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TESTOSTERONE, STRESS AND RETALIATION 2

Abstract
Theories suggest that testosterone should increase retaliation after social provocation. However,
empirical evidence in support of these theories is mixed. Building on the dual hormone
hypothesis, the present research investigated whether acute stress would causally suppress
testosterone’s association with retaliatory social behavior. We also explored sex differences in
behavioral responses to acute stress. Thirty-nine participants (51.28% male) provided saliva
samples to measure basal testosterone and were randomly assigned to a high- or low-stress
condition. Participants then engaged in 20 one-shot rounds of the ultimatum game, an economic
decision-making paradigm that assesses retaliatory behavioral responses to unfair treatment
(rejection of unfair offers). Results revealed a positive association between basal testosterone and
retaliation in the low-stress condition, but not in the high-stress condition. Further analyses
showed that cortisol change from before to after the experimental manipulation moderated the
association between basal testosterone and retaliatory behavior. These associations between
basal testosterone and retaliation under varying levels of stress were similar in men and women.
However, there was a sex difference in behavioral responses to the stress manipulation that was
independent of testosterone. In women, the stress condition reduced retaliation compared to the
control condition, whereas in men the opposite pattern emerged. Collectively, this study (i)
provides preliminary evidence that experimentally manipulated stress blocks basal testosterone’s
association with retaliation, and (ii) reveals a sex difference in retaliation under varying levels of
stress. Discussion focuses on mechanisms, limitations, and the need for follow-up studies with
larger sample sizes.

Keywords: testosterone, stress, cortisol, ultimatum game, retaliation, sex differences
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Introduction

Provocation that threatens one’s social status can lead to retaliation. For example, an
employee who is denied a promotion that is long overdue may react aggressively towards
coworkers. Neuroendocrine theories have posited that in the face of threats to status, testosterone
should be associated with greater retaliatory behavior as a means to restore lost status (Mazur
and Booth, 1998; Archer, 2006). In support of this theory, studies have found a positive
relationship between testosterone and status-seeking behaviors such as aggression, competitive
behavior, and dominance, especially when status is threatened (Archer, 2006; Carré et al., 2011).
However, several other studies have only found weak or null effects (Archer, 2006; Archer et al.,
2005; Carr¢ et al., 2011). For example, meta-analyses reveal only a weak positive association
between basal testosterone and human aggression (» = .08 in Archer, et al., 2005). Although there
is some evidence that testosterone is related to increased retaliation in response to social
provocation, findings across studies are mixed.

A possible reason for these inconsistencies is that testosterone’s effect on aggressive,
competitive, and dominant behaviors may depend on environmental stress. Testosterone may be
positively related to retaliatory behavior only in low-stress contexts, whereas high-stress contexts
may block testosterone’s influence on behavior. Some studies provide initial support for the
hypothesis that stress blocks testosterone’s behavioral effects. One study measured self-reported
dispositional anxiety — a psychological marker of chronic stress (van Eck et al., 1996) — and
found that an acute increase in testosterone was related to aggressive behavior only among
individuals low in trait anxiety (Norman et al., 2014). Among individuals high in trait anxiety,
there was a null association between testosterone responses and aggressive behavior. Other

research on the dual hormone hypothesis also provides support for this perspective (Mehta and
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TESTOSTERONE, STRESS AND RETALIATION 4

Josephs. 2010; reviewed in Mehta and Prasad, 2015). The dual hormone hypothesis proposes that
testosterone’s role in status-relevant social behavior should depend on cortisol — a hormone
released as part of the hypothalamic-pituitary-adrenal (HPA) axis response to physical and
psychological stress (Dickerson and Kemeny, 2004). Specifically, the dual hormone hypothesis
predicts that higher concentrations of cortisol should inhibit testosterone’s positive impact on
status-seeking behaviors. In support of this hypothesis, several studies have demonstrated that
basal testosterone is positively related to measures of aggression, dominance, and social status
when basal cortisol is low but not when basal cortisol is high (aggression: Dabbs et al., 1991;
Popma et al., 2007; Tackett, et al., 2014; see also social inclusion condition of Geniole, et al.,
2011; dominance: Mehta and Josephs, 2010; social status: Edwards and Casto, 2013; Ponzi, et
al., 2016; Sherman, et al., 2016; group performance: Akinola, et al., in press; for a recent review,
see Mehta and Prasad, 2015). However, other research revealed non-significant dual-hormone
interaction effects on aggressive behavior (Geniole, et al., 2013; Mazur and Booth, 2014).
Taken together, there is some indirect support for the moderating role of stress on the
testosterone-behavior relation, but one key limitation of these prior studies is that they are all
correlational. To date, it remains unknown whether stress has a causal impact on the
testosterone-behavior relation. To address this large gap in knowledge, we designed a study in
which we experimentally increased or decreased stress and examined the influence of this
manipulation on the relationship between basal testosterone and subsequent retaliation. We
hypothesized that testosterone would be positively related to retaliatory behavior in the low-
stress condition, but not in the high-stress condition. Such a pattern of results would provide

promising evidence that acute stress causally blocks testosterone’s behavioral effects.
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TESTOSTERONE, STRESS AND RETALIATION 5

The ultimatum game is a laboratory decision-making paradigm that assesses retaliatory
behavioral responses to social provocation (Giith, 1995; Wang et al., 2011). This game involves
two players: a proposer and a responder. The proposer decides how to split a sum of money (e.g.,
$10) with the responder. The responder then decides whether to accept or reject the proposer’s
offer. If the responder accepts the offer, the money is split as proposed. If the responder rejects
the offer, both players receive $0. A round concludes once the responder makes a decision to
accept or reject. Responders generally accept fair offers (e.g., $5: $5 split), but they often reject
unfair offers (e.g., $8: $2 split) even though accepting these unequal offers guarantees financial
reward. These unfair offer rejections — a retaliatory behavioral response designed to punish the
proposer in the face of perceived provocation (unfair treatment) — can be considered a measure
of aggressive behavior. Indeed, receiving an unfair offer increases feelings of anger and spite,
emotions strongly related to aggressive motivation (Brafias-Garza et al., 2014; Espin et al., 2015;
Pillutla and Murnighan, 1996; Raihani and Bshary, 2015). In addition, evidence from social
neuroscience suggests that several brain regions linked to impulsive aggression — such as the
insula, amygdala, and ventromedial prefrontal cortex — are related to rejection of unfair offers
(Gospic et al., 2011; Koenigs and Tranel, 2007; Mehta and Beer, 2010; Moretti, et al., 2008;
Sanfey et al., 2003). Further, experimental depletion of serotonin, which has been linked to
impulsive aggression in prior research, increases rejections of unfair offers (Crockett et al.,
2008). Finally, personality traits that are related to aggressive behavior — high trait aggression
and low trait agreeableness — also predict increased unfair offer rejections (Mehta, 2008; Mehta,
et al., 2015a; Nguyen et al., 2011). Together, these studies provide convergent evidence
supporting the construct validity of the ultimatum game as a paradigm to investigate aggressive

behavioral responses to unfair treatment.



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

TESTOSTERONE, STRESS AND RETALIATION 6

Other research suggests that competition and status motives may also underlie retaliatory
behaviors in the ultimatum game (Branas-Garza et al., 2014; Espin et al., 2015; Nowak, 2000;
Pillutla and Murnighan, 1996; Raihani and Bshary, 2015; Yamagishi et al., 2009, 2012).
Responders concerned with their social status relative to the other player may perceive the
ultimatum game as a competition over money, whereby the player who earns more money can be
considered the winner (or having higher status) and the player who earns less money can be
considered the loser (or having lower status). Therefore, accepting an unfair offer would result in
a loss of status because the responder earns less money than the proposer in this situation. In
contrast, rejecting an unfair offer could be a behavioral strategy to prevent a loss of status
because the responder earns the same amount of money as the proposer in this situation (both
players earn $0). Consistent with this logic, some research indicates that high concern for status,
such as concern over managing one’s reputation and preventing inferior status, motivates unfair
offer rejections (Brafias-Garza et al., 2014; Espin et al., 2015; Nowak, 2000; Pillutla and
Murnighan, 1996; Raihani and Bshary, 2015; Yamagishi et al., 2009, 2012). Collectively, there
is evidence across disparate fields suggesting that motives linked to aggression, competition, and
social status may underlie rejection of unfair offers in the ultimatum game.

As reviewed earlier, there is mixed evidence regarding the direct association between
testosterone and status-relevant social behaviors. Consistent with this broader literature on
testosterone and human social behavior, studies that examined the association between
testosterone and unfair offer rejections in the ultimatum game also yielded mixed results
(positive associations in studies with basal testosterone: male-only sample - Burnham, 2007,
mixed-sex sample - Mehta and Beer, 2010; positive association with basal testosterone in

intergroup competition setting: male-only sample - Diekhof et al., 2014; null effect with basal



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

TESTOSTERONE, STRESS AND RETALIATION 7

testosterone: Mehta, et al., 2015a; positive effect of exogenous testosterone in males - Zak et al.,
2009; trend-level negative effect of exogeneous testosterone in a mixed-sex sample: Kopsida, et
al., 2016; non-significant effects of exogenous testosterone in females - Eisenegger et al., 2010;
Zethraeus et al., 2009). These equivocal results, combined with correlational evidence suggesting
that markers of stress moderate testosterone’s behavioral effects, led to our hypothesis that acute
stress would causally inhibit basal testosterone’s association with unfair offer rejections. We
tested this key hypothesis by measuring basal testosterone, experimentally manipulating levels of
acute stress using standard methods (Kirschbaum et al., 1993; Ventura et al., 2012), and then
measuring retaliatory behavioral responses to unfair treatment in the ultimatum game. We
hypothesized that basal testosterone would be positively related to unfair offer rejections at lower
levels of stress, but not at higher levels of stress. In other words, we expected that acute stress
would block testosterone’s behavioral effects.

A second goal of the present research was to explore possible hormonal mechanisms
through which acute stress may alter the testosterone-behavior association. One likely
mechanism is through changes in cortisol levels, a mechanism consistent with the predictions of
the dual-hormone hypothesis (Mehta and Josephs, 2010). As reviewed above, there is some
evidence that basal cortisol moderates the relationship between testosterone and behavior (Mehta
and Prasad, 2015) and there is robust evidence that acute stress increases cortisol concentrations
(Dickerson and Kemeny, 2004). Thus, we explored whether experimentally elevated acute stress
would block testosterone’s effect on retaliatory behavior via acute increases in cortisol.

In addition to exploring the role of cortisol change as a mechanism for the moderating
effects of acute stress, we also explored two additional psychological factors: perceived

unfairness and anger. Both have been linked to unfair offer rejections in the ultimatum game
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(Pillutla and Murnighan, 1996; Sanfey et al., 2003; van ’t Wout et al., 2006), but little is known
about how testosterone and its interaction with stress may be related to these psychological
variables. In fact, prior studies found null effects of exogenous testosterone on perceived anger
(Eisenegger et al., 2010) and fairness (Zak et al., 2009; Kopsida, et al., 2016) in the ultimatum
game. These null effects of testosterone on self-reported psychological measures are consistent
with evidence suggesting that testosterone influences behavior primarily outside of conscious
awareness (Josephs, et al., 2006; Schultheiss et al., 2005; Terburg, et al., 2012). Hence, we
examined whether testosterone interacted with acute stress to predict perceived unfairness and
anger, but we did not formulate specific predictions for these additional analyses.

Finally, we conducted exploratory analyses that tested for sex differences. Prior research
has found mixed evidence for sex differences in testosterone’s behavioral effects (Carré et al.,
2011; Mehta and Josephs, 2010), and there is initial evidence for sex differences in behavioral
responses to acute stress (Lighthall, et al., 2009; van den Bos, et al., 2009). Therefore, we
explored the role of sex as a moderator of the effects of acute stress and testosterone on

retaliatory behavior in the ultimatum game.

Materials and Methods
Participants
Thirty-nine (20 males and 19 females!; M,,, = 21.69 years, SD = 1.96) undergraduate

students enrolled for an introductory management course at a large Singaporean University

participated in the study in exchange for course credit towards research requirements. In addition

1 Out of the 19 women in our study, we had information from 16 women who reported not being on oral
contraceptives (OCs). Given that OCs are known to depress basal testosterone levels (Edwards and
O’Neal, 2009), we compared basal testosterone levels in these 3 women with the other 16 women and
found no evidence for differences in testosterone levels in our sample (p=.97).
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TESTOSTERONE, STRESS AND RETALIATION 9

to the 1.5 credits that they received for their participation, they also had the opportunity to earn
real monetary payoffs up to $5 in the Ultimatum Game (described below).
Ethics Statement

The ethical review committee of the National University of Singapore approved the
experimental protocol.
Procedure

Participants reported to the lab in the afternoon between 1300-1600 hours to minimize
the effects of circadian fluctuations in testosterone and cortisol levels (Touitou and Haus, 2000).
Upon their arrival the experimenter obtained written informed consent and had participants fill
out a short survey about their biological health and other individual differences.
Baseline saliva sample

A baseline saliva sample was collected once participants completed the initial survey,
approximately 10 minutes after arrival to the laboratory. Before providing the sample
participants were asked to rinse their mouths with water to remove any remnant food particles.
To further avoid contamination of the saliva samples, prior to the actual day of the experiment
participants were requested to refrain from eating, drinking and brushing their teeth at least an
hour before their timeslot. Participants were also asked to refrain from consuming any
caffeinated products like coffee, tea and cocoa. Saliva samples were collected using an oral swab
(Salivette®) that was placed under the tongue for 1.5 minutes to allow sufficient saliva to

accumulate? (see footnote 1 for validation studies that demonstrate strong correlations between

2 The Salivette® method was used because our experiment focused on cortisol responses to the stress
manipulation, but the samples were also analyzed for testosterone concentrations. Earlier research found
that Salivettes® (oral cotton swabs) inflate testosterone values (Shirtcliff et al., 2001), but new research
suggests that even with this inflation there are very high correlations between samples collected with oral
swabs and passive drool (rank-ordered Spearman’s rho =.82 in Giltay et al. (2012) and Spearman’s rho
=.87 in van Caenegem et al. (2011)). We also replicated these findings in our lab across two validation
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testosterone levels collected via cotton Salivette® and passive drool). Participants were then
asked to gently replace the swabs into the containers without any physical contact with their
hands. The samples were immediately transferred into an icebox to avoid degradation of
hormones and precipitate mucins. At the end of each day’s data collection period, the samples
were transported from the icebox to the in-house biomarker laboratory (at Saw Swee Hock
School of Public Health, National University of Singapore) where they were immediately stored
in a long-term freezer at -70°C until subsequently assayed for testosterone and cortisol (see
below for details). At the time participants provided their baseline saliva sample, they were not
aware of the subsequent social stress or relaxation task that they would be assigned to. This was
done to eliminate any anticipatory effects of the social stressor or relaxation task on testosterone
and cortisol concentrations; therefore these samples likely reflect stable, basal concentrations of
these hormones (Liening et al., 2010).
Stress Manipulation

After completing the baseline saliva sample participants were randomly assigned to either
a high- or low-stress condition. The high-stress condition consisted of the Trier Social Stress
Task, a psychological stress induction paradigm involving performance of a speech and
completion of challenging math problems in front of an evaluative audience (Dickerson et al.,
2008; Kirschbaum et al., 1993; Kudielka et al., 2007). This paradigm has been shown to reliably

increase cortisol concentrations approximately 20-30 minutes after the manipulation (Dickerson

studies with a larger mixed-sex sample (Study 1: N= 36 (19 females)) and sample with only males (Study
2: N= 19 men). There was inflation of testosterone values at the lower end of the distribution (ostensibly
in female participants). Despite this inflation, we found similar correlations between testosterone levels
collected via cotton swabs and passive drool (Study 1: Spearman’s rho=.71, p<.001; Males: Spearman’s
rho =.78, p<.001; Females: Spearman’s rho =.67, p<.001; Study 2: Spearman’s rho =.78, p<.001). This
new evidence suggests that there will be very similar testosterone-behavior associations from samples
collected with Salivettes® and passive drool. We encourage further methodological studies on collection
methods as well as replication and extension of the present findings.
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TESTOSTERONE, STRESS AND RETALIATION 11

and Kemeny, 2004; Kirschbaum et al., 1993). To a large extent, the protocol that was used was
similar to the original TSST paradigm, apart from minor modifications that were made which
included: (i) a preparatory time of 5 minutes instead of 3 minutes or 10 minutes used in other
studies (Haushofer et al., 2013), (ii) confederates dressed in business casual clothes instead of
white lab coats to increase ecological validity to a business setting, (iii) a more complex math
task so that it was challenging for a sample of Asian undergraduate students who participated in
this study (see Frisch et al., 2015; Kudielka et al., 2007, for research that modified the difficulty
of the math task based on the population).

Participants were informed that they were required to participate in a mock job-interview
as part of the study. They were escorted to a conference room where they were introduced to a
male and female confederate, dressed in business attire, and seated across a table. The
confederates provided them with standardized instructions about the task. Participants were
informed that they would adopt the role of a job applicant applying for a vacant job, and that the
confederates formed the selection panel for the mock interview. They were told that they have to
speak for 3 minutes about why they would make a good applicant for the position and that the
selection panel might ask them additional questions after the speech. They were also informed
that the whole process would be video-recorded, which was done to increase perceptions of
social evaluation. Participants were then escorted to another room where they were given 5
minutes to prepare their speech.

After the preparatory period, the experimenter led the participant back to the interview
room. During the course of the entire interview, the participant stood at a marked spot
approximately 2 meters from where the interviewers were seated. Before the interview began,

one of the interviewers stood up to switch on a camera so that the participant believed the speech
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was being video-recorded (in reality, the participants were not being recorded). The interviewers
then reiterated the instructions; they specifically went over the timeline of the interview and
subsequently asked the participants to begin their speech. If the participants ran out of things to
say, they were prompted to keep going until 3 minutes were up. The interviewers followed this
up with three prepared questions: (i) what are your greatest strengths? (ii) what would you
consider your weaknesses? and (iii) what makes you special? Finally, during the last 5 minutes
of the interview, participants were asked to perform a complex mathematical task in which they
counted down prime numbers starting with 300. If they provided an incorrect response, they
interviewer stopped them saying: “Wrong. Start again!”, and were asked to start from the
beginning. Over the course of the interview, the panel maintained neutral affect and did provide
any verbal or non-verbal feedback when the participant was talking. The entire task including the
time taken to provide instructions lasted approximately 20 minutes.

The low-stress condition consisted of a relaxation task in which participants listened to
instrumental music and read travel magazines. The experimenter provided the participants with a
set of travel magazines, turned on the music, and left the room. Participants stayed in the room
alone for the entire duration of the relaxation condition. This condition also lasted for 20
minutes, which was approximately the same overall duration as the high-stress condition. We
modeled the low-stress condition on relaxation-induction interventions that have been previously
used in alternative medicine research to alleviate anxiety and lower cortisol levels (Khalfa et al.,
2003; Ventura et al., 2012). Ventura et al. (2012) had participants either read a magazine or listen
to music to induce relaxation, but we combined the two conditions to maximize the effect of this

intervention on reduced cortisol concentrations. This design in which we compared a social
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stress to a relaxation condition allowed us to maximize differences in cortisol, a theorized
mechanism for the impact of stress on the testosterone-behavior association.
Ultimatum game

Immediately after the social stress or relaxation manipulation, participants were escorted
to another room, where they played a computerized version of the ultimatum game (Gith, 1995;
Koenigs and Tranel, 2007; Sanfey et al., 2003). Participants believed that that they would play
the ultimatum game with 20 players in one-shot interactions but in reality they were playing with
the computer. At the start of the game, all participants were assigned to the role of a responder
and were made to believe their assignment to this role was completely random. In each of the 20
rounds that the participant played, they were required to split S$10 (~8USD) with another
individual (the fictitious proposer). At the start of each round, participant first saw the proposer’s
unique user id, followed by the offer they made. Proposers made offers of a pre-determined offer
value of S$5, S$4, S§3, S$2, or S$1 out of the S$10. Each offer value was presented four times
across the 20 rounds that the participant played, and was randomized across each participant.
After the offer was made, participants were asked if they would like to accept or reject the offer.
If they accepted the offer, the $10 would be split in the manner proposed. If they rejected the
offer, both players would receive $0. Every round concluded once the responder made the
decision to accept or reject the proposed offer. At the end of the 20 rounds, a random trial was
selected, and participants were compensated for that trial based on their decision to reject or
accept the offer in that round. Prior to playing the game, participants were informed their
compensation would be based on their decision to accept or reject offers in a randomly selected

trial. The ultimatum game took about 20 minutes to complete.
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Post-stress saliva sample

At the end of the ultimatum game, a second saliva sample was taken. The timing of this
second sample was approximately 20 minutes after the completion of the high- or low-stress
manipulations, and served to measure acute cortisol fluctuations from before to after the social
stress or relaxation tasks. We waited for 20 minutes after the end of social stress/relaxation tasks
to collect the second saliva sample because it takes several minutes for hormones in serum to
reach saliva (Riad-Fahmy et al., 1987) and because cortisol levels tend peak approximately 15-
20 minutes after laboratory stressors (Kirschbaum et al., 1993; Wirth et al., 2006).
Self-reported fairness and anger ratings

After the participants completed the ultimatum game and provided the second saliva
sample, they were given a second survey in which they self-reported perceptions of the game and
the offers that they were presented. For each offer value ($5, $4, $3, $2, $1) they rated how fair
they perceived the offers to be on a 7-point scale (1= very unfair and 7 = very fair) and the anger
they experienced towards these offers on a 5-point scale (1= not at all angry and 5= very angry)
(Pillutla and Murnighan, 1996; Sanfey et al., 2003). After completing the questionnaire,
participants were debriefed about the true purpose of this study and were dismissed. The entire
study took 1 hour and 20 minutes to complete. See Fig. 1 for the sequence of tasks along with the
time taken to for each component of the protocol.

<<Insert Figure 1>>
Fig. 1. Timeline for the study
Hormone Assays
The samples that were collected in the laboratory were transported to an in-house

biomarker lab where they were analyzed for testosterone and cortisol concentrations using
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salivary enzyme immunoassay (EIA) kits purchased from Salimetrics (Salimetrics LLC, State
College, PA, USA). Standard procedures and protocol were followed during the assay process
(Schultheiss and Stanton, 2009). All the standards and controls were assayed in duplicate, and
30% of the samples on that plate were randomly chosen and assayed in duplicates. Both the
average intra-assay coefficient of variation (CV) and inter-assay CV for testosterone and cortisol
were below 10%.
Statistical Analyses

We standardized testosterone levels within sex of participants (Josephs et al., 2006; Mehta
and Beer, 2010; Mehta et al., 2009; Newman et al., 2005; Zyphur et al., 2009). This data analysis
strategy was used to increase statistical power of our analyses and to examine if there were any
sex differences in our hormone-behavior results. Consistent with what is reported in other
literature (Mehta and Josephs, 2006; Mehta et al., 2008; Wirth et al., 2006), the cortisol scores
showed a positive skew and therefore were log-transformed and then standardized. Cortisol
reactivity was calculated as a percent change in raw cortisol scores from baseline to after the
stress manipulation. Similarly acute testosterone change was calculated as a percent change in
raw testosterone from baseline to after the stress manipulation. In all analyses, we dummy coded
the stress condition (1 as high-stress and 0 as low-stress) and sex (1 as female and 0 as male). To
test the interaction between levels of stress and testosterone, we conducted moderated
regressions using standardized basal testosterone scores with the dummy coded variable of stress
condition and standardized cortisol reactivity scores (Aiken et al., 1991). To interpret significant
interactions, we plotted the relationship between testosterone and the rejection of unfair offers,

across the levels of the stress manipulation and one standard deviation above and below the
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mean for cortisol reactivity scores. The simple slopes of the relationship between testosterone

unfair offer rejection rate were also tested using standard procedures (see Aiken et al., 1991).
Results

Preliminary analyses

First we conducted analyses to verify that there were no differences in baseline hormone
levels as a function of the stress manipulation. As expected, participants did not differ in their
basal cortisol levels across the low and high stress conditions (F(1, 37)=2.74, p=.11). We also
did not find sex differences in basal levels of cortisol across all participants (F(1, 37)= .85,
p=.36). As expected, there was a sex difference in basal testosterone concentrations
(F(1,37)=23.60, p<.001). When controlling for participant sex, there were non-significant
differences in basal testosterone between the low and high stress conditions (£#(1,36)=1.12,
p=.30). See Table S1 for means and SDs of untransformed testosterone and cortisol
concentrations before and after the stress manipulation, and across sexes.

Next we examined associations between testosterone and cortisol. Our standardized basal
testosterone and basal cortisol scores were positively correlated (=0.46, p=.003), which is
consistent with previous research (Mehta and Josephs, 2010; Mehta et al., 2008.; Popma et al.,
2007). Additionally, the standardized cortisol reactivity and testosterone reactivity scores were
also positively correlated (7=0.44, p=.005), which is also consistent with prior research
(correlation between hormone change scores: Mehta & Josephs, 2006; Mehta, et al., 2015;
evidence of positive co-variation between HPA-HPG axes: Dismukes, et al., 2015; Marceau et

al., 2014).
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Stress-induced changes in cortisol and testosterone

To ascertain if the experimental manipulation of stress influenced cortisol or testosterone
changes, we computed percent changes in raw cortisol and testosterone. The change in cortisol
for participants in the high stress condition differed from the change in cortisol for participants in
the low-stress condition (#27.28)=-3.23, p=.003, d=1.02, 95% CI: -111.40, -25.01). Comparing
the means of cortisol change revealed that the individuals in the high-stress condition
demonstrated greater increases in cortisol (M=43.40, SD=84.87, 95% CI: 3.68, 83.12) relative to
those in the low-stress condition (M=-24.80, SD= 39.80, 95%CI: -43.99, -5.62). Follow-up one-
sample t-tests revealed that the cortisol increase in the high-stress condition and the cortisol
decrease in the low-stress condition were both significantly different from zero (high stress:
1(19)=2.29, p=.03; low stress: #(18)=-2.72, p=.01).These findings indicate that our stress and
relaxation manipulations successfully altered cortisol levels in the expected direction consistent
with prior research (Kudielka et al., 2007; Ventura et al., 2012). Supplementary analyses using
repeated measures GLM analyses showed the same pattern of cortisol changes (see
Supplementary Results and Table S1).

We also found that changes in testosterone in the high-stress condition only marginally
differed from the low-stress condition (#36.98)=-1.91, p=.06, 95% CI: -23.24, .71). Comparing
the means of testosterone change indicated that those in the high-stress condition (M= 5.93, SD=
19.14, 95% CI: -3.02, 14.90) marginally rose in testosterone relative to the low-stress condition
(M=-5.32,SD=17.76, 95% CI: -13.88, 3.23). Supplementary analyses using repeated measures
GLM also showed marginally significant results (see Supplementary Results and Table S1). The

simultaneous activation of both the HPA and HPG axis is consistent with prior research that
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provides evidence their co-activation, especially in stressful contexts (Dismukes, et al., 2015;
Lemarie et al., 1997).

Additional analyses revealed non-significant main effects of sex and non-significant sex X
condition interactions for both cortisol and testosterone reactivity scores (ps>.10).
Ultimatum game preliminary analyses

The average rejection rates in the present study ($5 offers: M = 7.05%, SD =21.42; $4
offers: M =21.79%, SD = 38.55; $3 offers: M = 55.77%, SD = 46.40; $2 offers: M = 69.87%, SD
=42.21; $1 offers: M =80.13%, SD = 35.90) were similar to behavioral results found prior
research on the ultimatum game (Koenigs and Tranel, 2007; Mehta and Josephs, 2010; Sanfey et
al., 2003). To test our main hypotheses, we categorized $3, $2 and $1 offers as unfair offers, and
we averaged across these offer types to create an overall index of the percentage of unfair offers
rejected (M= 68.59%, SD = 37.7). This classification was done for two reasons. Firstly, previous
research used the same grouping (see Koenigs and Tranel, 2007; Mehta and Josephs, 2010).
Therefore, this classification allows us to compare the present results to prior studies. Secondly,
self-reported fairness perceptions were consistent with this classification. Specifically, the $4 and
$5 offer values received fairness ratings above the mid-point of the 7-point scale ($5 offer: 6.5
(SD= .88); $4 offer: 4.9 (SD= 1.56)), whereas the $3, $2, and $1 offers received fairness ratings
below the midpoint indicating that these offers were indeed perceived as unfair ($3 offer: M =
3.2 (SD=1.61); $2 offer: M =2.1 (SD=1.39); $1 offer: M =1.69 (SD=1.36)).

Confirmatory analyses were also conducted in which we compared psychological and
behavior reactions to the aggregated categories of unfair (average of $3, $2, and $1 offers) and
fair offers (average of $5 and $4 offers). As expected, paired-samples t-tests revealed that unfair

offers were perceived as less fair (M= 2.35, SD=1.34) than fair offers (M=5.75, SD=1.02) (#(38)=
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-15.51, p<.001, 95% CI: -3.84, -2.95), unfair offers elicited more anger (M=2.72, SD=1.16) than
fair offers (M=1.24, SD=.39 (#(38)=9.31, p<.001, 95% CI: 1.15, 1.79), and unfair offers were
more likely to be rejected (M= 68.59%, SD = 37.7) than fair offers (M= 14.51%, SD=26.57)
(1(38) =9.25, p<.001, 95% CI: 42.31, 65.02).
Basal testosterone, stress, and unfair offer rejections

We tested the hypothesis that basal testosterone’s role in unfair offer rejections would
depend on environmental stress. Specifically, we expected that testosterone would be positively
associated with unfair offer rejections in the low-stress condition, but in the high-stress
condition, this relationship between testosterone and unfair offer rejections would be suppressed.
To test this hypothesis, we conducted a hierarchical multiple regression in which we entered the
stress condition (dummy coded: 1 as high-stress and 0 as low-stress condition) and basal
testosterone in Step 1, and the basal testosterone x stress condition interaction in Step 2 (Aiken et
al., 1991). This analysis revealed no main effects in Step 1, but there was a statistically
significant basal testosterone x stress interaction in Step 2 (AR’=.13, f=-.57, b=-28.75, (35)= -
2.28, p=.028, 95% Cls: -54.28, -3.22). Fig. 2 demonstrates the pattern of this interaction. An
analysis of simple slopes (Aiken & West, 1991) revealed that the relationship between
testosterone and unfair offer rejection rate was positive in the low-stress condition (b= 19.92,
#(35)=2.05, p=.05, 95% CI: .20, 39.64). In support for the hypothesis that stress blocks
testosterone’s behavioral effects, there was a non-significant association between basal
testosterone and unfair offer rejection rate in the high-stress condition (b=-8.83, #(35)=-1.12,
p=28,95% CI: -25.05, 7.39). Follow-up analyses revealed that this effect was robust when
controlling for relevant covariates; the basal testosterone x stress interaction remained

statistically significant when controlling for participant sex (AR*=.16, f=-.71, b= -35.52, t(34)=-
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2.57, p=.015, 95% CI. -63.65, 7.39), the time of the basal hormone sample (AR*=.16, f=-.65,
b=-32.47, t(34)=-2.67, p=.012, 95% CI. -57.24, -7.71), wake-up time (AR*=.096, =-.51, b=-
25.74, t(34)=-1.20, p=.057, 95% CI: -52.24, .76), and time from awakening (in minutes
calculated by subtracting the time of the baseline saliva sample from the time the participant
woke up) (AR’=.097, f=-.51, b=-25.44, t(34)=-2.01, p=.05, 95% CI: -51.14, .26).
<<Insert Figure 2>>

Fig. 2. The interaction between basal testosterone and stress condition in predicting the
rejection of unfair offers.
Participant sex moderation analyses

Follow-up regression analysis explored if sex moderated the basal testosterone x stress
condition interaction on unfair offer rejections. There was a non-significant sex x basal
testosterone x stress condition interaction (f=-09, b= 8.14, 1(31)=.28, p=.78, 95% CI: -50.85,
67.14). Despite not finding a significant sex x basal testosterone x condition interaction, we
conducted additional analyses to confirm that the interaction pattern was similar across both
sexes. We did not expect to find significant results because of reduced statistical power in these
analyses. Separate analyses for each sex confirmed a similar basal testosterone x stress condition
interaction pattern in males (f = -78, p = .08) and females (5 =-.53, p = .13) (see Fig. S1 for the
basal testosterone x stress condition interaction patterns in males and females separately; in both
men and women, there were positive slopes between basal T and unfair offer rejection rates in
the low-stress condition but not in the high-stress condition). These analyses suggest that there

were no sex differences in the pattern of the basal testosterone x stress condition interaction.

3 In the supplementary materials, we report analyses that test for interactions among basal testosterone,
basal cortisol, and the stress condition.
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Even though we did not find a significant sex x basal testosterone x stress interaction, our
analyses did reveal a sex x stress condition interaction (F(1, 35)= 5.24, p=.03, 5,°=.13). As
shown in Fig. 3, post-hoc analyses indicated that females rejected more unfair offers in the low-
stress condition (M= 84.17, SD=23.06) compared to the high-stress condition (M= 50.93,
SD=37.14) (t(17)=2.37, p=.03, d=1.07, 95% CI: 3.67, 62.81). The opposite pattern was found in
males, although these behavioral differences in males were non-significant (high-stress
condition: M= 78.03, SD=39.31; low-stress condition: M= 57. 41, SD=44.18; #(18)=-1.10,
p=28, d= .49, 95% CI: -59.86, 18.61). This pattern of results conceptually replicates and extends
previous work that has examined sex differences in the impact of stress on risky decision-making
(Lighthall, et al., 2009; van den Bos et al., 2009).

<<Insert Figure 3>>
Fig. 3. The interaction between sex of the participant and stress condition in predicting the
rejection of unfair offers.
Basal testosterone, cortisol reactivity, and unfair offer rejections

Next, we explored whether the basal testosterone x stress interaction reported above was
driven by acute cortisol fluctuations in response to the stress manipulation. A possible
mechanism involving cortisol activity is consistent with the predictions of the dual-hormone
hypothesis (Mehta and Josephs, 2010). We conducted a hierarchical multiple regression in which
we entered the standardized basal testosterone and standardized percent cortisol change scores in
Step 1, and the basal testosterone x cortisol reactivity (measured as % change in cortisol from
baseline to post the stress manipulation) interaction in Step 2. This analysis revealed no main
effects in Step 1, but there was a statistically significant basal testosterone x cortisol reactivity

interaction in Step 2 (AR’=.16, = -.44, b= -15.54, (35)= -2.57, p=.01, 95% Cls: -27.82, -3.26).
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The pattern of this interaction was similar to the interaction between testosterone and stress
condition (see Fig. 4). An analysis of simple slopes indicated a positive relationship between
basal testosterone and rejection of unfair offers only among individuals who decreased in cortisol
(-1SD: b= 15.40, #(35)=-1.98, p=.056, 95% ClIs: -.41, 31.21), but not among individuals who
increased in cortisol (+1SD: b= -15.17, #(35)=-1.56, p=.13, 95% ClIs:-34.93, 4.60). The
statistically significant interaction term indicates that these slopes statistically differed from each
other.

Further, we found that the basal testosterone x cortisol reactivity interaction remained
statistically significant even when controlling for the stress condition (AR*=.15, = -.44, b=-
15.50, #(34)=-2.48, p=.018, 95% ClIs: -28.19, -2.81), the sex of the participant (AR’=.16, = -.45,
b=-15.92, 1(34)=-2.57, p=.015, 95% ClIs: -28.51, -3.32) and when controlling for the stress
condition and participant sex in the same analysis (AR’=.16, = -.45, b=-15.88, #(33)= -2.48,
p=202, 95% Cls: -28.91, -2.86). In other follow-up analyses, the basal testosterone x cortisol
reactivity interaction remained significant when controlling for time of the basal hormone sample
(AR*=.17, p=-47, b= -16.37, t(34)= -2.80, p=.008, 95% Cls:-28.27, -4.48), wake-up time
(AR*=.15, = -.44, b= -15.40, t(34)= -2.58, p=.01, 95% Cls: -27.52, -3.28), and time from
awakening (AR’=.16, = -.45, b= -15.72, t(34)=-2.69, p=.01, 95% ClIs: -27.59, -3.85). We also
conducted analyses using an alternate metric of cortisol reactivity — residualized cortisol change
— and found a similar interaction pattern to the one noted above (AR’= .06, = -.28, b= -.14,
1(34)=-1.59, p=.12, 95% Cls:-.32-.039).

<<Insert Figure 4>>
Fig. 4. The interaction between basal testosterone and cortisol change in predicting

the rejection of unfair offers.
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Participant sex moderation analyses

We again tested for sex differences in the basal testosterone x cortisol reactivity interaction
and again found a non-significant sex X basal testosterone x cortisol reactivity interaction (5= -
.04, b=-1.95 (31)=-.13, p=.90, 95% ClIs: -31.90, 27, 99). There were also non-significant sex x
basal T and sex x cortisol reactivity interactions in this analysis. Despite not finding a significant
sex X basal testosterone x cortisol reactivity interaction, we conducted additional analyses to
confirm that the basal testosterone x cortisol reactivity interaction pattern was similar across both
sexes. Subsequent analyses confirmed that the this interaction term showed a similar pattern
across males (f =-.47, p = .054) and females (f =-.73, p = .058) (see Fig. S2 for the basal
testosterone x cortisol reactivity interaction patterns in males and females separately). These
analyses indicate that there were no sex differences in the pattern of the basal T x cortisol
reactivity interaction.
Moderated Mediation Analyses

We conducted moderation mediation analyses to explore whether cortisol reactivity was a
potential mechanism through which acute stress causally inhibited basal testosterone’s
association with rejection of unfair offers. Using the PROCESS macro (v 2.12.1), Model 15
template in SPSS (v21, IBM Corp), we tested a moderated mediation model with stress condition
as the independent variable, cortisol reactivity as the mediator, basal testosterone as the
moderator of both the stress condition and cortisol reactivity, and rejection of unfair offers as the
dependent variable. This analysis revealed non-significant moderated mediation (o =-10.32, SE=
8.64, 95% CI: -26.12, 5.40). Because this study was not designed to test moderated mediation,
the lack of statistical significance in these analyses was likely due to insufficient statistical

power. Given that the basal testosterone x cortisol reactivity interaction remained significant
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even after controlling for the stress condition, we conclude that the present study provides
preliminary evidence that cortisol reactivity may be a potential mechanisms through which
heightened stress causally inhibits basal testosterone’s association with unfair offer rejections.
Future studies with larger sample sizes should be conducted to test for moderated mediation
more rigorously.
Self-reported anger and fairness

Although unfair offer rejection rates were positively correlated with perceptions of anger
(7(39)= .39, p=.014) and negatively correlated with perceptions of fairness (#(39)=-.61, p<.001)
multiple-regression analyses indicated that basal testosterone and the stress manipulation did not
predict perceptions of anger or fairness (no main effects or interactions, all ps>.10). These results
are consistent with prior research that also found null associations between testosterone and self-
reported psychological measures (Eisenegger et al., 2010; Kopsida, et al., 2016; Zak et al., 2009).
Further, these findings provide additional support for the claim that testosterone’s behavioral
effects likely operate outside of conscious awareness (Josephs, et al., 2006; Schultheiss et al.,
2005; Terburg, et al., 2012).
Testosterone reactivity and unfair offer rejections

Our primary analyses focused on basal testosterone to be consistent with most prior
research on endogenous hormone concentrations in the ultimatum game (Burnham, 2007;
Diekhof et al., 2014; Mehta and Josephs, 2010; but see also Mehta, et al., 2015a). However,
other research that used different behavioral paradigms found that acute fluctuations in
testosterone are related to subsequent aggressive behavior especially in men (Carré et al., 2011).
Thus, we conducted follow-up analyses in which we examined associations between acute

fluctuations in testosterone from before to after the stress manipulation and ultimatum game
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decision-making. While testosterone marginally rose in the stress condition compared to the
relaxation condition (reported above), there were non-significant associations between acute
fluctuations in testosterone and unfair offer rejections (» = .07, p = .65), fairness perceptions (» =
.19, p = .24), and anger (» = .09, p = .60), and acute testosterone fluctuations did not significantly
interact with the stress condition or cortisol reactivity to predict unfair offer rejections, fairness,
perceptions, or anger (all p’s>.10).

While we did not find statistically significant testosterone reactivity x stress or
testosterone reactivity x cortisol reactivity interactions, we found that the testosterone reactivity
X sex interaction significantly predicted anger reported in response to receiving unfair offers
(AR=.10, = -.44, b= -.75, t(34)=-2.31, p=.028, 95% Cls:-1.41, -.09) and marginally predicted
unfair offer rejections (AR*=.09, = -.43, b= -23.50, #(34)=-1.89, p=.067, 95% Cls: -48.70,
1.71), while controlling for the stress condition*. Analyses of simple slopes indicated that
testosterone increases in men were associated with greater anger (b=15.32, #(34) = 1.74, p=.09,
95% CI: -2.56, 33.20) and higher rates of unfair offer rejections (b= 19.92, #(35)=2.05, p=.05,
95% CI: .20, 39.64). In women, there were non-significant associations between testosterone

change and anger or rejections of unfair offers (ps > .30). These results are consistent with

* The sex x testosterone reactivity interaction remained statistically significant even with
excluding the stress condition as a covariate for anger experienced towards unfair offers
(AR=.10, = -.44, b= -74, t(34)=-2.31, p=.027, 95% Cls:-1.39, -.09), and was marginally
significant for unfair offer rejections (AR?=.10, p= -.43, b= -23.77, t(35)= -1.94, p=.06, 95% Cls:
-48.68, 1.15). The analyses were also robust to other covariates for both anger experienced
towards unfair offers: time of the basal hormone sample (AR*=.09, = -.42, b= -.71, t(34)=-2.19,
p=.036, 95% ClIs:-1.36, -.05), wake-up time (AR’=.10, f=-.44, b= -.75, t(34)= -2.31, p=.027,
95% Cls:-1.41, -.09), and time from awakening (AR’=.10, f=-.44, b= -.75, (34)= -2.29,
p=.028, 95% ClIs:-1.41, -.09), and rejection of unfair offers: time of the basal hormone sample
(AR?=.08, p=-.40, b=-21.98, #(34)=-1.81, , p= .08, 95% CI: -46.71, 2.75), wake-up time
(AR*=.09, p=-.42, b=-23.05, t(34)=-1.88, p=.068, 95% CI. -47.92, 1.82), and time from
awakening (AR’=.084, f=-.41, b=-22.33, t(34)=-1.84, , p= .075, 95% CI. -47.02, 2.36).
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previous research highlighting an association between acute fluctuations in testosterone and
subsequent aggression that is specific to males and is not found in females (Carr¢ et al., 2011).

Collectively, the primary results of the present study indicate that (i) acute stress causally
inhibits the association between basal testosterone and retaliatory behavioral responses to unfair
treatment in the ultimatum game (unfair offer rejections), and (ii) the mechanism for this effect
may involve stress-induced cortisol increases. Although not the primary focus of our study, we
also found some sex differences that are consistent with prior research (discussed below).

Discussion

The present study provides the first piece of empirical evidence that experimentally
manipulated stress moderates the relationship between basal testosterone and behavior. Basal
testosterone was positively related to unfair offer rejections in the low-stress condition, but this
testosterone-behavior relationship was blocked in the high-stress condition. This pattern of
results was observed in both men and women. Previous studies found inconsistent associations
between basal testosterone and retaliatory behavior in the ultimatum game (Burnham, 2007;
Diekhof et al., 2014; Eisenegger et al., 2010; Mehta and Josephs, 2010; Kopsida, et al., 2016;
Zethraeus et al., 2009). The present study suggests that variability in acute environmental stress
may be one potential explanation for these null and inconsistent effects. Indeed, our data support
the hypothesis that acute stress causally inhibits basal testosterone’s effect on retaliation in
response to unfair treatment (unfair offer rejections).

Additional analyses suggest that an acute stress-induced cortisol increase might be one
likely mechanism through which stress blocks testosterone’s behavioral effects. In support of this
hypothesis, we found that the social stress condition increased cortisol concentrations compared

to the relaxation condition. Further analyses revealed that basal testosterone interacted with these
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cortisol changes to predict unfair offer rejections, even when controlling for the stress condition.
Previous studies on the dual hormone hypothesis found that basal cortisol inhibits the association
between basal testosterone and behaviors such as aggression and dominance (Dabbs et al., 1991;
Edwards and Casto, 2013; Mehta and Josephs, 2010; Popma et al., 2007; Tackett et al., 2014, see
also social inclusion condition in Geniole et al., 2011). The present study advances this body of
research by demonstrating that acute stress causally suppresses the association between basal
testosterone and retaliatory behavior, and that this effect may be driven by acute stress-induced
activation of the HPA axis (increased cortisol). Although we found some initial support for acute
cortisol change as a plausible mechanism, our study did not find clear evidence for mediation.
Evidence for mediation will require additional studies with greater statistical power.

At the molecular level, high levels of cortisol have the capability of inhibiting the
pathways between testosterone and behavior at multiple levels, an effect that may be
accomplished via reduction in androgen receptors and the suppression of testosterone’s effects
on target tissues (Burnstein et al., 1995; Chen et al., 1997; Johnson et al., 1992; Smith et al.,
1985; Tilbrook et al., 2000; Viau, 2002). While the effects of chronic stressors suppressing
testosterone’s functioning are well documented, there is variability surrounding the effects of
acute stressors on HPG-axis activity (Tilbrook et al., 2000). It is possibile that acute stress may
inhibit testosterone’s impact on retaliation via cortisol suppression of the HPG axis at the
molecular level. However, this hypothesis remains highly speculative, and direct tests of it will
require additional research.

Although we found preliminary evidence for acute cortisol change as a possible
mechanism for the moderating effects of stress on testosterone’s role in social behavior, there are

other related mechanisms that should be investigated in future research. Neuroimaging studies
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have revealed that activation in the amygdala — a region implicated in aggressive motivation in
response to social provocation — is positively related to unfair offer rejections (Gospic et al.,
2011), whereas activation in the ventromedial prefrontal cortex (vmPFC) — a region implicated
in self-regulation and impulse control — is negatively related to unfair offer rejections (Koenigs
and Tranel, 2007; Mehta and Beer, 2010). Further research suggests that testosterone enhances
amygdala reactivity to social threat cues (e.g., angry faces- Gospic et al., 2011; Hermans et al.,
2008) and inhibits vmPFC activity when receiving an unfair offer in the ultimatum game (Mehta
and Beer, 2010). Most relevant to the present research are two neuroimaging studies that
examined basal profiles of testosterone and cortisol. A profile of high testosterone and low
cortisol was associated with enhanced amygdala activity to angry faces in one study (Hermans et
al., 2008). In another study, the high testosterone low cortisol profile was associated with
increased connectivity between the amygdala and vmPFC in response to social provocation (a
verbal insult - Denson, Ronay, von Hippel & Schira, 2013). Thus, it is possible that acute stress
may block testosterone’s effect on unfair offer rejections in the ultimatum game through
interactions between testosterone and cortisol in these subcortical and prefrontal regions (for a
related theory that predicts testosterone/cortisol ratio effects instead of statistical interaction
effects, see Montoya et al., 2012; Terburg et al., 2009).

A broader psychological mechanism for the present findings may involve interactions
between approach and avoidance motivational systems. Testosterone has been associated with
approach motivation (e.g., dominance motivation- Mazur and Booth, 1998), whereas social stress
and acute cortisol increases enhance threat vigilance and are associated with behavioral
inhibition as well as avoidant behaviors (Dickerson and Kemeny, 2004; Gray and McNaughton,

2003; Roelofs et al., 2009). A combination of high approach motivation (high testosterone) and



632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

TESTOSTERONE, STRESS AND RETALIATION 29

low behavioral inhibition (low-stress social context) may encourage status-seeking behaviors
such as aggression, whereas the increased avoidance tendencies in high-stress contexts may
counteract the influence of high approach motivation (high testosterone), resulting in the
inhibition of aggression (Dabbs et al., 1991; for similar arguments, see Carré et al., 2011; Maner
et al., 2012; Mehta and Josephs, 2010; Montoya et al., 2012; Popma et al., 2007; Terburg et al.,
2009). More broadly, it may be evolutionarily adaptive for high environmental stress to block the
effects of increased testosterone activity on approach-oriented status-seeking behaviors such as
retaliation because such behaviors are metabolically costly and potentially dangerous (Buchanan
et al., 2003; Carré and Mehta, 2011; Haselton and Buss, 2000; Maner et al., 2012). And only
when environmental stress is low may it be beneficial for a high-testosterone individual to adopt
retaliatory behaviors in pursuit of status.

Another related psychological mechanism may involve cognitive appraisals of unfair
offers as posing either a challenge or a threat (Mendes et al., 2001; Seery, 2011). Challenge
appraisals are defined as perceptions that available resources outweigh situational demands and
are associated with approach-oriented behavioral responses to social stress (Blascovich et al.,
2004; Blascovich, 2013). Threat appraisals are defined as perceptions that situational demands
outweigh available resources and are associated with avoidant behavioral responses to stress
(Mendes et al., 2007). It is plausible that a high-testosterone individual in a low-stress
environment may appraise unfair offers as being a challenge: that there are adequate resources to
deal with the situational demands of the social provocation. This challenge appraisal may lead to
retaliatory behaviors (i.e., rejection of unfair offers). However, a high-testosterone individual in a
high-stress environment may perceive the unfair offer as being a threat: that the social

provocation poses greater demands relative to available resources. This threat appraisal may lead
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to conciliatory behaviors (i.e., acceptance of unfair offers). Follow-up research should test these
psychological mechanisms directly by measuring challenge versus threat appraisals (Mendes et
al., 2001; Mendes, et al., 2007; Skinner and Brewer, 2002) and approach-avoidance motivation
(Craver and White, 1994) in the ultimatum game.
Sex Differences

There were no sex differences for our primary results. In both men and women, there
were positive associations between basal testosterone and unfair offer rejection rates in the low-
stress condition but not in the high-stress condition. These non-significant sex differences for
basal testosterone's association with behavior in our study aligns well with prior research, which
also found similar basal T-behavior associations in men and women (Josephs et al., 2006;
Newman et al., 2005, Mehta & Josephs, 2010). However, we did find a sex difference in
ultimatum game decision making under varying levels of stress that was independent of basal
testosterone. Women engaged in less retaliation (reduced rejection of unfair offers) in the high-
stress condition compared to the low-stress condition, whereas men showed the opposite pattern
(increased rejection of unfair offers in the high stress-condition compared to the low-stress
condition, though these differences in men were not statistically significant). According to the
tend-and-befriend theory, stressful contexts should encourage women to inhibit behaviors such
as aggression and risk-taking and instead engage in affiliative and conciliatory behaviors (e.g.
accept unfair offers). In contrast, stressful contexts should prompt men to engage in fight-or-
flight behaviors such risk taking and social aggression (e.g., reject unfair offers) (Taylor, 2006;
Taylor et al., 2000). Previous studies have provided initial support for the tend-and-befriend
theory on measures of risk-taking. Women showed reduced risk-taking in the stress condition

compared to the control condition, whereas men showed increased risk-taking in the stress
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condition compared to the control condition (Lighthall, et al., 2009; van den Bos, et al., 2009; see
also footnote 4 of Mehta, et al., 2015b). The current findings provide additional support for the
tend-and-befriend theory by revealing a previously unknown sex difference in the impact of
stress on behavioral responses to social provocation in the ultimatum game.

Our primary analyses focused on basal testosterone’s association with retaliatory behaviors
under varying levels of stress, but we also measured acute testosterone reactivity in our study. In
doing so, we uncovered a sex difference in the association between testosterone reactivity and
behavior in both the low- and high-stress conditions, with a pattern that aligns well with previous
research. Specifically, men who rose in testosterone reported greater anger after receiving unfair
offers and rejected these offers at higher rates. Women, on the other hand, did not demonstrate
these associations. These sex differences in the relationship between testosterone reactivity and
behavioral responses to social provocation are consistent with prior research, which found that
increased testosterone reactivity in competitive contexts predicts men’s - but not women’s -
status-relevant behaviors in other behavioral paradigms besides the ultimatum game (mixed-sex
sample: Carré et al., 2009, 2013; male only sample: Apicella, et al., 2014; Carré¢ & McCormick,
2008; Mehta and Josephs, 2006). These new findings on retaliatory behavior in the ultimatum
game provide further support for the claim that acute testosterone increases are related to
aggressive, competitive, and dominant behaviors following social provocation in men but not in
women.

Limitations and Future Directions

Despite the contribution that these findings make, there are some limitations of the present

study that should be addressed in future research. Firstly, in the present study we manipulated

stress by randomly assigning participants to a relaxation condition in which cortisol dropped or a
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stress condition in which cortisol increased. This manipulation was employed in order to
maximize differences in cortisol concentrations between the two conditions. However, it remains
unclear to what extent the moderating effect of this stress manipulation was driven by the social
stress condition, the relaxation condition, or both. Future research should include additional
control conditions in order to better understand the mechanisms for the impact of stress and
relaxation on the relationship between testosterone and behavior (e.g., a non-evaluative control
condition that can be compared to the socially evaluative stress condition- Het et al., 2009; a
control condition in which participants sit alone that can be compared to the relaxation condition-
Ventura et al., 2012). Relatedly, to elicit a cortisol response we employed a social evaluative
stress paradigm that is designed to create a context of uncontrollability and increase threats to the
self (Dickerson et al., 2008; Kirschbaum et al., 1993; Kudielka et al., 2007). It is not clear
whether the behaviors we observed in the ultimatum game were a product of the interpersonally
threatening nature of the stressor, or other aspects of the stressor. Additional studies comparing
social and non-social stressors (e.g., the standard cold pressor task- Hines and Brown, 1932) can
help further elucidate the mechanisms underlying the impact of causal stress manipulations on
the association between basal testosterone and aggression.

Secondly, the present study included 39 participants (20 men, 19 men) who were randomly
assigned to a low- or high-stress condition prior to the ultimatum game. In line with our
theorizing, we found that acute stress moderates the association between basal testosterone
retaliatory behavior in both men and women. However, there may not been have been sufficient
statistical power to detect three-way interactions between participant sex, the stress condition,

and testosterone, and direct tests of moderated-mediation models will also require greater
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statistical power. Therefore, the present study must be directly and conceptually replicated with
larger mixed-sex samples before firm conclusions are drawn.

Thirdly, in addition to replicating these effects in larger samples, future studies should test
these effects using more accurate methods of hormone assessment, such as mass spectrometry.
Mass spectrometry may yield more reliable and valid salivary hormone concentrations compared
to immunoassays, especially with estimating sex hormones (see Welker, et al., 2016; Soldin and
Soldin, 2009). Apart from being a superior method for estimating salivary testosterone in
general, mass spectrometry also provides greater sensitivity and accuracy in detecting low
concentrations of testosterone - for example those found in women. There is evidence of
enzyme-linked immunoassays (EIAs) inflating female testosterone concentrations, and this
systematic bias in hormone measurement may inflate type 2 errors by obscuring the strength of
the effects currently being reported in social neuroendocrinology studies. Therefore, we advocate
the use of mass spectrometry as a more precise method of hormone measurement for future
research, especially in mixed-sex samples, when feasible.

Fourthly, given that oral contraceptives (OCs) are known to decrease basal salivary
testosterone, their use by female participants in our study may have been a confounding factor
(Edwards and O’Neal, 2009). Though most of the women in our sample did not report using
OCs, it is possible that these women were on other forms of hormonal-based contraception,
which may have influenced their basal testosterone levels. Further, we did not screen for
participants with endocrine disorders or those who used hormonal medications (e.g.
corticosteroids), both of which may have influenced basal testosterone and cortisol levels.

Therefore, future studies should control for the use of hormone-based contraception, endocrine
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conditions, and hormonal medication in their examination of the relationship between basal
testosterone and retaliatory behaviors.

Fifth, in this study we used rejection of unfair offers in the ultimatum game as a measure
of retaliatory aggression. Future research can employ well-validated metrics of retaliation and
aggression from other related paradigms - for example, the Point Subtraction Aggression
Paradigm (PSAP). Past research has generally revealed null effects of basal testosterone on
reactive aggression in the PSAP (Carré et al., 2011), but these studies did not examine the
moderating role of acute environmental stress. The results of the present study suggest that
reducing acute environmental stress (e.g., with relaxation tasks) may reveal a positive association
between basal testosterone and reactive aggression in the PSAP, whereas increasing acute stress
may inhibit the association between basal testosterone and reactive aggression in the PSAP.
There is some indirect evidence in the PSAP that is consistent with this hypothesis® (see footnote
5), but direct evidence for the causal impact of acute stress in influencing basal testosterone’s
association with aggressive behavior in these alternative paradigms will require additional

studies.

> Geniole et al., 2011 recruited male participants, experimentally manipulated social inclusion versus
social exclusion, and measured aggressive behavior in the PSAP. This manipulation did not increase
cortisol concentrations, but it is likely that social exclusion was perceived as more stressful than social
inclusion. Although not reported in their paper, personal communication with the second author (JC)
indicates that there was a positive relationship between basal testosterone and aggressive behavior when
controlling for condition (partial » = .26, p = .045). In line with our theorizing that acute stress should
block testosterone’s behavioral effects, this association between basal testosterone and aggression was
stronger in the social inclusion condition (» = .34, p = .053) and was non-significant in the social
exclusion condition (7 = .15, p = .43). Geniole et al., 2011 also found that there was a positive association
between acute testosterone reactivity and aggressive behavior (AR? = 6.5%, p = .04), but this effect was
statistically significant only in the social inclusion condition (AR’ = 13.3%, r = .36, p = .03) and was non-
significant in the social exclusion condition (AR’ = 1.8%, r = .13, p = .49). Collectively, these results from
Geniole et al., 2011 suggest that one form of acute stress (social exclusion) may inhibit effects of both
basal testosterone and acute testosterone reactivity on aggressive behavior in the PSAP. Future research
that adopts standard stress manipulations such as the Trier Social Stress Test prior to the PSAP can test
this hypothesis directly.
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Sixth, we found that acute stress inhibited the association between basal testosterone and
retaliation, but acute stress did not moderate the relationship between acute testosterone
reactivity and retaliatory behavior. As mentioned earlier, there was likely insufficient statistical
power to detect three-way interactions between participant sex, the stress condition, and acute
testosterone reactivity in the present study. Future studies with greater statistical power should
test these interactions. Indeed, there is indirect evidence in other behavioral paradigms
suggesting that markers of stress may inhibit the association between testosterone change and
aggressive behavior in men (e.g., dispositional anxiety, Norman et al., 2014; social exclusion, see
see footnote 5 for a discussion of Geniole et al., 2011). Additional research should provide clear
tests of this hypothesis in larger samples.

Finally, our study found that an experimental manipulation of stress causally inhibited the
association between endogenous testosterone and retaliatory behavior. Another important
direction for future research will be to experimentally manipulate both stress and testosterone
(with exogenous hormone administration) in the same study. Our theorizing and initial results
suggest that exogenous testosterone will enhance aggressive and dominant behaviors compared
to placebo only in low-stress environments, whereas exogenous testosterone will inhibit
aggressive and dominant behaviors compared to placebo in high-stress environments. We look
forward to future behavioral pharmacology studies that adopt such designs to test the interactive
effects of testosterone and stress on numerous status-relevant behaviors, including dominant
leadership behavior (Mehta and Josephs, 2010), trust and empathy (Boksem et al., 2013; Zilioli
et al., 2014), competitive decisions (Mehta and Josephs, 2010), risk-taking (Mehta et al., 2015b),

overbidding in auctions (van den Bos et al., 2013), and social status (Edwards and Casto, 2013).



783

784

785

786

787

788

789
790

TESTOSTERONE, STRESS AND RETALIATION 36

Acknowledgements

We thank Shereen Fatimah, Jared Nai, and Zheng Xue for help with data collection; Kai
Wai and Vivian Ng for assistance with hormone assays; and Cassandra Brandes, Bethany
Lassetter, Erik L. Knight and Jeffrey D. Whitaker for feedback on the manuscript. This work was
supported by Academic Research Funds provided to JN from the National University of

Singapore, and a National Science Foundation (NSF) grant awarded to PHM.



791

792
793

794
795

796
797
798

799
800

801
802
803

804
805
806

807
808
809

810
811
812

813
814

815
816
817

818
819

820
821

822
823

TESTOSTERONE, STRESS AND RETALIATION 37

References

Aiken, L.S., West, S.G., Reno, R.R., 1991. Multiple Regression: Testing and Interpreting
Interactions. SAGE Publications.

Akinola, M., Page-Gould, E., Mehta, P.H., Lu, J.G., 2016. Collective hormonal profiles predict
group performance. Proc. Natl. Acad. Sci. 201603443. doi:10.1073/pnas.1603443113

Apicella, C.L., Dreber, A., Mollerstrom, J., 2014. Salivary testosterone change following
monetary wins and losses predicts future financial risk-taking. Psychoneuroendocrinology
39, 58-64. doi:10.1016/j.psyneuen.2013.09.025

Archer, J., 2006. Testosterone and human aggression: an evaluation of the challenge hypothesis.
Neurosci. Biobehav. Rev. 30, 319-45. doi:10.1016/j.neubiorev.2004.12.007

Archer, J., Graham-Kevan, N., Davies, M., 2005. Testosterone and aggression: A reanalysis of
Book, Starzyk, and Quinsey’s (2001) study. Aggress. Violent Behav.
doi:10.1016/j.avb.2004.01.001

Bedgood, D., Boggiano, M.M., Turan, B., 2014. Testosterone and social evaluative stress: the
moderating role of basal cortisol. Psychoneuroendocrinology 47, 107—15.
doi:10.1016/j.psyneuen.2014.05.007

Blascovich, J., Seery, M.D., Mugridge, C.A., Norris, R.K., Weisbuch, M., 2004. Predicting
athletic performance from cardiovascular indexes of challenge and threat. J. Exp. Soc.
Psychol. 40, 683—-688. doi:10.1016/j.jesp.2003.10.007

Boksem, M.A.S., Mehta, P.H., Van den Bergh, B., van Son, V., Trautmann, S.T., Roelofs, K.,
Smidts, A., Sanfey, A.G., 2013. Testosterone inhibits trust but promotes reciprocity.
Psychol. Sci. 24, 2306—14. doi:10.1177/0956797613495063

Brafias-Garza, P., Espin, A.M., Exadaktylos, F., Herrmann, B., 2014. Fair and unfair punishers
coexist in the Ultimatum Game. Sci. Rep. 4, 6025. doi:10.1038/srep06025

Buchanan, K.L., Evans, M.R., Goldsmith, A.R., 2003. Testosterone, dominance signalling and
immunosuppression in the house sparrow, Passer domesticus. Behav. Ecol. Sociobiol. 55,
50-59. doi:10.1007/s00265-003-0682-4

Burnham, T.C., 2007. High-testosterone men reject low ultimatum game offers. Proc. Biol. Sci.
274, 2327-30. doi:10.1098/rspb.2007.0546

Burnstein, K.L., Maiorino, C.A., Dai, J.L., Cameron, D.J., 1995. Androgen and glucocorticoid
regulation of androgen receptor cDNA expression. Mol. Cell. Endocrinol. 115, 177-86.

Carpenter, J.P., 2003. Is fairness used instrumentally? Evidence from sequential bargaining.
doi:10.1016/S0167-4870(02)00194-0



824
825
826

827
828
829

830
831

832
833
834

835
836
837

838
839
840

841
842
843

844
845
846

847
848

849
850
851

852
853
854

855
856
857

858

TESTOSTERONE, STRESS AND RETALIATION 38

Carr¢, J.M., Campbell, J.A., Lozoya, E., Goetz, S.M.M., Welker, K.M., 2013. Changes in
testosterone mediate the effect of winning on subsequent aggressive behaviour.
Psychoneuroendocrinology 38, 2034-2041. doi:10.1016/j.psyneuen.2013.03.008

Carré, J.M., McCormick, C.M., 2008. Aggressive behavior and change in salivary testosterone
concentrations predict willingness to engage in a competitive task. Horm. Behav. 54, 403—
409. doi:10.1016/j.yhbeh.2008.04.008

Carré¢, J.M., McCormick, C.M., Hariri, A.R., 2011. The social neuroendocrinology of human
aggression. Psychoneuroendocrinology 36, 935-44. doi:10.1016/j.psyneuen.2011.02.001

Carré, J.M., Mehta, P.H., 2011. Importance of considering testosterone-cortisol interactions in
predicting human aggression and dominance. Aggress. Behav. 37, 489—491.
doi:10.1002/ab.20407

Carr¢, J.M., Putnam, S.K., McCormick, C.M., 2009. Testosterone responses to competition
predict future aggressive behaviour at a cost to reward in men. Psychoneuroendocrinology
34, 561-570. doi:10.1016/j.psyneuen.2008.10.018

Carver, C.S., White, T.L., 1994. Behavioral Inhibition, Behavioral Activation, and Affective
Responses to Impending Reward and Punishment: The BIS/BAS Scales. J. Pers. Soc.
Psychol. 67, 319-333.

Chen, S.y, Wang, J., Yu, G. q, Liu, W., Pearce, D., 1997. Androgen and glucocorticoid receptor
heterodimer formation. A possible mechanism for mutual inhibition of transcriptional
activity. J. Biol. Chem. 272, 14087-92.

Crockett, M.J., Clark, L., Tabibnia, G., Lieberman, M.D., Robbins, T.W., 2008. Serotonin
modulates behavioral reactions to unfairness. Science 320, 1739.
doi:10.1126/science.1155577

Dabbs, J.M., Jurkovic, G.J., Frady, R.L., 1991. Salivary testosterone and cortisol among late
adolescent male offenders. J. Abnorm. Child Psychol. 19, 469-78.

Denson, T.F., Ronay, R., von Hippel, W., Schira, M.M., 2013. Endogenous testosterone and
cortisol modulate neural responses during induced anger control. Soc. Neurosci. 8, 165-77.
doi:10.1080/17470919.2012.655425

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: a theoretical
integration and synthesis of laboratory research. Psychol. Bull. 130, 355-91.
doi:10.1037/0033-2909.130.3.355

Dickerson, S.S., Mycek, P.J., Zaldivar, F., 2008. Negative social evaluation, but not mere social
presence, elicits cortisol responses to a laboratory stressor task. Health Psychol. 27, 116-21.
doi:10.1037/0278-6133.27.1.116

Diekhof, E.K., Wittmer, S., Reimers, L., 2014. Does competition really bring out the worst?



859
860

861
862
863

864
865
866

867
868
869

870
871
872

873
874
875

876
877
878

879
880
881

882
883
884

885
886
887
888

889
890
891

892
893

TESTOSTERONE, STRESS AND RETALIATION 39

Testosterone, social distance and inter-male competition shape parochial altruism in human
males. PLoS One 9, €98977. doi:10.1371/journal.pone.0098977

Dismukes, A.R., Shirtcliff, E.A., Hanson, J.L., Pollak, S.D., 2015. Context influences the
interplay of endocrine axes across the day. Dev. Psychobiol. 57, 731-741.
doi:10.1002/dev.21331

Edwards, D.A., Casto, K. V, 2013. Women'’s intercollegiate athletic competition: cortisol,
testosterone, and the dual-hormone hypothesis as it relates to status among teammates.
Horm. Behav. 64, 153—60. doi:10.1016/j.yhbeh.2013.03.003

Edwards, D.A., O’Neal, J.L., 2009. Oral contraceptives decrease saliva testosterone but do not
affect the rise in testosterone associated with athletic competition. Horm. Behav. 56, 195—
198. doi:10.1016/1.yhbeh.2009.01.008

Eisenegger, C., Naef, M., Snozzi, R., Heinrichs, M., Fehr, E., 2010. Prejudice and truth about the
effect of testosterone on human bargaining behaviour. Nature 463, 356-9.
doi:10.1038/mature08711

Espin, A.M., Exadaktylos, F., Herrmann, B., Branas-Garza, P., 2015. Short- and long-run goals
in ultimatum bargaining: impatience predicts spite-based behavior. Front. Behav. Neurosci.
9, 214. doi:10.3389/ftnbeh.2015.00214

Frisch, J.U., Hausser, J.A., Mojzisch, A., 2015. The Trier Social Stress Test as a paradigm to
study how people respond to threat in social interactions. Front. Psychol. 6, 14.
doi:10.3389/fpsyg.2015.00014

Geniole, S.N., Busseri, M.A., McCormick, C.M., 2013. Testosterone dynamics and psychopathic
personality traits independently predict antagonistic behavior towards the perceived loser of
a competitive interaction. Horm. Behav. 64, 790-798. doi:10.1016/j.yhbeh.2013.09.005

Geniole, S.N., Carré, J.M., McCormick, C.M., 2011. State, not trait, neuroendocrine function
predicts costly reactive aggression in men after social exclusion and inclusion. Biol.
Psychol. 87, 137-145. doi:10.1016/j.biopsycho.2011.02.020

Giltay, E.J., Enter, D., Zitman, F.G., Penninx, B.W.J.H., van Pelt, J., Spinhoven, P., Roelofs, K.,
2012. Salivary testosterone: associations with depression, anxiety disorders, and

antidepressant use in a large cohort study. J. Psychosom. Res. 72, 205-13.
doi:10.1016/j.jpsychores.2011.11.014

Gospic, K., Mohlin, E., Fransson, P., Petrovic, P., Johannesson, M., Ingvar, M., 2011. Limbic
justice--amygdala involvement in immediate rejection in the Ultimatum Game. PLoS Biol.
9,1001054. doi:10.1371/journal.pbio.1001054

Gray, J.A., McNaughton, N., 2003. The Neuropsychology of Anxiety: An Enquiry Into the
Function of the Septo-hippocampal System. OUP Oxford.



894
895

896
897

898
899
900

901
902
903

904
905
906

907
908

909
910
911

912
913
914

915
916
917

918
919
920

921
922
923

924
925
926

927
928
929

TESTOSTERONE, STRESS AND RETALIATION 40

Giith, W., 1995. On ultimatum bargaining experiments — A personal review. J. Econ. Behav.
Organ. 27, 329-344. doi:10.1016/0167-2681(94)00071-L

Haselton, M.G., Buss, D.M., 2000. Error management theory: a new perspective on biases in
cross-sex mind reading. J. Pers. Soc. Psychol. 78, 81-91.

Haushofer, J., Cornelisse, S., Seinstra, M., Fehr, E., Joéls, M., Kalenscher, T., 2013. No effects
of psychosocial stress on intertemporal choice. PLoS One 8, €78597.
doi:10.1371/journal.pone.0078597

Hermans, E.J., Ramsey, N.F., van Honk, J., 2008. Exogenous testosterone enhances
responsiveness to social threat in the neural circuitry of social aggression in humans. Biol.
Psychiatry 63, 263—70. doi:10.1016/j.biopsych.2007.05.013

Het, S., Rohleder, N., Schoofs, D., Kirschbaum, C., Wolf, O.T., 2009. Neuroendocrine and
psychometric evaluation of a placebo version of the “Trier Social Stress Test”.
Psychoneuroendocrinology 34, 1075-86. doi:10.1016/j.psyneuen.2009.02.008

Hines, E. A., & Brown, G. E., 1932. A standard stimulus for measuring vasomotor reactions: its
application in the study of hypertension. Proc. Staff Meet Mayo Clin., 7, p. 332.

Johnson, E.O., Kamilaris, T.C., Chrousos, G.P., Gold, P.W., 1992. Mechanisms of stress: a
dynamic overview of hormonal and behavioral homeostasis. Neurosci. Biobehav. Rev. 16,
115-30.

Josephs, R.A., Sellers, J.G., Newman, M.L., Mehta, P.H., 2006. The mismatch effect: when
testosterone and status are at odds. J. Pers. Soc. Psychol. 90, 999—-1013. doi:10.1037/0022-
3514.90.6.999

Josephs, R.A., Sellers, J.G., Newman, M.L., Mehta, P.H., 2006. The mismatch effect: when
testosterone and status are at odds. J. Pers. Soc. Psychol. 90, 999—-1013. doi:10.1037/0022-
3514.90.6.999

Khalfa, S., Bella, S.D., Roy, M., Peretz, 1., Lupien, S.J., 2003. Effects of Relaxing Music on
Salivary Cortisol Level after Psychological Stress. Ann. N. Y. Acad. Sci. 999, 374-376.
doi:10.1196/annals.1284.045

Kirschbaum, C., Pirke, K.M., Hellhammer, D.H., 1993. The “Trier Social Stress Test”--a tool for
investigating psychobiological stress responses in a laboratory setting. Neuropsychobiology
28, 76-81. doi: 119004

Koenigs, M., Tranel, D., 2007. Irrational economic decision-making after ventromedial
prefrontal damage: evidence from the Ultimatum Game. J. Neurosci. 27, 951-6.
doi:10.1523/INEUROSCI.4606-06.2007

Kopsida, E., Berrebi, J., Petrovic, P., Ingvar, M., 2016. Testosterone Administration Related
Differences in Brain Activation during the Ultimatum Game. Front. Neurosci. 10, 66.
doi:10.3389/fnins.2016.00066



930
931

932
933

934
935
936

937
938
939
940

941
942
943

944
945
946

947
948
949
950

951

952
953
954

955
956

957
958

959
960

961
962
963

TESTOSTERONE, STRESS AND RETALIATION 41

Kudielka, B.M., Hellhammer, H., Kirschbaum, C., 2007. Ten years of research with the trier
social stress test., in: Social Neuroscience. pp. 56-83.

Kudielka, B.M., Kirschbaum, C., 2004. Sex differences in HPA axis responses to stress: a
review. doi:10.1016/j.biopsycho.2004.11.009

Lemaire, V., Taylor, G.T., Mormede, P., 1997. Adrenal axis activation by chronic social stress
fails to inhibit gonadal function in male rats. Psychoneuroendocrinology 22, 563-573.
doi:10.1016/S0306-4530(97)00051-6

Liening, S.H., Stanton, S.J., Saini, E.K., Schultheiss, O.C., 2010. Salivary testosterone, cortisol,
and progesterone: two-week stability, interhormone correlations, and effects of time of day,

menstrual cycle, and oral contraceptive use on steroid hormone levels. Physiol. Behav. 99,
8-16. doi:10.1016/j.physbeh.2009.10.001

Lighthall, N.R., Mather, M., Gorlick, M.A., 2009. Acute Stress Increases Sex Differences in
Risk Seeking in the Balloon Analogue Risk Task. PLoS One 4, 174-176.
doi:10.1371/JOURNAL.PONE.0006002

Maner, J.K., Gailliot, M.T., Menzel, A.J., Kunstman, J.W., 2012. Dispositional anxiety blocks
the psychological effects of power. Pers. Soc. Psychol. Bull. 38, 1383-95.
doi:10.1177/0146167212453341

Marceau, K., Shirtcliff, E.A., Hastings, P.D., Klimes-Dougan, B., Zahn-Waxler, C., Dorn, L.D.,
Susman, E.J., 2014. Within-adolescent coupled changes in cortisol with DHEA and

testosterone in response to three stressors during adolescence. Psychoneuroendocrinology
41, 33-45. doi:10.1016/j.psyneuen.2013.12.002

Mazur, A., Booth, A., 1998. Testosterone and dominance in men. Behav. Brain Sci. 21, 353-363.

Mazur, A., Booth, A., 2014. Testosterone is related to deviance in male army veterans, but
relationships are not moderated by cortisol. Biol. Psychol. 96, 72-76.
doi:10.1016/j.biopsycho.2013.11.015

McEwen, B.S., 2006. Protective and damaging effects of stress mediators: central role of the
brain. Dialogues Clin. Neurosci. 8, 367-81.

Mehta, P.H. 1977-, 2008. The endocrinology of personality, leadership, and economic decision
making.

Mehta, P.H., Beer, J., 2010. Neural Mechanisms of the Testosterone—Aggression Relation: The
Role of Orbitofrontal Cortex.

Mehta, P.H., Jones, A.C., Josephs, R.A., 2008. The Social Endocrinology of Dominance : Basal
Testosterone Predicts Cortisol Changes and Behavior Following Victory and Defeat 94,
1078-1093. doi:10.1037/0022-3514.94.6.1078



964
965

966
967
968

969
970

971
972

973
974
975

976
977
978

979
980
981

982
983
984

985
986
987

988
989

990
991

992
993
994

995
996
997

998

TESTOSTERONE, STRESS AND RETALIATION 42

Mehta, P.H., Josephs, R.A., 2006. Testosterone change after losing predicts the decision to
compete again. Horm. Behav. 50, 684-92. doi:10.1016/j.yhbeh.2006.07.001

Mehta, P.H., Josephs, R.A., 2010. Testosterone and cortisol jointly regulate dominance: evidence
for a dual-hormone hypothesis. Horm. Behav. 58, 898-906.
doi:10.1016/j.yhbeh.2010.08.020

Mehta, P.H., Mor, S., Yap, A.J., Prasad, S., 2015. Dual-Hormone Changes Are Related to
Bargaining Performance. Psychol. Sci. 26, 866—876. doi:10.1177/0956797615572905

Mehta, P.H., Prasad, S., 2015. The dual-hormone hypothesis: a brief review and future research
agenda. Curr. Opin. Behav. Sci. 3, 163—168. doi:10.1016/j.cobeha.2015.04.008

Mehta, P.H., Welker, K.M., Zilioli, S., Carré, J.M., 2015. Testosterone and cortisol jointly
modulate risk-taking. Psychoneuroendocrinology 56, 88—99.
doi:10.1016/j.psyneuen.2015.02.023

Mehta, P.H., Wuehrmann, E. V, Josephs, R.A., 2009. When are low testosterone levels
advantageous? The moderating role of individual versus intergroup competition. Horm.
Behav. 56, 158-62. do0i:10.1016/j.yhbeh.2009.04.001

Mendes, W.B., Blascovich, J., Major, B., Seery, M., 2001. Challenge and threat responses during
downward and upward social comparisons. Eur. J. Soc. Psychol. 31, 477-497.
doi:10.1002/ejsp.80

Mendes, W.B., Gray, H.M., Mendoza-Denton, R., Major, B., Epel, E.S., 2007. Why
egalitarianism might be good for your health: physiological thriving during stressful
intergroup encounters. Psychol. Sci. 18, 991-8. doi:10.1111/5.1467-9280.2007.02014.x

Montoya, E.R., Terburg, D., Bos, P.A., van Honk, J., 2012. Testosterone, cortisol, and serotonin
as key regulators of social aggression: A review and theoretical perspective. Motiv. Emot.
36, 65-73. doi:10.1007/s11031-011-9264-3

Moretti, L., Dragone, D., Pellegrino, G. di, 2010. Reward and Social Valuation Deficits
following Ventromedial Prefrontal Damage. http://dx.doi.org/10.1162/jocn.2009.21011.

Newman, M.L., Sellers, J.G., Josephs, R.A., 2005. Testosterone, cognition, and social status.
Horm. Behav. 47, 205—11. doi:10.1016/j.yhbeh.2004.09.008

Nguyen, C.M., Koenigs, M., Yamada, T.H., Teo, S.H., Cavanaugh, J.E., Tranel, D., Denburg,
N.L., 2011. Trustworthiness and Negative Affect Predict Economic Decision-Making. J.
Cogn. Psychol. (Hove). 23, 748-759. do0i:10.1080/20445911.2011.575773

Norman, R.E., Moreau, B.J.P., Welker, K.M., Carr¢, J.M., 2014. Trait Anxiety Moderates the
Relationship Between Testosterone Responses to Competition and Aggressive Behavior.
Adapt. Hum. Behav. Physiol. 1, 312-324. doi:10.1007/s40750-014-0016-y

Nowak, M.A., 2000. Fairness Versus Reason in the Ultimatum Game. Science (80-. ). 289,



999

1000
1001
1002

1003
1004
1005

1006
1007
1008
1009

1010
1011

1012
1013

1014
1015
1016
1017

1018
1019
1020

1021
1022
1023

1024
1025
1026
1027

1028
1029
1030

1031
1032
1033

TESTOSTERONE, STRESS AND RETALIATION 43

1773-1775. doi:10.1126/science.289.5485.1773

Pillutla, M.M., Murnighan, J.K., 1996. Unfairness, Anger, and Spite: Emotional Rejections of
Ultimatum Offers. Organ. Behav. Hum. Decis. Process. 68, 208-224.
doi:10.1006/0bhd.1996.0100

Ponzi, D., Zilioli, S., Mehta, P.H., Maslov, A., Watson, N. V., 2016. Social network centrality
and hormones: The interaction of testosterone and cortisol. Psychoneuroendocrinology 68,
6-13. doi:10.1016/j.psyneuen.2016.02.014

Popma, A., Vermeiren, R., Geluk, C.A.M.L., Rinne, T., van den Brink, W., Knol, D.L., Jansen,
L.M.C., van Engeland, H., Doreleijers, T.A.H., 2007. Cortisol moderates the relationship

between testosterone and aggression in delinquent male adolescents. Biol. Psychiatry 61,
405-11. doi:10.1016/j.biopsych.2006.06.006

Raihani, N.J., Bshary, R., 2015. The reputation of punishers. Trends Ecol. Evol. 30, 98—103.
doi:10.1016/j.tree.2014.12.003

Riad-Fahmy, D., Read, G.F., Walker, R.F., Walker, S.M., Griffiths, K., 1987. Determination of
ovarian steroid hormone levels in saliva. An overview. J. Reprod. Med. 32, 254-72.

Roelofs, K., van Peer, J., Berretty, E., Jong, P. de, Spinhoven, P., Elzinga, B.M., 2009.
Hypothalamus-pituitary-adrenal axis hyperresponsiveness is associated with increased

social avoidance behavior in social phobia. Biol. Psychiatry 65, 336-43.
doi:10.1016/j.biopsych.2008.08.022

Sanfey, A.G., Rilling, J.K., Aronson, J.A., Nystrom, L.E., Cohen, J.D., 2003. The neural basis of
economic decision-making in the Ultimatum Game. Science 300, 1755-8.
doi:10.1126/science.1082976

Schultheiss, O.C. and Stanton, S.J., 2009. Assessment of salivary hormones in: Harmon-Jones,
E., Beer, J. (Eds.), Methods in social neuroscience. The Guilford Press, New York, pp.17-
44,

Schultheiss, O.C., Wirth, M.M., Torges, C.M., Pang, J.S., Villacorta, M.A., Welsh, K.M., 2005.
Effects of Implicit Power Motivation on Men’s and Women's Implicit Learning and
Testosterone Changes After Social Victory or Defeat. J. Pers. Soc. Psychol. 88, 174—188.
doi:10.1037/0022-3514.88.1.174

Seery, M.D., 2011. Challenge or threat? Cardiovascular indexes of resilience and vulnerability to
potential stress in humans. Neurosci. Biobehav. Rev. 35, 1603—10.
doi:10.1016/j.neubiorev.2011.03.003

Sherman, G.D., Lerner, J.S., Josephs, R.A., Renshon, J., Gross, J.J., 2016. The interaction of
testosterone and cortisol is associated with attained status in male executives. J. Pers. Soc.
Psychol. 110, 921-929. doi:10.1037/pspp0000063



1034
1035
1036

1037
1038

1039
1040
1041

1042
1043

1044
1045
1046

1047
1048

1049
1050
1051

1052
1053
1054

1055
1056
1057

1058
1059

1060
1061

1062
1063
1064

1065
1066
1067

TESTOSTERONE, STRESS AND RETALIATION 44

Shirtcliff, E.A., Granger, D.A., Schwartz, E., Curran, M.J., 2001. Use of salivary biomarkers in
biobehavioral research: cotton-based sample collection methods can interfere with salivary
immunoassay results. Psychoneuroendocrinology 26, 165-73.

Skinner, N., Brewer, N., 2002. The dynamics of threat and challenge appraisals prior to stressful
achievement events. J. Pers. Soc. Psychol. 83, 678-692. doi:10.1037/0022-3514.83.3.678

Smith, R.G., Syms, A.J., Nag, A., Lerner, S., Norris, J.S., 1985. Mechanism of the glucocorticoid
regulation of growth of the androgen-sensitive prostate-derived R3327H-G8-A1 tumor cell
line. J. Biol. Chem. 260, 12454-63.

Soldin, S.J., Soldin, O.P., 2009. Steroid Hormone Analysis by Tandem Mass Spectrometry. Clin.
Chem. 55, 1061-1066. doi:10.1373/clinchem.2007.100008

Tackett, J.L., Herzhoff, K., Harden, K.P., Page-Gould, E., Josephs, R.A., 2014. Personality x
hormone interactions in adolescent externalizing psychopathology. Personal. Disord. 5,
235-46. doi:10.1037/per0000075

Taylor, S.E., 2006. Tend and Befriend: Biobehavioral Bases of Affiliation Under Stress. Curr.
Dir. Psychol. Sci. 15, 273-277. doi:10.1111/5.1467-8721.2006.00451.x

Taylor, S.E., Klein, L.C., Lewis, B.P., Gruenewald, T.L., Gurung, R.A., Updegraft, J.A., 2000.
Biobehavioral responses to stress in females: tend-and-befriend, not fight-or-flight. Psychol.
Rev. 107, 411-29.

Terburg, D., Aarts, H., van Honk, J., 2012. Testosterone Affects Gaze Aversion From Angry
Faces Outside of Conscious Awareness. Psychol. Sci. 23, 459-463.
doi:10.1177/0956797611433336

Terburg, D., Morgan, B., van Honk, J., 2009. The testosterone—cortisol ratio: A hormonal marker
for proneness to social aggression. Int. J. Law Psychiatry 32, 216-223.
doi:10.1016/].ij1p.2009.04.008

Tilbrook, A.J., Turner, A.L., Clarke, 1.J., 2000. Effects of stress on reproduction in non-rodent
mammals: the role of glucocorticoids and sex differences. Rev. Reprod. 5, 105—-13.

Touitou, Y., Haus, E., 2000. Alterations with aging of the endocrine and neuroendocrine
circadian system in humans. Chronobiol. Int. 17, 369-90.

van 't Wout, M., Kahn, R.S., Sanfey, A.G., Aleman, A., 2006. Affective state and decision-
making in the Ultimatum Game. Exp. brain Res. 169, 564-8. doi:10.1007/s00221-006-
0346-5

van den Bos, R., Harteveld, M., Stoop, H., 2009. Stress and decision-making in humans:
Performance is related to cortisol reactivity, albeit differently in men and women.
Psychoneuroendocrinology 34, 1449—1458. doi:10.1016/j.psyneuen.2009.04.016



1068
1069
1070

1071
1072
1073

1074
1075
1076

1077
1078
1079

1080
1081

1082
1083
1084
1085

1086
1087
1088

1089
1090
1091
1092

1093
1094
1095
1096

1097
1098
1099

1100
1101
1102

1103

TESTOSTERONE, STRESS AND RETALIATION 45

van den Bos, W., Golka, P.J.M., Effelsberg, D., McClure, S.M., 2013. Pyrrhic victories: the need
for social status drives costly competitive behavior. Front. Neurosci. 7, 189.
doi:10.3389/fnins.2013.00189

van Eck, M., Berkhof, H., Nicolson, N., Sulon, J., 2005. The effects of perceived stress, traits,
mood states, and stressful daily events on salivary cortisol. Psychosom. Med. 58, 447-458.
doi:10.1097/00006842-199609000-00007

Van, C.E., Wierckx, K., Fiers, T., Segers, H., Vandersypt, E., Kaufman, J.M., T’Sjoen, G., 2011.
Salivary cortisol and testosterone: a comparison of salivary sample collection methods in
healthy controls.

Ventura, T., Gomes, M.C., Carreira, T., 2012. Cortisol and anxiety response to a relaxing
intervention on pregnant women awaiting amniocentesis. Psychoneuroendocrinology 37,
148-56. doi:10.1016/j.psyneuen.2011.05.016

Viau, V., 2002. Functional cross-talk between the hypothalamic-pituitary-gonadal and -adrenal
axes. J. Neuroendocrinol. 14, 506—13.

Wang, C.S., Sivanathan, N., Narayanan, J., Ganegoda, D.B., Bauer, M., Bodenhausen, G. V.,
Murnighan, K., 2011. Retribution and emotional regulation: The effects of time delay in

angry economic interactions. Organ. Behav. Hum. Decis. Process. 116, 46—54.
doi:10.1016/j.0bhdp.2011.05.007

Wirth, M.M., Welsh, K.M., Schultheiss, O.C., 2006. Salivary cortisol changes in humans after
winning or losing a dominance contest depend on implicit power motivation. Horm. Behav.
49, 346-52. doi:10.1016/j.yhbeh.2005.08.013

Welker, K.M., Lassetter, B., Brandes, C.M., Prasad, S., Koop, D.R., Mehta, P.H., 2016. A
comparison of salivary testosterone measurement using immunoassays and tandem mass
spectrometry. Psychoneuroendocrinology 71, 180—188.
doi:10.1016/j.psyneuen.2016.05.022

Yamagishi, T., Horita, Y., Mifune, N., Hashimoto, H., Li, Y., Shinada, M., Miura, A., Inukai, K.,
Takagishi, H., Simunovic, D., 2012. Rejection of unfair offers in the ultimatum game is no
evidence of strong reciprocity. Proc. Natl. Acad. Sci. 109, 20364-20368.
doi:10.1073/pnas.1212126109

Yamagishi, T., Horita, Y., Takagishi, H., Shinada, M., Tanida, S., Cook, K.S., 2009. The private
rejection of unfair offers and emotional commitment. Proc. Natl. Acad. Sci. U. S. A. 106,
11520-3. doi:10.1073/pnas.0900636106

Zak, P.J., Kurzban, R., Ahmadi, S., Swerdloff, R.S., Park, J., Efremidze, L., Redwine, K.,
Morgan, K., Matzner, W., 2009. Testosterone administration decreases generosity in the
ultimatum game. PLoS One 4, €8330. doi:10.1371/journal.pone.0008330

Zethraeus, N., Kocoska-Maras, L., Ellingsen, T., von Schoultz, B., Hirschberg, A.L.,



1104
1105
1106

1107
1108
1109

1110
1111
1112

TESTOSTERONE, STRESS AND RETALIATION 46

Johannesson, M., 2009. A randomized trial of the effect of estrogen and testosterone on
economic behavior. Proc. Natl. Acad. Sci. U. S. A. 106, 6535-8.
doi:10.1073/pnas.0812757106

Zilioli, S., Ponzi, D., Henry, A., Maestripieri, D., 2014. Testosterone, Cortisol and Empathy:
Evidence for the Dual-Hormone Hypothesis. Adapt. Hum. Behav. Physiol. 1, 421-433.
doi:10.1007/s40750-014-0017-x

Zyphur, M.J., Narayanan, J., Koh, G., Koh, D., 2009. Testosterone-status mismatch lowers
collective efficacy in groups: Evidence from a slope-as-predictor multilevel structural
equation model. Organ. Behav. Hum. Decis. Process. 110, 70-79.



2
) Trier Social Stress Post-
Consent Baseline
Saliva Task/ Ultimatum Game stressor Surveys
Relaxation saliva Yy

SUIVGYS sample Induction sample Yy,

40 50 60 70 80

Time (in minutes)

——m - — —



Rejection of unfair offers (in %)

@ Relaxation #= Stress

100-

N
al
1

a1
o
1

N
($)]
1

-1 SDTesiosterone

Mean Tes'tosterone
Testosterone levels

+1 SDTesiosterone




Rejection of unfair offers (in %)

B Relaxation [l Stress

100-

~
($)]
1

a1
o
1

N
a
1

Males Females
Sex of participant




Rejection of unfair offers (in %)

@ Decrease in Cortisol #= Increase in Cortisol

100-

N
al
1

a1
o
1

N
($)]
1

-1 SDTesiosterone

Mean Tes'tosterone
Testosterone levels

+1 SDTesiosterone




Rejection of unfair offers (in %)

Males

@ Relaxation #= Stress

100 -

N
a1
1

a1
o
1

N
a
1

-1 SDTes{osterone Mean Tes'tosterone +1 SDTesiosterone
Testosterone levels

Rejection of unfair offers (in %)

Females

@ Relaxation #= Stress

100 -

~
ol
1

a1
o
1

N
a
1

-1 SDTes{osterone Mean Tes'tosterone +1 SDTesiosterone
Testosterone levels




Rejection of unfair offers (in %)

Males

@ Decrease in Cortisol # Increase in Cortisol

100 -

N
a1
1

a1
o
1

N
a
1

-1 SDTes{osterone Mean Tes'tosterone +1 SDTesiosterone
Testosterone levels

Rejection of unfair offers (in %)

Females

@ Decrease in Cortisol # Increase in Cortisol

100 -

~
ol
1

a1
o
1

N
a
1

-1 SDTes{osterone Mean Tes'tosterone +1 SDTesiosterone
Testosterone levels




Highlights

e Examined the role of stress moderating the testosterone-retaliation relationship

¢ Under conditions of low stress, basal testosterone positively predicted retaliation
¢ Experimentally induced stress blocked the testosterone-retaliation relationship

¢ Stress-induced cortisol reactivity was a likely mechanism of this effect



Supplementary Results

Stress-induced changes in testosterone and cortisol

We conducted confirmatory analyses to examine differences in cortisol and testosterone
levels across time using repeated measures GLM. For cortisol, we found that raw cortisol levels
did indeed change across time as a function of the condition that participants had been assigned
(time X stress condition: F(1, 37)= 11.74, p=.002, #°=.24). Follow-up analyses indicated that the
low-stress condition decreased cortisol levels (#(18)=3.11, p=.006), whereas the high-stress
condition marginally increased cortisol levels (#(19)=-1.75, p=.096) (see Table S1 for Means and
SDs). The significant time X stress interaction indicates that the cortisol changes in the high-
stress condition significantly differed from the cortisol change in the low-stress condition, which
provides strong evidence that our experimental manipulation was successful in eliciting different
patterns of cortisol changes in the two experimental groups. For testosterone, we only found a
trend level time X stress condition interaction (while treating sex as a covariate) (F(1, 36)= 2.96,
p=.09), thereby supporting the analyses reported in the main paper.
Basal testosterone, basal cortisol, and unfair offer rejections

We also conducted analyses that examined whether basal testosterone and basal cortisol
interactions predicted unfair offer rejections. However, we did not find evidence for basal
cortisol interacting with basal testosterone in predicting unfair offers (while controlling for the
stress condition) (5= .25, p=.15), and this is consistent with some prior research that also failed
to find basal testosterone x basal cortisol interaction on measures of ultimatum game decision
making and reactive aggression (Geniole et al., 2013; Mehta et al., 2015). We also did not find
support for a three-way stress x basal testosterone x basal cortisol interaction (5= .46, p=.19).

Even though these analyses revealed non-significant effects, we recommend testing for similar



interactions in larger samples to boost statistical power, and we also recommend that future
studies consider the moderating effects of personality traits and context factors. Indeed, there is
preliminary evidence that basal testosterone and basal cortisol interact with one another, with
personality traits, and with the social context to predict aggressive behavior (personality traits:
Tackett et al., 2014; social context: Denson et al., 2013; Geniole, et al., 2013). Finally, we
recommend that future studies consider the moderating effects of acute stress. After all, the
present study provides preliminary evidence suggesting that acute stress — compared to markers
of chronic stress such as basal cortisol — may more robustly impact testosterone’s association

with aggressive and retaliatory behaviors.



Supplementary Results: Tables

Post-stress

Basal Cortisol Post-stress Cortisol  Basal Testosterone Testosterone
N M SD M SD M SD M SD
Low-stress Male 10.00 3.98 2.76 2.64 1.01 151.23 26.36 148.36 21.49
Female 9.00 5.97 4.94 3.19 1.69 126.50 20.78 114.01 32.59
Total 19.00 5.03 4.08 2.93 1.40 138.22 26.18 130.28 32.36
High-stress Male 9.00 3.55 1.83 5.38 4.68 162.25 38.31 173.69 35.68
Female 11.00 3.22 1.30 3.65 1.39 94.53 18.22 94.43 17.18
Total 20.00 3.40 1.58 4.60 3.62 131.79 45.90 138.02 49.31

Table S1. Means and SDs of the untransformed testosterone (in pg/mL) and cortisol levels (in nmol/L) — at baseline and post-
manipulation, split by sex and condition.



Supplementary Results: Figures

<<Insert Fig. S1>>
Fig. S1. The interaction between testosterone and stress condition in predicting the rejection of unfair offers, across men and
women.

<<Insert Fig. S2>>
Fig. S2. The interaction between basal testosterone and cortisol change in predicting the rejection of unfair offers, across men

and women
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