RESSALVA

Atendendo solicitagao do
autor, o texto completo desta
tese sera disponibilizado
somente a partir de 11/12/2026.



AYA .
S8  UNIVERSIDADE ESTADUAL PAULISTA B2 I B
unesp “JULIO DE MESQUITA FILHO” e
INSTITUTO DE BIOCIENCIAS — RIO i Blockencis.
CLARO

PROGRAMA DE POS-GRADUAGAO EM ECOLOGIA, EVOLUGAO E
BIODIVERSIDADE

ECOLOGICAL, SOCIAL AND NUTRITIONAL DRIVERS OF PRIMATES’
MOVEMENT

FELIPE SOARES BUFALO

Rio Claro — SP
2026



\/ +
iég UNIVERSIDADE ESTADUAL PAULISTA @@ I B
unesp . «JULIO DE MESQUITA FILHO” T o

INSTITUTO DE BIOCIENCIAS - RIO
CLARO

PROGRAMA DE POS-GRADUAGAO EM ECOLOGIA, EVOLUGAO E
BIODIVERSIDADE

ECOLOGICAL, SOCIAL AND NUTRITIONAL DRIVERS OF PRIMATES’
MOVEMENT

Felipe Soares Bufalo

Tese apresentada ao Instituto de
Biociéncias do Campus de Rio Claro,
Universidade Estadual Paulista, como
parte dos requisitos para obtencao do
titulo de Doutor em Ecologia, Evolugao e
Biodiversidade.

Orientador: Dra. Laurence Marianne
Vincianne Culot

Coorientador: Dr. Luca Borger

Rio Claro — SP
2026



Bufalo, Felipe Soares

B929e Ecological, social, and nutritional drivers of primate's
movement / Felipe Soares Bufalo. -- Rio Claro, 2026
192 p. :il., tabs., fotos, mapas

Tese (doutorado) - Universidade Estadual Paulista (UNESP),
Instituto de Biociéncias, Rio Claro

Orientadora: Laurence Marianne Vincianne Culot

Coorientadora: Luca Bérger

1. Ecologia Animal. 2. Primatas ndo humanos. 3. Decision
making. 4. Frugivoria. 1. Titulo.

Sistema de geragédo automatica de fichas catalogréaficas da Unesp. Dados fornecidos
pelo autor(a).




oo UNIVERSIDADE ESTADUAL PAULISTA

unesp

Campus de Rio Claro

CERTIFICADO DE APROVAGAO

TiTULO DA TESE: Linking primates’ nutrition to movement ecology

AUTOR: FELIPE SOARES BUFALO
ORIENTADORA: LAURENCE MARIANNE VINCIANNE CULOT
COORIENTADOR: LUCA BORGER

Aprovado como parte das exigéncias para obtencdo do Titulo de Doutor em Ecologia, Evolugédo e
Biodiversidade, area: Biodiversidade pela Comissdo Examinadora:

Documento assinado digitalmente

ub LAURENCE MARIANNE VINCIANNE CULOT
g Data: 11/12/2025 17:46:49-0300
Verifique em https://validar.iti.gov.br

Profa. Dra. LAURENCE MARIANNE VINCIANNE CULOT (Participagao Presencial)
Departamento de Biodiversidade / UNESP / Campus de Rio Claro - IB

Documento assinado digitalmente
ub MARCO AURELIO PIZO FERREIRA
g Data: 15/12/2025 09:51:14-0300
Verifique em https://validar.iti.gov.br

Prof. Dr. MARCO AURELIO PIZO FERREIRA (Participagao Presencial)
Departamento de Biodiversidade / UNESP / Campus de Rio Claro - IB

Digital signiert von Margaret Crofoot
DN: G=DE, OU=Ecology of Animal

M a r a r Societies, O=MPI-AB, CN=Margaret
Crofoot, E=merofoot@ab.mpg.de

Grund: Ich bin der Verfasser dieses

Dokuments
t ro Ooton Konstanz
Datum: 2025.12.18 15:08:27+01'00"

Foxit PDF Reader Version: 11.1.0

Profa. Dra. MARGARET CHATHAM CROFOOT (Participagao Virtual)
Department of Biology/Ecology of Animal Societies / University of Konstanz &amp; Max Planck Institute of
Animal Behavior

Rio Claro, 11 de dezembro de 2025.

Titulo alterado para: "Ecological, social, and nutritional drivers of primates’ movement"

Instituto de Biociéncias - Campus de Rio Claro
Avenida 24 A, , 1515, 13506900
ib.rc.unesp.br/#!/pos-graduacao/secao-tecnica-de-pos/programas/ecologia-e-biodiversidade - CNPJ: 48.031.918/0018-72.


Unesp
Máquina de escrever
Título alterado para: "Ecological, social, and nutritional drivers of primates’ movement"


AGRADECIMENTOS

E aqui estamos nés. O tempo passa, ficam as experiéncias. E, realmente, quantas
experiéncias! Ao fim dos quase cinco anos desse doutorado posso olhar para tras e sorrir
com todas as memdrias que acumulei. Sou uma pessoa mais madura e muito feliz por
finalizar mais essa etapa da minha caminhada que, de forma alguma, seria possivel s6
por mim. Dedico este espago para agradecer a cada uma das pessoas que de alguma
forma contribuiram para o desenvolvimento dessa tese.

To begin with, this work would not have been possible without the unconditional
support of my supervisors, Lo (Laurence Culot) and Luca Boérger. | want to start by
thanking Lo for guiding me since my very first year as an undergraduate studentin 2011,
always believing in me and encouraging me to move forward. | am deeply grateful to have
been able to count on you as a friend above all else. It has been a tremendous privilege
to learn from you every day—not only about becoming a better scientist, but also about
becoming a better person. Thank you for being such an inspiration. You make working
and learning with you genuinely easy and rewarding.

| would like to thank you both, Lo and Luca, for your constant patience, your
support for my ideas, and for always finding time for me. Thank you, Luca, for welcoming
me so warmly in Swansea and for your kindness and wisdom in every piece of advice
you shared. | feel truly privileged to have had you both as supervisors and sincerely hope
that future research paths will allow us to collaborate again.

Gostaria também de expressar minha profunda gratiddo ao Prof. Dr. Milton Cezar
Ribeiro, Prof. Dr. Marco Pizo, Dra. Lizieux Fuzessy, Profa. Dra. Andrea Presotto e Profa.
Dra. Marina Cértez, cujas contribuigdes ao longo das diferentes etapas desta tese foram
inestimaveis.

| am very grateful to Dr. Meg Crofoot and Dr. Marco Pizo for serving as the primary
members of my thesis committee and for taking the time to read this work. | also extend
my sincere thanks to Dr. Andrea Presotto, Dr. Marina Cértez, Dr. Bernardo Niebuhr, and
Dr. Lisieux Fuzessy for kindly agreeing to serve as alternate members. | truly appreciate
the time and expertise each of you is contributing.

Preciso agradecer as pessoas responsaveis por eu ser quem sou e estar onde

estou. Meus pais. Comego por minha mae, que incondicionalmente me apoia em todos



os momentos, dificeis ou ndo. Agradeco por estar sempre ao meu lado, por ser uma
amiga, uma confidente. Obrigado por representar sempre esse exemplo de como ser
melhor e sempre orientar minha caminhada. Te dedico essa conquista, mae.

Com muito aperto no coragao, deixo aqui todo o meu sentimento na lembranca da
pessoa mais especial que conheci e que posso chamar de pai. Sem duvida um exemplo
para mim e todos que tiveram o prazer de te conhecer. Carrego sempre comigo sua
lembranca e lamento muito ndo poder te abracgar e brindar a conclusdo de mais essa
etapa com vocé. Vai cabecga!

Agradeco aos meus avos, que nunca negaram carinho, acolhimento, histérias e
ensinamentos. Sinto muito a falta de vocés e gostaria de abraga-los e comemorar essa
conquista que sei que sempre sonharam.

Agradeco muito a meus irmaos, Rafa e San, por toda a parceria, risadas,
churrascos, treinos. Vocés sao as pessoas que melhor me conhecem nessa vida e sou
muito grato por ter crescido e descoberto o mundo junto de vocés. Vocés tém uma
contribuicdo muito grande em tudo o que tracei até hoje e gostaria de poder dizer isso a
vocés mais vezes. Sei que juntos somos uma familia incrivel e tenho muita sorte de ter
vocés como exemplos e parceiros. Estendo aqui também meus agradecimentos as
minhas queridas cunhadas, Jolia e Tulia. Muito obrigado por todas as conversas, abrigos,
rizadas. Vocés sao queridas amigas sem quem essa caminhada nao seria tdo especial.
Por fim, agradego aos meus queridissimos sobrinhos Matias, Caué e a Carmélia (ainda
por chegar). Obrigado por me levarem tao longe com os seus sorrisos. Vocés sado o
futuro!

| also thank you, Lia, for all the emotional and unconditional support. | am
enormously grateful for all the patience you have, for all the caress, the laughs, and even
for the ideas of possible analyses and future collaborations... You make me better, lighter.
Thank you for finding me.

Este trabalho ndo teria acontecido sem a parceria de todos os amigos do
Laboratério de Primatologia da Unesp de Rio Claro (LaP). Primeiramente, agradego e
compartilho tudo o que realizei com vocé, Cord. E dificil olhar para tras e conseguir
lembrar de tudo o que realizamos juntos em Guarei. Nao foi pouca coisa. Sou muito
grado por ter compartilhado com vocé a construgao da nossa Estacéo de Pesquisa; ter

instalado 25 novas parcelas de vegetagao; idealizado, construido e instalado 11



dormitérios artificiais; concluido o curso avangado “Sargento Firmino Junior” de escalada;
realizado incontaveis capturas (mesmo que em dois); por todas as incontaveis horas de
campo interminavel para monitoramento, habituagdo, procura; por todas as trilhas
abertas... Muito obrigado pela parceria e paciéncia!l

Também n&o posso deixar de agradecer ao irmao que o LaP me deu. Oli, é muito
bom ter sempre sua parceria e suporte, seja em campo, seja no laboratério, ao redor do
mundo. Juntos somos melhores e mais fortes. Me inspiro muito em vocé (inclusive para
a formatacao desta tese). Sou muito grato por tudo, sempre.

Agradeco também a Mari (Mariana Breziski), Santa Olga do Bom Tempo (Olga
Szczodry), Cata (Catarina Cibim), Erika Chavez, Gui (Guilherme Hurtado de Araujo), Gui
(Guilherme Mugnaini), Leticia Moura, Thais Zanella, Giovanna Bergamasco, Laura
Castro, Lucas Zordan, Lucas Leoni, Brenissimo (Breno de Lima Souza), Fabi (Fabiana
dos Santos de Oliveira Rosin), Dominee Grace Cagle, Leo (Leonardo Praxedes), Vivian
Rech, Ana Laura, Anne Sophie, Eduardo Zanette e André Regolin. Muitos de vocés
participaram de algum campo em Guarei e tém meu coragao por toda a ajuda ao longo
de todo esse tempo. Muito obrigado por todas as ideias, cervejas, risadas... sou muito
feliz por compartilhar o dia-a-dia e aprender tanto com vocés.

Agradeco ao Gui, meu primeiro aluno, pela parceria em campo, pela paciéncia
com minha pouca experiéncia como orientador e por todo o empenho em participar da
construcao desse trabalho.

Um agradecimento especial ao querido Mié (Gabriel Sabino), que tanto me ajudou
em campo e através de consultas por mensagens para a identificagdo de arvores e frutos.

Agradeco imensamente a toda a familia que Guarei me deu (Neli, Rone, Luan,
Cecilia, Nelita, Irineu, Cecilio, Maria Madalena, Rodrigo, Roberto, Fabricio, Lilian,
Anténio, Natalia). Espero que vocés tenham consciéncia do tamanho do coragao que
vocés carregam no peito. Muito obrigado por sempre me acolherem dentro das familias
de vocés. Sem vocés nada, absolutamente nada disso teria sido possivel. Dedico
também a vocés esse trabalho.

Agradeco muito a vocé, Bea, por ter me acompanhado por todos esses anos, me
dando sempre forca para ser melhor e suportar toda a pressdo que essa caminhada
impde. Obrigado por sempre me mostrar como ser melhor, por toda a parceria e

cumplicidade.



Agradeco a familia que Rio Claro me deu (Ju, Branca, Olivier, Monize, Olinda,
Reto, Marin, Carol, Ina, Fer, Porteira, Karina, Presidente, Smurf, Macaco, Kaizer,
Pantoja, Duda, Mi6). Muito obrigado por todos os momentos juntos. Vocés fizeram, e
fazem, a diferenga todos os dias. Sou muito grato a cada um por todas as risadas,
cervejas, churrascos, conversas. Sem vocés eu néo teria as forgas para seguir em frente.

Um muito obrigado muito especial a Helenice, minha querida terapeuta, e ao
Vagner, meu querido médico, que sempre me acompanham nos momentos de altos e
baixos. Vocés foram muito importantes para garantir meu equilibrio. Amo vocés!

A todas as pessoas que de alguma forma fizeram parte desse processo, deixo
aqui 0 meu mais sincero e caloroso muito obrigado. Que cada pessoa se sinta abragada
e que eu possa retribuir minimamente toda a ajuda que recebi durante esse doutorado.

Que a caminhada seja ainda longa, prazerosa, recompensadora, € que nao nos
falte nada, nunca! Obrigado, amigos!

O presente trabalho foi realizado com apoio da Fundacdo de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP), Brasil. Processo n° 2023/01760-0. Agradeco
também a FAPESP, que por meio da modalidade Jovem Pesquisador de Fase I,
concedida a Laurence Marianne Vincianne Culot (processo n° 2021/06668-0), viabilizou
todas as atividades realizadas. As opinides, hipoteses e conclusées ou recomendacgdes
expressas neste material sdo de responsabilidade do(s) autor(es) e néo
necessariamente refletem a visdo da FAPESP.

Agradeco ao Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq), processo n°® 443489/2020-3, pela bolsa de estudo concedida.

O presente trabalho foi realizado com apoio da Coordenacéao de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) - Cddigo de Financiamento 001.

Por fim, agradeco a Unesp pelo ensino publico de qualidade e acolhimento ao

longo de todos esses anos.



RESUMO
Investigar os fatores que orientam o movimento animal € essencial para compreender
processos ecoldgicos, mas os mecanismos de tomada de decisdo envolvidos nesses
deslocamentos sao complexos e influenciados por multiplos elementos. Primatas, devido
a sua diversidade ecoldgica, capacidades cognitivas, e sistemas sociais elaborados,
constituem excelentes modelos para examinar como animais integram informacgdes
bidticas e abidticas ao se deslocarem através do ambiente. Embora decisdes de
forrageio relacionadas a disponibilidade, qualidade e distribuicdo de recursos tenham
sido centrais nas pesquisas sobre movimento, outras dimensdées — como a estrutura do
habitat, restricbes energéticas, dindmicas sociais e percepgdo de risco — também
desempenham papéis fundamentais na determinagado dos padrdes de deslocamento
diario. Apesar de avangos importantes na ecologia nutricional de primatas, ainda s&o
poucos os estudos que investigam, de forma conjunta, como fatores ecolégicos e sociais
moldam os processos de tomada de decisdo associados ao movimento. Nesta tese de
doutorado, desenvolvemos uma perspectiva integrada sobre como recursos alimentares,
junto a contextos ambientais, energéticos e sociais, moldam rotas diarias e o uso do
espaco por primatas neotropicais. No primeiro capitulo, examinamos 14 espécies da
América Central e do Sul para avaliar como diferentes tipos de recursos influenciam o
planejamento de rotas. Mostramos que essas rotas emergem da interagéo entre ecologia
alimentar e variabilidade espacial e temporal dos recursos, destacando a flexibilidade da
cognigdo espacial em primatas. A partir desse panorama comparativo, no segundo
capitulo, buscamos compreender melhor os fatores que influenciam e moldam rotas
diarias, focando em uma espécie frugivora-faunivora ameagada, o mico-ledo-preto (BLT,
Leontopithecus chrysopygus). Investigando os padrdes de orientagcéo de trajetos diarios
ao longo da distribuicdo da espécie, mostramos que BLTs ajustam suas rotas para
alcancar arvores de alimentacao de forma eficiente em diferentes contextos ambientais.
No terceiro capitulo investigamos como a distribuigdo e o valor nutricional dos frutos
influenciam estratégias de forrageio de BLTs em florestas fragmentadas, revelando
preferéncias por recursos mais energéticos e padrdes diarios e sazonais claros no
consumo de frutos e presas animais. Por fim, no quarto capitulo exploramos como fatores

ambientais, energéticos e sociais interagem no planejamento de rotas, mostrando que



BLTs combinam memodria espacial com informagdes sobre habitat, disponibilidade de
recursos, demandas energéticas e contexto social para navegar por fragmentos florestais
complexos. De forma geral, nossos achados avangam significativamente a compreenséo
de como fatores ecoldgicos, sociais e nutricionais orientam de forma conjunta os
processos de tomada de decisdo que orientam o movimento e 0 uso do espago em

primatas neotropicais.

Palavras-chave: Ecologia de movimento, primatas ndo humanos, planejamento de

rotas, processos de tomada de deciséo, nutricdo



ABSTRACT
Disentangling the drivers of animal movements is crucial for a better understanding of
ecological processes, but the underlying decision-making processes are complex and
affected by many different drivers. Primates, with their ecological diversity and cognitively
sophisticated social systems, provide valuable models for examining how animals
integrate biotic and abiotic information during movement. Although foraging decisions
linked to resource availability, quality, and distribution have been central to primate
movement research, other dimensions—such as habitat structure, energetic constraints,
social dynamics, and risk perception—are equally important determinants of daily travel.
Despite substantial advances in primate nutritional ecology, fewer studies have
addressed how these ecological and social factors jointly influence movement decisions.
In this PhD thesis, we develop an integrated view of how food resources, together with
environmental, energetic, and social contexts, shape the decision-making processes
underlying daily routes and space use in Neotropical primates. In the first chapter, we
assess at a broad comparative scale whether and how different resource types influence
route planning across 14 primate species from Central and South America. Our results
show that route planning arises from the interplay between feeding ecology and the
spatial and temporal variability of resources, highlighting that primate spatial cognition is
a flexible strategy attuned to ecological context. Building on this comparative perspective,
the second chapter focuses on the endangered frugivorous-faunivorous black lion tamarin
(BLT, Leontopithecus chrysopygus) to investigate how environmental conditions
influence route planning within a species’ distribution range. We show that BLTs adjust
their daily routes to efficiently reach feeding sites under varying ecological contexts. In
the third chapter we examine how the spatial distribution and nutritional characteristics of
fruits shape BLT foraging strategies in fragmented forests, revealing preferences for
energy-rich resources and clear seasonal and daily shifts in fruit and prey consumption.
Finally, in the fourth chapter of this thesis, we explore how environmental, energetic, and
social factors interact to shape route planning in detail. Through this integrated approach,
we show that BLTs flexibly combine spatial memory with cues on habitat structure,
resource availability, energetic demands, and the social landscape when navigating

complex forest fragments. Overall, our results considerably advance our understanding



of how ecological, social, and nutritional factors jointly influence decision-making

processes underlying movement decisions in Neotropical primates.

Keywords: Movement ecology, primates, route planning process, decision making
processes, nutrition
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1. GENERAL INTRODUCTION

Understanding the drivers and patterns of animal movement is a central focus of
ecological research (Gable et al., 2023; Morales et al., 2010; Schmitz et al., 2023), and
research in the past decades has markedly increased thanks to technological and
analytical advances that have enabled increasingly precise tracking and behavioral
analyses (Harrison & van de Waal, 2022; Joo et al., 2022). A key unifying approach to
organismal movements is the movement ecology framework (Nathan et al., 2008), which
conceptualizes observed movement paths as an outcome of the interactions between the
internal state of individuals and the external environment (biotic and abiotic), conditional
on their movement and navigational capacities.

A considerable number of studies have focused on primates, because their
ecological diversity, complex social structures, varied diets, and advanced cognitive
abilities provide valuable models for studying movement processes in natural
environments (Abreu et al., 2021; Johnson et al., 2015; Strandburg-Peshkin et al., 2017;
Trapanese et al., 2018). Although primate movement is strongly driven by the search for
feeding resources, and resource nutritional properties, distribution, and availability often
shape their spatial strategies (Boyer et al., 2006; Byrne et al., 2009; Garber & Porter,
2014; Porter & Garber, 2013; Reyna-Hurtado et al., 2018; Trapanese et al., 2019),
movement decisions also emerge from the interplay of social dynamics, habitat structure,
energetic constraints, and risk perception (Cordes et al., 2025; Furtbauer et al., 2024).
Increasing evidence shows that individuals adjust habitat use and associated movement
in relation not only to where and when food can be found (Asensio et al., 2011; Ban et
al., 2016; Davis et al., 2022; Salmi et al., 2020) but also to the distribution of conspecific
groups (Sobral et al., 2023), canopy architecture (Davies et al., 2017; Harel et al., 2022),
habitat disturbance (Hariharan et al., 2025), and risk perception (Suscke et al., 2021).
However, the cognitive mechanisms that allow primates to integrate these diverse
sources of information remain insufficiently explored (Janmaat et al., 2021). In this thesis,
we investigate how ecological, social, and nutritional factors jointly influence the decision-
making processes underlying route planning and spatial use in Central and South

American primates.
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Primates exhibit flexible diets that vary with environmental conditions, particularly
in response to changes in resource availability and quality (Bicca-Marques et al., 2020;
Izar et al., 2022; Tutin, 1999). Regardless of context, they must meet daily energetic and
nutritional requirements by balancing macronutrient intake according to individual needs
and resource patterns, achieving what has been termed the “intake target” (Felton et al.,
2009; Simpson et al., 2004; Uwimbabazi et al., 2021). Understanding how species
acquire and balance nutrients is fundamental to assessing the foraging effort required for
daily maintenance (Davis et al., 2022). Moreover, investigating movement provides
insights not only into spatial requirements but also into the cognitive processes guiding
route planning and habitat use.

Considering that fruits, leaves, and animal prey differ markedly in their distribution
and temporal availability in tropical environments (Leigh & Windsor, 1996; Morellato et
al., 1989), and that primates vary in their reliance on these resources, in the first chapter
of this thesis, we examine how different food types influence the decision making
processes on route-planning across Central and South American primates from different
feeding guilds. Specifically, we tested whether various resource types contribute equally
to decision-making processes underlying daily movement patterns among species with
different dietary strategies.

In addition to species differences, considerable intra-specific variation in the
decision-making processes can also be observed. Across the range of a primate species,
the decision-making processes can vary according to the environmental contexts to which
individuals are exposed. Depending on the environment, we can expect some variation
regarding the 1) nutritional content of the resources available, 2) availability and the
distribution of such resources, 3) structure of the forest and the energetic demands for
moving through it, and 4) density of individuals and inter-group social interactions.
Therefore, in chapters 2, 3, and 4 of this thesis, we focused on an Endangered and
arboreal frugivorous-faunivorous primate, the black lion tamarin (BLT, Leontopithecus
chrysopygus), to investigate the influence of different environmental contexts on group
decision-making processes. In chapter 2, we investigated what aspects of the
environment and the social life of BLTs are responsible for directing their daily routes in

four different areas, characterized by contrasting environmental contexts (i.e., an area of
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continuous forest; a 370 hectares forest fragment, one 100-ha forest fragment, and an
area of 615-ha of riparian forest).

In Chapter 3, we examined how the nutritional characteristics, spatial distribution,
and seasonal availability of fruits influence the foraging strategies of BLTs in a 100-ha
Atlantic Forest fragment. To address this objective, we combined detailed behavioral
observations of a habituated BLT group with assessments of fruiting phenology,
invertebrate biomass, and the nutritional composition of consumed fruits over two field
campaigns conducted between 2022 and 2023. This integrative approach allowed us to
evaluate how BLTs adjust their fruit consumption and prey foraging patterns across daily
and seasonal contexts, providing insights into the nutritional and environmental factors
shaping their feeding decisions in a fragmented and seasonally variable habitat.

Finally, in chapter 4, we used the new energy-based step selection modelling
approach (Klappstein et al., 2022; Potts & Borger, 2022) to combine the nutritional
aspects of the fruits consumed by a group of BLTs with other environmental (i.e., distance
from forest edge, resource availability, canopy structure, perception of predation risk) and
social factors (i.e., probability of presence of conspecifics, inter-group vocal activity)
across seasons in a forest fragment, allowing a more complete and precise understanding
of the decision-making processes in route planning and the consequent space used by
BLTs.

Together, the chapters of this thesis provide a multiscale and integrative
examination of the drivers of primate movement, linking broad comparative patterns to
fine-grained ecological, social, and energetic processes within a threatened South
American primate. By combining behavioral observations, nutritional and phenological
assessments, spatially explicit models, and high-resolution tracking data, this research
advances our understanding of how primates flexibly integrate information about social,
environmental, and energetic factors when making daily movement decisions. In this
manner, we aim to shed light on how interactions among feeding guild, environmental
context, social dynamics, ecological constraints, and nutritional factors converge to shape
route planning and space use in wild primates. Ultimately, this work contributes to a
deeper mechanistic understanding of primate movement ecology and provides insights
relevant to the conservation of biodiversity in increasingly fragmented and dynamic

tropical landscapes.
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GENERAL CONCLUSIONS

Understanding the mechanisms that govern animal movement is central to ecology
and primates—widely studied for their cognition, sociality, and feeding ecology—offer
exceptional opportunities to investigate these processes (Janmaat et al., 2021; Joo et al.,
2022; Trapanese et al., 2018). Yet, despite extensive research, integrative assessments
of how ecological, nutritional, and social factors interact to shape primate decision-making
and route planning remain limited (Trapanese et al., 2018). In this thesis, we address this
gap by examining movement processes across multiple scales. We begin with a broad,
multispecies analysis of Central and South American primates to evaluate how feeding
strategies and resource predictability influence movement patterns. Building on this
comparative foundation and acknowledging species-specific and context-dependent
variation in foraging decisions, we then focus on the Endangered frugivorous—faunivorous
black lion tamarin (BLT, Leontopithecus chrysopygus) to investigate, across its
geographic range, the factors influencing route-planning decisions. By combining cross-
species comparisons with detailed field studies, nutritional assessments, and integrated
movement modelling, we show that primate movement decisions emerge from the
interplay between spatial memory and environmental knowledge, resource availability and
distribution, habitat structure, risk perception, and social dynamics.

In the comparative analysis presented in the first chapter of this thesis, covering
Central and South American primates with contrasting dietary strategies, we show that
route planning is strongly linked to feeding ecology and the spatial predictability of
resources. We found that species that explored patchy and temporally variable foods
exhibited more directed daily routes and clearer signs of spatial optimization, whereas
species exploiting more evenly distributed resources followed less structured trajectories.
Together, these findings suggest that movement strategies are not rigid, species-specific
traits; rather, they arise from an adaptive alignment between cognitive capacities, dietary
demands, and the spatial heterogeneity of the environment.

By focusing on BLTs across ecological contexts that differ in resource availability,

habitat structure, and social dynamics, the subsequent chapters of this thesis deepen this
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understanding at a finer scale. When examining the factors guiding daily routes across
environments ranging from continuous forest to narrow riparian habitat and small forest
fragments, we found a consistent pattern: route planning was strongly shaped by the need
to reach fixed feeding trees—fruits and gum feeding sites. We also found that BLTs relied
on landmarks to varying degrees depending on habitat configuration. This use of recurrent
route intersections for reorientation appears to support navigation toward important
feeding sites while potentially reducing the cognitive costs of tracking numerous resource
locations across large areas or emerging from spatial constraints or canopy discontinuity
imposed by fragmented landscapes (Davies et al., 2017; McLean et al., 2016).
Importantly, these results provide the first evidence of a landmark-based route network
system in BLTs, showing that individuals adjust their travel paths according to the structure
and predictability of the environment. This context-dependent flexibility highlights that
route planning might arise as a dynamic behavioral response aimed at maintaining
efficient travel and securing access to key nutritional resources under varying ecological
conditions.

Although fixed feeding resources, such as fruits, consistently emerge as key
elements guiding primate movement (Abreu et al., 2021; Asensio et al., 2011; de Guinea
et al.,, 2019; Gomez-Posada et al., 2019; Janson, 2016; Nagy-Reis & Setz, 2017;
Trapanese et al., 2019), not all resources offer the same energetic or nutritional value.
Variation in resource nutritional composition and seasonal availability can strongly
influence feeding decisions (Irwin et al., 2025; Joanna et al., 2024; Lauer et al., 2025). By
providing a fine-scale assessment of the seasonal availability, nutritional composition, and
spatial distribution of the main food items used by frugivorous—faunivorous BLTs (i.e.,
fruits and invertebrates), together with detailed observations of group behavior in a
seasonal forest fragment, our findings reveal intrinsic foraging strategies shaped by
nutritional and temporal dynamics. We show, for the first time, that BLTs preferentially
targeted energy-rich fruits, increased prey foraging during the dry season when resources
are scarcer and consumed high-energy foods early in the day—patterns that reflect a
finely tuned balance between energetic demands and the spatiotemporal distribution of
food resources. These results demonstrate that foraging strategies—and the movement

decisions that support them—are influenced not only by the location of feeding sites but
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also by the quality and seasonality of available resources and individual metabolic needs.
This highlights the importance of integrating nutritional ecology and individual state with
movement analyses to achieve a deeper understanding of how primates navigate,
particularly in resource-limited and fluctuating habitats.

Finally, by integrating seasonal, high-resolution information of forest structure,
resource distribution and quality, social cues, risk perception, and the energetic costs
associated with movement into advanced movement models (Potts & Borger, 2022), we
provide, in the last chapter of this thesis, a detailed understanding of how BLTs make fine-
scale movement decisions within a seasonal forest fragment. In line with the importance
of resource quality and distribution highlighted above, our results show that forest
structure—captured by canopy height—and the spatial distribution of known, and likely
preferred, fruit-feeding trees, consistently oriented movement across seasons.
Additionally, associations between movement patterns and estimated energy expenditure
were stronger during the rainy season, whereas social cues and risk perception—
particularly alarm calls—became more influential in the dry season, when reduced canopy
cover and lower resource availability may heighten perceived risk and inter-group
competition. Together, these findings reveal a decision-making process that integrates
spatial memory, habitat structure, perception of predation risk, and social information,
demonstrating that BLT movement is shaped by a flexible interplay of ecological and social
factors that shifts with seasonal dynamics.

Taken together, our findings illustrate how primates flexibly combine ecological,
cognitive, and social information to navigate dynamic and heterogeneous environments.
They also highlight the value of studying movement across scales—from cross-species
comparisons to fine-scale seasonal analyses—to capture the full spectrum of behavioral
strategies used by primates facing changing environmental pressures. In conclusion, this
thesis demonstrates that primate movement is shaped by a dynamic integration of
environmental, cognitive, social, and nutritional factors, with species and populations
adjusting their strategies according to local conditions. For the black lion tamarin, this
flexibility appears critical for navigating fragmented, seasonal habitats and securing
access to key resources. By combining comparative approaches with detailed field studies

and emerging analytical tools, this work contributes to a broader understanding of how
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primates make movement decisions in complex landscapes and offers valuable insights
for the conservation of species increasingly threatened by habitat loss and environmental
change.

Looking forward, future research should investigate how individual-level
differences—such as age, sex, reproductive state, or social rank—influence movement
strategies within the same environmental context. For BLTs, examining whether individual
experience and personality affect group decision-making, how learning shapes route
fidelity and the use of landmarks across development, and whether groups differ in the
extent and structure of their spatial knowledge would provide deeper insight into the
cognitive and social foundations of route planning. Such information is fundamental for
population management, particularly in the context of translocation or reintroduction
programs. Moreover, linking fine-scale movement decisions to broader conservation
outcomes remains essential. Understanding how primates navigate increasingly
fragmented and human-modified forests, together with their feeding preferences and
foraging strategies, can directly inform corridor design, habitat restoration, and protected
area management. Integrating movement ecology with landscape genetics, population
viability analyses, and long-term demographic monitoring will be critical for assessing how
behavioral flexibility contributes to population persistence in rapidly changing
environments. As landscapes continue to transform under the combined pressures of
climate change and human activity, such research will be vital for predicting species
responses and for developing conservation strategies grounded in a robust understanding

of primate movement, cognition, and adaptability.
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