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Abstract: Prosocial common-pool behavior - subtractable and non-excludable behavior that benefits others -
is essential for the survival of any population of social individuals. The behavior, however, usually carries a cost
tothose who contributeit, placingthem at a disadvantage with respect to those who freeride - those who do not
contribute but still benefit. How populations sustain existing or adopt new prosocial common-pool behaviors
remains unclear. We introduce a theoretical agent-based model and use it to study the role of social identity
in a population’s adoption of such behavior. Social identity is relevant because it influences the behavior of
individuals in a group, including their willingness to behave prosocially. Our model simulates the emergence of
multiple and dynamic social identities of agents within self-organizing groups. Our simulation results suggest
that the role of social identity may depend substantially on the density of the population and the commitment
level of population members to their groups; that the relationship between density, commitment, and adoption
may be nuanced; that, under lower density levels, mobility between groups may be essential; and that the
persistence and adoption of prosocial behavior in a population may be overwhelmingly driven by individuals
who are highly committed to their groups. The results caution against the influence of two looming worldwide
trends-anincrease in population density and a decrease in group commitment. The results suggest that, when
combined, these two trends may produce the lowest adoption levels of prosocial behavior, the adverse and
population-wide repercussions of which could be catastrophic. Finally, our results suggest that social identity
may play a helpful role in offsetting the consequences of these trends, implying a need for further empirical
and experimental study of the subject and future consideration of incorporating the role of social identity into
policy analysis and design.

Keywords: Agent-Based Model, Commitment, Multilevel Group Selection, Multilevel Neighborhood Selection,
Prosocial Common-Pool Behavior, Social Identity

This article is part of a special section on “Social Identity Modelling”, guest-editors: Nanda Wijermans,
Geeske Scholz, Martin Neumann, Rocco Paolillo, and Anne Templeton

Introduction

Prosocial behavior (i.e., behavior that benefits others; Twenge et al. 2007} e.g., cooperating, helping, sharing) is
essential for the survival of any population of social individuals. It is central in resolving social dilemmas (Kol-
locki1998), such as existential resource management challenges (Cumming|2018;|Gardner et al.{1990; Radosavl-
jevic|2021;|Schlager|2002), and in maintaining well-being during difficult times (e.g., the COVID-19 pandemic;
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Haller et al.i2022). Prosocial common-pool behavior (as opposed to club, private, or public) is a form of such be-
havior that is subtractable (benefit to one individual reduces possible benefit to another) and non-excludable
(benefitis not easily limited to specificindividuals) (Sotnik et al.|2022). Examples include volunteeringin shared
spaces, such as building and cleaning (Simon & Mobekk|2019); prosocial competition, which involves compet-
ing in a way that promotes a healthy environment (Gilbert & Basran|2019); and adhering to shared rules when
consuming a common-pool resource (Ostrom|2000; Ostrom et al.|1994).

Prosocial common-pool behavior often carries a cost for its contributors. There are also often freeriders, i.e.,
individuals who (intentionally or unintentionally) avoid this cost by not adopting the behavior while still benefit-
ing from it. The extra cost often positions those contributing prosocial common-pool behavior at a (sometimes
substantial) disadvantage to those who do not. How do populations then sustain existing or adopt new prosocial
common-pool behaviors? How could they do better at promoting such behavior? Such questions remain active re-
search topics (e.g.,|/Axelrod|1984; Bowles & Gintis|2004; Denant-Boemont et al.2007}|lsaac & Walker|1988;|Leibo
et al.|2017;Masclet et al.|2003; Ostrom et al.|1994;/Schill et al.[2016;Schluter & Pahl-Wostlj2007). Greater insight
into these topics could inform the design of policies that prevent the exploitation of prosocial common-pool
behavior and facilitate its adoption. Such insight becomes increasingly valuable (if not vital) as societies grow-
ingly face population-level threats. Threats, such as global climate change, which only prosocial common-pool
behavior, like resisting overconsumption of essential common-pool resources, can help overcome.

Our study builds on the work by|Sotnik et al.[(2022), who used a new agent-based model called Multilevel Group
Selection | (MGS 1) to study a population’s adoption of prosocial common-pool behavior. MGS | is relatively
simple and theoretical. It intentionally excludes most real-world complexities (e.g., decision-making, learning,
norms, personality, social identity, and demographics) to permit their gradual inclusion and targeted study in
the model’s future variants. MGS | allows for the analysis of what|Sotnik et al.|(2022) identified as the four most
essential factors influencing a population’s adoption of prosocial common-pool behavior: population density,
the population’s initial percentage of contributors of prosocial common-pool behavior, population-wide pres-
sure to change behavior, and group-level synergy (the additional level of benefit from the behavior). The model
simulates a population of agents within a social space who are: alone or in one or more pairs or groups, either
contribute prosocial behavior or do not, and move and change their behavior when they cannot withstand the
pressure to do so.

Despite MGS I’s simplicity, the model produces a wide variety of results and offers insight into how populations
may adopt prosocial common-pool behavior. It also suggests that such adoption may even occur without any
additional complexity (e.g., behavior-based sympathy;|Ye et al.[2011} imitation|Helbing et al.[2011;Wang et al.
2011} punishment|Hauert et al.[2007} or success-driven movement|/Helbing & Yu2008; Helbing et al.|2011). MGS
I suggests that it may occur solely as a result of multilevel group selection. Such selection occurs when groups
with more contributors of prosocial common-pool behavior outperform (outcompete, are naturally selected
for over) individuals, pairs, and groups with less (Boyd[2018;|Goodnight & Stevens|1997;|Sober & Wilson|1999;
Waring et al.|2015}2017; Wilson & Sober|1994; Wilson & Wilson|2007).

Here, we introduce a new variant of MGS | to study the role of social identity in a population’s adoption of
prosocial common-pool behavior. An individual’s social identity in a group is the aspect of their overall identity
that reflects how they view themselves in relation to others in their group (Ellemers et al.[1999,2002) and their
group in comparison to other groups (Ellemers et al.2002; Ouwerkerk & Ellemers|2002). Specifically, we study
the kind of social identity that emerges in a group that one can join and leave (e.g., organization, sports team).
We are interested in social identity because it influences the behavior of individuals in such groups (Charness
& Chen|[2020; Kalin & Sambanis|2018;|Shayo|2020; [Tajfel & Turner|1979), including their willingness to behave
prosocially (Bruner et al.[2014,[2018;|Hackel et al.)2017; Tidwell[2005).

Social identity and prosocial behavior are often positively correlated. For example, volunteers who identify
more strongly with their nonprofits (Tidwell[2005) and youth with their sports teams (Bruner et al.[2018) tend
to display higher levels of prosocial behavior in these groups. However, the correlation between social identity
and prosocial behavior can also be negative. For example, social identity can promote antisocial behavior in
sports teams plagued with unhealthy internal competition (Bruner et al.[2018).

Our study explores the following two questions: How might population density influence social identity’s effect
on a population’s adoption of prosocial common-pool behavior? And, How might group commitment further influ-
ence this effect? The relationship among population density, social identity, and adoption of prosocial behavior
has hardly been studied and is still poorly understood. [Sotnik et al.[(2022) used MGS I to explore how population
density mightinfluence the conditions faced by a population’s members and, in turn, their adoption of prosocial
behavior. We explored how social identity might affect these conditions and their consequences while simulta-
neously considering the role played by the level of commitment members had toward their groups. While the
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relationship between such commitment and social identity has been studied (e.g., [Ellemers et al.|[2002), how
both relate to population density and the role they play in the adoption of prosocial behavior have not been
and, therefore, remain largely unclear.

Specifically, we simulated our new variant of MGS | with high-commitment and low-commitment agents sepa-
rately at various pressure-synergy combinations under low and high population density levels. We then com-
pared the simulation results to those run without social identity. The simulation results suggest that the role of
social identity may depend substantially on the density of the population and the commitment of the members
of the population to their groups. The results also suggest that the relationship between population density,
commitment, and adoption may be nuanced and that mobility between groups may be essential.

Our study’s findings can serve as hypotheses for empirical and experimental studies of the relationship be-
tween social identity and a population’s adoption of prosocial behavior. Additionally, our model provides a
compelling example of an approach to formalizing social identity within models of social dynamics, which re-
mains a challenge (Schliiter et al.|2017;/Scholz et al.|2023).

Four Social Situations and Corresponding Behavioral Responses

This section describes the agents’ empirically- and experimentally-grounded, social-identity-driven behavioral
responses in our new MGS | variant. An individual’s behavior can differ substantially in a group under different
circumstances (Ellemers et al.[2002), depending, in part, on the levels of their commitment to the group and
perceived threat.

The first condition, commitment, is the extent to which an individual is (psychologically) devoted/dedicated to
their group, i.e., identifies with (their overall identity relies on) the group (Ellemers & Van Knippenberg|1997).
Empirical studies of individuals who volunteer at nonprofits demonstrate the substantial role that commitment
in a group can play. For example, |Tidwell (2005) found that nonprofit volunteers who identify more strongly
with the organization tend to display higher levels of prosocial behavior within it. Findings from social psy-
chology experiments also indicate the importance of commitment. Hackel et al.{(2017), for instance, show that
individuals who are highly committed to their group tend to behave more positively with group members than
with those outside the group, while individuals who are not very committed to the group tend to behave more
positively toward those outside the group.

The second condition, threat, is the extent to which some force adversely affects how an individual views (a)
themselves (self) in relation to others in their group or (b) their group in comparison to other groups (Ellemers
et al.|2002; [Ouwerkerk & Ellemers|2002; Tajfel & Turner|1979). An empirical study by Bruner et al. (2018) of
youth who display antisocial behavior in sports teams with unhealthy (threatening) internal competition is an
example of the substantial role that threat can play in a group.

Ellemers et al.|(2002) developed a taxonomy of six different social situations with anticipated social-identity-
driven behavioral responses that align with the above evidence. Commitment and threat to a group are cer-
tainly not the only social-identity-related conditions that shape an individual’s behavior in a group. However,
we follow Ellemers and colleagues’ (2002) work and assume the two have a substantial influence and serve as
proxies for other conditions.

Building on their work and that of others who have studied prosocial behavior (Bruner et al.|2018;|Hackel et al.
2017; Tidwell[[2005), we identified an exhaustive set of four social situations and four corresponding sets of
behavioral responses (Table[1). We were able to reduce the number of situations (from six to four) because, in
two of the situations identified by|Ellemers et al.|(2002) (Situations 2 and 4 in Table, individuals with high and
low commitment levels behave identically. The situations and behavioral responses are described below and
were used to operationalize agents in the new MGS | variant.
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Table 1: The four social situations and four corresponding sets of behavioral responses are differentiated by
how low or high an individual’s commitment to their group is and whether or not some force threatens them,

their group, or both.

Bl B2 B3 B4
# Situation Behavior Level of Remain| Leave Conform to Behave
commitment in group group’s prosocially if
group behavior if another
current group
behavior is member is
not group’s threatened
S1 | Nothreatto self or group Low v
High v v v
S2 | Threat to self but not group | Low or High v v
S3 | Threat to group but not self Low v
High v v
sS4 Threat to self and group Low or High v

Social situation 1: No threat to self or group

Low commitment: /f there is no threat to self or group, a member will likely remain in the group and maintain
their behavior.

Thesituationisunlikely to stimulate any behavioral response. Unlike in the case of a member with high commit-
ment, a member with low commitment is not likely to go out of their way to conform to their group’s behavior
or help their group members (Ellemers et al.[2002).

High commitment: /f there is no threat to self or group, a member will likely remain in the group. If none of their
group members are threatened, they will likely continue their current behavior if it is the same as the groups or
conform to the group’s behavior. If at least one of their group members is threatened, they will likely continue or
start behaving prosocially.

In-group bias (Tajfel & Turner 1979, i.e., tendency to favor in-group over out-group members) takes over in a
social situation lacking threat to self or group and leads group members to bond and conform to the group’s
norms (Ellemers et al.[2002). Members have no pressing reason to leave their group. In general, they also have
no reason to change their behavior. However, as bonding often results in conforming to the same norms, a
highly-committed member is likely to conform to the most frequent behavior in the group, which, of course,
could be antisocial to other members in the group.

Since bonding is often associated with prosocial behavior (Bruner et al.2018;Ellemers et al.|1998; Tidwell2005),
highly-committed members in groups with threatened members will (out of compassion or empathy) start be-
having prosocially. Real-world examples of behavior in such social situations include volunteers becoming
increasingly prosocial the longer they are employed at their nonprofit (Tidwell2005) and youth being more
prosocial when they more strongly identify with their sports team (Bruner et al.|2014).

Social situation 2: Threat to self but not group

Low or high commitment: /f there is a threat to self but not group, a member will likely remain in the group and
either continue with or conform to the group’s behavior.

The threat to self within a group with an unthreatened status focuses one’s attention on the level to which they
are accepted within the group, resulting in attempts to gain acceptance (Branscombe et al.[1999; Ellemers et al.
2002). Such attempts result in the member continuing or conforming to the group’s behavior. Interestingly,
threatened members are also more likely to be critical of others whose identities are also threatened (Schmitt
& Branscombe|2001). Therefore, threatened members in groups with other threatened members are unlikely to
start behaving prosocially solely out of concern for other threatened members. An example is youth in sports
teams with unhealthy internal competition. [Bruner et al.| (2018) showed that they tend to continue displaying
or adopt antisocial behavior.
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Social Situation 3: Threat to group but not self

Low commitment: /f there is a threat to group but not self, a member will likely leave their group and maintain
their behavior.

A threatened member who is not very committed to a group would likely behave differently than a highly com-
mitted member (Branscombe et al.|1999; |Scholl et al.|2018; |Tajfel & Turner|1979). For example, they are likely
to leave the group in pursuit of what may be referred to as “upward mobility” (Tajfel & Turner|1979). They are
also likely to leave the group if they perceive themselves as not fitting in (Mitchell et al.[2001).

High commitment: /f there is a threat to group but not to self, a member will likely remain in the group. They will
likely maintain their behavior unless at least one of their group members is threatened, in which case they will
likely continue or start behaving prosocially.

An unthreatened member in a threatened group is likely well-established in the group. As such, they are likely
to express and promote higher group affiliation and loyalty to the group (Ellemers|1993; Ellemers et al.[2002).
As bonding is often associated with prosocial behavior (Bruner et al.|2018; |Ellemers et al.[1998; Tidwell|2005),
members in groups with threatened members will start behaving prosocially. Functional magnetic resonance
imaging supports this observation (Hackel et al.|2017).

Social Situation 4: Threat to self and group

Low or high commitment: /f there is a threat to self and group, a member will likely leave the group.

Threatened members in a threatened group are likely to try to avoid the group’s threatened status by leaving
the group (Ellemers et al.[2002).

Model

We developed the new MGS | variant in two stages, each resulting in a distinct model. The first stage involved
creating a Python-based version of the original NetLogo-based model (version 2.0;|Sotnik et al.|2022). Hence-
forth, we refer to the original model as the “initial base model” and the new model (version 3.0) as the “new
base model.” While the purpose of the new base model remains the same - to explore a population’s adoption
of prosocial common-pool behavior under alternative parameter settings - the design of the new base model
includes an important modification. Namely, agent movement and change in behavior now stem from its ex-
perience in all of the pairs and groups it is in (as opposed to just in one, as in the initial base model). This
difference is described in the section “New base model” and aligns well with recent advancements in social
identity research that demonstrate that multiple social identities shape an individual’s behavior (Gaither|2018}
Kang & Bodenhausen|2015).

The second stage involved developing a variant of the new base model in which the agents were operationalized
with the four sets of the social-identity-driven behavioral responses described in the previous section (“Four
social situations and corresponding behavioral responses”). Henceforth, we refer to this new variant as the
“social identity model” (version 1.0). Since the behavioral responses vary based on an agent’s level of com-
mitment (high or low) to a group, the social identity model simulates agents with either just high or just low
commitment.

New base model

As in the initial base model, the population of agents in the new base model is in a social space that takes
the form of a torus. Each agent in the social space becomes a focal member in a pair or a group when it has
either one or at least two (Moore neighborhood) neighbors, respectively. It is also a non-focal member of the
pairs/groups in which its neighbors are focal members (Figure[l). Each agent is either a contributor of prosocial
common-pool behavior in each of the pairs/groups it is in or not (non-contributor).
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Figure 1: A hypothetical example of a distribution of agents within the model’s social space. The example con-
sists of three agents: A, B, and C. Agent Aisin social spot 1 and is the focal member (fm) of a group that includes
agents Band C. Itis also a non-focal member (nfm) of two other groups, in which B and C are the focal members.
Similarly, agent B is in social spot 2 and is the focal member of a group that includes agents A and C. The same
logic extends to agent C’s membership. Social spot 3 is empty.

The model topology constrains the structure of the implied social network as the maximum degree of an agent
is 8, and the maximum clique size is 4. On a local level, this limits the clustering coefficient of an agent - the
prevalence of triadic closure between the agent’s connections - if its focal group size is greater than 4. Therefore,
the model structure does not represent social groups where triadic closure (Granovetter|1973) is expected. The
local nature of an agent’s connections also causes the social network distance between agents to scale with the
distance between agents on the underlying 2-dimensional grid.

The relationship of population density to network density - the prevalence of direct ties between agents - is
limited by the maximum degree, with the network density falling off exponentially with respect to population
size when population density is high (Figure[2). If the size of the toroidal grid is fixed, a higher population density
implies a higher total population and a lower maximum network density.

During any simulation, the observed network density fluctuates as agents move within the social space. The
range of fluctuations is wider when the population density is low. In this case, as there is no mechanism that
encourages or selects for a connected network to form, multiple small components are common. When popu-
lation density increases, a giant component emerges.
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Figure 2: Limiting relationship of population to network density. The low population density and high popula-
tion density cases from Tableare illustrated.

The uniqueness of any pair/group is based solely on its composition - the number and combination of contribu-
tors and non-contributors. For simplicity, we ignore other relevant pair/group characteristics (e.g., the duration
of its existence, its purpose, its norms). The population’s size, density, and the initial percentage of contributors
are configurable initial conditions. The percentage of contributors is the variable of interest that can change dur-
ing a simulation due to internal dynamics stemming from agents switching their behavior. Time is interpreted
abstractly, with an iteration representing some time interval during which individuals composing a population
are alone or in one or more pairs or groups.

At the beginning of an iteration, each agent is endowed with one unit of energy - the effort required for (the cost
of) behaving prosocially in a pair or group. We set the unit of energy to one to normalize calculations. An agent
can only behave prosocially (i.e., contribute) or benefit from others behaving prosocially when in a pair/group.
A contributing agent gives all its energy to each of its pairs/groups (i.e., one unit of energy per pair/group). A
non-contributing agent does not give its energy to any of its pairs/groups, i.e., it freerides. An agent’s energy
level does not accumulate from one iteration to the next. It resets to one at the end of each iteration.

Focal members then multiply the aggregate energy contribution to their pair/group by the synergy level, divide
the result by the number of members in their pair/group, and distribute the benefit equally among the mem-
bers. Synergy - the additional benefit from prosocial common-pool behavior above the contributed energy
level - is also a configurable initial condition and is identical in all pairs/groups across the population. The de-
scribed calculation is essentially that of the public good equation applied in each pair/group, with the synergy
parameter replacing the multiplication factor in the equation. Agents treat the benefit from each pair/group
separately, i.e., benefits are not combined or averaged. Non-contributors always end up better off than con-
tributors in any pair/group because they also keep their retained energy in addition to receiving an equal share
of the benefit.

Each agent is then equally exposed to some level of pressure (physical, psychological, social threat) to switch
their behavior (from contributing to non-contributing or vice versa). For simplicity, the pressure parameterisin
the same units as energy and is also a configurable initial condition. Table[2]summarizes the initial conditions
in all the mentioned models (initial base, new base, and social identity).
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Table 2: The initial conditions in the initial base, new base, and social identity models.

Parameter Initial setting
Social space size 225 spots
Population size 68 or 158 agents

Population density 0.30r0.7
Initial percentage of contributors 30%
Energy 1 unit

Synergy 0-10 units

Pressure 0-10 units

Agents moving and switching their behavior are the two sources of dynamics in the model. Agents potentially
form new and dissolve old pairs/groups by moving, and thereby modifying the implied social network accord-
ingly. By switching their behavior, agents change the percentage of contributors in the population and the
composition of pairs/groups that form as a result.

The difference in the design of the initial and the new base model is in when an agent moves and switches
behavior. In the initial base model, an agent moves to the closest randomly-selected empty spot and switches
behavior when its final energy (retained + benefit-from-pair/group) in the pair/group where the agent is the focal
member is equal to or less than the pressure to switch behavior. In the new base model, an agent moves and
switches behavior when its final energy in more than half of the pairs/groups it is in is equal to or less than the
pressure.

The difference mentioned above reflects the reality thatindividuals can participate in multiple pairs/groups and
that their adoption of prosocial behavior (or more generally switching from one behavior to another) is likely
to stem from their overall experience in all of their pairs/groups, as opposed to experience in just one of them.
The difference has a similar negative effect on a population’s adoption of prosocial common-pool behavior as
does an increase in population density (Figure[3} Table[3).
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Figure 3: Heat maps illustrating the simulation results of the initial (Base, left) and new (New Base, right) base
models at the 0.3 (top) and 0.7 (bottom) population density levels. At each simulated pressure-synergy combi-
nation, the maps illustrate the averaged percentage of contributors at the end of three simulations that started
with the percentage of contributors at 30%. Dark blue represents <10% of the population adopting prosocial
common-pool behavior, while yellow represents >90%. The details of the simulation runs are described in the
section “Simulation results” and are in line with those in Sotnik et al.|(2022).

When starting with a relatively low percentage of contributors (e.g., 30%), a higher population density usu-
ally increases the chance of an agent having a non-contributing pair/group member, which, at higher pressure
levels, reduces especially a contributing agent’s ability to withstand pressure (Sotnik et al[2022). Basing an
agent’s behavior on a higher number of pairs/groups increases the chance of it having non-contributing neigh-
bors, which, at higher pressure levels, similarly reduces its ability to withstand pressure.

As a result, multilevel neighborhood selection drives the population’s adoption of prosocial common-pool be-
havior in the new model, instead of multilevel group selection (as in the initial base model); where an agent’s
neighborhood consists of allits pairs and groups. Neighborhoods with more contributors of prosocial common-
pool behavior outperform/outcompete (are naturally selected for over) neighborhoods with less. We leave a
fuller analysis of this new concept of neighborhood-level selection for future study.
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Table 3: Four indicators reflect the differences in the simulation results of the initial and new base models at
0.3 and 0.7 population density levels. Indicator 1 reflects the percentage of the heat map (Figure[3) with >
90% adoption of prosocial common-pool behavior. Indicator 2 reflects the percentage of the map with < 10%
adoption. Indicator 3 reflects the average adoption percentage across other (> 10% and < 90% adoption) parts
of the map. Indicator 4 reflects the average number of iterations it took to reach an equilibrium in parts of the
map with >90% adoption. The numbers in parentheses are standard deviations. The details of the simulation
runs are described at the beginning of the section “Simulation results” and are in line with those in|Sotnik et al.
(2022).

# Model Initial Base | New Base Initial Base | New Base
Density 0.3 0.7
1 | Percentage of map 11.66% 1.75% 0.00% 0.03%
with > 90% (0.06%) (0.07%) (0.01%) (0.01%)
adoption
2 | Percentage of map 0.77% 2.91% 1.07% 4.71%
with < 10% (0.02%) (0.03%) (0.01%) (0.01%)
adoption
3 | Average percentage 87.57% 95.34% 98.93% 95.26%
of adoption in map (0.05%) (0.09%) (0.01%) (0.01%)
with > 10% and
< 90% adoption
4 | Average numberof | 218.2(242.4) | 461.8 (343.5) N/A (N/A) N/A (N/A)
iterations to > 90%
adoption

Social identity model

The social identity model equips the agents in the new base model with four sets of behavioral responses corre-
sponding to the four social situations in which agents can find themselves in (see section “Four social situations
and corresponding behavioral responses”). The model simulates populations of only high- or low-commitment
agents at a time. This simplification lets us analyze the effects of high and low commitment separately.

In the model, an agent’s social identity within each group emerges anew during every iteration that it or its
neighbors move, and is based on the unique composition of the group. Therefore, we focus on the social iden-
tity formed in groups that can be relatively easily joined and left, such as professional and social organizations
(and not an age or ethnic group). In line with|[Hogg & Abrams|(1998) and|Hogg (2006), we define a group as a set
of three or more agents (when an agent has two or more neighbors). In other words, we do not view a pair (two
agents) as a group in which a social identity emerges. This perspective is rooted in the premise that pairwise
and group interactions are inherently different. For example, pairwise interactions tend to be much more trans-
parent than those in groups of three or more, as it relates to group members knowing who is doing what, which
is likely to produce different contribution levels of prosocial behavior, as well as responses to freeriding, than
in groups of three or more in which transparency is less easily achieved. Therefore, we assume in the model
that members of a pair are driven by other motivations (e.g., we-ness) that are not included in the model.

Recall that an individual’s social identity in a group is the aspect of their overall identity that reflects how they
view themselves in relation to others in their group (Ellemers et al.[1999}/2002) and their group in comparison
to other groups (Ellemers et al.|2002;|Ouwerkerk & Ellemers|2002). The social identities of agents in the model
are similarly two-pronged, shaped by two factors. One factor is an agent’s final energy (retained + benefit-from-
group), which serves as a proxy for comparison of how the agent views itself in relation to others in that group.
Ahigher final energy level implies that the agent views itself more favorably than it would if it had a lower level.
Non-contributors always have higher final energy levels than the contributors in their group and thereby view
themselves more favorably.

The other factor is the average final energy of all agents in a group, which serves as a proxy for comparing the
group’s status to that of other groups. A higher average implies that the group’s social status is more favorable
than it would be if it had a lower average. A larger proportion of contributors of prosocial common-pool be-
havior in a group increases its status in comparison to other groups with a lower proportion. In-group versus
out-group categorization (Tajfell1974; Tajfel et al.|.1971) is implicitly present in the social identity model through
the agents’ behavioral responses (Table[L). Agents do not, however, explicitly engage in any group comparison.
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Similarly, there is no explicit representation of opposing or conflicting social identities beyond that which is
reflected in the behavioral responses from [Ellemers et al.[ (2002)’s (2002) taxonomy (see section “Four social
situations and corresponding behavioral responses”).

The pressure parameter in the model serves as a proxy for threat - some (physical, psychological, social) force
that undermines the factors shaping an agent’s two-pronged social identity (as in|Ellemers et al.|[2002). Since
an agent can be in multiple groups, it can have more than one social identity. In each of its groups, an agent
faces one of four social situations, each of which is defined by:

« Whether the agent feels threatened in a group when comparing itself to others in that group. This occurs
when the agent’s final energy is equal to or below the pressure level.

« Whether the agent’s group’s status is threatened. This occurs when the average final energy of the agents
in the group is equal to or below the pressure level.

As a result, an agent with two or more neighbors can face one of the following four possible social situations

(Table[1):

+ No threat to self or group,

Threat to self but not group,

Threat to group but not self, and

Threat to self and group.

As mentioned above, social identities for isolated agents and agents in groups of size two (with only one neigh-
bor) do not emerge. They are, therefore, unaffected by the social situations described above and continue
following the logic defined in the new base model (which does not account for social identity).

An agent in more than one group can simultaneously face different situations in each and behave in each ac-
cordingly. In other words, it can move out of or switch its behavior in any or all of its groups, affecting the
corresponding social situations faced by its group members and their resulting behavior accordingly. At the
end of each iteration, each agent uses its unique experiences from all its groups, which can be contradictory,
to determine whether it starts the next iteration as a contributor or non-contributor of prosocial common-pool
behavior. Specifically, an agent starts the next iteration with its most frequent behavior across all its groups,
including those with only one neighbor (where a social identity did not emerge).

Asaresult,inadditionto an agent’s social identity potentially affecting its behavior, an agent’s behavior can also
affect its social identity. Because experience shapes behavior and agents are often members of more than one
group, the behavior and social identity of an agent in one group can affect its social identity in another group.
The relationships among the behaviors of agents and their social identities are interconnected, bidirectional,
and nonlinear.

As in the base models, the large variety of pressure, groups, and prosocial common-pool behaviors in the real
world remain ignored in the social identity model. This continued simplification focuses the model on agent
behavior in alternative situations and its effect on group performance and general adoption of prosocial be-
havior. Introducing variation in forms of pressure and prosocial common-pool behavior that correspond to the
(potentially vast) variety of groups in the real world would add an unnecessary (for this study) level of com-
plexity. As a result, all groups in the model implicitly compete for contributing agents, allowing for multilevel
neighborhood selection.

To focus the model on social identity, each agent only possesses those aspects of an individual’s identity that
it needs to recognize alternative situations and behave accordingly. These aspects are:

« The agent’s awareness of the level of its (psychological) commitment to a group (Ellemers & Van Knip-
penberg1997).

« The agent’s ability, its group members’ ability, and its group’s ability to withstand pressure (per social
comparison;|Hogg & Abrams|1998).

It is worth noting that an individual’s characteristics (e.g., personality) also influence how they view and are
affected by a social situation (Spears|[2001; [Stets & Burke|2000), as well as whether they behave prosocially
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(Ding et al.[2018). The social identity model, however, intentionally ignores such personal characteristics, fo-
cusing on the influence of differences in situations. This simplification isolates the effect of the social identities
of members of a population on the adoption of prosocial common-pool behavior. It also allows us to base
agent behavior on averaged results from social psychology experiments (Ellemers et al.[2002) that studied how
between- and within-group differences influence human behavior (with averaging canceling out differences in
personal characteristics). We leave the incorporation of personal characteristics for future variants.

Informal pseudocode

3.28 Below is the informal pseudocode describing the logic we added to the new base model to create the social
identity model.

1. Randomly select an agent.
2. Calculate the agent’s number of neighbors.

3. If the agent’s number of neighbors is < 1, follow the base model’s logic for movement and behavior
switching

4. If the agent’s number of neighbors is > 1 (forming a group):

+ Calculate each group member’s (including the agent’s) retained energy and benefit-from-group.
+ Calculate the group’s average retained energy and benefit-from-group.
+ Use 4.a and 4.b to determine the agent’s situation.
+ Enact the behavior corresponding to the situation:
- Iftheagent’s behaviorinvolves moving, move the agent to the closest randomly-selected empty
spot (using the base model’s moving logic).
- Iftheagent’s behavior does notinvolve moving, randomly select another member of the agent’s
group. Determine which situation the group member faces (within the agent’s group) and enact
the corresponding behavior. If the group member’s behavior involves moving, remove/hide

that member from that group but do not move it (since it is also a member in the neighboring
groupls]). Repeat step 4.d.ii until all of the agent’s group members have behaved.

5. Repeat steps 1 through 4 until all agents have behaved.
6. Agents who were in groups with >1 neighbors:
+ Calculate how frequently the agent is a contributor and non-contributor in its groups (ignoring the

groupls] in which it was removed/hidden).

+ Assign to the agent the most frequent behavior (contributor vs. non-contributor), with which it will
begin the following iteration.

Macro-level analysis of behavioral tendencies

3.29 Agents behave differently in the (initial and new) base models and under the social identity model’s low- and
high-commitment settings. In the base models, agents do not behave more pro- or anti-socially. Contribu-
tors and non-contributors switch behavior and move whenever their final energy is equal to or below pressure
(Tabled). Asaresult, the base model’s only driver of prosocial behavior is multilevel group/neighborhood selec-
tion. In the social identity model, the social-identity-driven behaviors (Table[L) introduce, in some situations,
tendencies toward prosocial behavior and, in others, toward antisocial behavior (Tables[4][5). We describe these
tendencies below.

3.30 Inthe social identity model with only low-commitment agents:

« A contributing agent potentially switches behavior to non-contributing when facing Situation 2 (Threat
to self but not group).

3.31 Anon-contributing agent never faces this situation because itis always equally as well off as other non-contributors
in its group and better off than contributing members.
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« A non-contributing agent moves when facing Situation 3 (Threat to the group but not self).

3.32
average.

A contributing agent never faces this situation because it is always equally as or less well off than the group

« Contributing and non-contributing agents move when facing Situation 4 (Threat to self and group).

Table 4: Potential changes (—) in the behavior of contributing (c) and non-contributing (nc) agents in the base
model (Base) and the social identity model with low-commitment (Low) and high-commitment (High) agents.
“[N]Jo change” implies that conditions exist under which agents do not change behavior.

not self

# Situation Base Low High
S1 | Nothreattoselfor no change no change nc—c,c—nc
group
S2 Threat to self but nc — ¢, ¢ — Nnc, move no change, c — nc
not group
S3 | Threat to group but no change no change, move nc—c

S4 Threat to self and

group

nc — ¢, c — nc, move

no change, move

3.33

group) to conform to their group’s behavior;

In the social identity model with only high-commitment agents (Table[4):

Contributing and non-contributing agents potentially switch behavior in Situation 1 (No threat to self or

« A non-contributing agent potentially switches to contributing in Situation 1 (No threat to self or group),
if the group includes a threatened member;

not group) to conform to its group’s behavior;

A contributing agent potentially switches behavior to non-contributing in Situation 2 (Threat to self but

« Anon-contributing agent potentially switches behavior to contributing in Situation 3 (Threat to group but

not self), if the group includes a threatened member, and

Contributing and non-contributing agents move when facing Situation 4 (Threat to self and group).

Overall, the social identity model introduces inherent tendencies to behave more prosocially under some con-
ditions while antisocially under others. Specifically, the responses of low-commitment agents indicate one
anti-adoption tendency of prosocial common-pool behavior and one pro-adoption tendency. In contrast, those
of high-commitment agents indicate three pro-adoption tendencies (Table[5).
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Table 5: The one anti-adoption and three pro-adoption behavioral tendencies in the social identity model.

Social
# | Identity Model | TYP® Tendency
. Non-contributors never face Situation 2, but contributors do
1 a dﬁ“%’(}ﬂ and potentially switch to non-contributing (if that is their
Low- P group’s most-common behavior)
commitment - ; -
agents Contributors never face Situation 3, but non-contributors do

2 and potentially move to a less-beneficial group (leaving one
in which their retained energy and benefit-from-group is
above average to one in which it is potentially average)

3 Pro- Contributors never face Situation 3, but non-contributors do
High- adoption | and potentially switch to contributing

commitment

agents The “behave prosocially if another group member Is
4

threatened” behavior in Situations 1 and 3 overrides
potential conformity to non-contributing

Verification

We verified first the new base model and then the low- and high-commitment settings in the socialidentity mod-
els (built on the new base model) through code walkthroughs and analysis of agent behavior under alternative
parameter settings. The code walkthroughs involved discussions of every code line’s fit with the corresponding
components of the pseudocode (see section “Informal pseudocode” above). The analysis of agent behavior in-
volved investigating whether contributing and non-contributing agents behaved as intended under alternative
pressure-synergy combinations. For example, in the case of the social identity model, a non-contributor should
never face Situation 2 (Threat to self but not group), and a contributor should never face Situation 3 (Threat to
group but not self).

Simulation Results and Analysis

We simulated two models: the new base model and the social identity model. Agents do not have social iden-
tities in the former model, whereas they do in the latter.

We ran the following two batches of simulations of the new base model:

« With population density at 0.3 and
+ With population density at 0.7

We ran the following four batches of simulations of the social identity model:

« With low-commitment agents and population density at 0.3,
« With low-commitment agents and density at 0.7,
« With high-commitment agents and density at 0.3, and

« With high commitment agents and density at 0.7.
The new base and social identity models’ initial conditions were identical (Table[2). The simulations were set to

either end after the percentage of contributors reached 0% or 100% or after 1,000 iterations, whichever came
first. Simulations were allowed to end after 1,000 iterations because test simulations that ran for up to 15,000
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iterations indicated that initially-established patterns might later include fluctuations of + 5% but overall per-
sisted. We simulated each model for 10,000 pressure-synergy combinations, with pressure and synergy rang-
ing between 0 and 10 at 0.01 increments. To account for stochasticity, each combination’s final result is the
average of three simulations (i.e., 30,000 runs for each simulation). The Python (version 3.9;
code for the models and the scripts used for their analyses and visualization are available on GitHub:
https://github.com/Multilevel-Group-Selection.

Population density at 0.3

In the simulations with population density at 0.3, the presence of social identity expanded the number of con-
ditions under which populations fully adopted prosocial common-pool behavior, accelerated the speed with
which full adoption occurs, and reduced the number of conditions under which a population fully rejected
prosocial common-pool behavior (Figure[d] Table[6).

The expansion was reflected by Indicator 1 (Percentage of the heat map with > 90% adoption of prosocial
common-pool behavior). The percentages were substantially higher in the two configurations of the social
identity model (0.3=12.7%, 0.7=23.1%) than in the new base model (1.75%). The reduction in the number of
conditions under which a population fully rejected adoption was reflected by Indicator 2 (Percentage of map
with <10% adoption). The percentages were substantially lower in the two configurations of the social iden-
tity model (0.3=0.6%, 0.7=0.4%) than in the new base model (2.9%). Finally, the acceleration in adoption was
reflected by Indicator 4 (Average number of iterations to > 90% adoption). The average number of iterations
that it took to reach > 90% adoption is substantially lower in the two configurations of the social identity model
(0.3=11, 0.7=7) than in the new base model (462).

New Base,d = 0.3 SlLow,d = 0.3 Sl High,d = 0.3
100

80

g
=
g MNew Base, d = 0.7 Sl Low,d = 0.7 S| High,d = 0.7

40
n”. ‘ 20
.—"’.. o
i
0
0 0 2 4 6 8 10 0 2 4 6 8 10

synergy

Figure 4: Heat maps illustrating the results of the new base model (New Base) at 0.3 (upper left) and 0.7 (lower
left) population density, the social identity model with low-commitment agents (SI Low) at 0.3 (upper center)
and 0.7 (lower center) density, and the social identity model with high-commitment agents (S| High) at 0.3
(upperright) and 0.7 (lower right) density. At each simulated pressure-synergy combination, the mapsillustrate
the averaged percentage of contributors at the end of three simulations that started with the percentage of
contributors at 30%. Dark blue indicates < 10% of the population adopting prosocial common-pool behavior
by the end of a simulation, while bright yellow indicates > 90%. The details of the simulation runs are described
in the section “Simulation results".

The expansion of the adoption of prosocial common-pool behavior was anticipated in the case of the popula-
tion with high-commitment agents, the behavioral responses of which included two pro-adoption (of prosocial
common-pool behavior) and no anti-adoption tendencies (Table[5). In the case of the population with low-
commitment agents, the results suggest that, at lower population densities, the pro-adoption tendency (con-
tributors never face Situation 3, but non-contributors do and potentially move to a less-beneficial group) domi-
nates the anti-adoption tendency (non-contributors never face Situation 2, but contributors do and potentially
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switch to non-contributing). Why this occurs is counterintuitive and deserves an explanation, mainly because
a low-commitment, non-contributing agent maintains its behavior in Situation 1, never faces Situation 2, and
only moves but does not switch its behavior when facing Situation 3 or 4 (Table[d). In other words, the social-
identity-driven behavior of a low-commitment, non-contributing agent never directly results in it switching to
contributing, irrespective of the situation.

Table 6: Four indicators reflect the differences in the simulation results of the new base model (Base) and the
two configurations of the social identity model, with low-commitment agents (Low) and high-commitment
ones (High). Indicator 1 reflects the percentage of the heat map (Figure[4) with >90% adoption of prosocial
common-pool behavior. Indicator 2 reflects the percentage of the map with <10% adoption. Indicator 3 re-
flects the average adoption percentage across other (> 10% and <90% adoption) parts of the map. Indicator 4
reflects the average number of iterations it took to reach an equilibrium in parts of the map with >90% adop-
tion. The numbers in parentheses are standard deviations. The details of the simulation runs are described at
the beginning of the section “Simulation results” and are in line with those in[Sotnik et al.{(2022).

Indicators Base | Low [ High Base | Low [ High
# | Population Density 0.3 0.7
1 | Percentage of map 1.75% | 12.69% | 23.05% | 0.03% | 0.00% | 44.73%
with > 90% (0.07%) | (0.03%) | (0.23%)| (0.01%) | (0.00%)| (0.07%)
adoption
2 | Percentage of map 2.91% | 0.60% | 0.35% | 4.71% | 13.82% | 7.25%
with < 10% (0.03%) | (0.02%)| (0.07%) | (0.01%) | (0.07%)| (0.03%)
adoption
3 | Average percentage | 95.34% | 86.70% | 76.60% | 95.26% | 86.18% | 48.02%
of adoptioninmap | (0.09%)| (0.01%) (0.01%) | (0.07%) | (0.06%)
with > 10% and
<90% adoption
4 | Average number of 461.8 11.1 6.8 N/A N/A 28.4
iterations to > 90% | (343.5) (1.9) (N/A) (N/A) (95.2)
adoption

The percentage of the map with >90% adoption of prosocial common-pool behavior expands in the social
identity model with low-commitment agents because their low commitment increases instability in groups of
non-contributors. In the simulated pressure-synergy combinations in question, non-contributors often face Sit-
uation 3 (Threat to group but not self). In the base model, non-contributors facing Situation 3 would not move.
They do, however, in the social identity model (Table. As a result, non-contributors move much more than
contributors, (because of the low density) often end up alone or with only one neighbor, and (because in the
social identity model agents that are alone or in pairs enact the base model’s behavior) switch to contributing.

In other words, the social-identity-driven behavior of a low-commitment, non-contributing agent indirectly re-
sults in it switching to contributing. Due to the fact that in the simulations with these pressure-synergy com-
binations, the agents need higher levels of benefit-from-group to withstand the pressure levels, a stable equi-
librium is reached only when all agents are contributors facing Situation 1 (No threat to self or group). A group
consisting primarily of non-contributors would not withstand the pressure, leading to members moving. There-
fore, the mentioned increase in instability (stemming primarily from non-contributors moving) continues until
a stable equilibrium with all agents contributing is reached through multilevel neighborhood selection.

Population density of 0.7

In the simulations with population density at 0.7, social identity had a slightly negative effect on adoption
in a population of low-commitment agents and an overall, extremely positive effect in a population of high-
commitment agents (Figure[4} Table[6).

In the case of the low-commitment agents, the percentage of the map with >90% adoption is zero, which is
identical to that of the new base model. Meanwhile, the percentage of the map with <10% adoption is even
higher (13.8% vs. 4.7%). These results suggest that the anti-adoption tendency (non-contributors never face
Situation 2, but contributors do and potentially switch to non-contributing) in the behavior of low-commitment
agents prevails over the pro-adoption tendency (contributors never face Situation 3, but non-contributors do
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and potentially move to a less-beneficial group) (Table[5). The prevalence is driven by the higher population
density, under which contributors find themselves more frequently in Situation 2 (Threat to self but not group).

In the case of the high-commitment agents, the percentage of the map with >90% adoption is 44.7%, which is
nearly twice as high as the percentage in the simulations with density at 0.3. Thisresult suggests thatanincrease
in population density amplifies any or all of the three pro-adoption tendencies in the behavioral responses of
high-commitment agents (Table[5).

Discussion

Using a theoretical agent-based model, we set out to better understand social identity’s role in a population’s
adoption of prosocial common-pool behavior. The simulation results suggest that the role of social identity may
depend substantially on the density of the population and the commitment of the members of the population
to their groups. The results also suggest that the relationship between population density, commitment, and
adoption may be nuanced; and that, under lower population density levels, mobility between groups may be
essential.

The simulation results with low population density (0.3) suggest that social identity may expand the number of
conditions (pressure-synergy combinations) under which populations fully adopt prosocial common-pool be-
havior and accelerate the speed with which full adoption occurs. It also may reduce the number of conditions
under which a population rejects prosocial behavior. In populations with low commitment, the above results
are driven by non-contributors moving - changing groups - more frequently than contributors and often end-
ing up alone or in a pair, which reduces their ability to withstand pressure, removes social identity as a driver
of their behavior, and leads to their switching to contributing. This result is a reminder that social identity does
not affect everyone in a population equally. In the case of the kind of social identity that is considered in this
study, the kind that is formed within groups that can be easily joined or left, the social identity may not neces-
sarily affect everyone in a population at any specific point in time, with the behavior of those alone or in pairs
potentially motivated by other factors (including other kinds of social identities).

The simulation results with high population density (0.7) suggest that while social identity may negatively affect
a population of agents who are not very committed to their groups, it may have an extremely positive impact
in one of highly committed agents. In other words, our study suggests that, at higher levels, population den-
sity may have a nuanced effect on the adoption of prosocial behavior, depending on the commitment level of
population members to their groups. Mobility is constrained in higher-density populations and, therefore, may
play much less of a role (i.e., it is unable to have the same pro-adoption effect that it has in a population with
lower density).

Thisinsight suggests that the persistence and adoption of prosocial common-pool behavior may be overwhelm-
ingly driven by individuals who are highly committed to their groups. Simultaneously, it provides potential
explanations for why prosocial common-pool behavior is not widely adopted. One explanation might be the
presence of groups to which individuals are not very committed. Another might be that populations often
face pressure-synergy combinations that produce lower levels of adoption. Another might be that other anti-
adoption factors (not present in our model) influence the extent to which members commit to a group and to
which ones (e.g.,[Bochatay et al.2019). Yet another explanation might be that personal identity (e.g., Teraji
2019), which we excluded from our model, serves as a baseline inertia in a population’s adoption of prosocial
common-pool behavior. All these potential explanations imply that the roles of many other factors must be
studied in isolation and together in order to gain a deeper understanding of how populations adopt prosocial
common-pool behavior.

Interestingly, the study’s results caution against the influence of two looming worldwide trends - an increase
in population density and a decrease in commitment to groups. The increase in population density is driven
by urbanization, with more than two-thirds of the world population expected to live in urban areas by 2050
(UNDESAI2019). The decrease in commitment in groups has thus far been observed in the United States alone,
with social isolation increasing while social engagement and companionship decreasing over the past twenty
years (Kannan & Veazie|[2023). This trend may continue in the US and extend to other parts of the world, as
people spend less time in any one place and the number of virtual social groups increase.

The simulation outcomes suggest that, when combined, the above two trends may produce the lowest adoption
levels of prosocial common-pool behavior, the adverse and population-wide repercussions of which could be
catastrophic. Thisinsight also suggests that real-world populations might be able to offset these trends through
policies that increase the synergy (carrot) and the pressure (stick) to adopt prosocial common-pool behavior.
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That being the case, promoting healthy social identities and higher commitment within groups might have a
more significant and long-lasting effect.Mosimane et al.|(2012) have shown that social identity can be essential
in resolving social dilemmas. Such evidence supports calls to integrate social identity into policy analysis (e.g.,
Hornung et al.2019) and design (e.g.,/Shayo|2020).

Of course, the interpretation of our study’s results must consider that its subject is new and barely examined.
Therefore, drawing conclusions from our study would be premature. Its results are most helpful in developing
hypotheses about the general influence of the explored factors (social identity, synergy, pressure, movement,
commitment, population density) on adoption and the relationships among them. Nonetheless, our model
provides a compelling example of an approach to formalizing social identity within models of social dynamics,
which remains a challenge (Schluter et al.|2017;|Scholz et al.|2023). Specifically, multiple and dynamic social
identities that emerge within self-organizing groups shape the behavior of the agents in our model. In turn,
population-level outcomes are driven, in part, by multilevel neighborhood selection, a concept introduced in
this study and to be explored further in future work.

More empirical and experimental research is needed to understand better the factors influencing a population’s
adoption of prosocial common-pool behavior and to validate the model’s results. Thereis a need to understand
better which prosocial common-pool behaviors exist and their corresponding pressures and synergies. Subse-
quently, there is a need to get a better idea of which pressure-synergy combinations are realistic and most
frequent. There is also a need to explore the roles of relevant complexities currently excluded from our model.
It would be helpful to explore the roles of other social identities associated with groups that individuals can-
not quickly join or leave (e.g., age, ethnicity); other emergent group-level properties that stem from individuals
sharing a social identity; individual biases against certain social identities; explicit intergroup comparison and
competition/rivalry; social network tendencies, such as triadic closure, and characteristics, such as small-world
structures and large cliques; the psychological and social processes of social identity formation in individuals
and groups; and the psychological and social mechanisms that form an individual’s level of commitment to a
group.

Our future applications of the MGS | model will focus on the role of personal identity in a population’s adoption
of prosocial common-pool behavior and how it interacts with the role played by social identity. We also plan
to study a population’s adoption of prosocial common-pool behavior in the context of common-pool resource
management, and, specifically, the relationship between common-pool behavior and resources. Finally, to
address awider variety of human activity, we plan to relax the topological constraint of the Moore neighborhood
onthe model’simplied social network by generalizing the model’s group structure. Such a generalization would
permit the investigation of small-world structures and large cliques.
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