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ABSTRACT 

Succeeding under high pressure is highly beneficial not only for humans, but also for 

non-human animals. I studied a captive colony of socially-living tufted capuchin monkeys as a 

model species to examine performance failure (or “choking”) under pressure and to see if 

endogenous levels of hormones correlated with likelihood to fail under high pressure. I also 

explored if cortisol and testosterone interacted under non-competitive paradigms of stress. I 

found that capuchin monkeys differed significantly in reactions to acute pressure when 

performing a cognitive task, with some individuals performing better and some performing 

worse under pressure. Cortisol interacted with testosterone – high cortisol was negatively 

correlated with performance under pressure, but high testosterone ameliorated this adverse 

effect. This work provides evidence that high pressure affects cognitive performance in non-

humans and that physiological markers like hormones are important to understanding why and 

how some individuals “choke”.   
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1 INTRODUCTION  

1.1 Stress and choking under pressure 

The world is a stressful place. Each day, we encounter many different situations that put 

us under pressure; sometimes, these threats are physical, while in other cases the threats are 

psychological or social in nature. These threats also differ in dimensions like acuteness and 

duration. Humans react to stresses in their day-to-day lives in a variety of ways, and these 

reactions are not always positive. Long term exposure to acute stressors affect body systems and 

cognition over time (McEwen, 2007; McEwen & Sapolsky, 1995; Sapolsky, 1988), but chronic 

stress also affects reactions to shorter-term, acute stress; human subjects that experienced chronic 

stress showed increased subjective distress and increased levels of stress-related hormones when 

exposed to an acute psychological stressor (Pike et al., 1997). Acute stress can affect decision-

making and cognitive performance in the short term (Beilock & Carr, 2005; Belletier et al., 2015; 

Gottlieb, 2015), and when the time available to react appropriately in a high stress situation is 

limited, the effect of acute stress on cognition intensifies (Maule, Hockey, & Bdzola, 2000). 

Therefore, chronic and acute stress affect a variety of systems, and reactions to acute stress and 

experiences of it are clearly dependent on several environmental factors, both internal and 

external. A major focus of scientific research has been to explain and to combat the experience 

of high pressure and the cognitive load that it places on performance in decision-making and 

problem-solving. 

Understanding how high pressure affects cognitive performance is challenging, because 

the individual differences in reactions to pressure are not well understood. The failure to perform 

when placed under acute pressure is colloquially known as “choking.” “Choking” and the 

individual differences related to the failure to perform have not been adequately explained in 
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humans, much less in non-human animals. Beilock and colleagues have done extensive research 

on human performance failure under acute stress and have found that individuals vary greatly in 

their reactions to acute stress (Beilock & Carr, 2005; Henry, Sattizahn, Norman, Beilock, & 

Maestripieri, 2017; Mattarella-Micke, Mateo, Kozak, Foster, & Beilock, 2011; Sattizahn, Moser, 

& Beilock, 2016). These studies have also found that there are patterns in which individuals 

perform poorly, or “choke,” under high pressure. For instance, a study that compared novice and 

experienced golfers found that the experienced golfers were more likely to “choke” under the 

pressure of a difficult putt than the novices when their attention was called to the pressure that 

they were experiencing (Beilock & Carr, 2001); soccer players showed the same effect in a 

dribbling exercise (Jackson, Ashford, & Norsworthy, 2006). In addition, people were more likely 

to perform poorly while solving difficult mathematical problems under high pressure when they 

were very good at them to begin with (Beilock & Carr, 2005; Mattarella-Micke et al., 2011). It 

seems that “chokers” tend to be individuals that have a lot of experience with the skill they are 

performing under high pressure.  

People are also more likely to “choke” when they are especially aware of the pressure 

and of their own performance. For instance, in a task involving the skillful manipulation of a ball 

into an apparatus to score points, subjects were especially likely to fail under high pressure when 

they were told to be aware of what their hands were doing during the task; in the same study, 

self-reports of internal self-consciousness were associated with a decrease in performance under 

high pressure (Baumeister, 1984). Measures of private self-consciousness along with trait 

anxiety were also positively correlated with “choking” on free throws by basketball players 

(Wang, Marchant, Morris, & Gibbs, 2004). Interestingly (and promisingly), self-consciousness 

training improves performance under high pressure, further supporting the hypothesis that paying 
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too much attention to self-performance is a key factor in human “choking” (Reeves, Tenenbaum, 

& Lidor, 2007). 

Attention to the subject’s performance by others also affects the likelihood of “choking.” 

The presence of an experimenter audience made college students “choke” under pressure when 

playing simple and complex video games (Kimble & Rezabek, 1992). Similarly, being watched 

by an experimenter made individuals more likely to “choke” when pressing specific buttons in 

response to color stimuli (Belletier et al., 2015). One hypothesis is that the presence of an 

audience may amplify self-focus on performance, leading to a further breakdown in the ability to 

perform (Wallace, Baumeister, & Vohs, 2005). It does not even seem to matter if the audience is 

physically present. When golfers were told that a videotape of their high-pressure putting 

performance would be shown to experts and coaches, subjects unaccustomed to the increased 

self-awareness were more likely to “choke” on their putt (Lewis & Linder, 1997). Knowing that 

another person will be watching an individual perform seems to heighten the effect of acute 

pressure.  

Stress is an appropriate response to a threat in and of itself. Evolutionarily, we would 

expect that individuals that are able to cope with acute pressure would be most likely to survive, 

especially under situations with which they are particularly familiar. This suggests that 

“choking” under pressure in modern-day situations, like those faced by golfers and soccer 

players, represents a misalignment between situations that historically caused acute stress 

(predation) and those that do today (evaluation). Today’s situations are both more frequent, 

which leads to chronic stress, and presumably less life threatening, which means that the 

heightened arousal is misplaced.  
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To explain this, consider that particularly emotionally arousing stress can be lifesaving in 

some circumstances, such as escaping a predator. Stress responses are often linked to 

physiological responses, such as increased heart rate, heightened environmental awareness, and 

muscle tightness, all of which have the potential to be beneficial in a threatening situation. For 

instance, increased heart rate might increase muscle efficiency that you need to outrun the 

predator chasing you, or focused attention might be key to escaping from the predator stalking 

you. It might be that “choking” under pressure is a side effect of some mechanism of an adaptive 

stress response that usually produces appropriate reactions, but sometimes leads to “choking” 

(which would be terminal in predation attempts) or is particularly misplaced in the sorts of 

circumstances people face today. What is important in this research, then, is to identify how this 

misplaced stress response affects cognition and in which individuals that stress response tends to 

lead to an inability respond appropriately.  

1.2 Hormones  

To understand if and why some individuals react differently when placed under acute 

pressure, it may be useful to turn to potential markers of stress, and specifically to focus on 

hormones. Hormones are naturally-occurring chemical messengers that increase the likelihood of 

behaviors in appropriate contexts, both in humans and in non-humans (Nelson & Kriegsfeld, 

2017). Many acute stressors require an immediate and appropriate response; thus, short-term 

stress reactions need to be quick to occur (so the individual can deal with whatever threat is 

causing the stress) while remaining relatively short-lived (to allow for return to behavioral 

baseline once it is appropriate). Hormones such as cortisol are able to fluctuate in response to a 

stressor and to influence reactions to that stressor, as well as to influence temperament and 
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overall response to stress in general. This flexible nature makes hormonal influence a good 

candidate for explaining individual differences in acutely stressful situations.  

Hormones have long been implicated as a crucial messenger in brain-body 

communication of stress responses under a variety of types of stressors (Selye, 1950). 

Specifically, in the hypothalamic – pituitary – adrenal (HPA) axis, hormones connect the somatic 

systems that need to communicate in order to produce appropriate reactions to stress (Stratakis & 

Chrousos, 1995). In addition, many hormones, especially steroid class hormones, have been 

particularly well conserved through animal evolution (Nelson & Kriegsfeld, 2017), so it is very 

likely that the hormones implicated in stress responses in humans would also be involved in the 

similar stress responses in other primates. Mattarella-Micke and colleagues (2011) found that at 

least one such well-conserved steroid hormone, cortisol, may increase high-pressure performance 

failure in particularly capable human subjects; therefore, cortisol may be a good place to start 

when considering how other primate species react to acute stress.  

Cortisol is a steroid hormone that acts on the metabolism to increase the rate of 

carbohydrate consumption in the body (Stratakis & Chrousos, 1995). Under a stress response, 

cortisol increases the energy output of the body and the metabolic rate (Selye, 1950; Stratakis & 

Chrousos, 1995). This theoretically could allow the individual increased cognitive ability and 

physical readiness in order to appropriately deal with the threat. However, increased levels of 

cortisol in the body can have negative effects despite, or perhaps because of, this increased 

metabolism. For instance, increased cortisol might be associated with increased heart rate or 

increased reactivity to stimuli, and these bodily changes might influence an individual’s ability to 

cognitively perform, either through the addition of a distraction or the removal of resources like 

blood flow from the brain. In the short-term, increased arousal beyond a certain limit may lead to 
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a counter-intuitive decrease in cognitive capability (Elzinga, Bakker, & Bremner, 2005; Qin, 

Hermans, van Marle, Luo, & Fernandez, 2009); for example, evidence suggests that an acute 

stress response can increase the cognitive load on working memory beyond the load of a task 

itself, and that such an increase may prove too much to overcome in some individuals 

(Mattarella-Micke et al., 2011). In the long-term, an increased cost of being constantly exposed 

to stressors can lead to suboptimal cognitive functioning in addition to physical symptoms 

(Nelson & Kriegsfeld, 2017; Stratakis & Chrousos, 1995). 

In certain stressful situations, we might also expect to see an influence of testosterone. 

Testosterone is related to aggressive and competitive behavior, as well as having a well-known 

role influencing secondary sex characteristics (Booth, Granger, Mazur, & Kivlighan, 2006; 

Hines, 1992). In addition, individuals who have extreme levels of testosterone (both high and 

low) seem to be particularly averse to losing what they already have even when they might gain 

more by risking what they already have (Stanton et al., 2011). In a competition, each competitor 

has a lot to lose, which can be particularly stressful. In competition or when under stress, loss 

aversion might lead to an individual avoiding taking risks or making choices that could lead to a 

loss or a cost, even if those choices might result in a large gain from winning. Because 

testosterone has been heavily linked to competition in multiple species, and because these 

competitive situations often consist of acutely stressful interactions linked to their competitive 

nature, it is likely that testosterone plays some role in the outcome of high-pressure situations 

(Higham, Heistermann, & Maestripieri, 2013; Rincon, Maréchal, Semple, Majolo, & 

MacLarnon, 2017; Wingfield, Hegner, Dufty Jr, & Ball, 1990). 
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1.3 The dual-hormone hypothesis 

Cortisol and testosterone have each been linked separately to high pressure, stress, and 

competition, but there is also evidence that the two interact. The idea that an interaction between 

cortisol and testosterone may lead to observed behaviors under acute pressure situations is 

known as the dual hormone hypothesis (Carré & Mehta, 2011; Mehta & Josephs, 2010). 

According to the dual hormone hypothesis, testosterone’s role in influencing competitive success 

depends heavily on the individual’s level of cortisol (Mehta & Josephs, 2010). In dominance-

related competition, testosterone was related to success only in individuals that also had low 

cortisol (Mehta & Josephs, 2010). High levels of cortisol eliminated a positive relationship 

between testosterone and dominance, and high levels of cortisol even reversed the relationship 

such that higher testosterone led to a failure in a competition of dominance, though this reversal 

was not statistically significant (Mehta & Josephs, 2010). This indicates that in typical 

competitive situations one cannot ignore the interaction between testosterone and cortisol to 

explain individual differences in outcomes.  

Interestingly, the dual-hormone hypothesis seems to hold for women, a group often 

ignored in studies of testosterone and competition. In a study of female collegiate athletes, 

before-competition levels of testosterone were positively correlated with leadership status on the 

team, but only in individuals that also displayed low before-competition cortisol (Edwards & 

Casto, 2013). Of course, in this particular study it is extremely difficult to parse causality – are 

low-cortisol, high testosterone individuals inherently well-regarded, or do team leaders have low 

cortisol precisely because they are well-regarded? Despite the inability to determine 

directionality, the paper provides solid evidence for an interaction between testosterone and 

cortisol in female as well as male dominance competition. In addition to the support from these 
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single-sex studies, a mixed-sex sample also indicated a dual-hormone interaction in the domains 

of leadership, dominance, and reactions to social threat (Mehta & Josephs, 2010). Therefore, 

although testosterone is commonly associated with male competition (and indeed, testosterone 

levels tend to be much higher in men), there is evidence that appears to support an interaction 

between testosterone and cortisol in both men and women. 

The dual-hormone hypothesis also extends beyond behavioral competition and into the 

cognitive area of study. The ability to understand, know, and appropriately act upon others’ 

emotional states is known as cognitive empathy (Zilioli, Ponzi, Henry, & Maestripieri, 2015). 

Zilioli and colleagues assessed empathy scores in MBA students using several measures of 

cognitive empathy. They then assessed endogenous levels of testosterone and cortisol and used a 

regression analysis to examine relationships among the hormones and the empathy scores. High 

levels of testosterone were associated with lower empathy scores only in low cortisol 

individuals; the effect was reversed in high cortisol individuals, such that high testosterone 

indicated a higher empathy score. The effect appeared to be strongest in high testosterone 

individuals; low testosterone individuals showed much less of a difference across cortisol levels.  

Recent assessments of the dual-hormone hypothesis indicate that this interaction also 

influences social decision-making, specifically in the context of economic games. Several recent 

lines of study have used the hawk-dove game to assess dominance or “aggressive” choices. The 

hawk-dove game is a game derived from experimental economics that mimics natural resource 

competition paradigms (Smith & Price, 1973). In the hawk-dove game, a payoff matrix is 

constructed such that each player must choose to play hawk, an aggressive strategy, against their 

competitor or to take a more submissive stance (the dove option). According to the payoff 

matrix, the hawk option maximizes benefit to the player only if their partner chooses dove (Smith 
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& Price, 1973). Otherwise, if both players play hawk, both players incur a cost; if both players 

play dove, neither receives any benefit but neither incurs a cost. For the purposes of the dual-

hormone hypothesis, recent work has used the hawk option as a game theory analogue for 

dominance, in that players choosing the hawk option are considered to have chosen the dominant 

choice (Mehta, DesJardins, van Vugt, & Josephs, 2017). Dominant choices corresponded to high 

levels of testosterone and low levels of cortisol, as would be expected from an interaction 

between testosterone and cortisol.  

The dictator game is another game derived from experimental economics; however, in 

this setup, only one player is active, the “dictator,” who decides how to split an endowment 

between another player and himself (Forsythe, Horowitz, Savin, & Sefton, 1994).  Unlike in 

other games, the second player, the “recipient” has no control over the outcome of the dictator 

game. Therefore, the dictator game is determined solely by the decision made by the “dictator.” 

In a modified one-shot dictator game paradigm, individuals with high testosterone were only 

more likely to show “dominance” against the other player when cortisol was also low 

(Pfattheicher, 2017). In Pfattheicher’s study, “dictators” with high testosterone and low cortisol 

were more likely to make selfish allotments, which the investigator likened to a form of 

dominance (2017). Figure 1.3.1, taken from Pfattheicher’s results, shows the classic interaction 

pattern predicted by the dual-hormone hypothesis; at high levels of testosterone and low cortisol, 

there is a dominance-behavior increase that is not reflected (and in fact is almost reversed) at 

high levels of cortisol. However, it is unclear that such decisions in this particular decision 

problem actually represent “dominance” rather than simple greed or selfishness, or indeed, 

merely another form of loss aversion, which has been previously correlated with testosterone 

(Stanton et al., 2011). 
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It is important to note that the dual hormone hypothesis appears to have a distinctly social 

aspect to it. In most of the studies that examine the dual hormone hypothesis, individuals are 

pitted against conspecific peers to induce the competitive or stressful situation (Danese, 

Fernandes, Watson, & Zilioli, 2017; Pfattheicher, Landhäußer, & Keller, 2014; Zilioli et al., 

2015). However, little has been done to explore if cortisol and testosterone interact in a socially 

neutral situation (where the social aspect is induced by a bystander) or in a situation where the 

pressure is internally motivated. These contexts represent separate and distinct types of cognitive 

pressure, both of which might be driving “choking” in similar ways and by similar mechanisms. 

Thus, studying “choking” under each of these conditions, and identifying if hormonal markers 

are similar, may give us further insight into which types of pressure are most likely to induce 

Figure 1.3.1 Interaction plot taken from Pfattheicher (2017) depicting an 
interaction between testosterone and cortisol predicting dominance behavior 
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“choking”. In addition, studying multiple contexts in which “choking” might occur may also 

give us insight into how human reactions to acute pressure evolved by identifying which types of 

stressful events were critical to the success of the species. 

1.4 Beyond humans: an evolutionary perspective on stress 

The ability to make appropriate decisions and to perform under acute pressure provides a 

distinct survival benefit not only in modern-day human society, but also in evolutionarily 

relevant survival situations for both humans and non-human animals. Therefore, it may be useful 

to consider animals’ reactions to acute stress, both to better understand them and to provide a 

comparative perspective to understanding how stress responses and their affiliated hormones 

evolved. Perhaps the most obvious and basic stressor in many species is that of predation, and 

the major decision to be made is the instinctive fight-or-flight response (Lima, 1998). While a 

fight-or-flight choice might not be a conscious decision most of the time, an individual’s ability 

to make a split-second decision and then to perform the resulting action appropriately could turn 

the tide from certain death to narrow escape (Lima, 1998). In addition to this classic predation 

stressor, individuals may find themselves in territorial disputes, mate competition, or limited 

food resources (Young, Majolo, Heistermann, Schülke, & Ostner, 2014). Each of these naturally-

occurring acute stressors require an animal to react appropriately in order to maximize the 

chance for survival or to choose the best outcome. Therefore, reactions to pressure can be key to 

survival, and individual differences in these reactions can make a particular animal more or less 

fit for their environment.   

Most naturally-occurring acute stressors come in the form of a physical threat, but some 

stressors are cognitive in nature. It is still unclear, however, if non-human species experience 

acute cognitive pressure in the same way that humans do. One exception might lie in highly 
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social species such as rhesus macaques, in which non-lethal social conflicts are often short-lived 

but extremely intense, and elicit behaviors that commonly mark stress (Young et al., 2014). 

However, it is difficult to ethically test such situations in non-humans, since interfering with the 

social behavior in a group can disrupt dynamics in extremely negative ways (Gros-Louis, Perry, 

& Manson, 2003; Itani, 1982; Watts, Muller, Amsler, Mbabazi, & Mitani, 2006). Therefore, it is 

necessary to find a model for this abstract form of pressure, such as the acute pressure to perform 

induced by a cognitive task.  

A cognitive task has the added benefit of being more directly analogous to many of the 

high-pressure situations that tend to induce “choking” in humans. Non-human primates are good 

candidates for this type of task, because they are able to complete a variety of cognitive tasks 

(Byrne, 2000; Evans, Beran, Chan, Klein, & Menzel, 2008; Evans, Beran, Harris, & Rice, 2009; 

Sayers, Evans, Menzel, Smith, & Beran, 2015), and they also have already been shown to be 

sensitive to pressure induced by features of these cognitive tasks. For instance, in a competitive 

task that required rhesus macaques to be the first to shoot a target when playing against a 

conspecific in a joystick-controlled computer game, accuracy decreased as speed increased on 

competitive trials (Washburn, Hopkins, & Rumbaugh, 1990). This speed-accuracy tradeoff also 

seems to be sensitive to task cues; when monkeys completed a visual search task, they were able 

to flexibly and proactively change strategy to favor speed over accuracy and vice versa (Heitz & 

Schall, 2012). This is important, because the ability to change strategies suggests that the 

monkeys were monitoring some aspect of the speed-accuracy tradeoff in the task and were able 

to use that knowledge to affect their performance strategy. Because at least some species of 

monkey seem to undergo stress in ways that affect performance, non-human primates may 
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represent a good model species for studying correlates of individual differences in “choking” 

under non-lethal cognitive pressure.  

 

1.5 Non-human primates as a model for the study of hormones 

Although hormones are an important line of inquiry into “choking” under pressure as 

they are markers of acute stress and, potentially, individual differences in response to acute 

stress, the study of hormones in stressful situations has been hindered by the limitations of 

conducting ethical and practical human research. When studying hormones, typically human 

subjects are asked to come into the lab once or twice, samples are collected, and the study is then 

complete, using those one or two samples to represent an overall basal level of the hormone of 

interest. This leaves the data open to sampling bias and means that longitudinal fluctuations are 

not captured. In addition, in human subjects it is difficult to control for a variety of everyday 

variables that influence hormones levels (diet, exercise, and professional lifestyle, to name a 

few). Due to these challenges in conducting human research into hormones and stress, it may be 

useful to study a model species to explore the effect of hormones on acute stress responses. 

Many species of non-human primates show similar stress responses to those of humans, 

suggesting that responses to stress have been generally conserved within the primate lineage. For 

instance, ethological research in both humans and other primates has connected stressful 

situations to “displacement activities” such as scratching or aimless object manipulation; 

displacement activities describe the occurrence of behaviors in unexpected contexts, such as 

scratching without the presence of an irritant (Troisi, 2002). Similar responses to stress may 

suggest similar physiological mechanisms behind these reactions; that is, it may be that 

hormones affect stress reactions similarly in non-human primates to humans. There is some 
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evidence to support that hormones like cortisol might be related to individual differences in 

stress reactions (Capitanio & Emborg, 2008). For instance, rhesus macaques that were 

considered particularly “excitable” by observers familiar with the animals also exhibited higher 

plasma cortisol than their “less-excitable” counterparts (Capitanio, Mendoza, & Bentson, 2004). 

For comparison, a study in which human subjects self-reported traits found that cortisol was 

positively correlated with overall anxiety scores and autonomic reactivity measures, such as 

perceived changes in heart rate under pressure (Takahashi et al., 2005).  

Luckily, captive colonies of non-human primates are good cognitive test subjects, and 

they are good models for the study of mammalian hormones. Because the composition of non-

human primate colonies can remain stable for years at a time, subjects can be tested and sampled 

longitudinally much more easily than with human participants; this allows for a strong repeated 

measures design that can increase the internal validity. One caveat is that researchers working 

with non-human primates often have to settle for a loss of power due to low subject numbers; 

however, the enhanced opportunity for longitudinal sample collection (increasing within-subject 

sample size) and repeated cognitive testing can ameliorate some of the effects of a small number 

of individual subjects. 

1.6 The importance of studying “choking” under pressure in other species 

Beyond their usefulness as a model species, studying the reactions of non-human animals 

to acute stress is important to understanding their cognitive performance as a whole. 

Evolutionarily, appropriate reactions to acute stress and high-pressure situations continue to be 

as important for the survival of non-human animals in the wild as for the success of humans in 

modern society. Humans and non-human animals both experience acutely stressful situations in 

everyday life, but the quality of these stressful experiences can be difficult to compare across 
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species, because they are often qualitatively different. However, many non-human animals may 

in fact find themselves in situations of acute cognitive or social stress, similar to those 

experienced by humans, and might react to that stress in similar ways. To fully understand the 

cognitive performance of animals, we must also understand the how pressure induced by our 

experimental tasks might influence that performance.  

Some individuals appear to be more likely to “choke” when placed under acute pressure, 

at least in human subjects. Being able to identify and explain these individual differences has 

been important for our understanding of “choking” in humans. Cognitive state and environment 

appear to be incredibly important in predicting if an individual will “choke” in humans, and 

given the similar stress responses across species, there is no reason to believe that these factors 

wouldn’t also impact cognitive performance in non-human animals. Many evolutionarily-

conserved hormones are able to alter the neurobiological environment to affect behavior in both 

humans and non-human animals, making it reasonable to expect that hormones might be related 

to likelihood of “choking” in animals as they are in humans. Cortisol has been implicated in 

behavioral reactions and bodily changes in response to chronic stress in both humans and non-

human animals and has been linked to the likelihood of “choking” in human subjects. Because 

cortisol and its species-specific variants have been evolutionarily well-conserved with regard to 

function, it is reasonable to expect that cortisol might be related to “choking” in non-human 

animals as well.  

Of course, the effects of one hormone do not happen in a biological vacuum, and cortisol 

is no different in this respect. There is growing evidence in humans and also in wild animals that 

cortisol interacts with testosterone to produce different outcomes than might be predicted from 

cortisol alone. Because we have evidence that the two hormones likely interact to affect 



16 

outcomes even in a cognitive paradigm, we can speculate that cortisol and testosterone might 

also interact to produce different outcomes than typically expected when performing a cognitive 

task under high pressure. As of yet, the dual hormone hypothesis has not been explored with 

regard to responses to acute pressure and “choking” even in humans, but the addition of 

testosterone as a potential mechanism for changing outcomes in a high-pressure cognitive task 

may explain even more of the individual differences in performance under pressure than cortisol 

does alone. In our consideration of “choking” in non-human animals, we should explore this 

potential relationship between the two hormones and how it affects cognitive performance under 

pressure. 

Given that non-humans likely experience acutely stressful situations day-to-day, and that 

physiological mechanisms seem to be similar in humans and in other animals, it is reasonable to 

expect that acute pressure affects cognitive outcomes as they do in humans. Therefore, it is 

important to consider individual differences in responses to acute pressure for non-humans as we 

do for humans, and what individual features might explain some of these differences. Future 

research should, rather than controlling for individual differences, focus on those differences and 

how we can explain them. Being able to understand and predict acute pressure effects may help 

us understand how pressure affects outcomes in other types of cognitive tasks, where 

performance stress is not the main focus. This could be critically important in comparative 

cognition, where traditionally individual variation has been controlled for rather than studied. 

Further, understanding how pressure affects performance in non-human primates may provide 

insight into which contexts are likely to exacerbate “choking” beyond the lens of modern human 

society. A better understanding of how acute pressure affects performance in non-humans would 
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provide tools for not only understanding performance failure in animals, but also in 

understanding why we “choke” too.  

2 EXPERIMENT 

2.1 Introduction 

Stress impacts well-being and day-to-day life for humans and for animals. Whether the 

cause is social, physical, or environmental, ongoing stress affects physical and cognitive abilities 

(McEwen & Sapolsky, 1995). While most research has focused on the effects of chronic long-

term stress, many stressful encounters or situations occur over a relatively short period of time 

but induce a much more acute physiological and psychological response. For instance, a single 

experience of possible predation is temporally quite short but psychologically extremely intense. 

These acutely stressful situations might be said to be “high-pressure” situations. To date, most 

research on these high-pressure situations has been conducted in human subjects. This is likely 

due to the fact that for humans, it is much easier to induce ecologically relevant acute stress. In 

addition, humans can describe the experience of experiencing a high-pressure situation, which 

allows us confirm that the situation is stressful, while also allowing us to use those experiential 

descriptions to pinpoint what factors might be causing the experience of stress (for instance, a 

human noting a “racing heart” under acute pressure suggests that a physiological mechanism is 

involved).  

Studies of high-pressure situations in human subjects find that there are individual 

features of subjects that predict the likelihood of “choking” (Beilock & Carr, 2005; Henry et al., 

2017; Mattarella-Micke et al., 2011; Sattizahn et al., 2016). When novice and experienced 

golfers had to perform a difficult putt under pressure, the experienced golfers were more likely to 

fail when attention was called to the experienced pressure and to their own performance, but this 
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was not the case for novice golfers (Beilock & Carr, 2001). This so-called “expert effect” seems 

to exist in purely cognitive contexts as well; subjects who had relatively high working memory 

capacity were more prone to “choking” when solving complex mathematical problems (Beilock 

& Carr, 2005). The authors in this study hypothesized that highly capable individuals may be 

using different cognitive strategies that are more easily interrupted by the experience of high 

pressure (Beilock & Carr, 2005). Taken together, these results suggest that the more experienced 

an individual is at a task and the more capable that they are, the more likely they are to “choke” 

when experiencing high pressure during that task.   

Changes in physiological systems (for instance, increased heart rate) that are induced by 

hormonal fluctuations may also be related to the “choking” effect. It has been hypothesized that 

the discomfort produced by these changes may constitute a distraction that interferes with 

cognitive processes needed to perform well (Beilock & Carr, 2005). Acute stress seems to 

reallocate resources from an executive attention network in the brain to a “salience” network; in 

other words, cognitive resources seem to be taken away from attention and put into emotional 

processing (i.e.; fear or anxiety; Hermans, Henckens, Joëls, & Fernández, 2014; Yu, 2015). 

Many of these potentially distracting physiological changes are induced by hormones, which 

may interact in the body. For instance, cortisol has been linked to physiological changes that 

might constitute a physical distraction in the form of uncomfortable sensations, such as elevated 

heart rate (Reinhardt, Schmahl, Wüst, & Bohus, 2012). Cortisol thus represents a good candidate 

for involvement in high-pressure performance. In fact, there is already evidence for this, with 

high cortisol tending to exacerbate “choking” on mathematical tasks for high-performing 

subjects (Mattarella-Micke et al., 2011). Therefore, hormones have already been linked to the 

“choking” phenomenon, at least in humans.  
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Testosterone has been linked to changes in cognitive performance as well. Although 

testosterone is typically linked to dominance and competition, it has also been implicated in  

improved cognitive performance in some specific situations. In older human men, testosterone 

has been linked to higher cognitive processing speeds and higher executive function on a global 

cognitive function task (Muller, Aleman, Grobbee, De Haan, & van der Schouw, 2005). In 

addition, testosterone replacement therapy appeared to improve age-related working memory 

deficits in older men (Janowsky, Chavez, & Orwoll, 2000). Therefore, much of the evidence 

points to cognitive improvements as a result of high testosterone; however, previous literature 

also indicates that testosterone interacts with cortisol to negatively affect competitive viability. 

Competition often consists of a series of high-pressure situations in which the competitors need 

to make an appropriate choice in order to win. Because we know that testosterone influences 

competition in general, testosterone might influence these acute pressure situations that occur in 

the course of competition, either on its own or in an interaction.  

However, neither hormone works in a vacuum. Accumulating evidence suggests that 

cortisol interacts with testosterone and that to fully understand the effects of these hormones we 

need to measure both. The dual hormone hypothesis predicts that having high cortisol moderates 

the effect of high testosterone such that cortisol eliminates competitive advantages usually 

conferred by testosterone in dominance conflicts (Mehta & Josephs, 2010). The dual hormone 

hypothesis has been supported in a variety of behavioral contexts (for instance, having high 

levels of both testosterone and cortisol reduces leadership behaviors in undergraduates) as well 

as a few cognitive decision-making contexts (testosterone increases risk-taking behavior only 

when cortisol is low; Mehta & Josephs, 2010; Mehta, Welker, Zilioli, & Carré, 2015). However, 

testosterone and its potential interaction with cortisol has never been tested as a correlate of 
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“choking” under pressure. Therefore, while it is predictable that testosterone interacts with 

cortisol, it remains unclear how such an interaction will affect an individual’s performance when 

under high cognitive pressure. 

The type of cognitive pressure implicated in “choking” likely extends beyond humans, 

because reactions to stress are often similar between humans and other animals. For instance, the 

physiological changes like increased heart rate or hormone fluctuations that are associated with 

acute stress are common across species (Sapolsky, 1988); behaviorally, both humans and non-

human animals (hereafter, animals) respond to stress by engaging in displacement behaviors, or 

behaviors that occur outside of a context in which they would be expected to happen (Troisi, 

2002). Animals also experience instances of acute stress fairly often in their daily lives in the 

forms of predation, territory dispute, and competition for mates. In highly social animals, the 

pressure might also have a social context, for instance in a foraging dispute with a groupmate or 

in within-group competition for access to mates. These instances of acute stress often require on-

the-spot decisions about how to react, and the ability to react quickly and appropriately may be 

extremely important for survival. 

Although many field studies have explored the effects of on-going or chronic stress on 

physiology and behavior in wild populations, few have assessed if animals experience the same 

type of acute performance pressure that has been reported in human subjects. This is likely 

because it is difficult enough to assess cognitive “experience” in humans, who can verbally 

describe it, and nearly impossible in non-humans, who typically cannot. However, it is important 

to consider the possibility that animals in cognitively stressful circumstances may exhibit similar 

cognitive decrements as a result of acute pressure. For instance, rhesus macaques showed a 

decrease in performance when under time pressure in a competitive computer game (Washburn 
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et al., 1990), providing evidence that non-human animals show some effect of pressure on 

performance. Because primates both show a sensitivity to cognitive pressure, as well as 

exhibiting similar stress responses to those of humans, they may represent a good model species 

for studying “choking” in non-humans.  Aside from providing an evolutionary perspective on 

acute stress and manifestations such as choking, other species can also be an excellent model 

system for teasing apart issues that have been difficult to study in humans. For instance, getting 

repeated hormone samples in humans is practically challenging, but it is straightforward in 

animals to whom the researcher has access each day. Multiple samples can be collected from 

each individual, which allows us to study not just the effect of baseline hormonal profiles, but 

also changes in those profiles over time; during this time, cognitive testing can be ongoing, 

allowing for repeated measures from the same individuals. The use of a model primate species to 

study “choking” provides insight into the evolutionary trajectory of hormones as they relate to 

acute stress responses, as well as providing a non-human model system that we can use to study 

the behavior to better understand humans.   

My goal for this study was to assess the effect of acute pressure on performance in a non-

human primate species; specifically, I was interested in whether there were individual 

differences in sensitivity to acute pressure and if these individual differences correlated with 

endogenous hormone levels. I designed a delayed-match-to-sample computer task in which some 

trials were high-pressure, high-reward trials, as indicated by a background color cue. Task 

performance on each type of trial was compared for each individual and across individuals, and 

then individual differences in task performance were evaluated using naturally-occurring 

hormone levels as co-variates. I also wanted to investigate if there were features of the stress that 

might impact “choking,” namely if the pressure was a social one or not. For this study, I used 
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tufted capuchin monkeys as a model species to explore acute stress, a task for which they are 

well-suited for a number of biological and practical reasons. 

Tufted capuchin monkeys (Cebus [Sapajus] apella) are a gregarious species of New 

World monkey that are able to perform computerized cognitive tasks, but also face a variety of 

naturally-occurring stressors that might be expected to affect that performance. In the wild, 

capuchin monkeys experience highly stressful situations related to predation, intergroup 

aggression, and dominance hierarchies (Fragaszy, Visalberghi, & Fedigan, 2004); because of 

this, capuchins represented a potentially good model species for studying “choking” behavior in 

both an individual and social context. Given how social capuchin monkeys are, pressure related 

to the presence of a conspecific might be especially salient. We knew that capuchins were 

sensitive to the outcome of their conspecifics, such as when that outcome is inequitable (Brosnan 

& de Waal, 2003), so this sensitivity might cause an added element of social pressure.  

Capuchin monkeys also exhibit complex cognitive abilities that show some evidence of 

processes like working memory (Baddeley, 1992; Tavares & Tomaz, 2002); this is important 

when considering “choking” under pressure, because working memory is one of the cognitive 

systems that might be sensitive to interference by acute stress. Capuchin monkeys have been 

shown to perform well on match-to-sample (MTS) and delayed match-to-sample (DMTS) tasks, 

which have been used to assess working memory (Satler, Beham, Garcias, Tomaz, & Tavares, 

2015; Tavares & Tomaz, 2002); in the former, monkeys were required to choose an icon that 

matches a presented sample icon, while in the latter, monkeys were required to remember a 

sample icon and find its matching stimulus after a delay. This ability demonstrated a variety of 

cognitive skills: understanding specific details of the icon itself, the ability to hold that icon in 

working memory, the agency to move a cursor on a screen, and an understanding of reward 
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capabilities. Although it remains debatable if the DMTS engages working memory per se, it 

certainly provided evidence for working memory, and careful stimuli selection could reduce the 

potential effects of other systems, such as familiarity.  

Aside from working memory capacity (WMC), previous literature from human subjects 

indicated that likelihood of “choking” was predicted by previous experience with a task (Beilock 

& Carr, 2005; Mattarella-Micke et al., 2011); therefore, when choosing a task to study “choking” 

in non-humans, it was especially important to consider the level of experience that the subjects 

have with that specific task. The DMTS task was a good candidate for assessing this high-

pressure performance failure in non-humans because it involved working memory (which might 

be particularly susceptible to interference by stress) and it was easy to adjust the task to varying 

levels of difficulty. The DMTS has been studied fairly extensively in the capuchin monkey 

subjects that were used in the present study. Based on their prior experience, the subjects in the 

present study seemed to be extremely good at the task, suggesting that they had the requisite high 

level of experience with the task to be susceptible to “choking”. The DMTS task consisted of the 

presentation of a sample stimulus for a set amount of time, after which the subject saw a blank 

screen. After this pre-determined delay period, the subject was shown an array of stimuli, one of 

which matched the sample. The subject was tasked with choosing the matching stimulus out of 

this array. The difficulty of the task could be modified by changing the complexity or similarity 

of the stimuli, as well as by increasing or decreasing the length of the delay period.  

I predicted that capuchin monkeys would be sensitive to the amount of pressure for a trial 

and that, at least for some individuals, the high pressure condition would negatively affect 

performance. Further, I predicted that higher cortisol levels would correlate with which 

individuals were more likely to “choke” under high-pressure, because high cortisol has 
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previously been shown to negatively affect performance. I predicted that also having a high level 

of testosterone would exacerbate the likelihood of “choking,” due to the deleterious effects of the 

high-cortisol/high-testosterone interaction that we typically see in situations in which the two 

interact; this interaction is also the basis of the dual hormone hypothesis. Finally, I ran a pilot 

study in which the high-pressure context was social. I expected that individuals that had been 

prone to “choking” in the solo task would also be likely to “choke” in the social context, but that 

monkeys might be even more prone to performance failure because of how sensitive they are to 

the outcomes of conspecifics. My goal was to explore how capuchin monkeys react to acute 

cognitive pressure and how their individual differences may be related to naturally-occurring 

hormones. 

2.2 Methods 

2.2.1 Subjects and testing apparatus 

Subjects consisted of 21 tufted capuchin monkeys (7 male, 14 female) housed at the 

Language Research Center (LRC) of Georgia State University (GSU). Monkeys lived in one of 

five mixed-sex social groups at the Language Research Center, each of which lived in a large 

indoor/outdoor enclosure.  At the LRC, the makeup of the social groups has remained relatively 

stable over time, allowing for well-developed social dynamics within each group; this makes the 

population particularly well-suited for social cognition tasks. Demographic information for all 

subjects is available in Table 2.2.1.  
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Table 2.2.1 Demographic information for all subjects 

 

All monkeys received a species-appropriate diet of fruits and vegetables, as well as 

supplementary monkey chow; enrichment provisioning was also provided throughout the day. In 

addition, all subjects had ad-libitum access to running water at all times, including during testing 

in their testing chambers. Provisioning was not contingent on testing; therefore, subjects were 

never food- or water-deprived for testing purposes. Subjects also had extensive material 

enrichment and climbing structures in their indoor and outdoor enclosures.  

Subjects were previously trained using positive reinforcement to voluntarily enter 

individual testing chambers attached to the indoor section of their home enclosures; although 
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they are physically separated while in these chambers, monkeys maintain visual and vocal 

contact with other members of their social group. Monkeys typically have the opportunity to 

separate into these chambers daily (seven days a week), making this a normal part of their 

routine, if they so choose.  Subjects were never deprived of food, water, or outdoor or social 

access to encourage testing, and there were no consequences to failing to come into the test 

enclosures other than not being able to participate in the task. 

Once monkeys were separated they were given access to their individual computer testing 

apparatus. Subjects had been previously trained to use a modified joystick controller to control a 

cursor on a computer set-up by which they could complete cognitive tests (Washburn & 

Rumbaugh, 1992). I programmed the current task using Python to match the task needs. 

Throughout the experiments, they were automatically rewarded for correct choices or for certain 

decisions via an attached pellet dispenser. Testing sessions typically lasted between one and two 

hours, the length of which was determined by how quickly they completed the trials. All subjects 

had at least one year of experience with this testing set up, including both the test boxes and the 

computerized testing system, prior to beginning my test. I hoped that the subjects’ familiarity 

with the testing procedure and setup meant that any difficulty experienced by subjects was by 

experimental design rather than some confound of the testing modality.  

The computer task was programmed using Python 3.6 and run on a Windows XP 

operating system, except for one individual who completed the study on a Raspberry Pi system; 

the task design was identical between the Windows XP and Raspberry Pi programs.  

2.2.2 General procedure 

Monkeys were given a computerized task delayed match to sample task in which some 

trials were intended to induce a higher level of cognitive pressure, which I defined as pressure 
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not related to a physical threat. The delayed-match-to-sample (DMTS) task consisted of the 

presentation of a sample image to the subject, which then disappeared; after a brief delay, the 

subject was then given an array of stimuli choices. The task was for the subject to choose the 

sample image out of the array of stimuli. The difficulty of the task could be manipulated using 

increased delays between sample presentation and subject choice, or in the use of more or less 

similar stimuli. As a result, the DMTS task was able to accommodate multiple difficulty levels 

on a trial-by-trial basis; this was important for “choking” because the task itself needed to remain 

the same while the difficulty of the trial was manipulated. In past work with capuchin monkeys, 

performance on the DMTS task decreased as delay increases, sometimes by as much as 10% 

(Etkin & D’Amato, 1969; Truppa, De Simone, Piano Mortari, & De Lillo, 2014), suggesting that 

a longer delay is more difficult. Importantly, the capuchin monkeys that participated in my thesis 

study had extensive experience with the DMTS, which evidence from the human literature 

suggests is important when considering how likely a subject is to “choke”. 

For my thesis, I designed a DMTS computer task in which most trials were “low-

pressure” trials (LPTs) typical of a normal task and resulting in a typical reward, but some trials 

were “high-pressure” trials (HPTs) with cues that had been trained to denote a harder trial, and 

that resulted in a better reward for a correct answer.  To do so, I first trained the monkeys to 

associate a differently colored background (blue) with a presumably harder DMTS trial 

consisting of a longer delay (five seconds); this trial resulted in a reward of three pellets. These 

HPTs were interspersed with typical DMTS trials with a shorter delay of one second, denoted by 

a white background and resulting in a single reward pellet for a correct answer. Then, in the 

testing, I used an unfamiliar set of stimuli and removed the difference in difficulty for HPTs 

while keeping the background color cue and differential reward. This was important for 
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interpretation of their performance; if the trials remained different in difficulty, it would be 

difficult to ascertain if any difference in performance was due to pressure effects or simply the 

inherent difficulty of the trial. In removing the confound of difficulty, I hoped to induce and 

isolate a pressure effect in the subjects rather than accidentally measuring responses to harder 

trials or a longer delay. A sample testing trial is depicted in Figure 2.1.1. The training program 

was designed to run as many as the subject completed in the day’s testing session (approximately 

XX hours). The testing program was designed to automatically terminate after 200 trials (150 

low pressure trials, 50 high pressure trials).  

 

 

 

Figure 2.2.1 Sample “high-pressure” trial progression in the testing phase. 
To begin a trial, the subject moves the cursor to a start button, which triggers the 
background color cue. This is followed by the presentation of the sample, a short 

delay, and the choice array. 
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2.2.3 Training 

All monkeys were previously familiar with the DMTS task. In order to ensure that the 

monkeys understood that a blue background indicated a “harder” trial while a white background 

indicated an “easier” one, all subjects completed a training phase using familiar ClipArt stimuli. 

In a typical training trial, the subject was required to move the cursor to a “start” button to begin 

a trial. If the trial was “high-pressure,” the background of the screen turned blue at this time; 

otherwise, the background of the screen remained white. Then, a sample image was presented in 

the center of the screen for two seconds, after which it disappeared. If the trial was “high-

pressure,” there was a delay of five seconds; if the trial was “low-pressure,” the delay was one 

second. After the delay, four choice images were displayed, one in each corner of the screen; one 

of these choice images matched the previously shown sample. The monkey then had to move the 

cursor to the sample image. If the monkey did so correctly, he or she was rewarded with a reward 

(three pellets for a “high-pressure” trial, one pellet for a “low-pressure” trial) and after an inter-

trial interval of two seconds the start button would reappear to start a new trial. Therefore, in 

training, HPTs consisted of a different cue, a different difficulty, and a different reward. 

All subjects completed trials in the training phase until they reached a criterion of at least 

75% of all trials correct within a given session. A criterion of 75% on the training stimuli 

ensured that the monkeys were performing well above chance (which, for a four-choice task, is 

25%). It was important that monkeys were able to complete the training task before testing on 

unfamiliar, and potentially more difficult, stimuli; this allowed me to ensure a comparable level 

of competency across subjects, as well as room for each individual to drop in performance while 

still being above chance. Training sessions consisted of as many trials as monkeys completed 

within a testing day (trials per session; M = 436, SD = 248, Range: 7, 1512).  
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2.2.4 Testing 

After each subject reached criterion, he or she was moved to the testing phase. Unfamiliar 

stimuli were used in place of the familiar training ClipArt. A sample testing trial progression is 

depicted in Figure 2. 

In order to minimize the chance that subjects would stop responding to HPTs differently 

than LPTs, subjects were constrained to 200 trials per session and two sessions per week. Within 

each session, subjects completed 150 LPTs and 50 HPTs. Subjects completed at least 15 sessions 

of the task in the testing phase. The program automatically recorded subject, date, time, pressure 

condition, response, and all stimuli used for each trial completed by the subject. 

In an initial round of testing, I used more difficult abstract stimuli and when presented 

those prior stimuli, almost all monkeys dropped performance to chance on both HPTs and LPTs, 

suggesting that the stimuli were too hard to discriminate. Thus, I developed the solid black 

symbols used in the test sessions. Although most monkeys suffered a small performance 

decrement when introduced to these stimuli, all monkeys performed overall above chance in 

their first session with these stimuli, hence avoiding both floor or ceiling effects.    

2.2.5 Social condition pilot 

One possibility is that social pressure is different than non-social, internally motivated 

pressure, especially in a gregarious, group-living species such as tufted capuchins. Therefore, I 

also designed a modified version of the testing task in which the subject was playing the game 

next to a “stooge” social partner. After completing the solo task, subjects were trained that an 

incorrect response on HPTs resulted in the stooge receiving three pellets, while a correct 

response would result in the subject receiving the three pellets. A diagram of this testing setup is 

available in Figure 2. Using this setup, I was hoping to induce a pseudo-competitive pressure 
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situation in the subject (pseudo-competitive because the stooge could not actually influence the 

outcome of a trial).  

Due to testing constraints, I was unable to test all subjects that completed the solo 

condition in the social condition; therefore, the social task was run as a pilot study with a few 

selected subjects to assess if social pressure was even analogous to the non-social task. As much 

as possible, I selected the subjects that responded at the extremes in the solo task (either 

performed much better or much worse at HPTs) while attempting to balance valence of solo task 

response and sex. Subjects completed at least two sessions; where possible, one of these was 

with a relatively dominant stooge and the other with a relatively subordinate stooge. Given the 

nature of tufted capuchin dominance hierarchies, both of these conditions were not possible for 

all subjects (for instance, alpha males do not have any individuals in their group that are 

dominant to them). 

2.2.6 Hormone sampling 

Levels of cortisol and testosterone were assessed using a non-invasive fecal sample 

collection method. Fecal samples were collected opportunistically from beneath each subject’s 

testing box between 8:30 AM and 11:00 AM; it was extremely important to keep time of day 

consistent for collection, as these hormones are cyclical in nature. Fecal samples were collected 

at least one time per week (seven days) per monkey. At time of collection, we recorded 

individual, date, time, and any notes of interest. Fecal samples were then frozen at -20°C until 

time of elution at the LRC.  

Samples were thawed and eluted using 80% ethanol into small rocket tubes and were 

refrozen for transport to the Neuroscience Core Facility at the GSU main campus. Samples were 

dried down using a lyophilizer for long-term storage, then reconstituted and analyzed using a 
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commercially available enzyme-linked immunoabsorbent assay (ELISA) assay kit (Arbor 

Assays, Ann Arbor, MI) that we validated for use with capuchin fecal samples (Benítez, 

Sosnowski, Tomeo, & Brosnan, in prep). Specifically of note, capuchin samples required a 1:10 

dilution for female testosterone samples, a 1:20 dilution for male testosterone samples and a 1:80 

dilution for cortisol in order to run on each hormone’s respective standard curve; these dilutions 

were corrected for in later calculations, and each hormone (that is, testosterone and cortisol) was 

compared only to itself for data analysis (in other words, each hormone was a separate predictor 

for regression analyses).  

I collected samples weekly throughout the duration of testing for both the solo task and 

social task (where applicable), allowing me to assess an average weekly level of each type of 

hormone; due to ongoing longitudinal sample collection, I was also able to assess an average 

“baseline” level for each hormone for the overall duration. Only samples collected throughout 

the duration of testing were used in analyses; barring major social events within groups (which 

were documented in ongoing behavioral observations, such that we could correct for them to 

some degree), each individual’s average levels of these two hormones should have remained 

relatively stable over the course of the testing. Each session was associated with an average of all 

samples from the week of the sample – testing weeks were defined as the calendar week 

associated with each session (running from Sunday to Saturday).  

2.2.7 Statistical analysis 

All statistical analyses were run using the base, lme4, and glmer packages of R in 

RStudio (Bates, Maechler, Bolker, & Walker, 2015; R Development Core Team, 2016). My 

dependent variable of interest for most analyses was the “difference score” for each session, 

defined as the proportion of correct “high-pressure” responses minus the proportion of “low-
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pressure” responses. Due to the nature of this calculation, a positive difference score indicates 

better performance on HPTs than on LPTs, while a negative difference score indicates worse 

performance. In plain terms, a positive difference score can be thought of as denoting “thriving” 

under pressure while a negative difference score can be thought of as “choking” under that 

pressure. 

Finding individual differences in responses to the high-pressure trials was critical to 

further analysis of the hormonal effects, because individual differences in responses to high 

pressure as opposed to low pressure would indicate that some individuals were better at “coping” 

with the acute pressure. Therefore, I first assessed if each individual was more likely to get a 

high-pressure trial wrong than a low-pressure trial, and if this response differed between 

individuals. To do so, I began by running a paired-samples t-test for each individual comparing 

proportion correct for each type of trial. This allowed me to determine if individual monkeys 

were responding differently to the pressure condition. 

Next, it was important to confirm that individuals were significantly different in their 

performance based on condition. I built a model to see if identity of each individual significantly 

predicted the difference in performance between high-pressure and low-pressure trials, while 

controlling for session number. To do this, I fit an LMM predicting difference score from subject 

ID, including session number as a random effect. 

I then explored the effect of individual responses to pressure condition on task 

performance by fitting an LMM that predicted performance from the interaction of subject and 

condition, while again controlling for session number. In order to do so, I slightly restructured 

the dataset to separate out high- and low-pressure trial performance by condition, such that 
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condition could be used as a predictor in the model. This data was the same dataset in general but 

had been restructured to include condition as an explicit term.   

After exploring the presence of these individual differences in performance under 

pressure, I then began to include endogenous hormone levels as predictors in order to assess if 

they might explain any individual differences in reaction to pressure condition. I used a log 

transformation on all hormone values in order to put the two hormones on a comparable scale for 

inclusion into the model. Although this transformation also normalizes the data, such normality 

is not necessary for linear regression. For all models where sex was included as a fixed effect, 

the intercept was the mean for females; for clarity, tables note the male’s difference from 

intercept estimate as “sex.”  

Overall baseline endogenous hormones, or the average of each hormone over the full 

duration of testing, may have long-lasting effects on how individuals react to acute stress over 

the duration of testing. Therefore, I first included baseline cortisol as a predictor of difference 

score, followed by adding in baseline testosterone, and finally the interaction between the two; 

each of these LMMs controlled for session number by including it as a random effect and 

included sex as a fixed effect. I also subset the dataset by sex and ran the model for males and 

females separately. 

However, it may also be that it is not the overall baseline hormone level that drives any 

differences in performance under pressure, but rather the specific hormone level at the time of 

testing. To assess if weekly hormone levels might be affecting performance differences for that 

week, I constructed a similar set of LMMs to the above, but instead of using baseline hormone 

values, I used the weekly average of each hormone (and eventually the interaction) for the 
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sessions run during that week. As above, subject and session number were included as random 

effects while sex was included as a fixed effect.  

It might be that exact hormone level might not matter as much to performance under 

pressure as any change in hormones above and below baseline at the time of testing. In order to 

see if weekly difference from baseline was important to predicting difference in performance 

under pressure, I subtracted the weekly hormone level from the overall average baseline level 

and associated that with the week in which each session was run. I then constructed a series of 

LMMs that used this difference from baseline to predict difference score for each session.  

Subject performance could vary as a function of experience with the testing stimuli and 

the task. In addition, it might be that we only see evidence of “choking” when the specific 

situation of acute stress is relatively new. To assess this possibility, I performed a tercile split 

based on session number (Sessions 1-5 represented Tercile 1, Sessions 6-10 represented Tercile 

2, and Sessions 11-15 represented Tercile 3). I used this split to perform within-subject t-tests for 

each individual assessing performance differences across the two pressure conditions. I then built 

LMs that predicted first tercile performance from the hormone predictors while including sex as 

a covariate.  

Lastly, I compared the performance within individuals from the social version to that of 

the solo task for the individuals that completed both. I first conducted a paired-samples t-test for 

each individual as done for the solo task to assess if there was a difference in task performance 

on HPTs as compared to LPTs. I then fit a final LMM that predicted social task performance 

difference score from solo task performance difference score, while controlling for sex, subject 

ID, and session number.  
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For each model, I visually inspected a Q-Q plot and histogram of residuals, and I 

conducted Levene’s test for homoscedasticity. Residual values for all models were normally 

distributed and homoscedastic. Thus, I proceeded with parametric methods for all models. 

3 RESULTS 

3.1 Descriptive statistics 

The outcome variable used in most models, difference score, was distributed normally 

around the mean (M = 0.002, SD = 0.1). For overall descriptive statistics of all variables used, 

please see Table 3.1.1. Table 3.1.2 lists descriptive statistics of outcomes for each subject.  

  
Table 3.1.1 Overall descriptive statistics for all continuous variables used in analysis 
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Table 3.1.2. Descriptive statistics of outcomes for each subject. 

 

3.2 Effect of pressure within individual 

Overall, I found that there were individual differences in how subjects responded to the 

high-pressure trials during the testing phase. Two individuals (Ivory and Griffin) responded 

significantly differently to the HPTs as compared to the LPTs according to a within-subjects t-

test (Table 3.2.1 ); both of these individuals performed better rather than worse on HPTs as 

compared to LPTs (Figure 3.2.1). 



38 

Table 3.2.1 Results of within-subjects t-tests of performance by pressure condition 

 

 

Figure 3.2.1. Bar graph of average difference score for each individual. Positive scores 
indicate better performance on HPTs than LPTS (“thriving” under pressure); negative scores 

indicate worse performance on HPTs than LPTs (“choking” under pressure). Error bars 
represent the standard error of the mean (SE); ** p < .01, * p < .05. 
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Subject significantly predicted the difference in performance between the high and low 

conditions, indicating that individual differences were present and affecting performance (LMM; 

R2 = .15, χ2
Subject (20) = 50.83, p < .001). Sex alone did not predict difference score (LMM; R2 = 

0.01, χ2
Sex (1) = 2.05, p = .15). I also found no effect of condition alone on proportion correct 

(LMM; R2 = .00, χ2
Condition (1) = .24, p = .62). However, there was a significant interaction 

between subject and condition on performance as measured by proportion correct (LMM; R2 = 

.402, χ2
Subj:Cond (15) = 25.26, p < .05), providing further evidence that performance was 

contingent on how each individual was reacting to the pressure condition.   

3.3 Effects of overall baseline hormones of difference score 

Baseline cortisol alone was significantly correlated with difference in performance when 

including sex as a fixed effect and session number as a random effect (LMM; β  = -0.06, SE = 

0.02, t = -2.36, p = .02); baseline testosterone, however, was not correlated with difference score 

(LMM; β  = -0.02, SE = 0.01, t = -1.55, p = .12). There was also a significant interaction 

between baseline testosterone and cortisol correlated with difference score with high baseline 

levels of cortisol when baseline testosterone was also high (LMM; β  = 0.11, SE = 0.04, t = 2.38, 

p = .02; Table 3.3.1; Figure 3.3.1).  
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Table 3.3.1 Effects of baseline hormones on difference in performance between HPTs and 
LPTs 

 

 

Figure 3.3.1. Interaction plot depicting the effects of baseline cortisol and baseline 
testosterone on average difference score. For the purposes of viewing the data, I performed a 

median split on each hormone’s log value; the model analysis was based on continuous 
measures. Positive difference scores indicate better performance on HPTs than LPTS 

(“thriving” under pressure); negative scores indicate worse performance on HPTs than LPTs 
(“choking” under pressure). 
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Analyzing the dataset separately for each sex indicated that baseline hormones may be 

more important in “choking” for females than for males. The interaction of cortisol and 

testosterone for the male subset was not significant (LM; β  = 0.56, SE = 0.42, t = 1.33, p = .07; 

Table 3.3.2); however, for the female subset, the cortisol-testosterone interaction was 

significantly related to the difference score (LM; β  = 0.15, SE = 0.06, t = 2.62, p = .009; Table 

3.3.2). However, due to the small sample size of the male subjects, it is difficult to confidently 

espouse a true sex difference. It is important to note that for these subset models, including 

session number as a random effect did not add predictive value to the model; running the models 

with and without session number as a random effect produced the same estimates and 

significance results. 
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Table 3.3.2 Effect of baseline hormones of difference separated by males and females 

 

3.4 Effect of weekly hormones on performance in sessions that week 

Average weekly cortisol alone was not correlated with difference in performance when 

including sex as a fixed effect and session number as a random effect (LMM; β = -0.02, SE = 

0.03, t = -0.72, p = .47; Table 3.4.1) nor was average weekly testosterone (LMM; β = -0.01, SE = 

0.03, t = -.31, p = .76; Table 3.4.1). There was no significant interaction between weekly cortisol 

and weekly testosterone in predicting difference score, although the interaction plot resembles 
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the pattern observed in the baseline hormone models (LMM; β = 0.09, SE = 0.06, t = 1.48, p = 

.14; Figure 3.4.1).  

 

Table 3.4.1 Effects of weekly hormone averages on difference in performance between 
HPTs and LPTs 

 



44 

 

Figure 3.4.1. Interaction plot depicting the effects of weekly cortisol and weekly 
testosterone on average difference score. For the purposes of viewing the data, I performed a 
median split on each hormone’s log value; the model analysis was based on continuous 
measures. Positive difference scores indicate better performance on HPTs than LPTS 
(“thriving” under pressure); negative scores indicate worse performance on HPTs than LPTs 
(“choking” under pressure). 

 

3.5 Effect of weekly difference from overall baseline on difference score 

The difference of weekly cortisol level from baseline cortisol level was not related to 

difference score when including sex as a fixed effect and session number as a random effect 

(LMM; β = -0.01, SE = 0.03, t = -0.33, p = .74). Similarly, the difference in weekly testosterone 

from baseline was not correlated with difference score (LMM; β = 0.03, SE = 0.04, t = 0.82, p = 

0.41). There was no interaction effect of difference from baseline cortisol and difference from 

baseline testosterone (LMM; β = 0.12, SE = 0.09, t = 1.32, p = .18; Table 3.5.1).  
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Table 3.5.1 Effects of weekly difference in hormones from overall baseline on difference 
in performance between HPTs and LPTs 

 

3.6 Differences in performance as a function of tercile session split 

Many individuals performed differently as a function of tercile, specifically between the 

first and second terciles. In the first tercile, only two monkeys (Benny and Gretel) showed 

significant results, performing worse on HPTs as compared to LPTs (Table 3.6.1; Figure 3.6.1). 
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Figure 3.6.1. Average first-tercile difference score for each individual. Error bars 
represent standard error of the mean; ** p < .01, * p < .05. 

 

In the second tercile, many individuals appeared to improve their performance (Table 

3.6.2). The two individuals that previously were performing significantly worse on HPTS than 

Table 3.6.1 Results of within-subjects t-tests on performance in the first tercile 
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on LPTs (Benny and Gretel) now did not perform significantly differently on HPTs and LPTs 

(Table 3.6.2); however, because Benny, along with a few other subjects (Gonzo and Ingrid), had 

not completed the second tercile at the time of analysis, he is omitted from tabled results and t-

tests within the second tercile. Three individuals began to perform significantly better on HPTs 

than on LPTs (Griffin, Ira, and Ivory) (Table 3.6.2, Figure 3.6.2). The third tercile did not appear 

to follow an observable pattern across individuals as compared to the first two terciles (Figure 

3.6.3); only Griffin performed significantly higher in responses to HPTs as compared to LPTs (t 

(5) = 2.73, p = .04), and despite the appearance of error bars on Benny’s bar in Figure 3.6.3, his 

low session number in the third tercile resulted in a non-significant result on a within-subject t-

test. No individuals performed worse in response to HPTs compared to LPTs, suggesting that 

individuals may have learned that the background color cue no longer mattered in predicting the 

difficulty of the trial. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.6.2. Results of within-subject t-tests of performance in the second tercile. 
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Figure 3.6.2. Average second-tercile difference score for each individual. Error bars 
represent standard error of the mean; * p < .05. 

 

 

 

Figure 3.6.3. Average difference score in third tercile for each individual. Bars are 
omitted where the individual did not complete any sessions in the third tercile. Error bars 

represent standard error of the mean; * p < .05. 
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A series of linear models that included baseline hormones as predictive variables indicated 

that only baseline cortisol was a significant predictor of performance in the first tercile (LM; β  = 

-0.09, SE = 0.04, t = -2.22, p = .03) (Table 3.6.3). Subject ID did not account for additional 

variance when included as a random effect, so tables of these models represent a linear model of 

difference score with sex and hormone predictors as fixed effects. Baseline testosterone and the 

cortisol-testosterone interaction did not influence difference score in the first tercile (Table 

3.6.4). Additionally, neither baseline cortisol nor baseline testosterone was significantly related 

to difference score in the second or third terciles.  

 

Table 3.6.3. Effect of baseline cortisol on reactions to pressure condition in the first 
tercile. 
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Table 3.6.4. Effects of baseline hormones on reactions to pressure in the first tercile. 

 

 

3.7 Comparison of reactions to high pressure in a social context to a solo context 

Overall, monkeys performed better under pressure in a social context (M = 0.064, SD = 

0.085) than under a solo context (M = -0.003, SD = 0.020; Table 3.7.1). It was not appropriate to 

perform within-subjects t-tests on these data due to the small session size of the social pilot data.  

Individually, three out of four subjects included in the social version pilot task responded to high 

pressure situations in the same direction as they did in the solo version. One subject (Nkima) 

switched from worse performance on HPTs than LPTs in the solo task to better performance on 

HPTs than LPTs in the social context (Figure 3.7.2). In general, the amplitude of the difference 

score was much greater for each subject in the social condition than in the solo condition (Figure 

6). However, it is important to note that, given the small number of sessions conducted in the 

social version of the task, these results remain preliminary.    
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Table 3.7.1 Descriptive statistics of differences between HPTs and LPTs in the social 
context for pilot subjects, with solo descriptive statistics included for comparison 

 

 

Figure 3.2.2. Within-subject comparison between performance under pressure in the 
social condition and the solo condition. Positive scores indicate better performance on HPTs 
than LPTS (“thriving” under pressure); negative scores indicate worse performance on HPTs 
than LPTs (“choking” under pressure). Error bars represent the standard error of the mean 

(SE). 

4 DISCUSSION 

I found significant individual differences in performance under acute pressure on a 

DMTS task in tufted capuchin monkeys that correlated with both baseline levels of endogenous 

cortisol and its interaction with endogenous testosterone. Specifically, I found that high baseline 

cortisol correlates with lower performance on high-pressure trials as compared to low-pressure 

trials, and while baseline testosterone alone does not affect performance on higher-pressure trials 
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(HPTs, which were earlier associated with a time delay) relative to regular low pressure trials 

(LPTs), individuals with high levels of cortisol who also had high testosterone levels showed 

improved performance under pressure. However, there were few effects of weekly hormones, 

although these were consistent with baseline, and no effect of a difference in hormones.  I also 

found that responses to pressure changed as a function of experience with the task, as represented 

by a tercile split of the session number; individuals were more likely to perform poorly on HPTs 

as compared to LPTs in their first 5 sessions, while in the second tercile many individuals began 

to “thrive”. Therefore, the HPTs might only be affecting performance in the early attempts at a 

task, and that in the second tercile performance differences are related to motivation rather than 

pressure.  

The interaction between cortisol and testosterone was the most important correlate of 

individual differences in monkeys’ responses to acute stress situations. In general, unlike 

humans, many individual subjects did better on the high-pressure trials than on the regular ones 

overall; this might be due to the overall performance measure reflecting how the monkeys’ 

performance changed over the course of the study (which was further explored via the terciles 

split analysis). Despite this key difference, I found that as an individual monkey’s baseline 

cortisol increases, the likelihood of that individual “choking” under acute pressure also increases. 

This fits nicely with the existing literature that cortisol is involved in stress responses, including 

those in response to acute pressure. For example, the human literature has connected cortisol to a 

higher likelihood of “choking” in math performance (Mattarella-Micke et al., 2011), so the 

similarity of cortisol’s effect on performance under pressure in capuchin monkeys suggests that 

cortisol is associated with individual differences in “choking” in primate species in general. In 

addition, as with humans, this effect was mediated by testosterone, but it did not do so in the 
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hypothesized direction. Based on the human literature I predicted that exhibiting high levels of 

both cortisol and testosterone would produce the worst performance under pressure; I instead 

found that while high cortisol does predict worse relative performance on HPTs, high 

testosterone actually appears to ameliorate cortisol’s negative effect on performance to a small 

extent (Figure 3.2).  

There are key differences in the present study that may account for this change in 

directionality of testosterone’s moderating influence. Traditionally, the dual hormone hypothesis, 

which predicts a negative effect of having both high testosterone and high cortisol on 

competition, has dealt with physical competitions of dominance and negative changes in physical 

condition that occur with elevated levels of testosterone, such as potential immune dysfunction 

(Holdstock, Chastenay, & Krawitt, 1982). This type of physical change, however, may be less 

relevant in a cognitive task, such as the DMTS that I used. In my study, cortisol levels alone are 

negatively related to difference score, with testosterone moderating the relationship positively. 

There is some evidence that although testosterone may negatively influence competitive viability 

when body condition is low (for instance at high levels of cortisol), high levels of testosterone 

might affect cognitive functioning positively (Gouchie & Kimura, 1991; O’Connor, Archer, 

Hair, & Wu, 2001; Gibbs, 2005; Janowsky, 2006). Maybe if both body condition and 

competitive viability are low, it’s especially important that individuals react appropriately to a 

threat so that they can survive. In this situation, we might expect that when cortisol is high (and 

thus body conditions are not optimal), testosterone would improve decision-making to 

compensate for cortisol’s negative impact on cognitive performance. Therefore, it is important to 

separate out physical effects of testosterone from its cognitive effects when considering how it 

interacts with cortisol.  
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Overall baseline rate of hormones averaged from the duration of the study were much 

more strongly related to “choking” than weekly hormone levels, such that baseline cortisol was 

correlated with poor performance under pressure throughout the study, with testosterone 

appearing to moderate its effect at least in terms of overall performance. Weekly hormone values 

on their own did not affect “choking” but did support testosterone as a moderator in the 

relationship between cortisol and “choking.” Similarly, the difference of these weekly values 

from overall baseline rate did not affect difference scores for that week’s sessions. It seems as 

though average hormone level is a better metric than weekly hormone levels or the difference 

from the average, but I cannot tease apart the possible reasons for this with the current data.  

It might be that the overall baseline is most related to “choking” because the monkeys’ 

responses to acute pressure are rooted in long-term development of coping strategies as a result 

their history of overall stress. Stress occurs via one of two pathways – the fast-acting pathway 

involves the sympathetic nervous system, with a faster response in the hypothalamus and the 

production of epinephrine. However, epinephrine does not cross the blood-brain barrier (Nelson 

& Kriegsfeld, 2017), and therefore cannot affect behavior (although it could certainly induce 

physical changes that might act as a “distraction”). Cortisol, which does cross the blood-brain 

barrier, is actually involved in the slower-acting pathway, the hypothalamic – pituitary – adrenal 

(HPA) axis. By the time cortisol is released, it may be too late to affect the outcome of the 

stressor that initially caused it. However, even if it does not affect the stressor that caused its 

production, the release of cortisol might affect reactions to later stressors. An overall baseline 

level of cortisol from multiple samples might best predict reactions to acute performance 

pressure over a period of time because it represents the overall accumulation of ongoing and 

prior stressors that are affecting reactions to acute pressure. There is also some evidence that the 
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presence of chronic stress counterintuitively downregulates the effect of immediate stressors on 

cortisol levels (Rich & Romero, 2005), so it might be that being stressed in general means that 

fluctuations in cortisol matter less.  

Performance on the two types of trials (HPTs and LPTs) differed as a result of experience 

with the testing, an intriguing result that provides avenues for future exploration. Two monkeys 

responded significantly worse on HPTs as compared to LPTs in the first tercile, but none did so 

in the second tercile. Rather, those two monkeys improved performance such that they were 

performing at least equally well on the two types of trials in the second tercile; in addition, two 

other monkeys improved their performance from performing equally well on the two trial types 

in the first tercile to performing significantly better on HPTs than LPTs in the second. 

Endogenous baseline cortisol was significantly related to individuals “choking” (performing 

worse on HPTs than LPTS) within the first tercile, where individuals tended to “choke” if they 

were going to do so; there was no interaction effect within this tercile, however. I did not find 

evidence that either hormone affected performance in the second and third terciles.  

 Therefore, I propose that early sessions are reflective of responses to pressure, while 

later sessions might actually tap into the effects of practice and motivation rather than pressure, 

because HPTs are highly rewarding. Further studies of the “choking” phenomenon should focus 

on this experience effect to determine at what point high pressure doesn’t seem to matter and 

should explore how the “experience” of high pressure influences performance in later sessions. It 

might also be that the HPTs lose their pressure-inducing qualities once it’s clear to subjects that 

the trials aren’t actually harder; this would explain why experience leads to more “choking” in 

human subjects while later sessions improved performance in the present monkey subjects. 
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Monkeys in the social pilot study responded similarly to high cognitive pressure in the 

social context as they had in the solo context, with three of the four monkeys responding in the 

same direction to the cognitive pressure as they had in the solo version. The one monkey that did 

switch, Nkima, moved from “choking” under pressure in the solo task to “thriving” under 

pressure in the social task. Although the small number of subjects in this pilot makes comparison 

impossible, so far subjects are responding more strongly to the effect of acute cognitive pressure 

in the social condition than in the solo condition. If this trend holds as session numbers and 

subject numbers are increased, it would suggest that the social context is especially salient to 

capuchin monkey subjects; it would also be useful to specifically compare only early sessions of 

both versions (solo and social). Monkeys might be especially sensitive to outcomes involving 

social partners because capuchins constantly monitor their social status and resources, as well as 

those of groupmates, and are thus especially motivated to perform under high pressure when 

failing to do so results in watching a social partner receive the reward.  

Individual differences in cognition are important to understanding cognitive performance 

in non-humans, but in the field of comparative cognition individual differences are sometimes 

considered a “bug,” rather than a “feature”; that is, individual variation is something to be 

controlled for instead of being explicitly studied. However, individual variation can provide 

valuable insight into the mechanisms involved in success or failure at a task. For instance, the 

use of tasks with which subjects have varying levels of experience might allow us to further 

explore the role of experience and to explain more individual variation in reactions to pressure; 

because human literature finds that “experts” at a task are more likely to “choke” when that task 

is under pressure, the use of a task in which some monkeys are “experts” and others “novices” 

might allow us to better understand the cause of “choking” in non-humans. It is likely that after 
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training to become experienced on a more complicated and specialized task, the “choking” effect 

might be amplified for the trained task when high pressure is applied. This work provided 

evidence that individuals variation in sensitivity to high pressure is related to individual 

differences in hormones; further explaining these individual differences may allow us to better 

understand how “choking” occurs and how both humans and non-humans can better cope with 

acute pressure. 
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