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ABSTRACT FOR MASTERS 

 

Spatial Movement Decisions Among Foraging Japanese Monkeys (Macaca fuscata) 

 

Megan Marie Joyce 

 

Like humans, animals routinely make decisions. These decision-making opportunities can 
impact an individual’s survival and reproduction. Research has shown that nonhuman 
primates make intentional, directional movement choices when solving spatial navigation 
problems in foraging. However, few studies investigate contextual factors influencing an 
individual’s decision-making process. Here, I investigated the influence of social 
(dominance rank, intraspecies competition), individual (age, sex, physical impairment), 
and environmental (interspecies competition) variables on route choice decision-making in 
a large (400+) group of free-ranging Japanese monkeys who inhabit forests around the 
Awajishima Monkey Center in Japan. I used a multi-destination foraging experiment with 
6 feeding platforms in a (4mx8m) Z-array, which was successfully completed by 29 
identifiable individuals during solitary foraging trials (N=155 successful trials). The 
macaques: (1) did select optimal routes, and (2) used heuristics similar to primates in other 
studies. Linear mixed-effects models detected relationships: (1) between age and 
experiment run time (juvenile macaques completed the array significantly faster than adult 
and young adult participants); and (2) between route length and competition (trials with 
competitors nearby were significantly longer than those absent of competitors). Contextual 
factors led to variation in Japanese macaque decision-making. Participants preferentially 
used what I term a sweep strategy, which promoted food acquisition in the experiment. I 
argue this strategy was a response to the island’s topography and intragroup competition. 
My research on individual variation in route choice contributes to a better overall 
understanding of group-level movements and the processes underlying foraging decisions, 
which can contribute to conservation and management.  
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INTRODUCTION 

 
With anthropogenic activities and their impacts generating rapid global change, the 
planet’s biodiversity has become increasingly vulnerable (Ceballos et al., 2015). 
Anthropogenic activities, such as land conversion for large-scale agriculture, mining 
contaminates, or urban and industrial activities can render ecosystems uninhabitable to 
many non-human species (Berger‐Tal et al., 2016). For example, Estrada and colleagues 
(2017) estimated that 2-13% of all primate species are impacted by the habitat loss 
associated with various types of mining, and the development and construction of 
transportation infrastructure (e.g. railways and roads). Such anthropogenic activities 
fragment habitat, leaving populations vulnerable to reductions in gene flow and local 
extinction (Asensio et al., 2017; Berger‐Tal et al., 2016; Corrêa et al., 2018). A notable 
example arose in South American as a result of the resurgence in gold mining (Alvarez-
Berríos & Mitchell Aide, 2015). Largescale deforestation and destruction of habitat 
occurred not only around, but within protected areas as global demand for gold increased 
(Alvarez-Berríos & Mitchell Aide, 2015). Human agricultural systems have also led to 
extensive deforestation affecting 76% of primate species (Estrada et al., 2017). Habitat is 
destroyed and natural ecosystems are replaced with largescale crop production, including 
palm oil, soy beans and rice (Berger‐Tal et al., 2016; Cosset et al., 2019; Estrada et al., 
2017; Swarna Nantha & Tisdell, 2009).  
 
Climate change is predicted to further reduce ecosystem resilience and available habitat 
for many species, as temperatures continue to rise and precipitation patterns change 
(Estrada et al., 2017; T. L. Graham et al., 2016; Stewart et al., 2020). For example, 
Stewart and colleagues (2020) estimated that 8% of primate species currently occupy 
habitat ranges with temperatures above their pre-industrial seasonal maximum 
temperatures. With continued accrual of CO2 emissions, the authors predicted that more 
than a quarter (26.1%) of primate habitat ranges will have temperatures higher than their 
pre-industrial seasonal maximum temperatures with a 2-degree Celsius temperature 
increase (Stewart et al., 2020). With such extensive and disruptive impacts, it is 
unsurprising that nearly 60% of extant nonhuman primate species are threatened with 
extinction with all of these human activities (Estrada et al., 2017). 
 
The animal decision-making (ADM) process involves an individual weighing costs and 
benefits of alternative options, relating to all aspects of an individual’s life (Blumstein & 
Bouskila, 1996). Individual perception of various biological (e.g., age), social (e.g., 
gregariousness) and environmental factors (interspecies competition) will influence the 
decision-making process (Blumstein & Bouskila, 1996; Dill, 1987; Gigerenzer & 
Gaissmaier, 2011; Houston, 1997; Owen et al., 2017). Furthermore, the decision-making 
process can occur instantaneously, or it can be a more methodical, drawn-out process. For 
instance, individuals who rely on heuristics, or simple rules-of-thumb, will save energy 
by making quick, mostly ‘correct’ decisions as opposed to opting for a more cognitively 
costly decision-making analysis of the situation (Blumstein & Bouskila, 1996; 
Gigerenzer & Gaissmaier, 2011). As a result of these unsustainable human activities, 
gaining insight into animal decision-making is vital for creating strong conservation 
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management programs that take into account animal behaviour and the trade-offs animals 
make, and their feeding and foraging needs.  
 
A confluence of factors has led me to become interested in primate decision-making for 
my master’s research. In general, animals and their interactions with their environments 
has always interested me. But it wasn’t until I worked with Kanzi, a bonobo with human 
language skills, and his family, that I became passionate about primates. Similarly, 
conservation research and management programs became of interest to me after gaining 
practical experience during a summer internship conducting sea turtle conservation work 
in Costa Rica. I got to observe firsthand the efficiency of an inclusive, holistic approach 
to conservation management programs. Working with the local community and including 
sea turtle ecology within the program facilitated its success. As I began conception of my 
master’s project, my main goal was that I would be able to contribute the data I collected 
to the larger scope of research within animal decision-making (no matter how specific a 
contribution it might be). By adopting a contextual approach to investigating decision-
making among the Japanese macaques at the Awajishima Monkey Center in Japan, I will 
hopefully be able to positively contribute to knowledge of their feeding ecology, and their 
movement strategies at the individual and group levels. Additionally, by gaining insight 
into which contextual variables are most influential in foraging decision-making, perhaps 
my research could link to other important aspects of their life history. 
 
I have opted to write a manuscript-based thesis. As such, there will be some overlap in 
content between the two main chapters (i.e., the literature review and the manuscript 
chapter) in order to meet the journal requirements for the manuscript. Following this 
Introduction, in Chapter 2 I will define animal decision-making and the frameworks that 
have been used to investigate route decision-making in foraging. Next, I will present a 
review of the literature specific to primate route decision-making studies within foraging. 
This review will include a summary of the strategies and heuristics commonly observed 
in other primate studies. Finally, I will introduce my research questions in the context of 
this literature.  
 
In the third chapter, I present the manuscript that I have prepared and submitted (August 
2021) to the journal Primates. Here, there will be some overlap in content with the 
second chapter, mainly in the introduction and research question sections of the 
manuscript. In this chapter, I introduce and contextualize primate decision-making 
research and the research questions I investigated. I present my research methods (I 
conducted an in situ multi-destination foraging experiment, using a 4m x 8m, Z-shaped 
foraging array that a large (400+) group of free-ranging Japanese monkeys were able to 
voluntarily visit and collect small pieces of baited food items). The experiment trials were 
recorded to allow for individual identification of the participants and for collection of 
time-related data. I then present the results, primarily that juvenile group members 
complete the array significantly faster than adult and young adult group members. And 
that while the Awajishima group macaques selected routes conforming to commonly 
observed heuristics and strategies in other primate research, I observed preferential use of 
routes that avoided leaving isolated food pieces behind. I propose that this sweep strategy 
was a response to the island’s topography and the increased resource competition 
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associated with group’s large size. The results from this multi-destination foraging 
experiment provide insight in our overall understanding of contextual factors influencing 
decision-making process of the Japanese monkeys on Awaji Island.  
 
Finally, I will provide some general conclusions. I have also included two appendices: 
Appendix A presents as a guide for the identification process of the 29 Japanese monkeys 
who participated in my foraging experiment during the field season. There is a brief 
description of the identification process, which is followed a series of figures for the 
identifications of each participant macaque. Finally, Appendix B provides supplementary 
tables and figures from the tests and analyses performed in R. These tables and figures 
were not included in the manuscript I submitted for publication, yet they provide 
complementary details on the analyses into the manuscript that comprises Chapter 3 of 
this thesis.  
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CHAPTER 2 

ANIMAL DECISION-MAKING 

2.2 Introduction 

Living in dynamic and often unpredictable environments, animals regularly make 
decisions. They must decide what to eat, and when and where to forage for food. “Fight 
or flight” is an important decision when confronted by a predator or extra-group 
conspecific. Animals must decide where to sleep, and importantly for their biological 
fitness, when and with whom to mate. Furthermore, gregarious species, like most 
nonhuman primates, are presented with even more choices when navigating socially 
complex scenarios. For instance, individuals must decide which conspecifics could be 
challenged in a dominance hierarchy and when to challenge them, whom to interact with 
socially, whom to cooperate with, with whom to remain in close proximity, whom to 
allow to handle offspring, and where to situate (spatially) within the group. 
 
With such a range of routine choices to be made, it is unsurprising that animal decision-
making (ADM) has received considerable research attention across a variety of 
disciplines. For example, it has been approached by cognitive psychologists, signal 
detection theorists, behavioural economists and behavioural ecologists (Blumstein & 
Bouskila, 1996; Owen et al., 2017). Although there is variation in the definition of ADM 
across academic disciplines, in this thesis I will adopt the most holistic behavioural 
ecology definition for investigating decision-making in foraging, that of Blumstein and 
Bouskila (1996). For the purposes of my thesis, ADM will be defined as “the process of 
selecting a behavior while a subject weighs the costs and benefits of alternative 
behaviors” (Blumstein & Bouskila, 1996:569). The decision-making context reflects an 
individual’s experiential conditions, which can include factors such as resource 
abundance or group size (Owen et al., 2017). Biological, social and environmental 
constraints contribute not only to shaping an individual’s cognitive and physiological 
perceptions, but their decision-making processes (Blumstein & Bouskila, 1996; Dill, 
1987; Gigerenzer & Gaissmaier, 2011; Houston, 1997; Owen et al., 2017).  
 
Much of the research regarding animal decision-making is framed by way of optimization 
principles. Early research expected movement decision-making to reflect patterns 
aligning with economic principles; specifically, travel distance would be minimized 
while caloric intake during foraging would be maximized (Hopkins, 2016; Houston, 
1997; Pyke et al., 1977). In contrast, I would like to investigate route choice in foraging 
by adopting a contextual approach to studying ADM strategies. My main research 
question was: How do social and non-social factors influence route decision-making in 
foraging? More specifically, I would like to investigate how social variables (including 
social dominance rank and intra-specific competition from group members), individual 
non-social variables (including age, sex, and physical impairment), and environmental 
variables (such as interspecific competition from sika deer) influence an individual’s 
decision-making process. Gaining insight into contextual influences in primate decision-
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making will contribute to developing knowledge of overall movement patterns at the 
individual and group levels. Furthermore, there is potential for practical application of 
decision-making within conservation management programs as human impacts on the 
environment continue to escalate. 

2.2 Route Choice Decision-Making in Foraging 

 Foraging research is a rich field with more than 23,000 publications relating to 
conservation alone (Berger‐Tal et al., 2016). Although a much smaller proportion of this 
research actually applies behaviour research to conservation management programs 
(~10%), primate decision-making in foraging (or route choice) has been a topic of 
interest at least since Menzel’s (1973) experimental study of chimpanzee (Pan 
troglodytes) route choice and spatial memory in foraging. The specialist diets of many 
primates rely on calorie-rich and, often, seasonally available food items, such as fruit or 
nuts (Trapanese et al., 2019). Moreover, it is not uncommon for leaf-eating primates to 
opportunistically forage on preferred food items like fruit, making fruit a prioritized 
resource for most primate species (Hopkins, 2016; Nakagawa et al., 2010). The seasonal 
availability of fruit and its distribution across the landscape presumably necessitates that 
primates apply some sort of spatiotemporal strategy when directing travel between 
foraging sites, whether travel is occurring at the group or individual level (Trapanese et 
al., 2019). How travel between and within patches is decided, is an important element of 
foraging behaviour (Marshall et al., 2012).  Route choice studies of wild and captive 
populations have drawn comparisons between observed behaviour and expected route 
choice decision strategies, however, relatively few studies have attempted to isolate the 
contributing factors underlying these strategic choices (Carter et al., 2013).  
 
In order to isolate the contributing factors underlying the decisions associated with 
choosing a specific route, or a chosen route, we must first address the question: what is a 
route? The terms route and path have been used interchangeably in foraging studies to 
denote direct, linear movement between two positions (Trapanese et al., 2019). This goal-
oriented travel has been imprecisely defined across the literature, with the most basic 
definition being an alternative to a random walk, which is movement that apparently 
lacks an underlying source of motivation for directing their actions (Hastings et al., 2011; 
Hopkins, 2016; Shaffer, 2014; Trapanese et al., 2019). The term pathway, a variant of 
path, has also been used in animal behaviour studies (Di Fiore & Suarez, 2007; Hopkins, 
2016; Janson, 2007; Mushiake et al., 2001; Trapanese et al., 2019). Pathway denotes a 
pattern of repeated use, acting as a visible (or ‘fossil’) record of the recurring movement 
(Menzel, 1973; Teichroeb et al., 2015; Trapanese et al., 2019). To remain consistent, I 
will define the term route to mean direct, linear, goal-oriented travel between two (or 
more) positions. A route could be limited to a single segment between two points, or it 
could be the total accumulated distances of a series of segments. This approach allows 
route choice to be studied across a variety of scales in foraging.  
 
Foraging behaviour can be framed as a problem -- finding and obtaining food -- that 
requires solving, in order for an animal to survive. Route choice decision-making can 
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then be seen as the framework underlying the solution to this problem. In human studies 
of route choice, route choice problems are referred to as Traveling Salesperson Problems 
(TSP). In these studies, subjects are presented with multiple locations (either on a map or 
as a list) so that each location can be visited using the least distance possible (much like 
how an actual travelling salesperson would when he or she was planning to visit 
customers) (MacGregor & Chu, 2011). In human-specific contexts, TSPs are typically 
solved in static, laboratory settings, where participants solve the problem using computer-
generated simulations or a pen and paper, rather than by physically moving through space 
to solve the problem (MacGregor & Chu, 2011). Ecological applications often do not 
require the individual (or group) to return to the original starting point (since many 
animals have large home ranges and rotate sleeping sites) and, as such, behavioural 
ecology studies have adapted the TSP to be an open-ended problem, where individual 
animals can enter and exit the series of sites as they choose (Chapman et al., 1989; 
Howard & Fragaszy, 2014; Trapanese et al., 2019). Other names for this open-ended type 
of problem are: (1) the optimal Hamiltonian path problem, (2) the open-TSP, (3) the one-
way version of the TSP, or the shortest path problem (SPP) (Howard & Fragaszy, 2014; 
Trapanese et al., 2019). This type of optimization problem has lent itself well to 
ecological research. Some primate studies (e.g., in cognitive psychology) have used a 
theoretical approach for analyzing a primate’s ability to solve route choice problems. For 
instance, one study presented two Japanese monkeys (Macaca fuscata) with a path-
finding maze task, where cursor movement (controlled by wrist movements of the 
restrained monkeys) was used as a proxy for route choice (Mushiake et al., 2001). The 
results of this experiment suggest that subjects used the shortest paths (as compared to 
randomly selected paths), and the authors interpret this result as visual based path 
planning (Mushiake et al., 2001). Here, visual based path planning is when the subjects 
make decisions for controlling how the cursor is moved through the maze, exclusively 
using visual information (Mushiake et al., 2001). In these contexts, behaviour is 
approached as an algorithm, increasing in complexity as the number of destinations 
expands or the pathways are obstructed (MacGregor & Chu, 2011; Mushiake et al., 
2001). However, more commonly studies consider route choice in terms of physical 
movement across a landscape and between sites (whether they are sleeping, feeding or 
refuge sites) and examine the animal behaviour using an optimization framework 
(MacGregor & Chu, 2011; Trapanese et al., 2019). 
 
Foraging route choices are likely influenced at least in part by the geographic dispersion 
of resources across a landscape via the process of natural selection (Hutchinson & 
Gigerenzer, 2005; McNamara & Houston, 1980). Flexibility in processing the 
contextually-specific perceived stimuli in the decision-making process might be expected 
to emerge over strict route foraging optimization (Carter et al., 2013). Flexibility in 
decision-making processes likely results in more contextually-appropriate decisions 
(Marshall et al., 2012). Primate foraging studies document well the movement choices 
that primates make across different landscape scales. Large-scale travel distances are not 
uncommon, especially for wild primates who forage on high-quality, patchily distributed 
food items, such as fruit. In one study of wild mantled howler monkeys (Alouatta 
palliata), researchers followed groups traveling between the largest fruiting trees with the 
highest yields (Hopkins, 2016). Another study of free-ranging bearded saki monkeys 
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(from the genus Chiropotes) also observed a group traveling directly between high-
quality, patchily distributed resources, using shorter and more direct routes among the 
sites (Shaffer, 2014). In both studies, researchers hypothesized that the monkeys were 
relying on experiential knowledge of spatiotemporal information (such as seasonal 
resource distribution) to inform their route decision-making (Hopkins, 2016; Shaffer, 
2014; Trapanese et al., 2019).  
 
Field experiments with wild populations and laboratory experiments with captive 
primates have approached route decision-making in foraging at a much smaller scale. In 
this context, the focus is often narrowed to the individual level (though not exclusively) 
and how an individual moves within a food patch (or simulated food patch) (Trapanese et 
al., 2019). The simulated foraging scenarios typically consist of arrays that have been 
precisely arranged on the ground, on food tables (or platforms), or arboreally (as in one 
study (Janson, 2016), in an open space (in the wild) (Bicca-Marques & Garber, 2005; 
Bicca-Marques & Garber, 2004; Janson, 1998, 2007, 2016; Lührs et al., 2009; Teichroeb, 
2015; Teichroeb & Aguado, 2016; Teichroeb & Chapman, 2014; Teichroeb & Smeltzer, 
2018) or in an enclosure yard (in captivity) (De Lillo et al., 1997, 1998; Gibeault & 
MacDonald, 2000; MacDonald & Agnes, 1999; MacDonald & Wilkie, 1990; Menzel, 
1973; Teichroeb & Vining, 2019). Primates are then observed and their movements 
through the arrays are recorded. In one early laboratory experiment, Menzel (1973) 
carried chimpanzees (Pan troglodytes) around their enclosure as he hid food items. When 
the chimpanzees were then allowed to forage for the rewards, they consistently 
demonstrated the use of shortened routes (as compared to the random routes selected by 
caregivers while hiding the rewards) (Menzel, 1973). Similar observations have been 
made for captive yellow-nosed monkeys (Cercopithecus ascanius whitesidei) 
(MacDonald & Wilkie, 1990); vervet monkeys (Cercopithecus aehtiops) (Cramer & 
Gallistel, 1997); capuchin monkeys (Cebus apella) (De Lillo et al., 1997); and orangutans 
(Pongo pygmaeus abelii) (MacDonald & Agnes, 1999) who demonstrated efficiently 
short route choices when moving through foraging arrays.  
 
Many foraging experiments involving wild and free-ranging primates have also been 
performed (Andrews, 1988; De Lillo et al., 1997, 1998; Gibeault & MacDonald, 2000; 
MacDonald & Agnes, 1999; MacDonald & Wilkie, 1990; Menzel, 1973; Teichroeb & 
Vining, 2019). Observations have focused primarily on the choices made by capuchin 
and vervet monkeys, the results of which highlight their spatiotemporal abilities by 
testing their memory and/or movement choices through arrays (Janson, 1998, 2007, 2016; 
Teichroeb et al., 2015; Teichroeb & Aguado, 2016; Teichroeb & Chapman, 2014; 
Teichroeb & Smeltzer, 2018). Janson (2016) noted during a foraging experiment 
simulating seasonality, that capuchin decision-making seemed to be related to their 
ability to remember (1) the distances among platforms, (2) the length of time since the 
previous visit, and (3) the rate at which the food replenishes itself. Here, capuchins 
tended to make foraging route choices based on where they expected to find higher 
quantities of food, while minimizing travel distances (Janson, 2016). Teichroeb and 
colleagues have conducted a number of field experiments with free-ranging vervet 
monkeys (Chlorocebus pygerythrus), revealing a variety of factors that are correlated 
with route choice (including olfactory cues (Teichroeb & Chapman, 2014), social factors 
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(Teichroeb & Aguado, 2016), distance (Teichroeb, 2015; Teichroeb & Smeltzer, 2018), 
and nutritional requirements (Kumpan et al., 2019)); the authors suggested that these cues 
were often used to influence decision-making. In small-scale analyses of decision-
making, occurring at the individual level, the results are generally assumed to represent 
strategies belonging to the larger population level, which is why relatively few studies 
seem to perform analyses investigating variation as it relates to an individual’s unique 
context (Carter et al., 2013; Hastings et al., 2011; Marshall et al., 2012; Trapanese et al., 
2019). 

2.3 How are Decisions Made? 

A number of theories have emerged for how primate route choice decisions are made. 
While some studies suggest that primates prioritize high food rewards (Teichroeb & 
Aguado, 2016); others suggest that minimizing distance traveled is preferred, perhaps by 
drawing on learned spatial knowledge best explains primate decision-making (Trapanese 
et al., 2019); yet other researchers have suggested that route choice decisions seem to 
reflect no particular decision-making stimulus or motivation, wherein choices are 
apparently made at random (Hastings et al., 2011; Shaffer, 2014). This variability has 
generated a range of interpretations of decision-making processes. Some argue that 
careful, calculated approaches are being used (e.g. using logic or statistics (Gigerenzer & 
Gaissmaier, 2011)), while others suggest animals are simply demonstrating ingrained, or 
stereotypic, responses due to familiarity of scenarios (e.g. heuristics (Owen et al., 2017). 
For instance, a number of studies suggest that primates are giving forethought to 
decision-making by planning their foraging routes up to three steps in advance (Cramer 
& Gallistel, 1997; MacDonald & Wilkie, 1990; Menzel, 1973). This advanced planning 
allowed the vervet monkeys (Cercopithecus aethiops) to retrieve hidden grapes using 
paths that minimized travel distance, despite the sequence they were hidden in (Cramer & 
Gallistel, 1997). However, Howard and Fragaszy (2014) re-examined the validity of these 
claims for multistep route planning in a study of captive capuchin monkeys (Sapajus 
apella). Though researchers were unable to confirm multistep route planning, a 
preference for nearest neighbour choices, or the next closest option, was revealed 
(Howard & Fragaszy, 2014). Both studies suggest that strategic choices underlie the 
behaviour being observed, however, the contextual influences motivating the decision-
making process remain unclear.  
 
Blumstein and Bouskila (1996) suggested that decision-making is a process that directly 
relates to an individual’s perception of environmental stimuli. The authors modelled 
decision-making as three consecutive (but interrelated) steps, including (1) an assessment 
(of perceived stimuli), (2) an evaluation (of the perceived stimuli), and (3) the resulting 
associations (or observed behaviour) (Blumstein & Bouskila, 1996). There was no time 
restriction for this process; it could occur instantaneously (as in a foraging context) or 
more gradually (as might be expected in a mate choice context). The assessment and 
evaluation components of the model reflected the logic and statistics, while the output of 
this model (the observed behaviour) reflects the heuristics, as proposed by Gigerenzer 
and Gaissmaier (2011). While there are many definitions across disciplines for heuristics, 
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essentially heuristics act as “efficient cognitive processes, conscious or unconscious, that 
ignore part of the information” (Gigerenzer & Gaissmaier, 2011, p. 451). Colloquially, 
heuristics are simple “rules of thumb,” that is, a default decision-making rule that reduces 
the cognitive complexity of decision-making. Heuristics are only one category of 
decision rules commonly applied by researchers to analyse, or predict, behaviour 
(Blumstein & Bouskila, 1996).  

2.4 Decision-Making Rules 

Two categories of decision rules have emerged in the literature: flexible rules and 
inflexible rules (Blumstein & Bouskila, 1996). Flexible rules can generate variable 
outcomes as they are dependent on the perception of stimuli (e.g. social, non-social, and 
environmental cues) inherent to a particular context (Blumstein & Bouskila, 1996). 
However, inflexible rules prompt a predictable, stereotypic response without the 
involvement of stimulus variability, no matter what contextual circumstances are 
presented (Blumstein & Bouskila, 1996; Owen et al., 2017). Decision-making rules (e.g. 
heuristics, optimal principles) offer an alternative, predictable strategy to the decision-
making process, but with a lower energetic cost alternative (Blumstein & Bouskila, 
1996).  
 
In the following sections, I consider the types of decision-making rules used in the 
context of foraging more detail. 

2.4.1 Optimal Foraging Theory 

Embedded within behavioural economics is the widespread expectation that decision-
making processes should be based on optimal principles, which emerged through natural 
selection (Houston, 1997). A notable theory exemplifying this expectation is optimal 
foraging theory (OFT), which predicts that an organism will make decisions to maximize 
their net energy gain from foraging by optimizing energy expenditure and foraging time 
during food acquisition (Hopkins, 2016; Pyke et al., 1977; Teichroeb & Aguado, 2016). 
One assumption of OFT (and optimal principles in general) is that there is an inherent 
cognitive cost (Fawcett et al., 2013). The mental processing involved in memory storage 
can be energetically costly, however, the benefit from a memory informing goal-directed 
search (or memory map) could potentially outweigh these cognitive costs in a foraging 
context (Di Fiore & Suarez, 2007; Erhart & Overdorff, 2008; Normand & Boesch, 2009; 
Noser & Byrne, 2007).  
 
Optimal principles have been used to assess the movement patterns of many species from 
a variety of taxa, ranging from insects (Lihoreau, Chittka, et al., 2012; Lihoreau et al., 
2011; Lihoreau, Raine, et al., 2012), to birds (Miyata & Fujita, 2011) to mammals 
(Trapanese et al., 2018). Lihoreau and colleagues (2012) revealed that bees were able to 
optimize their foraging by adopting a trapline strategy. The gradual reduction in bee 
travel distance in this experiment suggests there was a learning component involved in 
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optimizing behaviour, since travel distance tended to decrease with greater familiarity of 
the flower spatial distribution (Lihoreau, Chittka, et al., 2012). Likewise, primates have 
demonstrated route decision-making that minimizes travel distances in foraging, in 
studies of both captive and wild populations. Primate routes chosen during foraging (or 
foraging experiments) are then compared to predicted behaviour outputs by optimality 
models (Fawcett et al., 2013). Optimality models are programmed simulations that 
provide an optimal route for a given scenario, which should be taken if the individual (or 
group) being studied is conforming exclusively to OFT principles (Fawcett et al., 2013).  
 
As more research has been conducted, however, the evidence that OFT predicts animal 
movement choices is ambiguous. If optimization is selected for via natural selection, then 
we would expect observations of animal movements to demonstrate the relatively 
consistent choices of optimal routes. While some foraging studies have found that 
primates perform optimally by choosing the shortest paths (such as mantled howler 
monkeys (Hopkins, 2016); chimpanzees (Menzel, 1973; Normand & Boesch, 2009); 
vervet monkeys (Cramer & Gallistel, 1997); and orangutans (MacDonald & Agnes, 
1999)); other studies have not. Instead, the evidence from these studies suggests that 
decisions approach, but do not meet optimality criteria (e.g. titi monkeys (Andrews, 
1988), yelllow-nosed monkeys (MacDonald & Wilkie, 1990); capuchin monkeys (De 
Lillo et al., 1998; Garber & Paciulli, 1997); vervet monkeys (Teichroeb, 2015; Teichroeb 
& Aguado, 2016); lemur species (Teichroeb & Vining, 2019). Janetos and Cole (1981) 
proposed that “natural selection will presumably provide a best mix of solutions to a 
range of problems rather than a best solution to any one problem” (203). The original 
optimality models reflected too narrow a focus for the animal decision-making process. 
By considering other contextual factors, it might be possible to obtain a more nuanced 
understanding of animal foraging decisions (Owen et al., 2017). 

2.4.2 Heuristics 

In biology and ecology, the term heuristic is interchangeable with rules of thumb and 
represents inflexible decision-making rules that have a simplified or generalized response 
(though their use is flexible, with the option of changing heuristics depending on the 
context) (Blumstein & Bouskila, 1996; Gigerenzer & Gaissmaier, 2011; Houston, 1997; 
Hutchinson & Gigerenzer, 2005). The decision-making process involves costly time 
investments (weighing all potential outcomes of a choice can be time consuming, 
particularly if there are numerous stimuli under consideration); cognitive investments 
(weighing costs and benefits requires significant brain power, which has high associated 
energetic costs); or a combination of both (Hopkins, 2016; Owen et al., 2017; Trapanese 
et al., 2019). Simple responses that reduce cognitive processing functions (weighing costs 
and benefits) or that reduce the time it takes to make a choice (minimizing missed 
opportunities), while still achieving the desired outcome in the majority of contexts, have 
an adaptive value (Janetos & Cole, 1981). An example of such a rule might be that when 
a predator’s scent is recognized, it stimulates a predator avoidance response (Owen et al., 
2017). Although a predator’s scent may not always signify a real threat of predation (if 
scent is residual), in the instances when a predator scent is indicative of a nearby 
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predator, the avoidance response will provide an adaptive advantage. Heuristics have 
been thought to play a role in animal choices of food sites, sleep sites and even mates 
(Gigerenzer & Gaissmaier, 2011).  
 
During foraging, primates must amass and assess not only ecological information but also 
social information to inform their foraging decisions (Garber et al., 2009). Spatial 
memory is also thought to contribute to the decision-making process, though there is no 
consensus among researchers over whether social or ecological information is more 
influential, although there is likely species- or situation-specific variation associated with 
which type of information is more important (Rosati et al., 2014). For instance, a species 
with a specialized diet would tend to prioritize food type information, whereas a 
gregarious species would likely prioritize quantity information, in order to sustain their 
larger, socially complex lifestyle (Rosati et al., 2014). Ultimately, information associated 
with perceived stimuli must be synthesized, producing a set of decision rules (or 
heuristics) (Garber et al., 2009). Individual experience and contexts (e.g. life history 
stage, rank, sex and age) would also influence the resulting decision rule and choice of 
route (Garber et al., 2009).  
 
There are a large variety of heuristics that can be drawn upon, especially when studying 
humans (Gigerenzer & Gaissmaier, 2011). Fluency heuristics, or recognition-based 
heuristics, are linked to auditory and visual cues; while others are based in rationality or 
statistics, relying on cognitive processing functions (Gigerenzer & Gaissmaier, 2011). 
Primate research has revealed the use of many heuristics for a wide variety of activities, 
as well. Research on foraging decision-making has revealed numerous rules of thumb 
(Trapanese et al., 2019). The least distance strategy is when individuals are minimizing 
their total travel distance (MacDonald & Wilkie, 1990). Often, the primate selected 
routes are compared to the routes traveled by researchers when baiting the array. Menzel 
observed the chimpanzees he carried through their enclosure while hiding food pieces (by 
selecting long, indirect travel routes) collect them by selecting comparably shorter travel 
distances (Menzel, 1973). This strategy has also been observed in studies of titi monkeys 
(Andrews, 1988), and mantled howler monkeys (Hopkins, 2016). The optimal strategy is 
when the shortest distance is traveled between foraging sites. This has been observed in 
studies of vervet monkeys (Cramer & Gallistel, 1997). A nearest neighbour strategy is 
when movement between sites appears to be based on choosing the next closest site, 
though the total route may not be the shortest (Teichroeb, 2015). This has been observed 
in studies of vervets (Teichroeb, 2015; Teichroeb & Aguado, 2016), in capuchins 
(Janson, 2007), and in lemur species (Erhart & Overdorff, 2008). A straight line (or 
initial straight-line segment) strategy is when foraging occurs in a straight line and the 
individual only turns at the end of the straight line, when necessary (Bailenson et al., 
2000). This decision-making strategy has been observed in studies of vervet monkeys 
(Teichroeb & Smeltzer, 2018), of spider monkeys (Valero & Byrne, 2007), and 
chimpanzees (Normand & Boesch, 2009).  
 
Heuristics are often used to try and track or predict behavior. Like analyses based in 
OFT, they consist of comparisons between observed behaviors and statistical models. 
Both OFT and heuristics have been intrinsically linked to natural selection; as efficient 
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spatial navigation is, arguably, related to both reproductive success and biological fitness 
(Hopkins, 2016; Pyke et al., 1977). For instance, with greater efficiency in spatial 
navigation there is higher success in food acquisition, which leads to improvements in an 
individual’s health or increased ability to produce and care for offspring (e.g., in lactation 
production). This connection embeds optimal principles and heuristics with adaptive 
values. Though heuristics can be used to predict behavior, understanding the process (the 
assessment step) that underlies the decisions would be arguably more effective for 
gaining an understanding of animal decision-making. Understanding the assessment of 
contextual stimuli can be used for constructing adaptive management programs in 
conservation (Berger‐Tal et al., 2016; Owen et al., 2017). Though a heuristic might be 
adaptive in one (or even most) contexts, it does not imply universal success.  

2.4.3 Game Theory and Evolutionary Game Theory 

Another way of interpreting the foraging arrays is as a strategic game, rather than a 
problem that needs to be solved (as in the traveling salesperson problems). This has been 
done, initially, within the modelling framework of game theory (GT) and, eventually, 
within an adapted framework of evolutionary game theory (EGT). Game theory emerged 
as an analytical tool to decipher strategies occurring among interacting decision-makers 
(Osborne & Rubinstein, 1994). Games theory itself is quite abstract (allowing for its 
versatile application), though it does have two main underlying assumptions: (1) that 
“decision-makers pursue well-defined exogenous objectives (they are rational)” and (2) 
the decision-makers “take into account their knowledge or expectations of other decision-
makers' behavior (they reason strategically)” (p. 1). In games, the decision-makers are 
players, and players can be a solitary individual or a group of individuals (Osborne & 
Rubinstein, 1994). For the purposes of our research, a player would be an individual 
monkey.  GT and EGT analyses are further categorized into four game types (e.g., 
noncooperative and cooperative games, strategic and extensive games,  and games with 
imperfect and perfect information) each of which include contextual constraints and 
proposed actions available to players (e.g., what they could do), however, they do not aim 
to predict what they will do (Osborne & Rubinstein, 1994).  
 
Similar to OFT, GT and EGT include behavioural economic principles. For instance, 
reasoning underlying players’ decision-making is assumed to include contextual 
parameters, with the authors providing the example of price (Osborne & Rubinstein, 
1994). Variation in analytical context will likely define price; for instance, in the foraging 
array experiments, price would not have a monetary value, but could be a physical 
repercussion if an individual challenges a higher-ranking or physically stronger 
individual. GT and EGT reiterate the contextual approach proposed by Blumstein and 
Bouskila (1996) for the decision-making process. The weighing of costs and benefits 
align with the rational reasoning underlying GT and EGT, making it a likely useful 
candidate for multiple monkey foraging array trial analyses.  
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2.5 Life History, Social, and Environmental Variables and Predictions Associated with 

Foraging Decision-Making 

It has been well established that behaviour is influenced by a confluence of factors, 
including social (such as conspecific competition, dominance rank, proximity of close 
kin), environmental (such as risk of predation, dispersal or quality of resources), and 
contextual variables (such as current activity, temperament or ‘personality’, physical 
condition and impairment, age, sex, and/or life history stage of the individual) (Blumstein 
& Bouskila, 1996; del Mar Delgado et al., 2018; Teichroeb et al., 2015; Trapanese et al., 
2019). Much of the information presented in the literature accepts and concludes that 
nonhuman primate species are capable of making intentional, directional movement 
choices when foraging in spatial navigation problems (Trapanese et al., 2019). However, 
I have identified two main areas that remain unexplored or underexplored in the 
literature: (1) there has been a bias toward largescale research being conducted, focusing 
on how primates move across a landscape (between patches) (Hastings et al., 2011); and 
(2) there is relatively little research investigating how individual characteristics influence 
the decision-making processes (del Mar Delgado et al., 2018; Hastings et al., 2011).  
 
I became interested in investigating this gap in the research, specifically how contextual 
variables might influence the decision-making strategies of the Japanese macaques I was 
to study. By adopting a contextual approach, I was hoping to gain insight into which of 
the individual, social, and environmental variables would most influence the routes 
selected while foraging a multi-destination foraging array. As such, my main research 
question was: do social and individual non-social factors influence route decision-making 
by free-ranging Japanese macaques? More specifically, (1) do non-social variables (i.e., 
age, sex, or disability), social variables (i.e., dominance rank, conspecific competition), 
or environmental variables (i.e., interspecies competition from deer) influence an 
individual’s decision-making process? Previous research by Turner et al. (2012) 
determined that physically disabled individuals from the Awajishima group monkeys are 
able to adopt compensatory behaviours to remain competitive in survival. Thus, I decided 
to investigate (2) whether physical impairment influenced route choice between 
individuals with and without physical impairments. (3) Finally, I wanted to investigate 
whether interspecies variation in decision-making strategies existed between two 
different primate populations. As such, I compared the results of the multi-destination 
foraging array belonging to the Japanese macaques at the Awajishima Monkey Center to  
previously published results belonging to the free-ranging vervet monkeys tested using an 
identical array at Lake Nabugabo, Uganda (as published in Teichroeb and Smeltzer 
(2018)).  
 
I predicted that Japanese monkeys would be able to demonstrate the ability to make 
decisions conforming to optimal principles, by selecting the shortest route when 
collecting the baited food items (Trapanese et al., 2019). I also expect that they will 
employ heuristics in their decision-making.  
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The following are some of the predictions I had for the contextual variables included in 
my analysis: 
 
1. Sex: The socioecological model predicts variability in key resource prioritization 
between males and females, wherein males are more likely to prioritize access to 
mates and females are more likely to prioritize access to food resources (Sterck et 
al., 1997; Wrangham, 1980). I therefore expected to observe female participants 
selecting routes conforming to optimization principles more often than male 
participants, as I expected that obtaining the food resources in the array would be 
more important, adaptively, for females than males.  

2. Dominance rank: Due to the Japanese monkeys’ characteristic female philopatry, 
wherein it is the females who remain in their natal group, and the group members 
adhere to quite strict sex-based dominance hierarchies (Kawamura, 1958; 
Nakagawa et al., 2010). The Awajishima group females are typically dominant 
over their daughters, with the youngest daughter dominant over her older sisters 
(Kawamura, 1958; Nakagawa et al., 2010). In contrast, as is typical for Japanese 
macaques, the Awajishima group males leave the main group at sexual maturity. 
However, at least some males reintegrate into the group as full-grown adults 
(Turner et al., 2018). Social dominance rank for the male Awajishima group 
members has been determined to be significantly influenced by an individual’s 
age, which is likely correlated  with their length of tenure in the group (Turner et 
al., 2018). Dominance rank influences an individual’s rate of foraging success 
(the number of peanuts collected) in a scenario with contest competition. As such, 
I expected that higher ranking individuals would have greater access to the array 
when multiple individuals were present. Additionally, I predicted that dominance 
rank might influence an individual’s time spent foraging in the array, such that the 
highest-ranking individuals might be able to complete the array at their leisure 
without competitors entering the array, while lower ranking individuals might be 
more motivated to move through the array more quickly and more efficiently so 
as to avoid being displaced by more dominant individuals.  

3. Age: Since age can reflect learned experience, I hypothesized that the older, more 
mature participants would make comparatively more efficient decisions, by 
selecting shorter travel routes, compared to younger, less experienced participants 
(Trapanese et al., 2019). However, I also expected younger individuals to 
complete the foraging array more quickly compared to older individuals. Juvenile 
monkeys are inclined to run during play and travel, and we frequently observe 
them using their speed and agility to avoid physical conflict with adults. As a 
result of their comparatively smaller size and comparatively weaker physical 
strength (Janson & van Schaik, 1993), juvenile monkeys are less likely to do well 
in a direct one-on-one competition with an adult or young adult for a food item 
These physical limitations correlated with age can sometimes lead an individual 
to have an overall lower social dominance rank than expected (Janson & van 
Schaik, 1993). For instance, in the main group setting many of the juvenile 
monkeys would outrank many of the adult monkeys, since social dominance rank 
is inherited from their mother (Kawamura, 1958; Nakagawa et al., 2010). In this 
context, the lower-ranking adult females are very unlikely to challenge a high-
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ranking adult female or that female’s high-ranking offspring, whether it is during 
provision feeds or in contest competition. In contrast, in more peripheral scenarios 
(such as within all male bachelor groups) age becomes the more influential factor 
in the social dominance hierarchy (Turner et al., 2018). Furthermore, it is unlikely 
that an individual adult female on her own or a younger individual would 
challenge any full-grown adult male in a peripheral scenario, as their size and 
strength endows the male with a contextually-specific dominance. As such, in 
peripheral scenarios, I expected adult male individuals to be able to monopolize 
the foraging array over adult females when they are on their own and over 
younger individuals (male and female).  

4. Physical Impairment: I hypothesized that physical impairment may be associated 
with alternative decision-making strategies in travel routes (e.g., proximity might 
factor more highly into the route choice decision-making). Physically impaired 
individuals may incur higher energetic costs associated with locomotion 
behaviours (Turner et al., 2012). Thus, physical impairment could lead to selected 
routes conforming most often to the nearest neighbour rule and could also provide 
a proximate motivation to seek more efficiency in foraging route choice. 

5. Reproductive state: I expected that similar to physical impairment in general, and 
related to variation associated with sex, reproductive state could be associated 
with alternative decision-making strategies in travel routes in that pregnant 
females and mothers with dependent offspring have potentially higher energetic 
costs associated with pregnancy and lactation, and therefore may be motivated to 
prioritize gaining food resources and gaining them in an efficient manner 
compared to others (Hinde & Capitanio, 2010). 

6. Conspecific Competition: I expected that conspecific competition could influence 
the Awajishima group members in one of two ways: (1) either to select the 
shortest path, particularly when other competitors would be present at the time of 
a trial, or (2) to select longer routes that would allow them to pre-emptively 
collect food pieces from approaching competitors. Additionally, I expected there 
to be an inverse relationship between the trial run time, or time spent foraging in 
the array, and the number of competitors present for a trial. Specifically, when 
more competitors were present for a trial of the experiment, I expected the 
individual foraging the six baited food pieces to complete the array in less time 
when compared to the foraging time during a trial with few or no competitors 
present.  

7. Interspecies Competition: Due to the comparatively larger size of sika deer, I 
expected that the Japanese monkeys (especially those smaller in size, e.g., non-
adult males) would select routes that would allow them to avoid deer who were 
present and in close proximity to (or within) the array area. This displacement 
could (but not necessarily) lead to the selection of longer routes or an increase in 
time spent foraging (if an individual waited for the deer to exit the array area).  

8. Topography: Due to the uneven and hilly terrain of the Awajishima Monkey 
Center and its surrounding landscapes, I expected that topography could influence 
the macaques’ selection of routes. The steep slopes and dense patches of 
vegetation limit an individual’s visual scope, limiting a participant’s ability to 
detect approaching competitors.  
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Gaining further insight into individual variation in route choice will support a better 
overall understanding of group-level movements and the process underlying their 
decisions (del Mar Delgado et al., 2018; Hastings et al., 2011). Furthermore, 
understanding the process underlying decision-making will have practical application 
within conservation management programs, and will allow us to better understand the 
foraging needs of individuals according 
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CHAPTER 3 

Spatial Movement Foraging Strategies Among Free-Ranging Japanese Macaques 
(Macaca fuscata) at the Awajishima Monkey Center, Japan 

3.1 Introduction 

Living in dynamic and often unpredictable environments, animals must regularly make 
decisions: what to eat, where to sleep, and with whom to mate. Furthermore, gregarious 
species, like many nonhuman primates, will likely also shape decision-making within 
socially complex scenarios by including experiential information (Marshall et al., 2012). 
With such a range of routine choices to be made, it is unsurprising that animal decision-
making (ADM) has received considerable research attention across a variety of 
disciplines (Owen et al., 2017). Unfortunately, disciplines have not converged on a single 
definition of ADM. Here, we use one of the most widely accepted definitions of ADM in 
behavioural ecology, ADM is “the process of selecting a behavior while a subject weighs 
the costs and benefits of alternative behaviors” (Blumstein & Bouskila, 1996).  
 
Foraging behaviour itself has often been approached as a problem that needs to be solved 
for survival: precisely, that of finding and obtaining food. A number of theoretical 
frameworks have been explored to analyse route decision-making. Early primate research 
was rooted in optimal foraging theory (OFT) (Stephens & Krebs, 1986), which relied on 
comparisons of experimental observations to predicted route choices (Trapanese et al., 
2019). Within an optimization framework, route choice is expected to reflect a decision-
making strategy that maximizes food intake and minimizes energy expenditure (Janson, 
2000; Teichroeb & Aguado, 2016; Trapanese et al., 2019). As such, optimal travel 
requires an individual to move between available food sites by selecting the shortest 
possible travel distance (Cramer & Gallistel, 1997; Janson, 2000). Human optimization 
problems have also been widely studied under the umbrella of traveling salesperson 
problems and have been adapted for study in animal and nonhuman primate studies 
(Teichroeb, 2015; Trapanese et al., 2019). While human studies often take a theoretical 
approach (e.g., subjects are given a series of locations to visit and they must plan a route, 
often using a two-dimensional map) (S. M. Graham et al., 2000; MacGregor & Chu, 
2011), nonhuman primate research usually relies on physical movement between 
foraging sites (Janson, 1998, 2007; Menzel, 1973). Either movement between naturally 
occurring foraging sites or artificially configured experimental foraging arrays (here, 
platforms are precisely laid out in intentional configurations) have been used to 
investigate decision-making strategies. Observations from wild or captive settings are 
compared to predicted routes (e.g., Kumpan et al., 2019; Teichroeb & Vining, 2019). 
While some primates do in fact select the shortest path (SP) when completing experiment 
arrays, often primates do not exclusively rely on this strategy; see Trapanese et al. (2019) 
for a relatively comprehensive list of the experiments.  
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Meticulously incorporating all potential cues and/or information when making foraging 
decisions is not only energetically costly in terms of cognitive function, but it is often a 
time-consuming task. Real life scenarios often require quick, reactionary decision-
making (Blumstein & Bouskila, 1996; Teichroeb & Smeltzer, 2018). As such, heuristics, 
which are simpler rules-of-thumb, have been proposed as alternative decision-making 
strategies (Anderson, 1983; Hutchinson & Gigerenzer, 2005). These fast, less cognitively 
costly decision-making tools provide generalized responses in order to improve the 
efficiency of choices (Gigerenzer & Todd, 1999; Owen et al., 2017; Trapanese et al., 
2019). Nonhuman primates and humans have been observed using certain common 
heuristics: the nearest neighbour (NN) rule (e.g., sites are visited consecutively by 
moving from the current position to the next closest site) (Teichroeb & Smeltzer, 2018), 
the convex hull (CH) heuristic (e.g., perimeter sites are visited consecutively with the 
inner sites being visited in order of proximity to the array edge (Teichroeb, 2015), and the 
initial straight-line segment strategy (ISS) (e.g., sites are visited by moving in a straight 
line and the individual turns only when necessary) (Bailenson et al., 2000) (see Figure 1 
for examples of these heuristics and strategies within the context of the Z-array). Further 
investigations provide evidence to support alternative heuristic use at local levels (e.g. the 
region heuristic as proposed in Teichroeb and Smeltzer (2018)).  
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Figure 1: Common heuristics and strategies for completing the Z-array: Convex Hull (CH) heuristic, 
where platforms are visited around the perimeter with the interior ones visited in order closest to the edge 
(Teichroeb, 2015); Initial Straight Segment (ISS) strategy, where platforms are visited by preferentially 
moving in a straight line, turning only when necessary (Bailenson et al., 2000); Nearest Neighbour (NN) 
rule, where platforms are visited by moving to the next closest one; Shortest Path (SP), where platforms are 
visited in order reflecting the shortest possible travel distance (Teichroeb & Smeltzer, 2018); proposed 
Sweep Strategy (SW), where platforms are visited in an order that prioritizes food security by reducing 
isolated food pieces while still remaining relatively short. 
 

We investigated ADM strategies using a contextual approach to examine whether 
individual, social, and environmental variables influenced the paths taken during foraging 
in an experimental multi-destination array. Our main research question was: do social and 
individual non-social factors influence route decision-making by free-ranging Japanese 
macaques? More specifically, (1) do life history variables (i.e., age, sex, disability) and 
social variables (i.e., dominance rank, inter- or intra-species competition) influence an 
individual’s decision-making process? Since Turner et al. (2012) determined that 
physically disabled individuals from this population are able to adopt compensatory 
behaviours, we investigated (2) whether physical impairment influenced route choice 
between individuals with and without physical impairments. (3) Finally, we investigated 
whether there was interspecies variation in the decision-making strategies used between 
the Japanese macaques at the Awajishima Monkey Center and free-ranging vervet 
monkeys tested in the same array at Lake Nabugabo, Uganda (as published in Teichroeb 
and Smeltzer (2018)).   
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3.2 Methods 

3.2.1 Study Site and Subjects 

Research was conducted at the Awajishima Monkey Center (AMC), located on Awaji 
Island, Japan (34°14'43.6"N and 134°52'59.9"E) (see Figure 2A). It is the largest island in 
the Seto Inland Sea and reflects the Japanese archipelago’s characteristic topography, 
consisting mainly of steep, hilly terrain and though there is an absence of high mountains, 
there is very little level land (see Figure 2A & 2B). The AMC itself consists of one main 
building that can be reached by climbing up a steep path. There are four adjoining fields, 
which serve to provision feed the monkeys, and outside of this flatter area, the 
surrounding steep slopes are covered in secondary deciduous forests (Turner et al., 2005) 
(see Figure 2D). The many tourist paths throughout the center allow visitors and 
researchers the opportunity to wander through and observe the monkeys’ behaviours. 

 

The AMC is a privately-run tourist centre which is visited by a large (400+) group of 
Japanese macaques (Macaca fuscata), known as the ‘Awajishima group’ (Kaigaishi et al., 
2019). The Awajishima group has been observed by researchers since 1978, allowing for 
recognition of many of the individuals (Kaigaishi et al., 2019). Currently, researchers and 
staff are able to recognize approximately 250 of the adult individuals and many of the 
younger individuals who visit the center. And, while the study group free-range forages 
for much of their dietary requirements in the surrounding forests; due to its size, the 
group has been provision-fed wheat, soy, fruits, vegetables and legumes twice daily for 
much of the year since the AMC’s opening in 1967 (Kaigaishi et al., 2019; Turner et al., 
2005, 2012). Furthermore, visitors to the center are able to offer the monkeys small 
pieces of sweet potato and peanuts by passing them from within an enclosure out to the 
monkeys (Turner et al., 2012).  
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Figure 2: (A) Topographic map of Awaji Island, Japan (Esri, n.d.). The Awajishima Monkey Center is 
located along the southern island coast, situated in the steep, hilly and uneven area. (B) Typical view on 
Awaji showing variation in topography. (C) View of the area in front of AMC, showing congregations of 
Awajishima group macaques and sika deer, alike, awaiting a provision feed. (D) Aerial perspective of 
AMC showing main building, provisioning fields and surrounding forested areas (Google, n.d.). 

3.2.2 Data Collection and the Field Experiments 

Our multi-destination foraging experiment was run for 40 days, between July 5th and 
August 13th, 2019. We followed Teichroeb and Smeltzer (2018) and used the same sized 
Z-shaped foraging array (see Figure 3A and 3B). This had three main benefits: as stated 
by Teichroeb and Smeltzer (2018) the Z-array allows for identification of heuristic 
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decision-making strategies (SP, NN, CH, and the ISS) that have been observed in other 
primate foraging studies and it eliminates potential inherent bias of other array shapes. 
Lastly, by adopting the same array configuration and methods, we were able to perform 
an interspecies comparison of routes selected between the Awajishima group Japanese 
macaques (Macaca fuscata) and the wild vervet monkeys (Chlorocebus pygerthrus) of M 
group, at Lake Nabugabo, Uganda (Teichroeb & Smeltzer, 2018).  

 

 

 
Figure 3: Experiment setup: (A) Configuration of the multi-destination Z-shaped foraging array (Teichroeb 
& Smeltzer, 2018). (B) Near Field array with monkeys entering from multiple sides for a trial. (C & D) 
Close up of platform setup, with GoPro Hero 7 video camera mounted and platforms tethered to ground to 
keep array in precisely configured setup. Macaques freely interacted with the feeding platforms. 
 

We constructed two identical Z-shaped arrays. For sanitary and archiving purposes, we 
permanently fixed green plastic matting to the top of wooden food tables and used a 
permanent marker to inscribe the large, block number (e.g., 1 through 6) corresponding to 
that table’s location in the array configuration. This was done in an attempt to minimize 
the risk of human error relating to (1) recording observations (e.g., route sequence) at the 
time of the experiment, and (2) downloading, archiving, and/or reviewing the recorded 
observations at a later time. Additionally, we secured the array tables to the ground using 
bungee cords and large plastic stakes (see Figure 3C and 3D). This precautionary tactic 
prevented monkeys from moving the tables from their precisely measured configurations 
and allowed for consistent calculation of total route lengths traveled. During experiment 
trials, each food table was baited with a food item: either a single peanut or a single, 
equally small sized piece of sweet potato. Food tables were baited when monkeys were 
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not visible to the researcher, or when monkeys were more than 15 m away from the array. 
The order in which food tables were baited was varied by trial in order to reduce the 
potential influence of baiting order on the route decision-making. Food table bait was 
dependent on local availability and trials only ever used one type of food so that food 
preference was not an influential factor in the experiment. Both peanuts and sweet potato 
are equally high-valued rewards that are typically only received from tourists handing 
them out from within an enclosure.  
 
We set up the two identical Z-shaped arrays in neighbouring fields, which allowed us to 
vary their use depending on the number of monkeys present on any given day. For 
instance, early in the field season during peak fruiting of the yamamomo (Myrica rubra, 
“mountain peach”, a type of berry), we were able to use the Near Field (or NF) array to 
run field experimental trials (see Figure 3B). This allowed greater opportunity for 
spontaneous discovery of a baited array as solitary or lone individuals do not tend to stray 
too far from the group. As yamamomo resources became depleted, greater numbers of the 
Awajishima macaques began visiting AMC on a daily basis. During this time the 
identical Z-shaped array in Far Field (or FF) was selected for experimental trials in order 
to reduce the number of unsuccessful (or failed) trials and/or multiple monkey trials 
(where two or more monkeys would compete and each acquire food from the array). 
Since our arrays were set up in fields where monkeys were already accustomed to 
receiving food from the care-giving staff, this encouraged their participation in the 
experiment and greatly reduced the initial period of time we allowed for their 
familiarisation with the arrays.    
 
Field experimental trials were video recorded in order to (1) confirm the identity of a 
participant monkey, and (2) to pull time-related data for our analyses. Therefore, each of 
the food platforms was equipped a GoPro Hero 7 4K video camera (see Figure 3C and 
3D). Filming equipment was waterproof and monkey tamper proof, and cameras were 
synced to be controlled by a single remote control. An additional seventh camera (known 
as The Eye) was mounted in the office building window facing NF, which allowed for an 
aerial perspective of the experimental trials to be recorded. Camera locations were 
selected with the goal of capturing all travel routes during the trials and to record any co-
occurring social activity. Unfortunately, FF did not have its own seventh The Eye camera, 
as there was nowhere to safely install such a camera.  

3.2.3 Data Analyses 

In total, we ran the field experiment 313 times. Successful trials were categorized into 
two groups for analysis: (1) solitary monkey trials (wherein a single monkey completed 
the array by acquiring all six food pieces from the tables), and (2) multiple monkey trials 
(wherein two or more monkeys completed the array, each acquiring one or more food 
pieces from the tables). Multiple monkey trials are not analysed here. Of the 180 solitary 
monkey trials (hereafter referred to as solitary trials), 155 of them were complete (where 
one monkey visited each of the food tables and collected all six pieces of food without 
disruptions). It is the complete solitary trials (N=155) that form the dataset used in our 
analysis. Of the remaining trials excluded, 20 were incomplete because external factors 
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interrupted the experiment, causing the participant to prematurely exit the array before 
collecting all the baited food (e.g., onset of a provision feed for the group), and five had 
interspecies competition where nearby grazing sika deer acquired one (or more) of the 
baited food pieces from the array.  
 
The solitary trial routes (e.g., the sequence in which the Z-array platforms were visited) 
were recorded at the time the experiment trial was conducted. The total distance traveled 
was determined by summing the individual distances between platforms in the order they 
were visited. Heuristic use was determined by comparing the observed routes traveled to 
the pre-determined routes conforming to the examined heuristics. Similarly, experiment 
run time (e.g., duration of an experiment trial) was calculated by subtracting the 
Experiment Start Time (e.g., the time stamp at the moment the macaque grasps the first 
food reward) from the Experiment End Time (e.g., the time stamp at the moment the 
macaque grasps the final food reward). Despite our best efforts at capturing all angles and 
perspectives on video, occasional technical issues led to missing video footage for 15 of 
the completed successful trials. As such, we are only able to include 140 time-related 
entries for our analysis. It should also be noted that one trial belonging to Fuko was 
removed as an outlier from the time analysis because it was more than twice the length 
(369s) of the longest trial (184s). In this trial, after collecting the 4th food item, Fuko 
exited the array area to sit and eat at the treeline. Though she eventually re-entered the 
array area to retrieve the remaining two pieces of food, determining variables from this 
trial would not be consistent with the other 139 trials.  
 
The 29 monkeys who voluntarily participated in the experiment were identified either at 
the time of the observations, or afterwards by referencing the video recordings. During 
the identification process, each individual was classified within age, sex, rank, and 
disability categories (as summarised in Table 1). Furthermore, each solitary monkey trial 
has been categorized as in competition, or not, depending on whether one (or more) 
conspecifics were present in the array itself or the surrounding field (within 5 m of the 
array) at the time of the trial. Physical impairment is represented by the experimental 
trials belonging to monkeys who were either injured or who had congenital limb 
malformations (CLMs). CLMs usually occur as incomplete development of peripheral 
limbs and can vary in severity from an absent digit or digits, to an absent limb or limbs 
(Morris, 1971; Turner et al., 2008, 2018).  
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Table 1: Summary of Japanese macaques who participated in solitary trials, including specific individual 
ID, age-sex category, physical impairment assessment, and rank variables. 
 

All analyses were carried out in R version 4.0.4 (R Core Team, 2021). A Pearson’s Chi-
square test was used to determine whether or not routes were selected with equal 
frequency. Furthermore, a second Pearson’s Chi-square test was used to determine 
whether routes conforming to the sweep strategy were selected with equal frequency 
between competitive and non-competitive contexts. An interspecies comparison of 
heuristic use was performed by comparing the route frequency from observations of the 
Japanese macaques and the previously published study of Ugandan vervet monkeys 
(Teichroeb and Smeltzer, 2018).  
 
To examine the effect of individual, social and environmental factors for each (1) 
experiment run time and (2) route length, linear mixed-effects models (LMMs) were 
constructed using the lme4 and LmerTest packages (Bates et al., 2015; Kuznetsova et al., 
2017). Route length data was order normalized-transformed and experiment run time data 
was log-transformed. Fixed effects and their interactions included age and sex (individual 
variables), rank and intraspecific competition (social variables) and the presence of 
interspecific competition from deer (environmental variable). Since the young adult 
female age-sex category consisted of trials belonging to a single individual, two models 
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were constructed for our analyses in order to test the effect of sex and age separately (see 
Table 2), reducing the risk of type I and II errors. Random effects included for the 
experiment run time models were the individual macaque’s ID, route length, and sample 
week. Random effects included in the route length models were the individual macaque’s 
ID, experiment run time and, sample week. Random effects were set to have random 
slopes and intercepts. Likelihood ratio tests were used for model selection. Furthermore, 
the effect of intraspecific competition has been examined using two-sided Welch t-tests 
(significance level of α=0.05) for comparison of heuristic use among the two contexts 
(e.g., with and without competitors present). 

 

 
Table 2: Summary of fixed effects included in the linear mixed-effects models analysing each route length 
and experiment run time. 
 

Our examination of physical impairment was impacted by small sample size. Due to the 
limited observations completed by physically impaired individuals, disability was not 
included among the predictor variables tested in the LMMs. The physically impaired 
group (N=4) consisted of observations by three individuals with manual congenital limb 
malformations (of varying severity) and one individual with a leg injury causing a change 
in gait (e.g., we observed preferential use of the non-injured leg which resulted in tripedal 
locomotion) (see Figure 4). A comparative group of non-physically impaired individuals 
was composed of experiment trials belonging to conspecifics controlled for age (only 
young adult and adult age categories), sex (only male individuals), and rank (only 
unranked, peripheral individuals). The effect of disability was examined using two-sided 
Welch t-tests (significance level of α=0.05) for comparison of mean route length and 
mean experiment run time among the two groups. 
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Figure 4: The four physically impaired Japanese macaques who completed our multi-destination foraging 
experiment. (A) Limp, an injured young male moves through the array using tripedal locomotion. (B, C & 
D) Sunday’15 and clos ups of his manual CLMs. Note the absent and malformed digits. (E) SanSan 
obtaining a piece of sweet potato using his left hand. Note the absent and malformed digits. (F) Mochi uses 
his mouth to acquire a peanut during a foraging array trial. (G & H) Closeups of Mochi’s congenitally 
malformed hands and left foot, further demonstrating absent and malformed digits.  

3.2.4 Contextual Predictor Variables 

Dominance Rank  

Japanese macaques are female-bonded primates that demonstrate characteristic female 
philopatry, eliciting clear, inherited dominance hierarchies (Nakagawa et al., 2010). 
Typically, Awajishima group females are dominant over their offspring and daughters 
tend to demonstrate inverse age relationships, with the youngest dominant over her older 
sisters (Kawamura, 1958; Nakagawa et al., 2010). Awajishima males have been observed 
to leave the main group to join peripheral bachelor male groups around the time they 
reach sexual maturity, with the opportunity for reintegrating into the main group as full-
grown adults (Turner et al., 2018). Social dominance hierarchies exist for Awajishima 
males. In contrast with the inherited rank of females, age (likely correlated with length of 
tenure in the group) alone was determined to have a statistically significant effect on male 
dominance ranks, younger males tended to be subordinate to older males (Turner et al., 
2018). We assigned a numeric rank to as many of the main Awajishima group participant 
macaques as possible using previously collected data (Y. Kaigaishi and K. Yamada, 
unpublished data). Rank was also assigned as a categorical classification. We determined 
the rank categories depending on the relative rank of each adult female. Of the 196 adult 
females with rank data calculated in the Awajishima group, we defined the top third as 
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high (rank 1-65), the next third as medium (66-130), and the bottom third as low (131-
196) (Y. Kaigaishi and K. Yamada, unpublished data). Further, since some of the 
participants in our experiment were peripheral to the main Awajishima group, we also 
categorized all our participants as either a main group or a peripheral group member to 
aid in detecting any influence of social dominance rank on route choice decision-making. 
 

Age  

We assigned an Age Category to each individual by comparing still images from video 
recordings to a set of accepted age-specific markers in physical development (as defined 
in Nakagawa et al. (2010)). Participants were grouped into three age categories for our 
study: 
 

1. Juveniles. Though the juvenile stage tends to vary by sex, its onset is generally 
marked for both male and female infants with the onset of the transition to solid 
foods (~0.5 years) and ends with the onset of adolescence (which is marked by 
the beginning of reproductive maturation ~3.5 years for females and ~4.5 years 
for males). In our sample juveniles ranged from ~1 to ~3 years and we used size 
as the main indicator for classification.  

2. Young Adults. For the purposes of our study, the young adult stage was an 
intermediate category, grouping the (1) adolescent and (2) subadult stages (as 
defined in Nakagawa et al. 2010). Since growth and development trajectories 
demonstrate high inter-individual variation, the young adult stage is meant to 
reduce error associated with classification of participants. Young adult 
participants in our study range in age from ~3.5 years for females and ~4.5 years 
for males to ~10 years old but show physical signs of one or more of the 
following: (1) reproductive maturation (genital growth for both males and 
females), (2) a reddening in skin colour, and (3) mid-range size (e.g., larger than 
juveniles but smaller than adults). If young adults were females, they were 
nulliparous as determined by small nipple length. This categorization was done in 
an attempt to mitigate the risk of mis-classifying individuals as kinship and birth 
records have not been fully documented for the Awajishima group members 
(Kaigaishi et al., 2019).  

3. Adults. The final adult stage is achieved when growth and development stop (~ 10 
years of age). For our purposes, adults were larger than young adults with the 
deepest red skin and the most developed reproductive markers (for males this was 
larger genitals and for females we used pronounced nipple size, likely an 
indication of having produced offspring at least once previously).  

 

Competition   

Each solitary trial was categorized by the presence or absence of conspecific (e.g., 
intraspecies) competition either at the time of the observations, or afterwards by 
referencing the video recordings (see Figure 5 for examples). As such, solitary trials were 
marked as competitive when (1) one or more conspecific(s) followed the individual 
participant into the array but were unsuccessful in retrieving food pieces (e.g., entered 
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late, or entered but was inhibited from acquiring food pieces as a result of threats–e.g. 
received a chase or an open mouth threat); (2) when a conspecific approached the array 
area (within 5m) but did not enter (e.g., often the array experiment was monopolized by a 
larger adult male and the younger, smaller male(s) would sit at the edge of the array); (3) 
when a conspecific traveled directly through the array area without noticing and/or 
collecting any of the food pieces.  
 

 
Figure 5: Examples of intra- and inter- species competition and agonism. (A & B) Two perspectives of the 
same incident, an adult female chases, grabs, and vocalises at a competitor who won a peanut. (C) 
Propeller, an adult male, defends a feeding platform by striking an approaching deer. (D) Rudy, an adult 
male, open mouth threatens three deer who approach a feeding platform. (E & F) Juvenile macaques 
winning food pieces by outrunning adult competitors. (G) High-ranking adult female arrives second to a 
platform and takes food piece from lower-ranking adult female competitor. 
 

Deer 

Wild sika deer (Cervus nippon) are prevalent across much of the Asian continent, 
including widespread ranges throughout Japan (McCullough et al., 2009). Awaji Island is 
no exception, it is common to spot deer along the roads, particularly in the evening. There 
is a group of ~25 deer who regularly visit the AMC. They forage on grass in the fields 
and opportunistically attend provision feedings, where they represent interspecies 
competition (see Figures 1C, 5C and 5D). At the time of the experiment trials, we 
recorded (1) the presence or absence of sika deer in the array field; additionally, if there 
were deer present, we also recorded (2) the number of deer present; (3) the proximity of 
the deer to the array (in meters); and (4) whether contact was made between the deer and 
the monkeys (see Figure 5C).  
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3.3 Results 

3.3.1 Route Choice, Route Length, and Heuristics 

Throughout the complete solitary trials (N=155), the Japanese macaques made use of 
only 40 of the possible 720 (6!) routes available for solving the Z-shaped array (as 
summarised in Table 3). Results from the first Pearson’s Chi-square test of homogeneity 
determined the macaques were not selecting routes with equal frequency, X2 (N=155) = 
1374.4, p<0.0001. Total distance traveled (route length) varied among individuals, 
ranging between 16.94 and 26.04 m. We observed conspecific competition in 
approximately one quarter (25.8% or n=40/155) of the solitary trials. Reduction of both 
full LMMs (testing the effect of sex and age separately) converged, leading to the same 
final reduced model. Though ranges in route length between competitive trials (R=16.94 
m to 25.88 m) and non-competitive trials (R=16.94 m to 26.04 m, n=115) were similar, 
results from our LMM analysis suggests a significant relationship (at ∝ =0.05) between 
conspecific competition and route length, such that solitary trials with competitors 
present (M=20.46+2.43 m, n=40) lead to the macaques selecting longer travel routes 
through the array as compared to travel distances selected in trials that are absent of 
competitors (M=19.58+2.22 m, n=115) (see Figure 6). Results from the second Pearson’s 
Chi-square test of homogeneity determined the macaques were selecting routes 
conforming to the sweep strategy with similar frequency, X2 (N=155) = 0.933, p=0.334 
between competitive (n=8/40 trials, or 20%) and non-competitive trials (n=34/115 trials, 
or 30%). 
 
 

 
Figure 6: Comparison of distance travelled between solitary trials with and without conspecific 
competitors present.  
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Table 3: Summary of routes selected by the Awajishima group Japanese macaques. Includes route 
(sequence of platforms visited), route length (cumulative distance traveled to collect baited food items), 
whether the route conforms to a common heuristic or strategy, and the observed use as counts and overall 
percentage frequencies of each of the routes.  
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In 46% of the recorded trials (or n=71/155), selected routes conformed to either the 
shortest path or a common heuristic or strategy being examined (either CH, NN, and/or 
ISS, as summarised in Table 4). Of these, the optimal route (SP) was observed most often 
(23.9% or n=37/155 trials), followed by routes conforming to the NN heuristic (19.4% or 
n= 30/155 trials). Routes consistent with the CH heuristic and the ISS strategy were 
selected much less frequently (in only 4.5% or n= 7/165 trials, and 3.9% or n= 6/165 
trials, respectively). Additionally, we observed frequent use of two other routes, and their 
reverses, with similar shapes: route 123465 (used n=29 times, or in 18.7% of the trials) 
and the route 654312 (used n=13 times, or in 8.4% of the trials). Though these two route 
sequences did not conform to the examined common heuristics or strategies, these routes 
do remain relatively short (at 17.49 m each), and their selective preference is indicated by 
the prevalence of their use among the Awajishima group participants. We term this the 
“sweep strategy” in subsequent discussions. 
 
 

 
Table 4: Summary of routes conforming to heuristic and strategies used by the Awajishima group Japanese 
macaques.   
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 Table 5 compares the use of examined heuristics and strategies in route decision-
making by the Awajishima group macaques and the M group vervet monkeys who 
participated in Teichroeb and Smeltzer’s (2018) study. The shortest path was selected 
approximately equally by each species (e.g., 26% for vervets and 23.9% for macaques). 
Interestingly, the SP was most often selected by the macaques when no other monkeys 
were visually perceptible at the time of the experiment trial. More specifically, use of the 
SP occurred in 37 of the recorded trials, with 78.4% (n=29/37 trials) SP use occurring 
within a non-competitive context.  

 

 
Table 5: Comparative summary of commonly observed heuristics and strategies used by Awajishima group 
Japanese macaques (Macaca fuscata) and vervet monkeys (Chlorocebus pygerythrus) from Lake 
Nabugabo, Uganda (results from Teichroeb and Smeltzer (2018)). 

3.3.2 Experiment Run Time  

On average, it took the macaques 57.2+35.6 seconds to acquire all of the food items from 
the Z-array, with the fastest trial taking 16.0 seconds and the longest taking 184.0 
seconds. There were no significant results from the first model, which tested the effects 
of sex. Thus, the dataset analysed does not provide support for a relationship between sex 
and time spent foraging the array experiment. The second model detected a significant 
relationship (at ∝ =0.05) between age and experiment run time (see Figure 7). 
Specifically, the experiment was completed significantly faster by juveniles (M= 
32.2+18.7 s, n=6) compared to adults (M= 60.5+34.8 s, n=118) and young adults (M= 
49.5+38.9 s, n=31).  
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Figure 7: Comparison of time spent foraging (experiment run time) in the array between adult (A), young 
adult (Y) and juvenile (J) age categories.  

3.3.3 The Effect of Disability 

Results from the two-sample Welch t-test (t= -0.274, df = 4.05, p-value = 0.798) did not 
detect a significant difference (at ∝ =0.05) in mean experiment run times among the 
physically impaired (M=52+33.8 s, n=4) and the non-physically impaired (M=57+22.9 s, 
n=11) individuals. However, results from a second two-sample Welch t-test (t= -2.61, 
df= 8.24, p-value = 0.0306) detected a significant difference (at ∝=0.05) in mean route 
length among groups of physically impaired and non-physically impaired individuals. On 
average, macaques belonging to the physically impaired group selected shorter routes 
(M=18.76+0.89 m, n=4) as compared to their non-physically impaired counterparts 
(M=20.32+1.33 m, n=11).  

3.4 Discussion   

3.4.1 Route Length and Heuristics 

The results from our experiment provide evidence that Japanese macaques, like many 
other primate species, are able to solve a multi-destination foraging problem by selecting 
the optimal route, though not exclusively (Trapanese et al., 2019). Similar to the vervet 
monkeys of M group who optimized routes through the Z-shaped array by selecting the 
shortest path in 26.0% of trials, the Awajishima group macaques selected the shortest 
path in 23.9% of the trials observed. Neither group preferentially selected the shortest 
path over the examined heuristics, although these strategies led to longer routes. Instead, 
Teichroeb and Smeltzer (2018) observed the vervet monkeys prioritizing routes that 
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allowed them to move in straight lines, only changing directions when necessary (the 
ISS, 34.5% of all trials and 66.5% of trials where the participant entered the array at a 
corner platform); when this was not possible the vervets preferred travel among the 
platforms based on proximity (e.g. following the NN rule, 54.9% of trials). In contrast to 
the vervets, the Awajishima group macaques did not favour the selection of routes 
conforming to either the NN rule (19.4% of trials) or ISS strategy (only 3.9% of trials).  
 

The Awajishima group macaques were observed to preferentially select routes in order to 
minimize food isolation. In the Z-array, food isolation occurred most often when a 
participant entered the array at a corner platform and traveled routes conforming to one of 
the NN rule, the CH heuristic, or the ISS strategy (see Figure 1 for examples of routes 
conforming to these heuristics). In all of these cases, entering at the corner (platform 2 or 
5) of the array leads the monkey to move to the next platform along the straight line of 
the Z, leaving back an isolated food item that could be collected by a late-arriving 
competitor, especially because the original participant does not have the food in its line of 
sight for the entire duration of the trial (see Figure 1 for illustration) (Teichroeb & 
Smeltzer, 2018). The risk of an isolated food piece being lost to a competitor likely varies 
with the competitive context specific to a particular group or location. Results from our 
LMMs support the argument that intraspecific competition significantly influenced 
Awajishima group macaques’ route decision making. In experimental trials with one (or 
more) competitors present (within 5 m or less of the array) the participants tended to 
select longer routes. We suggest that this trend in route length demonstrates a trade-off of 
a longer travel distance to ensure the collection of all six food pieces. By selecting less 
efficient routes (e.g., by moving to food tables closest to approaching competitors) the 
individual foraging in the array can pre-emptively collect food pieces.  
 
Since its emergence in the mid-20th century, provision feeding has been attributed to 
various shifts in primate behaviour and ecology. Aside from the potential morphological 
impacts (in the form of congenital limb malformations (CLMs)) linked to provision 
feeding, two other important changes have been: (1) rapid population growth and (2) 
severe resource competition in Japanese macaque populations (Asquith, 1989; Sugiyama 
et al., 2014; Takeshita et al., 1989). Food loss in competition is likely to occur at the 
individual level within the context of the Awajishima group as they now number more 
than 400 group members. Furthermore, as with all Japanese macaques, the varied 
topography of their habitat presents an additional challenge: the ability to detect 
approaching competitors. This challenge actually extended to failures in setting up the 
array experiment. Most often, unsuccessful trials occurred because a previously unseen 
macaque had prematurely entered the array before the researcher had finished baiting the 
six platforms and exited the array area. Thus, competition within the Awajishima group is 
argued to be an influential contextual factor relating to decision-making in foraging. 
 
Though the Awajishima group demonstrates higher levels of inter-individual tolerance 
than other Japanese macaque groups while in close proximity during provision feeds 
(Kaigaishi et al., 2019; Koyama et al., 1981), we observed a number of agonistic 
encounters in array trials. In more than one trial, we observed subordinate individuals 
abstain from entering the array experiment while a large adult male completed the array. 
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For instance, in one trial a full-grown adult male named Manta entered the Z-array. There 
were three individuals (an adult female and her juvenile offspring and another young 
male) nearby in the array field who only entered the array itself once Manta had 
completed, exited and climbed up a wall to an adjoining field. The three subordinate 
individuals were likely attempting to avoid agonistic repercussions while Manta collected 
all six of the food pieces. In other trials, we observed instances of aggression where 
dominants would threaten, chase or grab subordinates in order to monopolize the baited 
food opportunities (see Figure 5). Variation in behaviours characterising provision feeds 
as compared to the foraging array is likely a reflection of the variation in food abundance 
and quality. Provision feeding more closely resembles a scramble competition scenario, 
where the macaques are provided an abundance of lower-quality food items (e.g. grains 
of wheat or soybeans) dispersed across larger areas which allows opportunity for all 
group members to forage with situationally low levels of competition (as observed in 
Koyama et al. (1981)’s study). Much like our foraging array, tourist provisioning (where 
tourists pass small pieces of sweet potato or peanuts out to the macaques from within a 
caged enclosure) is an opportunity for Awajishima group members to gain limited access 
to higher quality food items. In both scenarios it was much more common to witness 
agonistic interactions, since individuals were in competition for the much-preferred high-
quality food items. As such, both the tourist provisioning and the foraging experiment 
trials likely contextually mimic contest competition, where the acute competition requires 
alternative strategies in order to gain access to the highly sought-after resources. 
   
In order to collect all six food pieces from the Z-array, the Awajishima group macaques 
relied on an alternative decision-making strategy in comparison to the M group vervet 
monkeys at Lake Nabugabo. For the Japanese macaques on Awaji Island, we suggest that 
the topography of the group’s habitat–with steep, hilly terrain that often impedes direct 
sightlines and visibility over long distances–and the group’s high inter-individual food 
competition led to the use of a new strategy, what we are calling a sweep strategy. The 
sweep strategy is represented by the routes 123465 and 654312 (and their reverse, 
564321 and 213456; also note these reverse routes converge with the shortest path when 
beginning the array at either platform 5 or platform 2) (see Figure 1). Paths consistent 
with the sweep strategy were seen in 27.1% of macaque trials but only 3.7% of vervet 
trials at lake Nabugabo, where the terrain is flatter, and the study group was only 28 
individuals. We propose that the macaques sweep strategy routes demonstrate an 
individual ability to reduce the risk of competitors acquiring isolated food pieces while 
still traveling relatively short distances. Interestingly, routes conforming to the sweep 
strategy were selected in both competitive and non-competitive trials, although they were 
not selected significantly more often in either context. The prevalence of routes 
conforming to the sweep strategy likely reflects the overall competitive environment at 
Awajishima, even when a trial does not have competitors present, it is advantageous not 
to leave food pieces behind. By comparison, vervets were more prone to using routes 
consistent with the cognitively less costly ISS, leading them to avoid making turning 
decisions, taking straight segments from the corner of the Z-array, and leaving behind 
isolated food items that they had to circle back to and travel a greater distance to retrieve 
(Teichroeb & Smeltzer, 2018).  
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3.4.2 Experiment Run Time  

Japanese macaques are typically a despotic species who demonstrate strict, inherited 
dominance hierarchies (Kawamura, 1958). In contrast, the Awajishima group has been 
observed to diverge from these species-specific behaviours during provision feeds where 
lower quality food items (e.g., wheat flakes or soybeans) are distributed in abundance. 
Here, individuals of varying ranks are able to feed freely in close proximity to (or in 
contact with) one another without subordinate individuals being frequently displaced by 
dominants (Kaigaishi et al., 2019). This regional tolerance has been attributed to the 
group’s success in another food experiment, providing the first documented evidence of 
cooperation among Japanese macaques (Kaigaishi et al., 2019). Our foraging array 
experiment did not rely on cooperation; instead, it relied on an individual’s ability to 
make strategic decisions. Of the individual, social, and environmental variables examined 
in our study, age is the only variable detected to significantly influence the time an 
individual spent completing the foraging experiment. Though variation in trial run times 
among members of the Awajishima group were noted, participants belonging to the 
juvenile age category spent about half the length of time collecting the baited food, as 
compared to individuals belonging to the adult and young adult age categories.  
 
While proximity to adult kin can provide some rank-related protection in many social 
interactions, Janson and van Schaik (1993) argued that juvenile monkeys are least likely 
to win food in contest competition as a result of their smaller and weaker statures. And, 
as such, they argued that juveniles are inherently attributed a subordinate status (Janson 
& van Schaik, 1993). Further support for this argument in Japanese macaques comes 
from two studies at Takasakiyama, where juvenile- and infant-aged macaques were 
observed to be the likeliest targets of food-snatching performed by adult females (Hadi et 
al., 2013; Kurita, 2007). Similar to Janson and van Schaik (1993), Kurita (2007) and Hadi 
and colleagues (2013) determined the infants’ and juveniles’ vulnerability in food 
competition was related to their small size and overall weaker physical strength. As such, 
it is likely that Awajishima group juveniles are at a disadvantage in food competition 
against adult individuals. To our knowledge, there has not been a specific study analysing 
food-snatching among Awajishima group members, however, anecdotally, we have 
observed dominant individuals taking food from subordinates in both the multiple 
monkey experiment trials (unpublished data), and during bouts of tourist provisioning 
(MMJ personal observations). Furthermore, Turner and colleagues (2018) concluded that 
age class was the only significantly influential variable examined that predicted male 
dominance rank at the AMC. For the Awajishima group, it is the older males who have 
higher ranking positions over the younger males (Turner et al., 2018).  
 
Though Awajishima group juveniles likely fall under their mother’s rank, particularly 
when they are young and remain in close proximity, as the juveniles age they venture 
further from their mother and her influence is lessened; this is particularly true for 
juvenile males who eventually leave the group at maturity. Though there are observations 
of juvenile individuals inheriting their rank and adult macaques of other ages conforming 
to the hierarchy, we suggest that because the experiment was set up peripherally to the 
areas that were most visited by the macaques (because we were hoping to capture 
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individual choice rather than choice constraints associated group competition), juveniles 
who entered the array on their own were likely at an age where they did not orbit their 
mother closely (around 3 and 4 years of age, especially for males). The context of 
successful solitary trials for juveniles necessitates some sort of advantage since they are 
generally attributed an inherently subordinate status (Janson & van Schaik, 1993). In the 
context of our array experiment, it is likely that speed provides a competitive advantage 
allowing juvenile participants an opportunity to collect all six food pieces without being 
displaced by older and physically stronger competitors. As such, speed (in the form of 
shorter time spent completing the array) appears to be an alternative strategy often 
(though not exclusively) used by juvenile monkeys in the group (the cryptic behaviour of 
food concealment was also observed in one trial). Spending less time completing the 
array reduces the likelihood of another individual entering the array field during an in-
progress trial, which in turn reduces the risk of both lost food and adverse repercussions 
associated with contest food competition, especially as a subordinate competitor.  
 
Occasionally, the advantage of speed could be observed when an individual would run 
ahead, separating themselves from the others, to gain access to the foraging array before 
their competitors. Notably, we observed one adult female run at the array from more than 
20 meters away, scaling a fence, in order to arrive at the array first. Teichroeb and 
Smeltzer (2018) occasionally observed similar actions by some of the vervets in M group 
as well. Though speed is likely not an exclusively age-related strategy, it does endow a 
competitive advantage to smaller statured individuals and provide them the opportunity 
of gaining priority access to the baited food in the array.  

3.4.3 The Effect of Disability 

As only a small sample of physically impaired individuals from the Awajishima group 
participated in the multi-destination foraging experiment, results from the two-sample 
Welch t-tests must be conservatively interpreted. While no significant difference was 
detected in mean experiment run times among the two groups, physically impaired 
individuals were observed to solve the array experiment by selecting shorter routes (by 
~1.5 meters) than their non-physically impaired counterparts. Previous research provides 
evidence of physically impaired monkeys modifying their behaviour to carry out life 
processes in other contexts. For instance, physically impaired individuals have been 
observed (1) to increase mouth use in feeding (personal observations, and Turner 
unpublished data), (2) to increase reliance on mouth and elbow use in ectoparasite 
removal in social grooming (Espitia-Contreras et al., 2020; Turner et al., 2012), (3) to use 
bipedalism in locomotion (Turner et al., 2012), and, in the case of infants who were 
unable to cling normally, (4) to receive additional manual support from mothers during 
travel and during nursing in social interactions (Turner et al., 2005). Thus, it could be that 
physically impaired macaques make intentionally shorter movement decisions than non-
physically impaired macaques. Similar to the Espitia-Contreras and colleagues (2020) 
grooming study, we were unable to detect any costs relating to the physical impairments 
prevalent in the Awajishima group macaques. It could be that compensatory behaviours, 
such as increased mouth use by individuals with more severe manual malformations, 
represent alternate strategies that allow physically impaired individuals to remain 
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competitive with regard to array foraging time. However, a larger sample of observations 
from individuals, perhaps including a more diverse range in CLM severity or females 
with infants, would be necessary in order to accurately assess the effect of disability in 
route decision-making and on the time spent completing the array experiment.  

3.5 Conclusions 

Results from our multi-destination foraging experiments suggest that contextual factors 
can lead to variation in primate route decision-making. Our study provides evidence 
supporting the use of two decision-making strategies relating to food security in a highly 
competitive context. When competitors are visually perceptible, we witnessed a trade-off 
of longer travel distances to promote successful food acquisition. When competitors were 
not evident, we observed Awajishima group macaques preferentially selecting routes that 
would reduce the isolation (and potential loss) of food pieces. For the Japanese macaques 
on Awaji Island, we suggest that topography and the high inter-individual food 
competition have led to the use of a sweep strategy. We also found that juveniles were 
faster than adults and that speed could be an alternative strategy more often used by 
younger and smaller individuals as a competitive advantage for accessing food in highly 
competitive contexts.  
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CHAPTER 4: CONCLUSIONS 

 

The results from my foraging experiments conducted at the Awajishima Monkey Center 
suggest that contextual factors can influence primate route decision-making and lead to 
variation in strategies. Evidence from the time analysis suggests that juvenile monkeys 
are at a competitive disadvantage and likely rely on speed to gain access to food 
resources in a highly competitive context. It would be interesting to see if these 
observations extend to other contexts at AMC. For instance, do juvenile monkeys 
exclusively rely on speed during provision feeds or when receiving food from visitors? 
Or do they rely on food abundance, tolerance of adult individuals, or tourist preference to 
gain access to food? Our study provides evidence supporting the use of two decision-
making strategies relating to food acquisition in a highly competitive context. Here, 
individuals tended to select longer routes that did not conform to the common heuristics 
or strategies being tested. Instead, individuals selected routes that moved them through 
the array in a sequence that pre-emptively allowed them to collect food items before 
approaching competitors arrived. In trials when competitors were not visually 
perceptible, we observed the macaques selecting routes to reduce the isolation of food 
pieces by preferentially using the sweep strategy. For the Awajishima group, we suggest 
that the island’s topography (steep hilly terrain), which makes it difficult to reliably 
observe incoming competitors, and the high inter-individual food competition have led to 
the use of a sweep strategy.  
 
 Interestingly, observations of the physically impaired individuals who participated 
in the study showed no statistical difference in array foraging time. Although we were 
only able to collect a small sample, our results suggest that physically impaired 
individuals tended to select shorter routes when traveling through the array than their 
non-physically impaired controls. Further investigations would be required to determine 
the influences associated with the selection of overall shorter routes selected by the 
physically impaired individuals. Perhaps individuals with physical impairment make 
more thorough assessments before proceeding with movement related decision-making. It 
is evident, even in this specific population, that animal decision-making varies within the 
group and likely varies further by context (e.g., season, year, etc.) as various factors shift.  

 
Conservation management programs would benefit from adopting flexible 

strategies, as environments and their inhabitants are both dynamic. As anthropogenically 
induced climate change intensifies, seasonal temperature or weather pattern changes will 
likely cause disruptions within normal habitat ranges. Research on route choice decisions 
can help identify the most vulnerable individuals within vulnerable populations, e.g., if an 
essential resource in a disrupted habitat becomes unavailable and that habitat is unable to 
support the local population, research such as this can individual and life history 
characteristics associated with vulnerability. For instance, during bouts of resource 
hardship, it is typically the juvenile monkeys in a group who become at-risk for survival 
as a result of their lower dominance rank (due to their smaller size and weaker physical 
strength) and inability to monopolize remaining edible resources. An effective 
conservation management program would incorporate current research relating to 
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decision-making patterns in order to offer flexible measures that would ensure vulnerable 
subgroups within the population will have their strategic decision-making needs met, and 
help facilitate their survival.  
  

In future, I plan on undertaking a PhD that further develops the investigations of 
spatial movement strategies that I studied in my master’s research. I would like to 
conduct further variations on the multi-destination experiment to see whether food 
quality or abundance instigates change in the patterns of Awajishima group decision-
making strategies. I am also curious of the decision-making strategies observed in the 
multi-destination foraging array extend to provisioned foraging opportunities. For 
instance, there are a number of features around the Monkey Center that could attract the 
macaques and influence their movements. This includes a tourist-feeding enclosure, 
where visitors are able to pass out pieces of sweet potato or peanuts to the monkeys, and 
a foraging activity which we refer to as the bean machine, which requires the participant 
monkey to pull a string which releases a soybean from a bamboo chute. Aside from the 
impacts relating to group size and shifts in dynamics, there has been limited research 
done regarding provision feeding of monkeys in Japan. I would like to sample these 
locations and observe the monkeys’ behaviour. Who benefits most from these provision 
feeding activities? Are the tourists biased in passing food out to individuals of a particular 
age-sex category? Is the received food being stolen from subordinates by dominant group 
members? As in daily bouts of provision feeding, is the group demonstrating more 
tolerant behaviours than expected during these foraging opportunities? These are all 
questions I am eager to investigate and report as I plan and set my next academic goals.  
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APPENDIX A 

 

IDENTIFICATION OF JAPANESE MONKEYS 

 
 The Awajishima group macaques have been provision fed and observed since the 
monkey center’s opening in 1967 (Kaigaishi et al., 2019; Nakamichi et al., 1983). Birth 
records and kinship are known for many of the group’s members, though gaps in the 
records exist (Kaigaishi et al., 2019). AMC staff members and researchers are able to 
identify more than 250 of the adult individuals and many of the younger individuals who 
visit the center. I relied on two main resources for confirming monkey identification in 
my study: (1) the records and photographs, compiled by a Japanese PhD student, which 
were graciously shared with me; and (2) live identifications performed by expert staff 
members. In each instance, still images from the 4K video footage were compared to 
researcher records. I made individual IDs for the 29 monkeys who participated in the 
array experiment. Additionally, I had all of my proposed IDs confirmed by an expert 
Japanese researcher who was familiar with the group and who could visually identify all 
the adult group members.  
 
 Despite the Awajishima group being comprised of more than 400 individuals, 
there are certain individual markers that facilitated their individual identification. Unique 
markers we relied on can be grouped within five main categories:  
 
1. Facial or corporal imperfections: including scars, skin imperfections (e.g., white 
bumps or marks), current or past injuries (e.g., wounds, which would have been 
visible for the duration of the field season), or bent digits on either hands or feet 
(potential remnant evidence from old injuries)), large areas missing fur. 

2. Colouration: pattern of variations in skin pigmentation (pink and blue areas), 
nipple colour (pink and purple), and length (ranging from short to medium to 
long), fur colour (lighter to darker) and abundance (thicker or thinner). 

3. Body Shape: spectrum of body shapes exists, from thinner and lankier individuals 
to shorter and more robust individuals. 

4. Physical Impairment(s): (1) congenital limb malformations (CLMs), which vary 
in severity and type, but occur uniquely at an individual level; and (2) injuries, for 
instance a limp that caused an individual to abstain from use of the injured leg 
(led to a gait change (tripedal locomotion)). 

5. Tattoos: some of the Awajishima group macaques were given facial tattoos to 
facilitate identification in previous studies. 
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Figure 8: 2YO. Identifying feature(s): An approximately two-year-old juvenile male. He was larger than 
the yearlings but smaller than the other juvenile who participated in the array experiment.  
 

 

 
Figure 9: 3YO. Identifying feature(s): A juvenile approximately three years old (bigger relatively to the 
yearlings and second yearlings who still occasionally nursed with their mothers). He was missing a patch 
of fur on left thigh.  
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Figure 10: Anzu. Identifying feature(s): A medium-ranking adult female. She had very long pink nipples, 
the left one curves a little inward.  
 
 

 
Figure 11: Asako. Identifying feature(s): An older, low-ranking adult female. She has permanently bent 
digits on her hands. She is slender with a distinct stature. Notably, she has quite a few distinct small, white 
bumps on her facial skin.  
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Figure 12: BrightEyes. Identifying feature(s): A peripheral, young adult female. She had very short nipples 
(nulliparous). She had a more pronounced brow ridge and much lighter skin below her eyes making them 
look 'bright'.  
 
 

 
Figure 13: Busa. Identifying feature(s): A high-ranking adult female. She had very distinct almond-shaped 
eyes with lighter skin contouring them below. She also had a smaller rounder head with more fur (giving it 
a lion mane's shape).  
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Figure 14: Forearm.  Identifying feature(s): A peripheral young adult male. The back of his left forearm 
was almost completely absent of fur.  

 
 

 
Figure 15: Fuko. Identifying feature(s): A low-ranking adult female. She has longer pink nipples and a 
number of white lines and marks around her eyes and on her nose. 
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Figure 16: Kii. Identifying feature(s): A medium-ranking adult female. She has a white spot under her right 
eye and shorter pink nipples.  

 
 

 
Figure 17: LeftEarDivetPurpleNipple. Identifying feature(s): A peripheral adult male. His left ear had a 
small notch missing at the top outer corner. He had purple nipples with pink ends and patches of blue on 
his chest.  
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Figure 18: Limp. Identifying feature(s): A peripheral, young adult male. His back left leg was injured, 
causing him to use tripedal locomotion when he moved through array.  
 
 

 
Figure 19: Manta. Identifying feature(s): A peripheral adult male. He had a round growth protruding from 
the right side of his nose, below his eye. His right ear was also folded over at the top.  
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Figure 20:MissingHairThigh. Identifying feature(s): A peripheral adult male. He was missing the fur 
almost completely from his right thigh.  

 
 

 
Figure 21: Mochi. Identifying feature(s): A peripheral adult male with CLMs. He collected baited food 
directly with his mouth since he is missing a 'pinch' (between a finger and thumb). His right nipple is pink 
and his left one is pink with purple. 
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Figure 22: Nike. Identifying feature(s): A low-ranking adult female. She had pink nipples with purple at the 
base. She also had a white mark under her right eye in the shape of a check mark.  

 
 

 
Figure 23: Patchy. Identifying feature(s): A peripheral, young adult male. He had large clumps of fur 
missing from all over his body, particularly on his upper arms, side and back.  
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Figure 24: Point. Identifying feature(s): A peripheral adult male. The first finger on his right hand 
remained permanently in an extended position (as if he were pointing).  
 

 

 
Figure 25: Propeller. Identifying feature(s): A peripheral, adult male. He is easily recognized by his unique 
ear shape, which extend at the top like an arm on a propeller.  
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Figure 26: RightElbowPatch. Identifying feature(s): A peripheral adult male. He completed array trials 
after all other main group members had left the monkey center. He had a patch of fur missing from the 
outer side of his upper right arm. He had a lighter patch of skin on his nose.  
 

 

 
Figure 27: Rudy. Identifying feature(s): A peripheral adult male. White marks on and around his nose. His 
middle digit on the left hand was permanently in an extended position.  
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Figure 28: SanSan. Identifying feature(s): A peripheral adult male with manual CLMs. Both of his hands 
had absent inner digits and malformed outer digits. He was missing a patch of fur on his right elbow, which 
also had a circular mark or scar in it.  

 
 

 
Figure 29: Sazae. Identifying feature(s): A medium-ranking adult female. She had blue skin around 
medium-length pink and purple nipples.  
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Figure 30: Scarface. Identifying feature(s): A peripheral adult male. He had a linear shaped scar by his 
right eye. 

 
 

 
Figure 31: ScarLeftForearm. Identifying feature(s): A peripheral adult male. He has distinct pink and 
purple nipples (close up bottom right). He also had a round scar on his left arm.  
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Figure 32: Sunday’15. Identifying feature(s): A peripheral young male with manual CLMs. He had absent, 
as well as malformed, digits on both of his hands. Note that he had a 'pinch' (between his thumb and first 
digit on his right hand).  

 
 

 
Figure 33: Tattoo 08. Identifying feature(s): A medium-ranking adult female who was given a face tattoo. 
According to the tattoo key, hers is in position 8 (located on her cheek, below her left eye). These tattoos 
are unique and only used once.  
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Figure 34: Unknown AM. Identifying feature(s): This peripheral adult male was not matched to any of the 
identification documents. Additionally, staff and researchers did not recognize him. He completed trials 
after all other group members had left the center for the day and is likely a lone bachelor male.  

 
 

 
Figure 35: WhiteSpotCheek. Identifying feature(s): A peripheral adult female. She had longer pink nipples 
and a white spot in the centre of her left cheek.  
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Figure 36: Yochan. Identifying feature(s): A high-ranking adult female. She is one of five monkeys who 
wear a GPS collar. Yochan's GPS collar is the only one that is black (there are two black and two beige 
ones). She also had a small umbilical hernia.  
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APPENDIX B 
 

SUPPLEMENTARY TABLES AND FIGURES 
 
Linear Mixed-Effects Model (LMM): Route Length 
R packages: lme4 and LmerTest 
 

 
Table 6: Null, Full and Reduced LMMs for route length. Including all of the fixed-effects and random 
effects. 
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Figure 37: Histogram of route length data.  
 

 
Figure 38: Histogram of route length data that was order-normalized transformed.  
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Figure 39: Normal QQ plot for untransformed route length data.  
 

 
Figure 40: Normal QQ plot for order-normalized transformed route length data.  
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Figure 41: Normal QQ plot of the residuals of the final reduced model for route length.  

 

 
Figure 42: Plot of the residuals of the final reduced model for route length. 
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Figure 43: Histogram of the residuals for the final reduced route length model.  
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Linear Mixed-Effects Model: Experiment Run Time 
R packages: lme4 and LmerTest 
 

 
Table 7: Null, Full and Reduced LMMs for experiment run time. Including all of the fixed-effects and 
random effects. 
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Figure 44: Histogram of the experiment run time data. Roughly Poisson-shaped distribution. 
 

 
Figure 45: Histogram of the log-transformed experiment run time data. Roughly normal.  
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Figure 46: Normal QQ plot for the experiment run time data. Tails do not follow normal distribution.  
 

 
Figure 47: Normal QQ plot for the log-transformed experiment run time data. Roughly normal.  
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Figure 48: Normal QQ plot for the residuals belonging to the reduced model for experiment run time.  
 

 
Figure 49: Plot of the residuals belonging to the final reduced model for experiment run time.  
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Figure 50: Histogram of the residuals from the final reduced model for experiment run time.   
 


