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A contribution to a special issue on Hormones and Human Competition.
Studies in non-human animals and humans have demonstrated the important role of testosterone in competitive
interactions. Here, we investigatedwhether endogenous testosterone levels predict the decision to compete, in a
design excluding spite as a motive underlying competitiveness. In a laboratory experiment with real monetary
incentives, 181 men solved arithmetic problems, first under a noncompetitive piece rate, followed by a compe-
tition incentive scheme.We also assessed several parameters relevant to competition, such as risk taking, perfor-
mance, and confidence in one's own performance. Salivary testosterone levelsweremeasured before and 20min
after the competition task using mass spectrometry. Participants were also genotyped for the CAG repeat poly-
morphismof the androgen receptor gene, known to influence the efficacy of testosterone signaling in a reciprocal
relationship to the number of CAG repeats. We observed a significant positive association between basal testos-
terone levels and the decision to compete, and that higher testosterone levels were related to greater confidence
in one's own performance.Whereas the number of CAG repeatswas not associatedwith the choice to compete, a
lower number of CAG repeats was related to greater confidence in those who chose to compete, but this effect
was attributable to the polymorphism's effect on actual performance. An increase in testosterone levels was ob-
served following the experiment, and this increase varied with self-reported high-school math grades. We ex-
pand upon the latest research by documenting effects of the androgen system in confidence in one's own
ability, and conclude that testosterone promotes competitiveness without spite.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

The androgen testosterone is theorized to promote dominance in
humans, i.e. it promotes an individual'smotivation to seek andmaintain
social status (Cashdan, 1995; Eisenegger et al., 2011; Grant and France,
2001; Josephs et al., 2006; Mazur, 2005; Mazur and Booth, 1998; Mehta
et al., 2015). Across a large number of non-human animal species, in-
cluding rodents, wolves, cattle, and non-human primates, testosterone
levels relate positively to social rank and dominant behaviors, especially
when the status hierarchy is unstable (Beaver and Amoss, 1982;
Beehner et al., 2005; Boissy and Bouissou, 1994; Cavigelli and Pereira,
2000; Coe et al., 1979; Collias et al., 2002; Grant and France, 2001;
. Eisenegger),
Harrington and Asa, 2010; Muehlenbein and Watts, 2010; Oliveira et
al., 1996; Wingfield et al., 1990).

In humans, social status is often pursued by choosing to compete
with others (Archer, 2006; Edwards, 2006; Mazur, 2005; Mazur and
Booth, 1998). Research into the role of testosterone in human competi-
tion has so far focused on two dominantmodels, i.e. a basal model and a
reciprocal model of testosterone effects (Mazur and Booth, 1998). The
former assumes that individuals´ testosteronemeasurements represent
short-term fluctuations around a characteristic basal level. Accordingly,
basal testosterone is moderately stable when measured at the same
time of day and is assumed to represent an individual's stable concern
for status, similar to a personality trait (Sellers et al., 2007). Testosterone
seems to be related to concerns for status outside of conscious aware-
ness, and thus represents an implicit motive (Stanton and Schultheiss,
2009; Terburg et al., 2012). Empirical support for the basal model
stems from studies showing, for example, that basal testosterone levels
correlate positively with psychometric measures such as the self-
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reported ability to win in competition (Suay et al., 1999), and overbid-
ding strategies in auctions (Van Den Bos et al., 2013). Other studies,
however, employing two-stage competition designs have revealed no
relationship between basal testosterone and an individual's decision
to compete in the second stage (Carré and McCormick, 2008; Mehta
and Josephs, 2006). The reciprocal model assumes that testosterone is
responsive to competition in the sense that it should rise after victory
and drop after defeat in competitive interactions (Mazur and Booth,
1998). This is generally interpreted in the way that an increase in the
level of this hormone encourages, while a decrease in level of this hor-
mone discourages the decision to compete further (Mazur and Booth,
1998). Support for the reciprocal model stems from real-world sports
competitions and rigged laboratory competitions, for example (Gladue
et al., 1989; Mazur et al., 1992; Mazur and Lamb, 1980; McCaul et al.,
1992). Several studies, however, observed that testosterone levels
tended to be higher after competitions than before, usually independent
of match outcome (Bateup et al., 2002; Casto et al., 2014; Edwards and
Kurlander, 2010; Edwards et al., 2006; Gonzalez-Bono et al., 1999;
Hamilton et al., 2009; Steiner et al., 2010; Suay et al., 1999), and for re-
cent reviews see (Oliveira and Oliveira, 2014), (Carré and Olmstead,
2015) and (Hamilton et al., 2015). An important variable determining
the direction of the change in testosterone levels appears to be how in-
dividuals appraise the competition, i.e. the perception of a challenge fa-
vors a competition-related increase in testosterone, while perception of
threat does not (Gonzalez-Bono et al., 1999; McCaul et al., 1992;
Salvador, 2005). In the context of competitive performance, this sug-
gests that perceived skill might be crucial in shaping the testosterone
response.

Virtually all previous research on the role of testosterone in human
competition have used zero-sum games in which one player's win is
strictly the other player's loss (Tauer and Harackiewicz, 2004). As a re-
sult, the winner gains status, while the opponent loses it. Although an
opponent's loss might be the desirable outcome for spiteful individuals
(Morgan et al., 2003), this might not be true for others (Niederle and
Vesterlund, 2007). Hence, in zero-sum competitions, an individual
may choose to compete in order to lower their competitors' probability
of winning. However, there is also evidence that some individuals are
averse to being spiteful in competition, effectively undermining their
motivation to compete (Niederle and Vesterlund, 2007).

Interestingly, recent research has shown that testosterone may also
promote reconciliation after a competition in women (Casto and
Edwards, 2016), and following competitive interactions in men, as
well as affiliative behaviors during interactions with women (van der
Meij et al., 2012). Testosterone administration also appears to reduce
aggressive calling behavior during competition in a poker paradigm
(van Honk et al., 2016). Although that evidence is indirect, it might sug-
gest that basal testosterone levels are related to competitiveness with-
out spite.

Furthermore, it would be relevant to further break down competi-
tiveness into constituents such as certain social-emotional as well as
motivational and reward processes. For instance, risk taking is a critical
aspect of competitiveness (Niederle and Vesterlund, 2007). Additional
factors are one's ability to perform the task for which one is competing,
and having overly optimistic beliefs about own performance (i.e. over-
confidence) have been shown to be strong predictors of competitive-
ness (Lichtenstein et al., 1977; Niederle and Vesterlund, 2007).

It might thus be possible that both risk taking and overconfidence
mediate the effects of basal testosterone levels on competitiveness.
This is likely, as basal levels of testosterone correlate positively with
risk-taking measures (Apicella et al., 2008; Sapienza et al., 2009;
Stanton et al., 2011); but see (Stanton et al., 2011), and with perfor-
mance in competitive settings (Mehta et al., 2009; Vermeer et al.,
2016). Indirect evidence for testosterone's role in overconfidence
stems froma study showing that the 2D:4Ddigit ratio (amarker for pre-
natal testosterone exposure) is associated with the extent to which in-
dividuals overestimate their own performance (Dalton and Ghosal,
2014). However, no study to date has investigatedwhether basal testos-
terone levels and competitiveness are correlated directly or whether
this correlation is indirect, i.e. mediated via risk-taking or confidence.

Finally, it isfirmly established thatmany of testosterone's behavioral
effects are mediated by androgen receptors (though aromatization ef-
fects are also likely to be important, see (Eisenegger et al., 2012; van
Honk et al., 2012); these are expressed in diverse regions in the brain,
including the amygdala (Rubinow and Schmidt, 1996). When activated
by testosterone, one signaling pathway involves androgen receptors
exerting transcriptional control of androgen-dependent genes by bind-
ing to androgen response elementswithin gene regulatory sequences in
the nucleus. Transactivation of target genes by the androgen receptor,
however, varies with the relative expansion of a poly-glutamine stretch
in the N-terminal domain of the androgen receptor protein, which is
encoded by a trinucleotide (CAG) repeat polymorphism in exon 1 of
the X-chromosome androgen receptor gene (Chamberlain et al., 1994;
Zitzmann and Nieschlag, 2003). There is substantial inter-individual
variability in the number of CAG repeats and hence of the androgen
receptor's capacity to induce or repress gene transcription, which ap-
pears to drop in gradual relation to an increasing number of CAG repeats
(Zitzmann and Nieschlag, 2003). Thus, the lower the number of CAG re-
peats, the higher testosterone's efficiency is in exerting its effects via the
androgen receptor. A lower number of CAG repeats has been linked to
human aggressive behavior (Rajender et al., 2008), to greater upper
body strength, and higher self-report measures of dominance
(Simmons and Roney, 2011). The polymorphism is also hypothesized
to play a role in cognitive skills (Manning, 2007), which bears on the
performance aspects of the cognitive tasks often used in laboratory
competitions. However, no research has investigated the role of the an-
drogen receptor CAG repeat polymorphism in competitiveness so far.

Therefore, we investigated the role of basal testosterone and the an-
drogen receptor CAG repeat polymorphism in individuals´ decisions to
compete in a competition paradigm in which spite does not influence
competitiveness. We investigated whether effects operate via risk, per-
formance, and confidence in one's own performance.We also tested the
effects of competition on testosterone level changes, andwhether these
changes depend on one's own skills.

We hypothesized that basal testosterone levels correlate positively
with the decision to compete, and that competition is associated with
testosterone increases. Moreover, we hypothesized that the androgen
receptor polymorphism explains variance in an individual's perfor-
mance and the decision to compete.

2. Methods

2.1. Participants

In total, 181male white university students of German descent with
a mean age of 22.5 years (±2.9 SD) were recruited to participate in a
study about “Hormones and Behavior”. Exclusion criteria were history
of psychiatric disorder, chronic or acute illness, medication or substance
abuse, and studying psychology. The study was approved by the Ethics
Committee of the University of Freiburg, Germany. Six participants
were excluded after performing the experiment due to self-reported
psychoactive medication intake, as revealed in a final questionnaire.
Three additional participants were excluded because salivary testoster-
one levels could not be determined, giving a total of 172 participants.

2.2. General procedure

All experiments were performed between 10.00 and 11.00 a.m. to
control for diurnal variations in testosterone secretion. The experiment
was designed for groups of four individuals, so participants arrived at
the laboratory in groups of four, eight, or twelve. Assignment to groups
was randomized. Participants did not know each other and were
instructed not to communicate with one another for the study's
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duration. Participants were seated at computers in individual cubicles
so they could not see the other people and did not know with whom
they were interacting. Following informed consent, the first saliva sam-
ple was taken to assess basal testosterone levels. Then, the competition
task was explained with standard instructions presented on the com-
puter screen, and instructions were repeated by the experimenter.
Then the competition task started (see below), and only at the end
was feedback given about task performances. Finally, participants
were asked to complete questionnaires, and thereafter, the second sali-
va sample was taken (45 min after the first saliva sample; 20 min after
completion of the competition task). A total of 45 groups of four partic-
ipated in the experiment. Each participant received €10 for completing
the experiment. Depending on their task performance, additional com-
pensation could be earned.

2.3. Procedure of competition task, confidence and risk taking measure

The computer-based experiments were runwith the Zurich Toolbox
for Readymade Economic Experiments (z-Tree: Fischbacher, 2007). The
experiment is involves a multi-stage competition design involving an
incentivized cognitive real-effort task (see below for technical details).
In the first three stages, payment was contingent on correctly adding
up as many sets of five two-digit random numbers within 5min. Partic-
ipants were allowed to use scratch paper, but no calculator. The num-
bers were randomly drawn and presented on the computer screen
(see Supplementary Fig. 4), and participants had to type in their an-
swers on the keyboard. Once the participant submitted an answer, a
new problem appeared jointly with information on whether the previ-
ous answer had been correct. A record of the number of correct and
wrong answers was kept on the screen. Participants had to go through
four stages, and were only informed about the rules of payment in
each stage immediately before performing the real-effort task.

In the first stage, all participants performed the real-effort task and
received the samemonetary reward for every correctly solved equation
(“piece rate”).

In the second stage, participants performed a forced competition, al-
ways in groups of four, and were only paid if they were the winner in
their group (“forced competition”). Payment for each correctly solved
mathematical problem for the winner was four times higher than in
the “piece rate” compensation scheme.

In the third stage of the experiment, participants were asked to de-
cide according to which of the two payment schemes they wanted to
perform the real-effort task (“competition choice”). If a participant
chose to compete in the third stage, then his own performance was
compared with that of the three other participants in the group in
stage two. In other words, each participant competed with the past
“forced competition” performance of the other group members. This
means that each participant could win, provided he outperforms the
other group member in stage two. This task feature ensures that partic-
ipants choosing the competition option are competing against the
scores of others also performing under the competition payout condi-
tions. Hence, in stage three, participants faced a decision problem that
has no impact on the ability of the other participants in the same
group towin. In otherwords, a given participantwith strongmathemat-
ical abilities cannot exert spite and make others more likely to lose by
choosing the competitive incentive scheme in stage three (Niederle
and Vesterlund, 2007). Therefore, participants do not perform in a
zero-sum competition in stage three.

In the final stage four (“control measure”), participants did not have
to perform again, but instead they had to choose which compensation
scheme (competitive versus piece rate) they wanted to apply to their
past performance in stage one (“piece rate”). Thus, a participant's com-
pensation in stage four depended on the number of correct answers
they had provided in stage one. This final stage served to control for ad-
ditional factors related to competition, but not competitiveness per se.
For instance, participants may be averse to receiving feedback about
their own performance in relation to others, and such feedback would
be provided to participants only if they chose the competition compen-
sation scheme. Risk taking is another aspect of competitions in general,
and the decision in stage four is inherently a risky decision. Importantly,
however: the decision in stage four is not influenced by competitive-
ness, as there is no performance thereafter.

After these four stages, participants had to provide an estimation of
their own performance (“confidence measure”). This subjective mea-
sure helps to clarify whether competitiveness as assessed in stage
three is driven by an overly optimistic view of one's own ability. Partic-
ipants then had to perform a final risk-taking measure, a well-known
risk-taking task (Holt and Laury, 2002). This was added to check for
risk-taking propensity, without any social element in it (“risk-taking
measure”). Not until these two measures were complete was feedback
given about their own performance, namely whether they had won or
lost the competitions and the risk-taking task's outcome. Therefore,
while participants knew their absolute performance in a given stage,
i.e., how many problems they had solved correctly, they were not in-
formed about their relative performance, i.e. the performance compared
to the other four players, until all four stages had ended and the addi-
tional control measures had been recorded.

At the end, a random number from one to four was drawn by the
computer program to determinewhich of the four stages in the compe-
tition task would be selected for earnings. In addition, one of the six de-
cisions in the risk measure was also randomly selected for earnings. All
three confidence measures were paid (see below). This experiment
lasted about 45min, and in addition to the €10 show-up fee participants
earned on average €16.1 (SD: €21.8) in the competition task and €2.8
(SD: €1.7) in the risk-taking task.

2.4. Details of competition task and control measures

2.4.1. Piece rate
Participants were informed that if stage one was selected for pay-

ment, they would receive €0.50 per correct answer. Participants then
performed the real effort task for 5 min.

2.4.2. Forced competition
Participants were informed that if stage two was selected for pay-

ment, the participant with the highest number of correct problems in
the group of four would receive €2 per correct answer while the others
would receive nothing. They then performed the real effort task for
5 min.

2.4.3. Competition choice
Participants were informed that if stage three was selected for pay-

ment that the amount of their paymentwould depend on their decision
as to which of the two compensation schemes they wanted applied to
their future performance - the piece rate (i.e., €0.50 for each correct an-
swer), or the competitive incentive scheme (€2 per correct answer).
They were informed that if they chose the competitive incentive
scheme, they would get €2 per correct answer only if their score in
stage three was higher than that of the other group members in stage
two (the one they just completed), and that they would otherwise re-
ceive nothing (in case of ties, the winner was chosen randomly). Partic-
ipants were first required to decide on one of these two options, and
then to perform the real-effort task for 5 min.

2.4.4. Control choice
Participants were informed that if stage four was selected for pay-

ment, their payment would depend on their decision as to which of
the two compensation schemes they wanted applied to their past per-
formance in stage one, the piece rate (i.e., €0.50 for each correct answer)
or the competitive incentive scheme (€2 per correct answer). Theywere
informed that they would receive €2 per correct answer if their stage
one piece-rate performance had been the highest among the
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participants in their group; otherwise, they would receive no payment
(in case of ties, the winner was chosen randomly). Participants were
reminded of their stage one piece-rate performance, and were then re-
quired to decide for one of the two options. They did not perform a real-
effort task in stage four.

2.4.4.1. Confidence measure. Participants were asked to guess their rank
in each stage (one to three separately) at the end of stage four. Each par-
ticipant chose a rank between one and four that reflected their pre-
sumed performance in the respective stage, and was paid €0.50 for
each correct choice.

2.4.4.2. Risk-taking measure. Participants took six decisions and in each,
they had to choose between a risky option (50% chance of winning
€10 or 50% of winning €0.50) and a safe option. The safe option was
€2, €3, €4, €5, €6, or €7.50. Before they made their decisions, they
were told, that one option would be randomly selected for payment.
We counted the number of times a subject chose the risky option
(zero – six times) and used this sum as our measure of risk taking.

2.4.4.3. Hormonal assessment and genotyping. Saliva samples to assess
testosterone were collected with Salivettes (Sarstedt, Nümbrecht, Ger-
many). Since interference effects with cotton-based collection methods
have been reported, we used Salivettes with synthetic swabs. Testoster-
one concentrationswere determined by liquid chromatography tandem
mass spectrometry (LC—MS/MS). The salivette collection tubes were
centrifuged and 100 μl saliva was mixed with 50 μl internal standard,
and 150 μl methanol/water containing 50 mg/ml ZnSO4 (v/v:50/50)
and vortexed for 1 min. Thereafter, the tube was centrifuged at
12,000 r/min for 5 min. 200 μl of the supernatant were then injected
into a Shimadzu HPLC system (Shimadzu, Canby, OR, USA) coupled to
an AB Sciex API 5000 Turbo-ion-spray(R) triple quadrupole tandem
mass spectrometer (AB Sciex, Foster City, CA, USA). The system was
controlled by AB Sciex Analyst(R) software (version 1.5.1).

DNA was extracted from saliva in Oragene collection vials (DNA
Genotek, ON, Canada) by desalting procedure following the
manufacturer's protocol. The androgen receptor CAGn repeat polymor-
phism was genotyped with PCR as described previously (Zitzmann and
Nieschlag, 2003). CAGn repeat numbers could not be determined in an-
other 2 participants. We included those two participants in all those
analyses not involving the CAGn repeat polymorphism.

2.4.4.4. Statistical analyses. In all statistical analyses, basal testosterone
levels were treated as a continuous variable. For the figures we use a
median split of basal testosterone levels, for illustrative purposes.

CAGn repeat number, confidence in one's own performance, self-re-
ported math grade, and the risk measure were treated as ordinal vari-
ables. Performance measures were treated as continuous variables.
See Supplementary Tables 1 and 2 for summary statistics and a correla-
tionmatrix for all variables reported here.We tested the association be-
tween basal testosterone levels and the decision to compete in stage
three using a non-parametric Mann-Whitney test, statistically a conser-
vative approach.

We then estimated several logistic regressionmodels with basal tes-
tosterone levels as predictor and choice of compensation scheme in
stage three as dependent variable, and included several control vari-
ables (please see Supplementary Tables 3 and 4 for a detailed descrip-
tion of this model). Briefly, in model one we included basal
testosterone levels as the sole predictor. In models two to five, we
added either the actual performance in stage one and changes in perfor-
mance from stage one to stage two, or reported confidence in one's own
performance in stage two, or risk-taking or the self-reported math
grades as predictors. In model six, we added all these predictors togeth-
er with a further control variable, i.e. the decision in stage four. Finally,
we also added the CAGn repeat number as a predictor. We report
odds ratios and conditional marginal effects throughout the analyses,
which are evaluated at the mean values.

To test effects on performance, we conducted univariate ANOVAs for
each stage separately. We tested the association between basal testos-
terone and performance, and the interaction between basal testoster-
one and choice of compensation scheme on performance using basal
testosterone, number of CAGn repeat number, math grade and choice
of compensation scheme as predictors, and number of correctly solved
problems as dependent variables (see Supplementary Table 5).

Our confidence measure is the inverse guessed rank, i.e., someone
who guessed hewould be first has a confidence value of 3 and someone
who guessed hewould be fourth has a confidence value of 0. As this is a
rank-ordered variable, we used an ordered logit regression model to
test the association between basal testosterone levels and the confi-
dence in one's own performance, aswell as the interaction between tes-
tosterone levels and choice of compensation scheme on confidence.We
used basal testosterone, number of CAGn repeat numbers, performance
and the choice of compensation scheme in stage three as predictors and
confidence as the dependent variable (see Supplementary Table 6).

Because our risk-taking measure is an ordinal scale, we used an or-
dered logit regression to test for the relationship between basal testos-
terone levels and risk-taking. We report the conditional marginal effect
of always choosing the risky option evaluated at the mean basal testos-
terone value. Finally, we used a univariate ANOVA to assess changes in
testosterone levels over the entire experiment, with performance and
math grade as predictors and change in testosterone levels as the de-
pendent variable. Preliminary analysis showed that neither testosterone
levels nor the number of CAGn repeat numbers were associated with
math abilities (Spearman rank correlation: ps N 0.874). Furthermore,
the number of CAG repeats was not associated with testosterone levels
(Spearman rank correlation: ρ = −0.008; p = 0.919).

3. Results

3.1. Is testosterone and androgen receptor gene variation related to
competitiveness?

Of the 172 participants, 89 chose the piece rate as compensation
scheme in stage three, whereas 83 individuals chose to compete. This
choice was significantly associated with baseline testosterone levels
(continuous variable), in that the higher levels were related to a greater
likelihood of choosing the competition scheme (Mann-Whitney test:
z = 2.06, p= 0.039). For illustrative purposes, our sample was divided
by median split into high and low testosterone groups (Fig. 1). We also
conducted a t-test, which yielded almost the same result (with even a
lower p-value than with the Mann-Whitney test).

Having established that there is a clear relationship between basal
testosterone levels and the decision to compete, we tested whether
this relationshipwould remain significant if we controlled for other pre-
dictors of the decision to enter the competition in stage three. We run
six logit regressions and we report the marginal effects and odds ratios
(OR) of the included independent variables (see Supplementary Tables
3 and 4). The odds ratio is an unstandardized effect size statistic. In the
first regression, we found that a ten-fold higher basal testosterone level
increased the likelihood of choosing the competition in stage three by
4.4 percentage points (p = 0.015, OR = 1.018). An odds ratio of 1.018
in this analysis indicates that the odds of entering the tournament in-
crease by 1.8% if the baseline testosterone level is 1 pg/ml higher. In
the second regression we observed that on average, each additional
problem solved in stage one increased the likelihood that a participant
had chosen to compete in stage three by 3.6 percentage points (p =
0.003, OR=1.156). Similarly, each problem solved in stage two beyond
the number of problems solved in stage one increased the likelihood to
enter competition in stage three by 5.8 percentage points (p b 0.001,
OR= 1.261). In the third regression, we found that on average a partic-
ipant with high confidence in his own performance in stage twowas 59



Fig. 1. Graphic representation of the relationship between basal testosterone levels and
competitiveness. Participants with higher basal testosterone chose to compete more
often than those with lower levels (p = 0.039). The error bars represent the standard
errors of the mean. Grouping in low and high levels is based on a median split for
illustrative purposes (total n = 172).
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%age points more likely to choose to compete in stage three than some-
one with low confidence (p b 0.001, OR = 16.96). An individual with
medium confidence in his own performance in stage two was 33%age
points more likely to compete than someone with low confidence
(p b 0.001, OR = 3.97). In the fourth regression we added risk-taking
as a predictor for the decision to compete, and noted that participants
who were risk-seeking were 20 percentage points more likely to com-
pete in stage three than risk-averse participants (p = 0.037, OR =
2.21). Medium-risk-averse participants did not differ significantly
from high-risk-averse participants in their decision to compete (p =
0.852, OR = 1.08). In the fifth regression we found that participants
who reported the highest possible math grade were 45 percentage
points more likely to compete than a participant with a low math
grade (p b 0.001, OR = 7.70). Participants with the second and third
highest math grade were 34 and 33 percentage points more likely to
compete than participants with a low math grade (second highest
p = 0.001, OR = 5.01; third highest p = 0.005, OR = 4.76). In the
sixth regression we also added the choice in the control condition
(stage four) as an additional predictor (p b 0.001, OR = 5.75).

It is noteworthy that controlling for all these predictors alone (re-
gressions 2–5) or jointly (regression 6) does not change the significance
or the effect size of basal testosterone levels on competitiveness. The
odds ratio of this main effect even rises from 1.018 to 1.022, compared
to regression 1 (when not controlling for any other variable), suggesting
that the relationship between basal testosterone and the decision to
compete is independent of actual performance, confidence in one's
own ability, risk preferences, and math skills.

Finally, for regression 7,we added the androgen receptor CAG repeat
polymorphism as an additional predictor (leaving all other predictors in
the model), which did not change the relationship between basal tes-
tosterone levels and the decision to compete (p = 0.014; OR =
1.023). However, the androgen receptor CAG repeat polymorphism it-
self did not predict the decision to compete (ps N 0.145). This suggests
that the relationship observed between basal testosterone and the deci-
sion to compete is independent of the CAG repeat polymorphism. We
also analyzed interactions effects between theCAG repeat and testoster-
one. Please see Supplementary Table 9 for the results.
3.2. Is testosterone related to performance?

For the stage three analysis, we added choice in stage three, its inter-
actions with basal testosterone, and CAGn repeat number terciles as in-
dependent variables. These analyses (see also Supplementary Table 5)
revealed that basal testosterone levels were not related to performance
in any stage (stage one: F1,162 = 0.00, p = 0.973; stage two: F1,162 =
0.21, p = 0.649; stage three: F1,158 = 0.75, p = 0.387). There was also
no significant interaction with choice in stage three (F2,158 = 2.00;
p = 0.159). CAGn repeat number was related neither to performance
in stage one (F1,162 = 0.03; p = 0.973) nor in stage two (F1,162 =
0.48; p=0.621). However, in stage three we observed significant inter-
action between the decision to compete and CAGn repeat number
terciles (F2,158 = 3.89; p = 0.022; η2 = 0.047), but no main effect
(F2,158 = 1.37; p = 0.257; η2 = 0.02). More specifically, a participant
who chose to compete in stage three with a lower CAGn repeat number
(b19) solved 3.4 problems more than one with a medium CAGn repeat
number (20−23) (F1,158 = 4.89; p = 0.028), and 4.5 problems more
than a participant with a higher CAGn repeat number (N23) (F1,158 =
7.77; p = 0.006). Given that participants who chose to compete in
stage three solved on average 11.5 problems, these are relatively large
effects. The performance did not varywith CAGn repeat numbers in par-
ticipants who chose not to compete in stage three (ts b 1.19; ps N 0.23).

3.3. Is testosterone related to confidence in own performance?

Before receiving feed-back about their own performance, partici-
pants were asked to guess their rank in performances in stages one to
three. They were rewarded if their guesses were correct and guesses
correlated significantly with performance in all stages (ρ1 = 0.59
ρ2 = 0.47 ρ3 = 0.47; ps b 0.001). In the first logit regression we used
basal testosterone levels, CAGn repeat number terciles and the choice
in stage three as predictors of confidence (Supplementary Table 6).
The estimates show that a tenfold-higher basal testosterone level was
associated with an increase in the likelihood of being highly confident
by 3.3 percent (p=0.048; OR=1.015) (Fig. 2). A tenfold-higher testos-
terone level here relates to a comparison of the participants with the
lowest testosterone levels with participants with the highest levels ob-
served in our study sample. However, CAGn repeat number terciles did
not affect confidence (2nd tercile p = 0.660; 3rd tercile p = 0.653). In
addition, we found a significant interaction effect between the choice
in stage three and the 2nd and 3rd CAGn repeat number terciles (2nd
tercile p = 0.020; OR = 0.064; 3rd tercile p = 0.008; OR = 0.04)
(Fig. 2). We did not detect an interaction effect of baseline testosterone
levels and the choice in stage three (p = 0.186).

As the CAGn repeat number effect on confidence seemed to be driv-
en by participants who chose to compete in stage three, we analyzed
those participants separately. This analysis confirmed that participants
in the 2nd CAGn repeat number tercile were 48% less likely to report
highest confidence in their own performance than participants in the
1st tercile of CAGn repeat numbers (p=0.011; OR=0.11). Participants
in the 3rd tercile were 53% less likely to report highest confidence than
those in the 1st tercile (p = 0.004; OR= 0.09). Interestingly, when we
added actual performance in stage three as a control variable, CAGn re-
peat numbers no longer predicted confidence (2nd tercile p = 0.132;
OR = 0.23; 3rd tercile p = 0.096; OR = 0.20).

3.4. What is the mediator of CAGn repeat number on confidence?

We ran a mediation analysis to test whether the effect of CAGn re-
peat numbers on confidence is mediated by actual performance in
those who decided to compete in stage three, which showed that 47%
of the effect of CAGn repeat numbers on confidence is indirect via per-
formance. The total indirect effect (z = 2.24 p = 0.025) as well as the
indirect effects of the 2nd and 3rd CAGn repeat number terciles are sig-
nificant and negative (2nd: z = 1.92 p = 0.054; 3rd: z = 2.39 p =



Fig. 2. Participants' confidence in their own performance in relation to basal testosterone levels and CAGn repeat numbers. Participants with higher testosterone levels were more
confident in stage three (p = 0.048) than those with lower levels. In those who chose to compete, we also observed that a lower CAGn repeat number was associated with greater
confidence, compared to those with a higher number of repeats (p = 0.044). Y-axes indicate confidence (belief that one is ranked worst = 0, belief that one is ranked first = 3). The
error bars represent the standard error of the mean. The number of observations for the left graph is 88 and for each bar from left to right: 6, 10, 30, 17, 15 and 10. For the right graph
the number of observations is 82 and for each bar from left to right: 5, 3, 19, 25, 10 and 20.

Fig. 3. Change in testosterone levels over the course of the experiment against the self-
reported math grade in high school (failed = 0, passed N 0). Participants exhibited a
significant increase in testosterone levels after the competition compared to baseline,
but this varied significantly with the high school math grade (p = 0.040). The error bars
represent the standard error of the mean. The number of participants for each math
grade from low to high is: 6, 25, 32, 58 and 51 participants.
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0.017). Regarding performance, we found that for each additional prob-
lem solved, the likelihood that a participant would report highest confi-
dence increases by 7 %age points (p = 0.002; OR = 1.32). In contrast,
participants who chose not to compete revealed no significant effect
of CAGn repeat number (ps N 0.29).

Confidence in stages one and two was not related to basal testoster-
one levels or the CAGn repeat number (ps N 0.31).

Together, this suggests that the androgen receptor CAG repeat poly-
morphism influenced confidence primarily via its effect on actual per-
formance in stage three. This does not apply to basal testosterone
levels, as the hormone seems to account for additional variance in con-
fidence, beyond actual performance.

3.5. Is testosterone related to risk taking?

An ordered logistic regression revealed that basal testosterone levels
related positively to risk-taking (p=0.048; OR=1.01). The probability
of always choosing the risky option rose by 1 %age point for every ten-
fold-higher basal testosterone level (Supplementary Table 7). Adding
the CAGn repeat number terciles as further predictors revealed no sig-
nificant effects (ps N 0.64).

3.6. Do testosterone levels increase after competition?

We noted a significant increase in testosterone levels from pre- to
post-competition (40.39 pg/ml ± 21.90 SD vs 50.54 pg/ml ± 30.69
SD;Wilcoxon signed-rank test: z= 5.46, p b 0.001). The increase in tes-
tosterone levels was not associated with performance in any of the
three stages (Supplementary Table 8: all Fs b 0.36; all p N 0.55), nor
with the choice to compete in stage three (F1,166 = 0.06; p = 0.812).
However, the self-reported high school math grade did relate signifi-
cantly to the change in testosterone levels, in that participants with
low math abilities demonstrated a decline in testosterone levels, sug-
gesting a lack of engagement in the task due to the poor chance of
performingwell (see Fig. 3; F4,166= 2.56; p=0.040; η2= 0.058). Win-
ning the competition in stage 2 or 3 had no effect on changes in the tes-
tosterone levels (stage 2: F1,170 = 0.02; p = 0.899; stage 3: F1,170 =
0.00; p = 0.954). We also used the established regressor variable
method (Mehta and Josephs, 2006; Wirth et al., 2006) to analyze how
self-reported math grade relates to testosterone level changes. This al-
ternative analysis also yielded similar results, albeit only a statistical
trend in the same direction (F4,166 = 2.35; p = 0.056; η2 = 0.054).
3.7. Outliers

Themean testosterone level is 40 pg/mlwith a standard deviation of
21.9. We identified two outliers (3 standard deviations below or above
the mean) with testosterone levels of 106 and 116 pg/ml. All these re-
sults (with the exception of the relation between testosterone and
risk) are robust, excluding the two outliers. Excluding the outliers –
though barely affecting the odds ratio – renders the relationship
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between risk-taking and testosterone insignificant (p = 0.143; OR =
1.01).

4. Discussion

Testosterone is known to play an important role in competitive in-
teractions. Here, using an experimental paradigm with real monetary
incentives, we observed that individuals who had higher basal testos-
terone levels were more likely to decide to compete. Our results were
stable after controlling for a number of possible confounds, and demon-
strate that the association between basal testosterone levels and com-
petitiveness was significant even when controlled for other important
factors such as task-related skills, actual performance, confidence in
one's own performance, and risk-taking behavior. Because all these ad-
ditional factors can be influenced by basal testosterone as well, the sta-
bility of our effect is remarkable. We also show that higher testosterone
levels were related to participants' greater confidence in their own per-
formance. The sizes of the effect of baseline testosterone on competi-
tiveness and confidence, however, are relatively small. We detected
no significant association between the androgen receptor CAG repeat
polymorphism and the decision to compete, but did observe that a
lower CAGn repeat number (associatedwithmore efficient testosterone
signaling) was related to higher confidence in those who chose to com-
pete. This effect seems to arise, however, from a significant association
between the polymorphism and actual performance, i.e. 47% of the ef-
fect of CAGn repeat numbers on confidence was indirect via perfor-
mance. We also observed a significant increase in testosterone levels
following the experiment, but only in those who reported to have
passed high-school math.

Our main finding is that basal testosterone levels relate positively to
the decision to compete in an experimental setting in which spite plays
no role. While previous research applying two-stage competition de-
signs has revealed no relationship between basal testosterone and an
individual's decision to compete in the second stage (Carré and
McCormick, 2008; Mehta and Josephs, 2006), those studies were pri-
marily designed to test the reciprocal aspects of the biosocial theory of
status (Mazur and Booth, 1998), i.e., how the competition outcome in-
duced testosterone fluctuations affect the decision to compete in a sec-
ond stage. The task designs in the latter studies also differed from ours
in that they were not monetarily incentivized, and the competitions
were zero-sumgames. In addition, the outside options (to not compete)
were different, i.e., they involved interactions with either the experi-
menter (Carré and McCormick, 2008), or completing a questionnaire
on food, music, and entertainment preferences (Mehta and Josephs,
2006). These differences preclude making a precise comparison with
our findings, but future studiesmight test whether testosterone is relat-
ed to the subjective value of the outside options in competition designs.
Another explanation for the discrepancy in findings might be that we
used mass spectrometry to determine testosterone concentrations,
which is assumed to be more precise and valid than immunoassay
(Welker et al., 2016).

Although our design is not suited to test the reciprocal model be-
cause of themulti-stage nature of the task, it is interesting thatwe failed
to observe that the competition outcome in the second (or among those
who decided to compete in the third stage) exerted any influence on
testosterone level changes. This adds to the somewhat inconsistent ev-
idence onwhether winning or losing a competition is in itself enough to
cause testosterone levels to modulate. Instead, our findings regarding
testosterone level changes are in line with theoretical and empirical ev-
idence suggesting that the direction of testosterone level changes is
moderated by cognitive and motivational factors (Salvador, 2005;
Salvador and Costa, 2009). Earlier research has shown, for example,
that the motivation to win (Suay et al., 1999), high power motivation
(Schultheiss et al., 2005), mood (Booth et al., 1989; McCaul et al.,
1992), and even opponent self-efficacy (van der Meij et al., 2012) are
important moderators of the testosterone response to competition. In
our study, a sufficient math grade (“passed”) can most likely be
interpreted as the significant chance of winning the mental arithmetic
contest, and the testosterone increase associated with this may reflect
a positive appraisal associated with the competition. This does not
apply, however, to those with the lowest math grades (“failed”).

Wedid not observe a significant association between basal testoster-
one levels and the CAGn repeat numbers. The assumption is that a
higher CAGn repeat number results in diminished androgen sensitivity,
which in turn leads to increased androgen production due to negative
feedback regulation. Several studies have indeed observed that the
CAGn repeat number correlates closely with basal testosterone levels,
e.g., (Crabbe et al., 2007; Manuck et al., 2010; Travison et al., 2010;
Walsh et al., 2005), while others have not observed this (Alevizaki et
al., 2003; Canale et al., 2005; Goutou et al., 2009; Harkonen et al.,
2003; Krithivas et al., 1999; T'Sjoen et al., 2005; Van Pottelbergh et al.,
2001). The discrepant findings on CAG repeat length and basal levels
of testosterone may be attributed to differences in study subject selec-
tion criteria or different genetic background between populations, or
as postulated by others, that the main determinant of this polymor-
phism is an increased estrogen/androgen ratio (Huhtaniemi et al.,
2009). Although we do not replicate previous findings with regards to
the significant link of CAGn repeat number and basal testosterone
levels, the fact that the two measures do not correlate in our study
allowed us to treat them statistically as independent predictors of our
behavioral measures.

The interesting finding of ours - that basal testosterone effects on
confidence are independent of actual performance, while those of the
androgen receptor CAG repeat polymorphism are driven by actual per-
formance - is intriguing from the perspective of the androgen system's
organizational versus its activational role. Organizational effects refer
to the ability of steroids to sculpt nervous system structure during de-
velopment, and their ability to program activational responses to ste-
roids later in life (Sisk and Zehr, 2005). Among men, genetically
determined variation in the function of the androgen receptor is
thought to explain part of the variability in structural and functional or-
ganization of brain circuits underlying testosterone-related social be-
haviors (Baron-Cohen et al., 2005). In line with this, significantly
lower number of CAG repeats in the androgen receptor gene in intellec-
tually gifted boys have been observed (Celec et al., 2013). This is not en-
tirely true for basal testosterone levels, as some studies report positive
(Azurmendi et al., 2005; Kutlu et al., 2001; Muller et al., 2005), while
others report negative associations with intelligence (Celec et al.,
2013). Thus, one could speculate that the androgen receptor CAG repeat
polymorphism is more strongly involved in the brain's organizational
aspects of performing certain cognitive skills, whereas adult testoster-
one levels are more strongly involved in context-dependent beliefs sur-
rounding one's own performance in competitive interactions.

Previous research has suggested that part of testosterone's effects on
competition might be explained via potential effects on the processing
of the incentive value of monetary rewards. The important role of tes-
tosterone in modulating activity of the mesolimbic reward system, in
which dopamine is centrally involved in signaling the incentive values
of rewards (Robbins and Everitt, 1996), has long been established. De-
pleted testosterone levels, for instance via castration, lower the concen-
tration of dopamine in the striatum in rodents, an effect that can be
prevented via supplementation with testosterone (Alderson and
Baum, 1981;Mitchell and Stewart, 1989). Moreover, the administration
of testosterone in gonadally-intact adult male rats increases the dopa-
mine concentration (Silva et al., 2009) and dopamine turnover in the
striatum (Thiblin et al., 1999). In rhesusmacaques, circulating testoster-
one levels were found to correlate positively with concentration of
striatal tyrosinehydroxylase, the rate-limiting step in dopamine synthe-
sis (Morris et al., 2010). In humans, single-dose testosterone adminis-
tration in healthy female subjects increases BOLD activation in the
ventral striatum during reward anticipation, which is most pronounced
inwomenwith low appetitivemotivation (Hermans et al., 2010). In line
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with this, a field study has shown, for instance, that in stock market
competitions, traders with higher morning testosterone levels made
higher profits during the day (Coates and Herbert, 2008), which lends
support to the idea that testosterone might raise the incentive value of
financial rewards. However, since in our study the expected monetary
profit for correctly solving a mathematical problem is identical in the
competitive versus piece rate payment schemes, our findings suggest
that basal testosterone effects on competitiveness are not driven by
changes in the incentive processing of financial rewards. One might
argue that this does not apply to highly confident individuals, because
from their perspective, choosing the competitive incentive scheme in
stage three is associated with higher expected profit. However, since
the relationship between basal testosterone levels and competitiveness
remains statistically significant when controlling for confidence, we
suggest that in the present study, basal testosterone does not increase
competitiveness by increasing the incentive of monetary rewards. This
is also supported by recent findings of a testosterone-administration
study showing an increase in status-seeking during competition, even
when this was financially costly (van Honk et al., 2016). However, fu-
ture studies will need to address the role of monetary incentives during
competition in more detail, for instance by employing competition de-
signs with and without monetary incentives.

Finally, we observed that basal testosterone levels were positively
related to risk-taking, beyond effects on the decision to compete. Keep-
ing in mind that this result was not robust when testosterone level out-
lierswere removed (Pollet and van derMeij, 2016) our resultfits inwith
the generally mixed findings on the role of testosterone in risk taking
(Apicella et al., 2008; Sapienza et al., 2009; Stanton et al., 2011). This
seems to be the case also in pharmacological studies aiming at exoge-
nously manipulating testosterone levels. Such studies either reported
no effect on risk taking (Boksem et al., 2013; Wu et al., 2016;
Zethraeus et al., 2009), or increased risk taking in tasks with feedback
(van Honk et al., 2004), or in risk tasks with unknown probabilities
(Goudriaan et al., 2010).

In addition, a recent study reported that in men whose testosterone
concentrations increased in response to a competition were less risk-
averse than men whose testosterone concentrations dropped (Apicella
et al., 2014). We did not observe an association between testosterone
level changes and risk-taking, which is interesting given that in both
studies testosterone level changes were independent of competition
outcome. It should be noted, however, that we used a multi-stage com-
petition task and thus changes in testosterone levels can not be directly
compared with the ones elicited by the competition task in (Apicella et
al., 2014).

Thus in sum, our study results suggest that baseline testosterone is
positively related to competitivenesswithout spite, and that this is inde-
pendent of potential effects of basal testosterone on confidence, perfor-
mance andfinancial risk-taking. A limitation is that the precise nature of
this main effect remains elusive. One possibility is that basal testoster-
one relates positively to competitiveness, but negatively to spite. In ad-
dition, future neuroimaging studies might elucidate the role of reward-
processing regions in driving the motivation to compete that does not
entail monetary incentives. Our study has limitations in that we have
assessed confidence after the competition (before the competition's
outcome was apparent); it would be interesting to observe effects of
basal testosterone on confidence assessed before a competition perfor-
mance. In addition, our measure of testosterone level changes is con-
founded in the sense that not all the participants shared the same
experience when making the choice in stage three. Our measure of
real-effort might be adapted in future studies, for instance, it would be
interesting to see whether more basic measures of performance (e.g.,
motor-based measures of real-effort) would produce the same results
(Vermeer et al., 2016). In addition, given differences in competitiveness
across gender (Niederle and Vesterlund, 2007), future studies might
look into the role of baseline testosterone in competitiveness in females
using the same behavioral design. Finally, our results provide correlative
evidence only, and should therefore be confirmed both in larger sam-
ples and by hormone administration protocols (Bos et al., 2012;
Eisenegger et al., 2013; Goetz et al., 2014; Welling et al., 2016).

5. Conclusions

Our study provides evidence for an association between testoster-
one levels and competitiveness, and variability of the androgen gene
with performance under competition. We found that men with high
basal testosterone levels aremore likely to compete. In thosewhodelib-
erately chose to compete, we observed that higher testosterone levels
are associated with more confidence in one's own performance, while
more efficient testosterone signaling is associatedwith a superior actual
performance. It appears that basal testosterone levels are related to
measures of competitiveness in men in a design in which spite cannot
influence behavior, and this remains significant even when controlling
for testosterone effects on other factors such as task-related skills, actual
performance, confidence and risk-taking behavior.

Acknowledgements

This study was supported by Deutsche Forschungsgemeinschaft re-
search grant HE 5310/1-1 toMH and RK. CEwas supported by the Vien-
na Science and Technology Fund (WWTF VRG13-007). MH was
supported by the European Neuroscience Network NEUREX.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2016.09.011.

References

Alderson, L.M., Baum, M.J., 1981. Differential effects of gonadal steroids on dopamine me-
tabolism in mesolimbic and nigro-striatal pathways of male rat brain. Brain Res. 218:
189–206. http://dx.doi.org/10.1016/0006-8993(81)91300-7.

Alevizaki, M., Cimponeriu, A.T., Garofallaki, M., Sarika, H.L., Alevizaki, C.C., Papamichael, C.,
Philippou, G., Anastasiou, E.A., Lekakis, J.P., Mavrikakis, M., 2003. The androgen recep-
tor gene CAG polymorphism is associatedwith the severity of coronary artery disease
in men. Clin. Endocrinol. 59:749–755. http://dx.doi.org/10.1046/j.1365-2265.2003.
01917.x.

Apicella, C.L., Dreber, A., Campbell, B., Gray, P.B., Hoffman, M., Little, A.C., 2008. Testoster-
one and financial risk preferences. Evol. Hum. Behav. 29:384–390. http://dx.doi.org/
10.1016/j.evolhumbehav.2008.07.001.

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.

Archer, J., 2006. Testosterone and human aggression: an evaluation of the challenge hy-
pothesis. Neurosci. Biobehav. Rev. 30:319–345. http://dx.doi.org/10.1016/j.
neubiorev.2004.12.007.

Azurmendi, A., Braza, F., Sorozabal, A., Garcia, A., Braza, P., Carreras, M.R., Munoz, J.M.,
Cardas, J., Sanchez-Martin, J.R., 2005. Cognitive abilities, androgen levels, and body
mass index in 5-year-old children. Horm. Behav. 48:187–195. http://dx.doi.org/10.
1016/j.yhbeh.2005.03.003.

Baron-Cohen, S., Knickmeyer, R.C., Belmonte, M.K., 2005. Sex differences in the brain: im-
plications for explaining autism. Science 310:819–823. http://dx.doi.org/10.1126/
science.1115455.

Bateup, H.S., Booth, A., Shirtcliff, E.A., Granger, D.A., 2002. Testosterone, cortisol, and
women's competition. Evol. Hum. Behav. 23:181–192. http://dx.doi.org/10.1016/
S1090-5138(01)00100-3.

Beaver, B.V., Amoss, M.S., 1982. Aggressive-behavior associated with naturally elevated
serum testosterone in mares. Appl. Anim. Ethol. 8:425–428. http://dx.doi.org/10.
1016/0304-3762(82)90055-4.

Beehner, J.C., Phillips-Conroy, J.E., Whitten, P.L., 2005. Female testosterone, dominance
rank, and aggression in an Ethiopian population of hybrid baboons. Am. J. Primatol.
67:101–119. http://dx.doi.org/10.1002/ajp.20172.

Boissy, A., Bouissou, M.F., 1994. Effects of androgen treatment on behavioral and physio-
logical responses of heifers to fear-eliciting situations. Horm. Behav. 28:66–83. http://
dx.doi.org/10.1006/hbeh.1994.1006.

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. 24:2306–2314. http://dx.doi.org/10.1177/0956797613495063.

Booth, A., Shelley, G., Mazur, A., Tharp, G., Kittok, R., 1989. Testosterone, and winning and
losing in human competition. Horm. Behav. 23:556–571. http://dx.doi.org/10.1016/
0018-506X(89)90042-1.

doi:10.1016/j.yhbeh.2016.09.011
doi:10.1016/j.yhbeh.2016.09.011
http://dx.doi.org/10.1016/0006-8993(81)91300-7
http://dx.doi.org/10.1046/j.1365-2265.2003.01917.x
http://dx.doi.org/10.1046/j.1365-2265.2003.01917.x
http://dx.doi.org/10.1016/j.evolhumbehav.2008.07.001
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0020
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0020
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0020
http://dx.doi.org/10.1016/j.neubiorev.2004.12.007
http://dx.doi.org/10.1016/j.neubiorev.2004.12.007
http://dx.doi.org/10.1016/j.yhbeh.2005.03.003
http://dx.doi.org/10.1016/j.yhbeh.2005.03.003
http://dx.doi.org/10.1126/science.1115455
http://dx.doi.org/10.1126/science.1115455
http://dx.doi.org/10.1016/S1090-5138(01)00100-3
http://dx.doi.org/10.1016/S1090-5138(01)00100-3
http://dx.doi.org/10.1016/0304-3762(82)90055-4
http://dx.doi.org/10.1016/0304-3762(82)90055-4
http://dx.doi.org/10.1002/ajp.20172
http://dx.doi.org/10.1006/hbeh.1994.1006
http://dx.doi.org/10.1177/0956797613495063
http://dx.doi.org/10.1016/0018-506X(89)90042-1
http://dx.doi.org/10.1016/0018-506X(89)90042-1


101C. Eisenegger et al. / Hormones and Behavior 92 (2017) 93–102
Bos, P.A., Panksepp, J., Bluthé, R.M., van Honk, J., 2012. Acute effects of steroid hormones
and neuropeptides on human social-emotional behavior: a review of single adminis-
tration studies. Front. Neuroendocrinol. 33:17–35. http://dx.doi.org/10.1016/j.yfrne.
2011.01.002.

Canale, D., Caglieresi, C., Moschini, C., Liberati, C.D., Macchia, E., Pinchera, A., Martino, E.,
2005. Androgen receptor polymorphism (CAG repeats) and androgenicity. Clin.
Endocrinol. 63:356–361. http://dx.doi.org/10.1111/j.1365-2265.2005.02354.x.

Carré, J.M., McCormick, C.M., 2008. Aggressive behavior and change in salivary testoster-
one concentrations predict willingness to engage in a competitive task. Horm. Behav.
54:403–409. http://dx.doi.org/10.1016/j.yhbeh.2008.04.008.

Carré, J.M., Olmstead, N.A., 2015. Social neuroendocrinology of human aggression: exam-
ining the role of competition-induced testosterone dynamics. Neuroscience 286:
171–186. http://dx.doi.org/10.1016/j.neuroscience.2014.11.029.

Cashdan, E., 1995. Hormones, sex, and status in women. Horm. Behav. 29:354–366.
http://dx.doi.org/10.1006/hbeh.1995.1025.

Casto, K.V., Edwards, D.A., 2016. Before, during, and after: how phases of competition dif-
ferentially affect testosterone, cortisol, and estradiol levels in women athletes. Adapt.
Human Behav. Physiol. 2, 11–25.

Casto, K.V., Elliott, C., Edwards, D.A., 2014. Intercollegiate cross country competition: ef-
fects of warm-up and racing on salivary levels of cortisol and testosterone. Int.
J. Exerc. Sci. 7, 8.

Cavigelli, S.A., Pereira, M.E., 2000. Mating season aggression and fecal testosterone levels
in male ring-tailed lemurs (Lemur catta). Horm. Behav. 37:246–255. http://dx.doi.
org/10.1006/hbeh.2000.1585.

Celec, P., Tretinarova, D., Minarik, G., Ficek, A., Szemes, T., Lakatošová, S., Schmidtová, E.,
Turňa, J., Kádaši, Ľ., Ostatníková, D., 2013. Genetic polymorphisms related to testos-
terone metabolism in intellectually gifted boys. PLoS One 8, e54751. http://dx.doi.
org/10.1371/journal.pone.0054751.

Chamberlain, N.L., Driver, E.D., Miesfeld, R.L., 1994. The length and location of CAG trinu-
cleotide repeats in the androgen receptor N-terminal domain affect transactivation
function. Nucleic Acids Res. 22:3181–3186. http://dx.doi.org/10.1093/nar/22.15.
3181.

Coates, J.M., Herbert, J., 2008. Endogenous steroids and financial risk taking on a London
trading floor. Proc. Natl. Acad. Sci. U. S. A. 105:6167–6172. http://dx.doi.org/10.1073/
pnas.0704025105.

Coe, C.L., Mendoza, S.P., Levine, S., 1979. Social-status constrains the stress response in the
squirrel-monkey. Physiol. Behav. 23:633–638. http://dx.doi.org/10.1016/0031-
9384(79)90151-3.

Collias, N.E., Barfield, R.J., Tarvyd, E.S., 2002. Testosterone versus psychological castration
in the expression of dominance, territoriality and breeding behavior by male village
weavers (Ploceus cucullatus). Behaviour 139:801–824. http://dx.doi.org/10.1163/
156853902320262826.

Crabbe, P., Bogaert, V., Bacquer, D.D., Goemaere, S., Zmierczak, H., Kaufman, J.M., 2007.
Part of the interindividual variation in serum testosterone levels in healthy men re-
flects differences in androgen sensitivity and feedback set point: contribution of the
androgen receptor polyglutamine tract polymorphism. J. Clin. Endocrinol. Metab.
92:3604–3610. http://dx.doi.org/10.1210/jc.2007-0117.

Dalton, P.S., Ghosal, S., 2014. Self-confidence, overconfidence and prenatal testosterone
exposure: evidence from the lab. CentER Discussion Paper Series No. 2014-014
http://dx.doi.org/10.2139/ssrn.2397675.

Edwards, D.A., 2006. Competition and testosterone. Horm. Behav. 50:681–683. http://dx.
doi.org/10.1016/j.yhbeh.2006.09.005.

Edwards, D.A., Kurlander, L.S., 2010.Women's intercollegiate volleyball and tennis: effects
of warm-up, competition, and practice on saliva levels of cortisol and testosterone.
Horm. Behav. 58, 606–613.

Edwards, D.A., Wetzel, K., Wyner, D.R., 2006. Intercollegiate soccer: saliva cortisol and tes-
tosterone are elevated during competition, and testosterone is related to status and
social connectedness with teammates. Physiol. Behav. 87:135–143. http://dx.doi.
org/10.1016/j.physbeh.2005.09.007.

Eisenegger, C., Haushofer, J., Fehr, E., 2011. The role of testosterone in social interaction.
Trends Cogn. Sci. 15:263–271. http://dx.doi.org/10.1016/j.tics.2011.04.008.

Eisenegger, C., Naef, M., Snozzi, R., Heinrichs, M., Fehr, E., 2012. New evidence on testos-
terone and cooperation: reply. Nature 485:E5–E6. http://dx.doi.org/10.1038/
nature11137.

Eisenegger, C., von Eckardstein, A., Fehr, E., von Eckardstein, S., 2013. Pharmacokinetics of
testosterone and estradiol gel preparations in healthy young men.
Psychoneuroendocrinology 38:171–178. http://dx.doi.org/10.1016/j.psyneuen.2012.
05.018.

Fischbacher, U., 2007. z-Tree: Zurich toolbox for ready-made economic experiments. Exp.
Econ. 10:171–178. http://dx.doi.org/10.1007/s10683-006-9159-4.

Gladue, B.A., Boechler, M., Mccaul, K.D., 1989. Hormonal response to competition in
human males. Aggress. Behav. 15:409–422. http://dx.doi.org/10.1002/1098-2337.

Goetz, S.M., Tang, L., Thomason, M.E., Diamond, M.P., Hariri, A.R., Carré, J.M., 2014. Testos-
terone rapidly increases neural reactivity to threat in healthy men: a novel two-step
pharmacological challenge paradigm. Biol. Psychiatry 76:324–331. http://dx.doi.org/
10.1016/j.biopsych.2014.01.016.

Gonzalez-Bono, E., Salvador, A., Serrano, M.A., Ricarte, J., 1999. Testosterone, cortisol, and
mood in a sports team competition. Horm. Behav. 35:55–62. http://dx.doi.org/10.
1006/hbeh.1998.1496.

Goudriaan, A.E., Lapauw, B., Ruige, J., Feyen, E., Kaufman, J.M., Brand, M., Vingerhoets, G.,
2010. The influence of high-normal testosterone levels on risk-taking in healthy
males in a 1-week letrozole administration study. Psychoneuroendocrinology 35:
1416–1421. http://dx.doi.org/10.1016/j.psyneuen.2010.04.005.

Goutou, M., Sakka, C., Stakias, N., Stefanidis, I., Koukoulis, G.N., 2009. AR CAG repeat length
is not associated with serum gonadal steroids and lipid levels in healthy men. Int.
J. Androl. 32:616–622. http://dx.doi.org/10.1111/j.1365-2605.2008.00908.x.
Grant, V.J., France, J.T., 2001. Dominance and testosterone in women. Biol. Psychiatry 58:
41–47. http://dx.doi.org/10.1016/S0301-0511(01)00100-4.

Hamilton, L., van Anders, S.M., Cox, D.N., Watson, N.V., 2009. The effect of competition on
salivary testosterone in elite female athletes. Int. J. Sports Physiol. Perform. 4,
538–542.

Hamilton, L.D., Carré, J.M., Mehta, P.H., Olmstead, N., Whitaker, J.D., 2015. Social neuroen-
docrinology of status: a review and future directions. Adapt. Human Behav. Physiol.
1:202–230. http://dx.doi.org/10.1007/s40750-015-0025-5.

Harkonen, K., Huhtaniemi, I., Makinen, J., Hubler, D., Irjala, K., Koskenvuo, M., Oettel, M.,
Raitakari, O., Saad, F., Pollanen, P., 2003. The polymorphic androgen receptor gene
CAG repeat, pituitary-testicular function and andropausal symptoms in ageing men.
Int. J. Androl. 26, 187–194.

Harrington, F.H., Asa, C.S., 2010. Wolf communication. In: Mech, D.L., Boitani, L. (Eds.),
Wolves: Behavior, Ecology, and Conservation. University of Chicago Press,
pp. 92–126.

Hermans, E.J., Bos, P.A., Ossewaarde, L., Ramsey, N.F., Fernandez, G., van Honk, J., 2010. Ef-
fects of exogenous testosterone on the ventral striatal BOLD response during reward
anticipation in healthywomen. NeuroImage 52:277–283. http://dx.doi.org/10.1016/j.
neuroimage.2010.04.019.

Holt, C.A., Laury, S.K., 2002. Risk aversion and incentive effects. Am. Econ. Rev. 92:
1644–1655. http://dx.doi.org/10.1257/000282802762024700.

Huhtaniemi, I.T., Pye, S.R., Limer, K.L., Thomson, W., O'Neill, T.W., Platt, H., Payne, D., John,
S.L., Jiang, M., Boonen, S., Borghs, H., Vanderschueren, D., Adams, J.E., Ward, K.A.,
Bartfai, G., Casanueva, F., Finn, J.D., Forti, G., Giwercman, A., Han, T.S., Kula, K., Lean,
M.E.J., Pendleton, N., Punab, M., Silman, A.J., Wu, F.C.W., Petrone, L., Cilotti, A.,
Slowikowska-Hilczer, J., Walczak-Jedrzejowska, R., Huhtaniemi, I., Wu, F., Silman, A.,
O'Neill, T., Finn, J., Steer, P., Tajar, A., Lee, D., Pye, S., Ocampo, M., Lage, M., Földesi, I.,
Fejes, I., Korrovitz, P., 2009. Increased estrogen rather than decreased androgen action
is associated with longer androgen receptor CAG repeats. J. Clin. Endocrinol. Metab.
94:277–284. http://dx.doi.org/10.1210/jc.2008-0848.

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. http://dx.doi.
org/10.1037/0022-3514.90.6.999.

Krithivas, K., Yurgalevitch, S.M., Mohr, B.A., Wilcox, C.J., Batter, S.J., Brown, M., Longcope,
C., McKinlay, J.B., Kantoff, P.W., 1999. Evidence that the CAG repeat in the androgen
receptor gene is associated with the age-related decline in serum androgen levels
in men. J. Endocrinol. 162, 137–142.

Kutlu, N., Ekerbicer, N., Ari, Z., Uyanik, B.S., Zeren, T., Tan, U., 2001. Testosterone and
nonverbal intelligence in right-handed men with successful and unsuccessful
educational levels. Int. J. Neurosci. 111:1–9. http://dx.doi.org/10.3109/
00207450108986548.

Lichtenstein, S., Fischhoff, B., Phillips, L.D., 1977. Calibration of Probabilities: The State of
the Art. Springer.

Manning, J., 2007. The androgen receptor gene: a major modifier of speed of neuronal
transmission and intelligence? Med. Hypotheses 68:802–804. http://dx.doi.org/10.
1016/j.mehy.2006.09.014.

Manuck, S.B., Marsland, A.L., Flory, J.D., Gorka, A., Ferrell, R.E., Hariri, A.R., 2010. Salivary
testosterone and a trinucleotide (CAG) length polymorphism in the androgen recep-
tor gene predict amygdala reactivity in men. Psychoneuroendocrinology 35:94–104.
http://dx.doi.org/10.1016/j.psyneuen.2009.04.013.

Mazur, A., 2005. Biosociology of Dominance and Deference. Rowman & Littlefield,
Lanham.

Mazur, A., Booth, A., 1998. Testosterone and dominance in men. Behav. Brain Sci. 21:
353–363. http://dx.doi.org/10.1017/S0140525X98001228 (discussion 363-397).

Mazur, A., Lamb, T.A., 1980. Testosterone, status, and mood in human males. Horm.
Behav. 14:236–246. http://dx.doi.org/10.1016/0018-506X(80)90032-X.

Mazur, A., Booth, A., Dabbs, J.M., 1992. Testosterone and chess competition. Soc. Psychol.
Q. 55:70–77. http://dx.doi.org/10.2307/2786687.

McCaul, K.D., Gladue, B.A., Joppa, M., 1992. Winning, losing, mood, and testosterone.
Horm. Behav. 26:486–504. http://dx.doi.org/10.1016/0018-506X(92)90016-O.

Mehta, P.H., Josephs, R.A., 2006. Testosterone change after losing predicts the decision to
compete again. Horm. Behav. 50:684–692. http://dx.doi.org/10.1016/j.yhbeh.2006.
07.001.

Mehta, P.H., Wuehrmann, E.V., Josephs, R.A., 2009. When are low testosterone levels ad-
vantageous? The moderating role of individual versus intergroup competition. Horm.
Behav. 56:158–162. http://dx.doi.org/10.1016/j.yhbeh.2009.04.001.

Mehta, P.H., van Son, V., Welker, K.M., Prasad, S., Sanfey, A.G., Smidts, A., Roelofs, K., 2015.
Exogenous testosterone in women enhances and inhibits competitive decision-mak-
ing depending on victory–defeat experience and trait dominance.
Psychoneuroendocrinology 60, 224–236.

Mitchell, J.B., Stewart, J., 1989. Effects of castration, steroid replacement, and sexual expe-
rience onmesolimbic dopamine and sexual behaviors in the male-rat. Brain Res. 491:
116–127. http://dx.doi.org/10.1016/0006-8993(89)90093-0.

Morgan, J., Steiglitz, K., Reis, G., 2003. The spite motive and equilibrium behavior in auc-
tions. Contrib. Econ. Anal. Pol. 2. http://dx.doi.org/10.2202/1538-0645.1102.

Morris, R.W., Fung, S.J., Rothmond, D.A., Richards, B., Ward, S., Noble, P.L., Woodward, R.A.,
Weickert, C.S., Winslow, J.T., 2010. The effect of gonadectomy on prepulse inhibition
and fear-potentiated startle in adolescent rhesus macaques.
Psychoneuroendocrinology 35:896–905. http://dx.doi.org/10.1016/j.psyneuen.2009.
12.002.

Muehlenbein, M.P., Watts, D.P., 2010. The costs of dominance: testosterone, cortisol and
intestinal parasites in wild male chimpanzees. Biopsychosoc. Med. 4:21. http://dx.
doi.org/10.1186/1751-0759-4-21.

Muller, M., Aleman, A., Grobbee, D.E., De Haan, E., van der Schouw, Y.T., 2005. Endogenous
sex hormone levels and cognitive function in aging men is there an optimal level?
Neurology 64:866–871. http://dx.doi.org/10.1212/01.WNL.0000153072.54068.E3.

http://dx.doi.org/10.1016/j.yfrne.2011.01.002
http://dx.doi.org/10.1016/j.yfrne.2011.01.002
http://dx.doi.org/10.1111/j.1365-2265.2005.02354.x
http://dx.doi.org/10.1016/j.yhbeh.2008.04.008
http://dx.doi.org/10.1016/j.neuroscience.2014.11.029
http://dx.doi.org/10.1006/hbeh.1995.1025
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0095
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0095
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0095
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0100
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0100
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0100
http://dx.doi.org/10.1006/hbeh.2000.1585
http://dx.doi.org/10.1371/journal.pone.0054751
http://dx.doi.org/10.1093/nar/22.15.3181
http://dx.doi.org/10.1093/nar/22.15.3181
http://dx.doi.org/10.1073/pnas.0704025105
http://dx.doi.org/10.1073/pnas.0704025105
http://dx.doi.org/10.1016/0031-9384(79)90151-3
http://dx.doi.org/10.1016/0031-9384(79)90151-3
http://dx.doi.org/10.1163/156853902320262826
http://dx.doi.org/10.1163/156853902320262826
http://dx.doi.org/10.1210/jc.2007-0117
http://dx.doi.org/10.2139/ssrn.2397675
http://dx.doi.org/10.1016/j.yhbeh.2006.09.005
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0150
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0150
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0150
http://dx.doi.org/10.1016/j.physbeh.2005.09.007
http://dx.doi.org/10.1016/j.tics.2011.04.008
http://dx.doi.org/10.1038/nature11137
http://dx.doi.org/10.1038/nature11137
http://dx.doi.org/10.1016/j.psyneuen.2012.05.018
http://dx.doi.org/10.1016/j.psyneuen.2012.05.018
http://dx.doi.org/10.1007/s10683-006-9159-4
http://dx.doi.org/10.1002/1098-2337
http://dx.doi.org/10.1016/j.biopsych.2014.01.016
http://dx.doi.org/10.1006/hbeh.1998.1496
http://dx.doi.org/10.1006/hbeh.1998.1496
http://dx.doi.org/10.1016/j.psyneuen.2010.04.005
http://dx.doi.org/10.1111/j.1365-2605.2008.00908.x
http://dx.doi.org/10.1016/S0301-0511(01)00100-4
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0210
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0210
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0210
http://dx.doi.org/10.1007/s40750-015-0025-5
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0220
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0220
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0220
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0225
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0225
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0225
http://dx.doi.org/10.1016/j.neuroimage.2010.04.019
http://dx.doi.org/10.1016/j.neuroimage.2010.04.019
http://dx.doi.org/10.1257/000282802762024700
http://dx.doi.org/10.1210/jc.2008-0848
http://dx.doi.org/10.1037/0022-3514.90.6.999
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0250
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0250
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0250
http://dx.doi.org/10.3109/00207450108986548
http://dx.doi.org/10.3109/00207450108986548
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0260
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0260
http://dx.doi.org/10.1016/j.mehy.2006.09.014
http://dx.doi.org/10.1016/j.mehy.2006.09.014
http://dx.doi.org/10.1016/j.psyneuen.2009.04.013
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0275
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0275
http://dx.doi.org/10.1017/S0140525X98001228
http://dx.doi.org/10.1016/0018-506X(80)90032-X
http://dx.doi.org/10.2307/2786687
http://dx.doi.org/10.1016/0018-506X(92)90016-O
http://dx.doi.org/10.1016/j.yhbeh.2006.07.001
http://dx.doi.org/10.1016/j.yhbeh.2006.07.001
http://dx.doi.org/10.1016/j.yhbeh.2009.04.001
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0310
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0310
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0310
http://dx.doi.org/10.1016/0006-8993(89)90093-0
http://dx.doi.org/10.2202/1538-0645.1102
http://dx.doi.org/10.1016/j.psyneuen.2009.12.002
http://dx.doi.org/10.1016/j.psyneuen.2009.12.002
http://dx.doi.org/10.1186/1751-0759-4-21
http://dx.doi.org/10.1212/01.WNL.0000153072.54068.E3


102 C. Eisenegger et al. / Hormones and Behavior 92 (2017) 93–102
Niederle, M., Vesterlund, L., 2007. Do women shy away from competition? Do men com-
pete too much? Q. J. Econ. 122:1067–1101. http://dx.doi.org/10.1162/qjec.122.3.
1067.

Oliveira, G.A., Oliveira, R.F., 2014. Androgen responsiveness to competition in humans:
the role of cognitive variables. Neurosci. Neuroecon. 3:19–32. http://dx.doi.org/10.
2147/NAN.S55721.

Oliveira, R.F., Almada, V.C., Canario, A.V.M., 1996. Social modulation of sex steroid concen-
trations in the urine of male cichlid fish Oreochromis mossambicus. Horm. Behav. 30:
2–12. http://dx.doi.org/10.1006/hbeh.1996.0002.

Pollet, T.V., van der Meij, L., 2016. To remove or not to remove: the impact of outlier han-
dling on significance testing in testosterone data. Adapt. Human Behav. Physiol. 1–18.

Rajender, S., Pandu, G., Sharma, J., Gandhi, K., Singh, L., Thangaraj, K., 2008. Reduced CAG
repeats length in androgen receptor gene is associated with violent criminal behav-
ior. Int. J. Legal Med. 122:367–372. http://dx.doi.org/10.1007/s00414-008-0225-7.

Robbins, T.W., Everitt, B.J., 1996. Neurobehavioural mechanisms of reward and motiva-
tion. Curr. Opin. Neurobiol. 6:228–236. http://dx.doi.org/10.1016/S0959-
4388(96)80077-8.

Rubinow, D.R., Schmidt, P.J., 1996. Androgens, brain, and behavior. Am. J. Psychiatry 153:
974. http://dx.doi.org/10.1176/ajp.153.8.974.

Salvador, A., 2005. Coping with competitive situations in humans. Neurosci. Biobehav.
Rev. 29:195–205. http://dx.doi.org/10.1016/j.neubiorev.2004.07.004.

Salvador, A., Costa, R., 2009. Coping with competition: neuroendocrine responses and
cognitive variables. Neurosci. Biobehav. Rev. 33:160–170. http://dx.doi.org/10.1016/
j.neubiorev.2008.09.005.

Sapienza, P., Zingales, L., Maestripieri, D., 2009. Gender differences in financial risk aver-
sion and career choices are affected by testosterone. Proc. Natl. Acad. Sci. U. S. A.
106:15268–15273. http://dx.doi.org/10.1073/pnas.0907352106.

Schultheiss, O.C., Wirth, M.M., Torges, C.M., Pang, J.S., Villacorta, M.A., Welsh, K.M., 2005.
Effects of implicit powermotivation onmen's and women's implicit learning and tes-
tosterone changes after social victory or defeat. J. Pers. Soc. Psychol. 88:174–188.
http://dx.doi.org/10.1037/0022-3514.88.1.174.

Sellers, J.G., Mehl, M.R., Josephs, R.A., 2007. Hormones and personality: testosterone as a
marker of individual differences. J. Res. Pers. 41, 126–138.

Silva, M.A.D., Mattern, C., Topic, B., Buddenberg, T.E., Huston, J.P., 2009. Dopaminergic and
serotonergic activity in neostriatum and nucleus accumbens enhanced by intranasal
administration of testosterone. Eur. Neuropsychopharmacol. 19:53–63. http://dx.doi.
org/10.1016/j.euroneuro.2008.08.003.

Simmons, Z.L., Roney, J.R., 2011. Variation in CAG repeat length of the androgen receptor
gene predicts variables associated with intrasexual competitiveness in humanmales.
Horm. Behav. 60:306–312. http://dx.doi.org/10.1016/j.yhbeh.2011.06.006.

Sisk, C.L., Zehr, J.L., 2005. Pubertal hormones organize the adolescent brain and behavior.
Front. Neuroendocrinol. 26:163–174. http://dx.doi.org/10.1016/j.yfrne.2005.10.003.

Stanton, S.J., Schultheiss, O.C., 2009. The hormonal correlates of implicit power motiva-
tion. J. Res. Pers. 43:942–949. http://dx.doi.org/10.1016/j.jrp.2009.04.001.

Stanton, S.J., Liening, S.H., Schultheiss, O.C., 2011. Testosterone is positively associated
with risk taking in the Iowa Gambling Task. Horm. Behav. 59:252–256. http://dx.
doi.org/10.1016/j.yhbeh.2010.12.003.

Steiner, E.T., Barchard, K.A., Meana, M., Hadi, F., Gray, P.B., 2010. The deal on testosterone
responses to poker competition. Curr. Psychol. 29:45–51. http://dx.doi.org/10.1007/
s12144-010-9071-0.

Suay, F., Salvador, A., Gonzalez-Bono, E., Sanchis, C., Martinez, M., Martinez-Sanchis, S.,
Simon, V., Montoro, J.B., 1999. Effects of competition and its outcome on serum tes-
tosterone, cortisol and prolactin. Psychoneuroendocrinology 24:551–566. http://dx.
doi.org/10.1016/S0306-4530(99)00011-6.

Tauer, J.M., Harackiewicz, J.M., 2004. The effects of cooperation and competition on intrin-
sic motivation and performance. J. Pers. Soc. Psychol. 86:849. http://dx.doi.org/10.
1037/0022-3514.86.6.849.

Terburg, D., Aarts, H., van Honk, J., 2012. Testosterone affects gaze aversion from angry
faces outside of conscious awareness. Psychol. Sci. 23:459–463. http://dx.doi.org/10.
1177/0956797611433336.

Thiblin, I., Finn, A., Ross, S.B., Stenfors, C., 1999. Increased dopaminergic and 5-
hydroxytryptaminergic activities in male rat brain following long-term treatment
with anabolic androgenic steroids. Brit. J. Pharmacol. 126:1301–1306. http://dx.doi.
org/10.1038/sj.bjp.0702412.

Travison, T.G., Shackelton, R., Araujo, A.B., Morley, J.E., Williams, R.E., Clark, R.V., McKinlay,
J.B., 2010. Frailty, serum androgens, and the CAG repeat polymorphism: results from
theMassachusetts male aging study. J. Clin. Endocrinol. Metab. 95:2746–2754. http://
dx.doi.org/10.1210/jc.2009-0919.

T'Sjoen, G.G., De Vos, S., Goemaere, S., Van Pottelbergh, I., Dierick, M., Van Heeringen, C.,
Kaufman, J.M., 2005. Sex steroid level, androgen receptor polymorphism, and depres-
sive symptoms in healthy elderly men. J. Am. Geriatr. Soc. 53:636–642. http://dx.doi.
org/10.1111/j.1532-5415.2005.53212.x.

Van Den Bos, W., Golka, P.J., Effelsberg, D., McClure, S.M., 2013. Pyrrhic victories: the need
for social status drives costly competitive behavior. Front. Neurosci. 7.

van der Meij, L., Almela, M., Buunk, A.P., Fawcett, T.W., Salvador, A., 2012. Men with ele-
vated testosterone levels show more affiliative behaviours during interactions with
women. Proc. R. Soc. Lond. B. Biol. Sci. 279:202–208. http://dx.doi.org/10.1098/rspb.
2011.0764.

van Honk, J., Schutter, D.J.L.G., Hermans, E.J., Putman, P., Tuiten, A., Koppeschaar, H., 2004.
Testosterone shifts the balance between sensitivity for punishment and reward in
healthy young women. Psychoneuroendocrinology 29:937–943. http://dx.doi.org/
10.1016/j.psyneunen.2003.08.007.

van Honk, J., Montoya, E.R., Bos, P.A., van Vugt, M., Terburg, D., 2012. New evidence on tes-
tosterone and cooperation. Nature 485:E4–E5. http://dx.doi.org/10.1038/
nature11136.

van Honk, J., Will, G.J., Terburg, D., Raub, W., Eisenegger, C., Buskens, V., 2016. Effects of
testosterone administration on strategic gambling in poker play. Sci. Rep. 6. http://
dx.doi.org/10.1038/srep18096.

Van Pottelbergh, I., Lumbroso, S., Goemaere, S., Sultan, C., Kaufman, J.M., 2001. Lack of in-
fluence of the androgen receptor gene CAG-repeat polymorphism on sex steroid sta-
tus and bone metabolism in elderly men. Clin. Endocrinol. 55, 659–666.

Vermeer, A.L., Riečanský, I., Eisenegger, C., 2016. Competition, testosterone, and adult
neurobehavioral plasticity. Prog. Brain Res. http://dx.doi.org/10.1016/bs.pbr.2016.
05.004 (in press).

Walsh, S., Zmuda, J.M., Cauley, J.A., Shea, P.R., Metter, E.J., Hurley, B.F., Ferrell, R.E., Roth,
S.M., 2005. Androgen receptor CAG repeat polymorphism is associated with fat-free
mass in men. J. Appl. Physiol. 98:132–137. http://dx.doi.org/10.1152/japplphysiol.
00537.2004.

Welker, K.M., Lassetter, B., Brandes, C.M., Prasad, S., Koop, D.R., Mehta, P.H., 2016. A com-
parison of salivary testosteronemeasurement using immunoassays and tandemmass
spectrometry. Psychoneuroendocrinology 71:180–188. http://dx.doi.org/10.1016/j.
psyneuen.2016.05.022.

Welling, L.L., Moreau, B.J., Bird, B.M., Hansen, S., Carré, J.M., 2016. Exogenous testosterone in-
creasesmen's perceptions of their own physical dominance. Psychoneuroendocrinology
64:136–142. http://dx.doi.org/10.1016/j.psyneuen.2015.11.016.

Wingfield, J.C., Hegner, R.E., Dufty, A.M., Ball, G.F., 1990. The challenge hypothesis - theo-
retical implications for patterns of testosterone secretion, mating systems, and breed-
ing strategies. Am. Nat. 136:829–846. http://dx.doi.org/10.1086/285134.

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. 49:346–352. http://dx.doi.org/10.1016/j.yhbeh.2005.08.013.

Wu, Y., Liu, J., Qu, L., Eisenegger, C., Clark, L., Zhou, X., 2016. Single dose testosterone ad-
ministration reduces loss chasing in healthy females. Psychoneuroendocrinology 71:
54–57. http://dx.doi.org/10.1016/j.psyneuen.2016.05.005.

Zethraeus, N., Kocoska-Maras, L., Ellingsen, T., von Schoultz, B., Hirschberg, A.L.,
Johannesson, M., 2009. A randomized trial of the effect of estrogen and testosterone
on economic behavior. Proc. Natl. Acad. Sci. U. S. A. 106:6535–6538. http://dx.doi.org/
10.1073/pnas.0812757106.

Zitzmann, M., Nieschlag, E., 2003. The CAG repeat polymorphismwithin the androgen re-
ceptor gene and maleness1. Int. J. Androl. 26:76–83. http://dx.doi.org/10.1046/j.
1365-2605.2003.00393.x.

http://dx.doi.org/10.1162/qjec.122.3.1067
http://dx.doi.org/10.1162/qjec.122.3.1067
http://dx.doi.org/10.2147/NAN.S55721
http://dx.doi.org/10.2147/NAN.S55721
http://dx.doi.org/10.1006/hbeh.1996.0002
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0355
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0355
http://dx.doi.org/10.1007/s00414-008-0225-7
http://dx.doi.org/10.1016/S0959-4388(96)80077-8
http://dx.doi.org/10.1016/S0959-4388(96)80077-8
http://dx.doi.org/10.1176/ajp.153.8.974
http://dx.doi.org/10.1016/j.neubiorev.2004.07.004
http://dx.doi.org/10.1016/j.neubiorev.2008.09.005
http://dx.doi.org/10.1016/j.neubiorev.2008.09.005
http://dx.doi.org/10.1073/pnas.0907352106
http://dx.doi.org/10.1037/0022-3514.88.1.174
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0395
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0395
http://dx.doi.org/10.1016/j.euroneuro.2008.08.003
http://dx.doi.org/10.1016/j.yhbeh.2011.06.006
http://dx.doi.org/10.1016/j.yfrne.2005.10.003
http://dx.doi.org/10.1016/j.jrp.2009.04.001
http://dx.doi.org/10.1016/j.yhbeh.2010.12.003
http://dx.doi.org/10.1007/s12144-010-9071-0
http://dx.doi.org/10.1007/s12144-010-9071-0
http://dx.doi.org/10.1016/S0306-4530(99)00011-6
http://dx.doi.org/10.1037/0022-3514.86.6.849
http://dx.doi.org/10.1037/0022-3514.86.6.849
http://dx.doi.org/10.1177/0956797611433336
http://dx.doi.org/10.1177/0956797611433336
http://dx.doi.org/10.1038/sj.bjp.0702412
http://dx.doi.org/10.1210/jc.2009-0919
http://dx.doi.org/10.1111/j.1532-5415.2005.53212.x
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0460
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0460
http://dx.doi.org/10.1098/rspb.2011.0764
http://dx.doi.org/10.1098/rspb.2011.0764
http://dx.doi.org/10.1016/j.psyneunen.2003.08.007
http://dx.doi.org/10.1038/nature11136
http://dx.doi.org/10.1038/nature11136
http://dx.doi.org/10.1038/srep18096
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0485
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0485
http://refhub.elsevier.com/S0018-506X(16)30009-5/rf0485
http://dx.doi.org/10.1016/bs.pbr.2016.05.004
http://dx.doi.org/10.1016/bs.pbr.2016.05.004
http://dx.doi.org/10.1152/japplphysiol.00537.2004
http://dx.doi.org/10.1152/japplphysiol.00537.2004
http://dx.doi.org/10.1016/j.psyneuen.2016.05.022
http://dx.doi.org/10.1016/j.psyneuen.2016.05.022
http://dx.doi.org/10.1016/j.psyneuen.2015.11.016
http://dx.doi.org/10.1086/285134
http://dx.doi.org/10.1016/j.yhbeh.2005.08.013
http://dx.doi.org/10.1016/j.psyneuen.2016.05.005
http://dx.doi.org/10.1073/pnas.0812757106
http://dx.doi.org/10.1046/j.1365-2605.2003.00393.x
http://dx.doi.org/10.1046/j.1365-2605.2003.00393.x

	Testosterone and androgen receptor gene polymorphism are associated with confidence and competitiveness in men
	1. Introduction
	2. Methods
	2.1. Participants
	2.2. General procedure
	2.3. Procedure of competition task, confidence and risk taking measure
	2.4. Details of competition task and control measures
	2.4.1. Piece rate
	2.4.2. Forced competition
	2.4.3. Competition choice
	2.4.4. Control choice
	2.4.4.1. Confidence measure
	2.4.4.2. Risk-taking measure
	2.4.4.3. Hormonal assessment and genotyping
	2.4.4.4. Statistical analyses



	3. Results
	3.1. Is testosterone and androgen receptor gene variation related to competitiveness?
	3.2. Is testosterone related to performance?
	3.3. Is testosterone related to confidence in own performance?
	3.4. What is the mediator of CAGn repeat number on confidence?
	3.5. Is testosterone related to risk taking?
	3.6. Do testosterone levels increase after competition?
	3.7. Outliers

	4. Discussion
	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


