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Intranasal oxytocin interacts with
testosterone reactivity to modulate
parochial altruism
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The neuropeptide hormone oxytocin and the steroid hormone testosterone have received attention as
modulators of behavior in the context of intergroup conflict. However, to date, their interactive effect
has yet to be tested. Here, in a double-blind placebo-control design, 204 participants (102 female
participants) self-administrated oxytocin or placebo and completed an experimental economic game
modeling intergroup conflict. Salivary testosterone (n = 192) was measured throughout the task to
assess endogenous reactivity. As a caveat, even at this sample size, our derived power to detect small
effects for 2- and 3-way interactions was relatively low. For male participants, changes in testosterone
predicted willingness to sacrifice investments for the betterment of the group. Intranasal
administration of oxytocin strongly diminished this effect. In female participants, we found no credible
evidence for association between changes in testosterone and investments, rather, oxytocin effects
were independent of testosterone. This 3-way interaction was of medium to large effect size (Odds
Ratio 5.11). Behavior was also affected by social cues such as signaling of ingroup and outgroup
members. Our findings provide insights as to the biological processes underpinning parochial altruism
and suggest an additional path for the dual influence of oxytocin and testosterone on human social

behavior.

Asa social species, humans evolved to live in groups'. Competition between
groups over limited resources (such as territory, money, status) often
escalates into intergroup conflict”’. Frequently, the rewards and losses
associated with the outcomes of such conflicts are shared between all
members of the group, regardless of their contribution to the group’s success
(ie., public goods). While such a reward structure provides the greatest
rewards to individual group members who do not contribute to the joint
effort of the group (ie. free riding)’, it is well documented that during
intergroup conflict, individuals are often willing to carry out self-costly
actions to benefit their ingroup at the expense of rival groups™”.

Such acts of parochial altruism — the combination of ingroup favorit-
ism and outgroup derogation - are thought to have emerged during human
ancestry via the selective survival of groups, with lethal intergroup warfare
playing a decisive role in this evolutionary selection process. At the indivi-
dual level, both altruism towards ingroup members and hostility toward
outgroup members are evolutionary disadvantageous, since both promote

costly, self-sacrificial behavior’. However, at the group level, groups com-
posed mostly of altruists will outcompete groups whose members are mainly
self-interested®. These phenomena are observed even under minimal group
conditions where groups are constructed based on arbitrary criteria™"".

While computer simulation models, and ethnographic evidence have
begun to elucidate the critical role that intergroup competition played in
shaping the evolution of human social behavior™"', the psychobiological
mechanisms underlying such behaviors remain poorly understood. Extant
human research has largely focused on the independent effects of the
neuropeptide hormone oxytocin'>"” and on the steroid hormone
testosterone'*", but the interactive effect of these hormones on intergroup
behavior is not clear. Here, we use a laboratory-based task modeling
intergroup conflict to examine the possibility that these two hormones may
interact to regulate parochial altruism.

In the brain, oxytocin exerts varied effects on social behavior and
cognition, either by its action as a neurotransmitter via projections from the
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hypothalamus to limbic sites, or as a neurohormone via diffusion through
the intracellular space to local or distant targets'. Findings from intranasal
oxytocin studies in the context of intergroup relations are inconsistent.
While several studies have demonstrated that intranasal oxytocin promotes
participants’ aggressive behavior toward the outgroup'”", particularly in
competitive settings'*'**’, other studies have shown that oxytocin promotes
prosocial behavior toward the outgroup” ™ and reduces intergroup
aggression'***. To date, these studies have been generally focused on male
participants. However, across a range of social behaviors, oxytocin effects
may differ by sex””. Thus, including female participants is essential in order
to examine potential sex-dependent effects of oxytocin on behavior in
intergroup conflict.

In addition to oxytocin, the steroid hormone testosterone has been
examined as a modulator of behavior in the context of intergroup conflict.
Besides its important role in the development of secondary sexual attributes,
testosterone plays a key role in modulating human social behavior”. Tes-
tosterone has previously been associated with a variety of human antisocial
behaviors, such as decreased generosity”’ and interpersonal trust™, and
increased aggression and violence”. To date, the few studies that have
examined the role of testosterone in the context of intergroup conflict in
humans have produced mixed findings'*"****'. Moreover, these studies, as
well, excluded female participants, and focused almost exclusively on
baseline testosterone levels. However, a recent meta-analysis examining the
association between testosterone levels and aggressive behavior, a key ele-
ment of parochial altruism, concluded that the association between baseline
testosterone and aggressive behavior in humans is generally weak and
inconsistent”, suggesting instead that fluctuations in endogenous testos-
terone levels in response to social stimuli (henceforth, testosterone reac-
tivity) may serve as a better indicator of the role of testosterone in
modulating aggression.

The importance of testosterone reactivity in predicting behavior is
consistent with the challenge hypothesis, which was initially developed to
explain seasonal variations in testosterone concentration among mono-
gamous male birds. The challenge hypothesis proposes that, in males, ele-
vation in testosterone levels in response to a challenge in social status
increases aggression”””’. The challenge hypothesis has received support from
laboratory studies demonstrating a positive correlation between testoster-
one reactivity and aggressive behavior in male participants but not in female
participants™*. Thus, the first aim of our study is to examine sex-specific
effects of testosterone reactivity on aggressive behavior in the context of
intergroup conflict.

Interestingly, oxytocin and testosterone have opposing effects on a
wide range of human social behaviors™. These opposing effects could be
explained, at least in part, by the inhibitory effect of testosterone on oxytocin
gene expression™. While animal models raise the intriguing possibility that
oxytocin social effects may be contingent on testosterone levels”, only a few
studies have examined the interaction between oxytocin and testosterone in
humans. In one of the few studies in humans examining these hormones
together, high endogenous testosterone levels in female participants were
associated with less attentional processing of infants’ faces. This effect was
canceled after intranasal oxytocin administration®. Another study
demonstrated that testosterone reactivity is associated with the willingness
to engage in competitive behavior (in male participants), but oxytocin
administration cancels out this association™. Thus, a second aim of our
study is to test whether oxytocin would moderate the association between
testosterone reactivity and aggression towards the outgroup.

Finally, to date, studies examining the role of oxytocin or testosterone in
modulating human behavior in the context of intergroup conflict have relied
on paradigms in which decisions were made in the absence of information
regarding the immediate behavior of others. However, in many real-life
mixed-motive situations, individuals possess knowledge about intentions of
others. Verbal signals such as communication, even if nonbinding (e.g.,
cheap-talk), induce changes in the behavior of ingroup and outgroup
members. Specifically, laboratory studies demonstrate that when commu-
nication between participants is allowed, intragroup communication tends to

increase aggression towards the rival group, while intergroup communica-
tion tends to decrease aggression between groups*"'. Animal models show
that testosterone is associated with short-term signals of immediate beha-
vioral intentions (e.g., puffing of the chest, threatening facial expressions,
vocalizations)*; however, this association has yet to be tested in the context
of intergroup games in humans. Thus, a third aim of this study is to test if
testosterone reactivity is related to signaling of intentions, and whether
oxytocin would moderate this association.

Towards these ends, 204 participants (102 female participants) self-
administrated oxytocin or placebo, and completed 30 rounds of the inter-
group chicken game - a laboratory paradigm modeling the dynamics of
intergroup contlict involving bilateral threats”. In this paradigm, partici-
pants are assigned to groups of two players, and each player decides whether
to invest an endowment in the ingroup pool. If the number of investors in a
group exceeds the number of investors in the rival group, its members
receive a bonus. Investing the endowment is worthwhile only if it makes the
difference between a tie to a victory, since in these cases, the expected
received bonus is higher than the cost of the investment. In all other cases,
however, rational players should keep the endowment to themselves.

Methods

Participants

Two hundred and four Israeli students (102 female participants; mean age =
2447 (SD =2.40)) participated in a double-blind, placebo-controlled,
between-subject design experiment. Due to the difficulty of locating a
relevant effect size for estimating the sample size, and the complexity of our
design, the sample size was determined by power analysis that was con-
ducted for unrelated experiment that participants completed in the same
session”. This sample size is one of the largest reported in studies which
applied oxytocin administration or measured testosterone reactivity in the
context of aggressive behavior or intergroup dynamics (see Supplementary
Note 1 for further details). This sample size allowed us to reliably detect
three-way interactions of large effect sizes (OR > 6.71; see Supplementary
Note 2, Supplementary Table 1, and Supplementary Fig. 1 for sensitivity
analysis and further details). Participants were recruited in groups of eight or
twelve, with an equal number of male and female participants in each of the
18 sessions between March 2017 and June 2018. Participants self-reported
their biological sex (in Hebrew “min”), but information regarding gender (in
Hebrew “migdar”) was not obtained. Twelve participants (7 female parti-
cipants) were excluded from the main analysis due to missing or unreliable
saliva samples, leaving 192 participants (95 female participants) for further
analysis. Participants were recruited across multiple campus sites to capture
a broad assortment of undergraduate majors across the social science,
humanities, life, and physical sciences. Before taking part in the experiment,
participants self-reported they were < 35 years old, had no history of psy-
chiatric or endocrine illness, smoked less than 15 cigarettes a day, and were
not taking any prescription medications that might interact with oxytocin
(e.g., antihistamines, Methylergonovine, blood pressure medications,
amiodarone, particularly prophylactic vasopressors). For female partici-
pants, exclusion criteria also included current pregnancy or breastfeeding.
Participants were instructed to refrain from smoking, eating, or drinking
(except water) for 2 h before the experiment, and from physical activity,
alcohol, and caffeine consumption for 24 h before the experiment. Partici-
pants received 100 New Israeli Shekels (NIS; ~ 25$) or equivalent course
credit for completing the study, and an additional fee (ranging from 0 to 21
NIS) based on their performance and decisions. All participants signed a
written informed consent form before they participated in the study. The
study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Ethics Committee of Hadassah Medical
Center (reference number: 0440-15-HMO). The study was not
preregistered.

Mood assessment
To test whether oxytocin had general effects on subjective state, participants
completed a visual analog scale (VAS) questionnaire directly before
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intranasal administration, and again at the conclusion of the experiment.
The eight items assessed were working ability, tiredness, anxiety, anger,
conversation ability, interpersonal closeness, concentration, and sadness.
Each item was scaled from 1 (“not at all”) to 10 (“very much”). Change
scores between the first and second VAS assessment were not significantly
affected by oxytocin (working ability: t(202) =0.56, p=0.575, Cohen’s
d=0.08,95% CI = [—0.32,0.57]; tiredness: t(202) = 0.36, p = 0.720, Cohen’s
d=0.05,95% CI = [—0.48, 0.70]; anxiety: t(202) = 1.71, p = 0.089, Cohen’s
d=0.24, 95% CI = [—0.06, 0.80]; anger: t(202) = 1.84, p =0.068, Cohen’s
d=0.26, 95% CI = [—0.04, 1.04]; conversation ability: t(202) = —0.32,
p=0.749, Cohen’s d = —0.05, 95% CI = [—0.56, 0.40]; interpersonal close-
ness: t(202) = 1.80, p =0.073, Cohen’s d=0.25, 95% CI = [—0.05, 1.09];
concentration: t(202) = 0.86, p = 0.390, Cohen’s d = 0.12, 95% CI = [—0.30,
0.77]; sadness: t(202)=1.20, p=0.232, Cohen’s d=0.17, 95% CI =
[—0.18, 0.73]).

Saliva samples and testosterone assays

Testosterone levels were measured from saliva samples that were collected
by passive drool into a small polystyrene tube at four time points throughout
each session. Saliva samples were collected before oxytocin administration
(Time-1), 25 m after administration (Time-2), right before the intergroup
chicken game (Time-3—approximately 52 m after hormone administra-
tion), and right after the game (Time-4 - approximately 85 m after hormone
administration). Saliva samples were frozen immediately following collec-
tion and stored at —80°C. At the end of the collection period, samples were
assayed in our laboratory using a commercially available competitive
enzyme immunoassay for testosterone (Salimetrics EIA, product number:
1-2402). All samples were run in duplicate, and the sample concentrations
used in the analyses are the averages of the duplicates. Interassay coefficients
of variation were 12.35% for low pools and 6.65% for high pools. The
intrassay coefficient of variation was 5.76%. Samples for which the coeffi-
cient of variation exceeded 15% between duplicates, indicating unreliable
assay results, were excluded from the analyses (overall 10 samples: Time-1—
four samples, Time-2—one sample, Time-3—three samples, Time-4—two
samples). The intrassay coefficient of variation for the remaining samples
was 4.81%. Additionally, testosterone concentrations could not be obtained
for 22 samples due to insufficient saliva provided during the collection
periods (Time-1—six samples, Time-2—four samples, Time-3—four
samples, Time-4—eight samples).

Drug administration

Participants self-administered either 24 IU of oxytocin (three puffs of 4 IU in
each nostril; Syntocinon spray; Novartis, Basel, Switzerland) or a placebo
under the supervision of the experimenter. The placebo included all the
Syntocinon ingredients except the active hormone. The administration of
oxytocin or placebo was randomized within sex to ensure an equal number
of male participants and female participants in every condition. Both the
experimenter and the participants were blind to the drug condition, and
participants could not differentiate between oxytocin and placebo (Fisher’s
exact test, p = 0.551).

Intergroup chicken game

In the intergroup chicken game, participants are assigned to groups of two-
player groups and play against a rival group. At the beginning of each round,
each player receives an endowment of 2 MU, and decides, independently,
whether to keep the endowment or to invest it in the ingroup pool. If the
number of investors in a group exceeds the number of investors in the rival
group, its members receive a bonus of 5 MU each; otherwise, no reward is
given. Investments are not refunded, and players who do not invest their
endowment get to keep it (see Fig. 1 for the payoffs-matrix).

One of the key features of the intergroup chicken game is that it allows
players to signal their intentions (i.e., cheap-talk) during a 29 s period before
their final decision. During this signaling period, players may change their
signals as often as they want. The signal at the end of the 30th s is recorded as
the final decision. Using real data, Supplementary Video 1 shows the

Group A
LI LI L1

. 2,2 5,7 55

Y 2,2 2,2
) 2,2 0,2 5.5

GroupB [ ] 5.7 0.2 0.2
2,2 0,2 0,0

ot 93 55 0,0

Fig. 1 | Payoffs matrix of the intergroup chicken game. The payoffs above the
diagonals are for players in group A, whereas those below the diagonals are for the
players of group B. The first payoff in each cell is for the left player of the group, and
the second is for the right player. I represents 'invest', I represents 'not invest'.

perspective of a player during a single round of play, along with a visuali-
zation of the signals and the final decisions of their foursome (ingroup +
rival group) in this round.

Procedure

To control for diurnal rhythms in circulating oxytocin and testosterone
levels, all experimental sessions were scheduled for 14:00, in keeping with
the recommended guidelines for oxytocin administration studies*. After
signing a written consent form, participants were seated in front of com-
puters in cubicles, the first saliva sample (Time-1) was collected, and par-
ticipants completed the mood assessment measure. Then, participants self-
administered either oxytocin or placebo. Twenty-five minutes after the
administration (in which participants were sitting in the lab with their cell
phones turned off, instructed not to speak, and provided with National
Geographic magazines to read), a second saliva sample (Time-2) was col-
lected, and participants completed an unrelated experiment”. Approxi-
mately 52 m after hormone administration, the third saliva sample (Time-3)
was collected, and participants were block-randomized (stratified by treat-
ment) and assigned to two-player groups. Each group was composed of
either two players who received oxytocin or two players who received pla-
cebo. Groups were composed of either two male participants, two female
participants or one male and one female participant. Participants were not
informed regarding the treatment and sex of their ingroup members and the
outgroup members. Following the groups-assignment and the collection of
the third saliva sample, approximately 55 m after hormone administration,
participants completed 30 rounds of the intergroup chicken game against a
competing group which received the opposite treatment. That is, a group
that was composed of players who received oxytocin played against a group
that was composed of players who received placebo (group-compositions
remained constant throughout the experiment). Participants were not
informed in advance the number of rounds to be played. Participants sig-
naled their investment intentions by pressing (invest signaling) or releasing
(non-invest signaling) the spacebar key. In each round, a brief reminder of
the instructions was displayed at the center of the screen, as well as a
countdown timer and four circles that represented the players’ intention
signaling (see Fig. 2).

When an ingroup member signaled ‘invest’, their circle was colored in
green, and when an outgroup member signaled ‘invest’, their circle was
colored in red. A summary of the decisions and payouts for the round was
displayed on the screen at the conclusion of each round. This summary
included the number of investors in the ingroup, the number of investors in
the outgroup, player’s payoff for this round, and player’s cumulative payoffs.

Following the final round, participants completed a second mood
assessment measure and demographic questionnaire and provided a fourth
saliva sample (Time-4). At the end of the session, points were added up and
cashed in at the rate of 1 Israeli Shekel for each 10 points. Following the
experiment, participants were directed to another room and received pay-
ment privately. Participants were then briefed on the rationale and purpose
of the study and dismissed individually (see Fig. 3 for the experiment’s
timeline).
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Statistical analyses

We conducted multilevel logistic and linear regression analyses with
treatment (placebo/oxytocin), testosterone reactivity, and sex (female/male)
as between-subjects variables. Alpha was set at 0.05 for all analyses.

The structure of our experimental design, in which rounds are nested
within participants, participants are nested within dyads, and dyads are
nested within foursomes, may lead to a violation of the nonindependence
assumption. To account for potential dependency between observations, all
models include participant ID as a random variable. In addition, we assessed
dependence of observations at the dyad and the foursome level by com-
puting the intraclass correlations (ICC). Although Kenny et al. suggested
that at levels with two observations per cluster, an ICC lower than 0.45
allows referring to observations within clusters as independent, without
increasing the chance for type-I error*’; we took a conservative approach by
adjusting standard errors by cluster. We corrected for clustering at the
foursome level in order to allow for correlations among individuals at the
most aggregate level’. We note that our findings are not contingent upon
this analytical decision, as correcting for clustering at the dyad-level did not
substantively affect the significance of the results (see Supplementary
Table 2).

To account for known sex differences in testosterone levels (baseline
levels in our sample; Male participants: M = 150.87, SD =55.11, Female
participants: M =50.96, SD=19.63, t-test on logarithmized values
(192) = —21.12, p < 0.001, Cohen’s d = —3.03, 95% CI of the logarithmized
values difference = [—1.20, —1.00), all testosterone values were standardized
for each sex separately, by anchoring to the mean and the SD of testosterone
concentrations at Time-1. Outliers were winsorized to + 3 SDs (Time-1—
three sample, Time-2—four samples, Time-3—three samples, Time-4—one
sample).

Testosterone reactivity from one time-point to another was assessed by
regressing testosterone levels (standardized by sex) at the later time-point
onto testosterone levels (standardized by sex) at the earlier time-point, and

Round number 1

You received 2 points. You can choose to invest them in your group’s pool (by pressing and
holding the spacebar) or keep them to yourself (by releasing the spacebar).

Time remaining: 00:30

Note that you may change your decision at any time, until the 30 seconds have expired.
Your Other Team Other Team
partner player A player B

OO OO

Fig. 2 | Example of screen layout during the intergroup chicken game. Whenever
ingroup member pressed the spacebar key (invest intention signaling) their circle
was colored in green. Whenever an outgroup member pressed the spacebar key
(invest intention signaling) their circle was colored in red.

saving the unstandardized residuals”’. For example, testosterone reactivity
from Time-3 (pregame) to Time-4 (post-game) was assessed by the
unstandardized residuals of regressing testosterone levels at Time-4 onto
testosterone levels at Time-3. Since the residuals represent changes in tes-
tosterone levels that are not explained by testosterone levels at the earlier
time-point, this reactivity assessment is statistically independent of testos-
terone levels at the earlier point. We note that our findings are also not
contingent upon this method of measuring testosterone reactivity, as
measuring testosterone reactivity as ratio of testosterone levels between
time-points, or absolute change in testosterone levels did not substantively
affect the significance of the results (see Supplementary Note 3 and Sup-
plementary Tables 3, 4).

To interpret null results, we performed the two one-sided test (TOST)
procedure for equivalence testing. To so do, we first conducted sensitivity
analyses to determine the smallest effect size that our models could detect
with a statistical power of 0.8. We used Monte Carlo simulations for multiple
effect sizes. For each effect size, we generated 1000 simulated datasets that
were based on the characteristics of our sample (that is, the proportion of
oxytocin and sex, and the mean and SD of testosterone reactivity), and on
the parameters of the mixed logistic models that were conducted on the
observed data. For each simulated dataset, we conducted the relevant
regression model. We calculated the statistical power as the proportion of
datasets, out of 1000, with odds ratios (OR) that differ significantly from 1.
The smallest effect size that reached a statistical power of 0.8 was used as our
equivalence bounds. We concluded that the test was statistically equivalent
only if its 90% confidence intervals (CI), which represent an alpha level of
0.05, lied entirely within the equivalence bounds™.

We used Stata (version 17.0)” to perform statistical analyses and
generate Monte Carlo simulations, and R software (version 4.1.1)” to
generate plots.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

We conducted a series of multilevel logistic regressions to examine the
factors affecting players’ decisions whether to invest (or keep) their
endowment across the 30 rounds of the intergroup chicken game. All
analyses in the main text, unless otherwise specified, include participant ID
as a random variable, and standard errors clustered by foursome (this
denotes the members of both teams; for further details, see statistical analysis
in the Method section).

How do situational cues affect the likelihood to invest?

Before examining the biological factors that affect players’ investments, we
first provide a general description of behavior in the game. On average,
participants invested in 61.69% (SD =19.33%) of the rounds and earned
2.62 MU (SD =2.12 MU) per round. Consistent with previous research®,
these outcomes show a stark deviation from economic models of rational
behavior (see Supplementary Note 4 and Supplementary Fig. 2 for more

Fig. 3 | Experiment timeline. Schematic timeline of Unrelated o .
i i Rest Experiment r emographic
the experimental session. ‘ ‘ Intergroup Questiginiifes
Intranasal | ! r ! Chicken-Game’ ,—%
- St
I | Application | | I 1 aradigm I |
Time (min) -10 -5 0 +25 430 +52 +55 +80 +85
DA ¢ 30 rounds of the *
oT ‘Intergroup
Chicken-Game’
Placcho OT groups vs.

Yo Saliva Sample

placebo groups

. Visual Analogue Scale
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Table 1 | Differences between the association of investment
and signal at the 29th sec to signals at sec 1-28

Contrast Odds ratio P. value 95% ClI

sec 1 vs. sec 29 0.28 < 0.001 [0.18, 0.42]
sec 2 vs. sec 29 0.30 < 0.001 [0.20, 0.46]
sec 3 vs. sec 29 0.31 < 0.001 [0.21, 0.47]
sec 4 vs. sec 29 0.33 < 0.001 [0.23, 0.48]
sec 5 vs. sec 29 0.34 < 0.001 [0.24, 0.50]
sec 6 vs. sec 29 0.35 < 0.001 [0.25, 0.51]
sec 7 vs. sec 29 0.36 < 0.001 [0.24, 0.52]
sec 8 vs. sec 29 0.38 < 0.001 [0.25, 0.55]
sec 9 vs. sec 29 0.37 < 0.001 [0.25, 0.54]
sec 10 vs. sec 29 0.37 < 0.001 [0.26, 0.53]
sec 11 vs. sec 29 0.38 < 0.001 [0.27, 0.55]
sec 12 vs. sec 29 0.39 < 0.001 [0.27, 0.56]
sec 13 vs. sec 29 0.38 < 0.001 [0.26, 0.55]
sec 14 vs. sec 29 0.38 < 0.001 [0.26, 0.55]
sec 15 vs. sec 29 0.38 < 0.001 [0.26, 0.55]
sec 16 vs. sec 29 0.38 < 0.001 [0.26, 0.55]
sec 17 vs. sec 29 0.40 < 0.001 [0.28, 0.58]
sec 18 vs. sec 29 0.41 < 0.001 [0.28, 0.59]
sec 19 vs. sec 29 0.40 < 0.001 [0.28, 0.58]
sec 20 vs. sec 29 0.41 < 0.001 [0.29, 0.56]
sec 21 vs. sec 29 0.42 < 0.001 [0.30, 0.58]
sec 22 vs. sec 29 0.42 < 0.001 [0.31, 0.58]
sec 23 vs. sec 29 0.42 < 0.001 [0.31,0.57]
sec 24 vs. sec 29 0.46 < 0.001 [0.34, 0.61]
sec 25 vs. sec 29 0.46 < 0.001 [0.35, 0.60]
sec 26 vs. sec 29 0.50 < 0.001 [0.40, 0.63]
sec 27 vs. sec 29 0.61 < 0.001 [0.51,0.71]
sec 28 vs. sec 29 0.68 < 0.001 [0.59, 0.79]

Post hoc contrasts of the differences between the association of signals at the 29th sec and players'
likelihood to invest to the associations of each of the preceding 28 s of the signaling period and
players' likelihood to invest. P values were Bonferroni corrected for 28 comparisons.

details). We also examined how situational cues that players encountered
affected their decisions to invest (or keep) their endowments. These cues
include the current signals from other players in the seconds leading up to
the final decision for each round, and the previous history of investment
outcomes by ingroup and outgroup members.

Players’ signals

We first examined the association between players’ investments and their
own signals to invest (or not). Rounds in which players ended up investing
their endowment differed from rounds in which they did not in the
duration of time in which players signaled ‘invest’. Within the 29 s sig-
naling period, players who ended up investing their endowment signaled
‘invest’ for 18.03 s (SD = 11.01 s), while players who did not invest their
endowment signaled ‘invest’ for only 13.03s (SD=11.37s; b=4.06,
SE =0.44, p <0.001, Cohen’s f*=0.04, 95% CI = [3.21, 4.92]). For each
additional second that players signaled ‘invest” the likelihood that they
would actually invest was increased, on average, by 0.93% (OR = 1.05,
SE =0.005,p < 0.001,95% CI=[1.04, 1.06]; See Supplementary Fig. 3-4 for
the distribution of signals by second, treatment, and sex). There was also a
first-mover advantage for signaling; the first player in the foursome who
signaled ‘invest” increased the chances that their team won the round,
regardless of subsequent changes in the signal (OR=1.55, SE=0.28,
p=0.013,95% CI = [1.10, 2.21]).

We next examined whether the effects of signaling were more pro-
nounced in the seconds leading up to the final decision in each round.
During each round of play, all four players signal their intentions (to invest
or not); however, the final decision is only fixed at the end of the 30th s at
each round. Thus, while such signals are not binding, they nevertheless
represent the general intentions of the other players. The association
between signaling ‘invest’ and actually investing strengthened with each
passing second of the signaling period (OR =1.02, SE =0.003, p <0.001,
95% CI = [1.02, 1.03]). Post hoc contrasts with Bonferroni correction show
that the association between signals at the 29th s—the last second of the
signaling period—with players’ likelihood to invest was stronger compared
to the associations between signals of each of the preceding 28 s (contrasts
range = [0.38, 0.68], all p’s < 0.001; see Table 1); we therefore used players’
signals at the 29th s to represent other players intentions at the time when
final investment decisions were made.

Players’ final investment decisions were influenced by the signaling
behavior of their fellow ingroup member and the opposing outgroup. In
cases where the ingroup member signaled ‘invest’ at the 29" s, players were
themselves more likely to invest (OR = 3.48, SE = 0.43, p < 0.001, 95% CI =
[2.74, 4.42]). Meanwhile, when opposing outgroup members signaled
‘invest’ at the 29th s, players were less likely to invest (OR = 0.50, SE = 0.04,
P <0.001, 95% CI = [0.43, 0.59]).

How do prior ingroup and outgroup investment decisions affect
the likelihood to invest?

To account for the investments of other players in previous rounds, we
calculated a rolling average of investments from the first round to the
previous round for the fellow ingroup member (ranging between 0 and 1)
and for outgroup members (ranging between 0 and 2). A higher rate of
previous investments of the ingroup member increased players’ likelihood
to invest (OR = 2.09, SE = 0.36, p <.001, 95% CI = [1.49, 2.93]). Previous
investments of the outgroup members, however, were not significantly
related to players’ likelihood to invest (OR = 0.83, SE = 0.14, p =.248, 95%
CI = [0.60, 1.14]).

How do oxytocin, testosterone reactivity, and sex affect the
likelihood to invest?

Next, we examined how investments were affected by oxytocin adminis-
tration, testosterone reactivity during the intergroup chicken game, and sex.
Testosterone reactivity was not dependent on oxytocin, time, or the oxy-
tocin X time interaction (see Supplementary Note 5).

An analysis of the main effects for oxytocin, testosterone reactivity, and
sex showed that while each factor on its own was significantly related to the
number of seconds players signaled ‘invest’ (see Supplementary Note 6),
there were no significant main effects of oxytocin (OR=0.77, SE=0.17,
Pp=0.236,95% CI = [0.51, 1.18]), testosterone reactivity (OR =1.07, SE =
0.19, p=0.700, 95% CI = [0.76, 1.51]), or sex (OR=1.06, SE=0.15,
p=0.679, 95% CI = [0.81, 1.39]) on the final investment decision (see
Table 2 Model 1), or on the association between ‘invest’ signals with the final
decision (see Supplementary Note 6, Supplementary Fig. 5, and Supple-
mentary Tables 5, 6 for additional signaling analysis). A model examining
the two-way interactions between oxytocin, testosterone reactivity, and sex
showed a significant oxytocin X sex interaction (OR=1.79, SE =0.46,
p=0.025,95% CI = [1.08, 2.98]; see Table 2 Model 2). In male participants,
the likelihood to invest the endowment did not differ between oxytocin or
placebo (OR = 1.00, SE = 0.24, p = 0.996, 95% CI = [0.62, 1.62], equivalence
bounds = [0.59, 1.69], 90% CI = [0.67, 1.50]). However, female participants
under oxytocin were less likely to invest compared to female participants
under placebo (OR=0.56, SE=0.13, p=0.015, 95% CI = [0.35, 0.89]).
Neither the oxytocin X testosterone reactivity (OR=0.87, SE=0.27,
p=0.650, 95% CI = [0.47, 1.60]) nor the sex x testosterone reactivity
(OR=1.04, SE=0.35, p=0.904, 95% CI = [0.54, 2.02]) interactions sig-
nificantly predicted the probability to invest.

Most importantly, the three-way interaction between oxytocin, tes-
tosterone reactivity, and sex significantly predicted the likelihood of
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Table 2 | Multilevel logistic regression models of the players'
likelihood to invest

Model (1)) 2 (3) (4) (6)
Oxytocin 0.77 0.58 0.59 0.63 0.67
[0.51,1.18] [0.35,0.94] [0.37,0.95] [0.41,0.96] [0.43,1.02]
p=0236 p=0.026 p=0.029 p=0.034 p=0.061
Male dummy 1.06 0.79 0.80 0.80 0.81
[0.81,1.39] [0.51,1.22] [0.52,1.23] [0.54,1.20] [0.54,1.20]
p=0.679 p=0.285 p=0.311 p=0.285 p=0.291
Testosterone 1.07 1.1 0.80 0.77 0.74
reactivity® [0.76,1.51] [0.63,1.93] [0.40,1.61] [0.41,1.48] [0.39,1.42]
p=0.700 p=0726 p=0.535 p=0.439 p=0.363
Oxytocin x Male 1.79 1.78 1.85 1.75
[1.08,2.98] [1.09,2.93] [1.12,3.06] [1.03,2.94]
p=0.025 p=0.022 p=0.016 p=0.037
Oxytocin x Testos- 0.87 1.80 1.98 213
terone reactivity [0.47,1.60] [0.72,4.51] [0.81,4.85] [0.89,5.07]
p=0650 p=0210 p=0.136 p=0.089
Male x Testoster- 1.04 2.35 2.49 2.68
one reactivity [0.54,2.02] [0.92,5.99] [1.03,6.00] [1.12,6.38]
p=0904 p=0.074 p=0.043 p=0.026
Oxytocin x Male x 0.20 0.14 0.12
Testosterone [0.06,0.65] [0.04,0.43] [0.04,0.39]
reactivity p=0.007 p =0.001 p <0.001
Ingroup member’s 3.62 3.70
signal at the 29th s [2.86,4.58] [2.89,4.73]
p <0.001 p <0.001
Outgroup mem- 0.50 0.50
bers’ signals at the [0.43,0.59] [0.42,0.59]
2%th s p <0.001 p <0.001
Prior investments 2.04
of ingroup member [1.39, 3.01]
p <0.001
Prior investments 1.02
of outgroup [0.76,1.38]
members p=0.872
Constant 1.99 2.30 2.28 2.43 1.51
[1.50,2.65] [1.64,3.22] [1.63,3.19] [1.74,3.41] [0.91,2.52]
p <0.001 p <0.001 p <0.001 p <0.001 p=0.107
Log —3583.90 —3581.59 —3578.71 —3296.38 —3155.00
Pseudolikelihood
AIC 7177.79 7179.19 7175.43 6614.76 6335.995
BIC 7211.09 7232.46 7235.36 6688.01 6422.12
Number of 192 192 192 192 192
Participants
Number of 5760 5760 5760 5760 5568°

Observations

Factors contributing to the investment decision per round, were assessed via a repeated multilevel
mixed effect logistic regression model. Male dummy = 1 if participant is male, 0 otherwise. Values in
each cell represent odds ratios. Brackets contain 95% confidence intervals. Standard errors were
clustered by foursomes.

“Testosterone reactivity was assessed by regressing testosterone levels (standardized by sex)
following the completion of the intergroup chicken game onto testosterone levels (standardized by
sex) before the game was initiated and saving the unstandardized residuals.

®Model 5 does not include the first round since there are no prior investments.

investing (OR = 0.20, SE = 0.12, p = 0.007, 95% CI = [0.06, 0.65]; see Table 2
Model 3, Fig. 4, and Supplementary Fig. 6). In female participants, testos-
terone reactivity was not significantly associated with the decision to invest,
neither under placebo (OR=0.80, SE=10.29, p =0.549, 95% CI = [0.39,
1.64], equivalence bounds = [0.65, 1.53], 90% CI = [0.44, 1.46]), nor under
oxytocin (OR =144, SE = 0.38,p = 0.171,95% CI = [0.86, 2.41], equivalence
bounds = [0.65, 1.54], 90% CI = [0.93, 2.22]). In contrast, in male partici-
pants, the testosterone reactivity x oxytocin was a significant predictor of
investments (OR = 0.35, SE = 0.13, p = 0.006, 95% CI = [0.17, 0.74]); while
under placebo, testosterone reactivity was a significant predictor of the
probability to invest (OR = 1.89, SE = 0.60, p = 0.045, 95% CI =[1.01, 3.53]),
under oxytocin it was not (OR = 0.67, SE = 0.20, p = 0.167, 95% CI = [0.37,
1.18], equivalence bounds = [0.59, 1.69], 90% CI = [0.41, 1.08]). This three-
way interaction was specific to testosterone reactivity, as pregame

testosterone levels were also not a significant predictor of investments either
asamain effect (OR = 1.07, SE = 0.07, p = 0.325,95% CI = [0.94, 1.21]), or in
interaction with sex and oxytocin (OR = 0.73, SE = 0.20, p = 0.258,95% CI =
[0.43, 1.26]).

To examine the specificity of the three-way interaction (oxytocin x
testosterone reactivity x sex) on the decision to invest, we tested whether
these interactive effects could be accounted for by the situational cues (i.e.,
other players’ signals, and investments at prior rounds). The effect of the
oxytocin X testosterone reactivity x sex interaction on the likelihood to
invest remained significant after controlling for other players’ signals
(OR=0.14, SE=0.08, p = 0.001, 95% CI = [0.04, 0.43]; see Table 2 Model 4)
and for investments of other players in previous rounds (OR=0.12, SE =
0.07, p <0.001, 95% CI = [0.04, 0.39]; see Table 2 Model 5). An alternative
situational factor for the investments of other players in previous rounds
that could account for the effect of the oxytocin x testosterone reactivity x
sex interaction on the likelihood to invest is round number. While round
number, by itself, significantly predicted the likelihood to invest (OR = 1.01,
SE =0.004, p =0.009, 95% CI = [1.003, 1.02]; see Supplementary Table 7),
the three-way interaction on the likelihood to invest remained significant
even after controlling for round number (OR =0.20, SE =0.12, p =0.007,
95% CI = [0.06, 0.64]; see Supplementary Table 7).

Interestingly, while oxytocin, testosterone reactivity, and sex predicted
investment decisions, they were not related to the payoffs participants
received (ordinal mixed regression: OR = 0.62, SE = 0.34, p = 0.374, 95% CI
=1[0.21, 1.79], equivalence bounds = [0.24, 4.18],90% CI = [0.25, 1.51]). This
is because investment decisions can lead to either higher or lower payoffs,
depending on context.

Does the interaction between oxytocin and testosterone reac-
tivity on investment persist across contexts?

The strong predictive effect of signals at the 29th s on the final decision
(OR =6.68, SE = 0.96, p < 0.001, 95% CI = [5.04, 8.85]) suggests that players
could use these signals to intuit the final decision of the other players during
the game. To further understand the nature of the oxytocin x testosterone
reactivity interaction effect on the likelihood to invest in male participants,
we examined this effect across different scenarios in the game. These sce-
narios were defined based on the signals of the other players in the foursome,
in the last second (29th s) prior to the final decision.

In some scenarios, investments can be seen as monetary-driven, insofar
as an investment results in increased earnings for the player. For example,
when investing the endowment is likely to make the difference between a tie
and a victory, given the signals of the other players at the last second before
the final decisions. In these scenarios, the payoffs when investing the
endowment (5 MU) are likely to be higher compared to keeping it (2 MU).
However, in other scenarios, the motivation to invest may be driven by other
considerations. For example, investing the endowment when it is not likely
to make the difference between a tie to a victory (e.g., when the two members
of the outgroup signal that they are going to invest) would result in lower
payoffs (0 MU) than keeping it (2 MU). Under such scenarios, investments
may be driven by other considerations such as status-seeking, and social
dominance signaling.

We conducted exploratory analyses to examine the roles of testoster-
one and oxytocin on decisions in these two different contexts, we regressed
the likelihood to invest on the oxytocin x testosterone reactivity interaction
in male participants for each scenario. For scenarios in which investments
were expected to increase payoffs, the oxytocin X testosterone reactivity
interaction was not a significant predictor of the likelihood to invest
(OR=0.51, SE=0.38, p=0.368, 95% CI = [0.12, 2.19]; see Fig. 5a). In
contrast, for scenarios in which investments were expected to decrease
payoffs, the interaction between oxytocin to testosterone reactivity sig-
nificantly predicted the likelihood to invest (OR = 0.33, SE = 0.12, p = 0.002,
95% CI = [0.16, 0.66]; see Fig. 5b). That is, while under placebo, testosterone
reactivity was significantly associated with a greater number of
nonmonetary-driven investments (OR =2.06, SE=0.63, p=0.018, 95%
CI=[1.13,3.75]); under oxytocin it was not (OR = 0.68, SE = 0.20, p = 0.187,
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Fig. 4 | Likelihood to invest by oxytocin, testos- a b
terone reactivity, and sex. Plots of the relationship Female participants Male participants
between testosterone reactivity during the inter- 100%1 100%4
group chicken game, treatment condition (oxytocin =
vs. placebo), and the likelihood of participants to g 80%1 80%1
invest their endowment. Plots are shown separately £
- . 2 60%/ 60% 1
for female participants (a) and male participants (b). hey
o
Testosterone reactivity is based on residuals of pre- £ 40%1 40% 1
dicting testosterone levels (standardized by sex) el
after the intergroup chicken game by testosterone O 20%1 20%11
levels (standardized by sex) before the game. Shaded ) 0%
0, i .
a;easéeprels:(; 95}3" Conﬁden(czgnter‘.’alls' Pan)el an 20 -5 -10 05 00 05 10 15 20 20 -5 -10 05 00 05 10 15 20
= t t ts), .. .
place (,) observa .10.118 participants), i Testosterone reactivity (standardized)
oxytocin = 1410 (47 participants). Panel b: n placebo
= 1410 observations (47 participants), n oxytocin = Placebo Oxytocin
1500 observations (50 participants).
Fig. 5 | Male participants' likelihood to invest by a b
oxytocin, testosterone reactivity, and monetary Monetary driven investments Non-monetary driven investments
considerations. Plots of the relationship between
testosterone reactivity during the intergroup 100% v 100%
chicken game, oxytocin, and the likelihood of male g 0% 0%
participants to invest their endowment. Plots are E
shown separately for monetary driven investments = 60% 60%
. . o
- =]
(a) and non moneFa-ry grlven 1nvestm‘ents (b). 2 so% 400
Testosterone reactivity is based on residuals of pre- E
dicting testosterone levels (standardized by sex) 3 20% 20%
after the intergroup chicken game by testosterone
0% 0%
levels (standardized by sex) before the game. Shaded
X ’ -20 -1.5 -1.0 -0.5 00 05 1.0 15 20 -20 -1.5 -1.0 -05 0.0 05 1.0 15 20
areas represent 95% confidence intervals. Panel a: n w :
K . Testosterone reactivity (standardized)
placebo = 374 observations (44 participants), n
oxytocin = 347 (49 participants). Panel b: n placebo 4| Placebo [# Oxytocin
p p p

= 1036 observations (47 participants), n oxytocin =
1153 observations (50 participants).

95% CI = [0.38, 1.21]). This interaction indicates that, in male participants,
the general effect of the oxytocin x testosterone reactivity interaction on the
likelihood to invest was driven, in part, by non-monetary considerations.

Discussion
Current theories on the neurobiology of intergroup behavior postulate a
central role for neuroendocrine systems. To date, despite an increased
appreciation that neuroendocrine axes influence each other’"”, research
examining the role of oxytocin and testosterone on human intergroup
behavior has largely focused on their independent effects'>*">". In this
study, we show that oxytocin and testosterone interact to shape competitive
behavior within and between groups. In male participants, under placebo,
rises in testosterone levels were associated with aggressive behavior towards
the outgroup. Intranasal administration of oxytocin diminished this asso-
ciation. This oxytocin by testosterone interaction was specific to male par-
ticipants, as in female participants, there was no credible evidence for an
association between testosterone reactivity and outgroup aggression.
Previous research has linked testosterone reactivity to aggressive
behavior in male participants in the context of competition between
individuals™***. Our findings extend this to show that testosterone reac-
tivity increases aggression between competing groups as well. Interestingly,
within the context of intergroup conflict, aggressive actions toward the
outgroup take on a radically different purpose, as they weaken the relative
strength of the outgroup and, therefore, serve to bolster the relative standing
of the ingroup™. Our findings suggest that for male participants, testoster-
one reactivity indexes group status against competing outgroups. This is
particularly evident when comparing monetary vs. non-monetary

investments. Greater testosterone reactivity predicted increased invest-
ments despite no immediate monetary benefit. Such behavior could be
interpreted either as a signal to fellow ingroup members to spur investment,
or as a threat to outgroup members to encourage them to shy away from
investing. In either case, rather than promoting selfish behavior, testoster-
one reactivity is related to costly status-seeking behavior’*™, which can be
either pro or antisocial depending on context”. In female participants,
however, we found no evidence for an association between testosterone
reactivity and aggressive behavior neither under placebo nor under oxyto-
cin. This finding is in line with research showing that the association
between testosterone reactivity and competitiveness is more prominent in
male participants than female participants™***’. Our findings suggest that in
female participants, oxytocin acts independently to regulate behavior.
Another possibility is that in female participants, oxytocin regulates the
association between aggressive behavior and other sex hormones (estrogens,
progesterone, follicle-stimulating hormone, luteinizing hormone), which
were not assessed directly here.

Ongoing research demonstrates that the effects of oxytocin are not as
simple as initially hypothesized. Effects of intranasal oxytocin are often sex-
specific, context-dependent, and interact with other hormones™*". Here we
show that rather than affecting behavior directly, oxytocin’s most pro-
nounced effect in male participants was moderating the association between
testosterone and behavior, an effect consistent with previous studies™”.
Evolutionary theories have suggested that in various living organisms, there
is an interesting tradeoff between competitive behaviors and behaviors that
enhance the welfare of others (e.g., parenting, cooperation)®. In male par-
ticipants, oxytocin diminishes the association between testosterone reac-
tivity and aggressive behavior, possibly by promoting tending behaviors
such as parenting and romantic relations™*. In female participants,
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however, oxytocin directly decreased competitive behavior towards the
outgroup. These findings are consistent with the idea that the biological
mechanism underlying behavior during intergroup conflict may differ by
sex. While in males, testosterone is responsible for regulating behavior, in
females, it is oxytocin which regulates behaviors that are carried out to
reduce risk for offspring'>*”. While previous studies (in rodents) have shown
that oxytocin may also modulate aggression in females, this role for oxytocin
appears to be highly species and context specific. For example, while in
female Syrian hamsters, oxytocin inhibits aggression®, in female rats, the
direction of the effect of oxytocin is modulated by trait anxiety”. Thus, our
findings support an accumulating body of evidence showing that the effects
of oxytocin may be conditioned on species, sex, trait background, and
context”"®.

The neurobiological mechanism underlying the moderating effect of
oxytocin on the association between testosterone and behavior is not fully
understood. However, this effect may be driven by the opposing effects of
oxytocin and testosterone reactivity on brain regions that are involved in the
expression of human aggression; the amygdala, which plays an important
role in threat processing” and the orbitofrontal cortex (OFC), which is
related to self-control and to the inhibition of impulsive behaviors™. While
amygdala reactivity in the face of a threat is associated with higher incli-
nation for aggressive responses’"”’; in contrast, activity of the OFC, and its
functional connectivity with the amygdala are related to the inhibition of
impulsive aggression”"”". Previous studies have shown that rapid rises in
testosterone levels enhance amygdala reactivity”’, decrease OFC
reactivity”’, and suppress functional connectivity between these two
regions””’. Taken together, these findings have led to the idea that in the face
of social threat, elevated testosterone levels increase the motivation for
aggression by its effects on the amygdala, and suppress the inhibition of
impulsive aggression by its effects on the OFC, and the amygdala-OFC
connectivity”. Consistent with this idea, higher rates of investments, in our
study, were associated with testosterone reactivity. Oxytocin administration,
however, diminished the association between testosterone reactivity and
investments. A finding consistent with previous studies showing that oxy-
tocin decreases amygdala reactivity”, increases OFC reactivity’', and
strengthens the connectivity between them®, in response to social threat or
competition.

Our study also sheds light as to the role of intention signaling in
predicting and modulating aggressive behavior. While these effects were not
affected by the oxytocin x testosterone reactivity interaction, they never-
theless provide novel insights as to the type of information players convey
during an intergroup conflict, and how such signals influence the behavior
of others. Players increased their investments in response to ‘invest’ signals
of their fellow ingroup members and decreased their investment in response
to such signals from the outgroup members. While this may seem trivial at
first look, the reward structure of the intergroup chicken game induces
players to establish themselves as investors to the outgroup, and simulta-
neously, as non-investors to their fellow ingroup member™. This structure
also implies that players cannot commit themselves to any given action™.
Nevertheless, our findings show that being the first player in a foursome to
signal ‘invest’ increases the chances to win the round. Thus, despite being
nonbinding, these intention signals were meaningful and positively corre-
lated with participants’ final decisions. Participants who ended up investing
signaled ‘invest’ on average for 5 seconds more than participants who ended
up not investing. This stands in contrast to game theoretical predictions,
which argue that signals can be reliable only if they are difficult or impossible
to cheat or too costly to bluff”. In contrast, our findings are in line with
animal research, which have observed honest aggressive signals in several
bird species, despite the ease of cheating or low cost of bluffing*. This is also
consistent with evolutionary biology theories which suggest that honest
system of aggressive signals can be evolutionary stable if the correlation
between aggressive signals and behavior is positive but imperfect™.

An alternative explanation is that such signaling is not intended to
threaten outgroup members, but rather to encourage ingroup members to
invest. While a clean separation of these motivations is not possible given

our study design, the finding that the ingroup partner’s history of invest-
ment in previous rounds predicted the player’s current investment deci-
sions, while outgroup history of behavior in previous rounds was not related
to the player’s decision suggests that ingroup coordination rather than
outgroup derogation may also be a prominent motivation®. Future research
will be needed to disentangle these competing mechanisms.

Limitations

There are several limitations to our study that should be acknowledged.
First, participants in our study completed the intergroup chicken game at 55
to 80 m after oxytocin administration. While there is no clear consensus
regarding the putative window by which the effects of intranasal oxytocin on
brain and behavior are the most prominent"’, some studies suggest that the
most robust responses occur within a range of 45-70% minutes; raising one
possible explanation regarding the insignificant main effect of oxytocin
administration in male participants, due to waning oxytocin effects over
time. In contrast, several other studies demonstrate more prolonged effects
of oxytocin administration, suggesting that our behavioral window is within
the time range of oxytocin effect” . To test for this possible issue, we
conducted additional analyses in which we examined separately the beha-
vioral results from 55-70 minutes and 70-80 minutes. The results are largely
consistent across the two timeframes (see detailed results in Supplementary
Table 8), suggesting that the extended experimental timeline did not lead to
an attenuation of effects.

Second, although the sample used in this study included a mixed-sex
sample and is one of the largest to date in the field of oxytocin administration
and testosterone reactivity, given our sample size, we were well-powered to
detect three-way interactions of large effect size, but only moderately
powered to detect effects of medium effect size, and not adequately powered
to detect three-way interactions of small effect sizes. Although our observed
effect size is medium to large, initial discoveries often over-inflate effect
sizes™, and thus, future replications, with larger sample sizes and/or pre-
registration, will be needed to verify our results.

Third, our study examined biological differences between males and
females, and consequently, we report sex-based differences in neuroendo-
crine activity and behavior. However, social behaviors, such as intergroup
conflict, are also the product of socially constructed roles and cultural
context”. Future research would benefit by dissociating the roles of sex and
gender in contributing to these processes.

Conclusion

In conclusion, our findings extend the evidence base for the sex-specific
effects of testosterone reactivity and oxytocin on human social behavior.
Furthermore, these findings suggest an additional path for the dual influ-
ence of oxytocin and testosterone on human social behavior, by showing
that within the context of intergroup contflict, the interaction between these
hormones modulates aggressive behavior for the benefit of the ingroup.
Consequently, our study provides insights into the neuroendocrine pro-
cesses that underlie aggressive behavior in humans.

Data availability
Access to the experimental data that support the findings of this study can be
obtained through the OSF repository via this link.

Code availability

Analysis code can be obtained through the OSF repository via the same link
as the data.
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