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Abstract Intergroup conflict contributes to human discrimination and violence, but persists
because individuals make costly contributions to their group'’s fighting capacity. Yet, how group
members effectively coordinate their contributions during intergroup conflict remains poorly
understood. Here, we examine the role of oxytocin for (the coordination of) contributions to group
attack or defense in multi-round, real-time feedback intergroup contests. In a double-blind
placebo-controlled study with N = 480 males in Intergroup Attacker-Defender Contests, we found
that oxytocin reduced contributions to attack and over time increased attacker’s within-group
coordination of contributions. However, rather than becoming peaceful, attackers given oxytocin
better tracked their rival’s historical defense and coordinated their contributions into well-timed
and hence more profitable attacks. Our results reveal coordination of contributions as a critical
component of successful attacks and subscribe to the possibility that oxytocin enables individuals
to contribute to in-group efficiency and prosperity even when doing so implies outsiders are
excluded or harmed.
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United States (Bar-Tal et al., 2007, Boyd and Richerson, 1982; Choi and Bowles, 2007; De Dreu et al., 2010;
Macfarlan et al., 2014). Out-group hostility and aggression serves to subordinate and exploit rival-
ing out-groups (henceforth out-group attack), and/or to defend the in-group against such hostility
from neighboring groups (henceforth in-group defense) (De Dreu et al., 2016a; Halevy et al.,
2008; Rusch, 2014a; Rusch, 2014b; Lopez, 2017; Wrangham, 2018). Recent work has showed that
individuals are more strongly motivated to contribute to defend one’s own group than to attack out-
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redistribution provided that the groups and, importantly, that out-group attacks frequently fail because individual contributions to
original author and source are out-group attacks are poorly coordinated (De Dreu et al., 2016a). Indeed, attacking rivals who are
credited. expected to have strong defenses more likely results in failure and waste, than attacking groups
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elLife digest Conflict between groups is a recurring theme in human history. We tend to form
social bonds with others who share the same characteristics as ourselves, whether that is nationality,
ethnicity, or supporting the same football team. Individuals that belong to the same group as us
comprise our ‘in-group’. All other individuals make up our ‘out-groups’. Competition and conflict
with out-groups — from benign sporting rivalry to warfare — has a key role in shaping human cultures
and societies.

Such conflict often requires individuals to act in ways that harm their own self-interests. It also
requires them to coordinate their actions with other members of their in-group. How does our
biology drive this behavior? When small groups prepare for conflict with other groups, they often
perform social bonding routines and rituals. These trigger the brain to release a hormone called
oxytocin into the bloodstream. Known as the ‘love hormone’, oxytocin helps promote pair bonding
as well as social bonding with in-group members. Studies in both humans and monkeys show that
boosting oxytocin levels artificially via a nasal spray makes individuals more trusting and
cooperative.

But Zhang et al. now show that the ‘love hormone’ also helps individuals launch more
coordinated attacks on out-groups. In a study involving a multi-round contest between groups of
attackers and defenders, oxytocin did not make attackers less aggressive. Instead it enabled them
to better coordinate their attacks. Attackers who used an oxytocin nasal spray were better at
tracking their rivals’ defensive strategies than attackers whose nasal spray contained a placebo.
Under the influence of oxytocin, the attackers timed their strikes to occur when their rivals were
vulnerable. Over time, the oxytocin users became better at coordinating their behavior with other
members of their in-group. This resulted in more earnings.

Success — and even survival — in intergroup conflicts depends on how willing individuals are to
make contributions that incur a personal cost. They also depend on how well individuals coordinate
their contributions. Social strategies, such as leading by example, and neurobiological mechanisms
such as oxytocin can both help achieve the coordination needed to exploit out-group rivals.

DOI: https://doi.org/10.7554/eLife.40698.002

expected to be weak and defenseless (De Dreu et al., 2016c; Grossman and Kim, 2002,
Goeree et al., 2003). Thus, to succeed in intergroup competition and conflict, group members not
only need to contribute to their group’s competitive strength, but they also need to coordinate
within their group the intensity and timing of attacks.

How group members coordinate behavior into effective joint actions during intergroup competi-
tion and conflict remains poorly understood (De Dreu et al., 2016a) and we lack insight into the
underlying neurobiological mechanism. Here, we target the neuro-hormone oxytocin as a neurobio-
logical mechanism underlying within-group coordination of out-group attack in dynamic intergroup
contests. Studies in ethnography and anthropology have shown that small groups preparing for
intergroup conflict build cohesion and commitment through social bonding routines and rituals.
Groups selectively invite friends to join a raid (Glowacki et al., 2016), bond like family
(Macfarlan et al., 2014), and engage in cultural rituals that simulate self-sacrifice, cooperation and
coordination (Xygalatas et al., 2013). Neuroendocrine studies (Burkett et al., 2016; Carter, 2014,
Ma et al., 2016b; Samuni et al., 2017) have linked these and related practices to the release of oxy-
tocin, a nine-amino acid neuropeptide. In turn, intranasal administration of oxytocin has been shown
to modulate neural responses in brain regions involved in threat detection and reward processing
(Ma et al., 2016b; Paloyelis et al., 2016; Wang et al., 2017, Liu et al., 2019). Moreover, in both
non-human and human primates, elevated levels of oxytocin via intranasal administration have been
linked to a range of cognitive and behavioral effects including within-group conformity, trust, affilia-
tion, and cooperation (Arueti et al., 2013; Aydogan et al., 2017, De Dreu et al., 2010;
Madden and Clutton-Brock, 2011; Rilling et al., 2012; Samuni et al., 2017; Stallen et al., 2012;
Yan et al., 2018).

Whereas these work together point to oxytocin as a possible neurobiological mechanism underly-
ing group coordination, three issues remain unclear. First, we lack empirical evidence for the
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possibility that oxytocin promotes group-level coordination of collective action in general, and dur-
ing intergroup competition and conflict in particular. Second, we poorly understand how group
members coordinate collective action during intergroup competition and conflict, and whether oxy-
tocin can directly influence coordination and/or the strategy group members use to coordinate.
Third, we do not know whether oxytocin differentially modulates tacit coordination within groups
when collective contributions are focused on attacking one's rival, versus defending the in-group
against possible attacks by one’s rival.

To address these issues, we examined the role of oxytocin in 80 interactive, multi-round contests
between three-person attacker and three-person defender groups. Group members on each side
made individual contributions to their group pool (aimed at attacking the other side, or at defending
against such possible attacks). We provided individuals with real-time feedback on group invest-
ments and success after each contest round, which allowed group members to learn and adapt to
their rival’s past investments, and use the history of play as a focal point to coordinate their future
attacks and defenses. Indeed, when lacking explicit coordination mechanisms such as a leader or
decision-making protocols (De Dreu et al., 2016a; Gavrilets and Fortunato, 2014, Hermalin, 1998),
groups use social norms and focal points to tacitly coordinate collective action (Halevy and Chou,
2014; Schelling, 1960). In multi-round intergroup contests, the rival's history of play can serve as a
focal point for groups to coordinate their contributions to attack and/or defend (De Dreu et al.,
2016¢). Thus, when attacking out-groups, group members may coordinate their contributions on
their rival’s historical level of defense, and attack when historical defense is low and the target
appears vulnerable; and not attack when historical defense is high and the target appears strong
and difficult to beat.

We expected effects of oxytocin to be stronger during out-group attack than during in-group
defense. In-group defense is first and foremost an adaptation to the attackers’ (past) aggression and
is typically well-coordinated—individuals fight towards the same goal of self-preservation and group
survival. Although there is some evidence that oxytocin may increase protective aggression (for a
review see De Dreu and Kret, 2016b), administering oxytocin may contribute little to the relatively
high baseline levels of contribution and coordination during in-group defense. In contrast, out-group
attacks are typically less strong, more variable, and less well-coordinated (De Dreu et al., 2016a),
leaving more room for oxytocin administration to influence behavior. We anticipated two possibili-
ties for the effect of oxytocin. On the one hand, oxytocin has been linked to prosociality
(Madden and Clutton-Brock, 2011; Rilling et al., 2012; Liu et al., 2019), empathy
(Hurlemann et al., 2010; Bartz et al., 2010) and consolation (Burkett et al., 2016). This line of
research would lead us to anticipate that oxytocin may enable individuals in attacker groups to coor-
dinate on a peaceful no-attack strategy that is independent of the rivals’ history of defense. On the
other hand, oxytocin has been shown to enhance in-group conformity (Aydogan et al., 2017,
Stallen et al., 2012; De Dreu and Kret, 2016b), increase behavioral coordination and neural syn-
chronization within pairs of individuals performing a joint task (Arueti et al., 2013; Mu et al., 2016),
enhance facial mimicry, motor imitation, and neural responses linked to action-intention mirroring
(Korb et al., 2016; De Coster et al., 2014; Kret and De Dreu, 2017; Levy et al., 2016), and
improve memory and learning from feedback (Striepens et al., 2012, Guastella et al., 2008;
Ma et al., 2016a). These functionalities alone and in combination may facilitate coordination on
social norms and shared focal points that emerge during group interaction, suggesting that oxytocin
may facilitate the use of rival’s history, enable individuals in attacker groups to coordinate better on
the level and timing of their attacks, and to efficiently appropriate resources from their out-group.
Evidence for this possibility would be consistent with earlier findings that oxytocin shifts the focus
from self-interest to in-group interests (De Dreu and Kret, 2016b), limits trust and cooperation to
in-group members (De Dreu et al., 2010; Ma et al., 2015; Ten Velden et al., 2017), and promotes
aggression toward threatening rivals (Madden and Clutton-Brock, 2011, Samuni et al., 2017,
Striepens et al., 2012; Ne’eman et al., 2016).

Results

We examined these possibilities using a dynamic, fully incentivized Intergroup Attacker-Defender
Contest game (De Dreu and Kret, 2016b). The IADC is an all-pay contest (Abbink et al., 2010;
Dechenaux et al., 2015) involving six individuals randomly assigned to a three-person attacker and
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a three-person defender group. We created 80 IADC sessions (with N = 480 healthy males); in 40
(40) sessions, participants received intranasal oxytocin (matching placebo) (Figure 1). Each IADC ses-
sion involved two blocks of 15 investment rounds with real-time feedback in between rounds. For
each investment round (Table 1), each individual received an initial endowment of 20 MUs (Monetary
Units). Each individual decided the amount (I, 0 < I; < 20) to the group’s pool G (0 < G < 60,

Gattacker = lattacker-1 + lattacker-2 + lattacker-3, GDefender = IDefender-1 + Ipefender-2 + Ipefender-3). Contribu-
tions were wasted, but when Gagacker < Gpefenders attackers failed and defenders survived and all six
individuals kept their remaining endowment (leftovers, 20 - [)). However, when Gastacker > Gpefenders
defenders failed and left with 0. The attacker group won and took away defender group’s remaining
MU (spoils from winning, 60 — Gpefender), Which were divided equally among three attacker group
members (each attacker member received: (60 — Gpefender)/3) and added to their remaining endow-
ments (20 — |attacker)- Thus, contributions in the attacker group (Gattacker) @nd in the defender group
(Gpefender) reflect the contribution level to out-group attack and to in-group defense, respectively. In
one 15-round block, individuals made their decisions individually and simultaneously without com-
munication (i.e. Simultaneous decision-making block). In the other 15-round block (order counterbal-
anced), individuals within groups made their decisions in sequence: one randomly drawn member
made his decision first, followed by the second randomly selected member who was informed about
the first member’s contribution, and then the third and final member made his decision (i.e. Sequen-
tial decision-making block, De Dreu et al., 2016a; Gavrilets and Fortunato, 2014; Figure 2).

The sequential decision-making protocol acts as a ‘coordination device’ that facilitates behavioral
coordination within groups (De Dreu et al., 2016a; Gavrilets and Fortunato, 2014; Herma-
lin, 1998). This treatment thus provides a benchmark to compare groups in the simultaneous deci-
sion-protocol who lack an explicit coordination mechanism and have to find other means—such as a
shared social norm or the rival’s past defense — to coordinate individual contributions into effective
joint action (De Dreu et al., 2016a). We operationalized within-group coordination as behavioral
alignment of contribution to the group, indicated by the variance in contributions to group fighting,
with lower group-level variance reflecting better coordination. We expected that effects of oxytocin
on group coordination would emerge especially under simultaneous rather than sequential decision-
making.

Before examining within-group coordination, we examined treatment effects on contributions to
group pool. Individual contributions were averaged across the three members within each three-per-
son group, and submitted to a 2 (Treatment: Oxytocin vs. Placebo) x 2 (Role: Attack vs. Defense)
x 2 (Procedure: Simultaneous vs. Sequential) x 15 (Rounds) mixed-model Analysis of Variance
(ANOVA) with Treatment between-sessions. Individuals contributed more under sequential than
simultaneous decision-making (M &+ SE = 6.89 + 0.20 vs. 6.47 £ 0.24; K1, 78) = 5.109, p = 0.027, n2

.. . . Spray -,
Participant Sn .
p Questionnaire administration Waiting IADC game Post survey
Double-blind,
Placebo-controlled ( )
Mood measurement between-subjects 15 rcIJtunds of Mood
« Positive and Negative simultaneous
(o v ) measurement
Affect Scale 24 1U Oxytocin Re?t and re_ad protocol . Positive and
Data from 480 . . the introduction Neqative Affect
participants Personality traits 40 sessions of the game The order of two protocols Soale
(80 sessions) » Empathic capacity 240 participants ——— 3 Wwas counter balanced
were included in + Cooperative personality between 80 sessions.
the formal data » Social value orientation 35 minutes . -
analysis «  Prosocial personality 241U Placebo Manipulation
A 15 rounds of check
*  Impulsiveness 40 sessions sequential protocol
» Socio-economic status 240 participants
J \. J \ J

Figure 1. General experimental procedure.
DOI: https://doi.org/10.7554/eLife.40698.003
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Table 1. Payoff matrix of one-round IADC.

Initial endowment Individual contribution -

Payment

Attackers lose

GAttacker
> G Defender

Attackers win
GAttacker > GDefender

Role Participant (MU) (L) Group pool (G) Leftover Leftover Spoil
Attack  Attacker-1 20 lhvtackers  Gamder 20— It 20— laackers (60 — ——Goafencer)/3
Attacker-2 20 Iattacker-2 20 — Iattacker-2 20 ——— Iattacker2 (60 — ——Gpefender/3
Attacker-3 20 Iattacker-3 20 ——— Iattacker3 20 ——— Iattacker3  (60—— — Gpefender/3
Defend Defender-1 20 Ipefender-1 Gpefender 20 ——— Ipefender-1 O 0
Defender-2 20 Ipefender-2 20 ——— Ipefender2 O 0
Defender-3 20 Ipefender-3 20 ——— Ipefenders O 0

Table note: For each round, each individual received an initial endowment of 20 MUs (Monetary Units).

Each individual decided the amount (f;, 0 < I; < 20) to the group’s pool G (0 < G < 60, Gattacker = lattacker-11attacker-2+ lattacker-3 GDefender = IDefender-11Ipe-

fender-27+ IDefender-3)- When Gattacker <Gpefender attackers failed and defenders survived and all six individuals kept their remaining endowment (leftovers, 20 —

[). When Gagacker >Gpefender, defenders failed and left with 0. The attackers won and took away defenders’ remaining MU (spoils from winning, 60 — Gpe

fenden, Which were divided equally among attacker group members (each attacker: (60 — Gpefender)/3) and added to their remaining endowments (20 — I4..

tacker—r)-

DOI: https://doi.org/10.7554/eLife.40698.005

= 0.061), and somewhat less when given oxytocin rather than placebo (M + SE = 6.28 + 0.27 vs.
7.08 £0.30; A1, 78) = 3.719, p = 0.057, nz = 0.046; marginal significance). Figure 3A showed higher
contributions to in-group defense than to out-group attack, especially in earlier rounds (Role, F(1,
78) = 287.903, p < 0.001; n2 = 0.787; Role x Round, F(14, 65) = 4.529, p < 0.001, n2 = 0.494).

Treatment effects also emerged when we examined the number of non-contributors. There were
more non-contributors in attacker compared to defender groups (M + SE = 20.23 + 0.90 vs. 4.25 +
0.44; F(1, 78) = 408.489, p < 0.001; nz = 0.840), and more non-contributors in groups given oxytocin
than placebo (M £ SE = 13.46 = 0.90 vs. 11.01 = 0.75; F(1,78) = 4.345, p = 0.040; n? = 0.053). Cru-
cially, oxytocin increased the number of non-contributors in attacker groups but not in defender
groups (Role x Treatment, F(1, 78) = 5.043, p = 0.028, n? = 0.061, Figure 3B). This Role x Treat-
ment effect is especially true when decisions were made simultaneously (F(1, 78) = 5.712, p = 0.019,
M2 = 0.068) but less so when decisions were made sequentially (F(1, 78) = 2.143, p = 0.147, n? =
0.027). We then examined participants’ decision time when deciding to (not) contribute, we showed
that individuals in attacker groups made their decisions to not contribute faster than to contribute (F
(1, 78) =137.679, p < 0.001, n2 = 0.641). Oxytocin increased the speed with which individuals in
attacker groups decided to not contribute (Treatment x Contribute: F(1, 77) = 4.857, p = 0.031; N2
= 0.059, Figure 4).

Next, we analyzed group-level coordination operationalized as the within-group variance in con-
tributions, with lower variance indicating stronger coordination (De Dreu et al., 2016a). First, there
was a Procedure x Role interaction (F(1, 78) = 101.978, p < 0.001, n? = 0.567) showing that sequen-
tial decision-protocol facilitated coordination for attack (F(1, 78) = 77.852, p < 0.001, n2 = 0.500)
and, unexpectedly, reduced coordination for defense (F(1, 78) = 39.268, p < 0.001, n? = 0.335).
Importantly, as predicted, oxytocin facilitated group-level coordination (i.e. reduced within-group
variance in contributions) of out-group attack but not of in-group defense, especially in earlier
rounds (Role x Treatment x Round, F(14, 1092) = 1.753, p = 0.041, n? = 0.022; Figure 5A; Fig-
ure 5—figure supplement 1 for similar results of another index of coordination).

To examine what strategy attackers given oxytocin coordinated on, we first examined the contest
outcomes. As noted, oxytocin may enable groups to coordinate on a peaceful ‘no-attack strategy’,
in which case we should find (1) lower victories in attacker groups given oxytocin rather than pla-
cebo, (2) the oxytocin effect on the number of non-contributing attackers should not differ when
attacks succeed or fail, and (3) no effect of oxytocin on tracking the rival's defense history. This was
not the case. First, the number of victories was similar in attacker groups given oxytocin (M + SE:
24.8 + 1.8%) and placebo (M =+ SE: 26.6 = 1.6%), (F(1, 78)=0.572, p=0.452; n? = 0.007). Thus, rather
than making groups coordinate on a peaceful no-attack strategy, oxytocin may enable groups to
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An example round of one attacker where his attack group failed

Investment

You receive an endowment of 20 MUs. You can
invest 0-20 MUs in your group's project

Please indicate how many MUs you
want to invest in your groups project

]

Accept and proceed

Waiting

Waiting for other group
members and other group.

Outcome Investment of your group and the other
group and outcome of this round

You have invested 3 MUs
One group member has invested 1 MUs.
Another group member has invested 2 MUs:

Your group has invested a total of 6 MUs:

Group B has invested a fotal of 7 MUs.

Therefore, this round you have earned 17 MUs.

Six individuals make decisions Anyone who has made his
decision must wait until all
decisions have been made.

simultaneously

Sequential Block

The outcome of each round is
presented once all individuals have
completed their investment decision.

An example round for one defender where they won

Investment

This round you decide 15tin your
group.

Indicate your investment

]

Accept and proceed

Waiting

Waiting for other group
members and other group.

vzz7772777722

Waiting

Waiting for other group
members and other group.

777277772722

Outcome

You have invested 4 MUs
One group member has invested 4 MUs.
Another group member has invested 2 MUs:

your group has invested a total of 10 MUs.

Group B has invested a fotal of 7 MUs.

Therefore, this round you have eamed 16MUs.

Waiting

This round you
decide 2" in your group

Investment

The 15tone invested 4 MUs

Indicate your investment

(I

Accept and proceed

Waiting

Waiting for other group

members and other group.

277777727772

Outcome

You have invested 4 MUs
One group member has invested 4 MUs.
Another group member has invested 2 MUs:

your group has invested a total of 10 MUs.

Group B has invested a fotal of 7 MUs.

Therefore, this round you have eamed 16MUs.

Waiting

This round you
decide 31 in your group

The 15tone invested 4 MUs

This round you decide 3+ in your
group

Investment

The 15tone invested 4 MUs
The 2 one invested 4 MUs

Indicate your investment

]

Outcome

You have invested 2 MUs
One group member has invested 4 MUs:
Another group member has invested 4 MUs:

your group has invested a total of 10 MUs.

Group B has invested a fotal of 7 MUs.

Neuroscience

Accept and proceed Therefore, this round you have earned 18MUs.

Three individuals in each group make their decisions in sequence.  The outcome of each round is
Any individual made his decison needs to wait till individuals have presented once all individuals
made the decisions. have completed their
investment decision.

Figure 2. lllustration of one round of the IADC game in the simultaneous and sequential decision-making blocks,
respectively.
DOI: https://doi.org/10.7554/eLife.40698.004

coordinate on attacking at the right moment with the right force. Indeed, analyses of the spoils and
leftovers showed that groups given oxytocin rather than placebo had higher leftovers when attacks
failed (t(78) = 2.609, p=0.011, Cohen’s d = 0.581, 95% Confidence Interval (Cl), 0.232 to 1.76,
Figure 5B) and somewhat higher spoils when attacks were successful ({74) = 1.819, p=0.073,
Cohen’s d = 0.419, 95% CI, —0.086 to 1.888, marginal significance, Figure 5C). To illustrate the
increased efficiency of attack under oxytocin, attackers' contribution and payment under the four
conditions (i.e. Simultaneous/Sequential x Oxytocin/Placebo) were plotted in Figure 5D using a
bootstrapping technique (Davison and Hinkley, 1977). Specifically, a bootstrapped dataset with
sample size N = 40 was resampled with replacement separately for each of the four conditions. The
mean contribution and payment of the bootstrapped sample was then calculated and saved as a
new data point. For each condition, this procedure was repeated for 1000 times to represent the
population information. As illustrated in Figure 5D, oxytocin decreased contributions to attack (a
shift toward less contribution) but increased payment (a shift toward more payment). The distribu-
tion of attacker groups under oxytocin and placebo in a space defined by the two vectors (contribu-
tion and payment) indicates a clear separation of oxytocin and placebo treatments (especially when
decisions were made simultaneously, that is black dots vs. grey dots).

Second, we conducted an ANOVA on the average number of non-contributing attackers, with
Treatment (Oxytocin vs. Placebo) as a between-subjects factor, Procedure (Simultaneous vs. Sequen-
tial) and Success (Success vs. Failure) as within-subjects factors. There were more non-contributing
attackers when attack failed than succeeded (Failure vs. Success: M + SE = 1.68 + 0.60 vs. 0.37 +
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Figure 3. Oxytocin modulates contributions to group fighting. (A) Attackers contribute less than defenders, especially in early rounds (range 0-20).
Curves were smoothed with a moving average window of three investment rounds. (B) Giving individuals oxytocin rather than placebo increases the

number of non-contributing members in attacker groups especially under simultaneous decision-making (with 0-3 members per round across 15
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**p < 0.01.

DOI: https://doi.org/10.7554/eLife.40698.008

The following figure supplement is available for figure 5:

Figure supplement 1. Oxytocin increases attacker group’s within-group coordination especially in the simultaneous decision-making block. Connectors
indicate significant difference, with *p<0.05, *** p< 0.001.

DOI: https://doi.org/10.7554/eLife.40698.009

0.05, F (1, 74) = 636.941, p < 0.001; n2 = 0.891). Interestingly, we found a significant Treatment x2
Success interaction on the number of non-contributing attackers (F (1, 74) = 6.345, p = 0.014; n? =
0.075, Figure 5E): Oxytocin increased the number of non-contributing attackers only in failed rounds
(Oxytocin vs. Placebo: M + SE = 1.84 + 0.09 vs. 1.52 £ 0.09; F (1, 74) = 7.036; p = 0.010; n2 = 0.083)
but not in successful attacks (Oxytocin vs. Placebo: M + SE = 0.34 + 0.06 vs. 0.40 + 0.06; F (1, 74) =
0.448; p = 0.505; 12 = 0.006).
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Third, we examined how attacker groups collectively identified when to attack by creating a past
defense parameter o (average defender group’s investment in the last two rounds, that is (Dj.1+D;.
2)/2 on round j) and regressed attacker group’s investments onto o (attack increased when defender
groups were vulnerable rather than strong, as indicated by o approaching -1). It showed that
attacker groups given oxytocin tracked their rival's past defense and attacked especially when
defenders appeared more rather than less vulnerable (i.e. attack regressed negatively on rival's his-
torical defense). Specifically, when decisions were made simultaneously, attack regressed more
strongly on o when groups received oxytocin (M + SE: -0.30 + 0.05) rather than placebo (M + SE: -
0.042 + 0.098; t(78) = -2.334; p = 0.022, Cohen’'s d = -0.522, 95% Cl, -0.482 to -0.038), and under
oxytocin but not placebo, the regression on o was also stronger in simultaneous rather than sequen-
tial decision-making (Treatment x Procedure interaction, K1, 78) = 8.312, p = 0.005, n2 = 0.097,
Figure 6A).

Combined, results suggest that groups given oxytocin created more spoils from winning and had
higher leftovers when attacks failed because they better coordinated attack at the right time and
with the proper force. Indeed, when decisions were made simultaneously, the more strongly attacker
groups relied on tracking parameter o, the lower their within-group variance when contributing
(r=0.281, p=0.012, Figure 6B), and the lower within-group variance when contributing, the higher
the attacker’s spoils when winning the conflict (r = —0.328, p=0.004, Figure 6C). Indirect mediation
analyses confirmed that the attacker’s higher spoils under oxytocin was mediated by (i) increased
tracking of defender group'’s past investments and (ii) concomitant increased within-group coordina-
tion (indirect effect = 0.147, SE = 0.103; 95% Cl, 0.019 to 0.511, Figure 6D).

Discussion

To be victorious in intergroup conflict, group members not only need to contribute to their group'’s
fighting capacity. They also need to coordinate collective action so that they attack when their rival
is expected to be weak, and avoid wasting resources on attacking tough defenders. Here we found,
using a dynamic intergroup contest between attackers and defenders, that those groups who
tracked their defender’s history of play and coordinated their attacks of weak rather than strong
defenders wasted less resources on failed attacks and enjoyed greater spoils when winning. In addi-
tion, we uncovered that oxytocin serves as a neurobiological mechanism underlying such well-timed
and coordinated attacks. Specifically, we found that oxytocin enabled individuals within attacker
groups to converge their individual contributions on each other more, to collectively refrain from
attacking apparently strong defenders, and effectively attacking weak defenders. These findings
emerged when groups lack an explicit coordination device; providing attacker groups with a sequen-
tial decision-making protocol as an explicit coordination device substituted oxytocin-induced tacit
coordination.

Our finding that oxytocin enables within-group coordination of contributions to out-group attacks
resonates with two heretofore disconnected sets of findings—that small groups of warriors engage
in social bonding and cultural rites (Glowacki et al., 2016; Macfarlan et al., 2014, Schelling, 1960;
Wilson and Wilson, 2007; Xygalatas et al., 2013), and that social bonding and synchronized action
can trigger the release of oxytocin (Burkett et al., 2016; Carter, 2014; Samuni et al., 2017). Com-
bined with the current results, it suggests that oxytocin might be a potential neurobiological mecha-
nism through which social bonding and performing coordinated rituals can help groups to better
coordinate their attacks. Our findings furthermore suggest that such oxytocin-mediated within-group
coordination can be substituted by institutional arrangements, such as a sequential decision-making
protocol. We speculate that related institutional arrangements, like appointing a leader or having
open communication channels can similarly obviate the need for bonding rituals and/or oxytocin to
make out-group attack well-coordinated and successful.

Neither oxytocin nor the sequential decision-protocol contributed to within-group coordination in
defender groups. One possibility is that in-group defense is tacitly well-coordinated because of the
stronger alignment of individual interests within defender groups. After all, when defender groups
survive an enemy attack, those who did not contribute to in-group defense come out relatively weal-
thy. But when in-group defense fails, all group members lose regardless of whether they contributed
or not. As a result of this stronger common fate in defender groups, individuals contribute
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Figure 6. Oxytocin enables a track-and-attack strategy (strength of attack increases when defender groups are
vulnerable rather than strong, as indicated by o« = —1). (A) When attacker groups are given oxytocin investments
regress negatively on o (the rival’s historical investments to defense), especially during simultaneous than
sequential decision-making. (B) Stronger negative regression of attack on rival’s defense history (@@ — —1) among

Figure 6 continued on next page
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Figure 6 continued

attacker groups associates with better coordination (i.e. lower within-group variance). (C) Better coordination (i.e.
lower within-group variance) associates with higher spoils when winning the conflict. (D) Oxytocin’s effect on spoils
from successful attacks is mediated by treatment effects on tracking o (more strategic when oo — —1) and better
within-group coordination. T p < 0.10; * p < 0.05; ** p < 0.010).

DOI: https://doi.org/10.7554/eLife.40698.010

The following figure supplement is available for figure 6:

Figure supplement 1. Oxytocin influences payment through its effects on strategic tracking and better within-

group coordination.
DOI: https://doi.org/10.7554/eLife.40698.011

spontaneously and tacitly coordinate well on avoiding collective defeat. Exogenous enhancers,
whether at the neurobiological or institutional level, appear not necessary.

Previous studies provided evidence for the role of oxytocin in intergroup interaction: It can
increase the positive view and benign approach of the in-group and has been linked to subtle forms
of intergroup discrimination (De Dreu et al., 2010, De Dreu and Kret, 2016b; Ma et al., 2015;
Stallen et al., 2012; Ten Velden et al., 2017). Without exception, this early evidence was limited to
individual-level decision-making, and did not clearly distinguish the distinct motives for contributing
to in-group efficiency and out-group hostility. It remained unknown whether and how oxytocin differ-
entially affects attack and defense behavior during intergroup conflict. Using a dynamic attack-
defense contest we revealed selective effects of oxytocin on group attacking. As such, the present
study provides a new perspective on oxytocin in intergroup conflict by highlighting its functionality
for strategic attack (rather than defense). In doing so, we also obtained first-time evidence that in-
group coordination for collective action can be tracked to evolutionary preserved neurobiological
factors.

Our study has two potential limitations. First, it involved only Chinese males as study participants.
Whereas we cannot exclude specific cultural effects, findings for the comparison between out-group
attack and in-group defense and between sequential and simultaneous decision-making protocols
resonate with findings obtained in Western culture, with both male and female participants
(De Dreu et al., 2016a). This generates confidence in the generality of the behavioral effects for
attack/defense and decision protocols. Furthermore, recent work on the role of oxytocin in in-group
cooperation suggests similar effects for both male and female participants (Ten Velden et al.,
2017). Thus, and given the absence of strong counter-evidence, we cautiously conclude that current
findings may generalize across cultural contexts and apply to male as well as female participants.
Second, it is unclear how exogenous administration of oxytocin operates at the neurophysiological
level. Whereas some have questioned whether intranasal administration of oxytocin can have a direct
impact on brain and behavior (Leng and Ludwig, 2016), recent studies in rodents (Neumann et al.,
2013; Tanaka et al., 2018), rhesus macaques (Lee et al., 2018; Modi et al., 2014) and in humans
(Paloyelis et al., 2016) collectively suggest that intranasal oxytocin elevates brain-level presence of
oxytocin, and impacts behavioral decisions through neural networks involved in threat detection and
reward processing (Carter, 2014; Hurlemann et al., 2010; Ma et al., 2016b; Rilling et al., 2012;
Stallen et al., 2012; Wang et al., 2017, Liu et al., 2019). In addition, there is some evidence that
higher levels of oxytocin in saliva, blood, or urine relate to in-group affiliation and cooperation
(Madden and Clutton-Brock, 2011; Samuni et al., 2017) and intergroup discrimination (Levy et al.,
2016). Nevertheless, new research is needed to uncover the neurophysiological pathways through
which intranasal oxytocin impact human cognition and behavior, and how findings on intranasal oxy-
tocin relate to endogenous oxytocin measured from saliva, urine, or blood samples.

Intergroup competition and conflict shape the economic and cultural outlook of groups and soci-
eties, and interferes with individual life-trajectories. Success and survival in times of intergroup com-
petition and conflict depend on the extent to which individuals make personally costly contributions
and, as shown here, on their ability to coordinate their contributions when attacking out-groups, or
defending against threatening out-groups. Both institutional arrangements, such as leading-by-
example, and neurobiological mechanisms, such as oxytocin, facilitate behavioral coordination and
the effective exploitation of out-group rivals. Indeed, as shown here, providing group members with
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oxytocin or an explicit coordination device enables them to waste less on failed attacks, and to earn
more from their victories.

Materials and methods

Participants

We recruited 486 healthy males, mostly science and engineering students, as paid volunteers. One
IADC session (N = 6) was dropped from data analysis because of technical failure. Data from 480
participants (80 IADC sessions, age 18-29 years; M + SE = 20.28+0.09 years) were included in the
final data analysis. The data analysis on the current study was conducted on a 6-person-group level,
thus we conducted sample size estimation by G*Power to determine the number of groups sufficient
to detect a reliable effect. Based on an estimated average small-to-medium effect size of oxytocin
effect on social behaviors (d = 0.28, Walum et al., 2016), 80 6-person groups were needed to
detect a significant effect (o = 0.05, B = 0.85, ANOVA: repeated measures, within-between interac-
tion, G-Power, Faul et al., 2009). All participants were healthy and had normal or corrected-to-nor-
mal vision and no history of neurological or psychiatric disorders. Those who majored in psychology
or economics or participated in any other drug study in recent weeks were excluded from participa-
tion. Participants were instructed to refrain from smoking or drinking (except water) for 2 hr before
the experiment. The experiment involved no deception, and participants were paid for their pres-
ence for the experiment (i.e. $10 show-up fee) plus their average earnings in two randomly selected
IADC rounds.

Ethics approval

All participants provided written informed consent to participate after the experimental procedures
had been fully explained, and were acknowledged their right to withdraw at any time during the
study. All experimental procedures adhered to the standards set by the Declaration of Helsinki and
were approved by the Institutional Review Board at the State Key Laboratory of Cognitive Neurosci-
ence and Learning, Beijing Normal University, Beijing, China (protocol number: ICBIR_A_0107_001).

Procedure

Participants were randomly assigned to the intranasal administration of oxytocin or placebo in a dou-
ble-blind placebo-controlled between-subjects design (Figure 1). For each IADC session, six strang-
ers were invited to the lab at the same time and randomly assigned to six individual cubicles within
the same room. Upon arrival, participants first completed questionnaires that measured current
mood, empathic capacity, prosocial personality, impulsiveness, subjective socio-economic status,
and cooperative personality. Participants then self-administered oxytocin or placebo. After 35 min,
participants were given instructions for the IADC game and completed two practice rounds. When
they also passed a comprehension check, they played 15 simultaneous rounds and 15 sequential
rounds of IADC investments (order of simultaneous and sequential blocks was counterbalanced
across sessions, Figure 2). All the experimental instructions used neutral language (e.g. contribution
was labeled investment; defense and attack were avoided, and groups were labeled as group A or
B). Finally, participants filled out a post-survey for mood measurement and manipulation check. The
attacker and defender groups under oxytocin or placebo did not differ in demographic information,
mood change, and prosocial-related traits (Supplementary file 1, Table 1A and B).

Oxytocin administration

The procedure of oxytocin and placebo administration was similar to previous work that showed
oxytocin effects on decision-making behaviors or in-group favoritism (De Dreu et al., 2010;
Ma et al., 2015; Rilling et al., 2012; Yan et al., 2018). A single intranasal dose of 24 IU oxytocin or
placebo (containing the active ingredients except for the neuropeptide) was self-administered by
nasal spray about 35 min before the experimental task under experimenter supervision. A 24 1U dos-
age is the most commonly used dosage in oxytocin literature (Wang et al., 2017) and recently
shown as having more pronounced effects (compared with 12 or 48 U dose of oxytocin) on behav-
ioral and neural responses (Spengler et al., 2017). The spray was administered to participants three
times, and each administration consisted of one inhalation of 4 IU into each nostril. Six participants
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in the same IADC session were assigned to the same treatment (oxytocin or placebo), so as to avoid
potential influence of oxytocin to placebo between individuals.

Data analysis

Data were aggregated to the group level, with Role (Attacker vs. Defender), Procedure (Simulta-
neous vs. Sequential) and Round as within-group variables, and Treatment (Oxytocin vs. Placebo) as
a between-group factor. Analyses were performed on (i) contribution (the averaged investment of
each round, range: 0-20), (ii) the number of non-contributors (the number of group members making
a 0 contribution across a 15-round block, range: 0-45), (iii) variance (within-group variance of each
round), (iv) success rate for attack (range 0-100%), (v) the attackers’ leftovers when losing a conflict,
(vi) the attackers’ spoils when winning a contest and, finally, (vii) inter-group tracking. The within-
group variance is calculated for each decision round, thus reveals the group coordination of contri-
bution at each round, with lower variance indicating stronger coordination. In addition, to comple-
ment and validate these analyses, we analyzed (viii) decision time for investment decisions (log 10-
transformed decision time), and (ix) within-group coordination as reflected in the Intra-class correla-
tion coefficient.

Game-theoretic analysis

The IADC is an all-pay contest with a single mixed-strategy Nash equilibrium (Abbink et al., 2010;
Dechenaux et al., 2015). With two three-person groups, each member assumed to have risk-neutral
preferences and having a discretionary resource of e = 20 MU to invest from, the IADC game has
unique mixed-strategy Nash equilibrium with out-group attack (in-group defense) expected to aver-
age 10.15 (9.77)across rounds, and attackers (defenders) should win (survive) 32.45% (67.55%) of the
contest rounds (De Dreu et al., 2016a). Across the 15 rounds of simultaneous decision-making
under placebo, both out-group attack and in-group defense fell below the Nash-equilibrium (t(39) =
—-11.30, p < 0.001 and #39) = —4.18, p < 0.001). Attackers defeated defenders in 22.08%
(SE = 2.2%) of their attacks, which is below the Nash success-rate ((39) = —4.734, p < 0.001). Oxyto-
cin did not influence deviations from rationality (attack: #(39) = —15.78, p<0.001; defense: #(39) =
—6.022, p<0.001; success-rate: t{39) = —6.615, p < 0.001).

Response time for decisions to (not) contribute

We showed that oxytocin increases the number of non-contributors in attacker groups. To further
reveal how oxytocin influenced the non-contributing decisions, we examined participants’ decision
time by calculating the response time separately for the round that participants decided to or not to
contribute. This analysis was conducted only on the attacker group because (1) there were very few
rounds (9%) in which defenders decided not to contribute; (2) oxytocin selectively influenced the
number of non-contributors in attacker groups. Since the distribution of decision times is heavily
right skewed, linear regression is not appropriate. Similar to our previous study (Ma et al., 2015),
we first log 10-transformed decision times in all the analyses that involved decision times. The log
10-transformed decision time was submitted into a 2 (Contribute: Yes vs. No) x 2 (Treatment: Oxy-
tocin vs. Placebo) ANOVA for the attacker group. The decisions of which the response time
exceeded 180 seconds were excluded in final data analysis (0.51% of the decisions, due to network
problem during the experiment).

Within-Group coordination

To complement and cross-validate the results for within-group variance as an indicator of within-
group coordination, we computed another related index — the intra-class correlation. The intraclass
correlation (ICC, De Dreu et al., 2016a; LeBreton and Senter, 2008) operates on a data structured
as groups, rather than data structured as paired observations. ICC describes the amount of statistical
interdependence within a group (group cohesion), reflects how strongly individuals’ contributions in
all rounds in the same group resemble each other, that is how similar group members are in their
contributions to the group pool across rounds. Higher ICC values in essence mean group members
are more similar to each other in the contributions made to their group pool. A Treatment x Role x
Procedure ANOVA showed effects for Role (F(1,78) = 43.090, p < 0.001, n%= 0.356), Procedure (F
(1,78) = 166.199, p < 0.001, nz = 0.681) and for the Role x Procedure interaction (F(1,78) = 147.586,
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p < 0.001, n? = 0.654). Fitting the results for within-group variance reported in the Main Text
(Figure 5A), results further showed that oxytocin increased attacker groups’ ICC under simultaneous
decision-making (t(78) = 2.057, p = 0.043, Cohen’s d = 0.460, Figure 5—figure supplement 1; not
under sequential block: t(78) = -0.179, p = 0.859, Cohen’s d = 0.040), but did not influence defender
groups’ ICC (simultaneous: t(78) = 0.485, p = 0.629, Cohen’s d = 0.108; sequential: t(78) = 0.389, p
= 0.698, Cohen’s d = 0.087).

Tracking on historical contribution

To test whether attacker groups made their contributions based on tracking of their rival’s historical
level of defense, we built a multiple linear regression of attacker groups’ average contribution on
round j (referred as A;, with j range from 3 to 15) as a function of average level of defense of last
rounds (calculated as (Dj.4 +Dj;.2)/2, regression weight referred as a). The regression weight o was
Fisher's z transformed for statistical analysis. Similar to a previous study (De Dreu et al., 2016c¢), we
also included another parameter: defense change of the last and before-last rounds, calculated as
(Dj.1 - Dy.2), regression weight referred as B. However, the analysis on B failed to show significant
main effects of Treatment/Procedure or their interaction (ps >0.1). To complement the analysis of
attacker groups, we also examined whether and how defender groups tracked the historical level of
attack in their rivals. This showed that defender groups relied more on o to track attacker groups
under simultaneous (relative to sequential) decision-making. The main effect of Treatment and its
interaction with Procedure were not significant (ps >0.05).

Mediation analysis. We performed formal mediation analyses to examine through which route
oxytocin increased attacker group’s spoils from winning a conflict. Two potential mediators were
included in the mediation model: one is tracking coefficient (o) the other is within-group variance.
Four different regression models were constructed, as shown below:

Y=8,X+By M

M1 — By X+ By 2

M1 = By, X + B, MI + By 3)

Y =B, X + ByMI + BisM2 + By ()

In these models, X is the independent variable (Treatment, dummy-coded, O for placebo and one
for oxytocin), M1 is the first mediator (the weight for attacker group’s tracking of the historical
defense, the tracking coefficient, o), M2 is a second mediator (attacker group’s within-group vari-
ance), and Y is the dependent variable (attacker groups’ spoils from winning a conflict, reported in
the Main Text, and DV with the sum of attacker groups’ spoils from winning a conflict and leftovers
from losing a conflict reported in the Sl). A resampling method known as bootstrapping was used to
test the direct and indirect path. Bootstrapping is a nonparametric approach to effect-size estima-
tion and hypothesis testing that is increasingly recommended for many types of analyses, including
mediation (Mackinnon et al., 2004, Shrout and Bolger, 2002). Rather than imposing questionable
distributional assumptions, bootstrapping generates an empirical approximation of the sampling dis-
tribution of a statistic by repeated random resampling from the available data, and uses this distribu-
tion to calculate p-values and construct confidence intervals (5000 resamples were taken for these
analyses). Moreover, this procedure supplies superior Cls that are bias-corrected and accelerated
(Preacher et al., 2007). Results are summarized in Figure 6D, Figure 6—figure supplement 1,
Supplementary file 1, Table 1C and D. As can be seen, multistep mediational analysis showed that
the oxytocin effect on increasing attacker group’s spoils from winning the conflict plus leftovers from
losing the conflict was mediated by its effect on increasing tracking of defenders’ history so as to
increase within-group coordination.
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ure supplement 1.The individual data is plotted in Figures 6 and Figure 6-figure supplement 1. The
source data for Figures 3-6 is publicly available on the Open Science Framework at https://osf.io/
7jeas/ (doi: 10.17605/0OSF.10/7JEAS,).

The following dataset was generated:
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SANP_Neur- 2018 Oxytocin promotes coordinated https://ost.io/7jeas/ Open Science
oscience, Hejing out-group attack during intergroup Framework, 10.17605/
Zhang, Yina Ma conflict in humans OSF.IO/7JEAS
References

Abbink K, Brandts J, Herrmann B, Orzen H. 2010. Intergroup conflict and Intra-Group punishment in an
experimental contest game. American Economic Review 100:420-447. DOI: https://doi.org/10.1257/aer.100.1.
420

Arueti M, Perach-Barzilay N, Tsoory MM, Berger B, Getter N, Shamay-Tsoory SG. 2013. When two become one:
the role of oxytocin in interpersonal coordination and cooperation. Journal of Cognitive Neuroscience 25:
1418-1427. DOI: https://doi.org/10.1162/jocn_a_00400, PMID: 23574582

Aydogan G, Jobst A, D’Ardenne K, Miller N, Kocher MG. 2017. The detrimental effects of Oxytocin-Induced
conformity on dishonesty in competition. Psychological Science 28:751-759. DOI: https://doi.org/10.1177/
0956797617695100, PMID: 28388303

Bar-Tal D, Halperin E, de Rivera J. 2007. Collective emotions in conflict situations: societal implications. Journal
of Social Issues 63:441-460. DOI: https://doi.org/10.1111/}.1540-4560.2007.00518.x

Bartz JA, Zaki J, Bolger N, Hollander E, Ludwig NN, Kolevzon A, Ochsner KN. 2010. Oxytocin selectively
improves empathic accuracy. Psychological Science 21:1426-1428. DOI: https://doi.org/10.1177/
0956797610383439, PMID: 20855907

Boyd R, Richerson PJ. 1982. Cultural transmission and the evolution of cooperative behavior. Human Ecology 10:
325-351. DOI: https://doi.org/10.1007/BF01531189

Burkett JP, Andari E, Johnson ZV, Curry DC, de Waal FB, Young LJ. 2016. Oxytocin-dependent consolation
behavior in rodents. Science 351:375-378. DOI: https://doi.org/10.1126/science.aac4785, PMID: 26798013

Carter CS. 2014. Oxytocin pathways and the evolution of human behavior. Annual Review of Psychology 65:17-
39. DOI: https://doi.org/10.1146/annurev-psych-010213-115110, PMID: 24050183

Zhang et al. eLife 2019;8:e40698. DOI: https://doi.org/10.7554/eLife.40698 16 of 19


https://doi.org/10.7554/eLife.40698.017
https://doi.org/10.7554/eLife.40698.018
https://doi.org/10.7554/eLife.40698.012
https://doi.org/10.7554/eLife.40698.013
https://osf.io/7jeas/
https://osf.io/7jeas/
https://osf.io/7jeas/
https://doi.org/10.1257/aer.100.1.420
https://doi.org/10.1257/aer.100.1.420
https://doi.org/10.1162/jocn_a_00400
http://www.ncbi.nlm.nih.gov/pubmed/23574582
https://doi.org/10.1177/0956797617695100
https://doi.org/10.1177/0956797617695100
http://www.ncbi.nlm.nih.gov/pubmed/28388303
https://doi.org/10.1111/j.1540-4560.2007.00518.x
https://doi.org/10.1177/0956797610383439
https://doi.org/10.1177/0956797610383439
http://www.ncbi.nlm.nih.gov/pubmed/20855907
https://doi.org/10.1007/BF01531189
https://doi.org/10.1126/science.aac4785
http://www.ncbi.nlm.nih.gov/pubmed/26798013
https://doi.org/10.1146/annurev-psych-010213-115110
http://www.ncbi.nlm.nih.gov/pubmed/24050183
https://doi.org/10.7554/eLife.40698

e LI F E Research Communication Neuroscience

Choi JK, Bowles S. 2007. The coevolution of parochial altruism and war. Science 318:636-640. DOI: https://doi.
org/10.1126/science. 1144237, PMID: 17962562

Davison AC, Hinkley DV. 1977. Bootstrap Methods and Their Application (Vol. 1). Cambridge university press.

De Coster L, Mueller SC, T'Sjoen G, De Saedeleer L, Brass M. 2014. The influence of oxytocin on automatic
motor simulation. Psychoneuroendocrinology 50:220-226. DOI: https://doi.org/10.1016/j.psyneuen.2014.08.
021, PMID: 25240207

De Dreu CK, Greer LL, Handgraaf MJ, Shalvi S, Van Kleef GA, Baas M, Ten Velden FS, Van Dijk E, Feith SW.
2010. The neuropeptide oxytocin regulates parochial altruism in intergroup conflict among humans. Science
328:1408-1411. DOI: https://doi.org/10.1126/science. 1189047, PMID: 20538951

De Dreu CK, Gross J, Méder Z, Giffin M, Prochazkova E, Krikeb J, Columbus S. 2016a. In-group defense, out-
group aggression, and coordination failures in intergroup conflict. PNAS 113:10524-10529. DOI: https://doi.
org/10.1073/pnas.1605115113, PMID: 27601640

De Dreu CK, Kret ME, Sligte IG. 2016c. Modulating prefrontal control in humans reveals distinct pathways to
competitive success and collective waste. Social Cognitive and Affective Neuroscience 11:1236-1244.

DOI: https://doi.org/10.1093/scan/nsw045, PMID: 27036875

De Dreu CK, Kret ME. 2016b. Oxytocin conditions intergroup relations through upregulated In-Group empathy,
cooperation, conformity, and defense. Biological Psychiatry 79:165-173. DOI: https://doi.org/10.1016/j.
biopsych.2015.03.020, PMID: 25908497

Dechenaux E, Kovenock D, Sheremeta RM. 2015. A survey of experimental research on contests, all-pay auctions
and tournaments. Experimental Economics 18:609-669. DOI: https://doi.org/10.1007/s10683-014-9421-0

Faul F, Erdfelder E, Buchner A, Lang AG. 2009. Statistical power analyses using G*power 3.1: tests for
correlation and regression analyses. Behavior Research Methods 41:1149-1160. DOI: https://doi.org/10.3758/
BRM.41.4.1149, PMID: 19897823

Gavrilets S, Fortunato L. 2014. A solution to the collective action problem in between-group conflict with within-
group inequality. Nature Communications 5:3526. DOI: https://doi.org/10.1038/ncomms4526, PMID: 24667443

Glowacki L, Isakov A, Wrangham RW, McDermott R, Fowler JH, Christakis NA. 2016. Formation of raiding
parties for intergroup violence is mediated by social network structure. PNAS 113:12114-12119. DOI: https://
doi.org/10.1073/pnas. 1610961113, PMID: 27790996

Goeree JK, Holt CA, Palfrey TR. 2003. Risk averse behavior in generalized matching pennies games. Games and
Economic Behavior 45:97-113. DOI: https://doi.org/10.1016/50899-8256(03)00052-6

Grossman HI, Kim M. 2002. Predation and accumulation. Journal of Economic Growth 158:393-407.

DOI: https://doi.org/10.3386/w5357

Guastella AJ, Mitchell PB, Mathews F. 2008. Oxytocin enhances the encoding of positive social memories in
humans. Biological Psychiatry 64:256-258. DOI: https://doi.org/10.1016/j.biopsych.2008.02.008, PMID: 1
8343353

Halevy N, Bornstein G, Sagiv L. 2008. "In-group love" and "out-group hate" as motives for individual
participation in intergroup conflict: a new game paradigm. Psychological Science 19:405-411. DOI: https://doi.
org/10.1111/}.1467-9280.2008.02100.x, PMID: 18399895

Halevy N, Chou EY. 2014. How decisions happen: focal points and blind spots in interdependent decision
making. Journal of Personality and Social Psychology 106:398-417. DOI: https://doi.org/10.1037/a0035351,
PMID: 24377356

Hermalin BE. 1998. Toward an economic theory of leadership: leading by example. The American Economic
Review 88:1188-1206.

Hurlemann R, Patin A, Onur OA, Cohen MX, Baumgartner T, Metzler S, Dziobek I, Gallinat J, Wagner M, Maier
W, Kendrick KM. 2010. Oxytocin enhances amygdala-dependent, socially reinforced learning and emotional
empathy in humans. Journal of Neuroscience 30:4999-5007. DOI: https://doi.org/10.1523/JNEUROSCI.5538-
09.2010, PMID: 20371820

Korb S, Malsert J, Strathearn L, Vuilleumier P, Niedenthal P. 2016. Sniff and mimic - Intranasal oxytocin increases
facial mimicry in a sample of men. Hormones and Behavior 84:64-74. DOI: https://doi.org/10.1016/j.yhbeh.
2016.06.003, PMID: 27283377

Kret ME, De Dreu CKW. 2017. Pupil-mimicry conditions trust in partners: moderation by oxytocin and group
membership. Proceedings of the Royal Society B: Biological Sciences 284:20162554. DOI: https://doi.org/10.
1098/rspb.2016.2554

LeBreton JM, Senter JL. 2008. Answers to 20 questions about interrater reliability and interrater agreement.
Organizational Research Methods 11:815-852. DOI: https://doi.org/10.1177/1094428106296642

Lee MR, Scheidweiler KB, Diao XX, Akhlaghi F, Cummins A, Huestis MA, Leggio L, Averbeck BB. 2018. Oxytocin
by intranasal and intravenous routes reaches the cerebrospinal fluid in rhesus macaques: determination using a
novel oxytocin assay. Molecular Psychiatry 23:115-122. DOI: https://doi.org/10.1038/mp.2017.27, PMID: 282
89281

Leng G, Ludwig M. 2016. Intranasal oxytocin: myths and delusions. Biological Psychiatry 79:243-250.

DOI: https://doi.org/10.1016/j.biopsych.2015.05.003, PMID: 26049207

Levy J, Goldstein A, Influs M, Masalha S, Zagoory-Sharon O, Feldman R. 2016. Adolescents growing up amidst
intractable conflict attenuate brain response to pain of outgroup. PNAS 113:13696-13701. DOI: https://doi.
org/10.1073/pnas.1612903113, PMID: 27849588

LiuY, Li S, Lin W, Li W, Yan X, Wang X, Pan X, Rutledge RB, Ma Y. 2019. Oxytocin modulates social value
representations in the amygdala. Nature Neuroscience. In press.

Zhang et al. eLife 2019;8:e40698. DOI: https://doi.org/10.7554/eLife.40698 17 of 19


https://doi.org/10.1126/science.1144237
https://doi.org/10.1126/science.1144237
http://www.ncbi.nlm.nih.gov/pubmed/17962562
https://doi.org/10.1016/j.psyneuen.2014.08.021
https://doi.org/10.1016/j.psyneuen.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25240207
https://doi.org/10.1126/science.1189047
http://www.ncbi.nlm.nih.gov/pubmed/20538951
https://doi.org/10.1073/pnas.1605115113
https://doi.org/10.1073/pnas.1605115113
http://www.ncbi.nlm.nih.gov/pubmed/27601640
https://doi.org/10.1093/scan/nsw045
http://www.ncbi.nlm.nih.gov/pubmed/27036875
https://doi.org/10.1016/j.biopsych.2015.03.020
https://doi.org/10.1016/j.biopsych.2015.03.020
http://www.ncbi.nlm.nih.gov/pubmed/25908497
https://doi.org/10.1007/s10683-014-9421-0
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/BRM.41.4.1149
http://www.ncbi.nlm.nih.gov/pubmed/19897823
https://doi.org/10.1038/ncomms4526
http://www.ncbi.nlm.nih.gov/pubmed/24667443
https://doi.org/10.1073/pnas.1610961113
https://doi.org/10.1073/pnas.1610961113
http://www.ncbi.nlm.nih.gov/pubmed/27790996
https://doi.org/10.1016/S0899-8256(03)00052-6
https://doi.org/10.3386/w5357
https://doi.org/10.1016/j.biopsych.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/18343353
http://www.ncbi.nlm.nih.gov/pubmed/18343353
https://doi.org/10.1111/j.1467-9280.2008.02100.x
https://doi.org/10.1111/j.1467-9280.2008.02100.x
http://www.ncbi.nlm.nih.gov/pubmed/18399895
https://doi.org/10.1037/a0035351
http://www.ncbi.nlm.nih.gov/pubmed/24377356
https://doi.org/10.1523/JNEUROSCI.5538-09.2010
https://doi.org/10.1523/JNEUROSCI.5538-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20371820
https://doi.org/10.1016/j.yhbeh.2016.06.003
https://doi.org/10.1016/j.yhbeh.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27283377
https://doi.org/10.1098/rspb.2016.2554
https://doi.org/10.1098/rspb.2016.2554
https://doi.org/10.1177/1094428106296642
https://doi.org/10.1038/mp.2017.27
http://www.ncbi.nlm.nih.gov/pubmed/28289281
http://www.ncbi.nlm.nih.gov/pubmed/28289281
https://doi.org/10.1016/j.biopsych.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26049207
https://doi.org/10.1073/pnas.1612903113
https://doi.org/10.1073/pnas.1612903113
http://www.ncbi.nlm.nih.gov/pubmed/27849588
https://doi.org/10.7554/eLife.40698

e LI F E Research Communication Neuroscience

Lopez AC. 2017. The evolutionary psychology of war: offense and defense in the adapted mind. Evolutionary
Psychology 15:147470491774272. DOI: https://doi.org/10.1177/1474704917742720

MaY, Liu Y, Rand DG, Heatherton TF, Han S. 2015. Opposing oxytocin effects on intergroup cooperative
behavior in intuitive and reflective minds. Neuropsychopharmacology 40:2379-2387. DOI: https://doi.org/10.
1038/npp.2015.87, PMID: 25807529

MaY, Li S, Wang C, Liu Y, Li W, Yan X, Chen Q, Han S. 2016a. Distinct oxytocin effects on belief updating in
response to desirable and undesirable feedback. PNAS 113:9256-9261. DOI: https://doi.org/10.1073/pnas.
1604285113, PMID: 27482087

Ma Y, Shamay-Tsoory S, Han S, Zink CF. 2016b. Oxytocin and social adaptation: insights from neuroimaging
studies of healthy and clinical populations. Trends in Cognitive Sciences 20:133-145. DOI: https://doi.org/10.
1016/j.tics.2015.10.009, PMID: 26616296

Macfarlan SJ, Walker RS, Flinn MV, Chagnon NA. 2014. Lethal coalitionary aggression and long-term alliance
formation among yanomamé men. Proceedings of the National Academy of Sciences 111:16662-16669.

DOI: https://doi.org/10.1073/pnas.1418639111, PMID: 25349394

Mackinnon DP, Lockwood CM, Williams J. 2004. Confidence limits for the indirect effect: distribution of the
product and resampling methods. Multivariate Behavioral Research 39:99-128. DOI: https://doi.org/10.1207/
s15327906mbr3901_4, PMID: 20157642

Madden JR, Clutton-Brock TH. 2011. Experimental peripheral administration of oxytocin elevates a suite of
cooperative behaviours in a wild social mammal. Proceedings of the Royal Society B: Biological Sciences 278:
1189-1194. DOI: https://doi.org/10.1098/rspb.2010.1675

Modi ME, Connor-Stroud F, Landgraf R, Young LJ, Parr LA. 2014. Aerosolized oxytocin increases cerebrospinal
fluid oxytocin in rhesus macaques. Psychoneuroendocrinology 45:49-57. DOI: https://doi.org/10.1016/].
psyneuen.2014.02.011, PMID: 24845176

Mu Y, Guo C, Han S. 2016. Oxytocin enhances inter-brain synchrony during social coordination in male adults.
Social Cognitive and Affective Neuroscience 11:1882-1893. DOI: https://doi.org/10.1093/scan/nsw106,

PMID: 27510498

Ne’eman R, Perach-Barzilay N, Fischer-Shofty M, Atias A, Shamay-Tsoory SG. 2016. Intranasal administration of
oxytocin increases human aggressive behavior. Hormones and Behavior 80:125-131. DOI: https://doi.org/10.
1016/j.yhbeh.2016.01.015, PMID: 26862988

Neumann ID, Maloumby R, Beiderbeck DI, Lukas M, Landgraf R. 2013. Increased brain and plasma oxytocin after
nasal and peripheral administration in rats and mice. Psychoneuroendocrinology 38:1985-1993. DOI: https://
doi.org/10.1016/j.psyneuen.2013.03.003, PMID: 23579082

Paloyelis Y, Doyle OM, Zelaya FO, Maltezos S, Williams SC, Fotopoulou A, Howard MA. 2016. A spatiotemporal
profile of in vivo cerebral blood flow changes following intranasal oxytocin in humans. Biological Psychiatry 79:
693-705. DOI: https://doi.org/10.1016/j.biopsych.2014.10.005, PMID: 25499958

Preacher KJ, Rucker DD, Hayes AF. 2007. Addressing moderated mediation hypotheses: theory, methods, and
prescriptions. Multivariate Behavioral Research 42:185-227. DOI: https://doi.org/10.1080/00273170701341316,
PMID: 26821081

Rilling JK, DeMarco AC, Hackett PD, Thompson R, Ditzen B, Patel R, Pagnoni G. 2012. Effects of intranasal
oxytocin and vasopressin on cooperative behavior and associated brain activity in men.
Psychoneuroendocrinology 37:447-461. DOI: https://doi.org/10.1016/j.psyneuen.2011.07.013, PMID: 2184012
9

Rusch H. 2014a. The two sides of warfare: an extended model of altruistic behavior in ancestral human
intergroup conflict. Human Nature 25:359-377. DOI: https://doi.org/10.1007/s12110-014-9199-y, PMID: 2492
8285

Rusch H. 2014b. The evolutionary interplay of intergroup conflict and altruism in humans: a review of parochial
altruism theory and prospects for its extension. Proceedings of the Royal Society B: Biological Sciences 281:
20141539. DOI: https://doi.org/10.1098/rspb.2014.1539

Samuni L, Preis A, Mundry R, Deschner T, Crockford C, Wittig RM. 2017. Oxytocin reactivity during intergroup
conflict in wild chimpanzees. PNAS 114:268-273. DOI: https://doi.org/10.1073/pnas.1616812114, PMID: 2802
8227

Schelling TC. 1960. The Strategy of Conflict. Cambridge: Harvard University Press.

Shrout PE, Bolger N. 2002. Mediation in experimental and nonexperimental studies: new procedures and
recommendations. Psychological Methods 7:422-445. DOI: https://doi.org/10.1037/1082-989X.7.4.422,
PMID: 12530702

Spengler FB, Schultz J, Scheele D, Essel M, Maier W, Heinrichs M, Hurlemann R. 2017. Kinetics and dose
dependency of intranasal oxytocin effects on amygdala reactivity. Biological Psychiatry 82:885-894.

DOI: https://doi.org/10.1016/j.biopsych.2017.04.015, PMID: 28629540

Stallen M, De Dreu CK, Shalvi S, Smidts A, Sanfey AG. 2012. The herding hormone: oxytocin stimulates in-group
conformity. Psychological science 23:1288-1292. DOI: https://doi.org/10.1177/0956797612446026, PMID: 22
991128

Striepens N, Scheele D, Kendrick KM, Becker B, Schafer L, Schwalba K, Reul J, Maier W, Hurlemann R. 2012.
Oxytocin facilitates protective responses to aversive social stimuli in males. PNAS 109:18144-18149.

DOI: https://doi.org/10.1073/pnas.1208852109, PMID: 23074247

Tanaka A, Furubayashi T, Arai M, Inoue D, Kimura S, Kiriyama A, Kusamori K, Katsumi H, Yutani R, Sakane T,

Yamamoto A. 2018. Delivery of oxytocin to the brain for the treatment of autism spectrum disorder by nasal

Zhang et al. eLife 2019;8:e40698. DOI: https://doi.org/10.7554/eLife.40698 18 of 19


https://doi.org/10.1177/1474704917742720
https://doi.org/10.1038/npp.2015.87
https://doi.org/10.1038/npp.2015.87
http://www.ncbi.nlm.nih.gov/pubmed/25807529
https://doi.org/10.1073/pnas.1604285113
https://doi.org/10.1073/pnas.1604285113
http://www.ncbi.nlm.nih.gov/pubmed/27482087
https://doi.org/10.1016/j.tics.2015.10.009
https://doi.org/10.1016/j.tics.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26616296
https://doi.org/10.1073/pnas.1418639111
http://www.ncbi.nlm.nih.gov/pubmed/25349394
https://doi.org/10.1207/s15327906mbr3901_4
https://doi.org/10.1207/s15327906mbr3901_4
http://www.ncbi.nlm.nih.gov/pubmed/20157642
https://doi.org/10.1098/rspb.2010.1675
https://doi.org/10.1016/j.psyneuen.2014.02.011
https://doi.org/10.1016/j.psyneuen.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24845176
https://doi.org/10.1093/scan/nsw106
http://www.ncbi.nlm.nih.gov/pubmed/27510498
https://doi.org/10.1016/j.yhbeh.2016.01.015
https://doi.org/10.1016/j.yhbeh.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26862988
https://doi.org/10.1016/j.psyneuen.2013.03.003
https://doi.org/10.1016/j.psyneuen.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23579082
https://doi.org/10.1016/j.biopsych.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25499958
https://doi.org/10.1080/00273170701341316
http://www.ncbi.nlm.nih.gov/pubmed/26821081
https://doi.org/10.1016/j.psyneuen.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21840129
http://www.ncbi.nlm.nih.gov/pubmed/21840129
https://doi.org/10.1007/s12110-014-9199-y
http://www.ncbi.nlm.nih.gov/pubmed/24928285
http://www.ncbi.nlm.nih.gov/pubmed/24928285
https://doi.org/10.1098/rspb.2014.1539
https://doi.org/10.1073/pnas.1616812114
http://www.ncbi.nlm.nih.gov/pubmed/28028227
http://www.ncbi.nlm.nih.gov/pubmed/28028227
https://doi.org/10.1037/1082-989X.7.4.422
http://www.ncbi.nlm.nih.gov/pubmed/12530702
https://doi.org/10.1016/j.biopsych.2017.04.015
http://www.ncbi.nlm.nih.gov/pubmed/28629540
https://doi.org/10.1177/0956797612446026
http://www.ncbi.nlm.nih.gov/pubmed/22991128
http://www.ncbi.nlm.nih.gov/pubmed/22991128
https://doi.org/10.1073/pnas.1208852109
http://www.ncbi.nlm.nih.gov/pubmed/23074247
https://doi.org/10.7554/eLife.40698

e LI F E Research Communication Neuroscience

application. Molecular Pharmaceutics 15:1105-1111. DOI: https://doi.org/10.1021/acs.molpharmaceut.
7b00991, PMID: 29338251

Ten Velden FS, Daughters K, De Dreu CKW. 2017. Oxytocin promotes intuitive rather than deliberated
cooperation with the in-group. Hormones and Behavior 92:164-171. DOI: https://doi.org/10.1016/j.yhbeh.
2016.06.005, PMID: 27288835

Walum H, Waldman ID, Young LJ. 2016. Statistical and methodological considerations for the interpretation of
intranasal oxytocin studies. Biological Psychiatry 79:251-257. DOI: https://doi.org/10.1016/].biopsych.2015.06.
016, PMID: 26210057

Wang D, Yan X, Li M, Ma Y. 2017. Neural substrates underlying the effects of oxytocin: a quantitative meta-
analysis of pharmaco-imaging studies. Social Cognitive and Affective Neuroscience 12:1565-1573.
DOI: https://doi.org/10.1093/scan/nsx085, PMID: 29048602

Wilson DS, Wilson EO. 2007. Rethinking the theoretical foundation of sociobiology. The Quarterly Review of
Biology 82:327-348. DOI: https://doi.org/10.1086/522809, PMID: 18217526

Wrangham RW. 2018. Two types of aggression in human evolution. PNAS 115:245-253. DOI: https://doi.org/10.
1073/pnas. 1713611115, PMID: 29279379

Xygalatas D, Mitkidis P, Fischer R, Reddish P, Skewes J, Geertz AW, Roepstorff A, Bulbulia J. 2013. Extreme
rituals promote prosociality. Psychological Science 24:1602-1605. DOI: https://doi.org/10.1177/
0956797612472910, PMID: 23740550

Yan X, Yong X, Huang W, Ma Y. 2018. Placebo treatment facilitates social trust and approach behavior. PNAS
115:5732-5737. DOI: https://doi.org/10.1073/pnas.1800779115, PMID: 29760054

Zhang et al. eLife 2019;8:e40698. DOI: https://doi.org/10.7554/eLife.40698 19 of 19


https://doi.org/10.1021/acs.molpharmaceut.7b00991
https://doi.org/10.1021/acs.molpharmaceut.7b00991
http://www.ncbi.nlm.nih.gov/pubmed/29338251
https://doi.org/10.1016/j.yhbeh.2016.06.005
https://doi.org/10.1016/j.yhbeh.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27288835
https://doi.org/10.1016/j.biopsych.2015.06.016
https://doi.org/10.1016/j.biopsych.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26210057
https://doi.org/10.1093/scan/nsx085
http://www.ncbi.nlm.nih.gov/pubmed/29048602
https://doi.org/10.1086/522809
http://www.ncbi.nlm.nih.gov/pubmed/18217526
https://doi.org/10.1073/pnas.1713611115
https://doi.org/10.1073/pnas.1713611115
http://www.ncbi.nlm.nih.gov/pubmed/29279379
https://doi.org/10.1177/0956797612472910
https://doi.org/10.1177/0956797612472910
http://www.ncbi.nlm.nih.gov/pubmed/23740550
https://doi.org/10.1073/pnas.1800779115
http://www.ncbi.nlm.nih.gov/pubmed/29760054
https://doi.org/10.7554/eLife.40698

