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Abstract: Status hierarchies have been shown to emerge in small, collectively-oriented task groups and to
structure cooperative social interaction in them. In sociology, the argument that status hierarchies can facil-
itate cooperation in small groups has been theoretically validated by evolutionary models and empirically con-
firmed by laboratory/field experiments. Although there is a robust tendency toward the emergence of status
hierarchies in small task groups, we can consider the rare cases in which a status structure emerges (i.e., status
differences emerge) within a task group but no single member of the group is ranked higher in status than every
other group member. In other words, we can consider groups with two or more leaders who are higher in status
than others in the group but who are equal in status to each other. We conduct an evolutionary game-theoretic
analysis to determine the capacity of status behavior to promote cooperation in these uncommon cases. Our
analytical results, corroborated by agent-based simulations, reveal that while multi-leadership structures can
sustain cooperation, they do so less effectively than single-leader hierarchies. Factors such as group size and
assortative mixing significantly influence the emergence of cooperation in multi-leader groups. We also identify
the trade-offs between single-leader and multi-leader hierarchies in fostering cooperation, demonstrating how
hierarchical clarity impacts the willingness to cooperate. Put together, our model offers a generalized frame-
work for understanding how status hierarchies influence the emergence of cooperation in collectively oriented
task groups.
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Introduction

1.1 Status inequality and group cooperation are topics each receiving longstanding attention in sociology (Hechter
1987; Kollock 1998; Correll & Ridgeway 2006; Whitmeyer 2007; Sauder et al. 2012). Social hierarchy and status
inequality are widely regarded as causes of social and health problems (Hemingway et al. 1997; Burns et al.
2014). Given the negative consequences of status inequality, it is a puzzle of why it is prevalent and persistent in
human societies. Recently, some sociologists provided an explanation to the puzzle, contending that hierarchy
may benefit the emergence of cooperation in groups against defection (Simpson & Willer 2015; Mark 2018).
Indeed, fieldwork and experimental studies have shown that people tend to behave more cooperatively with
leaders than without (Luo et al. 2007; Olken 2010; Hamman et al. 2011; Grossman & Baldassarri 2012; Bolsen
et al. 2014). At the theoretical end, scholars show mathematically that status behavior can ensure the survival
of cooperators against the ‘invasion’ of defectors in the social-dilemma setting (Mark 2018). Status hierarchies
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are a fundamental feature of task groups, with a single individual often emerging as the highest-status leader
while others hold varying levels of status beneath them. However, in rare cases, multiple high-status individuals
may share leadership, creating a more ambiguous structure that influences cooperation in distinct ways.

1.2 To deepen our understanding of how status inequality shapes cooperation, we turn attention to a rare but
theoretically revealing configuration: the multiple-leader status structure. This study presents a theoretical
analysis of how multiple leadership, flattened status structures, and deviations from traditional hierarchy im-
pact cooperation in task groups. Using an evolutionary game-theoretic approach, we investigate how coop-
eration emerges and persists in these uncommon structures and compare their effectiveness to single-leader
hierarchies. Despite significant progress, it remains unclear how alternative hierarchical structures influence
the emergence of cooperation in task groups. Specifically, if a status hierarchy is defined by the presence of
a single leader with the remaining members as followers, what happens when there are multiple leaders? To
what extent might multi-leadership dampen the emergence of cooperation? In this paper, we present an evo-
lutionary model to address these questions. Our findings demonstrate that while multi-leadership structures
can sustain cooperation, they do so less effectively than single-leader hierarchies. This result helps to explain
why task-oriented groups rarely feature multiple leaders.

1.3 While existing theoretical accounts predominantly favor the eventual emergence of single-leadership struc-
tures, anecdotal reports seem to suggest that multiple leaders may sometimes coexist within a group. This ob-
servation raises an important question: Is cooperation possible in such environments and, if so, how? We focus
on cohesive, task-oriented groups where leadership roles emerge organically rather than being pre-assigned or
formally structured. A useful analogy can be drawn from collaborative research teams, where leadership roles
often emerge organically across different domains of expertise, such as theoretical development, methodolog-
ical design, and data analysis. In such groups, individuals may assume leadership roles in specific areas while
still contributing to a shared objective. However, this distributed leadership structure can create ambiguity in
hierarchical clarity, potentially influencing how much individuals are willing to contribute to the collective goal.
This scenario reflects the type of multi-leadership dynamics our model aims to capture.

Motivation

2.1 In what follows, we present an evolutionary model to formally support the argument above. Evolutionary game
theory (EVG) is a tool widely used by both biologists and social scientists to formalize explanations for the emer-
gence of human behavior and social institutions (Weibull 1997; Nowak & Sigmund 2004; Lee et al. 2018). In par-
ticular, EVG aims to identify the conditions under which the behavior of interest, represented by a strategy in a
game, spreads within a specific population or social context and remains resilient against displacement by al-
ternative behaviors over time. The emergence of the target behavior is measured by its evolutionary fitness, in
the sense that the more benefits accrued to the behavior, the more likely it would be adopted by an actor, or by
more actors. As far as cooperation is concerned, scientists have used the EVG framework to pin down an array
of mechanisms by which the free-riding problem can be mitigated in cooperation dilemmas (Nowak 2006b).
Below, we present an evolutionary model to investigate the effect of single-leadership and multi-leadership on
the emergence of cooperation.

2.2 Status hierarchies are typically characterized by a single leader overseeing multiple followers. However, the
existence of multiple leaders within a group may be theoretically plausible for the following reasons. First,
organizational sociology argues that there could be multiple leaders in a group when the audiences are differ-
ent. When a group is composed of members with heterogeneous preferences and expectations, it is natural to
see that leaders are ranked differently. Take academic units for example. Kovács and Liu (Kovács & Liu 2016)
show that in multi-disciplinary departments, such as management in business school, faculty rank academic
journals differently in accordance with their background and training. Although each journal can be ranked by
citation impacts – global status, scholars tend to emphasize the journals’ status in their fields – local status,
when evaluating their academic performance.

2.3 Secondly, a group may have multiple leaders, at least in the short run, because of the plurality of subcultures. As
noted by sociologist Gary Fine, “Participants engage in multiple scenes, simultaneously and sequentially, and in
the process become aware of the scenes that serve as models or as points of differentiation.” (Fine 2010) (p. 371),
different subcultures could generate local leaders in the group. It is noteworthy that as actors may participate in
multiple subgroups and shift their affiliations from time to time, the boundaries of these subgroups are far from
clear-cut. As a consequence, the best representation of interaction with the group, as would be demonstrated
in the paper, is a web of networks (Fine 2012).
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2.4 If, in theory, multiple leaders can exist within a group, why are they rarely observed in practice? One possible
explanation is that multi-leadership facilitates cooperation less effectively than single leadership. Coopera-
tion is essential for the functioning – and even survival – of a group, particularly in situations of intergroup
conflict (Bornstein 2003; De Dreu et al. 2010; Choi & Bowles 2007). The degree of cooperation achieved within
a group reflects the strength of its underlying structure. Thus, if single leadership fosters greater cooperation
than multi-leadership, this difference would help explain the prevalence of single-leader hierarchies over multi-
leader structures. This raises an important question: if multiple leaders can emerge within a group, why do we
predominantly observe single-leader structures? One possible explanation is that multi-leadership represents
an early, transient phase of hierarchy formation rather than a stable equilibrium. Groups initially character-
ized by competing leadership signals may eventually consolidate into clearer hierarchical structures, enabling
stronger coordination and cooperation.

2.5 In what follows, we present an evolutionary model to formally support the argument above. Evolutionary game
theory is a tool widely used by both biologists and social scientists to formalize explanations for the emergence
of human behavior and social institutions (Bendor & Swistak 2001; Bergstrom 2002; Nowak 2006a).In particular,
EVG aims to identify the conditions under which the behavior of interest, represented by a strategy in a game,
comes into being and remains stable against alternative behaviors in a given social context–a set of game set-
tings. The emergence of the target behavior is measured by its evolutionary fitness, in the sense that the more
benefits accrued to the behavior, the more (likely) it would be adopted by an actor, or by more actors. As far
as cooperation is concerned, scientists have used the EVG framework to pin down an array of mechanisms by
which the free-riding problem can be mitigated in cooperation dilemmas (Nowak 2006b). In the sections that
follow, we introduce an evolutionary model to contrast the effects of multi-leadership and single leadership on
the emergence of cooperation.

Model Formulation

3.1 Mark (Mark 2018) introduces a model where groups form hierarchies through preplay signaling, with status co-
operators signaling either high or low confidence to establish a single recognized leader. Once a leader is iden-
tified, status cooperators imitate the leader’s cooperative behavior, ensuring mutual cooperation within the
group. This single-leader hierarchy maximizes coordination and minimizes exploitation by defectors, making
status cooperation (SC) an evolutionarily viable strategy under conditions where cooperation might otherwise
fail.

3.2 In our model, we extend this framework by allowing for multi-leadership, reflecting the diversity of real-world
group structures. Multi-leadership emerges during the signaling phase, where each individual signals high sta-
tus with a probability inversely proportional to group size. Unlike Mark’s model, which forces convergence to
a single leader, our approach retains the multi-leader structure when multiple individuals signal high status
simultaneously. This modification captures scenarios where leadership roles are distributed among several in-
dividuals, often due to shared expertise, diverse audience expectations, or the absence of clear hierarchical
distinctions. Also unlike Mark’s SC strategy, which assumes unconditional cooperation once a single leader
is established, our strategy relies on conditional cooperation tied to hierarchy clarity. This approach reflects
scenarios where ambiguity in leadership structures can reduce the willingness to cooperate. However, in situa-
tions where all group members are SCs and leadership clarity is guaranteed, Mark’s strategy may ensure higher
evolutionary viability by fostering unconditional cooperation. Our model assumes a trade-off: conditional co-
operation is beneficial in ambiguous or transitional contexts but may underperform in environments where
hierarchical clarity and assortativity are strong. This distinction highlights the situational adaptability of the
conditional cooperation strategy we propose.

3.3 The model assumes that as the number of leaders increases, hierarchical clarity diminishes, reducing the ca-
pacity to facilitate cooperation effectively. This trade-off reflects the challenges inherent in multi-leader hierar-
chies, where coordination may suffer despite potential benefits from distributed leadership. By incorporating
probabilistic signaling and its implications for cooperation dynamics, our model generalizes Mark’s framework
to accommodate a broader range of group structures, bridging the gap between strictly hierarchical and more
egalitarian (or contestedly hierarchical) systems.

3.4 Given the similarity, we adapted the four-phase EVG of Mark’s paper (Mark 2018) to build our model. First, the
group size is fixed at n, among which some are cooperators (C) and others defectors (D). Second, in pursuing
leadership, cooperators collectively determine the hierarchical structure by nominating themselves as leaders
at the top level, while defectors always remain as passive followers at the bottom, alongside cooperators who
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do not seek leadership. Here, Mark requires the resultant group structure to be either single- or zero-leader,
whereas we allow multi-leadership. See the next paragraph for the modification. Third, once leaders are se-
lected out of cooperators, and a structure is formed, all cooperators decide whether to contribute to a common
resource pool depending on the structure’s hierarchicalness, while defectors never contribute. All individuals
receive their payoffs in this prisoner’s dilemma accordingly. Fourth and finally, the relative fitness of current co-
operators and defectors determines the composition of the next generations of players. The whole game then
iterates until only one type of individual remains.

3.5 We extended Mark’s model to include multi-leader hierarchies. As in Mark’s model, every status cooperator sig-
nals the willingness to be a leader with probability 1

n . If no player expresses such interest, no cooperator or de-
fector at the bottom level will later contribute to the shared resource pool. In Mark’s model, status cooperators
always contribute when a leader is chosen. If multiple leaders are nominated, the structure formation resets
until a clear single-leader hierarchy emerges. By contrast, we took into account that leadership is often shared
by many and “unclear” in reality (Selznick 2011; Case & Maner 2014; Eslen-Ziya & Erhart 2015). Examples of
multi-leadership are not only easy to spot in task-oriented groups and everyday organizations; the emergence
and consequences of multi-leadership are also gaining attention among scholars (Paunova 2015; Badura et al.
2021). Accordingly, if multiple cooperators are signaling high (interest in leadership; using Mark’s term) versus
low, we retained such an emerging multi-leader structure instead of keeping pruning it and forcing cooperators
to decide whether to contribute under such an unclear hierarchy.

3.6 In our model, multi-leadership emerges when multiple cooperators signal high confidence (i.e., high status).
Unlike Mark’s model, where signaling continues until a single leader is identified, we allow groups to settle
into states with multiple leaders. Specifically, when more than one conditional cooperator signals high, the
group adopts a multi-leader structure, and all cooperators at the top level are considered leaders. We use the
term “conditional cooperator" instead of Mark’s “status cooperator" to emphasize that cooperation depends on
contextual factors such as the clarity of the hierarchy and the number of leaders. This terminology better aligns
with our model’s focus on the probabilistic and conditional nature of cooperation in less-defined hierarchical
settings. This approach reflects real-world scenarios where leadership is shared, such as in research collabora-
tions or executive teams. In these cases, the hierarchy becomes less clear, reducing cooperators’ likelihood of
contributing to the common good.

3.7 Specifically, cooperators decide whether to contribute, facing multi-leaders, with a likelihood (not) to do so.
This likelihood represents the hesitation to cooperate under obscure leadership. With this allowance, the two
situations in (Mark 2018), where the group is either clearly hierarchical with one leader or clearly flat with no
leader, were covered in our model as special cases. Shortly, our modification depicts the entire spectrum be-
tween Mark’s two and only structures by considering groups that are multi-leader and indecisively hierarchical
or flat.

3.8 Mark’s two scenarios represent the extremes of group hierarchy: full cooperation in a clear hierarchy and no
cooperation in the absence of leadership, that is, with a probability of 1 or 0, respectively. By contrast, cooper-
ators in our newly added, less clear hierarchical structures contribute with an intermediate probability. Once
a player decides whether to contribute, the same one-shot common-good dilemma is played as in Mark’s EVG.
Consequently, our model specifies that a cooperator has a probability pc of contributing benefit b to the com-
mon pool and a probability 1− pc of not contributing and keeping c for themself. If the individual is a defector,
they will never contribute, keeping c as non-cooperating cooperators. Payoffs in our model are determined by
the likelihood of cooperation pc, which depends on the hierarchical score Hn(x). A cooperator contributes a
benefit b to the group with probability pc and retains c otherwise. Defectors never contribute and always re-
tain c. The total contributions are pooled and evenly distributed among all group members. To ensure that the
cooperation dilemma is maintained, we assume that the benefit of cooperation b is greater than the individual
cost of contributing c, i.e., b > c. This assumption ensures that cooperation remains a viable strategy while still
posing a dilemma in strategic decision-making. For example, if we set b = 4 and c = 2, then the cost-to-benefit
ratio is c/b = 0.5, which aligns with the feasible cooperation region observed in our simulations. This implies
that cooperators who contribute receive a payoff advantage as long as the overall structure supports cooper-
ation. For instance, if two cooperators contribute in a group of size n = 5, each member receives (2 · b)/5.
This structure ensures that both cooperators and defectors derive benefits based on group composition and
contribution levels. Finally, the total contribution in the common pool is split among everyone. Equally, the
population composition changes following the same linear replicator as in Mark’s EVG. Together, our model
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gives

P (Ct+1) =
P (Ct) ·W (Ct)

P (Ct) ·W (Ct) + P (Dt) ·W (Dt)
,

P (Dt+1) =
P (Dt) ·W (Dt)

P (Ct) ·W (Ct) + P (Dt) ·W (Dt)
,

(1)

where P (Ct) is the proportion of conditional cooperators in the group at time t, P (Dt) the proportion of de-
fectors, W (C) the expected payoff for a conditional cooperator, and W (D) the expected payoff for a defector.

Hierarchical score and the cooperation probability Hn(x)

3.9 Having described the general setup of our EVG, below, we turn to the specific measure of group hierarchical-
ness and how it informs about cooperators’ probability to contribute. Conceptually, we assumed having mul-
tiple leaders in a group obscures group hierarchy and attenuates leaders’ capability to motivate cooperation.
Supporting this assumption, empirical studies have shown that members of multi-leader teams need more
resources (e.g., time) to communicate and achieve consensus on a shared goal (Rice 2006). This need subse-
quently increases the risk of failing to achieve such a consensus under which group members, especially subor-
dinates, can cooperate with one another. Similarly, even if the group can settle with multiple leaders and their
distinct goals, this situation opens the possibility that the leaders may get in each other’s way, competing for
limited common, material, or human resources in the group (Friedrich et al. 2009). Overall, it seems plausible to
use the hierarchicalness of a group as the proxy for the likelihood that conditional cooperators can coordinate
and then collaborate: the more clearly hierarchical a group, the more its cooperative members will cooperate.

3.10 Practically, we adopted the hierarchicalness measure of Mones et al. (2012), as it would range from 0 to 1 be-
tween Mark’s two clear group structures respectively, and can subsequently be used as cooperator’s probability
to contribute to the group. Particularly, since this measure is defined for any arbitrary complete network, we
restricted it to a system with two layers of players. That is, given an unweighted directed graphG = (V,E) con-
taining a vertex set V with n = |V | number of vertices and an edge set E with M = |E| number of edges, the
local reaching centrality cR(i) of node i was defined as the ratio of the number of reachable nodes of i through
its out-edges, to the total number of nodes that a node could potentially reach (assuming no self-loop). From
here, then

cR(i) =
|Si|
n− 1

, (2)

where Si = {j ∈ V |0 < dout(i, j) < ∞} is the set of nodes that have nonzero but finite out-distances from
node i, and the general reaching centralityGRC(G) of graphG is the normalized sum of all nodes’ local reach-
ing centrality by the maximum local reaching centrality:

GRC(G) =
1

n− 1

∑
i∈V

[
cmax
R − cR(i)

]
, (3)

where cmax
R denotes the largest local reaching centrality in the network. In other words, when GRC = 1 and

the structure is the most hierarchical, the graph would have only one node – the leader – with nonzero local
reaching centrality to all others when others have no out-edge at all. Therefore, the structure of the case with
only one leader at the top level represents the (clear) hierarchy with the highest possible hierarchical score.

3.11 To keep generalizing the GRC to two-level groups of nodes, we considered that the players at the top, however
many, have control over others at the bottom and, therefore, each with an out-edge toward every other at the
bottom. We then defined the hierarchicalness Hn(x) of this two-level cooperation structure with group size n
and x players at the top level using the GRC of network G. That is,

Hn(x) =

{
(n−x)·n−x

n−1

n−1 =
(
n−x
n−1

)2 if 0 < x ⩽ n

0 if x = 0.
(4)

3.12 Notice here that, when 0 < x ⩽ n, Equation (4) applies Equation (3) to a two-level network with x players
at the top level. In this case, cmax

R = n−x
n−1 because players at the top show maximum reachability to n − x

nodes/players at the bottom, who do not have this reachability. Moreover, when x = 0 and everyone is at the
bottom, we set Hn(0) = 0 to represent a lack of leadership, making Hn(x) always takes the value between

JASSS, 28(3) 4, 2025 http://jasss.soc.surrey.ac.uk/28/3/4.html Doi: 10.18564/jasss.5683



0 and 1. For demonstration, Figure 1 shows all group structures and the corresponding H values that a group
with size n = 5 can have. Specifically, in the two cases in the figure where all players are at the same, bottom
or top level, H = 0, representing zero hierarchicalness in the network. Further, when x = 1, H becomes 1, the
highest among all scenarios. Finally and critically, except for the special case of x = 0, for which we stipulate
H = 0, Hn(x) is a decreasing function of x. This trend fits with our need that, with more leaders at the top, the
less clearly hierarchical the commanding system should become.

3.13 Given its useful mathematical properties, Hn(x) was then used as the proxy to the probability pc that a condi-
tional cooperator would contribute b to the group and not keep c to themself. So, if only one player signals their
interest in higher status and, thus, rises to the top, all conditional cooperators will contribute, with a probabil-
ity Hn(1) = 1. If there is no player at the top level, no conditional cooperators will contribute, i.e. Hn(0) = 0.
Lastly and importantly, if there are more than one player at the top level, the larger their number, the less hi-
erarchicalness the group, and the closer to 0 the values of Hn(x). As a result, cooperators will be less likely to
contribute as the number of leaders increases.

Figure 1: Illustration of H5(x), x = 0, 1, . . . 5. Note that Hn(x) always takes a value between 0 and 1. Specifi-
cally, in the two extreme cases in the figure with no player (subplot (a)) or every node at the top (subplot (f)),
H = 0.

Analytical methods

Random mixing

4.1 Under random mixing, individuals are equally likely to interact with any other group member, regardless of role.
This creates a uniform probability distribution of meeting cooperators and defectors, making it challenging for
cooperation to evolve without a clear hierarchy. In contrast, assortative mixing introduces a bias: individuals
preferentially interact with others of the same role. As the assortativity parameter τ increases, cooperators are
more likely to form groups, enabling them to organize cooperation more effectively, even under multi-leader
structures.

4.2 Whenn = 2, the expressions of the expected payoffs for the conditional cooperators and defectors are shown in
Equations (5) and (6), respectively. With the probability for our focal agent, the conditional cooperator, to meet
another cooperator being fc and to meet a defector being 1 − fc, in Equation (5), the first and the second line
are the expected payoff for a conditional cooperator meeting another cooperator and a defector, respectively.
Particularly, there are three terms in the first line of Equation (5); they in turn represent the situations where
the focal cooperator meets another cooperator while there are 2, 0, or 1 player at the top level. As a result,
when all players (i.e., 2) or no player is a leader, no conditional cooperator contributes, and each of them takes
c back. By contrast, when there is 1 and only leader in the group – the special case of Hn(1) – every conditional
cooperator contributes equally and receives b equally. Moreover, the two terms of the second line, in turn,
represent the case wherein the conditional cooperator meets a defector, does not go to the top level, and hence
does not contribute, and the case wherein the cooperator goes to the top and contributes. Notice that in the
latter scenario, the contribution b will be shared by the two players in the group since the defector does not
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contribute.

W (C) = fc ·
{(

2

2

)(
1

2

)2(
2− 1

2

)0

· c+
(
2

0

)(
1

2

)0(
2− 1

2

)2

· c+
(
2

1

)(
1

2

)1(
2− 1

2

)1

· b
}

+ (1− fc) ·
{(

1

0

)(
1

2

)0(
2− 1

2

)1

· c+
(
1

1

)(
1

2

)1(
2− 1

2

)0

· b
2

} (5)

4.3 Turning to the expected payoff for the defector, here we express it in Equation (6) in that, whether the defector
meets a conditional cooperator or another defector, he always keeps his cost c – the first term in the equation.
Therefore we only need to focus on whether they can get additional shares of b. In the current case of n = 2,
the defector would only obtain the benefit b when meeting a cooperator who goes to the top level (therefore
contributes). This is the second term in the line.

W (D) = c+ fc ·
{(

1

1

)(
1

2

)1(
2− 1

2

)0

· b
2

}
(6)

4.4 Now, generalizing the equations, the hierarchicalness function Hn(x) joins in to form the payoffs for a larger
group size n. Notice that x = 1 is always a special case. Here, the status hierarchy is clear and all cooperators
contribute. The other special case is that all conditional cooperators are at the same level, either at the top
or the bottom. In this case, no cooperator contributes. Accordingly, below are the expected payoffs for the
cooperator and the defector when n = 3, in Equations (7) and (8), respectively.

W (C) = (1− fc)
2 ·

(
2

3

)
· c

+

(
2

1

)
fc(1− fc) ·

{(
2

3

)2

+

(
1

3

)2

(1−H3(2))

}
· c

+ (fc)
2 ·

{(
2

3

)3

+

(
3

2

)(
1

3

)2(
2

3

)2

(1−H3(2)) +

(
1

3

)3}
· c

+ (1− fc)
2 ·

(
1

3

)(
1

3

)
· b

+

(
2

1

)
fc(1− fc) ·

{(
2

1

)(
1

3

)(
2

3

)(
2

3

)
+

(
2

2

)(
1

3

)2

·
[(

2

1

)
(H3(2))(1−H3(2))

(
1

3

)
+

(
2

2

)
(H3(2))

2

(
2

3

)]}
· b

+ (fc)
2 ·

{(
3

1

)(
1

3

)(
2

3

)2

+

(
3

2

)(
1

3

)2(
2

3

)1

·
[(

3

1

)
(H3(2))(1−H3(2))

2

(
1

3

)
+

(
3

2

)
(H3(2))

2(1−H3(2))
1

(
2

3

)
+ (H3(2))

3

]}
· b

(7)

W (D) = c+ 2fc(1− fc) ·
{(

1

3

)
(H3(1))

(
1

3

)}
· b

+ f2
c

{(
2

1

)(
1

3

)(
2

3

)(
2

3

)
+

(
1

3

)2[(
2

1

)
(H3(2))(1−H3(2))

(
1

3

)
+ (H3(2))

2

(
2

3

)]}
· b

(8)

4.5 The first three lines in Equation (7) represent the situation in which a conditional cooperator doesn’t contribute
and takes back its cost c, lines 4 to 8 represent the situation in which the cooperator can earn the benefit b.
In each scenario, we need to consider the focal conditional cooperator that meets two defectors (with proba-
bility (1 − fc)

2), one cooperator and one defector (with probability
(
2
1

)
fc(1 − fc)), and two cooperators (with

probability f2
c ). Here, we focus on explaining the last two lines, where the conditional cooperator meets two

cooperators as the rest is obtained following the same calculation. The conditional cooperator can always take
back b if there is one cooperator at the top level. Assuming there are two cooperators at the top level (i.e.,
x = 2), though a cooperator to start, this player acts as a defector in the end, given the probability 1 −H3(2)
“not" to follow the lead. Here, one needs to consider two different scenarios: If the focal cooperation does not
contribute, they can keep c and obtain extra portions of b depending on the number of players who contribute.
Consequently, the focal player can take k

3 shares of b if there are k cooperators who end up contributing.
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4.6 On the other hand, Equation (8) is the expected payoff for the defector when n = 3. Note that, again, a defector
can always take back c. They then obtain additional fractions of b if they meet one conditional cooperator –
with probability 2fc(1 − fc) (the second term in the first line) and two cooperators – with probability f2

c (the
last line). Specifically, the first term inside the part following f2

c represents that exactly one conditional cooper-
ator becomes the leader, so both conditional cooperators contribute. The second term in line 2 represents the
scenario where both conditional cooperators become leaders, and therefore, each of them has a probability
H3(2) to contribute. In this case, the first term in the square bracket expresses that one cooperator contributes
and the other does not, and the second term shows both of them do. As a result, the focal defector obtains b

3

and 2b
3 of benefits, respectively. The last line then follows the same rationale as in the prior analysis.

4.7 Finally, the expected payoffs for a conditional cooperator and a defector in a general case of arbitrary n are
identified in Equations (9) and (10), respectively. To construct the equations, we aggregated the payoff that a
focal player obtains based on three quantities: (i) the number of conditional cooperators in the group, (ii) the
number of conditional cooperators who become leaders, and (iii) the number of conditional cooperators who
end up contributing to the group. Together, the expected payoff of the player can be expressed with a triple
summation of the three quantities, denoted with dummy variables i, j, and k, corresponding to the quantities
of (i), (ii), and (iii). Here, it might be worth noting that (ii) depends on (i) and (iii) depends on them both. Conse-
quently, the first two lines of Equation (9) describe the scenarios in which the focal conditional cooperator does
not contribute and takes back c, whereas the last two lines describe the scenarios in which they take portions of
b depending on quantities (i), (ii), and (iii). On the other hand, Equation (10) indicates that the defector always
keeps c with extra shares of b similarly depending on (i), (ii), and (iii).
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(9)

W (D) = c+
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(
n− 1
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)
(fc)

i(1− fc)
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·
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(
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j
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)j(
n− 1

n
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·
[ i∑
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(
i

k

)(
Hn(j)

)k(
1−Hn(j)

)i−k
(
k

n

)]}
· b

(10)

Assortative mixing

4.8 To construct the analytical solutions in the assortative mixing model, the only change to make lay in the rate of
meeting a cooperator fc. We thus derived the expected payoffs for a conditional cooperator and a defector in a
multi-leader model with assortative mixing in Equations (11) and (12) as follows. A detailed derivation of these
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formulas can be found in Supplementary Information.
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W (D) = c+
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Results

Random mixing

5.1 As alluded to, we first produced the analytical approximation and an agent-based simulation of our EVG under
the assumption of random mixing; that is, individuals have the same opportunity to meet each other regardless
of roles (i.e., leaders, cooperators, or defectors; see the Methods Section). Figure 2 compares the analytical and
the simulated results of the internal equilibrium, i.e., the cost-to-benefit ratio of cooperation c/b that makes
W (C) = W (D), against the proportion of conditional cooperators fc in groups of different sizes n. The equa-
tions that are based on these equilibrium lines in the figure – Equations (9) and (10) – yielded almost perfect
matches with the simulations, bolstering the modeling’s validity.

5.2 Theoretically, the depicted equilibria quantify the maximum cost-to-benefit ratio (c/b) under which coopera-
tion remains viable, reflecting the relative strength of cooperation in the system. When W (D) > W (C) (above
the lines), defectors achieve higher payoffs, causing cooperators to decline until P (C) = 0. Conversely, when
W (D) < W (C) (below the lines), cooperation is advantageous, leading to an increase in cooperators until
P (C) = 1. Numerical resolution of W (C) = W (D) reveals that the equilibrium threshold decreases as the
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group size (n) increases, making cooperation less sustainable in larger groups. This finding aligns with the Ol-
son conjecture (Olson 2009), which posits that coordination and cooperation face greater challenges in larger
populations. These results highlight the inherent trade-offs in group size, where larger groups dilute the coop-
erative advantage of hierarchical structures.

5.3 An intriguing finding in Figure 2 is the non-linear effect of the proportion of conditional cooperators (fc) on the
strength of cooperation, as measured by the maximum c/b ratio. Contrary to intuition, higher proportions of
cooperators do not always enhance cooperation. While increasing fc initially strengthens hierarchical struc-
tures, excessively high proportions lead to the emergence of multi-leader hierarchies that diminish clarity and
compromise cooperators’ willingness to contribute. In such cases, cooperators effectively act as partial defec-
tors, destabilizing group dynamics (see Chrobot-Mason et al. 2009). This highlights the counterintuitive risk
of over-cooperation in certain contexts. Compared to the single-leader model of Mark (2018), our findings sug-
gest that cooperative behavior’s evolutionary advantages depend on a delicate balance between hierarchy and
cooperator proportions.

Figure 2: Simulations and analytical solutions for different group sizes (n). A dot in the figure is an average of
100,000 simulations of a given pair of n and fc, and the lines are the analytical predictions of their same-color
dots.

5.4 Now, we present the analysis of the cost-to-benefit range wherein status cooperation is a stable evolutionary
strategy in social dilemmas. Following Mark, the lower bound of the range is the threshold below which interac-
tions are no longer dilemmas. The upper bound is the threshold above which defectors can invade cooperators.
Accordingly, if the cost-to-benefit ratio is smaller than 1

n , b becomes large enough relative to c that the game is
no longer a dilemma: one’s cooperation will always outperform defection whether others cooperate. 1

n is hence
the lower bound. For the upper bound, if the expected payoff for cooperators in a homogeneous, all-cooperator
group is larger than that for an invading defector, cooperation is deemed a strong and stable strategy against
defection. Mathematically, this means, if a conditional cooperator’s payoff under fc = 1 is larger than a de-
fector’s payoff under fc = n−1

n , then cooperation is stable. Following the logic, we plugged these conditions
into Equations (9) and (10) to find the boundary of c/b. Together, the stability range of the cost-to-benefit ratio
was derived and shown in Figure 3. Again, although there is a greater chance of forming a hierarchical struc-
ture when more cooperators and, thus, potential leaders are in a group with multiple leaders, it is less likely
that cooperators will contribute to the group. This makes it easier for defectors to invade the group, making
the stability range first widens but later seemingly narrow along with group size. We analytically examined the
possibility as n goes to infinity, observing the upper bound approaches 0 and eliminating the stability region.
In Supplementary Information, we also compared the region for cooperators to survive in the multiple-leader
status-cooperation model and the single-leader status-cooperation model.
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Figure 3: Cooperation is a stable strategy in social dilemmas. The region between upper and lower bounds is
where status cooperation is a stable evolutionary strategy in social dilemmas.

Assortative mixing

5.5 Having studied random mixing, we generalized our model to assortative mixing; that is, individuals are limited
to playing with same-role others at different degrees. Here, Mark found cooperators may reversely invade the
group of defectors in single-leader games under enough assortativity because it unequally protects and favors
cooperation over defection. Following Mark, the bias parameter τ ∈ [0, 1] in our EVG decides the degree of
assortativity in a group, denoting the proportion of required non-randomly mixed, same-role pairs in interac-
tions, leaving the remaining 1 − τ pairs choosing interaction partners following random mixing. As a result,
when τ = 1, the group will be all cooperators if the first selected individual is a cooperator; the group will be
all defectors if the first selected one is a defector.

5.6 As before, we built an agent-based simulation to validate Equations (11) and (12). (see Methods for the codes);
Figure 4 shows the almost perfectly matched analytical and simulated results of cost-to-benefit ratio c/bagainst
the fraction of cooperators fc at internal equilibrium. Here, different from the random-mixing analysis above,
we fixed group size n = 10, instead manipulating and color-coding τ .
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Figure 4: Simulations and analytical solutions for different mixing ratios τ . A dot in the figure is an average of
100,000 simulations of a given pair of τ and fc, and the lines are the analytical predictions of their same-color
dots. We fix the group size n = 10 here.

5.7 Figure 4 illustrates how assortativity consistently strengthens cooperation across all proportions of conditional
cooperators, affirming its protective role against defection, as previously observed in network-based coopera-
tion dilemmas (Wang et al. 2012). This effect is particularly pronounced at low fc, where assortativity creates
favorable conditions for cooperation to emerge and persist. However, as fc increases, the influence of assorta-
tivity diminishes, even reversing its benefit at very high fc. In highly assortative groups with excessive coopera-
tor proportions, multi-leader hierarchies become prevalent, attenuating cooperators’ willingness to contribute
and destabilizing cooperative dynamics. These findings emphasize assortativity’s dual role: while it enhances
cooperation at low fc, it cannot fully mitigate the challenges posed by high cooperator proportions.

5.8 Examining the effect offc at varying levels of assortativity (τ ), we observe a distinct shift in the curves ofW (C) =
W (D) from concave down to concave up as τ increases. At lower τ , increasing fc initially enhances coopera-
tion but later diminishes it due to the emergence of multi-leader hierarchies. However, at higher τ , assortativity
reshapes this relationship, enabling cooperators to mitigate the negative effects of multi-leadership, particu-
larly at moderate fc. This shift underscores the interplay between assortativity and cooperator proportion,
where assortativity moderates the destabilizing effects of high fc. Nevertheless, the attenuated willingness to
contribute in highly cooperative, multi-leader settings persists, highlighting the nuanced trade-offs inherent in
hierarchical dynamics.

5.9 Together, the present paper reports that the relative size of cooperators to defectors and the assortativity be-
tween the two roles do not add to the evolution of cooperation independently in multi-leader groups. First,
unlike in single-leader groups, the proportion of cooperators in multi-leader groups, though mostly beneficial,
may jeopardize the strength of cooperation against defection when it is too high. Second, even though assor-
tativity helps with cooperation at any proportion of cooperators in the group, when it is too high, it neutralizes
and even reverses the generally positive effect on cooperation, making it simply that the more cooperators,
the weaker the cooperation is an evolutionary strategy. The two factors interact with one another, giving one
interwoven but not two independent relationships with the evolution of cooperation.

Discussion

6.1 We have examined the empirically uncommon but theoretically important case of multiple leadership in task
groups. Our findings suggest that multi-leadership may often represent a transient stage in the evolution of
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group hierarchies. In real-world group dynamics, leadership roles are rarely fixed from the outset. Instead,
groups often begin with multiple individuals signaling leadership potential, creating an initial phase of leader-
ship competition and coordination ambiguity. This aligns with sociological and organizational perspectives on
group formation, where leadership must emerge organically rather than being assigned top-down. Over time,
competitive dynamics, clarity-seeking behavior, and evolutionary pressures may consolidate leadership into a
more stable single-leader structure, as described in Mark’s (2018) model. This perspective suggests that while
multi-leadership can sustain cooperation, its inherent instability may explain why single-leader hierarchies are
the predominant form of structured cooperation.

6.2 With both analytical and numerical examinations–all computer codes publicized in online repositories–we present
a two-layer multi-leader model of the relationship between leadership hierarchy and the evolution of the coop-
eration facilitated by leaders and the pursuit of status. The work shows that status cooperation could be stable
in evolution. Status hierarchy could thus be thought of as organizing cooperation in the long run. While status
hierarchies can facilitate cooperation, they do not guarantee full cooperation in all contexts. Cooperation lev-
els depend on additional factors such as group composition, external incentives, and intra-group competition
(Bendersky & Hays 2012). This is in contrast with the observation that hierarchy might be detrimental to coop-
eration (Cronin et al. 2015), but consistent with the fact that hierarchy may arise in initially egalitarian entities
and still keep significant cooperation in them (Lozano et al. 2020). Here, the main difference between our model
and the one in (Cronin et al. 2015) is that, in the latter, model agents were arranged to interact only in pairs in
some unstructured hierarchy. By contrast, we show that the region for cooperation stays evolutionarily stable
in the multi-leader hierarchy. This happens when elected leaders receive no extra incentive than non-selected
conditional cooperators. The result thus echoes with existing research (Antonioni et al. 2018) that a status hi-
erarchy formed based on performance does not reduce cooperation in groups. The conditional nature of our
conditional cooperation strategy introduces important implications for evolutionary viability. While it is well-
suited to scenarios with unclear hierarchies, this feature limits its effectiveness in groups where all members
are conditional cooperators and hierarchical clarity is established. In such cases, Mark’s SC strategy may out-
perform ours by promoting unconditional cooperation. Future work could extend this comparison by exploring
hybrid strategies that incorporate conditional cooperation for ambiguous settings and unconditional coopera-
tion when group composition ensures trust. This line of inquiry would provide a deeper understanding of how
different conditional cooperation strategies interact across a spectrum of social and environmental conditions,
including varying degrees of assortativity and hierarchy clarity.

6.3 In addition, we assumed that the more group members, the less they would want to be the leader. This follows
from the established bystander effect in social psychology, such as that shown in Darley and Latané’s (Darley
& Latané 1968) research. Darley and Latané demonstrated that study participants were less likely to speak up
and report potential emergencies – fire in the laboratory, for example – when more participants were in the lab.
Even if presumably everyone wanted to escape the fire, few would emerge to lead the rest when the group was
large. By contrast, people could easily “lead” themselves and simply leave the room.

6.4 Group size also significantly impacts the viability of cooperation. While larger groups may benefit from in-
creased synergy and resource pooling, they often face challenges in maintaining cooperation due to coordi-
nation difficulties and the diffusion of responsibility (Lee et al. 2023). Our findings align with this observation,
as we show that cooperation becomes increasingly difficult to sustain as group size grows. This result reflects
a trade-off between the potential benefits of larger group synergy and the structural challenges of maintaining
cooperation, reinforcing the importance of clear hierarchies or robust mechanisms for cooperation in larger
groups.

6.5 Finally, corresponding to the great theoretical accounts on hierarchy is the significant body of literature on the
methodology of measuring hierarchicalness. It is nonetheless important to note, even if some other measure
is logically applicable to our present investigation – take Krackhardt’s 1994 index – while the measure shares a
similar idea with the method developed by Mones et al. (2012) and adopted by the present paper, only the latter
distinguishes the hierarchicalness of a structure. That is to say, one that has one leader and n− 1 subordinates
– from the hierarchicalness of the structure’s reverse form – one that has n − 1 leaders and one subordinate.
Kackhardt’s method would treat the two structures as equally hierarchical, which is against Mark’s original the-
orizing and clearly counter-intuitive. Overall, then, future investigations would want to be open yet at the same
time mindful of both theory and methodology, as well as their agreement. An intriguing extension of this work
would involve a direct comparison between the conditional cooperation strategy presented here and Mark’s
status cooperation model under different group mixing scenarios. Based on theoretical expectations, our con-
ditional cooperation strategy, which thrives on conditional cooperation, may perform better in random mixing
environments where hierarchical clarity is more challenging to establish. In contrast, Mark’s model, relying on
single-leader hierarchies, may excel under strong assortativity, where hierarchical roles are more distinct. Test-
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ing these hypotheses analytically or through simulations could provide valuable insights into the evolutionary
viability and contextual suitability of each strategy. This line of inquiry would also deepen our understanding
of how environmental structures, such as assortativity, interact with social cooperation mechanisms.

6.6 Future work could also examine the relationship between multi-leadership and phenomena such as polar-
ization or information overload. Environments marked by competing viewpoints and information ambiguity
might amplify the challenges of sustaining cooperation in multi-leader structures, potentially leading to re-
duced group performance or fragmented cooperation dynamics. Investigating these scenarios could provide
valuable insights into the robustness of multi-leadership hierarchies in complex social settings.

6.7 One major limitation of our model is that we consider a two-level hierarchy structure, but social hierarchy in
real life takes various other forms. Intuitively, for instance, the most hierarchical structure is the linear system,
wherein the top actor outranks the second, who in turn outranks the third, and so on and so forth until the
bottom position; this system can easily have more than two levels. Further, however, prevalent linear systems
are in the dominant structure of social animals (Shizuka & McDonald 2012), but they still do not characterize all
human status structures. For one, in many contests such as those of sports, while high-ranked contestants by
definition win more in a tournament, they may still lose to low-ranked others from time to time. In ethology,
researchers have also found cases (e.g., gorillas) where dominance relations in the group are non-transitive in
the sense that actor A dominates B and B dominates C, but C somehow turns back to dominate A, thus forming
a cycle structure in the group. Together, future work may continue to contribute to the literature by investigat-
ing the extent to which these diverse hierarchical structures ameliorate or deteriorate the evolution of group
cooperation and, importantly, how the structures affect cooperation.

Appendix

All the codes are available on the author’s GitHub account and on CoMSES with the link:
https://www.comses.net/codebases/cfabf610-b4ab-4daf-b863-b161d2fa13c1/releases/1.0.0/
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