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Abstract 
Primates in the wild face complex foraging decisions where they must assess the 

most valuable of different potential resources to exploit, as well recall the location of 

options that can be widely distributed. While differences in diet and ecology have long 

been thought to be an important factor influencing brain evolution in primates, it is less 

well understood what psychological abilities animals actually use when making foraging 

decisions. This dissertation examines cognitive domains that play a crucial role in 

supporting foraging behaviors—spatial memory and decision-making—by integrating 

both psychological and biological approaches to behavior. In particular, the research 

presented here examines multiple species of primates to address the cognitive skills that 

different animals use to solve foraging problems (at the proximate level of analysis), as 

well as why some species appear to solve such problems differently than other species 

(at the ultimate level of analysis). 

The first goal of the dissertation is to compare closely-related species that vary in 

ecological characteristics, in order to illuminate how evolution shapes the cognitive 

skills used in foraging contexts. This component focuses on comparisons between 

chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), humans’ closest extant 

relatives. In addition, this component reports comparisons amongst strepsirrhines 

(Lemur catta, Eulemur mongoz, Propithecus coquereli, and Varecia subsp.) to model cognitive 

evolution in a taxonomic group with greater ecological diversity than Pan. The first two 

chapters test the hypothesis that more frugivorous species exhibit more accurate spatial 

memory skills, first by comparing apes’ spatial memory abilities (Chapter 2), and then 

by comparing four species of lemurs on a related set of spatial memory tasks (Chapter 

3). In subsequent chapters, I examine apes’ decision-making strategies to test the 

hypothesis that chimpanzees are more willing to pay decision-making costs than are 
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bonobos, due to differences in their feeding ecology. I focus on preferences about the 

timing of payoffs (Chapter 4); preferences about risk, or the variability in payoffs 

(Chapters 4 and 5); and preferences about ambiguity, or knowledge about available 

options (Chapter 6).  

The second goal of the dissertation is to compare the psychological mechanisms 

that human and nonhuman great apes use for foraging, in order to identify potentially 

human-unique cognitive abilities. In terms of spatial memory, I examine whether other 

apes also exhibit human-like patterns of spatial memory development (Chapter 2). In 

terms of decision-making, I examine whether apes exhibit a suite of human-like biases 

when making value-based choices. In particular, I test whether emotional and 

motivational processes, which are critical components of human decision-making, also 

play a role in apes’ choices (Chapters 4); whether apes are sensitive to social context 

when making economic decisions (Chapter 5); and whether apes are sensitive to their 

degree of knowledge when making choices under uncertainty (Chapter 6).  Finally, I 

directly compare human and ape preferences on a matched task to assess whether 

humans use any unique psychological abilities when making decisions about risk 

(Chapter 7). In sum, this dissertation links studies of mechanism with hypotheses about 

function in order to illuminate the evolutionary roots of human's unique cognitive 

phenotype. 
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1. Introduction 

1.1 Theoretical approaches to cognitive evolution 
One of the most pressing problems for the comparative study of cognition is 

explaining variation in abilities across species. The study of the adaptive variation in 

cognition and the brain assumes that both neurobiological and cognitive traits are 

shaped by natural selection much like morphological traits. However, despite great 

theoretical interest in the application of these evolutionary approaches to cognition, 

there have been few direct tests of this hypothesis using actual behavioral comparisons 

of multiple species. The current dissertation therefore has two main goals. The first is to 

compare cognitive skills in closely related species to address ultimate level questions 

about the evolutionary processes generally shaping cognition. The second is to compare 

cognitive skills in apes and humans in order to identify potentially derived human traits.  

The focus across these studies is the evolution and psychology of a set of memory and 

decision-making skills used to solve foraging problems. 

Comparative cognition sits at the intersection of several fields, as this type of 

inquiry unites proximate questions (about the psychological mechanisms supporting 

behavior) with ultimate questions (about the evolutionary causes of differences in 

behavior between species). As such, theoretical and empirical advances across multiple 

disciplines are important for this type of integrative research. In particular, psychology 

and neuroscience provide important frameworks (and methodologies) for evaluating 

“how” behavior is generated via different cognitive skills across species, and biology 

and anthropology are important for evaluating “why” differences or similarities across 

species might exist (Tinbergen 1963).  This theoretical distinction—that explanations for 

a behavior can be characterized both in terms of the underlying psychological 
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mechanisms and the evolutionary processes that promoted the emergence of the 

behavior or cognitive ability—is a key component of approach used here. 

In addition, the current research utilizes one of the most important tools in 

evolutionary biology: the comparative method, a technique Darwin (1859; 1872) drew 

upon in some of his most powerful arguments for explaining the distribution of traits 

across species. The comparative method examines the traits of different species in 

relationship to the ecological or social context of that species, in order to better 

understand how natural selection proceeded (Clutton-Brock and Harvey 1979; Harvey 

and Purvis 1991; Mayr 1982). As evolution is typically a historical phenomenon that 

cannot be directly observed, the comparative method allows the reconstruction of the 

processes that occurred.  Although species comparisons are used widely for 

understanding the evolution of morphological characteristics as well as behavior in 

animals, they have been only more recently applied to the problem of cognitive 

evolution (Amici, et al. 2008; Balda and Kamil 1989; Bond, et al. 2003; Clayton and Krebs 

1994; MacLean, et al. 2012; Sherry 2006). Thus, the extension of this approach to 

cognition is a second key theoretical underpinning of the current work. In particular, 

this research will examine whether ecological differences across species have a 

recognizable “psychological signature” much like the types of morphological signatures 

that can be identified in the dentition or other physical characters of species that differ in 

their diet. That is, this dissertation will examine if species with known differences in 

their wild ecologies exhibit systematic differences in relevant cognitive skills. 

Finally, research that attempts to understand cognition in terms of evolutionary 

processes requires a common currency for assessing the costs and benefits of various 

alternative behaviors (McNamara and Houston 1986).  For example, foraging animals 

must make extensive tradeoffs between the time and energy necessary to find resources, 
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the payoffs that different available options provide, as well as the information 

processing capacities they dedicate to such problems. Both behavioral economics and 

behavioral ecology have developed models for analyzing these types of tradeoffs and 

identifying potentially “optimal’ courses of action (Hammerstein and Hagen 2005; 

Kacelnik 2006; Stephens and Krebs 1986). However, although economic models and the 

foraging models used in behavioral ecology overlap, these two approaches differ in how 

they treat the ‘currency’ of decisions. Economic models are concerned with the utility 

that decision makers expect to receive from different possible outcomes. That is, 

economic models are primarily concerned with modeling mechanistic processes at the 

proximate level of analysis. Evolutionary models, in contrast, focus on only one type of 

value: influence of the target behavior on fitness, as any adaptive explanation for a 

behavioral trait must ultimately demonstrate that it has a differential impact on survival, 

reproductive success, or some other component of fitness. The current studies will 

integrate this evolutionary approach to behavior, but as these studies are focused on 

measures of cognition in the short-term, without any long-term measures of fitness 

consequences, it is therefore necessary to use a proxy for direct measurements of fitness. 

Across the current studies, this proxy will concern the repercussions of different 

cognitive abilities on food intake. In particular, various studies focusing on how 

cognition impacts total food intake (e.g., memory for resource locations), the rate of food 

intake (temporal decisions), variability in food intake (risky decisions), and information 

about food resources (ambiguity). 

1.2 The ecological intelligence hypothesis 
Foraging problems are ubiquitous: all animals must identify appropriate food 

resources, locate them in their environment, and make tradeoffs between the benefits of 

pursuing a particular resource (in the form of calories and various nutrients it provides) 
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and the costs necessary to acquire the resource (such as allocation of time and 

expenditure of energy). Solving these problems is thus a key behavioral challenge faced 

by all primates.  In addition to the critical importance of foraging skills, there are 

theoretical reasons to focus on the domain of foraging when seeking to understand how 

evolution shapes cognition in a more general way. In particular, theories about the 

evolution of primate intelligence as well as accumulating evidence from studies of brain 

evolution both suggest that feeding ecology is likely critical factor shaping cognition 

across species. 

First, there are strong theoretical reasons to suspect that ecology may play an 

important role in the evolution of cognition. To forage efficiently, animals must achieve 

a favorable balance of benefits (the intake of calories or nutrients) that they receive 

relative to the costs (in terms of time, effort, and energy) they pay locating food. 

Consequently, foraging may be more or less difficult for animals depending on the 

features of their diet. A diet that includes many different potential resources to locate, 

resources whose distribution varies in time (seasonal variability) or space (patchiness), 

or resources that require extensive behavioral processing (extractive foraging) may 

require more complex skills than a diet composed of reduced set of options, 

homogeneity in spatial or temporal distribution, or that is processed using 

morphological adaptations (in dentition or the digestive tract) rather than behavioral 

skills. Several major proposals concerning the emergence of complex intelligence have 

therefore focused on the different cognitive demands posed by various features of the 

diet. For example, Katherine Milton (1981) predicted that animals that consume patchy 

food sources (such as frugivores, where fruit dominates the diet) will need to keep track 

of more information, and should have relatively larger brains, than animals that eat less 

variably-distributed resources (such as folivores, who consume more leaves). Other 
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theories focus on the cognitive demands of extractive foraging, or other aspects of 

“technical” intelligence (Byrne 1997; Parker and Gibson 1997) (Gibson 1986). Finally, 

some authors have linked variability in ecological conditions to the need for behavioral 

flexibility or innovation in cognitive skills (Deaner, et al. 2003; Sol, et al. 2002) 

Studies of brain evolution also indicate that variation in neuroanatomical 

features map onto dietary differences. In particular, frugivorous species tend to have 

larger brains than folivorous species (Barton 1996; Barton 2006; Clutton-Brock and 

Harvey 1980; MacLean, et al. 2009). There is also some evidence supporting the 

relationship between brain size and more specific ecological variables such as 

environmental variability (Reader and MacDonald 2003; Sol 2009). However, this 

relationship does not necessarily hold up in all taxa (e.g., see Allen and Kay 2012 for 

evidence from platyrrhines), suggesting that general diet categories, phylogenetic 

history, and potential differences in foraging strategies across taxa must be taken into 

account. Yet it is also important to point out that these types of studies use a anatomical 

proxy for cognition (the size of the brain or particular regions in the brain), rather than 

direct measures of cognitive abilities. Furthermore, those studies that have examined 

relevant cognitive skills in multiple species of primates have often incorporated the 

results of multiple studies, each using differing methods, in a meta-analysis approach 

(e.g., Deaner, et al. 2006). 

In addition to these more general theories concerning primate evolution, several 

prominent theories have focused on the importance of dietary shifts for understanding 

human evolution specifically (Teaford and Ungar 2000; Ungar, et al. 2006). Much current 

theory about human brain evolution has focused specifically on how diet can constrain 

brain evolution because of energetic factors, and how release of those constraints may 

have been an import pre-requisite for observed changes in the human brain (such as 
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increases in brain size in Homo). For example, the expensive tissue hypothesis focuses on 

tradeoffs between different tissue types that are metabolically expensive (Aiello and 

Wheeler 1995; Fish and Lockwood 2003). This hypothesis suggests that an increase in 

access to high-quality food (such as meat) may have allowed hominins to shrink their 

gut tissue—thus releasing a major energetic constraint on brain growth. However, there 

is active disagreement about what changes (if any) this human-specific dietary shift may 

have entailed, with one more recent formulation focusing on the energetic consequences 

of cooking foods for the human diet (Wrangham 2009; Wrangham and Carmody 2010; 

Wrangham, et al. 1999), and other formulations simply suggesting a change in energetic 

allocation without specific predictions about what that entailed (Navarrete, et al. 2011) 

1.3 Target cognitive skills 
The cognitive skills used in foraging contexts are relatively well characterized, 

making them a good target for comparative studies of cognition. For example, the basic 

underlying psychological and neurobiological processes that support spatial memory 

have been extensively studied in many species. Consequently, identifying the types of 

cognitive abilities that might be expected to vary across taxa is clearer then for these 

types of skills, as compared to other complex behaviors where the mechanistic basis is 

generally not well understood in most species. Moreover, even though few studies have 

compared multiple species of primates on spatial memory tasks, spatial memory has 

long been a focus of comparative work in other taxa such as birds. In terms of decision-

making, there has been extensive research into both human and nonhuman choice 

behavior from behavioral economics and behavioral ecology, as mentioned previously. 

Moreover, work in these disciplines suggest that decision-making is a rich field for the 

application of evolutionary approaches because there are clear quantitative predictions 

about how individual should act. Consequently, deviations from these predictions 
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across species can help identify potential ecological contexts in which the balance of 

costs and benefits has shifted to promote a different behavioral strategy.  

1.3.1 Spatial memory: locating resources 

Primates in the wild face complex foraging problems that involve locating 

resources at an optimal time, and navigating between patchy food sources efficiently 

(Janson and Byrne 2007). Memory is one type of skill that animals can use to solve these 

problems, as memory systems allow organisms to use information acquired from past 

experiences to alter their currently behavior. Yet although it is clear from wild 

observations that animals can move through familiar spaces and successfully locate 

food, these types of observations do not necessarily indicate that animals are using 

memory to do so. That is, animals may use various possible cognitive mechanisms to 

engage in these types of behaviors, and observational data alone typically cannot 

differentiate between these possibilities. For example, wild primates could navigate 

between resources by using visual or other perceptual cues (such as smell) to directly 

detect food, rather than memory. If they do use memory, multiple systems could be 

used to encode space in different ways (Burgess 2008; Sherry and Schacter 1987). For 

example, animals could navigate by recalling their own movement through space, 

without necessarily tracking any relevant environmental features (Lee and Spelke 2010). 

Alternatively, animals could form geometrically-organized cognitive maps of space 

(Menzel 1973; Normand and Boesch 2009). Most likely, wild animals use a combination 

of multiple perceptual and memory mechanisms to detect food and navigate in their 

natural environment—mechanisms that overlap to some degree but also differ in the 

cues they identify and the way they encode spatial locations.  To identify underlying 

cognitive skills, it is therefore necessary to limit certain potential cues that are available 

to assess whether animals use specific skills. The current work will focus in particular on 



 

 8 

spatial memory, or the ability to recall locations in space. Consequently, the current 

studies will examine whether and how difference species can locate food based on 

previous experiences, in the absence of direct perceptual cues. 

1.3.1.1 Psychological and neurobiological substrates for memory 

Memory is not a unitary phenomenon. Studies of memory in humans and other 

animals suggest a distinction between two broad types of memory systems that depend 

on different neural structures. One system depends on the hippocampus and 

surrounding medial temporal lobes (MTL). This memory system supports rapid 

formation of memories concerning specific events or spatial locations (Bird and Burgess 

2008). Studies of humans, rats, and rhesus macaques further suggest that distinct regions 

in the MTL contribute to different aspects of these processes, although the particular 

divisions proposed have varied. One prominent proposal suggests that perirhinal cortex 

(PRC) is important for recognition based on familiarity, whereas the hippocampus and 

parahippocampal cortex are more important for recollection (Eichenbaum, et al. 2007). 

Other theoretical models of memory processing in the medial temporal lobes suggest a 

distinction between processes dependent on PRC that encode specific items—such as a 

fig trees—and processes dependent on PHC that encode the relationship between items 

and relevant contextual details—e.g., the particular fig tree is to the west of the river 

(Davichi 2006). This formulation suggests that the surrounding cortex may provide 

input to the hippocampus about specific items or specific contextual details, whereas the 

hippocampus is specifically involved with relational binding of memories to create a 

representation of items in their context. Finally, a recent proposal (Ranganath and 

Ritchey 2012) suggests a distinction between one system that is involved in familiarity-

based recognition (including PHC, the anterior hippocampus, and additional regions 

such as the amygdala), and a second system that supports episodic memory (including 
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PRC, posterior hippocampus, and parietal and frontal regions). Overall, though, all of 

these proposals align in suggesting a distinction between memory that involves 

distinguishing between familiar and novel items, and memory that also encodes 

something about the context of that item, including spatial location. 

A second major system supporting memory processes is the basal-ganglia, a 

region involved in more gradual learning of habitual responses or motor skills that are 

more closely tied to trial and error learning (Yin and Knowlton 2006). Evidence from 

rodents suggests that early learning tends to be under the control of the hippocampus 

and MTL, whereas with more repetition the contributions of the basal ganglia grow in 

importance. Indeed, when activity in these regions is experimentally modulated it is 

possible to shift the balance of control of behavior to one region or the other (Packard 

1996; Packard 1999). Imaging data from humans also suggests that these memory 

systems compete for control of behavior in humans, with a shift from hippocampus to 

basal ganglia in later learning (Poldrack, et al. 2001). Thus, although animals may exhibit 

similar memory-based behaviors in some contexts, these behaviors can potentially be 

supported by different memory mechanisms (an idea examined in Chapter 3). 

1.3.1.2 Previous comparative work on memory  

Researchers have identified several taxa where ecological niche may have 

influenced the evolution of memory skills and related brain structures. Birds have 

provided one of the best-explored model systems: variation in hippocampal complex 

size (relative to brain and body size) and memory skills of various species of passerine 

birds is correlated with food storing behaviors. Specifically, species that store more food 

show more accurate memory performance (Balda and Kamil 1989) and have larger 

hippocampal volumes (Krebs, et al. 1989). This suggests that species whose feeding 

ecology requires that they recall thousands of food cache sites have more sophisticated 
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memory capacities as well as an enlarged hippocampal complex.  

There are similar findings relating differences in ecological variables to memory 

capacities in several other species.  For example, in polygynous vole species where males 

have larger ranges than females, males exhibit relatively better memory performance, 

and there are sex differences in hippocampus size. However, in monogamous species 

where males and females have similar home range sizes, there is no sex difference either 

in behavior or hippocampus size (Gaulin and Fitzgerald 1989; Jacobs, et al. 1990). 

Finally, there has been one important comparison of spatial memory in different primate 

species. In particular, studies of golden lion tamarins (Leontopithecus rosalia) and Wied’s 

marmosets (Callithrix kuhli) indicated that while marmosets perform better at shorter 

intervals, their memory decays more rapid over time. In contrast, tamarins are more 

accurate that marmosets at longer (24hr or 48 hr) intervals (Platt, et al. 1996). One 

explanation for these results concerns differences in these species ecology: while 

marmosets are obligate gummivores and have relatively small home ranges and daily 

travel distances, tamarins tend to range more widely. Thus, tamarins may need accurate 

memory over longer temporal periods, as they are more likely than marmosets to 

experience delays between visits to a patch. These results are consistent with the 

different feeding ecologies of these species (as described in more detail in section 1.3.2.2 

on the evolution of decision-making). Finally, there have been several studies of spatial 

memory in apes. However, these studies have typical either included only one species 

(Mendes and Call 2008; Menzel, et al. 2002; Menzel 1973), or have involved few 

individuals from the different species (Haun, et al. 2006b; Kanngiesser and Call 2010).  

Finally, much comparative work has focused on whether animals possess 

episodic memory, or memory for autobiographical events that integrates information 

about what occurred, where it took place, and when it happened. Although some 
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hypotheses suggest that episodic memory is unique to humans (Tulving 1985; Tulving 

2002), many neurobiological theories presume that episodic memory is supported by the 

same neural substrates as spatial memory more generally (as noted above). Several 

studies have therefore examined whether animals also possess what has been termed 

“episodic-like memory”. For example, experiments with scrub jays (Aphelocoma 

coerulescens) and Western scrub jays (Aphelocoma californica) suggest that these birds have 

rich representation of past episodes, and use this information to plan for likely future 

events in a context-sensitive manner (including behavioral decisions involving spatial 

content). First, when given the opportunity to cache food types that decay at different 

rates, and then given the opportunity to recover the caches after different intervals, jays 

behave as though they remember the location (where) of the different food types (what), 

as well as how long ago (when) they cached (Clayton and Dickinson 1999; Emery and 

Clayton 2001). Furthermore, jays cache food in a manner that is sensitive to their future 

needs: preferentially storing in food locations where they had leaned they would be 

hungry the following morning, and even preferentially storing the specific types of food 

that would not be available at that particular location (Raby, et al. 2007).   

Following from this seminal work with corvids, researchers have examined 

similar abilities in a variety of other species, including rats (Rattus norvegicus; Babb and 

Crystal 2006), magpies (Pica pica; Zinkivskay, et al. 2009), and pigeons (Columba livia; 

Zentall, et al. 2001). Most relevant to the current set of studies, there is strong evidence 

that apes both remember the past and plan for the future (Mucalhy and Call 2006). For 

example, when chimpanzees (Pan troglodytes), bonobos (Pan paniscus), and orangutans 

(Pongo pygmaeus) view two types of food being hidden (frozen juice, which is preferred 

but perishable, and a grape, which is less preferred but non-perishable), they choose the 

frozen juice after 5 min, but choose the grape after one-hour duration. Furthermore, 
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when apes view two baiting events that happen at different times, they can nonetheless 

form an integrated memory for the location and time the different foods where hidden 

(Martin-Ordas, et al. 2010). Importantly, these types of tasks always involve a spatial 

component (e.g., apes must recall where, what, and for how long a given item was 

hidden). Thus, apes could potentially solve other spatial problems using these types of 

episodic-like memory skills. However, these previous studies have typical involved too 

few individuals from any one ape species to directly compare their performance. 

1.3.2 Value-based decision-making: resource tradeoffs 

At the heart of foraging are decisions about value: given all the available 

alternatives, what should I choose to eat? This decision must involve the integration of 

many disparate types of information, including the quality of the food, the likelihood 

that patchily distributed resources are available at any given time, and the travel costs of 

pursuing more distant resources (which are consequently uncertain payoffs until 

actually located). Choosing between alternatives therefore requires that animals make 

tradeoffs between different measures of value, such as between a high-quality resource 

that may have uncertain yield, or a lower-quality resource that provide a more reliable 

outcome. This dissertation will focus on three major components of value-based 

decision-making: time, risk, and knowledge. When facing options with smaller, sooner 

payoffs and larger, later payoffs, animals must make an inter-temporal choice. That is, 

they must tradeoff between the value of the reward they can acquire and the time costs 

they must wait to acquire it. In contrast, risky choices involve decisions between options 

that are more variable or more constant in the reward they provide. Finally, choices 

about ambiguity involve situations where decision-makers have different knowledge or 

confidence in their information about different options. 
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1.3.2.1 Psychological and neurobiological substrates for decision-making 

Animals and humans alike must make decisions involving these types of 

tradeoffs between time, variability, and knowledge. Consequently, psychologists, 

economists, and biologists have all developed models to explain these types of behaviors 

(or the psychological processes supporting the behaviors). In many cases, theoretical 

views on decision-making reflect a tension between normative theories of how a rational 

decision-maker should act, and descriptive theories that try to accurately reflect how real 

decision-makers actually act. For example, rational choice theory is a set of normative 

assumptions about how individuals should behave. This theory is based on utility, 

which is conceptualized as an index of ‘goodness’ or goal achievement, and assumes 

that decision-makers attempt to maximize their expected utility. That is, individuals 

should prefer options that offer the highest utility (potentially weighted by some 

measure of cost, such as the delay to receive a reward or the probability of acquiring the 

reward). From a few basic assumptions, expected utility theory predicts the types of 

preferences that ‘rational actors’ should exhibit.   

For example, rational choice theory predicts that decision-makers should 

discount, or devalue, future payoffs over time in an exponential fashion (Samuelson, 

1937). That is, decision makers should exhibit consistent preferences between two 

options based on their relative timing: a choice between $10 now or $11 in a week 

should be functionally equivalent to choosing between $10 in a year or $11 in a year and 

a week—in both decisions, a quantitative difference of one dollar is associated with a 

temporal difference of one week. In terms of preferences over uncertainty, classical 

theories similarly suggest that decision-makers should maximize the expected utility of 

their decision (von Neumann and Morgenstern 1947). As risk (or variance in payoffs) 

does not influence the expected value of a given option—the expected value of 50 cents 
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is identical to a 50% shot of winning one dollar—and thus decision-makers should be 

risk-neutral. Similarly, ambiguity (or different levels of confidence in the probability of 

outcomes) does not impact estimations of value, so decision-makers should exhibit 

identical responses to risky options that are certain, and risky options where the 

probability estimate is more in doubt (Savage 1954).  

However, myriad studies of actual choice behavior indicate that these models 

generally fail to predict real preferences in many contexts (Kahneman and Tversky 

2000). For example, individuals tend to more heavily prioritize immediacy than is 

expected by exponential discounting models, exhibiting inconsistent temporal 

preference reversals (Frederick, et al. 2002). For example, individuals may prefer to 

receive $11 after a year and one week when the alternative is $10 in year. However, if the 

$10 is available right now, they prefer this immediate option compared to $11 after a 

week. Thus, even though both decisions involve the same relative time costs, people 

tend to exhibit inconsistent preferences. Similarly, people tend to be risk-averse for 

gains, accepting a reduction in the expected value of their choice in order to reduce the 

variability in the potential outcomes they will receive (Rabin and Thaler 2001). 

Moreover, people show different patterns of choice for gains and losses: when choices 

are framed as involving gains (e.g., money earned) people tend to avoid risk, whereas if 

the equivalent choice is framed as involving losses (e.g., money lost), people prefer to 

take risks (Kahneman and Tversky 1979; Tversky and Kahneman 1981). Finally, in the 

real world, decision-makers often lack complete information about different available 

resources. Studies that tease apart the impact of risk (variability in known probability) 

and ambiguity (variability in knowledge about probabilities) have shown that aversion 

to ambiguity tends to be greater than aversion to risk: people do not like choosing the 

unknown (Camerer and Weber 1992). 
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Psychologists, economists, and biologists have therefore developed newer 

models of choice that are thought to better describe the behavioral or psychological 

processes involved in decision-making. For example, more recent models of inter-

temporal choice account for temporal preference reversals, and include descriptive 

models from psychology and economics such as such as hyperbolic discounting and 

quasi-hyperbolic discounting (Laibson 1997; Mazur 1987), as well as more normative 

models from biology such as rate maximization (Stephens and Anderson 2001; Stephens 

2004). Similarly, descriptive models from psychology and economics such as prospect 

theory account for how people respond to variation in uncertainty (Kahneman and 

Tversky 2000). Biological models also account for risk sensitivity, here by linking 

differences in uncertainty to the marginal fitness gains of different options (Kacelnik and 

Bateson 1996; Kacelnik and Bateson 1997; Marsh and Kacelnik 2002; Schuck-Paim and 

Kacelnik 2002; Schuck-Paim, et al. 2004). In general, these behavioral ecology models are 

normative in the sense that they predict how a rational actor should behave. However, 

these models are different from classical choice theory in that “rationality” is here 

defined in terms of fitness consequences of different strategies, rather than consistent 

patterns of preference per se (Kacelnik 2006). In contrast, newer models from 

psychology and economics are primarily descriptive. 

 Recently, decision-making models have been used to examine neural substrates 

supporting decision-making. Converging evidence indicates different type of choices 

can recruit overlapping sets of brain regions. In particular, receiving a rewarding 

stimulus evokes activity in midbrain dopaminergic neurons in the ventral tegmental 

area (VTA). These neurons are thought to track reward prediction error by activating in 

response to unpredicted rewards (or cues signaling the receipt of future rewards), and 

depressed activity in response to predicted rewards that are omitted (Hollerman and 
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Schultz 1998; Pessiglione, et al. 2006; Schultz 1998). Two dopaminergic pathways 

connecting the VTA to other regions are thought to be especially important for 

transmitting learning signals to other brain regions and representing value more 

generally: the mesolimbic pathway, which connects the VTA to the ventral striatum, 

amygdala, and hippocampus; and the mesocortical pathway, which connects the VTA to 

cortical regions—especially frontal regions such as medial prefrontal cortex (mPFC). 

These pathways play a critical role in representing potential outcomes of different 

actions for a variety of different decisions (Carter, et al. 2010; Platt and Huettel 2008; 

Rangel, et al. 2008). Overall, these dopaminergic pathways seem to be involved in the 

representation of value—or the utility of options—in the brain (Schultz 2000).  

 In addition to these shared substrates for representing value, different particular 

types of decisions may recruit non-overlapping neural systems. For example, some work 

examining the neural basis of discounting has taken a dual-process account of temporal 

choices. In this model, one system responds strongly to immediate rewards—including 

the ventral striatum, as well as medial prefrontal regions in orbitofrontal (OFC) and 

anterior cingulated cortex (ACC) as described previously—and another (recruiting 

lateral prefrontal and parietal regions) promotes more deliberative, forward-thinking 

choices (McClure, et al. 2007; McClure, et al. 2004). In terms of decision-making under 

uncertainty, regions in posterior parietal cortex are responsive to differences in 

probabilities, possibly due to the importance of this region in numerical estimation 

(Huettel, et al. 2005). In addition, insular cortex is thought to reflect choices for high-risk 

options over safe options (Kuhnen and Knutson 2005; Paulus, et al. 2003). There also 

seems to be some distinction in the neural mechanisms supporting decisions about 

ambiguity versus risk, as OFC and the amygdala respond more to level of ambiguity, 

whereas the striatum responds more to expected value in reward contexts (Hsu, et al. 
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2005). Finally, evidence from both temporal discounting and risky choice tasks indicates 

that posterior cingulate cortex is involved in representing the subjective value of 

rewards (Kable and Glimsher 2007; McCoy and Platt 2002). 

1.3.2.2 Previous comparative work on decision-making 

Some previous comparative studies of decision-making in primates have 

suggested that ecology may shape economic preferences. For example, cotton-top 

tamarins (Saguinus oedipus) and common marmosets (Callithrix jacchus) show different 

patterns of choice in both temporal discounting (Rosati, et al. 2006; Stevens, et al. 2005a) 

and spatial discounting (Stevens, et al. 2005b) contexts. Specifically, marmosets are more 

willing to wait in temporal tasks to acquire more food, whereas tamarins are more 

willing to travel longer distances to acquire more food. As tamarins and marmosets are 

closely related New World monkeys with similar body sizes, natural histories, and social 

systems, one hypothesis is that differences in their feeding ecology may drive 

differences in their underlying decision-making mechanisms, an explanation similar to 

that for differences in spatial memory in other callitrichids species (Platt et al., 2006). 

Specifically, marmosets may be more patient in temporal contexts because they are 

obligate gummivores who must wait for sap to exude from tree. In contrast, tamarins 

forage more on ephemeral insects and patchily-distributed fruits, and tend to have 

longer daily path lengths. Thus, they may be more willing to travel to acquire food. 

Finally, some previous work with chimpanzees and bonobos has suggested similar 

patterns in these species (see section 1.4.2). 

In addition to direct comparisons between closely related species, work in 

behavioral ecology has suggested that environmental conditions can impact preferences. 

These types of studies can help illuminate the ultimate behavioral function of such 

preferences by identifying how they change across biologically-relevant contexts. In 
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particular, recent work on risk preferences has suggested that although animals are 

generally risk-averse like humans (Kacelnik and Bateson 1996; Kacelnik and Bateson 

1997), preferences in various species are also context sensitive. For example, risk 

preferences in dark-eyes juncos depend on energetic state: individuals in poor condition 

tend to be more risk-prone than individuals in a better condition (Caraco 1981). One 

possibility is that this reflects differences in how a given payoff impacts fitness: if an 

animal’s current nutritional requirements exceed the payoff offered by the safe option, 

then they should be more risk-prone—as the alternative is potentially death (Stephens 

1981). In other taxa where starvation is not as much of a threat, in contrast, energetic 

state may have the reverse effect. In particular, chimpanzees engage in more risk-prone 

hunting behaviors in seasons where they have greater access to their preferred food 

resources (Gilby and Wrangham 2007). That is, chimpanzees may need to reach a certain 

physiological state prior to engaging in risky hunting behaviors. 

Finally, theoretical work has suggested several evolutionary interpretations of 

why different species may exhibit a particular pattern of choice behavior. These theories 

have often explicitly tied patterns of temporal choice behavior to levels of uncertainty in 

the environment (Kacelnik 2003). Foraging animals face constant tradeoffs between 

continuing to forage at a patch that has already been partially depleted, and traveling to 

a new untapped patch that is not immediately accessible (e.g., Stephens and Krebs 1986). 

Importantly, a delayed reward carries a risk that an immediate reward does not: animals 

waiting for future rewards face the possibility of interruption (Houston 1982) or even 

death (McNamara and Houston 1987). That is, if an animal leaves its current patch to 

find a new, higher-quality patch, it runs the risk of never actually getting to such a patch 

at all: a future reward can go unrealized and is thus inherently probabilistic in a natural 

setting, whereas an immediate reward is certain (even if small). Within this view, 
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temporal preferences and risk preferences are closely yoked to the contingencies that an 

individual experiences in its environment. More specifically, this type of model suggests 

that these types of behaviors will covary across species: species that are extremely 

patient might be expected to accept higher levels of risk as well.  Importantly, this 

evolutionary prediction conflicts with many disease models suggesting that both 

temporal discounting and risk-taking can be characterized as forms of “impulsivity”.  

That is, in this view, shared psychological mechanism might predict that more risk-

prone individuals are also less patient (e.g., Hayden and Platt 2007). One potential way 

of reconciling these predictions is that the evolutionary hypothesis concerns variation 

between species, whereas the psychological hypothesis concerns individual variation 

within a species. 

1.4 Focus species 
This dissertation will involve comparisons of cognitive abilities in two main 

taxonomic groups. In one set of studies, I examine decision-making and memory skills 

in humans’ closest living relatives, chimpanzees and bonobos. In the second set, I 

examine memory skills in strepsirrhines to model the evolution of memory in a more 

ecological diverse group.  

1.4.1 Chimpanzees and bonobos: the origins of human cognition 

Chimpanzees and bonobos are human’s closest extant relatives, sharing 

approximately 98% of their DNA with humans (Pruefer 2012). As such, studies of apes 

are a critical tool for testing hypotheses about the evolution of human cognition, as 

studies of living apes can help model the behavioral and cognitive profile of the last 

common ancestor (LCA) of our lineage with nonhuman apes. These types of studies can 

therefore help illuminate what cognitive might be uniquely human. Moreover, linking 

comparative studies with data on other species’ natural behavior when foraging can 
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begin to address why such differences in human cognition may have emerged.  In 

particular, chimpanzees and bonobos show a suite of interesting morphological and 

behavioral differences, despite a recent divergence data estimated at 800,000 years ago 

from genetic data (Won and Hey 2005). For example, chimpanzee exhibit more 

pronounced sexual dimorphism, increased escalated aggression, and higher rates of 

extractive foraging and hunting, whereas bonobos exhibit increased socio-sexual 

behavior and an increased importance of female bonds (Hare, et al. 2012; Kano 1992; 

Parish 1996; Parish and de Waal 2000; Wrangham and Pilbeam 2001).  

One hypothesis put forth to explain these differences is that chimpanzees and 

bonobos have differences in their feeding ecology that ultimately led to shift in their 

social structures (Kano 1992; Wrangham and Peterson 1996). Specifically, this hypothesis 

suggests that chimpanzees live in environments where they have more seasonably-

variable food sources (White 1998), face more competition for smaller, less-abundant 

food patches (White and Wrangham 1988) and have less access to terrestrial herbaceous 

vegetation (THV) as fallback food (Malenky and Wrangham 1993). These ecological 

factors are thought to have been an important selection pressure shaping many 

behavioral differences in Pan: bonobos’ reduced feeding competition and increased 

reliance on THV means that females spend less time traveling to find food, and therefore 

can afford to cultivate relationships with other females (Wrangham 2000). These changes 

in patterns of female relationships may have results in relaxed selection on aggressive 

behaviors (Hare, et al. 2012; Wrangham and Pilbeam 2001).  However, it is important to 

note that most of the chimpanzee data supporting this hypothesis comes from East 

African chimpanzees, and chimpanzees appear to show high levels of behavioral 

diversity across study sites (Boesch, et al. 2002). Indeed, some researchers suggest that 

West African chimpanzees may be more “bonobo-like” in their ecology (Hohmann, et al. 
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2010) and have asserted that bonobos and chimpanzees are not as divergent in their 

social behaviors as others have claimed (Stanford 1998), or may occasionally hunt 

monkeys like chimpanzees (Surbeck and Hohmann 2008). Nonetheless, this new data 

has not challenged the core of the ecological hypothesis suggesting that chimpanzees 

may be adapted for a more “difficult” feeding ecology with increased feeding 

competition, increased search times, and increased variation. 

Based on this data on Pan feeding ecologies, my hypothesis is therefore that 

chimpanzees and bonobos will systematically differ in a suite of cognitive traits related 

to foraging. In particular, chimpanzees’ greater relative reliance on patchily-distributed 

fruit suggests that they may exhibit more accurate spatial memory skills than bonobos 

(examined in Chapter 2). Similarly, the greater variability and differences in ease in 

locating food suggests that chimpanzees might be more willing than bonobos to accept 

‘costs’ to obtain food—including temporal delays and risk, or variability in payoffs 

(examined in Chapters 4 and 5). Three previous studies do indeed suggest that 

chimpanzees and bonobos did differ in their decision-making preferences: chimpanzees 

were willing to wait longer (Rosati, et al. 2007) and accept more risk (Haun, et al. 2011; 

Heilbronner, et al. 2008) than bonobos when making decisions about food rewards. 

Indeed, chimpanzees showed a level of preference for risk not typically seen in 

nonhumans, and were even were more willing to wait for delayed food than a 

population of humans compared on a similar task. However, one alternative explanation 

is that the differences stem from population differences, not differences in species-

typical behavior per se. Thus, one major goal of this dissertation is to examine other 

populations of apes using different methods, in order to assess the robustness of these 

previous results. Moreover, one predictive component of the ecological hypothesis is 

that chimpanzees and bonobos should not differ in the cognitive skills across all 
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domains. Rather, these two species should exhibit targeted differences only for specific 

set of skills that relate to differences in their socioecology. Indeed, some previous work 

suggests that these species exhibit very similar patterns across a wide variety of 

cognitive tasks (Herrmann, et al. 2010a). In the current dissertation, I therefore also 

examine preferences for ambiguity, or level of knowledge about reward contingencies, 

as an example of a cognitive trait for which there is not a strong prediction for a species 

difference based on feeding ecology (Chapter 6). 

1.4.2 Strepsirrhines: modeling the evolution of foraging skills 

Despite the evolutionary importance for understanding human cognition, Pan is 

not the strongest test case for the application of evolutionary approaches to cognition 

given that the genus has only two species, and the proposed ecological differences 

between these species are relatively small (e.g., both chimpanzees and bonobos are 

clearly both dependent on fruit, even if there may be quantitative variation in diet 

composition). Consequently, tests of hypotheses about how ecology shapes cognitive 

skills would benefit from application to taxonomic groups that have greater variation in 

diet categories. A second component of this dissertation will therefore extend the 

paradigms used to test ape memory to strepsirrhines (lemurs, lorises, and galagos). In 

particular, I examine the hypothesis that spatial memory systematically varies with 

degree of frugivory in four lemur species (Chapter 3). Malagasy lemurs are a 

monophyletic group (Horvath 2008; Yoder, et al. 1996) that radiated on Madagascar to 

fill diverse ecological niches ranging from rainforest and dry forest to spiny desert. As 

such, lemurs are a particularly interesting group for assessing such claims about 

cognitive evolution in primates because they exhibit high levels of diversity in many 

evolutionarily relevant characteristics, including diet.  
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In this dissertation, I therefore examine different aspects of spatial memory in 

four species of lemurs: ruffed lemurs (Varecia variegata and V.v. rubra), Coquerel’s sifakas 

(Propithecus coquereli), ringtailed lemurs (Lemur catta), and mongoose lemurs (Eulemur 

mongoz). These species exhibit pronounced differences in dietary niche, making them a 

good test case for the application of this comparative approach to cognition. For 

example, ruffed lemurs are highly frugivorous, with diets sometimes exceeding 90% 

fruit (Britt 2000; Vasey 2004). Sifakas, in contrast, are primarily folivorous (Richard 

1977). Finally, both mongoose and ringtailed lemurs exhibit mixed diets including fruit, 

seeds, leaves, flowers, nectar, and insects (Curtis 2004; Sauther, et al. 1999). Moreover, 

these ecological differences in some cases involve morphological adaptations (in both 

soft and hard tissue) that are well-accepted as signatures of selection. For example, 

lemurs exhibit differences in dentition that likely reflect differences in the physical 

properties of their species-typical foods (Cuozzo and Yamashita 2006). Sifakas also have 

a specialized gut structure that is used for microbial fermentation of fibrous foods such 

as leaves (Campbell, et al. 2000). Overall, these well-established ecological differences 

make strepsirrhines a good case for examining the evolution of cognition in relation to 

diet. 

1.4.3 Humans: cognition for foraging 

The final species examined in the current dissertation is humans (Homo sapiens). 

In particular, I report a matched comparison of decision-making abilities in humans, 

chimpanzees and bonobos (Chapter 7). Here I specifically focus on risk preference as a 

test case of extending this comparative approach to encompass to humans. In addition, I 

examine whether humans have specialized decision-making skills that contribute to our 

unique cognitive phenotype.  
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Although there is a huge literature on both risk preferences specifically and 

decision-making more generally in humans, the majority of these studies involve choices 

about money. However, money is an evolutionarily novel reward that only humans are 

motivated to acquire, and most animal studies necessarily involve biological rewards 

and higher opportunity costs (e.g., long delays or actual loss of food). A few studies of 

decision-making in humans suggest that these experimental differences do impact 

human preferences. For example, although humans are typically risk-averse for gains 

(Tversky and Kahneman 1981), when humans make risky choices based on direct 

experience with different outcomes (rather than based on linguistic descriptions of 

problems) they are actually more risk-prone (Hertwig, et al. 2004).  Moreover, reward 

currency can impact decision-making: humans are more risk-prone for small squirts of 

Gatorade than small amounts of real money, even though individual differences in 

relative riskiness remain similar (Hayden and Platt 2009). Similarly, humans appear to 

show more patience for monetary rewards than food rewards (Estle, et al. 2007; Rosati, 

et al. 2007). Indeed, humans also show different patterns of social choices depending on 

whether money is involved, suggesting that decisions about money may systematically 

differ from decisions about other types of rewards (Heyman and Ariely 2004; Vohs, et al. 

2006).  

Notably, monetary rewards have many properties that distinguish them from 

biologically central rewards like food: they are storable, can be convertible into other 

reward currencies, might not be immediately rewarding in the same way that biological 

currencies are, and can take on extremely large values. Importantly, the concrete 

rewards used in animal studies must necessarily be small, and it is unclear whether any 

rewards of relevance to nonhumans could take on such relatively large values as money. 

Furthermore, decisions about food may have been shaped to ensure that organisms 
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maximize their rate of gain (or some other evolutionarily-relevant variable) in a given 

environment (Stephens 2004), but rate might not be a relevant currency for all decisions. 

In particular, total gains could be more important when making decisions about 

money—especially if the opportunity costs associated with waiting for money are 

typically low relative to the costs incurred when actively foraging for food. Thus, letting 

humans make decisions about food rewards and experience the consequences of their 

decisions is a more appropriate methodology for comparisons with apes. 

1.5 Research goals 
This dissertation aims to integrate psychological and biological inquiry to 

understand the cognitive basis and evolution of foraging behaviors.  There are two main 

goals for the following set of studies. The first goal is to compare closely-related species 

that vary in ecological characteristics. In particular, the first two chapters test the 

hypothesis that more frugivorous species exhibit more accurate spatial memory skills, 

first by comparing apes’ spatial memory abilities (Chapter 2), and then comparing four 

species of lemurs on a related set of spatial memory tasks  (Chapter 3). In subsequent 

chapters, I examine apes’ decision-making strategies to test the hypothesis that 

chimpanzees are more willing to pay decision-making costs than are bonobos. I focus on 

preferences about the timing of payoffs (Chapter 4), preferences about risk or variability 

in payoffs (Chapters 4 and 5), and preferences for ambiguity or knowledge about reward 

contingencies (Chapter 6). Thus, this component of the dissertation is focused on 

ultimate-level explanations for variation in cognitive skills across species. 

The second goal of the dissertation is to compare the psychological mechanisms 

that human and nonhuman great apes use for foraging. These comparisons will 

therefore allow identification of potentially derived cognitive abilities in humans. I first 

examine whether human-like patterns of spatial memory development are also found in 
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apes, as many researchers have claimed that humans are uniquely flexible at solving 

spatial problems due to human-specific changes in cognition that occur over 

development (Chapter 2). I next examine whether the types of psychological processes 

that are important in human decision-making—including emotional and motivational 

responses, (Chapter 4), social context effects (Chapter 5), and sensitivity to one’s own 

degree of knowledge (Chapter 6)—also play a role in ape decision-making.  Finally, I 

directly compare human and ape risk preferences on a matched task to assess whether 

humans used uniquely derived psychological abilities to make these kinds of decisions 

(Chapter 7). This type of inquiry can therefore illuminate whether humans have 

specialized cognitive skills that contribute to our unique cognitive phenotype. 
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2. Spatial memory in apes1 

2.1 Background: spatial memory development 
Primates in the wild face complex spatial problems when foraging: they must 

recall the location of resources, determine the best navigation route between resources, 

and reorient when approaching locations from new perspectives (Janson and Byrne 

2007; Normand and Boesch 2009). While much research has examined the emergence of 

these abilities in humans, little is known about whether nonhuman apes show similar 

developmental trajectories in their spatial abilities. Most comparative developmental 

studies to date take the approach of either contrasting human children with older or 

adult animals (Herrmann, et al. 2007), or examining longitudinal development in a few 

individuals from a single species (Matsuzawa, et al. 2006; Tomasello and Carpenter 

2005). In terms of spatial cognition and memory specifically, few studies have examined 

age-related changes in the skills of other apes (but see Herrmann, et al. 2010a; Martin-

Ordas, et al. 2010). Importantly, theories from psychology suggest that developmental 

shifts in spatial cognition allow humans to solve spatial problems with a degree of 

flexibility and accuracy not seen in other species (e.g., Hermer-Vazquez, et al. 2001; 

Hermer-Vazquez, et al. 1999). These types of claims are fundamentally evolutionary in 

nature: if a given developmental pattern (and the mature level of competency that 

developmental process enables) is unique to humans, then that pattern should be found 

in our species alone. Consequently, comparative developmental studies that contrast 

ontogenetic patterns across species can illuminate what aspects of human development 

are unique to our lineage. Here we use this approach to examine the development of 

                                                      
1 This research was published as: Rosati AG & Hare B. 2012. Chimpanzees and bonobos exhibit divergent 
spatial memory development. Developmental Science 15:840-853. 
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spatial memory skills in chimpanzees (Pan troglodytes) and bonobos (P. paniscus)—our 

closest extant phylogenetic relatives. 

What aspects of spatial cognitive development might be unique to humans? 

Most notably, language is thought to underpin major ontogenetic shifts in how humans 

to encode, integrate, and remember spatial information. For example, reorientation tasks 

with children and adults indicate that the acquisition of spatial language plays a causal 

role in allowing humans to rapidly form novel representations of space that combine 

geometric and feature information (Hermer and Spelke 1994; Hermer-Vazquez, et al. 

2001; Hermer-Vazquez, et al. 1999; Pyers, et al. 2010). Language may also bias the 

strategies that people spontaneously use to encode spatial frame of reference (Haun, et 

al. 2006b; Levinson, et al. 2002), although it does not necessarily alter the set of strategies 

that individuals are capable of using (Li and Gleitman 2002). Finally, the emergence of 

place-based searching when locating hidden targets is correlated with the acquisition of 

spatial prepositions in the second year of life (Balcomb, et al. 2011).  Collectively, these 

results indicate that language may be important in shaping spatial cognition across 

diverse contexts. However, they also illustrate the importance of differentiating whether 

language is necessary for certain ontogenetic changes to occur, facilitates the emergence of 

some skills without being strictly necessary, shows correlated development with 

particular skills without playing a causal role, or shapes what strategies humans prefer to 

use without changing their skills. Studies of comparative development in apes can be an 

important tool in differentiating these possibilities, as apes are our closest phylogenetic 

relatives, and share an extended juvenile period, but lack language (Matsuzawa 2007). 

That is, apes are the best model for understanding what cognitive abilities and 

developmental patterns are uniquely human. 
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Do apes exhibit any human-like changes in the spatial domain? Models of 

human development suggest that language acquisition and spatial development can be 

relatively independent in some contexts (Newcombe & Huttenlocher, 2000). That is, 

some developmental shifts may be driven by intrinsic changes in spatial cognition, such 

as how sources of spatial information are weighted and combined across contexts 

(Learmonth, et al. 2002; Learmonth, et al. 2008; Ratliff and Newcombe 2008). These types 

of models suggest that at least some human-like developmental patterns may be shared 

with nonhuman apes. In line with these ideas, increasing evidence indicates that apes do 

have sophisticated spatial abilities. For example, apes use cognitive maps of space to 

follow an optional search path when locating targets in large spaces (Menzel, et al. 2002; 

Menzel 1973), and these spatial memories may persist over long time scales (Mendes 

and Call 2008). Chimpanzees can also use small-scale models to infer the location of 

hidden targets in a large-scale space, suggesting that some basic form of ‘map-reading’ 

does not require spatial language (Kuhlmeier and Boysen 2002). Finally, apes can solve 

some spatial problems using complex ‘episodic-like’ memory skills (Martin-Ordas, et al. 

2010). However, humans and apes also exhibit important differences. Apes are more 

dependent on spatial information than feature information, a pattern that matches that 

seen in younger children (Haun, et al. 2006a), although they do use feature information 

in other contexts (Kanngiesser and Call 2010). In addition, apes show a preference for 

using an allocentric strategy when reasoning about spatial relations, again like the 

pattern seen in younger children prior to language-specific changes in preferred 

strategies (Haun, et al. 2006b).   

However, current comparative data on spatial cognition in apes are lacking in 

two regards for addressing claims about unique aspects of human spatial development.  

First, there is little data bearing on whether apes show any age-related changes in spatial 
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memory and cognition.  While previous studies do suggest improvement with age in 

some memory tasks (Martin et al, 2009; Herrmann et al, 2010), providing support for the 

claims that some human-like patterns of development in the spatial domain may be 

shared with other apes, these tests do not include infants. Moreover, studies of infants 

have been limited to small samples of chimpanzees alone (Matsuzawa 2007; Matsuzawa, 

et al. 2006). Second, even though humans are equally related to both chimpanzees and 

bonobos, who diverged from each other less than 1 million years ago (Won and Hey 

2005), there are few studies comparing the spatial abilities of these two species.  

Importantly, differences in the feeding ecology of bonobos and chimpanzees suggest 

that these species face different challenges while foraging (Kano 1992a; Malenky and 

Wrangham 1993; White 1998; White and Wrangham 1988b), so it is likely that they 

possess different abilities for dealing with spatial problems (e.g., Herrmann, et al. 2010a). 

In terms of understanding cognitive development, recent evidence further suggests that 

bonobos exhibit paedomorphism, or developmental delays in acquisition of traits, 

relative to chimpanzees. Paedomorphism broadly refers to changes in rate or timing of 

developmental events resulting in a juvenilized or underdeveloped set of adult traits 

(Lieberman, et al. 2007). In terms of the development of cognition and behavior, bonobos 

exhibit large developmental delays in the acquisition of mature social skills, sometimes 

never reaching the same level of adult performance as chimpanzees (Wobber et al, 2010). 

Consequently, a strong phylogenetic test of spatial cognitive development must involve 

both species to make inferences about developmental patterns that evolved in humans 

after our lineage split from Pan.  

In the current set of studies, we therefore examined the development of spatial 

memory skills that chimpanzees and bonobos. In studies 1 and 2, we utilized a 

naturalistic foraging context to assess how infant and juvenile apes use their spatial 



 

 31 

memory in a large, complex environment. Success in this task required place memory 

for hiding locations (Balcomb, et al. 2011; Newcombe, et al. 1998), and recall of multiple 

items’ locations over an extended temporal period (Sluzenski, et al. 2004). Importantly, 

human children begin to recall locations and appropriately search for hidden targets 

hidden only after acquiring spatial prepositions (Balcomb, et al. 2011). Thus, our study 

can assess whether language is strictly necessary for the emergence of this human-like 

pattern. In study 3, we used a memory choice task to assess if any differences persisted 

in an older sample of apes. Based on data from the feeding ecology and developmental 

patterns in these species, we hypothesized that chimpanzees would show more accurate 

spatial memory than bonobos due to their increased reliance of patchily-distributed 

foods in the wild. In addition, we predicted that bonobos would exhibit developmental 

delays in the emergence of mature spatial cognition relative to chimpanzees, due to 

paedomorphism in their developmental trajectories. 

2.2 Study 1: Memory in a naturalistic foraging context 
Apes observed a human experimenter hiding 10 pieces of food in a large outdoor 

enclosure (test pieces). After a 20 min delay, they could enter the enclosure to search. We 

compared their success at locating the test pieces relative to a set of 10 pieces that were 

hidden when the ape was out of sight (control pieces). If apes recalled the hiding events 

they had previously observed, they should retrieve more test pieces than control pieces 

when searching.  

2.2.1 Methods 

2.2.1.1.Subjects 

We tested 64 semi-free-ranging apes: 42 chimpanzees from Tchimpounga 

Chimpanzee Sanctuary in Pointe Noire, Republic of Congo, and 22 bonobos from Lola 

ya Bonobo Sanctuary in Kinshasa, Democratic Republic of Congo (see Appendix A for 
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subject details). The chimpanzees ranged in age from 2 to 11 years (mean age 6.5 years; 

22 females and 20 males) and the bonobos ranged in age from 2 to 12 years (mean age 

6.6 years; 9 females and 13 males). The majority of apes at the sanctuaries are wild-born 

orphans of the bushmeat and pet trade who came to the sanctuary at an early age. Upon 

arrival the apes are raised by a human surrogate parent in a peer nursery group, and 

then integrated into conspecific mixed-age groups. Previous research suggests that due 

to the high standard of care at sanctuaries, these apes are psychological healthy relative 

to other captive populations (Wobber and Hare 2011). All apes were socially housed, 

and received several feedings of fruits and vegetables every day. Apes had ad libitum 

access to water, and were not food restricted for testing. In addition, all apes were naïve 

to experimental studies involving hidden food in their enclosures. As exact birth dates 

for sanctuary apes are generally unknown, we used age estimates made by sanctuary 

veterinarians at arrival (typically when the infants are between 1 and 3 years old), and 

adjusted these age estimates using measurements of weight and patterns of dental 

emergence according to known patterns of ape development (following the methods 

described in Wobber, et al. 2010b), a technique that is further validated using the known 

ages of individuals born in the sanctuaries. 

2.2.1.2. Procedure 

Apes were tested individually in one session. In the demonstration phase, the ape 

watched as an experimenter entered an adjacent outdoor enclosure. Older apes watched 

from a building or tunnel that they commonly used to access the enclosure, whereas 

younger apes were held by their surrogate parent in the equivalent location in their 

enclosures. The experimenter hid 10 test pieces of food next to various landmarks in the 

enclosure. For each test piece, the experimenter first approached the ape’s location 

(standing approximately 0.5m away) and showed them a red bowl full of a highly 
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preferred food (large slices of apple for bonobos; large pieces of banana for 

chimpanzees). The experimenter then held one piece of food in their hand and walked in 

a direct path to the hiding location while calling the ape’s name and visibly waving the 

food piece. Once the experimenter reached the hiding location she called the ape’s name 

until the ape oriented in her direction, and then hid the food on the ground while the 

ape watched. To control for any possible differences in motivation to search in the 

enclosure, as well as any potential cues to the food’s location (such as smell), an 

additional 10 control pieces of the same food type had been previously hidden while the 

ape was in a different room and could not see the enclosure. Both test and control pieces 

were hidden under grass in the enclosure, so they were not visible unless the ape 

actively searched in that location. After a 20 min delay following the hiding of the last 

test piece, the ape was released into the enclosure for a 20 min search phase in which they 

could locate the food. For younger apes still being cared for in a nursery group, the 

surrogate human parent sat in the enclosure while they searched so they would not 

become nervous. The human parent never provided any cues the apes could use to 

locate the food. 

Each ape completed only one session so we could examine their spontaneous 

ability to recall the location of the hidden food, without prior expectation that they 

would be tested. Apes were tested individually in a familiar enclosure: chimpanzees 

were tested in one of four enclosures corresponding to their social group, and bonobos 

were tested in two. As the enclosures were not identical in size across groups, food was 

hidden in a space approximately 30x30m adjacent to the ape’s starting position in the 

demonstration phase. All food was hidden immediately adjacent to landmarks that were 

familiar and normally present in their enclosure. Landmarks included both natural items 

(such as trees, rocks, bushes, or grass patches), as well as artificial items (fence posts, 



 

 34 

water spouts, pools, and climbing structures). For each enclosure, there were two sets of 

ten hiding locations that were approximately matched for location type (e.g., near a tree 

versus a rock) and distance to the ape’s starting position. To ensure that certain locations 

were not intrinsically more attractive to the apes, the assignment of those sets as test or 

control was counterbalanced across subjects tested in the same enclosure. Finally, the 

order in which the experimenter hid the food at different locations was randomized. As 

a check for food motivation, any apes that failed to find any food in the search phase 

was given food in a post-test to confirm they were motivated to consume food; all apes 

readily ate food in this context. 

2.2.1.3 Data coding and analysis 

All sessions were videotaped. After each session the experimenter entered the 

enclosure and checked the 20 hiding locations to confirm which pieces the ape had 

located. The order in which they were found and latency to find each piece was then 

coded from videotape. A second coder blind to the correct locations coded 20% of 

sessions for reliability [pieces found: Cohen’s Kappa=0.92, latency to find pieces: 

Pearson’s r = 0.99, < p<0.001]. To control for any potential differences in speed of search 

and eating across individuals, the analyses reported here examine only up to the first 10 

pieces total that apes located, as an individual with perfect memory should first target 

the 10 test pieces they saw hidden (even if they continue to search in the enclosure for 

any remaining time in the search phase).  

2.2.2 Results  

We first compared the total number of test and control pieces the apes located 

(see Figure 1, and Table 1 for means). We split individuals into two age cohorts (infants: 

ages 2-5 years; juveniles: age 6-12) based on patterns of aging in these species (Hamada, 

et al. 1996). A repeated-measures ANOVA with type (test or control piece) as a within- 
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subjects factor and species and age cohort as between-subjects factors revealed main 

effects of type [F(1,60) = 27.86, p < 0.001], species [F(1,60) =13.30, p = 0.001], and cohort 

[F(1,60) = 9.69, p < 0.005]. These results show that 1) apes found more test than control 

pieces overall, indicating that they used their memory to search in the enclosure, 2) 

chimpanzees located more pieces than bonobos, and 3) older apes located more pieces 

than younger apes.  

Table 1: Chimpanzee and bonobo performance in forgaing task (Chapter 2, 
study 1). Means (±  SE) indicate the average number of test and control pieces that 

individuals found overall, and split by species and age cohorts. 

Age Cohort Bonobos Chimpanzees 
Infants 
2-5 years 

N = 9 
Test = 1.00 ± 0.29  
Control = 0.11 ± 0.11  

N=18 
Test: 1.28 ± 0.47 
Control: 0.33 ± 0.16  

Juveniles 
6-12 years 

N = 13 
Test = 0.92 ± 0.40  
Control = 0.31 ± 0.18 

N=24 
Test: 4.21 ± 0.49  
Control = 1.71 ± 0.34  

Overall N = 22 
Test = 0.95 ± 0.26  
Control = 0.23 ± 0.11 

N = 42 
Test = 2.95 ± 0.41 
Control: 1.12 ± 0.23 

 

In addition, there were two significant interactions. First, there was a significant 

interaction between species and cohort [F(1,60) = 8.67, p < 0.005]; post hoc tests revealed 

that older chimpanzees found more pieces than younger chimpanzees and bonobos 

overall [Tukey test, p < 0.001 for all significant cases]. This suggests that the overall 

cohort effect was largely driven by the performance of chimpanzees. Second, there was a 

significant interaction between species and type [F(1,60) = 4.28, p < 0.05]; post hoc 

analyses indicated that chimpanzees found significantly more test than control pieces, 

and found significantly more test pieces relative to bonobos overall [Tukey tests, p < 

0.001 for all significant cases]. Finally, there was a strong trend for a three-way 

interaction between species, cohort, and type [F(1,60) = 3.81, p = 0.056]; post-hoc tests 

revealed that the older chimpanzees found significantly more test pieces than control 
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pieces, and the number of test pieces they located exceeded the number of pieces of any 

type found by all other groups [Tukey test, p < 0.001 for all significant cases]. This 

suggests that the interaction between species and type was largely due to the 

performance of older chimpanzees, who located more test pieces relative to younger 

chimpanzees and bonobos overall. 

 

Figure 1: Chimpanzee and bonobo performance in foraging (Chapter 2, study 
1). Infants are apes between ages 2 to 5 years, and juveniles are ages 6 to 12 years. 

Error bars indicate SE. ***p<0.001. 

  We next examined the temporal order and timing of the apes’ search patterns. Of 

the apes that located at least one piece of food (regardless of type) in the search phase, a 

significant number of both species located test pieces first [binomial tests; 28 of 32 

chimpanzees found test pieces, p<0.001; 11 of 13 bonobos found test pieces, p < 0.05]. 

Importantly, this result indicates that both chimpanzees and bonobos used their 

memory to selective targeted test pieces when they entered the enclosure. When we 

collapsed species to increase statistical power, we found that apes also targeted test 
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pieces on the second and third locations they searched [second piece: 29 of 34 found test 

pieces, p < 0.001; third piece: 21 of 27 found test pieces, p < 0.01]. It was not until the 

forth locations that apes did not locate significantly more test pieces [13 of 19 found test 

pieces, p = 0.17, n.s.]. Finally, we examined the latency for apes to locate their first test 

piece. Chimpanzees took an average of 186 ± 53s to locate their first test piece, whereas 

bonobos took an average of 133 ± 40s. A univariate GLM examining the latency for apes 

to locate their first test piece (n = 42 apes located at least one) indicated no effect of either 

species [F(1,38) = 0.50, = 0.48, n.s.] or cohort [F(1,39) = 0.21, p = 0.65, n.s.], with no 

significant interactions. That is, both species, regardless of age, located their first test 

piece at similar speeds. This suggests that the species and age groups may have differed 

mainly in the number of locations they recalled (not the speed at which they acquired 

food); the ability to recall multiple locations first begins to emerge in human children 

during the second year of life (Sluzenski, et al. 2004).  

It is possible that chimpanzees found more pieces than bonobos because they 

were more active overall in searching for food in the enclosure, as opposed to because 

they exhibited more accurate memory. We thus conducted an analysis that assessed the 

accuracy with which individuals found test pieces over control pieces, reflecting their 

ability to recall the locations where they has seen food hidden previously. Specifically, 

we calculated a difference score (test pieces minus control pieces found) for each 

individual, again focusing on up to the first 10 pieces they located. Consequently, in this 

analysis, an ape that located many pieces overall but did not specifically target test 

pieces relative to the control locations would therefore receive a low accuracy score, 

much like an individual who located nothing during the search phase.  
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Figure 2: Relationship between difference score and age (Chapter 2, study 1). 
Each individual’s difference score (test pieces found minus control pieces found) 

indexed the specificity of their spatial searches, while controlling for differences in 
motivation. (a) Relationship in chimpanzees. (b) Relationship in bonobos. Dot size 

indicates frequency of individuals with that score.  
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We first used an ANCOVA with species as a between-subjects factor and age as 

covariate to assess whether chimpanzees outperformed bonobos with the difference 

score when partialling out the effects of age. This revealed a main effect of species [F(1, 

61) = 5.88, p < 0.05] as well as age [F(1, 61) = 4.17, p < 0.05]. That is, chimpanzees 

outperformed bonobos even when controlling for any potential species differences in 

motivation to search, as well as any variation associated with age. We finally examined 

developmental patterns in each species alone using the difference score (see Figures 2a 

and 2b). In chimpanzees, there was a positive relationship between an individual’s age 

and the difference score [linear regression, r2 = 0.21, p < 0.005], whereas in bonobos there 

was not [r2 = 0.06, p = 0.26, n.s.]. Together, these results indicate that chimpanzees 

exhibited more accurate spatial memory than bonobos, supporting predictions from 

their wild feeding ecology. Moreover, chimpanzees showed significant developmental 

improvements in the task, while bonobos continue to exhibit infant-like memory into 

puberty, supporting claims for bonobo paedomorphism. 

2.3 Study 2: Reducing memory demands 
In study 1 we confirmed that subjects who failed to locate food were motivated 

to eat, by providing them with food after the test and checking if they ate it. In addition, 

our difference score analysis controlled for any potential differences in motivation to 

search in the enclosure. However, it is possible that some of the differences in 

performance seen in study 1 may be due to differences in food motivation or general 

ability to forage, not memory-specific deficits. To assess this possibility, in the second 

study we examined whether a sample of poorly performing bonobos and chimpanzees 

could succeed at the task when memory demands were reduced. In addition, we 

assessed whether a larger sample of bonobos showed age-related improvements on this 

easier version of the task. 
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2.3.1 Methods 

2.3.1.1. Subjects 

We retested 10 younger chimpanzees (age range: 2-5 years, mean: 3.3 years) and 

16 bonobos across the studied age range (age range: 2-10 years; mean: 5.4 years) that had 

all found 2 or fewer test pieces in study 1. We also tested an additional 15 bonobos (age 

range: 3-11 years, mean: 7.2 years) to assess whether bonobos showed developmental 

improvements in this easier task (see Appendix A for subject details). 

2.3.1.2 Procedure 

We used methods similar to those in study 1, but decreased the task’s difficulty 

by 1) hiding only 4 test pieces in the demonstration phase and 2) releasing the apes to 

search immediately after the demonstration phase ended. Apes then had a 5 min in the 

search phase to locate the food. As such, study 2 imposed similar motivational and 

attentional demands on the apes (as they had to be motivated to search for food in the 

enclosure, as well as attend to the experimenter as she hid the food), but reduced the 

memory-specific demands of the task. As this sample had generally not located control 

pieces in study 1, we did not include the controls in the current study (the poorly-

performing subset of subjects found an average of 0.19 ± 0.08 control pieces over the 

entire 20 min search phase). Food was hidden in a space approximately 15x20 m 

adjacent to the apes’ observation position in the demonstration phase. We used the same 

six enclosures used in study 1, plus an additional bonobo enclosure that was too small 

for use in study 1, thus allowing us to expand our bonobo sample size for this study. 

Apes that had previously participated in study 1 were tested on a different day for study 

2. To avoid learning effects with apes that participated in study 1, we used 4 locations 

from their previous control set of locations (where they had not previously seen the 

experimenter hide food), selecting a subset of more proximal locations near the ape’s 
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observation location. For naive bonobos, food locations were also counterbalanced 

between two possible location sets in the enclosure they were tested in. There was no 

difference in the performance of naïve bonobos and those who had participated in study 

1 [Mann-Whitney = 87.0, z = 1.15, p = 0.25, n.s.], suggesting that the previous experience 

did not influence apes’ performance. 

2.3.1.3 Data coding and analysis 

Data scoring was identical to that used in study 1. Reliability from videotape was 

excellent [pieces found: Cohen’s Kappa = 1.0, latency: r = 0.99, p < 0.001]. We used non-

parametric statistics to analyze the number of pieces found, as many apes did not locate 

any pieces, and parametric statistics to analyze latencies as before. 

2.3.2 Results  

We first examined whether individuals who had performed poorly in study 1 

showed improved performance on this easier task (see Figure 3a). We compared the 

number of test pieces found in the first 5 min of study 1 with the number located in 

study 2 (to equate the available search time in the two studies). The chimpanzees found 

an average of 0.50 ± 0.27 test pieces in study 1, but here found 1.50 ± 0.43 pieces 

[Wilcoxon signed-rank test: z =-2.06, n = 10, T+ = 5, 5 ties, p < 0.05]. The bonobos found 

an average of 0.50 ± 0.16 pieces in study 1, but here found 1.31±0.27 [Wilcoxon: z = -2.60, 

n = 16, T+ = 8, 8 ties, z = 2.59, p = 0.01]. Thus, both species were able to locate more food 

when task difficulty was reduced. Finally, we compared the latency to find the first 

piece for those individuals that located at least one test piece in both studies (n=12). 

Whereas these apes took an average of 214 ± 72s to locate their first piece in study 1, they 

took only 49 ± 22s in study 2 [paired samples t-test: t(11) = -2.28, p < 0.05]. Thus, apes 

also retrieved food more quickly in this study.  
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Figure 3: Performance in foraging task with reduced memory demands 
(Chapter 2, study 2). (a) Individuals who had found two or fewer test pieces in study 1 
were tested on the easier version of the task. Error bars indicate SE. (b) Relationship 

between age and the number of pieces found in this task in bonobos. Dot size 
indicates frequency of individuals with that score. *p < 0.05, ** p < 0.01. 
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Second, we examined whether the larger sample of bonobos showed any age-

related improvements in this easier task (see Figure 3b).  Infants (n=13) found an 

average of 1.23 ± 0.30 pieces, and juveniles (n=18) found 1.17 ± 0.26 pieces; a comparison 

of age cohorts revealed no difference  [Mann-Whitney U = 112.5, z = -0.19, p = 0.85, n.s]. 

The number of pieces found also did not correlate with age [Spearman’s rho = -0.07, p = 

0.73, n.s.]. Examining only those bonobos who located at least one piece (n = 22) 

revealed no difference in latency to locate that piece between age cohorts [infants: 71 ± 

27s to locate their first piece; juveniles: 36 ± 13s; t(20) = 0.1.21, p = 0.24, n.s.]. Together, 

this suggests that the poor performance of bonobos and young chimpanzees in study 1 

was due to the complex memory demands of the task, not a more general lack of 

motivation to search for food or inability to forage in the enclosure. In addition, there 

was no evidence for developmental improvements in bonobo spatial memory, even 

when the task demands were reduced. 

2.4 Study 3: Memory choice task 
The results from studies 1 and 2 suggest that chimpanzees and bonobos differ in 

their spatial memory abilities. However, as the two species are cared for at different 

sanctuaries, they were tested with different outdoor enclosures. In Study 3, we therefore 

examined sub-adult apes on a memory choice task that was exactly matched for both 

species, thus controlling for any potential differences between enclosures used in studies 

1 and 2. Specifically, apes had to recall the location of a preferred food hidden under one 

of four cups for a delay of one minute; the other three cups contained a non-preferred 

food. To assess whether apes exhibited improved memory in certain contexts, we further 

manipulated two factors that modulate memory in humans: emotional salience (LaBar 

and Cabeza 2006) and reward motivation (Shohamy and Adcock 2010), but for the 
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purposes of the present manuscript we focus on comparison of the species’ memory 

abilities.  

2.4.1 Methods 

2.4.1.1 Subjects 

We tested 14 chimpanzees (5 females and 9 males; mean age = 10.4 years; age 

range 8-13) and 14 bonobos (4 females and 10 males; mean age = 9.4 years; age range 7-

12) from the same sanctuary populations (see Appendix A for subject details). Six of the 

bonobos also participated in studies 1 or 2. None of these apes of either species had 

participated in delayed memory choice tasks, but the majority of them had participated 

in variety of studies requiring them to recall the location of food over shorter intervals 

(e.g., object permanence or spatial rotation; Herrmann, et al. 2010a). 

2.4.1.2 Pretest procedure 

All subjects first completed an introductory session consisting of a food preference 

test and a memory pretest. In the food preference pretest, apes completed 12 food 

preference trials to confirm preferences across 1) a larger piece of a preferred food type; 

2) a smaller piece of the preferred food type; and 3) a non-preferred food type (in 

chimpanzees: preferred food was banana, non-preferred food was cucumber; bonobos: 

preferred food was apple, non-preferred food was lettuce).  Apes completed four trials 

per each possible pairing of the three outcomes, with side assignment counterbalanced 

across trials. In preference trials, apes chose the large preferred food on 95.1 ± 1.6% of 

trials it was available, the small preferred food on 54.0 ± 2.0% of trials, and the non-

preferred food on 1.8 ± 1.1% of trials, with no differences between the two species [t-

tests; p>0.05 in all cases]. This indicates that we selected food options of high, medium, 

and low value that the two species preferred at similar rates. 
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The memory pretest used the same basic paradigm as in the main task described 

below, but involved only a 10s memory delay. To meet criteria, the ape had to select the 

location with the target (preferred) food on 5 of the previous 6 trials. If they failed to do 

so, they completed another round of 6 trials, with up to 24 trials in a given day. Results 

indicated that the two species did not differ in the number of pretest rounds they needed 

to reach criteria [chimpanzees: 2.0 ± 0.43 rounds; bonobos 1.71 ± 0.26; t(26) = -0.56, p = 

0.58, n.s.] nor in the total number of pretest trials where they chose correctly 

[chimpanzees: 78.0 ± 3.4% correct; bonobos: 80.0 ± 2.6%; t(26) = 0.26, p = 0.80, n.s.]. Thus, 

both species were equally capable of recalling the preferred food’s location following a 

short delay in this paradigm.  

2.4.1.3 Test procedure 

In all test sessions, apes sat across from the experimenter at a table (80cm wide, 

40cm deep, 50cm tall) with a sliding top, separated by wire mesh or bars. In trials, the 

experimenter placed four identical overturned cups (9cm diameter, 13.5 cm tall) in a row 

along the front of the table (see Figure 4). The experimenter first held up the target 

(preferred) food in the ape’s view, and then placed that food in front of the relevant cup. 

Next she placed pieces of non-preferred food in front of the other cups, from left to right, 

and waited 3s so apes could view the locations of the different foods. Next she covered 

all pieces with their respective cup from left to right. Finally, she placed a large occluder 

(44cm tall, middle sections 62 cm wide; folding wings 31 cm wide) at the front of the 

table such that the apes could no longer see the tabletop during the delay. After one 

minute, she removed the occluder and pushed the table forward to allow the ape to 

choose one of the cups. Once the ape chose by pointing at or touching their choice, the 

experimenter uncovered the hidden food and gave it to the ape. There was a 20s inter-

trial interval (ITI) between trials, starting when the ape received their chosen food item. 
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On each trial, the ape had 20s to choose; if they failed to do so the trial was repeated at 

the end of the session. The location of the target preferred food was counterbalanced 

within a session across the four possible locations and quasi-randomized (with no more 

than 2 trials in a row with the same location assignment).  

 

Figure 4: Procedure for memory choice task (Chapter 2, study 3). (1) The 
experimenter first showed the ape the target preferred food, and (2) placed it in front 
of its hiding location. (3) The experimenter then placed non-preferred food in front of 

the other three locations, and then (4) covered all food with their respective cups. 
After a 1 min delay in which the ape’s view of the table was (5) obscured by an 

occluder, the ape could (6) choose one of the four locations. 

Apes completed two test sessions (on separate days), each with 12 trials. In the 

reward session, we manipulated the value of the target reward, comparing trials where 

the target food was either the large piece of preferred food (6 reward trials) or the smaller 

piece (6 neutral trials). In the emotion session, we manipulated the emotional salience of 

the target reward by comparing trials where the experimenter produced an emotional, 

attention-getting vocalization while looking at the target food (6 emotion trials) to trials 

with no vocalization (6 neutral trials); the target food here was always the smaller piece 

of the preferred food. In each session, the trial type (neutral versus manipulation) was 
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quasi-randomized (with no more than 3 trials in a row of the same type). For the 

emotion trials, the experimenter’s vocalization was modeled after a chimpanzee waa-

bark (van Hooff 1973); both species have responded to humans producing this 

vocalization in previous studies (Itakura, et al. 1999; MacLean and Hare 2012). The 

experimenter produced this vocalization during the 3s viewing period after placing all 

the food on the table, but prior to covering the food items with cups. When producing 

the waa-bark, the experimenter gazed at the location of the preferred target food. 

2.4.1.4 Data coding and analysis 

The ape's chosen location was coded live by the experimenter. For reliability, 

20% of trials were coded from videotape by a second coder who was blind to the correct 

location. Agreement between the two coders was perfect (Cohen’s Kappa = 1.00). 

Proportion data was arcsine square-root transformed to normalize the data. 

2.4.2 Results  

We first examined how successful the apes were at recalling the location of the 

preferred food in the test sessions. Overall, chimpanzees selected the correct cup on 51.5 

± 3.1% of trials, significantly above chance of 25% [one-sample t-test, t(13) = 8.61, p < 

0.001]. Bonobos selected the correct location on 38.7 ± 2.3% of trials, also above chance 

[t(13) = 5.88, p < 0.001]. Thus, both species were successful at recalling the location of the 

preferred food. We next conducted an ANCOVA partialling out any potential effects of 

age. While there was no effect of age in this sub-adult sample [F (1,25)=0.21, p=0.65, n.s.], 

there was a main effect of species [F(1,25) = 10.56, p < 0.005], indicating that 

chimpanzees selected the target location more often than bonobos (see Figure 5). 

Second, we examined the pattern of errors of the two species. For all trials where 

the ape chose incorrectly, we assessed whether the location they selected was adjacent to 

the preferred food’s true location. On incorrect trials, chimpanzees selected an adjacent 
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location on 71.1± 2.9% of trials, whereas bonobos only selected an adjacent location on 

57.8 ± 3.3% of trials, a significant difference [t(26) = -2.72, p < 0.05]. This pattern of errors 

suggests that chimpanzees retained more spatial information than bonobos even when 

they chose incorrectly. Together, these results indicate that chimpanzees demonstrated 

more accurate spatial memory than bonobos, suggesting that the developmental 

differences we identified in study 1 hold on a matched task, and also likely persist into 

adulthood given the older age of apes this study. 

 

Figure 5: Memory choice task (Chapter 2, study 3). Chimpanzees and bonobos 
were presented with a memory task where the target food was hidden under one of 

four cups. Chance is 25%, as indicated by dashed bar. Error bars indicate SE. 

Finally, we examined how our reward and emotion manipulations influenced 

the two species’ performance. As the neutral trials were procedurally identical in both 

sessions, and there was no difference in the apes’ performance in neutral trials across the 

two sessions [t(27) = -1.02, p = 0.32, n.s.], we averaged each individual’s performance 

across neutral trials for all further analyses to reduce the number of factors. That is, we 

compared performance across three trial types: neutral, reward, and emotion trials. 

Overall, apes chose the correct cup on 39.6 ± 2.6% of neutral trials, on 47.6 ± 3.9% of 
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emotional trials, and on 53.6 ± 4.2% of reward trials. A repeated-measures ANOVA with 

trial type as a within-subjects factor and species as a between-subjects factor revealed a 

main effect of species [F(1,26) = 14.21, p = 0.001] with chimpanzees outperforming 

bonobos. In addition, there was a main effect of trial type [F(2, 52) = 3.57, p < 0.05]; post-

hoc tests indicated that apes performed significantly better on reward trials compared to 

neutral trials [Tukey test, p<0.05]. There were no interactions between species and trial 

type. Thus, this analysis again confirmed chimpanzees exhibited more accurate memory 

than bonobos, but also indicates that both species recalled the preferred food’s location 

more when the target was a high-value reward than low-value reward. This suggests 

that reward systems may modulate memory in apes much like the patterns seen in 

humans (Adcock, et al. 2006), including in spatial contexts (Murty, et al. 2011). However, 

our emotion manipulation did not influence the apes’ memory. There are several 

possible explanations for this result. First, our emotion manipulation was different from 

typical studies of emotional memory in humans in that the stimulus itself was not 

emotionally significant; rather the experimenter directed an emotional vocalization 

towards the food’s location. Second, this situation (producing a waa-bark towards food) 

may have been unusual for the apes, as apes typically do not produce such vocalizations 

in feeding contexts (van Hooff 1973). Finally, the apes may not have perceived the 

human-made vocalization as particularly salient in this context. 

2.5 Discussion 
These comparative results examining the development of spatial memory in Pan 

provide evidence for three major conclusions. First, chimpanzees have more accurate 

spatial memory than bonobos: they were more successful in the naturalistic foraging 

task (study 1), and the results from the memory choice task (study 3) revealed that these 

differences persisted into adulthood. Second, our results indicate the importance of 
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using a comparative developmental approach to understanding the differences in 

cognitive abilities across species, as even closely-related chimpanzees and bonobos 

showed very different developmental trajectories in spatial memory. In particular, while 

these species showed similar spatial memory abilities as infants, older chimpanzees 

showed significant improvements, whereas bonobos did not (study 1). There was also 

no evidence of age-related improvement in bonobos in a foraging task with reduced 

memory demands (study 2). Finally, the developmental results from chimpanzees 

suggest that some ontogenetic shifts in spatial cognition occur in other apes. Together, 

this indicates that studies integrating comparative and developmental approaches can 

illuminate the origins of cognitive traits across species, including humans. 

Why might chimpanzees and bonobos exhibit different spatial memory skills? 

From an ultimate perspective, species differences in spatial memory appear to reflect 

differences in wild feeding ecology in many taxa. For example, birds that cache more 

food in the wild have more accurate memory (Balda and Kamil 1989) and larger brain 

regions supporting memory (Krebs, et al. 1989). Similar findings from voles (Jacobs, et 

al. 1990) and callitrichids (Platt, et al. 1996) also support for the relationship between 

ecology and memory skills. Thus, one possibility is that chimpanzees and bonobos also 

exhibit different spatial memory skills due to differences in their feeding ecology. 

Indeed, wild chimpanzees depend more on patchily-distributed fruit, whereas bonobos 

depend more on homogenously-distributed resources such as terrestrial herbaceous 

vegetation (Malenky and Wrangham 1993), suggesting that chimpanzees many need 

more sophisticated memory abilities to locate their patchy food resources. More broadly, 

chimpanzees and bonobos exhibit a suite of ecological differences: chimpanzees depend 

on more seasonably-variable food sources, face more competition for less-abundant 

food, engage in more risky hunting behaviors, and use tools for extractive foraging—a 
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behavior virtually absent in wild bonobos (Gilby and Wrangham 2007a; McGrew 1998; 

White 1998; White and Wrangham 1988a). Increasing evidence suggests that these wild 

ecological differences align with experimental data on cognitive abilities in these species. 

For example, chimpanzees exhibit lower inter-individual tolerance in social contexts 

(Hare, et al. 2007; Wobber, et al. 2010b), more skillfulness at solving extractive foraging 

problems (Herrmann, et al. 2010a), and a greater willingness to accept decision-making 

‘costs’ such as risk or temporal delays (Haun, et al. 2011; Heilbronner, et al. 2008; Rosati, 

et al. 2007). Together with the current results, this provides support for hypothesis that 

feeding ecology has been an important factor shaping the cognition and behavior of 

these species (Kano 1992; Wrangham and Peterson 1996).  

Our results also suggest a developmental explanation for the observed overall 

differences in spatial memory: chimpanzees exhibited significant improvements in 

spatial memory between infancy and adolescence, whereas bonobos retained infant-like 

spatial memory skills as they aged. These results generally support the claim that 

heterochrony (Gould 1977), or differences in developmental timing, is the evolutionary 

mechanism underlying some differences in chimpanzee and bonobo traits. In particular, 

the paedomorphism hypothesis predicts that bonobos should retain more juvenile-like 

traits into adulthood relative to chimpanzees (Hare, et al. 2012).  Previous support for 

this claim comes from comparative studies of these species’ morphology indicating that 

bonobos have a more juvenilized skull form and size, with decoupled relationships 

between cranial shape and size in adults relative to chimpanzees (Lieberman, et al. 2007; 

Shea 1983; Shea 1984; Shea 1989) (but see Mitteroecker, et al. 2005). Previous evidence 

also indicates developmental delays in behavioral characteristics such as aggression, 

play, and inter-individual tolerance (Furuichi and Ihobe 1994; Hohmann and Fruth 1993; 

Kuroda 1989; Palagi 2006; Wobber, et al. 2010b) and social-cognitive skills (Wobber, et al. 
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2010b). Importantly, chimpanzees and bonobos often show different developmental 

trajectories for the same suite of behavioral and cognitive traits thought to be related to 

foraging. For example, aggression and inter-individual tolerance are indicators of the 

different levels of feeding competition seen in these species, and social-cognitive tasks 

examining response inhibition and reversal learning are likely tapping skills needed to 

forage effectively in a social group. The spatial memory skills explored here are a critical 

component of wild foraging abilities (Janson and Byrne 2007). Thus, changes in 

developmental timing may be an important evolutionary mechanism for generating this 

interconnected suite of behavioral differences across the two species. 

Finally, our results indicate that apes exhibit some ontogenetic changes in spatial 

cognition: chimpanzees exhibited improvements in place-based memory, in particular in 

their ability to accurately recall multiple target locations. Notably, in human children, 

improvements in place memory are associated with acquisition of spatial prepositions 

(Balcomb, et al. 2011). Our results, however, suggest that these types of ontogenetic 

shifts in place-based searching may potentially be due intrinsic changes in spatial 

abilities. For example, this result may be due to maturational changes in the brain 

regions supporting spatial cognition. Human life history is notable for its extended 

juvenile period, with a longer duration of brain development and cognitive plasticity 

(Bjorklund and Green 1992; Kaplan, et al. 2000). Studies of brain maturation in humans 

further suggest that several brain regions supporting spatial cognition—including the 

hippocampus and its surrounding medial temporal lobe (MTL), the parietal cortex, and 

the basal ganglia (Burgess 2008)—show significant reorganization over childhood and 

adolescence (Giedd, et al. 1999; Lenroot and Giedd 2006; Utsunomiya, et al. 1999). 

Importantly, nonhuman apes also have extended juvenile periods with postnatal brain 

development: humans and apes share extended growth rate patterns relative to other 
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primates (Leigh 2004), as well as exhibit distinct phases in brain growth (Rice 2002).  

Thus, many of the same maturational changes in regions supporting spatial cognition in 

humans may also be important in restructuring the brains of nonhuman apes.  

However, our results certainly do not suggest that language is not important for 

human spatial development. Even if some developmental changes can occur in the 

absence of language in other species, language may nonetheless be a causal factor in the 

types of changes seen in humans. Rather, our results indicate that comparative 

developmental studies of apes may be one important tool for assessing the role that 

language may play in shaping different abilities across contexts. For example, whereas 

the types of place memory tasks focused on here are correlated with language 

acquisition (Balcomb, et al. 2011), there is stronger evidence that the ability to reorient 

using integrated geometric and feature cues is causally dependent on language in both 

children and adults (Hermer and Spelke 1994; Hermer-Vazquez, et al. 2001; Hermer-

Vazquez, et al. 1999; Lee and Spelke 2010; Pyers, et al. 2010). Our results cannot address 

those specific claims, as we did not test apes’ abilities while reorienting. Nonetheless, it 

is notable that most previous comparative research on this topic involved species that 

are distantly related to humans, including rodents, birds, and fish (Batty, et al. 2009; 

Cheng 1986; Lee and Spelke 2010; Vargas, et al. 2004; Wang, et al. 1999) (but see 

Gouteux, et al. 2001 for evidence from rhesus macaques). Comparative developmental 

studies of apes may therefore be especially illuminating when attempting to understand 

the phylogenetic distribution of these types of abilities. Finally, it is currently unclear 

whether apes show any age-related changes in how they process spatial frames of 

reference, a context where language dictates the preferred strategies that humans exhibit 

(Haun, et al. 2006b; Levinson, et al. 2002). Future studies should therefore more 
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specifically address whether developmental changes occur in how chimpanzees and 

bonobos solve these types of problems.  

What do these results mean for claims about human-unique traits in the spatial 

domain? First, although chimpanzees alone are most often utilized as a model for the 

last common ancestor of humans and nonhuman apes (Andreoni and Vesterlund 2001; 

Wrangham and Pilbeam 2001), the comparative developmental data reported here 

provide contrasting views of ancestral cognitive traits in the human linage. Even though 

chimpanzees and bonobos are very closely related, their developmental trajectories and 

mature levels of performance were quite different: the bonobos exhibited no 

developmental shifts in spatial cognition, whereas the evidence from chimpanzees 

indicates that some ontogenetic changes can emerge in nonhuman apes. Second, 

comparative studies of nonhuman apes may be important for elucidating the function of 

spatial cognitive traits in humans from an ultimate perspective (Matsuzawa 2007). 

Chimpanzees and bonobos showed significant differences in their spatial memory, and 

these differences align with current data on their wild feeding ecologies. Interestingly, 

human feeding ecology also differs from that of other great apes in several important 

ways: human hunter-gatherers use far larger home ranges and daily ranging patterns 

than other apes, and exhibit a unique pattern of central place foraging where individuals 

return to a centralized location with food (Hill, et al. 2009; Marlowe 2005). This increased 

reliance on distance food sources, and novel pattern of central-place foraging, raises the 

possibility that humans possess derived cognitive traits to solve these more complex 

spatial problems. For future research to identify any such uniquely-human traits, it 

important to integrate comparative data on the ontogeny of both chimpanzees and 

bonobos. That is, studies of comparative development are critical to draw strong 

inferences about what traits are unique to our lineage. 
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3. Spatial memory in lemurs 

3.1 Background: memory evolution 
One of the most pressing problems for the comparative study of cognition is 

explaining variation in abilities across species. Neuroecology, or the study of the 

adaptive variation in cognition and the brain, assumes that cognitive traits are shaped 

by natural selection much like morphological traits (Krebs & Davies 1997; Sherry 2006; 

Shettleworth 2010; Striedter 2005). This approach has been largely successful in 

explaining cognitive differences in some contexts. For example, variation in the spatial 

memory skills of both corvids and parids is related to the degree to which different bird 

species are dependent on caching, or storing food, in the wild (Balda & Kamil 1989; 

Bednekoff et al. 1997; Clayton & Krebs 1994; Kamil et al. 1994; Krebs et al. 1990; 

Pravosudov & Clayton 2002; Shettleworth 1990; Shettleworth et al. 1990). 

Neuroanatomical studies have further revealed that hippocampus size varies in relation 

to dependence on caching (Garamszegi & Eens 2004; Hampton et al. 1995; Healy & 

Krebs 1992; Krebs et al. 1989; Lucas et al. 2004). The relationship between memory skills, 

hippocampus size, and the natural history of different birds species is therefore one of 

the most robust findings from the field of neuroecology (Healy et al. 2005). Yet there is 

less evidence along these lines from other taxa (see Gaulin & Fitzgerald 1989; Jacobs et 

al. 1990 for evidence from voles). Notably, it is currently unclear whether this type of 

neuroecological approach can be used to understand spatial memory in primates—

despite the fact that the evolution of primate cognition has been a focus of research for 

some time. 

Primate feeding ecology differs from that of birds in several ways. Most 

importantly, primates do not horde or cache food. However, many theoretical views on 

primate intelligence emphasize importance of ecology, such as the spatiotemporal 
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distribution or food, use of extractive foraging techniques, or degree of environmental 

uncertainty (Byrne 1997; Deaner et al. 2003; Gibson 1986; Milton 1981; Parker & Gibson 

1997; Reader & Laland 2002; Sol 2009). Phylogenetic analyses of brain size have 

generally supported the importance of diet in shaping primate intelligence: frugivores 

feeding on more patchily distributed resources have larger brains than folivores feeding 

on relatively homogenously-distributed leaves (Barton 1996; Clutton-Brock & Harvey 

1980; MacLean et al. 2009). While there have been extensive studies of spatial memory 

and its neurobiological underpinnings in some primates (Hampton et al. 2004; 

Kanngiesser & Call 2010; Mendes & Call 2008; Menzel 1973; Ranganath & Ritchey 2012), 

there have been few attempts to directly test variation in spatial memory abilities across 

multiple primate species in relation to ecological variables. One notable exception is a 

study of spatial memory in two species of callitrichid monkeys that differ in the relative 

importance of gummivory in their diet (Platt et al. 1996). However, gummivory is a 

relatively specialized dietary niche, making it difficult to extend these results. There is 

also some evidence for differences in spatial memory between chimpanzees and 

bonobos (Rosati & Hare, in press; but see Herrmann et al., 2010), but potential dietary 

differences between chimpanzees and bonobos are relatively subtle (Hohmann et al. 

2010; Malenky & Wrangham 1993). Consequently, comparisons of spatial memory in 

species with well-established differences in broad ecological characteristics, such as 

dietary dependence on fruit, is critical to address this issue.  

Strepsirrhines (lemurs, lorises and galagos) are a particularly interesting group 

for assessing such claims about cognitive evolution in primates because they exhibit 

high levels of diversity in many evolutionarily relevant characteristics including diet. In 

the current set of studies, we examine different aspects of spatial memory in four species 

of Malagasy lemurs that vary in level of frugivory. Ruffed lemurs (Varecia variegata and 
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V.v. rubra) are highly frugivorous, with diets sometimes exceeding 90% fruit (Britt 2000; 

Vasey 2004). Coquerel’s sifakas (Propithecus coquereli), in contrast, are primarily 

folivorous (Richard 1977). Finally, mongoose lemurs (Eulemur mongoz) and ringtailed 

lemurs (Lemur catta) both exhibit mixed diets including fruit, seeds, leaves, flowers, 

nectar and insects; fruit can range from 30-60% of their diet (Curtis 2004; Sauther et al. 

1999). These ecological differences have shaped morphological characters in these 

species, such as dental adaptations (Cuozzo & Yamashita 2006). Moreover, sifakas have 

a specialized gut structure that is used for microbial fermentation of fibrous foods 

(Campbell et al. 2000). Overall, the robust differences in diet indicate that these species 

are a strong test case for the application of the neuroecological approach to studies of 

primate spatial memory. 

We examined these four lemurs’ spatial memory across three studies, each 

targeting a different component of spatial competency (Newcombe and Huttenlocher 

2006). In the first study, we assessed whether these species can recall the location of food 

after a long delay. In a second study, we examined the learning mechanisms that the 

lemurs used to find food, in particular the extent to which they used a spatial frame of 

reference to encode locations. In the third study, we assessed whether lemurs could use 

a set of novel landmarks to recall multiple locations in a more naturalistic environment. 

Our first goal was to assess what types of spatial memory capacities the lemurs had 

given the general paucity of studies on lemur cognition. Our second goal was to 

compare the performance of the difference species from a neuroecology perspective. In 

particular, if ecological factors influence these memory skills, we predicted that the 

most-frugivorous ruffed lemurs should consistently show high levels of performance—

particularly in contrast to the highly folivorous sifakas. 
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3.2 Study 1: Memory after a long delay 
In study 1 we compared the ability of lemurs to recall the location of food over a 

long delay. In an introductory session, lemurs learned that one wing of a T-shaped 

platform always provided food. In a test session one week later, we examined whether 

lemurs would recall which location had previously been baited after this long delay. We 

were particularly interested in their performance on the first test trial, prior to any 

additional experience. 

3.2.1 Methods 

3.2.1.1 Subjects 

We tested 44 lemurs at the Duke Lemur Center in Durham, NC: 12 ruffed lemurs, 

12 sifakas, 9 ringtailed lemurs, and 11 mongoose lemurs (see Appendix B for subject 

details). Lemurs were housed in pairs or groups at the Duke Lemur Center in Durham, 

NC, and all individuals had indoor and outdoor enclosures, and many had access to 

semi-free-ranging forest enclosures when temperatures were warm. Lemurs were tested 

individually in a familiar room. They were not food restricted for the tests, were fed a 

species-appropriate daily diet of fruit, vegetables, leaves, and chow independent of these 

studies, and had ad libitum access to water during the sessions.  

3.2.1.2 General setup and apparatus 

We tested the lemur’s memory for locations on a blue T-shaped platform (see 

Figure 6a; 136 cm ft long entry wing; 122 cm long side wings; 72 cm high). A small 

opaque cup (approximately 6cm deep) was affixed to each of the two wings of the T, and 

could be baited with food. The room, apparatus orientation, and baited side were kept 

constant across all sessions. The lemurs were tested with preferred, species-appropriate 

food. In particular, we used small pieces of honeydew melon, apple, and grape halves for 

ruffed lemurs and mongoose lemurs. For ringtailed lemurs, we used banana, dried cranberries, 



 

 59 

and grape halves. For the sifakas, we used small pieces of peanut, raw almond, and walnuts (as 

this species is not fed large quantities of fruit).  

 

 

Figure 6: Setup for lemur studies (Chapter 3). (a) In study 1 (long delay) lemurs 
first learned that one of two possible wings on a T-shaped platform consistently 

provided food, and then were tested one week later. (b) In study 2 (memory 
mechanisms), lemurs first learned that one wing of the cross-shaped platform 

provided food. In probe trials they approached from a flipped perspective to assess if 
they had encoded the food’s location (spatial strategy) or their own motor response 

(habit strategy). (c) In Study 3 (Multiple locations), lemurs first experienced that one 
landmark set (A or B) contained food. After a delay, they were allowed to search. 
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3.2.1.3 Sessions 

Each lemur completed three sessions for this study. In the pretest session, subjects 

completed a 5-minute habituation period where they could investigate the apparatus, 

and then completed 12 food preference trials to identify their relative preference for three 

types of food used in the experiment. In the introductory session (2 exposure trials, 12 

learning trials), subjects learned that one wing of the apparatus always contained food. 

Finally, lemurs completed a test session (10 choice trials) one week after the introduction 

session to assess their memory. Both baiting locations were always rubbed with food 

prior to sessions to remove the possibility of cuing based on smell. 

3.2.1.4 Trial procedure 

On each trial, Experimenter 1 (E1) stood at the head of the platform between the 

two cups, and Experimenter 2 (E2) centered the lemur at the starting position using a 

small piece of food to attract them (see Figure 6a). Thus, lemurs always faced away 

during the baiting process; in addition, E1 always baited or fake-baited both locations (in 

counterbalanced order) to avoid any additional cues. Once E1 completed the baiting, E2 

said ‘start,’ removed the food used to attract the lemur, and put her hands behind her 

back. Both E’s looked down while the lemur chose which side of the apparatus to 

approach. Lemurs had to step on the wing of the platform and approach a cup within 3 

inches to count as a choice. 

The initial exposure trials introduced the lemurs to the routine of receiving food 

from the cups. Here, both locations were baited, and E1 also placed additional pieces of 

food on the platform one inch away from each cup so it was visible to the lemur to 

initially attract them to these locations.  In learning trials, E1 consistently baited only one 

cup (side counterbalanced across subjects). To ensure that all lemurs had equivalent 

experience with receiving the reward from the correct cup, lemurs could correct their 
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choice if they initially approached the wrong cup. Test trials were identical to learning 

trials except that lemurs were not allowed to correct their choice, so as to reduce the 

amount of additional experience lemurs had in the test session. Here, E1 immediately 

removed the food from the correct cup immediately after the lemur approached and 

inspected the incorrect cup. 

3.2.1.5 Data coding and analysis 

 Choices were coded live by the experimenters. In addition, all sessions 

were videotaped, and a coder blind to the correct side coded 20% of sessions for 

reliability. Agreement was 100% between the live coding and reliability. Two lemurs 

(one ringtailed lemur and one sifaka) stopped participating in the test session, therefore 

only their first trial behavior was analyzed.  

3.2.2 Results  

We first examined first trial performance in both sessions. On their first learning 

trial, lemurs chose correctly on 24 out of 44 of trials which did not differ from chance 

[binomial test: p = 0.65, n.s.], as expected given subjects had no previous experience with 

the food’s location. However, on the first trial of the test session, lemurs chose correctly 

on 33 out of 44 trials [binomial test: p = 0.001], indicating that they recalled the baited 

location one week later. Breaking this analysis by species revealed that while no species 

differed from chance on the first trial of the introductory session [binomial tests: p > 0.18 

for all species], only ruffed lemurs were individually above chance on the first trial of 

the test session [ruffed lemurs: p<0.001; other species: p > 0.15; see Figure 7a]. That is, 

the ruffed lemurs were the only individual species to select the baited location above 

chance in the first trial of their test session. 
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Figure 7: Results from delay study (Chapter 3, study 1). After completing an 
initial introductory session to learn about the location of food, lemurs completed a 
test session 1 week later to assess their memory for the baited location.  (a) First test 
trial performance by species; dashed line indicates chance. (b) The benefit provided 

by memory: improvement between sessions by species. Error bars indicate SE; 
***p<0.001, * p<0.05. 
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We next examined average performance across all trials in the two sessions. All 

four species selected the correct side above chance in both the introductory session [one-

sample t-tests; ruffed: t(11)=4.57, p=0.001; sifakas: t(10)=8.57, p<0.001; ringtailed: 

t(7)=3.92, p<0.01; mongoose: t(10)=3.75, p<0.005] and the test session [ruffed: t(11)=23.75, 

p<0.001; sifakas: t(10)=4.366, p=0.001; ringtailed: t(7)=11.91, p<0.001; mongoose: 

t(10)=4.30, p<0.005], indicating that they were all able to successfully learn the baited 

location over the introductory session and retain this information in the test session. 

Moreover, lemurs showed improvements between the two sessions [correct choices in 

introductory session: 74.4 ± 2.7%; correct choices in test session: 88.7 ± 3.1%; t(41)=4.36, 

p<0.001, two-tailed paired samples t-test; see Table 2 for individual species’ 

performance]. Importantly, lemurs could also have learned within the test sessions after 

the first trial. We therefore calculated a difference score for each individual (percent 

correct in test session – percent correct in introduction session) to isolate the benefit 

provided by the previous experience (see Figure 7b). A univariate GLM revealed a main 

effect of species [F(3, 38)=3.16, p<0.05]; post-hoc tests revealed that ruffed lemurs 

showed significantly more improvement in the test session relative to sifakas [Tukey 

test, p<0.05], but the other species did not differ. 

Table 2: Lemur species’ performance across studies (Chapter 3). Study 1: Mean 
performance in initial learning trials, and test trials after a one-week delay. Study 2: mean 
performance in initial learning trials, and spatial responses on probe trials where lemurs 

chose from a flipped perspective. Study 3: mean number of test and control locations where 
lemurs found food in their first four approaches in the search phase. 

Study 1: Long Delay Study 2: Mechanisms Study 3: Locations Lemur 
species Learning 

% correct 
Test % 
correct 

Learning % 
correct 

Probe % 
spatial 

Test 
locations 

Control 
locations 

Ruffed  70.1 ± 4.4 95.8 ± 1.9 94.9 ± 0.9 80.0 ± 4.4 2.50 ± 0.19 1.50 ± 0.19 
Sifakas  86.4 ± 4.2 87.3 ± 8.5 96.2 ± 0.9 56.9 ± 9.4 1.67 ± 0.33 1.00 ± 0.27 
Ringtailed  80.2 ± 7.7 95.0 ± 3.8 87.5 ± 2.8 55.0 ± 8.2 2.33 ± 0.23 1.50 ± 0.26 
Mongoose  62.9 ± 3.4 77.3 ± 6.3 87.1 ± 2.5 60.6 ± 9.3 2.27 ± 0.24 1.55 ± 0.21 
Overall  74.4 ±  2.7 88.6 ±  3.1 92.0 ±  1.0 64.4 ±  4.1 2.19 ±  0.13 1.38 ±  0.12 
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Overall, these results indicate that lemurs are capable of recalling a baited 

location after a week-long delay. Cross-species comparison further suggests differences 

in memory across the four species. In support of the ecological hypothesis, only ruffed 

lemurs chose correctly above chance on their first test trial (before they had any 

additional experience). They also showed greater improvement between sessions 

compared to sifakas—suggesting that they gained a greater benefit from the previous 

experience. One possibility is therefore that different mechanisms may have supported 

learning across the four species, thus influencing the duration of their memories. We 

address this possibility in the second study. 

3.3 Study 2: Mechanisms for memory 
Two main types of learning mechanisms can support the type of memory 

examined in study 1. On the one hand, lemurs could have encoded the spatial location 

of the food, a strategy thought to be dependent on the hippocampus. Alternatively, they 

could have encoded a habitual motor response (e.g., ‘turn left’), a strategy dependent on 

the basal ganglia (Packard 1996; Packard 1999; Packard 2009). In study 2, we examine 

learning mechanisms using a cross-shaped platform. Lemurs learned that one wing 

(either to their left or right) was baited with food, and then had to search from a flipped 

perspective. If they encoded the place they found food, they should search in the same 

previously-rewarded wing, but if they encoded their motor response, they should turn 

in the same direction—even though this now leads them to the opposite wing. 

3.3.1 Methods 

3.3.1.1 Subjects 

We tested 48 lemurs from the same populations: 11 mongoose lemurs, 10 

ringtailed lemurs, 12 sifakas, and 15 ruffed lemurs (See Appendix B for subject details).  
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3.3.1.2 General setup and apparatus 

We used the same general setup and procedure as in Study 1, except the main 

apparatus was a red, cross-shaped platform (see Figure 6b; each complete wing was 148 

cm in length, standing on legs 72 cm high).  

3.3.1.3 Sessions 

Subjects completed a total of 6 sessions. Each session involved 12 learning trials 

where they earned about the location of the hidden food, followed by 1 probe trial where 

they had to locate the food from a flipped perspective (see Figure 1b). The baited side 

was the same for a given individual across all sessions (counterbalanced across subjects). 

At the beginning of their first session, subjects completed a 5-minute habituation period 

where they could investigate the apparatus (as in study 1).  

3.3.1.4 Trial procedure 

The trial procedure was similar to that in study 1. In learning trials, E1 baited one 

of the two cups (fake-baiting the other), while E2 centered the lemur. On each trial E1 

additionally held a small occluder at the middle of the apparatus to prevent lemurs from 

walking down the wings before the trial started (as the distance to the wings was 

somewhat shorter here). When E1 said start, E2 moved the occluder to the center of the 

wing opposite the lemur (where there was no baiting cup) to prevent the lemur from 

walking there. As in study 1, if they chose incorrectly on learning trials, they were 

always allowed to correct their choice. During the first 2 learning trials of only the first 

session, E1 placed an additional piece of visible food outside the baited cup to ensure 

lemurs quickly learned the baited location. 

Finally, subjects completed one probe trial at the end of each session. These trials 

were identical to learning trials, except that subjects’ starting position was reversed. In 

those trials, the experimenters first switched position (so as the keep the position of the 
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two experimenters relative to the lemur identical). Here, both cups were baited with 

food so as to not bias subjects on subsequent trials. Thus, as soon as subjects approached 

one of the cups, E1 immediately removed the other piece of food. 

3.3.1.5 Data coding and analysis 

Choices were coded live by the experimenter. In addition, all sessions were 

videotaped, and a coder blind to the correct side coded 20% of sessions for reliability. 

Agreement was 100% between the live coding and reliability.  While we used parametric 

statistics to analyze learning performance, we used non-parametric statistics to analyze 

performance on probe trials as there were few trials for responses. 

3.3.2 Results 

We first examined performance in learning trials (see Table 12 for species’ 

means). Overall, lemurs chose correctly on 92.1 ± 1.0% of learning trials. Indeed, each 

individual species was significantly above chance across test trials [ruffed: t(14)=49.57, 

p<0.001; sifakas: t(12)=51.03, p<0.001; ringtailed: t(9)=13.35, p<0.001; mongoose: 

t(10)=14.81, p<0.001], indicating that they all learned the correct location. A univariate 

GLM revealed a main effect of species [F(1, 45)=7.24, p<0.001]; post-hoc tests indicated 

that while ruffed lemurs and sifakas did not differ in performance, both were correct 

significantly more often than mongoose lemurs and ringtailed lemurs [Tukey test: 

p<0.05 for all significant cases]. An additional analysis examining performance across 

sessions replicated this general result. 

We next examined performance on probe trials. Across all species, lemurs made 

a spatial response on 64.4 ± 4.1% of trials, significantly above chance [t(48)=3.54, =0.001; 

see Table 2 for species’ means]. Breaking down this analysis by species revealed that 

while ruffed lemurs were significantly above chance in choosing the spatial option on 

probe trials [t(14)=6.87, p<0.001], the other three species were not [p>0.20, n.s. for all 
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cases]. Indeed, this pattern was apparent even from the first probe trial (see Figure 8a), 

with ruffed lemurs significantly choosing the spatial location [binomial test: 13/15 

choices for the spatial option, p<0.01] but no other species doing so [p>0.55, n.s., for all 

cases]. Finally, we used probe performance to classify the learning strategy of each 

individual lemur. Lemurs that made a spatial response more often were classified as 

spatial learners, lemurs that made a habit-based response were classified as habitual 

learners, and lemurs that made both types of responses equally were classified as having 

no preference. This revealed that individual ruffed lemurs were generally spatial learners (87% 

of individuals showing this preference), and none were habit-based learners. In contrast, only 

56% of the individuals in the other three species were spatial learners, and 29% were habit 

learners (see Figure 8b). We then examined differences in use of a spatial strategy, 

comparing the ruffed lemurs to individuals of the other species (collapsing across 

species to decrease factors, given their similar performance). This revealed that the 

ruffed lemur were more likely to exhibit a spatial learning strategies than the other 

individuals [χ2=04.35, df=1, N= 49, p <0.05]. 

Overall, these results indicate that while all four species rapidly learned which 

wing of the platform was baited, their memory appeared to depend on different learning 

mechanisms. In particular, ruffed lemurs primarily made spatial responses on probe 

trials where they had to make a choice from a switched perspective. In contrast, the 

other species showed a mixture of strategies, with some individuals encoding spatial 

location and others encoding their habitual body movements. Based on these results, we 

predicted that the ruffed lemurs would be more skillful when faced with a more 

complex environment involving multiple locations. We examine this issue in the final 

study. 
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Figure 8: Results from memory mechanisms task (Chapter 3, study 2). After 

completing initial learning trials, lemurs completed probe trials (from a flipped 
perspective) to assess their strategy; dashed line indicates chance.  (a) First probe trial 
performance by species. (b) Individual strategies (spatial bias, no preference, or habit 

bias) across probe trials by species. Error bars indicate SE; ** p<0.01. 
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3.4 Study 3: Memory for multiple locations  
In the final study, we adapted the methods from a previous study with apes (see 

Chapter 2) to examine the lemur’s performance in a more naturalistic task. Here, each 

lemur completed one session where they searched for food in a room with eight novel 

landmarks. In the introduction phase, four test landmarks were baited with visible food; 

the control landmarks were empty. In the test phase 10 minutes later, both the test and 

control landmarks were baited with hidden food. We then examined whether lemurs 

preferentially searched at the test locations where they had previously found food. 

3.4.1 Methods 

3.4.1.1 Subjects 

We tested a total of 47 lemurs: 11 mongoose lemurs, 12 ringtailed lemurs, 12 

sifakas, and 12 ruffed lemurs from the same populations (see Appendix B for subject 

details). 

3.4.1.2 General setup and apparatus 

Lemurs were tested in two adjacent rooms from their indoor enclosure. One 

room was used as a ‘waiting room” for the lemur between study phases. In the other 

room (approximately 214 cm wide by 230 cm long), we placed eight novel landmarks to 

create a new foraging environment. The landmarks were placed in the same 

arrangement for each subject relative to their entry door, in order to control for location 

biases (see Figure 6c).  Each landmark consisted of an object with distinct size, form, and 

color, and had a small attached food box (approximately 5 cm3). The food box could be 

covered with a removable lid so that the food was not visible. Landmarks were divided 

into two sets (A and B) of approximately equal distance from the lemur’s entry door. 

The assignment of a set of landmarks as test or control locations was counterbalanced 

across subjects.  
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3.4.1.3 Session phases and procedure 

Each lemur was tested in one session to assess their spontaneous memory 

without any prior expectation that they would be tested. The session had three phases. 

In the habituation phase lemurs could investigate the landmarks for five minutes (none 

were baited). In the introduction phase, the four test locations were baited with visible 

food (as the food boxes were left uncovered). After a 10 min memory delay, the lemur 

could enter the room again for the search phase. Here, all eight locations were baited with 

food, but the food was hidden because the boxes were covered with lids. 

Between phases, the experimenter (E) entered the testing room to bait the 

appropriate locations. For the introduction phase, E baited the four test locations, and 

fake-bated the four control locations (rubbing them with food to prevent olfactory cues) 

in a randomized order. For the test phase, E baited all eight locations, but covered the 

food boxes with the lid so the food was not visible (order randomized). The wall 

between the rooms was either opaque brick or mesh; in rooms with mesh, E used a large 

occluder to block the lemurs view during baiting. 

In both the introduction and search phases, the lemur had 10 min to search for 

food after being let into the room.  If the lemur did not locate all of the food in the 

introduction phase, E entered the room and attracted their attention to that location by 

visibly placing a very small piece of food next to the food box to ensure that all lemurs 

had experienced getting food from all four test locations. 

3.4.1.4 Data coding and analysis 

We coded the order in which the lemur found the food in the introduction and 

test phases. In the introduction phase, searches were counted as taking the food from 

test locations, or approaching a control landmark within 3 inches of the food box (as 

those boxes were empty). In the search phase, searches were counted removing the lid 
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and taking the food (as here both types of boxes were baited). E coded the location order 

live, and a coder blind to the assignment of the landmarks as test or control locations 

coded 20% of sessions from videotape. Reliability was excellent for the number of 

locations searched [Cohen’s kappa = 0.94] as well as the order of searches [Spearman’s 

rho = 0.99]. As there were few trials in this study, we use non-parametric statistics to 

examine the lemur’s performance. 

3.4.2 Results  

We first examined whether lemurs preferentially targeted test locations across 

the study phases. To control for any potential differences in speed of search and eating 

across individuals, here we analyze only up to the first 4 pieces total that lemurs located, 

as an individual with perfect memory should first target the 4 test pieces (even if they 

continue to search in the enclosure for any remaining time in the test phase). In the 

search phase, lemurs located an average of 2.19 ± 0.13 test pieces, but only 1.38 ± 0.12 

control pieces [Wilcoxon signed-rank test, n=47, T+=21, 23 ties, Z= 3.45, p=0.001]. In 

contrast, in the initial introduction phase they exhibited only a weak bias towards test 

locations [n=47, T+=16, 22 ties, Z= 1.67, p=0.094] despite the fact that the food was 

actually visible during that time. This suggests that lemurs recalled where they had 

found food in the introduction phase, and used this information to target test locations 

in the search phase. Breaking this down by species, no species individually targeted test 

pieces in the introduction phase [p>0.15, n.s. in all cases].  However, in the search phase, 

ruffed lemurs individually targeted test pieces [ruffed lemurs: n=12, T+=5, 7 ties, Z=2.12, 

p<0.05] whereas the others did not [all other species: p>0.095, n.s.]. This suggests that 

ruffed lemurs were the most accurate at recalling the locations where they had originally 

found food (see Figure 9a and Table 2). 
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We next examined the first location targeted by the lemurs in the search phase. 

Overall, 32 of 44 individuals (who found at least one piece) first targeted a test location 

[binomial test, p<0.005]. Notably, the three individuals who found no pieces in the test 

phase were all sifakas—despite the fact that these individuals did locate food in the 

introduction phase in which the food was visible. Breaking down this analysis by 

species revealed that while individual ruffed lemurs targeted test locations above chance 

on their first search [10/12 searched in test locations; p<0.05], no other species did 

[p>0.18, n.s. for all other species]. That is, only ruffed lemurs individually first 

approached a test location in the search phase in which they had to recall where the food 

was located based on their previous experience. 

Finally, we looked at the total number of test pieces found across the entire 

session. In the introduction phase (where the food was visible), there was no difference 

between the four species on the number of test pieces located without additional 

assistance from the experimenter [average pieces found: 3.21 ± 0.16; Kruskal-Wallis test: 

χ2=5.51, df=3, p>0.13, n.s.], suggesting similar levels of motivation to eat the food. 

However, in the search phase (when the food was hidden), there was a significant effect 

of species on number of test pieces found [χ2=13.73, df=3, p<0.005; see Figure 9b]. Pair-

wise comparisons of the four species (with Bonferroni correction α=0.008) revealed that 

ruffed lemurs found significantly more test pieces overall than sifakas [Mann-Whitney, 

z=-3.30, p=0.002]. This suggests that while all four species were motivated to seek out 

the food when it was visible in the introduction phase, ruffed lemurs located 

significantly more test pieces than sifakas did in the search phase in which they had to 

depend on their memory of their previous experience. Overall, this supports the 

hypothesis that ruffed lemurs would be more skilled at recalling multiple locations in a 

more complex environment, especially when compared to the most folivorous species. 
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Figure 9: Results from complex environment task (Chapter 3, study 3). Lemurs 

were introduced to a room containing novel landmarks, some of which marked the 
location of food. After a delay they could search for hidden food at the same locations  

(a) Number of test versus control piece found in the first four searches. (b) Total 
number of test locations searched. Error bars indicate SE; *p<0.05, **p<0.005. 
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3.5 Discussion 
These studies provide evidence for two major conclusions. First, we have shown 

that strepsirrhines possess many of the important spatial capacities seen in anthropoids 

(monkeys and apes)—including memory after long delays, encoding items using a 

spatial framework, and remembering multiple locations in a complex environment 

(Hampton, et al. 2005; Haun, et al. 2006b; Mendes and Call 2008; Menzel 1973; Platt, et 

al. 1996; and see Chapter 2). Second, our results indicate that there are important 

differences in how different lemur species solve spatial problems. In particular, ruffed 

lemurs consistently outperformed the other three species. In study 1, they were the only 

species to recall the baited location on the first test trial after a long delay. In study 2, 

they were only species to individually use a predominantly spatial strategy to encode 

the food’s location. And in study 3, they were the only species to find more test than 

control pieces in a complex environment.  Overall, our results support the predictions of 

the ecological hypothesis: the most frugivorous species generally showed more accurate 

and longer-persisting spatial memories than did the species less dependent on fruit.  

This suggests that the neuroecological approach can be extended to encompass primate 

spatial memory, despite important differences in the ecology of birds and primates. 

Comparative research on cognitive and brain evolution in primates has often 

focused on the importance of complex sociality (Amici, et al. 2008; Byrne and Whiten 

1988; de Waal 1982; Dunbar 1998; Humphrey 1976; Jolly 1966). In terms of memory 

skills, there are reasons to suspect that complex sociality might in fact be an important 

factor. First, human neuroimaging studies have revealed broad overlap in the brain 

regions supporting both social cognition and hippocampal-based memory (Buckner and 

Carroll 2007). Second, cognitive convergence in the domains of social cognition and 

memory across corvids and apes (Emery and Clayton 2004) suggests some level of 
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evolutionary coherence in these skills. Finally, several recent studies have related the 

ability to engage in transitive inference to the presence of complex social dominance 

hierarchies in corvids and lemurs (Bond, et al. 2003; Maclean, et al. 2008)—and the 

ability to make transitive inferences is causally dependent on the hippocampus (Manns 

and Eichenbaum 2006).   

Yet social complexity cannot easily explain the current results. In contrast to the 

other target species, ringtailed lemurs live in multi-male-multi-female groups of up to 30 

individuals and exhibit anthropoid-like dominance hierarchies (Sauther, et al. 1999). 

Given their more complex social organization and larger group sizes, they should have 

therefore outperformed the others on the memory tasks if social complexity was of 

major significance in explaining variation in these skills.  However, ringtailed lemurs 

did not consistently outperform the others. Moreover, their skills were generally similar 

to those seen in mongoose lemurs, a closely-related species with similar diet but much 

smaller pair-bonded social groups (Curtis and Zaramody 1999). Importantly, ringtailed 

lemurs do outperform other lemurs (and especially mongoose lemurs) when faced with 

problems more relevant to the social domain. For example, ringtailed lemurs are more 

skilled at making transitive inferences (Maclean, et al. 2008) and using social cues such 

as gaze direction when competing for food (Sandel, et al. 2011).  This suggests that while 

social complexity may be an important predictor specifically of skills used in social 

interactions, ecology may be a more important predictor of cognitive skills used more in 

foraging contexts. More broadly, sociality and ecology are complementary explanations 

for variation in cognitive abilities, not mutually exclusive hypotheses. 

Overall, our results can be taken as initial evidence for the importance of ecology 

in shaping spatial memory in primates. We tested four species with robust differences in 

their diet, and found that the most frugivorous species consistently outperformed the 
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others across different tasks designed to target various aspects of their spatial memory 

capacities. However, it is important for future studies to take advantage of recently 

resolved evolutionary relationships amongst these species (Horvath 2008; Yoder, et al. 

1996) to examine spatial memory in a wider cross section of strepsirrhine using 

phylogenetic methods (MacLean, et al. 2012). While the current studies targeted species 

with large variation in their diet, sampling a broader range of species including both 

folivores (such as bamboo lemurs and other indrids) and frugivores (such as brown 

lemurs) can assess the importance of evolutionary factors while also controlling for any 

effect of shared lineage. Our results also indicate that a neuroecology perspective—like 

that used previously with birds—can be fruitfully applied to primates, despite large 

differences in the characteristics of their diet and foraging strategies.  Research in birds 

has shown not only that cognitive skills vary depending on degree of caching seen 

across populations, but that the underling neural mechanisms vary as well. A major 

question for future research, consequently, is whether the relationship between 

hippocampus size and spatial memory seen in birds is also present in primates. While 

there have been studies of brain size in lemurs (MacLean, et al. 2009), there have not 

been to our knowledge studies comparing hippocampus or the surrounding medial 

temporal lobes (MTL) more specifically. These types of investigations will be critical for 

understanding the neurobiological basis of lemur spatial memory, as has been the case 

for understanding variation in bird memory.  Given the ongoing debate concerning 

homology between the structure of avian and mammalian brains (Avian Brain 

Nomenclature Consortium 2005), these types of investigations linking cognition, brain 

substrates, and natural history in multiple taxa will also be critical for understanding 

broader patters of brain evolution (Striedter 2005). That is, such studies can illuminate 

how brain structures change to enable different cognitive functions across species. 
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4. Preferences for time and risk in apes 

4.1 Background: decision-making and emotion 
Emotion and motivation are crucial in shaping human behavior, and the 

interaction between emotion, motivation, and cognition is a major topic in the human 

cognitive sciences. This increased interested in the role of emotion in complex behaviors 

is especially apparent in the study of decision-making, which has revealed that emotions 

play a critical role in human choice processes (Loewenstein and Lerner 2003). Studies of 

animal decision-making have made great strides in illuminating the cognitive bases of 

choice (Santos and Chen 2009; Stevens 2010) and how value is represented in the brain 

(Kim, et al. 2008; McCoy and Platt 2002). However, it is currently unclear whether 

emotional responses are involved in nonhuman decision-making. Indeed, animals are 

thought to lack some relevant processes (Ochsner and Gross 2005). Thus, one possibility 

is that differences in decision-making and executive functioning between humans and 

other animals reflect differences in the emotional and motivation mechanisms 

supporting complex choice. Yet, current evidence indicates that a wide range of taxa 

show clear behavioral, physiological, and neurobiological signs of emotional processes 

(Panksepp 1998), especially for emotions such as fear and anxiety (LeDoux 2000; Phelps 

and LeDoux 2005). Furthermore, research evidence suggests that a variety of nonhuman 

taxa exhibit emotional influences on perceptual judgments much like humans (Bateson, 

et al. 2011; Harding, et al. 2004; Paul 2005). Finally, nonhuman apes such as chimpanzees 

exhibit rich repertories of emotional expression (Parr, et al. 2005b), and therefore may 

experience some of the same emotions that are important in human decision-making. In 

the current studies, we therefore examine our closest phylogenetic relatives—

chimpanzees (Pan troglodytes) and bonobos (Pan paniscus) to illuminate the origins of 

human decision-making. 
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Extending the comparative approach to the study of emotion, motivation, and 

cognition emphasizes the importance of an evolutionary or functional perspective 

towards these psychological processes (e.g., Nettle and Bateson 2012). In humans, the 

study of emotion has often focused on either identifying basic types of discrete emotions 

(Ekman 1992; Haidt 2003), or identifying the processes by which emotions arise (e.g., 

apprisal theories; Ellsworth and Scherer 2003; Lazarus 1982). Cutting across approaches, 

however, are theories suggesting that the function of emotions concerns how they 

impact motivation, or desire to act. That is, emotions appear to allow the flexible 

generation of appropriate behavioral responses tailored to the current set of 

circumstances being experienced (Lazarus 1991). A broad stance therefore that emotions 

are positive or negative states elicited by events in the environment (Rolls 2005), and 

motivation is a behavioral ‘drive’ to do something about these experiences (such as 

approach or withdraw).  Thus, emotion and motivation are closely linked, with emotion 

focusing on how an individual assesses a given situation, and motivation focusing on 

how this assessment influences their desire to act (Pessoa 2008; Pessoa 2009).  For the 

purposes of the present studies with apes, we therefore use emotions to refer broadly to 

positive or negative states elicited by the evaluation of rewards or punishments, and 

motivation to refer to an individual’s drive to acquire rewards or avoid punishments.  

Chimpanzees and bonobos are an interesting test case for this comparative 

approach, as previous studies indicated that chimpanzees and bonobos differ in their 

decision-making preferences. When making temporal choices involving tradeoffs 

between reward and delays, chimpanzees are more willing to wait to acquire larger 

rewards than are bonobos (Rosati, et al. 2007). Similarly, when faced with risky choices 

involving variability in reward payoffs, chimpanzees are more willing to accept risk to 

acquire high-value payoffs (Haun, et al. 2011; Heilbronner, et al. 2008). However, the 
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mechanistic basis for these differences in preferences is currently unclear. That is, what 

aspects of their respective psychologies bias chimpanzees and bonobos to choose 

differently? Given the importance of emotional and motivational processes in human 

decision-making, one possibility is that different patterns of choice across taxa are 

generated by changes in these types of processes. From an ultimate perspective, altering 

emotion and motivation may be an important evolutionary pathway for generating 

different behavioral strategies across species. 

Indeed, there is clear evidence that emotions are important in shaping decisions 

both about risk and time in humans. For example, when making decisions under risk, 

people experience negative states such as disappointment or regret  as a consequence of 

unfavorable outcomes (Coricelli, et al. 2007; Mellers, et al. 1997). Indeed, people 

anticipate that they will experience such emotions, and take this possibility into account 

when making decisions (Bell 1982; Bell 1985; Loomes and Sugden 1982; Loomes and 

Sugden 1986). Consequently, altering the type of feedback individuals receive about the 

outcome of their decisions changes both emotional responses and patterns of choice 

(Zeelenberg 1999; Zeelenberg, et al. 1996; Zeelenberg, et al. 1998). Further evidence that 

these types of emotional processes are causal comes from studies of decision-making 

where states of mood or stress are experimentally manipulated (Fessler, et al. 2004; Isen 

and Patrick 1983; Porcelli and Delgado 2009; Raghunathan and Pham 1999), as well as 

comparisons of individuals with brain lesions that alter normal emotional processes 

(Bechara 2004; Camille, et al. 2004; Hsu, et al. 2005).  Decisions about temporal delays 

similarly involve both emotions at the time of choice, and more complex cognitive 

processes involving the anticipation of future emotional states (Frederick, et al. 2002). 

While many human experiments involve question-based measures that are not 

applicable to nonverbal animals, there is some data bearing on experiential-based tasks. 
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First, in terms of responses to waiting, current research suggests that when waiting is 

unpleasant or perceived as being especially costly, people prefer more immediate 

outcomes (Berns, et al. 2006; Loewenstein 2006; Wittmann and Paulus 2008). Delay of 

gratification studies further suggest that individuals who experience more negative 

emotions such as frustration while waiting will be less inclined to choose delayed 

payoffs (Mischel, et al. 1972; Mischel, et al. 1989). Finally, as with risk preferences, there 

is some evidence that trait differences in mood contribute to individual differences in 

inter-temporal choice (Hirsh, et al. 2010).  

Overall, these studies suggest that interactions between emotion and decision-

making in humans are quite complex: emotions can influence preferences via several 

different pathways, including emotional responses to decision outcomes, as well as the 

anticipation of such emotional experiences prior to even making a choice. This suggests 

that an important first step in determining whether similar affective processes also play 

a role in ape decision-making is to assess whether apes even exhibit emotional responses 

in these types of decision-making contexts. Naturalistic observations of ape emotions 

have revealed that chimpanzees produce complex emotional signals integrating both 

facial displays and vocalizations (Parr, et al. 2005a). Indeed, chimpanzee facial 

expressions can be broken down into component movements that make up the 

configuration of a particular expression, which exhibit strong homologies with human 

expressions (Parr and Waller 2006; Vick, et al. 2007; Waller, et al. 2006). However, these 

studies have focused on the behavior that apes exhibit in naturalistic social contexts, so it 

is unknown if apes would exhibit similar responses in these types of economic decision 

contexts.  Importantly, however, experimental studies examining how apes perceive and 

categorize emotional displays suggest parallels with humans, For example, chimpanzees 

can match related facial expressions and vocalizations (Parr 2003; Parr 2004; Parr, et al. 



 

 81 

1998). Moreover, chimpanzees preferentially match negative emotional displays to 

negative (nonsocial) images involving tranquilizer darts, suggesting that the relevancy 

of such emotional displays generalize beyond typical conspecific interactions (Parr and 

Hopkins 2000). Finally, some evidence suggests that negative emotional reactions can 

impact whether chimpanzees punish a conspecific for theft (Jensen, et al. 2007). That is, 

emotional responses may play a role in some types of social decision-making. 

In the current experiments, we aimed to examine whether chimpanzees and 

bonobos exhibited emotional responses following the outcomes of their decisions. We 

tested a sample of semi-free ranging, wild-born chimpanzees and bonobos on an inter-

temporal choice task and a risky choice task. In both tasks we then measured whether 

apes exhibited a suite of behavioral indices of affective state in response to their 

decision’s outcome. Given that various states with negative valence have strong 

influences on human decision-making (Coricelli, et al. 2007; Kassam, et al. 2009; Lerner 

and Keltner 2001; Porcelli and Delgado 2009; Raghunathan and Pham 1999), here we 

focus on negative responses in the apes. First, we coded negative emotional 

vocalizations, focusing on pout moans, whimpers, and screams following established 

ethograms in these species (de Waal 1988; van Hooff 1973). These vocalizations are 

emotional signals that occurring naturally in negative situations, and involve 

characteristic facial expressions (Parr, et al. 2005a). Second, we coded scratching, which 

has been used as a measure of anxiety or stress in primates (Baker and Aureli 1997; 

Schino, et al. 1996). Third, we coded banging, a type of tantrum that may reflect anger in 

chimpanzees (Jensen, et al. 2007). We based this measure on previous use of knocking or 

manipulating an apparatus to indicate negative responses in apes (Call, et al. 2004).  

Finally in both studies we assessed a behavioral index of reward motivation in both 

tasks.   
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We used these measures to address two main questions. First, we examined 

whether apes exhibit different responses to different decision outcomes like humans. In 

particular, in the temporal task we examine whether apes exhibited these responses 

more often when waiting, and in the risk task we examined whether apes exhibited 

these reactions more often in response to unfavorable outcomes. Second, we examined 

whether individual- or species-level variation in responses mapped on to decision-

making preferences. In particular, we expected that the bonobos would be less patient 

and more risk-averse than chimpanzees, following previous studies (Haun, et al. 2011; 

Heilbronner, et al. 2008; Rosati, et al. 2007). Given these different patterns of choice, we 

therefore predicted that the two species may differ in their emotional responses to 

decision outcomes. Specifically, we predicted that the bonobos would exhibit more 

negative responses when waiting in temporal choice task, and more negative responses 

after receiving less-preferred payoffs in the risky choice task. That is, one possible 

explanation for these species patterns of choice is that bonobos’ greater experience of 

negative emotional states in response to waiting or undesired outcomes drive them to 

exhibit less patience and more risk-aversion than chimpanzees. 

4.2 Study 1: Temporal preferences 
In the first experiment, chimpanzees and bonobos chose between a small reward 

(one piece of food) that was available immediately, and a larger reward (three pieces) 

that was only available after either a one or two minutes delay.  

4.2.1 Methods  

4.2.1.1 Subjects 

We tested 38 semi-free ranging apes: 23 chimpanzees from Tchimpounga 

Chimpanzee Sanctuary in Pointe Noire, Republic of Congo (9 females and 14 males; 

average age 12 years; range 7-20 years) and 15 bonobos from Lola ya Bonobo Sanctuary 
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in Kinshasa, Republic of Congo (3 females and 12 males; average age: 8 years; range 7-10 

years). These apes were from the same populations described previously in Chapter 2 

(see Appendix C for individual characteristics). Apes were tested individually in 

familiar dormitory buildings. Following testing, most apes were released back with their 

larger social group outside. Apes had ad libitum access to water and were never food 

deprived for testing. The apes were naïve to temporal-choice tasks and were tested 

individually by an unfamiliar experimenter. Subjects completed no more than one test 

session per day, and all tests were voluntary: if the ape stopped participating, the 

session was halted.  One additional chimpanzee and one additional bonobo began the 

study, but stopped participating for more than 3 days and therefore were excluded. 

4.2.1.2 Quantity discrimination pretest 

 Prior to beginning the studies, all subjects completed a pretest to show they 

understood the basic setup and discriminated between food amounts. In four initial 

exposure trials, only one piece of food was available to confirm subjects would point to 

that option. Next, subjects completed six number trials in which they had to choose 

between one and three pieces of food. Subjects had to choose the larger amount of food 

on five of six trials to meet criteria.  

4.2.1.3 Temporal choice procedure 

Each subject completed two conditions, where the larger reward (three pieces of 

food) was available either after a one-minute or two minute delay, and the smaller reward 

(one piece of food) was always available immediately. The order was counterbalanced 

across subjects. We manipulated the delay to receiving the food following previous 

comparative work with primates (Addessi, et al. 2011; Amici, et al. 2008; Rosati, et al. 

2007; Rosati, et al. 2006; Stevens, et al. 2005a). Models from behavioral ecology suggest 
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the delay to receiving the food may be the most relevant interval from an evolutionary 

perspective (Stephens, et al. 2004).  

For each condition, apes first completed an introductory session with 14 exposure 

trials where only one option (small, immediate or large, delayed) was available each trial 

to introduce subjects to the different rewards and delays. They then completed a test 

session with 4 exposure trials followed by 10 choice trials where subjects chose between 

the two options. The side assignment for the two options was counterbalanced and 

quasi-randomized (no more than three trials in a row with the same side assignment) 

within sessions. Both species made choices about a preferred food type (chimpanzees: 

banana slices; bonobos: apple pieces).  

In the sessions, the experimenter (E) and the ape sat across from each other at a 

table (80cm wide, 40cm deep, 50cm tall) with a sliding top, separated by wire mesh or 

bars (see Figure 10 for photos of setup). E placed the rewards on the table behind an 

occluder (61.5 cm wide, 20 cm deep, 30.5 cm tall). At the start of each trial,  E removed 

the occluder and subjects viewed the options for 3 seconds. E then pushed the table 

forward so apes could chose by pointing at one of the options.  Depending on their 

choice, E then either gave the subject the chosen food immediately (small reward) or 

after the appropriate delay (large reward). In the latter case, E removed the forgone 

option from the table, and looked down until the delay ended. There was a constant 30s 

inter-trial interval (ITI) between trials (timed with a stopwatch), starting when subjects 

placed the last piece of food in their mouth. Apes had 20s to choose; if they failed to 

choose in this time, the trial was repeated the end of the session. If apes did not 

participate for three trials the session was repeated the next day. Choices were coded 

live by the experimenter; a second coder blind to hypotheses coded 20% of trials from 

video with excellent reliability [Cohen’s κ=1.0]. 
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Figure 10: Setup in discounting task (Chapter 4, study 1). (a) Subjects made 
choices between a smaller reward they could have immediately (one piece of food) 

and a lager reward that was only available after a delay (three pieces). (b) If subjects 
chose the larger, delayed reward, the experimenter removed the forgone option and 

looked down during the delay period. 

4.2.1.4  Apes’ responses and coding 

To assess apes’ reactions in the task, we coded whether apes exhibited negative 

affect in the 10s immediately after their choice (equating the time during which apes 

could perform the behaviors across choices): 1) negative emotional vocalizations, focusing 

on pout moans, whimpers, or screams; 2) scratching, or whether the subject scratched 

their body or head with their nails; and 3) banging, or whether the subject forcefully hit 

the bars or mesh in front of the table with their hands or feet. In addition, we coded 

food-related vocalizations, but these were very rare so no further analyses are reported. 

Finally, as an index of motivation to acquire the food in the task, we measured duration 

of stay at the testing location on trials where subjects choose the larger, delayed reward. 

As apes could move freely about the testing room, we coded the length of continuous 

time that the subject sat at the table after making their choice before they walked away 

for the first time. This measure is similar to previous studies that have looked at effort or 

participation level in a task (Call, et al. 2004). Reliability with a second coder blind to the 

hypotheses was excellent for all measures [scratching: Cohen’s κ=0.93; negative 
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vocalizations: κ=0.91; banging: κ=0.95; duration of stay: rp=0.984, p<0.001].  

4.2.1.5 Data coding and analysis 

Choice percentages were arc-sine square-root transformed to normalize the data. 

We used parametric statistics to analyze choice data; when assumptions of sphericity 

were violated, the Huynh-Feldt correction was used. We assessed emotional responses 

in two ways. First, apes received an affect score indicating how many of responses 

(vocalizing, scratching, or banging) they made on each trial. This score therefore 

assessed response intensity, with a 0 indicting that they exhibited no target behaviors, 

and a 3 indicating that they produced all three. We also analyzed each behavior 

separately. As emotional responses were not normally distributed, we used non-

parametric statistics for those comparisons; when applicable, we report only results that 

meet significance with Bonferroni corrections to correct for multiple comparisons. We 

analyzed data from study 2 in the same manner. 

4.2.2 Results  

4.2.2.1 Quantity discrimination pretest 

Subjects took between one and three days to meet the number trial criteria 

(chimpanzees: M=1.48, SE= 0.12; bonobos:  M=1.67, SE=0.18). The two species did not 

differ in how many days it took them to reach the criterion [t(36)=0.88, p=0.39, n.s.], 

indicating similar numerical comprehension and preference in the two species. 

4.2.2.2 Temporal choices 

Chimpanzees chose the large, delayed reward on 63.9 ± 3.3% of trials in the one 

minute condition, and on 54.5 ± 3.5% of trials in the two minute condition. Bonobos 

chose the large reward on 55.3 ± 4.1 % of trials in the one minute condition and 47.3 ± 

4.3% of trial in the two minute condition (see figure 11a). A repeated-measures ANOVA 
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revealed apes were more likely to chose to wait when faced with a one minute delay 

than a two minute delay [F(1,36)=5.36, p<0.05], indicating that apes were sensitive to the 

variation in delays and made tradeoffs between rewards and time costs. In addition, 

chimpanzees were more likely to wait overall [F(1,36)=4.22, p<0.05], with no significant 

interactions. A second analysis examining choices in the first and second half of the 

session showed that subject’s preferences did not change over the sessions [F(1,36)=1.43, 

p=0.24, n.s.] with no species interaction, indicating no difference in rates of satiation or 

learning across sessions between the two species. Additional analyses indicated no 

impact of either age or sex on patterns of choice so these factors are not reported. 

Overall, these results indicate that chimpanzees were more willing to wait to receive 

larger rewards than bonobos, in line with previous comparisons of these species (Rosati, 

et al. 2007). 

4.2.2.3 Emotional and motivational responses 

We first examined apes’ composite affect score to assess the ape’s responses to 

waiting. Here a higher score indicated that apes exhibited more of the target negative 

reactions on that trial (see Figure 11b). Collapsing across conditions, we compared 

reactions when subjects were waiting after choosing the larger reward, versus when 

they chose the small reward as a behavioral baseline. Whereas apes had low scores after 

they chose the small reward [mean affect score = 0.21 ± 0.05], scores were significantly 

higher when apes were waiting [mean score=0.61 ± 0.09; Wilcoxon signed-rank test, 

n=38, z = -5.08, T+ = 34, 1 tie, p<0.001]. Moreover, apes were more likely to perform all 

three-target behaviors more often when waiting after choosing the large, delayed 

reward [vocalizing: z=-4.03, T+ = 21, 17 ties, p<0.001; scratching: z = -2.93, T+ = 21, 8 ties, 

p<0.005; banging: z = -3.26, T+=16, 19 ties, p=0.001]. Overall, these results indicate that 

apes do show negative affective responses when waiting. Importantly, we observed 
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these reactions when apes freely chose forgo the immediate reward to wait for larger 

payoffs 

We next assessed if affective responses mapped onto individual or species 

differences in temporal preferences. A comparison of the composite affect score revealed 

that chimpanzees and bonobos showed similar responses when they chose the small 

reward [Mann-Whitney U, z = -1.69, p = 0.10, n.s.], with no difference in any target 

behavior [p > 0.12 for all cases.]. However, chimpanzees exhibited more intense 

responses while waiting for the large, delayed reward [z = -3.65, p < 0.001]. Examining 

each target behavior revealed that chimpanzees showed significantly more negative 

vocalizing compared to bonobos [z = -3.88, p < 0.001], the two species had similar rates 

of scratching or banging [p > 0.24 for both cases, n.s.]. Finally, we calculated a difference 

score for each subject as an individual index of affective response (affect score while 

waiting versus after choosing the small reward as a baseline). Correlating this difference 

score with overall level of patience revealed no relationship in either species 

[Spearman’s ρ, p > 0.14, n.s. in both cases]. Overall, these results indicated that 

chimpanzees showed increased negative affect (particularly more negative vocalizing) 

while waiting relative to bonobos, contrary to our predictions. However, there was no 

relationship between individual differences in reactions and overall propensity in either 

species. This is possibly due to low individual variance in this task, as it involved few 

trials per subject. 
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Figure 11: Temporal preferences and affective responses in discounting task 

(Chapter 4, study 1). (a) Chimpanzees and bonobos choices for the larger, delayed 
reward across conditions. (b) Composite affect scores while waiting versus not 

waiting; a higher score indicates a more intense reaction with the production of more 
target behaviors (scratching, vocalizing, and banging). Error bars indicate SE. 
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Lastly, to assess motivation in the temporal task, we compared duration of stay in 

the two species. Apes remained in front of the table an average of 44.3 ± 2.7s in the one 

minute condition, and an average of 57.8 ± 6.5s in the two minute condition (apes could 

wait a maximum of either 60s or 120s in the two conditions due to the nature of the 

task). A repeated measures ANOVA revealed that apes remained longer at the table in 

the two-minute condition [F(1,36) = 4.140, p < 0.05]. However, there was no effect of 

species [F(1, 36 = 2.091, p = 0.26, n.s.] or significant interactions. In addition, there was 

no relationship between duration of stay and overall temporal preferences in either 

species [p>0.70, n.s. in both cases]. Thus, these results suggest that chimpanzees and 

bonobos were equally motivated to stay for food in the temporal task. 

4.3 Study 2: Risk preferences 
In the second study, we compared chimpanzees’ and bonobos’ willingness to 

accept variability in payoffs. Apes chose between a risky option that provided either a 

good (preferred) or a bad (non-preferred) food outcome with equal probability, versus a 

safe option that always delivered an intermediately-preferred food type.  In addition, we 

varied the value of the safe option across trials to ensure that apes modulated their 

choices according to the relative value of the two options.  

4.3.1 Methods 

4.3.1.1 Subjects 

We tested 37 apes from the same populations: 24 chimpanzees (23 had 

participated in study 1; 10 females and 14 males; average age 12 years; range 7-20 years) 

and 13 bonobos (12 had participated in study 1; 3 females and 10 males; average age 8 

years; range 7-10 years). All individuals were naïve to the risk-choice task. 
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4.3.1.2 Food preference pretest 

 Subjects completed 20 food preference trials following the number pretest to 

determine appropriate foods for the risk task. Subjects from each species made pairwise 

choices across those foods (chimpanzees: bread, banana, peanuts, papaya, cucumber; 

bonobos: apple, banana, papaya, peanuts, lettuce). Food types differed because of 

differences in availability at the two sanctuaries. On each trial, subjects saw two food 

options placed on opposite sides of the table for 4s, and then E covered them with 

identical bowls. Apes chose between each possible pairing twice, in randomized order 

with side assignment counterbalanced.  

4.3.1.3 Risky choice procedure 

Each subject completed two conditions in counterbalanced order: a low-variance 

condition with only two possible risk outcomes, and a high-variance condition with four 

possible outcomes. In both conditions half the risk outcomes were good (preferred 

foods) and half were bad (non-preferred foods), but the number of total possible 

outcomes differed. In addition, we manipulated the value of the safe option by varying 

its number between one, three, and six pieces of food. Risk outcomes were randomly 

predetermined with good outcomes on 50% of trials in a session. The side assignment 

and safe value were counterbalanced and quasi-randomized within a session, with no 

more than three trials in a row with the same safe value or side-assignment.  

For each condition, subjects first completed an introductory session consisting of 

an initial 14 exposure trials (where only one option available at a time; eight risk option 

trials randomly intermixed with six safe option trials) followed by 8 control trials (see 

below). They then completed a test session with 18 choice trials and 4 randomly 

intermixed control trials.  

In sessions, trials followed the following basic procedure. Subjects saw the 
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experimenter (E) place the safe reward on one side of the table, and then cover it with an 

overturned bowl (17.5 cm in diameter, 5.5. cm tall). Next, subjects saw E place an 

identical—but empty—bowl on the table (the risk option). E then occluded the risk 

option with a small freestanding occluder (40.5 cm wide, 24 cm deep, 24 cm tall), and 

showed the subject the “risk outcome” container (a differently-colored bowl) containing 

the potential risk outcomes for that trial. In the low variance condition this consisted of 

one good outcome and one bad outcome (two total), whereas in the high-variance 

condition the container contained two good outcomes and two bad outcomes (four 

total). Behind the occluder, E then placed just one of these items under the risk bowl—

that is, they always only received only one of the possible set of outcomes, without 

knowing beforehand which it would be. Finally, E touched both cups simultaneously 

while picking up the safe bowl to remind the subject of the safe option’s value (see 

Figure 12 for photos of setup).  

Thus, subjects always knew what they would receive from the safe option, but 

did not know whether they would receive a good or bad food outcome from the risky 

option. E then pushed the table forward for choice. As in study 1, there was a 30s ITI 

between trials, starting when subjects put the last piece of food in their mouth.  Subjects 

had 20s to choose; if they failed to choose in this time, the trial was repeated the end of 

the session. If apes did not participate for 3 trials the session was stopped and repeated 

the next day. Choices were coded live by the experimenter; a second coder blind to 

hypotheses coded 20% of trials from video with excellent reliability [Cohen’s κ = 1.0]. 
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Figure 12: Setup and experimenter procedure for risk task (Chapter 4, study 2). 
(1) The experimenter placed the safe option on the table and covered it with a bowl. 
(2) The experimenter placed the empty risk bowl on the table and (2) occluded it. (4). 

The experimenter showed the ape the potential outcomes for that trial and placed just 
one under the risk bowl. (5) Apes were reminded of the safe option value and then (6) 

could choose. 

4.3.1.4  Control trials 

Subjects completed five types of controls across introductory and test sessions to 

confirm they understood the setup (see Figure 13 for diagram). In control trials, the 

number of possible outcomes in the risky outcome container was kept constant 

according to condition, and subjects always received only one of the possible outcomes 

from the risky option. 

 (1) In inhibition trials (4 trials total–introductory sessions), the procedure was 

identical to normal choice trials, but in a final step the subject saw E remove the food 

from the safe option bowl. If subjects could inhibit reaching for the last location where 

they saw food (knowing it has now been removed) they should choose the risky option.  

(2) In comprehension-1 trials (6 trials—introductory sessions), the safe option 

provided two (in the low variance; or four in the high-variance) pieces of a preferred 
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food, and subjects saw two (or four in the high variance condition) pieces of the same 

food in the risk outcome container. If subjects understood that the risky option always 

only provided only one of the possible outcomes they saw, they should prefer the safe 

option—even though they saw the same amount of food associated with both the safe 

bowl and the risky outcome container.  

 

Figure 13: Control trial types in the risk task (Chapter 4, study 2). Apes 
completed five types of control trials where the type, size, and quantity of food varied 

If they choose the risky option, subjects always received only one of the possible 
outcomes they saw in the risk outcome container; both potential outcomes are 

pictured here. For each trial type, the correct choice is marked with a box. 

 

(3) In comprehension-2 trials (6 trials—introductory sessions), the safe option 

provided a small piece of a preferred food, and the risky outcome container contained 

two (or four in the high-variance condition) larger pieces of the preferred food. If 

subjects actively compared the potential rewards they could receive from the safe and 

risky options, they should prefer the risky option because it will deliver a bigger piece.  
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(4) In attention-1 trials (4 trials—test sessions), the safe option provided one piece 

of preferred food and the risky outcome container had two (or four in the high-variance 

condition) pieces of a non-preferred food, so subjects should choose the safe option.  

(5) In attention-2 trials (4 trials—test sessions), the safe option was the non-

preferred food, and the risk outcome bowl contained two (or four in the high-variance 

condition) pieces of preferred food, so subjects should choose the risky option.  

4.3.1.5 Apes’ responses and coding  

We coded the same negative responses as in study 1 (negative vocalizations, 

scratching, and banging), here in the 10s after the experimenter revealed the choice 

outcome. In addition, we coded whether the subject spontaneously attempted to switch 

their choice in 5s after the outcome was revealed—that is, whether they tried to point at 

the forgone option immediately after seeing what they had received. Reliability with a 

second coder was excellent [scratching: κ = 0.97; negative vocalizing: κ = 0.93; switching: 

κ = 0.96]. Finally, as an index of motivation we examined reward sensitivity, or how 

previous trial outcomes impacted current trial choice.  

4.3.2 Results 

4.3.2.1 Food preferences 

For each species, the food type that was chosen intermediately was assigned as 

the safe option, the two more preferred options as the good risk outcomes, and the two 

least preferred options as the bad risk outcomes. We then compared the two species 

choices to ensure that species did not differ in their preferences for each category. They 

did not differ in three categories [p > 0.15, n.s. for all cases, two-tailed t-test]. However, 

bonobos preferred their food for two of the possible risk outcomes: the most-preferred 

good outcome [chimpanzee preferred bread on 80.0 ±2.6% of trials, whereas bonobos 

preferred apple on 89.4 ± 2.4% of trials; t(35)=-2.25, p<0.05] and the least preferred bad 
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outcome [chimpanzee chose cucumber on 5.7 ± 1.5% of trials, whereas bonobos chose 

lettuce on 12.5 ± 2.8% of trials; t(2)=-2.05, p<0.05]. Notably, both of these differences 

work against our predictions for these species’ risk preferences in that they suggest that 

bonobos prefer some of the risk outcomes more than chimpanzees, and therefore should 

choose the risky option more often.  

We next examined only those preference trials in which subjects chose between 

the intermediately-preferred food type (the safe option) and one of the possible risk 

outcomes, as this better reflected the choices apes actually faced in the risk task. Here, 

the two species did not differ in their relative preferences for any of the possible 

combinations [p > 0.10 for all cases, n.s]. Overall, this indicates that we were able to 

select foods with approximately similar value for these species (with any deviations 

going against our predictions), making it unlikely that the apes’ behavior in risk task 

were the result of differences in food preferences. 

4.3.2.2 Control trials  

We used non-parametric statistics to assess control trials because data was highly 

skewed (apes approach ceiling levels of performance). Collapsing across all control 

trials, chimpanzees chose the correct option on 92.4 ± 1.2 % of trials, and bonobos chose 

correctly 88.5 ± 2.9 %, with no species difference in overall performance [Mann Whitney 

U: z= -1.07, N1=24, N2=13, p=0.32, n.s.]. Moreover, both species performed highly on all 

individual control trial types (>80% correct), with no species differences for any 

individual control type (see Table 3). Importantly, these control trials involved the same 

inhibitory control, attentional, and memory demands as the main task, so it is unlikely 

that differences in task comprehension can account choice results. 
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Table 3: Mean (±  SE) performance on control trials in risk task (Chapter 4, 
study 2). Significance indicates whether the species differed in their performance in 

that control trial type (Mann Whitney U exact significance). 

Control type Chimpanzees: 
percent correct 

Bonobos:  
percent correct 

p-value 
 

Comprehension-1 95.8 ± 2.4 88.5 ± 6.1  0.36, n.s. 
Comprehension-2 86.8 ± 2.7  82.1 ± .4.0  0.39, n.s. 
Inhibitory 88.9 ± 2.4  88.5 ± 4.0  0.94, n.s. 
Attention-1 97.9 ± .1.4 92.3 ± .3.3  0.27, n.s. 
Attention-2 95.3 ± 1.9 94.2 ± 4.2 1.00, n.s. 

 

4.3.2.3 Risk preferences 

Across all choice trials, chimpanzees chose the risky reward 64.9 ± 4.1%, 

significantly above chance [one-sample t-test: t(23)=3.63, p<0.001, one-tailed]. Bonobos, 

in contrast, chose the risky option on 39.3 ± 5.3% of trials, below chance [one-sample t-

test: t(12)=-2.016, p<0.05, one-tailed]. An initial analysis including condition as a factor 

indicated no difference between the low- and high-variance conditions, so all analyses 

reported here collapse across condition to reduce factors. A repeated-measures ANOVA 

revealed that chimpanzees chose the risky option more frequently than bonobos 

[F(1,35)=13.85, p=0.001]. In addition, apes chose the risky option less as the number of 

pieces provided by the safe increased [F(2,70)=47.84, p<0.001], and there was an 

interaction between safe value and species [F(2,70)=6.26, p<0.005]. Post-hoc tests 

revealed that chimpanzees chose the risky option more often the bonobos when the safe 

option offered one or three pieces of food, but not when the safe option offered six 

pieces [Tukey test, p<0.05 for all significant cases]. This suggests that both species 

modulated their preferences across different safe option vales, and converged to similar 

levels of choice when the safe option became very large (see Figure 14a). These results 

align with previous findings that chimpanzees are more risk-prone that bonobos (Haun, 

et al. 2011; Heilbronner, et al. 2008). 
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To exclude alternative explanations for this difference in risk preferences, we 

performed several additional analyses. First, there was no change in risk preferences 

within sessions [F(1,35)=0.014, p=0.91, n.s.], so different rates of satiation or learning 

cannot account for our results. Second, chimpanzees and bonobos did not differ in the 

percentage of trials where they received the good outcome from the risky option [t(35)=-

0.449, p=0.66, n.s.], and did not differ from chance [one-sample t-test: t(36)=-1.02, 

p=0.31], so differences in reward history also cannot account for the results. Finally, we 

looked at performance in the first trial of each condition. Chimpanzees preferred the 

risky option in both the low-variance [20/24 chose risk; binomial: p<0.005] and the high-

variance conditions [19/24 chose risk; binomial: p<0.01], whereas bonobos showed no 

preference in either condition [low: 4/13 preferred risky; high: 9/13 preferred risky; 

binomial: p>0.25 in both cases]. Thus, these species differed even before any learning via 

feedback in a given session could have occurred. Additional analyses indicated no 

impact of either age or sex on patterns of choice. Overall, this suggests that our results 

reflect differences in risk preferences, not these alternative possibilities. 

4.3.2.4 Emotional and motivational responses 

To assess the role of emotion in risky decisions, we first examined apes’ 

responses after the outcome of their choice was revealed (e.g., good, bad, or safe 

outcomes). Specifically, we examined whether the apes had higher affect scores when 

they chose the risky option and received a bad outcome, compared to when they 

received a good outcome or chose the safe option (see Figure 14b). One chimpanzee was 

excluded from these analyses, as she never chose the safe option. Whereas apes had low 

affect scores after receiving the good outcome (mean score = 0.08 ± 0.02) or choosing safe 

(score = 0.10 ± 0.03), they had more intense negative responses following a bad outcome, 

with scores almost three times as high (score = 0.29 ± 0.05). Indeed, there was a 
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significant effect of outcome on responses  [Friedman test, n = 36, χ 2(2) = 23.51, p<0.001]; 

pair-wise comparisons indicated that apes had higher scores after receiving bad 

outcomes compared to either good or safe outcomes [Wilcoxon signed-rank tests, n=36 

for all tests: bad versus good: z=-4.30, T+ = 25, 10 ties, p<0.005; bad versus safe: z=-3.34, 

T+ = 23, 7 ties, p<0.001], but there was no difference between responses to good and safe 

outcomes [p > 0.45, n.s.]. We next examined responses to different outcomes for each 

type of behavioral reaction (scratching, vocalizing, and banging) separately. A 

comparison of responses to bad outcomes versus good or safe outcomes (collapsing to 

reduce factors) found that apes produced all target behaviors more following bad 

outcomes [scratching: z = -3.04, T+ = 19, 11 ties, p<0.005; vocalizing: z = -3.21, T+ = 14, 22 

ties, p<0.005; banging: z = -2.37, T+=7, 30 ties, p<0.05]. Overall, these results indicate that 

apes show more negative emotional reactions when receiving bad outcomes in the risky 

decision context, in line with the patterns of negative emotional responses seen in 

studies of human decision-making. 

We next examined whether these emotional responses mapped onto species- or 

individual-differences in risk preferences. In terms of species-level differences, there was 

no difference in the responses of chimpanzees and bonobos to the different outcomes in 

terms of composite affect score [Wilcoxon signed-rank tests, p > 0.5 for responses to 

good, bad, and safe outcomes], or for any particular target behavior [p > 0.35 for all 

cases]. As in study 1, we then calculated a difference score for each subject (their affect 

score following a bad outcome versus a safe—and thus already known—outcome as a 

behavioral baseline). In chimpanzees, there was a trend for this index to be positively 

related to individual risk preferences [Spearman’s ρ = 0.38, p = 0.07, two-tailed], but 

there was no relationship in bonobos [ρ = -0.28, p = 0.36, n.s.].  
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Figure 14: Risk preferences and affective responses in risk task (Chapter 4, 
study 2). (a) Chimpanzees and bonobos chose between a safe option that provided an 
intermediately-preferred food and a risky option that provided either a good outcome 
(highly-preferred food) or a bad outcome (non-preferred food). (b) Composite affect 

scores following different choice outcomes (bad, good, or safe); a higher score 
indicates a more intense reaction with the production of more target behaviors 

(scratching, vocalizing, and banging). Error bars indicate SE. 
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Thus, these results demonstrated that both apes showed negative responses to bad 

outcomes in the risk task. Taken with the findings from study 1, this indicates that 

chimpanzees are not generally more reactive than bonobos across contexts. However, there 

was only weak evidence for differences in how the two species’ responded. Moreover, the 

results went against our predicted relationship: chimpanzees with more negative reactions 

to bad risk outcomes actually had a greater propensity to choose the risky option.  

As an additional measure of emotional responses in the risk task, we examined 

whether apes attempted to switch their choice after the experimenter revealed the 

outcome, a behavior that apes spontaneously exhibited in the task. This type of response 

is consistent with counterfactual reasoning about what would have happened had one 

chosen differently, an important component of regret in humans (Coricelli, et al. 2007). 

Other comparative studies have suggested that primates can engage in this type of 

counterfactual reasoning (Abe and Lee 2011; Hayden, et al. 2009).  Apes attempted to 

switch their choice on 27.8 ± 4.7% of trials following bad outcomes, but rarely following 

good or safe outcomes (less than 4% of trials; see Figure 15a). There was a significant 

effect of outcome on switching behavior [Friedman test, n=36, χ 2(2)=35.35, p<0.001]; 

pairwise comparisons revealed that apes attempted to switch more following bad 

outcomes [Wilcoxon signed-rank tests, n = 36 for all cases: bad versus good: z = -4.52, 

T+=26, 9 ties, p<0.005; bad versus safe: Z=-4.37, T+=27, 6 ties, p<0.005], but there was no 

difference in switching in response to good and safe outcomes [p > 0.95, n.s.].  

That is, apes were selectively attempting to modify their choice only when they 

received a bad outcome. Comparing the two species indicated no differences in their 

switching attempts [Mann-Whitney U, p > 0.12 for all cases]. Finally, we calculated 

individual index of choice switching (switching following a bad outcome versus a safe, and 

therefore known, outcome as a behavioral baseline). This switching index correlated with 
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risk preferences in bonobos [Spearman’s ρ = -0.64, p < 0.05] but not chimpanzees 

[Spearman’s ρ = 0.14, p = 0.54, n.s.]. That is, bonobos who showed the greatest ‘regret’ 

following bad outcomes showed the lowest propensity to choose the risky option overall.  

Lastly, we examined how the different risk outcomes impacted choices on the 

subsequent trial to assess reward motivation. We examined each species separately as 

they differed in overall risk preference. Bonobos choose the risky option on 50.6 ± 4.5% 

of trials following good risk outcomes, but on only 31.4 ± 8.1% of trials follow bad risk 

outcomes and 35.3 ± 3.7% following safe outcomes (see Figure 15b). A repeated-

measures ANOVA revealed a main effect of previous outcome [F(2, 24 = 6.13, p<0.01], 

and post-hoc tests revealed that bonobos chose the risky option significantly more 

following good outcomes [Tukey tests, p < 0.05 for all significant cases]. Chimpanzees, 

however, were equally likely to choose the risky option regardless of previous outcome 

[F(2, 44) = 2.52, p = 0.10, n.s].  

Finally, we calculated a reward sensitivity difference score (choices for risk 

following good outcomes minus following bad outcomes). This index of reward 

sensitivity co-varied with overall risk preferences in bonobos [rP = -0.71, p < 0.01 two-

tailed], but not chimpanzees [rP = -0.24, p = 0.27, n.s]. That is, the more sensitive 

individual bonobos were to disparities in the reward outcomes provided by the risky 

option, the less likely they were to choose the risky option overall. Overall, these results 

indicate that bonobos used a win-stay loose-shift strategy, preferring the risky option 

more following a good outcome than a bad outcome (Hayden and Platt 2009). However, 

chimpanzees did not—despite using such a strategy in social contexts (Melis, et al. 

2006c).  
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Figure 15: Choice switching and reward sensitivity in risk task (Chapter 4, 
study 2). (a) Chimpanzees and bonobos attempted to switch their choice in response 

to different outcomes in the risk task. (b) The impact of previous trial outcome on 
current choice in chimpanzees and bonobos. Error bars indicate SE. 
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4.4 Discussion 
Overall, our results indicate that chimpanzees and bonobos show affective and 

motivational responses when making decisions. In the temporal task, apes responded 

more negatively to waiting, exhibiting all three target behaviors more often following a 

choice for the delayed option. In the risk task they responded negatively to undesired 

outcomes, producing all three target behaviors more often when they chose the risky 

option and received the low-value payoff. In addition, apes selectively attempted to 

switch their choices following undesired outcomes. These results indicate that the types 

of emotional displays that apes exhibit in conspecific social interactions, such as negative 

vocalizations, are also exhibited in economic decision-making contexts. Overall, these 

results indicate decision-making in apes involves affective and motivational processes, 

similar to those seen in humans. 

Some (weaker) evidence further suggests that these processes may be related to 

overall differences in choice preferences. In line with previous work (Haun, et al. 2011; 

Heilbronner, et al. 2008; Rosati, et al. 2007), the current studies indicted that 

chimpanzees and bonobos show divergent patterns of decision-making: chimpanzees 

are more patient and more risk-prone than are bonobos. Moreover, some differences in 

apes’ responses mapped onto their preferences at the species and individual level. In the 

temporal choice task, the more patient chimpanzees showed more intense negative 

responses (and more emotional vocalizations specifically) while waiting than did 

bonobos. In the risk task, the most risk-averse bonobos show the strongest reactions to 

disparities in reward outcome and the most attempts to correct their choices following 

bad outcomes. These relationships are suggestive of the possibility that apes do not only 

exhibit emotional responses to decision-outcomes, but that these emotional states may 

have a causal role in their pattern of choice. Indeed, there is some suggestion that these 
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types of psychological states are potentially causal. In particular, chimpanzees and 

bonobos are more risk-prone following competitive interactions (see Chapter 5), and 

some theories suggest that competitive contexts alter emotional or motivation states in 

apes (Hare 2001; Hare and Tomasello 2004). Future studies should therefore actively 

manipulate the apes’ emotional state to examine whether this impacts their patterns of 

decision-making. 

Notably, the patterns of emotional responses in the two species did not always 

align with our predictions based on human studies. For example, chimpanzees exhibited 

more negative reactions to waiting than did the bonobos in the temporal task, despite 

choosing to wait for delayed rewards more often. In the risk task, conversely, 

chimpanzees and bonobos showed similar negative responses to bad outcomes. Yet 

while bonobos modulated their choices based on their previous outcome, chimpanzees 

continues to choose the risky option regardless of their emotional responses. One 

possible explanation for this pattern is that chimpanzees are so motivated to acquire 

higher payoffs that they show extreme preferences regardless of how negatively they 

respond to the outcome. That is, motivation for the food might trump the chimpanzees’ 

pronounced negative responses. An alternative possibility is that although both species 

exhibited negative responses such as scratching and vocalizing, they actually differed in 

terms of the more specific emotion they experienced response to the two tasks. An 

analogous phenomenon occurs in chimpanzees’ and bonobos’ hormonal responses to 

food competition. While both species show similar rapid shifts in steroid hormones 

when faced with an unequal partner, they differ in the specific hormone implicated: 

chimpanzees exhibit changes in testosterone and bonobos exhibit changes in cortisol 

(Wobber, et al. 2010a). Thus, in the current set of studies, the underlying psychological 

experiences of the two species may have differed in a subtle way that our behavioral 
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measures did not capture. While delineating specific emotions on a more fine-grained 

scale is difficult in animals who cannot provide self-reports, future studies could try to 

contrast how more specific emotional states relate to ape decision-making. 

Previous studies comparing temporal choices in these species involved delay 

titration methods that identify a unique ‘indifference point’ for each individual (Rosati, 

et al. 2007), whereas the current study used a temporal task with set delays. 

Comparisons of these species’ risk preferences have used quantitative variance in the 

amount of rewards received (Heilbronner, et al. 2008), variation in knowledge 

concerning the presence or absence of rewards provided by the risky option (Haun, et al. 

2011), and qualitative differences in food types as in the current study. Although it is 

difficult to conclusively demonstrate species differences in behavior or cognitive skills, 

overall this set of results suggest that differences between the two species might be 

robust across different populations of apes and at least some variations in task structure. 

We have proposed that chimpanzees and bonobos may exhibit these divergent species-

typical preferences due to differences in their wild feeding ecology. Relative to bonobos, 

who are thought to live in more productive environments, chimpanzees on average face 

more seasonal food variability, more competition in food patches, and have less access 

to common fallback foods (Boesch, et al. 2002; Kano 1992; Wrangham and Pilbeam 2001). 

Our evolutionary hypothesis is therefore that feeding ecology has shaped psychology in 

Pan such that chimpanzees are more willing than bonobos to accept ‘costs’ to obtain 

food—including in situations involving delays, travel time, effort, or risk—thus 

promoting adaptive patterns of decision-making in these species.  Interestingly, 

chimpanzees and bonobos do not show differences in how they respond to ambiguity 

(or knowledge about probabilities of outcomes) when level of risk is equated (see 

Chapter 6), nor did they generally differ on most tasks in a battery examining a wide 
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range of cognitive skills (Herrmann, et al. 2010a). This suggests that these species exhibit 

targeted differences in only certain aspects of cognition and behavior that related to 

differences in their socio-ecology. 

These types of evolutionary analyses indicate that studies of apes may be 

important for addressing a major problem in the human cognitive sciences: 

characterizing functional systems supporting complex cognitive functions in the mind 

and the brain. Although investigations of chimpanzee and bonobo neurobiology are 

rare, largely due to important ethical considerations, non-invasive studies of these apes 

may provide a critical test for mapping function onto structure—especially for 

psychological features that may not be widely shared by common model species. For 

example, observed differences in the relative size and cytoarchitecture of orbitofrontal 

cortex of chimpanzees and bonobos (Semendeferi, et al. 1998) are consistent with this 

region’s role in reward processing, emotional responses, and decision-making. Our 

results further predict a number of neurobiological differences between chimpanzees 

and bonobos: the anterior insula’s role in risk-aversion (Kuhnen and Knutson 2005) and 

the ventral striatum’s role in both risky and inter-temporal choice (Kable and Glimsher 

2007; Kuhnen and Knutson 2005) suggest that bonobos and chimpanzees may show 

divergence in these regions (Hopkins, et al. 2009; Rilling, et al. 2011). More broadly, 

comparative analyses of brain evolution indicate that brain systems or networks can be 

characterized by examining whether given regions evolve together (Barton and Harvey 

2000). This type of evolutionary approach suggests that psychological capacities that 

evolve in tandem may act together to solve a given ecological or social problem. If the 

patterns of decision-making seen in Pan are an adaptive solution to their divergent 

natural ecologies, then changes in complex abilities such as decision-making may 

require joint selection on emotional and cognitive systems. The integration of such 
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adaptive reasoning into the human cognitive sciences can lead to an understanding of 

psychological and neurobiological systems in humans that is grounded in evolutionary 

function—what such systems are actually designed to do.  
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5. Preferences for risk across social context in apes2 

5.1 Background: decision-making and social context 
Human economic decision-making is marked by systematic biases. Context can 

have a profound effect on the preferences that people show: framing (or presentation of the 

choice), the presence of irrelevant alternatives and previous experiences all influence how 

people make decisions, even when rational choice theory predicts it should not (Kahneman 

and Tversky 2000). Contextual factors that are external to the choice at hand can have 

similar effects: levels of sleep deprivation (Glass, et al. 2011; Reynolds and Schiffbauer 2004; 

Venkatraman, et al. 2011), mood or emotional state (Fessler, et al. 2004; Lerner and Keltner 

2001; Raghunathan and Pham 1999) and stress level (Kassam, et al. 2009; Porcelli and 

Delgado 2009) can all shift strategies. Finally, social context, the presence or absence of 

particular social partners, can affect preferences in several situations, including decisions 

about time and risk (Bault, et al. 2008; Ermer, et al. 2008; Hill and Buss 2010; Wilson and 

Daly 2004).  Understanding the role of social context in shaping decision-making strategies 

is particularly important for biologists and psychologists who are interested in 

understanding behavior in the real world, as gregarious species like primates must 

constantly make value-based decisions in the company of others. While cooperation in 

nonhumans has received increasing attention, little comparative research has examined the 

role of social context in shaping decisions when an individual’s payoffs do not directly 

depend on their partner’s behavior. In the current study we therefore examine the impact of 

social context on risk preferences in chimpanzees, Pan troglodytes, and bonobos, Pan paniscus, 

our closest phylogenetic relatives. 

                                                      
2This research was published as: Rosati AG & Hare B. 2012. Decision-making across social contexts: 
competition increases preferences for risk in chimpanzees and bonobos. Animal Behaviour 84:869-879. 
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Studies of social context and decision-making in humans have generally been 

motivated by evolutionary hypotheses concerning how the presence or absence of 

certain social partners might alter how decision makers value resources. In one study, 

Wilson & Daly (2004) found that men who viewed images of attractive women had 

steeper temporal discounting rates, devaluing the future much more heavily than men 

who viewed unattractive women or cars. That is, looking at attractive women made men 

more impulsive or present oriented, possibly because the attractive women cued men 

into the possibility that current possession of goods could increase mating opportunities. 

Social context also modulates people’s willingness to take economic risks (or accept 

variability in payoffs). For example, men became more likely to choose risky options 

when their choices were watched by an observer of equal status, compared to when 

relative status was more skewed (Ermer, et al. 2008). Similarly, people were more likely 

to make risky choices if doing so might render them comparatively better off than a 

hypothetical competitor (Hill and Buss 2010). Finally, social context can affect the 

subjective utility that people experience after receiving different risk outcomes. In 

particular, while people weighted the threat of loss more heavily when making 

decisions in private, they focused on the possibility of winning more than they did other 

outcomes when making decisions in public (Bault, et al. 2008). Together, these results 

indicate that people may show more risk-prone strategies when doing so allows people 

to outcompete others. More generally, these types of studies indicate that social context 

can influence economic decisions that involve individual-level strategies (unrelated to 

social interactions per se), possibly because social context can be an important cue as to 

the value of various resources in the current environment. 

Comparative studies have revealed that animals also show context-sensitive 

choice in many situations (reviewed in Rosati and Stevens 2009). Contextual aspects of 
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the decision, including framing and the set of available options, can shift nonhuman 

preferences much like in humans (e.g., capuchins, Cebus apella: Lakshminarayanan, et al. 

2011; starlings, Sturnus vulgaris: Marsh and Kacelnik 2002; honeybees, Apis mellifera: 

Shafir, et al. 2002; hoarding gray jays, Perisoreus canadensis: Waite 2001b). Internal states 

such as satiation level and energy budget can also alter animal strategies in potentially 

adaptive ways (e.g., dark-eyes juncos, Junco hyemalis: Caraco 1981; chimpanzees: Gilby 

and Wrangham 2007; starlings: Schuck-Paim, et al. 2004). However, there is less 

evidence bearing on whether social context can alter economic preferences. The presence 

of others does influence more naturalistic foraging behaviors such as caching that 

involve decisions about resources (Clayton, et al. 2007); for example, both scrub jays 

(Aphelocoma californica) and ravens (Corvus corax) account for the presence of potential 

competitors when deciding where to cache (Bugnyar and Heinrich 2005; Bugnyar, et al. 

2007; Dally, et al. 2004; Dally, et al. 2006; Emery and Clayton 2001). In addition, the 

characteristics that partners exhibit are clearly important for cooperative behaviors that 

are intrinsically social in nature, both in primates (Hare, et al. 2007; Melis, et al. 2006b; 

Werdenich and Huber 2002; Yamamoto and Tanaka 2009) as well as corvids such as 

rooks (Corvus frugilegus: Seed, et al. 2008). However, to our knowledge there has been 

no study examining how social context mediates individual strategies for economic 

decision-making in animals. Importantly, many of the social cues that influence human 

decision-making should also be important for other species that face similar challenges 

in acquiring resources. 

Competition may be especially relevant to understanding nonhuman primate 

decision-making, as most primates live in groups. While gregariousness has many 

advantages, groupmates are also competitors for resources such as food or mates, and 

consequently, the social lives of most primates are dominated by intense competition 
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with conspecifics (Sterck, et al. 1997; van Schaik and van Hooff 1983; Wrangham 1980). 

Indeed, observations from the wild suggest that competition is an important component 

of social interactions in chimpanzees and bonobos in particular. In terms of intragroup 

competition, both species compete over monopolizable food such as meat or large fruits 

(Boesch, et al. 2002). Both species also compete for dominance rank, and rank can play a 

crucial role in determining who has preferential access to food and mates in social 

interactions (Constable, et al. 2001; Parish 1996; Pusey and Williams 1997; Surbeck, et al. 

2011; Wittig and Boesch 2003a). Various aspects of intergroup behavior in apes are likely 

also related to competition for resources. For example, chimpanzee groups can expand 

their territories, and consequently gain access to more food, by engaging in boundary 

patrols involving lethal aggression directed towards foreign chimpanzees (Mitani, et al. 

2010). Overall, this suggests that competition is important in shaping nonhuman apes’ 

decisions about resources in natural contexts, much like the results from human 

experimental studies (Bault, et al. 2008; Ermer, et al. 2008; Hill and Buss 2010). 

Indeed, the importance of competition in primate social behavior is underscored 

by many theoretical accounts suggesting that the evolution of primate intelligence may 

be best understood by examining complex social interactions. Many of these accounts 

focus on forms of competition, such as political maneuvering (de Waal 1982) or 

“Machiavellian” intelligence (Byrne and Whiten 1988). Along these lines, experimental 

studies indicate that competitive contexts play an important role in shaping primate 

social behavior and cognition (Hare 2001). For example, apes are more skilled at 

comprehending and responding appropriately to human’s communicative gestures in 

competitive contexts, compared to matched situations involving cooperative motives 

(Hare and Tomasello 2004; Herrmann and Tomasello 2006). Indeed, many species—

including apes (Hare, et al. 2006; Hare and Tomasello 2004; Kaminski, et al. 2008; 
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Tomasello, et al. 2003), monkeys (marmosets, Callithrix jacchus: Burkhart and Heschl 

2007; rhesus macaques, Macaca mulatta: Flombaum and Santos 2005; capuchins: Hare, et 

al. 2003), and ringtailed lemurs (Lemur catta: Sandel, et al. 2011)—exhibit complex social-

cognitive abilities when competing with conspecifics or humans, using information 

about the gaze direction or even visual perceptions of others. Other taxonomic groups 

that also face competition with conspecifics, such as corvids, show similar skills when 

caching in competitive contexts, as discussed previously (Bugnyar and Heinrich 2005; 

Bugnyar, et al. 2007; Dally, et al. 2004; Dally, et al. 2006; Emery and Clayton 2001). Yet 

despite the extensive evidence that competition is important for social cognition, the 

impact of competitive contexts on other domains such as decision-making has been 

largely unexplored. In the current study we therefore sought to examine how 

competition influences risky decision-making in chimpanzees and bonobos. Such 

comparative studies can illuminate the evolutionary origins of human-like choice 

patterns that account for broader social context when assessing the value of resources. 

We tested a sample of semi-free ranging, wild-born chimpanzees and bonobos 

on a risk task involving variation in food quality. In study 1, we compared risk 

preferences following a competitive interaction, versus a neutral context. In study 2, we 

examined whether social interactions more generally influence risk preferences by 

comparing choices in a positive context to a neutral context. We predicted that 

chimpanzees would choose the risky option more than bonobos overall, following 

previous work with these species (Haun, et al. 2011; Heilbronner, et al. 2008; and see 

Chapter 4). We also predicted that if competition increases risk-prone decision-making 

in apes, then apes should show a greater propensity to choose the risky option when 

faced with competition, compared to a neutral context. Finally, we predicted that if any 

social interaction shifts risk preferences, then apes should show different patterns of 
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choice in a play context, relative to a neutral context. In contrast, if competitive contexts 

are especially relevant to apes, then the play context might not influence risk 

preferences. 

5.2 Study 1: Influence of a competitive context 
We examined the willingness of chimpanzees and bonobos to accept variability 

in payoffs to acquire better food items. Here, apes chose between a risky option that 

provided either a good (preferred) or a bad (nonpreferred) food type with equal 

probability, and a safe option that always delivered an intermediately preferred food 

type (following the general methods described in Chapter 4). We confirmed that apes 

modulated their choices according to the relative value of the risky and safe options by 

varying whether the safe option provided one or three pieces of the intermediately 

preferred food across trials (with amount always known prior to their choice). Finally, 

we assessed how competition affected the apes’ decisions by comparing risk preferences 

in a competitive context where a human competed with the ape over food, versus a 

neutral context where the human was present but did not interact socially with the ape. 

We used a human social partner (as opposed to a conspecific) following multiple studies 

examining responses to competition in primates (Flombaum and Santos 2005; Hare, et 

al. 2006; Hare and Tomasello 2004; Melis, et al. 2006a; Sandel, et al. 2011; Santos, et al. 

2006). In particular, this method allowed us to examine the apes’ responses to a 

competitor exhibiting predetermined behavioral patterns, therefore equating the 

competitor’s actions across subjects. 
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5.2.1 Methods 

5.2.1.1 Subjects 

We tested 36 apes: 20 chimpanzees from Tchimpounga Chimpanzee Sanctuary (7 

females and 13 males; mean age 11.3 years; range 7–21 years) and 16 bonobos from Lola 

ya Bonobo Sanctuary (5 females and 11 males; average age 8.4 years; range 6–12 years0. 

These apes were from the same populations previously described in Chapter 3 (see 

Appendix D for all individual subject characteristics). Apes were tested individually in 

familiar dormitory buildings. Following testing, most apes were released back with their 

larger social group outside. Apes had ad libitum access to water and were never food 

deprived for testing.  

All apes were familiar with the basic set-up involving entering a testing room, 

interacting with a human experimenter and making dichotomous choices between two 

options, as they had previously participated in a large battery involving a variety of 

cognitive tasks including numerical discrimination, use of social cues and spatial 

representations (Herrmann, et al. 2007; Herrmann, et al. 2010a). Thirteen chimpanzees 

and ten bonobos had participated in a previous risk study using the basic task 

approximately 1 year before (Chapter 4), whereas the rest were naïve to the risky choice 

procedure (see Appendix D). None of the individuals had previously experienced 

competitive interactions during this risk task. Subjects completed no more than one test 

session per day, and all tests were voluntary: if the ape stopped participating, the 

session was halted. 

5.2.1.2 General set-up and risky choice task 

Apes completed a total of four sessions in the following order: a food preference 

pretest to identify appropriate food types for use in the task; a risk introduction session 

to familiarize the apes with the basic set-up; and two test sessions (the competition 
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condition and neutral condition, in counterbalanced order across subjects). The methods 

followed those of previous studies using the qualitative risk task (e.g., Chapter 4). 

In trials, one experimenter and the ape sat across from each other at a table (80 

cm wide, 40 cm deep, 50 cm tall) with a sliding top, separated by wire mesh or bars (see 

Chapter 4, Figure 12 for photos of the task). Subjects first saw the experimenter place the 

intermediately preferred food type (the safe option) on one side of the table, and then 

cover it with an overturned blue bowl (17.5 cm in diameter, 5.5. cm tall). Next, the 

experimenter placed an identical, but empty, overturned bowl on the other side of the 

table (the risky option). The experimenter next occluded only the risky option with a 

small freestanding occluder (40.5 cm wide, 24 cm deep, 24 cm tall). The experimenter 

then showed the subject the ‘risk outcome’ container (a red bowl) that contained the set 

of food types that were possible risk outcomes for that trial. That is, in a normal risky 

choice trial, the container would have both the good and the bad food types. The 

experimenter then moved the risk outcome container behind the occluder and placed 

just one of those food items under the risk bowl. The risky option therefore contained 

only one of the possible outcomes that the subject had previously seen in the risk 

outcome container, but apes did not know which it would be before they made a choice. 

Finally, the experimenter touched both cups simultaneously, while also lifting up the 

safe bowl to remind the subject of the safe option’s value. Consequently, subjects always 

knew what they would receive from the safe option, but did not know whether they 

would receive a good or bad outcome from the risky option. Finally, the experimenter 

pushed the table forward so that the ape could choose one of the options. At the time of 

choice, the experimenter looked at the middle of the table so as to not cue the apes. If the 

ape chose the safe option, the experimenter did not reveal the contents of the risky 

option. 
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There was a 30 s intertrial interval (ITI) between trials (timed with a stopwatch), 

starting when subjects put the last piece of food in their mouth.  Subjects had 20 s to 

choose once the table was pushed forward; if they failed to choose in this period, the 

trial was repeated at the end of the session. If subjects protruded both hands 

simultaneously in the task (e.g. tried to choose both options at once), the experimenter 

pulled the table back and re-presented it after a few seconds until the subjects made a 

discrete choice. If apes did not participate for three trials in the session, it was stopped 

and repeated the next day.  

5.2.1.3 Food preference pretest 

In the initial food preference session, we examined apes’ preferences across three 

categories of food: highly preferred (chimpanzees: banana slice; bonobos: apple cube), 

intermediately preferred (peanuts halves for both species) and nonpreferred 

(chimpanzees: cucumber slice; bonobos: lettuce leaf), following the methods in Chapter 

4.  Food types differed based on availability at the two sanctuaries. Apes first completed 

six ‘introduction trials’ where the experimenter placed only one piece of food on the 

table, to ensure that the apes would point or reach towards the food. They then 

completed 18 ‘preference trials’. Here, the experimenter first placed two different pieces 

of food on opposite sides of the table; subjects could view them for 4 s. The experimenter 

then covered them with identical bowls (to introduce this aspect of the risk task) and 

pushed the table forward so the ape could choose. Apes chose between each possible 

pairing of the three food types a total of six times, with side assignment for the food 

counterbalanced across trials. Based on their preferences in the pretest, the most 

preferred food was assigned as the good risk outcome, the least preferred food as the 

bad risk outcome, and the intermediate food as the safe option. 
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5.2.1.4 Risk introduction session and control trials 

Prior to completing the main test sessions, all apes completed a ‘risk introduction 

session’ consisting of 12 exposure trials and 12 control trials (following the methods 

described previously in Chapter 4). In exposure trials, apes saw the experimenter 

demonstrate the procedure for only one option (e.g. either the risk option or the safe 

option). Subjects thus gained experience with the outcomes of both the safe and risky 

options, before making choices between them in the main task. Six of the exposure trials 

involved the risky option (half providing a good outcome and half providing a bad 

outcome) and six involved the safe option (with half providing one piece of the safe food 

and half providing three pieces). The safe and risk option trials were randomly 

intermixed, with side assignment counterbalanced. Subjects then completed 12 control 

trials (as in Chapter 4). These trials were similar to the risk trials in terms of their 

attention and memory demands, but the rewards varied to assess the apes’ 

comprehension of the task. As in the risky choice trials, subjects always received only 

one of the possible outcomes from the risky option. Subjects completed three types of 

control trials in the introduction, and two additional types were interspersed in test 

sessions (see Chapter 4, Figure 13 for a diagram of all control trial types). When 

describing control trial types, we refer to the different options using the same label used 

in the main task since the structural procedure of the task was the same, even though the 

reward contingencies differed here. 

Inhibition (four trials, introduction session). These trials proceeded as normal risky 

choice trials, but in a final step the experimenter removed the food from under the safe 

option. If subjects could inhibit reaching for the last location where they saw food 

(because it was subsequently removed), they should have chosen the risky option.  
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Comprehension 1 (four trials, introduction session). Here, the safe option provided 

two pieces of a preferred food, and subjects saw two identical pieces in the risk outcome 

container. If subjects understood that the risky option only provides one of the possible 

outcomes that they previously saw in the outcome container, they should have chosen 

the safe option. That is, even though the same amount of food was initially present in 

both the safe bowl and the risky outcome container, the safe option would ultimately 

provide more food.  

Comprehension 2 (four trials, introduction session). The safe option provided a small 

piece of a preferred food, and the risky outcome container contained two larger pieces of 

the preferred food. If subjects actively compared the potential rewards they could 

receive from the safe and risky options, they should have preferred the risky option 

because it would deliver a bigger piece of food. 

Attention 1 (two trials in each test session). These trials were interspersed within 

test sessions to confirm that apes attended to the available rewards on a trial-by-trial 

basis. In these trials, the safe option provided one piece of a preferred food, and subjects 

saw two pieces of a nonpreferred food in the risky outcome container. Subjects should 

have chosen the safe option because it provided the preferred food type. 

Attention 2 (two trials in each test session). The safe option was the nonpreferred 

food, and the risk outcome bowl contained two pieces of preferred food. Subjects should 

have chosen the risky option because it provided the preferred food type. 

5.2.1.5 Test sessions and competition procedure 

Each test session involved 20 trials (16 choice trials, and 4 randomly interspersed 

attention control trials, as described in Chapter 4). Apes completed two conditions 

(competition and neutral) in counterbalanced order across subjects. To create a 

competitive context, we modified a procedure used in several previous studies (Hare, et 
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al. 2006; Herrmann and Tomasello 2006; Melis, et al. 2006a; Sandel, et al. 2011). In 

particular, apes were exposed to a human competitor who placed food in the reach of 

the ape, but then pulled it away when approached. Previous research indicates that apes 

attribute different intentions to humans who tease them with food (Call, et al. 2004). In 

addition, they modulate their willingness to delay gratification according whether the 

provider was previously was stingy or reliable (Stevens, et al. 2011). Consequently, we 

did not want to conflate the person who competed with the ape and the person who 

conducted the main task. Consequently, experimenter one (E1) always conducted the 

risky choice task; experimenter two (E2) either competed with the ape (in the competition 

condition) or was merely present (in the neutral condition). Importantly, E1 and E2 were 

the same individuals across conditions for all subjects, so apes never competed with the 

experimenter who conducted the main risk task. That is, the same people played the 

roles of E1 and E2 across both conditions, to hold constant the characteristics of the 

interacting experimenter for all apes. 

We structured the session into two halves. At the beginning of each session 

(prior to the start of the risk task), there was a 2 min exposure phase where E2 sat at the 

testing table. In the competition condition, during this time E2 repeatedly offered the 

ape a large piece of food. If the ape approached and attempted to take it, E2 pulled it out 

of reach while making an effortful grunting noise (saying ‘Uh!’). In the neutral 

condition, E2 sat in the same position, but looked down and did not interact with the 

ape. Here, the food used in the competition condition was visible next to the testing 

table, but E2 did not touch it. Midway through the session, E2 returned to the table for a 

second 2 min exposure phase. E1 was not in view during either exposure phase. 

After each exposure phase, E1 sat at the table and conducted the main risk task. 

During this time, E2 stood next to the table. During the 30 s ITI between trials (after the 
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ape had received the previous choice and was waiting to initiate the next trial), E2 

interacted appropriately with the ape (either continuing to offer food in the competition 

condition, or doing nothing in the neutral condition). At the start of each risk trial, E2 

always stopped interacting with the ape and did not resume until the ape had received 

that trial’s outcome from E1.  

5.2.1.6 Data coding and analysis 

Choices were coded live by E1; a second coder blind to the side assignment of the 

two options coded 20% of trials from video with perfect reliability (Cohen’s kappa = 

1.0). We analyzed the main choice data using two statistical approaches. The first 

approach used repeated measures ANOVA. For these analyses, mean proportions of 

choices for the risky option were calculated for each subject across both conditions and 

safe option value. Choice percentages in the risk task were arcsine square-root 

transformed to normalize the data for parametric statistics.  

Second, we used generalized linear mixed models (GLMM) to analyze choices as 

a binary outcome variable, while accounting for correlation in responses due to repeated 

measures within subjects (Baayen 2008). We used the LME4 software package (Bates 

2010) in the statistics program R (R Development Core Team 2011). The advantage of 

using a GLMM model, compared to more traditional ANOVAs, is that it allowed trial-

by-trial modeling of responses to assess the importance of fixed factors, while also 

controlling for various covariates and random effects (such as subject). We used 

likelihood ratio tests to compare fit across models incorporating different factors (Bolker, 

et al. 2008). 

Across models, we included subject as random factor and assessed the effects of 

safe value (one or three pieces), species (chimpanzee or bonobo) and condition 

(competition or neutral) on choice for risky versus safe as the binary outcome variable. 
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We also included trials (within a session: 1–16) as a covariate. Finally, we included an 

index of each individual’s relative preference for the various food types used in the task 

as a covariate to control for differences in food preferences across subjects (see below). 

To index a given individual’s relative food preference, we took the data from that 

individual’s food preference pretest and averaged the data across all trials where they 

chose between the safe option and one of the risky outcomes (good or bad). Thus, an 

individual that showed completely consistent ordinal preferences across the good risk 

outcome, the safe option and the bad risk option (e.g. always chose the good outcome 

over the safe option and never chose the bad outcome over the safe option) would have 

a mean score of 50% (reflecting that the value of the safe food type was equal to the 

‘average’ value of the risky option). In contrast, an individual who sometimes chose the 

safe option over the good outcome in the pretest would have a lower score, and an 

individual who sometimes chose the bad risky outcome over the safe option would have 

a higher score. 

5.2.2 Results  

5.2.2.1 Food preference pretest 

To ensure that species did not differ in their preferences for each food category, 

we compared the two species’ choices in the preference test. Apes chose the highly 

preferred food on a mean ± SE of 91.7±1.9% of all available trials, the intermediately 

preferred food on 53.8±2.7% of trials and the nonpreferred food on 4.4±1.4% of trials. 

There were no species differences for any food type [independent-samples t test: p > 0.33 

in all cases]. In addition, we examined only those trials involving a choice between the 

intermediately preferred food type (e.g. the safe option in the main task) and one of the 

possible risk outcomes, as this best reflected the contrast apes faced in test sessions. The 

two species did not differ in their relative preferences for the good risk outcomes when 
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pitted against the safe option [t(34) = -0.15,  p = 0.88], nor for the bad outcome when 

pitted against the safe option [t(34) = -0.81, p = 0.42]. This indicates that we were able to 

successfully select food items of approximately equal value for the two species. 

5.2.2.2 Control trials and reward history 

We next examined performance on control trials and overall reward history to 

assess whether either of these factors might influence our main results. Collapsing across 

control types, chimpanzees chose correctly on 93.8±1.8% of trials and bonobos chose 

correctly on 93.4±1.7% of trials. As control trial performance was highly skewed 

(approaching ceiling levels of performance), we used nonparametric statistics to 

examine species performance and found no difference overall [Mann–Whitney U test: Z 

= -0.60, N1 = 20, N2 = 16, p = 0.58]. Apes were also successful on all individual control 

types, with no species differences (see Table 5).  In addition, we assessed whether apes 

were distracted by the social interaction in the competition condition, as they may have 

had difficulty attending to the main task simultaneously. An examination of the 

attention controls (which were interspersed within test sessions) indicated that apes 

were successful in both conditions (>95% correct), with no difference between sessions 

[Wilcoxon signed-ranks test: T = 4, N = 36, ties = 30, Z =-0.82, p = 0.41). Importantly, 

these trials required apes to attend to the available rewards on a trial-by-trial basis and 

flexibly shift their behavior, so it is unlikely that the apes were unduly distracted in the 

competition condition. 

We examined reward history by comparing the percentage of trials where the 

apes received the good outcome from the risky option. Overall, apes received the good 

outcome on 51.3±1.0% of trials, which did not differ from chance [one-sample t test: t(35) 

= 1.31, p = 0.20, n.s.]. This indicates that the apes could not detect whether they would 

receive the good or the bad outcome from the risky option using other cues (such as 
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smell). There was also no effect of either species or condition on percentage of trials 

where apes received the good outcome [p > 0.77, for both cases]. That is, differences in 

reward history cannot account for our results.  

Table 4: Chimpanzee and bonobos performance on control trials (Chapter 5). 
Mean performance (± SE) of both species on control trials in the introductory session, 
and test sessions for study 1 (competition) and study 2 (play). Significance of p value 
indicates whether the species differed in their performance in that control trial type 

(Mann-Whitney U test). 

 Chimpanzees  Bonobos p value 
Introductory session 
Inhibitory 97.5 ± 1.7% 93.8 ± 4.2 % 0.86 
Comprehension-1 88.8 ± 4.2 % 94.8 ± 3.6% 0.54 
Comprehension-2 88.8 ± 4.6 % 87.5 ± 4.6 % 0.74 
Study 1 test sessions 
Attention-1 96.3 ± 2.7% 95.3 ± 2.5 % 0.69 
Attention-2 97.5 ± 2.7 % 96.9 ± 2.1% 0.74 
Study 2 test sessions 
Attention-1 96.3 ± 2.0 % 98.2 ± 1.8% 0.72 
Attention-2 100 .0 ± 0.0 % 98.2 ± 1.8% 0.74 

 

5.2.2.3 Risk preferences  

We first examined overall choices for the risky option in the two species (see 

Figure 16a). Collapsing across all choice trials, the chimpanzees chose the risky option 

on 75.6±3.9% of trials, significantly above chance [one-sample t test: t(19) = 6.59, p < 

0.001, two tailed], whereas the bonobos chose the risky option on only 52.7±4.9% of trials 

[t(15) = 0.56, p = 0.58, n.s.]. Examining the apes’ responses to the social context 

manipulation revealed that 19 individuals increased their choice for the risky option in 

the competition condition compared to the neutral condition [Wilcoxon signed-ranks 

test: T = 19, N = 36, 8 ties, Z = -2.661, p < 0.01]. A repeated measures ANOVA with 

condition and safe value as within-subjects factors and species as a between-subjects 

factor revealed a main effect of species [F(1,34) = 13.11, p < 0.001], with chimpanzees 

being more likely to choose the risky option than bonobos. In addition, apes modulated 
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their choices for the risky option according to the value of the safe alternative [F(1,34) = 

75.23, p < 0.001] choosing the risky option more when the safe options provided less 

food. Finally, there was a main effect of condition [F(1,34) = 10.97, p < 0.005]: while apes 

chose the risky option overall only on 59.4±4.6% of trials in the neutral condition, they 

chose it on 71.5±3.5% in the competition condition (see Figure 16b). There were no 

significant interactions, indicating that both species responded similarly to the 

competitive context. Indeed, analyzing each species separately revealed that both 

species independently showed increases in risky choices in the competition condition 

(chimpanzees: F(1,19) = 4.97, p <  0.05; bonobos: F(1,15) = 5.72, p <  0.05]. 

The results from the GLMM, where we modeled each individual’s choice as a 

binary outcome, confirmed these results. We first fitted a basic model including subject 

as a random factor, safe value as a fixed factor, and trial (1–16) and relative food 

preference as covariates. Including trial number as a covariate allowed us to assess 

whether apes showed learning or satiation effects within the session. Although there 

was no overall difference between the two species in their average preference for the 

food types used in the task (as previously reported), including relative food preference 

as a covariate allowed us to control for potential individual variation in preference when 

modeling the apes’ choices. Guided by our main hypotheses about the influence of 

competition and species on an individual’s propensity to choose the risky option, we 

then added these terms to the more parsimonious basic model to assess their 

importance. Comparing the basic model to a second model including species as an 

additional factor revealed a significant increase in model fit (likelihood ratio test 

comparing basic to species model: χ2
1 = 11.82, p < 0.001). A full model including both 

condition and species further increased fit (likelihood ratio test comparing species model 

to full model: χ2
1= 27.05, p < 0.001). 
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Figure 16: Risk preferences in competition task (Chapter 5, study 1). (a) 

Comparison of overall risk preferences in chimpanzees and bonobos. Dashed lined 
represents comparison to chance (50%). ***p<0.001. (b) Comparison of risk 

preferences in the neutral context and the competition context. Error bars indicate SE, 
and p-values for species and condition comparisons are based on the repeated 

measures ANOVA. 

Overall, this full model revealed main effects of safe value, condition, species and 

food preference (see Table 5). This again indicates that individuals had a greater 

propensity to choose the risky option (1) when the value of the safe alternative was 

lower, (2) when faced with competition and (3) if they were chimpanzees. While there 

was no evidence for learning or satiation effects, individual variation in food preferences 

also predicted overall propensity to choose the risky option. That is, individuals whose 

preferences skewed more towards the risky outcomes chose the risky option more 

frequently, and individuals whose preferences skewed towards the safe option chose it 

more frequently. However, we found no overall difference between the two species in 

food preferences, and thus, individual preference differences would equally affect 

responses in both the competition and neutral contexts. Moreover, we found that both 
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condition and species influenced choices, even when controlling for individual variation 

in food preferences. Together, these findings indicate that condition and species 

individually explained a significant amount of the variance observed in the apes’ 

patterns of choices between the risky and safe options.  

Table 5: Factors influencing the apes’ likelihood for choosing the risky option 
in the competition task (Chapter 5, study 1). The full generalized linear mixed model 
assessed the influence of condition (competition versus neutral context), safe value 
(one versus three pieces of food delivered by the safe option), species (chimpanzees 
versus bonobos), relative food preference (higher values indicate greater preference 

for the risk food types than the safe food type), and trial number (1 through 16). 

Factor  Estimate S.E. Z P 
Condition  0.759 0.146 5.181 <0.0001 
Species  1.236 0.334 3.701 <0.0001 
Safe value -1.513 0.151 -9.989 <0.0001 
Relative food preference 2.765 1.088 2.542 <0.05 
Trial -0.001 0.016 -0.077 0.939 
 

These results support our main hypotheses. First, chimpanzees were more risk 

prone than bonobos overall: only chimpanzees chose the risky option above chance 

levels, and they did so at higher rates than bonobos. Second, social context shifted apes’ 

choices, as in humans: apes were more likely to choose the risky option in the 

competitive context relative to the neutral context. Importantly, our additional analyses 

indicate that several alternative explanations cannot account for these results. First, we 

found no overall difference between the two species in preferences for the food items 

used in the task, and the GLMM results further controlled for individual differences in 

relative preferences. Second, performance on the risk control trials indicated no 

difference between the two species in any control type, and apes were extremely 

successful on the attention controls that were interspersed within both test sessions 

regardless of condition. As these control trials were structurally identical to risky choice 

trials, this suggests that differences in attention, memory or overall task comprehension 
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cannot account for our results.  However, while social context affected the apes’ risk 

strategies, it is unclear whether the competition context in particular was important, or 

whether any social interaction would have a similar effect. In study 2 we therefore 

addressed this possibility. 

5.3 Study 2: Influence of a play context 
To assess whether apes’ risk preferences would shift in response to any social 

interaction more generally, we conducted a second experiment involving a different 

social interaction. Here we compared apes’ risk preferences in a positive context (play) 

to a neutral context. We used a play context because there is some evidence that positive 

emotions can increase risk-seeking behavior in humans (Isen and Patrick 1983; Lerner 

and Keltner 2001).  That is, if this contextual manipulation impacts risk decision-making, 

we predicted it should result in similar shifts towards risk proneness in apes. In contrast, 

it may be that competition in particular is important in shaping apes’ risk preferences. In 

that case, apes may not show any change in risk preferences in response to this more 

positive social interaction. 

5.3.1 Methods 

5.3.1.1 Subjects 

We tested 34 apes from the same populations: 20 chimpanzees (7 females and 13 

males; mean age 11.3 years; range 7–21 years) and 14 bonobos (4 females and 10 males; 

average age 8.2 years; range 6–11 years). All apes had participated in study 1 

approximately 2–4 weeks previously. Two additional bonobos from study 1 did not 

participate in the second study (see Appendix D).  
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5.3.1.2 Procedure 

Apes completed two test sessions (play condition and neutral condition) in 

counterbalanced order. All aspects of the task were identical to those in study 1, with the 

exception of the manner in which E2 interacted with the apes. Here, the neutral 

condition was identical to that in study 1. However, in the play condition, E2 played 

with the ape (in contrast to the competition condition from study 1). In particular, E2 

tickled the ape with straw through the bars or mesh, played chase and clapped while 

laughing. The same experimenters from study 1 played the role of E1 (conducting the 

risk task) and E2 (interacting with the ape) across all subjects for both studies. That is, 

the same experimenter who conducted the risk task in study 1 also did so in study 2. As 

all subjects had recently completed both the food preference pretest and the risk 

introduction session in study 1, we did not repeat those sessions for the current study. A 

second coder blind to the options’ side assignment coded 20% of trials from video with 

excellent reliability (Cohen’s kappa = 1.0). Data analysis was the same as described for 

study 1.  

5.3.2 Results  

5.3.2.1 Control trials and reward history 

As in study 1, we examined performance on control trials and overall reward 

history to assess whether either of these factors might influence our results. Both species 

were at ceiling levels of performance on the interspersed attention control trials, with no 

differences between the two species (see Table 4). As in study 1, we also confirmed that 

the interaction with E2 in the play condition did not distract the apes. A comparison of 

performance on control trials revealed no difference across the two conditions [Wilcoxon 

signed-ranks test: T = 4, N = 34, 29 ties, Z = -1.34, p = 0.18, n.s.].  
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We next examined patterns of reward history; one chimpanzee and one bonobo 

were not included in these analyses because they never chose the risky option in at least 

one of the conditions. This revealed that apes received the good outcome on 51.2±0.7% 

of trials [one-sample t test: t(31)= 1.58, p = 0.12, n.s.). A repeated measures ANOVA 

revealed no effect of either species or condition on the percentage of trials where apes 

received the good outcome [p > 0.47, n.s. in both cases]. Thus, differences in reward 

history are unlikely to explain differences in the apes’ patterns of risky choice. 

5.3.2.2 Risk preferences  

We first examined choices for the risky option across species (see Figure 17a). 

Collapsing across all trials, the chimpanzees chose the risky option on 71.7±5.6% of 

trials, significantly above chance [one-sample t test: t(19) = 3.89, p = 0.001], whereas the 

bonobos chose the risky option on only 56.6±6.5% of trials [t(13) = 1.01, p = 0.33, n.s.]. 

This aligns with the results from the previous study indicating that chimpanzees are 

more risk prone than bonobos. In contrast to the findings from study 1, only 11 

individuals showed increases in choices for the risky option in the play condition, and 

15 showed decreases [Wilcoxon signed-ranks test: T = 11+, N = 34, 8 ties, Z =-1.11, p = 

0.27]. A repeated measures ANOVA revealed a main effect of safe value [F(1,32) = 50.43, 

p <0.001], with apes choosing the risky option less often as the value of the safe 

alternative increased, and a strong trend for an effect of species [F(1,32) =  3.55, p < 

0.069], suggesting that chimpanzees again tended to choose the risky option more than 

bonobos. However, there was no effect of condition [F(1,32) = 1.04, p = 0.32, n.s.]: apes 

chose the risky option on 66.9±4.6% of trials in the neutral condition and on 64.0±4.8% of 

trials in the play condition (see Figure 17b). Finally, there were no significant 

interactions. Analyzing the two species separately revealed that neither independently 

showed an effect of condition [p > 0.34, n.s. in both cases]. 
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Figure 17: Risk preferences in play task (Chapter 5, study 2). a) Comparison of 
overall risk preferences in chimpanzees and bonobos. Dashed lined represents chance 

(50%). ***p<0.001. b) Comparison of risk preferences in the neutral context and the 
play context. Error bars indicate SE, and p-values for species and condition 

comparisons are based on the repeated measures ANOVA. 

The GLMM analysis confirmed these results. As in study 1, we first fitted a basic 

model including subject as a random factor, safe value as a fixed factor, and trial number 

and relative food preference as covariates. Guided by our main hypotheses, we then 

added condition and species as fixed factors to the more parsimonious basic model to 

assess whether this increased model fit. Comparing the basic model to a second model 

that included species as an additional term revealed a significant increase in fit 

[likelihood ratio test comparing basic to species model: χ2
1 = 4.05, p< 0.05]. A full model 

that also included condition did not increase fit, however [likelihood ratio test 

comparing species to full model: χ2
1 = 1.542, p = 0.21, n.s.]. Overall, this full model 

revealed main effects of safe value, species and food preference, but no effect of 

condition (see Table 6). Overall, these results replicate our main results indicating that 
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individuals were more likely to choose the risky option (1) when the value of the safe 

alternative was lower and (2) if they were chimpanzees, even when controlling for the 

effect of individual differences in food preferences. However, there was no support for a 

main effect of condition, indicating that the play context did not influence the apes’ 

preferences relative to a neutral context. Together, these findings indicate that while 

species explains a significant amount of the variance in choices, condition does not.  

Table 6: Factors influencing the apes’ likelihood for choosing the risky option 
in the play task (Chapter 5, study 2) The full generalized linear mixed model assessed 
the influence of condition (play versus neutral context), safe value (one versus three 
pieces of food delivered by the safe option), species (chimpanzees versus bonobos), 
relative food preference (higher values indicate more relative preference for the risk 

food types compared to the safe food type), and trial number (1 through 16). 

Factor  Estimate S.E. Z P 
Condition  -0.215 0.172 -1.250 0.211 
Species 1.217 0.595 2.46 <0.05 
Safe value -2.622 0.198 -13.184 <0.001 
Relative food preference 9.270 2.401 3.862 <0.001 
Trial -0.035 0.019 -1.877 0.061 

 
5.3.2.3 Comparison of studies 1 and 2  

Finally, we assessed whether the difference in results between the two studies 

was due to a global shift in the apes’ preferences. Examining the 34 individuals who 

completed both studies revealed no overall change in choices for risk between studies 1 

and 2 (t33 = -0.42, P = 0.67). In addition, an analysis of the four conditions that the apes 

completed across both studies (competition, neutral 1, play, neutral 2; note: that there 

was an order confound) replicated our main effect of species [F(1,32) = 8.36, p < 0.01], 

safe value [F(1,32) = 84.5, p < 0.001], and condition [F(1,32) = 3.10, p < 0.05]. Post hoc 

tests showed that there was a significant difference between the competition condition 

and the first neutral condition [Tukey test: p < 0.05], but no other conditions differed. 
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Overall, this suggests that the different results across the two studies are unlikely to be 

due to some global change in apes’ preferences between the two studies. 

5.4 Discussion 
These studies provide evidence for two major conclusions concerning the impact 

of social context on risky decision-making in Pan. First, social context can modulate risk 

preferences in apes: like humans, both chimpanzees and bonobos became more risk 

prone following a competitive interaction. Even though chimpanzees and bonobos 

differed in their overall response to risk, as chimpanzees preferred the risky option more 

than bonobos did, both species were more risk prone in the competitive context than in a 

neutral context. Results from our control trials further indicated that this change was not 

due to distraction. Second, the results from study 2 indicated that not all social contexts 

influence risk preferences in a similar fashion: play did not shift apes’ risk preferences 

relative to a neutral condition. The pattern of results across the two studies therefore 

suggests that only certain types of social contexts, such as competition, may be 

important in shaping apes’ decision-making strategies.  

An important question for future research is why only some types of social 

interactions influence apes’ attitudes towards risk.  From an ultimate perspective, 

competition may be a particularly relevant situation for decisions concerning resources 

such as food. Competition is a ubiquitous problem for social-living species such as 

chimpanzees and bonobos that must compete for food when foraging in groups, as well 

as compete with others for access to mates. Status relative to competitors is also an 

important predictor of access to both types of resources in apes (Constable, et al. 2001; 

Parish 1996; Surbeck, et al. 2011; Wittig and Boesch 2003b).  Thus, apes may have viewed 

the human competitor as a threat to their resources, and the competitive condition thus 

would reflect a meaningful social interaction in terms of making economic decisions 
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about food. In contrast, the play interaction may not have been particularly relevant to 

either resource accumulation or social status. This interpretation aligns with evidence 

from studies of social cognition suggesting that many species are highly attuned to the 

threat of competition, compared to more cooperative motives. From a mechanistic 

perspective, the competition and play contexts may have differed in terms of their 

psychological impact on the apes. In particular, the contrast in valence between study 1 

(involving a more negative competitive context) and study 2 (involving a more positive 

play contest) suggests that only particular emotional or motivation states are important 

in shaping an ape’s decision-making. That is, any negative experience might produce 

risk-prone behaviors in the apes, regardless of whether they involve competition. 

Notably, some theoretical views have proposed that competition influences social-

cognitive skills by altering motivation or emotional states (Hare and Tomasello 2004), 

and some studies suggest that emotional reactivity can constrain cooperative abilities in 

apes (Hare, et al. 2007; Melis, et al. 2006b). 

Indeed, research on the role of emotion on decision making in humans indicates 

that many different emotions can have a profound effect on risk preferences 

(Loewenstein and Lerner 2003; Loewenstein, et al. 2001). People experience emotions 

like disappointment and regret in response to the outcomes of their decisions (Coricelli, 

et al. 2007), and studies of individuals with brain lesions suggest a causal role for 

emotions in shaping risky choice (Camille, et al. 2004; Hsu, et al. 2005). Most relevant to 

the current studies, risk preferences can be directly manipulated by inducing mood 

states such as happiness (Isen and Patrick 1983), sadness or anxiety (Raghunathan and 

Pham 1999), anger or disgust (Fessler, et al. 2004), and stress (Porcelli and Delgado 2009). 

Previous work in humans has linked competition specifically to anger states, and 

inducing anger can increase risk-prone decision-making (Fessler, et al. 2004). Some 
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experimental evidence further suggests that competition can directly impact risk 

preferences by modulating emotions, a shift that can be indexed by physiological 

measures (Bault, et al. 2008). Importantly, recent research indicates that chimpanzees 

have complex emotional repertoires (Parr, et al. 2005b). Future research on decision-

making in apes could therefore examine whether emotional processes modulate the 

types of social context effects seen here. If such emotional states play a mechanistic role 

in shaping their decisions about risk, then explicitly inducing emotional states should 

have a similar impact on their choices. 

One surprising aspect of our results is that both chimpanzees and bonobos 

showed similar responses to the competitive social interaction. Despite a recent 

divergence date estimated at less than 1 mya from genetic data (Won and Hey 2005),  

chimpanzees and bonobos show important differences in social systems. In particular, 

chimpanzees exhibit more sexual dimorphism, more extreme levels of aggression, and 

less socio-sexual behaviors than bonobos (Hare, et al. 2012; Kano 1992; Parish 1996; 

Parish and de Waal 2000). One hypothesis is that different levels of scramble 

competition for food may account for this suite of changes (Wrangham 2000; Wrangham 

and Pilbeam 2001). For example, wild chimpanzees may face more competition for 

smaller, less-abundant food patches than do bonobos (White and Wrangham 1988), and 

have less access to terrestrial herbaceous vegetation as fallback food (Malenky and 

Wrangham 1993). In terms of aggression, chimpanzees exhibit more linear dominance 

hierarchies, and have more severe (and sometimes lethal) aggression than do bonobos 

(Boesch 2002a; Kano 1992b; Muller, et al. 2009; Watts and Mitani 2001). Experimental 

comparisons further indicate that bonobos are more able to share food and tolerantly co-

feed when than are chimpanzees (Hare, et al. 2007; Wobber, et al. 2010a; Wobber, et al. 

2010b). One prediction from this set of observational and experimental results is that 
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that chimpanzees might respond more strongly to the threat of competition than 

bonobos. Similarly, ringtailed lemurs—who have more complex social structures 

involving linear dominance hierarchies—show different reactions to competitors 

compared to other lemur species (Sandel, et al. 2011).  However, our results indicate that 

both species showed similar responses to competition in the current studies. 

What can account for this pattern of results? One possible explanation is that the 

current study involved a human competitor, not conspecifics. Observations of these 

species in the wild obviously involve conspecific interactions, as do several experimental 

studies involving conspecific partners (Hare, et al. 2007; Wobber, et al. 2010a; Wobber, et 

al. 2010b). Importantly, these types of observations and experiments cannot equate the 

behavior of social partners across species—and are indeed not designed to do so, as their 

goal is to understand naturalistic social interactions. In contrast to interactions with 

conspecifics, the human competitor in the current study exhibited a pre-determined 

behavioral repertoire in response to both species. While human competitors have been 

used in several studies involving chimpanzees (Hare, et al. 2006; Hare and Tomasello 

2004; Kaminski, et al. 2008; Melis, et al. 2006a), there are few such studies involving 

bonobos (but see Herrmann and Tomasello 2006). Thus, an important goal for future 

research is to assess how the threat of conspecific competition may impact these species’ 

risk preferences. This type of study might reveal that chimpanzees showing a more 

pronounced reaction to conspecific competition than do bonobos.   

An alternative possibility, however, is that while chimpanzees and bonobos 

showed the same behavioral response to competition, the underlying psychological 

mechanisms were different. Importantly, diverse emotional experiences can induce 

similar changes in risk-taking in humans (Fessler, et al. 2004; Isen and Patrick 1983; 

Lerner and Keltner 2001; Porcelli and Delgado 2009; Raghunathan and Pham 1999). 
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Therefore, apes may have exhibited similar patterns of risk-prone decision-following 

competition, despite different underlying psychological reactions to the social 

interaction. An analogous phenomenon occurs in these species’ hormonal responses to 

conspecific competition. In particular, while both species exhibit anticipatory changes in 

steroid hormones prior to interactions involving food, bonobos exhibit these shifts in 

cortisol, whereas chimpanzees exhibit similar shifts in testosterone levels (Wobber, et al. 

2010a). That is, while the behavioral response to competition was similar, the 

neurohormonal mechanisms underpinning the responses varied across the two species. 

Overall, the current results contribute to the growing evidence that many 

decision-making biases seen in humans are shared with other species: humans, 

chimpanzees, and bonobos all exhibit a propensity to respond to competitive 

interactions with more risk-prone decision-making styles. Indeed, the myriad evidence 

for context-dependent decision making in animals suggests that many anomalies or 

cognitive biases that puzzle economists are in fact not unique to humans. Rather, they 

are shared with many taxonomically diverse species, including insects, birds, rodents, 

and primates. While many researchers have begun to apply evolutionary principles to 

economic decision-making in humans (e.g., Ermer, et al. 2008; Fessler, et al. 2004; Hill 

and Buss 2010; Wilson and Daly 2004), studies of humans alone can only go so far. 

Indeed, one of the most powerful tools in evolutionary biology is the comparative method: 

examining the traits of different populations or species that have been shaped by differing 

ecological or social forces in order to better understand how natural selection proceeded 

(Clutton-Brock and Harvey 1979; Mayr 1982). Consequently, placing human decision-

making in a broader comparative framework—including both apes and more distant taxa—

is critical to illuminating the evolutionary origins of economic behavior.  
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6. Preferences for ambiguity in apes3 

6.1 Background: decision-making and knowledge 
Studies of decision-making in both primates and a variety of other taxa suggest 

that many of the biases that shape human economic decision-making are shared with 

other species. Taxa ranging from insects and birds to primates exhibit some human-like 

biases, including framing effects, or preferences that depend on whether options are 

presented as potential gains or losses  (Chen, et al. 2006; Lakshminarayanan, et al. 2011; 

Marsh and Kacelnik 2002), the endowment effect, or individuals overvaluing items 

when they possess them (Brosnan, et al. 2007; Kanngiesser, et al. 2011; 

Lakshminarayanan, et al. 2008), violation of rational choice principles (Shafir, et al. 2002; 

Waite 2001a; Waite 2001b), and aversion to risk or variability in outcomes (Heilbronner, 

et al. 2008; Kacelnik and Bateson 1996; Kacelnik and Bateson 1997). Two hypotheses can 

explain these comparative data. One is that the economic biases observed in humans are 

evolutionarily ancient and widely shared (Chen, et al. 2006; Lakshminarayanan, et al. 

2008; Lakshminarayanan, et al. 2011). Alternatively, the observed similarities may be 

due to evolutionary convergence on a decision-making strategy in particular taxa 

(Marsh and Kacelnik 2002; Pompilio, et al. 2006). Importantly, examining a few distantly 

related species, as many previous studies have done, cannot distinguish between these 

two hypotheses. That is, humans, capuchins, and starlings may show similar choice 

strategies either because biases are widely shared or because of convergence. Thus, a 

critical initial step in distinguishing between these two hypotheses is assessing whether 

our closest phylogenetic relatives share the same bias. 

                                                      
3 This research was published as: Rosati AG & Hare B. 2011. Chimpanzees and bonobos distinguish between 
risk and ambiguity. Biology Letters 7:15-18. 
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In the current study, we examined whether chimpanzees and bonobos share 

human-like aversion to ambiguity. Theoretical models suggest that decision makers 

should choose between different options based on the value they expect to receive. 

However, in the real world decision-makers often lack complete information about 

different available resources: individuals might be quite certain about what some 

options will provide, but have less confidence in their judgments about other 

alternatives. Although risk and ambiguity are typically confounded in normal contexts, 

studies that disentangle these two factors suggest that aversion to uncertainty tends to 

be greater than aversion to risk (Camerer and Weber 1992): people do not like choosing 

the unknown.  From an evolutionary perspective, decision-making with incomplete 

knowledge better reflects the situation animals face in the wild when foraging (Dall, et 

al. 2005). From a psychological perspective, studies of ambiguity can illuminate the 

cognitive roots of metacognitive skills, or knowledge about one’s own knowledge state. 

Studies of animal metacognition typically test whether animals recognize their own lack 

of knowledge (Terrace and Son 2009). The current study, in contrast, examines how 

uncertainty affects the decision strategies that animals exhibit, or the functional impact 

of lack of knowledge on behavior. Although ambiguity aversion therefore does not 

require that animals think about what they know, the ability to respond differently 

based on degrees of knowledge may be a necessary cognitive prerequisite for more 

complex metacognitive skills.  

To examine the response of chimpanzees and bonobos to ambiguity, apes 

participated in a decision-making task where we manipulated 1) the probability of 

receiving a good outcome from a variable option, and 2) the apes’ knowledge about 

probabilities. We predicted that both species, like humans, would choose the variable 

option less on ambiguity trials where they did not know the probabilities, than on risk 



 

 140 

trials where they did. As bonobos show greater aversion to risk (Haun, et al. 2011; 

Heilbronner, et al. 2008), and respond with greater hesitation to novel contexts where 

they lack information (Herrmann, et al. 2010b), we further predicted that bonobos would 

show greater ambiguity-aversion than would chimpanzees. 

6.2 Methods 

6.2.1 Subjects 

We tested 30 semi-free ranging adult and sub-adult apes: 16 chimpanzees (7 

females; average age = 9.5 years, age range: 7-12) from Tchimpounga Chimpanzee 

Sanctuary in Pointe Noire, Republic of Congo and 14 bonobos (4 females; average age = 

8.2 years; age range = 5-11years) from Lola ya Bonobo Sanctuary in Kinshasa, Republic 

of Congo (see Appendix E for individual subject characteristics). The apes were tested 

individually by an experimenter in their familiar sleeping areas. Following testing, most 

apes were released back with their larger social group outside. They had ad libitum 

access to water and were not food restricted for testing. All apes had previous 

experience with the risk task used here from another study they participated in a few 

weeks prior to the current study (see Chapter 5).  

6.2.2 Procedure 

We used a variation of a decision-making task previously used to assess risk 

preferences (see Chapters 4 and 5). Apes chose between a certain option that always 

provided an intermediately-preferred food type, and a variable option in which the 

probability of receiving a good outcome could vary. For three trial types, apes saw the 

two potential outcomes that the variable option could provide (of which they then 

ultimately received only one): two pieces of preferred food on all-good trials (100%), two 

pieces of non-preferred food on all-bad trials (0%), or a preferred food and a non-

preferred food on risk trials (50%). Interspersed with these trials were ambiguity trials, 
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where apes could not see the possible outcomes. On average, the outcomes from the 

ambiguous option were equivalent to those from the risky option. As chimpanzees and 

bonobos previously showed divergent risk preferences in this paradigm, for greater 

sensitivity we equalized their preferences for risk by altering the value of the certain 

option: it was always three pieces of intermediately-preferred food for chimpanzees, but 

only two pieces for bonobos. 

6.2.2.1 Risky choice task 

We used a variation of a decision-making task previously used to assess risk 

preferences in these species (see Chapter 4, Figure 12). The basic setup was as follows. 

First, subjects saw the experimenter place the certain reward on one side of the table, 

and then cover it with an overturned blue bowl (17.5 cm in diameter, 5.5. cm tall). Next, 

subjects saw the experimenter place an identical—but empty—bowl on the table (the 

variable option). The experimenter then occluded the risk option with a small 

freestanding occluder (40.5 cm wide, 24 cm deep, 24 cm tall). Next the experimenter 

showed the subject the “outcome” container (a red bowl), initially covered with a black 

lid so that subjects could not view its contents. The experimenter then lifted the lid to 

show the subjects the two potential outcomes for that trial. Behind the occluder, the 

experimenter then placed just one of these items under the variable option bowl. Thus, 

subjects always knew what they would receive from the certain option, but did not 

know what had been placed under the variable option. Finally, the experimenter 

touched both cups simultaneously while picking up the certain bowl to remind the 

subject of the certain option’s value. The experimenter then pushed the table forward for 

choice. To remove the possibility of subtle experimenter cues at the time of choice, the 

experimenter always touched the center of the table when pushing it forward, and 

looked down the table’s midline during the choice phase. Once the subject pointed at 
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one of the bowls, the experimenter lifted that bowl to reveal the outcome and gave them 

the food. Subjects were not shown the outcome of the risky option if they did not pick it.  

Between each trials there was a 30s inter-trial interval, starting when subjects put 

the last piece of food in their mouth. Subjects completed no more than one test session 

per day, and all tests were voluntary: if the ape stopped participating for three trials in 

which they did not make a choice within 30s of the experimenter pushing the table 

forward, the session was halted and repeated the next day. The side assignment for the 

certain and variable option was always counterbalanced and quasi-randomized within a 

session, with no more than three trials with the same side-assignment in a row. 

6.2.2.2 Session structure 

Subjects completed 5 sessions. First, they completed a food preference pretest to 

determine the food outcomes. Apes next completed a risk introduction session with three 

types of control trial to assess their comprehension of the basic risk task (following the 

methods described in Chapters 4 and 5), and then an ambiguity introductory session with 

three additional types of control trials to confirm that subjects were willing to choose the 

ambiguous option when it paid to do so. Finally, subjects completed two test sessions, 

each with 6 trials of each type (all-good, all-bad, risk, and ambiguity) in quasi-

randomized order, with no more than 2 trials of the same type in a row within a session. 

Our main comparison was thus between responses on risk trials—where apes did not 

know the outcome they would receive but did know the probability associated with 

those outcomes—and ambiguity trials where apes even did not know the probability of 

the two potential outcomes. 

6.2.2.3 Food preference pretest 

Subjects completed 5 sessions total. Apes first completed a food preference pretest 

to assess their relative preference for three different food options (chimpanzees: 
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preferred was banana, intermediate was peanuts, and non-preferred was cucumber; 

bonobos: preferred was apple, intermediate was peanuts, and non-preferred was 

lettuce). Subjects completed 18 food preference trials in a pretest session. Different foods 

were used for each species due to differences in availability at the two sanctuaries. In 

preference trials, the experimenter showed the subject two different types of food, and 

then placed them on the two sides of the table. The experimenter then covered them 

with identical bowls to introduce the bowls used in the risk task, and pushed the table 

forward. Apes choose between each possible pairing six times, with side assignment 

counterbalanced and a randomized order of food-pairings.  

6.2.2.4 Risk introductory session 

As there were several differences between the certain and variable options in our 

paradigm, apes next completed a risk introduction session. Here, the variable option was 

always presented without the lid (which was first introduced in the ambiguity 

introduction session). The session consisted of an initial 12 exposure trials (only one 

option available at a time; eight risk option-only trials randomly intermixed with six 

certain option-only trials) followed by control trials that were similar to those the apes 

experienced in the test session, but the types and quantities of food provided by the 

certain and risky option varied to assess their comprehension. As in the risky choice 

trials, subjects always received only one of the possible outcomes from the risky option. 

Inhibition (four trials). These trials proceeded as normal risky choice trials, but in a 

final step the experimenter removed the food from under the safe option. If subjects 

could inhibit reaching for the last location where they saw food (because it was 

subsequently removed), they should have chosen the risky option.  

Comprehension 1 (four trials). Here, the safe option provided two pieces of a 

preferred food, and subjects saw two identical pieces in the risk outcome container. If 



 

 144 

subjects understood that the risky option only provides one of the possible outcomes 

that they previously saw in the outcome container, they should have chosen the safe 

option. That is, even though the same amount of food was initially present in both the 

safe bowl and the risky outcome container, the safe option would ultimately provide 

more food.  

Comprehension 2 (four trials). The safe option provided a small piece of a preferred 

food, and the risky outcome container contained two larger pieces of the preferred food. 

If subjects actively compared the potential rewards they could receive from the safe and 

risky options, they should have preferred the risky option because it would deliver a 

bigger piece of food. 

6.2.2.5 Ambiguity introduction session 

Following the risk introductory session, subjects completed an ambiguity 

introductory session with 24 trials to familiarize subjects with the particulars of the 

ambiguity manipulation. Here, the variable option was always initially presented with 

the lid (which was then removed on some trial types). The first 8 trials were intermixed 

risk exposure trials—6 variable-only trials (2 per probability of receiving the good 

outcome—0%, 50%, and 100% where the lid was removed so that subjects could view 

the bowl’s contents) and two certain-only trials. Subjects then completed 4 ambiguity 

exposure trials where the lid was never removed. These trials therefore ensured that 

subjects were willing to choose the ambiguous option despite never seeing its contents. 

Then subjects completed 12 intermixed control trials to confirm that subjects were 

willing to choose the ambiguous option when it potentially paid to do so because the 

alternative provided a bad outcome.  
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Ambiguity inhibition trials (4 trials) were identical to the previous inhibition trials, 

except that the variable outcome had a lid on it. Since the alternative provided no food, 

subjects should choose the ambiguous option even though they could not see its contents. 

Ambiguity versus good trials (4 trials) pitted the ambiguous option against a certain 

good alternative. Here, the variable option has lid on it, and the certain option provided 

a preferred food. Since they now they can get a preferred food, subjects should pick the 

certain option. 

Ambiguity versus bad trials (4 trials) pitted the ambiguous option against a certain 

good alternative. Here, the variable option has lid on it, but the certain option is non-

preferred food. Here, the apes should pick the ambiguous option, because they know 

they will get something bad from the certain option.  

6.2.2.6 Test sessions 

Finally, subjects completed two test sessions, each with 24 trials. In each test 

session, subjects completed 6 trials of each type: all-good trials, where, both potential 

outcomes were preferred food (100%); all-bad trials, where both potential outcomes 

where non-preferred food (0%); risk, where there was a good and bad potential 

outcomes (50%); and ambiguity, where subjects did not have knowledge about the 

potential outcomes. In all trials the outcome container was initially presented to the 

subject with the lid on it, which was then removed for al-good, all-bad, and risk trials 

(but not ambiguity trials). Trial side assignment was counterbalanced within a session 

and occurred in quasi-randomized order, with no more than 2 trials of the same type in 

a row within a session. Thus, subjects ultimately completed 12 trials of each type across 

the two sessions (see Figure 18). 
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Figure 18: Setup for knowledge and ambiguity trials (Chapter 6). In all-good, 

risk, and all-bad trials, the experiment lifted the lid on the variable outcome container 
to reveal the potential outcomes l. In ambiguity trials the experimenter did not, so the 

apes had no information about the probability. 

6.2.3 Coding and data analysis. 

All sessions were videotaped and coded live by the first author. Additionally, for 

reliability 20% of sessions were randomly selected and the apes’ choices were coded 

from videotape by a second experimenter who was blind to condition (e.g., trial type) 

and the hypotheses of the study. Agreement between the live coding and the second 

coder was perfect [Cohen’s Kappa = 1.00]. All percentages were arc-sin square-root 

transformed to normalize the data for statistical analyses.  

6.3 Results  

6.3.1 Food preference pretest  

Overall, both species showed clear patterns of preferences across the food types, 

and there were no species differences in the rate that they chose the different types 

(p>0.15 for all cases). In addition, both species chose the preferred food type more than 

the intermediate type (one-sampled t-tests: chimpanzees: t(15) = 100.98, P < 0.001; 

bonobos: t(14) = 6.20, p < 0.001; two tailed) and both chose the intermediate option over 
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the non-preferred food (one-sample t-tests: chimpanzees: t(16) = -6.04, p< 0.001; 

bonobos: t(14) = -21.66, p < 0.001; two-tailed). Thus, apes of both species showed clear 

patterns of preference across the three food types, with no differences between species in 

how much they preferred their food types. We therefore assigned the preferred food as 

the good (variable option) outcome, the non-preferred food type as the bad (variable 

option) outcome, and the intermediate type as the certain option. 

6.3.2 Control trials  

Apes showed high levels of performance across all six types of control trials, and 

the two species did not differ in their performance on any individual type (see Table 7). 

In addition, both species were above chance at selecting the correction option for all six 

types (p < 0.001 for all comparisons; one-sample t-tests). Importantly, the three 

ambiguity control trial types demonstrate that while both species prefer a known good 

outcome to the ambiguous option (ambiguity vs. good trials), they also overwhelming 

preferred to choose the ambiguous option when the alternative provided no food 

(ambiguity inhibition trials) or provided low-quality food (ambiguity vs. bad trials). Thus, 

our main results cannot stem from a general unwillingness of the apes to choose the 

ambiguous options because they did not see the potential outcomes beforehand. 

Table 7: Chimpanzee and bonobo performance on control trials in the 
ambiguity task (Chapter 6). Means (±  SE) for each species across six control trial 

types, with statistics comparison (independent samples t-test). 

Control trial type Chimpanzees 
% correct 

Bonobos  
% correct 

Significance 
(two-tailed) 

Inhibition 98 ± 2% 96 ± 3% p = 0.59, n.s. 
Comprehension-1 86 ± 5% 93 ± 4% p = 0.31, n.s. 
Comprehension-2 86 ± 6% 93 ± 3% p = 0.31, n.s. 
Ambiguity inhibition 98 ± 2% 96 ± 2% p = 0.48, n.s. 
Ambiguity vs. good 80 ± 5% 84 ± 5% p = 0.56, n.s. 
Ambiguity vs. bad 98 ± 2% 100 ± 0% p = 0.36, n.s. 
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6.3.3 Test sessions 

6.3.3.1 Knowledge trials 

Examining performance in test sessions, we first assessed the species’ choices 

when they knew the probability of receiving a good outcome. Overall, apes chose the 

variable option 77.5% ± 4.6 on all-good trials, 56.7% ± 5.9 on risk trials, and 26.5% ± 4.6 

on all-bad trials (see Figure 19). A repeated-measures ANOVA revealed a main effect of 

trial type [F(2,56) = 62.164, p<0.001], no effect of species [F(1, 28) = 0.927, p = 0.34, n.s.], 

and no significant interactions. Post-hoc tests indicated that apes chose differently between 

all three trial types [Tukey test: p<0.001 for all comparisons], indicating that the apes 

attended to the potential outcomes on a trial-by-trial basis and modulated their choices 

according to the specific trial type they faced. Furthermore, our manipulation of the certain 

option’s value was successful: the two species did not differ in their risk preferences. 

 

Figure 19: Results from knowledge trials (Chapter 6). Bars indicate 
chimpanzees’ and bonobos’ choices for the variable option when they had 

information about the probability of receiving the good outcome Error bars indicate 
SE. 
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6.3.3.2 Ambiguity trials 

We next compared how the two species chose on ambiguity versus risk trials.  

Overall, apes chose the variable option on 48.9 % ± 5.6 of ambiguity trials (see Figure 20). 

A repeated-measures ANOVA revealed a main effect of trial type [F(1,28) = 4.528, p < 

0.05], but no main effect of session [F(1, 28) = 0.004, p=0.95, n.s.] or species [F(1,28) = 

0.153, p = 0.70, n.s.], or significant interactions with species. That is, apes chose the 

variable option significantly more on risk trials than on ambiguous trials, and the two 

species did not differ in their level of ambiguity-aversion (see Figure 21). However, there 

was a significant interaction between trial type and session [F(1,28) = 4.305, p < 0.05]; post-

hoc tests indeed revealed that, while apes chose the variable option significantly more on 

risk trials than on ambiguity trials in session one [on 60.6 ± 6.3% of risk trials versus 46.1 ± 

5.8% of ambiguity trials; Tukey test: p< 0.05], they showed no difference in session two.  

 

Figure 20: Apes’ preferences for ambiguity (Chapter 6). A comparison of 
choices for the variable option on risk versus ambiguity trials overall, and split by 

session. Error bar indicate SE. 
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Figure 21: Comparison of ambiguity aversion in chimpanzees and bonobos 
(Chapter 6). A comparison of difference score (mean choices on risk trials minus 

ambiguity trials) overall, and split by sessions. Error bars indicate SE. 

6.3.3.3 Impact of previous trial outcome 

Finally, we conducted an analysis to assess how the outcome of the 

previous trial (e.g., good outcome, bad outcome, or picked the certain option) 

drove the apes’ choices on the subsequent trial (following Beran, et al. 2009). An 

initial analysis collapsing across all trial types indicated that previous outcome 

did not influence the apes’ choice overall. In particular, we conducted an analysis 

to assess how the outcome of the previous trial (e.g., good outcome, bad 

outcome, or picked certain, regardless of previous trial type) drove the apes’ 

choices on the subsequent trial. In an initial analysis we collapsed across all trial 

types (e.g., all-good, all-bad, risk, and ambiguity trials) to assess whether 

previous outcome influenced choice regardless of the current trial type apes were 

faced with; one chimpanzee was excluded from this analysis as she never chose 
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the certain option. A repeated measures ANOVA with previous outcome as a 

within-subjects factor indicated that previous outcome did not influence the 

apes’ choice overall [F(2, 56) = 0.731, p = 0.485, n.s.].  

A second analysis further revealed that there was no effect of previous 

outcome on risk and ambiguity trials specifically. Here we targeted only 

ambiguity and risk trials to assess whether previous outcome impacted 

specifically these decisions. As repeated measures ANOVA with trial type (risk 

or ambiguity) and previous outcome (good, bad, or certain) as within-subject 

factors indicated that there was no main effect of previous outcome [F(2, 34) = 

1.409, p = 0.258, n.s.] a strong trend for a main effect of trials [F(1, 17 = 4.419, p = 

0.51], and no significant interactions. Together, this suggests that trial type was 

the main factor influencing apes’ choices, not the outcome of the previous trial. 

That is, apes’ choices reflected differences in their preferences for the various 

options, (all-good, all-bad, risk, and ambiguity), not a simple rule such as win-

stay loose-shift. 

6.4 Discussion 
Our results demonstrate that chimpanzees and bonobos exhibit ambiguity 

aversion. The control trials confirmed that the apes preferred the ambiguous option 

when the alternative was no food or non-preferred food. Nonetheless, they were less 

willing to choose the ambiguous option than the risky option in the main task. 

Moreover, the previous trial’s outcome did not impact their choice, suggesting that apes’ 

different preferences for risk versus ambiguity did not stem from a simple win-stay lose- 

shift rule. Overall, these comparative data suggests that ambiguity aversion has an 

evolutionary origin in the last common ancestor of humans and other apes. Studies of 
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other more distantly related species could therefore assess whether this bias is more 

widely shared across other taxa.  

Importantly, apes’ divergent preferences for risk and ambiguity diminished with 

time: although apes chose the risky option more frequently than the ambiguous option 

in the first session, by session two they showed no difference. One possibility is thus that 

the apes were able to rapidly incorporate new information about previously ambiguous 

options into their decision strategies: after choosing the ambiguity option and receiving 

some feedback about what it provided, they may have treated the ambiguity and risk 

option as equivalent because the functional outcome was the same. Future studies can 

thus assess how much information or feedback apes need to assess the potential 

outcomes of an ambiguous option like this. 

In comparative studies of metacognition, animals typically make judgments of 

certainty or can opt out on uncertain trials. These paradigms may involve extensive 

training, raising the possibility that the animals are actually responding to differences in 

reward history (Smith, et al. 2008). In the current study we examined how apes’ 

spontaneous reactions to uncertainty impacted their choices, and apes received identical 

rewards from the risky and ambiguous options. Our results demonstrate that that apes 

are sensitive to the differences in their own knowledge, and use this information when 

making foraging decisions. Future studies could therefore assess whether apes knew they 

had less knowledge about the ambiguous option by examining whether apes would 

actively seek out new knowledge about this option if it is available (as in Call 2010; 

Hampton, et al. 2004). 

Our hypothesis that bonobos would show greater ambiguity aversion than 

chimpanzees was not supported: although these species show divergent preferences for 

risk (Haun, et al. 2011; Heilbronner, et al. 2008), they responded similarly to ambiguity. 
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Notably, recent neuroimaging studies suggest that decisions about risk and ambiguity 

recruit different brain regions (Hsu, et al. 2005; Huettel, et al. 2006). In other domains, 

species may show divergent patterns of decision-making when different choices depend 

on distinct neural mechanisms. For example, temporal and effort-based discounting 

depend on different neural substrates (Rudebeck, et al. 2006), and cotton-top tamarins 

and common marmosets show a double dissociation in their preferences (Stevens, et al. 

2005a; Stevens, et al. 2005b), a pattern that maps onto differences in their feeding 

ecology.  Thus, one possibility is that chimpanzee and bonobo preferences for these 

different types of uncertainty—risk and ambiguity—have been differentially shaped 

both at the ultimate and proximate levels. 
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7. Preferences for risk in humans 

7.1 Background: human decision-making and reward types 
Decision-making under risk, or variability in outcomes, lies at the intersection of 

psychology, economics and biology. While classical normative theories from economics 

suggest that decision-makers should be risk-neutral, previous research indicates that 

humans tend to be risk-averse for gains (Kahneman and Tversky 1979; Kahneman and 

Tversky 2000; Rabin and Thaler 2001; Tversky and Kahneman 1981). Evidence from 

behavioral ecology further indicates that diverse nonhuman species (including insects, 

birds, small mammals, and primates) are also risk-neutral to risk averse for gains (Chen, 

et al. 2006; Kacelnik and Bateson 1996). Consequently, some theorists suggest that risk-

aversion may be a generally good strategy across a wide range of environments (Marsh 

and Kacelnik 2002). This view suggests that human preferences follow a highly 

conserved pattern that is pervasive across taxa. 

However, other evidence suggests that risky decision-making in humans is more 

complex then previously thought. First, experimental studies of risk in humans and 

other species differ profoundly, impairing comparisons of across taxa. For example, 

human studies typically involve monetary rewards—rather than food, as with animals—

and in many cases these decisions may involve hypothetical outcomes. While these 

types of decisions are relevant for understanding modern economic behavior, they are 

less so for understanding human risk-preferences from an evolutionary perspective. 

Second, converging results suggest human risk preferences are highly context-sensitive. 

People are significantly more risk-prone when they learn about reward contingencies 

through experience, rather than through verbal descriptions of their options (FitzGerald, 

et al. 2010; Hertwig, et al. 2004). Furthermore, some evidence suggests that risk 

preferences differ across reward currencies (Hayden and Platt 2009), a result that aligns 
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with results from other domains of decision-making indicating that decisions about 

abstract rewards like money are treated differently from decisions about biologically-

relevant rewards like food (Estle, et al. 2007; McClure, et al. 2007; McClure, et al. 2004; 

Odum, et al. 2006; Rosati, et al. 2007). Finally, comparative studies of our closest 

phylogenetic relatives—chimpanzees and bonobos—indicate that chimpanzees are 

actually highly risk-prone (Heilbronner, et al. 2008) 

Overall, this suggests that to understand the evolutionary roots of human risk 

preferences, it is important to both match human decision-making contexts with those 

used with animals, as well as understand how people make decisions across contexts. In 

particular, decisions about recently-developed currencies such as money (Lea and 

Webley 2006) may be treated very differently from experiential decisions about food that 

simulate foraging decisions. Importantly, several recent studies have shown that 

attaching monetary value to other rewards (Heyman and Ariely 2004; Vohs, et al. 2006) 

or even priming people with monetary concepts (Vohs, et al. 2006) can result in 

pervasive changes in patterns of motivation and behavior. Furthermore, some 

theoretical models suggest that resource exchange that is sensitive to individual’s 

personal contribution—or market pricing—is a distinct form of social interaction (Fiske 

1992). Monetary exchange is a prototypical example of market pricing relationships, and 

one consequence is that people may be more oriented towards cost-benefit analyses 

when making decisions about money relative to other reward types (Vohs, et al. 2008). 

Importantly, different orientations towards cost-benefit analyses may have a profound 

impact on risky decision-making. For example, people who explicitly calculate the 

expected value of different choices tend to show a different pattern of risky choice than 

individuals who use more intuitive reasoning (Frederick 2005).  
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In the current study, we therefore examined how currency modulates risk 

preferences in humans using an experiential risk task previously used with apes (see 

Chapters 4, 5 and 6). In particular, we examined humans’ risk attitudes when making 

decisions about food, comparing their patterns to those seen in chimpanzees and 

bonobos in a previous study to assess the evolutionary origins of human biases. In study 

2, we assess how currency impacts human risk preferences, comparing decisions for 

food, non-food objects, and small amounts of money. Finally, in study 3 we examine 

whether money has a special status because it can be flexibly exchanged for other 

reward types. 

7.2 Study 1: Human risk preferences for food  
Participants completed one session of a nonverbal risk task where they made a 

series of choices between a safe option that always provided an intermediately-preferred 

food type, and a risky option that provided either one piece of a highly-preferred food 

or one piece of a or non-preferred food type with equal probability. This task was 

matched as closely as possible with the same task used to assess ape risk preferences 

(see Chapter 4). We assessed how relative value modulated risk preferences by varying 

the number of food pieces the safe option provided (1, 3, or 6 piece of food) within the 

session. Subjects were asked to consume rewards trial-by-trial in the task to emulate the 

types of experimental foraging decisions typically presented to nonhumans. We 

predicted that subjects would be risk-prone in this experiential, food-based context. 

7.2.1 Methods 

7.2.1.1 Subjects 

We tested 25 participants from a sample of Duke University students and 

individuals from the surrounding community (9 females and 16 males; age range: 18-32 
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years; mean age = 22.2 years). Eleven additional individuals were tested but excluded 

due to lack of hunger or unwillingness to eat the food (see below). 

7.2.1.2 Risk task 

The participant and the experimenter (E) sat across from each other at a table. E 

read instructions for the risk game aloud to the subject while enacting the basic trial 

procedure. Subjects further completed 3 practice trials in which only one option was 

available (two risk-only trials and one safe-only trial) so they could experience choosing 

both outcomes. For the main task, subjects completed 12 trials. However, in order to 

prevent them from predicting when the study would end, the instructions specified that 

the game could stop after any number of trials, and a large standing divider blocked the 

participant’s view of the food for use in subsequent trials.  

For each trial, E first showed the participant the safe option (contained in a clear 

plastic cup).  E placed the safe reward on one side of the table, and then covered it with 

an overturned container. Next, subjects saw the experimenter place an identical—but 

empty—container on the table (the risk option). The experimenter then occluded the risk 

option with a small freestanding occluder, and showed the subject a tray containing the 

good and bad potential risk outcomes for that trial. Behind the occluder, the 

experimenter then placed just one of these items under the risk container. Finally, the 

experimenter touched both cups simultaneously while picking up the safe bowl to 

remind the subject of the safe option’s value. Thus, as in the ape studies (Chapters 4, , 

and 6), subjects always knew what they would receive from the safe option, but did not 

know whether they would receive a good or bad food type from the risky option. The 

experimenter then asked participants which option they preferred, and they could 

answer verbally or by pointing. Once E gave the subject the food, they had to eat before 

proceeding to the next trial. However, we also gave the subjects the option of discarding 
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food in a small trashcan next to them; subjects that discarded the good or safe outcomes 

were excluded (see below). There was a 30s inter-trial interval (ITI) between trials, 

starting when the participant put the last piece of food in their mouth or in the trashcan. 

Participants had access to a glass of water to prevent thirst throughout the task. The side 

assignment of the risky and safe options was counterbalanced within a session, and the 

value of the safe option (1, 3, or 6 pieces of food) was pseudo-randomized, with no more 

than 2 trials in a row with the same value. The outcome of the risky option was 

predetermined, with 50% of trials resulting in a good outcome and 50% in a bad 

outcome (quasi-randomized with no more than 3 trials in a row with the same outcome). 

All food was placed in small clear dishes such that subjects could easily see the type and 

quantities provided. 

7.2.1.4 Preference ratings, food motivation, and post-task questionnaires 

Each subject made choices for rewards based on their own preferences as 

determined in an initial food preference test. Upon arrival (prior to receiving any 

instructions about the nature of the risk task), subjects sampled five food items 

(chocolate-covered raisins, M&M’s, Cheezit crackers, pretzels, and Cheerios) and were 

asked to 1) rate how much they liked each on a scale from one to six, and 2) assign a 

unique rank in order from most- to least-preferred. For each participant, the highest-

ranked item was assigned as the good risk outcome, the lowest-ranked item was 

assigned as the bad risk outcome, and the intermediate-ranked type was assigned as the 

safe option.  

After the risk task, participants completed a questionnaire including hypothetical 

risk questions about money (Holt and Laury 2002), and scales assessing hunger (using a 

5 point scale ranging from not at all hungry to very hungry). We took several steps to 

ensure that participants would be motivated to consume the food. First, we asked 
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subjects in advance to refrain from eating for two hours prior to the experiment. Second, 

they were asked to rate their hunger level in the session. Third, we allowed subjects to 

discard any unwanted food on a trial-by-trial basis. Finally, at the end of the task 

subjects were given an open-ended question where they could describe their reasons for 

choosing the various options. We then excluded all individuals who 1) reported they 

were not hungry on the 5-point scale; 2) discarded the safe option or the good risk 

outcome in the task; or 3) wrote in their open-ended questionnaire that they did not like 

the good or safe option. Subjects were not excluded for disliking or throwing away the 

bad risk outcome, as this was designed to be a non-preferred category. We excluded two 

subjects for reporting lack of hunger, eight subjects for throwing away good or safe food 

types; and one additional subject for reporting they did not like the good or safe food in 

their questionnaire. 

7.2.1.5 Data coding and analysis 

Choices were videotapes and coded live by the experimenter. We compared 

the human participants with the choices of chimpanzees (n=23) and bonobos (n=13) 

from a previous study (see Chapter 4). Apes were tested in the same experiential task 

with different food types, with minor differences: apes completed a separate 

introductory session with more exposure and control trials to ensure they 

understood the task, and the test session for apes had 18 test trials (see Chapter 4). 

All choice percentages were arcsine-square root transformed to normalize the data 

for this and the subsequent studies. When data violated assumption of sphericity, the 

Huynh-Feldt correction was used. 

7.2.2 Results 

We first examined the participants’ food ratings to confirm that our ranking 

process succeeded in selecting items that varied appropriately in their desirability. 
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Participants rated their good risk outcome highest, followed by the safe option, and then 

the bad risk outcome. A repeated-measures ANOVA indicated that all three categories 

differed in their ratings [(F(2, 48)=50.56, p<0.001); post-hoc tests p<0.001 for all 

significant comparisons, with Bonferroni corrections]. Thus, our ranking procedure was 

successful in identifying appropriate food types for the risk task. 

We next compared how humans, chimpanzees, and bonobos made risk choices 

for food. Overall, humans chose the risk option on 66.7 ± 4.2% of trials, chimpanzees 

chose it on 66.4 ± 5.3 of trials, and bonobos on 32.5 ± 4.3 % of trials (see Figure 22).  

Indeed, both humans and chimpanzees selected the risky option above chance [humans: 

t(24)=3.97, p=0.001; chimpanzees: t(23)=3.09, p=0.005, two-tailed one-sample t-test], 

where bonobos preferred the safe option (t(12)=-4.03, p<0.005]. A repeated-measures 

ANOVA with safe value and a within-subjects factor and species as a between-subjects 

factor revealed a main effect of species [F(2, 59)=11.39, p<0.001]; post-hoc tests indicated 

that bonobos were less like to choose the risky option than both humans and 

chimpanzees [Tukey test, p<0.001 for significant cases]. In addition, there was a main 

effect of safe value [F(2, 118)=23.07, p<0.001]; post-hoc tests revealed that the three 

species were more likely to choose the risky option when the safe option was one piece 

than when it was larger [Bonferroni corrected, p<0.001 for significant cases]. There were 

no significant interactions. Overall, this indicates that, as predicted, humans and apes 

were most likely to choose the safe option when it provided the highest value relative to 

the risky option (e.g., a larger quantity of food). In addition, humans and chimpanzees 

were more likely to choose the risky option than bonobos. 

We conducted three further analyses of the human risk task to confirm that other 

factors could not account for our results. First, we checked how often subjects received 

the good versus bad payoff from the risky option. Results indicated that subjects overall 
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received the good payoff on 52.8  ±  2.9% percent of trials, which did not different from 

chance [one-sample t-test, t(24)=0.994, p=0.33, n.s.], indicting that subjects could not 

predict which option they would receive on a given trial. Second, we examined whether 

participants’ preferences changed over the session. However, there was no impact of 

sessions half [t(24)=-1.11, p>0.25, n.s.], suggesting that that humans were not becoming 

satiated and altering their strategies within the session. Finally, as our sample was 

skewed towards men (due partially to more exclusions of women) we compared 

patterns of choice in the two sexes. This analysis indicated no sex difference in our final 

sample [t(23)=-1.29, p>0.20, n.s.]. 

 

Figure 22: Risk preferences for food in humans, chimpanzees, and bonobos 
(Chapter 7, study 1). Individuals of each species made choices between a risky option 

(that provided a highly-preferred and a non-preferred food type with equal 
probability) and a safe option that reliability provided an intermediately-preferred 

type varying in quantity between 1, 3, or 6 pieces. Bars indicate mean proportion 
choices for the risky option across safe values.  Error bars indicate SE. 
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These results suggest that humans and chimpanzees are risk-prone for food. In 

contrast, bonobos are risk-averse, a difference that may stem from ecological differences 

in Pan (see Chapter 4). Notably, the human results diverge from previous studies, which 

suggest that people tend to be more risk-averse when making decisions about gains. 

Indeed, results from the questionnaire indicated that the same subjects were risk-averse 

when making decisions about hypothetical monetary rewards (see section 7.5), similar to 

previous results. One possibility is therefore that humans were more risk-prone in the 

food task due to its experiential nature. Alternatively, risk preferences may differ due to 

the nature of the rewards in question (e.g., consumables versus money). We test these 

alternatives in study 2.  

7.3 Study 2: Risk preferences across reward types 
In study 2, we compared human risk preferences using the same task, but varying 

whether individuals make choices about a consumable reward (food), a concrete but non-

consumable prize (non-food), or an abstract reward (small amounts of money). In 

comparing performance in the food, prize, and money conditions, we were therefore able to 

test the predictions of three potential explanations for the human patterns of choice in study 

1. First, the experiential hypothesis predicts that humans will be equally risk-prone across 

reward types due to the experiential nature of the task. Second, the consumable-reward 

hypothesis suggests that humans are more risk-prone for food because it is a consumable, 

biologically-relevant reward; this claim predicts that humans will be more risk-prone for 

food compared to any non-consumable rewards. Finally, it may be that the monetary 

rewards typically used in previous studies tend to bias humans towards risk-aversion. The 

money hypothesis therefore predicts that humans will be more risk-averse for money 

compared to other reward types, regardless of whether they are consumable. Participants 

completed one session of the nonverbal risk task in one of two conditions: the money 
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condition or the non-food condition. The basic procedure followed that used in study 1 for both 

the main task and the post-task questionnaires, with minor differences described below. As 

before, subjects choose between a risky option that offered a good or bad outcome with 

equal probability, and a safe option that varied in value (low, medium, or high).  

7.3.1 Methods 

7.3.1.1 Subjects 

We tested 50 additional participants from the same sample as study 1 (n=25 per 

condition; 28 females and 22 males; age range: 18-27 years; mean age 20.3 years). Six 

additional individuals were tested in the non-food condition, but excluded due to lack of 

desire for rewards.  

7.3.1.2 Non-food condition procedure 

As in study 1, subjects first rated and ranked five items upon arrival. We matched 

the value of these items to the same range as the monetary rewards (a notebook valued 

$1.09, a blank CD valued $0.32, an eraser valued $0.79, a pen valued $0.39, and a paperclip 

valued approximately $0.01). However, as previous research indicates that directly 

attaching monetary amounts to rewards can lead people to treat them as equivalent to 

money (Heyman and Ariely 2004), we did not explicitly inform subjects of the object values.  

We again varied the value of the safe option (low, medium, or high). However, 

following results from piloting, the different safe values here corresponded to 1, 2, or 3 

safe items. Across trials, subjects accumulated rewards in a small container provided to 

them; the ITI between trials began when the subjects finished transferring the rewards. 

At the end of the tasks, subject kept all rewards they received. As in study one, we 

allowed subjects to discard objects in a small trashcan if they did not wish to keep the 

rewards they received on that trial. As in study 1, subjects who discarded the good or 

safe options were excluded from the main analyses. 
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7.3.1.2 Money condition procedure 

 In the money condition, the risky option provided one dollar or one penny with 

equal probability. We varied the value of the safe option between 40 cents (4 dimes), 50 

cents (5 dimes), and 60 cents (6 dimes). For each trial the money was inserted in small 

black boxes with coin-slots so the number of coins or bills was clearly visible. Notably, 

the lowest safe value was only $0.40 (e.g., not actually intermediate between 1 dollar and 

1 cent). This set of lower safe values was thus conservative in that it likely biased 

subjects to choose the risky option more often relative to the other conditions. As in the 

non-food condition, subjects accumulated rewards in a small container provided to them 

and could keep all rewards they received. Subjects were informed beforehand that they 

could exchange their accumulated coins for bills at the end of the task.  

7.3.2 Results 

We first confirmed that subjects rated their three non-food outcomes 

differentially; as in the food condition, participants ranked their good risk outcome the 

best, followed by safe, and then the bad risk outcome. A repeated-measures ANOVA 

indicated a main effect of outcome category [F(2, 48)=50.35 p<0.001] and post-hoc tests 

indicated that all three categories significantly differed (Bonferroni corrections, p<0.005 

for all cases). Thus, our ranking procedure was successful in identifying non-food 

rewards for each individual that varied in their desirability. 

We next compared patterns of risky choice across the three conditions. Overall, 

humans chose the risky option on 69.3 ± 3.3% of trials in the non-food condition, and on 

53.0 ± 3.3% of in the money condition (see Figure 23). A repeated-measures ANOVA 

with condition (food, non-food, and money) as a between-subjects factor and safe value 

(low, medium, or high) as a within-subjects factor indicated a main effect of safe value 

[F(2, 144)=35.38, p<0.001], and post-hoc tests indicated risk preferences across all three 
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safe values differed [p<0.001 for all cases, Bonferroni corrections]. That is, humans 

choose the risky option the most when the safe alternative had low value, less when the 

safe option had medium value, and least when the safe option had high-value. There 

was also a main effect of condition [F(2, 72)=5.35, p<0.01]; post-hoc tests indicated that 

people in the money condition chose the risky option less often than in either the food or 

non-food conditions [Tukey test: <0.005 for significant comparisons]. As in study 1, we 

also confirmed that subjects in the three conditions did not differ in how often they 

received the good outcome. Results indicated that overall subjects received the good 

outcome on 52.8 ± 1.6% of trials, which was not significantly different from chance, with 

was no difference across conditions [f(2,72)=0.62, p>0.50, n.s.]. 

 

Figure 23: Human risk preferences across reward types (Chapter 7, study 2). 
Individuals completed the risk task making choices for food rewards, non-food 

prizes, or small amounts of money. Bars indicate mean proportion choice for the risk 
option across reward types. Error bars indicate SE. 
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These results indicate that humans were more risk prone for both food and non-

food rewards compared to money, supporting the money hypothesis. However, 

equating the safe value categories across reward types was difficult, and there were 

some minor differences between the money condition and the food and non-food 

conditions (for example, subjects in the money condition were not given the opportunity 

to throw away their money). In addition, there are two potential explanations for the 

differential performance of people in the money condition. On the one hand, the mere 

presence of money may serve as a prime to change people’s behavior, following 

previous work on the psychological effects of money (Vohs, et al. 2006). Alternatively, 

people may have been responding to their actual reward outcomes: even though values 

in the non-food and money conditions were roughly matched, money is a special type of 

reward in that it that it functions as a ‘tool’: it can be exchanged for many other types of 

rewards (Adcock, et al. 2006). In study 3 we therefore better equate the task parameters 

and explicitly compare these hypotheses. 

7.4 Study 3: The impact of money 
In study 3, we focused on why monetary rewards had a differential impact on 

human risk preferences. Here, all subjects experienced a series of decisions about money. 

However, half of the subjects had been told in advance that they could keep the money (keep 

condition), whereas the other half was informed that they would have to trade in the money 

for particular prizes (trade condition). Consequently, we were able to contrast two conditions 

with different reward type outcomes while keeping the task parameters identical. In 

addition, by explicitly tying each prize to a monetary amount we could better equate the 

subjective value of the money and objects for the subjects. Together, this allowed us to test 

the claims of the two hypotheses for the differential performance of humans in the money 

condition from study 2. The liquidity hypothesis focuses on the utility of money, in that is tool-
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like in its ability to be exchanged for other rewards (Adcock, et al. 2006). In particular, 

money facilitates flexible exchanges in a way that is fundamentally dissimilar from 

bartering, where the needs and the desires of different parties must coincide (Davies 2002). 

This hypothesis predicts that people will be more risk-prone in the trade condition 

because—even though they are playing the game for money—their ultimate reward 

outcomes are constrained. The money concept hypothesis, in contrast, predicts that participants 

in both conditions would exhibit similar patterns of risk preference because they have 

identical exposure to money in both situations. Importantly, we assigned an identical 

monetary value to prizes in both conditions, allowing us to further examine whether 

monetary rewards altered participant’s orientation towards cost-benefit analyses (Fiske 

1992; Heyman and Ariely 2004; Vohs, et al. 2008). That is, we were also able to directly 

compare whether individuals’ choices aligned with the expected value of the two options, 

where a focus on expected value should lead individuals to choose equally between the 

risky and the safe option. 

7.4.1 Methods 

7.4.1.1 Subjects 

We tested 50 participants from the same sample as the previous studies (n=25 

per condition; 28 females and 22 males; age range: 18-34 years; mean age - mean 

age=22.2 years). Five additional individuals were tested but excluded due to 

experimental error. 

7.4.1.2 Procedure  

Participants completed one session of the nonverbal risk task following the basic 

procedure used in studies 1 and 2. All subjects first rated the five objects used in study 2 

to determine their most-preferred, least-preferred, and intermediate-preferred items. 

They then played the risk game for monetary rewards. Here the risky option provided 
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one dollar or one penny with equal probability, and the safe option always provided 50 

cents. Subjects completed this task in one of two contexts: the trade condition or the keep 

condition. Subjects in the trade condition were told prior to beginning the risk task that 

they would have to exchange all accumulated money for the objects in a one-to-one 

trade: the dollar for their highest-preferred item, the penny for their lowest-preferred, 

and the 50 cents for their intermediate outcome. Subjects in the keep condition were also 

informed of the prize ‘exchange rate,’ but were told that they could keep as much or as 

little money as they wished (e.g., they could choose to keep it all or exchange any 

portion for prizes). All other aspects of the task were identical to those in the money 

condition from study 2. 

7.4.2 Results 

 We first confirmed that subjects rated their three non-food outcomes differentially 

and there were no difference in ratings across the two conditions. A repeated-measures 

ANOVA revealed a main effect of type, with the good risk outcome rated highest, 

followed by safe, then bad [F(2, 96)=118.20, p<0.001; pair-wise comparison p<0.001 for 

all combinations, Bonferroni correction], but no differences between the two conditions 

[F(1, 48)=0.03, p>0.86, n.s.]. Thus, there was no difference between the two conditions in 

how they rated their preference for the good, bad, and safe object prizes. 

We next examined performance in the risk task. Overall, humans chose the risky 

option on 51.0 ± 6.2% of trials in the keep condition, but in 70.5 ± 4.9% of trials in the trade 

condition (see Figure 24).  A repeated-measures ANOVA with condition as a between-

subjects factor and session half as a within-subjects factor revealed a main effect of condition 

[F(1,48)=6.27, p<0.05] but no effect of session half [F(2, 48)=0.19, p>0.06, n.s.] or any 

interactions. In addition, subjects did not differ from chance in how often they received the 

good reward [t(44)=1.22, p=0.23, n.s.], and subjects in the two conditions did not differ in 
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how often they received the good reward from the risky option [t(43)=-1.57, p>0.12, n.s.]. As 

such, differences in reward history cannot account for our results.  

 

Figure 24: Risk preferences for kept or traded monetary rewards (Chapter 7, 
study 3). Individuals completed the risk task making choices for monetary reward, 

which they could then either keep or trade in for prizes. Error bars indicate SE. 

Overall, these results indicate that participants were more likely to choose the risky 

monetary option when they knew they would have to trade the money for non-food prizes, 

compared to a situation where they knew they could keep the money. This supported the 

predictions of the liquidity hypothesis: mere exposure to money or acquisition of monetary 

rewards is not enough to make people risk-prone. Rather, the monetary rewards must be 

functional, in that they can be freely exchanged for other types of rewards without 

limitation. Furthermore, subjects’ choices aligned with the expected value of the two options 

in the keep condition, where they chose equally between the safe and risky option. In the 

trade condition, in contrast, subjects were significantly risk-prone, supporting the idea that 

people were more oriented towards cost-benefit decision-making when playing the risk 

game for monetary rewards they could retain. 
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7.5 Monetary risk questionnaire 
As described in the methods, all subjects across conditions completed a 

hypothetical risk questionnaire following the main experiential task (Holt and Laury 

2002). Subjects completed 10 questions involving a choice between a high-variance (risky) 

option and a low-variance (safe) option where the relative expected value (EV) of these 

options varied: in some cases the EV of the safe option was higher, whereas in others the 

EV of the risky option was higher. The relative EV was randomized across questions in 

terms of order (but all subjects completed these questions in the same order). A risk-

neutral decision-maker should therefore show a discrete switch from always choosing the 

safe option to always choosing the risky option at this inflection point.  

 

Figure 25: Risk aversion in the hypothetical risk task (Chapter 7, studies 1, 2, 
and 3). Subjects completed a hypothesis risk questionnaire in which the relative 

expected value (EV) of the safe and risky option varied. Here, the actual choices of 
subjects are plotted against the predictions of a risk-neutral decision-maker according 
to the relative EV of the two options. When the EV of risky option was higher, a risk-
neutral decision-maker should always choose the risky option, whereas they should 
also choose the safe option when that EV was higher. However, subjects frequently 

choose the safe option even when the risky option EV was higher. 
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An analysis of all 125 subjects indicated no differences across the five conditions 

(food, non-food, money, keep, and trade) in how often the subjects choose the risky 

option [univariate GLM: F(4,120)=0.869, p=0.85, n.s.]. However, subjects showed 

significant risk aversion: they did not choose the risky option even when it was 

significantly more valuable (see Figure 25). That is, subjects performed normally in this 

more standard risk questionnaire, suggesting that the patterns of choice we saw in the 

experiential tasks reflected the context of the decisions, not an unusual feature of our 

study population. 

7.6 Discussion  
These results support three main conclusions. First, the results from study 1 

indicate that humans are risk-prone when making decisions about food. Indeed, human 

risk preferences were similar to those of chimpanzees in a matched task, but contrast 

with the risk-aversion seen in bonobos. Previous studies have suggested that different 

patterns of risk preferences in chimpanzees and bonobos, as well as differences in their 

decision-making strategies more broadly, may be due to divergence in their wild 

feeding ecology.  In particular, chimpanzees may accept greater uncertainty in their 

foraging payoffs because they face longer search times while foraging (Wrangham 2000), 

deal with more seasonal variability (White 1998), and engage in more risk-prone hunting 

than bonobos (Gilby and Wrangham 2007). Notably, human hunter-gatherer groups also 

engage in risk-prone hunting (Hawkes 1991), and exhibit the largest day range of any 

ape species (Marlowe 2005).  

One possibility is therefore that humans risk preferences for food are shaped by 

some of the same ecological variables thought to be important in other animals. That is, 

humans may also be more willing to accept risk because they face large variability in 

payoffs when engaging in natural foraging behaviors. Indeed, some hypotheses about 



 

 172 

patterns of human foraging suggest that many human-typical behaviors such as 

exchange are strategies designed to mitigate the high-risk inherently linked to aspects of 

human-specific diets, such as dependence on hunting meat (Gurven, et al. 2000; Hill and 

Kaplan 1993; Kaplan and Hill 1985; Kaplan, et al. 1984; Kaplan, et al. 2000; Kaplan, et al. 

2012). An important caveat, however, concerns the importance of future studies 

examining food-based risk preferences across human groups. Unfortunately, there have 

been no studies using experiential tasks involving food rewards, so it is unclear how 

humans living in more traditional societies would respond to such problems. However, 

data examining cross-cultural differences in risky decision-making for money also 

suggest that different populations do treat risk differently (Weber and Hsee 1998). In 

particular, the only such data from traditional human societies suggests that they are 

more risk-prone relative to Western populations (Henrich and McElreath 2002).  

Second, the results from study 2 suggest that risk-prone decision-making is not 

limited only to contexts involving consumable rewards. Previous comparisons between 

monetary rewards and primary biological rewards have consistently found that humans 

choose differently about food and juice compared to money (Estle, et al. 2007; Hayden 

and Platt 2009; Odum, et al. 2006; Rosati, et al. 2007). One possible interpretation of this 

previous data is that patterns of choice for primary biological rewards are 

fundamentally different from choices about non-primary rewards. However, our 

comparison of food, non-food, and monetary rewards suggest that this is not the case, 

Rather, it is money that is treated differently in human risky choice: while humans were 

similarly risk-prone for both consumable food and non-consumable reward prizes, they 

were less so for money.  

Finally, the results from study 3 suggest one explanation for why money has a 

special status in human decision-making: its ability to be flexibly converted into other 
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types of rewards. In contrast to past studies looking at the psychological impact of 

monetary compensation (Heyman and Ariely 2004; Vohs, et al. 2006), we found that 

mere exposure to monetary rewards does not account for the decreased risk-proneness 

of participants. Rather, the critical factor was whether the money was ‘liquid’: 

participants were more risk-prone when they completed the risk task for monetary 

rewards that had to be exchanged for pre-specified prizes, but more risk-averse when 

they played for money they could keep. That is, money that was constrained in how it 

could be used to acquire other goods was treated differently from money that was 

flexible in its acquisition powers. 

Overall, our findings highlight a fundamental question concerning the origins of 

monetary exchange: what purpose did it serve? Our results suggest that a crucial aspect 

of money is its ability to stimulate flexible exchanges for other resources. Human small-

scale societies often involve exchanges of very diverse types of goods and labor, such 

exchanges of different types of food, or exchanges of food for labor such as time spent 

tending to children. While an advantage of direct exchanges, such as bartering, is that 

these exchanges involve concrete resources, these types of exchanges are also 

problematic because there is no common standard of value to account for different 

items, and the desires and needs of the parties involved must coincide for the trade to 

progress. As the types of resources that individuals seek to exchange increase, these 

types of trades become progressively more complex. Money can therefore facilitate 

exchanges not only because it allows very different types of resources to be accounted 

for in a common metric, but also because it allows flexibility in these exchanges in that 

the desires of the trading parties can be decoupled. Overall, then, this suggests that 

while human economic behaviors have evolutionary roots as far back as the last 
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common ancestor with nonhuman apes, humans may also have specialized 

psychological skills for dealing with novel types of abstract rewards such as money. 
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8. General discussion 

8.1 Summary of results 

8.1.1 Ecology and cognition in primates 

This dissertation reported several comparisons of several species that vary in 

ecological characteristics to assess how evolution shapes cognitive skills related to 

foraging. The goal of this aspect of the research was to illuminate the ultimate reasons 

for differences and similarities in patterns of cognitive skills across taxa. The results 

from these studies supported the claim that closely-related species may exhibit a 

“psychological signature” of their ecological niche, such that differences in cognitive 

skills vary with differences in wild feeding ecology. In terms of spatial memory, I 

examined whether differences in dependence on patchy resources such as fruit 

predicted memory accuracy. The results from apes indicate that chimpanzees exhibited 

more accurate and earlier-developing spatial memory skills than bonobos, who are 

thought to depend more on terrestrial herbaceous vegetation (Chapter 2). In addition, 

across four species of lemurs who vary in diet composition, the highly-frugivorous 

ruffed lemurs showed the best retention of spatial information after a long delay, the 

most accurate memory for multiple locations, and used a predominantly spatial (rather 

than habit-based) learning mechanism to encode the location of food. Ruffed lemurs 

generally outperformed mongoose lemurs and ringtailed lemurs, who both show more 

mixed diets, and tended to show the greatest contrast with the folivorous sifakas 

(Chapter 3).  

The results from the studies of ape decision-making further provide support for 

the idea of cognitive differences between these species. For example, chimpanzees 

exhibited a greater willingness to pay decision-making costs to acquire resources, both 
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in terms of temporal delays and variability in payoffs (Chapters 4 and 5). However, 

results also suggested that while these species exhibit a suite of cognitive differences, 

these difference are somewhat targeted. That is, chimpanzees and bonobos do not 

generally differ across all cognitive domains (e.g., see Herrmann et al. 2010 for a 

comparison of chimpanzees and bonobos showing that they exhibit very similar skills 

across a wide range of social and nonsocial tasks). In terms of decision-making, these 

species show selective differences in only some domains that are potentially related to 

ecological differences such as time and risk, but not in other contexts where there is not 

strong prediction based on these species’ respective ecologies, such as preferences for 

ambiguity (Chapter 6).  

8.1.2 Pan and human cognition 

The research reported in this dissertation suggests that human and nonhuman 

apes exhibit similar responses to foraging-related problems in several contexts. For 

example, both chimpanzees and bonobos exhibit emotional responses to decision 

outcomes (Chapter 4), exhibit more risk-prone patterns of choice in competitive social 

contexts (Chapter 5), and exhibit ambiguity aversion like humans (Chapter 6). In other 

contexts, however, chimpanzees and bonobos differ in whether they express a more 

human-like pattern. In terms of spatial cognitive development, for example, 

chimpanzees showed age-related improvements in memory, whereas bonobos did not 

(Chapter 2). In terms of decision-making, chimpanzees are both more risk-prone and 

more patient than bonobos (Chapters 4 and 5).  Finally, some data indicates that humans 

may have specialized cognitive skills that operate in some contexts: while humans and 

apes look more similar when making decisions about biologically-relevant rewards like 

food, they show a different pattern of choice when making decisions about money 

(Chapter 7).  
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Overall, the results from the comparisons of decision-making in humans and 

apes indicate that human economic behaviors have evolutionary roots as far back as the 

last common ancestor with nonhuman apes. However, the differences in chimpanzee 

and bonobo memory and preferences suggest that these species can also provide 

contrasting models of the behavioral and cognitive profile of the last common ancestor 

of our lineage with nonhuman apes. Although theoretical claims about behavioral and 

cognitive evolution in humans tend to use chimpanzees alone as a model for the last 

common ancestor (Wrangham and Pilbeam 2001), the current results therefore suggest 

that the last common ancestor may have had a mosaic of chimpanzee-like and bonobo-

like traits, at least in terms of foraging-related skills. Finally, these results also suggest 

that humans may also have specialized psychological skills for dealing with novel types 

of abstract rewards like money, an idea examined further in section 8.3. 

8.2 Defining adaptations in the mind and brain 
In this dissertation, I have treated certain patterns of behavior as reflecting 

cognitive “traits” that can vary across individuals or across species. In particular, I have 

argued that variance in the species-typical expression of cognitive traits may constitute 

cognitive adaptations—such that a tendency for a given species to have more accurate 

spatial memory, or value outcomes in a certain way, reflects a good fit between a 

species’ behavioral patterns and that species’ normal environmental context. However, 

the definition of both “traits” and “adaptations” is a topic of great debate in biology, and 

one that certainly has not been resolved with respective to cognitive abilities. In the 

following sections I therefore suggest some organizing principles for applying these 

theoretical concepts to cognition. 

8.2.1 What constitutes a ‘trait’? 

A major challenge for the study of adaption concerns defining what should 
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constitute a phenotypic trait. In particular, organisms vary on many dimensions, and 

selection can operate on multiple potential traits simultaneously (Lande 1979; Lande and 

Arnold 1983). Consequently, while it can be easy to measure characters, it can be 

difficult to decide whether characters in fact reflect distinct traits. For example, some 

seemingly discrete characters may in fact be components of a functionally integrated 

whole, showing strong correlation because they are co-adapted to address a particular 

ecological problem together (Olson and Miller 1958). Conversely, some characters may 

in fact reflect combinations of multiple traits. For example, an individual’s complete 

pattern of coloration might be considered one trait, or particular components of the 

pattern may be considered separate, distinguishable traits (Endler and Houde 1995) 

This problem is further compounded in the study of cognition, as there is 

disagreement not only in how to identify the underlying trait, but also concerning the 

best way to measure traits in the first place (MacLean, et al. 2012). One potential solution 

to this problem has been to test individuals on multiple cognitive tasks that are all 

thought to recruit into the same underlying cognitive construct (Herrmann, et al. 2007; 

Herrmann, et al. 2010a). Ideally this type of approach could directly assess whether 

performance on this set of tasks co-varies (e.g., Herrmann, et al. 2010b). However, this 

approach can also potentially lump disparate tasks without careful validation. For 

example, some studies focusing on inhibitory control include both the types of tasks that 

assess temporal tradeoffs explored here, as well as tasks that tap into motoric inhibitory 

processes such as making a pre-potent reaching movement (Amici, et al. 2008). Yet while 

psychologists may conceptualize these diverse skills as all sharing a common feature of 

involving “self-control,” it is not clear that performance in all these tasks actually 

constitute a unified trait as such. 

I therefore suggest that cognitive traits should be considered functional systems, 
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which involve a particular type of behavioral output to solve a problem. Consequently, 

if different behaviors are thought to be manifestations of the same underlying cognitive 

trait, then those behaviors should exhibit covariation at both the individual and species 

level. For example, in a previous study by Herrmann and colleagues (2010b) using the 

cognitive battery approach described previously, a large sample of chimpanzees and 

human children completed a set of multiple cognitive tasks. These tasks were designed 

to tap into multiple cognitive skills, including spatial cognition, numerical cognition, 

understanding of physical causality, and spatial cognition. Theoretically, all of these 

different skills could be considered distinct cognitive traits that support different types 

of behavior. However, an analysis of chimpanzee performance indicated that a two-

factor model accounted best for the patterns of variation across individuals: a spatial 

factor, and a factor encompassing all the remaining social and physical tasks. That is, 

this data suggest that two cognitive traits—a ‘spatial’ cognition trait and a general 

problem-solving trait—can account for the patterns of performance seen in 

chimpanzees. In contrast, a three-factor model accounted for the human variation: a 

spatial factor, a social factor, and a physical factor. That is, analysis of individual 

variation in humans and chimpanzees suggest that these species were likely using 

different cognitive constructs to solve the same set of tasks. Similarly, patterns of 

covariation across species can reveal whether different measures reflect the same 

underlying skill. For example, in the work by Amici and colleagues (2008) examining 

inhibitory control, chimpanzees showed much higher levels of patience than 

orangutans, whereas orangutans consistently outperformed chimpanzees in a set of 

tasks where they had to inhibit prepotent motor responses (for example, by not reaching 

directly towards visible food, but rather making a planned action in another direction to 

access the food). This suggests that although both temporal decisions and decisions 
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about motor actions have been conceptualized under the rubric of “self control”, these 

abilities may in fact reflect different underlying skills that can vary independently across 

species.  

Is there evidence that the cognitive skills explored in the current set of studies 

actually meet the criteria of constituting a functional system that co-varies across 

individuals and species? Some evidence suggests that this may be the case, at least in 

terms of variation across species. The best evidence comes from spatial memory, where 

there is robust evidence that some bird species consistently outperform others across 

tasks (Balda and Kamil 1989; Bednekoff, et al. 1997; Clayton and Krebs 1994; Kamil, et al. 

1994; Krebs, et al. 1990; Pravosudov and Clayton 2002; Shettleworth, et al. 1990), as 

described previously. The results from Chapters 2 and 3 extended this neuroecological 

framework to apes and lemurs, showing that chimpanzees consistently outperformed 

bonobos in at least two spatial memory paradigms, and ruffed lemurs outperformed 

other less-frugivorous species across three contexts. In terms of decision-making, there is 

also some evidence that some types of preferences can plausibly be considered traits. For 

example, overwhelming evidence indicates that apes show greater patience or delay 

tolerance than various species of monkeys (Addessi, et al. 2011; Amici, et al. 2008; Beran 

2002; Beran 2006; Beran, et al. 1999; Dufour, et al. 2007; Evans and Beran 2007; Ramseyer, 

et al. 2006; Rosati, et al. 2007; Rosati, et al. 2006; Stevens, et al. 2005a; Stevens, et al. 2011; 

Tobin, et al. 1996). This result is consistent across study populations, and is true both for 

paradigms involving inter-temporal choices involving discrete choices between different 

reward timings (as in Chapter 4), as well as delay of gratification paradigms where 

individuals must continually maintain their choice over the delay period. Similarly two 

studies involving different ape populations and methodologies indicate that 

chimpanzees are more patient than are bonobos (see Chapter 4 for a comparison of 



 

 181 

sanctuary-living apes in a delay choice task; and see Rosati, et al. 2007 for a comparison 

of zoo-living apes in a delay titration task). In terms of risk, few studies have compared 

multiple species’ performance across different tasks. However, chimpanzees do 

consistently exhibit more risk-prone strategies than bonobos across two distinct 

populations (sanctuary- and zoo-living) and at least three distinct risk paradigms (see 

Chapter 4 and Chapter 5 for comparisons of sanctuary-living apes; see Haun, et al. 2011; 

and Heilbronner, et al. 2008 for comparisons of zoo-living apes in two different risk 

tasks). 

However, there are major holes in terms of identifying these cognitive skills as 

plausible traits, which future research could address. In particular, there is no evidence 

that different measures of spatial memory, temporal discounting, or risk preferences 

covary across individuals within apes. That is, to date there have been no studies using 

the cognitive battery approach to examine individual variation in spatial memory or 

decision-making in a large sample of individual chimpanzees or bonobos. Such a study 

is critical to assess whether different measures of these cognitive skills actually reflect 

the same underlying trait. Second, it is currently unclear whether these seemingly 

different cognitive skills actually reflect different underlying traits, or whether there is 

actually overlap between different types of decision-making. For example, some 

evolutionary views on decision-making suggest that responses to delays and responses 

to uncertainty may be fundamentally linked, as future rewards are inherently uncertain, 

as discussed in more detail in Chapter 1 (Houston 1982; Kacelnik 2003; McNamara and 

Houston 1987). This would suggest that, from an evolutionary perspective, risk 

preferences and temporal preferences might both reflect an underlying construct of 

‘valuation.’ As such, studies of variation both within and between species are critical to 

address this issue. 
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8.2.2 Integrating neurobiology 

Although I have suggested that cognitive traits are a different sort of trait than 

morphological characters, in an important sense this is not true. In particular, cognitive 

skills are dependent on neurobiological substrates. Thus, cognitive traits might in fact be 

best considered in terms of systems in the brain that support particular computations 

and result in particular behavioral outputs. Consequently, in order to identify cognitive 

adaptations, it is important to consider how both cognition and morphological 

characters in the brain vary across species (e.g., Striedter 2005). While some views 

suggest that evolutionary changes in the brain stem largely from developmental 

constraints that compel regions in the brain to scale allometrically when changing in size 

(Finlay and Darlington 1995; Finlay, et al. 2001), recent evidence indicates that the brain 

does exhibit mosaic evolution, such that functional systems in the brain can undergo 

evolutionary change independent of other parts. For example, while there are important 

scaling relationships that influence the relative size of different regions, these 

relationships can differ across taxa (Barton and Harvey 2000). That is, different 

taxonomic groups show different patterns of correlated evolution across specific regions, 

rather than a strict adherence to generalizing scaling principles.  Consequently, 

examining the patterns of mosaic evolution can help identify functional units in the 

brain. This framework has been successfully used to identify coherent functional 

systems. For example, some researchers have claimed that the amygdala does not exist 

as either a structural or functional unit (Swanson and Petrovich 1998). Rather, it is a 

collection of nuclei and regions that are heterogeneous in both their structure and 

functional categories, including olfaction, autonomic control, and frontotemporal 

cortical systems. Barton and colleagues then examine correlated evolution to test this 

claim. They found that changes in the volume of specific amygdala sub-regions evolve 
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together in such a way that cannot simply be attributed to changes in other brain 

systems, indicating that these distinct nuclei do represent functional units (Barton, et al. 

2003; Barton and Harvey 2000). Similar evidence comes from coevolution in area VI of 

occipital cortex and the lateral geniculate nucleus (LGN) of the thalamus, indicating 

these regions function as a unit supporting vision (Stephens and Stevens 2001). 

Consequently, integrating psychological and cognitive data makes it possible to 

test the unity of cognitive traits by examining covariation in cognition (function) and 

neurobiological substrates (structure). Birds once again present the best example of this 

approach, proving two excellent model systems relating neuroanatomical differences to 

cognitive abilities. First, variation in hippocampal complex size (relative to brain and 

body size) of various species and subspecies of passerine birds is related to performance 

in spatial memory tasks, as well as natural food-storing behaviors in the wild. Namely, 

populations that store food have larger hippocampal volumes than those that do not 

(Garamszegi and Eens 2004; Hampton, et al. 1995; Healy and Krebs 1992; Krebs, et al. 

1989; Lucas, et al. 2004). This suggests that pressures selecting for more sophisticated 

memory capacities needed for recalling thousands of food cache sites resulted in an 

enlarged hippocampal complex in those species. Similarly, species of warblers that have 

large song repertoires also show enlarged higher vocal centers (HVC), a major song 

control region (Szekely, et al. 1996). In both these cases, there is therefore converging 

evidence from cognition, brain structure, and natural history that differences in a 

particular cognitive skills and its physical substantiation in the brain support 

evolutionarily-relevant behaviors.  

This type of neurobiological evidence is critical for mapping the relationships 

between structure and function, including for the types of cognitive abilities explored in 

the current dissertation. For example, based on the extensive evidence relating 
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hippocampal size to memory abilities cross bird species, one major prediction is that 

chimpanzees should have larger hippocampal volumes than bonobos, and ruffed lemurs 

should have larger hippocampal volumes than other lemurs. Some evidence does 

indicate this is true in the case of chimpanzees and bonobos (Hopkins, et al. 2009), 

although to date there have been no comparisons of hippocampal size in strepsirrhines. 

Similarly, examination of brain region size and structure in apes indicates that there are 

important differences in the size, lateralization, and connectivity of brain regions 

supporting value-based decision making—including the striatum (Hopkins, et al. 2009), 

the insula and anterior cinculate cortex (ACC; Rilling, et al. 2011), and orbitofrontal 

cortex (OFC; Semendeferi, et al. 1998). However it is important to point out that it is 

difficult to make clear predictions about the directionality of size differences in these 

regions. For example, it is not clear how having a larger striatal region should impact 

preferences. In addition, some of these regions likely are components of a shared 

network of brain regions that are important for representing value across many different 

types of decisions (as discussed in Chapter 1). Thus, although I have examined 

“temporal preferences” and “risk preferences” as separate traits, neurobiological 

evidence might contradict that view. That is, it is possible that decision-making skills are 

best characterized as constituting a shared ‘valuation’ trait (that influences many types 

of choice behaviors) and additional cognitive traits specific only to temporal preferences 

or only risk preferences. Such a formulation also aligns with evolutionary views on these 

types of decisions as discussed previously. 

8.2.3 Criteria for cognitive adaptations 

Biologists generally agree that adaptations (including behavioral adaptations) are 

traits that result from evolution by natural selection, and function to solve some problem 

in the organism’s environment (Dunbar 1982; Endler 1986). However, there is 
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disagreement about how to formally define and identify adaptations. In particular, some 

researchers advocate a definition that incorporates historical information about a trait—

evidence that it evolved by natural selection (as opposed to some other evolutionary 

mechanism) to perform a function with current utility (Gould and Lewontin 1979; Gould 

and Vrba 1982), ideally incorporating evidence that the trait is heritable and impacts 

fitness. Other definitions are less strict in that they identify traits with current utility, 

without necessarily requiring evidence that these traits evolved via natural selection. 

These criteria tend to rely more on comparative methods that relate a given trait to a 

particular function, ideally with a viable ecological explanation of this relationship.  

These types of ahistorical criteria are especially useful for studies in which validating the 

genetic structure and evolutionary mechanisms supporting the emergence of the trait is 

not possible, such as is the case for studies of extinct species (Kay 1984; Kay and Cartmill 

1977; Ross, et al. 2002). 

The current dissertation has also implicitly used this more ahistorical definition, 

focusing on relating variation in a given cognitive trait to some adaptive role it plays in 

the natural environment. However, it is increasingly possible to apply criteria involving 

evidence for heritability and fitness effects to behavioral (and perhaps cognitive) traits. 

For example, artificial selections experiments indicate that it is possible to select for 

specific cognitive or behavioral patterns in animals, indicating heritability of these such 

traits including novelty-seeking (Fidler, et al. 2007) as well as social-cognitive skills 

(Hare, et al. 2005). Behavioral genetics studies in humans have also revealed genetic 

contributions to the particular cognitive traits focused on in the current dissertation, 

including risky decision-making (Carpenter, et al. 2011; Chew, et al. 2012; Crisan, et al. 

2009; Dreber, et al. 2009; Frydman, et al. 2011; He, et al. 2010; Kuhnen and Chiao 2009; 

Mata, et al. 2012; Roussos, et al. 2009; Zhong, et al. 2009), temporal impulsivity 
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(Boettiger, et al. 2007; Carpenter, et al. 2011; Eisenberg, et al. 2007), and spatial memory 

(Bueller, et al. 2006; Callicott, et al. 2005; Egan, et al. 2003; Hariri, et al. 2003). Moreover, 

there is increasing evidence that particular behavioral patterns can influence fitness in 

both primates and other mammals. While thus far such studies have focused primarily 

on social behaviors such as grooming or coalition formation (Frere, et al. 2010; Kuli, et al. 

2012; Silk 2007; Silk, et al. 2003; Silk, et al. 2010), these types of analyses could also be 

fruitfully applied to the types of foraging behaviors that are the focus of the current 

work.  For example, to the extent that hunting represents a risky feeding strategy (Gilby 

and Wrangham 2007), one prediction is that differences in willingness to engage in such 

behaviors will predict variation in fitness in wild chimpanzee populations. Similarly, 

variation in patterns of foraging thought to relate to spatial memory skills (Janson and 

Byrne 2007; Normand and Boesch 2009) could also be related to fitness.  

In an ideal world, strong claims that a given cognitive ability represents an 

adaptation should therefore meet certain criteria. First, as discussed previously, there 

should be evidence for unity in the cognitive construct: within- and between-species 

variation should support the claim that a set of skills actually reflects a common 

underlying cognitive trait. Given that cognitive traits are substantiated in the brain, 

neurobiological evidence can also test such claims: if different behaviors are 

characterized as involving the same cognitive trait, but actually recruit divergent brain 

regions, this suggests that they do not in fact represent a functional system. Second, 

there should be a viable ecological explanation of why selection occurred on the trait, 

relating the cognitive skill to its behavioral function (the criteria explored most in depth 

in the current set of studies). Third, there should be evidence for heritability in the 

cognitive domain. And finally, there should be evidence that this trait does affect fitness 

in natural contexts. This could involve either direct measurements of both behavioral 
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variation and components of fitness (like longevity or reproduction) in natural breeding 

populations. Alternatively, if strong genetic markers of cognitive variation can be 

identified in captive populations (which can undergo more extensive cognitive testing), 

then these biomarkers could potentially be related to fitness in wild populations. While 

these criteria are currently a high bar to set for studies of cognition, research that 

incorporates these criteria are becoming increasingly possible. 

8.3 Conclusions: the evolutionary origins of human cognition 
In this dissertation, I have argued that linking comparative studies examining 

cognitive skills with information on species’ natural behavior can begin to address why 

differences in cognitive traits may arise from an evolutionary perspective. That is, such 

comparative studies of cognition will allow researchers to integrate hypotheses about 

the mechanisms supporting cognition with hypotheses about the functional importance 

of those cognitive skills in natural behavior. In terms of the current findings involving 

comparisons of memory and decision-making in primates, my findings suggest that 

closely related species (such chimpanzees and bonobos, or different species of lemurs) 

might vary in cognitive skills in relationship to feeding ecology. This suggests that 

comparative studies of non-human apes can therefore provide critical insights into the 

potential functions of any uniquely-human skills. For example, human feeding ecology 

differs from that of other great apes in several important ways: human hunter-gatherers 

have larger home ranges than other apes, and exhibit a unique pattern of central place 

foraging where individuals return to a centralized location with food (Hill, et al. 2009; 

Marlowe 2005). Consequently, humans are more reliant on distant food sources than are 

other apes, which poses new problems for humans concerning locating food and 

navigating between resources. These observations suggest that humans may also exhibit 

targeted developmental differences in evolutionarily relevant skills. For example, over 
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development, children form increasing flexible representation of space integrating 

multiple cues (Hermer-Vazquez, et al. 2001; Hermer-Vazquez, et al. 1999; Newcombe 

and Huttenlocher 2006). Comparative studies can thus help illuminate the function of 

these types of sophisticated spatial cognitive abilities. 

Similar inferences may be possible for human decision-making traits as well. For 

example, the current set of results suggests that humans are actually quite risk-prone for 

food (see Chapter 7), much like chimpanzees, and in contrast to bonobos.  I have argued 

that the differences in risk preferences seen in chimpanzees and bonobos may be 

accounted by the relative variability these species experience in the natural 

environments, with chimpanzees experiencing more variability in payoffs when 

foraging than bonobos (both in terms of seasonal variability and hunting). A similar 

account might be applicable to humans as well, as several aspects of human hunter-

gatherer behaviors have been hypothesized as mechanisms for risk reduction. In 

particular, strategies such as hunting have variable payoffs: most hunter gather groups 

are successful at most only half the time, or at even lower rates (Hawkes, et al. 2001; Hill 

and Hawkes 1983). That is foragers face a food supply that is superabundant on some 

days, but absent on others. Thus, one way for humans to reduce the variability in their 

resources is to share food with group-mates (Hill and Kaplan 1993; Kaplan, et al. 2012). 

This suggests two things. First, human’s willingness to accept risk may be shaped by 

ecology variables, much like in apes. Second, a more thorough understanding of human 

behavioral ecology may reveal that the function of human risk preferences is actually 

closely linked with human social decision-making strategies like reciprocity. That is, 

sharing or other cooperative behaviors that are thought to depend on some type of 

reciprocal exchange can be construed as ‘risky’ in the sense that social partners may not 

repay those favors.  
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Though we might share similar patterns of decision-making with apes during 

some kinds of choices, we appear to have evolved some cognitive skills that support 

different types of behavior in other contexts. In particular, humans show increased risk-

aversion (Chapter 7; see also Hayden and Platt 2009) and increased patience (Estle, et al. 

2007; Odum, et al. 2006; Rosati, et al. 2007) when making decisions about money. Why 

this difference emerged is not entirely clear. However, given the importance of reward 

type in shaping human decision-strategies, it is possible that humans possess derived 

cognitive abilities to represent abstract rewards like money, whereas the cognitive 

systems that represent biological rewards like food are more shared with other apes 

(although there is likely overlap in the representation of both types of rewards).  

Importantly, monetary rewards have many properties that distinguish them from 

biologically central rewards like food. First, money has value that is storable in the long 

term, whereas food is not (at least for primates, who do no hoard food). Thus, the 

cognitive capacities that humans use to think about money may utilize a longer time 

horizon—or a greater dependency on future planning abilities—then the cognitive 

capacities used for food. Second, money and other abstract rewards can take on 

extremely large values, and reward magnitude can clearly change at least some aspects 

of human behavior (Holt and Laury 2002; Kirby 1996; Reynolds and Schiffbauer 2004). 

However, animals face foraging problems involving concrete rewards that are 

necessarily much smaller—indeed, it is unclear whether any rewards of relevance to 

nonhumans could take on such large values in the sense that stores of value like money 

can. Furthermore, some level of temporal impulsivity might be evolutionarily favored in 

foraging contexts so that it could be ensured that organisms maximize their rate of gain 

(Stephens, et al. 2004). Rate might not be relevant for decisions about money, however, 

where total gains might be more important—especially if the opportunity costs 
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associated with waiting for money are typically low relative to the costs incurred when 

actively foraging for food. Finally, unlike biological rewards like food, money can be 

flexibly converted into other rewards. This suggests that money represents a very new 

type of currency in that it can stimulate flexible exchanges for other resources, allowing 

different types of costs and benefits to be accounted for in a common metric. Thus one 

important future direction might be to examine what nonhumans really understand 

about abstract currencies that possess some of these qualities. For example, many 

nonhuman individuals (including capuchins and apes) have been trained to use tokens 

in an artificial economy (e.g., Brosnan and de Waal 2003; Chen, et al. 2006; 

Lakshminarayanan, et al. 2011; Sousa and Matsuzawa 2001). One possibility is that these 

animals also treat tokens as a flexible store of value with tool-like properties (Lea and 

Webley 2006)—and perhaps even show human-like priming effects when exposed to 

tokens (Vohs, et al. 2006; Vohs, et al. 2008). Indeed, some evidence suggest animals solve 

problems concerning food rewards differently from problems involve abstract rewards 

(Boysen and Berntson 1995; Boysen and Capaldi 1993; Boysen, et al. 1999). However, it is 

also possible that animals have a very different understanding of tokens compared to 

how humans use and understand money. For example, other evidence suggests that the 

effects of abstract rewards on animal problem-solving may be limited to only very 

specific contexts (Evans, et al. 2012), and therefore can not be generalized to the types of 

currency effects seen in humans. More broadly, while tokens have become an 

increasingly common methodological aspect of animals studies as a tool to examine a 

wide range of phenomena, surprisingly little is known about how animals actually 

understand the tokens that are being used. 

This dissertation aimed to apply evolutionary approaches to the study of human 

cognition, as well as understand variation in cognitive abilities across species more 
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broadly. Recent comparative research has increasingly focused on the patterns of 

similarities and differences between humans and other species, with new hypotheses 

concerning the importance of cognitive skills ranging from social cognition 

(Tomasello 1999; Tomasello, et al. 2005), planning and foresight (Suddendorf and 

Corballis 2007a; Suddendorf and Corballis 2007b), and abstract thought (Penn, et al. 

2008) being proposed and actively tested. But one of the most powerful aspects of the 

comparative method is that it can identify not only if traits differ across species (the 

phylogenetic distribution of traits), but also allow new inferences about why these 

traits might differ (ultimate function of traits). That is, by examining the 

circumstances promoting the emergence of particular types of traits across species, it 

is possible to formulate hypotheses not only about what might be some critical 

cognitive differences between humans and other animals, but also why humans 

might possess these skills. This is a difficult task to the extent that a particular 

cognitive trait is truly unique to humans—as no other species have developed 

money-like currencies, it is not possible to analogize patterns across taxa to humans. 

However, cognitive studies can also help parse the constituent parts of human-

unique behaviors, such as different processes that influence decisions about money, 

which can then be analyzed in this comparative fashion. Thus, by linking 

psychological and biological approaches to cognition, it will be possible to gain new 

insights into the evolutionary history of the human lineage. 
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Appendix A 

This appendix reports subject characteristics for the chimpanzees and bonobos 

who participated in the memory studies reported in Chapter 2. Each individual 

competed these studies within a 6-week timeframe; estimated ages (based on the age 

estimate methods reported in Chapter 2) were used to estimate their age. 

Table 8: Subject characteristics and participation in ape memory studies 
(Chapter 2). Species: C = chimpanzee, B = bonobo. Sex: M= male, F = female. Studies 
refer to: foraging task (1), reduced memory demands (2), and memory choice task (3). 

Subject Species Sex Age Study Participation 
Anagui C F 8 1 
Baielle C M 4 1, 2 
Bayokele C F 9 3 
Betou C M 3 1 
Binda C F 8 3 
Blake C M 8 3 
Chimpie C M 12 3 
Dzeke C M 8 1 
Fanitouek C F 11 3 
Golfi C F 8 1 
Isabelle C F 5 1 
Kaoka C M 4 1, 2 
Kimba C M 2 1, 2 
Kimenga C M 7 1 
Kola C M 13 3 
Kouilou C M 3 1, 2 
Koukele C F 11 1 
Koyamba C M 7 1 
Kudia C F 5 1 
Kuisa C F 5 1 
Kuzanza C M 7 1 
Lemba C F 2 1, 2 
Likabou C F 9 1 
Loufoua C M 9 1 
Louise C F 6 1 
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Luc C M 7 1 
Lufumbu C M 8 1 
Lusingou C M 5 1, 2 
M'Bifini C F 10 1 
M'Vouti C F 8 1 
Mambou C M 2 1, 2 
Manisa C F 4 1, 2 
Manzi C M 7 1 
Marcelle C F 8 1 
Moundele C M 3 1, 2 
N'Gao C M 8 1 
N'Goro C F 5 1 
Nzanbi C F 8 1 
Pema C F 8 1 
Podive C M 5 1 
Pongou C F 4 1 
Shanga C M 4 1, 2 
Silaho C F 12 3 
Sobele C M 12 3 
Tabonga C M 11 3 
Tambikiissa C F 6 1 
Tavich C M 11 3 
Tchvigina C F 6 1 
Tchimaka C M 11 3 
Tiki C M 8 3 
Timi C M 12 3 
Ulengue C M 6 1 
Vitika C F 10 3 
Wounda C F 8 1 
Zanaga C F 10 1 
Zimbana C F 5 1 
Api B M 10 1, 2 
Bili B M 9 2, 3 
Boende B M 9 2, 3 
Eleke B M 5 2 
Dilolo B M 9 1, 3 
Fizi B M 10 3 
Ilebo B M 8 2, 3 
Kalina B F 12 3 
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Kananga B F 2 1, 2 
Kasongo B M 8 1, 2, 3 
Katako B F 6 1, 2 
Kikongo B M 9 1, 2, 3 
Kikwit B M 12 3 
Kipolo B M 5 1, 2 
Kisantu B F 11 3 
Kodoro B M 3 1, 2 
Likasi B F 9 1, 2  
Lisala B F 9 3 
Lomako B M 3 1, 2 
Lomami B M 11 2 
Lukuru B F 4 1, 2 
Luozi B M 7 1, 2 
Mbandaka B M 8 2 
Mabali B M 7 1, 2, 3 
Maniema B M 8 1, 3 
Masisi B F 4 1, 2 
Moyi B M 3 2 
Muanda B F 6 1, 2 
Nioki B F 11 1, 2, 3 
Sake B F 5 2 
Sandoa B F 3 1, 2 
Sankuru B F 8 2 
Shibombo B M 3 1, 2 
Tchilenge B F 7 1, 2 
Tembo B M 12 1 
Waka B F 4 1, 2 
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Appendix B 

This appendix reports subject details for the lemurs that participated in the 

memory studies reported in Chapter 3. As these studies were conducted over a two year 

period, the date of birth (DOB) or estimated DOB is reported. Subjects were tested in Study 

1 between June 2010 and July 2011, in study 2 between February 2010 and June 2011, and in 

study 3 between November 2010 and December 2011. Subjects that completed both study 1 and 

study 2 had a minimum break of 1 month between the studies (with most individuals having a 

break of several months), due to the similar nature of the apparatus to that in the previous study. 

In addition, they were tested with the new apparatus in a different room and/or spatial 

arrangement in the testing room if possible. 

Table 9: Subject characteristics and participation in lemur memory studies 
(Chapter 3). Species: Em = mongoose, Lc = ringtailed, Pc =  sifakas, and Vv = ruffed 

(with a star* to indicate are black and white ruffed lemurs). Sex: M= male, F = female. 
DOB = date of birth, which is estimated for wild-caught individuals. Studies refer to: 

one week delay task (1), memory mechanisms (2), and multiple locations task (3). 

Lemur Species Sex DOB Study Participation 
Mongoose lemurs  
Carolina Em F 04/03/10 1, 2, 3 
Concepcion Em F 10/15/84 1, 2, 3 
Felipe Em M 04/22/96 1, 2, 3 
Flor Em F 05/20/86 1, 2, 3 
Guadalupe Em F 05/26/95 1, 2, 3 
Julio Em M 03/19/90 1, 2, 3 
Maddie Em F 06/02/06 1, 2, 3 
Moheli Em F 05/13/87 1, 2, 3 
Paco Em M 06/26/97 1, 2, 3 
Pedro Em M 06/17/90 1, 2, 3 
Sancho Em M Est. 1982 1, 2, 3 
Alastor Lc M 07/08/09 1, 2 
Aracus Lc M 05/23/91 1, 2, 3 
Berisades Lc M 03/28/04 1, 2, 3 
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Chloris Lc F 04/17/88 1, 2 
Fanta Lc F 03/23/07 3 
Fresca Lc F 03/23/07 3 
Ginger Lc F 04/08/06 3 
Ivy Lc M 05/04/04 1, 2, 3 
Johan Lc M 05/03/10 1, 2 
Licinius Lc M 03/17/93 1, 2, 3 
Liesl Lc F 07/15/08 3 
Lilah Lc F 03/28/05 1, 2 
Persephone Lc F 04/25/05 3 
Randy Lc M 03/12/06 3 
Schroeder Lc F 03/22/92 3 
Shasta Lc F 05/01/08 3 
Teres Lc M 03/23/95 2 
Tugger Lc M 05/16/83 1, 2 
Sifakas  
Antonia Pc F 02/22/98 2 
Brutus Pc M 02/28/01 1, 2 
Conrad Pc M 12/31/08 1, 2, 3 
Drusilla Pc F 04/06/93 3 
Gaius Pc M 01/03/08 1, 2, 3 
Irene Pc F 01/27/07 1, 2, 3 
Julian Pc M 03/04/93 1, 2, 3 
Lucius Pc M 01/07/05 1, 2, 3 
Marcus Pc M 02/16/04 1, 
Martin Pc M 01/25/08 1, 3 
Matilda Pc F 12/21/07 1, 2, 3 
Pia Pc F 02/15/99 2 
Pompeia Pc F 02/04/09 1, 3 
Rhodelinda Pc F 08/06/07 1 
Romulus Pc M 02/03/10 3 
Rupert Pc M 12/15/09 2 
Rupi Pc F 02/16/99 1, 2, 3 
Tiberius Pc M 01/20/88 2, 3 
Wilhemina Pc F 12/25/09 2 
Alphard Vv M 04/22/89 1, 2 
Amor Vv* M 04/15/81 1, 2 
Aries Vv M 07/02/07 2, 3 
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Avior Vv M 05/24/08 1, 2 
Carina Vv F 05/11/04 1, 2 
Eros Vv* M 05/22/09 1, 2, 3 
Esther Vv F 04/29/09 1, 2, 3 
Hunter Vv M 05/17/96 1, 2, 3 
Hydra Vv F 05/24/08 1, 2, 3 
Kizzy Vv* F 04/17/05 2, 3 
Krok Vv M 05/22/09 1, 2, 3 
Lyra Vv F 05/24/08 2, 3 
Magellan Vv* M 05/24/10 3 
Orion Jr Vv M 04/29/09 1, 2, 3 
Phoebe Vv F 04/29/09 1, 2, 3 
Scorpius Vv M 07/02/07 1, 2 ,3 
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Appendix C 
This appendix reports subject characteristics for the chimpanzees and bonobos 

who participated in the memory studies reported in Chapter 4. Each individual 

competed these studies within a 2 month timeframe; estimated ages (based on the age 

estimate methods reported in Chapter 2) were used to estimate their age. 

Table 10: Subject characteristics and participation in decision-making and 
emotion studies (Chapter 4). Species: C = chimpanzee, B = bonobo. Sex: M= male, F = 

female. Studies refer to: discounting task (1), and risk task (2). 

Subject Species Sex Age Study Participation 
Bayokele C F 11 1, 2 
Bouetoussa C F 8 1, 2 
Cherie C F 14 1, 2 
Chimpie C M 10 1, 2 
Christophe C M 18 1, 2 
Elikia C M 20 1, 2 
Kiki C F 18 1, 2 
Kola C M 11 1, 2 
Kondi C M 9 1, 2 
Maya C M 14 1, 2 
M'Bolo C F 12 1, 2 
M'Boumbou C M 19 1, 2 
N'Gouba C F 10 1, 2 
Pembele C F 16 1, 2 
Ramsay C F 12 1, 2 
Silaho C F 10 1, 2 
Sobele C M 10 1, 2 
Tabonga C M 9 1, 2 
Tchimaka C M 9 1, 2 
Tiki C M 7 1, 2 
Timi C M 10 1, 2 
Ulemvouka C F 8 2 (stopped participating in 1) 
Wolo C M 11 1, 2 
Yoko C M 12 1, 2 
Api B M 7 1, 2 
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Beni B M 10 1, 2 
Boende B M 8 1, 2 
Dilolo B M 7 1, 2 
Kalina B F 10 1, 2 
Kasongo B M 6 1, 2 
Kikongo B M 7 1, 2 
Kikwit B M 10 1, 2 
Kubulu B M 6 1, 2 
Likasi B F 7 1 (did not complete food preference) 
Lisala B F 7 2 (stopped participating in 1) 
Maniema B M 7 1, 2 
Matadi B M 8 1, 2 
Mbandaka B M 7 1 (did not complete food preference) 
Mixa B M 9 1, 2 
Nioki B F 10 1, 2 
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Appendix D 
This appendix reports subject characteristics for the chimpanzees and bonobos 

who participated in the social context studies reported in Chapter 5. Each individual 

competed these studies within a 6-week timeframe; estimated ages (based on the age 

estimate methods reported in Chapter 2) were used to estimate their age. 

Table 11: Subject characteristics and participation in risk and social context 
studies (Chapter 4). Species: C = chimpanzee, B = bonobo. Sex: M= male, F = female. 

Studies refer to: competition task (1), and play task (2).Some individuals had 
participated in a previous study involving a version of the risk task approximately 

one year earlier; naïve individuals are stared (*); the rest were naïve to the risk 
paradigm.  

Subject Species Sex Age Study Participation 
Bayokele C F 12 1, 2 
Binda* C F 7 1, 2 
Blake* C M 8 1, 2 
Christophe C M 19 1, 2 
Elikia C M 21 1, 2 
Golfi* C F 7 1, 2 
Kefan* C M 9 1, 2 
Kola C M 12 1, 2 
M'Bifini* C F 9 1, 2 
M'Boumbou C M 19 1, 2 
N'Gouba C F 11 1, 2 
PetitPere* C M 8 1, 2 
Silaho C F 11 1, 2 
Sobele C M 11 1, 2 
Tabonga C M 10 1, 2 
Tchimaka C M 10 1, 2 
Tiki C M 8 1, 2 
Timi C M 11 1, 2 
Vitika* C F 9 1, 2 
Yoko C M 13 1, 2 
Api B M 8 1, 2 
Boende B M 9 1, 2 
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Boyoma* B M 5 1, 2 
Dilolo B M 8 1, 2 
Isiro* B F 12 1 
Kalina B F 11 1, 2 
Kasongo B M 7 1, 2 
Kikongo B M 8 1, 2 
Kikwit B M 11 1, 2 
Kisantu* B F 11 1, 2 
Mabali* B M 7 1, 2 
Maniema B M 7 1, 2 
Matadi B M 8 1 
Nioki B F 11 1, 2 
Tchilenge* B F 6 1, 2 
Yolo* B M 6 1, 2 
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Appendix E 

This appendix reports subject characteristics for the chimpanzees and bonobos 

who participated in the ambiguity study reported in Chapter 6. Each individual 

competed these studies within a 6-week timeframe; estimated ages (based on the age 

estimate methods reported in Chapter 2) were used to estimate their age. 

Table 12: Subject characteristics and participation in the ambiguity study 
(Chapter 6). Species: C = chimpanzee, B = bonobo. Sex: M= male, F = female.  

Subject Species Sex Age 
Bayokele C F 12 
Binda C F 7 
Blake C M 8 
Christophe C M 19 
Elikia C M 21 
Golfi C F 7 
Kefan C M 9 
Kola C M 12 
M'Bifini C F 9 
M'Boumbou C M 19 
N'Gouba C F 11 
PetitPere C M 8 
Silaho C F 11 
Sobele C M 11 
Tabonga C M 10 
Tchimaka C M 10 
Tiki C M 8 
Timi C M 11 
Vitika C F 9 
Yoko C M 13 
Api B M 8 
Boende B M 9 
Boyoma B M 5 
Dilolo B M 8 
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Kalina B F 11 
Kasongo B M 7 
Kikongo B M 8 
Kikwit B M 11 
Kisantu B F 11 
Mabali B M 7 
Maniema B M 7 
Nioki B F 11 
Tchilenge B F 6 
Yolo B M 6 
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