 -20.97 54.94 3.70 0.08
Dim 3 3 -20.04 48.49 0.00 0.37
Number of studies 3 -20.43 49.27 0.78 0.25
Dim 2 + Number of studies 4 -19.01 50.46 1.97 0.14
Dim 3 + Number of studies 4 -19.45 51.35 2.86 0.09
Dim 2 + Dim 3 4 -19.80 52.05 3.56 0.06
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Table S2.3. Results from the model selection from the relationship between the probabilities of interaction between

tree and frugivore blocks, and the dimension 1, the dimension 2 and the dimension 3 from the PCA on tree traits,

and the proportion of overlapping areas between blocks, the number of study between blocks. With interaction

between the dimension 1, 2, 3, and the body mass of frugivores. The selection was realised on AlCc criteria with

the function dredge from the MuMIN package. The first five models fitted are presented here.

Variables Df  logLik AlCc delta  weight
Diml+ Dim2+ Dim3+ Bodymass+ overlapping + nb studies | 12 -349.61 72493 0 0.26

+ Dim1 x bodymass + Dim3 x bodymass

Dim2+ Dim3+ overlapping + nb studies 8 -354.91 726.60 1.67 0.11
Dim2+ Dim3+ Bodymass+ overlapping + nb studies 9 -353.82 726.61 1.68 0.11
Dim2+ Dim3+ Bodymass+ overlapping + nb studies + Dim3 | 10 -352.26 72746 253 0.07

X bodymass

Diml1+ Dim3+ Bodymass+ overlapping + nb studies + Dim1 | 11 ~ -352.26 727.96 3.03 0.06

X bodymass + Dim3 x bodymass
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Figure S2.4. The accumulation curves of frugivore species (A), tree species (B) and tree-frugivore interactions (C)

for the whole dataset. The estimated asymptotic of species or interactions richness based on the Chao 2 estimator

is represented by the black straight line with standard errors as black dashed lines.
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from the latent block model result. Higher is the probability, darker is the color.
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Figure S2.8. Representation of the species through the first and second axes of the PCA on tree traits,
regarding their blocks. The first axes is driven by the size of fruits and seeds, while the second axes
differentiate trees with numerous seeds and low wood density from seed with few seeds and high wood
density (see Fig S2.1). The ellipses are confidence ellipses representing the mean value of the block

around the barycentre. Blocks are represented by different colors.
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Table S2.9. Generalized linear model results for the relationship between i) sums of probabilities and mean
number of study by frugivore blocks; ii) sums of probabilities, and the dimension 3 representing tree size. P-values
<0.05 are in bold.

Effects Estimate Std.error DF Z value P>F
Intercept 0.10 0.32 / 0.33 0.741
Mean nb of study 0.07 0.02 13 3.19 0.002
Intercept 0.15 0.32 / 0.47 0.64

Dim 3 —tree size 1.27 0.41 13 3.08 0.002
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Table S2.10. The linear mixed-model regression results with the probability of interaction between tree and
frugivore blocks as the response variable and the average frugivore body mass per frugivore block, the average
seed length per tree block, the interaction between body mass and seed length, the proportion of species with
overlapping distribution between blocks, and the number of study between blocks as explanatory variables. The

response variable was logit transformed to fulfil the assumptions of linear mixed-effects model. P-values <0.05

are in bold.

Effects Sum sq NumDf DenDF F-value P>F

Dim 1 93.14 1 140.56 36.80 <0.001
Body mass (log) 75.99 1 20.42 30.02 <0.001
Dim 2 27.35 1 8.64 10.80 0.010
Dim 3 18.19 1 67.41 7.19 0.009
Distribution overlap (logit) 159.83 1 108.24 63.15 <0.001
Mean nb of study by frug blocks (log) 71.46 1 10.56 28.23 <0.001
Mean nb of study by tree blocks (log) 19.13 1 8.85 7.56 0.023
Dim 1 x Body mass (log) 83.45 1 164.36 32.97 <0.001
Dim 3 x Body mass (log) 12.93 1 164.35 511 0.025
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Figure S2.11. Relationships between the probability of interactions between tree and frugivore blocks, and (a) the
mean frugivores body mass, (b) the first dimension of the PCA, representing fruit and seed size, (c) the second
dimension of the PCA, representing seed number and wood density, (d) the third dimension of the PCA,
representing tree size, (€) the proportion of overlapping areas between blocks (logit), and (f) the mean number of
studies by frugivore species in frugivore blocks. The probability of interactions was logit transformed to fulfil the

assumptions of the linear mixed model.
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Traits composition of tree communities differ among floristic

types of Central African forests: relationship with frugivory

Small bird feeding on the rare Schummanniophyton hirsutum. Picture by Clementine Durand-Bessart.
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Context

Tropical forests are characterized by their high species richness regarding tree and animal species.
Abundance and distribution of tree species depend on abiotic — soil, precipitation, temperature — as
well as biotic factors such as seed dispersal. Tree-frugivore interactions influence the patterns of
abundance and distribution of trees species, due to the diversity of frugivores and their diverse seed
dispersal effectiveness due to the different feeding strategies, mobility, digestion-time, etc. Each
forest has different community traits due to the diversity of phenotype but also the abundance of the
different species inside the community. Then, tree communities could differ regarding frugivory traits
such as the composition of fruits types or the offer in particular fruits and seeds — small or large —

influencing directly interactions with frugivore species.

In this study, we proposed to analyse the tree assemblage of different forests types across Central
African forests, following Réjou-Méchain et al., (2021). We analysed the difference of fruits offering
regarding species richness and abundance of the different forests, and by linking this plants
community traits to the frugivory networks. Our study aims to describe the fruit offer of the different
forests types, taking into account the abundance of species inside these forests.

Key results

The community weighted traits values changed among the different floristic types, coherently with

the abundance and distribution profiles of fruits traits availability.

We observed a variation of tree traits following latitudinal and longitudinal gradients, with smaller

fruits and seeds in the Northern plots.

The different frugivore species had different offers in fruits in each forest, showing their flexibility

from frugivore in terms of the traits of fruits consumed.

The study also revealed that more frugivory studies occurred in three floristic types, mostly in

Gabonese forests. These results showed a geographic bias of studies.

This chapter is still ongoing, and a work in progress. In the future, we would like to explore more the

relationship between the different floristic type, and the frugivory network structure related.
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INTRODUCTION

Tree communities of tropical forests are characterized by their high species richness, with a low turnover
in composition (i.e. beta-diversity) among closely related communities (Condit et al., 2000; 2002). The
abundance and spatial distribution of species are intimately linked, with species having broader
environmental tolerances achieving higher local densities and having a wider distribution range (Gaston
and Kunin, 1997; Davidar et al., 2008). The heterogeneity of available environments have been
presented as one of the main factor influencing the organisation of plant communities in tropical forests
(Flores et al., 2006). However, some tree species expressed more spatially aggregated patterns at a local
scale, like rare species, as well as pioneer species (Condit et al., 2000; Réjou-Méchain et al., 2011).
Biotic interactions such as plant-animal mutualism have been recurrently advocated as key regulators
of spatial distribution (Wisz et al., 2013; Uriarte et al., 2018), with an influence, for example, of dispersal

process on patterns of abundance and distribution.

In tropical forests, dispersal mechanisms strongly affect diversity patterns of tree species and
their cluster size, ballistic and gravity dispersal producing the most aggregated clusters, followed by
wind, and finally animal dispersal (Seidler and Plotkin, 2006). However, in tropical forest communities,
endozoochory is the major mechanisms of seed dispersal since 60-90% of species are frugivore-
dependent for their seed dispersal (Howe, 1986; Beaudrot et al., 2013). This dispersal process has a
direct effect on the composition of plant communities, helping to reduce density-dependent mortality
(Janzen, 1970; Connell, 1971). Indeed, seeds and seedlings germinating and growing too close to the
mother tree or in conspecific assemblage have a higher mortality, due to over mortality resulting from
predators — eating seed or herbivores — pathogens, and also from competition (Johnson et al., 2012;
LaManna et al., 2017). Plant-frugivore interactions are governed by multiple factors, such as biological
traits, with the size of the jaw or beak of frugivores highly correlated with the size of the animal,
representing a limiting factors in the ingestion of seeds (Sivault et al., 2020). The spatial distribution of
species determines the possible interactions between species and the forbidden links (Olesen et al., 2011;
Gonzélez-Varo and Traveset, 2016), as well as temporal conditions such as phenology, are important
filter on possible frugivory interactions (Ramos-Robles et al., 2018). In this context, the probability to
interact between species also depends on the abundance of species, as local abundant species have an

increase chance to encounter a potential partners (Vazquez et al., 2007; Timoéteo et al., 2018).

Ecological communities of a given ecosystem have distinct traits compositions that influence
the different ecological processes (de Bello et al., 2010; Dias et al., 2013). Two main mechanisms were
proposed to explain traits effects on ecosystems functioning. First, the functional diversity effects that
look into the degree of dissimilarities in traits values between co-existing species, and so the non-
additive effects due to the complementarity of traits in communities (Petchey et al., 2004; Mouillot et

al., 2011; Dias et al., 2013). Second, the mass-ratio effects that integrate the abundance of species and
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expressed the traits of dominant species inside the community (Grime, 1998; Hector, 1998; Dias et al.,
2013). In mutualistic networks — mostly pollination — the functional diversity of plants — their phenotypic
differences — and their abundance — the mass ratio effect — is positively correlated with the richness of
pollinators and their visit frequency (Fontaine et al., 2005; Fornoff et al., 2017). In plant-frugivore
assemblages, the abundance and dominance of large fruits would be related with the presence of large
frugivore species, as they assure more of their dispersal (Donatti et al., 2011). However, the plant traits
composition has received less attention in frugivory assemblage, and studying the functional diversity
and traits composition of plant communities will bring insight to the dynamic of plant-frugivore

networks.

At different scales, the assemblage of plant and frugivore differ, creating different composition
of fruits or dispersers, and then different networks. In this study, we proposed to analyse the tree
assemblage of different forests types across Central African tropical forests, by looking into the
difference of fruits offering regarding species richness and abundance of the different forests, and by
linking this plants community traits to the frugivory networks. To achieve this analysis, we combined
two large dataset, one giving tree species abundance and distribution from forestry inventories in the
different forests types of Central African region, and one giving the actual knowledge of tree-frugivore
interactions coupled to tree and frugivore species traits from all over Afrotropical forests. Our study
aims to describe the fruit offer of the different forests types, taking into account the abundance of species
inside these forests. Fruits traits are linked to frugivory interactions, and we investigated the
relationships between each forest community, and local network of interactions between trees and

frugivores.

MATERIAL & METHODS
VEGETATION DATA

Forestry inventories were conducted all over the forests of Central Africa (Réjou-Méchain et al., 2021),
and transect data were aggregated in 10 x 10 km2 grid cells across the area, representing 1571 grid cells.
Each cell, included the composition and the relative abundance of each taxa — species or genus -
representing 193 taxa, with 96 taxa identified at the species level, while the other 97 taxa were identified

at the genus level.

The different floristic types were also extracted from the study of Réjou-Méchain et al. (2021),
defining ten types of forests, all over the Central African region (Fig 1). The floristic type were defined
following the difference in tree species composition, and abundance predicted by a model based on the
forestry inventories. The floristic types covered areas from 2220 km? to 26550 km?, for the type 5 and 7

respectively, and were illustrated by 8 to 283 inventory plots (Table S1). The floristic type 2 represented
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the coastal forests of Gabon, was not sampled by forestry inventory plots, and was not included in the
following analysis.

Floristic Types

11 - Atlantic highland EG

[ ] 2- Atlantic coastal EG

[ ] 3-Atlanticinland EG

[ 4-marginsD
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I 7- Central EG
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Figure 13. The different floristic types extracted from Réjou-Méchain et al (2021), as well as the floristic inventory

plots. The site of floristic study took place, is extracted from the frugivory database (Durand-Bessart et al. in prep
— Chapter 1).

FRUGIVORY INTERACTIONS DATA

The frugivory database was built from the compilation of 256 studies on frugivory interactions between
807 tree species and 285 vertebrate species, in all Afrotropical forests. The database recorded 10,547
interactions - one interaction being the consumption of the fruit of a given tree species by a given
vertebrate species, comprising 6022 unique interactions, i.e. an interaction between one species of tree

and one of frugivore, by removing duplicates, to avoid the redundancy and bias toward certain
interactions.

The frugivory database included tree and frugivore species Order and Family, as well as
biological traits and characteristics of each species. We derived species traits of trees and frugivores
from the different literature sources (Durand-Bessart et al, in prep). For frugivores, we recorded the
body mass (g). For tree species traits, we recorded fruit and seed dimensions (length and width in cm),
number of seeds per fruit, average height (m), and wood density (g.cm™3). The wood density values for
each tree species were obtained in R (R Core Team, 2021) with the function getWoodDensity from the
BIOMASS package (Réjou-Méchain et al., 2017) using data from Chave et al., (2009)
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STATISTICAL ANALYSIS

From the 193 taxa from the tree abundance dataset, 127 taxa were referenced, 56 at the species level and
71 at the genus level. For the 71 genus taxa, we aggregated the information on frugivory from the species
of the genus present in the dataset. We selected the taxa only present in Central African forests, and to

illustrate traits at the genus level we used the average traits of species.

Differences in the fruit offer among the floristic types

We tested the over-representation of tree Orders, in the different forests type, using Chi-square tests to
assess differences from random expectation. We took into account the relative abundance of species in
the different forests types.

We investigated the traits of the species inside the different forests types, and to avoid the
collinearity among trees variables, we ran a principal component analysis (PCA) (FactoMineR; Husson
et al., 2018). The variables used in the PCA are the seed length, fruit length, tree size, number of seeds
by fruit, and wood density. From this PCA, we used the first three dimensions, later name dimension 1,
dimension 2 and dimension 3 (Figure S1). The dimension 1 explained 31.56% of the variation, and had
a positive loading with the seed size, tree size and tree wood density. The dimension 2 explained 29.06%
of the variance and had a positive loading with the number of seed, and the fruit size. The dimension 3
explained 17.24% of the variation, and had a positive loading with wood density, but a negative loading
with tree size, differentiating species with low wood density and small size or from tall trees with high
density.

We used community weighted mean traits on the three dimension of the PCA, to study the
difference in fruits offering and tree traits among the different forests type. The community weighted
mean traits measure the average traits values of the community and shows the traits of dominant species,
by taking into account the relative abundance of species inside a plot or a community (Dias et al., 2013).
We firstly calculated the community weighted mean for each plot and used the mean value of plots for

each forests types.

To investigate the relationships between the traits of tree species by plot and forests types, we
used a linear model. The floristic types, the latitude and longitude of the plot were used as covariates,
while the community weighted mean traits values by plot of the dimension 1, dimension 2 and dimension
3 were used as response variables for the three different models. We performed Duncan post-hoc tests

for pairwise-comparisons between floristic types.
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Number of studies on frugivory interactions per floristic type

We related the study recording tree-frugivore interactions from the global frugivory database, to the
different forests types. We looked into the number of study by floristic types, the number of tree and
frugivore species involved, and the availability of interaction data among the different forests types,

regarding interaction with the different groups of frugivores.

Change in the fruit offer among the different floristic types for four examples of frugivore species

To test how the variations in tree abundance among floristic type may affect the availability of fruits for
frugivores, we selected four frugivores species for which we had enough interactions data with the tree
species targeted. We selected species coming from different taxonomic groups, with diverse body size,
to maximize potential differences in their diet. The selected species are the forest elephant (Loxodonta
cyclotis), the chimpanzee (Pan troglodytes troglodytes), a large bird (Ceratogymna atrata) and a small
bird (Hylopsar purpureus). From the interaction database, we extracted all interaction known for these

species, making one sub-network per species.

In order to calculate the community traits based on the tree species that interact with each
frugivore species, we calculated the community weighted mean traits for each plots only with the tree
species that interact with one frugivore, and we did so for each sub-network. These values where related
to the different floristic types, to give information on the species traits that the frugivore species depend
on, but also to relate it with the global value of the community traits of the floristic type calculated

above.

RESULTS
Plant composition of the different floristic types

The different forests types had taxonomic differences, where some Order where more abundant than
what is randomly expected (X-squared = 848103, df = 136, p-value < 2.2e-16).

Ericales were over-represented in the floristic type 5, Malvales and Rosales were over-represented in
the floristic types 4 and 6, while Urticales were only over-represented in the floristic type 6. Sapindales
were over-represented in the floristic types 1 and 3, while Magnoliales were over-represented in the
floristic type 3 and Malpighiales in the floristic type 1. Fabales and Santalales were over-represented in

the floristic type 8. This result showed the variation in taxonomic composition among floristic type.
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abundance of tree species between the different forests.

Differences in the fruit offer among the forest floristic types

The model showed significant differences of tree traits among the different floristic types, latitudes and
longitudes (Fig 3, Table S2). For the dimension 1, 2 and 3 of the PCA performed on tree traits, we
observed different abundance and distribution profiles of traits among the different floristic types (Fig
2ACE). This was confirmed by significant effects of floristic type (Fig 2BDF; Tab S1) and indicates
that due to difference in species composition and abundance the fruit offer in term of seed and fruit size,
as well as tree size and wood density among floristic types.

The abundance and distribution profiles concerning the dimension 1 showed that the floristic
type 1 and 9 presented the largest seeded tree species with larger trees with high wood density (Fig 3A,
Table S2i). The floristic type 4, 6 and 5 showed an abundance of species with smaller seeds. We
observed an important variation in smaller seeds abundance (below 0) than from the larger seeds (above
0), where peak are low and do not vary much in intensity (Fig 3A). This means that trees with larger
seeds are present in most floristic type, in low abundance compared to trees with smaller seeds. The
dimension 2 showed less variation of abundance and distribution profiles (Fig 3C). The floristic type 5
and 9 had a significant abundance of smaller fruits, with fewer seeds, than the floristic type 10 that
presented a higher abundance of larger fruits. Studying the abundance and distribution profiles of the
dimension 3 (Fig 3C), we distinguished the floristic type 6, 10, 5 and 4 that have a high abundance of
tall tree with low wood density; and the floristic type 1, 7 and 8 that present mostly smaller tree species

with high wood density. The floristic types 8, 3 and 5 had a high abundance of smaller dense trees, while
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the floristic type 1, 4 and 6 presented a high abundance of taller tree with low wood density. These

results showed the contrast of tree species traits composition inside the different floristic types.
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Figure 15. Representation of the abundance and distribution profiles of tree traits represented by the three
dimension of the PCA, regarding the difference forests types in the Congo basin. The dimension 1 of the PCA on
tree species has a positive loading with seed size, and also tree height, and wood density. The dimension 2 has a
positive loading with fruit size and the number of seed by fruits. The dimension 3 has a positive loading with wood
density but a negative loading with tree size. The abundance and distribution profiles of traits (A,C,E) represent
the density of species following the coordinates of the three dimensions. The boxplot (B,D,F) represent the
community weighted mean values for each plots per floristic types, the letters come from a pairwise comparison

with a Duncan test.

Our analysis further showed different latitudinal and longitudinal patterns for each of the three
first dimension of the PCA performed on tree traits (Fig 4). The dimension 1 — positively related to seed
size but also wood density and tree size, had a negative relationship with latitude and longitude (Fig
4AB), meaning that larger seeded species, as well as taller species with high wood density were more
present and/or abundant in the South and West forests of the Congo Basin. However, there was an
important variation among the floristic types (Fig 4AB), and two floristic types with similar latitudes
could have different community mean traits values, like the floristic type 1 and 8, or 5 and 6, meaning
that while there is a latitudinal increasing tendencies from North to South.

The dimension 2 — positively related to fruit size and number of seeds by fruits, had a positive
relationship with longitude and a negative relation with latitude (Fig 4CD), meaning that species with
larger fruits and with numerous seeds were more present in the South and East forests.

The dimension 3 — positively related to wood density and negatively related to tree size, had a
negative relationship with longitude and latitude (Fig 4EF), showing that smaller species with high wood
density were more abundant in the South and West forests, while taller species with low wood density

were more present and/or abundant in the Norther and Eastern forests.
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Figure 16. Relationship between latitude or longitude and tree traits represented by the dimension 1, 2 and 3 of
the PCA. The dimension 1 is positively correlated to the height, density and seed size of trees, while the dimension
2 is positively correlated the fruit size and number of seed by fruits. The dimension 3 is positively correlated to
wood density and negatively correlated with tree height, segregating smaller species with a low wood density
(positive values) from taller species with high wood density.

Number of studies on frugivory interactions per floristic type

We observed a major imbalance concerning the information on tree-frugivore interactions among
different floristic types (Fig 5). The number of tree species per floristic type for which we have data on
frugivory interactions was strongly related to the number of publications per floristic types (Fig 5A&C).
The same pattern also occur for the number of frugivores and the number of interactions per floristic
type (Fig 5B&D).

The majority of interactions involved primates — apes and monkeys — followed by large birds
(Fig. 5D). Interactions with small birds, rodents and ungulates were only recorded in the floristic type
8. Interactions in the floristic type 4 and 9 only focused on one groups, respectively elephant and
monkeys. The floristic types 3, 8 and 10 were the one with most studies and interactions recorded, on

diverse taxonomic frugivore groups.
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Figure 17. Histograms representing the sampling efforts of the different floristic types: a) the number of studies,
b) the number of frugivore species concerned by the study, c) the number of tree species concerned by frugivore
study, d) the number of interactions with tree species in the different floristic types, regarding the frugivore groups

interacting with plants.

Change in the fruit offer among the different floristic types for four examples of frugivore species

To investigate potential consequences for frugivores of the differences in fruit offer among the floristic
types of forests, we calculated the community weighted mean trait value for the tree species known to
be consumed by different frugivore species. The elephant interacted with largest seeded tree species
compared to the other three species (Fig 6A). The chimpanzee and calaos species had similar profile of
species traits — seed size, height and density — in the different floristic types (Fig 6 BC). The small bird
species, interacted with the smallest seeded species in the different floristic types (Fig 6D). These results
showed that the community traits values of the different floristic types were concordant with the range
of frugivory interactions of Chimpanzee and Calaos, while elephant interacted only with the largest
seeded trees and small birds with the smallest seeded species. However, elephant and small bird species
had the greatest variation in community seed traits values among floristic types, showing that the

resources available for both species were dependent of the floristic types.
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Figure 18. Community weighted means of the dimension 1, representing seed size, tree height and wood density
of trees species, regarding different frugivore species, A) elephant, B) chimpanzee, C) calaos, D) small bird. The
floristic type are order from the smaller community weight traits values to the highest, with all species confounded.

The red diamonds represent the average community traits (see Fig. 4) with all tree species included.

DISCUSSION

In this study, we looked at variation in the fruits produced by the different floristic type of forests in the
Congo Basin. Most tree species were present in all floristic types, due to the forestry inventories
selecting essence widespread all over Central African forests. Then, the differences of community traits
observed among the floristic types depend on variation of abundance and distribution of tree species.

The PCA performed on tree traits showed that seed size and fruit size were not correlated in this
dataset, meaning that the abundance of large seeded tree species was not related to the one of large
fruited species. The correlation between the fruit size and the number of seeds by fruits meant that most
large fruited species of the dataset had a high number of seeds. These results indicated a bias toward
certain species that may not be representative of the overall species traits community, as previous studies
showed the correlation between fruit and seed size in Afrotropical forests (Durand-Bessart et al, in prep).
The height and wood density were correlated to seed size in the dimension 1 of the PCA, showing that

some species bearing large seeds tend to be taller species with high wood density, mostly representing
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late successional species. However, tree height and wood density were opposed in dimension 3,
segregating smaller species with high wood density - late successional species - from taller species with
low wood density - pioneer species (Muller-Landau, 2004). These results gave information on potential
frugivore partners, as late successional species interact more with generalist species (Schleuning et al.,
2011), with some bats and birds species interacting more with taller tree species (Duncan and Chapman,
1999; Viani et al., 2015).

The community weighted mean traits values of the plots varied along latitudinal and
longitudinal gradients but also among the floristic types. Tree species with larger seeds and fruits were
more dominant in the Southern plots. However, trees with larger seeds were more abundant in the
western plots, while tree species with larger fruits were more abundant in the eastern plots. The gradient
of seed size of tree species coincide with abiotic factors, such as temperature and precipitation that are
more important in the western regions (McConkey et al., 2022). Indeed, large seeds have been
hypothesized to originate from closed and humid forests, due to their important resources to germinate

in more unfavourable conditions — absence of light (Bunney et al., 2019; Sinnott-Armstrong et al., 2018).

However, despites the strong effect of latitude and longitude and so abiotic factors, we observed
differences between floristic types, even for the ones at the same latitude and/or longitude, suggesting
the presence of other mechanisms (McConkey et al., 2022). The floristic types 1 and 3 represented
mostly in Gabonese forests, showed similar community weighted mean trait values regarding fruits.
Both floristic types presented an over-representation of Sapindales and with the dominance of large
seeded and fruited species, the community weighted mean traits values were significantly different.
Moreover, while the floristic type 1 was dominated by smaller species with high wood density, the
floristic type 3 had a higher importance of taller species with low wood density. In contrast, the floristic
type 5 stands out, with smaller fruits and seeds, and small trees with high wood density trees, in
accordance to the over-representation of Ericales — mostly Ebenaceae in the area. This could reflect the
fact that these are sandstone forests that showed community traits difference that could be an adaptation

to drier environments (Réjou-Méchain et al., 2014).

Our models showed that the variation in traits composition was more important for trees with
smaller seeds, than for larger seeds. This might be related to small of frugivore as their contribution to
the dispersal of small seeded important (Godinez-Alvarez et al., 2020). These smaller vertebrate species
have a lesser dispersal range than large ones, and then have a higher impact on tree assemblage at a local
scale (Balcomb and Chapman, 2003; Florchinger et al., 2010). Secondly, the low variation in large
seeded tree species could be explained by co-evolutionary history between megafaunal fruits and
megafaunal species like elephants, with congruent spatial distribution (Bunney et al., 2019; Lim et al.,
2021; McConkey et al., 2022).
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The four species studies: forests elephants, chimpanzees, large bird and small bird had access to
diverse community traits among the different floristic types. Also, these variations do not seem related
to frugivore species and neither to the available community traits of each floristic types. However, it
showed that all frugivore species that are present in all floristic types have a great diet flexibility.

The majority of frugivory studies took place in the floristic types 1, 3 and 8, that are mostly
Gabonese evergreen forests. These floristic types are geographically closed and shared similarity in their
community trait composition, dominated by large fruited species, with large seed for 1 and 3, and with
a high abundance of late successional species, with a high wood density. The fact that most studies
occurred in these floristic types, could induce a bias toward interactions towards larger seeded or fruited
tree species.

As a conclusion, our study showed the variation in the characteristics of the fruits produced by
Afro-tropical forests among the different floristic types, and regarding their geographic distribution.
While confirming the importance of abiotic factors on fruits and seeds size of tree species, we showed
that other factors such as seed dispersal may influence the tree community of the different floristic types,
and therefore the frugivores inhabiting the forests. Also, different frugivore species had different offers
in fruits in each forest, suggesting a flexibility from frugivore in terms of the traits of fruits consumed.
A solution to highlight the tree-frugivore networks differences would be to take into account the spatial
distribution of the vertebrate species over the different floristic types. This inclusion would allow us to
look into the different structure behind each network, regarding the difference in richness, connectivity,
and nestedness. This implementation will also help to make predictions about the impact of the different
anthropogenic perturbations — defaunation, deforestation — on the different networks and so the different

community assemblages.
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ANNEXE

Table S2. Description of the floristic types, in term of surface in km2 and the number of forestry
inventory plots —cells of 10x10km.

Floristic Type | Characteristic Area (km2) [ Number of plots
1 Atlantic highland evergreen 79,400 193
2 Atlantic coastal evergreen 17,700 0

3 Atlantic inland evergreen 60,800 162
4 Margin semi deciduous 87,800 102
5 Evergreen and semi deciduous on sandstone | 22,200 126s
6 Semi deciduous 206,400 280
7 Central evergreen 265,900 122
8 Mixed evergreen 158,200 283
9 Degraded semi deciduous 38,400 8

10 Semi deciduous- evergreen transition 180,000 165
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Table S2. Linear model results for the relationships between the tree traits and the forests types, and
latitude and longitude of plots. The dimension 1 represent the height, density and seed size of trees,

while the dimension 2 represents the fruit size and number of seed by fruits. P-values <0.05 are in bold.

Effects Sum sq NumDf DenDF F-value P>F
Floristic type 20.92 8 1430 44.36 <0.001
Dimension 1 Latitude 1.96 1 1430 33.28 <0.001
Longitude 8.65 1 1430 146.78 <0.001
Floristic type 5.50 8 1430 27.49 <0.001
Dimension 2 Latitude 0.38 1 1430 15.30 <0.001
Longitude 0.68 1 1430 27.16 <0.001
Floristic type 3.73 8 1430 25.06 <0.001
Dimension3 Latitude 3.66 1 1430 196.87 <0.001
Longitude 3.65 1 1430 196.08 <0.001
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PCA graph of variables
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Figure S1. Representation of the three dimensions of the PCA, on traits of trees species. (a) The
dimension 1 is positively loaded to the seed size, and also the tree height and wood density of species.
The dimension 2 is positively linked to the number of seeds by fruits and the fruit size of trees. (b) The

dimension 3 is positively loaded with wood density but negatively with tree size.
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Indigenous communities hold a huge and unique
source of ecological knowledge on frugivory

interactions

Interview of a woman from Doussala, based on photographic guides of plants and animals. She is surrounded by

the head-chief of the village, a villager and the guide and interpreter. Picture by Clementine Durand-Bessart
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Context

Frugivory interactions are a key process in tropical forests, with more than 50% of tree species that
depend on animal for their dispersion, and vertebrates that depend on fruits as their primary source of
food. These mutualistic interactions are threaten by the rapid defaunation and deforestation occurring
in tropical forests. Afrotropical forests are particularly affected by these threats, but also suffer from
a lack of studies, which makes it difficult to identify the consequences of these disturbances on the

interaction networks.

Diverse methods exist to gather and increase knowledge on tree-frugivore interactions, such as direct
observations, cameras. Recently scientific research acknowledge local ecological knowledge hold by
Indigenous communities and local population, as a valuable source of information on multiple

ecological processes such as interactions between species.

In this context, we decided to investigate on the contribution of LEK to understand the Afrotropical
frugivory interactions, by comparing LEK and academic knowledge. We used a set of 286 trees and
100 frugivores species, for which we had academic literature records, and we created photographic
guides of the tree and frugivore species, and went to Gabon to interview a local community.

Key results

Informants had considerable knowledge on tree-frugivore interactions with 34,800 answers and an
average of 731.5 interactions cited by informant, with differences in interactions knowledge between

men and women.

The comparison between Academic and LEK datasets showed that 39% of interactions were only

known by informants, these addition concerned mainly smaller frugivores.

Informants also assigned on average smaller frugivores to tree species and smaller seeded plants to
frugivore species, except for rodents that interacted with larger seeds. These results changed our

understanding of frugivory networks.
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ABSTRACT

Assembling plant-animal interactions allows to get insights on the functioning and response to
perturbations of ecological communities. Afrotropical forests are currently suffering from both strong
defaunation and a restricted knowledge on frugivory interactions, with relatively few studies despite a

long lasting interest of tropical ecology for these ecosystems.

Local ecological knowledge are now recognized as a valuable source of ecological information and

could significantly contribute to our understanding of such crucial interactions for tropical forests.

To investigate potential synergies between academic and local ecological knowledge, we compiled an
up to date list of frugivory interactions linking 286 trees and 100 frugivores species, from academic
literature, to local ecological knowledge in one small village located within Afrotropical forest using

interviews.

Here we show that informants had substantial knowledge on frugivory interactions, with a total of 39%
interactions unknown from academic studies but known by at least 10% of the informants. Integrating
local ecological knowledge add frugivory interactions for poorly studied taxa, in particular rodents.
Further, such additional data change structure of the interactions network as well as the functional
relationship linking frugivore body mass to seed size. On average smaller frugivores were added to most
tree species, smaller seeded plants to bats and primates and larger seeds to rodents.

These results are operating a change in our knowledge of frugivory network, and show the necessity to

integrate other complementary sources to appreciate the complexity of mutualistic networks.
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INTRODUCTION

Defaunation i.e. the human induced decline of animal species, is one the greatest threat on ecosystems
and their functioning (Dirzo et al., 2014). The consequences of defaunation are known to cascade to
plant communities through plants-animals interactions (Dirzo et al., 2014; Galetti et al., 2015; Young et
al., 2016). Such cascading effects are particularly expected in tropical forests where defaunation is
strong due to hunting and poaching activities, as well as the habitat loss (Dirzo et al., 2014); and where
50 to 80 percent of tree species depend on frugivorous animals for their dispersal (Howe and Smallwood,
1982). Recent studies indeed indicate lower tree recruitment (Beaune et al., 2013; Galetti et al., 2015;
Rosin and Poulsen, 2016), reduced forest regeneration (Gardner et al., 2019) or carbon storage
deficiencies (Bello et al., 2015; Osuri et al., 2016; Berzaghi et al., 2019), in defaunated tropical forests.
Understanding the defaunation consequences for tropical forests strongly depends on our knowledge of

ecological interactions linking animals and plants (Osuri et al., 2020).

In particular, interaction network approaches, appear fruitful to provide insights into community
functioning (Timéteo et al., 2018), dynamics (Vizentin-Bugoni et al., 2019), and response to
perturbations (Donoso et al., 2017). However, we are still far from the completeness on plant-frugivore
interactions which limit the accuracy of networks analysis (Vizentin-Bugoni et al., 2016), especially in
Afrotropical forests that are understudied (Schleuning et al., 2012; Morris et al., 2014; Doré et al., 2021).

Indigenous peoples and local communities are now recognized for the large body of knowledge
they have on their environment, regarding multiple ecological aspects, from the species composition of
their ecosystem to the services they provide (Asselin, 2015; Camara-Leret et al., 2019). Research efforts
initially focused on the expertise of Indigenous peoples and local communities on plants, mostly for
pharmaceutical or conservation purposes, in different ecosystems such as Amazonia or Himalayas
(Schultes and Raffauf, 1990; Gadgil et al., 1993; Schultes, 1994; Sheng-Ji, 2001; Brondizio et al., 2021).
Recently, local ecological knowledge (LEK) i.e. knowledge of indigenous peoples and local
communities on ecological processes, have helped on monitoring species abundances (Anadon et al.,
2010), assesing animal diversity trends (Azzurro et al., 2011); or understanding trophic networks in
fisheries(Rosa et al., 2014; Farr et al., 2018). LEK have proven useful to consolidate and increase
knowledge on frugivory and seed dispersal interactions in Amazonian forests (Hawes and Peres, 2014),
and Asian tropical forests (Ong et al., 2021). Using interviews to collect LEK on frugivory interactions
and integrate them into ecological networks raises two main questions. First there is a need to adapt
current ethnological methodology to ecological purpose, such as free listing or surveys, to gather LEK
while preserving the heterogeneity of knowledge among interviewee (Chalmers and Fabricius, 2007;
Albuquerque et al., 2019). Second to integrate LEK and academic studies (Bélisle et al., 2018) into the
unifying framework of ecological networks. Merging data from different methodologies to study plant-

animal interactions, such as camera trap, DNA barcoding and direct observation, have already been
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shown as successful in increasing the completeness of the interactions networks by compensating bias
among methods, as they are complementary to monitor interactions at different time of the day — camera
and direct observation — or along spatial gradient — DNA barcoding (Quintero et al., 2021)

In this study, we investigate the potential for LEK to complement current academic knowledge
on frugivory interactions in Afrotropical forests. To do so, we collected LEK on frugivory interactions
among a set of 286 trees and 100 animals species in one village located in Gabonese forest (Appendix
1). We first described the dataset obtain by interviewing local people, and the specificity of their
knowledge. Second, we investigated the complementarity in taxonomic coverage between LEK to a
recently published synthesis on frugivory in Afrotropical forests listing known interactions (Durand-
Bessart et al., in prep — Chapter 1). Third, we assess whether the addition of data from LEK change the
current understanding of the links between species traits and interactions. Finally, we compare the field
time needed for both approaches. For the academic dataset, we selected all interactions among this pool
of tree and frugivore species, from the literature (Appendix 1). For the LEK dataset, we conducted
interviews based on floral and faunal guides of the selected species, with a forest-dependent population
in Gabon.

SPECIES RECOGNITION BY LOCAL PEOPLE

We conducted semi-structured interview based on photographic guides of flora and fauna with the
indigenous population of Doussala. Doussala is a village neighbour of the Moukalaba-Doudou National
Park, at the time of the study, there was 42 inhabitants from Punu and VVungu ethnies, and most of the
men have or are still working in a habituation program of Western gorillas. We interviewed 39
informants, including 12 women. Consent of each informant as well as the head-chief of Doussala were

obtained before the interviews (Appendix 1).

During the interviews, informant were first presented sheet with several pictures of each of the
100 frugivore species, asking them if they knew it and could name it or not. Each informants recognized
in average 59 frugivores (range 15 — 95) species. Then sheet with several pictures — illustrated with
pictures of bark, fruits, and seeds — of each of the 286 tree species were presented, asking the informant
whether he/she knew it, could name it or not, and if recognized, which frugivore was eating the fruit.
On average, informant knew 75 trees species (range 3 — 218). Strikingly, taken together, the 39
informants cited 34380 interactions between those tree and frugivore species, representing 11,095
unique interactions i.e. an interaction between one species of trees and one of animal. This shows the
efficiency of the photographic guides approach for local people to recognize each species and access

LEK on species interactions.
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However, the close list of species presented on the cards appear as a limit of the approach as almost each
informant spontaneously added frugivory interactions involving animal species not included in the
initial set. The most striking animal species added by all informants was humans, as a consumer of fruits
from 113 tree species. This expressed what Descola called “the absence of established discrimination
between human and non-human” because “some peoples therefore conceive of their insertion into the
environment in a very different way from ours” (Descola, 2005). Moreover, half of informants (17)
spontaneously added interactions involving 24 frugivores species not present in academic literature. The
frugivore species were from various groups: three species of ruminant (Cephalophus crusalbum, Kobus
ellipsiprynus defassa, Syncerus caffer nanus), three species of fish (Chrysichtys nigrodigitatus,
Malapterurus electricus, Polydactylus quadrifilis), two species of carnivores (Atilax palludinosus,
Panthera pardus leopardus), one rodent (Thryonomys swinderianus), a pangolin (Smutsia gigantea) and
snake (Python sebae). Informant also added interaction with ant and tortoise but we could not relate

them with particular animal species.

These results highlights the important amount of knowledge among informant and that local ecological
knowledge was broader than the one captured by our interviews. The photographic guides are based on
academic researches, and then by asking local people about species present in academic studies, we are

underestimating local ecological knowledge on frugivory interactions.

TREE-FRUGIVORE INTERACTIONS: DIFFERENT KNOWLEDGE PROFILE AMONG
INFORMANTS

The mean number of frugivory interaction cited per informant was 731.5, but was heterogeneous, from
24 to 2726 interactions cited (Figure S1A). Informant cited on average 10% interactions not cited by
anyone else, ranging from 0 to 48%, resulting in a high number of interactions only cited by one
informant (43%; Figure S1B). This heterogeneity, first questioned us on the origin of this difference,
being from the gender of informant, their age; or coming from the species beside the interactions. The
presence of interactions knowledge not shared among local people, led us to use a selective method to

constraint our dataset to interactions shared among local people.

To better characterise how local ecological knowledge on frugivory interaction was shared
among informant, we analysed these data as a bipartite network. The first set of nodes was the
informants, the other was the tree-frugivore interactions, and the links among informant and frugivory
interactions represented a frugivory interaction know by an informant. We used a latent block model, a
probabilistic clustering methods, to group informants, and frugivory interactions, into blocks according
to the similarity in the frugivory interactions they knew, and according to the similarity in the informant

that knew them, respectively. The blockmodel further estimate probabilities among informants and
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frugivory interactions indicating the probability for an informant belonging to a block to know a
frugivory interaction from another block, and vice versa. Such blockmodel analysis were recently
developed and use for the analysis of ecological interaction networks (Leger et al., 2015; Bar-Hen et al.,
2018; Durand-Bessart et al., in prep — Chapter 1). Here, the clustering method highlighted the
heterogeneity of knowledge among informants, or their different profile of knowledge, as well as shared

knowledge on frugivory interactions.

The block model identified nine informant blocks, with one to seven informants per blocks (Fig
1B), indicating that LEK on frugivory interactions was heterogeneous among informants. The first block
was only composed of women (11), five blocks were composed of men (12,13,14,15,16) and three block
gathered men and women (17,18,19) (Fig 2B). The five blocks of men (12 to 16) had higher probability
of knowledge concerning all frugivory-blocks, showing that men had more knowledge about
interactions inside each frugivory-blocks, and surely cited more interactions during interviews than

women did, with the exception of the women from the first block (Fig 2B).

Looking to the distribution of probabilities for an informant block to know frugivory interactions
from the five blocks of frugivory interactions (Fig 1A), we found that most informant blocks tended to
be linked to blocks frugivory interactions similar way. With the exception of the first informant block,
all informant blocks had greater knowledge on the block F2, then F3, then F4 and the lowest probability
to know frugivory interactions from blocks F1 and F5. The informant block 11 composed of women
only, presented a different profile with greater knowledge on blocks of frugivory interactions F1 and

F3, then F2, and almost no knowledge on frugivory interactions from blocks F4 and F5 (Fig 1A).

The blocks of frugivory interactions F2 and F3 were the ones with the higher probability to be
known by informants and mostly grouped primates and elephant feeding on tree species often used as
food resources (Fig 1CDE). This might be explained as by the fact that such large frugivores species are
easily spotted, because most men in the village worked as guides for research program targeting these
species, or because they are involved in hunting activities. Trees used as a source of food were also
better know (Fig 1E), as they are of great interest and a great income sources in this area (Matsuura and
Moussavou, 2015). The block of frugivory interactions F1, whose interactions were almost known
exclusively by the first informant-block —a group of women — concerned mostly rodents and tree species
used as food supplies (Fig 1BC). This group of women came from the same household, which could
explain their similar knowledge, coming from the same trapping practices on rodents (Reyes-Garcia et
al., 2020). However, this result highlight the fact that women do not have to be discarded from interviews
on ecological processes, as they can bring different knowledge to local ecological knowledge. Finally,
the block of frugivory interactions F5 grouped interactions that have a very low probability of being
known by any informant block (Fig 1B). Then, these frugivory interactions were removed from the

following analysis comparing shared LEK on frugivory interactions to current academic knowledge.
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Figure 19. Heterogeneity in LEK on frugivory interactions among informants. (A) for each informant block,

distribution of the probability for an informant to know a frugivory interaction from the five blocks of frugivory

interactions (B) Bipartite network between informant blocks (left) and blocks of frugivory interactions (right)

resulting from the latent block model clustering. The width of the links between informant and frugivory interaction

blocks is proportional to the probability for an informant to know an interaction, or for an interaction to be known

be an informant. Informant blocks are ordered following the sum of their probabilities to know frugivory

interactions over blocks of frugivory interactions. Gender repartition of informant in blocks are shown with pie

charts. The size of the circle or pie chart depend on the number of informant or the number of frugivory interactions

(log transformed) by block. (C) Frugivore body mass per block of frugivory interactions. (D) proportion of

frugivore group per block of frugivory interactions. (E) Proportion of tree uses per block of frugivory interactions.

The stars indicate over-represented taxonomic groups, or uses, from Chi-square tests (see Methods).
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SAMPLING EFFORT COMPARISON BETWEEN ACADEMIC LITERATURE AND LEK

The academic dataset we used comes from a recent compilation of 151 studies, from which 98 were
designed to study frugivory or seed dispersal interactions while the other where general feeding surveys
including fruits, or species description with implementation on feeding behaviour (Durand-Bessart et
al., in prep — Chapter 1). These studies represent approximately 112 years (41234 days) of fieldwork,
and provide a list of 2666 frugivory interactions. Compared to this, our fieldwork gathering LEK, lasted
41 days during which we interviewed 39 informants, and provided 2382 unique and shared interactions.
In total, informants gathered 11095 unique interactions, but as we saw most of them were not shared
among the population interviewed. However, these interactions put aside surely hold important
knowledge on frugivory interactions, encouraging for further study and analysis.

These results highlight the potential of collaborating with Indigenous communities, in order to
collect and record frugivory interactions (Anadon et al., 2010; Ong et al. 2021). We encourage further
studies including local people, also in the making of protocols to record and monitor plant-animal

interactions.

COMPARISON OF FRUGIVORY INTERACTIONS FROM ACADEMIC STUDIES AND
LOCAL ECOLOGICAL KNOWLEDGE

LEK and academic datasets were mostly complementary, as few frugivory interactions were known
from both sources (16%), while 45% and 39 % of frugivory interactions were only known from
respectively the academic and LEK datasets (Fig. 3A). This contribution was variable among frugivore
groups, from around 20% of frugivory interactions only known from the LEK dataset for elephant and
ungulates, to 30% for primates and birds, and staggering from 60 to 75% for small mammals and
occasional fruit-eaters, such as bats, carnivores, rodents and bushpigs (Fig. 3B). Similarly, the
contribution of the LEK dataset varied from 0 to 80% depending on tree orders (Fig 3C). These results
showed that the contribution of LEK was substantial in groups involving smaller frugivores. However,
the addition of frugivory interactions in well-studied groups such as primates and birds or Malpighiales
and Malvales for trees was substantial. These results highlight the great potential of local ecological
knowledge to complement other sampling methods to reach a higher completeness of frugivory

interaction networks (Quintero et al., 2021).
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Figure 20. Repartition of knowledge on tree-frugivore interactions between local ecological knowledge and
academic knowledge. Distribution of knowledge on tree-frugivore interactions depending on the source of the
knowledge by frugivore groups (A). Number of interactions by frugivores groups (B) or tree orders (C), ordered
from left to right by the increasing addition of LEK. Interactions knowledge only known by informant are in blue,
while knowledge only known by academics are in red, and interactions known by academic and informant are in

beige.

LEK GAVE MORE IMPORTANCE TO SMALLER FRUGIVORES

Showing that many interactions were well shared among informant but unknown from the academic
literature questioned on the change that this increase in data on tree-frugivore interactions change for

our understanding of interaction network linking trees to frugivores in Afrotropical forests.

Seed size and frugivore body mass are known to be structuring traits in frugivory networks (Donatti et
al., 2011; Durand-Bessart et al., in prep — Chapter 1) where large seeds are ingested by large frugivores
while the dispersal of smaller seeds is less constrained by frugivore body mass (Godinez-Alvarez et al.,
2020). Adding LEK to the academic data significantly change the mean body mass of frugivores
interacting with tree species (Sup. table S1), with on average lower mean frugivore body mass with the
increase addition of LEK, for all Orders except for Lamiales and Magnoliales (Fig 3A). This is coherent
with the higher contribution of LEK to interactions of frugivore with low body mass (Fig. 2B). Turning
to frugivores, we found that adding LEK to the academic data significantly change the mean seed size
of fruit consumed, but differently among frugivore groups, with bats and primates having a downsized
in partner mean seed size, while rodents had an upsized, and no change for birds (Fig 3B, Table S1).
The fact that mean seed size of trees are changing for frugivore groups showed that the diversity of plant
consumed is greater than previously thought. Rodents consuming larger seeds certainly increased their
importance in the networks, as large seeded trees are mostly linked with megafaunal species (Carreira
et al., 2020). Inversely, Primates and Bats consumed smaller seeds, increasing the importance for small

seeded trees in the frugivory network, as suggested in Asian forests (Kitamura et al., 2002)
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groups, and inversely for a negative value.

LEK INTERACTIONS CHANGED THE NETWORK STRUCTURE

We then investigated if the frugivory interactions added by the LEK dataset affect the structure of tree-
frugivore networks beyond the effect of adding new interactions. To do so, we added to the academic
dataset the same number of new interactions as the LEK dataset provides, but in different ways. (1)
randomly or (2) constraining the new interactions to be added in the same number per tree and frugivore
genus as in the LEK dataset. We compared the structure of these randomly augmented datasets to the
one of the LEK-Academic network using nestedness and modularity metrics which are often used in
ecological network analysis (Bascompte and Jordano, 2006; Olesen et al., 2007). This approach
investigated if local people attributed interactions between trees and frugivores in a non-random way,
for example by following groups of plant and frugivore and their relevant traits.

The LEK-Academic network was more nested and modular than the augmented networks. The
difference was lower when interactions were added among genus according to their number in the LEK
dataset (Table 1). This indicates that part but not all changes in network structure induced by LEK

addition is related to the particular species groups that they know.
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Table 2. Metrics of network structure comparison between the mixed-network and null-models based on the

academic network.

LEK-Academic network Null-model (1) Null-model (2)
Nestedness (NODF) 48.48 29.34 45.85
[28.31-31.14] [45.81-46.00]
Modularity 0.35 0.26 0.33
[0.25-0.27] [0.32-0.33]

CONCLUSION AND PERSPECTIVES

Indigenous people and local communities hold a substantial source of ecological knowledge on
ecological interactions among the species that surround them, and their knowledge is complementary to
the academic ones. In our two months of fieldwork in Doussala, we obtain as much, if not more
information on frugivory interactions than those obtained and published in the academic literature that
required more than a century of work.

Frugivory interactions added by local people, changed our understanding of tree-frugivore
interactions, by giving much weight to smaller frugivores, and by diversifying the diet of some frugivore
groups, like Primates.

Pursuing this work with indigenous community and local people, in different communities all
over tropical forests, could help us attain a better completeness on frugivory networks, and understand
the underlying mechanisms. Diversifying the informant population could also give us clue on ethnical
and cultural differences on the ecological process behind plant-frugivore interactions.

The collaboration with Indigenous communities seems promising and would also benefit the
research on plant-animal mutualism in other regions and countries, in Amazonia and South-Asia, but
also on non-tropical ecosystems. However, the scientific community also needs to improve on these
type of collaboration, by rewarding local people for the traditional knowledge they shared with us, by
helping them conserved their language, their life style and traditional know-how by putting more interest

in them (Camara-Leret and Bascompte, 2021).
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MATERIAL AND METHODS
1.1. DATA SET

We based our studies on a data set compiling the most up to date list of plants-frugivores interactions in
tropical African forests from published and grey literature (Durand-Bessart et al., in prep). In this paper,
we selected tree and frugivore species that had an interaction recorded in Gabonese forests, creating a
subset of 286 tree species and 100 frugivore species. From this selection, we created two photographic
guides, for the flora and the fauna, used later for the semi-structure interview with local people. For both
guides, we selected pictures to inform as much characteristics of the species as possible, especially for
plants, with pictures of leaves, flowers, fruits, barks, and global architecture. Pictures were selected from
various sources, such as agroneo, jstor, and local online flora of Africa.

We created the academic network based on the same selection of species, but including all interactions

from all over Afrotropical forests, not only Gabonese forests.

1.2. STUDY SITES & POPULATIONS

Fieldwork was carried out in Doussala, a small village of 42 inhabitants — at the time of the fieldwork —
neighbour to Moukalaba-Doudou National Park in South-West Gabon. The population was composed
of Punu and VVungu people; they depend on the forest and surroundings for a part of their food by hunting
and gathering, medication and construction (Matsuura and Moussavou, 2015). Most men in Doussala
are or were guides for the Japanese scientific program for Gorillas habituation (SATREPS: Science and
Technology Research Partnership for Sustainable Development) and walk regularly in the forest to

follow and observe gorillas, they are an expert population.

1.3. DATA COLLECTION

Before initiating interviews, we obtained consent at the community level by asking the head of the
village or neighbourhood, and at individual level before each interview. Participants were informed of
their right to discontinue the interviews at any time, and that all of the information provided would be
anonymized. Interviews were in French or local language with a local interpreter speaking Punu and
Vungu in Doussala. The interview were conducted in two steps, first step the fauna guide was present
to the informant, and if recognised the species had to be named (Appendix 3). The second step was to
present the flora guide, to name tree species that were recognised, and listed their uses, as well as which
frugivore species from the fauna guide was feeding on the fruit (Appendix 2).

We conducted 39 interviews including 12 women, informant were adult between 18 and 70 years old.
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1.4. DATA ANALYSIS
1.41. DIFFERENCE OF KNOWLEDGE AMONG INFORMANTS

To explore variation in LEK among informant, we used a latent block model, a clustering method that
groups informants following their similar knowledge pattern, regarding the number of interactions they
cited and the identity of species associated to those ecological-interactions. The main interest of the
blockmodel is to show difference in knowledge among group of informant. The blockmodel will also
groups tree-frugivore interactions depending on their level of knowledge from informant, this will
allowed us to highlight the presence of shared knowledge, depending on their probability of knowledge

regarding the different blocks of informants.

In order, to characterize the block of informant, we linked each block of informant with the proportion
of men and women inside. We used chi-squared tests and Pearson residuals >2 to assess the over-
representations of frugivores taxonomic groups and associated services for trees in frugivory-blocks,
and anova with post-hoc test to compare the mean body mass of frugivore inside frugivory-blocks. Tree
services information came from http://tropical.theferns.info and confirmed by informant. Tree services
were sorted in four categories: (1) no services (2) wood, for trees used as firewood, or construction; (3)
medicinal, for trees used in medicinal process; and (4) food for trees whose fruits or seeds are consumed

by people.

1.4.2. DO LEK CHANGE OUR UNDERSTANDING OF FRUGIVORY NETWORKS

To understand the impact of the addition of LEK interactions on our actual knowledge on tree-frugivore
network, we compared the academic network with the LEK-Academic network — combining academic
and informant dataset. For each tree and frugivore species, we investigated whether adding LEK

interaction data affected mean partner traits.

For frugivore species, we tested with a linear regression the relationship between the difference in mean
seed size of tree species between the Academic and the LEK-Academic networks for each frugivore as
dependent variable and the proportion of added interaction by frugivore species, and frugivore
taxonomic groups as explanatory variables, with an interaction between both explanatory variables. For
tree species, the linear regression tested the relationship between the difference of mean frugivore body
mass for each tree and the proportion of interaction added by LEK and tree orders as explanatory

variables, with an interaction between both explanatory variables.

In these models, we removed different tree order and frugivore groups, because off low representation
(one to two species): Asparagales, Cucurbitales, Urticales, Vitales and Zygophyllales for tree species;

and Carnivore, Elephant and Bushpigs for frugivore species.
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To understand how the addition of LEK interactions altered the network structures, beyond the effect of
adding new interactions, and so increasing the connectivity. We created two dataset — later called
augmented dataset — for which we used the Academic dataset as a base, and added the same number of
interactions as provided by LEK dataset. For the first model, we added these interactions randomly,
while for the second model we added the same number of interactions per tree and frugivore genus to
match the LEK dataset.

The two-augmented datasets were compared to the LEK-Academic dataset, regarding their
network structure, using common measures in network structure such as nestedness and modularity
(Bascompte & Jordano, 2007). We calculated nestedness with NODF function from the networklevel
function; and modularity with the computeModules function from the bipartite package, with 1000

iterations and compared it with the values from the mixed network.
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APPENDIX

APPENDIX 1: DATA SELECTION AND INTERVIEWS SET-UP

Data selection

The interview were taking place in Gabonese forests, and to be able to compare data gathered from

interviews with academic data, we wanted to have the same set of tree and frugivore species.

We used a dataset on frugivory interactions, covering all Afrotropical forests, with more than 10,000
interactions between 825 tree species, and 285 frugivore species (Durand-Bessart et al., in prep —
Chapter 1). From this dataset, we selected tree and frugivore species, that had at least one interaction

recorded in Gabonese forests, representing around 350 tree species and 110 frugivores.

From this selection of species, we started gathering pictures of the different tree and frugivore species,
to create two photographic guides — one for trees, one for animals. For both guides, we selected pictures
to inform as much characteristics of the species as possible, especially for plants, with pictures of leaves,
flowers, fruits, barks, and global architecture. Pictures were selected from various sources, such as
agroneo, jstor, and local online flora of Africa. Not all tree and frugivore species had available pictures,

reducing the number of species to 285 tree species and 100 frugivores.

Interview set-up

We went to Doussala, a small village in the South-West Gabon, with at the time of the study 42
inhabitants, neighbour of the Moukalaba-Doudou National Park. We choose this village for multiple
reason. The first one researcher had already worked in the area, and was knew by the people and knew
the area. Second, we were able to stay there in a scientific station thanks to our collaboration with the
IRET- Gabonese Institute on Ecology Research. Third, the inhabitants of Doussala were acquainted with

research programs, as most of them worked for a habituation program with Gorillas for 15 years.

Once on site, the first step was to be settle in the village, to have the approval of the village-chief, as

well as other villagers.

Interviews

Each interview was in three steps: 1) presentation of the study and consent form; 2) presentation of the

animal photographic guide; 3) presentation of the tree photographic guide.
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1) Presentation of the study, our objective “knowing which animal is eating which fruit”, we asked
the consent of the informant, and signified to them that they had the choice to withdraw from
the interview at any time.

2) We presented the photographic guides with animal to the interviewee, each sheet representing
an animal. We asked for each animal if the informant knew the species, and could name it or
not, in the language of their choice. Sometimes, a species was recognised but not named, and
we recorded it as unnamed.

3) Then, we presented the floristic guides, with each sheet representing a tree species. We asked
the interviewee, if they could recognized, the species, and name it or not, and by which animal
previously presented the fruits were eaten.

LEK interactions

The results of the interviews, compiling each animal considering eating a fruit, we obtained the LEK

interactions.

Academic interactions

In order to create the academic dataset, comparable to the LEK, we selected all interactions among the
pool of tree and frugivore species present in the photographic guides. Then, interaction that happened

outside Gabonese forests, but between species present in the guide were also selected.
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APPENDIX 2 - PRESENTATION OF THE FLORISTIC PHOTOGRAPHIC GUIDE

Pseudospondias microcarpa — Anacardiaceae
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APPENDIX 3 - PRESENTATION OF THE FAUNA PHOTOGRAPHIC GUIDE

Gorilla gorilla gorilla
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Figure S2. A) Distribution of the number of ecological interaction cited by the informant. B) Distribution of the number of
citation by interaction.
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Table S1. Linear model results for the relationship between the difference of mean traits between the academic and LEK
network (i) mean seed size of frugivore species partner and ii) mean body mass of tree species partner, and the proportion of

interactions for each frugivore (i) or tree (ii) species, depending on frugivore taxonomic groups (i) or tree orders (ii).

Effects SumSg NumDF DenDf Fvalue P>F

(i) | Proportion of interactions added (Pi) 0.41 1 87 1.17 0.28
Frugivore groups 12.80 4 87 9.22 >0.001***
Pl * Frugivore groups 1.42 4 87 1.02 0.401

(ii) | Proportion of interactions added (Pi) 131.61 1 236 95.85 >0.001***
Tree orders 17.05 12 236 1.01 0.437
Pl * Tree orders 21.05 12 236 1.25 0.249
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Using camera-trap to highlight the terrestrial

frugivore community of Moukalaba-Doudou mosaic

forests, Gabon
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Large male elephant caught feeding on fruits of Garcinia epunctata, in the forests of the Moukalaba-Doudou
National Park. Picture by Clementine Durand-Bessart.
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Context

Afrotropical forests have been understudied regarding ecological processes, such as mutualistic
interactions between tree and frugivore species, contrary to South American forests. However, the
elucidation of interactions patterns between tree and frugivore species, or the dynamic of frugivory

communities, depends on sampling efforts.

Different methodological approaches exist to monitor tree-frugivore interactions, like the direct
observation by observant, camera trap, local ecological knowledge or DNA-barcoding. Each method,
as its advantage and inconvenience, and while the direct observation by observant was the most
common, it is limited to recorded smaller animal, as well as cryptic and nocturnal species. Cameras
have been of use to counteract these biases, as they can stay on site for several weeks, and can record

day and night.

Here, we looked into the contribution of cameras recording, to the frugivory interactions of the
terrestrial community of a Gabonese forest. We compared the recording from cameras with frugivory
interactions registered in the LEK and academic datasets (Chapter 1 & Chapter 3).

Key results

Cameras recorded interactions for 23 tree species, during three time period of 15 days. They registered
a total of 19 frugivore species, with 4 species not present in the LEK and academic database. A total

of 107 interactions were recorded between this pool of tree and frugivores species.

On average tree species interacted with 4.65 frugivores [range 1-8], while frugivore species interacted

on average with 5.63 tree species [range 1-16].

Regarding the interactions recorded by cameras on the species present in the LEK and academic
dataset, 65 % were known by the LEK and/or the academic dataset, while 34% of interactions

recorded were added by cameras.
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INTRODUCTION

Recording plants-animals interactions is a common challenge in community ecology, and the recent
technological development such as molecular approach or camera trapping have shown a considerable
potential to increase our knowledge on these aspects (Quintero et al., 2021). Frugivory or seed dispersal
interactions have historically been recorded by direct observations from observant, but recently methods
such as the morphological identification of seeds in faeces (Timéteo et al., 2018), the use of DNA-
barcoding (Gonzalez-Varo et al., 2014), and camera trapping (Trolliet et al., 2014), have been
successfully used. Camera trapping is now routinely used, thanks to its low cost, its capacity to record
interactions day and night with infrared detection, and because protocols are easy to adjust (Burton et
al., 2015). Camera-traps have proven their efficiency in detecting feeding behaviour like frugivory of
terrestrial and arboreal species in various ecosystems, such as tropical forests (Moore et al., 2021; Zhu
et al., 2021). Recently, ecological researches have collaborate with Indigenous people, to gathered
frugivory and seed dispersal interactions, with really promising outcomes (Ong et al., 2021; Durand-
Bessart et al. in prep - Chapter 3)

Frugivory and seed dispersal interactions are a key process in functioning of ecosystems (Levey
et al., 2002), particularly in tropical forests, where nearly 80 percent of tree species producing fleshy
fruits depends on fruit consumption and seed dispersion by animals (Howe and Smallwood, 1982). In
these forests, the dispersal of seeds by endozoochory has several consequences since the rain of seeds
on the ground is less aggregated which, among other things, decreases the density-dependent mortality
of seeds and seedlings, known as the Janzen-Connell effect (Janzen, 1970; Connell, 1971; Beaudrot et
al., 2013). In addition, a plant species that produces fleshy fruits has fruits that are eaten by a variable

number of frugivorous species and vice versa, a frugivorous species can be more or less generalist (or
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specialist) towards the fruit species it consumes. Thus, within a forest, a complex network of interactions
links plant species to their frugivores, each animal species having its own effectiveness in the dispersal
process (Bascompte and Jordano, 2007, Schupp et al., 2010).

African rainforests are subject to multiple stressors, one of the most important being defaunation
i.e. the decline of faunal biodiversity due to hunting, poaching and habitat loss (Dirzo et al., 2014). This
defaunation mainly affects large and medium-sized vertebrate species, including many species of
frugivores, altering to a greater or lesser extent the frugivorous networks and, ultimately, the processes
of forest dynamics (Poulsen et al., 2013; Dirzo et al., 2014; Berzaghi et al., 2018; Maicher et al., 2021).
In order to understand the effects of defaunation on the dispersal processes of tree species producing
fleshy fruits and on forest dynamics, it is necessary to assess the functional redundancies between
frugivorous species, which requires taking all the species that contribute to the network. From this point
of view, Afrotropical forests are poorly studied. Indeed, even if seed-dispersal processes of certain
taxonomic group like monkeys are well-documented (Durand-Bessart et al, in prep — Chapter 1), few
researches focus on seed-dispersal network (Schleuning et al., 2012). However, to understand the
mechanisms that arrange frugivory and seed-dispersal networks, there is a necessity to take into account
all frugivores from small birds to large mammals, and primary dispersers i.e. frugivore harvesting fruits
directly in trees, as well as secondary dispersers i.e. frugivore feeding on fruits on the ground (Brocardo
et al., 2013). Afrotropical forests possessed a unique fauna, with a remaining frugivore megafauna, and
while numerous studies focused on elephants and apes diet, these species were rarely included in global
networks studies (Vidal et al., 2013).

Recent studies proposed to compile studies on diets of certain species or taxonomic groups, as
well as local network, to study larger networks of interactions (de Almeida and Mikich, 2018; Durand-
Bessart et al, in prep - Chapter 1). Moreover, combining diverse methodology from different studies
helps reduce bias of each methods (Quintero et al. 2021).

In this study, we explore how camera-traps methods can bring new information on tree-frugivore
interaction and help to characterize the community of ground frugivore inhabiting the forests of the
Moukalaba-Doudou National Park (Gabon). To do so, we compare the resultant interactions recorded
by camera traps with previous studies using other approaches, to quantify the contribution of trap
cameras compared to other methods. We disposed 18 cameras following three periods, monitoring 23
tree species that had fallen mature fruits at that time, cameras were on site for a short period of time (15
days) during the fruiting peak. We compared the interactions recorded on cameras with an academic
dataset compiling literature on frugivory in Afrotropical forests and with a dataset obtained from surveys
of local populations inhabiting the Doussala village near the park (qualified as local ecological
knowledge (LEK).
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MATERIAL AND METHODS

1.1. STUDY SITES
This study was conducted in the forests of the Moukalaba-Doudou National Park in the Nyanga
Province, south-western Gabon (-1°88" to -3°22" N, 10°32" to 10°60" E; Fig. 1). The Moukalaba-
Doudou National Park, created in 2002, covers an area of 5,028 km2 consisting of a mosaic of forests
and savannah, that was under logging operations from 1960s to 1980s (Matsuura and Moussavou, 2015).
There is a dry season from June to September and a rainy season from October to May, with a mean
annual rainfall of 1,776.8 mm (Takenoshita et al., 2008).

1.2. FRUITING TREE SAMPLING

In order to record frugivory behaviour of the ground community of vertebrate of Moukalaba-Doudou
forests, we used two type of cameras: ten infrared Bushwhacker D3N big eye and eight Reconyx ultrafire
XR6. We disposed the cameras to monitor frugivore feeding on falling fruits of tree and liana species,
during the fruiting peak, meaning that we targeted plants species with high densities of mature fruits,
falling and with fruits on the ground. The cameras monitored each tree for a period of 13-14 days each,
and we conducted the survey during 41 days total from October to December, representing three period
of cameras rotation (Fig 1). The different tree species were identified thanks to a local inventory, and
also with the help of local guides. Only one species remains unidentified. We recorded the interactions
for 23 tree species, most species where represented by one individual, that was recorded by one or two
cameras (Appendix — Table S1). However, three species had different individual in the same or different
session, Klainedoxa gaboneensis, Garcinia epunctata and Pseudospondias microcarpa — the first record
did not work (Appendix — Table S1).

Cameras were placed at 60 to 100 cm high, to record frugivore of all size, and one or two
cameras were disposed by trees. We optimized camera placement and angle to record the largest area as
possible, and try to avoid direct light. We cleared the forest floor in front of cameras, to be able to see
feeding behaviour, and avoid herbivory behaviour. The sensitivity of the camera was set to high or
medium, with a delay of 5s between triggers, and set cameras to take three photographs per trigger. Each
camera was equipped with 8 to 10 batteries and 32 GB memory cards. Cameras were activated to

function 24 h per day, 7 days a week.

143



Chapter 4

O CamP1
@® Cam P2
@ CamP3
[€ Forest
€ Savannah

Figure 22. Map of Gabon and study sites. A) Forest cover of Gabon, with the national park of Moukalaba-Doudou in red
closed to the study sites. B) Representation of Doussala and its surroundings, camera-trap were posted in different place of
the Moukalaba-Doudou forest, following three time-period (P1, P2, P3). C1 & C2) Pictures showing the mosaic with forest

and savannah, specificity of this region.

1.3. DATA ANALYSIS
1.3.1. DESCRIPTION OF PLANT-FRUGIVORE INTERACTIONS
We examined all photos, and the frugivore species recorded were identified and double-checked by local
guide and/or Gabonese expert. We also classified photos in two categories: interaction when we
observed a foraging behaviour from a given frugivore; or no-interaction. The foraging behaviour were
confirmed by the direct consumption of a fruit by a frugivore, or the disappearing of a given fruit when
the frugivore was nearby, or when a given individual was observed in successive photos with a foraging

behaviour even if the consumption was not directly verified.

1.3.2. DESCRIPTION OF INTERACTIONS NETWORK
In order to quantify the potentially original contribution of the data obtained by the camera-traps, we
compared this dataset with two other datasets: one academic dataset and another one based on local
ecological knowledge (LEK). The academic dataset gathered information on tree-frugivore interactions
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from the literature covering all Afrotropical forests (Durand-Bessart et al., in prep — Chapter 1). The
dataset based on LEK result from an ethnoecological approach where we have recorded local people
knowledge on tree-frugivore interactions in Doussala, the closest village to Moukalaba-Doudou
National Park, where the cameras where set recording (Durand-Bessart et al., in prep — Chapter 2). We
used semi-structured interview based on photographic guides of flora and fauna, to record interactions
between plants and animals. We then, selected interactions that were cited by at least four informants,
representing 10% of the population interviewed, and we called this dataset LEK-network for local
ecological knowledge network.

We built a network from the interactions between tree species and frugivore species recorded by
camera-trap. We compared this camera-network with the academic-network - compiling literature
studies — and with the LEK-network — recording local people knowledge in the same area as the camera
study. We defined interactions status in four categories: 1) known by academic network; 2) known by
LEK-network; 3) known by academic and LEK networks; 4) known only by camera. We defined an
interaction in this camera network, as interactions between one species of tree and one of frugivore, not
accounting for frequency. The combined bipartite network, obtained from the combination of all the

datasets was visualised using the chordDiagram function from the circlize package, on R.4.1.0

RESULTATS
2.1.DESCRIPTION OF PLANT-FRUGIVORE INTERACTIONS

For all period, cameras registered 29646 pictures, 11449 pictures recorded vertebrates species and 8877
frugivore animals feeding on the target tree species. We identified 19 frugivore species, mostly large
mammals, such as the forest elephant (Loxodonta cyclotis) and bushpigs (Potamocherus porcus), five
species of primates Gorilla gorilla gorilla, Pan troglodytes, Mandrillus sphinx, Cercopithecus torquatus
and Cercopithecus cephus, four species of duikers: Philantomba monticola, Cephalophus sylvicultor,
Cephalophus callipygus and Cephalophus crusalbum. Two uncommon fruit eaters were also spotted on
cameras, the ungulate species Syncerus caffer nanus and Kobus ellipsiprymus defassa feeding on
respectively three and two tree species. We also identified smaller-frugivores, with three species of
rodents Atherurus africanus, Funisciurus lemniscatus and Heliosciurus rufrobrachium; three species of

carnivores Nandinia binonata, Ciivettictis civetta, including a forest mangoose Atilax paludinosus.

The average number of frugivore for a tree species was 4.65 [range 1-8], the fruit size as well
as the taxonomic order of the tree species did not influence the number of frugivore partners (Fig. 2).
For frugivores, the average number of fruits consumed was 5.63 [range 1-16]. Elephants had the most
diverse fruit diets with 16 species consumed. The three commons species of duikers consumed on
average eleven fruits from tree species. For primates only the red-capped mangabey and gorillas are

common ground eaters, and were caught consuming the fruits of ten to eleven fruits from tree species
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(Fig 2). While other primates species have an arboreal feeding behaviour and rarely feed on the ground,
such as chimpanzees and moustached monkeys. Then, the camera positioning did not allow us to record

their interactions with the targeted tree species.
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Figure 23. Number of interactions by species of trees (A) and frugivores (B) regarding their tree orders or frugivore groups.

(A) Tree species are sorted by their seed size; (B) frugivore species are sorted by their body mass.

2.2. CONTRIBUTION OF CAMERAS’ TO FRUGIVORY INTERACTIONS KNOWLEDGE
The comparison of interactions information among the three different networks, camera, LEK and
academic, showed that camera recorded new interactions (Table S1, S2). The camera recorded 107
interactions, between 23 tree species including 3 not present in the LEK or academic database and 19
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frugivore species with 4 species not present in the LEK and academic database. 30 interactions were
recorded with this new species of tree and frugivores.

Regarding the interactions recorded by cameras on the species present in the LEK and academic
dataset, 61 % were known by the LEK and 28 % by the academic dataset (Fig 3; Table S1), with 44%
of interactions known by LEK and cameras, and 5% by the academic dataset and cameras. Then, 34%
of interactions recorded were added by cameras (26 interactions). Including the interactions recorded
also on species not present in LEK and academic dataset, 56 interactions were not present in the LEK
and academic database, representing 52 % of new interactions.

Regarding, the taxonomic groups of trees and frugivores that concerned by the addition of
interactions by cameras. For frugivore groups, the addition varied from 24% for primates to 100% for
carnivores; with 38% of new interactions for elephant, 62.5% for ungulates, 57% for rodents, and 56%
for bushpigs (Fig 3.). This result showed that smaller frugivores and uncommon fruit-eaters, like
carnivores, where the groups benefiting the most from the camera sampling.

Looking on plant Orders, the proportion of new interactions added varied from 0% to 100%, for
Urticales and Gentianales, respectively. Then, Magnoliales and Malvales species had an addition of 8%
of their interactions, Sapindales 23%, Ericales and Santalales of 50%, Rosales of 67% and Fabales of
92%.
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DISCUSSION

The use of camera-trap was efficient to detect frugivory interactions of the ground community of
vertebrates in Moukalaba-Doudou forests. Targeting tree species at their fruiting peak with high
densities of falling fruits, allowed us to record diverse interactions with ground frugivores, and it allowed
us to record cryptic animals, and rare event with uncommon fruit-eaters, impossible with the direct
observation methods (Zhu et al. 2021). Indeed, cameras started to record animals feeding after one day,

sometimes just few hours after the installation of cameras.

Regarding, the three species of trees (with one still unidentified) and four species of frugivores
that were not part of previous studies on plants-animals interactions, we saw that most of the frugivore
species added by cameras record are uncommon fruits eater like forest buffalo or defassa’s waterbuck,
or animals abundant in the area, but scarce elsewhere such as the white-legged duiker (Cephalophus
crusalbum) (Houngbegnon et al., 2019). Contrary to Brazilian forests, the terrestrial vertebrates species
recorded by cameras were in majority large mammals — duikers, gorillas and elephants — while rodents
represent a small proportions of the interactions recorded, more like Asian forests (Sridhara et al., 2016;
Carreira et al., 2020b). Suggesting, that there is a difference of community structuration between tropical

forests; with for Afrotropical forests still a preponderance of large mammals.

Cameras potential is greater than recording presence-absence of interactions and can be used to
quantify interactions frequency between one plant and one animal (Trolliet et al., 2014), which as lead
to build weighted network (Carreira et al., 2020b). The extensive use of camera trap to monitor species
abundance and feeding behaviour, also lead to detect other behaviour, such as the competition between
frugivore species, or commensalism and facilitations (Carreira et al., 2020; Selwyn et al., 2020). Recent
studies used camera trap to characterized the ground community of vertebrates, and defined the level of

perturbations of the community (Trolliet et al., 2019).

The camera traps method appeared to be reliable in monitoring frugivory behaviour and
relatively cost-effective compare to other methods. However, in our case, the malfunction of two
cameras and the destruction of five cameras by elephants (7 out of 20), have hindered us in our study.
The destruction of cameras by elephants is common in Asian and African forests where they are present

at high density, and cameras protections remains inefficient (Ong et al., 2021).

Arboreal camera trapping have proven to be a great complementary extension of ground study
to record the arboreal community composed of smaller vertebrates, such as bats, birds, and monkeys
(Moore et al., 2021; Zhu et al., 2021). However, arboreal camera trapping is more technical and labor
intensive, as it requires different techniques and is a challenge in tropical forests, where the canopy
easily reached 30m. This method needs more preparation and assistance, and while in our case ground
frugivore were used to humans, it may not be the case for the arboreal community and a longer posing

time will be necessary, requiring several adaptations.
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ANNEXE

Table 3. Tree species investigated by camera-trap, the number of camera and number of frugivore recorded directly feeding.

Tree species and family

Number of
cameras & session

Number of
frugivores
species recorded

Celtis africana Burm.f. - Cannabaceae 2 (P3) 7
Dacryodes buettneri (Engl.) H.J.Lam - Burseraceae 1(P1) 5
Dichostemma glaucescens Pierre - Euphorbiaceae 1(P3) 2
Diospyros mannii Hiern - Ebenaceae 1(P1) 4
Duboscia macrocarpa Bocg. - Malvaceae 2 (P1) 5
Garcinia epunctata Stapf - Clusiaceae 3 (P2, P3) 8
Garcinia spp. - Clusiaceae 1(P2) 7
Guibourtia demeusei (Harms) J.Leonard - Fabaceae 1(P2) 6
Klainedoxa gabonensis Pierre - Irvingiaceae 3 (P1) 6
Maesobotrya barteri (Baill.) Hutch - Phyllanthaceae 1(P3) 1
Magnistipula tessmanii (Engl.) Prance - Chrysobalanaceae 1(P1) 5
Marenthes glabra (Oliv.) Prance - Chrysobalanaceae 2 (P1) 4
Myrianthus arboreus P.Beauv. - Urticaceae 2 (P2) 5
Pseudospondias microcarpa (A.Rich.) Engl. - Anacardiaceae 2 (P2 & P3) 1
Staudtia kamerunensis Warb. - Myristicaceae 1(P2) 6
Strombosia grandii Hook.f. ex Benth - Olacaceae 1(P3) 4
Synsepalum dulcificum (Schumach. & Thonn.) Daniell - Sapotaceae | 2 (P2) 6
Synsepalum stipulatum (Radlk.) Engl. - Sapotaceae 1(P1) 6
Treculia obovoidea N.E.Br. - Moraceae 1(P1) 3
Uapaca guineensis Mill.Arg. - Urticaceae 2 (P1) 7
Unknow_fabaceae - Fabaceae 1(P2) 6
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Table S4. Number of interactions recorded by cameras for each tree species, and the number of these interactions that were
known by LEK and Academic database. The new species of trees are in bold, and the new interactions recorded by cameras
are under brackets.

Tree species Camera LEK Academic
Cetis sp 8 (6) 2 0
Dacryodes buettneri 5(2) 3 1
Dichostemma glaucescens 2 (1) 1 0
Diospyros mannii 4 (3) 3 2
Duboscia macrocarpa 5(1) 4 2
Garcinia epunctata 7(5) 2 0
Garcinia sp 5(5) 0 0
Guibourtia sp 6 (5) 1 0
Klainedoxa gaboneensis 6 (2) 2 4
Maesobotrya sp 1(2) 0 0
Magnistipula tessmanii 513) 2 0
Maranthes glabra 4 (1) 1 3
Myranthes arboreus 5 5 3
Pseudospondias microcarpa | 1 1 1
Pterocarpus soyauxii 5(5) 0 0
Staudtia kamerunensis 6 (5) 5 4
Strombosia grandifolia 4 (3) 1 0
Strychnos sp 1) 0 0
Synsepalum dulcificum 6 (3) 3 0
Synsepalum stipulatum 6 (3) 3 0
Treculia obovoidea 3 3 0
Uapaca guineensis 713 5 2
Unknow fabaceae 5(5) 0 0
TOTAL 107 (56) 47 22
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Table S5. Presence of interactions recorded between tree and frugivore species, in red the interactions added by cameras. New species of trees and frugivores are in bold.

CARNIVORES RODENTS PRIMATES
Gorilla | Pan

Atilax Ciivettictis | Nandinia | Athererus Funisciurus | Funisciurus | Heliosciurus Cercopithecus | gorilla | troglodytes | Cercocebus
Fruit paludinosus | civetta binonata | africanus isabella lemniscatus | rufrobrachium | cephus gorilla | troglodytes | torquatus
Cetis sp 1 1 1
Dacryodes buettneri 1
Dichostemma glaucescens 1
Diospyros mannii 1
Duboscia macrocarpa 1 1
Garcinia epunctata 1 1 1
Garcinia_sp 1 1 1
Guibourtia sp 1
Klainedoxa gaboneensis 1
Maesobotrya sp
Magnistipula tessmanii 1 1 1
Maranthes glabra 1
Myranthes arboreus 1 1
Pseudospondias microcarpa 1
Pterocarpus soyauxii 1)1 1
Staudtia kamerunensis 1 1
Strombosia grandifolia 1
Strychnos sp
Synsepalum dulcificum 1
Synsepalum stipulatum 1 1
Treculia obovoidea 1 1
Uapaca guineensis 1 1
Unknow fab 1
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DISCUSSION

A. Synthesis of the chapters

The goal of the first chapter of this PhD thesis was to summarize our knowledge on tree-frugivore
interactions in Afrotropical forests, with an analyse of the mechanisms shaping frugivory interactions,
to understand the functioning of this hyper-diverse mutualistic network. To do so, | compiled a unique
database compiling over 10,000 interactions between trees and frugivores from all Afrotropical forests,
extracted from 255 literature sources. The sampling completeness analyses showed us that we are still
lacking knowledge on these interactions, with most data collected so far focused on large frugivores.
This allowed us to highlight understudied groups, like small mammals. We then investigated the
structure of the interaction, using the latent block model to simplify the network and analyse its structure.
We were able to summarize this hyper-diverse network between 800 tree species and 285 frugivore
species in fourteen blocks of trees and fourteen blocks of frugivores. Each block of plants and frugivores
could be interpreted as a functionally redundant assemblage, as the latent block model clusters species
with similar patterns of interactions. Not surprisingly, we found that the structure of this network was
highly depended on the distribution overlap between species. The sampling effort on species also shaped
the block composition, with well-known species gathered in the same blocks, while species with few
information on their interactions were clustered together. However, we were able to highlight that
interaction between blocks depends on biological traits of tree and frugivore species such as fruit size,

seed size and frugivore body mass.

The second chapter was centred on the tree communities, specifically looking at spatial
variations in the fruit traits produced by tree communities over the Congo Basin. We also investigated
potential consequences of such variations for interactions with frugivores. Using a database from
forestry inventories all over Central African forests, we compared the tree communities of the different
forest types delimited in the recent study of Réjou-Méchain et al. 2020. We used community weighted
mean traits to quantify difference in trait composition related to frugivory —seed and fruit size. We found
variations along latitudinal and longitudinal gradient but also among floristic types. Seeds were found
to be larger in Southern plots, which was congruent with the hypothesis of the impact of abiotic factors
like temperature and precipitation on seed size (McConkey et al., 2022). Floristic types had different
production in frugivory traits, independently of their latitude and longitude, showing that biotic factors
such as the availability in frugivores may also play a role in forests community composition.

Linking the tree communities of the floristic types with frugivory interactions helped us demonstrate
that some floristic types were better sampled than others, highlighting a geographic bias of studies on

frugivory and seed dispersal.



Discussion, Conclusion and Perspectives

The third and fourth chapters focused on methods to monitor plant-animal interactions and required field
work, which was done in Gabon where | went to interview local people (chapter 3) and placed camera
traps (chapter 4).

The results of the interviews with local people, presented in the third chapter, emphasized their
substantial knowledge on plant-animal interactions. First, the investigation of people knowledge on
frugivory interactions with the latent block model showed that most informant shared common
knowledge on specific species and their interactions. However, most interactions (43%) were known by
few or one informant, showing the incredible potential of this collaboration with Indigenous community,
which would require further interviews. The comparison with data from academic literature showed that
few interactions where common to both datasets (16%), but also that 40 % of interactions were only
known by local people. Most of the interactions added concerned smaller frugivores like rodents and
birds. Also, the addition of these interactions changed our understanding of frugivory networks, as plants
interacted with smaller frugivores, and frugivore interacted with trees bearing larger seeds for rodents,
but smaller seeds for primates and bats. To conclude, we discussed the choice of our survey method
based on photographic guides, which was easy to conduct and allowed us to compare academic and
local ecological knowledge on frugivory interactions. The method used was conservative as it
underestimated unique knowledge of the different people interviewed. However, it surely is a promising

approach that will benefit from further collaboration with Indigenous and local communities.

In the fourth chapter, we created an interaction network based on data from camera traps that |
positioned in the Gabonese Moukalaba-Doudou national Park. The results showed that 34 % of
interactions recorded by cameras were new to the academic and LEK database. Most of these new
interactions involved smaller frugivore species, like rodents, results that were coherent with the LEK
approach. Also, new vertebrate species were recorded feeding on fruits: three of them involved ungulates
— white leg-duiker, forests buffalos, and waterbuck — and one a forest mongoose. The conclusion of this
chapter leads to encourage more studies exploring plant-animal interactions, also by targeting specific
tree species. We also highlighted the importance of diversifying the methods to monitor plant-animal

interactions.

B. Assembling and analysing data on frugivory interactions in Afrotropical forests
a. Different methods to gather information on interaction data

In this PhD, three different methods were used to gather information on plant-animal frugivory
interactions. The first method was the compilation of data on frugivory interaction, all over Afrotropical
forests, named the “academic dataset” in the different chapters. The second method was to interview

local people on their knowledge about tree-frugivore interactions, using photographic guides and semi-
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direct interviews, which resulted in the creation of the LEK dataset. The third method involved the use
of camera trapping in the forests of Moukalaba-Doudou National Park in Gabon. All methods allowed
us to work on different aspects of tree-frugivore interactions.

The compilation of frugivory data from academic literature made possible to study these
interactions over large-scale, with a huge diversity of taxa from different taxonomic groups. The main
advantage of this method is that it is cost-effective, as it avoids extensive fieldwork in remote areas, and
leverages any studies that have been already conducted in the area (de Almeida and Mikich, 2018). This
academic dataset allowed analysing mechanisms structuring the different communities and patterns of
interactions on the overall Afrotropical forests. This compilation approach also has shortcomings,
because the data were collected at different periods, and for different time spans, from few weeks to
decades. They were also based on various methods, mostly direct observation by observant, cameras or
faecal analysis. Because of that, the quantification of interactions between tree and frugivore species
was not possible, regarding the visitation frequency or the dispersal efficiency, as the data were not
homogenous and the sampling effort divergent. Further, this approach does not account for spatial or
phenological differences, that are important factors in network variation over different communities
(Perea et al., 2013; Timoéteo et al., 2018). However, our choice to work with presence-absence data
allowed to partially avoid the problems linked to differences in sampling efforts, and while binary data
are less robust than weighted methods, they have proven to be effective to unravel patterns of
interactions of mutualistic networks (Sebastian-Gonzélez et al., 2015). Finally, this compilation
approach depends on the focus of previous studies, with in our case more research on large mammals
and monkeys, affecting the structure of the network. This frugivory dataset is still enriched by the

addition of recent studies on frugivory interactions, with the interest to reproduce these analyses.

The success of the interview method with local people allowed us to compare academic and
local ecological knowledge on a same set of tree and frugivore species. Informants had good knowledge
of the different species presented on the pictures of the photographic guides, making the survey easy to
conduct, and potentially easily replicable. However, as we saw before, most knowledge on frugivory or
seed dispersal interactions rely on individual experiences, and then most interactions are known by one
or few person. Our focus on shared LEK induced that many interactions were discarded from the
analysis. An alternative to the selection of interactions would be to select the most knowledgeable
informants (Ong et al., 2021), statistically or by asking the people of the community who are the most
knowledgeable person on this subject (Davis and Wagner, 2003). Another solution would be to remove
informants who seem to give false information, by using the feeling of the interviewer and the
guide/translator directly after the interview, or by asking the people of the community on the reliability
of the person. However, by doing so, we would also discard the rarest interaction knowledge, that few
people have observed. In any case, the best solution would be to increase sampling effort, interviewing

more people from different communities.
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Cameras are great tools to record plant-animal interactions and their use have strongly increased
in this past decade. They are efficient as they are easy to use, protocols are replicable, they can stay on
site for several weeks, and most of the time they are reliable. Our experimentation with cameras gave
an important contribution to increase our knowledge on plant and animal interactions in Gabonese
forests. The major inconvenient that we encounter was the loss of several cameras due to elephants, as

shown in Asian forests before (Ong et al., 2021).

The dataset from the compilation of the academic and local ecological knowledge datasets,
concerned hyper-diverse networks, with hundreds of species interacting. This large dataset pushed us to
choose a powerful method to help us simplify those networks, while still be able to work on mechanisms

governing interactions.

b. Analysis to unravel hyper-diverse networks of interactions: using blockmodel

In this PhD, we worked on different types of interactions networks, the ones concerning plant-animal
interactions, and the one on informants and their knowledge on ecological interactions. We used latent
block models to disentangle the patterns of interactions in both networks, as it allows to clusters species
with similar interactions, but also informants with similar knowledge profile (Bar-Hen et al., 2018).

The latent block model was particularly useful to simplify both networks, as the frugivory
network had more than 800 trees and 285 frugivores, while the local ecological knowledge network
concerned 39 informants and over 11,000 interactions between trees and frugivores. We chose the latent
block model approach for its flexibility, the parametric approach that allowed us to quantify the
probability of one species to interact with another species or one people to have a knowledge on one
interaction. The flexibility of the latent block model relies on its capacity to highlight multiple structural
patterns, like nestedness as we showed in the first chapter, but also modular structure with a block of
informants that had strong probability to know ecological interactions in one block and low probability

to know other ecological interactions in other blocks.

Thanks to the block model’s ability to cluster species or ecological interactions with respectively
similar interaction patterns or known by the same informants, we highlighted understudied species in
the first chapter, and knowledge about ecological tree-frugivore interactions that were shared or not

among informants.
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C. Evaluation of the knowledge acquire on tree-frugivore interactions
a. Interaction patterns of tree-frugivore networks

Throughout this PhD research, mechanisms governing mutualistic interactions between plants and
animals involved in frugivory and seed dispersal processes were confirmed in Afrotropical forests. Our
major result concerning mechanisms driving possible interactions between tree and frugivore was the

influence of biological traits on the probability of interactions between species.

In the first chapter, we found that larger seeds had an increased probability to interact with larger
frugivores, while we found no difference for interactions with smaller seeds between large and small
frugivores. However, in the third chapter, the addition of LEK on frugivory interactions changed this
relationship, and all tree species had in average smaller dispersers than previously thought. Also, while

bats and primates interacted with smaller seeds and fruits, rodents interacted with larger seeds and fruits.

These results are also confirmed by the influence of species taxonomy, and while it was not the
first structuring factor in our network, it is difficult to differentiate traits from taxonomy. We suggest
pursuing the study to investigate on the phylogenetic signal between plants and animals at the large-
scale of Afrotropical forests. Recent studies just showed the historical and evolutionary relationships
between megafauna frugivore species distribution and the repartition of megafaunal fruit syndrome
(Bunney et al., 2019; McConkey et al., 2022). In the second chapter, the different profiles of abundance
and distribution of seed and fruit traits of tree species showed that large seed and fruits were somewhat
homogenously distributed and abundant all over the different floristic types, maybe related to the large
distribution of megafaunal species. Overall, the difference of fruit offer — different abundance and
distribution profiles as well as mean community traits — of the different floristic types questioned us on
the relation with frugivory and seed dispersal network structures. Investigating potential changes in
network structure over the different forests could give us clue on spatio-temporal dynamic of these

communities’ networks (Perea et al., 2013).

b. Taxonomic and biogeographic biases: consequences on network structure

In the evaluation of the knowledge on frugivory interactions, a central and common result in all chapters
of this PhD thesis was the bias towards some species — the largest and/or most abundant ones, but also
on certain sites and an inconsistency of sampling all over the forests. In all chapters, we could highlight

different biases regarding the dataset, the species and areas studied or the methods chosen.

In the first chapter compiling data on interactions from all over Afrotropical forests, testing the
sampling completeness of tree-frugivore interactions showed us that while almost 75% of tree and

frugivore species were recorded in our academic dataset, 58% of interaction were not recorded between
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the set of species. Moreover, the block model analysis showed that one block of tree species and one
block of frugivore species clustered 427 and 105 species respectively — almost half of the species in the
dataset — that may be rare and/or understudied. Looking closer on which species benefited from
extensive research, we found that large and emblematic frugivores such as apes and elephants that are
megafaunal species have been at the centre of numerous studies all over the Afrotropical regions. The
same goes for trees bearing larger fruits that are mostly eaten by these megafaunal species. In addition,
a bias seems to exist towards abundant and widely distributed tree species, as discussed in the chapter
2. We showed that these biases towards larger frugivore and abundant tree species influence our
perception of their generalism, as we were not able to distinguish their generalism from the number of
studies that they appeared on. Megafaunal species are essential to the dispersal of large seeds, but recent
studies showed that smaller dispersers provided better relay that what was formerly believed, showing
that dependence on large-seeded species may be less than previously thought (Bunney et al., 2019).
Indeed, the inclusion of local ecological knowledge on interactions showed that fruits from tree species
were in average consumed by smaller frugivores. However, these biases could also reflect the reality of
the network structuring, as we observed also this bias towards larger species in the interview with
informants. This also could be an observation bias as larger species are easy to spot, or because they are

more hunted.

In the second chapter, we observed a bias regarding the difference of number of studies and/or the
number of species studied inside the different floristic types of Central African forests. Also, the only
frugivore group studied in all floristic types were apes. The bias towards some floristic types, mostly
Gabonese forests that have larger fruits and seeds may influence the over-importance of large frugivore
and seeds on the global networks. This is mostly due to the political and historical facilities to conduce
forestry studies in Gabon and thanks to their well-conserved forests compared to their neighbouring
countries, that allowed researched on apes and large mammals. However, as we have seen, Gabonese
forests have particular community characteristics, with tree species with larger seeds and fruits, inducing

a bias towards these species and their consumers, large mammals.

c. Where to go, who to catch next, and how?

This large-scale study of frugivory interaction in Afrotropical forests allows us to give recommendation

on areas to prospect and species or group of species to monitor.

First, regarding areas to prospect, we found that all three bioregions West Africa, Central Africa
and East Africa had a sampling completeness on interactions around 42%, showing that between the
species recorded almost 60% of interactions are missing. We suggest continuing the monitoring of

species present in previous studies, particularly species of the understudied blocks that we highlighted
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in this network study. This would help to better understand patterns of interactions, as interaction
between a pair of species could vary through space, in particularly when forest have different offers in
fruits, suiting differently the frugivore diets. Our prospection with cameras showed that over a short
period it was possible to increase our knowledge of 28% on a same set of species.

In Central African forests, our second chapter showed that studies focused mostly on the
Gabonese forests. Prospecting semi-deciduous forests in the Northern regions that have different
community traits — smaller seeds and fruits — will give insight into the composition of frugivore
communities. Also, inspecting these Northern regions, as well as the Cameroonian forests that are more
degraded will gave insight into the consequences of anthropic perturbations on the different networks
structures (Abernethy et al., 2013; Malhi et al., 2013; Abernethy et al., 2016).

Second, concerning the species to target, in the chapter 1, 3 and 4 we highlighted the bias
towards the largest frugivore species, while in the chapter 2 we saw a bias towards abundant and
widespread species and species with larger seeds. Indeed, the megafaunal syndrome for plants and
megafaunal frugivore species — elephant and apes — have been widely studied in the past decades
(Beaune et al., 2013; Berzaghi et al., 2018; Malhi et al., 2016; Terborgh et al., 2016; Bush et al., 2020).
Even if our study showed that interactions with these large species still need to be recorded, we suggest
that studies should turn focus to smaller species in terms of fruits and seeds, as well as smaller animals.
Indeed, more and more research highlights the importance of smaller mammals in interactions networks
(Carreira et al., 2020). Reducing the bias towards these species, could show the importance of smaller
seeds in animal diets, as observed in Asian and Amazonian forests (Kitamura et al., 2002). The use of
camera traps in the canopy seems an adequate method to counterbalance studies biased in favour of
large terrestrial frugivores (Bruce et al., 2018; Moore et al., 2021). Although more demanding in terms

of technique and cost, these methods have proven useful to record bat and bird species (Zhu et al., 2021).

Recent studies on rare species showed the importance to adapt recording protocols to target
specifically these species (Jeliazkov et al., 2022). Diversifying the methods of data recording has proven
useful to maximise the diversification of interactions, in terms of connectivity between species, as well
as the specific richness of the network (Quintero et al., 2021). However, targeting uncommon species is
particularly difficult in tropical forests, where tree density is especially low and cryptic animals difficult
to see or record (Zhu et al., 2021).

One way to solve this methodological problem would be to increase our collaboration with local
people and repeat this approach at a large scale. A particular focus could be on rare species, as it was
expressed for recording interactions with extinct species (e.g. Asian rhinoceros in Indonesia, Ong et al.
2021). Indeed, we showed in the chapter 3 that our collaboration with the local community of Doussala
was fruitful and that informant had extensive knowledge even on rare or uncommon species, such as

fish, reptiles, small mammals and birds. More importantly, these interviews also gave us information on
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common and emblematic species that were shared by informants but not known by the academic studies,

encouraging us to pursue this partnership.

D. Bringing to light transdisciplinary approach by working with local people
a. Extraordinary potential of LEK

So far, local ecological knowledge has been the mainstay of research fields such as ethno-ecology and
environmental anthropology. However, the sophisticated knowledge systems acquired and maintained
by indigenous people and local communities coming from their longstanding experience with their
environments might contribute to the understanding of biodiversity, particularly in the tropical regions

where remain knowledge gaps (Michon et al. 2020).

This work combining ethnoecological and ecological data proves the interest in using LEK to answer
research questions in tropical ecology. Indeed, Indigenous community interviewed for this work were
able to identify and detect plant and animal species and their interactions, with great accuracy. This
work was in the continuity of recent studies including indigenous communities and local populations,
highlighting their diversity of knowledge, on their environment, from plant and animal services: food,
medicine, construction, to complex relationships between people and their environment or between
species (Camara-Leret et al., 2019; Brondizio et al., 2021; Anadén et al., 2009; Aswani et al., 2018).

Plant-animal interactions knowledge might rely more on individual experiences by opposition
to consensual knowledge, where people acquire knowledge on their close environment either passively
— by observing their surroundings — or actively — during hunt or food prospect (Matsuura and
Moussavou, 2015). Some of this knowledge is shared within the population, which is often the case for
useful species and/or culturally important ones (Soldati et al., 2017). Indeed, people hunting and
harvesting these useful species on a daily base acquire more knowledge about them (Reyes-Garcia et
al., 2020). In addition to the practical knowledge i.e., collection, preparation, related to this useful
species, Indigenous communities and local poulation also accumulate knowledge on their bio-

interactions and behaviours which need to be explored.

Different methods need to be thought to coincide with the ecological processes that need investigation,
and while interview methods are efficient, an effort have to be made on the inclusion of local

communities in the research study.
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b. Developing more collaboration with local communities: ethical consideration

Local ecological knowledge holds an incredible potential to help describe and build frugivory or seed
dispersal interactions networks, as well as other ecological processes. However, working with local
communities and indigenous peoples also needs to include them more globally, to co-produce
knowledge outcomes relevant for both parties (Tengo et al., 2014). Indeed, the scientific community
still has a lot of effort to deconstruct its approach on local people knowledge and the way that we are
including them, with the decolonization movement (Boillat, 2020; Trisos et al., 2021).

New studies have to reflect on the implication of their research on local communities, by for-
example creating long-term collaboration between indigenous or local communities and researchers
(Schareika, 2014). This approach will allow them to be included in the construction of protocols, on the
intervention of researchers on their land and the benefits that they could take from the research
(Carothers et al., 2014). Indeed, there is a great importance to greet local communities as they share with
us their knowledge, and to work together so that both parties can find advantages on this type of research
programs, for example valorisation of local knowledge, compilation of traditional knowledge in local
dialect, enhancing Indigenous communities right and visibility. Moreover, we must include in our
fieldwork the necessity to give and share the feedback from the study to local communities that make
this type of research possible.

E. Conclusion and perspectives

In conclusion, this PhD work gave insight on the different mechanisms governing tree-frugivore
interactions, regarding the importance of overlap in distribution areas and match between biological
traits. This work also showed that large frugivore are important actors of frugivory and seed dispersal
process. However, we also highlighted biases and shortcomings concerning the dataset with most studies
on emblematic species and certain areas and concerning the different methods, with cameras focusing
on ground frugivores, and LEK restricted by academic knowledge. These results allowed us to give
recommendations to counteract these biases, and increase our knowledge on frugivory interactions. One
of the recommendations was to diversify the methods to sample interactions, by collaborating with local
people in diverse areas of the Afrotropical forests, or by using arboreal cameras to record smaller

frugivores.

This work opened new perspectives on multiple aspects, first by initiating a new dataset on tree-
frugivory interactions that will be supplied consistently with new studies and will allow to continue
research on this large-scale network. A first proposition would be to include frugivore distribution, from

the IUCN or other sources, to combine it with tree species abundance and distribution, and analyse local

165



Discussion, Conclusion and Perspectives

pattern of interactions depending on the tree-frugivore assemblage. To go further on the understanding
of frugivory assemblages and the perturbations threatening them, we proposed to create prediction
models taking into account different anthropic perturbations.

Also, as discussed previously, we would like to pursue the local ecological knowledge approach
by developing a collaboration with Gabonese researchers, to conduct surveys in other forests with other

ethnic groups.
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ABSTRACT

Megaherbivores have pervasive ecological effects. In African rainforests, elephants can increase
aboveground carbon, though the mechanisms are unclear. Here we combine a large unpublished dataset
of forest elephant feeding with published browsing preferences totaling > 120,000 records covering 700
plant species, including nutritional data for 102 species. Elephants increase carbon stocks by: 1) promoting
high wood density tree species via preferential browsing on leaves from low wood density species, which
are more digestible; 2) dispersing seeds of trees that are relatively large and have the highest average wood
density among tree guilds based on dispersal mode. Loss of forest elephants could cause a 5-12% decline
in carbon stocks due to regeneration failure of elephant-dispersed trees and an increase in abundance of
low wood density trees. These results show the major importance of megaherbivores in maintaining
diverse, high-carbon tropical forests. Successful elephant conservation will contribute to climate

mitigation at a scale of global relevance.
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INTRODUCTION

Megaherbivores (body mass > 1000 kg) can have profound effects on vegetation, carbon stocks, and
nutrient cycling. However, knowledge on the ecosystem role of megaherbivores comes predominantly
from African savanna ecosystems®. In tropical forests, initial evidence suggests that these large
herbivores might also have profound effects®. Until the Late Pleistocene, tropical forests hosted a wide
variety of megaherbivores®. Today, the Asian (Elephas maximus) and African forest elephant (Loxodonta
cyclotis) are the only forest-dwelling megaherbivores with extensive ranges and functionally unique
characteristics: large size, diverse behaviors, and highly varied diets. Examples of ‘“ecosystem
engineering” have been observed in forest elephants (“elephants”) through seed dispersal®® and
disturbance® (i.e., browsing and trampling). By reducing tree density, elephants promote the growth of
larger trees with consequent drop in light and water availability in the understory. As a result, forests with
elephants hold more aboveground carbon (AGC) because of a greater abundance of large late-successional
tree species which have high wood density (WD)?®. Berzaghi et al. (2019) evaluated the effect of elephants
in terms of a generic disturbance-induced mortality from trampling and uprooting. However,
megaherbivores interactions with ecosystems happen also via more delicate processes such as herbivory
and seed dispersal®!%! whose influence on forest structure and AGC is currently unknown. The high
daily food consumption (100-200 kg'?) and broad diet (over 350 species®®) of elephants suggest that
feeding preferences could drive shifts in tree species composition by promoting growth and survival of
less-desirable browse species. Folivores prefer leaves high in protein and minerals and low in fiber and
chemical defenses (e.g., tannins) . Among woody plants, the abundance of defensive chemicals and non-
digestible fiber are positively correlated to WD because slow-growing species invest more in structural
and chemical defenses than faster growing species*>®. We hypothesize that elephants promote high AGC

by preferentially browsing leaves from low WD trees.
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We also investigate the connection between elephant-dispersed trees (“Obligate” trees sensu®) and AGC.
Large-seeded animal-dispersed trees have relatively large diameters, high WD, and contribute
significantly to AGCY'. Forest elephants are prodigious seed dispersers, moving more seeds from more
species than any other animal®, but the contribution of Obligate trees to forest structure and AGC has not
been evaluated. We hypothesize that the combined effects of elephant browsing, which decreases fitness
of preferred food species, and seed dispersal, which increases fitness of dispersed species, are likely to
have profound effects on forest structure and AGC. If supported, these two hypotheses would confirm the
ecosystem role of elephants in promoting high carbon stock forests by increasing the fitness of large, high
WD trees®. To test these hypotheses, we combined forest inventories and feeding data collected in Ndoki
(Republic of Congo) and LuiKotale (Democratic Republic of Congo) with published elephant diet
selection data across the Afrotropics. We analyzed WD as a function of elephant browsing preferences
and the nutritional properties of leaves to investigate the mechanisms driving elephant choices and the
influence of these choices on AGC. We then synthesized, based on literature, quantitative measures of the
effects of elephants on forest properties and processes and schematically organized these findings. This
synthesis supports our hypotheses, identifies research gaps, and provides input for modeling elephants
using statistical and process-based models. Our results greatly enhance our understanding of the
contribution of elephants to forest functioning and are key to evaluate the consequences of past

megaherbivore extinctions and to inform conservation and management policy.
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RESULTS

Forest elephants browse most frequently on low wood density species

We collated forest elephant feeding data from eight different sites across tropical Africa: West (N = 4),
Central (2), and East (2). The global dataset (collection of all sites) includes 197,557 sampled plants from
702 plant species for which WD could be determined (Data Table S1). The actual number of sampled
plants is higher because three studies did not report their total sample size (Table S1). All sites, except Bia
National Park (NP) and Santchou Wildlife Reserve, recorded feeding preferences by accounting for the
abundance of elephant-selected species. In those two sites, limited information was available on the
relative abundance of elephant-preferred species®!®. Feeding preference metrics were similar across sites
and could be assimilated into three groups indicating high, intermediate, and low preference (Methods).
Globally, feeding preference was negatively correlated with WD (Fig 1). This trend was confirmed even
when excluding Ndoki, the only site where both the number of feeding events and their quantity were
recorded (Fig. S1). In seven out of eight sites the low preference group had the highest WD compared to
the intermediate and high preference groups (Fig. 2). In half of the sites the WD average of the low
preference group was significantly lower than the other groups (Fig. 2). Only in Bia NP this trend was not
observed. Here, the medium preference group had the highest WD and the low preference group had the
lowest (see discussion for possible explanation). The WD of trees dispersed by elephants was higher
compared to highly browsed species in four out of five sites, but only two were significantly different
(Fig. 2). This is compatible with the hypothesis that elephants facilitate species with higher WD through

dispersal and browsing.

Our data from Ndoki (understory and overstory) and LuiKotale (overstory) showed that correlation
between WD and plant abundance is not strong; at most, high WD species are slightly more abundant than

low WD ones (Fig. S2-S3). Elephants made specific choices regardless of the abundance of species. For
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example, in Ndoki understory vegetation plots, Rinora welwitschii and Diospyros bipindensis were
recorded 559 and 468 times respectively (from a dataset of 6548 tree stems from at least 151 species,
Methods). Yet, of 5458 feeding events, only two involved D. bipindensis and R. welwitchii was never
browsed. A comparison of mean WD of the top 10 most frequently browsed species that were not present
in plots with that of the top 10 most frequent species in plots which were never browsed revealed that

browsed species have significantly lower WD than non-browsed species (ANOVA, P=0.05).
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Fig. 1 Wood density of elephant-dispersed and browsed trees by preference across tropical Africa.
Elephants prefer to browse on low wood density trees and disperse seeds from trees with high wood
density. The x-axis indicates the number of species plus observations (only at Ndoki). The elephant-
dispersed group includes all tree species of which seeds were dispersed by elephants and includes
elephant-obligate and non-obligate (dispersed by elephants and other animals). Significance level of

pairwise statistical comparison: *P < 0.05; ****P < 0.0001.
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Fig. 2. Wood density of elephant-dispersed trees and across elephant browsing preferences groups

in eight sites in tropical Africa. The x-axis indicates the number of species in each group, or the

number of observations at Ndoki. In Santchou only ordinal ranking was provided. The elephant-

dispersed group includes all tree species of which seeds were dispersed by elephants and includes

elephant-obligate and non-obligate (dispersed by elephants and other animals). Significance level of
pairwise statistical comparison: *P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001.
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NUTRIOTIONAL PROPERTIES OF ELEPHANT FOODS

We investigated the mechanisms driving browsing preferences using a global database of plant nutritional
values?. We analyzed WD as a function of leaf and fruit nutritional properties. The data covered 102 plant
species and 807 records of essential biomolecules (crude protein, minerals, carbohydrates, fiber, and
nonstructural carbohydrates), structural and defensive compounds (tannins, lignin, and fibers), which
reduce food palatability and digestibility (% of assimilated food). Wood density appears to decrease as
leaf protein, minerals, and digestibility content increase, while fibers and tannins are highest at
intermediate values of WD (Fig. S4); however, the only significant correlations were for fibers (R? = 0.14,
P < 0.001), dry matter digestibility (R? = 0.1, P = 0.036), and tannins (R? = 0.16, P = 0.011) (Fig. S1).
Analysis of leaf properties across browsing preference groups showed dry matter digestibility (R?> = 0.11-
0.20, P > 0.05) and fibers (R? = 0.16-0.26, P <0.001) were highest at intermediate WD levels (Fig. 3a); no
other appreciable correlations were detected among the other nutritional properties (Fig. S5). Highly
preferred species had a narrower and lower range of fibers and tannin which is reflected into a higher
digestibility compared to the other groups (Fig. S6). Proteins, carbohydrates, and hemicellulose were also
higher in the high-preference group, but no statistical differences were detected in part because of the low
sample size for saccharides (Fig. S6). High WD seems to be correlated with high values of leaf
carbohydrates and fat with the exception of lignin and non-structurally carbohydrates (Fig. S4); however,
the sample size for these properties was small (n = 7). This suggests that leaves from low WD plants might
be less nutritious but more digestible because of their lower fiber and tannin content compared to high
WD plants. Elephants, like most large herbivores, must balance digestibility and food quality in their food

choices, but more data would be needed to draw more conclusive results on this trade-off.

Fruits produced by high WD trees are high in protein, minerals, starch, and glucose and low in sucrose

and cellulose (Fig. 3b). We found no significant correlation between WD and the other properties (Fig.
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S7). This implies that fruit from high WD trees are highly nutritious and likely therefore to be preferred
by elephants and other frugivores compared to fruit from low WD trees. When comparing fruits and
leaves, we found, as expected, that leaves are higher in protein (P <= 0.0001), minerals (P <= 0.0001),
lignin (P <= 0.01), and cellulose (P <= 0.01), while fruits have higher nonstructural carbohydrates (P <=
0.0001) and sugars (P <= 0.01) (Fig. 3c); leaf and fruit other properties were not statistically different (Fig.
S8). Thus, fruit provide short-term usable energy, but leaves contain nutrients for longer-term
physiological processes. This might act as a physiological limitation and an evolutionary bottleneck of
obligate frugivores to develop very heavy body mass. Overall, these correlations suggest that elephant
preference for leaves from lower WD species is due to their higher digestibility (i.e., lower fiber and tannin
content), while fruits from high WD species are preferred because of their high content of protein, starch,

glucose, and minerals and low cellulose.
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Fig. 3. Comparison of leaf and fruit nutritional properties and relations with wood density. ADF =
acid detergent fiber, ADL = acid detergent lignin, Ash = minerals, CT = condensed tannins, CP = crude
protein, DMD = dry matter digestibility, NDF = neutral detergent fiber, TNC = total non-structural
carbohydrates. (a) wood density as a function of leaf properties of plants based on browsing preference;

(b) wood density as a function of fruit dispersed by elephants. These include Obligate and Non-Obligate
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trees (see text); (c) comparison of nutritional properties between fruit and leaves. Significance level of
pairwise statistical comparison: **P < 0.01; ****P < 0.0001.

ELEPHANT-DISPERSED TREES ARE LARGER AND HAVE HIGHER WOOD DENISTY
COMPARED TO TREES WITH OTHER DISPERSAL MODES

We identified five dispersal modes in Ndoki and LuiKotale: Gravity/dehiscence (GD), wind, elephants
and other animals (Non-Obligate), elephants (Obligate), and Other-Animals®?! (total of 238 species,
complete list in Supplementary Data). The analysis of the variation of WD as a function of dispersal mode
revealed that Obligate species had the highest average WD in both sites (Fig. 4a). In LuiKotale, only GD
and Obligate species are statistically different than Non-Obligate (P < 0.05). Non-Obligate (both sites)
and wind-dispersed (Ndoki) species have the lowest WD. Obligate (both sites), GD (Ndoki), and Wind

(LuiKotale) are the dispersal modes with the lowest number of species.

The distribution of stem size classes across dispersal mode was mostly similar at the two sites (Fig.4b).
Obligate and wind-dispersed tree communities are characterized by few smaller trees, a higher number of
larger trees, and are overrepresented in the 125-250 cm range compared to trees with other dispersal modes
(Fig. 4b). Obligate trees represent the largest proportion in LuiKotale, 35% and 55%, and second largest
in Ndoki, 26% and 28%, of stems with diameter > 150 and 175 cm, respectively. They also comprise the
second (LuiKotale, 30%) and third largest (Ndoki 16%) proportion of stems with diameter > 125 cm. The
proportion of wind-dispersed trees also increases with size class. Non-Obligate and Other-Animals trees
are most abundant in the lower size classes between 40-125 cm (Fig. 4b). This distribution of stem size
across dispersal modes might reveal the long-term history of these forests emerging after the

recolonization of savannas.
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Fig 3. Properties of tree species and forest structure at Ndoki and LuiKotale. (a) Variation in wood

density as a function of dispersal mode. Significance level of pairwise statistical comparison: *P <0.05;

**P <(0.01; ***P <0.001. (b) Kernel density distribution of trees according to their dispersal modes at

Ndoki.
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CONTRIBUTION OF ELEPHANT-DISPERSED TREES TO ABEVOGROUND CARBON

The distribution of aboveground carbon in trees (diameter > 40 cm) grouped by dispersal mode reveals
diverse patterns in Ndoki and LuiKotale (Fig. 5). In Ndoki, AGC is more evenly distributed among
dispersal modes. Abiotically-dispersed trees account for ~50% and Obligate for ~11% of AGC (smallest
biomass pool). In LuiKotale, trees dispersed by other animals store 54% of AGC and ~19% is stored in
Obligate trees (second largest biomass pool). At Ndoki, our sampling of vegetation was biased toward the
monodominant Gilbertiodendron dewevrei forest, which occupies a proportion of Ndoki'® by following
watercourses, as do forest elephants. If G. dewevrei forest was removed from the analysis, and only mixed
species terra firma forest considered, the contribution of Obligate species would be profound. When
considering only larger trees (diameter > 70 cm), a higher percentage of AGC is stored in Obligate (23%
LuiKotale and 13% Ndoki) and abiotically-dispersed (57% Ndoki) trees (Fig. 5). Notably, at both sites the
few Obligate species have the highest relative contribution to AGC despite their low stem count (i.e.
highest AGC to stem ratio represented by bar widths in Fig. 5). This is explained by their high WD and
high relative abundance in the large size classes (diameter > 125 cm) (Fig. 3b). The loss of forest elephants
might greatly diminish or prevent the recruitment of future Obligate trees in addition to affecting Non-
Obligate species. If we substitute Obligate trees with random trees with other dispersal modes
proportionally to their relative abundance (Methods), the loss of AGC was estimated to be 12% (s.d. +
1.2) at LuiKotale and 5% (s.d. =+ 0.4) at Ndoki. Thus, the “other” trees cannot completely compensate the
contribution of Obligate trees. The important role of large trees in AGC??2% and the widespread decline of
forest elephants make the plight of Obligate species critical for the future of AGC in African tropical

forests.
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Fig. 4. Relative contribution of dispersal guilds to aboveground carbon at different size thresholds.
The bar width is an indication of the relative importance of each guild for AGC in relation to the total
number of stems in the forest. It is calculated for each guild by dividing the percentage of total AGC for

the percentage of stems at each site. Larger ratios (wider bars) indicate a large contribution to AGC by a

small number of stems.

ECOLOGICAL PROCESSES INFLUENCED BY ELEPHANTS

The effects of savanna elephants on their environment have been heavily studied®*. Forest elephants seem
to perform similar actions to their savanna counterparts but few studies have quantified their impacts. We
synthesized the literature and selected studies that provided quantifiable measures of the mechanisms of

ecosystem engineering by elephants expressed in terms of rates, equations, or data. Of all the possible
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ecological processes influenced by elephants?, only a few have been quantified and most of them only
once or twice. Many other studies exist on seed dispersal or browsing preferences but we could not
quantify or generalize with equations their consequences on ecosystem properties. Savanna and forest
elephants alike topple small trees to access foliage, scar and debark trunks but the impacts of these foraging
effects on mortality in forests are poorly quantified (Table 1). Data on debarking and scarring and forest
properties (forest openness, stem density, AGC, and WD) come from single studies (Table 1). Only one
study quantified forest properties as a function of elephant trails?. However, a few general conclusions
can be drawn from our synthesis. The mortality rate inflicted by elephants to large trees (DBH >10 cm) is
between 1-2% which is similar to the background mortality of African tropical forests?’. The mortality of
seedling and saplings is several times higher compared to large trees. Distance from trails is a key
parameter when assessing the effect of elephants on forest properties. There is also a clear relationship
between canopy openness, reduced regeneration, and elephant preference, however this has not been
estimated in more quantitative terms such as visitation frequency or biomass consumption. Less robust
conclusions can be drawn on forest elephant impacts on the density of small trees and the mortality rate
of large trees due to debarking. Elephant density (individuals/lkm?) should be accounted for when
evaluating the magnitude of elephant effect on forest properties and processes, particularly for
comparisons across studies or sites. Densities were not always reported and we highlight the need for
considering this parameter when extrapolating results to other areas. We also suggest that studies should

report the equations of fitted regressions, which would be useful for modelling approaches.
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Description Quantitative result Qualitative result (if any) Location, elephant Ref.
density, and sampled
area
Mortality - regeneration
Mortality rate after | 1.4% (Annual rate) Kibale NP, Uganda, 2
elephant damage 5.3 ha
(DBH > 10 cm)
Recovery rate after | 1.2% (Annual rate) Kibale NP, Uganda, B
elephant damage 5.3 ha
(DBH > 10 cm)
Sapling mortality 4% (Annual rate) Kibale NP, Uganda, 2
rate logged
Seedling and 15-18% Kibale NP, Uganda, 0
saplings mortality logged
(height > 10 cm)
Tree toppling & 2-9.9cm DBH: Tree toppling and broken Bwindi NP, Uganda, s
branch breaking - toppled 40.9% branches decline sharply for 0.97 ha
- broken branch 24% trees > 10 cm DBH. Larger
> 10 cm DBH trees suffer more bark stripping
- toppled 6.9%
- broken branch 7%
68% breaks by elephants Most breaks between 1 mand 3 | Several sites, Gabon 9
m height, 2 cm and 6 cm DBH
Reduced - Browsed species contained 19% Shimba Hills National | 32
regeneration saplings of canopy and 48% subcanopy Reserve, Kenya (both
species forest and savanna
- Trampling, movement, and grubbing elephants common in
prevents regeneration in 25% of the the part)
sampled area
- Canopy opening < 20% and forest gaps Kibale NP, Uganda 3
< 300 m? reduces elephant
Forest properties
Mean DBH from 52 cm (0-5m) Mean DBH decreases away Salonga, 0.05 %
trail 23 cm (21-25m) from trails ind/km?, 100 km of
(distance from trail) transects
Understory y =0.2386x + 0.055 Dung encounter rate increases Salonga, 0.05 %
openness & linearly with understory ind/km?, 100 km of
elephant encounter openness transects
rate
Tree species Distribution of fruit-preferred Salonga, 0.05 %
composition & and browse-preferred trees ind/km?, 100 km of
distance from trail varies as a function of distance transects
from trails
34

Seedling and
sapling density and
damage near
elephant trees

Elephant presence increases chances of
damage to seedlings (84%) and saplings
(24%)

lvindo NP, Gabon

Aboveground y =-0.0841 + 0.3311x -0.0630x? Percentage change in Process-based 5
carbon aboveground carbon (y) as a vegetation model

function of elephant density (x)
Stem density Reduced density of plants between <1 cm 9

and >= 1 m in height

Stem scarring
(DBH>10cm)

16% of stems scarred

Rabongo, Uganda,
7ha

35

Debarking height

Species-specific results

Percentage of debarked trees,
average diameter and debarking
height

18,19
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Table 1. Summary of literature review of the ecological effects of elephants in closed canopy forests
across the Afrotropics. Only studies that provided a quantitative measure or a mathematical function

were included in the table. DBH = diameter at breast height

DISCUSSION

We have shown that, across their range, forest elephants browse most frequently on woody species with
low WD (Fig 1-2). Some abundant species were completely ignored while many rare species were
frequently consumed, though elephants had local preferences at the species level. The exception of Bia
NP might be due to woody lianas and climbers being particularly common both in the forest and in
elephant diets compared to the other sites'®. Elephant browsing preferences are likely driven, in part, by
leaf nutritional properties. Low WD and frequently-browsed trees produced more digestible leaves contain
less fibers and tannins. This strongly supports our hypothesis that elephant browsing increases the AGC
of central African forests by reducing the fitness of preferred fast-growing species, which promotes
survival and growth of slow growing, high WD species. A previous study also suggested that if elephants
are extirpated from forests, the community average WD declines as fast growing species become more
abundant®. Without elephants, the forest average WD will become lower but by how much is difficult to

quantify.

Elephants also influence AGC by dispersing seeds of tree species having high WD which are also over-
represented in large sizes (Fig. 4). The reason for a higher relative abundance of Obligate trees in larger
size classes is unclear, but may be due to the combination of life history traits of large seeded species and
forest succession history. Wood density is correlated with structural strength, low mortality, and resistance

to decay which favor large size and longevity (though slow growth means that attaining large size takes
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longer for these species)®®>’. However, the strength of this correlation declines with increasing tree size®
and some of the largest trees in the forest are fast growing, wind dispersed species of low WD (e.g.
Triplochiton scleroxylon and Ceiba pentandra). Whatever the underlying reasons for their large size and
high WD, Obligate trees contribute significantly to AGC (Fig. 5). Declines in abundance or the complete
extirpation of forest elephants will therefore reduce recruitment through extinction of elephants® and result
in an important reduction in AGC, estimated at 5-12% at our two study sites. Many other Non-Obligate
tree species might also experience reduced recruitment rates because elephants contribute to a large
proportion of their seed dispersal®. The scale of such declines in AGC would depend on the specifics of

tree community dynamics, which can also be predicted with long-term model simulations®.

The current knowledge base on the processes and properties of forest that are influenced by elephants is
better developed in some areas, such as small plant mortality (Table 1). However, many processes and
properties have received less attention or have been evaluated in terms that cannot be fully employed to
model the effects of elephants on forests. There is a lack of repeated experiments in different sites to verify
if locally observed effects are consistent across sites and to evaluate relation between elephant density and
the magnitude of the change. Yet, the current knowledge provides a good starting point to better

characterize elephant effects in modeling studies.

Our results add further evidence that large and mega-herbivores contribute to enhance AGC in tropical
forests through different mechanisms. Until the late Pleistocene, many large herbivores inhabited
Amazonian and southeast Asian tropical forests and could have had a significant effect on the functioning
of those ecosystems. Today, the disappearance of forest elephants will result in loss of AGC between 5-
12% due to the decline of Obligate trees. An additional decline in AGC is also expected as the forest shifts
to a higher abundance of low WD plants. Process-based vegetation models based on these findings and

the processes shown in Table 1 will help better estimate the long-term consequences of elephants decline
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or, hopefully, repopulation®. The significant contribution of forest elephants to carbon stocks and
biodiversity should be accounted to prioritize conservation of the species and their habitat, and
implemented in climate change mitigation policy, and leveraged to promote and finance nature-based

solutions in tropical Africa.

METHODS

Study sites

The Ndoki Forest (“Ndoki” 1.5-3° N, 16-17° E) lies in the northern Republic of Congo. The climate is
transitional between the Congolo-Equatorial and sub-equatorial zones with a mean annual rainfall of ca.
1400 mm (Ndoki Forest records) 412, Topography varies from terra firma uplands and flat plateaus to the
northwest to the extensive floodplain of the Likouala aux Herbes River to the southeast. Soils are of three
main types: arenosols to the north and west, ferrasols to the southeast in the Likouala aux Herbes basin on
terra firma, and gleysols in the swamps further southeast. Ndoki is embedded in wet Guineo-Congolian
lowland rainforest, transitioning to the north into dry Guineo-Congolian lowland rainforest, and into
swamp forests to the south. Terra firma is dominated by Sterculiaceae-Ulmaceae semi-deciduous forest,
with large patches of mono-dominant Gilbertiodendron dewevrei forest along watercourses and upland
plateaus, and swamp forests'®. The Ndoki fauna includes several large charismatic species such as forest
elephants, western lowland gorillas (Gorilla gorilla gorilla), common chimpanzees (Pan troglodytes
troglodytes), forest buffalo (Syncerus caffer nanus), bongo (Tragelaphus eurycerus), and leopards
(Panthera pardus). The human population density is low (<1 inhabitant/ km?) and the immediate study

area contains no permanent human settlement.
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The LuiKotale research site (LK) is located within the equatorial rainforest (2°470S, 20°210E), at the
south-western fringe of Salonga National Park in the Democratic Republic of the Congo?!. The study site
covers >60 km2 of primary evergreen lowland tropical forest. 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 temperature at LuiKotale ranges between 21 °C and 28 °C with a minimum of 17 °C
and a maximum of 38 °C (2007-2010). Two major habitat types can be distinguished. The dry (terra
firma) forest and the wet temporarily and permanently inundated forest. The dry habitat dominates with
heterogeneous species composition covering 73% and patches of mono-dominant Gilbertiodendron spp.
covering 6% of the site. The wet habitat consists of heterogeneous forest temporarily (17%) and
permanently (4%) inundated?’. The LuiKotale fauna includes several large species such as elephants
(almost extinct), bonobos (Pan paniscus), forest buffalo, bongo (Tragelaphus eurycerus), and leopards
(Panthera pardus). Similarly to Ndoki, the human population density is low (<1 inhabitant/ km?) and the

immediate study area contains no permanent human settlement.

Elephant food selection

Fresh elephant trails were followed opportunistically over the course of two years in Ndoki across a range
of habitat types including permanent swamps, seasonally inundated forests, and terra firma open and
closed canopy forest. In the case of woody species, a single feeding event was defined as all fresh feeding
signs on an individual plant, regardless of plant parts consumed, though all parts consumed were also
recorded. At each feeding site data were collected on location (using a handheld Garmin GPS) estimated
age (fresh [<24 hrs] or recent [24-48hrs]), plant species, plant part consumed (leaf, stem, bark, wood,
roots, etc.), estimated amount consumed on a 1-4 scale (rare, few, moderate, and abundant). The total

feeding events recorded were 4941.
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Over a 3-yr period throughout the Ndoki Forest, the seed content of 855 piles of fresh intact elephant dung
was quantified. Dung piles were broken apart with sticks, and fibers were thoroughly teased apart. In each

dung pile, all seeds were identified to species, and all seeds >1 cm on the longest axis were counted.

Analysis of elephant diet

Google Scholar and Web of Science were used to search for data on forest elephants feeding preferences
using English and French keywords: “forest elephant”, “Loxodonta cyclotis”, “browsing preferences”,
“feeding preferences”, “diet”, “diet selection”, “regime alimentaire”, and “elephant de foret”. We also
searched recursively through the references provided by the articles that were found during the search.
We only retained data from studies that quantified feeding preferences per tree species through ordinal
ranking, count of browsing events, selection ratio, or browsing frequency. We excluded studies providing
only a list of consumed species. Our data collected in Ndoki were added to the data found in literature for
a total of eight studies. Five out of eight studies classified feeding preference/frequency in three categories:
rare, medium, high. The Ndoki data contained four categories that were recategorized in three by
combining the low and medium-low categories into “low”. The data from Short 1981 reported the number
of browsing events per tree species. We assigned species to three categories (low, medium, high browsing
preference) based on the frequency distribution of browsing events. Species with less than three browsing
events were assigned to the “low” category, species with more than six were assigned to the “high”
category, and the species in between to the “medium” category. Feeding preferences in Tchamba&Seme
1993 were reported with an ordinal scale and thus are presented without using categories. Statistical
differences between groups were determined using the Student’s t-test for normally distributed data and

the Wilcoxon rank-sum test for non-normally distributed data. Dispersal mode of trees was determined

following © and complemented with data collected at LuiKotale 2
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Tree inventory data and taxonomy harmonization

Tree inventory data were collected in Ndoki (200 m? plots away from elephant trails, total ~ 42 ha, 5674
trees DBH > 40 cm) and LuiKotale (16 1-ha plots, 6579 trees DBH >10 cm). In Ndoki, 1664 understory
circular plots were enumerated, in which 6479 trees and shrubs were measured and identified. Tree
species data (browsing preference plus forest inventories) spanned over several decades and species
names were homogenized and updated following the taxonomy provided by World Flora Online and by

using their associated R package.

Wood density data and AGC analysis

We used the R package BIOMASS to assign WD to each feeding record starting from the species level,
to the genus and finally to the family. If none of these were available, we assigned the plot-average WD.
We group the feeding records in 4 groups following the estimated amount consumed and performed
pairwise Student’s two-sided t-tests across the 4 groups to test for statistically significant differences.
Aboveground carbon was calculated using location-specific DBH-height allometries. We simulated the
loss of AGC due to the lack of recruitment of Elephant-obligate trees by adapting a previously used
methodology!’. We replaced Obligate trees with new trees which were randomly sampled without
replacement from the remaining trees. The relative abundance of the dispersal modes was maintained.
This process was repeated 10,000 times for each of the two sites and the difference between pre and
post-replacement calculated for each iteration. The mean and standard deviation of the 10,000 iterations

were used to estimate the loss of Elephant-obligate trees on AGC.
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Nutritional values of plants

We gathered nutritional values of plant species consumed by elephants from PNuts, a global database of
plant nutritional values (Berzaghi et al. in prep). PNuts contained 102 species of plants part of the forest
elephant diet. For each species, data were available for the following nutritional properties: crude
protein, nitrogen detergent fiber, acid detergent fiber, dry matter digestibility, condensed tannins, and
ash (minerals). These data were complemented with additional data on other leaf and fruit properties that

determine food intake quality: sugar, fat, starch, cellulose, and carbohydrates*.

Analysis of effect on vegetation

We have researched the literature using Google Scholar and Web of Science to find studies investigating
the physical effect of forest elephant on the ecosystem. The following keywords were used: “forest
elephant”, “Loxodonta cyclotis”, “ecosystem engineering”, “ecosystem engineer”, “regeneration”,

“mortality”, “tree density”, “stem density”, “debarking”, and “nutrients”. We also examined any relevant

publication within the references cited by the articles found during the systematic literature search.
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