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	Abstract
[bookmark: _GoBack]Competing with other people in public can impact one’s social reputation. Accordingly, the prospect of entering public contests can cause an acute biological “stress” response. It is unknown whether this stress response alters motivation to enter ongoing contests. Using real multiplayer contests from behavioral economics, we quantified participants’ "public competitiveness" by comparing their willingness to enter private IQ contests versus equivalent public IQ contests which exposed their relative IQ rank. We asked (a) whether an experimentally-stressed group, with higher average cortisol, was more or less avoidant than a control group on this measure, and (b) whether the magnitude of an individual’s cortisol response predicted their public competitiveness. In line with (b), we found that higher cortisol responses to the experimental context specifically predicted higher public competitiveness, independently of stress treatment. The stress treatment itself had no measurable effect. Future research should explore whether individual differences in cortisol do indeed act causally to increase boldness in socially-evaluated contests. 




Cortisol Responses Predict Higher Competitive Behavior in Real Human Contests
The prospect of entering a public contest evokes a number of behavioral 








































































(Bandler & Shipley, 1994; Biondi & Picardi, 1999; Joels & Baram, 2009) and endocrine 









































(Campeau, Liberzon, Morilak, & Ressler, 2011; Hellhammer, Wüst, & Kudielka, 2009; Kudielka, Hellhammer & Wüst, 2009; Quinn, Ramamoorthy, & Cidlowski, 2014) responses. Most prominently, endocrine cortisol responses reflect activation of the hypothalamic-pituitary-adrenal (HPA) axis 









































(Joels & Baram, 2009; Kudielka, Hellhammer, & Wüst, 2009), which plays a key role in energy mobilization and stress physiology. Yet to date it is not known whether the endocrine response to an imminent contest can act on the central nervous system to influence behavioral responses to the contest 


















































































































































(Andrews et al., 2007; Boyle, Lawton, Arkbage, Thorell, & Dye, 2013; Dandeneau, Baldwin, Baccus, Sakellaropoulo, & Pruessner, 2007; Rohleder, Beulen, Chen, Wolf, & Kirschbaum, 2007).
It is known that threats to social status, such as contests, are a particularly potent trigger of a cortisol response in humans 








































(Kemeny, Gruenewald, & Dickerson, 2004). Contests challenge one’s social status by publically assessing the abilities, competencies, or traits on which a positive social image is based 











































































(Denson, Creswell, & Granville-Smith, 2012; Kemeny et al., 2004). From this perspective, cortisol is seen as one component of a coordinated psycho-biological response to social-evaluative threats such as public evaluation 





























































































































































































( Dickerson & Kemeny, 2004; Het & Wolf, 2007; Kirschbaum, Pirke, & Hellhammer, 1993; Von Dawans, Fischbacher, Kirschbaum, Fehr, & Heinrichs, 2012; Von Dawans, Kirschbaum, & Heinrichs, 2011). The term "socio-evaluative challenge" may be more appropriate than “socio-evaluative threat”, because it highlights that contests might be perceived as either thrilling or threatening.[footnoteRef:1] [1:  Interestingly, while the literature has been preoccupied with cortisol responses to socio-evaluative threat or stress, the cortisol system also potently responds to prospective rewards (see Piazza & Moal 1997 Brain Research Reviews for an overview). Nearly two decades ago, Piazza & Le Moal (1997) introduced the idea that cortisol might aid in obtaining rewarding outcomes in the face of threat by amplifying the rewarding effects of positive reinforcers, allowing for a flexible adaptation to situations that present both aversive and rewarding elements.] 

	           Despite this causal relation between social evaluation and the acute cortisol stress response, to our knowledge there is no converse evidence that acute cortisol impacts behavioral responses to social evaluation, such as the choice to enter public contests. Interestingly, an increased secretion of cortisol is associated with lower levels of competitive behavior in some non-human animal species, as assessed via the frequency of submissive displays 


















































































(Haller, Kiem, & Makara, 1996; Shively, Laber-Laird, & Anton, 1997). While human submissive behaviors such as eye gaze avoidance 





































































(Allan & Gilbert, 1997; Keltner, 1995) may serve a similar evolutionary function 


































































(Keltner, 1995, 1996), it is unclear how they relate to cortisol and whether this relation is indeed specific to social-evaluative challenges, as suggested by the social self preservation theory (Bosch et al., 2009; Boyle, Lawton, Arkbage, Thorell, & Dye, 2013; Gruenewald, Kemeny, Aziz, & Fahey, 2004; Kemeny et al., 2004; Smith & Jordan, 2014).[footnoteRef:2] [2:  Related work might suggest that acute cortisol may reduce aversion to challenges or threats, as measured by reductions of fear for specific stimuli and suppression of fear-related memory (Schelling et al., 2004; Schelling, Roozendaal, & De Quervain, 2004; Soravia, Heinrichs, Aerni, Maroni, Schelling, et al., 2006; Jackson, Payne, Nadel, & Jacobs, 2006; Putman, Hermans, Koppeschaar, van Schijndel, & van Honk, 2007; Putman, Hermans, & van Honk, 2010; van Peer, Spinhoven, & Roelofs, 2010; Taylor, Ellenbogen, Washburn, & Joober, 2011; De Quervain & Margraf, 2008; De Quervain et al., 2011)] 

We therefore asked whether a randomized stressor and/or the endogenous cortisol response impacted participants’ willingness to risk their social reputation by competing in public. If a participant in our experiment consented to enter a public contest, their rank in an IQ challenge was announced in public by projecting their photo and IQ rank onto the wall. We contrasted participants’ willingness to enter such contests with their willingness to enter private contests, in which they received only private feedback about their rank. As an additional factor, participants knew that some contests were ability-matched, while some were not[footnoteRef:3], see Figure 1. Our experiment addressed two related questions. We first looked for evidence of stress-induced avoidance of public contests, where social reputation was at stake, relative to private contests, where it was not. We hoped to assess stress-induced changes in participants’ sensitivity to social evaluation. Analogously, we also asked whether participants’ cortisol responses predicted their relative aversion to public contests.  [3:  Contests that were not ability-matched were termed ambiguous: Even if an individual were certain of his absolute ability, his competitor’s ability, and hence his relative ability, it was still categorized as ambiguous.] 

[bookmark: GrindEQpgref536121882]Materials and Methods
[bookmark: GrindEQpgref536121883]Participants
Participants were recruited from a pool of students across universities in Zurich. They were contacted by email and assessed using our exclusion criteria of any history of psychiatric or somatic disorder, including allergies, before receiving preparatory instructions (see below). Three of the 135 participants were excluded from analysis because they failed to fulfill either the choice or cortisol dependent measures. Participants were randomly assigned to stress versus control treatments. The remaining 132 participants (18-50 years, median age 23 years) consisted of 66 women and 66 men. The study was approved by the local ethics committee and conducted in accordance with the Declaration of Helsinki. Participants were not deceived in any part of this study. They were naive to laboratory stressors, following 














































Schommer, Hellhammer, and Kirschbaum (2003). To control for HPA axis reactivity, participants were instructed to refrain from eating or drinking anything but water in the three hours before the experiment, and to abstain from alcohol, excessive exercise, caffeine, and smoking in the six hours before the experiment. They were also asked not to brush teeth or chew gum 30 minutes prior to the experiment, and to go to bed at a reasonable time (i.e. around midnight) and get at least six hours of sleep the night before the study.
[bookmark: GrindEQpgref536121884]Measures
[bookmark: GrindEQpgref536121885]Main variables of interest. We recorded participants’ choice to enter or avoid different types of competition. To assess the stress response, we also measured salivary cortisol 5 minutes prior to (baseline), 25 minutes after (peak cortisol[footnoteRef:4]), and 70 minutes after stressor onset and collected self-reported affect ratings on a Visual Analog Scale (VAS) immediately after the stressor offset (Aitken 1969). We recorded their performance in an N-back test. Immediately after their competitive choices but before their actual competitive performance, we recorded their belief about their relative performance. This allowed us to control for their self-confidence when assessing the effect of stress on the tendency to avoid social competition. Please see supplementary material for details of our additional measures. We did not take additional biological measures, such as testosterone, but did take other novel behavioural indices of risk preference that we may report elsewhere. [4:  By "peak" cortisol, we mean the maximum cortisol measurement of our three samples. This maximum typically fell at 25 mins, in agreement with prior findings that the peak cortisol is roughly around this point in time.] 

[bookmark: GrindEQpgref536121886][bookmark: GrindEQpgref536121887]Design and Procedure
[bookmark: GrindEQpgref536121888]Stress induction. On each day of testing, a group of 25 or 30 participants completed informed consent before all were assigned to either the “Stress” or “No stress” treatment of a socially evaluated cold pressor test (SECPT; 














































(Schwabe, Haddad, & Schachinger, 2008). We used a modification of the SECPT to treat a larger group [footnoteRef:5] (see 



















































Minkley, Schröder, Wolf, & Kirchner, 2014 for the recent validation of a similar procedure). This procedure satisfies many conventional criteria for a stressor 


















































































(Dickerson & Kemeny, 2004; Minkley et al., 2014). [5:  This modification arose because the standard Socially Evaluated Cold Pressor Test (SECPT) by (Schwabe et al., 2008) is applied to one person at a time. Other existing stress tests may be applied to small groups of participants simultaneously, e.g. the Trier Social Stress Test (Dawans et al., 2011). Yet we required a larger group for our purposes. Our larger sample size enabled us to reliably construct sub-groups of participants with matched abilities on an N-back test, which were necessary for the design of our study (see below).] 

In both stress treatments, all participants sat in front of a water bucket. Participants were collectively asked to “place your hand in the water up to the wrist and leave it submerged until further instruction or for as long as you can endure it”. The “Stress” and “No Stress” treatments were identical but for the following two details: the temperature of water during a pressor task and the behavior of two experimenters during that pressor task. In the “No Stress” treatment, the water was comfortably warm (34-37○ C) and experimenters E1 and E2 stood stationary in the positions indicated in Supplemental Figure 8 with eyes directed downwards onto handheld stopwatches. In the “Stress” treatment, the water was uncomfortably cold (2-4○ C) and experimenters E1 and E2 walked among the participants, alternately directing their eye-gaze between participants’ faces and hands to inspect each participant’s compliance and a hand-held clipboard onto which they made notes with a pen. 
           In both treatment conditions, experimenter 3 walked down each row of participants and took a photograph of each participant. These photographs were used later in the experiment. Participants were then asked to report seven attributes of their state affect on a short visual analog questionnaire, similar to that described by 
















































Schoofs, Wolf, Smeets, et al. (2009). 
Behavioral task. 
Overview. Before the main decision task, each participant completed two N-back tasks for performance-dependent pay. Payment was first based on their absolute performance, then on their relative performance, relative to four randomly selected opponents.[footnoteRef:6] In the former case, they were paid proportionally to their personal percentage correct. In the latter case, the top-scorer in each group of five received a large bonus, while other group members received no pay at all. This large bonus ensured that the expected value or average payment in the relative payment scheme (high-risk/high-return competition) was comparable to that in the absolute payment scheme (low-risk/low-return non-competition). Because participants could not choose how they would be paid in these two N-back tasks, we refer to these tasks as forced-contest and forced non-contest. [6:  Relative payment schemes are competitive in the sense that they induce a conflict of interest between participants: if one participant wins money, the others cannot win money. This situation was known to our subjects a priori. In contrast, in absolute payment schemes there is no conflict of interest: everyone can win (or lose) independently of other people’s performance.] 

        	At peak cortisol response, 25 minutes post stressor onset, participants then freely chose in advance how to be paid for each of four potential upcoming N-back tasks.  For each potential upcoming task, they selected between the absolute payment scheme (low-risk/low-return) and relative payment scheme (high-risk/high-return) detailed above. While these two financial payment options were constant throughout the four contests, the four contests differed along two non-pecuniary dimensions: they were ability-matched and/or publicized according to a 2 x 2 factorial design (see Figure 1b). According to our hypothesis, these independent variables should influence competitive behavior (see Introduction). Following standard practice in behavioral economics, after participants had made their choices, we then randomly selected only one of the four potential N-back contests to actually be played.[footnoteRef:7] After their choices, but before the final N-back test, participants reported how they expected to perform in a mixed-ability contest by indicating their expected rank from one to five in this ambiguous hierarchy. This provided some measure of their self-confidence. They were instructed that they would win 5 CHF if they were correct, incentivizing them to disclose their expected rank honestly. See the appendices for a comprehensive description of the task specifics. [7:  Thus participants who had chosen not to compete in the selected contest (absolute payment) were destined to be paid proportionally to their percentage correct and to remain anonymous. In contrast, participants who had chosen to enter the selected contest (relative payment) received the bonus if and only if they were the top scorer in their group, but also received any non-pecuniary outcomes of the contest. For example, if the selected contest was public, then their rank was publicized.] 

[bookmark: GrindEQpgref536121889]Cortisol analysis. Saliva samples were frozen at -4 degrees Celsius until they were analyzed at the laboratory of Prof. Clemens Kirschbaum (TU Dresden, Germany). See appendices for more details.
[bookmark: GrindEQpgref5361218810]Statistical Methods 
[bookmark: GrindEQpgref5361218811]General. Uncertainty about our inferences is depicted in 95% CIs, under the assumptions detailed below. All analyses were performed with the R software package 

































(RCoreTeam, 2014). Our sample sizes were chosen to ensure that we had 80% power to identify a 0.1 difference between stress and no stress conditions in the public contest condition. Our calculation assumed that the no stress competition rate would be 0.3 in this condition, which implies a standard deviation (i.e. Bernoulli variance) of 0.21.

[bookmark: GrindEQpgref5361218812]Effect of stress on self-reported affect, cortisol, guessed rank in the N-back contest, and actual N-back performance. For each participant, the cortisol response was calculated as the difference between salivary cortisol at the 25 minute post-stress peak and five minute pre-stress baseline. Conversely, the cortisol recovery was calculated as the difference between the final cortisol level at 70 minutes and the 25 minute peak. No participants were excluded from the analyses of cortisol effects. We used a two-sample t-distribution (assuming unequal variances) to infer the effect of stress on these cortisol variables, self-reported affect, guessed rank, and final N-back performance. Our conclusions were unaffected by this parametric assumption: they were the same under non-parametric two-sample rank sum tests.
[bookmark: GrindEQpgref5361218813]Effect of stress and cortisol on competitive choice behavior. Our central goal was to contrast social avoidance (public competitiveness) at different levels of stress and cortisol. We did not use a standard mixed effects ANOVA to model the effect of our Stress x Publicity x Ambiguity treatments on competitive choices, because these choices were binary not Gaussian (enter contest or not). In the appendix we use a mixed-effects logistic regression – a special case of the generalized linear mixed model – to model both the causal effect of our treatments on choice behavior, as well as the predictive relation between cortisol on choice behavior. Here we present a simpler “summary statistic” approach, which yields the same conclusions. In this summary statistic approach, we first estimated within-participant social avoidance by contrasting each participant’s choice to enter different contests in Figure 1b. Then, treating these within-participant summaries as raw data, we examined their between-participant variation as a function of stress (or cortisol), as follows.

A summary of each participant’s social or “public” avoidance  is created by contrasting (i.e. subtracting) their average participation in the two private contests versus the two public contests. This main effect of publicity is

 











 where  equals  if the participant entered the contest depicted in cell  of Figure 1b and  otherwise, and so on. For example, a publicity-averse participant may compete in cells  and  but not  and , giving them , while a publicity-seeking participant competing with the opposite pattern will receive . If stress reduces social avoidance, then on average where * indicates a stressed participant.
We also considered two secondary hypotheses. Because social evaluation may be most threatening when it exposes otherwise unknown information about one’s social rank[footnoteRef:8], we also tested the interaction effect of publicity with ambiguity:  [8:  This hypothesis arises from considering participants’ second order beliefs, in particular their beliefs about how their performance will be evaluated by others. If participants believe that observers will discount their success/failure in the contest to chance rather than ability, the reputation stakes are lower. By this reasoning, our participants should feel lower reputation stakes in the matched contests because observers know that success only rests on chance in these matched contests: by construction all contestants have an equal chance of winning a priori.] 




This quantity is higher for a given participant if mixed-ability contests trigger more social avoidance than matched-ability contests. If stress reduces social avoidance more in mixed-ability contests than match-ability contests,  should be lower under stress. Finally, for completeness, we quantified the main effect of competitive ambiguity aversion, by contrasting participation in matched-ability versus mixed-ability contests:

  


[bookmark: GrindEQpgref5361218814]For each participant, the summary statistics defined above () take on one of a discrete, ordered set of values (-1,-1/2,0,1/2,1). We therefore used ordered logistic regression to test whether they were affected by stress treatment. Each of these three regressions contained an intercept and a dummy variable which indexed participants in the stress treatment. The dummy variable captures the effect of stress treatment versus control. Analogously, we used ordered logistic regression to test whether these summary statistics were related to the cortisol response , across subjects.
Results
[bookmark: GrindEQpgref5361218815]Stress and Cortisol, Self-Reported Affect, Pre-Choice Guessed Rank and Post-Choice N-Back Performance
The impact of stress treatment on salivary cortisol is given in Figure 2a and Table 1 in nmol/l. The cortisol response and the cortisol recovery were greater in the stress treatment condition, particularly for male participants. There were no baseline differences in cortisol between the stress and non-stress treatments. A difference emerged at the peak 25 mins post-stressor, and no difference was visible after at 70 minutes post-stressor onset. 
Despite cortisol's circadian afternoon decline, both stress treatment groups showed a significantly positive cortisol response (i.e., an increase in cortisol from the baseline to the peak measurement), but this occurred significantly more often among men in the stress treatment. Interestingly, separate one-sample t-tests revealed a positive cortisol response in both women and men, in both stress and no stress treatment conditions (p = 0.041 non-stressed women; p = 0.0014 stressed women; p = 0.0095 non-stressed men; p < 4 x 10-8 stressed men). It thus seems that our procedure elicited a baseline cortisol response in all participants, and that the cold pressor augmented this response in the stress treatment, particularly for men, see Figure 2a  and Dickerson and Kemeny (2004). This common baseline component of the cortisol response made it more challenging to detect a main effect of stress-related cortisol on choice behavior (i.e. increased the false negative error probability of our statistical tests). 
We then examined variation in the cortisol response with both the stress treatment and participant-specific covariates. These covariates included a gender dummy; risk preferences (assessed via questionnaire); BIS/BAS personality; Perceived Stress Scale; participants’ belief about their rank; state affect after the stressor such as self-reported irritation, anxiety, sadness, and happiness; and two dummies for smoking and drinking behavior. Only gender and stress treatment predicted the cortisol response in this linear Gaussian regression model (see Figure 4a). This analysis confirmed that men had a stronger cortisol response than women 














































(Kirschbaum, Wüst, & Hellhammer, 1992). Henceforth we included gender in models of the effect of stress and cortisol, permitting us to identify whether gender moderated these effects. We did not assess gonadal hormones and cannot directly comment on the role of sex hormones, nor on their potential interaction with cortisol. For a brief consideration of the role of the menstrual cycle and hormonal contraceptives, please see the appendices.
The impact of stress treatment on self-reported affect is shown in Figure 2b and Table 2. The stress treatment was perceived as more unpleasant. Stressed participants were also more annoyed. The remaining effects were not distinguishable from zero. There were 17 smokers. A two-sample t-test revealed that smokers did not differ from non-smokers on any self-reported affect rating (p values ranging from 0.259 to 0.788), suggesting that 6 hours of nicotine abstinence did not measurably impact mood. Smokers did not significantly differ from non-smokers in the magnitude of their cortisol response, as assessed with a two-sample t-test (p = 0.21).
As with previous reports (Schoofs, Preuß & Wolf 2008), we found an effect of stress treatment on N-back performance during the training phase (0-25 mins post stressor). This effect had washed out at 25 minutes post treatment. Specifically, stressed participants performed worse in both training N-back tasks (p = 0.079, p = 0.0037), but evidenced recovery by the final, post-choice performance (p = 0.468). In terms of the mean and standard errors, in the first N-back task, non-stressed subjects averaged 83% correct answers while the performance of stressed subjects was 3% worse (-2.8%, SE 1.58). In the second N-back test, the non-stressed subjects averaged 85% correct answers, and stressed subjects now performed significantly 5% worse (-5.04%, SE 1.7). By the final performance, non-stressed subjects averaged 85% correct and the stressed subjects’ performance was just 1% worse (-1.4%, SE 1.9). 
As reported above, our stress treatment did not influence participants’ final competitive performance, see Figure 2d. In the context of competitive choice behavior, it is perhaps more relevant to ask whether stress influenced their beliefs about relative performance. We found that our stress treatment did not influence participants’ beliefs about their relative competitive performance, as shown in Figure 2c. This suggests that participants may have expected stress to affect everyone’s absolute N-back performance equally (or not at all), thereby leaving everyone’s relative performance unchanged. On average, participants seemed aware of the quality of their performance: their guessed relative rank in the group strongly correlated with their final N-back performance, as assessed with a Wilcoxon rank-sum test with continuity correction (W = 13576.5, p < 0.001).
[bookmark: GrindEQpgref5361218816]Stress, Cortisol, and Choice
 Figure 3a gives the fraction of people who compete in each cell of the factorial design. It shows that, regardless of stress or ambiguity level, people strongly avoided public contests (conditions C,*C, D,*D of Figure 1b, where * indexes the stress treatment participants) relative to private contests (A,*A,B,*B). This confirms that our task measures social avoidance.
Regarding our summary-statistic regression analyses (see Statistical methods), Figure 3b indicates that stress has no influence at all on social avoidance, ambiguity avoidance or their interaction at 25 minutes post-stressor. We then asked whether gender moderated any stress effect. We therefore included gender as a factor in the three summary-statistic analyses of the effect of stress on competitive choice. We found that in no case did gender modulate the impact of stress on choice behavior; in all cases the 95% confidence intervals for the gender x stress parameter generously included zero (p values > .5).
We then replaced the stress treatment dummy variable in these regressions with participants’ measured cortisol response and repeated the three summary-statistic regressions. This revealed that individuals’ cortisol response predicted lower aversion to public contests (p = 0.005), as in Figure 3d. Figure 3c illustrates this relation. It is evident from Figure 3c that only one participant out of the 21 showing a high cortisol response (i.e. greater than 15 nmol/l) also showed high publicity aversion (i.e. Publicity (P) = 1).[footnoteRef:9] We then included gender as a factor in these three summary-statistic analyses of the relation between cortisol response and competitive choice. As with the stress treatment above, we found that in no case did gender modulate the impact of stress on choice behavior.  [9:  This relationship between cortisol and behavior remained statistically significant at the same level when we included day of testing as a factor in the regression.] 

We then asked whether gender jointly interacted with stress and cortisol to impact competitive behavior, and found a similar (null) pattern. We conducted analogous analyses within the framework of generalized linear mixed model regression in the supplementary material, and again found no evidence whatsoever for the claim that gender modulated the effect of stress or cortisol response, or their interaction, on competitive behavior. We then stratified the regression of cortisol response on public competitiveness by gender, in order to confirm that this relation held separately for women (p = 0.0431) and men (p = 0.0723). In summary, while our female participants' cortisol response was less dependent on stress treatment (see above), it was equally predictive of social avoidance across stress treatment conditions.
We wanted to know whether our observed relation between cortisol and public competitiveness persisted after accounting for other factors known to influence either cortisol or competitiveness. We therefore augmented the summary statistic regressions above with other participant-specific covariates: stress treatment dummy; participants’ belief about their rank; post-treatment state affect such as self-reported irritation, anxiety, sadness, or happiness; gender dummy; risk preferences as assessed by questionnaire above; personality in the form of BIS/BAS assessed by questionnaire above; self-reported chronic stress level and two dummies for smoking and drinking behavior. We did this in order to hold any (linear) contribution of these variables constant while inferring the relationship of interest: the cortisol-behavior relationship[footnoteRef:10].  To facilitate comparison between different effects, all variables, apart from the dummies, were standardized in that we subtracted the mean and divided by the standard deviation. Cortisol remained highly predictive of social avoidance after accounting for these covariates in the regression; the estimated effect was -0.52 with a 95% CI [-0.92,-0.13] as seen in Figure 4b. For completeness, analogous plots depict the relationship between each covariate and ambiguity aversion as in Figure 4c and the interaction between ambiguity and publicity, as in Figure 4d. [10:  In other words, we ensure that any cortisol-behavior relationship does not reduce to any linear combination of these other variables. This approach to statistical control is the parametric equivalent of non-parametric 'stratification' methods.] 


While we have focused on the predictive effect of the cortisol response , it may interest some readers that we found no statistically significant predictive relation between competitive behavior and baseline cortisol.
[bookmark: GrindEQpgref5361218817]Discussion
Remarkably little is known about the effect of acute stress or cortisol on human competitive behavior. In particular, it is unclear whether these factors specifically influence the decision to enter or avoid contests which specifically challenge social standing. Our paradigm isolates this type of social avoidance. We designed a public IQ contest to maximally challenge reputation, thereby ensuring that avoidance would reflect participants’ reputation concerns. We demonstrated that the prospect of social evaluation indeed triggered a specific avoidant social behavior: We observed a strong drop in the probability of public competing in both ability-matched and ambiguous contests (Figure 3d).
We found no main effect of our experimental stressor on this form of social avoidance. Independently of the stress treatment, however, we observed that cortisol responses predicted lower avoidance. This means that participants with higher cortisol responses were bolder in the face of public feedback, and they were less avoidant of contests that publicly exposed their personal traits, such as physical appearance and relative cognitive ability, relative to contests with private feedback. This was true when accounting for participants’ gender and personality, as well as other variables known to influence either HPA responses or competitiveness. It is worth emphasizing that cortisol specifically predicted a reduced aversion to publicity. Our main result can be thought of as an interaction between cortisol and publicity (see Figure 3d). In contrast, we observed no overall correlation between cortisol and the total number of choices to compete. The specificity of this effect suggests a specific role for cortisol in social behavior 













































































































































































(Hasegawa, Toda, & Morimoto, 2008; Lundberg, Hedman, Melin, & Frankenhaeuser, 1989; Montoya, Terburg, Bos, & Van Honk, 2012; Rimmele et al., 2009; Salvador, 2005).
We cannot make any causal claims about the role of cortisol because it was not directly under experimental control. Our predictive relationship between cortisol and competitive choice behavior may reflect some hidden variable which predisposes some participants both to a responsive HPA axis and a tendency for public competition. While our analysis uses covariates to account for some high-level hidden variables such as personality and risk preferences, it remains possible that changes in structures that precede cortisol secretion, such as PFC, amygdala, hippocampus, or hypothalamus, are ultimately responsible for increased competitiveness.
Alternatively, our predictive relationship between cortisol and competitive choice behavior may indeed reflect a causal effect of cortisol on social avoidance, perhaps by cortisol entering the CNS and changing behavior. This would imply that, while social evaluation triggers cortisol 













































(Kirschbaum, Pirke, & Hellhammer, 1993), cortisol may in turn trigger social evaluation by reducing social avoidance. Such an effect might be mediated by fear-reducing effects of phasic cortisol 























































(Putman et al., 2007), if high responders experience less fear about the public revelation of their status. A potential mechanism for cortisol effects on the CNS has been suggested by 












































Putman and Roelofs (2011), who argue that the fear-relieving properties of cortisol could be due to the adaptive regulation of early cognitive processing of threatening information. By this account, automatic processing of goal-irrelevant threatening information is inhibited and automatic approach–avoidance responses are  facilitated. Thus cortisol would lead to both reduced fear and heightened reward orientation.  This appears consistent with Soravia et al. (2006), who demonstrated that exogenous cortisone buffered stimulus-induced phobic fear, and with van Peer et al. (2010) who showed that exogenous cortisol reduced motivated attention to social threat in patients. Note, however, that (exogenous) cortisol-induced alterations to the cognitive processing of specific fear-related stimuli may be unrelated to self-reported levels of anxiety (Grillon, Heller, Hirschhorn, Kling, Pine, et al., 2011). While Schelling and De Quervain have used cortisol administration in patients to reduce fear memories in post-traumatic stress disorder (De Quervain & Margraf, 2008; De Quervain et al., 2011; Schelling et al., 2004),e the generality of these findings  warrants further investigation (Elnazer & Baldwin, 2014), as does the possibility of gender differences (Jackson, Payne, Nadel, & Jacobs, 2006). 
If cortisol does play a causal role in social avoidance and dominance behavior, one might expect it to interact with other variables, including another endocrine process. The prominent dual-hormone hypothesis, for example, proposes that cortisol interacts with testosterone to influence dominance and avoidance behavior in social situations (Bedgood, Boggiano, & Turan, 2014; Mehta & Josephs, 2010; Zilioli & Watson, 2012), although Geniole, Busseri, and McCormick (2013) have recently questioned this notion. This question should be explicitly addressed in future work.
Our results prompt several new questions which we now briefly consider. First, why did stress not raise cortisol levels in women? Second, which aspect of the study resulted in a cortisol increase in all participants? Third, how do the findings fit with previous research on stress and risk taking and stress and decision making? Regarding our first question, our observed gender differences in cortisol response to stress resonate with previous accounts (e.g., Lovallo et al., 2006; Uhart et al., 2006). We can only speculate that the profound gender asymmetry in cortisol responses that we observed reflects some feature of our specific group stress protocol. If so, this would spark a host of new and intriguing empirical questions. Regarding our second question, we cannot be sure which aspect of the study resulted in a cortisol increase in all participants. In general, the situational characteristics that lead to activation of the HPA axis include novelty, predictability, controllability, anticipation of negative consequences, ego-involvement, cognitive challenge and reward anticipation (e.g., Dickerson & Kemeny, 2004; Pruessner, 1997). This creates a few possibilities. First, everyone in our task had a cognitive challenge, which may have triggered a slight cortisol increase. Furthermore, our instructions to subjects at the onset of our experiment may have affected the results. Participants were told that they faced a novel task, which introduced a level of unpredictability, and that their IQ performance would be measured. The latter may have invoked a threat to ego, either through fear of social evaluation or self-evaluation. Regarding our third question, there is indeed evidence that stress, and cortisol in particular (Pabst et al., 2013), may increase financial risk-taking, potentially by increasing the saliency of potential rewards (Coates et al., 2010; Lighthall et al., 2009; Putman et al., 2010; Van den Bos et al., 2009). This seems consistent with the idea that a cortisol increase might facilitate bold, competitive behavior in our task. From this perspective, two things are notable about our work. First, our task explicitly taps into social risk-taking. Financial risks were constant across our public and private contests; any differential participation across these contests cannot therefore be reduced to financial risk-taking. Instead, we believe that our experiment measures the social risk-taking that arises when people balance the potential glory arising from public success against the potential humiliation that accompanies social defeat. Second, unlike some of these other non-social risk tasks, we did not observe a treatment effect of stress at 25 minutes post-stressor. Rather, individual differences in cortisol response to our novel ego challenge appear to be more important. 
Our focus has been on the relationship between competitive behavior and cortisol response. We now briefly consider what might have been expected in terms of the basal cortisol level. In particular, converging lines of circumstantial evidence might lead one to predict more aggressive social competition among those with lower baseline cortisol. For example, it is suggestive that depressive and anxious symptoms entail both high basal cortisol levels and low competitive behavior (Halbreich et al., 1985; Vreeburg et al., 2010). Conversely, low basal cortisol has been implicated in overly aggressive behavior (Oosterlaan et al., 2005), as found in oppositional defiant disorder (ODD) and conduct disorder (CD; Karyawasam et al., 2003; McBurnett et al., 2000; Moss et al., 1995; Pajer et al., 2001; Scerbo & Kolko, 1994; Shoal et al., 2003; Van Goozen et al., 1998; Vanyukov et al., 1993; Van de Wiel et al., 2004). From these associations alone, it is obviously unclear whether or how basal cortisol causally impacts aggressive/competitive behavior. Various causal and non-causal speculations have nonetheless arisen to explain this association. First, cortisol may be regarded as a peripheral indicator of autonomic activity (Oosterlaan et al., 2005). Several studies have found evidence for reduced autonomic activity in children, adolescents and adults with antisocial behavior, including lowered heart rate and skin conductance (e.g. Pliszka, 1999). Activity in the sympathetic branch of the autonomic nervous system goes hand in hand with the release of cortisol from the HPA axis. Thus, low basal cortisol concentrations may reflect lower autonomic activity. Second, some previous research suggests that basal testosterone is moderately positively correlated with basal cortisol (e.g., Mehta et al., 2008). This may be relevant because of the likely role of testosterone in social dominance behaviors and competitive behaviors. Perhaps more relevant still, one influential recent perspective on social aggression emphasizes the testosterone–cortisol ratio as a hormonal risk factor (Montoya et al., 2012; Pompa et al., 2008). By this account the interaction between the basal value of testosterone and cortisol levels is critical. The intimate interactions between social competitive behavior, the hypothalamic-pituitary-gonadal (HPG) axis and the hypothalamic-pituitary-adrenal (HPA) stress axis are also seen in the fact that transient changes in testosterone after social victory or defeat in contests depends on basal cortisol (Zilioli & Watson, 2012). 
We briefly note some other extensions of the current study, which future work might address. First, the socio-evaluative stress response also includes inflammatory cytokines, which are known to interact with HPA function. Future work should therefore assess whether our observed effects can in fact ultimately be traced back to the cytokine system 






















































(Dickerson, Kemeny, Aziz, Kim, & Fahey, 2004). Second, we have focused on a behavioral measure of social avoidance and found that participants were generally avoidant of public contests in comparison to private contests. We leave it to future work to identify the role of the emotion of shame in guiding and modulating social competitive behavior 












































































(Dickerson, Gruenewald, & Kemeny, 2004; Dickerson & Kemeny, 2004). Additionally, we have discussed the role of fear in cortisol-dependent changes in public competitiveness. Another possibility for future work, which we have alluded to above, is to explore whether participants become more sensitive to social rewards such as high status or less sensitive to social penalties such as shame 

















































(Putman, Antypa, Crysovergi, & Van Der Does, 2010).
Note that we have modelled our group stress test on the widely-used socially evaluated cold pressor test (SECPT), which, like other stress induction manipulations, intentionally confounds or combines a raft of stressful elements like temperature and social eye-gaze evaluation  in order to maximize group differences in cortisol. Of course, this strategy is at odds with dissecting the individual impact of each of these elements on the dependent variable. For this, one must resort to other aspects of the experimental design. For example, our cold water stress treatment was intended to increase cortisol. Our warm water treatment was intended to buffer against cortisol by providing participants with thermal comfort. While there are fascinating clues that our temperature manipulation might alter competitive behaviour independently of the cortisol stress system  (IJzerman & Semin, 2009; Sassenrath et al., 2013; Williams & Bargh, 2008), we simply aimed to use temperature as a tool to manipulate cortisol. For this reason, our dependent measure was taken 25 minutes after thermal stimulation, much later than standard socio-thermal tasks, and at peak cortisol. An identical rationale applies to the eye-gaze element of our stress induction, which might otherwise be considered a confound (Nettle et al., 2013). As suggested by a reviewer, this alone may not have entirely excluded the possibility that temperature or eye-gaze, as opposed to the stress response to temperature or eye-gaze, confounded our treatment effect. This possibility does not concern us because we observed no treatment effect. In other words, the absence of a significant treatment effect on competitive behaviour in our study implies that neither temperature nor social-gaze, nor the stress response to these, significantly influenced our dependent measure. The benefit of our null result, therefore, is that we can more confidently exclude these theoretical confounds. These potential confounds should nonetheless be carefully considered in future work. In contrast, we observed that treatment-independent individual differences in cortisol responses to the experimental context predicted competitive behaviour.
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Appendix
[bookmark: GrindEQpgref5361218819]Table legends
Table 1. The differential effect of stress on cortisol. The first three rows give the difference between measured salivary cortisol in the stress treatment and the no stress treatment, at each of the three measured time points (baseline, peak, endline). The fourth row gives the effect of stress treatment on cortisol responses, defined for each participant as the difference between peak salivary cortisol (25 minutes post-stressor) and baseline salivary cortisol (5 minutes before stressor onset). Analogously, the fifth row shows the effect of stress treatment on cortisol recovery in terms of the difference between endline and peak. 
Table 2. The differential effect of stress on affect. The stress treatment caused higher self-reported annoyance and unpleasantness in participants, and lower levels of happiness.
[bookmark: GrindEQpgref5361218820]Figure legends
Figure 1. Contests and choices. (a) Contests involved performance on the N-back test, which involves holding sequences of random letters of the Roman alphabet in memory. We chose the N-back because it correlates with IQ and therefore has value for one’s social status. (b) These decision screens were each presented once in random order, and participants had unlimited time to make their decision. In each case they decided whether or not to enter the N-back contest. Contests varied in publicity and ambiguity. By contrasting participation across rows, we estimated publicity or social avoidance. We asked whether this avoidance varied with stress treatment or cortisol response (see main text). By examining row by column interactions, we estimated social avoidance was higher in ambiguous (mixed ability) public contests.
Figure 2. Effect of stress on (a) cortisol response, (b) self-reported affect, (c) pre-choice guessed rank and (d) post-choice N-back performance.  (a) Cortisol significantly increased in both Stress and No stress treatments, but was larger in the Stress treatment, particularly among men. Both treatments showed a cortisol recovery between 25 and 70 minutes. This recovery was steeper in the Stress treatment. (b) Self-reported unpleasantness and annoyance were larger in the Stress treatment. (c) Stress did not cause detectable changes in the distribution of participants’ predicted rank in the N-back contest. (d) Stress treatment did not cause detectable changes in post-choice N-back performance at peak cortisol.
Figure 3. Stress and cortisol on competitive behavior. (a) The fraction of people who chose to compete in each treatment of the publicity x ambiguity x stress design. The publicity x ambiguity treatments are denoted A = private/unambiguous, B = private/ambiguous, C = public/unambiguous, D = public/ambiguous, following Figure 1b. The stress treatment is prefixed with an asterisk *. There was strong evidence for social avoidance. No other effects were discernible. (b) An ordered logistic regression confirmed that stress treatment had approximately zero effect on social avoidance, ambiguity aversion or their interaction. (d) An ordered logistic regression revealed that cortisol response predicted lower social avoidance. (c) This plot visualizes the relationship between cortisol response and social avoidance.
Figure 4. Multiple regression of cortisol response and choice behavior on various participant indices. The relationship between social avoidance and cortisol response persists after accounting for additional participant-specific variables, such as participants’ belief/prediction about their rank, their affective response to the stressor, and so on. (a) The partial regression effects of various participant-specific variables on cortisol response, as estimated using simple Gaussian linear regression. This shows that cortisol response predicts lower social avoidance, even after accounting for other participant-specific variables. (b) The partial regression effects of these variables, and of cortisol response, on social avoidance. These parameters were estimated using ordered logistic regression. (c) and (d) For completeness, these two plots give the equivalent relationships for ambiguity aversion and the interaction between ambiguity and social avoidance. Only the dependent variable distinguishes these two models from that depicted in Figure 4b.


Figure 5. Panel (a) provides the 8 estimated parameters in Equation 2 of our GLMM. Error bars represent 95% confidence intervals. Panel (b) shows the same analysis, but the stress dummy  was replaced with participants’ measured cortisol response . Again, cortisol predicted higher participation in public contests relative to private contests (top row of Panel 8b).
Supplemental Figure 6. Any participant electing to enter a public contest would have their photograph and rank (within their group of five) projected onto the wall of the testing room.
Supplemental Figure 7.  Timeline of each experimental session.
Supplemental Figure 8. The SECPT-G testing room. Participants were individually welcomed by an assistant, who instructed them of the ground rules for this experiment including that communication and mobile phones were forbidden. This assistant then conveyed each participant into the SECPT-G testing room, depicted here, where they were welcomed and instructed by a different individual, experimenter 1 (E1). Two additional experimenters - E2/E3 - were present, but did not speak, nor were introduced. E1 was always male, and E2/E3 were always one male and one female 














































(Schwabe et al., 2008). They each carried a clipboard and notepad.
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