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Abstract. Social norms are a key socio-cultural driver of human behaviour and have been identified as a central
process in potential social tipping dynamics. They play a central role in governance and thus represent a possible
intervention point for collective action problems in the Anthropocene, such as natural resource management.
A detailed modelling framework for social norm change is needed to capture the dynamics of human societies
and their feedback interactions with the natural environment. To date, resource use models often incorporate
social norms in an oversimplified manner, as a robust and detailed coupled social–ecological model, scaling
from the local to the global world–Earth scale, is lacking. Here we present a multi-level network framework
with a complex contagion process for modelling the dynamics of descriptive and injunctive social norms. The
framework is complemented by social groups and their attitudes, which can significantly influence the adoption
of social norms. We integrate the modelling concept of norms together with an additional individual learning
component into a model of coupled social–ecological dynamics with a closed feedback loop, implemented in
the copan:CORE framework for world–Earth modelling. We find that norms generally bifurcate the behaviour
space into two extreme states: one sustainable and one unsustainable. Reaching a sustainable (i.e. safe) state
becomes more likely with low thresholds of conforming to sustainable norms, as well as lower consideration
rates of own resource harvesting success. Modelling both descriptive and injunctive norms independently and
dynamically introduces additional intermediate states, e.g. when there are countervailing norms. The shape of
the bifurcation depends on the number of groups and members and thus on the social network topology. Where
groups are very inert in changing their attitudes and thus consistently convey the same norm, multiple stable
basins for sustainability levels are found. Groups influence the dynamics by facilitating or inhibiting the conta-
gion of sustainable behaviour by communicating their norms. The success of a generic social norm intervention
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is also found to be highly dependent on the group topology. Our findings suggest that explicitly modelling social
norm processes together with social groups enriches the dynamics of social–ecological models and determines
safe operating spaces. Consequently, both should be taken into account when representing human behaviour in
coupled world–Earth models.

1 Introduction

The Anthropocene comes with accelerating entanglement,
feedback interactions, and coevolution between the Earth
system and the economic and socio-cultural Anthroposphere
(Schellnhuber, 1999; Crutzen, 2002; Steffen et al., 2015;
Lenton and Latour, 2018). Current assessment models of
global change include only a limited number of these
feedback interactions, hampering solution-oriented research
(Verburg et al., 2015).

To capture the global coevolution of the entangled so-
cial “world” and the bio-geo-physical Earth system (Donges
et al., 2020), it is necessary to close the loop and integrate dy-
namics of human systems and Earth system models (Donges
et al., 2017a, b; Beckage et al., 2018; Calvin and Bond-
Lamberty, 2018; Beckage et al., 2020; Steffen et al., 2020).
World–Earth modelling (WEM) is the attempt to explicitly
account for human–Earth system interactions (Nitzbon et al.,
2017; Donges et al., 2020, 2021; Anderies et al., 2023).

1.1 Social norms & social groups

Social norms are a main socio-cultural factor (Opp, 2001;
Legros and Cislaghi, 2019) of which WEMs lack a detailed
representation (Donges et al., 2020). A major augmentation
of (world–)Earth system assessments that researchers pro-
pose is therefore the inclusion of social norms and their dy-
namic coevolution with changes in the ecological environ-
ment (Kinzig et al., 2013; Donges et al., 2017b; Bury et al.,
2019).

There is an extensive literature on social norms in many
disciplines, such as sociology, social psychology, philosophy,
anthropology, law, and economics (Young, 2015; Legros and
Cislaghi, 2019; Gelfand et al., 2024). Especially the emer-
gence of norms (e.g. Axelrod, 1986; Opp, 2001; Voss, 2005),
the evolution of norms (e.g. Ehrlich and Levin, 2005; Young,
2015), the diffusion of norms (e.g. Epstein, 2001; Centola,
2015), and their influence on individual behaviours and co-
operation (e.g. Ostrom, 2000) have been a focus of investi-
gation. In the context of agent-based social simulation, the
modelling of social norms has a long history (Schelling,
1971, 1978) with models varying in complexity, depending
on the social setting and its relevant processes, for example
(Bianchi and Squazzoni, 2015). However, much about social
norms is not yet fully understood, such as how they could
be best used for addressing global challenges of the An-
thropocene, for which they may offer solutions (Ehrlich and

Levin, 2005; Nyborg et al., 2016; Andrighetto and Vriens,
2022; Gelfand et al., 2024).

Thus, modelling and investigating social norms and their
feedback interactions in world–Earth systems as a tool to in-
vestigate such global challenges is of manifold interest. Four
reasons can be identified in particular.

First, since social norms govern human behaviour (Cial-
dini et al., 1990) and interactions between individuals
(Young, 2015; Bicchieri, 2017), they are part of many major
conceptualisations of human behaviour (Constantino et al.,
2021a), such as, for example, the Theory of Planned Be-
haviour (Ajzen, 1991; Beckage et al., 2018; Ceschi et al.,
2021). Hence, their inclusion can be an important step to-
wards better modelling of socio-cultural processes and hu-
man behaviour in holistic WEMs and possible gains in as-
sessing highly entangled systems that come with it (Beckage
et al., 2020).

Second, social norms are expected to play a critical role
in collective action problems (Ostrom, 2000; Nyborg et al.,
2016; Constantino et al., 2022), where joint action of in-
dividuals to reach a common and beneficial goal is hin-
dered by conflicting individual incentives (Olson, 1971). Ma-
jor examples of such problems are climate change (Nyborg
et al., 2016; Bak-Coleman et al., 2021) and the management
of common resources, such as water conservation (Janssen,
2017; Castilla-Rho et al., 2017).

Third, social norms are suggested to play a pivotal role
in overarching politics and governance (Finnemore and
Sikkink, 1998; Biermann et al., 2010) and, as such, in de-
signing interventions and policies as a response to climate
change (Nyborg et al., 2016; Falk et al., 2021; Constantino
et al., 2022).

Fourth, norms may be an important social tipping element
(Schellnhuber, 2009; Andreoni et al., 2021) for rapid decar-
bonisation and sustainability transformations (Nyborg et al.,
2016; Otto et al., 2020; Winkelmann et al., 2022). The inter-
play between individual behaviours and norms on different
timescales could be a key for explaining abrupt regime shifts
that alter the socio-cultural landscape (Ehrlich and Levin,
2005).

Summarising, social norms may hold the key to avoid
drastic adverse global impacts due to climate change (Ehrlich
and Levin, 2005), but can also drive collapse via unsustain-
able status-quo norms (Constantino et al., 2022).

We additionally include social groups for the socio-
cultural modelling, which is motivated by the strong con-
nection of groups with social norms (Tomasello, 2019). So-

Earth Syst. Dynam., 16, 1365–1390, 2025 https://doi.org/10.5194/esd-16-1365-2025



M. Bechthold et al.: Social norms and groups structure safe operating spaces 1367

cial groups commonly include norms that influence interac-
tions and actions of their members (Homans, 2017; Sherif
and Sherif, 1965; Forsyth, 2018; APA, 2023). Norms can
differ between groups, where adherence to group norms can
strengthen membership and group identity (Bernhard et al.,
2006). The propensity to join groups is an important charac-
teristic of human behaviour. Processes that unfold within and
through these groups indelibly influence group members and
society (Forsyth, 2018). Societal transformation, such as a
shift to a net-zero emissions economy, might threaten certain
group interests or identities (Constantino et al., 2022). Thus,
social groups are an important extension for WEMs (Donges
et al., 2020).

1.2 Coupled natural resource management

In this study, we focus on natural resource management.
Natural resource management provides examples of systems
with high entanglement between the social and the ecologi-
cal compartment (Schlüter et al., 2012) that are intended to
be analysed with WEMs (Donges et al., 2020). Resource ex-
traction is intensifying CO2 emissions (Liu et al., 2022) and
is posing a major threat to planetary boundaries (Rockström
et al., 2009), for example, in the form of the deforestation
of the Amazon rainforest (Malhi et al., 2008). Models with
coupled dynamics between social and ecological processes
can contribute to a better understanding of the sustainable
management and adaptation to global change of such natu-
ral resource management systems (Schlüter et al., 2012). In
particular, coupling models of social norms with biophysical
models can be crucial in evaluating pathways for sustainabil-
ity in natural resource use models (Janssen, 2017; Castilla-
Rho et al., 2017). At the same time, social norms also play a
very important role in empirically studied, real-life resource
use situations (Ostrom, 2000), for example mismanagement
of fishing regulations in Norway (Maurstad, 2000). Thus,
we here develop a dynamical social norm framework in an
agent-based model and employ it in the setting of a coupled
model of resource use to comparatively showcase the mod-
elling opportunities and its dynamics. This implementation
can be used to extend world–Earth models with a detailed
normative dimension.

Human–environment interactions and the individual re-
source stocks are modelled following Wiedermann et al.
(2015); i.e. agents harvest a logistic resource with a binary
effort level, leading the resource stock to either collapse or
reach a sustainable level. The resource stock is thus used as
a measure of sustainability and only a sustainable state con-
sidered a “safe operating space” (Heitzig et al., 2016).

Here, human–environment interactions are conceptually
assumed to happen in a private good or private-pool setting;
that is, each agent has its individual resource stock only ac-
cessible by that agent (Barfuss et al., 2017). This can be
thought to represent a setting in which individual foresters
manage one piece of forest. Thus, information on the har-

vesting behaviour of other agents is purely retrieved via so-
cial interaction. While this modelling decision has the caveat
of not allowing one to include common mechanics of cooper-
ation in common-pool resource models (Tavoni et al., 2012;
Tu et al., 2024), it puts the focus of the model specifically on
processes in the socio-cultural domain, highlighting group-
and norm-influenced spreading of behaviour, i.e. the social
norm framework. It also keeps results comparable to former
work with the same setting (Wiedermann et al., 2015; Bar-
fuss et al., 2017; Geier et al., 2019). The exploration of a
common-pool setting is left for future work.

1.3 Social norm modelling framework

Many models that couple social dynamics and resource dy-
namics include social norms as a uniform pressure on indi-
viduals’ opinion formation (Barlow et al., 2014; Ali et al.,
2015; Bauch et al., 2016; Sigdel et al., 2017; Thampi et al.,
2018; Bury et al., 2019), as a parameter of the Theory of
Planned Behaviour (Beckage et al., 2018), or as an optimal
strategy to adhere to in an evolutionary game theory perspec-
tive (Tavoni et al., 2012; Lade et al., 2013; Schlüter et al.,
2016; Tilman et al., 2016; Farahbakhsh et al., 2021). It has
been found that the norm dynamics can be essential to the
overall outcome of the resource models (Farahbakhsh et al.,
2022), for example by enforcing a single strategy supporting
one of two equilibria with either sustainable or disastrous
outcomes for the resource stock (Satake et al., 2007; Lade
et al., 2013; Bauch et al., 2016; Sigdel et al., 2017).

These approaches are not able to capture the full spectrum
and dynamics of social norms in coupled systems as in re-
ality, populations usually do not converge uniformly to one
strategy (Bauch et al., 2016) and norms are typically said
to have multiple equilibria, e.g. supporting multiple strate-
gies (Young, 2015). It has been proposed that the impact of
norms on human behaviour can only be usefully understood
when making the distinction between descriptive and injunc-
tive norms (Cialdini et al., 1990). Their understanding is cru-
cial when designing interventions (Constantino et al., 2022)
so as to prevent possible “boomerang effects” (Schultz et al.,
2007). Still, there is either commonly only one of both types
represented or they are represented as one overarching norm,
lacking this distinction (Farahbakhsh et al., 2022).

For the social norm modelling framework, we therefore
use a definition for social norms following Bicchieri (2017),
which crucially includes this distinction between descriptive
norms (a) and injunctive norms (b): a social norm is a rule
of behaviour such that individuals prefer to conform to it on
the condition that they believe that (a) most people in their
reference network conform to it [. . . ] and [they believe that]
(b) [. . . ] most people in their reference network believe they
ought to conform to it [. . . ]. The reference network denotes
all individuals that are relevant for the decision to conform to
a behaviour, i.e. adopt it due to normative pressure. This ref-
erence network can relate to relatives, friends, neighbours, or
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unknown people in public situations, from single individuals
to groups.

There have been few attempts (Suzuki and Iwasa, 2009;
Nøstbakken, 2013; Lin et al., 2022) to represent both descrip-
tive and injunctive norms as distinct processes with endoge-
nously arising dynamics, i.e. arising from within the model
processes, as compared to exogenous, prescribed parametric
pressures. This holds in particular for injunctive norms.

In this study, we depart from here and intend to model so-
cial norms including both descriptive and injunctive norms,
as two dynamic and endogenously arising processes, in con-
trast to former studies. These processes govern the complex
contagion of behaviour; i.e. a node needs to be influenced
by multiple neighbours to adopt, which is a robust assump-
tion for social norms (Centola and Macy, 2007; Guilbeault
et al., 2018). This implementation includes a threshold ap-
proach (Granovetter, 1978); i.e. a norm needs to surpass a
certain majority to be considered by agents (Centola et al.,
2005; Müller-Hansen et al., 2017). With our approach we
try to strike the right balance between a novel representation
of endogenous norms within groups and model tractability.
For this we explicitly leave some features that are commonly
modelled in agent-based models of social norms in resource
applications, such as sanctioning (Tavoni et al., 2012; Nhim
et al., 2019), to future work.

Parametric norm representations also do not relate to the
pattern of social ties, i.e. network topology (Centola and
Macy, 2007; Centola, 2010), or groups in particular (Cen-
tola, 2015), which can both crucially influence the spread-
ing of social norms. Since social groups and social norms
are strongly tied structures (Tomasello, 2019), social groups
play an important role in the model. They do so by me-
diating the injunctive norm, a process which is laid out in
detail in the following Sect. 2.3. The inclusion of social
groups is achieved by expanding a “lower” social network
layer of agents that represent informally connected individu-
als, with an “upper” layer of agents that represent formal so-
cial groups in a multi-layer network (Boccaletti et al., 2014),
where membership is indicated by links between the net-
work layers. This constitutes a basic social structure (Centola
and Macy, 2007; Davis et al., 2015; Guilbeault et al., 2018;
Newman, 2018), including variable topologies (i.e. number
of groups, or shape and size of member bases of a group).
By adding groups into the agent-based model, we aim to
have norms reach multiple behavioural equilibria, extending
the model dynamics beyond a single strategy outcome. We
also intend to analyse how different group structures (num-
ber of groups etc.) can influence the success of a stylised
social norm intervention, where groups are said to be pivotal
in leading change (Constantino et al., 2022).

1.4 The Nexploit model

By integrating the social norm and groups modelling frame-
work with the resource use application, we obtain a coupled

model called Nexploit model (following the Exploit model
research line).

To improve integrability of the norm framework and the
coupled model into advanced WEMs, both are implemented
in copan:CORE. The open world–Earth modelling frame-
work copan:CORE enables flexible modelling with stan-
dard components for developing, composing, and analysing
WEMs across the spectrum from stylised and aggregated to
complex and spatially and socially highly-resolved model
variants. Based on elementary entity types (grid cells, in-
dividuals, social systems), copan:CORE models can con-
tain processes and feedbacks between them in different
conceptual taxa: biophysical (e.g. resource growth), socio-
metabolic (e.g. resource extraction), and socio-cultural (e.g.
social learning) (Donges et al., 2021). The modular ap-
proach supports systematically comparing, testing, reusing,
and exchanging components and their theoretical assump-
tions (Donges et al., 2020). In Fig. 1, we show an overview
of the concepts, entity types, and process types from co-
pan:CORE that are used in this model and their classifica-
tion within the taxonomy. For a detailed description of co-
pan:CORE, see Donges et al. (2020). With this work, we add
the new entity type “Group” (Bechthold et al., 2024) to the
framework. We also provide the Nexploit model and our so-
cial norm framework as a ready-to-use component for co-
pan:CORE.

The model is constructed by three interacting compo-
nents, each of them classified according to the taxonomy for
structuring models for world–Earth system analysis (Donges
et al., 2021) and each of them carrying one main conceptual
process. The first component models a stylised ecosphere,
with the growth of a renewable resource in a resource-limited
environment, that belongs to the biophysical taxon (ENV).
The second component models stylised human–environment
interactions, i.e. harvesting of the corresponding resource, re-
flected in the socio-metabolic taxon (MET). The third com-
ponent models a stylised anthroposphere, with social norms
and individual learning determining harvesting behaviours,
that belongs to the socio-cultural taxon (CUL).

These processes lead up to different process interactions
and a closed interaction loop, which are shown in Fig. 2, a
conceptual representation of the model.

The model is designed with the intention to explore the
coevolution and entanglement of a stylised socio-cultural
sphere and a stylised ecosphere, mediated by stylised
metabolic processes. The nearest goal of the model is to de-
termine under which constellations of social norms and har-
vest effort the collection of resources collapses from overex-
ploitation and to explore whether generalisable conclusions
can be drawn from this. In particular, we seek to analyse the
novel social norm framework, including social groups, and
its influence on the system dynamics. Due to the complexity
of human behaviour and social dynamics (Carpenter et al.,
2019), the task is not to predict future pathways, but to eval-
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Figure 1. Overview of the copan:CORE open world–Earth modelling framework, referring to the parts relevant to the present work (mid-
dle). The entities in copan:CORE models are formed via entity types (e.g. cells, individuals, groups). The novel group entity is indicated by
blue spheres. All processes belong to a process taxon (left); i.e. resource growth belongs to the biophysical taxon. Processes are distinguished
by their formal process types (right). It is possible to freely combine entity types, process types, and process taxa (grey lines), where thick
grey lines illustrate combinations used in this model. Adapted and modified from Donges et al. (2020).

Figure 2. Classification of the relevant Nexploit model processes, ordered by owning process taxon (row) and affected process taxon
(column). Arrows indicate how processes feed into other processes, forming a loop between biophysical, socio-metabolic and socio-cultural
dynamics. ENV→ ENV: the generation or growth of the resource is a purely environmental process, but influences the possible harvesting
yield. MET → CUL: how successful an individual harvests generates utility, which influences the social norms and individual learning
process. CUL→ CUL: on a purely socio-cultural level, social norms and individual learning take place. CUL→MET: depending on social
processes, an individual selects higher or lower efforts, influencing the harvest. MET→ ENV: depending on the harvesting behaviour of the
individual, the resource generation is more or less restricted by extraction.

uate possible interventions to reach desirable states of the
“whole Earth system” in the long run.

The coupled model has three, to our knowledge unique,
key aspects that are seminal for future world–Earth mod-
elling: (a) the explicit inclusion of endogenous dynamic de-
scriptive and injunctive norms in a coupled model of resource
use, through (b) the inclusion of social groups in (c) a multi-
layer network. This integration enables us to investigate the
influence of social norms and social norm interventions in
an exemplary collective action problem in more detail and
taking into account the distinction between descriptive and
injunctive norms, social groups, or the network topology.

With the model, we find that two distinct norm processes
strongly influence the resource dynamics and structure the
state space of sustainable and unsustainable model outcomes.
Additionally to a possible sharp bifurcation of the system
into two extreme states, one sustainable and one unsustain-
able, it introduces equilibria of intermediate sustainability,
e.g. where one norm process is strong and the other is not.
The presence of groups that send the same normative mes-
sage over very long timescales, i.e. being sustainable, also al-
lows the model to reach intermediate levels of sustainability.
The parameters that control these outcomes are the thresh-
olds for norm uptake from the social norm framework as
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well as the parameters that determine the group topology,
i.e. number of groups and average group size. These param-
eters also determine the effectiveness of “social-norm inter-
ventions” in the model.

2 Model description

In the Nexploit model, private-pool resources with logistic
growth dynamics are harvested either sustainably or unsus-
tainably by agents, following the resource dynamics of a
well-investigated, social–ecological network model, the Ex-
ploit model and its extensions (Wiedermann et al., 2015;
Barfuss et al., 2017; Geier et al., 2019). The social norm
framework then, through social norms and groups, influences
the choice of sustainable or unsustainable harvesting effort,
where an unsustainable effort leads to the collapse of the pri-
vate resource. Social interactions thus govern the state of the
environment (the resource availability). The harvesting then
closes the loop: the yield, which depends on the state of the
environment, drives an individual learning process. This is
introduced additionally to the social norm dynamics, which
can be broadly understood as a social learning process in-
stead (Bandura, 1977; Reed et al., 2010). A higher yield re-
duces the probability of switching behaviour, similar to a
win–stay, lose–shift strategy (Nowak and Sigmund, 1993),
which could be interpreted as a change-inhibiting process of
social inertia (Brulle and Norgaard, 2019) as well. Therefore,
the state of the environment also feeds back into the social
dynamics and vice versa.

Individual learning can be seen as a dynamic account
of classic utility-maximising behaviour (Barfuss, 2022), in
which an agent favours the option with the highest utility ac-
cording to its preferences. This behaviour, however, is prone
to collective action problems (Ostrom, 2000; Barfuss et al.,
2020), in which social norms play a crucial role (Nyborg
et al., 2016; Janssen, 2017; Castilla-Rho et al., 2017; Con-
stantino et al., 2022).

In Fig. 3, an overview of the multi-layer network struc-
ture, all processes, and their classification into the taxonomy
scheme in a visual representation can be seen.

From the entity types that are provided by copan:CORE,
the “Individual” entity type is used to represent the agents.
Each agent ai is assigned to one “Cell” entity type ci and one
only. Therefore, the same index i always denotes a cell and
an agent that belong together. Then, the number of cells Nc
is equal to the number of agents Na and Nc =Na =N . The
novel “Group” entity type, is used to represent groups gk of
agents.

2.1 Biophysical component: resource growth

The logistic growth model, which models growth in a
resource-limited environment, has become a standard for
stylised resource growth representations in social–ecological
models (Farahbakhsh et al., 2022). For the case of a renew-

able resource that is harvested, the open-access fishery model
is a well-known example (Perman, 2003). Building upon
this, a simplistic model for the resource dynamics in N local
stocks si (without harvesting yet) can be deducted (Wieder-
mann et al., 2015):

dsi(t)
dt
= λisi(t)

(
1−

si(t)
Ki

)
, (1)

with λi > 0 the growth rates and Ki > 0 the bounding maxi-
mum capacities for i = 1, . . .,N .

Here λi and Ki are assumed to be the same for all cells,
i.e. there is homogeneous resource distribution, hence drop-
ping the index and obtaining λi = λ and Ki =K , for all
i = 1, . . .,N . Then, λ andK are set to unity, λ= 1,K = 1, to
obtain a dimensionless measure of time and the stocks, with
0≤ si ≤ 1.

2.2 Social-metabolic component: harvesting

The social-metabolic component represents the harvesting of
the local resource by the individual agents through a harvest
term

hi(t)= si(t)Ei(t), (2)

where Ei denotes the effort level of harvest of an agent. This
harvest term is then subtracted from the resource stock of
the cells, leading to (Wiedermann et al., 2015; Barfuss et al.,
2017; Geier et al., 2019):
dsi(t)

dt
= si(t) (1− si(t))−hi(t). (3)

The harvest term will also play a role in the social dynamics
and builds the bridge between the biophysical and the socio-
cultural component. Equation (3) fully describes the applied
resource and harvesting dynamics of the system. From now
on, the explicit time dependency of the stocks and efforts will
be omitted.

The effort level Ei of an agent ai is encoded by its be-
haviour Bi , which can be sustainable, Bi = 1, or unsustain-
able Bi = 0 in a binary way.

Ei =

{
1
2 if Bi = 1,
3
2 if Bi = 0,

(4)

is chosen for the low and high effort levels, such that the
sustainable behaviour coincides with the maximum sustain-
able yield (Wiedermann et al., 2015; Barfuss et al., 2017)
and such that hmin = 0 and hmax = 1.5. This results in a sta-
ble fixed point of Eq. (3) at s0,− = 0, for a high effort level.
A high effort level leads to a state of complete resource de-
pletion, elucidating why this effort level (or behaviour) is
considered unsustainable. For a low effort level (or sustain-
able behaviour), a stable fixed point with s0,+ = 0.5 is found,
which is considered sustainable.

It follows that the behaviour Bi and the resulting effort
level Ei are the model variables that determine the state of a
system to be sustainable or unsustainable.
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Figure 3. Overview of the Nexploit model, its feedback interactions, and the classification of its subcomponents into the copan:CORE
framework. The resource growth and extraction dynamics (ENV and MET) follow well-established models. The socio-cultural dynamics
(CUL) represent the social learning of either sustainable or unsustainable strategies under the influence of social norms, i.e. descriptive and
injunctive norms. The descriptive norm is modelled on the agent layer, where agents “see” what the majority of neighbouring nodes do, while
the injunctive norm is represented through the influence of groups.

2.3 Socio-cultural component: social norm framework

The socio-cultural component contains the social norm
framework, where agents are subject to social learning (Ban-
dura, 1977; Reed et al., 2010) of a binary behaviour (sustain-
able or unsustainable) in a multi-layer network (Boccaletti
et al., 2014) that represents a basic social structure (Centola
and Macy, 2007; Davis et al., 2015; Guilbeault et al., 2018;
Newman, 2018), including groups on a second network layer.
The normative behavioural spreading is modelled as a com-
plex contagion (Granovetter, 1978; Centola and Macy, 2007)
process, a solid assumption for social norms (Guilbeault
et al., 2018), where the behaviour of majorities influences
the behaviour of individuals (Müller-Hansen et al., 2017).

We consider an individual learning component as an addi-
tional baseline factor to the social learning through norms.
Here, agents are less likely to switch their harvesting ef-
fort when they are currently successful, in line with the fa-
mous game-theoretic strategy Pavlov, also known as win–
stay, lose–shift (Nowak and Sigmund, 1993). This compo-
nent connects the state of the resource (environmental taxon)
to the agents’ decision-making (cultural taxon) (Fig. 2).

The normative social learning and the individual learning
are then integrated into a decision-making function, where
on an average timescale 1Ta, agents consider updating their
effort with some probability p, depending on how they are
influenced by social norms, groups, and harvest.

With this approach we include a dynamic, endogenous ac-
count for the social influence of descriptive and injunctive
norms through different groups and analyse its influence on
a private-pool resource use, together with a rather evolution-
ary game-theoretic representation of individual learning. It

should be noted that our model aims to improve social norm
representation in coupled resource-use models in this regard,
not to give an exhaustive representation of all possible so-
cial norm effects. We exclude some elsewhere commonly in-
cluded mechanisms of social norms and commons dilemma
frameworks for the sake of simplicity of the agents and a lean
and tractable model. Such mechanisms include, for exam-
ple, cooperation (Tavoni et al., 2012; Tu et al., 2024), norm
conformation (McDonald and Crandall, 2015), norm inter-
nalisation (Elsenbroich and Gilbert, 2015), norm sanctioning
(Opp, 2001; Tavoni et al., 2012; Nhim et al., 2019), and fur-
ther group effects (Spears, 2021). We will discuss the lack of
such mechanisms in Sect. 4. Analysing the general dynamics
of the novel model in this work will facilitate the inclusion
of these mechanisms for a more integrated representation of
social norms in future work.

2.3.1 Agent layer

The first layer, the agent layer Ga = (Va,Ea), represents a set
Va of Na =Nc =N agents that are connected through edges
Ea. These connections can be thought as connections in in-
formal groups, such as being neighbours or having business
relations, for example. Most importantly, an agent is able to
“see” the behaviour of a connected node.

At the agent level, the network is modelled by the well-
studied Erdős-Renyi random graph (Erdős and Rényi, 1960)
with a link density ρ = 0.05. This network type is chosen
according to earlier Exploit works for the network topol-
ogy, so as to keep the coupled model comparable to these
works (Wiedermann et al., 2015; Barfuss et al., 2017; Geier
et al., 2019). Of course, this network type can be exchanged
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for more detailed applications with a known social structure.
Also, the number of agents (and cells) is set according to ear-
lier studies, with Na =Nc =N = 400. Agents are randomly
initialised in a Bernoulli process by initially choosing one of
the two behaviours with a probability of p = 0.5. This leads
to a Binomial distribution of the behaviours in the begin-
ning, with an expectation value for sustainable individuals
of µinit =N ·p = 200.

2.3.2 Descriptive norm

The descriptive norm DN is thought to emerge from the di-
rect interactions between agents, where the reference net-
work of an agent ai is thought to be all agents aj it is con-
nected to. An agent considers the descriptive norm DNi that
acts upon it to be either a sustainable (1) or an unsustainable
(0) pattern of behaviour, depending on whether the mean of
the behaviours Bj of its neighbours in the network N i

n ex-
ceeds a certain threshold θDN:

DNi


= 1 if 1

N in

∑N in
j Bj > θDN,

∈R{0,1} if 1
N in

∑N in
j Bj = θDN,

= 0 else,

(5)

where N i
n is the number of neighbours, that is the number of

agents that share an edge with agent ai . A special case, where
agents perform a random choice, denoted ∈R, when the mean
behaviour equals the threshold is included to prevent network
effects.

If we imagine the agents to be foresters, the descriptive
norm forms through the interaction of one worker with, for
example, neighbours whose harvesting behaviour could be
directly observed on a day-to-day basis, for example due to
adjacency or proximity of strips of forest.

2.3.3 Group layer

The second layer, the group layerGg = (Vg,Eg), represents a
set Vg of Ng social groups gk that can be connected through
edges Eg. Since there is no direct interaction between groups
here, Eg = {}.

We define a social group as consisting of two or more
member individuals who understand themselves as part of
the same social category (Turner, 2010; Geschke and Frindte,
2016). There is often a perception of unity inside the group
and a perception of unity from outside the group (Forsyth,
2018), such that groups are perceived to be one actor. This
motivates the fact that groups are being represented as inde-
pendent agents in the model through a separate entity type in
copan:CORE.

Group membership is represented by the interlayer con-
nections Eag between the aforementioned agent layer Ga and
the group layer Gg. If an edge between an agent ai and a
group gk exists, it represents the membership of the agent

in the group. Through this membership, the behaviour of the
agent influences the group attitude and vice versa. An agent
hasN i

m memberships in different groups and a group hasNk
M

members. In this model, all agents have the same number of
memberships, therefore the index i is dropped andN i

m =Nm
for readability.

The network is constructed by randomly connecting each
agent to one group that it is not connected to yet, out of
the pool of groups, Nm times. The parameter Nm therefore
controls the shape of the random interlayer network Eag,
with Nm ∈ [0,Ng]. For Nm = 0, agents are not connected
to groups and hence not influenced by their dynamics. For
Nm = 1, each agent is member of one group and for Nm =

Ng, each agent is a member of all existing groups. Interac-
tions in groups take place with relative permanence (Nei-
dhardt, 2017), as people often remain members of groups
for prolonged time periods. In the model, we consider stable
groups as memberships do not change. An adaptive network,
which could be used to model dynamic group memberships,
was not included in this work, so as not to overshadow other
model dynamics.

In reality, individuals can be members of different types of
groups, informal and more formal ones (Tichy and Fombrun,
1979; Hunter, 2016), both of which can form reference net-
works for norms to their members. An informal group might
be a group of colleagues, as are represented in the lower net-
work layer as all the agents an agent is linked to.

The groups we model with the new entity type and in
this second layer are meant to represent more structured for-
mal groups, for example a more institutionalised workers
union or association of foresters. Groups often have a shared
group’s viewpoint, strategy, stance or attitude (Forsyth,
2018), referred to as group attitude from here on. We rep-
resent this by the groups translating the behaviour of their
members into an attitude or position towards said behaviour.
Hence, each group has a group attitude Ak ∈ [0,1] regard-
ing sustainable or unsustainable behaviour, where Ak = 1
denotes an approving attitude towards sustainable behaviour
and Ak = 0 a non-approving one. In contrast to the descrip-
tive norm, where an individual is thought to know the be-
haviour of all its reference network, in our group context, a
member does not know the behaviours of all other members.
It just knows the aggregate group’s stance, which it receives
as a message of what should be done from the group, without
necessarily knowing what other members actually do. In real
life this might correspond to a workers union or association
that gives out recommendations on how to behave. Another
example of such a process in a large scale formal group is the
2015 encyclical of pope Francis addressing climate change,
resulting in varying levels of concern in U.S. Catholics (Li
et al., 2016). Formal groups or institutions, that govern or
educate a community can be very important for the diffusion
of social norms (Constantino et al., 2021b).

Group attitudes have to be elaborated through member in-
teractions (Forsyth, 2018) that often take place in regular in-
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tervals. This is mimicked by a regular event taking place in
intervals of 1Tg. With probability 8g, groups consider up-
dating their group attitude. In this case, the mean of the be-
havioursBi of member agents is calculated and if it surpasses
a certain threshold θIN, the group attitude changes, similar to
the way the descriptive norm is obtained:

Ak


= 1 if 1

NkM

∑NkM
j Bj > θIN,

∈R{0,1} if 1
NkM

∑NkM
j Bj = θIN,

= 0 else,

(6)

whereNk
M is the number of members of group gk . This group

update is modelled through a step process of copan:CORE.
Thus, the attitude is mainly determined by the threshold pa-
rameter θIN. The attitude in turn is used to determine the in-
junctive normative pressure on agents, such that θIN is said
to represent the threshold for injunctive norm uptake. Simi-
larly, the timescale1Tg is said to represent the characteristic
timescale for the injunctive norm.

A special case can be constructed by not allowing groups
to change their attitude. Groups then become a vessel of one
attitude and therefore one norm that they keep sending at all
times. In this case, they can be considered a “norm entity”.

2.3.4 Injunctive norm

Since membership in a group is often connected to a degree
of identification with the group and its predominant attitudes
towards certain issues, the group attitude is thought to exert
a normative expectation and pressure on its member individ-
uals that we model as the injunctive norm IN.

In the model context, the design of the injunctive norm
process can be illustrated going back to the example of the
association of foresters: especially in larger formal groups
that are work-related (e.g. a union of foresters), groups do
not necessarily coincide with people someone directly works
with, and thus the exact behaviour cannot be observed. Being
a member of a group with a sustainable stance on resource
use, a member might very well assume that it is expected
from them to harvest sustainably, while they will not be able
to actually observe whether all the other members also har-
vest sustainably at all times. Still, there will be pressure to
conform due to the normative expectation that might be ex-
plicitly (e.g. in the statutes) or implicitly formulated by and
within the group. In our case, groups might also represent
non-work-related groups, such as friend circles or political
parties, depending on the group size parameter.

Another example in which norms play a role is flight
shame (Gössling et al., 2020). A member of a climate activist
group might very well assume that it is expected from them
not to fly often, while they will hardly be able to actually
observe how often all the other members fly on a descrip-
tive level. The descriptive norm thus might be formulated by
other peer groups, friends or family. Still, there will be pres-

sure to conform to the injunctive norm of the activist group
due to a strong sense of social identity and the normative ex-
pectation that might be explicitly or implicitly formulated by
and within the group.

At each update an agent ai considers the injunctive norm
acting on it INi to be either a sustainable (1) or unsustainable
(0) pattern of behaviour, by randomly choosing out of the set
SiAk
= {A1, . . .,ANm} of the group attitudes of its Nm group

memberships:

INi∈RS
i
Ak
. (7)

This random choice out of all group attitudes an agent is con-
nected to, reproduces a situation where not all groups always
have the same importance when decisions are taken. When
the group attitudes are fixed, a group constantly sends the
same injunctive norm. This mimics a fix injunctive norm or
an injunctive norm entity in the socio-cultural domain.

2.3.5 Social update

The process through which an agent changes its effort is
called social update. A social update is conducted as a ran-
dom event, as pre-implemented in copan:CORE by the event
process. Assuming the system to be at time t0, the next up-
dating interval τ is drawn from an exponential distribution:

p(τ )=
1
1Ta

exp(−τ/1Ta), (8)

a well-studied distribution for human interaction rates in
queuing theory (Saaty, 1957), where 1Ta gives the expected
average time between two updates of agents. At the next up-
dating time t1 = t0+ τ , all agents are randomly ordered by
an exponential distribution and then consider a social update
with probability 8a. This updating probability controls the
percentage of agents that enter the decision process for up-
dating their state; i.e. 8a = 0.5 implies that on average 50 %
of agents enter the updating process. After a social update
took place, a new updating interval is drawn and the next so-
cial update is conducted at t2 = t1+τ . The social update and
the group update processes are independent of each other and
their (average) waiting intervals, 1Ta and 1Tg, will be in-
vestigated thoroughly. Both are dimensionless measures here
that have explanatory power in relative comparison only, al-
though it is possible to implement data-informed timescales
with copan:CORE.

When a social update is conducted for an agent, it will
compare its current effort level Ej with the normatively en-
coded effort level of its relevant reference network. An agent
will switch effort levels to Ek according to a sigmoid-shaped
decision-making function (Traulsen et al., 2010), which in
this case is modelled through a symmetric logistic function
(also called expit):

P
(
Ej → Ek

)
=

1
1+ exp(−kx)

. (9)
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This decision-making function is symmetric around 0. For
k = 0, which controls the slope of the function, it approxi-
mates a flat line with p = 0.5 everywhere and for k→∞ it
approximates a step function. For the special case of k = 2,
the logistic function returns the same probability values as
the tanh used in the original Exploit model, for same values
of x. While x in the Exploit case is given as the difference in
harvest between two agents, x is the sum of the two norms in-
fluencing an agent minus its harvesting success in this model:

x = wDN ·DN′+wIN · IN′−wh ·h
′, (10)

where wDN, wIN, and wh are the weights for the influence
of each norm aspect (descriptive and injunctive) and the
own harvesting success. The argument x is constrained to
be −1≤ x ≤ 1, by adjusting the weights correspondingly.
The weights can be further used to include effects where, for
example, an injunctive norm is contrasted by a conflicting
social norm, reducing its effect on behaviour (Smith et al.,
2012; Staunton et al., 2014; Bonan et al., 2020b). Here, the
weights will be assumed to be equal for all processes, so as to
investigate the general dynamics of the framework for later
use in copan:CORE. With relevant data, the weights could
also be adjusted to according empirical studies.

To obtain the same probabilities to switch in both direc-
tions, the single terms of the sum are mapped accordingly.
Hence, an unsustainable individual has the same probability
to become sustainable if both norms are found to be sustain-
able, as a sustainable individual that is influenced by both
unsustainable norms has, and so on. These mapped quanti-
ties are indicated by an apostrophe. If an agent switches its
behaviour because of a social norm, it is said to conform to
the norm.

The probabilistic nature of the decision-making func-
tion accounts for uncertainties or any (external) aspects of
decision-making that the social norm framework and indi-
vidual learning do not cover, such as involuntary choices, for
example. It does not account for different reasons and ways
that might lead agents to conform to a prevalent behaviour.

3 Results

For the analysis, each sub-process is assumed to have the
same influence on decision-making; i.e. the weights in the
function are set to wIN = 0.33, wDN = 0.33 and wh = 0.33
such that, in sum, the focus lies on the social norm frame-
work. This can be adjusted for studies with a different focus
and a different context.

Since every node is described by one stock si and one be-
haviour Bi , the possibilities to visualise the dynamics of the
system directly in phase space are limited. Instead, average
quantities are defined and investigated for their influence on
the model, depending on the parameter choice. By keeping
all parameters except for one or two fixed, their interplay can
be analysed in parameter sweeps.

To reduce the parameter space that has to be investigated,
some parameters are kept constant over the course of test-
ing. They are chosen according to earlier studies with mod-
els from the Exploit family (Wiedermann et al., 2015; Bar-
fuss et al., 2017; Geier et al., 2019): the number of agents
N = 400, the two effort levels Es = 0.5 and Eu = 1.5, and
the average link density in the agent network ρ = 0.05. From
further analysis, parameter choices 8a= 0.25, 8g= 0.25,
and k = 3 are deducted, where such update probabilities 8a
and 8g ensure smooth runs without jumps and k = 3 results
in continuous switching probabilities between 5 % and 95 %,
depending on the state of the norms and the current harvest
of an agent (e.g. an agent that has h= 0 and is influenced
by sustainable descriptive and injunctive norm aspects, has a
probability to become sustainable of 95 %).

With the probabilistic decision-making function, the so-
cial component of the model includes a stochastic element.
Therefore, an ensemble of runs is analysed for each parame-
ter set and mean quantities are formed from the observables
of interest. The number of simulation runs for each set is nr =

100. From one (simulation) run, the mean over all N single
stocks si and behaviours Bi is taken. The resulting, global
stock fraction is then called S, where S (t)= 1

N

∑N
i=1si (t).

S = 0 would indicate that all resources have been depleted
and the system reached a completely unsustainable state.
The fraction of sustainable agents of a run ns and the aver-
age group attitude A are constructed in the same way. Here,
ns = 0 or A= 0 would indicate that all individual or groups
have an unsustainable group attitude, while ns = 1 or A= 1
would indicate that they all carry a sustainable attitude. Then,
for each of the main observables, a macroscopic ensemble
average is constructed over all runs j = 1,2, . . .,nr:

〈ns (t)〉 =
1
nr

nr∑
j=1

ns,j (t) . (11)

Therefore, 〈ns〉 denotes the average fraction of sustainable
individuals for a parameter set and its runs. Correspondingly,
the macroscopic ensemble average for the stock reads as

〈S (t)〉 =
1
nr

nr∑
j=1

Sj (t) . (12)

In the following, the average stock 〈S〉 and the average frac-
tion of sustainable individuals 〈ns〉 will be the main quanti-
ties of interest. Their state at the end of a simulation deter-
mines the average outcome of the system for a certain pa-
rameter set. To distinguish averages in one run and ensemble
averages over all runs, S and ns will be called micro quanti-
ties, while 〈S〉 and 〈ns〉 will be named macro quantities. For
plotting, the quantities will be shown in %.

3.1 Groups & group memberships

First, the influence of the number of groups Ng and the num-
ber of memberships per agent Nm on the full model is anal-
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ysed. Both parameters are varied while the others are kept
fixed at values for which the forcing to fall into a sustain-
able or unsustainable state is balanced, θDN= 0.5, θIN= 0.5,
1Ta= 1, 1Tg = 1, such that the focus lies on Ng and Nm
alone. For all combinations of Ng and Nm, the outcome
varies around 〈ns〉 ≈ 0.5 with no qualitative differences for
different parameter combinations. Additionally, a very high
standard deviation is observed. This small parameter sensi-
tivity for Ng and Nm can be explained by the fact that indi-
viduals and groups are initialised as sustainable or unsustain-
able with the same probability of 0.5, such that thresholds of
θDN = 0.5 and θIN = 0.5 quickly lead a simulation to fall ei-
ther into a sustainable or unsustainable state, as both norm
processes eventually align themselves. This splitting up into
two extreme states for multiple runs also explains the high
standard deviation and can be seen in Fig. 4, columns 1 and
3. No process of the norm framework is dominant due to the
balanced weights, such that the initial distribution causes the
outcome, depending on which norm uptake threshold θDN or
θIN it crosses to which degree. Thus, Ng and Nm do not have
a qualitative influence on the average sustainability outcome
of the model on an ensemble average level. Still, on the mi-
cro level, interesting dynamics arise that depend on Ng and
Nm. These dynamics are relevant to real-world situations as
detailed below, since there is not an ensemble of realities the
agents live in and aim to manage, but one system trajectory
where it greatly matters whether a complete collapse of re-
sources occurs or not.

3.1.1 Analysis of micro dynamics

To analyse these micro dynamics, two combinations of group
sizes and group memberships per agent, that represent ide-
alised cases, will be investigated more thoroughly.

The first combination of which the micro dynamics are in-
vestigated consists of two groups Ng = 2 and Nm = 1; i.e.
each agent is member in one group only. Here, groups have
an average degree, i.e. average number of members, of 200.
This case represents a system in which two large groups ex-
ist, that do not overlap in their member base. An example in
which individuals choose between two groups (or ideologies,
etc.) is e.g. a two-party political system.

The second combination is Ng = 64 and Nm = 4, where
each group has an average number of members of 25. This
case represents a system with many smaller groups that can
overlap. This represents a case with a high number of smaller
groups, such as (workers) associations, clubs or similar, that
take a stance on a relevant behaviour.

Figure 4 shows the time series for t = 500 time steps of
the average quantities of nr runs for Ng = 2 with Nm = 1
and Ng = 64 with Nm = 4 for the standard case and the spe-
cial case that the group attitudes A do not change in time,
such that groups always send the same injunctive norm, i.e.
becoming a vessel for fixed norms. After t = 500 all trajec-

tories that can reach a dynamic equilibrium have converged
to it.

It can be seen that in the case with dynamics group atti-
tudes (Fig. 4 columns 1 & 3), the average fraction of sus-
tainable agents 〈ns〉 quickly splits up into two levels between
multiple runs, at approximately 0.25 and 0.75. During a very
dynamic beginning phase, both norms eventually align, leav-
ing a single run to end up in a sustainable or unsustainable
state. The found probabilities agree with the probabilities ex-
pected by Eq. (9).

A network of agents that has overlapping group member-
ships ends up in one of the two states more quickly (col-
umn 3) than a system with two groups only that do not share
any members and where the connection is only given on one
of the two layers (column 1). This can be explained by the
fact that for Nm = 1, the two member bases are not con-
nected. Therefore, there is no communication between the
two groups and both systems continue to co-exist in a “po-
larised” state, such that one group can temporarily continue
sending a norm that might be differing from the majority be-
haviour, slowing down the convergence to one majority be-
haviour.

3.1.2 Fixed group attitude

Interesting dynamics arise when the group attitude is fixed
(i.e. A is not allowed to change), which mimics a fix injunc-
tive norm or an injunctive norm entity in the socio-cultural
domain. When looking at the micro behaviour ofNg = 2 with
Nm = 1 (Fig. 4 column 2) and Ng = 64 with Nm = 4 (Fig. 4
column 4) for such a fixed group attitude, it can be seen that
instead of having a split up into only two distinct levels, in-
termediate states can be found for the average behaviours ns.

For Ng = 2, two extreme states are still reached where
both groups are initialised with the same group attitude, such
that both their norms “point” into the same direction, forcing
the descriptive norm to align. The bifurcation into intermedi-
ate levels is found in runs where one group hasA= 0 and one
has A= 1, such that both injunctive norms can prevail. The
intermediate state then depends on the prevalent descriptive
norm and the individual learning, which is encoded by the
continuous harvest h, thus reaching continuous levels of ns.

For Ng = 64 with Nm = 4 (Fig. 4 column 4), 〈ns〉 cen-
tres around a mean expectation value µ= Ng

2 as it can be
described by a Binomial distribution: there are Ng groups
with either state {0,1}. The possible combinations that can
be reached are given by a combination with repetition, where
the order does not matter. As the attitudes of groups are ini-
tialised as a Bernoulli process, the probability to obtain a cer-
tain number of sustainable groups in a run is approximately
given by a Binomial distribution.

This example showcases how strong (static) social groups
can structure the behaviour space into different levels. How-
ever, in general, groups can change their behaviour dynam-
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Figure 4. The time series for 500 time steps of the average fraction of sustainable individuals, 〈ns〉 (row 1), the average stock, 〈S〉 (row
2) and the average group attitude A (row 3). Plotted are 100 runs, colour-coded (using scientific colour maps as described in Crameri et al.
(2020), in this and in following Figs.), for different group constellations (numbers of groups Ng, number of memberships in different groups
of an agent Nm and the resulting approximate group size; columns 1–2 vs. 3–4) and the special cases where A does not change in time, i.e.
fixed “injunctive norms”.

ically, such that we focus on dynamic group attitude for the
analysis of the thresholds and the time scales in the model.

3.2 Thresholds

We now analyse the influence of the uptake threshold for
the descriptive norm θDN and the threshold for group atti-
tude change, which represents the threshold for the injunctive
norm, θIN on the behaviour of the model. Figure 5 shows the
average fraction of sustainable agents 〈ns〉 and the average
stock 〈S〉 for a variation of θDN and θIN in the group constel-
lations of Ng = 2 with Nm = 1 and Ng = 64 with Nm = 4,
while 1Ta = 1, 1Tg = 1. The result is shown after t = 100
time steps, after which all runs have reached a dynamic equi-
librium.

As expected, a regime shift arises along a diagonal axis,
where θDN and θIN ≈ 0.5, which divides the state space into
two areas, one sustainable and one unsustainable. Along this
axis, the system behaves as observed before and is very sus-
ceptible to the initial distribution of states in the agents.
Where θDN and θIN are small, the system expectedly con-
verges into a sustainable state, while the opposite is true for
θDN and θIN are large. Interesting is that the transient regime
extends beyond the diagonal axis, splitting up towards the

upper left and lower right corners of the panel. This transient
regime occurs when one of the two thresholds is large and the
other small. When analysing micro runs, it can be seen that in
these cases, both norm processes approximately cancel each
other out, for example when a strong sustainable injunctive
norm and a strong unsustainable descriptive norm both pre-
vail and keep influencing agents to change their behaviour
with similar strength. This leads the system to stochastically
move around 〈ns〉 ≈ 0.5. The corresponding stocks in Fig. 5
exhibit low, but non-zero values. This is found for all param-
eter combinations that lead the agents to spend comparable
time with the high and low harvesting effort levels, due to the
fact that recovery of the resource in this model is slower than
exploitation. Therefore, three main regimes are introduced
by the two thresholds in the social norm model: a sustain-
able regime, an unsustainable regime, and a transient regime.
They are divided by regime shifts with increased values of
σ〈ns〉. Due to the low stock of the transient regime, only the
completely sustainable regime can be considered a safe op-
erating space.

For Ng = 2 with Nm = 1, the same qualitative behaviour
as for Ng = 64 with Nm = 4 is found, but the transition is
smeared out in the direction of θIN: since Nm = 1, all agents
are member of one group. Thus, this one group can exert a
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strong influence on all of its members until it undergoes the
first group update. The probability to “escape” the threshold
scales with θIN and leads to a low gradient around θIN ≈ 0.5.

If the number of groups is increased, a single group might
still be able to “escape”, but will not influence the outcome
of the ensemble average as much, as its relative importance
is only a fraction of the number of groups. This explains why
the transition is more abrupt for Ng = 64 with Nm = 4.

The results show that the major structuring parameters
for the resulting safe operating space of the model are
the two thresholds of the social norm framework. Differ-
ent group constellations also influence the shape of the tran-
sient regime. Therefore, the social norm and group constella-
tions structures the sustainability space and the safe operating
spaces in the model.

3.3 Timescales

Now, the influence of the parameters that influence the
timescales on which individual and group updates take place
are compared for their influence relative to each other and the
total simulation time. Note that those properties are dimen-
sionless here and scale only with each other. Figure 6 shows
the behaviour of the average fraction of sustainable individ-
uals 〈ns〉 for both group constellations. The result is shown
after t = 100 time steps, after which all runs have reached a
dynamic equilibrium for the analysed parameter ranges.

For a number of groups Ng = 64, where each agent is
member in Nm = 4 groups (Fig. 6a) and small values of
the individual updating timescale 1Ta (1Ta < 1), the model
tends to become more unsustainable, 〈ns〉 ≈ 0.2− 0.4, than
the expected 〈ns〉 ≈ 0.5 for thresholds θDN = 0.5 and θIN =

0.5. This finding is in line with the results of the original
Exploit model (Wiedermann et al., 2015) and its extension
(Barfuss et al., 2017), in which myopic agents also increased
the probability to end up in an unsustainable state. With in-
creasing values of1Ta relative to1Tg, the system first settles
down in an equilibrated outcome (due to a bifurcation into
two states again) with 〈ns〉 ≈ 0.5 and then actually exhibits a
slight tendency towards sustainable outcomes.

This can be explained by the added influence of the own
harvesting success through the individual learning: an en-
hanced 1Ta increases the rate at which agents are influ-
enced by their own harvest in taking a decision. We com-
putationally and analytically find that decision-making influ-
enced by the individual learning of harvest alone, without
social norms, leads to a state of ns = 0.5 and S = 0 (see Ap-
pendix A). The nudge towards an unsustainable outcome due
to the harvesting influence is enough to tip the social norm
into an unsustainable direction as well in the dynamic begin-
ning phase of a run. As soon as both norm processes point
in the unsustainable direction, the system will not recover.
This is in agreement also with the behaviour of the harvest-
ing model without the normative influences, where fast social
dynamics lead to a system that ends up in an unsustainable

fixed point after a critical slowdown. Even if this influence
makes up a fraction of only 0.33 of the decision-making ar-
gument, against two processes that are not qualitatively time-
dependent, it adds up to the observed behaviour.

In the other direction (1Ta > 2), the fact that the system
actually has a slight tendency to be sustainable can be ex-
plained by the low update rates and the decreased, but still
existing, influence of utility-maximising individual learning.
Because of that, the system quickly approaches a state in
which 〈ns〉 ≈ 0.5 and 〈S〉 ≈ 0.25 in the beginning of a run,
as on average no update has taken place yet. When the first
update takes place, unsustainable individuals will completely
have exploited their stock, increasing their probability to be-
come sustainable, while sustainable individuals will have
more stock, making them less likely to switch behaviours as
compared to their unsustainable counterparts. Therefore, the
sustainable strategy is slightly favoured, which leads to the
tendency towards a sustainable outcome.

For Ng = 2 with Nm = 1 (Fig. 6b), the transition is only
found at smaller values of 1Ta. This can be explained by the
micro dynamics for said constellation that was found before
to exhibit a much slower convergence towards two extreme
states, thus limiting the influence of the harvest that it most
detrimental in systems with quick social dynamics.

Therefore, 1Ta is found to introduce a regime shift into
the system, even though it is not as pronounced, in the sense
that it does not divide between a completely unsustainable
and a completely sustainable regime, but rather between a
more unsustainable and a more sustainable one.

It is also found that the transition regime size diminishes
in 1Ta-direction for increasing the timescale of group up-
dates 1Tg. Groups update more slowly and they are able to
keep their attitude and their influence on member individuals
for a longer time (approximating the fixed A-case), reducing
the exploitative effect of the individual learning model. Very
high values of 1Ta and 1Tg compared to t are omitted here,
since the system does not converge, due to the resulting large
updating times that allow no dynamics to arise during t .

For constellation Ng = 2 with Nm = 1, the effect is qual-
itatively similar but reduced. This can be explained by the
longer convergence time for single groups for Ng = 2 with
Nm = 1.

3.4 Group attitude intervention

We now mimic a real-life situation in which a non-specified
policy intervention leads some groups to change their group
attitude and thus send a different injunctive norm to their
members. This scenario showcases the possibilities of re-
search questions that can be addressed with Nexploit and re-
lated models.

In the beginning of a simulation run, the system is set to an
unsustainable state, that is, all individuals and all groups have
an unsustainable attitude and the descriptive and injunctive
norms point into the unsustainable direction. At t = 50 of a
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Figure 5. The influence of the uptake thresholds for the descriptive and injunctive norm, θDN and θIN. Top: the ensemble average fraction
of sustainable individuals for 100 runs, its standard deviation and the resulting stock levels, for Ng = 2 groups, where an agent is member of
Nm = 1 groups each. Bottom: the ensemble average fraction of sustainable individuals, its standard deviation and the resulting stock levels,
for Ng = 64 with Nm = 4.

Figure 6. The influence of the updating timescales of the individuals and social groups,1Ta and1Tg, after 100 time steps. Top: the ensemble
average fraction of sustainable individuals for 100 runs, its standard deviation and the resulting stock levels, for Ng = 2 groups, where an
agent is a member of Nm = 1 groups each. Bottom: the ensemble average fraction of sustainable individuals, its standard deviation and the
resulting stock levels, for Ng = 64 with Nm = 4. Please note the change in resolution.
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Figure 7. The ensemble average fraction of sustainable individuals
〈ns〉 over 100 runs after 100 time steps against different values of the
fraction of policy-influenced groups (indicating the strength of an
arbitrary policy intervention) for (a)Ng = 2 groups, where an agent
is member of Nm = 1 groups each, and (b) Ng = 64 with Nm=
4. The shaded area around the data points indicates the respective
standard deviation σ〈ns〉.

run, resources 〈S〉 will almost be depleted. Then, a changing
fraction of groups will switch their group attitude to sustain-
able and keep it for dt = 10 until they are allowed to change
their attitude again, to ensure that the intervention can have
an effect. The fraction of policy-influenced groups is deter-
mined by a probability for each group to switch, yielding
a measure of the intervention strength when averaging over
all group and all runs. It is then observed until t = 100 (af-
ter which the model has converged to a basin that it does
not leave any more) whether the system falls back into an
unsustainable state or whether the intervention can carry it
into a sustainable state. The choice of the other parameters is
8a = 0.25, 1Ta = 1, θDN = 0.5, and θIN = 0.5.

This setting can be thought to represent the current path-
way of many real-life systems, in which ecological resource
dynamics and socio-cultural dynamics are coupled: such sys-
tems are often over-exploited. Then, for example, because of
the realisation of an imminent collapse, groups themselves
might change their attitude towards exploitation. Or social
institutions that are not included in this model, such as gov-
ernments or political actors, might encourage groups to send
a different normative message towards their members to en-
courage them to change their behaviour to allow the overall
system to transition into a more sustainable mode of opera-
tion.

Figure 7 shows the resulting average fraction of sustain-
able agents for 100 runs, depending on the intervention
strength and the group constellations. In the left panel, with
Ng = 2 groups, where each agent is a member of Nm = 1
group, the probability to find the agents in a sustainable state

at the end of a run increases in an almost linear fashion with
the intervention strength. This shows the expected result that
targeting more groups is more likely to induce social change
than targeting few groups.

In the left panel, for intervention strengths < 0.5, all runs
end up in an unsustainable state. The number of groups that
change their state is thus not enough to create a lasting effect.
For an intervention strength > 0.5, the probability to find the
system in a sustainable state at the end of a run increases in a
non-linear fashion, resembling a regime shift.

The difference in the two systems can be explained by the
fact that for two large, non-connected groups, as for Ng = 2
with Nm = 1, with linearly increasing probability, the prob-
ability for the groups to switch increases linearly as well.
When one group switches its state because of the interven-
tion, it has enough time to influence its members via the in-
junctive norm, such that the system does not switch back.
It directly adds to the resulting ensemble average. For many
connected groups, as for Ng = 64 with Nm = 4, groups that
become sustainable also influence their members. But as
members might still be connected to unsustainable groups,
the number of groups that change attitude must be large
enough to have an effect on the overall system. This intro-
duces the found regime shift in the system withNg = 64 with
Nm = 4, which depends θDN. When enough group members
change their behaviour during the intervention time to sur-
pass the descriptive norm threshold, the whole system will
become sustainable.

This brief analysis shows that, in our model, systems re-
act completely differently to a stylised intervention depend-
ing on the group structure. This highlights the importance
of quantitatively modelling this behaviour and understand-
ing the dynamics, rather than assuming that attitude changes
will scale like-ways in different group structures.

3.5 Discussion

The micro dynamics of the model were found to exhibit
trajectories that split up into two extreme states. This is a
common effect in coupled social–ecological models with
majority-enforcing social norms, where typically extreme
equilibria of a single remaining behaviour are found (Farah-
bakhsh et al., 2022). This behaviour implies an extreme out-
come such that it has the potential to either support a sustain-
able outcome or lead the system to completely collapse.

In our study, we, however, observe a third regime occur-
ring when both norm processes approximately cancel each
other out. Therefore, the modelling of two distinct but in-
teracting dynamic norm processes actually introduces inter-
mediate equilibria. This shows that consideration of both de-
scriptive and injunctive norms, beyond common parametric
representations (Farahbakhsh et al., 2022), is vital in under-
standing the complex dynamics of social norms.

The main process governing the outcome is the threshold
behaviour of norm adoption. We found that only by reduc-

https://doi.org/10.5194/esd-16-1365-2025 Earth Syst. Dynam., 16, 1365–1390, 2025



1380 M. Bechthold et al.: Social norms and groups structure safe operating spaces

ing the thresholds of both norm aspects one arrives at a fully
sustainable state, as the equilibrated state does not have suffi-
cient stock left to be considered sustainable. A dynamic and
detailed representation of norms therefore is crucial when
modelling policy norm interventions, which are said to be
highly contextual (Constantino et al., 2022).

The regime shifts in the state space due to these thresholds
could be thought of as representing a social tipping point.
While a simple threshold in a model of course does not in-
clude all criteria for a social tipping point, nor represents
its complexity (Winkelmann et al., 2022), it presents a good
starting point for the investigation of tipping in social norms.

The inclusion of groups and different group member-
ship structures introduces more diverse outcomes into the
model. Typically, systems with high numbers of groups Ng
and group memberships Nm were found to exhibit stronger
regime shifts, while systems with low numbers of groups and
group memberships exhibit less sharp transitions. Consider-
ing regime shifts as proxy for social tipping points, tipping
a two-party political system in the model would require a
stronger effort in altering the social norm defining parame-
ters (e.g. the uptake thresholds for sustainable norms) than
in a more fractured, multi-group system. Having persistent
(injunctive) norms mediated by groups, represented in the
model by not allowing groups to update their attitude (i.e.
very change-inert groups), introduced multiple distinct lev-
els of stable states that trajectories approached. Social norm
systems are said to typically have such multiple equilibria
(Young, 2015). Considering groups in social norm contexts
thus plays an important role when trying to capture the full
social dynamics, as suggested in the literature (Constantino
et al., 2022).

Looking at the updating timescales, the system shows a
regime shift between a rather sustainable and a rather un-
sustainable regime, where high updating rates point towards
a more unsustainable outcome because of the increased in-
fluence of utility-maximising individual learning. Thus, the
more often agents consider their own economic utility, the
less likely the system is to end up in a sustainable state.
Short-term decision-making that is based on current suc-
cess leads to augmented utility-maximising behaviour and
unsustainable outcomes. A less myopic approach lets agents
observe the advantage of a sustainable strategy, increasing
the probability of a sustainable outcome, a finding that is in
line with similar analyses (Wiedermann et al., 2015; Barfuss
et al., 2017; Geier et al., 2019).

We found that socially inert (increased 1Tg) groups can
dampen unsustainable tendencies. For high updating rates in-
stead, groups tend to simply follow an unsustainable trend.
Making groups resistant to such trends, might increase the
resilience of the system against unsustainable tendencies be-
cause of egoistic considerations, as well as help overcome
detrimental utility-maximising behaviour or social inertia.

A system with two non-connected large groups, combi-
nation Ng = 2 with Nm = 1, takes longer to reach an ex-

treme state than a system with many connected small groups,
combination Ng = 64 with Nm = 4. This might provide one
with more time to counter unsustainable tendencies in the
case of Ng = 2 with Nm = 1, but on the other hand, might
prevent the system from falling into an unsustainable state
fast enough when under time pressure and vice versa for
Ng = 64 with Nm = 4. Also, in real-life systems, groups, so-
cial norms, and individual learning crucially influence the
time scales that determine the success in mitigating anthro-
pogenic climate change (Otto et al., 2020).

We simulated an intervention to provide an idea of the ca-
pabilities of the model. For two choices of Ng and Nm, i.e.
two distinct group network topologies, the system responds
differently depending on the intervention strengths. In the
case of Ng = 2 with Nm = 1, which could represent a po-
larised two-party system, the outcome followed the interven-
tion strength in a linear fashion. Of course, changing the at-
titudes of both large groups yields the largest success. But
this also shows that changing the influence of one group on
its members can already bring about positive change. Still,
in a real-life system, this may be more costly than influenc-
ing smaller groups. For Ng = 64 with Nm = 4, a non-linear
response was found, exhibiting a regime shift. This suggests
that in connected systems with many small groups, interven-
tions must reach a sufficient large number of groups in order
to overcome unsustainable descriptive norms and detrimental
utility-maximising behaviours or social inertia. Otherwise, it
might simply be a waste of resources. This points to the fact
that idiosyncratic features of a system need to be considered,
i.e. in policy-design (Constantino et al., 2022).

Finally, with the model results, we confirmed the assump-
tion that social norms can be crucial to the overall dynamics
in resource models (Satake et al., 2007; Lade et al., 2013;
Sigdel et al., 2017; Farahbakhsh et al., 2022). Even in a
simplistic social–ecological model, the detailed social norm
framework reproduces important, basic characteristics of so-
cial systems under normative influence, while having addi-
tional possibilities of shaping and structuring safe operating
spaces of resource management.

4 Conclusions

In this work, a coupled social–ecological model simulating
resource use, taking into account social norms and groups
in a social norm framework, was designed, developed and
tested in the copan:CORE framework. It consists of a stylised
ecological resource model coupled with a social norm com-
ponent in a multi-layer network. The entity type “Group” was
introduced into the copan:CORE framework with this work
as well. The new social norm framework, consisting of a de-
scriptive and an injunctive norm mechanism, was included as
a component to copan:CORE and has been tested. A mecha-
nism to model individual learning via harvesting success was
presented and analysed.
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We have found that group parameters can structure the so-
lution space into various levels of sustainability, representing
a more realistic set of equilibria than mere “black or white”
collapse or sustainability scenarios. The adequate considera-
tion of group topologies and norm structures can be crucial
for the outcome of social norm interventions in the model.

We have shown that this multi-layer network framework
for modelling social norms and groups allows for detailed
investigation of the influence of direct descriptive and, in
particular, injunctive normative and group-related social pro-
cesses in feedback with ecological processes. Taking ex-
tended normative and group-related social processes in feed-
back with ecological processes into account can crucially al-
ter the dynamics of social–ecological models and should thus
be considered on the path to developing more detailed rep-
resentations of socio-cultural systems in integrated world–
Earth modelling. Reaching a sustainable state, i.e. a safe op-
erating space, in the coupled model becomes more likely
with low thresholds for conforming to sustainable norms, as
well as lower consideration rates of own resource harvest-
ing success. Although still highly stylised, the social norm
framework substantially extends modelling possibilities, as
compared to one-dimensional parametric representations.

Limitations & outlook

In this work, we have focused on certain parameters and their
combinations and ranges that exhibited interesting dynam-
ics. This is possible due to their dimensionless nature in this
model. For future model fits to real world data it will be nec-
essary to do a more thorough sensitivity analysis.

While models of social norms from the computational so-
cial sciences might exhibit greater levels of complexity in
the representation of single norm-relevant processes (An-
drighetto and Vriens, 2022), our model of endogenous de-
scriptive and injunctive norms clearly fills a gap in the mod-
elling of norms in a social–ecological systems context.

In future work, it is desirable to include additional aspects
that have already commonly been modelled in other agent-
based models. These aspects are: (i) norm conformation (Mc-
Donald and Crandall, 2015) or internalisation (Henrich and
Ensminger, 2014; Elsenbroich and Gilbert, 2015; Gavrilets
and Richerson, 2017; Gavrilets, 2020) and (ii) norm enforce-
ment or sanctioning (Opp, 2001; Tavoni et al., 2012; Elsen-
broich and Gilbert, 2015; Nhim et al., 2019). So far these
aspects have been left out or have only been aggregated into
probabilistic effects via the decision-making function; i.e. it
is assumed that there must be some social pressure for agents
to adhere to social norms, be it social or non-social sanctions.
Such aspects could be included next.

For example, sanctioning could be introduced into the
model, by reducing the harvest of an agent that does not fol-
low the social norm, similar to the taxation mechanism in
Geier et al. (2019), possibly introducing a new leverage point
for introducing a prevalent sustainable behaviour in the sys-

tem. A sanctioning mechanism could be interesting in partic-
ular for a common-pool resource setting, which is not anal-
ysed here in favour of a personal pool setting. This choice
constrained any additional information flow to the socio-
cultural level, as individuals only retrieve information about
the harvesting behaviour of their neighbours via the norm
mechanism, not via the state of a common pool resource. In
this study this was a desired feature, so as to set the focus
on the social norms, but in future studies we will apply a
common-pool setting as well. Additionally, the private-pool
setting kept the results comparable to former works whose
setup for the resource growth and harvesting dynamics we
built upon.

It is important to note that separating descriptive and in-
junctive influences is not always trivial and there is an over-
lap between them (Bicchieri, 2017). Therefore, the interac-
tion on both network layers that we treat as distinct descrip-
tive and injunctive norms might contain aspects of the other
type in reality. Additionally, both networks might be related,
such that groups of work colleagues might coincide with
friend circles and so on. There might also be other important
in- and out-group effects that we miss due to this overlap
(Restrepo-Plaza and Fatas, 2022). Introducing such effects
might further reduce dichotomous outcomes.

So far, the behaviour of the groups’ members is only trans-
lated into a normative attitude by the groups through a pro-
cess that we aggregate by a threshold. In fact, literature on
attitude–behaviour gaps suggests that it might often be the
case that behaviour and attitude do not translate into one an-
other, for example in ethical consumption (Carrington et al.,
2010). As a next step, one might consider extending the
framework by giving agents an attitude as another feature,
which then relates to the injunctive norm. This could fur-
ther improve the representation of the injunctive norm, as it
could disentangle the direct influences on behaviour, putting
a clearer focus on the different foci and flavours of descrip-
tive and injunctive norms.

As an additional next step, the network structures might be
remodelled in two ways: first, social structures could be more
realistically represented by the current random networks, for
example including homophily (McPherson et al., 2001) or
preferential attachment (Barabási and Albert, 1999). Second,
the network structures could be adaptive, enabling changing
links between agents and agents or groups and agents (Gross
and Blasius, 2008). This would also allow for the modelling
of dynamic group formation, which plays an important role
in the emergence of normative behaviour (Ehrlich and Levin,
2005) and could also be used to include ostracism as way
of including sanctioning (Elsenbroich and Gilbert, 2015). It
would also allow for an apt inclusion of group membership
effects, for example, people might be more likely to follow
the behaviour of an in-group neighbour (Spears, 2021).

We leave such considerations to future work with an adap-
tive network, which was wilfully left out here as not to over-
shadow the dynamics of the norms.
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In this study, we have successfully included a nuanced so-
cial norms framework with groups into an existing social–
ecological network model of natural resource use and
demonstrated the capabilities and relevance of the frame-
work. Technical advances and insights from this work can
be used in the development of more process-detailed world–
Earth models (Donges et al., 2020), for example for studying
the biophysical potentials and social spreading opportunities
for regenerative agriculture (Breier et al., 2023). The social
norm framework can now be used to study diverse problems
in the context of social norms, such as energy consumption,
where descriptive and injunctive norms play an important
role in the promotion of energy conservation (Bonan et al.,
2020a). When combined with further components of the co-
pan:CORE framework, it can contribute to developing more
nuanced world–Earth models, pursuing vaster possibilities
to study global challenges and design policy interventions
based on this knowledge (Steffen et al., 2020; Donges et al.,
2020).

Appendix A

To understand the influence of the sole individual learning
via harvesting dynamics, one can analyse its macro quantities
analytically and conduct a stability analysis, which is possi-
ble under some simplifying assumptions. Here, the probabil-
ity to switch behaviour in a social update depends only on
the harvesting success of the individual, mimicking utility-
maximising behaviour or social inertia. Setting wIN and wDN
to 0, while wh = 1, yields a probability to switch of

P
(
Ej → Ek

)
=

1
1+ exp(−k · −h′)

. (A1)

This means that agents will be less likely to switch their be-
haviour when they are currently successful, in line with the
notion of a utility-maximising win–stay, loose-shift strategy.

A1 Derivation of dynamical system

The relevant dynamics on the agent level can be summarised
by the average stock in the system S and the average fraction
of sustainable agents ns. The goal is to find the equations of
motion for both quantities, such that a two-dimensional dy-
namical system with an analytical solution is found. The av-
erage fraction of sustainable agents ns and the average frac-
tion of unsustainable agents nu are connected by

ns = 1− nu. (A2)

First, the dynamics of the social process are assumed to be
fast, that is instantaneous, in comparison to the natural dy-
namics. Thus, in an infinitesimal time step (t, t+dt), the ex-
pected fraction of sustainable agents is given by

dns(t)= dnus(t)− dnsu(t), (A3)

where dnns and dnsn represent the fractions of agents that
switch their behaviour and, correspondingly, effort, from un-
sustainable to sustainable and vice versa. The explicit notion
of time dependence is dropped from now on.

If all agents are assumed to switch instantaneously, the
changing fractions dnus and dnsu are given by the fraction
of agents that are found in one state (e.g. nu) times the prob-
ability to leave said state since this probability is the same for
all agents embodying one behaviour. Hence,

dnus = nu ·pu→s, (A4)

where pu→s denotes the probability to switch from an unsus-
tainable to a sustainable state. The same holds in the other
direction and

dnsu = ns ·ps→u. (A5)

Putting Eqs. (A5) and (A4) into Eq. (A3), one obtains

dns = (nupu→s− nsps→u)dt. (A6)

When inserted with the mapped sustainable and unsustain-
able harvest of

h′u =
2
Eu
·EuSu− 1 and h′s =

2
Eu
·EsSs− 1, (A7)

the probabilities to switch efforts are

pu→s =
1

1+ exp(k(2S− 1))
and

ps→u =
1

1+ exp(k( 2EsS
Eu
− 1))

, (A8)

where the system is further simplified by assuming the agents
to harvest from one common average stock S = Su = Ss of
the system, instead of their own resource stock. For this, it is
presumed that the social dynamics are fast enough to equi-
librate the differences in the average stock of sustainable in-
dividuals and unsustainable agents. This notion also ignores
any fraction of stock that switching agents might bring into
the other pool. In an infinitesimal time interval (t, t + dt),
an average harvest is extracted from the average stock in the
system, according to Eq. (3). This harvest term depends on
the average fraction of agents that adopt each harvesting be-
haviour:

dS = (S(1− S)− S(nuEu+ nsEs))dt. (A9)

Applying Eq. (A2), one can find the equations that govern
the dynamic system:

dS
dt
= S(1− S−Eu− nsEu+ nsEs), (A10)

dns

dt
= (1− ns)pu→s− nsps→u. (A11)

Note that Eq. (A11) includes its dependency on the stock
through the probabilities pu→s and ps→u.
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A1.1 Fixed points & stability

The set of two coupled differential Eqs. (A10) and (A11)
fully describe the approximate, macroscopic time evolution
of the harvest model alone. They form a two-dimensional dy-
namical system:

u̇= f (u), u= (u1,u2). (A12)

In this case, u1 = S and u2 = ns. Such dynamical systems
are better understood through stability analyses, a tool that
will be applied in the following. The analysis follows Roth-
Fauchere (2023), including only the most important steps of
the process without further theoretical introduction.

When working with dynamical systems, one typically
searches for fixed points, where the time evolution vanishes
and the system state stays constant in time:

u̇0 = f (u0)= 0. (A13)

In two-dimensional systems, one finds nullclines

fi(u)= 0, u̇i = 0, (A14)

lines where one of the equations vanishes. The location in
which nullclines intersect then gives the fixed points of the
system. Setting

dS
dt
= 0 and

dns

dt
= 0,

the nullcline of ns is found to be

ns,0 =
pu→s

pu→s+ps→u
. (A15)

S is found to have two nullclines:

S1
0 = 0 and S2

0 = 1−Eu+ ns(Eu−Es). (A16)

Note that the superscript denotes the number of the nullcline,
not an exponent. The fixed point is then given by the inter-
sections of the nullclines, ns,0∩S

1
0 and ns,0∩S

2
0 , respectively.

The first intersection is found by inserting Eq. (A16) into
Eq. (A15):

ns,0(0)=
1

1+e0

1
1+e0 +

1
1+e0

=
1
2
, (A17)

yielding the first possible fixed point

u1
0 = (0,0.5). (A18)

To find the intersection ns,0 ∩ S
2
0 ,

ns,0 = S
2
0 (A19)

is solved for S, which then can be used to find the corre-
sponding value of ns. The analytical solution of Eq. (A19)

is not trivial. Hence, the Taylor expansion of ns,0 is used to
simplify the equation, which then reads as

ns,0 ∼=
1
2
+ S`+O(S2), `=

2k(Es+Ese
k
− ek − 1)

Eu(2+ 2ek)2 . (A20)

Only the terms up to first order are used and terms of higher
order are omitted. Solving Eq. (A19) leads to the second pos-
sible fixed point

u2
0 =

(
x,ns,0(x)

)
, x =

1−Eu−
Es−Eu

2
`(Es−Eu)+ 1

. (A21)

For the parameter choice of Eu = 1.5 and Es = 0.5 in this
model and k = 3, the second fixed point coincides with the
first one:

u1
0 = u

2
0 = u0 = (0,0.5). (A22)

Of prime interest when dealing with fixed points is their sta-
bility, that is the development of trajectories that start close to
the fixed point at u0+ ε, for every small ε > 0. Inserting this
into Eq. (A12), expanding the result in a Taylor series and
neglecting higher order terms yields for our two-dimensional
system

ε̇ = J(u0)ε, J=

(
∂ṅs
∂ns

∂ṅs
∂S

∂Ṡ
∂ns

∂Ṡ
∂S

)
, (A23)

with J the Jacobian matrix. Through eigendecomposition, the
characteristic polynomial and with it the eigenvalues of the
system can be found. The eigenvalues determine the stability
of the fixed points: in the most general case, if R(σi)< 0, for
all values of i, a fixed point is stable, i.e. attracting, while it
is unstable, i.e. repelling, if R(σi)> 0, for any i. If R(σi)=
0, it is a critical point. For a two-dimensional system, the
eigenvalues become

σ± =
1
2

trJ±
1
2

√
(trJ)2− 4detJ, (A24)

where tr and det are the trace and determinant of the matrix,
respectively. When investigating the stability at fixed point
u0 = (0,0.5), one obtains

J(u0)=
(
−1 `

0 1−Eu+
Es−Eu

2

)
. (A25)

The trace and determinant then yield

tr=
Es−Eu

2
−Eu, det= 0 (A26)

and

σS,ns = {0,
Es−Eu

2
−Eu}. (A27)

This means that the fixed point is critical along the S-
direction (σS = 0) and attractive along the ns-direction
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(σns =
Es−Eu

2 −Eu < 0 for Eu = 1.5 and Es = 0.5). Trajec-
tories will approach the fixed point along the ns-direction
and its stable manifold (trajectories associated with the fixed
point). Along the S-direction the fixed point is approached
via a centre manifold: while trajectories are still attracted to-
wards the point, in its proximity they experience a critical
slowdown, that is they approach the fixed point increasingly
slowly. Along the ns-direction, the system thus exhibits fast
dynamics, while the dynamics along S are slow. This agrees
with the assumption that the social dynamics are fast com-
pared to the resource dynamics.

The stability and the location of the fixed point are con-
firmed when graphically analysing trajectories of the system
state in the phase diagram of S and ns: Fig. A1 shows tra-
jectories with different origins in the phase space and the
nullclines. It can be seen that all trajectories trend to the
fixed point, making the system outcome always unsustain-
able since S = 0 there.

For different choices of Eu and Es, the system goes
through a transcritical bifurcation along the S-direction. This
bifurcation is typical for logistic curves of the shape u̇=
u(µ−u), where µ is the critical parameter. Keeping ns fixed
in Eq. (A10) and analysing the system along the S-direction,
one can findµ= 1−Eu+

Eu−Es
2 . ForEu = 1.5 andEs = 0.5,

µ= 0, resulting in a critical point along the S-direction.
For higher effort levels, the fixed point at (0,0.5) becomes

a stable fixed point, that is the system always becomes unsus-
tainable with an end stock of S = 0. For lower effort levels,
e.g. Eu = 1.25 and Es = 0.25, the critical fixed point turns
into a hyperbolic saddle point at ns,0 ∩ S

1
0 , having one stable

manifold along which trajectories approach it and one unsta-
ble manifold along which trajectories are repelled from the
point. The other intersect, ns,0 ∩ S

2
0 , turns into a stable fixed

point moving away from the other fixed point in the phase
space.

A2 Comparison to computational model

Figure A2 shows the trajectory of the average model quanti-
ties in phase space compared to analytically found trajecto-
ries. The model trajectory approaches the fixed point towards
the end of the run, following the stable manifold and overlap-
ping with the analytical trajectories. This confirms that the
analytical and the actual model have a sufficiently similar
outcome and justifies the simplifications made when deduc-
ing the former. The sequential colour code indicates that the
trajectory quite quickly approaches the fixed point along the
〈S〉-direction, while the descent towards the analytical fixed
point is subject to a critical slowdown. In fact, the drop from
〈S〉= 1 to 〈S〉< 0.1 happens on average in 0.1 %–0.2 % of
the run time and the rest of the run time is taken up by the
critical slowdown. The critical slowdown in the computa-
tional model can be explained by the following effect: 〈ns〉

quickly becomes ≈ 0.5, as the difference in the probabilities
ps→u and pu→s quickly decreases with decreasing stock and

individuals become likely to explore both states at the same
rate. On average, an individual is then sustainable as long as
it is unsustainable, switching between both behaviours. But
the timescale to rebuild stock is higher than the timescale to
deplete it. This leaves the stock to slowly decrease on aver-
age. Additionally, the probability to become unsustainable is
increased in comparison to the probability to be sustainable
with rising stock, inhibiting agents to leave their unsustain-
able trajectory. The results of the analytical and the computa-
tional investigation suggest that this system, in which agents
are socially inert because of economic considerations, ends
up in an unsustainable state.

Figure A1. Trajectories of the system state in the phase diagram
of the stock S and the fraction of sustainable agents ns, colour
coded according to their origin. The parameter choice is Eu = 1.5,
Es = 0.5 and k = 3. The red curve shows the nullcline of ns and
the green straights show the nullclines of S. All trajectories trend to
their intersection, the fixed point u0.
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Figure A2. Trajectory of the ensemble average quantities of nr
model runs in the phase diagram of the stock 〈S〉 and the aver-
age fraction of sustainable individuals 〈ns〉. The trajectory is colour
coded according to the run time, from blue (t = 0) to red (t = tend).
In the background, trajectories of the analytical model are plot-
ted in grey. The parameter choice is 1Ta = 0.1, 8a = 1, Eu = 1.5,
Es = 0.5, and k = 3.

Code availability. The code of our model implemented in co-
pan:CORE is published on Zenodo https://doi.org/10.5281/zenodo.
13220767 (Bechthold et al., 2024) and available at GitHub
https://github.com/pik-copan/pycopancore/tree/maxploit (last ac-
cess: 21 July 2025).

Data availability. No data sets were used in this article.

Author contributions. MB, JH, and JFD conceptualised the so-
cial norm framework and the study. MB designed the study, im-
plemented extensions in copan:CORE, performed the simulations,
designed the figures of this manuscript, and led the writing of the
manuscript with input from all authors. SMC and LS ensured co-
herence in the social modelling. JB and JH supported the techni-
cal implementation of the study. JFD led the supervision of this
study. All authors have reviewed and edited the final version of the
manuscript. Besides first and last position, the authors are named in
alphabetic order.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Earth System Dynamics. The peer-
review process was guided by an independent editor, and the authors
also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-

resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This work is based on a master’s thesis at
the University of Heidelberg, conducted externally at PIK’s Future-
Lab on Earth Resilience in the Anthropocene. The research has been
conceived in the scope of the Earth Resilience and Sustainability
Initiative (https://www.earthresiliencesustainability.org, last access:
21 July 2025). AI tools have been used for a grammar check on a
previous version of this paper. The authors further acknowledge the
support of Hannah Prawitz, Niklas Kitzmann, Leander John, Ronja
Hotz, and Ricarda Winkelmann during the study.

Financial support. Max Bechthold and Jonathan F. Donges
received support from the European Research Council Advanced
Grant project ERA (Earth Resilience in the Anthropocene, ERC-
2016-ADG-743080). Jonathan F. Donges received financial support
from the Federal Ministry for Education and Research (BMBF)
(project “PIK Change”, grant no. 01LS2001A). Jannes Breier,
Luana Schwarz, and Jonathan F. Donges received support from
the Generation Foundation, the Global Challenges Foundation,
and Partners for a New Economy via the Earth4all project, as
well as the European Union’s Horizon 2.5 – Climate Energy
and Mobility programme under grant agreement no. 101081661
(project WorldTrans). The European Regional Development Fund
(ERDF), the BMBF, and Land Brandenburg supported this project
by providing resources on the high-performance computer system
at the Potsdam Institute for Climate Impact Research (PIK).

The article processing charges for this open-access publica-
tion were covered by the Potsdam Institute for Climate Impact
Research (PIK).

Review statement. This paper was edited by James Dyke and re-
viewed by two anonymous referees.

References

Ajzen, I.: The theory of planned behavior, Organ. Behav.
Hum. Dec., 50, 179–211, https://doi.org/10.1016/0749-
5978(91)90020-T, 1991.

Ali, Q., Bauch, C. T., and Anand, M.: Coupled Human-
Environment Dynamics of Forest Pest Spread and Control in
a Multi-Patch, Stochastic Setting, PLOS ONE, 10, e0139353,
https://doi.org/10.1371/journal.pone.0139353, 2015.

Anderies, J. M., Barfuss, W., Donges, J. F., Fetzer, I., Heitzig,
J., and Rockström, J.: A modeling framework for World-
Earth system resilience: Exploring social inequality and Earth
system tipping points, Environ. Res. Lett., 18, 095001,
https://doi.org/10.1088/1748-9326/ace91d, 2023.

Andreoni, J., Nikiforakis, N., and Siegenthaler, S.: Predict-
ing social tipping and norm change in controlled ex-
periments, P. Natl. Acad. Sci. USA, 118, e2014893118,
https://doi.org/10.1073/pnas.2014893118, 2021.

https://doi.org/10.5194/esd-16-1365-2025 Earth Syst. Dynam., 16, 1365–1390, 2025

https://doi.org/10.5281/zenodo.13220767
https://doi.org/10.5281/zenodo.13220767
https://github.com/pik-copan/pycopancore/tree/maxploit
https://www.earthresiliencesustainability.org
https://doi.org/10.1016/0749-5978(91)90020-T
https://doi.org/10.1016/0749-5978(91)90020-T
https://doi.org/10.1371/journal.pone.0139353
https://doi.org/10.1088/1748-9326/ace91d
https://doi.org/10.1073/pnas.2014893118


1386 M. Bechthold et al.: Social norms and groups structure safe operating spaces

Andrighetto, G. and Vriens, E.: A research agenda for the study
of social norm change, Philos. T. R. Soc. A, 380, 20200411,
https://doi.org/10.1098/rsta.2020.0411, 2022.

APA: APA Dictionary of Psychology, https://dictionary.apa.org/
group (last access: 24 April 2023), 2023.

Axelrod, R.: An Evolutionary Approach to Norms, Am. Polit. Sci.
Rev., 80, 1095–1111, https://doi.org/10.2307/1960858, 1986.

Bak-Coleman, J. B., Alfano, M., Barfuss, W., Bergstrom, C. T.,
Centeno, M. A., Couzin, I. D., Donges, J. F., Galesic, M.,
Gersick, A. S., Jacquet, J., Kao, A. B., Moran, R. E.,
Romanczuk, P., Rubenstein, D. I., Tombak, K. J., Bavel,
J. J. V., and Weber, E. U.: Stewardship of global collec-
tive behavior, P. Natl. Acad. Sci. USA, 118, e2025764118,
https://doi.org/10.1073/pnas.2025764118, 2021.

Bandura, A.: Social Learning Theory, Prentice Hall, ISBN 978-0-
13-816751-6, 1977.

Barabási, A.-L. and Albert, R.: Emergence of Scal-
ing in Random Networks, Science, 286, 509–512,
https://doi.org/10.1126/science.286.5439.509, 1999.

Barfuss, W.: Dynamical systems as a level of cognitive analysis
of multi-agent learning: Algorithmic foundations of temporal-
difference learning dynamics, Neural Comput. Appl., 34, 1653–
1671, 2022.

Barfuss, W., Donges, J. F., Wiedermann, M., and Lucht,
W.: Sustainable use of renewable resources in a stylized
social–ecological network model under heterogeneous
resource distribution, Earth Syst. Dynam., 8, 255–264,
https://doi.org/10.5194/esd-8-255-2017, 2017.

Barfuss, W., Donges, J. F., Vasconcelos, V. V., Kurths, J.,
and Levin, S. A.: Caring for the future can turn tragedy
into comedy for long-term collective action under risk
of collapse, P. Natl. Acad. Sci. USA, 117, 12915–12922,
https://doi.org/10.1073/pnas.1916545117, 2020.

Barlow, L.-A., Cecile, J., Bauch, C. T., and Anand, M.: Modelling
Interactions between Forest Pest Invasions and Human Deci-
sions Regarding Firewood Transport Restrictions, PLOS ONE,
9, e90511, https://doi.org/10.1371/journal.pone.0090511, 2014.

Bauch, C. T., Sigdel, R., Pharaon, J., and Anand, M.: Early warn-
ing signals of regime shifts in coupled human–environment
systems, P. Natl. Acad. Sci. USA, 113, 14560–14567,
https://doi.org/10.1073/pnas.1604978113, 2016.

Bechthold, M., Heitzig, J., Donges, J., Barfuss, W., Marc, W., Zim-
merer, K. B., Kolb, J., Kolster, T., Müller-Hansen, F., and Breit-
bach, P.: pycopancore: Reference implementation of the Nexploit
model in the copan:CORE World-Earth modelling framework,
Zenodo [code], https://doi.org/10.5281/zenodo.13220767, 2024.

Beckage, B., Gross, L., Lacasse, K., Carr, E., Metcalf, S., Winter,
J., Howe, P., Fefferman, N., Franck, T., Zia, A., Kinzig, A., and
Hoffman, F.: Linking models of human behaviour and climate
alters projected climate change, Nat. Clim. Change, 8, 79–84,
https://doi.org/10.1038/s41558-017-0031-7, 2018.

Beckage, B., Lacasse, K., Winter, J. M., Gross, L. J., Fefferman,
N., Hoffman, F. M., Metcalf, S. S., Franck, T., Carr, E., Zia, A.,
et al.: The Earth has humans, so why don’t our climate models?,
Climatic Change, 163, 181–188, 2020.

Bernhard, H., Fehr, E., and Fischbacher, U.: Group Affiliation and
Altruistic Norm Enforcement, Am. Econ. Rev., 96, 217–221,
https://doi.org/10.1257/000282806777212594, 2006.

Bianchi, F. and Squazzoni, F.: Agent-based models in so-
ciology, WIREs Computational Statistics, 7, 284–306,
https://doi.org/10.1002/wics.1356, 2015.

Bicchieri, C.: Norms in the Wild: How to Diag-
nose, Measure, and Change Social Norms, Ox-
ford University Press, ISBN 9780190622046,
https://doi.org/10.1093/acprof:oso/9780190622046.001.0001,
2017.

Biermann, F., Betsill, M. M., Gupta, J., Kanie, N., Lebel, L., Liv-
erman, D., Schroeder, H., Siebenhüner, B., and Zondervan, R.:
Earth system governance: a research framework, Int. Environ.
Agreem.-P., 10, 277–298, 2010.

Boccaletti, S., Bianconi, G., Criado, R., del Genio, C.,
Gómez-Gardeñes, J., Romance, M., Sendiña-Nadal, I.,
Wang, Z., and Zanin, M.: The structure and dynam-
ics of multilayer networks, Phys. Rep., 544, 1–122,
https://doi.org/10.1016/j.physrep.2014.07.001, 2014.

Bonan, J., Cattaneo, C., d’Adda, G., and Tavoni, M.: The in-
teraction of descriptive and injunctive social norms in pro-
moting energy conservation, Nature Energy, 5, 900–909,
https://doi.org/10.1038/s41560-020-00719-z, 2020a.

Bonan, J., Cattaneo, C., d’Adda, G., and Tavoni, M.: The in-
teraction of descriptive and injunctive social norms in pro-
moting energy conservation, Nature Energy, 5, 900–909,
https://doi.org/10.1038/s41560-020-00719-z, 2020b.

Breier, J., Schwarz, L., Donges, J. F., Gerten, D., and Rockström,
J.: Regenerative agriculture for food security and ecological re-
silience: illustrating global biophysical and social spreading po-
tentials, Potsdam Institute for Climate Impact Research, 16 pp.,
https://doi.org/10.48485/pik.2023.001, 2023.

Brulle, R. J. and Norgaard, K. M.: Avoiding cultural trauma: cli-
mate change and social inertia, Environ. Polit., 28, 886–908,
https://doi.org/10.1080/09644016.2018.1562138, 2019.

Bury, T. M., Bauch, C. T., and Anand, M.: Charting path-
ways to climate change mitigation in a coupled socio-
climate model, PLOS Comput. Biol., 15, e1007000,
https://doi.org/10.1371/journal.pcbi.1007000, 2019.

Calvin, K. and Bond-Lamberty, B.: Integrated human-earth sys-
tem modeling – State of the science and future directions,
Environ. Res. Lett., 13, 063006, https://doi.org/10.1088/1748-
9326/aac642, 2018.

Carpenter, S. R., Folke, C., Scheffer, M., and Westley, F. R.: Danc-
ing on the volcano: social exploration in times of discontent,
Ecol. Soc., 24, 23, https://doi.org/10.5751/ES-10839-240123,
2019.

Carrington, M. J., Neville, B. A., and Whitwell, G. J.: Why Ethical
Consumers Don’t Walk Their Talk: Towards a Framework for
Understanding the Gap Between the Ethical Purchase Intentions
and Actual Buying Behaviour of Ethically Minded Consumers,
J. Bus. Ethics, 97, 139–158, https://doi.org/10.1007/s10551-010-
0501-6, 2010.

Castilla-Rho, J. C., Rojas, R., Andersen, M., Holley, C.,
and Mariethoz, G.: Social tipping points in global ground-
water management, Nature Human Behaviour, 1, 640–649,
https://doi.org/10.1038/s41562-017-0181-7, 2017.

Centola, D.: The Spread of Behavior in an Online So-
cial Network Experiment, Science, 329, 1194–1197,
https://doi.org/10.1126/science.1185231, 2010.

Earth Syst. Dynam., 16, 1365–1390, 2025 https://doi.org/10.5194/esd-16-1365-2025

https://doi.org/10.1098/rsta.2020.0411
https://dictionary.apa.org/group
https://dictionary.apa.org/group
https://doi.org/10.2307/1960858
https://doi.org/10.1073/pnas.2025764118
https://doi.org/10.1126/science.286.5439.509
https://doi.org/10.5194/esd-8-255-2017
https://doi.org/10.1073/pnas.1916545117
https://doi.org/10.1371/journal.pone.0090511
https://doi.org/10.1073/pnas.1604978113
https://doi.org/10.5281/zenodo.13220767
https://doi.org/10.1038/s41558-017-0031-7
https://doi.org/10.1257/000282806777212594
https://doi.org/10.1002/wics.1356
https://doi.org/10.1093/acprof:oso/9780190622046.001.0001
https://doi.org/10.1016/j.physrep.2014.07.001
https://doi.org/10.1038/s41560-020-00719-z
https://doi.org/10.1038/s41560-020-00719-z
https://doi.org/10.48485/pik.2023.001
https://doi.org/10.1080/09644016.2018.1562138
https://doi.org/10.1371/journal.pcbi.1007000
https://doi.org/10.1088/1748-9326/aac642
https://doi.org/10.1088/1748-9326/aac642
https://doi.org/10.5751/ES-10839-240123
https://doi.org/10.1007/s10551-010-0501-6
https://doi.org/10.1007/s10551-010-0501-6
https://doi.org/10.1038/s41562-017-0181-7
https://doi.org/10.1126/science.1185231


M. Bechthold et al.: Social norms and groups structure safe operating spaces 1387

Centola, D.: The Social Origins of Networks and Diffusion, Am. J.
Sociol., 120, 1295–1338, https://doi.org/10.1086/681275, 2015.

Centola, D. and Macy, M.: Complex Contagions and the
Weakness of Long Ties, Am. J. Sociol., 113, 702–734,
https://doi.org/10.1086/521848, 2007.

Centola, D., Willer, R., and Macy, M.: The Emperor’s Dilemma: A
Computational Model of Self-Enforcing Norms, Am. J. Sociol.,
110, 1009–1040, https://doi.org/10.1086/427321, 2005.

Ceschi, A., Sartori, R., Dickert, S., Scalco, A., Tur, E., Tom-
masi, F., and Delfini, K.: Testing a norm-based policy for
waste management: An agent-based modeling simulation on
nudging recycling behavior, J. Environ. Manage., 294, 112938,
https://doi.org/10.1016/j.jenvman.2021.112938, 2021.

Cialdini, R., Reno, R., and Kallgren, C.: A Focus Theory of Nor-
mative Conduct: Recycling the Concept of Norms to Reduce Lit-
tering in Public Places, J. Pers. Soc. Psychol., 58, 1015–1026,
https://doi.org/10.1037/0022-3514.58.6.1015, 1990.

Constantino, S. M., Schlüter, M., Weber, E., and Wijer-
mans, N.: Cognition and behavior in context: a frame-
work and theories to explain natural resource use decisions
in social-ecological systems, Sustain. Sci., 16, 1651–1671,
https://doi.org/10.1007/s11625-021-00989-w, 2021a.

Constantino, S. M., Pianta, S., Rinscheid, A., Frey, R., and Weber,
E. U.: The source is the message: the impact of institutional sig-
nals on climate change–related norm perceptions and behaviors,
Climatic Change, 166, 35, https://doi.org/10.1007/s10584-021-
03095-z, 2021b.

Constantino, S. M., Sparkman, G., Kraft-Todd, G., Bicchieri, C.,
Centola, D., Shell-Duncan, B., Vogt, S., and Weber, E.: Scaling
Up Change: A Critical Review and Practical Guide to Harnessing
Social Norms for Climate Action, Psychol. Sci. Publ. Int., 23,
50–97, https://doi.org/10.1177/15291006221105279, 2022.

Crameri, F., Shephard, G. E., and Heron, P. J.: The misuse of
colour in science communication, Nat. Commun., 11, 5444,
https://doi.org/10.1038/s41467-020-19160-7, 2020.

Crutzen, P.: Geology of Mankind, Nature, 415, 23,
https://doi.org/10.1038/415023a, 2002.

Davis, C. A., Heiman, J. R., and Menczer, F.: A Role for Network
Science in Social Norms Intervention, Procedia Comput. Sci., 51,
2217–2226, https://doi.org/10.1016/j.procs.2015.05.499, 2015.

Donges, J. F., Lucht, W., Müller-Hansen, F., and Steffen,
W.: The technosphere in Earth System analysis: A coevo-
lutionary perspective, The Anthropocene Review, 4, 23–33,
https://doi.org/10.1177/2053019616676608, 2017a.

Donges, J. F., Winkelmann, R., Lucht, W., Cornell, S. E.,
Dyke, J. G., Rockström, J., Heitzig, J., and Schellnhu-
ber, H.: Closing the loop: Reconnecting human dynamics to
Earth System science, The Anthropocene Review, 4, 151–157,
https://doi.org/10.1177/2053019617725537, 2017b.

Donges, J. F., Heitzig, J., Barfuss, W., Wiedermann, M., Kassel, J.
A., Kittel, T., Kolb, J. J., Kolster, T., Müller-Hansen, F., Otto,
I. M., Zimmerer, K. B., and Lucht, W.: Earth system mod-
eling with endogenous and dynamic human societies: the co-
pan:CORE open World–Earth modeling framework, Earth Syst.
Dynam., 11, 395–413, https://doi.org/10.5194/esd-11-395-2020,
2020.

Donges, J. F., Lucht, W., Cornell, S. E., Heitzig, J., Barfuss, W.,
Lade, S. J., and Schlüter, M.: Taxonomies for structuring mod-
els for World–Earth systems analysis of the Anthropocene: sub-

systems, their interactions and social–ecological feedback loops,
Earth Syst. Dynam., 12, 1115–1137, https://doi.org/10.5194/esd-
12-1115-2021, 2021.

Ehrlich, P. R. and Levin, S. A.: The Evolution of Norms, PLOS
Biol., 3, e194, https://doi.org/10.1371/journal.pbio.0030194,
2005.

Elsenbroich, C. and Gilbert, N.: Modelling Norms, Springer Dor-
drecht, ISBN 978-94-017-8514-3, https://doi.org/10.1007/978-
94-007-7052-2, 2015.

Epstein, J.: Learning to Be Thoughtless: Social Norms
and Individual Computation, Comput. Econ., 18, 9–24,
https://doi.org/10.1023/A:1013810410243, 2001.
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