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Leaders canlaunch hostile attacks on out-groups and organize in-group
defence. Whether groups settle the conflict in their favour depends,

however, on whether followers align with leader’s initiatives. Yet how leader
and followers coordinate during intergroup conflict remains unknown.
Participantsinsmall groups elected aleader and made costly contributions
tointergroup conflict while dorsolateral prefrontal cortex (DLPFC) activity
was simultaneously measured. Leaders were more sacrificial and their
contributioninfluenced group survival to a greater extent during in-group

defence than during out-group attacks. Leaders also had increased DLPFC
activity when defending in-group, which predicted their comparatively
strong contribution to conflict; followers reciprocated their leader’s
initiatives the more their DLPFC activity synchronized with that of their
leader. When launching attacks, however, leaders and followers aligned
poorly at behavioural and neural levels, which explained why out-group
attacks often failed. Our results provide a neurobehavioural account

of leader-follower coordination during intergroup conflict and reveal
leader-follower behavioural/neural alignment as pivotal for groups settling
conflictsin their favour.

Intergroup polarization and conflict abound'. From shouting contests
onsocial mediato political protests and violent riots, individuals coa-
lesce into groups to fight other groups for resources, political influ-
ence or ideological supremacy. They contribute metabolic energy,
insights and material resources to create a collective ‘fighting capacity’
that, if strong enough, may settle the conflict in their favour. Along
the way, however, energies get wasted, people get hurt and resources
aredestroyed.

Individuals involved in intergroup conflicts differ in their
motivationand ability to fight, and some are more intimately involved

than others?’. Attacks on rivalling out-groups are often initiated and
orchestrated by afew key individuals who stand out for their boldness
of character or gain comparatively more from the conflict. Likewise,
group members who stand out for their bravery or may lose compara-
tively more from group defeat oftenlead the in-group defence against
out-group enemies>**, Having such key individuals in the group can
help. Forexample, groups with leaders are more likely toresolve inter-
group conflict in their favour than leaderless groups*®”, and groups
using sequential decision-making, in which one randomly selected
member moves first, are more likely to win intergroup contests than
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groups where all members move simultaneously without knowing
decisions of other members®’.

What remains puzzling is why group members align with leader
initiatives and directives. Whereas groups are more likely to settle the
conflictinits favour the more group members contribute to collective
fighting capacity, participating in conflict can be risky and is often
personally costly. Accordingly, individuals may be tempted to ‘lay low’
and free ride on the cooperative efforts of fellow group members™*™,
Insuch settings and all else being equal, first moves and norm setting
by key individuals and group leaders do not alter the personal costs
associated with contributing to conflict. Group members have as strong
anincentiveto ‘lay low’in groups withand without first movers or group
leaders. Whereas following leader signals and initiatives may make
groups more successful competitors'> ™, following leaders can be at
odds with theindividual’s personal best interest.

Here we aimed to better understand leader behaviour and leader-
follower coordination during intergroup conflict at both the behav-
iouraland neural levels. We nested every 6 individuals intwo 3-person
groups and gave them an endowment fromwhich they could contribute
to their group’s capacity to win resources from rivalling out-groups
(henceforth out-group attack) or to defend the in-group against such
out-group attacks (henceforthin-group defence®”). Following a series
of contest interactions, individuals within each group elected their
group leader and continued for another series of intergroup contests.
Leadersin our experiments were strictly symbolic, that s, they could
not sanction followers and they could not communicate other than
signalling their own contributions to the collective fighting capac-
ity. Leaders in our experiments thus model after ‘key individuals’ in
coalitionary conflict**, or what political scientists refer to as ‘opinion
leaders™. Across rounds, we observed (changes in) contributions to
out-group attack and in-group defence by leaders and followers, the
degree to which these contributions were (mis)aligned, and how this
influenced personal and group outcomes. This set-up thus allowed us
to address three questions to which we currently lack answers. First,
how do group leaders engage in intergroup conflict? Second, when
and how do followers align their costly contributions to intergroup
conflict with those made by their group leader? Finally, how does the
group’s positioninthe conflict—engagingin out-group attacks versus
in-group defence—shapeleader behaviour and leader—follower align-
ment and coordination?

Recent studies onleadership inintergroup conflict scaled leader
behaviour fromsacrificial on the one hand, to extractive on the other” ™,
Sacrificial leaders engage in and contribute comparatively much to
collective fighting and compensate for possible lack of participation
from followers (viz. compensatory alignment). Extractive leaders, in
contrast, may initiate conflict without making substantial contribu-
tions themselves, that is, they contribute when followers do not yet
withhold contributions when followers do participate (viz. free-riding
misalignment” ). For two reasons, leaders may be more sacrificial
(and less extractive), and followers and leader may align better dur-
ing in-group defence than during out-group attack. First, out-group
attacks pose threatstobothindividual group members and the group
asawhole.Under suchcollective threat, individual and group survival
are interdependent, and group members, especially group leaders,
have strong motivations to contribute to conflict’>*; incentives to
free ride are weaker during in-group defence than during out-group
attack®. Second, collective threats increase group cohesion and feel-
ings of ‘common fate’ among group members*, and this increases
parochial cooperationand intragroup coordination®*%, Importantly,
aligning and coordinating with first movers or group leaders have been
shown asanefficient way for group coordination and fighting against
rivals®*?**°, Indeed, group members show more support for the leader
and follow leader initiatives more during collective crises**'. We thus
expected better alignment and coordination with the leader during
in-group defence than during out-group attack.

In addition to behavioural decisions, we concurrently meas-
ured leader and follower neural responses in the right dorsolateral
prefrontal cortex (rDLPFC) and right tempo-parietal junction (rTPJ)
using functional near-infrared spectroscopy (fNIRS)****. This brain
imaging technology allowed us to identify (changes in) neural activ-
ity when leaders and followers made decisions and processed what
others did contribute. Crucially, it also allowed us to examine to what
degreeleader and followers within the same group synchronized their
neural activity and whether such leader-follower neural synchro-
nization predicted contribution decisions and conflict outcomes.
We focused on the rDLPFC as earlier work has linked neural activ-
ity in the rDLPFC to updating beliefs about and adapting to another
person’s risk-preferences®~¢, to compliance with social norms for
cooperation® *,and to perceiving greater influence and valuing domi-
nance hierarchies*"*2, Recent studies also found within-group neural
synchronization in the prefrontal cortex during intergroup conflict,
and that the degree of synchronization predicted how much group
members contributed to group fighting capacity*>**. In addition,
we included the rTP) as aregion of interest because of its central role
in mentalizing and the theory of mind****, and its involvement in the
anticipation of others’ decisions* and in the alignment with group
members in emotional responses and forming group norms***¢,

Results
We organized each set of 6 individuals into 3-vs-3-person contests
between attacker and defender groups (Methods and Supplementary
Table1).Individuals were fixed in their group and groups were fixed in
the intergroup contest for two blocks of 24 rounds (Fig. 1a). For each
round, individuals were given an endowment e of 20 monetary units
(MU). Individuals in the attacker (defender) group could contribute
x (y) out of eto their group’s fighting capacity C. Contributions were
non-recoverable. However, when C,acker < Caetender» d€fender groups
survived the attack fromtheir out-group and members of both groups
would keep their non-invested monetary units (thatis, e - {x, y}). In
contrast, when C,,cker > Caerender the attacker group ‘won’ and earned the
non-invested resources fromthe defender group (thatis, 3¢ = Cyetenger)-
These ‘spoils of war’ were then added in equal shares to the three indi-
vidualsinthe attacker groups, regardless how much they had contrib-
uted to their group’s attack capacity (Supplementary Table 2).
Inthefirst block of 24 contest rounds, participants simultaneously
made their contribution decisions and received feedback about oth-
ers’ contributions and the contest outcomes after each round. Results
for this first block were reported elsewhere® and are subsequently
ignored here. Following the first block, groups engaged in a 4-min
computer-mediated chat to elect among themselves a group leader
(Methods). Once each 3-persongroup had elected their leader, groups
continued theintergroup contest for another 24 consecutive contest
rounds. Individuals made their investments simultaneously and with-
out communication. However, individuals were provided with feedback
detailing what their group leader and followers had contributed and
earned fromeachround (Fig. 1b), allowing leader and followers to adapt
their subsequent contribution decisions.

Behavioural results

Consistent with earlier work>*** individuals in defender groups con-
tributed on average more than individuals in attacker groups (main
effect of role, F g, =254.350, P=2.021 x 1077, i’ = 0.747 (90% confi-
dence interval (Cl): 0.669, 0.796)). Moreover, group leaders contrib-
uted more than their followers (main effect of leader, F; ¢, =29.056,
P=6.069 x 107, ?»=0.253(90% CI: 0.128,0.368)). Crucially, this differ-
ence between leaders and followers was stronger in defender groups
(Fyg6 =24.555,P=3.579 x10°%, i?,= 0.222 (90% Cl: 0.103, 0.338)) than
in attacker groups (F, g, = 8.222, P= 0.005, /°,= 0.087 (90% Cl: 0.015,
0.190)) (Fig. 1c; leader x role interaction: F, 5, = 6.906, P=1.017 x 1072,
n?»=0.074 (90% Cl: 0.010, 0.173)).

Nature Human Behaviour


http://www.nature.com/nathumbehav

https://doi.org/10.1038/s41562-023-01663-0

b
You receive an endowment
of 20 tokens and can
invest 0-20 into your |
group project. @ You invested 6 l
Please M invested 9
vl A invested 5
Enter .
— Your group invested 20
Other group invested 15 +
— 125 Your earned 29
Investment 6-10's
Wait T 104
Outcome\ 6-10's
fNIRS implementation of an experiment session . W | eader Jitter
Follower
c i d e f
Interaction* Role** Role** Role***
L — — —
*kk *%
— — * *kk Hk
204 o 15 4 1.0 1 o o 1.0 7 [¢] o
o 5]
° 8 8
1.0 o - o 8
g 8 = o 5 0.8 - 8 0.8 - (<]
15 ] 3 =] g — g o
] £ 2 o 3 o
o c 05+ 2 Q o —
5 = g s 2 -
8 8 = S 064 ] £ 06 g 8
3 8 5] I I N o Q
L 104 g 8 = 0 — > o Q o o o
b= i g g = £ - o
3 g s 8 04+ 2 oa-d [ ]
O L o954 © 5 @ g o
o o Q 9]
he] £ = 8
5 o o o o]
E i O 02 o 0.2 -
-1.0 - g
o Q
o © o
0 18 15 0 L 0 L
Defender Attacker Defender Attacker Defender Attacker Defender Attacker

Fig.1| Experimental settings and behavioural results. a, During the intergroup
contest, individual neural activity in the rDLPFC and rTP) was recorded using
fNIRS. Shown here is a snapshot of a session between the 3-person attacker
group (data simultaneously recorded by the same fNIRS system) and the
3-person defender group (data simultaneously recorded by another identical
fNIRS system). b, The timeline of a contest round with a feedback screen for an
individualin the attacker group (symbols identify each individual in the group;
red triangleis the elected leader). The leader and follower roles were fixed
ingroups and groups were fixed in the intergroup contest during the entire
24-round contest. Contributions were wasted, and full feedback on contributions
and earnings concluded each contest round. Endowments were reset after

each contest round. ¢, Contributions to intergroup conflict, showing stronger
difference between leaders and followers in defender groups (contribution,

leaders: 8.866 + 0.372; followers: 7.490 + 0.302) than in attacker groups (leaders:
4.914 + 0.388; followers: 4.343 + 0.341).d, Leader-follower alignment in
contributions. Defender leaders and followers aligned contributions with each
other (alignment parameter S, leaders: 0.084 + 0.033; followers: 0.132 + 0.039).
Inattacker group, followers did not track their leader’s contributions
(B+s.e.m.=0.076 + 0.044) and leaders decreased contributions the more their
followers contributed in the previous round (8 + s.e.m.=-0.094 + 0.030).

e f, Behavioural alignment patterns. Defender leaders displayed more
compensatory contributions than attacker leaders (0.456 + 0.028 vs

0.337 £ 0.030) (e), whereas attacker leaders displayed more free-riding
behaviours than defender leaders (0.643 + 0.031vs 0.402 + 0.029) (f).n =88
3-vs-3-person intergroup contest sessions. Data are shown as mean + s.e.m. with
overlaid dot plots. *P < 0.05, **P < 0.01, ***P < 0.001.

To probe how leader and follower contributions to intergroup
conflictinfluenced round-by-round defender survival (1, otherwise 0)
and attacker victory (1, otherwise 0), we performed logistic regres-
sionsinwhich werespectively regressed leader and follower contribu-
tions within defender (attacker) groups onto group survival (victory)
across the 24 rounds. On average, defender groups survived 77.899%
(s.e.m.: 1.494%) of the contests. Crucially, group survival in defender
groups was better predicted by leader than by follower contributions
(Fy70=5.008,P=0.028, 77,=0.060 (90% CI: 0.003, 0.158)). Victory for
attacker groups, in contrast, was better predicted by follower than
leader contributions (F; ;o= 7.524, P= 0.008, 7, = 0.087 (90% CI: 0.013,
0.194)) (role x leader interaction on the regression parameter predict-
ing contest success: F, ;o =13.405, P=4.517 x 107, i, = 0.145 (90% Cl:
0.044,0.262)).

Next we set out to examine how group leader and followers coor-
dinated their contributions during intergroup contest. To probe

leader-follower alignmentin contributions, we first regressed leader
(follower) contribution on any round onto followers (leader) contri-
butions in the previous round. We then examined the effects of role
and/or leader on the leader-follower alignment while controlling for
the autocorrelation of one’s own contributions across 24 rounds. The
tracking of others’ last round contributions differed as afunction of role
(defender > attacker: F, ,,=7.401,P=0.008, >, = 0.086 (90% CI: 0.013,
0.193)), leader (follower-align-to-leader > leader-align-to-follower:
Fi70=11.321,P=1.185x107, 1%, = 0.125(90% CI: 0.033, 0.240)) and their
interaction (F,,, = 6.004, P=0.016, 7, = 0.071(90% CI: 0.007, 0.173))
(Fig. 1d). In defender groups, both leaders and followers increased
their contributions the more followers and leaders contributed in
the previous round (leaders: ¢ = 2.535, P=0.013, Cohen’s d = 0.272
(95% CI: 0.057, 0.485); followers: tg, = 3.426, P=9.404 x10™*, Cohen’s
d=0.367 (95% Cl: 0.149, 0.583)). In attacker groups, we observed a
different pattern. Followers did not track their leader’s contributions
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(t5;=1.741, P=0.085, Cohen’s d = 0.191 (95% CI: -0.027, 0.408)), and
leadersin attacker groups even misaligned with followers by decreas-
ing contributions the more their followers contributed on the previ-
ous contest round (¢5, = -3.120, P=0.002, Cohen’s d = -0.343 (95% CI:
-0.563, -0.120)). In short, in defender groups, leaders and followers
mutually adjusted and aligned their behavioural contributions over
contest rounds; inattacker groups, leaders and followers coordinated
less well and there is little evidence for behavioural alignment across
contest rounds.

The pattern of leader behaviour and leader—follower alignment
during in-group defence is reminiscent of compensatory alignment,
where leaders increase or keep their contribution to conflict even
when follower contributions fell below that of the leader on earlier
contest rounds. The patterns during out-group attack, in contrast,
reflect aleader’s free riding on followers, where leaders keep or even
decrease their contributions to conflict when follower contributions
onthepreviousrounds exceeded that of the leader. We further directly
examined the differential patterns in defender leaders and attacker
leaders. Indeed, defender leaders displayed more (sacrificial) com-
pensatory contributions than attacker leaders (F, g, =10.106, P= 0.002,
7%,=0.111(90% Cl: 0.026,0.222)) (Fig. 1e), whereas attacker leaders dis-
played more (extractive) free-riding behaviours than defender leaders
(Fy70=34.423,P=1.342x 107, 17%,= 0.330 (90% Cl: 0.183, 0.451)) (Fig. 1f).

Tounderstand what made agroup more or less successful besides
the obvious factor of group contribution, we performed stepwise
regressions with contest success as the criterion and leader-follower
behavioural alignment, leaders’ compensatory contributions and
free-ridingbehaviours, and leader or follower influence on round-level
success from both defender and attacker, as predictors. The model
explained 11.1% of the variance in defender survival rate (F,; = 5.304,
P=0.007, ?,=0.137 (90% CI: 0.023, 0.250)). Defender survival
depended on the degree to which leader contributions influenced
the round-level success (8= 0.345, t,, = 2.947, P=0.004) and on less
free-riding behaviour in defender leaders (=-0.242, t,, = 2.069,
P=0.042). Taken together, whether in-groups survive out-group
attacks depends not only onthein-group and out-group fighting capac-
ity but also on how leaders contribute and how much they influence
group dynamics.

The differential contributions by leaders and followersin defender
and attacker groups influenced not only contest success but also
individual earnings. Whereas leaders earned less than followers in
both defender and attacker groups (F g =27.631, P=1.055x10°,
?»=0.243 (90% CI: 0.120, 0.359)), this effect was stronger in defend-
ers (Fygs =23.351, P=5.836 x10°%, ?, = 0.214 (90% ClI: 0.097, 0.329))
than in attackers (F; g = 8.222, P=0.005, r>,= 0.087 (90% Cl: 0.015,
0.190); leader x role interaction: F, s = 4.239, P= 0.043, ’,= 0.047
(90% Cl1:0.001, 0.136)). Combined, these results suggest that followers
usetheirleader asafocal point and thatleaders display self-sacrificial
tendencies especially in defender groups; they positively adapt to their
follower contributions, they contribute more than their followers and
while they disproportionally impact group survival probability, they
earn less thantheir followers. Conversely, followersin attacker groups

use their leader less as a focal point, and leaders in attacker groups
display opportunistic tendencies; across rounds, they misalign their
contributions with those of their followers, have little impact on the
likelihood of winning the conflict and earn comparatively more than
leadersin the defender groups.

Neural results

Neural activity in the rDLPFC and rTPJ of each group member was
assessed with fNIRS during the 4 min resting state and continuously
during the subsequent24-round intergroup contest. We used the wave-
lettransform coherence (WTC) index toidentify the cross-correlation
between two fNIRS time series of concentration changes in oxygenated
haemoglobin (oxy-Hb) in pairs as a function of frequency and time
(Fig.2a). The contrast between theinteractive task and the resting state
(asthebaseline) hasbeenused in previous studies toidentify inter-brain
neural synchronization (INS) related to interactive tasks***. We were
interested inthe neural responses specific to group interaction, hence
we first compared coherence values during the intergroup contest
andthe4 minrestingstate toindex task-specific INS. This comparison
allowed us toidentify channels of interest (thatis, channels 5, 6,8 and 11
inthe rDLPFC; Fig.2b and Supplementary Table 3), with stronger neural
synchronization during the intergroup contest than during the resting
state. TherTPJ channelsrevealed no meaningful results and are subse-
quentlyignored (Supplementary Table 3). Further analyses on neural
data were focused on the frequency band of interest (FOI) (Methods
and Extended Data Fig. 1) of the survived channels. We analysed data
with mixed-model analysis of variance (ANOVA) designs, with role
denoting whether theindividual was nestedin the attacker or defender
group, and leader denoting whether the individual was elected leader
or follower, or whether the interpersonal pair included leader (that
is, leader-follower vs follower-follower pairs). Within the rDLPFC
channels of interest that showed stronger neural synchronization dur-
ing intergroup conflict than during resting state (that is, intergroup
contest-specific channels 5, 6, 8 and 11), we considered inter-individual
synchronization in neural activity alongside intra-individual
neural activity.

We created pairs for each defender and attacker group and ana-
lysedinterpersonal neural synchronizationin rDLPFC activity between
leaders and followers (L-F pairs, with averaged coherence values for
the two L-F pairs) and between followers (F-F pairs) for each group
(Fig. 2a). The role x leader ANOVAs on the task-specific INS (that is,
coherence value increases between intergroup contest and resting
state) revealed stronger interaction-specific INS in the rDLPFCin L-F
pairs than in F-F pairs (channel 11: F, .5 = 6.566, P= 0.012, ’,= 0.078
(90%Cl:0.009, 0.183)). Moreover, the stronger leader-follower INS was
modulated by group position (leader x role: channels 6 and 11 survived
false discovery rate (FDR) correction for channels of interest, as well
as FDR correction for all 7 channels in the rDLPFC, Supplementary
Table 4; channel 11: F, ;5= 7.312, P=0.008, 1%, = 0.086 (90% CI: 0.013,
0.193), Fig. 2¢; channel 6: F, .5 = 6.613, P= 0.012, 7°,= 0.078 (90% CI:
0.010, 0.184)). In channel 11, the stronger neural synchronization in
L-F (than in F-F) pairs was present in defender groups (F; ;s = 14.905,

Fig.2|Interpersonal neural synchronization between leaders and followers
during defence and attack. a, lllustration of the WTC computation to assess
neural synchronization of L-F pairs and F-F pairs. b, We calculated the coherence
values for the resting state and the intergroup contest. The contrast between
theintergroup contest and the resting state identified channels of interest (that
is, channels 5, 6,8 and 11in the rDLPFC). ¢, Stronger neural synchronization in

L-F thanin F-F pairs, especially in defender but not in attacker groups.n = 80
3-vs-3-person intergroup contest sessions. Data are shown as mean +s.e.m.
withoverlaid dot plots. **P < 0.01, ***P < 0.001. d-i, Validation of the leader-role
interaction and leader effect in the defender group. We generated pseudo groups
by randomly grouping areal leader and two real followers from different original
groupsto apseudo group (d) or generated within-group pseudo pairs for each

group by randomly assigning one of the two followers as a pseudo leader (g). The
leader-roleinteraction (thatis, stronger L-F (vs F-F) neural synchronization in
defender thanin attacker groups) was stronger in real interacting groups than
in pseudo groups (e, defender-vs-attacker leader-increased effect: P= 0.005)
or within-group pseudo pairs (h, P=0.013). Moreover, we verified stronger L-F
INS (that is, increased neural synchronization in L-F pairs than in F-F pairs)
inreal defender groups than permutation distributions based on pseudo
groups (f, leader-increased effect in defender group: P < 0.001) or within-group
pseudo pairs (i, P= 0.001). The upper 5% areas of the permutation distribution
are highlighted by transparent blue rectangles. Red vertical linesindicate the
position of true values of the original groups.
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Fig.3|Intra-individual activity in the rDLPFC during intergroup conflict.
a,b, During contribution decisions, stronger rDLPFC activity in defender

(vs attacker) groups was present in leaders but not in followers (a shows the
leader-by-role interaction F-map for all the 7 channels in the rDLPFC and
billustrates the pattern at channel 11in the rDLPFC). ¢, lllustration of the
calculation of the prediction coefficient from rDLPFC activity at channel 11 (left,
top graph) to round-by-round contributions (left, bottom graph). We builta
linear regression of contribution on round 7 (with Tranging from2to24)asa
function of rDLPFC activity to outcome on the last round 7-1(that s, round
1t023) for each individual (right, for one example participant).d, Increased

rDLPFC activity was associated with increased contributions in defender groups
(leader: 8=0.056 + 0.022; followers: = 0.049 + 0.019) but not in attacker
groups (leaders: =-0.010 £ 0.025; followers: = 0.010 + 0.019). e f, Leaders (vs
followers) showed increased rDLPFC-rTPJ connectivity. Main effect of leader in
the grand mean rDLPFC-rTP) connectivity (e) (the averaged coherence value of
49 channel pairs among the 7 channels within rDLPFC and 7 channels within rTP))
and channel-pairwise rDLPFC-rTPJ] connectivity (f) (6 -DLPFC-rTP) channel pairs
survived FDR correction for 49 rDLPFC-rTPJ] channel pairs). Data are shown as
mean + s.e.m. with overlaid dot plots. n = 80 3-vs-3-person intergroup contest
sessions. *P < 0.05,*P< 0.01.

P=2.318x10"*,%>=0.160 (90% Cl: 0.054, 0.279)) and absent in attacker
groups (F, ;5= 0.004, P=0.950, %, =5.114 x 10~ (90% CI: 0,1.375 X 107%)).
Wereplicated these effects when considering neural synchronization
oftheleaderand arandomly selected follower, rather than across pair
averages (leader x role interaction, channel 11: F, ;s = 9.230, P= 0.003,
n?s=0.106 (90% CI: 0.022, 0.218); channel 6: F, ;3 =9.219, P=0.003,
%,=0.106 (90% CI: 0.022, 0.218), Extended Data Fig. 2).
Permutation tests revealed these effects to be present for
actually interacting pairs rather thanin pseudo groups (Fig.2d-f,and

Extended DataFig.3 for each condition) or pseudo pairs (Fig. 2g-i,and
Extended Data Fig. 4 for each condition). Specifically, the interaction
effect of selectively enhanced leader-follower INS in defender (vs
attacker) group and the stronger L-F INS (vs F-F INS) in the defender
group were specific in real interacting pairs rather than in randomly
grouped individuals within the same condition (that is, randomly
grouping a group leader and two followers from different original,
real groups under the same condition as a pseudo group, Fig. 2e,f) or
randomly assigned leader and followers within the same group (that
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Fig. 4 |Prediction of behavioural alignment. a, In defender groups, stronger
L-F neural synchronization predicted the extent to which followers aligned
contributions to the leader’s previous-round contribution. b, In attacker
groups, the extent to which followers aligned contributions to their leader’s
previous-round contribution was predicted by stronger follower rDLPFC activity.
Thessolid line represents the least-squares fit, and the shading represents the 95%
Clofthe linear fit.

is,randomly assigning the roles of group leader and followers for each
original group, Fig. 2h,i).

We next examined intra-individual concentration changes in
oxy-Hb for leaders and followers in defender and attacker groups
(Methods). First, we found a significant role x leader interaction
on the intra-individual activity at channel 11 (Fig. 3a,b, F, ;s = 7.883,
P=0.006, i?,=0.092 (90% CI: 0.015 0.201); channel 11 survived FDR
correction for channels of interest, as well as FDR correction for all
7 channels in the rDLPFC, Supplementary Table 5), as leaders (vs fol-
lower) showed stronger rDLPFC activity, especially in defender groups
(F75=4.366, P=0.040, ’,= 0.053 (90% CI: 0.001, 0.150)) but not in
attacker groups (F ;s =1.933, P= 0.168, 1’ = 0.024 (90% CI: 0, 0.104)).
This interaction also indicated that this defender-attacker differ-
ence in rDLPFC activity was presentin leaders (F ;5 = 8.397, P= 0.005,
n7%,=0.097 (90% Cl: 0.018, 0.208)) but not in followers (F, ;s = 0.025,
P=0.876, 7°,=3.156 x 107* (90% CI: 0, 0.013)) (Fig. 3b). Second, the
rDLPFC activity in channel 11 responding to the outcome of the last
round was predictive of round-level contributions (Fig. 3c), espe-
cially in defender groups (main effect of role: F, ;, = 6.405, P=0.014,
n%»=0.082(90% Cl: 0.009,0.193), Fig. 3d). In defender groups, rDLPFC
activity positively predicted next-round contributions for bothleaders

(t;7=2.546,P=0.013, Cohen’sd = 0.288 (95% Cl: 0.061, 0.514)) and fol-
lowers (t,,=2.588, P=0.011, Cohen’s d = 0.289 (95% CI: 0.062, 0.512),
Fig. 3d) (Methods). In attacker groups, however, no such association
betweenrDLPFCactivity in channel 11 and contributions was apparent
(leaders: ¢,5=-0.392, P= 0.696, Cohen’s d = —0.045 (95% CI: -0.270,
0.180); followers: t,, = 0.508, P=0.613, Cohen’s d = 0.059 (95% CI:
-0.168, 0.285), Fig. 3d).

We explored the functional connectivity between rDLPFC and rTP)
by performing coherence analyses between rDLPFC and rTPJ for leader
and followers. The coherence values of the two followers were averaged
toindex follower functional connectivity. There was a significant main
effect of leader, with leaders showing stronger rDLPFC-rTPJ functional
connectivity than followers (grand mean rDLPFC-rTPJ connectivity:
F,,5=6.799, P=0.011, i’,= 0.080 (90% Cl: 0.010, 0.186), Fig. 3¢, and
Fig. 3ffor channel-pairwise rDLPFC-rTPJ connectivity, with 6 rDLPFC-
r'TPJ channel pairs surviving FDR correction for 49 rDLPFC-rTPJ chan-
nel pairs, Supplementary Table 6).

We concluded our analyses by analysing how leader and follower
neural activity and synchronization at channel 11 in the rDLPFC in
defender and attacker groupsrelated to the degree towhichleadersand
followers aligned their behavioural contributions to in-group defence
and out-group attacks, respectively. Interestingly, the degree to which
leaders and followers aligned their contributions was associated with
leader-follower rDLPFC neural synchronization (not their rDLPFC
activity) inthe defender groups, but was associated with rDLPFC activ-
ity inthe attacker groups. Specifically, in defender groups, how much
followers adjusted their contributions onthe basis of their leader’s pre-
vious contribution was predicted by stronger leader-follower neural
synchronization in the rDLPFC activity (r, = 0.235, P=0.038, 95% Cl:
0.013, 0.455, controlling for leader-track-follower, Fig. 4a) but not by
follower’srDLPFC activity (r,, = 0.192, P=0.093,95% Cl:-0.006, 0.382,
controlling forleader-track-follower). Conversely, the degree to which
leaders adapted totheir follower’s previous contribution was negatively
associated with leader-follower rDLPFC synchronization (r;, =-0.224,
P=0.048,95% Cl:-0.458,-0.014, controlling for follower-track-leader)
but not with leaders’ rDLPFC activity (r,, =—-0.148, P=0.195, 95% CI:
-0.339,0.058, after controlling for follower-track-leader). In attacker
groups, we observed less leader-follower synchronization, and norela-
tions between leader-follower neural synchronization and how much
followers adapted to theirleaders (5, = 0.135, P=0.250,95% Cl:-0.072,
0.370, controlling for leader-track-follower), and how much leaders
adaptedtotheirfollowers (r,, = —0.031, P= 0.795,95% Cl: -0.301, 0.209,
controlling for follower-track-leader). Interestingly, inattacker groups,
followers’ rDLPFC activity positively predicted to what extent they
adapted their contribution to their leaders’ contribution in the previ-
ous round (r,, =0.293, P=0.011, 95% CI: 0.068, 0.504, controlling for
leader-track-follower, Fig. 4b), but leaders’ rDLPFC activity was not
associated with their adaption of follower contribution (r,, = —0.066,
P=0.578,95% Cl: -0.285, 0.165, controlling for follower-track-leader).

Discussion and Conclusions

‘The exigencies of war with outsiders are what makes peace inside™.
Therelationship betweenintergroup conflictand intragroup cohesion
has longbeen discussed, proposing out-group threat as aprominent
factor facilitating within-group coordination and cohesion**~* and
reinforcing social hierarchy®*'. Here we show how group members
coordinate their fighting capacity and neural activity to fight against
outsiderivalsandresolve the conflictin their favour, and provide the
neural mechanismsinvolved. Moreover, we dissociate the functional
roles that leader (vs follower) and leader-follower (vs follower-fol-
lower) coordination played in the intergroup conflict, which are
further modulated by the aim of the group. Defending the in-group
(rather thanlaunching out-group attacks) increased leaders’ DLPFC
activity and personally costly contributions to the in-group’s ability
to compete against the out-group, and enhanced leader-follower
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(but not follower-follower) behavioural coordination and neural
synchronizationinthe DLPFC.

Our results combined contribute to a neurobehavioral account
of leader-follower coordination during intergroup conflict, and how
leader initiatives and coordination with followers at both the behav-
ioural and neural levels relate to successfully settling conflictin one’s
favour. As predicted, we find that groups with leaders successfully
regulateintergroup conflict to the extent that both leader and follow-
ersaligntheir contributions to conflict. Advancing beyond earlier work
onleadership inintergroup conflict, and fitting work on within-group
cohesionand coordination under collective threat’*****, we observed
stronger behavioural and neural alignment between leader and follow-
erswhengroups defended against out-group threat, than when groups
launched attacks onrival groups. Duringin-group defencein particu-
lar, we observed both leader and follower contributing behaviour to
be associated with enhanced activity in the dorsolateral prefrontal
cortex, abrainregion linked to cost-benefit analyses®*?,impulse inhi-
bition***** and cognitive control, especially under threat™ ¥, Leader
initiatives were associated withincreased prefrontal activation and the
extent to which followers aligned with leader initiatives was linked to
(1) followers’ prefrontal activity and (2) the degree to which followers
and leaders were synchronized in their prefrontal activity.

During in-group defence, leaders appear sacrificial, concerned
with their group and disproportionately influenced defender survival
fromrival attack. In contrast, during out-group attack, leaders appear
opportunistic and more extractive in their behaviour and concerned
with themselves: they only contributed slightly more than their follow-
ersand, critically, contributed less the more their followersinvestedin
conflict. Leader behaviour during out-group attack was also unrelated
to prefrontal activity. Moreover, succeedinginintergroup conflict not
only requires displays of and signalling sacrificial, group-serving behav-
ioursinleadersbutisalso crucially determined by how leader initiatives
arerecognized and adapted by followers. Indeed, leaders and followers
were strongly aligned at both the behavioural and neurallevels during
in-group defence, and coordination was far less during out-group
attacks. Inattacker groups, we observed no meaningful interpersonal
synchronization in the prefrontal cortex between leaders and their
followers. Partly because of these differences in leader behaviour
and leader-follower coordination, groups disproportionately often
survived out-group attacks, and out-group attacks regularly failed.

Before concluding, a few cautionary remarks are in order. First,
leaders in our experimental groups were elected following a short
online group discussion, but we have no insight into why some individ-
ualsand not others were elected as leader. There were no differences
inkey personality characteristics between elected leadersin defender
and attacker groups, or between elected leaders and their followers.
Therefore, we conjecture that the key differences between leaders
in defender compared to attacker groups at both the behavioural
and neural level are grounded in the very position during intergroup
conflict and the stronger within-group interdependence present
during in-group defence compared with out-group attack. Future
research is needed to identify what makes a leader and a follower in
intergroup conflict. Second, leadersin our experiments were strictly
symbolicand could not sanction follower behaviour or communicate
with them other than through signalling their own investments in
theintergroup conflict contest. We need to be careful ingeneralizing
conclusions to settings in which leaders have greater discretion, can
communicate and consult with their group, or canbe held accountable
for their actions. Future research is needed to identify how different
power bases for leadership®® affect leader-follower coordination and
the escalation of intergroup conflict. Finally, at the neural level, we
observed animportantrole for neural synchronizationbetweenleader
and follower (relative to that between followers) in the dorsolateral
prefrontal cortex, especially during in-group defence but not during
out-group attack. Protecting against outside threat is often taken as

afast and intuitive response. The currently observed involvement
of the dorsolateral prefrontal cortex suggests that organizing for
in-group defence also involves cognitive control and cost-benefit
computations. Future research could examine to which degree such
cognitive control is functional for in-group defence and leader-fol-
lower coordination in particular.

Caveats and open questions notwithstanding, current findings
show how leader-follower interactions make groups more or less suc-
cessful competitors in intergroup conflict, and that the specific form
and shape of such leader-follower interactions change at both the
behavioural and neural level when groups defend against rather than
attack out-groups. Whereas out-group attacks are difficult to organ-
ize and have leaders emerging as opportunistic and detached from
their followers, in-group defence is characterized by group members
coordinating well, aligning with their self-sacrificial leaders at both the
behavioural and neural levels, and often disproportionately prevent-
ing defeat and surviving out-group hostility. We suggest that group
structures not only shape leaders but also follower-leader coordina-
tion, and that both leader and leader-follower coordination in turn
shape group success.

Methods

Participants and ethics

We recruited 558 healthy individuals as paid volunteers (252 males;
agel18-30 yr,mean +s.e.m.=22.070 + 0.111 yr) organized into 93 inter-
group contest sessions. Five intergroup contest sessions that failed
intheleader election section (3 sessions in which one or more partici-
pantsfailed the leadership manipulation check and/or were unable to
correctly recall who was the elected leader) or did not complete the
task (2 sessions) were excluded, leaving a total of 528 participants
(240 males; 22.074 + 0.114 yr, Supplementary Table 1a) in 88 intergroup
contest sessions for behavioural data analysis. Another 8 intergroup
contest sessions were excluded because of technical failure with fNIRS
measurements, leaving 480 participants (216 males; 21.998 + 0.134 yr,
Supplementary Table 1a) in 80 intergroup contest sessions for neural
dataanalysis.

All participants had normal or corrected-to-normal visionand no
history of neurological or psychiatric disorders. Those who majored
in psychology or economics were excluded from participation. The
experiment involved no deception. Participants were paid US$12-16
compensation (a US$10 show-up fee plus average earnings in two ran-
domly selected contest rounds). The experimental protocols adhered
tothe standards set by the Declaration of Helsinki and were approved
by alocal research ethics committee at the State Key Laboratory of
Cognitive Neuroscience and Learning, Beijing Normal University,
China (Protocol IORG0004944). All participants provided written
informed consent to participate after the experimental procedures
hadbeen fully explained and acknowledged their right to withdraw at
any time during the study.

Experimental procedures and tasks

Six same sex strangers were invited to the laboratory at the same time
and randomly assigned to the 3-person attacker or 3-person defender
group. Participants first played non-leader intergroup contests to get
familiar with the game (the data for which were published in our pre-
vious work®). Each 3-person group then completed a leader election
section. Afterwards, participants performed the leader version of the
intergroup contest game.

Leader election. After the non-leader intergroup contest, participants
within each 3-person group were given 4 min to chat online with each
other to determine the group leader for the next block of intergroup
contests. The three participants were identified by different shapes
and chatted via texting. Any group member could self-nominate or
nominate other members to be the group leader. At the end of the
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election section, participantsinformed the experimenter of the lead-
er’s shape for their group. While leaders in our experiment endog-
enously emerged during the leader election chat, we cannot exclude
that some traits contributed to (or prohibited) leader emergence. To
account for these possibilities, we measured traits related to social
decision-making, justice and social hierarchy to statistically test post
hocwhether (1) leaders and followers differed inany traits and (2) lead-
ers/followersinthe defender and attacker groups differed in any traits.
Leaders and followers in defender and attacker groups did not differ
insex, age, education, social value orientation, pro-social personality,
justicesensitivity, preference for social hierarchy, cultural orientation
or life satisfaction (Supplementary Table 1).

Leader election validation. Ninety sessions correctly recognized
and remembered their group leaders (in 3 sessions, one or more
participants failed to correctly recall the elected leader). At the end
of the experiment, participants reported their willingness to be the
group leader (0, 5 and 10 for not willing at all, moderately willing and
extremely willing, respectively). The analysis of these ratings revealed
that the group leader was more willing to be the group leader in both
defender and attacker groups (main effect of leader: F, s; = 67.276,
P=2.573x10"2, p?,=0.448 (90% CI: 0.314, 0.547); leader x role interac-
tion: F, g3 = 0.204, P= 0.653, *»= 0.002 (90% CI: 0, 0.047)). Moreover,
followersalso reported that (1) they strongly approved and identified
with their group leader (7.230 + 0.144 on a scale of O (not approve at
all) to 5(moderately approve) to 10 (extremely approve)); (2) they per-
ceived their group leader as more influential than themselves on the
other fellows (F, g, =9.211, P= 0.003, %= 0.097 (90% CI: 0.020, 0.202));
and (3) thegroup leader performed better during the intergroup con-
test than they themselves (F, 5 = 4.928, P= 0.029, %, = 0.054 (90% CI:
0.003, 0.146)) and the other follower (F, g; =14.199, P=3.006 x 107,
n%»=0.142(90% CI: 0.045, 0.254)).

The leader version of the intergroup contest game (leader-ICG).
The intergroup contest game is a dynamic, fully incentivized contest
game withreal-time feedback between a 3-personattacker group and
a3-persondefender group, similar to our previous studies®*. The key
difference between the non-leader ICG and the leader-ICGis the pres-
entation of feedback. Specifically, the contributions made by group
members in the non-leader ICG practice were indicated with black
shape labels, whereas those in the leader-ICG were labelled with ared
shape for the leader and black shapes for the followers.

Ineachleader-ICGround (Fig. 1b), participants decided the con-
tribution they would make to the group pool within12 s.If no decision
was made within 12 s (0.216% of the leader-ICG rounds across all ses-
sions), arandom contribution would be generated by the computer.
Participants then saw an 8 swaiting screen (jittered between 6-10 s),
followed by a10 s outcome screen presenting feedback. The feed-
backincluded: (1) the contribution of each in-group member; (2) the
group-level contribution of own and rival groups (C, and C); and (3)
the pay-off of the current contest round. The outcome screen was
followed by an 8 sinterround interval (6-10 s). Each round lasted for
38 s (ref. 33).

fNIRS data acquisition

Two identical LABNIRS optical topography systems (52-channel
high-speed LABNIRS, Shimadzu) were used to simultaneously collect
neuraldatafrom each 6-personleader-ICG session, with 3 participants
sharing the samerole recorded by the same system. fNIRS signals were
acquired at a sampling rate of 47.62 Hz and later downsampled to
9.52 Hzto decrease temporal autocorrelation®’, For each participant,
weused twoidentical 3 x 2 optode probe sets, with each probe set meas-
uring 7 channels (with 3 light emitters and 3 detectors, inter-optode
distance of 30 mm). The probe sets were separately placed onthe rTP)
and rDLPFCaccordingto the positions of P6 and F4 in the international

10-10 system for electroencephalogram electrode placement® and
the T1-weighted anatomical images™.

The current study measured the relative changes in absorbed
near-infrared light at wavelengths of 780 nm, 805 nm and 830 nm.
These changes were transformed into the relative concentration
changes of oxy-Hb, deoxygenated haemoglobin (deoxy-Hb) and total
haemoglobin using amodified Beer-Lambertlaw®', allowing measure-
ment of brain activity®>. We focused on the concentration changes of
oxy-Hb because it hasbeenshown to be the most sensitive indicator of
regional cerebral blood flow in fNIRS measures®. Increases in oxy-Hb
have been recognized as the consequence of brain activity and corre-
spondingto the blood oxygenation level-dependent signal measured
by fMRI®*¢°,

Behavioural data analysis

We first averaged the two followers’ behaviours and then performed
ANOVAs with leader (leader vs follower) and role (attacker vs defender)
as within-session factors and session-sex (male vs female session)
as a between-session factor on: (1) contributions averaged across
24 rounds; (2) payment averaged across 24 rounds; (3) the influence
of individual contribution on group success (that is, the regression
parameter (f) of the logistic regression of group success (win=1,
lose =0) asafunction ofleader’s (or follower’s) contributions across the
24 rounds); (4) within-group tracking parameter (thatis, thebehavioural
alignment (Fisher’s z-transformed a)). The leader-align-to-follower
(follower-align-to-leader) behavioural alignment (a) was the regression
parameter of linear regressions of leader’s (follower’s) contributions
inacurrentroundjasafunction of follower’s (leader’s) contributions
inthe previousround (j —1).

We further calculated two behavioural alignment patternsin lead-
ers®’: (5) compensatory contribution pattern (thatis, the proportion of
roundsinwhichleadersincreased or kept the same contributions when
he contributed more than followersin thelastround (equation1)) and
(6) free-riding behaviours (that is, the proportion of rounds in which
leaders decreased or kept the same contributions when he contributed
less than followers in the last round (equation 2)).

Peompensatory = P(leader,,; — leader, > O |leader, — follower, > 0) (1)

Pfree—ride = P(leader,,; — leader, < O |leader, — follower, <0) (2)

Pompensatory N Prree.riqe indicate the proportion of rounds show-
ing compensatory contribution pattern and free-riding contribution
pattern; rindicatesround, r € (1:23); leader, and follower, indicate the
contributions made by the leader and his followers in the rth round.

fNRIS data analysis

The current study focused on INS between leader and follower or
between followers (that is, interpersonal brain activities that co-vary
along the time course), intra-individual neural activity and rDLPFC-
rTPJ function connectivity. Pre-processing on the oxy-Hb data was
conducted to remove systemic noise using MATLAB-based functions
derived from the NIRS-SPM toolbox®®, Discrete cosine transforms
with a cut-off period of 128 s and pre-colouring based on haemody-
namic response function were applied to the oxy-Hb data to remove
longitudinal signal drift, motion artefacts, and respiration and cardiac
oscillations from the signal®*©°.

Identification of frequency bands and channels of interest. First,
similar to a previous study*, we identified an FOl according to the
timeline of each intergroup contest round (that is, 0.0263 Hz to
0.0357 Hz, corresponding to the period between 28 s and 38 s,38 s
for one round and 28 s for one round without jitter). This frequency
band also excluded high-frequency noise, including that related to
respiration (around 0.2to0 0.3 Hz) and cardiac pulsation (around1Hz),
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all of which may lead to artificial coherence. To validate that this FOI
wasindeed associated with the intergroup contest, we averaged coher-
ence values across all 14 channels, and the averaged coherence value
during the resting state was subtracted from that of the intergroup
contest task. We then performed one sample ¢-tests on the coherence
value difference for each of the 121 frequency bands (frequency range:
0.004-4.547 Hz). The frequency band from 0.0282 Hz to 0.0335 Hz
(corresponding to the period between 29.82 s and 35.47 s) showed
significantly increased coherence value for the intergroup contest (vs
resting state, P< 0.05, FDR corrected for 121 frequency bands, Extended
Data Fig. 1) and was overlapping with the chosen FOI. Moreover, the
coherence value within the timeline-identified FOI also showed sig-
nificantincrease during theintergroup contest thanduring the resting
state (£, =2.963, P=0.004, Cohen’s d = 0.331 (95% Cl: 0.105, 0.555)).

Second, we identified channels of interest that showed stronger
INS during theintergroup contest than during the resting state. Similar
to previous studies®, we averaged coherence values across the FOI
identifiedinthefirst step and compared values between the intergroup
contest and the resting state for each channel. We showed that the
averaged INS was significantly higher during the intergroup contest
than during the resting state in channels 5, 6, 8 and 11 in the rDLPFC
(Fig.2b, P<0.05, corrected FDR for 14 channels, Supplementary Table 3
for full statistical reports). Taken together, further analyses of the
increased INS of the above-identified frequency bands and channels
of interest were conducted to reveal the effect of leader (L-F vs F-F
pairs) and/or role on INS.

INS. Similar to our previous study®, we employed WTC analysis (Wave-
let Toolbox based on MATLAB R2019b) to assess the cross-correlation
between two pre-processed oxy-Hb time series of pairs of partici-
pants as a function of frequency and time. We applied WTC analysis
to each pair of 3 oxy-Hb time series and generated 3 time-frequency
two-dimensional matrices of the coherence values for each 3-person
group (leader and follower 1, leader and follower 2, followers 1and 2,
Fig.2a). The coherence value for followers1and 2 indicated the INS for
the F-F pair. We averaged 2 coherence values from leader-follower
pairs as the INS for the L-F pair.

Similar to previous studies®*, INS during the resting state was
used as a baseline and the coherence value increases during the inter-
group contest (vs resting state) were used to index task-specific INS
(Fig.2a). The Fisher’s z-transformed coherence value increases (inter-
group contest minus resting state) were averaged across the FOI in
each channel of interest. We then submitted the round-aggregated
INS increase to leader (L-F vs F-F pairs) x role (attacker vs defender)
x session-sex (male vs female) mixed-model ANOVAs, with significant
effects threshold at P< 0.05 (Supplementary Table 4 for full statistical
reports).

Individual brain activity. The pre-processed oxy-Hb time series of
channels in the rDLPFC were segmented into three phases for each
contest round: a decision-making phase (12 s), awaiting phase (6-10 s,
8 sonaverage) and an outcome phase (10 s). There was no eventor trial
that can be used to model activation during the resting state. Similar
to previous work®, we used the waiting phase as the baseline. The
decision-making phase (outcome-processing phase) related activation
was compared with the waiting phase (using az-score transformation of
the mean value and standard deviation of the waiting phase) and consid-
ered as oxy-Hb increases for decision-making (outcome-processing).
First, individual brain activity was averaged across all intergroup
contest rounds and submitted as the round-aggregated activity
(Supplementary Table 5 for full statistical reports). Second, we built
alinear regression of contributions of leader or followers on round
T (with Tranging from 2 to 24) as a function of the leader’s or follow-
ers’ rDLPFC activity at channel 11 of the outcome phase on the last
round 7-1 (round 1 to 23; with the standardized coefficient of the

regression @ indicating the prediction strength) for each 3-person
group. The Fisher’s z-transformed @ across conditions was compared
against O to examine whether rDLPFC activity could predictaleader’s
or follower’s contribution decisions. Similar to previous work*, we
performed coherence analyses (Wavelet Toolbox based on MATLAB
R2022a) between rTPJ and rDLPFC to index functional connectivity
(FC) of rDLPFC-rTPJ. We then analysed the rDLPFC-rTPJ FC at the
channel-pairwise level (each of the seven channels in the rDLPFC
with each of the seven channels in the rTPJ, that is, 49 channel pairs,
Supplementary Table 6 for full statistical reports) and at the grand
mean level (thatis, averaged coherence value of 49 channel pairs). The
two followers’ neural indices were averaged®. The round-aggregated
intra-individual activity, Fisher’s z-transformed 8 and FC were respec-
tively subjected to leader x role x session-sex ANOVAs.

Validation analysis of neural synchronization. To validate that the
effects on INS we observed were specific in real interacting pairs, we
generated pseudo groups or pairs and compared INS between real
interacting groups and pseudo groups. In the first set of analysis, we
kept the hierarchy of each participant (leader or follower) and gener-
ated pseudo groups by randomly grouping a real leader and two real
followers from different original groups asa pseudo group. Inthe sec-
ond analysis, we kept each original group and generated within-group
pseudo pairs for each group by randomly assigning one of the two
followers as a pseudo leader. We then calculated INS of pseudo pairs
using the same method as we did for real pairs. We repeated the genera-
tion of pseudo groups and recalculation of INS for1,000 times. To test
whether the INS and therole x leader interaction on INS were specific
torealinteracting groups, we conducted non-parametric permutation
tests’%”' to verify the null hypothesis of no difference between real and
pseudo groups. Specifically, we tested (1) the INS of real groups against
the permutation samples for each condition (that is, leader-follower
INS in attacker or defender groups, follower—follower INS in attacker
or defender groups) and the observed (2) main effect of leader and
(3) role x leader interaction on INS of real groups against that of the
1,000 permutation samples.

Additional analyses and results

Participants were either exposed or not exposed toabriefsocial bond-
ing manipulation before the first 24-round block of the non-leader
intergroup contest. We examined whether this bonding manipulation
could have affected behaviour and neural responses in the second ses-
sion by including bonding (in-group bonding vs no-bonding control)
as a between-sessions factor in all the above models for behavioural
and neuralindices. We found that (1) all reported effects remained reli-
able after controlling for in-group bonding (Supplementary Tables 7a
and 8a) and (2) in-group bonding did not interact with leadership
or role in the current study (Supplementary Tables 7b and 8b). That
in-group bonding had no effects on the behavioural and neural data
may be because all groups went through the leader election group
chat before the second 24-round block. Such chat might have already
provided the chance for further social bonding among group members
and have equalized the difference between the exposed and
non-exposed groups.

To present the measured brain activity from different perspec-
tives, theresults based on deoxy-Hb signals were also analysed. We con-
ductedthe same analysis onthe deoxy-Hb signals. For theindex of INS,
we did not find similar leader x role interaction with deoxy-Hb signals.
In addition, we found similar effects on intra-individual neural activ-
ity and functional connectivity for the analysis based on oxy-Hb and
deoxy-Hbsignals, but at different channels (channel pairs). Specifically,
we found asimilarleader x roleinteraction effect on rDLPFC based on
oxy-Hb signals (channel11) and thatbased on deoxy-Hb signals (channel
2,leader x role interaction: F; ;s = 8.831, P= 0.004, 7= 0.102 (90% CI:
0.020, 0.213), but not at channel 11: F, . = 0.044, P=0.835, 7= 0.001
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(90% CI: 0, 0.023)). The leader effect on the rDLPFC-rTPJ functional
activity based on oxy-Hb was similarly observed in the deoxy-Hb analy-
sis, butit was found between channel13in the rTP) and channel 8inthe
rDLPFC (F, ;5 =9.591, P=0.003, i, = 0.109 (90% CI: 0.024, 0.222)) and
could not survive FDR correction for 49 channel pairs. The difference
observedinINS and activity based on oxy-Hb and deoxy-Hb signals may
be caused by different sensitivities of oxy-Hb and deoxy-Hb signalsin
reflecting task-induced changes in neural signals.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allbehavioural data and materials have been made publicly available
via the Open Science Framework and can be accessed at https://osf.
io/7grfu/. The neural data supporting the main findings of this study
areavailable from the corresponding author upon request.

Code availability
The custom routines for the main data analysis written in MATLAB
areavailablein the Open Science Framework at https://osf.io/7grfu/.
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T-map: intergroup contest vs. resting state

Frequency (HZ)

4.547 0.0335 0.0282 0.004
20
Q
=]
=
7
[
-50
0.22 29.82 35.47 212.55
Period (s)
Extended Data Fig. 1| Verify frequency band withincreased neural significantly increased coherence value of inter-group contest (us. resting state,
synchronization to intergroup contest than resting-state. To validate that p<0.05, corrected by False discovery rate (FDR) for 121 frequency bands), which
the timeline-based frequency band of interest, we averaged coherence values was overlapping with the timeline-based frequency band of interest (that is,
across all 14 channels and the averaged coherence value during the resting- frequency band from 0.0263 HZ to 0.0357 HZ). Moreover, the coherence value
state was subtracted from that of inter-group contest task. We performed one within the timeline-identified frequency band of interest also showed significant
sample t-tests on the coherence value difference for each of the 121 frequency increase during inter-group contest than the resting-state (Mean + SE=0.011 +
bands (frequency range: 0.004 to 4.547 Hz). Frequency band from 0.0282 Hz 0.004,t,0=2.963,p=0.004, Cohen’sd=0.331).

t0 0.0335 Hz (corresponding to the period between 29.82s and 35.47s) showed
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follower, rather than the across pair averages (a: channel 11, F1,78 =9.230,
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re-calculated neural synchronization of pseudo pairs using the same method
aswe did for the real pairs. We repeated the generation of pseudo pairs and
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recalculation of neural synchronization for 1000 times. We verified stronger
neural synchronizationinreal interacting leader-follower pairs of defender
groups than pseudo groups (b, p=0.001), but not for follower-follower pairs
of defender groups (c, p=0.999), nor leader-follower (d, p=0.450), follower-
follower (e, p = 0.420) pairs of attacker groups.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Six strangers of the same sex were invited to participate in one contest session at the same time and were randomly assigned

to either the attacker or defender group. All participants provided written informed consent to participate after the
experimental procedures had been fully explained and acknowledged their right to withdraw at any time during the study.
Our study did not consider session-sex as a variable of interest, nor did we examine its main effect. However, to determine if
session-sex influenced our primary findings, we conducted ANOVA analyses with gender as a between-session factor for both
behavioral and neural indices. The results showed no modulation of session-sex, indicating that our findings are applicable to
both male and female participants.

Population characteristics 558 healthy individuals (252 males, age 18-30 years, Mean + SE = 22.070 + 0.111 years) were invited as paid volunteers and

Recruitment

Ethics oversight

organized in 93 6-person inter-group contest sessions. Five inter-group contest sessions who failed in the leader election
section or did not complete the task were excluded, leaving a total of 528 participants (240 males, Mean + SE = 22.074 +
0.114 years) in 88 sessions for behavioral data analysis. Another 8 inter-group contest sessions were excluded because of
technical failure with fNIRS measurements, leaving 480 participants (216 males, Mean + SE= 21.998 + 0.134 years) in 80
inter-group contest sessions for neural data analysis. The leaders and followers in defender and attacker group did not differ
in gender, age, education, social value orientation, pro-social personality, justice sensitivity, preference for social hierarchy,
cultural orientation or life satisfaction.

Healthy individuals were recruited in this study as paid volunteers through on campus flyer recruitment. No self-selection
biases was involved in the participant recruitment.

The experimental protocols adhered to the standards set by the Declaration of Helsinki and was approved by a local Research
Ethics Committee at the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University Beijing,
China (protocol number: IORG0004944).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Data from 528 paritcipants organized in 88 6-person sessions was analyzed for the behavioral measurements. Neural signals from 480
participants organized in 80 6-person sessions were analyzed for the neural indices. The sample size was determined a priori using G¥*Power
3.1 to estimate the number of six-person sessions needed to detect significant effects with 80% statistical power. We originally considered
conducting power analysis based on both behavioral and neural effects. However, most fNIRS studies have considered dyad-level interactions,
and only a few have examined neural synchronization in single groups with group sizes n > 3, and we are unaware of fNIRS studies examining
intergroup (economic) interaction. We thus calculated a priori sample size estimates on the basis of earlier behavioral studies using the
intergroup contest that we also used here. This sample size was predetermined in our previous study (detailed in Yang et al., 2020, reference
33).

Considering our study with a relatively large sample which is similar to or larger than the sample sizes of most hyper-scanning fNIRS studies,
we think that our sample size is sufficient to investigate the effects we plan to examine and to draw robust conclusions.

Five inter-group contest sessions who failed in the leader election section or did not complete the task were excluded from both behavioral
and neural analyses. Another 8 inter-group contest sessions were excluded for neural sample because of technical failure with fNIRS
measurements.

The experiment was performed once, and no replication experiments were conducted. The manuscript contains all information necessary to
conduct replication experiment.

The main analyses were performed on the populational level, in which case the variation in subject responses was incorporated into statistical
testing. The variability in behavioral and neural responses is shown through the plotting of individual data or data range in all the figures.

We conducted two permutation tests to confirm the findings in the current study to be present for actually interacting pairs rather than in
pseudo groups (Fig. 2d-f, Extended Data Fig.3 for each condition) or pseudo pairs (Fig. 2g-i, Extended Data Fig.4 for each condition).

The main effect of group role on behavioral measures (higher contribution and higher decision coordination for defender than attacker)
replicated previous findings.

Participants were recruited randomly, and randomly assigned with the role of attacker or defender.

The Role (attacker vs. defender) was randomly assigned and blind to the experimenter during data collection. Because of the difference in
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Blinding data organization between group leader and follower (e.g., the behavioral data from the two followers need to be averaged before
comparison), data analysis was not performed blind to the conditions of the experiments.
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Materials & experimental systems Methods
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