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“[…] Science is the search for neat, predictable curves, compact ways of  

summarizing the data. But there is always the danger that the curves  

we see are illusory, like pictures of animals in the clouds. As we draw  

our self-propelling arcs, some points will inevitably lie outside the  

line—those that must be dismissed as random error or noise.  

So we are left with a gnawing dissatisfaction:  

Are we missing something?” 

George Johnson – Fire in the Mind (1995)  
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RESUMO 

 

A dispersão endozoocórica de sementes mantem a estrutura e dinâmica de 

florestas, sendo um processo central na manutenção da biodiversidade de 

florestas tropicais. Neste cenário, primatas Neotropicais tem papel central ao 

dispersar sementes ao longo de suas áreas de vida. Entretanto, os altos níveis de 

degradação e fragmentação do hábitat destes primatas resultaram em fragmentos 

florestais de diferentes tamanhos e formas e com diferentes distribuições de 

recursos, levando à uma possível alteração do papel funcional deles como 

dispersores de sementes. Apesar do aumento do número de estudos sobre 

dispersão de sementes por primatas durante as últimas décadas, ainda é incerto 

como o serviço de dispersão de sementes será afetado por características locais 

dos fragmentos. Recentemente, no entanto, o desenvolvimento de modelos 

baseados em agente (ABMs) capazes de predizer o movimento dos primatas e as 

sombras de sementes resultantes abriram novas perspectivas. O mico-leão-preto, 

(Leontopithecus chrysopygus ou “mico”), é um efetivo dispersor de sementes 

endêmico da Mata Atlântica. Seu hábitat está entre os mais fragmentados entre 

as espécies de primatas Neotropicais. Nesse estudo, eu desenvolvi e validei um 

ABM para predizer os padrões de dispersão de sementes pelo mico-leão-preto. 

No primeiro capítulo, eu explorei os padrões de movimento de quatro grupos 

habitando quatro fragmentos florestais. Eu concluí que os padrões de movimento 

diferem extensivamente e que esses padrões podem ser modulados pelas 

propriedades do fragmento (tamanho e forma), muito provavelmente afetando a 

dispersão de sementes (especialmente a distância média). A partir destas 

análises, eu derivei “regras” para implementação do ABM desenvolvido no 

Capítulo 2, onde eu adaptei um modelo previamente desenvolvido para uma 

espécie de calitriquídeo amazônico para o mico-leão-preto. A maioria dos padrões 

(isso é, as variáveis que emergem do modelo), especialmente a distância de 

dispersão (SDD), tamanho da área de vida e deslocamento diário (DPL), foram 

bastante similares ao observado na natureza. Além disso, o modelo foi capaz de 

reproduzir outros padrões não inicialmente considerados durante o 

desenvolvimento do modelo, como a taxa de movimento (MR) e tortuosidade da 

rota (PT), portanto destacando o potencial do modelo em predizer a sombra de 



 
 

 
 

sementes em diferentes fragmentos florestais. O único problema evidente do 

modelo foi que ele não reproduziu tão bem o tamanho da área de vida na floresta 

contínua, onde os micos têm a maior área de vida registrada para a espécie. Além 

disso, eu discuti as implementações do modelo e os processos que talvez não 

estejam nele representados, como a territorialidade e interações com 

conspecíficos, em relação à mais recente literatura sobre movimento e ABMs. No 

Capítulo 3, eu gerei fragmentos teóricos com formas, tamanhos e distribuição de 

recursos variáveis. Eu fiz isso por meio de um gerador de florestas e utilizo o 

tamanho da área de vida previsto por um modelo estatístico com base no 

tamanho do fragmento e na densidade populacional dos micos. Por fim, gerei a 

distribuição de recursos a partir de um processo de ponto de Thomas. Resultados 

preliminares apontam a densidade de micos como o principal fator afetando a 

SDD, seguido pelo DPL e MR, enquanto a distância entre arvores frutíferas 

(agregação dos recursos) se mostrou pouco influente. A simples parametrização 

do modelo com velocidades empíricas e estimativas de tempo de consumo 

(feeding bouts) e tempo de passagem pelo trato digestório, em conjunto com um 

submodelo energético, são suficientes para predizer grande parte da variação nos 

padrões de sombra de sementes. Apesar das análises sugerirem ser necessário 

implementações de alguns processos não inclusos no modelo, esses quais 

diminuem a capacidade preditiva do modelo (como a territorialidade), destaco que 

o ciclo de modelagem deve continuar, com enfoque especial em implementar 

regras mais mecanísticas – isto é, aquelas que dependam menos de 

parameterizações e conhecimentos ad hoc -, retirando a necessidade de estimar 

uma velocidade média de deslocamento para cada grupo. Eu espero que essa 

dissertação contribua para um maior entendimento dos padrões de movimento e 

de dispersão de sementes dos mico-leões-pretos, e que estimule futuros esforços 

de modelagem e amostragem.  

PALAVRAS-CHAVE: Sombra de sementes; Kernel de dispersão de sementes; 

Modelagem baseada em agentes; Ecologia do movimento, Comportamento e uso 

do espaço. 

  



 

 
 

ABSTRACT 

 

Endozoochorous seed dispersal maintains forest community structure and 

dynamics, thus being an underpinning process for tropical forest biodiversity. In 

this scenario, Neotropical primates play a major role by dispersing seeds 

throughout their home ranges. However, high levels of forest degradation and 

fragmentation have modified their habitat into fragments of distinct sizes, shapes, 

and resource distributions, leading to a possible alteration of their functional role 

as seed dispersers. Despite the huge increase of primate seed dispersal studies 

during the last decades, it is still unknown how the seed dispersal service will be 

affected by local forest fragment characteristics. More recently, the development of 

agent-based models (ABMs) able to predict primate movement and the associated 

seed shadows opened new perspectives. The black lion tamarin (Leontopithecus 

chrysopygus or simply “tamarin”) is a seed disperser, endemic to the Atlantic 

Forest whose habitat is among the most fragmented among Neotropical primate 

species. Here, I developed an ABM to predict black lion tamarin seed dispersal 

patterns. In the first chapter, I explored the movement patterns of four tamarin 

groups inhabiting four forest fragments. I concluded that tamarins differ extensively 

in movement patterns, and this might be modulated by the fragment properties 

(size and shape), thus likely affecting seed dispersal distances. From this chapter, 

I derived “rules” for the ABM implementation in Chapter 2, where I adapted a 

previously developed model to the black lion tamarin. Most of the patterns (i.e., 

variables that emerge from the model), namely seed dispersal distance (SDD), 

home range size, and daily path length (DPL) were very similar to the observed. I 

further showed the model was able to reproduce other patterns not initially aimed, 

like the movement rate (MR) and path twisting (PT), therefore highlighting its 

potential to predict seed shadows in distinct forest fragments. The only drawback 

of the model was that it did not predict well home range sizes in continuous forest, 

where tamarins reach the largest observed home range sizes for the species.  I 

then discussed the model implementation and processes that might be lacking, 

such as territoriality and conspecific interactions, in face of the recent ABM 

movement literature. In Chapter 3, I generated theoretical forest fragments with 

varying sizes, shapes, and resources distributions. I did this by creating a forest 



 
 

 
 

fragment generator, by predicting home range sizes for each of these fragments 

based on tamarin density and fragment size with statistical modeling, and I finally 

generate resource distributions based on a Thomas (point)-process. Preliminary 

results show a great effect of tamarin density on the SDD, followed by DPL and 

MR, but a small effect of the distance between fruiting trees (resource 

aggregation). The simple parameterization of the model with empirical velocities 

plus the estimates of feeding bouts and gut transit times, altogether linked with an 

energetic sub model, are enough do predict most of the variation in seed shadow. 

Although most patterns of interest were successfully predicted, further 

implementations of non-included processes in the model (such as territoriality) 

should continue through the modeling cycle, possibly enhancing the model 

predictability of movement and seed dispersal patterns in distinct environments. 

This might be attained by implementing more mechanistic rules – i.e., rules that 

rely less on parameterization and ad-hoc knowledge – further making the 

parameterization of the model with empirical velocities unnecessary. I highlight 

that the model structure captures the essence of movement and seed dispersal by 

tamarins. I hope this thesis has contributed to a greater understanding of black lion 

tamarin movement patterns and seed dispersal services and stimulates further 

modeling and sampling endeavors. 

KEYWORDS: Seed shadow; Seed dispersal kernel; Agent-based modeling; 

Movement ecology; Ranging behavior.  
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1. GENERAL INTRODUCTION 

 

The search for general principles has been one of the most outstanding 

attributes of science, and has struggled ecology as an emerging discipline, 

especially because of its inherent variant subject: individuals and populations in 

relation to their environments. This debate grew strongly in the 50’s, where the 

search for mere “rules of thumb” was deemed insufficient (JUDSON, 1994). With 

the development of computational power, though, a huge field emerged in the 

main form of simulation models. But it was just around the 90’s that the agent (or 

individual)-based modeling emerged as a discipline (JUDSON, 1994). These 

models, unlike mathematical and statistical models (although some of those 

could), were able to include individual-level variation in autonomous entities 

(“agents”), especially in those situations where biological discontinuities, rare 

events and randomness were dooming predictability of natural systems (JUDSON, 

1994). Thus, these models enable to study and test mechanisms working in the 

smaller levels of complexity that might be generating the patterns at the higher, 

aggregated level. 

The dispersal of seeds from (mainly) Angiosperms and its dispersers is a 

very interesting biological process that can directly benefit from simulation-based 

studies. Although historically having received less attention (SNOW, 1970; VAN 

DER PIJL, 1969) in comparison to other more directly observed and tenured 

processes, such as population dynamics and predation, host-parasites, etc., the 

seed dispersal process is still urging for generality and predictability. This is 

demonstrated by recent research yet struggling to understand the major drivers of 

animal movement and what are the consequences of this on the seed dispersal 

effectiveness (BORAH; BECKMAN, 2021; CÔRTES; URIARTE, 2013; 

KARUBIAN; DURÃES, 2009; LEVEY et al., 2005; NIELD et al., 2020; PEGMAN; 

PERRY; CLOUT, 2017). In this line, an urge for more mechanistic models of seed 

dispersal (i.e., models that emerge from unitary rules – movement decisions, 

energy levels, predator avoidance, etc.) has sprouted in the last decade 

(COUSENS et al., 2010; MORALES; MORÁN LÓPEZ, 2022), with the 

understanding of animal ecology in different scales pointed out as a major 

drawback in these seed dispersal simulation studies (CÔRTES; URIARTE, 2013). 
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Simulation models emerge as an important tool for understanding seed dispersal 

patterns, albeit it is recognized as no trivial task (CÔRTES; URIARTE, 2013; 

MORALES; MORÁN LÓPEZ, 2022). 

Black lion tamarins (Leontopithecus chrysopygus, hereafter “tamarins”) are 

endangered frugivorous-insectivorous, arboreal and territorial primates that inhabit 

the highly fragmented Atlantic Forest hotspot in the state of São Paulo, southeast 

Brazil. By having usually large home ranges (REZENDE et al., 2020 and 

references therein) that they frequently cross in a single day, tamarins are known 

to disperse seeds effectively (BUFALO; GALETTI; CULOT, 2016; COIMBRA-

FILHO; MITTERMEIER, 1973; PASSOS, 1997), especially medium-sized seeds 

(DE ALMEIDA E SILVA, 2022). Tamarins inhabit the seasonal Atlantic Forest of 

São Paulo State (also known as semideciduous forest; VALLADARES-PÁDUA; 

CULLEN JR, 1994). Although recent populations have been discovered in the 

Carlos Botelho State Park (ombrophilous forest or Atlantic Forest strictu sensu), 

we restrict our study to the groups and populations inhabiting the semideciduous 

forest in the interior of São Paulo State. As they inhabit very distinct environmental 

contexts throughout their highly anthropized geographical range, from riparian 

forests to continuous protected forest in State Parks, I selected this species as a 

model to study seed dispersal in relation to local level responses to fragment size, 

shape, and resource distributions.  

Previous work managed to develop a model that successfully predicted the 

seed dispersal of two Amazonian tamarin species, Leontocebus nigrifons and 

Saguinus mystax, in a continuous forest context, based on behavioral rules guided 

by energy levels. This agent-based model (ABM) of seed dispersal from Bialozyt 

et al. (2014), originally implemented in Java, was adapted by M. Mulato in 

NetLogo (WILENSKY, 1999) to fit the environmental context that black lion tamarin 

(Leontopithecus chrysopygus, hereafter “tamarin”) inhabit in the heavily 

fragmented Atlantic Forest. These adaptations included: a) the inclusion of tamarin 

specific data for parameterization (travel speed, gut retention time, main activities, 

duration of feeding and foraging events); b) the modification of the energy gain per 

foraging (on insects); and c) the removal of scent marking of trees (SANTOS, 

2020). However, these implementations were still not sufficient to reproduce 
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satisfactorily tamarin movement and seed dispersal patterns. Specifically, the 

simulated trajectories only reached almost half of the daily distances expected for 

tamarins in a small (100 ha) forest fragment. Thus, the agent goal of homeostasis 

(keeping energy levels positive), as implemented in the model, was not enough to 

reproduce an important pattern (daily distances and therefore its resulting seed 

shadow). Therefore, a revision of the parameters previously included in the model 

was needed as well as the inclusion of additional factors to develop a model able 

to predict tamarin seed shadows in different environmental contexts, which is the 

main goals of this thesis. 

Although this thesis title starts with ‘predicting’, a point should be made 

about its meaning. I will start with an example from the literature on statistical 

modelling, which is likely the most frequently known modeling literature for 

ecologists. According to Shmueli (2010), statistical modelling can be both causal 

and predictive. While explanatory modelling is commonly done with the application 

of statistical models (often associative, e.g., regression) with a theoretical 

construct supporting the association, predictive modeling refers to the application 

of statistical models for the purpose of predicting values of output Y based on input 

X. Thus, predictive modeling is any method that produces predictions (point, 

interval, distributions, or rankings of new observations) regardless of its underlying 

approach (Bayesian or frequentist, parametric or non-parametric, data mining or 

statistical modeling, etc.). Where does ABMs fit into these definitions, one could 

ask. Well, in my humble opinion – and as far as I am concerned -, it does not. 

Instead, ABMs allow us to make predictions based on the underlying unitary 

assumptions (the interactions between agents and the rules that guide them). That 

is, ABMs, through the pattern-oriented modeling (POM, GRIMM et al. 2014) 

provide predictions if the mechanisms and processes involved in the model 

structure are correct (GALLAGHER et al., 2021), avoiding the black box of 

correlational models.  

In this thesis, I explore the movement and seed dispersal patterns of the 

black lion tamarins, an arboreal frugivore, later developing an ABM general 

enough for understanding forest fragment level differences in size, shape, and 

resources. I further explore how these characteristics affect the spatial pattern of 
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seed dispersal, namely, the seed shadow, which is the emerging pattern of my 

interest. In Chapter 1, I first explore their movement patterns, searching for “rules” 

that can be implemented in an ABM, which, in turn, I develop in Chapter 2. In the 

second chapter, I show that it is possible to predict seed shadows (and most 

movement patterns) of tamarins with relatively simple (independent of estimates of 

resource availability) foraging rules coupled with an energy model. Finally, I 

preliminarily explore the consequences of increasing habitat availability (forest 

fragment size) and changing shape and resource distribution on the seed shadow 

generated by black lion tamarins. 
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6. GENERAL CONCLUSIONS 

Here, I explore the application of agent-based simulation models to 

understand the generated seed shadows by a tropical, endangered, and 

exclusively arboreal frugivore. In Chapter 1 I show black lion tamarin movement 

patterns as pervasively variable, even though I was able to derive some simple 

rules from quantitative and qualitative patterns. After extending a previously 

developed ABM to the black lion tamarin and implementing these rules on it, we 

saw how generable the model is in predicting both movement and seed dispersal 

patterns. In a preliminary analysis, we apply this model to theoretical forest 

fragments to explore the long-debated effect of “resource aggregation” - a 

historically assigned but rarely assessed factor affecting on movement patterns of 

primates -, as well as the effect of forest fragment size and shape on the seed 

shadow. 

Although I have struggled to understand the rules guiding black lion tamarin 

to move, our knowledge and data are still limited, thus impeding me to develop a 

more mechanistic model. However, even with simple rules (i.e., decide whether to 

move to the closest or to a random tree) and with known issues (e.g. the lack of a 

territorial process), the model here developed has shown potential in predicting 

seed shadows, especially in smaller and medium sized (100-505 ha), isolated 

fragments. Movement ecology research has developed in faster than ever (JOO et 

al., 2020), and it is certain that newer methods will allow us to infer deeply about 

the movement process in light of the movement ecology paradigm (NATHAN et al. 

2008). Specifically, I hope that the social behavior between groups of tamarins 

(territoriality, border patrol, home range overlap) receive further attention, 

rendering enough understanding to derive rules for simulations. 

As research with the movement and cognition of this elusive species 

develops, including energy expenditure and nutritional ecology, we will be able to 

take for granted the incredible power and versatility of ABMs to understand the 

natural systems (MALISHEV et al. 2021), and further apply it to the modeling of 

seed shadows (MORALES; MORÁN LÓPEZ, 2022). It is evident, therefore, that 

the modeling cycle will loop a few more times, through a few primatologists and 

ecologists, in order to understand the simple rules (maybe not as simple as in the 
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classic Flocking Model) that guide the movement ecology of the black lion tamarin 

and other arboreal vertebrates. While they travel, thriving to survive, escape 

predators, feed and mate, the seed shadow unfold in a curious loose mutualism. 
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