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Abstract
Plant-animal interactions drive ecological functioning in tropical forests by maintaining

biodiversity, influencing plant population dynamics, and providing key ecosystem services.

However, the biological mechanisms underpinning these interactions across multiple levels

of organization remain poorly understood, in large part due to sampling biases. Moreover,

understanding how anthropogenic activities affect plant-animal interactions, and conse-

quently ecological functioning, is urgent in a world undergoing rapid environmental change.

Addressing these ecological challenges is critical, particularly in tropical forests with high

levels of biodiversity and pressing conservation threats such as Madagascar and Gabon.

In Madagascar, I worked with a diverse team to investigate the relationships between

lemurs and trees across primary and secondary forests. We combined germination experi-

ments, biodiversity surveys, ethnobiological data, and ecological network analysis. In Chap-

ter 2, germination experiments with eight captive and two wild lemur species revealed that

lemur gut-passage primarily enhanced germination success and reduced time-to-germination

via seed priming. Disperser identity and functional traits influenced these outcomes; for

example, seed size was associated with germination probability, and seeds passed by male

lemurs had a 40% higher germination probability than those passed by females. Plant

phylogenetic relatedness further affected germination outcomes. In Chapter 3, network

analyses across primary and secondary forests highlighted the pivotal role of small noctur-

nal lemurs in ecological networks representing lemur seed dispersal, seed predation, and

herbivory. Tree centrality—a measure of a tree’s importance within a network— varied by

land use, interaction type, and ecological traits. In secondary forests, central trees tended

to have smaller diameters and lower wood density. In primary forests, non-endemic trees

with lower wood density tended to be more central. Multilayer network analysis demon-

strates that trees connecting primary and secondary forests were often non-endemic with

low wood density. Further, human use of trees was associated with network structure in sec-

ondary forests, with central trees more likely to be used by people, particularly in herbivory

networks. In Chapter 4, simulated species extirpation demonstrated that primary forest
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networks were more stable than secondary forests or multilayer networks, even accounting

for lemur dietary flexibility. Despite seven lemur species linking forest types, multilayer

networks were consistently less stable, emphasizing the vulnerability of human-modified

landscapes to species loss.

Through complementary research in Gabon, we examined the influence of frugivore-

plant interactions on tree diversity and carbon storage. We investigated frugivory interac-

tions across Gabon, combining botanical survey data across 252 1 ha plots with imputed

frugivory data. In Chapter 5, results highlighted that frugivore trees contributed dispro-

portionately to tree taxonomic and phylogenetic b-diversity. Notably, anthropogenic effects

were associated with interaction diversity; plots near villages had higher interaction rich-

ness and a-diversity but contributed less to b-diversity, suggesting that human activity may

drive biotic homogenization across large spatial scales. In Chapter 6, we used simulations

to assess how faunal degradation of frugivores affects aboveground biomass. Overall, faunal

degradation of endangered species significantly reduced aboveground biomass by limiting

the recruitment of large trees. The results varied by taxa; for example, the loss of carnivores

and birds increased the aboveground biomass, and the effects of ungulates were mixed. Vul-

nerability to aboveground biomass loss was higher in low-altitude, low-precipitation areas,

primary forests, and plots farther from villages. Accounting for unobserved interactions

was critical for robustly assessing the ecological consequences of frugivore declines.

Together, these five studies emphasize the multifaceted role of frugivore-plant interac-

tions in tropical forest ecological functioning. Integrating trait-based, phylogenetic, and

network approaches advances our mechanistic understanding of plant-animal interactions

and their sensitivity to environmental change.
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1. Introduction

1.1 Plant-Animal Interactions

Plant-animal interactions underpin the structure and functioning of forest ecosystems

(Escribano-Avila et al., 2018). Animals maintain ecological and evolutionary processes in

forests by forming mutualistic and antagonistic interactions with plants. Well-documented

mutualistic interactions include seed dispersal by frugivores and pollination. Seed dispersal

influences the composition, structure, and diversity of trees in forests (Beckman & Sullivan,

2023; Chapman & Dunham, 2018; Rogers, Cavazos, et al., 2021). Herbivory and seed

predation are important antagonistic interactions that affect plant survival and growth,

potentially limiting the growth and survival of consumed plant species (Agrawal & Maron,

2022; Chapman et al., 2013; Williams & Brodie, 2023).

Network science is a powerful tool for researching the structure underlying complex

plant-animal interaction webs (Escribano-Avila et al., 2018; Jordano, 2016). Pairwise in-

teractions between different plants and animals in a community can be represented by

ecological networks, where nodes are organisms and edges are the interactions that connect

them. Plant-animal networks are bipartite, where plants are one mode and animals are

the second mode. Bipartite network analysis enables researchers to analyze the mecha-

nisms driving trophic interactions across scales (C. DeSisto & Herrera, 2022; Guimarães,

2020). Network analysis is also used to investigate the effects of disturbance to fundamental

ecological processes (C. DeSisto & Herrera, 2022; Tylianakis et al., 2010).

Ecological interactions are ubiquitous throughout the tropics. Although species com-

positions vary across tropical ecosystems, most tropical plants rely on animals to disperse

their seeds (Rogers, Donoso, et al., 2021). Plant-animals interactions such as seed dispersal

are therefore essential to the functioning of tropical forests across the globe (Howe, 2016).

Moreover, tropical forests are united by pervasive conservation threats such as deforestation

(Hoang & Kanemoto, 2021). This dissertation focuses on ecological interactions in tropical
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forests in two countries: Madagascar and Gabon. Both areas are Afrotropical and support

a high diversity of plant-animal interactions that are embedded in complex ecological net-

works (Durand-Bessart et al., 2023; Ste�ens, 2020). While Madagascar's forests are heavily

deforested and characterized by smaller-bodied seed dispersers (primarily lemurs), Gabon is

among the most forested countries in the world and supports populations of megafauna (i.e.,

Loxodonta cyclotis). These study sites are ideal for investigating the nuanced drivers and

consequences of tropical plant-animal interactions in the context of environmental change.

Understanding the drivers and consequences of frugivory is urgent in Madagascar, a

global hotspot for both biodiversity and extinction. Although birds and bats disperse some

seeds in Madagascar, lemurs are the island's primary seed dispersers (O. H. Raza�ndrat-

sima, 2014). As such, lemurs determine the spatial distribution of seeds, in�uencing all

subsequent processes that a�ect plant recruitment. In many cases, gut-passage by lemurs

improves plant germination rates and time to germination compared to control seeds (Man-

jaribe et al., 2013; Moses & Semple, 2011; O. Raza�ndratsima & Raza�mahatratra, 2010;

Sato et al., 2016; Simmen et al., 2006). However, some lemur-plant dispersal interac-

tions result in lower or unchanged germination rates (C. M. M. DeSisto et al., 2020; O.

Raza�ndratsima & Raza�mahatratra, 2010). While lemurs are important mutualists as

seed dispersers, they also form antagonistic relationships with plants by eating their leaves,

bark, �owers, sap, and exudates (Ste�ens, 2020). On Madagascar, anthropogenic pressures

such as deforestation threaten 94% of extant lemurs (Schwitzer et al., 2014) and 63% of

endemic trees (Beech et al., 2021) with extinction.

In Central African forests, large-bodied animals such as forest elephants (Loxodonta

cyclotis) and gorillas (Gorilla gorilla ) play key ecological roles by dispersing seeds and

browsing on vegetation (Haurez et al., 2018; Poulsen et al., 2021). Smaller-bodied taxa such

as duikers also disperse seeds in Central African forests (Dehaudt et al., 2024). Located

on the west coast of Central Africa, the Republic of Gabon (Gabon) is among the most

heavily forested (89%) (Boucka et al., 2021) countries on Earth. Gabon is also home to many

frugivores, including the largest extant population of L. cyclotis (Laguardia et al., 2021;
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Poulsen et al., 2017). Anthropogenic pressures such as hunting and logging are disrupting

ecological interactions that underpin the functioning of Gabon's forests (Abernethy et al.,

2013; Malhi et al., 2013; Poulsen et al., 2017). Investigating plant-animal interactions across

Gabon is therefore aresearch priority in ecology and conservation science.

1.2 Drivers of Plant-Animal Interactions

Functional traits and phylogenetic e�ects in�uence the probability that an animal con-

sumes a plant (Papadogeorgou et al., 2023a; Segar et al., 2020). Therefore, both plant and

animal traits in�uence the structure of ecological networks (Bender et al., 2018; Dehling

et al., 2016; Schleuning et al., 2011). Plant traits such as fruit and seed size are widely

known to in�uence interactions. For example, frugivorous birds are more likely to feed

on large-seeded plants than small-seeded plants in China (Li et al., 2020). Animal traits

related to foraging, such as body and brain size, as well as home range size, in�uence how

animals use their environment (C. DeSisto & Herrera, 2022; Rumeu et al., 2020; Schleuning

et al., 2011). Plant and animal traits may also interact to in�uence ecological interactions.

For example, large-bodied animals tend to eat plants with larger fruits, a process called

�size matching" (Donatti et al., 2011; Naniwadekar et al., 2019).

Multiple factors in�uence the ecological consequences of plant-animal interactions (Rogers,

Donoso, et al., 2021; Starrfelt & Kokko, 2012). In endozoochorous seed dispersal, frugivores

a�ect seed dispersal outcomes through their foraging, seed-handling ability, morphology,

and post-foraging movements (Lehouck et al., 2012). Seed dispersal by frugivores enables

seeds to escape density-dependent mortality, facilitates settlement in favorable microsites,

and can improve germination rates (J. H. Connell, 1971; Janzen, 1970; Traveset, 1998).

The ecological consequences of seed dispersal depend on the quantity (e.g., seed removal

rates) and quality (e.g., germination probability) of frugivore-plant interactions (Schupp et

al., 2010, 2017). For example, while the e�ect of frugivore gut-passage on plant germination

is highly variable, primate gut-passage tends to increase plant germination rates (Rogers,

Cavazos, et al., 2021). Variable methodologies, as well as geographic and taxonomic biases,
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prevent a more complete understanding of how seed dispersal a�ects plant communities,

especially for endangered and cryptic species (Rogers, Cavazos, et al., 2021).

Plant and animal traits also in�uence post-dispersal outcomes such as germination rates.

Plant functional traits such as seed size (Norden et al., 2009) and lipid content (Gardarin

et al., 2011) increase germination rates. Disperser traits such as sex (Lautenschlager et al.,

2022) and gut complexity (L. F. Fuzessy et al., 2016) also a�ect germination outcomes. Both

seed (size, coat hardness, morphology, color, chemical composition) and animal (gape width,

jaw morphology, presence of teeth, and digestive tract length) traits a�ect the germination

of �sh-dispersed plants (Pollux, 2011). These relationships vary by disperser taxa. For

example, plant functional traits such as fruit color and seed size a�ect lemur foraging

patterns (Birkinshaw, 2001), but seed size is not signi�cantly related to germination rate

or time of seeds passed by Neotropical primates (L. F. Fuzessy et al., 2016). Although

several plant and animal traits determine germination outcomes, studies rarely incorporate

intraspeci�c trait variation (Saatkamp et al., 2019). Mapping intraspeci�c seed and animal

traits to their ecological function (germination) enables predictions that can advance our

understanding of the ecological importance of seed dispersal by frugivores (C. Aslan et al.,

2019; Saatkamp et al., 2019).

1.3 Disturbance to Plant-Animal Interactions

Anthropogenic disturbances� largely caused by high-income consumer countries (Hoang

& Kanemoto, 2021)� are driving biodiversity loss worldwide. Consequently, these pressures

disrupt plant-animal interactions that are essential for evolutionary and ecological processes,

such as seed dispersal (Bogoni et al., 2020a; Tylianakis et al., 2008; Young et al., 2016).

Globally, the functional loss of animals from ecosystems (defaunation) has reduced food

web links by 53% (E. C. Fricke, Hsieh, et al., 2022). Disturbed or collapsed plant-animal

interactions alter plant recruitment, i.e., the addition of new plants to a plant population,

which in turn a�ects plant diversity and composition (Dirzo et al., 2014). Disturbances

to species interactions may also cause coextinction cascades, especially of evolutionarily
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FIGURE 1.1: Schematic diagram representing the drivers and consequences of
plant-frugivore interaction networks.

distinct interactions (Emer et al., 2019), between plants and their mutualists (Rezende

et al., 2007; Vanbergen et al., 2017). By altering species composition, changing interac-

tion frequencies, and shifting evolutionary patterns, disturbances to ecological networks in

forests can adversely a�ect important ecosystem services such as carbon sequestration and

ecotourism (Barraclough, 2015; Keyes et al., 2021).

Perturbations to interaction networks are particularly concerning for tropical forests

because these systems rely heavily on frugivore-mediated seed dispersal (Rogers, Donoso, et

al., 2021). Tropical forests and the plant-animal interactions that shape them are threatened

by habitat degradation, hunting, and wildlife trade (Giam, 2017; Symes et al., 2018). For

example, species extirpation threatens the stability of lemur and plant communities across

Madagascar (C. DeSisto & Herrera, 2022). The combined e�ects of deforestation, climate
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change, and hunting are reducing suitable lemur habitat (Borgerson et al., 2022; Brown

et al., 2015; Morelli et al., 2020), diminishing important food sources (leaves, fruits, etc.)

and disturbing lemur-plant interactions. In Central African forests, anthropogenic e�ects

such as hunting can drive population declines of seed dispersing animals (Beirne et al., 2019;

Koerner et al., 2017; Poulsen et al., 2017). In turn, reduced frugivore populations can alter

the recruitment of certain tree species (Rosin & Poulsen, 2016). Dietary redundancy and/

or �exibility may slow the feedback loop between declining frugivore and plant populations

(C. DeSisto & Herrera, n.d.; C. M. M. DeSisto et al., 2020; Eppley et al., 2015, 2020).

Nevertheless, disruption to plant-animal interactions may alter forest structure and reduce

critical ecosystem services such as carbon storage (C. DeSisto & Herrera, n.d.; Dirzo et al.,

2014; O. H. Raza�ndratsima, Gentles, et al., 2018; O. H. Raza�ndratsima et al., 2021; Van

de Perre et al., 2018).

1.4 Bias In Plant-Animal Interaction Research

Undersampling of taxa has long been considered a fundamental problem in ecologi-

cal research (Gotelli & Colwell, 2001). Sampling ecological interactions presents similar

challenges; even in studies with high sampling e�ort, interaction incompleteness persists

(Chaco� et al., 2012). For example, only 9% of tropical frugivore network analyses have

been conducted in Africa (Escribano-Avila et al., 2018), restricting knowledge of the drivers

of ecological network structure in these highly diverse and threatened ecosystems. Newly

developed statistical methods can now address undersampling to improve biodiversity esti-

mations, from estimating species diversity (Chao et al., 2014) to the diversity of interactions

among species in ecological networks (Chiu et al., 2023). Additionally, combining di�erent

types of data can advance the study of ecological interactions and improve estimates of

network properties (Quintero et al., 2022). For example, meta-network approaches (e.g.,

C. DeSisto and Herrera, 2022; E. C. Fricke and Svenning, 2020) can combine di�erent data

sources where logistics and �nances preclude systematic sampling. Combining ethnoecolog-

ical knowledge with data derived from ecological �eld research can also greatly improve data
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completeness in ecological network studies (Ong et al., 2021). While useful in many cases,

combining diverse methodologies nevertheless poses challenges for estimating network-level

properties (Brimacombe et al., 2023; Quintero et al., 2022).

1.5 Dissertation Project

In this dissertation, I address a fundamental question in ecology:what are the drivers

and functional consequences of plant-animal interactions in Afrotropical forests?I inves-

tigate this question across multiple geographies and levels of organization, with a focus

on the context of environmental change. While seed dispersal is the focus of plant-animal

interactions, Chapters 2 and 3 also examines seed predation and herbivory. I work in collab-

orative teams and with diverse data types. We integrate distinct methodologies to address

challenges unique to di�erent ecological contexts.

Speci�cally, research in this dissertation asks:

• At the community level, how do functional traits and phylogenetic e�ects mediate the

e�ects of lemur seed dispersal on plant germination?

• At the landscape level, across a human-modi�ed rainforest in northeast Madagascar,

– how does lemur-plant ecological network structure and stability to perturbation

vary across land use and interaction types?

– what ecological and human-use traits predict the importance of trees to lemur

dietary networks?

• At the national level, across Gabon,

– how do anthropogenic and environmental characteristics predict frugivore inter-

action diversity?

– how does frugivore loss a�ect carbon storage in Central African forests?

1.5.1 Chapter 2:

In Chapter 2, I addressed a key gap in the seed dispersal literature: knowledge of the

biological mechanisms of seed dispersal outcomes, particularly including the e�ects of in-

dividual functional traits in plants and their dispersers. I worked with 12 other co-authors
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to examine lemur gut-passage in both wild and captive lemur populations. In feeding and

germination experiments, we 1) quanti�ed the e�ects of pulp removal, seed priming, and

feces on germination, 2) identi�ed the role of distinct lemur species on germination, and

3) determined how individual plant and animal traits a�ected germination. We treated

both success rates and time-to-germination as dependent variables. Data from 10 lemur

species and¡ 8,000 seeds were analyzed in a Bayesian framework that accounted for phy-

logenetic non-independence of plants while estimating phylogenetic signal. Emphasizing

the complexity of biological mechanisms underpinning seed dispersal outcomes, our results

demonstrated that both ecological and evolutionary factors were important drivers of ger-

mination in lemur-passed seeds.

1.5.2 Chapters 3 and 4:

In Chapters 3 and 4, I examined the structure and function of lemur-plant ecological

networks in northeast Madagascar. In this project, I worked with 22 other co-authors

to improve our understanding of ecological networks across human-modi�ed landscapes.

Speci�cally, we examined interactions both within and between secondary and primary

forests. Combining ethnobiological data� including interviews with 81 local knowledge

holders� with direct observations during �eld work enabled us to construct more complete

ecological networks representing seed dispersal, seed predation, and herbivory.

In Chapter 3, we researched the trait-based relationships of these ecological interactions.

We 1) determined the importance lemur species and tree genera to network structure (i.e.,

centrality), 2) identi�ed the ecological traits that predict of tree centrality, and 3) examined

the relationships between the network centrality of trees and their usefulness for people in

local communities. Both ecological and human-use traits played a key role in the struc-

ture of ecological networks in human-modi�ed landscapes. In Chapter 4, we employed

network analysis and stochastic extirpation simulations to quantify ecological network 1)

structure and 2) stability to simulated lemur and plant extirpation, accounting for inter-

action rewiring. Networks were characterized by signi�cantly di�erent structure depending
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on their land use and forest types. Further, multilayer networks were less stable to pertur-

bations than single-layer networks, emphasizing the ecological importance of lemur species

that connect the primary and secondary forest networks.

1.5.3 Chapters 5 and 6

In Chapters 5 and 6, I studied the in�uence of anthropogenic e�ects on frugivory in-

teractions across Gabon. I worked with a team of eight other co-authors and combined

multiple datasets to assess patterns in frugivory at a broad geographical scale. My col-

leagues and I used literature databases and novel statistical methods to impute unobserved

frugivory interactions across Afrotropical forests. We combined these data with vegetation

surveys of 1-ha botanical plots across Gabon (n = 260) to identify the potential frugivore

dispersers of individual trees. We also collected remotely sensed plot metadata to inform

our analyses.

In Chapter 5, we assessed the environmental and anthropogenic predictors of frugivore

interaction diversity across Gabon. Both environmental and anthropogenic plot character-

istics predicted interaction diversity. Anthropogenic e�ects tended to increase interaction

diversity locally, but they decreased interaction turnover across Gabon. In Chapter 6, we

estimated the e�ects of faunal degradation� i.e., a decline in animal populations from a

community (Poulsen et al., 2023)� on aboveground biomass across Gabon. To do this, we

estimated aboveground biomass for individual trees, then simulated limited tree recruitment

and species turnover due to faunal degradation. Frugivore population declines will likely

cause declines in aboveground biomass over long time-scales, but e�ects were predicted to

be heterogeneous across Gabon. Importantly, failing to account for unobserved interactions

could underestimate the impact of faunal degradation on critical ecological processes such

as aboveground biomass storage.
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2. Functional traits and phylogenetic effects drive
germination of lemur-passed seeds
Co-authors: Zico Zandry, Telesy Feno, Borna Zareiesafandabadi, Jean Randrianasy, Jean

Tiamanana, Dominique Randrianasolo, Manadina Rasolofo, George Raveloson, Franclin

Zerimanana, Onja Raza�ndratsima, James P. Herrera, John R. Poulsen

Note: this chapter has been published inEcology and Evolution.

2.1 Introduction

Seed dispersal drives evolutionary, community, and ecosystem processes in tropical

forests (Guimarães et al., 2011; Rogers, Donoso, et al., 2021; Schleuning et al., 2014). The

e�ects of seed dispersal on plant population persistence depend on both the quantity� num-

ber of seeds dispersed� and quality � functional outcomes for seed survival and growth�

of the interaction (Schupp et al., 2010, 2017). Frugivores can in�uence seed dispersal quality

through processes that occur during gut passage, such as scari�cation, and by defecating

intact seeds in favorable microsites, potentially improving seed germination. Germination

success rates and time-to-germination in�uence plant survival, phenotypic trait expression,

ecological niches, and geographic ranges (Donohue et al., 2010). Variation in the e�ec-

tiveness of seed dispersal across communities predicts the ability of plants to track climate

change by dispersing to new environments (E. C. Fricke, Ordonez, et al., 2022); under-

standing the drivers of germination is, therefore, especially important in a time of rapid

environmental change.

The e�ect of frugivore seed dispersal on germination is highly variable (Rogers, Cavazos,

et al., 2021; Traveset & Verdú, 2002). At a global scale, frugivores signi�cantly improve ger-

mination success rates (Traveset & Verdú, 2002). Recent meta-analyses determined that

primate seed dispersal tends to increase germination success rates and decrease time-to-

germination compared to other taxa (L. F. Fuzessy et al., 2018; Rogers, Cavazos, et al.,

2021). Gut passage by frugivores can improve germination success rates and decrease time-
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to-germination through three key mechanisms: 1) pulp removal (causing deinhibition to

stimulate germination), 2) seed priming (mechanical scari�cation and chemical enhance-

ment of seed coat permeability to key resources), and 3) feces e�ects (deposition of seeds

in nutrient-dense feces along with microbial communities) (E. C. Fricke et al., 2019; J.

H. Connell, 1971; Janzen, 1970; Lehouck et al., 2012; Traveset, 1998). Understanding

the mechanisms that a�ect seed germination is critical for predicting the e�ects of seed

dispersal on plant performance.

Trait variation of both plants and seed dispersers also plays an important role in germi-

nation (Laughlin et al., 2020). Seed size, for example, is a well-known driver of germination

success (Schupp et al., 2019). Globally, intraspeci�c trait variation accounts for approxi-

mately 25% of morphological and physiological plant trait variability within communities

and 32% of the trait variation among communities (Siefert et al., 2015). Despite the im-

portance of a suite of traits for germination, studies rarely (4%) incorporate intraspeci�c

trait variation (Green et al., 2022; Saatkamp et al., 2019) (but see (E. Fricke et al., 2019)).

Further, germination does not appear to be constrained by evolutionary processes (Rogers,

Donoso, et al., 2021). In some cases, however, closely related plant species have more sim-

ilar germination success rates than more distantly related species (Lovas-Kiss et al., 2020;

Wang et al., 2021). For seed dispersers, age (Anderson et al., 2009; Kubitzki & Ziburski,

1994), body size (Anderson et al., 2009; P. King et al., 2011) and sex (Mancilla-Leytón

et al., 2013) can in�uence germination success. However, the e�ect of disperser traits on

germination remains an important research gap (Green et al., 2022; Zwolak, 2018).

In this study, we conduct experiments with wild and captive animals to quantify the

strength of ecological and evolutionary factors on seed germination. Accounting for phy-

logenetic e�ects, we 1) quantify the relative importance of three mechanisms : i) pulp

removal, ii) seed priming, and iii) feces (nutrient fertilization and/or microbiome) on two

seed germination outcomes: i) germination success and ii) time-to-germination, 2) deter-

mine if these outcomes are dependent on disperser species, and 3) estimate howindividual

plant and animal functional traits mediate the e�ects of gut passage on germination. We
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examined these patterns in both wild and captive experimental settings. Experimental

settings included di�erent plant and lemur species due to logistical feasibility and ethical

considerations.

We hypothesize that 1) all mechanisms increase germination success rates and decrease

time-to-germination; 2) a) germination varies by disperser species and b) through long-term

coevolutionary dynamics, germination is constrained by evolutionary history (phylogeny)

such that closely related species have more similar germination success than distantly re-

lated species; and 3) in addition to phylogenetic e�ects, individual plant and animal func-

tional traits in�uence the e�ects of seed dispersal on germination through their impacts

on the mechanisms noted above. We predict germination success rates will increase with

seed size and disperser body weight. If the predicted associations of mechanisms and seed

germination success rates are consistent in captive and wild settings, we interpret this to

indicate deep co-evolutionary relationships between plants and animals. If, however, the

associations are not consistent between wild and captive settings, environmental context is

a more important driver of dispersal outcomes. Experimentally mapping individual plant

and disperser traits to their ecological function (i.e., germination) can advance a predictive

framework of population dynamics, including in scenarios of frugivore loss due to environ-

mental change (C. Aslan et al., 2019; Saatkamp et al., 2019).

We use lemurs, Madagascar's primary seed dispersers and only endemic primates (O. H.

Raza�ndratsima, 2014), and their food plants as a system to test these hypotheses. As the

endemic primates of Madagascar, lemurs have 50+ million years of coevolutionary history

with their food plants and play a vital role in forest ecosystems as seed dispersers. However,

anthropogenic pressures such as deforestation threaten 94% of extant lemurs (Schwitzer

et al., 2014) and 63% of endemic trees (Beech et al., 2021) with extinction. Through

seed dispersal, lemurs largely determine the spatial distribution of seeds, in�uencing all

subsequent processes that a�ect recruitment (O. H. Raza�ndratsima et al., 2022). The

e�ects of lemur seed dispersal fare generally positive: germination success rates tend to

be higher for lemur-dispersed seeds and time-to-germination is usually shorter compared to
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control seeds (Moses & Semple, 2011; Ramananjato et al., 2020; Simmen et al., 2006). Even

so, some lemur-plant dispersal interactions result in lower or unchanged germination success

rates (C. M. M. DeSisto et al., 2020; O. Raza�ndratsima & Raza�mahatratra, 2010). To our

knowledge, this is the �rst study to address the e�ects of lemur seed dispersal experimentally

with both captive and wild lemurs to test the impacts of both evolutionary and ecological

processes.

2.2 Materials and Methods
2.2.1 Data Collection
2.2.1.1 Germination Experiments

To assess the biological mechanisms that in�uence the e�ect of lemur gut passage on

germination, we compared seed germination across four experimental treatments: i) gut-

passed, unwashed, ii) gut-passed, manually washed to remove fecal material (feces removal),

iii) not gut-passed, manually washed to remove pulp (pulp removal), and iv) control, not

gut-passed, unwashed/ pulp not removed (Fig. 2.1b). Compared to the control, treatment

iii represents the e�ect of pulp removal and treatment i and ii represent the e�ects of pulp

removal and potential seed priming caused by gut passage. Compared to treatment ii,

treatment i represents the e�ects of feces (potentially including nutrient fertilization and

microbiome e�ects). Lemur-passed and control seeds were randomly allocated to the four

treatments. Processing included assignment to a treatment, measurement of seed length,

and placement in a Petri dish with �lter paper moistened with distilled water. Seeds

assigned to washed treatments (ii and iv) were brie�y rinsed with room-temperature water

until pulp/fecal matter was removed. We then monitored seeds for germination twice weekly

for 100 days, adding distilled water to maintain moisture as necessary. We counted a seed

as �germinated" at radicle emergence. All germinated seeds were removed from Petri dishes

after data collection. Seeds that had not germinated by day 100 were recorded as having

not germinated.
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2.2.1.2 Wild Animal Experiments

We conducted a �eld-based germination experiment in Madagascar between June 2023

and May 2024. Fieldwork took place in the COMATSA-Sud corridor in the SAVA (Sam-

bava, Antalaha, Vohemar, Andapa) region of northeast Madagascar, a montane rainforest

site. The World Wildlife Fund has co-managed COMATSA with a de-centralized system

of local forest management associations since 2015, and the protected area is part of the

Complexe des Aires Protégées d'Ambohimirahavavy-Mariovorahona(Goodman et al., 2019).

Nine lemur species (Eulemur albifrons, Eulemur rubriventer, Hapalemur occidentalis, Prop-

ithecus candidus, Allocebus trichotis, Cheirogaleus crossleyi, Microcebus lehilahytsara, Avahi

laniger, Lepilemur saeli) occur in the area.

We conducted surveys of diurnal lemurs on four 1-km transects during the dry and

wet seasons, searching for lemurs and lemur feces. Morning surveys were conducted at

� 07h00 and afternoon surveys at� 13h00. When lemurs were encountered, we recorded

species identity, group demographics, and geographic coordinates. After an encounter, we

attempted to follow the group as long as possible to collect fecal samples. In the case of

a defecation event, we collected feces, recording GPS coordinates and lemur species. We

also opportunistically searched for lemur feces on the forest �oor while conducting transect

walks, identifying the lemur disperser to the genus level based on fecal morphology. We

extracted and identi�ed all seeds in the feces within 24 hours of defecation. Seeds were

identi�ed to the vernacular name based on knowledge of the local community and later

translated to Latin names based on herbarium specimens of leaves. Seeds were identi�ed

to and analyzed at the genus level. We collected control seeds from fruits on trees or on

the forest �oor from multiple individuals.

We collected feces with seeds from three lemur species (Eulemur rubriventer, Eulemur

albifrons, Propithecus candidus), but 99% of fecal samples were obtained fromE. rubriventer

and E. albifrons. P. candidus is known to be a seed predator rather than disperser (E. Patel,

2014), so we only analyzed samples from the twoEulemur species. In our experiments, we
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included seeds from plant genera for which we were able to collect su�cient data in terms

of both lemur-dispersed seeds (100 minimum) and control seeds (20 minimum):Syzygium,

Grewia, Cryptocarya, Breonadia, Pandanus, and Sterculia. These plants are all large trees

found in moist tropical forests. The genera are not endemic to Madagascar, but all except

for Breonadia include species that are endemic to Madagascar (Missouri Botanical Garden,

2021). For mean plant seed lengths, see Table A.1.

2.2.1.3 Captive Animal Experiments

We repeated an identical germination experiment to the wild animal study, replicat-

ing the four treatments in captive conditions at the Duke Lemur Center (DLC) in North

Carolina, USA, from January - October 2023 (Fig. 2.1). We conducted captive feeding

trials and germination experiments with 8 lemur species (Varecia variegata variegata, Vare-

cia rubra, Eulemur �avifrons, Eulemur coronatus, Eulemur mongoz, Microcebus murinus,

Cheirogaleus medius, and Lemur catta). It is noteworthy that E. �avifrons, E. coronatus

and E. mongoz are in the same genus as the dispersers in the wild animal experiments. All

captive lemur species are, however, di�erent from those in the wild experimental setting

due to species availability at the DLC.

Each lemur species was fed 6-10 common agricultural plant species as target species for

the germination experiments: bell pepper (Capsicum annuum), cantaloupe (Cucumis melo

var. cantalupensis), tomato ( Solanum lycopersicum), kiwi ( Actinidia deliciosa), dragonfruit

(Selenicereus undatus), honeydew melon (Cucumis meloL.), butternut squash (Cucurbita

moschata), blackberry (Rubus fruticosus), apple (Malus pumila), and cranberry (Oxycoccus

macrocarpus). DLC feeding regulations and logistics of exporting fruits from Madagascar

prohibited feeding captive lemurs exported fruits from Madagascar. Experiments consisted

of 2-14 lemur individuals per species, depending on availability and logistics, for a total of

55 individuals (mean individuals per species = 6.8, sd = 3.7). Individual data on sex, age,

and body weight of each animal were provided by the DLC. We conducted feeding trials

in the morning and collected fecal samples for several hours after feedings. In cases where
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FIGURE 2.1: Schematic diagram representing the methods, including a) experimental
setting (wild or captive), b) the four experimental treatments, c) plant data, d) lemur

data, and e) seed dispersal outcomes (response variables, germination probability and
time-to-germination). c) highlights that we considered plants to the genus level in the

wild experiments but to the species level in the captive experiments; in both
environmental contexts, seed length was an individual-level trait. d) highlights that,

while we can only know species-level lemur identities in some cases (wild lemurs were
all genus Eulemur), we know species identity and individual-level functional traits for all

lemurs in the captive settings.

multiple animals were housed in one cage, we used colored dye to help identify fecal samples

to the individual level.

2.2.2 Statistical Analyses

Our analytical framework (Fig. 2.1) examined the mechanisms by which lemur gut

passage a�ects seed germination by investigating the e�ects of experimental treatments,

species, and functional traits. Individual seed was always used as the replicates with ger-

mination success and time-to-germination as response variables. First, we combined all
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seeds to test the e�ects of wild and captive experiments. Second, we analyzed wild and

captive experiments separately. We included phylogeny to account for non-independence of

species/ genera and estimate phylogenetic signal of responses. Time-to-germination could

�t within a survival analysis framework; however, because we did not need to censor the

data, we chose to use a similar MCMC framework as the germination success models. All

analyses were conducted usingRVersion 4.3.1 (R Core Team, 2023).

2.2.2.1 Wild and Captive Animal Experiments Combined

First, we tested the e�ects of treatment on germination success rate and time-to-

germination for each seed. We pooled the wild and captive animal experiment data and

conducted a logistic regression with germination as the binary response variable and a linear

regression with time-to-germination (days, log-transformed) as the response variable. To

test if the e�ects of treatments on germination success rate and time-to-germination di�ered

in the wild compared to captive animal experiments, we included data type (wild or captive)

as a factor. We constructed models in theR packagelme4 (Bates et al., 2015), including

treatment, data type, and their interaction as independent variables in the models.

2.2.2.2 Wild Animal Experiments

We analyzed the e�ect of the four treatments on germination in the �eld by building

a MCMC generalized linear mixed e�ects logistic regression with germination success as

the dependent variable and a MCMC mixed e�ects linear regression with (log transformed)

time-to-germination as the dependent variable. We treated the binary outcome, germina-

tion, as the dependent variable and treatment as the independent variable. Plant phylogeny

and, when possible, lemur species were included as random e�ects. We also tested the ef-

fects of plant trait (seed size) variation on germination outcomes. To assess the e�ects of

seed length on germination, we included individual seed length, treatment, and their inter-

action as �xed e�ects, with plant phylogeny, and, when possible, lemur species, as random

e�ects. We were unable to assess the impacts of disperser traits in the wild dataset because

collection of individual traits was not logistically possible in this study.
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We used a logistic mixed e�ects model in a Bayesian framework (MCMCglmmpackage)

(Had�eld, 2010). For the prior parameters in all models, we assumed a multivariate normal

distribution with mean 0 for �xed e�ects and inverse-Wishart distributions (V = 1, n =

0.002) for random e�ects. These are di�use priors that are not overly informative and allow

for exploring a wide parameter space. For each model, we ran the MCMC (Markov Chain

Monte Carlo) algorithm for a total of 15,000 iterations. To ensure that the Markov chain

reached stationarity, we discarded the �rst 1,500 iterations as burn-in. We did not apply

any thinning, such that every iteration post-burn-in was retained for analysis. Following

best practices for assessing MCMC results, we inspected trace plots of parameter values

over generations to check for stabilization. We also ran the Gelman-Rubin diagnostic using

the packagecoda (Plummer et al., 2006) to ensure that the potential scale reduction factors

were close to 1.

We accounted for plant phylogeny by incorporating the inverse phylogenetic relatedness

matrices into the model. We trimmed the global angiosperm phylogeny (Smith & Brown,

2018a) to include only the genera in our dataset usingV.PhyloMaker (Jin & Qian, 2019b).

In addition to estimating the e�ects of treatment on germination probability, we estimated

l �phylogenetic signal describing the degree to which closely related taxa resemble one

another following the Brownian motion model of evolution� to determine the phylogenetic

signal in the residuals of the model.

2.2.2.3 Captive Animal Experiments

We repeated the wild animal experiment treatment and seed size models for the captive

lemur seed dispersal experiments. Because we identi�ed lemurs to the individual level

in the captive experiments, we could include the individual lemur identi�cation nested

within species as a random e�ect in the treatment and plant trait models. We could also

test the e�ects of individual lemur traits on germination success and time-to-germination.

In separate models, we determined the e�ects of variation in lemur traits by including

individual body weight, sex, age, and activity pattern (diurnal or nocturnal) as independent
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variables; we also accounted for treatment as a dependent variable, and lemur and plant

phylogeny as random e�ects. Continuous traits were transformed to the z-score distribution.

Species-level plant and lemur phylogenies were included as random e�ects.

For these models, we assessed the e�ects of plant species, rather than genera because

we were able to identify all fruits and seeds to the species level. We therefore trimmed

the global angiosperm phylogeny (Smith & Brown, 2018a) to include plant species in the

study using V.PhyloMaker (Jin & Qian, 2019b). Although we collected lemur species data

for all gut-passed seeds,MCMCglmmcannot �t models where observations are missing from

the phylogeny; i.e., in the case of control seeds which were not passed by a lemur species.

We therefore tested the validity of conducting treatment models that included a lemur

species but not lemur phylogenetic e�ects. Excluding control seeds, we conducted models

testing the e�ects of treatment on germination success and time-to-germination, where a)

plant phylogeny and lemur ID were nested within lemur species as random e�ects, and b)

plant phylogeny and lemur ID nested within lemur phylogeny (Herrera & Dávalos, 2016)

as random e�ects. The very low lemur l values (0.04, CI = 0-0.2 for germination success;

0.01, CI = 0.0-0.2 for time-to-germination) in b models suggested that lemur phylogenetic

signal in germination outcomes was very low (not di�erent from 0), thus we included only

lemur species as random e�ects in captive animal models, except for the lemur trait model

which only included lemur-passes seeds.

2.3 Results
2.3.1 Wild and Captive Animal Experiments Combined

In our wild animal experiments, we collected data from 3,830 seeds passed by two lemur

species (Eulemur rubriventer and Eulemur albifrons) and 1,362 control seeds, for a total of

5,192 seeds. We conducted subsequent analyses using six plant genera (Syzygium, Grewia,

Cryptocarya, Breonadia, Pandanus, Sterculia) for which we were able to collect su�cient

data both in terms of lemur-dispersed and control seeds, for a total of 2,130 seeds analyzed.

In our captive animal experiments, we analyzed data collected from 5,476 lemur-passed
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and 642 control seeds, for a total of 6,118 seeds across 10 readily available US food plant

varieties (across nine species) and eight lemur species. Combining the wild and captive

data, we analyzed 8,248 seeds.

Odds of germinating were 1.4 times greater for gut-passed seeds (estimate = 0.349,p

= 0.006, df = 8246) and 1.7 times greater for feces-removed seeds (estimate = 0.529,p  

0.001) compared to control seeds (Fig. 2.2a, Table A.2). Seeds that were not gut-passed

and where the pulp was removed were 1.3 times more likely to germinate than control

seeds (estimate = 0.292,p = 0.073, marginally signi�cant). There was an interaction

between experimental setting and treatment on germination probability; in other words,

the in�uence of treatment on germination probability was stronger in the wild compared to

captive setting (Table A.2). Gut-passed seeds also tended to germinate more quickly than

seeds not passed by lemurs; gut-passed seeds germinated 2.9 days before control seeds (p =

0.002, df = 3568) and feces-removed germinated 3.9 days before control seeds (p   0.001;

Fig. 2.2b, Table A.2). While wild seeds germinated 13.3 days slower than seeds in the

captive experiment (p   0.001), there was not a signi�cant interaction between between

experimental setting and treatment on time-to-germination.

Di�erent plant and animal species were used in the wild and captive experiments. Mean

seed length in the wild (mean = 13.2 mm, sd = 28.3 mm) animal experiment was greater

than the captive animal experiment (mean = 5.1 mm, sd = 3.6 mm ; t = 13.121, p  

0.001, df = 5631.6; Table A.1). Using species-level body mass for wild lemurs (O. H.

Raza�ndratsima, Yacoby, & Park, 2018; O. H. Raza�ndratsima et al., 2019) and individual-

level mass for captive lemurs, average captive lemur mass was signi�cantly lower than the

mass of the wild species (t = -5.372, p   0.001, df = 53.882). Due to these di�erences and

environmental factors that could in�uence results, we conducted analyses treating the wild

and captive experiments separately.
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FIGURE 2.2: The effect of treatment on a) germination success rate and b) mean
time-to-germination for the wild and captive animal experiments combined. Points

represent estimates and bars represent 95% con�dence intervals.

2.3.2 Wild Animal Experiments
2.3.2.1 Treatment

Controlling for plant phylogeny and lemur species as random e�ects, gut-passed seeds

were 5 times more likely to germinate than control seeds in experiments with wild lemurs

(estimate = 1.614, p = 0.020; Fig. 2.3a, Table A.3). Feces-removed seeds were 4 times more

likely to germinate than control seeds (estimate = 1.385,p = 0.014), whereas removing

pulp from control seeds reduced the odds of germinating by 43% (estimate = -0.556,p

= 0.076, marginally signi�cant). Control unwashed seeds had higher mean germination

probability (28% mean germination) compared to to non-gut-passed pulp removed seeds

(19%), although there was no statistically signi�cant di�erence (Fig. 2.3a). Feces-removed

seeds did not signi�cantly di�er in germination success rates (60%) compared to gut-passed

unwashed seeds (55%, Fig. 2.3a). We detected a strong e�ect of plant phylogenetic e�ects,

suggesting important variation in germination success across plant genera (l = 0.88, 95%

CI = 0.75-0.99).

Treatment did not a�ect time-to-germination in the wild animal experiments (Table

A.3). Compared to the control treatment's mean time-to-germination of 24.1 days, there
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FIGURE 2.3: The effect of treatment on a) germination probability and b) mean
time-to-germination. Points represent estimates and bars represent 95% con�dence

intervals.

was no signi�cant di�erence in mean time-to-germination compared to the pulp removal

(18.9 days), gut-passed unwashed (21.3 days), or feces removal treatments (18.0 days, Fig.

2.3b, Table A.3). Mean l was 0.28 (0.03-0.61), suggesting a low plant phylogenetic e�ect

on time-to-germination.

2.3.2.2 Traits

Seed size was not signi�cantly related to germination probability in the wild animal

experiments (estimate = -0.031,p = 0.416, Fig. 2.4a, Table A.4). However, treatment

in�uenced the e�ect of seed size on germination success rates. Compared to control seeds,

the e�ect of seed size on germination probability was stronger for feces-removed seeds
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FIGURE 2.4: The interaction effect of treatment and individual variation in seed length
on a) germination probability and b) time-to-germination in wild animal experiments.

Points represent raw data and are jittered by 0.02 vertically to allow for visualization. In
panel b, points with time-to-germination ¡ 35 days were excluded to improve ease of

visualization.

(estimate = 0.088, p = 0.047). Controlling for the e�ects of seed length and its interaction

with treatment, for each 1 mm increase in seed length, the odds of germination increased

by 9.2% when feces were removed from the seeds. Plant phylogenetic signal was low:l =

0.28 (0.03-0.61; Fig. A.1).

Overall, seed length was negatively, but not signi�cantly, associated with time-to-

germination (estimate = -0.025, p = 0.247; Fig. 2.4b, Table A.4). However, treatment

in�uenced the e�ect of seed length on time-to-germination. Compared to control seeds,

the e�ect of seed length on time-to-germination was more positive for non-gut-passed pulp

removed seeds (estimate = 0.066,p = 0.009). Compared to control seeds, seeds germinated

more quickly if the pulp(estimate = -0.978, p = 0.059, marginally signi�cant) and feces

(estimate = -1.057, p = 0.020) were removed. Plant phylogenetic e�ects were low (l =

0.24, CI = 0.00-0.55).
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2.3.3 Captive Animal Experiments
2.3.3.1 Treatment

Captive lemur gut passage increased germination probability. Compared to control

seeds, gut-passed unwashed seeds were 2.4 times more likely to germinate (estimate =

0.922,p = 0.003; Fig. 2.5a, Table A.6) and feces-removed seeds were 3.4 times more likely

to germinate (estimate = 1.236, p   0.001). Washing alone did not improve germination

probability (estimate = 0.364, p = 0.305). We detected strong plant phylogenetic e�ects

on germination probability ( l = 0.71, CI = 0.50-0.92).

Both unwashed gut-passed seeds (9.6 days,p = 0.027) and feces-removed seeds (9.0

days, p = 0.011) germinated more quickly than the control treatment's mean time-to-

germination of 12.8 days. Mean time-to-germination was not signi�cantly di�erent from

the pulp removal treatment (10.4 days, p = 0.117; Fig. 2.5c, Table A.6).There was low

plant phylogenetic signal (l = 0.27, CI = 0.08-0.48).

2.3.3.2 Lemur Species

Lemur species tended to have similar e�ects on germination probability and time-to-

germination (Fig. 2.6a/b, Table A.7). However, E. coronatus (feces removal treatment =

49%, unwashed = 44%) andL. catta (42%/37%) had lower germination success rates than

many other species (Fig. 2.5a). Seeds passed byE. mongoz had the highest germination

success rates (70%/66%), although they were not signi�cantly more likely to germinate

than those passed by many other lemur species.l for plants was 0.81 (CI = 0.64-0.96).

Seeds passed byE. coronatus and V. variegata tended to take longer to germinate

(11.0/10.2 and 10.6/9.9 days, depending on treatment), while those passed byM. murinus

tended to germinate more quickly (8.3/7.7 days, depending on treatment; Fig. 2.5b, Table

A.7).

2.3.3.3 Traits

Seed size was positively related to germination success rate; for every additional 1 mm

in length, germination odds increased by 11.6% (estimate = 0.11p = 0.019; Fig. 2.7a).
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FIGURE 2.5: The effect of treatment on a) germination success rate and b) mean
time-to-germination. Points represent estimates and bars represent 95% con�dence
intervals. In panel c, the solid line represents observed values and the shaded area

represents the 95% con�dence intervals.

Treatment in�uenced the e�ect of seed size on germination success rates; compared to

control seeds, the e�ect of seed size was weaker for gut-passed unwashed seeds (estimate =

-0.094,p = 0.019; 2.7a, Table A.8) and feces-removed seeds (estimate = -0.132,p = 0.001).

Controlling for the e�ects of seed length and its interaction with treatment, seeds were 3.4

times more likely to germinate if they were gut-passed and unwashed (estimate = 1.230,

p = 0.020) and 5.0 times more likely if feces were removed (estimate = 1.613,p = 0.004),

compared to control seeds.l for plants was high (0.86, CI = 0.75-0.97; Fig. A.2).

We did not detect evidence that treatment in�uenced the e�ect of seed size on time-to-

germination, so we proceeded with a model without the interaction term (Table A.8). Seed

25



FIGURE 2.6: The effect of lemur species on a) germination success rate and b) mean
time-to-germination. Points represent estimates and bars represent 95% con�dence

intervals. Dashed lines represent the feces removal treatment and solid lines represent
the unwashed treatment. Horizontal lines represent mean germination success rate and
mean time-to-germination of control seeds. In panel c, the solid line represents observed

values and the shaded area represents the 95% con�dence intervals.

length was negatively but not signi�cantly associated with time-to-germination (estimate

= -0.010, p = 0.509). l for plants was low (0.27, CI = 0.11-0.54).

Seeds passed by male lemurs were 39% more likely to germinate than seeds passed

by females (estimate = 0.326,p   0.001; Fig. 2.8a, Table A.9). No other lemur traits

were signi�cantly related to germination probability. We detected high plant phylogenetic

signal (l = 0.77, CI = 0.56-0.95) and low lemur phylogenetic signal (l = 0.10, CI =

0.01-0.28) on germination success rate. No lemur traits were signi�cantly associated with
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FIGURE 2.7: The interaction effect of treatment and individual variation in seed length
on a) germination probability and b) time-to-germination in captive animal experiments.
Points represent raw data and are jittered by 0.02 vertically to allow for visualization. In

panel b, points with time-to-germination ¡ 20 days were excluded to improve ease of
visualization.

time-to-germination 2.8b, Table A.9), and l values were lower than those in the germination

probability model for both plants ( l = 0.24, CI = 0.07-0.46) and lemurs (l = 0.01, CI =

0.00-0.03).
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FIGURE 2.8: The effect of disperser traits on a) germination success rate (log-odds scale)
and b) time-to-germination in the captive animal experiments. Points represent model

estimates and bars represent 95% con�dence intervals. “Gut-Passed, Washed" represents
the feces removal treatment compared to the gut-passed treatment without washing.

Continuous variables mass and age were transformed to the z-sore distribution.
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2.4 Discussion

In this �rst study of both the ecological and evolutionary processes a�ecting the germi-

nation success and time of lemur dispersed seeds, we determined that gut passage by lemurs

enhanced seed germination success rates in in both wild and captive settings (Figs. 2.3,

2.5). Gut passage also reduced time-to-germination, but only in the captive experiments.

We detected some disparities in germination outcomes based on the species of dispersers

(Fig. 2.6), and both individual seed length and the sex of individual dispersers was related

to germination success (Fig. 2.8). While we detected strong plant phylogenetic e�ects in

the germination probability models, the phylogenetic signal was low in time-to-germination

models.

2.4.1 Mechanisms of Gut Passage Effects on Germination

Gut passage by frugivores typically promotes seed germination success rates (L. F.

Fuzessy et al., 2016; Rogers, Cavazos, et al., 2021). Our results support this pattern in

both captive and wild settings (Fig. 2.2a,2.3a). Because both seed priming and pulp

removal are intrinsic components of gut-passage, it is di�cult to separate their mechanistic

e�ects on germination. Unlike previous research (Rogers, Cavazos, et al., 2021)), we did

not identify a signi�cant e�ect of pulp removal on germination success rates (Fig. 3a,5a).

Compared to control seeds, germination rate was slightly higher when pulp was removed in

the captive animal experiments but lower in the wild animal experiments, but results were

not statistically signi�cant. Our results, therefore, suggest that the mechanism by which

lemur seed dispersal promotes germination is likely seed priming, physical or chemical

changes to the seeds during gut passage. Additionally, fecal material may have prevented

germination (Fig. 2.5,2.3), possibly by promoting the growth of pathogens such as mold,

which we observed on seeds in our experiments. Frugivores can disperse seeds and their

associated arbuscular mycorrhizal fungi (Correia et al., 2019), but further research should

explore the extent to which frugivores, including lemurs, disperse pathogenic fungi. Future

research should also investigate the e�ect of lemur gut-passage on the viability of seeds that
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did not germinate.

Gut passage increased germination probability more in wild compared to captive ex-

perimental settings, likely due to species di�erences. Plant identity explained much more

variance in germination than disperser species, emphasizing the importance of plant identity

for germination outcomes. All plants in captivity were cultivated, and there may have been

arti�cial selection to increase germination in the absence of gut passage in these species.

There also could be arti�cial selection for seed size (Figs. A.1,A.2). Wild plant species

in Madagascar may have co-evolved with lemurs such that lemur seed dispersal mutualism

is more e�ective in promoting germination of plants native to Madagascar. There is evi-

dence, however, that lemur-plant coevolution may be weak (L. Fuzessy et al., 2023), and

plant morphological traits in Madagascar are more likely driven by abiotic conditions than

lemur frugivory (Bollen et al., 2005). Another explanation could be di�erences in the gut

microbiome; gut microbiome diversity is often lower in captive primates than wild primates

(Bornbusch et al., 2022; Frankel et al., 2019; McKenzie et al., 2017), and housing conditions

a�ect microbial communities in captive lemur feces (Bornbusch et al., 2022). The role of

the microbiome in in�uencing germination remains unclear (Nelson, 2018).

Time-to-germination a�ects components of plant �tness such as fecundity and survival

(Donohue et al., 2010). Similar to other primates (L. F. Fuzessy et al., 2016; Rogers,

Cavazos, et al., 2021), seeds passed by captive lemurs germinated signi�cantly faster than

control seeds (Fig. 2.5), suggesting that gut passage may confer a competitive advantage.

Previous studies found pulp removal to be the primary mechanism through which gut

passage a�ects germination (E. C. Fricke et al., 2019; Rogers, Cavazos, et al., 2021). Our

results, however, suggest that seed priming during gut passage, but not pulp removal or feces

e�ects, likely decreased time-to-germination in captive settings (Fig. 2.5). Gut passage did

not a�ect time-to-germination in the wild experiments. This likely because captive seeds

were from human food plants that have been bred for agriculture, unlike the wild seeds in

Madagascar. Our results suggest that the wild seeds in our study may be adapted to have

higher germination success, rather than time-to-germination, after lemur gut passage.
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We detected strong plant phylogenetic signal on germination probability; closely re-

lated plants responded more similarly to treatments than more distantly related plants.

These results support phylogenetic niche conservatism, illustrating a potential strong co-

evolutionary relationship between plants and lemurs in terms of germination success rates.

Previous research on phylogenetic e�ects on seed germination have been mixed (Rogers,

Cavazos, et al., 2021; Wang et al., 2021). Nevertheless, plant phylogeny partially explains

variation in seed survival in bird guts (Lovas-Kiss et al., 2020), and phylogenetic congruence

has been observed between Neotropical plants and their frugivore dispersers (L. Fuzessy et

al., 2022). Plant phylogenetic e�ects on time-to-germination were weaker than those on

germination probability, further suggesting that lemurs may not be adapted to have low

germination times. Accounting for phylogenetic non-independence is important for testing

biologically meaningful hypotheses about germination success.

2.4.2 Interspeci�c Variation in Effects on Germination

Germination probability and time-to-germination of gut-passed seeds tended to be con-

sistent across di�erent lemur species. This is likely because no lemur species are particularly

well-adapted to disperse agricultural fruits. Nocturnal lemurs had comparable seed germi-

nation to larger-bodied, primarily frugivorous lemur species such asV. variegata and E.

�avifrons . Seeds dispersed by M. murinus, a small-bodied nocturnal lemur, also tended to

have lower mean time-to-germination than those passed by other lemur species (Fig. 6b).

Although nocturnal lemurs are often overlooked as seed dispersers, they can perform this

critical function for a wide variety of plant species (Ramananjato et al., 2020). Seeds passed

by E. coronatus and L. catta had lower germination success rates than other species. Gut

passage by wildE. coronatus has been shown to both negatively (Ste�ens, 2020) and posi-

tively (Chen et al., 2015) a�ect germination success. In Madagascar,L. catta can disperse

viable tamarind seeds (Mertl-Millhollen et al., 2011), but its role in seed dispersal of native

species is relatively unexplored.L. catta is classi�ed as an opportunistic omnivore rather

than a strict frugivore (Gould, 2007), which could partially explain its lower seed dispersal
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e�ectiveness.

2.4.3 Plant and Frugivore Functional Traits Affect Germination

Plant morphological traits mediate the consequences of frugivory for plant reproduc-

tion and survival (Rogers, Donoso, et al., 2021; Starrfelt & Kokko, 2012). While theory

predicts that large-seeded plants should germinate more quickly than small-seeded plants,

the opposite has been observed across tropical forests (Norden et al., 2009). In our wild

experiments, large seeds were much more likely to germinate than small seeds in the feces

removal treatment (Fig. 2.4b). This suggests that seed length was important for mediat-

ing the e�ects of feces (nutrient fertilization/ microbiome) and de-inhibition due to pulp

removal on germination probability. In wild settings, de-inhibitory e�ects may be more

important for increasing germination probability in larger seeds due to their greater nu-

tritional demands and thick seed coats (Traveset et al., 2008). In captive experiments,

however, smaller seeds tended to bene�t more from gut passage than larger seeds (Figs.

2.7,2.4). Smaller agricultural seeds may be more vulnerable to seed priming during gut pas-

sage due to thinner and more easily permeable seed coats. . Additionally, domestication

of agricultural plants could in�uence their susceptibility to the e�ects of gut passage; for

example, some plant species (bell pepper, butternut squash, cantaloupe, honeydew melon,

and tomato) are typically propagated through seed while others are typically propagated

asexually (apple, blackberry, cranberry, dragonfruit, and kiwi). The relationships between

plant traits and germination vary by disperser taxa; for example, in wild settings, gut pas-

sage by small-to-medium sized frugivorous birds is more bene�cial for small seeds than large

seeds (E. C. Fricke et al., 2019). Additionally, seed size is not signi�cantly related to ger-

mination success rate or time after dispersal by Neotropical primates (L. F. Fuzessy et al.,

2016). Seed length and germination outcomes were also shaped by evolutionary processes,

potentially due to selection pressures that are conserved within lineages (Figs. A.1,A.2).

Disperser traits are commonly neglected in seed dispersal research (Green et al., 2022;

Zwolak, 2018). We overcame feasibility challenges associated with collecting intra-speci�c
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disperser trait data through the captive animal experiment. Seeds passed by male lemurs

were more likely to germinate than those passed by females (Fig. 2.8a). While the mecha-

nism of this relationship remains unknown, it could be due to sexual dimorphism in activity

level, gut morphology, microbiome, and/ or hormone levels. Sex is seldom accounted for

in seed dispersal research, but female rabbits are more likely to defecate intact seeds than

male rabbits (Mancilla-Leytón et al., 2013) and female tortoises have longer gut retention

times than male tortoises (Lautenschlager et al., 2022). We did not detect signi�cant rela-

tionships between germination probability and other lemur traits including mass, age, and

activity pattern. These results are likely taxon-speci�c; for example, they contrast evidence

which suggests that seeds are more likely to survive gut passage in older �sh than younger

�sh (Anderson et al., 2009; Kubitzki & Ziburski, 1994) and that larger-bodied insects and

�sh confer more positive e�ects on seed dispersal quality than smaller-bodied insects and

�sh (Anderson et al., 2009; Correa et al., 2015; P. King et al., 2011). Our results emphasize

that accounting for individual plant and disperser traits, as well as species and phyloge-

netic e�ects, is important for advancing a mechanistic understanding of the ecological and

evolutionary consequences of seed dispersal.
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3. Ecological and human use traits shape lemur-tree
interaction networks across human-modi�ed
landscapes
Co-authors: Roméo Bezaralahy, Candidier Dimbiarijaonina, Razara Emerancine, Telesy

Feno, Edouard Mahazandry, Jeantauné Njakandrina, Charles Nunn, Edgar Rabevao, Mamy

Omega Rahariza�nirina, Sidonie Olivia Rakotoarisoa, William Ramalanjaona, Dominique

Randrianasolo, Jean Randrianasy, Manadina Rasolofo, George Raveloson, Marie Rolande

Soazafy, Jean Tiamanana, Eric Tsilanizara, Zico Zandry, Franclin Zerimanana, John R.

Poulsen, James P. Herrera

3.1 Introduction

Species interactions are critical for driving the structure and functioning of ecological

communities (Escribano-Avila et al., 2018). Mutualisms such as seed dispersal by frugi-

vores a�ects tree composition, structure, and diversity, and can promote forest restoration

(Beckman & Sullivan, 2023; Chapman & Dunham, 2018; Rogers, Cavazos, et al., 2021).

Antagonistic relationships like herbivory and seed predation also in�uence plant survival

and growth, potentially limiting populations of consumed species over time (Agrawal &

Maron, 2022; Chapman et al., 2013; Williams & Brodie, 2023). These species interactions

are vulnerable to environmental change (Valiente-Banuet et al., 2015). Land use change,

such as forest clearance, and disturbance, such as selective logging, often alter communities

of species that interact both directly and indirectly in ecological networks (de Assis Bom-

�m et al., 2018; Raoelinjanakolona et al., 2023; Tylianakis & Morris, 2017). Conserving

the functioning of ecological networks is necessary for promoting biodiversity in the face of

land use change and human disturbance of forests (C. E. Aslan et al., 2013; Genes & Dirzo,

2022).

Plant functional traits play a major role in structuring ecological networks. For example,

in bird frugivory networks, taller trees with larger fruits have higher centrality, meaning they

play a more structurally important role within the network (Crestani et al., 2019). Tall

trees are also more specialized, and serve a lesser role in connecting network subgroups,
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compared to shorter trees in lemur-plant seed dispersal networks; by comparison, fruit size

is negatively related to specialization but positively related to among-module connectivity

(Raoelinjanakolona et al., 2023). Plant functional traits such as seed mass a�ect rates of

seed predation by small mammals (Chang & Zhang, 2014; Dylewski et al., 2020), and high

wood density (WD) is associated with low herbivory rates (Larjavaara & Muller-Landau,

2010). In addition to ecological traits, human use traits can in�uence interaction networks

across human-modi�ed landscapes. By determining the distribution of plants across a

landscape (e.g., Bliege Bird et al., 2024), people a�ect ecological networks indirectly. People

also rely on the ecological services that result from interaction networks, such as resource

provisioning and shoreline stabilitzation (Keyes et al., 2021). To fully understand the factors

shaping network structure, it is essential to consider the roles of both ecological and human

use traits, especially across di�erent land uses.

Feedbacks both within and among land use types drive ecological processes. Animals of-

ten move across mosaic landscapes, facilitating connectivity through processes such as seed

dispersal (Brudvig et al., 2009). For example, seed dispersal by juvenile frugivorous birds

promotes connectivity in fragmented landscapes (González-Varo et al., 2019). Accounting

for ecological processes occurring among di�erent land use types therefore requires new an-

alytical approaches. Multilayer network modeling allows us to investigate such intra- and

inter-habitat �ows (Timóteo et al., 2018a; Vitali et al., 2023). Multilayer networks analyses

are at the frontier of ecological interaction research, allowing investigation of trait-based

relationships in complex ecological systems (De Domenico, 2022; Pilosof et al., 2017).

Combining di�erent types of information can enrich the study of ecological interac-

tions, increasing network completeness by capturing more interactions, especially of cryptic

species, and improving estimations of network properties (Ong et al., 2022; Quintero et al.,

2022). Most ecological network research relies exclusively on data collected by academic

researchers trained in using standardized scienti�c approaches. Combining ethnobiologi-

cal data derived from observations by local people and oral history with research-focused

observations can improve detection probabilities of rare/ cryptic species and enhance lo-
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cal engagement in biodiversity protection and conservation success (Berkström et al., 2019;

Braga-Pereira et al., 2022; Camino et al., 2020). Striving for interaction completeness is im-

portant because geographic, taxonomic, and methodological sampling biases are persistent

in plant-animal interaction research (Quintero et al., 2022; Vitorino et al., 2022). Moreover,

rare and cryptic interactions, which can disproportionately support ecosystem functioning,

are often under-sampled using conventional scienti�c methods (Escribano-Avila et al., 2018;

Mouillot et al., 2013; Vitorino et al., 2022). Engaging with knowledge held by place-based

actors can greatly advance inferences of ecological networks.

Here, we assess the relationships between ecological and human use functional traits and

tree centrality in single-layer and multi-layer plant-animal networks. We combine ethnobi-

ological data with direct observations during research activities, hereafter �research-focused

observations". Data include three interaction types� seed dispersal, seed predation, and

herbivory� across two land use types: primary forests and secondary forests. Across all

networks, we 1) quantify the centrality of animal species and the tree genera they con-

sume, 2) determine the ecological trait predictors of tree centrality and 3) examine the

relationships between tree centrality and human use. We hypothesize that traits related

to centrality di�er between primary and secondary forests and across interaction types.

Speci�cally, we expect that tree centrality in primary forest networks is positively associ-

ated with tree size, fruit size, and human use, whereas tree centrality in secondary forests is

negatively associated with tree size and human use (Brown et al., 2013; Raoelinjanakolona

et al., 2023). We also expect wood density to predict centrality in herbivory, but not

seed dispersal or predation networks. Examining �ows within and among land use types

will advance our understanding of trait-based ecological network structure and ecosystem

functioning in human-modi�ed landscapes.

We test these globally-relevant hypotheses using lemur-tree interactions as a study sys-

tem. Lemurs are Madagascar's primary seed dispersers (O. H. Raza�ndratsima, 2014)

and 90% of the 112 known species are endangered with extinction (IUCN, 2024). Land

use change threatens lemur seed dispersal, seed predation, and herbivory on Madagas-
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car (Albert-Daviaud et al., 2020; C. DeSisto & Herrera, 2022), a global hotspot for both

biodiversity and extinction (Myers et al., 2000). Deforestation is widespread and ongo-

ing, with Madagascar experiencing a 25% decrease in tree cover over the past 20 years

(Suzzi-Simmons, 2023; Vieilledent et al., 2018). Hunting and selective logging further

threaten lemurs and trees (Borgerson et al., 2022; Brown & Gurevitch, 2004; Golden et

al., 2022). Consequent degradation of lemur-tree interactions can limit related ecosystem

services such as carbon storage and human resource provisioning (Ra£evska et al., 2022;

Raoelinjanakolona et al., 2023; O. H. Raza�ndratsima, Gentles, et al., 2018). Nevertheless,

lemurs often exhibit dietary �exibility in human-modi�ed landscapes; for example, lemurs

feed on non-native species and disperse their seeds (C. M. M. DeSisto et al., 2020). Lemurs

can therefore promote succession of native and nonnative species in regenerating forests

(Ste�ens et al., 2022).

3.2 Materials and Methods
3.2.1 Study Site

We conducted �eldwork in the COMATSA-Sud protected area in the SAVA region of

northeast Madagascar. Established in 2015, COMATSA-Sud is co-managed by the World

Wildlife Fund and a de-centralized system of local forest management associations called

Vondron'Olona Ifotony (VOI). COMATSA-Sud is a mountainous rainforest habitat that

connects Marojejy National Park, Anjanaharibe-Sud Special Reserve, and Tsaratanana Re-

serve. It is characterized by medium altitude moist evergreen forest between� 800 and

2000m a.s.l. (Goodman et al., 2019). Three cathemeral (Eulemur albifrons, Eulemur

rubriventer, Hapalemur occidentalis), one diurnal (Propithecus candidus), and �ve noc-

turnal ( Allocebus trichotis, Cheirogaleus crossleyi, Microcebus lehilahytsara, Avahi laniger,

Lepilemur seali) lemur species occur in COMATSA-Sud, and the nocturnalDaubentonia

madagascariensislikely also occurs (Rabearivony et al., 2015). We conducted research

in primary and secondary forests near the village of Ambodivoara, in the rural com-

mune Ambodiangezoka, Andapa district. We de�ned secondary forests as areas that were

37



clear-cut for agriculture 15-20 years before the research began and have since regenerated.

(Chokkalingam & De Jong, 2001). Primary forests were semi-intact forests that have never

been clear-cut. Lemur snare traps, small artisanal mining pits, and newly-felled trees were

found in both primary and secondary forests prior to and occasionally during our research.

3.2.2 Identi�cation of Ecological Interactions
3.2.2.1 Research-Focused Observations

We installed six � 1 km transects across the study site, with four in primary forest and

two in secondary forest matrix, primarily following pre-existing trails. During diurnal and

nocturnal lemur transect surveys (June 2022-January 2024), we collected data on lemur-tree

feeding interactions. For each observed feeding interaction, we recorded the lemur species

consumer, tree species and tree part consumed (fruit, seeds, leaves, bark, �owers, or buds).

Trees were identi�ed to the vernacular name, later translated to the Latin name based on

herbarium specimens which were con�rmed by a collaborating botanist from the Missouri

Botanical Garden. We collected lemur feces after we observed a lemur defecating to identify

additional seed dispersal interactions. We also opportunistically collected fecal samples from

the forest �oor, identifying dispersers to the genus level based on fecal morphology such as

size, shape, and texture. We collected lemur fecal samples (n = 760) from diurnal lemur

species. Within 24 hrs of sample collection, we identi�ed gut-passed seeds, when possible.

The majority (99%) of fecal samples were collected fromE. rubriventer or E. albifrons.

Following distance sampling methods, we conducted 331 km of lemur transect surveys

and collected 679 lemur observations to estimate species population densities in the primary

and secondary forests (for detailed methods, see Appendix B.1). We quanti�ed relative tree

abundances in both land use types by surveying 49 botanical plots (20m x 50m), sampling all

trees¥ 5 cm diameter at breast height (DBH; n=9,082), representing 86 genera (for detailed

methods, see Appendix B.3). Methods were approved by Duke IACUC protocol A048-22-03

and the Ministère de l'Environnement et du Développement Durable (071/22, 348/22, and

400/23/MEDD/SG/DGGE/DAPRNE/SCBE.Re), with authorization from the WWF.
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3.2.2.2 Ethnobiological data

We surveyed local community members knowledgeable about both forest trees and

lemurs to identify lemur-plant ecological interactions, following Ong et al. (2021). Based on

data from 17 botanical plots that we surveyed in 2022, we compiled a catalogue represent-

ing the 82 genera that occurred in both the primary and secondary forests, including local

vernacular names and photographs (Appendix B.3). We created a lemur species catalogue

with vernacular names and photographs of nine observed lemur species andD. madagas-

cariensis, for which we had observed their characteristic percussive foraging marks on tree

bark, indicating they occur in the area.

We displayed the lemur and plant photographic catalogues as visual tools to conduct the

survey. For each plant in the catalogue, we asked respondents if they knew the species. If

�yes", we asked if lemurs consume the species and, if so, which lemur species consume which

plant parts. We identi�ed interactions involving seed dispersal (fruits with seeds swallowed

whole, no mastication), seed predation (fruits with seeds destroyed due to mastication), and

herbivory (consumption of leaves, �owers, wood, bark, and/or �other"). To collect human-

use information, we asked participants if people consume or use each plant species. We

recorded the plant part eaten and/or used, as well as the speci�c use of the plant (artisanal

materials, rope, charcoal, fodder, fertilizer, construction, �ber, shade, vanilla tutor tree,

dye, �rewood, medicine, and/or timber). Prior to deploying the survey, we tested it with

knowledgeable local experts recruited to the team as parabotanists and with community

members to verify vernacular names improve comprehension of the questions.

To collect ethnobiological data on lemur-plant interactions, we conducted key informant

surveys with 81 people, including 6 co-authors (WR, DR, MR, GR, JT, FZ), from three

villages proximate to the study site. Participants were identi�ed based on recommendations

from VOI leadership and through �snowball" sampling, whereby participants were asked to

identify other members of their communities who were especially knowledgeable about forest

plants and/or lemurs. Surveys were implemented in Qualtrics and lasted approximately 4
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hrs each, depending on the knowledge level of the interviewee. Surveys were conducted in

Malagasy by residents of the local region (CD, RB). Given the survey's length and the depth

of information shared by participants, we adhered to the Malagasy custom of�ndramana

(borrowing), respectfully asking to borrow the participants' time and energy. We honored

this local practice through the following actions: 1) a tangalamena(a respected elder; in

our case, a member of VOI leadership) requested to borrow a participant's time and energy

before beginning the survey; 2) we provided a refreshment break during the survey; 3) a

full meal was o�ered to participants; 4) we compensated participants with phone credits

(4000MGA/ � 1USD); and 5) we concluded with a speech expressing our gratitude.

Before beginning the survey, participants were read an informed consent form explaining

the purpose of the research� to understand plant-lemur interactions and human uses of

plants� and informed that they could refuse to answer any or all questions. We explained

that the results would be used for academic purposes and all responses would be kept

con�dential. All informants willingly agreed to participate in the study. This research

was led by CMMD, an American researcher, who worked in close collaboration for the

previous two years with researchers and forest managers from the study area. Methods

were approved by the Duke IRB (protocol 2020-0599).

3.2.3 Ecological Network Construction

We pooled empirical observations, survey results, and interaction data collected from

the literature (Lyons, 2013; Ste�ens, 2020) by tree genera (Fig. 3.1). To prevent false

positives while avoiding the exclusion of rare interactions, we only included an interaction

from ethnobiological data in the network if it 1) was identi�ed by more than one participant

and/or, 2) was identi�ed by a plant �expert". We de�ned �expert" as self-reported knowl-

edge of¥ 150 plant species from the catalogue. Experts (n = 7) tended to be VOI members.

Ethnobiological data were collected from February to August 2023. For tree genera with

con�icting information between the ethnobiological data and the author's expertise (Trema,

Ocotea, Dombeya, Pandanus), we convened a focus group with �ve survey participants to
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reach a consensus. We subsetted interactions to include only the 82 tree genera present in

our study site, based on tree surveys.

We used these data to construct bipartite lemur seed dispersal, seed predation, and

herbivory networks. As observed in this study and con�rmed from previous behavioral

studies (E. Patel, 2014), allP. candidus fruit consumption was considered seed predation.

For both primary and secondary forests, we used lemur and tree surveys to subset the

networks to only include lemur species and tree genera found in the respective land use

types, for a total of six (two land use types x three interaction types) single-layer networks.

Edges were weighted by a proxy for interaction frequency, the product of lemur and tree

densities from the respective land use types, rounded to the nearest integer. All networks

were completely connected with no isolates.

We constructed a multilayer interaction network for each interaction type, following

Vitali et al., 2023. Each multilayer network was composed of:

1. Layers: primary and secondary forests (Fig. 3.1),

2. Nodes: lemur species and tree genera,

3. Intralayer edges: con�rmed interactions between lemur species and tree genera, with

edges weighted by interaction frequency as the proportion of all interactions, and

4. Interlayer edges: lemurs species detected in both land use types, where a lemur

present in both secondary and primary forest forms a connection with itself, with

edges weighted as the proportion of all lemurs occurring between primary and sec-

ondary forest.
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FIGURE 3.1: Schematic diagram highlighting data collection and network compilation
methods. Network visualization represents the weighted single-layer networks for the
primary forest and secondary forest for seed dispersal, seed predation, and herbivory,

where each network was best represented by one highly-connected module. Green
nodes represent primary forest tree genera, yellow nodes represent secondary forest tree

genera, and other colors represent lemur species. All networks are completely
connected. Edge width represents edge weights, but weak edges are visualized as the
same width to enable visualization of each edge. Created using BioRender.comand

ggnet (Francois Briatte, 2023).
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3.2.4 Statistical Analysis

We calculated the structural importance of lemurs and trees using Google'sPageRank

centrality, where node centrality was the probability that a random walker visited a given

tree genus or lemur species (Brin & Page, 1998). We calculatedPageRankvalues of each

lemur species and tree genus for each network using the packagesigraph (Csardi & Nepusz,

2006) and muxViz (De Domenico, 2023; De Domenico et al., 2015). All analyses were

conducted usingRVersion 4.3.1 (R Core Team, 2023).

Next, we tested the relationships between tree genera centrality and both ecological and

human use traits by constructing phylogenetic generalised least squares (PGLS) models for

each network. PGLS accounts for phylogenetic non-independence when estimating the ef-

fects of functional traits on centrality. In these models, log-transformedPageRankcentrality

was treated as the dependent variable and functional traits were treated as independent

variables. We estimated Pagel'sl , a measure of phylogenetic signal, using maximum likeli-

hood to account for phylogenetic signal in the residuals of the statistical models. We used

the packagecaper (David Orme et al., 2023) to build the full PGLS models, then conducted

model averaging using theRpackageMuMIn(Kamil Barto«, 2023).

We �t PGLS models to determine the ecological traits that predict tree centrality.

Genus-level tree phylogenies were constructed using the packageV.PhyloMaker (Jin &

Qian, 2019b) and the GBOTB angiosperm megatree (Smith & Brown, 2018a). Ecologi-

cal traits included genus-level mean fruit length, mean DBH, mean wood density (WD),

endemism status, and mean seed mass. Fruit lengths and seed mass were collected from

the literature, DBH values from the empirical botanical plots, mean genus WD values from

the RpackageBIOMASS, and endemism status from theTropicos database (Albert-Daviaud

et al., 2018; Missouri Botanical Garden, 2021; Rejou-Mechain et al., 2017; Rosin & Poulsen,

2017; Society for Ecological Restoration, 2023). Functional traits were scaled to the z-score

distribution. DBH, WD, and endemism status were included as predictors for all inter-

actions. Fruit length was included for seed dispersal whereas seed mass was included for

43



seed predation networks. Because we expect that fruit length and seed mass are not rele-

vant predictors for herbivory interactions, we excluded fruit length in the herbivory PGLS

models.

To test relationships between tree structural importance to the network and functional

importance to people, we build additional models that examined two human use traits: use

proportion and use richness. Human use proportion was de�ned as the proportion of survey

participants who reported any human uses of that plant. Human use richness was de�ned

as the number of all reported uses of the plant (eating, artisanal materials, rope, charcoal,

fodder, fertilizer, construction, �ber, shade, vanilla tutor tree, dye, �rewood, medicine, and

timber) divided by the number of study participants.

3.3 Results
3.3.1 Network Description

Seven out of nine lemur species present in the primary forest also existed in the secondary

forest, and therefore connected secondary and primary forests in the multilayer networks

(Fig. B.1/ Table B.2). P. candidus and E. rubriventer were not observed in the secondary

forest. Estimated lemur population densities tended to be lower in the secondary forest

compared to the primary forest; L. seali and A. laniger, however, had signi�cantly lower

densities in the secondary forest.

The majority of ecological interactions were identi�ed from ethnobiological surveys (Fig.

B.2). Research-focused observations and literature compilation yielded 58 seed dispersal,

11 seed predation, and 52 herbivory tree-lemur interactions between the 82 tree genera

inventoried in our botanical plots and nine lemur species detected along the transects.

Ethnobiological data identi�ed 258 seed dispersal, 144 seed predation, and 43 herbivory

interactions between taxa at our study site. Literature data were especially useful for

identifying herbivory interactions; however, for all three interaction types, literature and

research-based observations were less e�ective than ethnobiological data in detecting inter-

actions in secondary forests. (Fig. B.2).
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FIGURE 3.2: PageRankcentrality values of single-layer and multilayer centrality for a)
lemur species and b) tree genera. Colors represent land use type. Values are presented as

the proportion of total PageRank for each habitat/ interaction combination.

3.3.2 Centrality

Nocturnal lemurs, especially small-bodied species such asC. crossleyi and M. lehi-

lahytsara, were more central to all networks than diurnal lemurs, regardless of land use or

interaction type (Fig. 3.2a, Table B.3). For centrality scores of all tree genera, see Tables

B.4, B.5, and B.6.

PageRankcentrality values for tree genera were correlated with both ecological and

human traits, but relationships di�ered between land use and interaction types. Tree cen-

trality in multilayer dispersal networks� i.e., genera importance both within and between

primary and secondary forests� was negatively related to endemism (estimate = -0.489,p

= 0.02) and wood densities (WD, estimate = -0.213,p = 0.028; Fig. 3.3, Table B.7). Trees

central to the multilayer herbivory network also had low WD compared to non-central trees
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(estimate = -0.225, p = 0.005). Ecological traits were not signi�cantly related to centrality

in the multilayer predation network. Across primary forests, tree centrality for the disper-

sal network was negatively related to endemism (estimate = -0.625,p = 0.059, marginally

signi�cant). In the secondary forest, trees with smaller DBHs were more central to the

predation (estimate = -0.662, p = 0.065, marginally signi�cant) and herbivory (estimate

= -0.931, p = 0.079, marginally signi�cant) networks compared to trees with large DBHs.

WD was also correlated with centrality in secondary forest herbivory networks (estimate

= -0.857, p = 0.007). Across other networks, WD was consistently negatively associated

with centrality, even in cases where there was no statistical signi�cance. We did not detect

any phylogenetic signal in the relationship between functional traits and centrality in seed

dispersal. We did, however, detect some phylogenetic signal in the prediction of secondary

forest and multilayer seed predation networks and the herbivory multilayer network. See

Table B.7 for full model results and Table B.8 for l values.

Tree centrality in the multilayer or primary forest networks was not signi�cantly related

to the proportion of participants reporting human use (Fig. 3.4a, Table B.9). Genera

central to secondary forests, however, were more likely to be used by people in the dispersal

(estimate = 0.89, p = 0.091, marginally signi�cant), predation (estimate = 1.367, p =

0.034), and herbivory (estimate = 2.44, p = 0.008) networks than non-central genera.

Likewise, there were no signi�cant relationships between tree centrality and human use

richness, a measure of use versatility, for the multilayer or primary forest networks (Fig.

3.4b, Table B.9). Centrality was positively associated with human use richness in the

secondary forest herbivory, but not dispersal or predation, networks (estimate = 0.714,p =

0.018). In other words, tree genera more central to the secondary forest herbivory network

also provided more distinct uses for people compared to non-central genera. While we did

not detect phylogenetic signal in most cases, closely related genera had similar centrality

measures in the predation primary forest and multilayer networks. See Table B.9 for full

model results and Table B.10 forl values.
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FIGURE 3.3: PGLS results of the relationships between tree genera structural importance
(log PageRank values; centrality for single-layer networks and centrality for multi-layer

networks) and ecological traits for a) dispersal, b) predation, and c) herbivory
single-layer and multilayer networks. Points represent mean estimates, thick vertical

bars represent 95% con�dence intervals, and thin vertical bars represent 90% con�dence
intervals. Colors indicate land use type, where grey is multilayer, green is primary forest,

and yellow is secondary forest. l values are in Table B.8.

3.4 Discussion

In this novel combination of research-focused observations with ethnobiological data,

we identi�ed trait-based relationships of network centrality in seed dispersal, seed pre-
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FIGURE 3.4: PGLS results of the relationships between tree genera structural importance
(log PageRank values; centrality for single-layer networks and centrality for multi-layer
networks) and human use traits: a) human use proportion and b) human use richness.
Points represent mean estimates, thick vertical bars represent 95% con�dence intervals,
and thin vertical bars represent 90% con�dence intervals. Colors indicate land use type,

where grey is multilayer, green is primary forest, and yellow is secondary forest. l
values are in Table B.10.

dation, and herbivory networks. Despite substantial di�erences in network composition

between primary and secondary forests, seven lemur species connected primary and sec-

ondary forests, feeding on trees in both land use types and driving the multilayer �ow

of ecological resources across the landscape. Small nocturnal lemurs played a key role in

these multilayer networks, highlighting the potential importance of small-bodied animals

for promoting ecological functioning (Ramananjato, 2024). Tree centrality was related to

both ecological and human use traits, but results varied by land use and interaction types.

Notably, human use was positively associated with tree centrality in the secondary forest,

but not primary forest or multilayer networks.

Nocturnal lemurs tended to play the largest role in multilayer network structure, empha-

sizing their importance for ecological functioning across human-modi�ed landscapes (Fig.
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3.2). Nocturnal lemurs did not necessarily interact with more trees than diurnal lemurs;

rather, they were more abundant than diurnal lemurs in both the primary and secondary

forests (Fig. B.1), likely in part because they are often more abundant in secondary habitats

(Herrera et al., 2011) and less vulnerable to hunting compared to diurnal lemurs (Borger-

son et al., 2022). Nocturnal lemurs are also important for network stability in forest edges

(Raoelinjanakolona et al., 2023). Given the growing evidence that small nocturnal mam-

mals can be important seed dispersers and facilitate seedling recruitment in regenerating

forests, greater attention should be paid to their role in forest regeneration (Godó et al.,

2022; Ramananjato et al., 2020).

Ecological tree traits predicted network centrality, an indicator of importance of tree

genus to network structure. DBH and WD were negatively associated with tree genera

central to secondary forest and multilayer networks, but not trees central to primary forest

networks (Fig. 3.3b,c). Small trees may attract and provide important resources for small-

bodied nocturnal lemurs abundant in secondary forest (Fig. 3.1, Fig. B.1). WD is closely

related to phenology in tropical trees (Lima & Rodal, 2010), which drives patterns in lemur

food availability. Additionally, trees with low WD tend to be fast-growing (D. A. King

et al., 2006) and seasonally �ush with young leaves that are preferable to folivorous lemurs.

The negative relationships between WD and centrality networks suggests that land use

change may alter forest carbon storage through its e�ects on species interactions (O. H.

Raza�ndratsima, Gentles, et al., 2018). Surprisingly, tree centrality was not associated with

fruit length in seed dispersal networks or seed mass in predation networks. While fruit size is

often positively related to ecological network centrality (e.g., Crestani et al., 2019), research

has shown that more lemur species disperse small-fruited than large-fruited trees (Albert-

Daviaud et al., 2020). In line with previous research (C. M. M. DeSisto et al., 2020), the

negative relationships we observed between tree centrality and endemism status highlight

that non-endemic trees can be important food sources to frugivorous lemurs in human-

modi�ed landscapes, whereas endemic trees tended to be more consumed by fewer lemurs

in these networks due to their relatively low abundances compared to non-endemic trees. In
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addition to endemism status, the focus of our study was on morphological ecological traits;

future research should consider how nutritional traits predict network centrality.

Tree centrality was also related to human use traits. Contrary to our predictions and

other research (Brown et al., 2013), tree genera central to secondary forest networks were

more frequently reported to be used by people than those in the primary forest (Fig. 3.3a).

The same was not true of primary forest or multilayer networks. There is likely a proximity

e�ect whereby people use secondary forest trees for certain everyday uses such as �rewood

because it is more convenient. People must weigh trade-o�s between the labor required to

harvest forest resources and the quality/ purpose of the trees. Additionally, people could

be propagating the tree species they use by protecting the useful trees, selectively removing

less useful trees, and/or dispersing seeds or seedlings (Levis et al., 2018). Central trees had

greater human use richness, i.e., they were used for more distinct purposes, but only in the

secondary forest herbivory network (Fig. 3.4b). Many tree genera commonly found in the

secondary forest are multi-purpose;Harungana, for example, was the most central genus to

the secondary forest network and had the fourth highest use richness score of any genus in

our data. Given the reliance of local communities on plant resources for their livelihoods

(Vezina et al., 2020), ecological interactions in secondary forests are important for human

resource provisioning.

We combined ethnobiological data with research-focused observations and literature

sources to improve network completeness (Braga-Pereira et al., 2022; Camino et al., 2020;

Ong et al., 2022). While ethnobiological data increased the number of interactions we doc-

umented in COMATSA-Sud� especially cryptic interactions such as those by nocturnal

lemurs� additional cryptic species and rare interactions are likely missing from our net-

works. We would have therefore failed to identify the importance of nocturnal lemurs to

ecological networks without the inclusion of ethnobiological data. Ethnobiological data are

often network subsets and can induce their own biases, such as overestimating connectance

and underestimating modularity (Zhu et al., 2023). In addition, our botanical plots sam-

pled a relatively circumscribed area and may not represent the full diversity of genera in
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the protected area, although they comprehensively represent plant genera at the study site

(Fig. B.3). We sampled areas that varied in terms of human-use history and topography,

and we therefore consider the sample representative of this site.

Our approach to weighting the network edges in�uenced our results. Our estimates of

population densities, and consequently edge weights, are subject to potential biases. The

rarity of lemur species resulted in relatively few observations for some species. In the rarest

species (H. occidentalis), for example, we documented only 19 observations. Most of the

species in the dataset were observed at higher frequencies (mean=109; sd=52), providing

more robust estimates of density. We used the product of lemur and tree relative abun-

dances as a proxy for interaction frequency, and therefore did not consider species-speci�c

variation in interaction quality, such as foraging rates and seed dispersal outcomes. Future

research considering species-speci�c variation in interaction quantity and quality would pro-

vide valuable insights into the ecological roles of di�erent lemur species (González-Castro

et al., 2022). New directions that can build on this work include evaluating additional

land use types, and investigating additional seed dispersing taxa such as birds, bats, and

rodents.

Our results show that both ecological and human use traits played a role in structuring

seed dispersal, seed predation, and herbivory networks. Trait-based relationships, however,

di�ered according to land use type; forest conversion likely a�ects both ecological func-

tioning and human resource provisioning by altering plant-animal interactions. Globally,

unsustainable anthropogenic resource extraction jeopardizes the structural integrity of eco-

logical processes (C. E. Aslan et al., 2013; Valiente-Banuet et al., 2015). In Madagascar,

deforestation is threatening diverse species with extinction (Suzzi-Simmons, 2023; Vieille-

dent et al., 2018), and our results show that functional traits may mediate the cascading

impacts on ecosystems and people by in�uencing lemur-plant interactions. Unsustainable

natural resource use therefore threatens both biodiversity and human well-being in a habi-

tat stronghold for endangered species (Eppley et al., 2024). Nevertheless, human-modi�ed

forests still support high levels of interaction richness, biodiversity (Wurz et al., 2022), and
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resources to local communities, including water, food, and medicinal plants. Combining

research-focused observations with ethnoboiological data provides critical insights into the

role of functional traits in ecological functioning within and among di�erent land use types

across heterogeneous landscapes.
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4. Structure and stability of lemur-tree ecological
networks across primary and secondary forests
Co-authors: Roméo Bezaralahy, Candidier Dimbiarijaonina, Razara Emerancine, Telesy

Feno, Edouard Mahazandry, Jeantauné Njakandrina, Charles Nunn, Edgar Rabevao, Mamy

Omega Rahariza�nirina, Sidonie Olivia Rakotoarisoa, William Ramalanjaona, Dominique

Randrianasolo, Jean Randrianasy, Manadina Rasolofo, George Raveloson, Marie Rolande

Soazafy, Jean Tiamanana, Eric Tsilanizara, Zico Zandry, Franclin Zerimanana, John R.

Poulsen, James P. Herrera

4.1 Introduction

Accelerating deforestation is threatening Earth's terrestrial biodiversity (Newbold et

al., 2015). The world has lost 178 million ha of forest since 1990 (FAO, 2020) and 68%

of vertebrates since 1970 (Almond et al., 2020). The tropics, home to 45% of the world's

forests, are experiencing the highest rates of forest loss globally (FAO, 2020). Activities like

selective logging and hunting can further exacerbate tropical biodiversity loss. Biodiver-

sity reduction � largely driven by high-income consumer countries (Hoang & Kanemoto,

2021)� diminishes ecosystem services such as carbon storage and human resource provi-

sioning (Borma et al., 2022; Gibson et al., 2011). Forest conservation and regeneration

is therefore critical for mitigating the consequences of deforestation on biodiversity and

human well-being (Strassburg et al., 2020).

Anthropogenic activities such as forest degradation a�ect the structure of ecological

interactions within communities (Tylianakis & Morris, 2017). For example, modular net-

work structure, where species in one subgroup interact more with each other than those

in other subgroups, is associated with low anthropogenic impacts (Morrison et al., 2020;

Sebastián-González et al., 2015). In turn, ecological network structure a�ects community

stability� i.e., resilience to perturbations in the environment. Modularity tends to increase

stability (Grilli et al., 2016). Anthropogenic activities may therefore decrease network sta-

bility (e.g., Vitali et al., 2023), although this is not always the case (e.g., Morrison et al.,
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2020; Vizentin-Bugoni et al., 2019). Comparing the structure and stability of interactions

in di�erent environmental contexts sheds light onto the consequences of human activities

for ecosystem functioning. Adjacent forests with di�erent land use histories are, however,

rarely ecologically isolated. Accounting for interactions both within and among di�erent

environmental contexts is therefore an important research frontier.

The response of network structure and stability to forest conversion is particularly im-

portant in biodiverse areas experiencing major conservation threats, such as Madagascar

(Antonelli et al., 2022; Ralimanana et al., 2022). Madagascar's endemic primate group�

lemurs� are crucial for ecosystem functioning across the island through seed dispersal, seed

predation, and herbivory (Albert-Daviaud et al., 2018; O. H. Raza�ndratsima, 2014; Stef-

fens, 2020). Anthropogenic activities such as widespread deforestation (Vieilledent et al.,

2018, 2023) threaten 94% of extant lemurs with extinction (Schwitzer et al., 2014). Eco-

logical networks across Madagascar are less stable to lemur loss compared to plant loss (C.

DeSisto & Herrera, 2022), and the loss of critically endangered lemurs could leave 164 plant

species without dispersal services (Tonos et al., 2024). Seed dispersal networks in Mada-

gascar's edge forests are, however, similarly stable compared to those in the forest interior

(Raoelinjanakolona et al., 2023). Despite the urgency of conserving lemur-plant interactions

and the rich literature on Madagascar's lemur-plant interactions (O. H. Raza�ndratsima

et al., 2022; Ste�ens et al., 2022), substantial gaps in our knowledge persist, even in the

most comprehensive academic compilations (Tonos et al., 2024).

Accounting for place-based knowledge provides a means to address these sampling gaps,

particularly in areas where local people have a rich understanding of plants, animals, and

their ecological interactions. Most ecological network studies primarily use data collected

by academically trained researchers following standardized scienti�c methods. While highly

valuable, �eld sampling of interactions is challenging and often geographically and taxo-

nomically biased (Jordano, 2016; Vitorino et al., 2022). Combining data from di�erent

methodologies is therefore an important tool for mitigating undersampling and improving

estimates of network structure (Quintero et al., 2022). In particular, ethnobiological data�
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information from people who engage with and depend on their natural environments�

greatly enriches our understanding of ecological networks (Berkström et al., 2019; Braga-

Pereira et al., 2022; Camino et al., 2020; Durand-Bessart et al., 2024; Ong et al., 2022).

Ethnobiological data collected by place-based actors promotes more e�ective biodiversity

science and conservation (Copete et al., 2023).

Combining standard scienti�c methods and ethnobiological data, we examined ecological

network a) structure and b) stability to simulated lemur and plant extirpation both in

primary and secondary forests in northeast Madagascar. Thus, we merged ethnobiological

data with direct observations during research-focused ecological �eld work to construct

single layer networks representing interactions within forest types and multi-layer networks

representing interactions both within and among forest types. The three interaction types

- seed dispersal, seed predation, and herbivory - are examined in separate networks. We

hypothesized that past forest conversion drives network structure, but that �ows between

secondary and primary forests also regulate network properties. Compared to primary

forest networks, we predicted secondary forests would be less taxonomically diverse and less

strongly organized into subgroups (Brown et al., 2013; Felipe-Lucia et al., 2020; Takemoto

& Kajihara, 2016). We expected secondary forest networks to be less stable than primary

forest networks (Raoelinjanakolona et al., 2023; Vitali et al., 2023), but that multilayer

networks would be more stable due to increased interactions; networks are predicted to be

more stable under plant loss than lemur loss (C. DeSisto & Herrera, 2022; Raoelinjanakolona

et al., 2023). Accounting for multiple knowledge systems, interaction types, and land use

histories is essential for advancing conservation in human-modi�ed landscapes.

4.2 Methods
4.2.1 Study site

We conducted research in the COMATSA-Sud protected area in the SAVA region of

northeast Madagascar, which is managed by local forest management associations called

Vondron'Olona Ifotony (VOI), with support from the World Wildlife Fund. Ten lemur
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species occur in the area: three cathemeral (active during day and night;Eulemur albifrons,

Eulemur rubriventer, Hapalemur occidentalis), one diurnal (Propithecus candidus), and

six nocturnal (Allocebus trichotis, Cheirogaleus crossleyi, Microcebus lehilahytsara, Avahi

laniger, Lepilemur seali, and the highly cryptic Daubentonia madagascariensis) (Rabearivony

et al., 2015). We conducted research in primary forests� areas that have never been clear-

cut but where some anthropogenic disturbances such as hunting with snare traps and selec-

tive logging still occur, although less rarely while researchers are present� and secondary

forests� re-grown areas that were clear-cut for agriculture 15-20 years prior to research

(Chokkalingam & De Jong, 2001).

4.2.2 Network construction

We constructed lemur seed dispersal, seed predation, and herbivory bipartite networks

for primary and secondary forests by combining empirical observations of interactions from

�eldwork and collected from the literature (Lyons, 2013; Ste�ens, 2020) and ethnobotanical

survey data representing local knowledge of lemur-plant interactions (Figure 4.1). Interac-

tions were identi�ed at the species level for lemurs and at the genus level for trees and subset

to include only the 82 tree genera occurring in our study site, as identi�ed by botanical

plots. Lemur species were one mode in the bipartite network, plant genera were the sec-

ond mode, and edges represented the feeding interactions connecting these two modes. We

weighted edges by interaction frequency� i.e., the product of lemur and tree densities from

the primary and secondary forests, rounded to the nearest integer. We also constructed

a multilayer network for each interaction type, with primary and secondary forests as the

two layers. The two layers were connected by lemurs that occurred in and provided ecolog-

ical services for both forest types. We weighted interlayer edges as the proportion lemurs

occurring in the primary and secondary forests.

4.2.2.1 Edge weights

To estimate lemur population densities for constructing edge weights, we surveyed lemur

populations in the primary and secondary forests using standardized line-transect surveys
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and distance sampling methods (Buckland et al., 2010; Herrera, 2016; Whitesides et al.,

1988). We established four� 1 km transects in the primary forest and two in the secondary

forest (Table C.1). We conducted surveys during the day (between 07:15 and 11:00 h for

morning surveys, between;X̄ 33.00 repetitions per transect, sd 10.12;� 1 km/hr) and night

(between 17:15 and 22:30 h;̄X 21.50 repetitions per transect, sd 1.05;� 0.5 km/hr) for a

total of 318.5 km (Table C.1). For all observed lemur groups, we recorded species identity,

group size, angle from transect, estimated perpendicular distance from transect, geographic

coordinates, date and time of observation, and any tree feeding interactions. These data

were collected from June 2022-November 2023.

For all nine lemur species observed, we estimated population densities (individuals/ha)

in the primary and secondary forests using theR packageunmarked(Fiske & Chandler,

2011; Kellner et al., 2023). We compared half-normal, hazard, and null functional form

models based on the Akaike information criterion (AIC), removing extremely far data points

(1.5% of observations) and accounting for survey e�ort in km surveyed. If AIC values were

equivalent (within 2), we used half normal functions. Using the best model for each species,

we jointly estimated lemur group densities for primary and secondary forests. We calculated

population abundances per forest type by multiplying predicted densities by mean species

group size, rounding to the neared integer.

We quanti�ed tree densities (individuals/ha) in the primary and secondary forests by

establishing botanical plots (20 m X 50 m), 29 in primary forest and 20 in secondary forest.

We identi�ed trees to the vernacular name, later translated into Latin names based on

herbarium specimens identi�ed by a technician from the Missouri Botanical Garden o�ce

in Anjangoveritra, Sambava district. In each plot, we measured every tree and palm¥ 5

cm diameter at breast height (DBH), for a total of 9,094. 99.8% of individual trees were

identi�ed to at least the genus. Plots were established between June 2022 and August 2023.
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4.2.2.2 Ecological interactions

We collected direct observations of lemur-tree interactions during the distance sampling

transects. To identify other lemur-tree interactions, we conducted additional transect walks

from February 2023 to January 2024, maximizing survey e�ort for interaction observations

rather than distance sampling. For any observed lemurs, we identi�ed the species, recorded

any feeding interactions, collected fecal samples, and followed the lemur group for as long as

possible to record observations and collect samples. We also opportunistically collected fecal

samples on the forest �oor, which we identi�ed to the genus level based on fecal morphology

(size, shape, and texture). We conducted approximately 1,000 hours of interaction walks.

When possible, we identi�ed lemur passed seeds from fecal samples.

In collaboration with knowledgeable local experts, we conducted key informant inter-

views to identify additional lemur-tree interactions. We designed an ethnobiological survey

of lemur species in COMATSA-Sud (n = 10) and their interactions with plant species (n =

179 species representing 82 genera, based on the 17 botanical plots we surveyed in 2022).

We also developed lemur and plant catalogues displaying their vernacular names, Latin

names, and photographs. Residents of the region (CD, RB) conducted ethnobiological sur-

veys in the local dialect. The team presented an image for each plant from photographic

catalogues and asked participants if they knew the plant. If they answered �yes", we asked

if lemurs consume the species and, if so, which lemur species consume which plant parts.

From these data, we classi�ed interactions into three categories: seed dispersal (fruits with

seeds swallowed whole, no mastication), seed predation (fruits with seeds destroyed due to

mastication), and herbivory (consumption of leaves, �owers, wood, bark, and/or �other").

We only included ecological interactions from from these surveys if the interaction 1) was

identi�ed by more than one participant and/or, 2) was identi�ed by a plant �expert". We

de�ned �expert" (n = 7) as self-reported knowledge of at least 150 plant species from the

catalogue. The survey was implemented inQualtrics , and lasted � 4 hrs each.

Participants were identi�ed based on recommendations from VOI leadership and through
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�snowball" sampling, whereby participants were asked to identify other members of their

communities who were especially knowledgeable about forest plants and/ or lemurs. All

participants were read an informed consent form prior to beginning the survey. Addition-

ally, we respected the Malagasy custom of�ndramana (borrowing): 1) a tangalamena(wise,

respected elder; in our case, a member of VOI leadership) asked to borrow a participant's

time and energy before the survey, 2) we o�ered a refreshment break and full meal during

the survey, 3) we compensated participants with phone credit (4000 MGA/� 1USD) after

the survey, and 4) we conducted a speech of gratitude after the survey. All informants

willingly agreed to participate in the study. This research was led by CMMD, an US re-

searcher, who worked in close collaboration with researchers and forest managers from the

study area.

4.2.3 Statistical analysis
4.2.3.1 Structure

We calculated structural metrics for the primary and secondary forest seed dispersal,

seed predation, and herbivory networks. We estimated interaction richness (a.k.a. total

network degree) as the number of unique interactions, abundance (a.k.a. total network

strength) as the sum of edge weights, diversity as Shannon's diversity index (H), calculated

in the packagevegan (Oksanen et al., 2019), and evenness (E) as diversity divided by the

natural log of richness. All analyses were conducted usingR Version 4.3.1 (R Core Team,

2023).

To further assess the structural di�erences between primary and secondary forest eco-

logical networks, we calculated the number of modules� how strongly the networks were

organized into subgroups� for the single-layer and multilayer networks. We used Infomap

to identify modules (Farage et al., 2021; Rosvall & Bergstrom, 2008), using the packages

infomapecology and emln (Daniel Edler et al., 2023; Frydman et al., 2023; Pilosof, 2022).

We compared all network structural terms to a random distribution by shu�ing each

network 100 times and recalculating structural values for each generated network. To shu�e
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FIGURE 4.1: Food web plots showing the bipartite networks for the primary forest (a-c)
and secondary forest (d-f). Green represents trees from the primary forest, orange

represents trees from the secondary forest, and blue represents lemurs.

networks, we implemented a �exible proportional weights algorithm that relaxed constraints

on the number of unique interactions while considering the interaction abundances for
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each lemur species and plant genera in the original networks. In a two-step approach, we

determined (i) whether or nor an interaction occurs and, if it does occur, (ii) the edge weight

of the interaction. To determine edge occurrence or each pairwise interaction, we conducted

a Bernoulli trial to determine interaction occurrence. The Bernoulli trials were proportional

to column and row sums from the original adjacency matrix; we constructed a normalized

probability matrix from original species interaction abundances with a probability scaling

factor of 1.5. In a conservative approach, we assumed a high baseline probability of 0.2

for unobserved interactions so that low-probability interactions could still occur. We also

tested a lower, less conservative baseline probability of 0.02. Second, if an interaction

occurred, the edge weight was randomized using a Poisson distribution based on a lambda

term multiplied by a random factor from 0.5-1.5. The lambda term was equal to the

weight from the original network for observed interactions set to the mean of the non-zero

values from the original matrix for novel interactions. We compared observed values to null

distributions using two-sided t-tests.

4.2.3.2 Stability

We compared network stability� tolerance to species loss� using a stochastic extirpa-

tion model to estimate area under the curve (AUC) of the robustness function using the

packagebipartite (Dormann et al., 2008; Dormann et al., 2017). The robustness function

was de�ned as the number of lemur species randomly removed compared to the number of

tree genera with remaining interactions. We conducted other models where robusteness was

de�ned as the number of plant genera removed compared to the number of lemur species

with remaining interactions. In the case of the multilayer networks, the primary and sec-

ondary forest networks were aggregated. We ran 100 simulations of both lemur and tree

removal for each network, for a total of 1,800 extirpation simulations. In these simulations,

lemurs and trees were not able to form di�erent interactions from those present in the

network.

Lemurs and trees may �rewire" to form novel interactions following species loss. Follow-
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ing Vizentin-Bugoni et al., 2020, we calculated network stability under scenarios of rewiring,

where lemurs and trees were able to form novel interactions. For the seed dispersal and

predation networks, rewiring probability was the product of the relative abundances of the

surviving species in the other trophic guild and morphological trait resemblance. For exam-

ple, when lemurs were removed, rewiring probability was based on the relative abundance

of plant genera. Trait resemblance was calculated based on within-guild trait similarity

of lemur body sizes and tree fruit lengths, where we assigned every taxon in each trophic

guild a similarity value ranging from zero to one. We calculated similarity values based

on Euclidean distances between two species in the same trophic guild using the package

vegan (Oksanen et al., 2019). A lemur had a higher rewiring probability to tree genera that

interacted with lemur species of similar body sizes, and a tree genus had a higher rewiring

probability to lemur species that interacted with tree genera with similar fruit lengths. For

the herbivory networks, rewiring probability was based on relative abundances of tree gen-

era and their inverse wood density (scaled between 0 and 1), assuming that herbivores fed

more often on genera with lower wood density. Lemurs and trees were only able to form

novel interactions with species already present in the interaction networks. Body size, fruit

length, and wood density data were collected form the literature (Albert-Daviaud et al.,

2018; O. H. Raza�ndratsima, Yacoby, & Park, 2018; Rejou-Mechain et al., 2017).
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4.3 Results
4.3.1 Structure

Observed interaction abundance, richness, diversity, and evenness were lower in the

secondary forest compared to the primary forest for all interaction types (Figure 4.2, Table

C.4). The primary forest seed dispersal network had the highest interaction richness (256

unique pairwise interactions), abundance (570,145 total pairwise interactions), and diversity

(4.4 H). Primary forest networks were consistently more even than secondary forests, and

the herbivory network was the most even (0.8 E). The secondary forest herbivory network

had the lowest interaction richness (34 unique pairwise interactions), abundance (73,725

total pairwise interactions), diversity (1.8 H), and evenness (0.5 E). Null distributions of

network structure were consistently greater in the primary forest than secondary forest

for interaction richness, abundance, diversity, and evenness (Figure 4.2). Observed values

were consistently di�erent from random values of interaction richness, abundance, diversity,

evenness, and number of modules (p  0.001 for all tests), except for the number of single-

layer modules in the primary forest herbivory network (p = 0.530). Speci�cally, interaction

richness, abundance, diversity, and evenness tended to be greater than random expectations

for the dispersal and predation, but not for herbivory networks, which were often lower

than expected. See Table C.4 for full results where the probability of novel interactions was

assumed to be 0.2 and Figure C.1 for null model sensitivity test where the probability of

novel interactions was assumed to be 0.02.
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FIGURE 4.2: Interaction a) richness, b) abundance, c) diversity, d) evenness, and e)
number of modules for the seed dispersal, seed predation, and herbivory networks in the

secondary and primary forests. Panel (e) also includes the number of multilayer
modules. Green represents primary forest, orange secondary forest, and blue multilayer.

Density plots and histograms represent null distributions and dashed lines represent
observed values.
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The dispersal and predation single-layer networks were best explained by one highly-

connected module with lower than random expectations from null models (Figure 4.2c).

The primary forest herbivory network was characterized by six modules and the secondary

forest by two modules; while the primary forest number of modules was consistent with

random expectations, the secondary forest had lower than random numbers of modules

(Figure 4.2c, Table C.4).

The �ow of resources within and among forest types through multilayer interaction

modules was non-randomly structured for the dispersal, predation, and herbivory networks

(i.e., it di�ered from null expectations). The number of multilayer modules was highest

for the herbivory network (seed dispersal = 6, seed predation = 6, herbivory = 9; Figure

4.2c). Mean number of multilayer modules based on null model expectations was 7.0 for

the dispersal network, 7.4 for the predation network, and 8.6 for the herbivory network.

For the dispersal and predation networks, two small nocturnal lemurs (M. lehilahytsara, C.

crossleyi) were included in the largest module, withL. seali also occurring in the largest

module in the predation network. There were no singleton modules. For details on module

assignment for all species, see Tables S5-8.

4.3.2 Stability

Network stability varied by interaction type, forest type, and whether lemurs or trees

were removed (Figure 4.3, Table C.9). With simulated lemur extirpation, herbivory net-

works (primary forest robustnessX̄ = 0.728, sd = 0.150; secondary forest robustness̄X =

0.649, sd = 0.092, multilayer robustnessX̄ = 0.397, sd = 0.079) tended to be less stable

than seed dispersal (primary forest robustness̄X = 0.723, sd = 0.035; secondary forest

robustnessX̄ = 0.758, sd = 0.013, multilayer robustnessX̄ = 0.574, sd = 0.012) or seed

predation networks (primary forest robustnessX̄ = 0.750, sd = 0.046; secondary forest

robustnessX̄ = 0.721, sd = 0.032, multilayer robustnessX̄ = 0.667, sd = 0.037). All net-

works were signi�cantly more stable under tree loss than lemur loss. In the context of tree

loss, stability was comparable and high across interaction types for primary and secondary
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FIGURE 4.3: Network stability – as represented by robustness, or AUC of stochastic
extirpation simulations of a) lemur species and b) tree genera. Figures present all three
interaction (dispersal, predation, herbivory) and forest types (secondary forest, primary

forest, multilayer). Each boxplot represents values from 100 simulations. Simulations
account for rewiring. For estimated robustness without accounting for rewiring, see

Figure C.2 and Table C.9.

forest networks (� 0.95, Table S9), but varied substantially across the multilayer networks

(dispersal robustnessX̄ = 0.752, sd = 0.009; predation robustnessX̄ = 0.896, sd = 0.016;

herbivory robustnessX̄ = 0.568, sd = 0.006). Multilayer networks were consistently and
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signi�cantly less stable than primary and secondary forest networks (Figure 4.3a). Pri-

mary forest networks tended to be most stable, with the exception of lemur loss in the

seed dispersal networks. These patterns were consistent with or without rewiring, which

signi�cantly but weakly mitigated network stability to tree and lemur loss (Figure C.2).

For results without accounting for rewiring, see Figure C.2 and Table C.9.

4.4 Discussion

We combined research-focused observations and ethnobiological data to shed light on

the structure and stability of ecological networks across human-modi�ed landscapes. Net-

work structure in primary and secondary forest varied by interaction type, with largest ob-

served di�erences in the seed dispersal network. We observed high abundances of nocturnal

seed dispersers in secondary forests, highlighting their role in maintaining seed dispersal

in human-modi�ed habitats similar to other similar systems (Ramananjato, 2024; Raoelin-

janakolona et al., 2023). Notably, multilayer networks were less stable to perturbations

than single-layer networks; thus, neglecting the ecological processes that occur between

primary and secondary forests may result in underestimating forest vulnerability to species

extirpation.

The general lack of modular organization of the single-layer networks and the low num-

ber of modules in the multilayer seed dispersal and predation networks compared to random

was surprising and is often associated with reduced ecological stability (Grilli et al., 2016).

However, there were no singleton modules, which would indicate a propensity for specialized

interactions. Generalized interactions tend to be less vulnerable to environmental distur-

bances than specialized interactions because they are not dependent on a speci�c subset

of species (Aizen et al., 2012). In the multilayer networks, lemurs tended to form modules

across secondary and primary forests (Tables C.6, C.7, C.8), highlighting that ecological

processes extend beyond human-imposed boundaries. Additionally, the occurrence of small

nocturnal lemurs in the same multilayer modules suggests they may perform similar eco-
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logical functions. Diurnal lemurs connecting the secondary and primary forests tended

to occupy distinct modules, with the exception ofE. albifrons and H. occidentalis, which

shared the same module in the seed dispersal network. Therefore, although network modu-

larity was lower than expected, generalized interactions may improve network resilience to

perturbation.

Anthropogenic activities such as land-use intensi�cation and hunting can jeopardize

ecological processes (C. E. Aslan et al., 2013; Felipe-Lucia et al., 2020). As predicted,

networks were less stable to simulated lemur loss than tree loss, with or without rewiring,

highlighting the importance of lemur conservation for ecosystem functioning (C. DeSisto

& Herrera, 2022; Raoelinjanakolona et al., 2023). Our networks were likely more stable to

tree loss because there were more tree genera than lemur species, and the lemur species

tended to be generalists. Plant pollinator and seed dispersal research has also shown that

anthropogenic e�ects such as invasive species reduce network stability (Vitali et al., 2023).

Similarly, primary forests tended to be more resilient to lemur and tree loss than secondary

forests or multilayer networks, likely in part because they had higher species and interaction

richness and diversity. The low stability of multilayer compared to single-layer networks

suggests that ignoring interactions between primary and secondary forests could under-

estimate the e�ects of species loss on ecological functioning. It also suggests that species

which connect the two forest types may be especially important for ecological functioning in

human-modi�ed landscapes. Although primary and secondary networks were connected via

lemur and tree species found in both habitats, those connections are tenuous and vulnerable

to the loss of species that connect them.

We estimated stability via simulations, and therefore the results depend on our assump-

tions. While our extirpation simulations were conducted at random, stability values will

di�er if lemur species loss occurs non-randomly (C. DeSisto & Herrera, 2022). For exam-

ple, hunters may target lemurs based on body sizes or activity patterns (Borgerson et al.,

2022) and loggers may preferentially extract hardwood trees such asDalbergia spp. (Bar-

rett et al., 2010; E. R. Patel, 2007; Schuurman & Ii, 2009). While simulated interaction
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rewiring slightly mitigated the functional consequences of species loss (Figure 4.3), stability

to lemur loss was still low. Rewiring probabilities were a function of our model assumptions

and based on a subset of traits, but other unmeasured traits may be important for rewiring

likelihood. Future research could investigate the extent to which lemur-tree interaction

rewiring occurs in nature and the factors that in�uence it.

Our results highlight the role of land use on the structure and stability of seed dis-

persal, seed predation, and herbivory networks. Environmental gradients are known to

modulate the structure of ecological networks (Tylianakis & Morris, 2017; Vizentin-Bugoni

et al., 2020), and we observed substantial di�erences in network structure between the

primary and secondary forest networks (Figure 4.2). Nevertheless, the presence of lemurs

� especially small nocturnal lemurs � in both primary and secondary forests emphasize

the persistence of ecological functioning in regenerating forests. These interactions, occur-

ring both within and between forest types across the landscape, likely facilitate restoration

(Chapman & Dunham, 2018). Our extirpation simulations demonstrate that maintain-

ing species interactions across human-modi�ed landscapes is critical for ecosystem stability

(Figure 4.3), and that ignoring interactions between primary and secondary forests could

underestimate the e�ects of species loss on ecological functioning. Further, our results high-

light the ecological importance of conserving lemur species that connect the secondary and

primary forest layers.
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5. Anthropogenic and environmental factors are
associated with frugivore interaction diversity
Co-authors: Jennifer Kampe, Alfred Ngomanda, Donald Midoko Iponga, Ankita Gupta,

Charles Nunn, John R. Poulsen

5.1 Introduction

Investigating the factors that in�uence the maintenance of high biological diversity in

tropical forests is a central research question in ecology. Studies have found evidence for

a variety of phylogenetic and environmental factors underlying tree community assembly

(Arellano et al., 2016; Gravel et al., 2006; Kraft et al., 2008; Krishnadas et al., 2016).

Anthropogenic e�ects are increasingly in�uential in structuring patterns of forest biodi-

versity (Daru et al., 2021). For example, land use change is the primary direct driver of

global biodiversity loss, followed by direct resource exploitation such as hunting, logging,

and wildlife trade (Jaureguiberry et al., 2022). These drivers alter community composition,

forest structure, and ecosystem functioning (Jaureguiberry et al., 2022). Indirect pressures

such as faunal degradation� the loss of animals from a community (Poulsen et al., 2023)�

and climate change can also a�ect community assembly by limiting recruitment of animal-

dispersed seeds and altering suitable habitat for plants (E. C. Fricke, Ordonez, et al., 2022;

Rogers, Donoso, et al., 2021). Understanding how tropical tree communities respond to

anthropocentric e�ects is therefore critical for advancing a mechanistic understanding of

the drivers of biodiversity.

Scientists have recognized the importance of biotic interactions in ecological communi-

ties, with metrics of interaction diversity that capture speci�c associations between organ-

isms in communities. Interaction diversity is commonly estimated in terms of the number,

abundance/ evenness, and turnover of distinct links between two species (Dyer et al., 2010).

In the face of extinction, species interactions are often lost at a higher rate than the species

themselves (Valiente-Banuet et al., 2015). Extinctions may disproportionately a�ect evo-

lutionarily distinct interactions that harbor high amounts of evolutionary history, valuable
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genetic information that could be lost due to anthropogenic disturbances (Emer et al., 2019).

Even so, globally, evolutionary distinctness is poorly protected by conservation practices

(Veron et al., 2017). Further, interaction diversity is not necessarily correlated with other,

more commonly-studied, biodiversity metrics such as phylogenetic and functional diversity

(Gaüzère et al., 2022).

Interactions between trees and frugivores, the animals that consume their fruits and

seeds, drive tree population dynamics and forest connectivity (Barraclough, 2015; Escribano-

Avila et al., 2018; Timóteo et al., 2018b). Frugivory interactions often result in seed disper-

sal, promoting tree growth and survival (Chapman & Dunham, 2018), but can also result

in seed predation, which in�uences tree population dynamics by limiting seed availability

for some species (Williams & Brodie, 2023). The loss of redundant interactions may not

lead to reduced ecological functioning if there is compensation by other species (García

et al., 2014). However, the loss of additive interactions� where the interactions formed

by one species is independent of other species in the community� and keystone interac-

tions� those that are nonlinear and have cascading ecological impacts� can have profound

consequences for ecosystem functioning and services (Valiente-Banuet et al., 2015). For ex-

ample, reduced seed dispersal services by keystone forest elephants (Loxodonta cyclotis)

can alter the structure and composition of Central African forests (Beaune et al., 2013).

Conserving frugivory interaction diversity is therefore important for sustaining ecological

and evolutionary integrity in forested ecosystems (Morris, 2010; Tylianakis et al., 2010).

Conserving frugivore interactions is critical in hyper-diverse forests where the majority

of trees depend on animal-mediated seed dispersal, such as Afrotropical forests (Rogers,

Cavazos, et al., 2021). Afrotropical biodiversity is driven by ecological sorting along envi-

ronmental gradients (Dauby et al., 2014). Anthropogenic e�ects likely also play a key role

in the maintenance of species diversity across spatial scales. Direct exploitation of wildlife

resources, such as logging and hunting, is the most dominant driver of biodiversity loss in

Africa, followed by land use change such as land conversion for agriculture (Jaureguiberry

et al., 2022). Hunting in Afrotropical forests also indirectly shapes tree community com-
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position by reducing the abundance of large seed dispersers (Beirne et al., 2019; Koerner

et al., 2017; Poulsen et al., 2017), altering the recruitment of some tree species (Rosin &

Poulsen, 2016). This is especially concerning because tree biodiversity is associated with

critical ecosystem services such as carbon storage (Van de Perre et al., 2018). The e�ects of

anthropogenic activities on biodiversity across large scales have not been thoroughly inves-

tigated in Afrotropical forests; for example, only 9% of frugivory network studies relating

to environmental disturbance have been conducted in Afrotropical forests (Escribano-Avila

et al., 2018).

Here, we use a new suite of methods to investigate the factors that in�uence interaction

diversity between trees and frugivores in Gabon, with a focus on the role of anthropogenic

factors in in�uencing these diversity metrics. Recent statistical advances can address perva-

sive sampling biases (Zwiener et al., 2021), e�ectively predicting unobserved frugivory inter-

actions using imputation methods that account for phylogenetic structure, species traits,

and species occurrences (Kampe et al., 2025; Papadogeorgou et al., 2023a). Combining

these methods with large-scale empirical data, we use frugivory interaction data repre-

senting 153 animal species with distributions in Gabon, botanical data from 252 1-ha tree

plots, and remotely sensed data on plot characteristics. Our methods therefore overcome

two key shortfalls that limit understanding of anthropogenic e�ects on forest biodiversity

across landscapes: 1) lack of knowledge of biotic interactions (Eltonian shortfall) and 2)

biogeographic bias (Wallacean shortfall) and 2) (Hortal et al., 2015; Lomolino et al., 2004).

We tested three hypotheses. First, we hypothesized that frugivore trees, trees whose

fruits are consumed by animals, contribute more to tree taxonomic and phylogeneticb

diversity (composition changes between communities) across Gabon compared to trees not

associated with frugivores, due to the long distance seed dispersal services provided by fru-

givores. Second, we expect that environmental factors that are known to be associated with

tree productivity, including rainfall, latitude, and soil type (Poulsen et al., 2020), increase

the number and proportion of frugivore trees. Third, we expected that human activities as-

sociated with logging, hunting, etc. reduce interaction richness,a diversity (species richness,
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accounting for relative abundances), and evolutionary distinctiveness (EDi ) by disrupting

the frugivory mutualisms that maintain tree a diversity and location contribution to b

diversity (LCBD) by reducing species turnover and causing biotic homogenization (Daru

et al., 2021).

5.2 Methods
5.2.1 Data Collection
5.2.1.1 Study Area

Our research focused on Afrotropical forests across Gabon, a country with 91% forest

cover composed largely of carbon-dense, broad-leaf lowland rainforests (FAO, 2020; Poulsen

et al., 2020). Afrotropical forests such as those in Gabon support a high diversity of

plant and animal species. Many of these animals are frugivores; for example, the largest

population of African forest elephants (Loxodonta cyclotis) lives in Gabon (Laguardia et

al., 2021; Poulsen et al., 2017).L. cyclotis is a high-quality, long-distance dispersal agent

of many tree species, yet pressures such as poaching render it critically endangered with

extinction (Blake et al., 2009; Campos-Arceiz & Blake, 2011; Poulsen et al., 2021). Other

frugivore groups include primates (apes, monkeys, and galago), bats, birds, ungulates, and

carnivores (Durand-Bessart et al., 2023).

5.2.1.2 Botanical Plot Data

To characterize tree community composition across Gabon, we used semi-systematic

botanical data from Gabon's National Resource Inventory. The GaboneseAgence Na-

tionale des Parcs Nationaux(ANPN) established and inventoried 1-ha botanical plots across

Gabon, where all trees¥ 10 cm diameter at breast height were measured, mapped, and

identi�ed (for additional details on methodology, see Poulsen et al., 2020). We subsetted

these data to include only plots located in forests (at least 70% tree-cover), excluding tran-

sitional and savanna habitats. We also removed eight plots with poor genus-level taxonomic

identi�cation from the analysis. In total, our data for analysis included 96,801 individuals

trees across 252 1-ha botanical plots. Within these plots, 86% (n = 82,849) of tree individ-
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uals were identi�ed to the genus- or species-level, and the remaining tree individuals were

excluded from subsequent diversity analyses.

Environmental and anthropogenic plot characteristics were collected in the �eld: lati-

tude, elevation (m), and exploitation status (primary forest, secondary forest, or logged).

We extracted additional plot-level characteristics using remotely sensed data: precipitation

(annual rainfall, mm), temperature (average annual temperature,� C), distance to nearest

village (km), and soil type using WorldClim (Fick & Hijmans, 2017), the Harmonized World

Soil Database v1.2, and theR packagesraster (Hijmans et al., 2023), elevatr (Hollister

et al., 2023), andhwsdr Koen Hufkens, 2021. We derived a soil type variable by conducting

a principal components analysis of top and sub-soil bulk density, cation exchange capacity,

clay fraction, gravel content, sand fraction, silt fraction, pH, carbon content, and organic

carbon. Soil type was represented by the �rst principal component, which explained 78%

of the variation in the data. We used exploitation status and distance to village as our two

anthropogenic variables. Exploitation status captures e�ects of direct resource harvesting

(logging) and past land conversion to secondary forests. Distance to village serves as a

proxy for anthropogenic in�uence, capturing both direct pressures like small-scale logging

and indirect pressures like hunting. A summary of plot characteristics is available in Table

D.1.

5.2.1.3 Frugivory Interactions

Frugivory interactions were derived from literature observations and probabilistic impu-

tations using a Bayesian covariate-informed link prediction method (Kampe et al., 2025).

Imputed frugivory interaction probabilities represent likely frugivory interactions among

267 frugivore species and 958 plant species across Afrotropical forests, with interaction

probability set to one for all interactions observed in the �eld and reported in the scien-

ti�c literature. Unobserved interaction probabilities were estimated from a Bayesian latent

factor model accounting for phylogenetically structured interaction propensities, species de-

tection probabilities, observed functional traits, as well as taxonomic and geographic bias in
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the literature. This resulted in a posterior probability matrix representing the probability

that a given frugivore consumes part of a tree fruit, given the opportunity. For details on

imputation methods, see Appendix E.2 and Kampe et al., 2025.

We used the posterior probability matrix to generate tree-level frugivory probabilities in

the following procedure. Based on frugivore species range polygons (BirdLife International

and Handbook of the Birds of the World, 2020; IUCN, 2024) and the botanical plot data,

we subsetted the frugivory interaction posterior probability matrix to only contain frugivore

species (n = 153) and tree genera (n = 301) occurring in Gabon. We then merged these

data with the botanical plot data to assign frugivore interaction probabilities of every

frugivore species to each individual tree in the data. Individual trees were matched to the

probability of interacting with a given frugivore species based on their species when possible

(40% of tree individuals identi�ed to the genus or species level), otherwise we calculated

interaction probability as the mean posterior probability across congenerics (60%). The

resulting matrix was frugivore species (n = 153) x tree individuals (n = 82,849), where

values represented the probability that a frugivore species would consume the fruit of an

individual tree, if given the opportunity. We then used the frugivore species range data to

adjust the matrix such that interaction probabilities were considered zero where the ranges

of frugivore species did not overlap with the tree geographic locations.

5.2.1.4 Frugivory Interaction Simulations

To enable subsequent estimation of plot-level frugivore interaction diversity, we sim-

ulated frugivore-tree interaction matrices for the 252 botanical plots. We conducted 100

simulations and used these to characterize frugivory at each of three taxonomic levels: i)

frugivore species x tree individual (153 x 82,849), ii) frugivore taxa x tree genus (9 x 301),

and iii) frugivore x plant genus (1 x 301):

1. First, we used tree-level frugivory probabilities to simulate 100 binary interaction

matrices, with the components of each interaction matrix sampled as independent

Bernoulli random variables. A value of one denoted a tree whose fruit would be
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consumed by a given frugivore if given the opportunity, and zero denoted an individual

tree without the speci�ed frugivory interaction.

2. Second, to determine which frugivore taxa consume which tree genera, we collapsed

each of the 100 individual tree, species-level binary frugivore interaction matrices

across nine frugivore taxa groups (bird, monkey, bat, ape, elephant, ungulate, carni-

vore, bush baby, and bush pig) and tree genera. This generated a set of 100 simulated

binary interaction matrices between between the 9 frugivore taxa groups and 301 tree

genera in the dataset (9 x 301). A value of one indicated that at least one frugivore

species in the relevant taxa would consume fruit from at least one individual tree of

the given genus.

3. Third, we derived binary frugivory syndrome matrices (with or without frugivory

interactions) for each tree genus in the dataset by collapsing each of the taxa-level

matrices into 1 x 301 matrices. A one indicated that at least one frugivore species

would consume fruit from at least one tree in that genus and a zero indicated no

interactions.

Note that in all of the above simulated interaction matrices, a value of one appears when-

ever there is an observed interaction in the literature. A �simulated� frugivory interaction

resulted whenever there was an observed or simulated frugivory interaction.

5.2.2 Plot Interaction Diversity Calculations

For each of the simulated 100 frugivore species x tree individual interaction matrices,

we calculated frugivore interaction richness,a diversity (Shannon's), local contribution to

b diversity (LCBD), and genus contribution to b diversity (GCBD) for all botanical plots.

An edge in the bipartite network (representing a pairwise frugivore-tree interaction) was

considered the unit of analysis.

Frugivory interaction richness was the number of biotic interactions linking species or

groups of species together in a community, or the number of edges in the bipartite interaction

network. Local genusa diversity� genus richness in a given location, weighted by individual
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tree abundance� was calculated using the Rpackagevegan (Oksanen et al., 2019). Genus

b diversity was the ratio between regional and local genus diversity. We calculated LCBD�

the relative importance of a given location to overallb diversity in a given region (Legendre

& De Cáceres, 2013)� using the Rpackageadespatial (Dray et al., 2023), using Hellinger

distance as the dissimilarity coe�cient and 1,000 permutations. We multiplied LCBD values

by 1000 for ease of interpretation.

As a proxy of the unique functioning of interactions between tree genera and frugivore

species, we calculated the evolutionary distinctness (EDi ) for each interaction, i. ED i

measures the phylogenetic isolation of a given tree genus and frugivore species in their

clade to determine their contributions to total evolutionary history (Redding & Mooers,

2006). First, we quanti�ed both frugivore evolutionary distinctiveness (ED f ) and tree

evolutionary distinctiveness (EDt) using the Rpackagepicante (Kembel et al., 2010) and

the GBOTB angiosperm phylogeny (Smith & Brown, 2018a). We also usedU.PhyloMaker

to build an animal phylogenetic tree based on a consensus tree from VertLife data (Upham

et al., 2019a, 2019b). We then calculated mean EDi per plot, where EDi = ED f + ED t

(Emer et al., 2019).

We calculated taxonomic GCBD� the relative importance of a given genus to overall b

diversity in a given region (Legendre & De Cáceres, 2013)� using the packageadespatial

(Dray et al., 2023). Phylogenetic GCBD� the ratio between regional and local genus-level

phylogenetic diversity, where phylogenetic diversity was the branch length sum of genera

on a phylogenetic tree (Faith, 1992)� was calculated using the Rpackagesape, adiv , and

Dimensionality (Gabriel Nakamura, 2023; Paradis & Schliep, 2019; Pavoine, 2020). We

constructed a genus-level tree phylogeny using the GBOTB angiosperm phylogeny (Smith

& Brown, 2018a) and the RpackageV.PhyloMaker (Jin & Qian, 2019b).

We calculated mean interaction richness,a diversity, LCBD, ED i , and GCBD, per plot

across the 100 simulated binary frugivory syndrome matrices.
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5.2.3 Statistical Analysis

To assess the potential contributions of frugivore interactions to the maintenance of

taxonomic and phylogenetic diversity, we compared taxonomic and phylogenetic GCBD

between tree genera with and without frugivore interactions. Using the binary frugivory

syndrome matrices and GCBD values, we conducted t-tests to compare the di�erence in

means of log-transformed taxonomic GCBD for tree genera with and without frugivory

interactions. We repeated this analysis for log-transformed phylogenetic GCBD. For tree

genera where binary frugivory syndrome di�ered between the 100 simulated 301 x 1 fru-

givore interaction matrices (n = 3), we assumed that they had frugivory interactions, but

conducted a sensitivity analysis of GCBD patterns where we assumed that they did not

have frugivory interactions.

We conducted multiple logistic regression to model the probability across simulations

that a tree was dispersed by frugivores based on plot-level characteristics. We also con-

ducted a suite of multiple linear regressions to test the relative strength of associations

at the plot-level between anthropogenic and environmental factors and frugivore interac-

tions. Dependent variables were mean values of interaction diversity metrics based on the

100 simulated networks: abundance of frugivore trees, interaction richness, interactiona

diversity, interaction LCBD, and ED i . For these analyses, we only used plots with the full

assemblage of covariates (n = 231). Plot-level environmental and anthropogenic covari-

ates were included as independent variables. Elevation was excluded from analyses due to

collinearity with temperature. To allow for model uncertainty estimation, we conducted

model averaging with all combinations of the full models using the packageMuMIn(Kamil

Batro«, 2019).

5.3 Results
5.3.1 Contribution to b Diversity

Tree taxanomic and phylogenetic GCBD was signi�cantly associated with frugivory syn-

drome. Tree genera with frugivore interactions (n = 163-166) made signi�cantly greater
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contributions to taxonomic b diversity than those without frugivory interactions ( p   0.001,

t = 4.6728, df = 162.65, Fig. 5.1). Frugivore tree genera also contributed more to phylo-

genetic b diversity than tree genera without frugivory interactions (p   0.001, t = 3.371,

df = 275.53, Fig. 5.1). Estimates were not sensitive to whether or not we included the

genera with uncertain frugivory syndrome (n = 3; Crossopteryx, Mitragyna, and Psydrax)

as dispersed or not dispersed. All results accounted for unobserved interactions due to

undersampling and biased sampling by using imputed frugivore interaction data.

FIGURE 5.1: T-test results of frugivory syndrome and b diversity (GCBD) across Gabon
for taxonomic and phylogenetic GCBD. Points represent means and error bars represent

95% con�dence intervals. The dashed line represents no effect.

5.3.2 Frugivory Syndrome

Across the simulations, 84-85% of all individual trees identi�ed to genus or species level

(n = 82,849) were frugivore trees (Fig. 5.2, Table D.2), trees whose fruits or seeds were

observed or predicted to be consumed by at least one frugivore species. Monkeys had

frugivory interactions with the most individual trees in the dataset (77-78%), followed by

rodents (68-69%) and apes (63-65%). Ungulates (60-61%) and birds (59-60%) also had

interactions with the majority of trees. Elephants (44-45%), carnivores (27-28%), bush
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babies (16-17%), bats (13-14%), and bush pigs (7%) had fewer interactions than other taxa

groups. However, at the per species level � dividing by the number of species within a taxa

group � elephants had interactions with the highest proportion of trees (Fig. D.1, Table

D.2). Representing the most frugivore species (n = 103), birds had frugivory interactions

with the fewest trees per species (6%).

Evidence of elephant activity was associated with a 39% decrease in the probability of

a tree being a frugivore tree (estimate = -0.498,p   0.001, z = 20.6, df = 8, 231). With

every 1 km farther from a village, the odds of a tree being dispersed by frugivores decreased

by 4% (estimate = -0.038,p   0.001,z = 7.629; Fig. 5.3a). Compared to trees in primary

forests, trees in secondary forests had 35% lower odds of being frugivore trees (estimate

= -0.429, p =   0.001, z = 23.780), but trees in logged forests were not associated with

signi�cant di�erences (estimate = 0.024, p = 0.222, z = 23.780). Temperature (estimate

= -0.116, p   0.001, z = 14.881), precipitation (estimate = 0.018, p   0.001, z = 6.060),

latitude (estimate = -0.021, p   0.001,z = 3.403), and soil (estimate = 0.035,p   0.001,z =

4.692) were also associated with the odds of a tree being a frugivore tree. Estimated e�ects

represent values based on holding all other variables �xed at their mean, with evidence

of elephant activity as the reference elephant activity status and primary forests as the

reference exploitation status.

Plots with lower mean annual temperatures (estimate = -33.286,p   0.001,z = 5.032,

df = 8, 231), greater annual precipitation (estimate = 6.194, p = 0.011, z = 2.548),

and lower latitudes (estimate = -12.289, p = 0.019, z = 2.350) were associated with a

greater abundance of frugivore trees (Fig. 5.3b). Frugivore tree abundance was negatively

associated with distance to villages (estimate = -10.025,p = 0.015, z = 2.430) and tended

to be higher in primary compared to secondary forests (estimate = -33.112,p = 0.026, z =

0.022). Elephant activity, soil type, and logging were not signi�cantly associated with the

number of frugivore trees. For a summary of plot characteristics and diversity metrics, see

Table D.1.
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FIGURE 5.2: The proportion of frugivore trees out of trees identi�ed to the genus or
species level (n = 82,849), including the breakdown by frugivore taxa: total (n = 153),

monkeys (11), apes (2), ungulates (9), rodents (15), birds (103), elephant (1), carnivores
(3), bats (7), bush baby (1), and bush pig (1). Bars represent 95% con�dence intervals.

5.3.3 Anthropogenic and Environmental Factors

Per plot, mean frugivory interaction richness� the unique number of pairwise interac-

tions between all frugivore species (n = 153) and tree genera (n = 301)� was 1,311 (sd =

415), a diversity was 6.5 (sd = 0.4), and LCBD was 4% (sd = 1%).

Both environmental and anthropogenic plot characteristics were associated with fru-

givory interaction diversity. Plots tended to have higher interaction richness anda diversity

if they were at lower mean annual temperatures (richness: estimate = -151.784,p   0.001,

z = 6.250, df = 8, 231; a diversity: estimate = -0.101, p   0.001,z = 3.986, df = 8, 231)

and closer to villages (richness: estimate = -62.613 ,p   0.001,z = 4.038, df = 8, 231; a

diversity: estimate = -0.036, p = 0.023, z = 2.280, df = 8, 231; Fig. 5.4a/b). In contrast,

LCBD was associated with higher mean annual temperatures (estimate = 0.355,p   0.001,

z = 4.301, df = 8, 231), annual precipitation (estimate = 0.068, p = 0.028, z = 2.194), and

distance to the nearest village (estimate = 0.151,p = 0.002, z = 3.056; Fig. 5.4c). While

ED i was not associated with anthropogenic variables, it was positively associated with evi-
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FIGURE 5.3: Effect sizes of plot-level environmental and anthropogenic covariates for on
a) proportion of tree individuals with frugivory interactions and b) number of trees with
frugivory interactions per plot. Thick bars represent 90% con�dence intervals and thin
bars represent 95% con�dence intervals. Colors represent plot characteristic category,

where blue is environmental and yellow is anthropogenic.

dence of elephant activity (estimate = -3.831,p = 0.006, z = 2.73, df = 8, 231) and annual

precipitation (estimate = 0.680, p =   0.001, z = 3.607), but negatively associated with

mean annual temperature (estimate = -2.146,p   0.001,z = 4.281) and latitude (estimate

= -1.555, p =   0.001,z = 4.007; Fig. 5.4d). Soil type was not signi�cantly associated with
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