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ABSTRACT

Living in a group means not necessarily being able to do what you want, when you want.
Social animals regularly confront consensus decisions where group members must collectively
choose between mutually exclusive actions, such as where to go and when to move. Reaching
consensus is often particularly difficult when group members have different needs and
capabilities, leading to conflicts of interest over what to do and when to do it. In cohesive,
heterogeneous social groups that must come consensus decisions to avoid group dissolution,
some individuals ultimately have to compromise their preferred patterns of behavior, presumably
at a cost to themselves. Making consensus decisions is a primary challenge of group-living, and
how social species come to consensus is central to understanding the evolution of complex social
systems like our own. A key challenge to studying how group decisions are made in the wild is
determining the motivations driving individuals' decisions, and thus the link between individual
needs and collective action. In this dissertation, I present a novel integration of two influential
fields in behavioral ecology—optimal foraging theory and collective decision-making—to seek
to overcome this challenge and understand how group-level actions emerge from the behavioral
decisions of individuals. In chapter 1, I present a theoretical framework for using optimal
foraging theory, specifically the marginal value theorem, as a tool for understanding individual
preferences about when to leave a food patch, against which the behavior of groups can be
compared under different decision-making regimes. Then, in chapters 2 and 3, I use empirical
studies of cohesive social groups of wild white-faced capuchin monkeys (Cebus capucinus) on
Barro Colorado Island, Panama to understand the drivers behind divergent foraging behaviors
and preferences of group members, how these groups resolve conflicts of interest to come to

consensus decisions, and who pays the costs of compromise. In chapter 2, I examine aspects of
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social and individual predictors of foraging behavior, showing that dominance rank, age class,
and timing of access to a foraging patch all influence patterns of foraging behavior and
efficiency. In chapter 3, I illustrate how foraging theory models can be applied to my empirical
data on capuchin monkey collective foraging—very simply and with standard observational data
collection techniques—to understand how social groups resolve conflict and reach consensus
over foraging decisions. My dissertation demonstrates the benefit of taking a theory-driven
approach to generate predictions about emergent collective phenomena that can be tested with
simple field and experimental data across a range of systems. In doing so, foraging theory can

help the field of collective behavior become a more predictive science.
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INTRODUCTION

To obtain the benefits of sociality, group-living animals coordinate important daily
activities such as foraging and reach (or fail to reach) consensus decisions about where to go,
when to move, and what to do (Reina et al. 2021, Mann 2018, Herbert-Read et al. 2019, King &
Cowlishaw 2009, Couzin et al. 2005, Conradt & Roper 2005). Making consensus decisions is a
primary challenge of group-living, and how social species come to consensus is central to
understanding the evolution of complex social systems, including our own (Dyer et al. 2009,
Conradt & Roper 2005). In heterogeneous social groups, dissimilar preferences or motivations of
group members for a particular decision outcome can pose an obstacle to consensus decision-
making by causing the interests of group members to diverge (Jolles et al. 2020, Conradt 2012,
Conradt & Roper 2009). When conflicts arise about what to do, conflicts can often be resolved
by sharing decisions across group members or by a despotic individual exerting their choice on
behalf of the group (Conradt & Roper 2009). Under either decision-making regime, group
members must come to a consensus decision or risk group dissolution. When group members
have different needs and capabilities, some individuals have to compromise their preferred
patterns of behavior, presumably at some cost to themselves (consensus costs—Conradt & Roper
2010).

A key challenge to studying how group decisions are made in the wild is determining the
motivations driving individuals' decisions, and thus the link between individual needs and
collective action. Determining how consensus decisions are reached is remarkably difficult in
natural systems, as we do not have the luxury of asking what an animal prefers to do and when.

As such, studies have often assessed group decision-making and which individuals contribute by



observing the decision outcome (i.e., where or when groups move). For instance, studies have
considered individuals who move first or are in front of the group to be leaders of group
movements from place to place (Papageorgiou et al. 2020, Strandburg-Peshkin et al. 2018,
Amornbunchornvej et al. 2018, King et al. 2011, Stueckle et al. 2008). Other studies have
observed instances of group members communicating (i.e., “voting”) for a decision outcome
(Black 1988), through vocalizations (Sankey et al. 2021, Radford 2004, Boinski & Campbell
1995) or body orientations (Prins 1996). However, research has yet to directly link individuals’
contributions to group decision outcomes to the preferences underlying their actions.

While the study of collective behavior has been focused on how groups come to
collective decisions, it has yet to make use of the extensive body of knowledge provided by the
wealth of classical models in behavioral ecology, such as optimal foraging theory. To date,
theory has explored foraging decisions of individuals and social aggregations (DiGiogio et al.
2020, Palacios-Romo et al. 2019, Davidson et al. 2019, Falcon et al. 2017, Frank et al. 2017,
Kolling et al. 2017). In this dissertation, I show how these models are easily re-cast for social
animal groups to examine (i) individual preferences and conflicts of interest between group
members, (ii) how collective foraging decisions in cohesive groups can emerge from individual
strategies and preferences, and (iii) if and how the relative costs and benefits of group foraging
decisions can be balanced across group members (Davis et al. 2022).

In Chapter 1, I present a novel theoretical framework for using optimal foraging theory as
a tool for understanding group decision-making processes by reviewing and combining several
existing social formulations of optimality models (the marginal value theorem, in particular,
Charnov 1976). Then, in Chapters 2 and 3 I use empirical studies of cohesive social groups of

wild white-faced capuchin monkeys (Cebus capucinus) on Barro Colorado Island, Panama to



understand the drivers behind divergent foraging behaviors and preferences of group members,
how these groups resolve conflicts of interest to come to consensus decisions, and who pays the
costs of compromise. In Chapter 2, I examine aspects of both social dynamics and individual
predictors of foraging behavior, showing that dominance rank, age class, and timing of access to
a foraging patch all influence patterns of foraging behavior and efficiency. In Chapter 3, |
illustrate how foraging theory models can be applied to my empirical data on capuchin monkey
collective foraging—very simply and with standard data collection techniques—to understand
how social groups reach consensus over foraging decisions. Overall, in this dissertation, I
demonstrate that formally linking collective decision-making processes to optimal foraging
theory models provides a powerful theoretical framework for making predictions about
individual animals’ preferences, allowing us to link their individual motivations to their actions,
and ultimately to collective outcomes. Further, the great strength of making such clear
quantitative predictions is that they make the methods available to all empiricists, without
requiring expensive technology.

The capuchin monkeys that live on Barro Colorado Island (BCI) represent an ideal study
system for investigating collective foraging behavior and group decision-making in a number of
ways. These monkeys live in multi-male, multi-female cohesive social groups, such that they
remain in proximity together all day every day and thus must come to consensus choices about
what to do and when to do it (Perry 1997). The social groups of capuchins are also relatively
stable in membership over short time periods (excluding rare dispersal events, Perry 1997). The
capuchin groups on BCI live in home ranges of approximately 90-160 hectares and are
xenophobic with mutually agonistic relationships with their neighbors (Crofoot 2007). Social

groups usually average between 17-19 individuals (Fedigan et al. 2001), although the study



groups on BCI tend to have fewer individuals averaging around 11 group members (ranging
from 9-25 individuals in a study published by Crofoot 2007).

Even in the smallest social groups of capuchins, group members differ in age, social
status, experience, size, and sex, amongst many other variables. Capuchins are long-lived
animals that live about 30 years in the wild and have a prolonged juvenile period (Harvey et al.
1987). Females are philopatric (i.e., stay in their natal group), whereas males migrate one to a
few times during their lifetime into new neighboring groups (Fedigan 1993). As such, adult
females presumably have increased knowledge of their home ranges compared to other group
members. There is a dominance hierarchy within males and females, such that dominant
individuals tend to gain priority access to important resources and mates (Jack & Fedigan 2006,
Vogel 2004). The dominant male, in particular, has a central role in capuchin groups (Di Bitetti
1997) and can monopolize access to resources through aggressive behaviors, including
displacing other group mates off of feeding patches (Janson 1985). As a result of the wide range
of heterogeneity amongst capuchin group members, I could reliably examine how differences
between group members translate into dissimilar foraging behaviors and preferences.

The foraging patterns of the capuchin monkeys on BCI also exemplify an ideal study
system to test optimal foraging theory models in the wild, especially over collective departures
of when to leave food patches. Capuchins rely heavily on ripe fruiting trees for food (comprising
between 60-80% of their diet, Fragaszy et al. 2004), an ephemeral resource in the seasonal
tropical forest of Barro Colorado Island that are typically distributed in discrete, depletable
patches (fruit trees) across their home ranges. I focus my data collection in this dissertation on
capuchin foraging in Attalea butyracea palm trees, a keystone resource for the monkeys

throughout June-September. The capuchin groups spend >75% of their total feeding time during



these months in these trees (Davis unpublished data). 4. butyracea fruits grow in large clumps,
or infructesences, that suspend off a single stem of the palm plant (Bernal et al. 2010). Due to
this structure, palm fruits are easily monopolizable for high-ranking individuals who can exclude
their group-mates from the infructescence. Furthermore, palm fruits in an infructescence ripen
asynchronously (Bernal et al. 2010), such that the monkeys must discriminate between ripe
versus unripe fruits. The edible pulp of palm fruits is covered by a hard exterior shell, requiring
the monkeys to open the shell to access the pulp inside. These characteristics of A. butyracea
trees allow me to quantify the ways in which individuals vary in their abilities to process and
consume food items (fruits). By collecting observational data on capuchin group foraging on 4.
butyracea palm trees, I examine how group members differ in their foraging strategies and
preferences and ultimately how groups reach consensus over when to leave trees.

In chapter 1 (Davis et al. 2022), I first demonstrate how the study of collective decision-
making is rich in predictions about how decision-making can resolve conflicts of interests among
group members, but weak in empirical evidence to match these predictions. I then review the
body of theoretical work that forms the framework of optimal foraging theory and how these can
apply to group-living animals. I subsequently illustrate how optimal foraging theory, and in
particular the marginal value theorem, can generate testable predictions about the processes
underlying collective foraging decisions, specifically how groups coordinate departure decisions
(when to go). The tools developed in optimal foraging theory allow researchers to quantify the
degree of within-group conflict for observed collective decisions and investigate how observed
patterns of behavior deviate from individual- and/or group-level optima (i.e., which group
members pay consensus costs). From these data, it is then possible, and simple, to evaluate

whether collective decisions are underpinned by a threshold number of individuals having passed



their optimal choice (i.e., a quorum process), whether departures are dictated by the optimal
choice for a specific individual or individuals (i.e., an unshared or partially shared process), or
whether groups can optimize decisions to benefit the majority of their members (i.e., an
emergent process). I further utilize foraging theory to make predictions about the distribution of
consensus costs across group members and under what environmental conditions shared
decision-making may be favored or disfavored.

In chapter 2, I evaluate the extent of variation in foraging behavior and efficiency across
group members in capuchin monkey groups and how this variation is shaped by important
determinants of social status and experience such as age, a measure of an individual’s
experience, abilities, and strength, and social rank, a measure of an individual’s competitive
ability. While optimal foraging theory models provide clear currencies from which to compare
inter-individual foraging efficiencies (energy and time, Stephens & Krebs 1986, Mangel & Clark
1986), they do not always provide concurrent information about the specific foraging behaviors
that result in foraging efficiency, such as when a group member gets access to a feeding patch,
how long it takes them to search for a food item, how long it takes to handle and consume that
food item, etc. Hence, I measure foraging behavior of capuchin monkey group members across
multiple levels in 4. butyracea feeding patches to provide an in-depth and comprehensive
analysis of the specific behavioral strategies that individuals use to maximize their foraging
success. Specifically, I calculate foraging behaviors across group members in a patch during both
the search phase of finding food items to consume and the active feeding phase of processing and
consuming food items. Alongside the timing of access to a patch, these behaviors are important
components of the ultimate foraging success outcome. For animals who forage in social groups

like capuchin monkeys, I illustrate how variation in foraging underlies disparities between the



way group members experience their environment, creating a range of individual needs,
preferences, and capabilities. Ultimately, such heterogeneity between group members can
translate into conflicts between individuals over their foraging preferences.

In chapter 3, I empirically test the theoretical framework developed in chapter 1 of this
dissertation (Davis et al. 2022) in wild capuchin monkey groups. I utilize the marginal value
theorem to quantify the degree of within-group conflict for observed collective decisions over
when to leave foraging patches. I then investigate how observed patterns of group departure
behavior deviate from individual- and group-level optima (i.e., which group members contribute
to group decisions and which group members pay consensus costs by leaving at suboptimal
times). From these data, I then determine the process of collective departure decisions of when to
go, whether they be underpinned by an unshared, shared, or group-level optimal process. I also
compare my foraging theory results with more conventional methods of assessing who has
influence over group decisions by observing the outcomes of group departure decisions (i.e.,
which individual(s) successfully initiate group movements). Finally, I evaluate which group
members paid consensus costs to collective decisions, by leaving patches at a suboptimal time.
Together, this captures important elements of group decision-making in cohesive social groups
like capuchin monkeys: when to leave food patches, how such decisions are made, and who pays
consensus costs.

In this dissertation, I present a novel integration of two influential fields in behavioral
ecology—optimal foraging theory and collective decision-making—to understand how group-
level actions emerge from the behavioral decisions of individuals. Despite major advances in the
study of collective behavior, how groups of animals decide when and where to forage remains a

central question for understanding the evolution of group-living and the diversification of animal



societies. While I apply optimal foraging theory to cohesive social groups with stable
membership, I maintain that foraging models can similarly be used for other species that
nevertheless benefit from collective behaviors (such as open societies and fission-fusion groups
that forage socially and individuals must decide whether to maintain cohesion with others versus
maximize their own energy gain). My work demonstrates the benefit of taking a theory-driven
approach to generate predictions about emergent collective phenomena that can be tested with
simple field and experimental data across a range of systems. In doing so, foraging theory can

help the field of collective behavior become a more predictive science.
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CHAPTER 1

Using optimal foraging theory to infer how groups make collective decisions!

ABSTRACT

Studying animal behavior as collective phenomena is a powerful tool for understanding
social processes, including group coordination and decision-making. However, linking individual
behavior during group decision-making to the preferences underlying those actions poses a
considerable challenge. Optimal foraging theory, and specifically the marginal value theorem
(MVT), can provide predictions about individual preferences, against which the behavior of
groups can be compared under different models of influence. A major strength of formally
linking optimal foraging theory to collective behavior is that it generates predictions that can
easily be tested under field conditions. This opens the door to studying group decision-making in
a range of species; a necessary step for revealing the ecological drivers and evolutionary

consequences of collective decision-making.

'Adapted from: Davis, G. H., Crofoot, M. C., & Farine, D. R. (2022). Using optimal foraging theory to infer how
groups make collective decisions. Trends in Ecology & Evolution, 37(11): 942-952.
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HIGHLIGHTS

A growing body of evidence emerging from the analysis of advanced animal tracking data shows
that moving groups make shared decisions about where to go, with each group member
influencing the outcome. How groups coordinate departure decisions (when to go), however,

remains poorly understood.

Classic models from optimal foraging theory, specifically the marginal value theorem (MVT),
are well-established tools that can generate quantitative predictions about when individuals
should prefer to leave a food patch, given patch quality and the distribution of patches in the

environment.

Integrating optimal foraging theory into studies of animal collectives provides rich opportunities

for gaining new insights from both empirical and theoretical studies.

Specifically, the MVT can be used to make predictions about conflict of interests among group

members, how consensus costs vary under different models of collective decision-making, and

under what environmental conditions shared decision-making may be favored or disfavored.
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GLOSSARY

Contflicts of interest
differences in optimal behaviors among individuals, such as their individual optimal
patch departure times.

Consensus cost
the cost incurred by an individual foregoing its optimal action to comply with the group
decision outcome, thereby leaving a patch earlier or later than the optimal departure time.
Consensus costs can be measured as the difference in the energy gained when departing
relative to the possible energy gain based on the average environmental intake rate.

Consensus decisions
the outcome of a group choosing between two or more mutually exclusive actions, such
that the group can maintain cohesion and coordinate actions. When decisions are shared,
these are often referred to as collective decisions.

Fission—fusion dynamics
a social system where groups are variable in size and composition both spatially and
temporally, such that these groups frequently form, split apart, and reform.

Gain curve
the cumulative energy an individual gains (or the number of prey items it consumes) as a
function of time spent foraging in a patch.

Group-level consensus costs
the sum of consensus costs across all group members combined.

Group-level gain curve
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the cumulative energy gained (or number of prey items consumed) by all group members
as a function of time spent foraging in a patch. This is simply the sum of all group

members’ gain curves.

Handling time

the time an individual spends processing and consuming a distinct prey item from the

moment it encounters the prey item until it is ready to search for the next prey item.

Harvest rate

the rate at which prey items, or energy, are gained over time.

Observed group departure time

the observed outcome of the group consensus decision of when to leave a patch; when the
group is actually observed to depart. Groups can depart patches cohesively, or have
staggered observed departure times (hence the observed group departure time could be
represented by the last, or the mean of, group members’ observed departure times). In
some cases, observations on each group member’s distinct departure times can be useful

(e.g., when measuring consensus costs).

Optimal patch departure time

Patch

the predicted time an individual (or the group overall) should leave a patch to maximize
its energy intake rate across the environment. The MVT defines this as the time point
when the current rate of energy gain falls below the average rate of energy gain for the
habitat. The optimal patch departure time provides a quantifiable prediction of an

individual’s or group’s preference for when to leave a patch.
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foraging areas that can contain one or more resource(s) distributed over an area that is
encompassed by the group dispersion. Patches deplete over time with continued foraging
effort and harvest rates reduce (show diminishing returns) with an increase in time and
foraging effort. The discrete nature of patches introduces travel time when moving
between them.

Prey
individual food items, which can represent anything from a single blade of grass to an
individual animal.

Sub-majority
a quorum whereby the threshold for activating a (change in) behavior is less than 50% of
group members.

Travel time
the time it takes an animal (or animal group) to travel from one foraging patch to the

next.

OPTIMAL FORAGING THEORY AND COLLECTIVE ANIMAL BEHAVIOR

Collective behaviors are remarkable natural phenomena in social organisms, and how
interactions between individuals produce emergent patterns of behavior has received
considerable attention [1-5]. A central question in the study of collective behavior is how
individuals in groups coordinate their behavior and reach (or fail to reach) consensus decisions

(see Glossary) about where to go, when to move, and what to do [6-11]. However, a key
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challenge to studying how such decisions are made in wild animals is the difficulty of
establishing the link between individual preferences and the resulting collective outcome(s).
While the outcomes of consensus decisions can be documented [12-16], determining the
processes by which decisions are made requires the ability to predict, and empirically assess, the
preferences of each group member [17].

The strong theoretical basis that exists for studying individual foraging decisions
provides a rare opportunity to elucidate the dynamics of collective decision-making. In
particular, the existence of clear and measurable currencies — energy and time — facilitates
comparison of individual preferences and decision outcomes across collective foraging
scenarios. Optimal foraging theory [18,19] can predict animals’ decisions, including diet choice
[20,21], where to eat [22], and how to move between resources [23,24]. The marginal value
theorem (MVT) [25], for example, can be used to predict when individuals should leave a
resource patch based on their current intake rate and the distribution of resources in the
landscape (Box 1). A rich body of theory [26-31] and empirical work [32-38] have explored such
foraging decisions within aggregations of individuals. However, in animals that form cohesive
groups with stable membership, decisions are socially contingent [32-34]. For example, costs
and benefits of foraging decisions can differ among group-mates [12,39], and different-sized
groups can vary in how rapidly they exploit patches [27,40]. Formulating the MVT for cohesive
social groups — whereby individuals all leave patches together — can reveal the conflicting
preferences between group members, how groups make decisions (i.e., who has influence), and
the costs that individuals pay to achieve consensus.

Here, we lay out a framework for integrating optimal foraging theory — specifically the

MVT — into studies of collective decision-making of cohesive groups with stable membership.
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We show that making consensus decisions results in consensus costs, and that the MVT can
combine empirical data on rates of prey acquisition (to estimate individuals’ gain curves)
together with the observed group departure time to infer who has influence and how groups

make decisions.

APPLICATIONS OF THE MARGINAL VALUE THEOREM TO COHESIVE SOCIAL

GROUPS

Beyond deciding where and how to search for food [41,42], foragers must also decide
how long to feed on one resource patch before leaving to find a new patch. The MVT predicts
that these decisions should be based on the instantaneous rate of energy gain. As an animal starts
to deplete a patch, the rate at which energy is gained decreases, reaching a point where it is more
profitable to search for a new food source than to remain. Foragers are therefore expected to
leave when their current rate of energy gain falls below the average rate of energy gain for the
habitat (their optimal patch departure time) [25]. Although the MVT is an over-simplification
of animals’ decision-making processes [43,44], its predictions nonetheless continue to be
supported across a diverse set of organisms (e.g., birds, [45,46]; hunter-gatherers, [38,47]; non-
human primates, [35,48]; rodents, [49]; insects, [33]). These studies also demonstrate how the
MVT can be tested using field data. Specifically, the number of prey items individuals consume
per unit time can then be fitted with negative exponential models, from which their optimal

departure times can be estimated.
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The MVT can be readily extended to social foraging contexts where animals travel and
exploit resources as groups. These include troops of primates [50-53]; bird flocks, including old
world babblers (Family Timaliidae) [54,55], cooperative breeders (e.g., superb fairy-
wrens Malurus cyaneus [56], white-winged choughs Corcorax melanorhamphos [57]), family
groups (e.g., black-capped chickadees Poecile atricapillus [58]), and species forming multilevel
bird societies (e.g., vulturine guineafowl Acryllium vulturinum [59]); stable groups of bats (e.g.,
Spix’s disk-winged bat Thyroptera tricolor [60]); cetacean pods [61], and mongoose groups
[62,63]. Whether highly cohesive or more distributed (the MVT is scale insensitive), group daily
movements extend much farther than their spread, with members switching from local foraging
movements to directed movement. Thus, to effectively exploit foraging resources across their
range — infructescences, schools of bait fish, open grassy areas, masting trees — group members
must coordinate their activities and reach consensus over not only where to move [12,14,64], but
also when to move [65].

While several social formulations of the MVT exist [28,66], these assume group
members are identical. They predict that all group members share the same optimal patch
departure time, also matching the optimal departure time given by the group-level gain
curve (the sum of all the individual gain curves; see Figurel A in Box 1). Current social
implementations (Box 1) already highlight tradeoffs arising from foraging as (larger) groups
versus foraging alone or in smaller groups, and how tradeoffs are impacted by the distribution of
patches across the environment, the types of food available within patches, and the foraging
performance of groups. Thus, even in its simplest forms, the MVT already makes useful

predictions when applied to social groups.
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BOX 1. BASIC SOCIAL PATCH EXPLOITATION MODELS

The gain curve of a forager in a patch, as a function of the time since entering the patch

(1), can be modeled as a negative exponential function:
W(t) =1—exp(—At) [1]

where the cumulative energy gained by an individual over time (W/(¥)) increases faster as a
function of harvest rate (1), but has an exponentially decreasing rate leading to an asymptote. An

individual is expected to leave a foraging patch when its current rate of food capture falls below

w(t)
u+t’

the average capture rate for the habitat [25], which is given by the point maximizing
with u being the average travel time between patches. However, some prey items require
handling time (%), reducing the rate of energy gain. In such cases, the time taken to extract

the gth prey item from a patch containing G prey items (the inverse of the gain curve) is given as

[99]:

t(g) = %logé + hg. [11]

The simplest extension of the solitary patch model to social groups considers depletable
patches that are exploited by N foragers that arrive and leave the patch simultaneously. The
model [28]:

W(Nt) =1 — exp(—ANt), [111]
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assumes that all group members have the same instantaneous patch exploitation rate. It predicts
that all individuals should have the same patch residency time, which is equal to the group-level

optimal patch residency time (Figurel A, Tg = Ti). The MVT generally predicts that individuals

should live in small rather than large groups because the per capita energy gain over time (% .
%) is typically greater in smaller groups. However, if larger group size enables greater

individual harvest rates (4), for example, due to reduced vigilance or enhanced group
performance [40], then the foraging favors larger groups, but only if the travel time between
patches is short (not shown). If travel time is also affected by group size (e.g., larger groups
move more slowly [100]), this could yield an optimal group size for optimal foraging.

The MVT further predicts that (larger) groups should leave patches sooner (due to more
foragers encountering and consuming prey items) and deplete resources to a greater extent (due
to having a higher overall harvest rate), than individuals (Figure 1B) or smaller groups (Figure
1C). Food items that involve handling time reduce the per capita intake rate, leading to greater
patch residency times. This has a stronger impact on individuals living in large (Figure 1D)

versus small groups (Figure 1E).
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Figure 1. Social patch model where groups of individuals deplete patches. The unbroken

gain curves, W(Nf), represent the cumulative energy acquired (intake) for a group as a

function of patch exploitation time. The dotted lines drawn tangent to each curve provide the

optimal patch departure time for each curve given the average travel time between patches, L.

(A) The group-level (N = 3) optimal residency time (Tg) and optimal residency time of

identical group members (Ti given by the individual-level gain curve-broken line) are equal.

(B) Groups (here N = 3) have shorter optimal patch residency times (AT) and acquire more

overall energy (AE) relative to solitary foragers (dotted—broken line, with an optimal

departure time of Ts). (C) Larger groups (top curve, N = 10) acquire more overall energy with

shorter patch residency (Tr) than smaller groups (lower curve, N=3). (D,E) With handling

time (h > 0, broken lines), individuals acquire the same amount of energy as without

handling times (h = 0, unbroken lines), but have longer optimal patch residency times

(T > 0> Tn =0). This effect is true for groups of all sizes, although the increase in patch

residency times is greater for larger groups (D) than for smaller groups (E), that is, AT;>

ATs given the same environment.

23



PREDICTING CONFLICTS OF INTEREST OVER WHEN TO LEAVE

When applied to stable social groups, the MVT can capture variation between group
members in their foraging behavior and ultimately their preferences over when to leave a patch.
In most species, groups contain individuals that differ in size, dominance status, experience, and
abilities [67-69]. Such characteristics can correspond to differences in abilities at extracting
resources from the environment (e.g., intake rates, processing times), distinct gain curves, and
therefore, within-group differences in optimal patch departure times. Thus, collective departures
(the observed group departure time) will deviate from the optimal departure time of some group
members, introducing opportunity costs relative to lone foraging [65]. Here, we show that
extending the MVT to such group-foraging contexts is relatively straightforward (Box 2), and
provides a way to predict, and quantify, conflicts of interest over the timing of group departures.

In heterogeneous groups that move together, group members will differ in their ability to
extract energy from the patch, as well as the total quantity obtained. Such differences can alter
the environment experienced by different group members, thereby introducing variation in the
rate of energy gain. Unequal access to the patch alone will not generate conflict over the timing
of movements, as the MVT predicts that otherwise identical individuals will have the same
optimal patch departure times despite interindividual differences in overall energy gain (see
Figure 2A in Box 2). However, if resources are heterogeneously distributed in the patch,
individuals with access to better parts of the patch (e.g., dominants [12,70-72]) experience a
richer environment than those relegated to the poorer parts, generating within-group variation in
optimal patch departure times. Specifically, individuals with a higher harvest rate are predicted

to have earlier optimal patch departure times than other group members (see Figure 2B in Box
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2). Foragers also vary in their ability to process and consume prey. For instance, individuals can
become more proficient at handling food items as they accumulate experience [73-75]. The MVT
predicts that longer handling times lead to later optimal patch departure times (see Figure 2C in
Box 2). Thus, unequal access to the best foraging sites and variation in foraging ability, but not
differences in the total amount of energy extracted from a patch, will introduce conflicts of
interest within groups over the timing of departures.

Individuals can simultaneously differ across multiple dimensions, such as experience,
dominance, and personality, leading to some unexpected, and perhaps counterintuitive,
predictions. For example, scenarios exist where better foragers are predicted to have later
optimal departure times (e.g., see Figure 2E in Box 2). Such predictions illustrate the value of
formal modeling for generating predictions about the conflicts of interest that arise in groups of
heterogeneous foragers, including species that do not maintain strictly cohesive groups with
stable membership but that benefit from collective behaviors, with individuals balancing the
need to depart with the risk of moving alone (e.g., leaving before the group, or remaining after

the group leaves).
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BOX 2. HETEROGENEITY IN GROUPS CAN GENERATE CONFLICTS IN OPTIMAL

PATCH DEPARTURE TIMES

When groups have heterogeneous membership, differences in gain curves among group-
mates can lead to conflicts of interest over the timing of patch departures (i.e., differences in the
predicted optimal departure time among group members). Only when individuals vary solely in
the total amount of energy they can extract from the patch (the asymptote of their gain curve,
where W(¢) = 0) will all individuals have the same optimal departure time as each other and as
the group (Figure 2A). If individuals differ in their harvest rate (4 varies), those with a
higher A can extract their share of the energy from the patch faster, and are predicted to have an
earlier optimal patch departure time than individuals with a lower 4 (Figure 2B). More efficient
individuals also extract more energy from the patch at their optimal departure time than less
efficient individuals. Individuals can also vary in their handling time for each prey item. In this
scenario, individuals with shorter handling times are predicted to have earlier optimal departure
times than individuals with longer handling times, but all individuals will acquire the same
energy at their optimal departure times (Figure 2C).

In natural populations, individuals often vary across several parameters simultaneously.
Individuals that obtain a greater portion of the total energy and harvest resources faster can have
longer optimal patch residency times (Figure 2D), as do those gaining a greater portion of total
energy with shorter handling times (Figure 2E). However, having a greater harvest rate and

shorter handling times (Figure 2F) lead to earlier optimal departure.
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Figure 2. Interindividual differences in foraging behavior can lead to variation in the
shape of the energy gain curves for group-foraging animals, and thus differences in
optimal patch departure times of group-mates. (A—F) Six examples of how individuals
can differ in their foraging strategies and abilities, resulting in conflicting departure times.
The top black unbroken gain curve in each image represents the cumulative energy acquired
by the group as a whole (N = 3). The lower colored broken gain curves are the cumulative
energy acquired by each group member. Dotted lines capture the optimal patch departure
times for each individual (T1—T3) and for the group as a whole (Tg, diamonds). Squares
represent the mean of the group members’ optimal departure times (if not shown, this equals
Tg). Individuals can vary in: (A) the total amount energy they can extract from the patch, (B)
harvest rate, (C) handling time, (D) the total amount energy they can extract from the patch
and harvest rate, (E) the total amount energy they can extract from the patch and handling
time, and (F) harvest rate and handling time. In all cases, individual 1 (blue line) has the
‘best’” parameters (highest energy gain, greatest efficiency, and shortest handling time),

followed by individuals 2 (yellow broken line) and 3 (gray broken line).
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TESTING HOW GROUPS RESOLVE CONFLICTS OF INTEREST TO REACH

CONSENSUS

Taking research on leadership and influence in animal groups out of the laboratory and
into ecologically, socially, and evolutionarily relevant field settings has proven remarkably
challenging [76]. While aided by technological advances [3], studies focusing on observations of
movement initiations (attempts to lead the group away from a patch) have not been able to
directly link individuals’ contributions to group decisions to the preferences underlying their
actions [12,14,77-79] (but see [15]). Optimal foraging theory can provide a deeper mechanistic
understanding of how group-living animals resolve conflicts of interest.

One challenge for studies of collective decision-making is to identify who has influence
[17]. By comparing observed group departure times with the predicted optimal departure times
of group members, the MVT can reveal influence without making assumptions about
mechanisms. Influential individuals (e.g., despots) could be identified by a tendency for their
group to leave foraging patches at or close to their optimal departure time (Box 3, Dp, where
T, is a despot) as opposed to the group-level optimum (Tg) or the optimal departure times of
other group members (T2, T3). Decisions that are shared equally across group members are
expected to have a departure time matching the average time for all, which groups might
approximate as the time when a majority (or sub-majority) of individuals have reached their
optimal departure times (Ds). This approach avoids relying on observations of initiators,
potentially revealing the long-hypothesized role of followers on the timing of departures [80].

Comparing when groups depart to predictions from the MVT can then be used to quantify

individual consensus costs [10]. Consensus costs can be measured in terms of the energetic
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(foraging) loss as a result of leaving either earlier or later than the predicted optimal patch
departure time for each individual (an opportunity cost, Figure 3A) [65]. Consensus costs can
also be estimated under different decision-making processes, and can be used in a range of

analyses, including comparative and evolutionary studies.
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Figure 3. Using the marginal value theorem to make predictions about consensus costs
across different ecological conditions. (A) Illustration of the energetic consensus cost (AE1,
AE) paid by an individual that leaves earlier than (Tg1) or later than (Tg2) their optimal
departure time (Ti), which is calculated as the opportunity cost (energetic loss relative to the
average intake rate for the environment, represented by the unbroken line starting at p). (B)
Predicted sum of consensus costs for a group of three foragers that vary in their intake rates
across different ecological conditions. Consensus costs initially increase as the environment
becomes patchier (increasing travel time from low to medium), but then decrease as the

environment becomes harsher (increasing to long travel times).
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BOX 3. USING OPTIMAL FORAGING THEORY TO REVEAL COLLECTIVE

DECISION-MAKING PROCESSES

By comparing the discrepancy between individual optimal departure times (Ti...Tn)
versus the group’s observed departure time from the patch (D), we can understand how groups of
individuals come to decisions about when to leave, and who exerts the most influence. We use
the MVT to predict when groups should leave patches under three common collective decision-
making situations: shared (or quorum-based) decisions (Ds), despotic decisions (Dp), and
globally optimal decisions (Dg).

When decisions are shared, all (or a representative proportion) of the group contributes to
the group-level decision. Shared decisions are often represented by a fixed threshold or a quorum
(a probabilistic threshold of group members or a ‘majority rule’). In the context of social
foraging, we predict that groups will leave food patches once a certain number of individuals in
the group (or the median individual given a majority rule) have met their optimal patch departure
times (Figure 4, Ds = T»). In very large groups, the median of all individuals’ departure times
will be closely aligned with the group-level optimal departure time, highlighting a potential
selective driver for shared decision-making.

At the opposite end of the decision-making spectrum [96] are despotic, or unshared,
decisions. In a foraging context, a single individual has sole influence over the group decision
about when to leave a foraging patch, and the observed departure of the group is predicted to
align with the predicted optimal departure time of the despot (Figure 4, Dp = T).

Finally, individual-level energy gain could potentially be optimized by departing at the

optimal departure time based on the overall group gain function (Figure 4, Dg = Tg). For
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example, if individuals vary unpredictably in their harvest rates from one patch to the next, then
their individual-level energy gain over multiple patches could be maximized if they depart at the
group-level optimal departure time. Thus, taking an optimal foraging view of collective decision-
making reveals an alternative mechanism for reaching decisions that have not been previously
considered.

Under both shared or despotic mechanisms, the group departure time can be either earlier
or later than the group-level optimal departure time, which could have implications for the
group’s performance relative to other groups in the same habitat (e.g., if they exploit fewer
resources relative to their travel time). Exploring the relative group-level gains under different
levels of individual variation (Box 2), in groups with different decision-making mechanisms, and
across different habitats (Figure 3) in a selection framework will yield novel insights into what

type of decision-making mechanisms should evolve.
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Figure 4. Conflicts of interest about optimal departure times can arise as a function of
individual variation, such as when individuals differ in their (A) harvest rate or (B)
total energy gain and harvest rate. Here, we demonstrate how conflicts can lead to

different predictions about when groups should leave under three models of group decision-
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making: shared (Ds), despotic (Dp), and group optimal (Dg). Diamonds represent the group-

level optimal departure time (Tg).

ECOLOGICAL DRIVERS AND EVOLUTIONARY IMPLICATIONS OF COLLECTIVE

DEPARTURES

Consensus costs are a central mechanism underpinning the social structure of animal
social groups [81], and animals can respond to changes in the magnitude of consensus costs by
modifying the structure of their societies [82]. For example, if compromise is too costly for
individuals (relative to the benefits of remaining in a group), then fission—fusion
dynamics emerge in lieu of consensus decision-making [83]. The magnitude of the costs borne
by individuals (or the total cost experienced by a group) may be shaped by the environment
itself—specifically the travel time between patches. Consider the simplest case where
individuals vary in their harvest rates (4; see Figure 2B in Box 2), causing a spread in the optimal
foraging times of group members (T:...Tx). The size of this spread will not only be dictated by
the variation in harvest rates, but also by the travel time. At very short travel times, the energy
intake rate trajectories among individuals have had little opportunity to diverge before they
should each choose to move on, yielding a small variation in optimal departure times. Similarly,
as travel times become very long, all individuals should exploit as much of the patch as possible,
causing the energy intake trajectories to converge. Thus, at intermediate travel times, individuals
experience the greatest spread in their energy acquisition curves, resulting in more divergent

optimal departure times.
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Examining the relationship between ecological conditions (variation in travel time) and
the resulting consensus costs that emerge from individuals diverging from their optimal
departure times (Figure 4B) confirms that group-level consensus costs are minimized in both
resource-rich (shorter travel times between patches) and resource-poor (longer travel times
between patches [68]) environments, and maximized in environments with intermediate resource
availability (Figure 4B). This suggests that maintaining social cohesion entails increasing costs
when transitioning from high-quality environments, but that these costs shrink again as
conditions become even less favorable. By predicting a decrease in consensus costs in
environments when conditions become harsher, the MVT might therefore help to explain the
apparent paradox that environmental harshness (low rainfall combined with seasonal
unpredictability that increase travel time as groups forage over larger areas [56,84]) can result in
greater social cohesiveness, such as in the evolution of cooperation [85,86] or the fusion of
groups within mammalian and avian multilevel societies [59,87-91]. This demonstrates how
integrating the MVT with models of collective decision-making and collective movement has
significant potential to generate predictions about the evolution of group-living under different
ecological conditions.

A final question is whether cohesive groups can maximize the rate of energy extracted
from the environment by leaving patches at the optimal time predicted by the group-level gain
curve (Box 1, Box 2, Box 3, Tg). This could be beneficial if, for example, the group member(s)
that access better parts of a patch varies (unpredictably) from one patch to the next as it
maximizes the average rate of harvest from the environment across group members. Several
examples demonstrate how collectives can produce such higher-level optimization. One classic

example is the ideal free distribution [92], whereby individuals maximize their fitness by
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spreading themselves across heterogeneous resources in such a way that maximizes their
individual harvest rates, thereby also maximizing the harvest rate of the group or population.
Thus, animals could have evolved fine-tuned collective decision-making mechanisms that
benefit them via optimal performance of their group (see Outstanding questions).

Finally, two intriguing predictions of the MVT are that the mean of the departure times
across group members can be equal to, earlier, or later than the group-level optimal departure
time (Box 2), and that the predicted optimal departure time for a given group does not always
match the optimal departure time based on a majority-based decision (i.e., T> # T in Box 3).
Future studies could investigate the consequences of these mismatches. For example, if
individual optimal departure times are long-tailed, then decisions could be made by a sub-
majority [10]. Such sub-majority decisions were observed in group-living vulturine guineafowl,
where subordinates that are displaced from patches initiate movements away on reaching ~13

individuals, irrespective of group size [12] (which can range from 15 to 65 [59]).

USING THE MARGINAL VALUE THEOREM IN EMPIRICAL STUDIES OF

COLLECTIVE DECISION-MAKING

Group decision-making processes can be inferred by collecting foraging data from group
members, estimating harvest rates and how these change over time, and observing group
departure times. There are many ways to collect foraging data, including recording intake rates
for all group members in the patch concurrently using observations or video recordings (e.g.,

[12]), collecting short repeated foraging observations from group members asynchronously (e.g.,
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[35]), or focusing on two group members at once to quantify conflicts of interest dyadically (e.g.,
between a dominant and a subordinate). Two potentially useful ways to facilitate observational
data collection are to create experimental patches where the amount of food is known a

priori [49] or to estimate foraging return rates by weighing food items acquired by group
members [38]. Foraging time could also be inferred from behavioral classification of biologging
data, such as detecting prey encounters from accelerometer data [93] or detecting chewing from
microphones [94]. Importantly, all of these approaches can allow data collection across repeated
foraging patches (see Outstanding questions).

From the foraging data, individual harvest rates (and how these change over time) can be
modeled by fitting negative exponential models. Models allow individual gain curves to be
extended beyond when they leave the patch to calculate the theoretical individual-level optimal
departure times. This calculation is done by combining gain curves with data on travel time,
which is readily available in studies that follow groups while collecting global positioning signal
(GPS) data (e.g., [51,88]) or in the increasing number of studies that fit GPS loggers to at least
one group member (e.g., [12,14]). Finally, the energetic consensus cost can be calculated for
each individual as the difference between the actual rate of energy gained relative to the
theoretical maximum energy the individual could have extracted from the environment had it left
at its optimal departure time (per Figure 4A). These four simple steps — obtaining foraging data
over time, fitting individual-level curves, estimating individual-level optimal departure times,

and calculating consensus costs — are readily achievable in most field systems.
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CONCLUDING REMARKS

Despite a wealth of theoretical models of collective decision-making in animals [9,83,95-
98], few empirical studies have moved beyond asking ‘who leads’ to explicitly testing how
groups make decisions [17]. This is largely because determining how consensus decisions are
reached in natural systems is significantly more challenging than observing the decision
outcomes (i.e., where or when groups move). We highlighted that the MVT helps us understand
collective decision-making by: (i) predicting when each individual should want to leave a patch,
(i1) quantifying conflicts of interest for any given decision, (iii) precisely predicting when groups
should depart a patch under different models of collective decision-making, (iv) quantifying
consensus costs in ecologically meaningful currencies (energy, time) and identifying who pays
them, and (v) predicting under what ecological conditions stable groups should pay greater
versus fewer costs. In doing so, the MVT will help the field of collective behavior become a
more predictive science by providing predictions that can readily be tested under field
conditions. Further, while we have focused on animals that form cohesive groups with stable
membership, the model is also applicable to open societies, where animals forage socially but
vary in when they access patches and must decide whether to optimize their departures to
maintain cohesion or maximize energy gain. Finally, the MVT and other models from optimal
foraging theory can readily be integrated into evolutionary models of collective decision-making,
potentially providing a rich framework for studying the evolution of collective decision-making
under different social (e.g., group size, competitive regimes, and composition) and ecological

(e.g., habitat type or predation risk) conditions (see Outstanding questions).
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OUTSTANDING QUESTIONS

Broader contexts

Can optimal foraging models inform other aspects of group decision-making, such as where to

go next or what resources to favor?

How do consensus costs and within-patch competitive dynamics among group members impact
the foraging strategies used by individuals (e.g., whether they are generalist foragers or specialist
foragers in heterogeneous patches, or whether they invest in learning how to better handle prey
items)? Such questions could be addressed by applying a game-theoretic approach to optimal
foraging theory, which can better integrate frequency-dependent processes that arise when group

members compete for prey items.

Repeated decisions

Do departures matching the group’s optimal departure time also maximize individual

performance over repeated foraging events, given other processes such as satiation or accessing

patches with different food types?

How are consensus costs accumulated or averaged over the course of sequential decisions?
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How does within-group variation in patch quality experienced by individuals over sequential
patches (e.g., stochasticity in which individuals access better parts of patches) shape the

evolution of decision-making processes?

How does asynchrony in access to the patch affect consensus costs? Does waiting for access to

patches or while initiating departures from patches reduce conflicts among group members, for

example, by delaying initiators’ optimal departure time as a result of increasing their inter-patch

access time (waiting plus travel times)?

Consensus costs

Can the mechanisms of collective decision-making favor departures that match the optimal time

for the group?

When do the mean of group members’ optimal departure times differ from the group-level

optimal departure time?

What is the magnitude of the consensus costs — in terms of foraging efficiency — of living in a

group?

How do different axes of individual variation in foraging (e.g., personality, producer-scrounger

roles, foraging abilities) impact conflicts of interest within a group?
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Ecological implications

Do groups change how they make collective decisions to optimize departure times, or minimize

consensus costs, under different environmental conditions?

How do habitat conditions and the challenges of moving as a collective combine to affect travel

costs for moving groups?

How does predation risk affect consensus costs, given differences in risk and predator detection
across group sizes, and does the effect of predation on collective decisions vary depending on
whether risk is greater in patches or when traveling between patches? In the case of predation
risk within patches, it should increase vigilance and reduce the harvest rate (4). In the case of
predation risk between patches, it should favor strategies that minimize the proportion of time
individuals (and their groups) spend moving between patches (e.g., by delaying group

departures).
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CHAPTER 2

Rank- and age-related differences in patch exploitation and foraging behavior in white-

faced capuchin monkeys?

ABSTRACT

In this study, I assess aspects of social dynamics and individual predictors of foraging
behavior in wild white-faced capuchin monkeys living on Barro Colorado Island, Panama. Using
an observational study of capuchin groups feeding on Attalea butyracea palm trees, I evaluate
the extent of variation in foraging efficiency across group members and how this is predicted by
important determinants of social status and experience in a group including age, a measure of a
group member’s experience, abilities, and strength, and social rank, a measure of a group
member’s competitive ability. To provide a more holistic picture of the specific behavioral
strategies that individuals use to maximize their foraging success, I measure foraging behaviors
of group members during both the search phase of finding food items in a patch (like how long it
takes to locate a ripe fruit to eat and what search behaviors a monkey performs to find fruit) and
the consumption phase of processing and eating those food items (the handling time to eat a fruit
and how much fruit pulp is consumed). I also evaluate whether the timing of access to trees is a
strategy individuals use to increase their foraging returns by receiving a finder’s share portion of

fruit. Across all the foraging parameters I calculate, I consistently observe within and between

2Adapted from: Davis, G.H. & Crofoot, M.C. (In review). Rank- and age-related differences in patch exploitation
and foraging behavior in white-faced capuchin monkeys.
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individual differences. My results suggest that higher ranking individuals obtain preferential
access to 4. butyracea patches by displacing others more often on the fruit and receiving more
food overall (especially dominant males). I also find that adults are more efficient foragers than
juveniles, whereby they test fewer fruits before finding a ripe one to eat and consume greater
proportions of fruits in shorter amounts of time (handling time) when compared to juveniles.
Adults also take longer to find a fruit to eat than juveniles, indicating they may be more
discriminatory of which fruits to select. Finally, I find that individuals who arrive first into
patches receive a finder’s share portion of the patch that ultimately boosts their intake when
compared to non-finder group members. Taken together, these results suggest that dominance
rank, age class, and timing of access to a foraging patch all influence patterns of foraging
behavior and efficiency, leading to inter-individual differences in the foraging preferences of

group mates.

INTRODUCTION

Finding and processing food is a vital part of daily activity for all animals; so vital, in
fact, that survival and reproductive success directly depend upon the intake of resources
(Schoener 1987, Stephens & Krebs 1986). The fitness consequences of food intake for an animal
even cascade down to the survival and quality of that individual’s own offspring (Warner et al.
2015, Karell et al. 2009, Rotem et al. 2003). Animals need to decide what kinds of food to eat,
locate where that food is, determine how to process that food for consumption, and, if food is

located in discrete patches, decide when to leave a food patch and move on to the next (Stephens
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et al. 2008, Charnov 1976). For animals who live in groups (or forage with other individuals),
individuals must also navigate the social dynamics of foraging, including who gets access to
food and how much food each individual receives (Giraldeau & Caraco 2000). Thus, being an
“efficient” forager requires a number of cognitive, technical, and social skills that animals must
acquire and learn, often early on during their lifetimes.

Substantial theory has postulated on what signifies efficiency in foraging behavior
(Giraldeau & Caraco 2000, Perry & Pianka 1997, Mangel & Clark 1986, Pyke 1984, Charnov
1976). At its simplest, foraging efficiency is a measure of an animal’s ability to acquire energy
and nutrients in the least costly manner, i.e., with the least amount of energy expended acquiring
food and/or with the least amount of risk from predation. Our understanding about efficient
foraging has greatly increased through optimal foraging theory (OFT) models that use time and
energy intake as currencies. These models show that an efficient forager is one who maximizes
their energetic intake, often measured in caloric gain, while minimizing their energetic loses
while searching for and consuming food (Parker & Maynard Smith 1990, Stephens & Krebs
1986, Charnov 1976, MacArthur & Pianka 1966). Furthermore, OFT models predict that when
food items occur in discrete patches in the environment, like fruit trees or clusters of prey, an
efficient forager optimally travels between food patches in a short amount of time relative to
distance (i.e., they travel directly from patch to patch without unnecessary meandering,
Bartumeus & Catalan 2009). Once food patches are located, an efficient forager then faces a
number of challenges to maximizing their energy intake. They must select which food items in
the patch are the best to consume, such as the ripest fruits that hold the highest caloric value, and
locate these food items as efficiently as possible. Once the forager has selected an appropriate

food item, they need to process that food item to extract the largest amount of energy in the
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shortest time (often referred to as “handling time” in foraging theory, Stephens & Krebs 1986).
Animals who forage alongside other individuals (social foragers) must also compete for access to
the food patch itself and the food items within it (Giraldeau & Caraco 2000). These measures of
foraging efficiency all influence the rate of energy intake and are important determinants of how
long an individual should spend eating in a food patch before moving on.

However, the perfectly-efficient forager of theoretical models rarely, if ever, exists in
nature. Individuals of the same species, and even members of the same social group, typically
vary substantially in their abilities to find and consume food. Individual variation in foraging
efficiency can be shaped by a number of factors, including an animal’s expertise in foraging
(Kamil & Roitblat 1985), their strength and intrinsic skills to feed on hard-to-process food items
(Eadie 2015), and their competitive abilities to access the best portions of a feeding patch and
exclude others while feeding (also called their susceptibility to interference: the detrimental
effect of competitors on their intake rate, Sutherland & Parker 1992, Goss-Custard & Durell
1987).

For long-lived species with an extended juvenile period, learning is key to efficient
foraging. As they mature, the foraging efficiency of juvenile primates, for example, improves as
they accumulate experience (i.e., individual learning) and as they are exposed to and sometimes
adopt the foraging strategies of older, more experienced group mates (i.e., social learning,
Schuppli et al. 2016, Thornton et al. 2011, Rendell et al. 2010, Rapaport & Brown 2008, Galef et
al. 2005, Giraldeau et al. 2002). Indeed, learning how to properly forage is one of the proposed
explanations for long juvenile periods, and even larger-brain sizes, in primates (Walker et al.
2006, Gibson 1986, Harvey et al. 1980). The “needing to learn hypothesis” postulates that

complex and unpredictable niches select for longer juvenile periods (and an increase in brain
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size), because this allows young individuals more time, and a greater ability, to learn how to
exploit resources in their environments before they reach critical reproductive age (Schuppli et
al. 2012, Johnson & Bock 2004). In species that primarily feed on food items that require
technical skills to process (like a fruit with a hard shell that must be opened and pealed to reveal
the edible pulp inside), it can take substantial time to learn how to successfully obtain the
necessary energy and nutrients to survive (this version of the needing to learn hypothesis is often
referred to as the “difficult diet hypothesis”, Kaplan et al. 2000, Gibson 1986). Beyond acquiring
the technical skills about how to forage, older individuals are usually more capable of
performing well in foraging tasks purely based on greater strength and size when compared to
young (Bird & Bird 2002). As such, studies often report that juvenile individuals are less
efficient foragers when compared to adults (Franks & Thorogood 2018, Schuppli et al. 2016,
Agostini et al. 2005). Alternatively, other studies see little or no difference between adult and
juvenile foraging efficiency (MacKinnon 2006, Boinski & Fragaszy 1989). Ultimately, further
research is needed to illuminate how age correlates with foraging efficiency and if juvenile
individuals need time to accumulate expertise to become efficient foragers.

For animals who forage alongside other individuals, another essential predictor of
efficient foraging is competitive ability, or the ability to compete with fellow foragers for a share
of the food patch and/or the best food items to maximize energy intake rates (Goss-Custard &
Sutherland 1997, Sutherland 1996, Goss-Custard & Durell 1987). Competition between group
members is often quite substantial and plays a role in foraging payoffs for individuals (De la
Fuente et al. 2019, Ranta et al. 1993, Clark & Mangel 1986). Competition between group mates
can arise in two primary ways: simply as a result of more individuals being present such that

access to food is divided among group members (scramble competition) or due to active
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competition between individuals over food that often involves aggression (contest competition)
(Isbell 1991, Nicholson 1954).

Competition is particularly exacerbated when food resources are can be monopolized, for
example when they are clumped (Koenig 2002). Under these conditions, access to food is limited
and some individuals can exclude others from feeding. When one, or a few, group members can
monopolize resources, some individuals may seek to increase their foraging advantage by
arriving to feeding patches first (Ranta et al. 1996, Vickery et al. 1991, Barnard & Sibly 1981).
By being the first to arrive, an individual may obtain a “finder’s share” of the food resource; that
is, the amount of food consumed by the first individual into the patch before the arrival of others
(Giraldeau & Caraco 2000). In groups with hierarchical dominance structures, a “finder’s”
strategy is predicted to be efficient for lower-ranking individuals who can increase their food
intake by arriving at patches early and consuming the available food rapidly, before they are
displaced by more dominant group mates (Hirsch et al. 2020, D1 Bitetti & Janson 2001, Barta &
Giraldeau 1998). Higher-ranking individuals are predicted to have priority access to resources,
such that they can defend resources from others, often benefiting from increased energy intake
rates as a result (Koenig 2002, Janson 1985, Vehrencamp 1983). Ultimately, dominance status
has been shown to directly influence the energy intake rate of individuals and is an important
predictor of foraging efficiency.

Here, I evaluated the extent of variation in foraging behavior across individuals in a
group and how this was influenced by important determinants of social status and experience in a
group, including age, a measure of an individual’s experience, abilities, and strength, and social
rank, a measure of an individual’s competitive ability. While age and dominance rank have been

shown to influence foraging success (Vogel 2005), these two are rarely considered in parallel.
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Furthermore, the majority of studies that have examined interindividual variation in foraging
efficiency use energy intake rates or total energy gained as the principal, and often only, measure
to compare foraging success across different individuals. While energy intake provides a clear
currency from which to compare the outcome of foraging tasks, it does not provide information
about the specific foraging behaviors that result in foraging efficiency, such as when an
individual gets access to a feeding patch, how long it takes them to search for a food item, how
long it takes to handle and consume that food item, etc. To provide a more holistic picture of the
specific behavioral strategies that individuals use to maximize their foraging success, I measured
foraging efficiency across multiple levels. These levels included: access to the food patch (when
an animal entered a patch), searching behaviors to find food items, how long it took an animal to
search for a food item, the time it took an animal to process and consume a food item, how much
of each food item an animal consumed, and the estimated amount of food available to an animal
calculated as a measure of how large the foraging patch is relative to the number of foragers
feeding together.

To capture the influence of both age and rank on interindividual variation in foraging, I
used social groups of white-faced capuchin monkeys living on Barro Colorado Island, Panama.
Capuchin monkeys live in structured social groups with dominance hierarchies that contain
individuals of all age and rank classes, providing an ideal study system to compare foraging
efficiency between juveniles versus adults and subordinates versus dominants. Additionally,
capuchins predominantly feed on fruiting trees that provide discrete food patches in their
environment that can be monopolized by certain group members to exclude others from feeding.
These fruit items typically require complex handling techniques to process, like the peeling of a

hard shell to access the ripe pulp inside.
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I hypothesized that individuals in a capuchin group vary in their foraging abilities as a
result of social rank and age and thus have consistent differences in their foraging behaviors. As
social dominance is known to influence access to resources, I predicted that in capuchin monkey
groups, high ranking individuals would: (a) displace others more often on the foraging patch, (b)
be displaced less frequently, and (c) have a higher overall intake when compared to lower
ranking group members. Older individuals are often more efficient foragers due to experience
accumulated during their lifetimes and increased strength to handle hard-to-process food items.
Therefore, I predicted that in comparison to juveniles, adult capuchin monkeys would: (a) test
fewer fruits before finding a ripe one to consume, (b) take less time to find a ripe fruit, (c) take
less time to consume a ripe fruit (shorter handling time), and (d) consume more of the fruit pulp
when compared to juveniles. Finally, I hypothesized that the timing of access to the patch
influences foraging behavior and efficiency. I predicted that individuals who arrive first into
foraging patches obtain a finder’s share portion of the patch which increases their foraging
efficiency. This study evaluates two key sources of individual variation (age and rank) and how

they relate to multiple measures of foraging efficiency.

METHODS

Study Site: For this study, four field observers conducted behavioral observations of two
well-studied capuchin groups (Torrez-Herrera et al. 2020, Crofoot et al. 2008, Crofoot 2007) at
the Smithsonian Tropical Research Institute field site on Barro Colorado Island (BCI) in Panama.

Data collection occurred during the months of June to September in 2015 and 2016. BCI (9°9°N,
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79°51°W) is a 1560-hectare island in the Panama Canal composed of semi-deciduous lowland
tropical moist forest. The island was formed during the construction of the Panama Canal
between 1911 and 1914 when the waters of the Chagres River were dammed to create Gatun
Lake. The United States Government designated the island as a natural preserve in 1923, and
BCI has been administered by the Smithsonian Tropical Research Institute since 1946. As one of
the most studied tropical forests on earth, research on BCI has been at the forefront of measuring
diversity of plant and animal life in the tropics. BCI has two primary seasons: a wet season from
April to November and a dry season from December to May (Windsor 1990). Distinct
seasonality in the availability of fruiting trees on the island occurs, an important resource for
many species, including the resident primate populations. Fruit availability tends to be high
during the dry season and into the early wet season and is lowest during the late wet season
(Leigh 1999). Five resident primate species live on BCI, including the white-faced capuchin

monkeys.

Primate study species: This study examines foraging behavior in white-faced capuchin

monkeys. This species is an arboreal, New World monkey that is native to the forests of Central
America and the extreme north-west portion of Colombia. White-faced capuchins are part of the
family Cebidae, subfamily Cebinae. Capuchins rely heavily on ripe fruiting trees for food
(Fragaszy et al. 2004), an ephemeral resource in the seasonal tropical forest of BCI that are
typically distributed in discrete patches (trees) across their home ranges. A population of
between 15-20 capuchin social groups lives on BCI (Crofoot, Davis, and Torrez, unpublished

data).
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White-faced capuchins are long-lived animals that live about 30 years in the wild and
have a prolonged juvenile period (Harvey et al. 1987). Capuchins live in multi-male, multi-
female, cohesive social groups that remain in proximity together all day every day of their lives
(excluding rare dispersal events, Perry 1997). Females are philopatric (i.e., stay in their natal
group), whereas males migrate one to a few times during their lifetime into new neighboring
groups (Fedigan 1993). Social groups usually average between 17-19 individuals (Fedigan et al.
2001), although the study groups on BCI tend to have fewer individuals averaging around 11
group members (ranging from 9-25 individuals in a study published by Crofoot 2007). There is a
dominance hierarchy within males and females, such that dominant individuals tend to gain
priority access to important resources and mates (Jack & Fedigan 2006; Vogel 2004). The
dominant male, in particular, has a central role in capuchin groups (Di Bitetti 1997) and can
monopolize access to resources through aggressive behaviors, including displacing other group
mates off of feeding patches (Janson 1985).

Capuchins are omnivorous animals who eat a varied diet, although they rely heavily on
fruit, which comprises between 60-80% of their diet (Fragaszy et al. 2004). The capuchin groups
on BCI live in home ranges of approximately 90-160 hectares and are xenophobic with mutually
agonistic relationships with their neighbors (Crofoot 2007). I focused my observations on two
groups of capuchins: FC (composed of 12 individuals), and TOP (composed of 18 individuals,
see Figure 5 for an aerial view of BCI and the home ranges of the two study groups). Both
groups have a single adult male, and FC group has 3 adult females and TOP has 5 adult females.
There were 7 juvenile individuals in FC and 1 infant, and 10 juveniles and 2 infants in TOP.
During my study period there were no subadult individuals (potentially a result of a mass

mortality event in years prior, Milton & Giacalone 2014). Members of each of the primary
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primate study groups were fitted with GPS and radio telemetry collars, and their movements and

activity patterns were tracked throughout the duration of the study.

Figure 5. Home ranges for white-faced capuchins (Cebus capucinus) belonging to FC (pink)
and TOP (green) groups on Barro Colorado Island, Panama from June to August, 2016.
Home ranges were calculated using continuous time movement models implemented in the ctmm
package in R (Calabrese et al. 2016) using handheld GPS data, where observers recorded GPS
points of the group centroid every 5 minutes during daily follows. The color gradient represents

the probability mass for the home range (darker colors reflect higher intensity of use).

Foraging tree study species: 1 focused my data collection on Attalea butyracea palm

trees, a keystone tree species during June-September of 2015 and 2016. The capuchin groups

spend >75% of their total feeding time during these months in these trees. A. butyracea fruits
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grow in large clumps, or infructesences, that suspend off a single stem of the palm plant (Figure
6). Due to this structure, palm fruits are easily monopolizable for high-ranking individuals who
can exclude their group-mates from the infructescence. Furthermore, palm fruits in an
infructescence ripen asynchronously, such that the monkeys must discriminate between ripe
versus unripe fruits. The edible pulp of palm fruits is covered by a hard exterior shell, requiring
the monkeys to open the shell to access the pulp inside. These characteristics of 4. butyracea
trees allowed me to quantify the ways in which individuals vary in their abilities to process and

consume food items (fruits). Four observers collected data on the two capuchin study groups,

focusing on foraging behavior in 4. butyracea trees.

Figure 6. Photographs of A. butyracea palm infructescences, without monkeys feeding, with

multiple group members feeding together, and with the dominant male feeding.

Observational daily follows: Capuchin monkeys are diurnal primates, and activities begin

at or just after dawn. In order to track both study groups, I used radio telemetry. One member in
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each of the capuchin study groups was equipped with a radio collar. Each collar transmited a
unique frequency signal. Using a hand-held antenna and receiver radio, I and my field assistants
could reliably locate the study group in the early morning. Daily follows lasted for 5-12 contact
hours with the selected study group. We alternated daily between study groups to obtain
behavioral data on each group each week throughout the study season.

Once visual contact was made with the study group in the morning, we recorded the
identities and age/sex classes of all group members present. We identified individuals within
each social group using differences in size, facial fur patterns, and other distinctive markings
(e.g., spots, scars, freckles, missing or broken appendages). Because there was more than one
observer collecting data for this project, we conducted periodic inter-observer reliability checks
to assure agreement in identification of group members, behavioral activity categories, and
identification of fruit trees. As these groups are habituated to human observers, we could
successfully follow underneath the monkeys during the day as they move and forage in the trees.
When the group was traveling from place to place, one observer positioned themself at the front
of the troop, looking for any feeding trees with ripe fruits the group might visit. We recorded ad
libitum observations of significant events during the daily observation time period, such as
predation threats, intergroup encounters with other monkey groups, etc., as these can

significantly impact behavior.

Social dominance interactions: 1 and my field assistants recorded subtle and active
aggressive encounters on an all-occurrence basis throughout daily follows of the monkey groups.
Subtle encounters included cowers, avoids, facial or vocal threats whereas active encounters

referred to active fighting that included behaviors such as chases, bites, slaps, and lunges. We
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noted all observations of aggressive interactions between all group members except dependent
infants (see ethogram for specific behavioral information in supplementary materials, Altmann

1974).

Focal tree method: To quantify variation in foraging behaviors among group members, I

and my field assistants used an adaptation of Vogel & Janson’s focal tree method (Vogel &
Janson 2007). For each foraging visit in 4. butyracea trees, the field observers recorded the tree’s
location (using a hand-held GPS) and determined the order of individuals’ arrivals and
departures, recording the identity and time each member of the focal group entered and left the
fruit tree. The time between the first arrival and last departure represented the “total group
feeding time”. If there were gaps in feeding during the feeding bout such that no animals were
feeding, the amount of time in which monkeys were not feeding was subtracted from the total
group feeding time. To obtain foraging rates and feeding behaviors, three to four observers
collected data in the field. Because of the size and shape of A. butyracea infructescences, it was
possible to record each time any and all members of the monkey group entered the food patch
and removed fruit. When a group entered a palm, the observers positioned themselves on either
side of the palm to get the complete view of all fruiting clumps within the palm (occasionally,
palms have more than one fruiting raceme). The primary observer responsible for data collection
called out the behaviors and the secondary observers inputted the behaviors using the i0S app
“Animal Behaviour Pro” on an iPhone or iPad (version 1.2, Newton-Fisher 2012). Using this
app, we generated specific buttons with the identification names of the monkeys and all
behaviors in our ethogram. The start of the sampling bout occurred when the first individual

entered a palm tree, and the primary observer said aloud the date and exact time. The primary
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observer also noted the number of fruit clumps in the palm. Using the Animal Behaviour Pro
app, we recorded the time (to the second), direction of entry, identification of the first monkey
arrival to the palm, each successive arrival, and the identification and direction of exit of each
departing monkey from the palm. We also recorded displacement events in palm trees, including
the initiator and receiver of the displacement.

To calculate individual foraging behaviors, we recorded the identity of each monkey that
removed fruit, the amount of fruit pulp taken and eaten, and the time each fruit is harvested and
subsequently discarded for each monkey that fed. The following foraging behaviors, in
particular, were recorded on an all-occurrence basis for all monkeys who entered and fed in each
palm. Each behavior was associated with the actor (the identity of the monkey who performed
the behavior) and the time stamp to the second when it was inputted into the Animal Behaviour
Pro app. 1) Patch entry time: when a monkey descended onto the fruiting raceme. The direction
of entry was also recorded using 45-degree increments corresponding to N, NE, E, SE, S, SW,
W, and NW. 2) Patch exit time: when a monkey left the fruiting raceme. The direction of exit
from the patch was recorded like above in 45-degree increments. 3) Search behaviors while a
monkey was attempting to find a ripe fruit to consume. These included behaviors where a
monkey touches, bites, or drops a fruit without consuming the fruit. A touch was defined as
when an individual used its hands to test and squeeze fruits on the fruiting clump, without
pulling them off the clump. A bite occurred when an individual used its teeth to bite into a fruit,
without ultimately eating it. A drop was recorded when an individual removed a fruit from the
fruiting clump and discarded it without eating. 4) Start time of eating a fruit: the time, to the
second, a monkey started to process and eat a fruit (from the moment the monkey took the fruit

off the raceme and began to manipulate and peal it for consumption). 5) End time of eating a
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fruit: the time, to the second, a monkey stopped eating a fruit and discarded it to the forest floor.
6) Percent of the fruit consumed: once a monkey stopped eating a fruit and discarded it, we
recorded approximately how much of the fruit pulp the monkey ate. The approximate amount of
pulp consumed was recorded in four categories: >25% eaten, 25-50% eaten, 50-75% eaten, and
75-100% eaten. These categories were chosen because the monkeys typically peal the fruit up to
four times to consume the entire pulp (i.e., if a monkey ate only about 25% of the fruit pulp, it
was readily observable because the monkey would peal a fourth of the hard outer shell and then
consume the pulp and discard the fruit). If, because of visual constraints, the amount of pulp
consumed was not visible, we recorded “unknown” for the percent of fruit consumed.

These observations provided information for each individual monkey on: entry times into
trees, fruit intake rates, searching behaviors for fruits, searching rates for ripe fruits, handling
times for consumption of a ripe fruit, how much of each food item (a fruit) was consumed, and
competitive interaction data for all individual monkeys in the tree. We collected data on
capuchin foraging in a total of 231 Attalea butyracea focal trees (166 trees for FC group and 66

trees for TOP group).

Data analyses

To assess the impact of social dominance on access to resources, I first computed
dominance hierarchies within each capuchin monkey group. Dominance hierarchies were
calculated based on subtle (i.e., cowers, avoids, facial or vocal threats) and active (i.e., chases,
bites, slaps, fights, lunges) aggressive outcomes. To avoid circularity in my assessment of
dominance ranks and displacement events on focal trees, I calculated dominance hierarchies

using data from my all-occurrence sampling of aggressive encounters during continuous daily
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observations and I excluded displacement events from my calculations. I only assessed
dominance status for adult individuals. The hierarchical dominance relationships were
determined on the basis of direction of agonistic dyadic interactions where I could determine a
clear aggressor (winner) and clear receiver (loser) of the threat. I used these winner-loser
interactions to calculate and rank each individual in each monkey group for each study year by
Elo scores (Neumann et al. 2011). Because my study periods for each year were short (3-4
months long), I assumed dominance ranks to be stable during each study period. To achieve a
more robust estimate of dominance rank, I generated 1000 replicated datasets of interactions by
randomizing the order of interactions (timing). I calculated the mean and 95% confidence
intervals of ranks of individuals based on Elo score, using the R package aniDom (Farine &
Sanchez-Tojar 2022).

Prior to statistical analyses, I calculated the following foraging parameters relevant to my
predictions by processing the raw data output from the Animal Behavior Pro app. 1) Total intake.
To assess if higher ranking individuals had a higher overall intake rate when compared to lower
ranking group members, I summed the total amount of fruit pulp (the percent of pulp eaten per
fruit) each monkey had consumed by the end of the foraging bout for each palm tree. 2) Number
of search behaviors before finding a ripe fruit to consume. To compare if older individuals were
more adept at finding a ripe fruit to consume versus younger individuals, I calculated the number
of searching behaviors for all adults and juveniles. This included the number of touches, bites,
and drops a monkey performed before every ripe fruit that it ate. I predicted adults would test
fewer fruits before finding a ripe one to eat. 3) Inter-fruit search time. To assess if adult
individuals were also faster at finding a ripe fruit when compared to juveniles, I calculated how

long it took each monkey to find each ripe fruit that it ate. This time interval was calculated by
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recording the time, to the second, each monkey completed eating one fruit by dropping it to the
forest floor and started to process and eat the next ripe fruit. 4) Handling time. If older
individuals were also more efficient foragers, I further predicted they would take less time to
consume each fruit when compared to younger individuals. I calculated this measure of handling
time from when the monkey started to peel open the outer fruit shell until the monkey discarded
that fruit to begin searching for the next fruit to consume. 5) Percent of the fruit consumed. As 1
expected adults to ingest a greater proportion of the fruit pulp when compared to juveniles (an
additional measure of foraging efficiency), I compared approximately how much of the fruit pulp
a monkey ate for adults versus juveniles. 6) Patch entry time and delay to patch entry. As 1
anticipated that the timing of access to the patch influences foraging behavior and efficiency, I
calculated what time each monkey entered the tree relative to the first monkey who entered. The
first monkey who entered the fruit raceme had a start time of zero, marking the beginning of the
group foraging bout. All subsequent individuals who entered into the tree and fed had a start time
relative to that first individual, which can also be considered their delay to patch entry time. 7)
Finder’s share. 1 predicted that the first individual to enter foraging patches would receive a
boost in foraging return, marked as the amount of fruit pulp they consumed before the arrival of

the second individual into the fruit raceme (the “finder’s share”).

Statistical analyses

All analyses and plots were done using R (R Development Core Team, 2022). Data were
analyzed using generalized linear mixed models (GLMM) using glmmTMB as implemented in
the package glmmTMB (Brooks et al. 2017). These models are fitted using maximum likelihood

estimation via Template Model Builder. I calculated standardized model coefficients (J3), their
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95% confidence intervals (Cls), and report categorical effect sizes in my results. I used the
ggeffects package (Liidecke 2018) to calculate the marginal effects and 95% Cls for each of my
models, and then plotted these using the ggplot2 (Wickham 2016) and cowplot (Wilke 2020)
packages.

For analyses involving dominance rank as a predictor variable, I assessed rank in two
ways: 1) as a continuous variable where each individual was assigned a numeric dominance rank
corresponding with their Elo Rating status (with the most dominant monkey being “1” and so
on), and 2) a categorical variable whereby I pulled out the dominant male and dominant female
and compared to all other subordinate adults. I note that I conducted my analyses of dominance
only with respect to all adult individuals in the two groups. In both monkey groups during my
study, there were no subordinate adult males so my category of subordinate adults comprises
only subordinate adult females. For analyses involving age class as a predictor variable, I
assessed this categorically with two classes: adults and juveniles. As neither of the capuchin
monkey groups contained any sub-adult monkeys during my study periods, it was
straightforward to classify each monkey as either adult or juvenile.

My statistical models assess how age class (adult or juvenile) and dominance rank (either
ordered or categorical, as above) influence interindividual variation in foraging across multiple
parameters (described above). I also ran a GLMM to evaluate if finder individuals (those first
into focal trees) obtained greater foraging returns when compared to non-finder group members.
To assess if dominance rank could predict whether an individual would successfully displace
another individual during a displacement event, I ran a GLMM with a binary response variable
(1: successful at displacing, 0: unsuccessful at displacing) and the predictor variable of

dominance rank. For questions concerning count data (e.g., the number of displacements
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given/received, and the number of touches, bites, and drops a monkey did prior to finding a ripe
fruit to feed), I fit either Poisson or negative binominal GLMMs in accordance with
overdispersion in the data. For questions concerning the time spent engaging in a behavior (e.g.,
inter-fruit search time, handling time, patch entry time and delay to patch entry time), I fit
gamma GLMMs (with log link functions). For questions involving the total amount of fruit
consumed in a tree (measured as the sum of fruit pulp consumed at the end of a focal tree
follow), I fit gamma GLMMs (with log link functions). I fit beta GLMMs (to deal with my
proportional data, with logit link functions) to assess the proportion of fruit pulp consumed per
fruit. In all models, I included individual monkey identity, study group identity, study year, and
bout identity (the specific focal tree follow for each observation) as random effects to control for
repeated measures in the dataset. Statistical significance of the fixed effects in the GLMMs
(either dominance rank, age class, or finder/non-finder individual) were assessed using the report

package (Makowski et al. 2020). Significance for all tests was set a o = 0.05.

RESULTS

I obtained data from 231 focal tree follows in A. butyracea palms across my two field
seasons. This included 66 tree follows for the TOP group and 166 tree follows for the FC group.
During these focal tree follows, I recorded 29,546 discrete instances of the foraging and social
behaviors listed in my ethogram. On average, the capuchin monkey groups spent 16.63 minutes

in a focal tree (mean, 95% CI [9.12, 19.15]). An individual monkey consumed, on average, 4.04
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fruits in a focal tree (mean, 95% CI [3.65, 4.43]), measured as the sum of the total fruit pulp
consumed.

Observations of 233 all-occurrence dominance interactions across both monkey groups
revealed a distinct social hierarchy, with a dominant male as the highest-ranked individual in
both groups (Figures 7A and 7C). Supporting my hypothesis that social dominance rank confers
access to resources, observations of 92 displacement events in focal trees suggested that higher-
ranking group members are much more successful at displacing lower-ranking group members to
access the fruit (Generalized linear mixed model (GLMM): 2 = 8.244, p < 0.001, Figures 7B
and 7D). Note that social rank was determined via interactions outside 4. butyracea trees

excluding displacement events to avoid circularity.
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Figure 7. Both capuchin monkey groups exhibited a within-group dominance hierarchy,
and higher-ranking individuals were more likely to displace others on foraging patches.
Whiskers represent 95% confidence intervals of rank estimates based on 1000 randomizations
(Farine & Sanchez-Tojar 2022). (A, C) The dominance hierarchy of each capuchin group in this
study (A for FC and C for TOP). Individuals are colored by sex class, with black for adult male
and purple for adult female. (B, D) The probability of an individual successfully displacing
another individual on a foraging patch, according to the difference in dominance rank for FC and

TOP respectively. The size of points relates to the number of displacement observations.
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I found that my prediction that dominant individuals would consume more fruit in a tree
was somewhat supported in my analyses. Continuous rank order was not a significant predictor
of the total intake in a tree (measured as total amount of fruit pulp a monkey consumed in a focal
tree) (GLMM: 2 =0.311, p = 0.577). However, categorical rank order was a significant
predictor of the total intake in a tree, such that dominant male monkeys consumed, on average,
more than double the amount of fruit in a tree compared to dominant females and all
subordinates (GLMM: y2 = 9.755, p = 0.008, dominant male: X = 7.666 total fruits consumed in
a focal tree, 95% CI [4.670, 12.582], dominant female: X = 3.345 total fruits consumed in a focal
tree, 95% CI [2.200, 5.086], subordinate adults: X = 3.144 total fruits consumed in a focal tree,

95% CI [2.276, 4.345]; Figure 8).
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Figure 8. Dominant males ate more than twice as much fruit in focal trees compared to
adults of other social ranks. The total amount of fruit eaten in an 4. butyracea palm tree
compared across the rank categories of dominant female (red), dominant male (blue), and
subordinate adults (yellow). Total fruit eaten was measured as the cumulative sum of fruit pulp
consumed by an individual in a focal palm tree. Solid black dots represent the predicted mean
amount of fruit pulp eaten in a tree, with error bars showing 95% confidence intervals. Colored
points represent the raw data values. Colored half-violin distributions denote the density

distributions of the raw data values.
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I also hypothesized that older individuals would be more efficient foragers due to
experience accumulated during their lifetimes and increased strength to handle hard-to-process
food items, predicting that adult monkeys would be more efficient at finding and processing ripe
fruits when compared to juveniles. I found that handling time, when measured as the time
interval it took a monkey to process and consume one fruit item, was not predicted significantly
by age class (GLMM: 2 = 0.433, p = 0.510, adults: X = 0.445 minutes to consume one fruit item,
95% CI1[0.345, 0.573], juveniles: X = 0.375 minutes to consume one fruit item, 95% CI [0.226,
0.621]). However, I found that adults consumed significantly more of the fruit pulp than
juveniles, consistent with my prediction (GLMM: y* = 77.334, p < 0.001, adults: X = 0.906
proportion of a fruit pulp eaten, 95% CI [0.867, 0.935], juveniles: X = 0.730 proportion of a fruit
pulp eaten, 95% CI [0.698, 0.759]; Figure 9a). Correcting handling time by the proportion of
fruit pulp consumed (instead of for just one fruit item), then these results suggest that juveniles
did indeed have longer handling times to consume the same amount of fruit pulp as adults.

I predicted that adult monkeys would be better at finding ripe fruits to eat, by locating
fruits faster and with fewer searching behaviors when compared to juveniles. Contrary to my
predictions, adults took significantly more time to find a fruit to consume (their inter-fruit search
time) when compared to juveniles (GLMM: x? = 14.103, p < 0.001, adults: X = 0.430 minutes to
find a fruit to consume, 95% CI [0.377, 0.490], juveniles: X = 0.343 minutes to find a fruit to
consume, 95% CI [0.313, 0.375], Figure 9b). When examining searching behaviors prior to
consumption, I notably found that only the number of fruits bitten (and not fruits touched or
dropped) aligned with my predictions whereby juveniles bit more fruits than adults. My models
specifically indicated that the number of fruits touched before finding a fruit to consume was not

predicted significantly by age class (GLMM: x? = 0.756, p = 0.394, adults: X = 0.764 fruits
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touched, 95% CI [0.593, 0.985], juveniles: X = 0.819 fruits touched, 95% CI [0.652, 1.029]). The
number of fruits dropped before finding a fruit to eat was also not significantly different between
adults and juveniles (GLMM: y2 = 0.784, p = 0.376, adults: X = 0.112 fruits dropped, 95% CI
[0.080, 0.157], juveniles: X = 0.097 fruits dropped, 95% CI [0.077, 0.121]). However, juveniles
bit more fruits before finding a ripe one to eat when compared to adults (GLMM: y2 = 48.803, p
<0.001, adults: x = 0.080 fruits bitten, 95% CI [0.057, 0.113], juveniles: X = 0.205 fruits bitten,

95% CI [0.161, 0.262], Figure 9c).
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Figure 9. Adult individuals consumed more of the fruit pulp when processing a fruit, had a
longer inter-fruit search time to find a fruit to eat, and bit fewer fruits when searching for

which fruit to select. Comparison of foraging parameters significantly predicted by age class: a)
proportion of fruit pulp consumed in a focal tree, b) inter-fruit search time in minutes (the time it
took an individual to find a fruit to consume), and c¢) the number of fruits an individual bit before

eating a fruit. Adults are represented in purple and juveniles are represented in green. Solid black
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dots represent the predicted mean amount of fruit pulp eaten in a tree, with error bars showing
95% confidence intervals. Colored points represent the raw data values. Colored half-violin

distributions denote the density distributions of the raw data values.

Finally, I hypothesized that the timing of access to the patch influences foraging behavior
and return. I first assessed if dominance rank or age class predicted the delay to patch entry time
into the fruiting raceme, and I found that neither age class nor rank was a significant predictor of
this measure (GLMM rank order: %>= 0.09, p = 0.765; GLMM rank categorical: x> =0.110, p =
0.946, dominant male: X = 8.304 minute delay into a focal tree, 95% CI [3.765, 18.316],
dominant female: X = 9.969 minute delay into a focal tree, 95% CI [4.299, 21.865], subordinate
adults: X = 9.055 minute delay into a focal tree, 95% CI [4.299, 21.865]; GLMM age class: 3> =
0.142, p = 0.706, adults: X = 4.449 minute delay into a focal tree, 95% CI [3.167, 6.252],
juveniles: X = 4.701 minute delay into a focal tree, 95% CI [3.669, 6.023]). I then calculated how
much fruit pulp, on average, the first individual into a focal tree received prior to the entry of the
second individual (the “finder’s share”) which amounted to 2.4 fruits (mean, 95% CI [4.15,
0.65]). Consistent with my prediction, finder individuals consumed significantly more total fruit
in focal trees, eating on average 40% more than non-finder individuals (measured as the sum of
the fruit pulp consumed for all fruits throughout the duration of the focal tree follow, GLMM: %2
=6.855, p=0.009, finders: X =4.307 fruits, 95% CI [2.772, 6.689], non-finders: X = 3.073 fruits,

95% CI [2.001, 4.7185], Figure 10).
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Figure 10. Finder individuals who are the first into focal trees obtained more fruit overall
when compared to non-finder group members. The total fruit pulp consumed in a focal tree
for finder (orange) and non-finder (turquoise) individuals. Solid black dots represent the
predicted mean amount of fruit pulp eaten in a tree, with error bars showing 95% confidence
intervals. Colored points represent the raw data values. Colored half-violin distributions denote

the density distributions of the raw data values.
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DISCUSSION

In my study, I assessed aspects of both social dynamics and individual predictors of
foraging behavior, showing that dominance rank, age class, and timing of access to a foraging
patch all influence patterns of foraging behavior and efficiency. I measured foraging efficiency
across multiple levels to provide in-depth and comprehensive analyses of the specific behavioral
strategies that individuals use to maximize their foraging success. Specifically, I calculated
foraging behaviors in a patch during the search phase of finding food to consume (like how long
it takes to locate a ripe fruit to eat and what searching behaviors a monkey performs to find fruit)
and during the active feeding phase (the handling time to eat a fruit and how much fruit pulp is
consumed). Alongside the timing of access to a patch, these behaviors are important components
of the ultimate foraging success outcome (how much total food is obtained in a patch).

If social dominance influences access to resources, I predicted that high-ranking
individuals would displace others more often on a patch, be displaced less frequently, and have a
higher overall intake when compared to lower ranking group members. Consistent with my
predictions, I found that more dominant individuals displaced others more often and experienced
fewer displacements. I used displacements as a proxy for access to a patch, and my results
indicate that dominant individuals have a competitive advantage over a monopolizable resource
like 4. butyracea fruit racemes. While the total intake (amount of fruit pulp consumed in a focal
tree) was not predicted solely by dominance status, I did find that dominant alpha males
consumed significantly more fruit when compared to all other adults (Figure 8). This effect was
substantial, such that alpha males obtained more than double the amount of food in a tree versus

their subordinates.
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If age confers elevated experience and increased strength to process hard-to-handle food
items (like A. butyracea fruits), I predicted that adult monkeys would test fewer fruits before
finding a ripe one to consume, take less time to locate a fruit to eat, consume fruits faster (shorter
handling time), and eat more of the fruit pulp when compared to juveniles. Of the three searching
behaviors the capuchins exhibited while testing which fruits to eat (touch, bite, and drop), only
biting was predicted significantly by age class such that juveniles bite more fruits than adults
(Figure 9c). Interestingly, contrary to my predictions, adults took longer than juveniles to find a
fruit to eat (inter fruit search time, Figure 9b). When I assessed handling time measured as the
amount of time it took a monkey to process and eat one fruit item, there was no significant
difference between age classes. However, once I controlled for the amount of fruit pulp eaten,
then adults had shorter handling times than juveniles as predicted. Supporting my predictions,
adults ate more of the fruit pulp, consuming on average over 90% of the fruit pulp (Figure 9a).
Juveniles consumed just over 70% of the fruit pulp in comparison. The majority of these results
support the hypothesis that adults are more efficient foragers and age has a significant impact on
foraging behavior.

If the timing of access into a patch is a strategy individuals use to increase their foraging
returns, [ predicted that the first individual into a patch (the finder) would receive a finder’s share
portion of the patch that ultimately boosted their intake when compared to non-finder group
members. As expected, I found that the first monkey into a tree did obtain a finder’s share
amounting to an average of 0.75 fruits (median) before the second individual entered the tree.
Since individuals averaged about 2.52 fruits (median) per tree, this finder’s share amounts to
30% of that total fruit pulp consumption, a substantial amount of extra food. My results further

indicated that at the end of a focal tree follow, finder individuals had consumed significantly
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more total fruit, eating on average 40% more than non-finder individuals (Figure 10). These
findings suggest that the behavioral strategy of being the first into a tree confers a distinct and
measurable foraging advantage. When examining who may be a finder individual into trees, I did
not find that certain dominance ranks or age classes were more (or less) likely to be finders.

Several studies have demonstrated the pattern whereby dominant individuals experience
an increased food intake relative to subordinate group members (Vogel 2005, Janson 1985,
Whitten 1983, Robinson 1981). This foraging benefit for dominants is particularly true for food
resources that occur in defensible (or monopolizable) clumps, like A. butyracea fruiting racemes.
Higher-ranking individuals may secure priority access to resources and gain greater overall
energy intake by aggressively excluding their subordinates from parts of feeding trees (Vogel &
Janson 2007, Vogel 2005). Further, if resources are heterogeneously distributed in the patch,
dominant individuals may gain differential access to high value areas, where food is easier to
acquire and consume. I found that only dominant adult males experienced a greater intake
compared to other group members, likely indicating that in our groups alpha males have critical
competitive advantage to control priority access to the patch.

Each of the three search behaviors monkeys use in 4. butyracea palms could indicate
different ways a monkey locates the best possible edible fruit. The best possible fruit could be a
fruit that is the easiest to find and pull off the raceme, a fruit with the highest caloric value, a ripe
fruit that is easier to digest because of fewer nitrogenous organic compounds, and/or a fruit that
is easy to peel and consume yielding a shorter handling time. Touching a fruit may give a
monkey an indication of the ripeness stage, as fruits are shown to soften during the ripening
process by converting starches into sugars and breaking down cell walls (Seymour et al. 2013).

Biting a fruit could also give an indication of ripeness level through the sweetness of taste. As
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these palm fruits have an inedible hard outer shell that must be removed to eat the pulp instead,
biting a fruit may also signal how easily the outer shell can be removed (likely an important
component influencing handling time). Dropping a fruit suggests the monkey has rejected that
fruit, perhaps because it looks or feels inadequate. Capuchin monkeys likely use sight to
discriminate ideal fruits to eat, as fruits change from green in color to yellow and orange as
chlorophyll is degraded and other pigments are revealed, although measuring how many fruits a
monkey looks at was infeasible in this study (Tucker et al. 2013). While smell has been shown to
be an important way in which capuchins select fruits (Melin et al. 2019), I did not observe the
monkeys actively smelling A. butyracea fruits. I note that there were many instances, across all
group members, where the monkeys did not perform any testing behaviors before selecting a
fruit to eat. In these cases, perhaps a monkey does not need to perform a test behavior if it is
otherwise obvious that fruit is ideal, say from the color of the fruit and/or how easily the fruit
was plucked from the raceme. All individuals in both capuchin monkey groups displayed
searching behaviors that involved tactile, gustatory, and likely visual and olfactory senses,
suggesting that capuchins use multiple senses to choose fruit to eat.

Although my results suggested that the only search behavior significantly different
between adults and juveniles is biting, I found that for all three search behaviors, juvenile
monkeys exhibited a greater spread in the observed number of fruits they tested compared to
adults. This maximum number of fruits tested by juveniles was more than two-fold the number
tested for adults for touching and biting behaviors, such that I observed juveniles touching up to
19 fruits (adults a maximum of 9) and biting up to 7 fruits (adults maximum 3) before finding
one to eat. Such a difference in spread could indicate that some younger individuals do touch,

bite, and drop more fruits to find ripe ones. It is possible that juveniles improve their foraging
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abilities incrementally with age (Schuppli et al. 2016), and future studies could track foraging
behaviors across juvenile development as I was unable to ascertain exact ages of the juvenile
monkeys in this study. This difference in spread could also occur if there are certain trees where
it is easier to figure out which fruits are ripe versus some trees where it is more challenging.

The only result that went against my predictions for age class was that adults took longer
than juveniles to find a fruit to eat (inter fruit search time). While I expected that adults would be
more experienced foragers and thus able to locate a ripe fruit to eat faster than their younger
counterparts, this result could instead indicate that adults are more discriminatory in the fruits
that they will select to eat. By investing extra time into finding the best fruit, adults may actually
increase their foraging success by only choosing fruits which have the highest energetic return
value (caloric, for instance) and the shortest handling time. Optimal foraging theory has a similar
prediction at its core: that an animal should maximize their energetic intake while minimizing
their foraging costs (like time, Stephens & Krebs 1986). This possibility is supported by my
findings that adults consistently consume almost the entirety of the fruit pulp at a shorter
handling time than juveniles (more energetic intake at a shorter time cost). Indeed, I found it to
be extremely rare that adults would consume only 25% or 50% of the fruit pulp (this only
occurred for 1% and 8% of all eaten fruits observed, respectively), meaning once they have
selected a ripe fruit to consume, they consume it to near entirety. Further research that
investigates the caloric and nutritional value of the fruits that adults versus juveniles select to
consume would advance our knowledge of whether older individuals reliably select fruits of the
highest energetic value.

Both experience and strength have been shown to be two important factors influencing

why adults may be more efficient foragers than juveniles (Schuppli et al. 2016). Complex diets
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often require a naive individual to learn how to properly forage, and the needing to learn (or
difficult diet) hypothesis is one of the proposed reasons for extended juvenile periods in primates
(Johnson & Bock 2004, Schuppli et al. 2012, Kaplan et al. 2000, Gibson 1986). Certain foraging
parameters in my study indicate the impact of experience on foraging success, namely the
searching behaviors to find a ripe fruit and inter-fruit search time. Other foraging parameters I
measured imply increased strength or ability to handling hard-to-process food items like A.
butyracea fruits that must be peeled prior to consumption, such as the handling time it takes to
consume a fruit.

When calculating how timing of access to a patch influences foraging success, I found
that finder individuals first into trees received a finder’s share and ultimately consumed
considerably more food in a tree than all other group members (finders ate 40% more total fruit
pulp). Previous studies have highlighted how the finder’s share influences social foraging
behavior, and this type of social foraging has been modeled both as information-sharing models
and producer-scrounger games (di Bitetti & Janson 2001, Ranta et al. 1996, Vickery et al. 1991,
Barnard & Sibley 1981). One possible reason for why an individual would act as a finder is to
receive a boost in foraging payoff that offsets possible later decreases in foraging efficiency as a
result of being displaced off the patch. In this way, being a finder can be a strategy to mitigate
later drops in foraging returns because of competition for access to the patch. To investigate this
further, I could assess foraging return rates for a finder before and after other individuals arrive
into a patch and before and after displacement events.

While focusing on one fruit tree species in my study allowed for repeated measures of
foraging behaviors across individuals and groups, expanding data collection to include different

foraging tree species would further advance our understanding of the foraging strategies of
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group-living animals. Examining foraging behavior for easier- versus harder-to-process food
items would provide additional information on the ontogeny of foraging behaviors (Eadie 2015).
More replicates of capuchin monkey groups would offer more statistical power for my analyses,
and allow comparisons of social foraging across groups. Further research could also assess
additional axes of inter-individual variation in foraging, such as personality. Risk tolerance can
also play an important role in creating heterogeneity in resource acquisition rates in groups
(Ward et al. 2004). More energetically needy, bolder, or larger individuals often prefer to travel
at the front of their group, trading-off increased risk of encountering predators to gain priority
access to the best parts of food patches (Sueur et al. 2010, Sibbald et al. 2009, Di Bitetti et al.
2001, Krause 1993, Robinson 1981). In these cases, individuals who get access to more
profitable portions of the patch will consume more food at a faster rate, exemplifying another
axis of inter-individual variation that can produce differences in foraging efficiency.

While differences between group members translates into a diversity of foraging
strategies, from the perspective of group-level outcomes, it is clear that heterogeneity among
group members can generate positive impacts for social organisms (Jolles et al. 2020, del Mar
Delgado et al. 2018, Herbert-Read et al. 2013, Croft et al. 2009, Giardina 2008). Groups with
greater variation in individual personality forage more efficiently (Aplin et al. 2014), and
microbiome communities with greater diversity in composition are more successful at processing
nutrients in the mammalian gut (McFall-Ngai et al. 2013). In humans, groups with greater
diversity (differences in race, gender, religion, background, and/or differences in the approaches
used to solve problems) can perform better at problem solving given they communicate
effectively (Mathieu et al. 2008, Jackson et al. 2003, Mohammed & Angell 2003, Neuman et al.

1999). Such effects are likely widespread, as many species that live in stable social groups are
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characterized by high degrees of individual variation (Montiglio et al. 2013, Bergmiiller &
Taborksy 2010). For example, social stratification and dominance hierarchies are central to the
organization of primate societies (Mitani et al. 2012), while species with long developmental
periods can live in groups containing individuals of different sizes, experiences, and abilities
(Perry et al. 2017, Altmann & Alberts 2005, Heyes 1994). Ultimately, observing and quantifying
how, when, and why groups members differ from each other will provide us with knowledge of
the dynamics of social foraging and how individuals learn to become efficient foragers.

Across all the foraging parameters I calculated, I consistently observed within and
between individual differences in behavior. While these individual differences in foraging are
likely caused by a variety of factors beyond my assessments of age, rank, and timing of access to
a patch, these inter-individual differences ultimately led to variation in the foraging efficiency
and success of individuals. For animals who forage in social groups like capuchin monkeys,
variation in foraging underlies disparities between the way group members experience their
environment, creating a range of individual needs, preferences, and capabilities. Ultimately, such
heterogeneity between group members can translate into conflicts between individuals over their

foraging preferences.
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CHAPTER 3

When to go? Conlflicts of interest and consensus costs over the timing of group movements

in cohesive groups of white-faced capuchins?

ABSTRACT

This study investigates an important, and quite common, daily decision in social animal
groups: when to collectively leave one feeding patch and move on to the next. Optimal foraging
theory, and in particular the marginal value theorem (MVT), provides a useful theoretical
framework to predict the differences in the length of time each group member should want to
spend exploiting a particular food patch. Using collective foraging data recorded on groups of
wild white-faced capuchin monkeys on Barro Colorado Island, Panama, I use the MVT to
examine: (1) if the optimal foraging strategies of individual group members differ, creating
conflicts of interest about when the group should leave feeding trees, (2) how such group
decisions are made and which group members exert influence, and (3) the costs that individuals
pay when they compromise to achieve consensus. I collected data on capuchin group feedings in
Attalea butyracea palms, and calculated exact individual feeding rates over the duration of each
feeding event for all group members. I used these feeding rates to generate individual foraging
gain curves that predict optimal patch departure times for each group member using the MVT. I

compared predictions of when each individual monkey should prefer to leave trees to the

3Adapted from: Davis, G.H. & Crofoot, M.C. (In Prep) When to go? Conflicts of interest and consensus costs over
the timing of group movements in cohesive groups of white-faced capuchins.
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observed collective departure times from my field data to understand how group decisions are
made and who contributes. I also compared my foraging theory results with more conventional
methods of assessing who has influence over group decisions (i.e., which individual(s)
successfully initiate group movements). My results indicated that conflicts of interest are
ubiquitous among group members over when to leave feeding patches. I found that groups most
often follow decisions that are optimized at the group-level, potentially indicating a mechanism
of collective sensing whereby pooling of information from group members leads to a better
estimate of the environment (i.e., the patch and the optimal time to leave it). However, I still
found that occasionally unshared decision-making (especially dictated by the dominant adult
male and female) and shared decision-making play a role in group departures. My results of
observed movement initiations suggest that while all individuals in a group successfully initiated
movements away from trees, dominant adult females were the most successful at leading the
group away. I further found that dominant adult males paid the lowest time consensus costs,
while juvenile individuals paid the highest time consensus costs over when to go decisions.
Individuals who paid a higher time consensus cost ultimately received less food overall in
feeding trees. This study illustrates how applying classic models from foraging theory, like the
marginal value theorem, to empirical data from stable social groups can provide insight into how
groups resolve conflicts of interest and reach consensus decisions about when to depart feeding

trees.
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INTRODUCTION

How do groups of individuals come to a consensus about what to do and when to do it?
Social animals regularly confront consensus decisions where group members must choose
between mutually exclusive actions and ultimately come to a choice collectively (Conradt &
Roper 2009, Conradt 1998). Consider, for example, a group of primates that stays together as a
social unit every day and must decide where to travel after a rest or foraging period (Stewart &
Harcourt 1994), or how long to spend in each feeding tree (Boinski et al. 1995). Reaching
consensus about where and when to move in their habitat is crucial for group members to obtain
the benefits of sociality (such as reduced predation risk, increased access to mates, information
sharing, see Silk 2007 and Ward & Webster 2016 for review). For a group to remain cohesive, its
members must coordinate their activities; otherwise, the group will fragment as individuals
pursue diverging patterns of behavior and movement (Sueur et al. 2011, King and Cowlishaw
2009).

Reaching consensus is particularly challenging in heterogeneous groups where
individuals differ in their needs, abilities, prior experiences and knowledge, social rank, or even
their social relationships (Strier 2015, Sueur et al. 2011, King & Cowlishaw 2009, Terborgh &
Janson 1986). For instance, a single social unit can contain males and females, juveniles and
adults, more experienced and less experienced individuals, and bolder and shyer personalities
(Clutton-Brock et al. 1977). Animals in heterogeneous groups can differ in their nutritional
requirements, physiological condition, in the information they have about the environment,
and/or in their ability to monopolize resources. For example, in foraging decisions, males and

females often prefer different types of food (Ruckstuhl et al. 2002). Hungry individuals often
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prefer to allocate more time to foraging and will exhibit conflicting destination preference
compared to tired group members (Sueur et al. 2010, Dostalkova et al. 2007, Krause et al. 1992).
Young or vulnerable animals typically prefer safer areas than older, less vulnerable individuals
(Lingle et al. 2005). Lactating females may prefer foraging areas with greater food rewards, as
they have higher daily energy requirements (e.g., Fischhoff 2007, Clutton-Brock et al. 1982).
Often in primates, larger, stronger, or simply higher-ranking individuals are able to exclude
others from valuable food resources and benefit from higher foraging intake rates (Vogel 2005,
Janson 1988, Janson & van Schaik 1988, and see Chapter 2 of this dissertation), particularly
when these resources are distributed in dense, defensible patches like fruit trees (Nicholson
1954). With such variation between group members, conflicts of interest may frequently arise
over what to do and when to do it (Petit et al. 2010).

When such conflicts exist, reaching a consensus decision will necessarily involve
compromise for at least some group members, especially in cohesive groups that forage and
travel together as social units. The group members who compromise ultimately pay a “consensus
cost”, defined as the fitness cost an individual incurs by foregoing its own optimal action in order
to coordinate with other group members (Conradt & Roper 2003, 2005). Often, the consensus
costs individuals pay depends on their ability to exert influence over group decisions (Conradt &
Roper 2003). For example, if a dominant individual can dictate a decision (“despotic” decision
making), it will not incur a consensus cost as it can pursue its own optimal behavior. Under such
unshared decision-making regimes, subordinate group members will incur consensus costs of a
magnitude that is relative to how different their own optima are from that of the dominant
individual. A study by King et al. 2008 supports this concept; subordinate baboons experienced

substantial consensus costs in experimental food patches by receiving less food than the
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dominant baboon, when led by the dominant to patches that the dominant could monopolize.
Conversely, if all group members contribute equally to a collective choice (“shared” decision
making), the consensus cost will be, on average, lower for all group members (although
dominant individual(s) will pay larger consensus costs than they would have if they had imposed
a despotic decision on the group, Rands et al. 2013, Conradt & Roper 2007).

Group decisions about when and where to forage are particularly important, as finding
and exploiting food is necessary for the survival and fitness of group members (Conradt 2011,
Kerth et al. 2006). Optimal foraging theory provides a useful theoretical framework for exploring
how animal groups resolve conflicts of interest and come to consensus about what and when to
eat (Davis et al. 2022, Stephens & Krebs 1986, Pyke et al. 1977, Schoener 1971). The marginal
value theorem (MVT) in particular provides clear predictions about the differences in the length
of time each member of a group should want to spend exploiting a particular food patch
(Giraldeau & Caraco 2000, Charnov 1976). The decision of when to leave a patch and move on
to the next, referred to as the “optimal departure time”, is predictable using the MVT applied to
cumulative foraging intake rates (illustrated as “gain curves”, see Chapter 1 of this dissertation,
Davis et al. 2022), whereby an individual should ideally depart a patch when their current rate of
energy gain falls below the average rate of energy gain for the habitat (Charnov 1976). When
individuals vary in the amount of food they require, and/or in the rate at which they can acquire
it, this can introduce conflicts of interest over the timing of patch departures in social foragers
(Davis et al. 2022). For individuals living in cohesive social groups that move together as a unit,
groups must come to consensus decisions over when to collectively leave a patch, whereby some

individuals may compromise their preferred behavior, presumably at a cost to themselves.
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In this study, I integrate theoretical predictions from the marginal value theorem into an
empirical study of social foraging behavior in cohesive groups of wild white-faced capuchin
monkeys living on Barro Colorado Island, Panama. Using a focal tree method to measure
simultaneous foraging behavior of group members in Attalea butyracea palm trees (Vogel &
Janson 2007), I calculate exact individual feeding rates over time for each group member in
trees, generate individual foraging gain curves, and use the marginal value theorem to predict the
optimal patch departure time for each group member. Drawing upon the theoretical framework
developed in Chapter 1 of this dissertation (Davis et al. 2022), I quantify the degree of within-
group conflict for observed collective decisions over when to leave foraging patches. I then
investigate how observed patterns of group departure behavior deviate from individual- and
group-level optima (i.e., which group members contributed to group decisions and which group
members paid consensus costs by leaving at suboptimal times). From these data, I then determine
the process of collective departure decisions of when to go, whether they be underpinned by an
unshared, shared, or group-level optimal process. I also compare my foraging theory results with
more conventional methods of assessing who has influence over group decisions (i.e., which
individual(s) successfully initiate group movements, Papageorgiou et al. 2020,
Amornbunchornvej et al. 2018, Strandburg-Peshkin et al. 2018, King et al. 2011, Stueckle et al.
2008). Finally, I evaluate which group members paid consensus costs to collective decisions, by
leaving patches at a suboptimal time.

First, I hypothesized that conflicts of interest exist between group members over when to
leave foraging patches (refer to Table 1 for an overview of the hypotheses and predictions of this
study). I calculated when individuals were predicted to prefer to leave foraging patches using the

marginal value theorem, and evaluated the extent of conflicts of interest within the group over

101



preferred optimal patch departure times. I predicted that the varying foraging abilities of group
makes would lead to inter-individual differences in foraging gain curves (and optimal patch
departure times) of group members (Prediction;). As dominant and older individuals often gain
preferential access to the patch and thus have higher foraging rates (Koenig 2002, Vogel 2005), I
predicted that high ranking and adult individuals would have earlier optimal patch departure
times when compared to subordinates and juveniles (Predictionz). I note that in this study, I
define dominant or high-ranking individuals in the conventional sense, where more dominant
group members are those that more often win aggressive interactions.

Second, I hypothesized that the group decision-making process is either unshared (where
a single individual leads), shared (where all or a representative proportion of the group
contributes), or optimized at the level of the group (where groups leave trees based on a group-
level optimal prediction, see Chapter 1, Box 3, Davis et al. 2022). Under unshared decisions, I
predicted that the observed group departure time from a patch would most closely align with the
predicted optimal departure time for one individual (Predictions). As socially dominant
individuals are conventionally defined as those who most often win aggressive interactions
(Holekamp & Strauss 2016), I tested if the observed group departure time aligned with the
optimal departure time for more aggressively dominant monkeys. I further predicted that the
magnitude of each individuals’ consensus cost (defined as the difference between predicted
optimal and observed patch departure times, hereafter referred to as “time consensus costs”)
would be related to dominance rank and age under unshared decision-making regimes. I
predicted that high ranking individuals and adults would have small time consensus costs, while
low ranking and juvenile individuals would have high time consensus costs (Prediction,). Under

shared decisions, I predicted that the observed patch departure time for the group would align
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with the median of group members’ predicted optimal departure times, representing a majority
rule where groups would leave patches once a certain threshold number of individuals have
reached their optimal departure times (in this case, the median individual, Predictions). I also
predicted that the magnitude of each individuals’ time consensus cost would not be related to
dominance rank or age under shared decision-making processes (Predictions). And finally, under
decisions that are optimized at the level of the group, I predicted that the observed group patch
departure times would correspond with the predicted optimal patch departure time for the group
as a whole (as predicted by the group cumulative gain curve, Prediction;).

Third, I hypothesized that individuals who compromised their optimal foraging timing
would pay a foraging consensus cost. I predicted that individuals who have optimal predicted
times of patch departure deviating the farthest from the observed group departure time would
obtain less food overall (a proxy of an energetic cost to leaving at a suboptimal time,
Predictions).

Importantly, my study demonstrates the straightforwardness of applying classical theories
to help us tackle novel research questions. By comparing individuals’ optimal patch departure
times with the real, observed group patch departure times, I tested hypotheses about how
conflicts of interest are resolved in group-foraging primates, who exerts control over group

decisions, how such decisions are made, and who pays consensus costs.

103



Hypothesis

Prediction

(H1) Conflicts of interest over patch
departure time exist between group
members.

(P1) The varying foraging abilities of group
mates lead to inter-individual differences in
the foraging gain curves (and optimal patch
departure times) of group members, such that:

(P2) dominant and adult individuals have
earlier optimal patch departure times when
compared to subordinates and juveniles.

(H2a) High-ranking individuals determine
the timing of group decisions (i.e., group
decisions of when to leave a patch are
despotic or fully unshared, where a single
individual leads).

(P3) Under despotic conditions, the observed
group departure time from a patch will most
closely align with the predicted optimal
departure time for high-ranking individual(s).

(P4) The magnitude of each individuals’
consensus cost (defined as the difference
between predicted optimal and observed
patch departure times) will be related to rank
and age. I predict that high ranking
individuals and adults will have small
consensus costs, while low ranking and
juvenile individuals will have high consensus
costs.

(H2b) Group decisions of when to leave a
patch are shared such that all individuals
in the group contribute equally.

(Ps) Under shared decisions, the observed

patch departure time for the group will be the
median of group members’ predicted optimal
departure times (representing a majority rule).

(Ps) The magnitude of each individuals’
consensus cost (defined as the difference
between predicted optimal and observed
patch departure times) will not be related to
rank or age.

(H2c¢) Group decisions of when to leave a
patch are optimized at the level of the
group, such that decisions optimize group-
level outcomes.

(P7) Under group-level optimal decisions, the
observed patch departure times will
correspond with the predicted optimal patch
departure time for the group as a whole (as
predicted by the group cumulative gain
curve).

(H3) Individuals who compromise their
optimal foraging timing pay a foraging
consensus cost.

(Pg) Individuals who have optimal predicted
times of patch departure deviating the farthest
from the observed group departure time
obtain less food overall.

Table 1. Table of the hypotheses and associated predictions for this study.
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METHODS

Study Site: For this study, four field observers conducted behavioral observations of two
well-studied capuchin groups (Torrez-Herrera et al. 2020, Crofoot et al. 2008, Crofoot 2007) at
the Smithsonian Tropical Research Institute field site on Barro Colorado Island (BCI) in Panama.
Data collection occurred during the months of June to September in 2015 and 2016. BCI (9°9°N,
79°51°W) is a 1560-hectare island in the Panama Canal composed of semi-deciduous lowland
tropical moist forest. The island was formed during the construction of the Panama Canal
between 1911 and 1914 when the waters of the Chagres River were dammed to create Gatun
Lake. The United States Government designated the island as a natural preserve in 1923, and
BCI has been administered by the Smithsonian Tropical Research Institute since 1946. As one of
the most studied tropical forests on earth, research on BCI has been at the forefront of measuring
diversity of plant and animal life in the tropics. BCI has two primary seasons: a wet season from
April to November and a dry season from December to May (Windsor 1990). Distinct
seasonality in the availability of fruiting trees on the island occurs, an important resource for
many species, including the resident primate populations. Fruit availability tends to be high
during the dry season and into the early wet season and is lowest during the late wet season
(Leigh 1999). Five resident primate species live on BCI, including the white-faced capuchin

monkeys.

Study species: This study examines foraging decisions in white-faced capuchin monkeys.

This species is an arboreal, New World monkey that is native to the forests of Central America

and the extreme north-west portion of Colombia. White-faced capuchins are part of the family
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Cebidae, subfamily Cebinae. Capuchins rely heavily on ripe fruiting trees for food (Fragaszy
2004, Di Fiore et al. 2008), an ephemeral resource in the seasonal tropical forest of BCI. While
finding and exploiting fruiting trees is inherently difficult in a seasonal forest where not all tree
species fruit simultaneously, it is essential for survival in these primate groups. Thus, the
capuchin monkey populations on BCI are an ideal study system to investigate how animal groups
make vital decisions about what, where, and when they need to eat.

White-faced capuchins are long-lived animals, living more than 50 years in captivity
(about 30 years in the wild) and having a prolonged juvenile period (Harvey et al. 1987).
Females first give birth at about six to eight years of age, while males are considered sexually
mature at eight years old (Freese & Oppenheimer 1981). Capuchins live in multi-male, multi-
female, cohesive social groups that remain in proximity together all day every day of their lives
(excluding rare dispersal events, Perry 1997). Females are philopatric (i.e., stay in their natal
group), whereas males migrate one to a few times during their lifetime into new neighboring
groups (Fedigan 1993). Social groups usually average between 17-19 individuals (Fedigan et al.
2001), although the study groups on BCI tend to have fewer individuals (ranging from 9-25
individuals in a study published by Crofoot 2007). There is a dominance hierarchy within
capuchin group members, such that dominant individuals tend to gain priority access to
important resources and mates (Jack & Fedigan 2006). Capuchins primarily feed on fruit, which
comprises between 60-80% of their diet (Fragaszy 2004). Insects, other invertebrates, small
vertebrates and other plant material are taken opportunistically. The capuchin groups on BCI live
in home ranges of approximately 90-160 hectares and are xenophobic with mutually agonistic
relationships with their neighbors (Crofoot 2007). I focused my observations on two groups of

capuchins: FC (composed of 12 individuals), and TOP (composed of 18 individuals, see Figure
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11 for an aerial view of BCI and the home ranges of the two study groups). Both groups had a
single adult male, and FC group has 3 adult females and TOP has 5 adult females. There were 7
juvenile individuals in FC and 1 infant, and 10 juveniles and 2 infants in TOP. During my study
periods there were no subadult individuals (potentially a result of a mass mortality event in years
prior, Milton & Giacalone 2014). Members of each of the study groups were fitted with GPS and
radio telemetry collars, and their movements and activity patterns were tracked throughout the

duration of the study.

Figure 11. Home ranges of white-faced capuchins (Cebus capucinus) belonging to FC (pink)
and TOP (green) groups on Barro Colorado Island, Panama from June to August, 2016.
Home ranges were calculated using continuous time movement models implemented in the ctmm

package in R (Calabrese et al. 2016) using handheld GPS data, where observers recorded GPS

107



points of the group centroid every 5 minutes during daily follows. The color gradient represents

the probability mass for the home range (darker colors reflect higher intensity of use).

Focal tree study species: 1 focused my data collection on a keystone tree species during

June-September of 2015 and 2016: Attalea butyracea palm trees. The capuchin groups spend
>75% of their total feeding time during these months in these trees. A. butyracea fruits grow in
large clumps, or infructesences, that suspend off a single stem of the palm plant (Figure 12). Due
to this structure, palm fruits are easily monopolizable for high-ranking individuals who can
exclude their group-mates from the infructescence. Groups of three to five observers collected

data on the two capuchin study groups, focusing on foraging behavior in A. butyracea trees and

leadership during group movements.

Figure 12. Photographs of A. butyracea palm infructescences, without monkeys feeding, with

multiple group members feeding together, and with the dominant male feeding.
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Observational daily follows: Capuchin monkeys are diurnal primates, and activities begin

at or just after dawn. In order to track both study groups, I and my field assistants used radio
telemetry. One member in each of the capuchin study groups was equipped with a radio collar.
Each collar transmited a unique frequency signal. Using a hand-held antenna and receiver radio,
we could reliably locate the study group in the early morning. Daily follows lasted for a
minimum of 5 contact hours (up to 12 hours) with the selected study group. We alternated daily
between study groups to obtain behavioral data on each group each week throughout the study
season.

Once visual contact was made with the study group in the morning, we recorded the
identities and age/sex classes of all group members present. Individuals within each social group
were identified using differences in size, facial fur patterns, and other distinctive markings (e.g.,
spots, scars, freckles, missing or broken appendages). Because more than one observer collected
data for this project, periodic inter-observer reliability checks were conducted to assure
agreement in identification of group members, behavioral activity categories, and identification
of fruit trees. As these groups are habituated to human observers, we could successfully follow
underneath the monkeys during the day as they moved and foraged in the trees.

To obtain basic group-level activity states, we continuously recorded the activity the
majority of group members during the entire day follow. There are 5 mutually exclusive activity
states: foraging (group members are searching for and/or consuming food), traveling (directed
movement from one place to another), vigilance (directed gaze at predators, other individuals,
observers, or other objects), social (primary social activities including grooming, playing, or

being aggressive), and resting (inactivity and sleeping). If the group went out of visual contact,
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we noted “out of sight”, recording the start and end times when the group behavior was not
visible.

When the group was traveling from place to place, one observer positioned themself at
the front of the troop, looking for any feeding trees with ripe fruits that the group might visit. We
collected written data on all observed feeding sessions on any fruit trees, including the start time,
end time, tree species, and GPS point. We also recorded the number of individuals in the group
who feed at each tree, and their identities. We noted the direction the group was moving in and
what individual(s) were in front of the group from each feeding tree to the next. Directions are
noted as 45-degree increments corresponding to N, NE, E, SE, S, SW, W, and NW. We recorded
ad libitum observations of significant events during the daily observation time period, such as
predation threats, intergroup encounters with other monkey groups, etc., as these can

significantly impact behavior.

Social dominance interactions: 1 and my field assistants recorded subtle and active

aggressive encounters on an all-occurrence basis throughout daily follows of the monkey groups.
Subtle encounters included cowers, avoids, facial or vocal threats whereas active encounters
referred to active fighting that includes behaviors such as chases, bites, slaps, and lunges. We
noted all observations of aggressive interactions between all group members except dependent
infants (see ethogram for specific behavioral information in supplementary materials, Altmann

1974).

Focal tree method: To quantify variation in feeding rates among group members, we

used Vogel & Janson’s focal tree method (Vogel & Janson 2007). For each foraging visit in A.
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butyracea trees, we recorded the tree’s location (using a hand-held GPS) and determined the
order of individuals’ arrivals and departures, recording the identity and time that each member of
the focal group entered and left the fruit tree. The time between the first arrival and last departure
represented the “total group feeding time”. If there were gaps in feeding during the feeding bout
such that no animals were feeding, the amount of time in which monkeys were not feeding was
subtracted from the total group feeding time. We recorded the “observed group departure time,”
defined as the time when a majority of group members started directed movement (traveling)
away from the focal tree (note that this may not be the exact same time as when the last monkey
exits the tree). We also noted if there was a clear leader individual in front of the departing
group.

When a group entered a palm, the observers positioned themselves on either side of the
palm to get the complete view of all fruiting clumps within the palm (occasionally, palms have
more than one fruiting raceme). If there was only one observer present, the observer recorded all
behavioral observations by speaking into a hand-held recording device. If two or more observers
were present, the primary observer called out the behaviors and the secondary observers inputted
the behaviors using the i0S app “Animal Behaviour Pro” on an iPhone or iPad (version 1.2,
Newton-Fisher 2012). Using this app, we generated specific buttons with the identification
names of the monkeys and all behaviors in our ethogram. The start of the sampling bout occurred
when the first individual entered a palm tree, and the primary observer said aloud the date and
exact time. The primary observer also noted the number of fruit clumps in the palm. The primary
observer recorded the time (to the second), direction of entry, identification of the first monkey
arrival to the palm, each successive arrival, and the identification and direction of exit of each

departing monkey from the palm. Because of the size and shape of A. butyracea infructescences,
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it was possible to record each time any and all members of the monkey group entered the food
patch and removed fruit. Using the Animal Behaviour Pro app, we recorded the time (to the
second), direction of entry, identification of the first monkey arrival to the palm, each successive
arrival, and the identification and direction of exit of each departing monkey from the palm. We
also recorded any and all aggressive encounters in the fruit tree, including displacements and
fights (see detailed ethogram in Supplementary materials). The observers recorded data on who
initiated the interaction, which individuals were involved, and who won the interaction.

To calculate individual foraging gain curves, we recorded the identity of each monkey
that removed fruit, the amount of fruit taken and eaten (number of fruits as well as the proportion
of each fruit that was consumed), and the time each fruit was harvested for each monkey that fed.
The following foraging behaviors, in particular, were recorded on an all-occurrence basis for all
monkeys who entered and fed in each palm. Each behavior was associated with the actor (the
identity of the monkey who performed the behavior) and the time stamp to the second when it
was inputted into the Animal Behaviour Pro app. 1) Patch entry time: when a monkey descended
onto the fruiting raceme. The direction of entry was also recorded using 45-degree increments
corresponding to N, NE, E, SE, S, SW, W, and NW. 2) Patch exit time: when a monkey left the
fruiting raceme. The direction of exit from the patch was recorded like above in 45-degree
increments. 3) Search behaviors while a monkey is attempting to find a ripe fruit to consume.
These include behaviors where a monkey touches, bites, or drops a fruit without consuming the
fruit. A touch was defined as when an individual used its hands to test and squeeze fruits on the
fruiting clump, without pulling them off the clump. A bite occurred when an individual used its
teeth to bite into a fruit, without ultimately eating it. A drop was recorded when an individual

removed a fruit from the fruiting clump and discarded it without eating. 4) Start time of eating a
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fruit: the time, to the second, a monkey started to process and eat a fruit (from the moment the
monkey took the fruit off the raceme and began to manipulate and peal it for consumption). 5)
End time of eating a fruit: the time, to the second, a monkey stopped eating a fruit and discarded
it to the forest floor. 6) Percent of the fruit consumed: once a monkey stopped eating a fruit and
discarded it, we recorded approximately how much of the fruit pulp the monkey ate. The
approximate amount of pulp consumed was recorded in four categories: >25% eaten, 25-50%
eaten, 50-75% eaten, and 75-100% eaten. These categories were chosen because the monkeys
typically peal the fruit up to four times to consume the entire pulp (i.e., if a monkey ate only
about 25% of the fruit pulp, it was readily observable because the monkey would peal a fourth of
the hard outer shell and then consume the pulp and discard the fruit). If, because of visual
constraints, the amount of pulp consumed was not visible, we recorded “unknown” for the
percent of fruit consumed.

These observations provided information for each individual monkey on: entry times into
trees, fruit intake rates, searching behaviors for fruits, searching rates for ripe fruits, handling
times for consumption of a ripe fruit, how much of each food item (a fruit) was consumed, and
competitive interaction data for all individual monkeys in the tree. We collected data on
capuchin foraging in a total of 231 Attalea butyracea focal trees (166 trees for FC group and 66

trees for TOP group).

Leadership and initiators of group movements: To understand patterns of leadership and

initiation of group movements away from each feeding tree, I focused on recording leadership
patterns in ‘feeding-tree to feeding-tree’ travel bouts. My field assistants and I recorded the time,

identity, and travel direction (in 45° increments) of group members as they left each feeding tree.
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An “initiation attempt” to instigate group movement away from the tree was defined as an
individual who exited the tree, moving away more than 10 meters in 40 seconds in a specific
direction. An unsuccessful initiator was an individual who attempted to make an initiation
movement, but then returned to remain with the other group members. A successful initiator, or
“leader,” was defined as an individual who (1) left the feeding tree in the direction (within 45°)
of the next feeding tree the group visited, (2) did not return back towards the group, and (3) was
followed by at least 1/3 of the group in the same approximate cardinal direction within 10
minutes of departure (these criteria are based on preliminary observations and comparable field

studies conducted by Boinski & Campbell 1995, Petit et al. 2009).

Measurements of tree crop size: For each A. butyracea that the groups fed in, I estimated

crop size using photographs of the fruit racemes. As soon as the primate group moved on from
the tree, I took photos of all infructescences in the tree. These photos were standardized in color
scheme using gray and white color cards held in front of the fruit in the photo. This allowed
comparison of fruit color across photos, accounting for variation in light and shadow in the
forest. Multiple photos of each fruit raceme were taken from different angles. Using these photos
I then counted the fruits present in each raceme to determine the post-foraging crop size for each
palm tree, using the software ImagelJ. The color of the fruit provided information about fruit
ripeness: orange fruits were ripe, green fruits were immature, and semi-ripe fruits were yellow. I
calculated the pre-foraging crop size for each tree (how much food was available to the monkey
groups when they arrived to the tree to begin foraging) by summing the number of fruits the
group consumed during their time in the tree and the number of ripe fruits counted from our

photos of the fruit racemes.
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Data analyses

All analyses and plots were done using R (R Development Core Team, 2022). For my
statistical models detailed below, I calculated standardized model coefficients (), their 95%
confidence intervals (Cls), and report categorical effect sizes in my results. I used the ggeffects
package (Liidecke 2018) to calculate the marginal effects and 95% Cls for each of my models,
and then plotted these using the ggplot2 (Wickham 2016) and cowplot (Wilke 2020) packages.
Statistical significance of the fixed effects in my models were assessed using the report package

(Makowski et al. 2020). Significance for all tests was set a o = 0.05.

Dominance hierarchies and age classes

To assess the impact of social dominance on access to resources, I first computed
dominance hierarchies for both capuchin monkey groups. Dominance hierarchies were
calculated based on subtle (i.e., cowers, avoids, facial or vocal threats) and active (i.e., chases,
bites, slaps, fights, lunges) aggressive outcomes. I only assessed dominance status for adult
individuals, as juvenile monkeys were more challenging to track. The hierarchical dominance
relationships were determined on the basis of direction of agonistic dyadic interactions where I
could determine a clear aggressor (winner) and clear receiver (loser) of the threat. I used these
winner-loser interactions to calculate and rank each individual in each monkey group for each
study year by Elo scores (Neumann et al., 2011). Because my study periods for each year were
short (3-4 months long), I assumed dominance ranks to be stable during each study period. To
achieve a more robust estimate of dominance rank, I generated 1000 replicated datasets of

interactions by randomizing the order of interactions (timing). I calculated the mean and 95%
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confidence intervals of ranks of individuals based on Elo score, using the R package aniDom
(Farine & Sanchez-Tojar, 2017).

For analyses involving dominance rank as a predictor variable, I assessed rank in two
ways: 1) as a continuous variable where each individual was assigned a numeric dominance rank
corresponding with their Elo Rating status (with the most dominant monkey being “1” and so
on), and 2) a categorical variable whereby I pulled out the dominant male and dominant female
and compared to all other subordinate adults. In both monkey groups during my study, there
were no subordinate adult males so my category of subordinate adults comprises only
subordinate adult females. I note that I conducted my analyses of dominance only with respect to
all adult individuals in the two monkey groups. For analyses involving age class as a predictor
variable, I assessed this categorically with two classes: adults and juveniles. As neither of the
capuchin monkey groups contained any sub-adult monkeys during my study periods, it was

straightforward to classify each monkey as either adult or juvenile.

Marginal value theorem gain curves and optimal departure times

The original marginal value theorem model comprises two primary inputs: the average
inter-patch travel time (the average time it takes to travel from one discrete feeding patch to
another in the environment) and a forager’s gain function (the cumulative amount of energy
acquired within a patch over time, Charnov 1976). Extensions of the MVT include handling time
as well (the required time to process and consume a food item within a food patch, Bettinger &
Grote 2016). Thus, I calculated these parameters to obtain the optimal patch departure times for

individuals feeding in palm trees:
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Inter-patch travel time: The travel time between patches (u) is the length of time a
forager spends moving from one feeding patch to another. I calculated the travel time as the
average amount of time it takes the primate group to travel between feeding trees. I included all
feeding trees in my calculations, as foraging theory requires an average across the entire
environment. | also calculated an average travel time for each separate primate group. As
foraging theory only approximates behavior while searching for and consuming food, I excluded
times when the group was engaging in non-foraging behaviors such as vigilance, resting, and
social behaviors from my analyses. To do this, I used the continuous group activity states
collected throughout daily observation time. These mutually exclusive activity states included:
foraging, vigilance, resting, social, and traveling. I subtracted the duration of all resting, social,
and vigilance activities from the time spent travelling between feeding trees. This yielded an
estimate of the time spent in directed movement. I further assessed if inter-patch travel times
differed between different tree species, across the season, and/or based on time of day using
gaussian generalized linear mixed models (GLMMSs) with log link functions using the R package
glmmTMB (Brooks et al. 2017). I included monkey group identity as a random effect to control

for repeated measures.

Individual foraging gain curves: Charnov and Parker (1995) model a foraging gain

function as a negative exponential function:

W(t) =1—exp(—At), (equation 1)
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where (W (t)) decreases exponentially at a rate determined by the individual’s foraging
efficiency A (higher A results in a faster rise of the gain to its asymptote). Elaborating this basic
model within patches, Bettinger & Grote (2016) highlight that prey items can require a distinct
handling time, increasing patch residency time and reducing rate of energy gain. In this scenario,
the time taken to extract the gth prey item from a patch containing G prey items (the inverse of

the gain function) is given by:
1 G .
t(g) = i log e + hg, (equation 2)

where h is the handling time. As ‘prey’ items within 4. butyracea palms require a distinct
handling time prior to consumption (i.e., each fruit has a hard, inedible exterior peal that must be
removed to access the pulp inside), I used equation 2 above that includes handling time to
formulate individual gain curves for all individual monkeys feeding in each palm tree. I used my
estimates of tree crop size from my photographs of A. butyracea infructescences as measures of
G (also referred to as the “pristine patch value” in foraging theory). Note that while a change in
prey abundance in the patch affects travel travel time between patches, this does not affect
handling time (Bettinger and Grote 2016). Foraging that entails alternating search and handling
times for discrete food items within a patch, like A. butyracea palm fruits, requires gain curves to

be calculated using equation 2.

Group-level foraging gain curves: Much like how individual foraging gain curves are
calculated, I modeled a group-level foraging gain curve for each feeding patch the monkey

groups visit. This group-level curve was calculated by counting the cumulative amount of fruit
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pulp eaten by all group members over time (in another sense, I treated the group foraging rate as

if the group was a single entity extracting resources from the patch).

Optimal patch departure times: An individual was expected to leave the foraging patch

when their current rate of food capture fell below the average capture rate for the habitat

(Charnov 1976), which was given by the point where V:%tt) is maximized and u is the average
travel time between patches. Using the above calculations for individual- and group-level
foraging gain curves and average travel time between patches, I found this optimal patch

departure time for each individual and the group overall in each tree. These optimal patch

departure times represent predictions of individual preferences over when to leave a tree.

Conflicts of interest exist between group members over when to leave

I defined a conflict of interest between group members over when to leave a foraging
patch as a difference in time between the predicted optimal patch departure times for individuals.
Higher conflicts of interest would be represented by larger differences between the optimal
departure times for group members.

As Chapter 2 of this dissertation indicates, individuals differ in their ability to
monopolize and/or exploit food resources (P;), leading to differences in the foraging efficiency,
and thus foraging gain curves, of group mates. I compared individual gain curves between group
members to examine if dominance rank, and relative age (adult versus juvenile) led to
differences in the optimal patch departure times and, if so, if (P;) optimal patch departure times
of high ranking and older adult individuals preceded those of low ranking and juvenile

individuals. To control for variation in the amount of time the monkey groups spent in 4.
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butyracea focal trees, I translated optimal departure times in a focal tree into ordered factors
(with “1” being the earliest predicted optimal departure time, “2” being the next optimal
departure time, and so on). To test if higher ranking or adult individuals have earlier optimal
patch departure times, I fit ordinal logistic regression models to my ordered response, which was
the order of optimal patch departure times for each group member, using the R package MASS
(Venables & Ripley et al. 2002). My predictor variables were dominance rank or age class (adult

or juvenile).

The process(es) of group decision-making

By comparing the observed group departure times with the predicted optimal departure
times for each individual and the group overall, calculated based on their foraging gain curves, I
tested whether despotism (H2a), shared decisions (H2b), or group-level optimal decisions (H2c)
dominated the group decision-making process. If the observed group departure times consistently
closely aligned with the predicted optimal departure time for high-ranking individuals (P3), this
was evidence for despotism and support of hypothesis 2A where dominant individuals exerted
disproportionate control over group decisions. Conversely, if observed group departure times did
not strongly correlate with the high-ranking individual, and instead aligned with the median of
all group members’ predicted optimal departure times, this suggested shared decision-making
whereby groups followed a majority rule and left trees once a threshold number of individuals
reached their optimal departure times (the median, Ps). If the observed group departure time
corresponded to the optimal departure time predicted by the group cumulative gain curve this
indicated optimization of a group-level outcome (P;).

I tested whether an individual group member (P3), the “average” group member (Ps), or
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the cumulative group overall (P7) had a predicted optimal departure time that corresponded the
closest to the observed group departure time for a given focal tree by running a binomial GLM
with the logit link. I ran the same GLM separately for each monkey group. I converted the time
differences between optimal and observed departure times into absolute values prior to analyses,
and then assigned a binary response to each absolute value time difference depending on which
absolute value time difference was the closest to zero (in other words, close alignment between
observed and optimal departure times). The response variable was binary (1: the closest optimal
departure time to the observed group departure time for a given focal tree; 0: not the closest
optimal departure time to the observed group departure time), and the independent variable was
identity (either individual identity, the average group member, or the cumulative group overall).

I further examined which individuals paid a time consensus cost when the group
departure decision did not align with their preferred optimal choice. Under despotic decisions, I
predicted high ranking and adult individuals would have the smallest time consensus costs in
comparison to low ranking and juvenile individuals (P,). If instead group departure decisions
were shared, I expected time consensus costs to not be related to rank and age (Ps). To test these
predictions, I calculated the magnitude of each individuals’ time consensus cost for when-to-
leave decisions as the absolute time difference between the optimal and observed patch departure
times. Then, I examined whether dominance rank and age class predicted the time consensus cost
individuals paid by using gamma GLMMs with log link functions using the glmmTMB package
(Brooks et al. 2017). In these models, I included individual monkey identity, study group
identity, study year, and bout identity (the specific focal tree follow for each observation) as
random effects to control for repeated measures in the dataset.

To compare my optimal foraging theory results with more conventional methods of
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studying group decision-making and leadership, I examined my data on movement initiation
attempts away from feeding trees and which individuals (‘leaders’) were most successful at
recruiting the group to move on to the next resource. I quantified what proportion of total
initiation attempts an individual was successful at recruiting the group to follow (and what
proportion an individual was not successful). I then tested whether dominance rank and age
could predict whether an individual would be a successful initiator of group departures by
running binomial GLMMs on group departures away from focal trees using the glmmTMB
package (Brooks et al. 2017). The response variable was binary (1: successful; 0: unsuccessful)
for a given initiator, and the independent variable was either dominance rank (ordered or
categorial, as above) or age class. I included study group identity and study year as random

effects to control for repeated measures in the dataset.

Consensus costs

Beyond my analyses of time consensus costs (as detailed above), I also tested if
individuals who compromised their optimal foraging timing paid an energetic consensus cost. 1
predicted that individuals whose optimal predicted times of patch departure deviated the farthest
from the observed group departure time obtained less food overall in a focal tree, a proxy for
energetic consensus costs (Py). To test this, I ran a gamma GLMM with log link function using
the glmmTMB package (Brooks et al. 2017). My response variable was the total amount of fruit
pulp eaten by an individual in a focal tree, and my independent variable was the absolute time
difference between that individual’s optimal departure time and the observed group departure

time (the time consensus cost). I included individual monkey identity, study group identity, study
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year, and bout identity (the specific focal tree follow for each observation) as random effects to

control for repeated measures in the dataset.

RESULTS

Dominance hierarchies

Observations of 233 all-occurrence dominance interactions across both monkey groups
revealed a distinct social hierarchy, with a dominant male as the highest-ranked individual in

both groups (Figures 7A and 7C, Chapter 2).

Marginal value theorem gain curves and optimal departure times

Inter-patch travel time: The estimated mean travel time from feeding tree to feeding
tree was 12.79 minutes (95% CI [9.01, 14.55]) for FC group, and 10.84 minutes (95% CI [9.15,
12.54]) for TOP group (see distribution of travel times in Figure 13). Inter-patch travel times
were not significantly different between different tree species, based on time of day, or across the
field season (GLMM tree species: 3> = 2.21, p = 0.529; GLMM time of day: y> = 0.753, p =

0.385; GLMM date in field season: x> =4.11, p = 0.150, Figure 14).
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Figure 13. Density distributions of inter-patch travel times (in minutes) across all species of

feeding tree for FC and TOP capuchin groups.
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Figure 14. Inter-patch travel times were not significantly different between different tree
species, based on time of day, or across the field season. (A) Box plot of the of inter-patch
travel times (in minutes) to the two primary tree species during the field season months (A#talea

butyracea and Gustavia superba) compared to other foraging resources (labeled as “other”) and
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other fruiting trees (labeled as “Other fruits’). The bolded line represents the median and the box
bounds the 50% interquartile range. Whiskers represent scores outside the 50% interquartile
range. Outliers are shown as solid circles. (B) Scatter plot with GLMM model prediction line and
95% confidence intervals of travel time across the fraction of the day, representing when, during
the day, the travel occurred. (C) Scatter plot with GLMM model prediction line and 95%
confidence intervals for the of travel time based on the day of the year. Overall, travel times
between feeding patches remain consistent regardless of tree species, time of day, or day of the

year (season).

Individual and group-level foraging gain curves and optimal patch departure times

I conducted focal tree follows for a total of 231 A. butyracea palm trees across both field
seasons. Of these focal trees, 102 had an associated photograph(s) of the infructescence, such
that I could accurately estimate patch size for the foraging gain curve models. Comparison of
Charnov’s classical marginal value theorem model (equation 1) versus the marginal value model
that incorporates handling time (equation 2) suggested that the handling time model was the most
appropriate (Figure 15). These foraging gain curve models produced estimates of cumulative
energy gain (represented as amount of fruit pulp consumed) for each individual and the group
overall in each feeding tree (see Figure 16 for an example of the foraging gain curves produced
for individuals, colored, and the group overall, black). By calculating the point where energy
gain was maximized (see methods section), this produced predicted optimal patch departure
times for each individual and the group overall. The time when the majority of group members
began to move off in a directed manner was considered to be the observed group departure time

(the collective decision of when to go).
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Figure 15. A visual comparison of a single monkey’s foraging gain curve model fit to
Charnov’s classical marginal value theorem model (red dashed line) versus the marginal
value theorem model with handling time (solid red line). Black dots represent observed
instances of palm fruit consumption (energy gain) in a single feeding tree, cumulatively across

time spent in the tree.
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Figure 16. Results from a representative focal tree of a capuchin group feeding in an A.
butyracea palm. Points represent distinct feeding observations, colored by individual (the group
overall is in black). Negatively accelerating gain curves were fitted to each individual’s
cumulative food gain over time using equation 2, which predicted the optimal patch departure
time per individual (represented by vertical dashed lines) based on the travel time between
patches. The vertical red solid line represents when the group collectively left this particular

feeding tree (the observed group departure time).

Conflicts of interest between group members over when to leave

Consistent with my hypothesis that conflicts of interest occur over when to go, I found

conflicts of interest over when to leave feeding trees in every focal tree and between all
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individuals, age classes, and dominance ranks in both monkey groups (see Figure 16 for an
example of how conflicts of interest exist in one focal tree).

When examining the relative timing of optimal departure times across individuals in a
focal tree, I found no effect of dominance rank on the ordering of optimal departure times (see
Table S1 for results of my ordinal logistic regression models, while I report my raw data in
Figures 17a, b). I also found that adults tended to have later optimal departure times in a focal
tree when compared to juveniles, contrary to my prediction (see Table S1 for results of my

ordinal logistic regression models, while I report my raw data in Figure 17c, P>).
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Figure 17. While dominance rank did not predict the ordering of optimal departure times
in a focal tree, adults tended to have later optimal departure times than juveniles. These
panels represent the comparison of optimal departure times by a) dominance rank order, b)
dominance rank category (dominant female, dominant male, and subordinate adults), and c) age
class (adult and juvenile). In panel a, the black line represents a basic model prediction, with

95% confidence intervals in shaded red. The shaded points represent the raw data values. In
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panels b and c, solid black dots represent the predicted mean optimal departure time, with error
bars showing 95% confidence intervals. Colored points represent the raw data values. Colored
half-violin distributions denote the density distributions of the raw data values. I note that here I
report my raw data results, while my results from my ordinal logistic regression models are

presented in table S1.

The process(es) of group decision-making

To examine the process of group decision-making, I compared the observed group
departure times with the predicted optimal departure times based on foraging gain curves for
each individual, the average individual (represented as the median of all individual optimal
departure times), and the cumulative group overall. Across observed group departures for both
monkey groups, groups tended to leave closest to the optimal departure time predicted by the
group-level gain curve (GLM: 2 = 25.75, p = 0.05, Figures 18 and 19). In fact, in 34% of all
departures from focal trees, the group left within one minute of the predicted optimal group-level
departure time, 50% of departures within 2 minutes of this predicted optimal, and 69% of
departures within 5 minutes of this predicted optimal. While both monkey groups left closest to
the optimal group-level departure time in the majority of focal trees (56% of all focal trees I
observed for both capuchin monkey groups), I still observed some variation over which group
members may have influence over when to go. For 16% of all focal trees, the group left closest
to the dominant male’s preferred optimal departure time, 11% of trees the dominant female’s,
and 10% of trees the median individual. Groups occasionally departed trees closest to a
juvenile’s preferred leave time (6% of the time). I only observed one focal tree across both

groups where the group left closest in time to the optimal of a subordinate adult female (1% of

129



the time). Observed group departure times tended to be after the optimal departure time
predictions across individual group members.

I further tested whether dominance rank or age class predicted the time consensus cost
individual’s paid by compromising their preferred behavior and leaving a tree at a sub-optimal
time. While time consensus cost was not predicted significantly by continuous rank order
(GLMM: 2= 0.23, p = 0.6305), dominant adult males paid the lowest time consensus costs
when compared to all other adults (GLMM: %>= 3.563, p = 0.075, dominant male: X = 6.75
minutes, 95% CI [3.52, 12.93], dominant female: X = 13.13 minutes, 95% CI [6.93, 24.86],
subordinate adults: X = 11.51 minutes, 95% CI [6.48, 20.44]; Figure 20a and b). I additionally
found that age class had a significant effect on the time consensus costs individuals pay, with
juvenile individuals having higher time consensus costs than adults (GLMM: %2 =8.170, p =
0.004, adults: X = 5.06 minutes, 95% CI [3.52, 7.27], juveniles: X = 6.56 minutes, 95% CI [4.69,
9.19]; Figure 20c).

Observations of group departures away from focal trees suggested that higher ranking
individuals were more successful at initiating group movements (GLM: %2 = 12.763, p < 0.001,
Figure 21a and b). In particular, dominant adult females were the most successful members of
the group at initiating group movements. I also found that adult individuals were more successful
at initiating group movements when compared to juveniles (GLM: 2 = 10.546, p = 0.001, Figure
21c). While all individuals in the group made initiation attempts, the dominant adult female was
the most successful leader in both groups, with approximately two-thirds of their movement
initiation attempts being successful (Figure 22). The beta adult females for both groups were also
relatively successful at initiating movement away from patches, with between 50 and 60% of

their movement initiation attempts being successful.
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Figure 18. Groups departed focal trees closest to the predicted optimal departure time for
the group-level gain curve. This graph shows the distribution of time consensus costs for both
monkey groups on the x axis (the time difference between optimal and observed group departure
time) for the group-level gain curve (in black), the median individual gain curve (in gray), the
dominant male (in blue), the dominant female (in red), subordinate adults (in yellow), and
juveniles (in green). Colored points represent the raw data values. Colored half-violin

distributions denote the density distributions of the raw data values.
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Figure 19. Group decisions of when to leave focal trees aligned closely to the predicted
optimal group departure time as calculated from the group-level gain curve. In this graph, I
plot a 1:1 axis for the optimal group-level departure time and the observed group departure time.
Data points represent raw data values for focal trees, colored and shaped by monkey group
identity (yellow circles for FC, blue triangles for TOP). The dashed black line denotes a slope =
1, whereby data points closer to this line indicate equivalent values of optimal versus observed

departure times.
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Figure 20. Dominant adult males paid the lowest time consensus costs, while juvenile
individuals paid the highest time consensus costs. These panels represent the comparison of
time consensus costs by a) dominance rank order, b) dominance rank category (dominant female,
dominant male, and subordinate adults), and c) age class (adult and juvenile). Time consensus
costs were calculated as the absolute time difference between optimal departure times and the
observed group departure time. In panel a, the black line represents my model prediction, with
95% confidence intervals in shaded red. The shaded points represent the raw data values. In
panels b and c, solid black dots represent the predicted mean optimal departure time, with error
bars showing 95% confidence intervals. Colored points represent the raw data values. Colored

half-violin distributions denote the density distributions of the raw data values.
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Figure 21. Individuals with high social ranks (especially dominant adult females) and
adults were more likely to be followed during group movements away from focal trees.
These panels show the probability of being followed by the rest of the group as represented by
A) dominance rank category (dominant female, dominant male, subordinate adults, and
juveniles), B) dominance rank order, and C) age class (adult and juvenile). In all panels,
dominant adult males are represented in blue, dominant adult females in red, subordinate adults
in yellow, and juveniles in green. The monkey group (FC or TOP) for each value is overlayed on

top of the point.
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Figure 22. While all individuals in both monkey groups were successful at initiating group
movements away from focal trees, dominant adult females were the most successful
leaders. These stacked barplots show the results of 318 recorded initiation attempts away from
focal trees across all the individuals in a) FC group and b) TOP group. Each bar represents the
number of initiations one individual made and individuals are ordered by dominance rank (high
to low) on the x axis. The black portion of the bar are the successful initiations where the group

followed that individual, while the gray portion of the bar represent unsuccessful initiations.
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Consensus costs

I found that individuals who paid higher time consensus costs (i.e., those whose optimal
patch departure times deviated farther from the observed group departure time) received less

food overall in focal trees (GLMM: y2 = 5.898, p = 0.015, Figure 23).
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Figure 23. Individuals who paid a higher time consensus cost received less food overall in
focal trees. Time consensus costs were calculated as the absolute time difference between
optimal departure times and the observed group departure time. My model prediction is
represented by the solid back line, with the shaded area showing the 95% confidence interval.

Points represent raw data values for individuals.
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DISCUSSION

In this chapter, I integrated theoretical predictions from optimal foraging theory into an
empirical study of social foraging behavior in cohesive groups of wild capuchin monkeys.
Importantly, my study demonstrates the straightforwardness of applying classical theories to help
us tackle novel research questions. Despite many studies and theoretical models of collective
decision-making in animals (Papageorgiou et al. 2020, Bettinger & Grote 2016, Conradt et al.
2013, Sueur et al. 2012, Conradt & Roper 2009, Conradt & Roper 2007, Couzin et al. 2005), few
empirical studies move beyond asking “who leads” to explicitly testing how groups make
decisions. Furthermore, quantifying the underlying preferences of what group members want to
do and when has remained remarkably challenging, especially in wild systems. By integrating
optimal foraging theory with observations of collective decision-making, I illustrate a readily
achievable approach to not only predict individual preferences, but also quantify conflicts of
interest, determine the group decision-making processes, and calculate consensus costs. My
study followed five simple steps: obtain foraging data over time for group members in a patch,
fit individual- and group-level gain curves, estimate individual- and group-level optimal
departure times, compare optimal departure times with the observed group decision over when to
leave, and calculate the consensus costs individuals paid to leaving at a suboptimal time. While
in this study I applied the marginal value theorem to cohesive social groups with stable
membership, [ maintain that optimal foraging theory models can similarly be used in other
species that nevertheless benefit from collective behaviors. For example, studies could apply the
MVT to fission-fusion social groups where individuals must balance the need to remain with

close social affiliates versus pursue their own preferences and depart trees at divergent times. My
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study illustrates a powerful way to apply theoretical predictions in empirical research, and
overcome some of the challenges of studying leadership and group decision-making in the wild.

My results suggest that conflicts of interest over when to leave a foraging patch are
ubiquitous, existing across all group members, all age classes, all social ranks, and throughout all
foraging trees I observed (supporting my hypothesis 1). The widespread prevalence of inter-
individual differences in predicted optimal patch departure times contrasts previous social
foraging theory that assumes group members should optimally want to leave at the same time
(Giraldeau & Caraco 2000). As I outline in Chapters 1 and 2 of this dissertation (Davis et al.
2022), even simple measures of heterogeneity within a group can lead to significant differences
in foraging behavior and efficiency, ultimately leading to variation in the gain curves of group
members and their predicted optimal departure times (their preferences over when to leave). My
results highlight the value of applying formal models to understand individual preferences and
how variation in preferences produces conflicts of interest between group mates.

I further predicted that dominant, adult individuals would want to leave patches earlier, as
they likely obtain preferential access to the patch and thus have higher foraging rates and reach
their optimal point of leaving faster than other group members (as in Chapter 1, Figure 2). While
dominance rank had no effect on the specific ordering of optimal departure times in a tree, I
found that adult individuals tended to have later optimal predicted departure times when
compared to juveniles, contrary to my predictions. As group members in my study entered
foraging patches asynchronously, it is possible that juveniles entered into trees first while adult
individuals entered later, such that the foraging gain curves of adults are shifted later in time and

have later predicted optimal departure times. If so, juveniles may act as finder individuals (or
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producers) by entering into trees first to achieve a boost in foraging payoff before competition
for the patch ensues (see Chapter 2 of this dissertation).

Interestingly, I found that groups largely left focal trees closest in time to the predicted
optimal departure time based on the group-level gain curve (supporting my hypothesis 2C, in
comparison to individual gain curves and the median of all individuals’ optimal departure times).
Indeed, in 56% of all focal trees observed, groups left trees around the predicted optimal
departure time for the group-level gain curve (versus optimal departure times for individuals and
the median individual). These results suggest that for the majority of cases, capuchin groups
tended to follow a group-level optimal decision-making process as opposed to a shared or
unshared (despotic) decision-making process. Leaving at the group-level optimal departure time
could indicate a mechanism of collective sensing, whereby pooling information across
individuals results in a better estimate of the environment (i.e., the patch and the optimal time to
leave it). Prior research suggests that information pooling results in more accurate decisions in
social groups, benefiting all group members (Franks et al. 2003, Couzin & Krause 2003, Seeley
& Buhrman 1999). As I illustrate in Chapter 1 of this dissertation, leaving at the group-level
optimal departure time can potentially optimize individual-level energy gains across patches. For
instance, if individuals unpredictably vary in their foraging behaviors and efficiency from one
patch to the next, then their individual-level energy gain across multiple patches can be
maximized by departing at the group-level optimal departure time. I emphasize that my novel
result that groups often follow a type of group-level optimal decision process reveals an
alternative mechanism for reaching consensus decisions that has not been previously considered,
further corroborating using well-established theories to understand the mechanisms driving

collective behaviors.
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While the capuchin monkey groups left the majority of focal trees around the predicted
optimal departure time for the group-level gain curve, I nevertheless found instances where
groups tended to leave closest to the optimal departure times of certain individuals, in particular
dominant adult males (16% of the time) and dominant adult females (11% of the time). In
contrast, I rarely observed groups leaving patches closest to the optimal departure times of
juveniles or subordinate adults (in 6% and 1% of cases, respectively). These results indicate that
unshared decision-making also occurs (hypothesis 2A), where the highest-ranking adult of both
sexes occasionally influence group departure decisions while subordinates and younger
individuals rarely do. I note that I defined social rank in my study in the conventional sense used
in many studies of animal behavior, whereby higher-ranking individuals are those who most
often win aggressive interactions, and vice versa. An alternative way to assess higher rank could
be simply by classifying individuals who have greater influence on group departure decisions as
“dominants” (i.e., individuals whose optimal departure times most often align with real observed
group departure times). I also found that in 10% of focal trees, groups left at the time predicted
by the median individual’s optimal departure time. These results suggest that occasionally shared
decisions occur over when to go, where once half of the group had reached their optimal
departure time (a majority rule), the group departed. The variation I observed in who had
influence over the timing of group departures suggests that decisions do not always follow a
singular process, and that group-level optimal, unshared decision-making, and shared decision-
making all play a role. A promising direction of future research could evaluate factors driving
instances of these different types of decision processes.

To compare my foraging theory results with common methods to infer influence over

group decisions (e.g., Papageorgiou et al. 2020), I observed movement initiation attempts away
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from feeding trees and which individuals (‘leaders’) were most successful at recruiting the group
to move on to the next resource. My results suggested that higher ranking individuals and adults
were more successful at initiating group movements when compared to subordinates and
juveniles. While all individuals in the group made initiation attempts and were successful at
times, suggesting some element of shared decision-making, the dominant adult female was the
most successful leader in both groups, with approximately two-thirds of her movement initiation
attempts being successful (Figures 21 and 22). The beta adult females for both groups were also
relatively successful at initiating movement away from patches, with around half of their
movement initiation attempts being successful. I highlight that these results from observations of
group movement departures somewhat contrast my results of group departure decisions using
optimal foraging theory. Using foraging theory, dominant and adult individuals (and the alpha
and beta females) had limited influence over group departure decisions and were not consistently
as “heavy influencers” (like my movement initiation results suggested). Instead, I found that
group departure decisions were most often predicted by a group-level optimal process. I
emphasize that optimal foraging theory in this case provides clear predictions of animal
departure preferences versus observations of the decision outcome (such as who successfully
initiates, who moves first, or who is in front). This further supports why theoretical backing from
foraging theory is helpful to understand the process of collective decision-making and who
contributes.

I predicted that the magnitude of individual time consensus costs (the time difference
between predicted optimal and observed group departure times) would be related to social rank
and age under unshared decision-making processes, while evenly distributed under shared

decisions. My results indicated that juveniles paid the highest time consensus costs by leaving
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the farthest from their optimal preferred leave times. Subordinate adults also paid high time
consensus costs, with the dominant male in both monkey groups paying the lowest time
consensus cost overall. Measuring consensus costs based on time (i.e., leaving at a suboptimal
time) reflects missed opportunity costs when an individual could have allocated their time to
other behaviors (Brown 1988). In foraging, an individual leaving with the group at a time before
they have reached their optimal departure time means they missed out on more time to forage in
the patch, while leaving after their optimal departure time suggests they are forgoing
opportunities to move along and search for new patches to exploit that have yet to be depleted.
Regardless, individuals can pay consensus costs by forgoing their preferred choices to
compromise with other group members, and I found that juveniles and subordinate adults most
often paid the highest time consensus costs.

I also hypothesized that individuals who compromise their optimal foraging timing would
pay a foraging consensus cost, by obtaining less food overall in patches. In support of my
prediction, I indeed found that individuals who paid higher time consensus costs also received
less total fruit in focal trees. This indicates that leaving at a suboptimal time is not only
temporally costly, but also energetically costly. While I used the total amount of fruit consumed
as a proxy of energetic consensus costs (i.e., what amount of food/energy an individual forgoes
by complying with the group decision), I maintain that energetic consensus costs are likely
asymmetrical depending on whether an individual leaves before versus after their optimal
departure time. If a group member leaves before their optimal time, they are still in the part of
their gain curve with the highest slope, and so they may miss out on obtaining more food in that
particular patch. If a group member instead leaves after their optimal time, they may still obtain

the optimal level of food in that patch, but they miss out on moving on to the next patch where
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their energy gain is greatest at the start. A promising future direction is to assess consensus costs
not just based on the total amount of food received in a patch, but based on the exact energetic
(foraging) loss of leaving early versus late, as outlined in chapter 1 of this dissertation (Figure
3A of this dissertation, Davis et al. 2022).

While focusing on one fruit tree species in my study allowed for repeated measures of
foraging gain curves, optimal departure times, group departure decisions, and consensus costs,
expanding data collection to include different foraging tree species would further advance our
understanding of collective foraging decisions. For instance, obtaining data on a range of patch
richness and distributions (travel times) could explore whether resource quality and distribution
influences group decision-making processes and which group member(s) have influence. As I
discuss in chapter 1 (Davis et al. 2022), group-level consensus costs can be minimized in
resource-rich (short travel times) environments, and maximized in environments with
intermediate resource availability. One way to collect data in environments of varying resource
availability is to record collective foraging behaviors in a season of plenty (where patches are
abundant) versus a season of scarcity (where patches are few and far between). More replicates
of capuchin monkey groups would offer more statistical power for my analyses, and allow
assessments of collective foraging across groups. Comparing groups of different sizes would also
be interesting to examine if predictions from the MVT hold true, like if larger groups leave
patches sooner and deplete resources to a greater extent than smaller groups (Davis et al. 2022,
Giraldeau & Caraco 2000, Livoreil & Giraldeau 1997). Future studies could also investigate how
variables such as satiation, physiological state, or even genetic ties (e.g., does a mother wait for
her offspring to reach their optimal needs before moving on?) play a role in the preferences

individuals have over when to leave. In addition to individual differences influencing the degree
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of conflict between group members, environmental factors could also influence whether conflicts
between group members are higher versus lower in a patch. For instance, the size of the patch,
quality of the food, ease of access to the patch, and/or the location of the patch in an animal
group’s home range could all be factors influencing the extent of conflict between group
members. Ultimately, by applying concepts from foraging theory we can open the door to a wide
range of interesting study avenues in the field of collective behavior.

This study applies classic theories from optimal foraging to observations of collective
behavior, exemplifying ways to generate discrete, tractable predictions of animal preferences and
then link these to collective outcomes. Further, the great strength of making such clear
quantitative predictions is that the observational methods employed in this study are relatively
straightforward and achievable, without requiring expensive technology. I emphasize that while I
used one facet of foraging theory here (the marginal value theorem), additional models that have
been well-established and studied for years can continue to provide us with key insights into
social foraging behavior, a promising direction for future research. By combining theory and
models from social foraging theory and collective decision-making, my work contributes to
understanding how group-living individuals with conflicting interests achieve consensus and
exploit resources in their habitat. Together, this captures important elements of group decision-
making in social animals: when to leave food patches, how such decisions are made, and which

group members pay the costs of compromise.
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SUPPLEMENTARY MATERIALS

Behavior

Description

Enter palm

An individual initially enters the focal palm tree. We noted the
direction the individual enters from following 45 degrees: N, NW,
NE, S, SW, SE, E, W.

Enter Fruit

An individual begins to descend from the top of the fruiting clump
stem.

Touch An individual uses its hands to test fruits on the fruiting clump,
without pulling them off the clump. We also recorded how many fruits
the monkey touched.

Drop An individual removes a fruit from the fruiting clump and discards it
without eating. We also recorded how many fruits the monkey dropped.

Bite An individual uses their teeth to bite into a fruit, without eating it.

Start Eat An individual begins to chew, swallow, and eat a fruit. This behavior
implies that the individual removed a fruit from the clump.

Stop Eat An individual discards a fruit that it was consuming to the forest floor. The
observer recorded the percentage of the fruit eaten in the following
categories: 0-25%, 25-50%, 50-75%, 100%, or Unknown if unable to
observe the proportion of fruit pulp consumed.

Exit fruit An individual leaves the fruiting clump, but remains in the palm tree.

Exit palm An individual leaves the palm tree completely. Note the direction of

departure following the 45-degree system above.

Contact calls

An individual makes a small staccato “000” call. Each syllable was
noted as one contact call.

Displace

Individual A (the actor) moves toward individual B (the recipient)
and takes the position in which B was previously while B moves
away (there may or may not be bodily contact during this shift; a.k.a.
supplant). We noted the identity of the actor and the recipient (as for
all social interactions listed below).

Visual threat

Individual A threatens individual B via a facial expression (raises
eyebrows or opens mouth in threat grin while looking at B), a head
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bob (A, while looking at B, quickly moves its head down and then
back up again), or a sharp look or stare threat (A sharply turns its
head so that it is facing B and/or looks at B intensely).

Vocal threat Individual A vocalizes a threat call at individual B.

Chase Individual A runs behind individual B, following B, while B is
running away from A.

Aggressive Individual A uses hand(s) to touch individual B in an aggressive

contact context - includes grabbing or pulling B's skin or hair, swiping or
hitting B, holding B down on the ground, or pulling or pushing B.

Chomp Individual A uses mouth to grab a piece of skin or body part of B in
an aggressive context.

Fight A complex series between two individuals of back-and-forth grabs,

lunges, and/or bites that happen too quickly to record individually.

Table S1. The ethogram for focal tree follows of the capuchin monkeys in A. butyracea

palm trees. The focal tree follow began the moment the first individual in a group entered a

palm tree and terminated when the last individual exited the tree. I recorded these behaviors for

all monkeys in trees using all-occurrence sampling (Altmann 1974). I inputted these behaviors

into the Animal Behaviour Pro iPhone application (Newton-Fischer, 2016), which recorded a

time to the second of the behavior, the monkey identity of who performed the behavior, and the

recipient of the behavior (if applicable).

(a) Value Std. Error t value p value

Rank - 0.803052450873 - 0.72548499136015
Dominant  0.281982048983 941 0.351137772727 6

male 011 22
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Rank - 0.749785405845 - 0.50122575457733
Subordinat 0.504277442209 751 0.672562360214 3
es 92 387
12 0.574316295286  0.550934605376  1.042440045846  0.29720770826346
84 455 11 3
23 1.853869663717  0.642267522924  2.886444662926  0.00389621255906
57 853 67 334
(b) Value Std. Error t value p value
Rank order - 0.195684146212 - 0.611411548832084
0.099419208407 75 0.5080595967
6574 11363
12 0.588811429386 0.607664547272 0.9689744646  0.332557929906748
584 285 60922
23 1.864348538454 0.693150492488 2.6896735393  0.007152194886859
62 795 7898 34
(©) Value Std. Error t value p value
Age classJuve - 0.29228804249 - 0.2487525134943
nile 0.337120559820 516 1.15338471236 28
646 376
12 - 0.28397595916 - 1.8055269137075
1.355716957377 0035 4.77405538619  5e-06
72 451
23 - 0.27394260707 - 0.0307292106647
0.591869911893 2419 2.16056172575 511
059 08
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314 - 0.27258776685 - 0.7231111031061
0.096578924240 6293 0.35430395631 35
0457 423

4|5 0.242855948192  0.27351990108  0.88789132793  0.3745992099635
69 808 1144 43

5|6 0.576509024488  0.27528900692  2.09419559074  0.0362425604014
226 8013 141 372

6|7 0.893205480026  0.27856069681  3.20650217437  0.0013435928954
353 3047 465 3444

7|8 1.243872289083  0.28597445024  4.34959237796  1.3639081970089
52 5971 821 4e-05

8|9 1.550645783438  0.29676069996  5.22523967505  1.7392966719975
22 2101 216 9e-07

9110 1.813739448453  0.30915283607 5.86680514229  4.4427226791934
91 7446 393 5e-09

1011 2.041127581429  0.32237622002  6.33150789254  2.4277674919951

0771 086 9e-10

11]12 2.321408707642  0.34223288367  6.78312581399  1.1760313390342
59 3569 049 2e-11

12]13 2.607890881616  0.36704354207  7.10512672930  1.2021218099316
09 5048 466 2e-12

13|14 2.994248165916  0.40980708838  7.30648212487  2.7422696280054
17 2668 776 4e-13

14|15 3.601804390862 0.50551186794  7.12506395846  1.0403236835833
27 3495 848 3e-12

15]16 5.230374942891 1.02681366678  5.09379170932  3.5097235146303
33 588 094 le-07

Table S2. Age class, but not rank or rank order, predicted the ordering of optimal patch

departure times in a focal tree. (a) The summary of the ordinal logistic regression model for

rank category in adults. (b) The summary of the ordinal logistic regression model for rank order

in adults. (c¢) The summary of the ordinal logistic regression model for age class. The logical way
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of testing the hypothesis is to make exclusion of the predictor variable and the probability of
occupying the response variable, as done here. However, because the data are difficult to

interpret this way, I present the raw data in Figure 17 of my results.
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