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Abstract

A growing demand for resources that exceeds the capacity of the biophysical system to
regenerate puts environmental resources under stress, and society faces uncertainties about
their scarcity and climate change. In this context, understanding how interactions among
environmental, social, and economic systems shape behavioural responses becomes essen-
tial for explaining the emergence of sustainable socio-ecological dynamics. Therefore, this
research explores how interactions among environmental, social, and economic systems
influence sustainability outcomes, where emergent behaviours, including cooperation,
reveal the interaction mechanisms connecting environmental, social and economic subsys-
tems. A simulation model is built using the agent-based model method for this goal. The
simulations suggest that scarcity may reinforce non-cooperative behaviours and generate
lock-in dynamics that hinder transitions toward more sustainable system states. Addition-
ally, cooperative behaviours emerge from the interactions among heterogeneous agents
embedded within environmental, social, and economic subsystems, highlighting coopera-
tion as a key mechanism connecting these subsystems and supporting more sustainable
socio-ecological dynamics.

Keywords: firms; sustainability; complexity economics; agent-based models; cooperation;
peace; renewable resources

1. Introduction

Human societies face the challenge of achieving economic development while main-
taining the ecological conditions that support long-term human well-being. The growing
interdependence between environmental degradation, socio-economic dynamics, and peace
has highlighted the need to understand how these systems influence one another and how
sustainable outcomes may emerge from their interactions. While previous studies have
examined these dimensions separately, less attention has been paid to the behavioural
mechanisms that connect them. This study explores how interactions among environ-
mental, social, and economic systems generate emergent behavioural patterns, including
cooperation, through an agent-based modelling approach grounded in complexity theory.

1.1. Research Problem

It is widely accepted that the environment has played a crucial role in shaping human
evolution. However, humans have recently reached a critical point at which human
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relations and productivity have altered Earth’s geological processes. This geological epoch
has been called the Anthropocene by some authors (Ischirhart and Bloomfield 2020).
However, the point of its beginning is still in debate. Some scientists, such as Nobel Prize-
winning atmospheric chemist Paul Crutzen and biologist Eugene Stoermer, recognised
the difficulty of identifying a specific date for its onset. Nevertheless, they proposed the
latter part of the 18th century, with the beginning of the Industrial Revolution and the
invention of the steam engine, given that the global effects of human activities have been
more notable (Crutzen and Stoermer 2000).

However, as human being’s development affects the environment, this environment
affects, in return, human being’s development, showing a loop. This idea is represented
in Figure 1, each of which describes the same form: a sharp increase. The five graphs
that follow exhibit the resemblances and associations that, in a particular way, embody
an inconvenient cycle, showing how a steep escalation in population is correlated with a
rise in GDP, concurrently with an increase in CO, emissions, ultimately leading to a rise in
global temperatures and an amplification of natural disasters.

a) Population b) World GDP ¢) €O, emissions

_— — -

d) Average temperature change ) Number of recorded natural disasters events

Figure 1. Impact of human beings on nature’.

The changes and behaviours observed in the environmental system do not come
exclusively from the economic system but from of the social system understood as the set of
individual interactions through which behavioural norms and responses to environmental
conditions emerge and evolve?.

To understand the interactions among environmental, social and economic subsystems,
it is useful to adopt the ontology of ecological economics that considers the environment as
a meta-system that includes the social system of which the economy is a subsystem, forming
a nested order. In these relationships, the environmental system provides environmental
resources and services to the social and economic system, enabling but also simultaneously
limiting its development. In contrast, the interactions between the social and economic
systems push the systems toward each other, exert pressure on each other, and exert
pressure on the environmental system, influencing human well-being.

According to Spangenberg (2016), the economy cannot be understood solely in terms
of monetary flows, but also in terms of social interactions and physical flows that should
be considered within the economic process. Individuals have the power to decide, but
they are immersed in social processes that influence their decisions. This perspective views
ecosystems as complex evolutionary systems that cannot be subdivided into discrete objects
for trade. What can be specifically traded are goods and services. Here, overexploitation
can reduce the environmental value of the system by impairing its ability to provide
economically unvalued yet ecologically important functions.
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The interaction pathways identified in the literature are synthesised in Figure 2. Rather
than representing isolated relationships, the figure illustrates how environmental, social,
and economic subsystems are interconnected through multiple feedback processes. These
interactions provide the conceptual foundation for the agent-based model developed in
this study.
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Figure 2. Intersystemic relations. Note: The idea of the arrows are explained in the body’s manuscript
“Rather than representing isolated relationships, the figure illustrates how environmental, social, and
economic subsystems are interconnected through multiple feedback processes.” Source: Authors” own
synthesis based on (Acquier et al. 2017; Loorbach et al. 2010; Spangenberg 2016; Rettberg 2016; Aktouf
2017; Hochschild 2015; Suarez et al. 2018; Brauch 2016; U.S. Global Change Research Program 2017).

Despite growing evidence of interactions among environmental, social, and economic
systems, limited attention has been paid to the mechanisms through which these subsys-
tems influence one another and generate emergent behavioural dynamics. Understanding
these interaction mechanisms is essential for explaining how different socio-ecological
configurations produce distinct sustainability outcomes. Among these emergent dynam-
ics, cooperation and non-cooperation provide valuable insights into how socio-ecological
systems respond to different environmental and behavioural conditions.

1.2. Emergent Cooperation in Socio-Ecological Systems

In light of environmental deterioration and its impact on the human social system,
the concept of sustainability emerges. As Mebratu (1998) suggests, sustainability is an
epistemological resource for the desired future. Therefore, based on the problem at hand,
Fisher and Rucki (2017, p. 270) argue that “sustainability becomes a process of maintaining
gains made in desirable systems dynamics, while actively changing, modifying and enhancing other
dynamics to move the system closer to the goal of social justice and human wellbeing.” However,
it is suggested that there is only a superficial understanding of the pathways through
which drivers of any subcomponent of sustainability (economic development, ecosystem
functioning, and peace) operate. It is known that these subcomponents are interconnected,
but there is a lack of coherent understanding of these feedback processes within systems.
This study therefore examines the interaction mechanisms among environmental, social,
and economic subsystems, considering cooperation as one of the emergent behaviours
through which these interactions can be observed.
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1.2.1. Cooperation and Sustainability

Joireman (2005) suggested that pro-environmental behaviours can be considered social
dilemmas, as acting for the benefit of the environment can be costly in terms of time, money,
and effort for each individual but can yield long-term collective benefits. Thus, it can
be suggested that environmental behaviour is a strong signal of cooperative behaviour
(Vesely et al. 2020). In this direction, strategies aimed at climate resilience and sustainable
development depend on cooperation policies at multiple levels of governance (Brauch and
Oswald Spring 2016). Given the global nature of environmental issues and the sustain-
ability perspective, cooperation must extend to relations between nations, as it is required
to support technologies developed in a local context that also support a transformation
towards a global low-carbon society (Brauch and Oswald Spring 2016) and the manage-
ment of interconnected socio-ecological systems that evolve through adaptive cycles of
growth, accumulation, restructuring, and renewal (Dalby 2016). Therefore, sustainability re-
quires collective action around shared goals and decision-making processes that transcend
individual and national interests (Brauch 2016).

1.2.2. Cooperation in the Economic System

The economic behaviour of firms is shaped by their interactions with both social
and environmental systems. From a business perspective, companies adopt sustainability
models under incentives that show sustainability as a new approach to creating shareholder
value (Barcellos 2010; Ferro et al. 2017; Markard et al. 2012). This is a way of doing business
that ensures economic and financial viability while promoting social inclusion, optimising
the use of natural resources, and reducing environmental impact. It is a mechanism for
strengthening ties with stakeholder groups that generate value for the companies, the
market, and society (Ferro et al. 2017; Porter and Kramer 2011).

However, the management of common goods, particularly natural resources, remain
as a social dilemma, because such resources are often characterised by non-excludability
and rivalry; individual actors may be tempted to maximise short-term benefits through
overexploitation, even when this reduces collective welfare (Carrozzo Magli et al. 2021).
While Hardin’s (1996) perspective emphasises the tendency toward resource depletion,
Ostrom (2010) suggested the capacity of individuals and communities to overcome these
dilemmas through cooperation and collective governance arrangements.

Sustainability depends not only on environmental and economic considerations, but
also on the ability of actors to cooperate in the management and governance of shared
resources. Cooperation emerges as a key mechanism linking environmental, social, and
economic subsystems.

1.3. Complex Adaptive Systems as the Theoretical Framework

To understand relations among environmental, social, and economic systems requires
a theoretical framework capable of explaining how collective behaviours emerge from the
interactions of individual actors. In this regard, a complex adaptive system is a suitable
approach for modelling and understanding how interactions between people are shaped
by the social and environmental context they co-create.

In the literature, there is no uniform technical definition for a complex system
(Schelling 1978). However, there is some consensus that it is a system of large networks or
individual components that typically follow simple rules without central control (Mitchell
2009); giving rise to emergent patterns at the system level (Newman 2009); with properties
that alter system states maintaining different regimes; the ability to process information
and respond to it; and the presence of feedback cycles that regulate or amplify trends to the
extent that agents react to the ecology created by themselves, often resulting in multiple
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equilibriums (Cumming et al. 2013). Once the system reaches a stable state, it may be
resistant to changes, as significant impacts are required to shift to another regime. This is
known as lock-in (Arthur 2014).

These feedback loops make it challenging to distinguish cause from effect, producing
delays in time and space, discontinuities, thresholds, and limits. For this reason, it is not
possible to sum or aggregate the behaviour of small units to obtain the aggregate result
(Costanza et al. 2013).

In this study, complex adaptive systems provide the theoretical basis for analysing how
interactions among individuals, firms, and renewable environmental resources generate
emergent cooperative and non-cooperative behaviours under different socio-ecological
conditions. This perspective justifies the use of agent-based modelling as an appropriate
methodology for representing these interaction mechanisms.

1.3.1. Complexity Economy

Gopel (2016) points out that traditional economic models (Walrasian) assume that
greater production is always better and that the price paid reflects the utility obtained
from consuming the produced good. This leads to economic growth, which allows people
to escape the poverty trap. This means that to meet the needs of current and future
generations, productivity must be increased as much as possible. This has been the main
objective of policy and business conduct. However, this large-scale dynamic puts pressure
on environmental resources, as the dominant economic perspective ignores the direct
gains from the utility of intact nature and the often harmful effects of waste resulting from
production and consumption on the future quality of ecosystems. Hence, economics is
essential for delving into sustainability problems. As Schelling (1978) argued, individual
decisions (micromotives) can lead to collective outcomes (macrobehavior).

Those who study economics from the perspective of complexity sciences consider
society to be a layered system, composed of changing subsystems with both reducible and
non-reducible global properties. These properties are relevant in a top-down view, for
example, from institutions to individuals, and in a bottom-up view, from individuals to
social structures (Arthur 2014). From this systemic perspective, the emergence of structure
and the patterns that agents deploy in the economy become relevant (Schasfoort 2017).
Therefore, complex economic systems overlap with other complex systems when they
interact in a panarchy (Arthur 2014). This consists of the group of dynamic interactions of a
set of nested adaptive cycles (Folke et al. 2010).

In this sense, Arthur (2014, p. 2) conceptualises the economy as a complex adaptive
system composed of multiple interacting agents whose simultaneous actions generate
aggregate structures such as markets, institutions, industries, and prices.

From the perspective of complexity economics, the relevant question is how individ-
ual behaviours might respond to the pattern they create together, and how that pattern
would change as a result (Arthur 2014). Thus, this research seeks to understand emergent
phenomena arising from the behaviour of economic and social agents that interact with an
environmental system they modify, and how these relationships are connected to peace
and sustainability.

For this intersystemic interaction to occur, the economic system, which is part of
the social system, must be open to reconfiguring its connective structure and changing
its internal structure and order. For this to happen, a system of rules must determine
the connections and changes, or modify them as they become obsolete due to dynamic
circumstances, and then replace them with new ones (Foster 2005). The economic system is
multiscale. At the micro level are the agents, at the meso level are the rules, and at the macro
level is the economic system as a whole, levels that are constantly recreated and create
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new structures as they evolve (Arthur 2014). Consequently, macro-level patterns cannot be
fully explained by analysing isolated agents, since system-level properties emerge from
interactions among agents and networks.

The micro level of the economic system comprises heterogeneous agents without
perfect foresight but capable of adapting and learning over time. Therefore, no central
controller or exploiter can exploit all the opportunities of the economy (Rosser and Kramer
2000). Economic agents rely on past experience and simple decision heuristics. Through
learning processes, they adapt, retain successful routines, and replace ineffective strategies,
continuously adjusting their behaviour to the environment they collectively create (Arthur
2014). In this sense, errors not only constitute a device for evolutionary experimentation
with new solutions to problems but also imply that evolutionary adaptation involves
looking back.

Indeed, the path to promoting behaviours that foster the emergence of peace and
sustainability begins with individual behaviours at the local level, which trigger dynamics
at the meso and macro levels. This underscores the importance of understanding their
local operation. Consequently, understanding how local interactions generate macro-
level patterns becomes essential for explaining the emergence of cooperation, peace, and
sustainability. This motivates the use of an agent-based model capable of capturing adaptive
behaviours and their systemic consequences across multiple scales.

1.3.2. Transition to Sustainability from a Complex System Approach

Both the environmental and social systems are dynamic, and adaptation plays a
decisive role in their dynamics, especially when it occurs between them. This is how, as
Folke et al. (2010) refers to as the interplay between social and ecological systems, socio-
ecological systems exhibit powerful feedback, leading them to act as complex adaptive
systems (CASs).

These adaptations emerge through responses to the interactions between social and
environmental systems. Under moderate environmental changes, socio-ecological systems
tend to maintain a dynamic equilibrium. However, stronger disturbances may trigger
feedback processes that reinforce new behaviours, practices, or resource-use patterns.
Under certain conditions, these dynamics can create niches that progressively alter the
dominant system configuration, leading to a new equilibrium state. Such profound shifts
in system structure and functioning are understood as transitions (Grin 2016).

The transition to sustainability is a multi-level perspective in which innovative prac-
tices, regimes, and the environment, corresponding to long-term trends at a high level
of aggregation, are structured to generate changes towards more sustainable modes of
production and consumption. This field of study has advanced in understanding how
significant radical transformations develop and what drives them toward sustainable prac-
tices. Therefore, it is of great interest for the discipline to explore different behaviours at the
regime or socio-technical system level (Brauch and Oswald Spring 2016). In this way, this
research is grounded in the theoretical elements of this approach and seeks to contribute to
understanding behaviours and dynamics at different scales.

2. Methodology

Analysing a complex adaptive system requires a methodology with mechanisms to
comprehend emergent phenomena at the meso or macro levels that arise from interactions
at the micro level. In this sense, social phenomena can exhibit emergent properties at higher
levels of aggregation, to the extent that these emergences are not possessed by the elements
that make up the phenomenon but rather show new information not perceived by the
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observer in the elements that compose it. These emergences are non-linear phenomena
(Garcia-Valdecasas 2016).

It is relevant to explain the social phenomenon in light of the actions of individuals and
companies, but also from the structure of interaction between them and the environment
that surrounds them (Garcia-Valdecasas 2016), as well as understand these dynamics at
different scales, since it can contribute to the design of public policies for sustainable
management of environmental resources by understanding how the processes in the
socio-economic and environmental subsystems feed off each other (Lippe et al. 2019). To
understand these multi-level dynamics and the emergence of collective outcomes from local
interactions, a methodological approach capable of representing heterogeneous agents,
adaptation processes, and feedback mechanisms is required. Agent-based modelling (ABM)
provides such a framework.

2.1. Agent-Based Modelling Approach

Mainstream macroeconomic theory, based on general-equilibrium microfoundations,
fails to capture socio-economic dynamics. The representative-agent framework, used to
model aggregate behaviour, assumes unique and stable equilibria. However, studies show
these conditions do not exist, making the representative agent unrepresentative. Agent-
based computational economics extends beyond the assumptions of neoclassical economics.
It focuses on agent-agent and agent—environment interactions to provide a realistic eco-
nomic view (Lippe et al. 2019). Regression-based approaches identify statistical associations
but are less suited to representing adaptive interactions and emergent dynamics. At the
same time, ABM is an instrument for explaining emerging social phenomena based on the
surrounding environment and the interaction structure (Garcia-Valdecasas 2016).

ABM programmes provide an understanding of emergences through the interactions
of agents (BenDor and Scheffran 2019; Foxon et al. 2013; Kohler et al. 2018; Newman
2009; Sarmiento-Véasquez and Lopez-Sandoval 2017). In this case, agents are in a state
of continuous co-creation. In this type of system, agents themselves are usually altered
by the entirety of the interactions they make part in. Regarding this, ABM enables the
design of a complex system with agents” autonomy, which grants them independence in
decision-making, the ability to perceive changes in the environment and react to them,
proactive action in line with their objectives, social skills that enable communication
and interaction among them, and memory that allows for learning and adaptation of
behaviours based on experiences (Sarmiento-Vasquez and Lépez-Sandoval 2017). As
Epstein argues, ABMs allow researchers to represent actions and processes—such as buying,
selling, learning, cooperating, or changing strategies—whereas equation-based approaches
primarily describe aggregate quantities (Galdn-Ordax 2007; Arthur et al. 2020).

Accordingly, an agent-based model was developed to represent the interactions among
social, economic, and environmental subsystems and to explore how individual behavioural
strategies influence the emergence of cooperation, resource-use patterns, and sustainability
outcomes across different socio-ecological configurations. Modelling heterogeneous agents,
adaptive behaviours, and feedback processes, the approach allows the analysis of how
local interactions generate system-level cooperation patterns that they are associated with
sustainability and peace.

2.2. Model Design Following the ODD Protocol

The agent-based model was documented following the ODD (Overview, Design
Concepts and Details) protocol to ensure understanding and replicability in the description
of model structure, behavioural rules, and simulation processes (Grimm et al. 2006).
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The complete ODD protocol is provided in Appendix C, while the main model com-

ponents are summarised below in Table 1.

Table 1. Methodology summary table.

Parameters Amount Explanation Source
(York University Ecological
L Footprint Initiative and
No per 762 Total population in millions (2017). Global Footprint Network
2022)
Ratio: Populat%on/ total 0.0375 Total world companies /world (Bolddata 2022)
companies population.
200 is a sufficiently large value that
Expectation-age-com 200.00 does not limit the company’s —
(York University Ecological
. . Footprint Initiative and
Expectation-age-peo 72.00 Average world life expectancy. Global Footprint Network
2022)
Random value that oscillates
between the minimum necessary to
live and 4.5 times this value, thus
Initial-resources-com 297 describing inequality —
(Minimum-life-com + a random value
between zero and the given random
value) x Consume-tick-com x 4.5.
Random value that oscillates
between the minimum necessary to
live and 4.5 times this value, thus
Initial-resources-peo 12.33 describing inequality —
(Minimum-life-peo + a random value
between zero and the given random
value) x Consume-tick-peo x 4.5.
The total hectares required by
Consume-tick-com 66.00 humanity, divided by the number —
of global companies.
(York University Ecological
Consume-tick-peo 2.74 Biocapacity demand per person. Footprint Initiative and

Global Footprint Network

2022; Bolddata 2022)

The model represents a socio-ecological system composed of three interacting
subsystems—environmental, economic, and social—whose dynamics emerge from the be-
haviour and interaction across heterogeneous agents and their interactions with renewable

environmental resources.
Overview.

Purpose

The model represented in Figure 3 aims to explore how different behavioural strategies
influence the emergence of cooperative and non-cooperative behaviours and how these
emergent dynamics affect sustainability outcomes within socio-ecological systems.
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Figure 3. Model flowchart.

To achieve this, the model represents interactions among environmental resources,
individuals, and firms, allowing adaptive behaviours to emerge through repeated in-
teractions, learning processes, and resource constraints. In this context, cooperation is
analysed as a mechanism that may contribute to both sustainability and peaceful forms of
social organisation.

The following diagram depicts the dynamic model of three interacting subsystems:
the economic (red), social (blue), and environmental (green) systems. It summarises the
interaction structure of the model and the sequence of processes executed during each
simulation cycle.

State variables and scale.

The model distinguishes between two types of agents (individuals and companies)
and the patch (the space in which agents interact and where environmental resources
are located).

e  Environmental system (green).

The environmental subsystem represents the renewable resource base upon which both
social and economic activities depend. Environmental resources are spatially distributed
across patches and constitute the ecological constraints of the model.

(i) Each patch corresponds to a unit of renewable resources that represents the biophysical
system and is made up of a predetermined number to adjust to the reality of hectares;
global biocapacity (35 x 35): 1225 in total.

(i) Environmental resources regenerate during each simulation cycle according to a
renewal rate specified by the observer, representing the regenerative capacity of
the ecosystem.

e Economic system (red).

The economic subsystem is represented by firms that extract environmental resources,
provide goods and services, interact strategically with other agents, and adapt their be-
haviour according to their performance and surrounding performance firms.

(i) Firms may adopt one of four behavioural strategies described in Section 2.4
(if) These corporations provide goods and services to individuals within the social system.
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(iii) They resolve socio-environmental dilemmas through an interaction matrix that assigns
costs associated with conflictual behaviours.

(iv) They transfer biophysical resource units to individuals through mechanisms anal-
ogous to wages or dividends. No explicit monetary system is represented in the
model; all transactions and transfers are expressed in biophysical resource units that
represent renewable resources.

(v) Subsequently, it evaluates which strategy among nearby corporations generates
greater benefits and switches to it if it is not already applied.

(vi) They consume environmental resources with an intensity subject to the strategy they
deploy.

(vii) If they have sufficient resources, they generate a new corporation and deduct the cost
of creating this new agent.

(viii) They evaluate whether it has sufficient resources to sustain itself.

e Social system (blue).

The social subsystem is represented by individuals who consume goods and ser-
vices, interact with firms and other individuals, and adapt their strategies according to
environmental conditions and for the strategy used by other individuals.

(i) Individuals may adopt one of four behavioural strategies described in Section 2.4

(i) These individuals demand goods and services from corporations according to the
level of their resources to pay for them.

(iii) They resolve environmental conflicts with corporations or other individuals through
the prisoner’s dilemma, with a negative payoff matrix representing the costs of
disputes.

(iv) They receive resources from the economic system, such as wages or dividends, which
they use to meet their needs. Transactions and transfers are expressed in biophysical
resource units that represent renewable resources.

(v) They change their current strategy to a non-cooperative one if the environmental
resources around them fall below a certain threshold. Otherwise, with a certain
probability, they adopt the strategy of another nearby individual.

(vi) If they have sufficient resources, they reproduce and deduct the cost of a birth.

(vii) They evaluate whether they have sufficient resources to sustain themselves.

2.3. Empirical Parameterisation and Initial Conditions

The initial conditions of the model were derived from empirical demographic, envi-
ronmental, and socio-economic indicators collected at the country level. These indicators in-
cluded population size, renewable resource availability, ecological footprint, life expectancy,
and the estimated number of firms (York University Ecological Footprint Initiative and
Global Footprint Network 2022; Bolddata 2022). The data were subsequently aggregated to
construct the global reference configuration, together with the OECD-based and non-OECD-
based configurations used in the simulations. The purpose of this aggregation was not to
classify countries according to their degree of peace, conflict, or development, but rather
to generate contrasting socio-ecological configurations based on observed demographic,
environmental, and economic characteristics.

Given the computational requirements of the simulations, the empirical values were
scaled while preserving the proportional relationships observed in the original datasets. For
example, population and biocapacity values were transformed into representative numbers
of agents and resource patches, allowing the model to reproduce the relative structure of
the system while maintaining computational tractability. This was an exercise in scaling
real data to a model.
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The environmental subsystem was parameterised using renewable resource availabil-
ity data. The social subsystem was initialised using population size and life expectancy data,
while the economic subsystem incorporated the estimated number of firms derived from
the observed population-to-firm relationship. Individual consumption was parameterized
using an estimate of 2.74 hectares of biocapacity consumed per person (York University
Ecological Footprint Initiative and Global Footprint Network 2022). These empirical indica-
tors were used exclusively to define the initial conditions of the model; subsequent system
dynamics emerged from the behavioural rules governing agent interactions.

Parameters governing reproduction, inheritance, mutation, resource thresholds, and
behavioural adaptation were either derived from the empirical indicators or calibrated to
maintain internal consistency among the social, economic, and environmental subsystems.
Main conditions are explained below and the complete set of parameters is reported in
Appendix A.

Country-level observations were aggregated according to OECD and non-OECD mem-
bership in 2018 to generate contrasting socio-ecological configurations. These groupings
were employed exclusively to construct empirical initial conditions and should not be in-
terpreted as indicators of peace, conflict, or development. Rather, they provide alternative
demographic, environmental, and economic contexts through which the emergence of
cooperation and sustainability outcomes can be explored.

2.4. Behavioural Rules and Interaction Structure

The dynamics of the model emerge from repeated interactions among individuals,
firms, and environmental resources. Agents are heterogeneous (firms and companies)
and adapt their behaviour according to local conditions (renewable resources level) and
interactions with neighbouring agents. Through these adaptive processes, individual
decisions generate collective patterns that evolve over time.

Both individuals and companies can adopt one of four behavioural strategies: cooper-
ative, non-cooperative, tit-for-tat, and ethnocentric. Cooperative agents always cooperate
during interactions, while non-cooperative agents systematically pursue individual bene-
fits. Tit-for-tat agents initially cooperate and subsequently replicate the behaviour of their
previous interaction partner. Ethnocentric agents cooperate only with agents who have the
same identifying label. These strategies were selected because they represent a variate of
behaviour mechanisms that people and companies can display.

Interactions occur locally within an agent’s radius of influence. Individuals and firms
interact with neighbouring agents (people or companies). Through these interactions,
agents experience gains or losses that affect their capacity to survive, reproduce, and main-
tain their current strategy. Consequently, local interactions create feedback mechanisms
linking environmental conditions, economic performance, and social behaviour.

To represent socio-environmental dilemmas, interactions between agents incorporate
a conflict-cost structure. Cooperative interactions avoid conflict-related costs, whereas
non-cooperative interactions generate increasing losses for one or both participants. This
mechanism reflects the idea that conflictual behaviours may produce short-term advantages
(that means—not assume costs) but can reduce collective welfare and system performance
over time.

Agents continuously evaluate the outcomes of their interactions and may modify
their behaviour through adaptive process. Firms compare their performance and may
adopt the most successful strategy among neighbouring companies. Individuals respond
both to social influence because according to certain probability they may imitate a neigh-
bour’s individual strategy, and to environmental conditions because their strategy can
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change to non-cooperative behaviour when the availability of local resources falls below
critical thresholds.

Interactions among agents are represented through a conflict-cost structure that cap-
tures the potential losses associated with socio-environmental disputes. Rather than mod-
elling rewards from cooperation, the matrix represents the costs generated by conflictual
interactions. Cooperative behaviour avoids these costs, whereas non-cooperative behaviour
increases the losses experienced by one or both agents.

Those negative payoffs represent conflict-related costs, including expenditures associ-
ated with legal disputes, loss of market opportunities, reputational damage, coordination ef-
forts, and other transaction costs arising from socio-environmental conflicts between agents.
These costs are avoided under mutual cooperation and increase under hostile interactions.

This approach reflects the assumption that conflicts over shared resources may reduce
the capacity of both individuals and firms to maintain their activities, thereby affecting the
long-term sustainability of the system. Consequently, cooperation is not rewarded through
additional benefits but through the avoidance of conflict-related costs. The amount of cost
is represented in Table 2 below, where C = cooperate and D = defect.

Table 2. Cost matrix.

Interaction Cost
Cc-C 0.0
D-C 0.0
C-D -04
D-D -0.7

The conflict-cost values were conceptually defined to represent different levels of
losses associated with non-cooperative interactions. The objective was not to reproduce
a classical game-theoretic payoff structure, but rather to capture the assumption that
conflicts over shared resources generate costs that reduce the capacity of agents to sustain
their activities. Consequently, interactions involving non-cooperative behaviours impose
increasing penalties on the agents involved, with mutual non-cooperation producing the
highest costs.

2.5. Configurations

Three empirical configurations were constructed from the country-level database
described in Section 2.3 by aggregating demographic, environmental, and socio-economic
indicators for different country groupings. The first was the global reference configuration,
which combined data from all countries. The remaining two configurations were generated
by grouping countries according to OECD membership in 2018, resulting in the OECD
and non-OECD configurations. The three configurations were developed using the same
parameterisation, behavioural rules, and scaling procedures, differing only in the empirical
composition of their initial conditions.

The global reference configuration was not conceived as an additional experimental
configuration but as a methodological reference to assess the behavioural plausibility
of the model under aggregated global empirical conditions. Specifically, it was used to
evaluate whether the implemented behavioural rules reproduced the observed relationship
between the consumption and regeneration of renewable environmental resources. This
configuration therefore provided a common methodological reference against which the
OECD and non-OECD configurations could subsequently be interpreted.

The OECD and non-OECD configurations were selected as contrasting empirical coun-
try groupings because previous studies report systematic differences in socio-economic,
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institutional, and environmental conditions relevant to the processes analysed in this re-
search, including the economic impacts of violence, environmental conditions, and the
governance of common-pool resources (Institute for Economics & Peace 2021; Our World in
Data 2022; BenDor and Scheffran 2019). Accordingly, these configurations were used to con-
struct contrasting empirical initial conditions for analysing the emergence of cooperation.

Configuration 1: Global Reference Configuration

The global reference configuration was constructed by aggregating country-level
demographic, environmental, and socio-economic indicators for all countries included in
the Ecological Footprint Dataset for 2018 (York University Ecological Footprint Initiative
and Global Footprint Network 2022). It served as the baseline empirical configuration,
providing a common reference for assessing the behavioural plausibility of the model and
for interpreting the OECD and non-OECD configurations.

Configuration 2: OECD Configuration

The OECD configuration was constructed by aggregating country-level demographic,
environmental, and socio-economic indicators for OECD member countries in 2018. It was
used as one of the two contrasting empirical configurations in the comparative analysis.

Configuration 3: Non-OECD Configuration

The non-OECD configuration was constructed by aggregating country-level demo-
graphic, environmental, and socio-economic indicators for non-OECD countries in 2018. It
was used as the second contrasting empirical configuration in the comparative analysis.

The OECD and non-OECD configurations were employed exclusively as empirical
references for constructing contrasting initial conditions. Consequently, the compari-
son should be interpreted as an exploration of alternative socio-ecological configurations
rather than as a classification of countries according to their degree of peace, conflict,
or development.

To ensure comparability across the empirical configurations, each configuration was
evaluated under two behavioural conditions: with and without scarcity perception. Scarcity
perception was incorporated as a behavioural condition because scarcity influences not
only the availability of resources but also the way individuals make decisions. According to
Mullainathan and Shafir (2014), scarcity narrows attention towards immediate needs, mod-
ifies decision-making processes, and alters behavioural responses. Within socio-ecological
systems, these behavioural changes may affect the balance between cooperative and compet-
itive strategies, although their effects depend on the interaction between environmental and
social conditions (Roux et al. 2015; Bowles and Gintis 2002). Comparing both behavioural
conditions while maintaining identical empirical configurations allows the influence of
scarcity-induced behavioural adaptation to be distinguished from the effects associated
with different initial socio-ecological conditions.

Following Axelrod (1997), the performance of cooperative strategies was analysed
in terms of (i) robustness, which refers to the type of strategy that thrives in a diverse
environment of more or less sophisticated strategies; (ii) stability, which analyses under
what conditions a type of strategy, once established, could resist the invasion of a mutant
strategy; and (iii) initial viability, describing even if the strategy is robust and stable, how
it can be nurtured in a predominantly non-cooperative environment. Each experiment
consists of several scenarios generated from parameter variations in a particular variable.
Each configuration presents ten simulations randomly produced by the NetLogo 6.2.2
software through the BehaviourSpace 6.2.2 tool. The data from the runs are analysed using
statistics and graphs to identify relevant patterns.
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2.6. Model Verification, Calibration and Validation

To enhance the credibility of the model, verification, calibration, and validation proce-
dures were conducted throughout the model development process.

Model verification focused on ensuring consistency between the conceptual design
and its computational implementation. Extreme-condition tests were performed to evaluate
whether the model generated behaviours consistent with theoretical expectations under
boundary conditions. In addition, the relationships between inputs, behavioural rules, and
simulation outputs were systematically examined to identify potential implementation
errors and inconsistencies.

Model calibration was conducted through iterative simulation experiments in which
parameter values and initial conditions were adjusted using empirical information derived
from the Ecological Footprint Data for 2018 and related studies (York University Ecological
Footprint Initiative and Global Footprint Network 2022). To support the calibration process,
a global reference configuration was constructed by aggregating empirical indicators across
all countries and used to assess the behavioural plausibility of the model. The objective
was to evaluate whether the implemented behavioural rules reproduced the empirically ob-
served imbalance between the consumption and regeneration of renewable environmental
resources. According to the empirical data used for parameterisation, humanity’s ecological
footprint exceeded the planet’s regenerative capacity by approximately 73% (Wackernagel
et al. 2021). The model was initialised from aggregated empirical indicators and evaluates
the dynamic relationship between the consumption and regeneration of renewable environ-
mental resources without explicitly representing the accumulated global stock of natural
resources. Multiple simulation runs were then performed over extended time horizons to
assess whether the resulting dynamics reproduced plausible relationships among resource
consumption, regeneration processes, population dynamics, and economic activity.

Given the complexity of socio-ecological systems and the limited availability of be-
havioural data at the agent level, model validation relied primarily on face validation.
Throughout the development process, the model structure, assumptions, behavioural rules,
and simulation outcomes were reviewed and discussed with experts in complexity eco-
nomics, agent-based modelling, game theory, sustainability, environmental systems, and
peace studies. The objective of these evaluations was to assess whether the mechanisms rep-
resented in the model and the resulting dynamics were theoretically consistent, plausible,
and aligned with current knowledge of the system under study.

Additionally, as part of the model development process, the model was evaluated
under extreme conditions to verify that the implemented behavioural rules produced logi-
cally consistent outcomes under limiting scenarios. Extreme-condition testing is commonly
used in agent-based modelling to assess the internal consistency of a model by examining
whether its behaviour is consistent with theoretical expectations as is shown in Figure 4.

Two representative tests are presented in Figure 4. Both tests were initialised with
abundant renewable environmental resources while varying only the scarcity perception
parameter. Under these conditions, the model was expected to maintain high levels of
cooperation when scarcity perception was disabled, whereas activating scarcity perception
was expected to reduce cooperative behaviour despite identical resource availability. The
observed outcomes were fully consistent with these theoretical expectations, providing
additional evidence of the model’s internal consistency and the correct implementation of
its behavioural mechanisms.

Following Balci’s principles for simulation modelling, model credibility was evaluated
as a gradual process rather than a binary condition (Balci 1998). Consequently, the model is
considered sulfficiently credible within the scope of its objectives and assumptions, namely
the exploration of how behavioural strategies influence the emergence of cooperation
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and sustainability outcomes in interconnected socio-ecological systems. The combined
verification, calibration, and face validation procedures provided confidence that the model
adequately represents the mechanisms required to explore the research questions addressed
in this study.

Extreme-condition test
Extreme-condition test A Extreme-condition test B

Test Initial condition Expected model behavior
A Abundant resources + High cooperation, stable
Scarcity OFF resources
3 Abundant resources + Reduced cooperation
Scarcity ON despite abundant resources

AGENTS | MAIN MECHANISMS

People (indivic | * resources
} Cooperatie only o patches within thel radivs of

§ Tfortat e
#  Ethnocentric

ime goods produced by companies

el e <o Dominant Strategy

When companies’ and people’s resources fall s
£

iy il b o . Companies }

agents disappear.

When extraction ceases, environmental
seration continues and aggregate resources

¢ People

Renewable environmental :
resources

The t illustrate repr ive spatial i ions obtained under each
Resources regenerate locally in each -
patch up to a maximum of 4 units. extreme-condition test.

Figure 4. Extreme-condition tests.

2.7. Declaration of Generative Al and Al-Assisted Technologies in the Writing Process

During manuscript revision, ChatGPT 5.5 (OpenAl) was used as an editorial support
tool to improve language, structure, and the presentation of responses to reviewers. The
conceptual framework, model design, coding, simulations, analyses, and conclusions
were developed fully by the authors. All outputs generated with Al assistance were
critically reviewed, modified when necessary, and validated by the authors, who assume
full responsibility for the content.

3. Results

Experiments were run under three empirical configurations—global, OECD and non-
OECD configurations—in order to identify behavioural patterns emerging under different
system configurations. The following sections present the main results obtained from
these simulations.

3.1. Global Reference Configuration

The global reference configuration provides the baseline empirical configuration
for interpreting the OECD and non-OECD configurations. The results presented in this
section characterise the model behaviour under aggregated global empirical conditions and
provide the reference against which the subsequent comparative analyses are interpreted.

Before presenting the aggregate simulation results, it is useful to illustrate the spatial
mechanisms underlying the model dynamics. Figure 5 shows representative snapshots of a
simulation run under the global reference configuration, highlighting how local resource
depletion, environmental regeneration, and the spatial distribution of agents jointly produce
the aggregate behaviour analysed in the following figure.
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Figure 5. Spatial mechanisms underlying the global reference configuration.

As illustrated in Figure 5, resource scarcity emerges locally around areas of intensive
extraction rather than uniformly across the simulated environment. Consequently, while re-
newable environmental resources become depleted in regions occupied by companies and
individuals, regeneration continues in areas with little or no extraction. As the productive
subsystem contracts, resource consumption decreases whereas environmental regenera-
tion persists, progressively increasing aggregate resource levels. Thus, the model may
simultaneously exhibit increasing total renewable environmental resources and declining
companies and population. From a complex adaptive system perspective, this apparently
counterintuitive outcome illustrates how aggregate system-level patterns may emerge from
local interactions and feedback among heterogeneous agents and their environment. The
spatial dynamics illustrated in Figure 5 provide the basis for interpreting the aggregate
temporal behaviour presented in Figures 6-8.
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Figure 6. Global reference configuration.
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Figure 6 compares the temporal evolution of the global reference configuration under
the two behavioural conditions described in Section 2.5: with and without scarcity per-
ception. The comparison illustrates how scarcity perception modifies the dynamics of the
economic, social, and environmental subsystems while maintaining the same empirical

initial conditions.
The economic subsystem exhibits a similar behavioural pattern under both behavioural
conditions. Tit-for-tat’ remains the predominant strategy throughout most of the simu-
lation period, whereas the remaining strategies progressively decline as firms disappear.
Although the timing of the contraction differs slightly between the two behavioural condi-
tions, scarcity perception produces only minor changes in the adaptive dynamics of firms
compared with those observed in the social subsystem.
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The social subsystem responds differently under the two behavioural conditions.
When scarcity perception is absent, cooperative strategies progressively become predom-
inant, whereas non-cooperative behaviour declines throughout most of the simulation.
Conversely, when individuals perceive environmental scarcity, non-cooperative behaviour
increasingly dominates, while cooperative strategies progressively disappear.

These behavioural differences are reflected in the environmental subsystem. Under
both behavioural conditions, renewable environmental resources increase as the economic
and social subsystems progressively contract and resource extraction declines. However, the
trajectory without scarcity perception is characterised by a greater prevalence of cooperative
behaviours before subsystem contraction, whereas scarcity perception is associated with
the predominance of non-cooperative behaviour during the transition. Together, these
results establish the global reference configuration as the behavioural reference against
which the OECD and non-OECD configurations are subsequently interpreted.

3.2. OECD-Based Configuration Scenario

The OECD configuration was evaluated under the two behavioural conditions de-
scribed in Section 2.5: with and without scarcity perception. Figure 7 presents the temporal
evolution of the aggregate system dynamics under these conditions.

The economic subsystem (companies) exhibits a stable behavioural pattern under both
experimental conditions. The tit-for-tat strategy remains dominant throughout most of the
simulation period, whereas the remaining strategies show comparatively minor variations.

The social subsystem exhibits markedly different dynamics under the two behavioural
conditions. When scarcity perception is enabled, non-cooperative behaviour remains the
dominant strategy throughout most of the simulation period. In contrast, when scarcity
perception is absent, tit-for-tat progressively becomes the predominant strategy, while
non-cooperative behaviour steadily declines. Population levels increase under the latter
condition, with the marked rise around tick 30 reflecting the model’s demographic specifi-
cation rather than an emergent system behaviour, as many individuals reach the minimum
reproductive age after being initialised with heterogeneous ages.

Overall, the OECD configuration reveals a clear divergence between the economic
and social subsystems. While firms maintain stable reciprocal cooperation under both
behavioural conditions, the social subsystem is highly sensitive to scarcity perception.
When scarcity is perceived, non-cooperative behaviour predominates, whereas its absence
favours the emergence of reciprocal cooperation among individuals.

3.3. Non-OECD-Based Configuration Scenario

The non-OECD configuration was evaluated under the two behavioural conditions
described in Section 2.5: with and without scarcity perception. Figure 8 presents the
temporal evolution of the aggregate system dynamics under both conditions.

The economic subsystem exhibits a rapid collapse under both behavioural condi-
tions. During the brief period in which companies remain active, the non-cooperative
strategy remains slightly more prevalent than the other strategies. The early disappear-
ance of firms marks the onset of the contraction of the socio-economic system, preced-
ing the subsequent decline of the population and the progressive recovery of renewable
environmental resources.

The social subsystem also exhibits contrasting dynamics under the two behavioural
conditions. When scarcity perception is enabled, non-cooperative behaviour remains the
dominant strategy and the population declines rapidly until disappearance. In the absence
of scarcity perception, cooperative strategies, particularly tit-for-tat, become predominant,
delaying the contraction of the social subsystem. However, despite this behavioural shift,
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the population also collapses, indicating that cooperative dynamics alone are insufficient to
sustain the system under the initial conditions represented by the non-OECD configuration.

3.4. Integrated Analysis of the Simulation Results

The previous sections presented the results for each empirical configuration indepen-
dently. To facilitate an integrated comparison, Table 3 summarises the principal behavioural
and system-level patterns observed across the global, OECD, and non-OECD configurations
under both behavioural conditions. The comparison focuses on subsystem persistence,
dominant behavioural strategies, renewable environmental resource dynamics, and over-
all system evolution, providing a consolidated view of the simulation outcomes before

discussing their theoretical implications.

Table 3. Integrated comparison of system dynamics across the three empirical configurations.

System Component

Global Configuration

OECD Configuration

Non-OECD Configuration

Firms (both behavioural
conditions)

Firms progressively
decline; Tit-for-Tat remains
the dominant strategy
throughout most of the
simulation.

Firms exhibit the greatest
persistence; Tit-for-Tat
remains the dominant
strategy throughout most
of the simulation.

Firms collapse rapidly;
Non-Cooperation is initially
the dominant strategy before
the economic subsystem
disappears.

People (scarcity
perception)

Population progressively
declines; Non-Cooperation
becomes the dominant
strategy.

Population persists longer
than in the other
configurations;
Non-Cooperation remains
the dominant strategy.

Population collapses rapidly;
Non-Cooperation dominates
throughout most of the
simulation.

People (no scarcity
perception)

Population persists longer
than under scarcity
perception; Tit-for-Tat
becomes the dominant
strategy.

Population exhibits the
greatest persistence;
Cooperation becomes the
dominant strategy.

Cooperative strategies
emerge temporarily but
ultimately fail to prevent
system collapse.

Overall system
dynamics

Progressive contraction of
the socio-economic system,
followed by environmental
recovery after subsystem
collapse.

Highest persistence of the
socio-economic system,
maintaining active firms
and individuals for a
longer period.

Rapid contraction of the
socio-economic system
under both behavioural
conditions, followed by early
environmental recovery.

The integrated comparison reveals three consistent patterns across the simulations.
First, the economic subsystem exhibits greater behavioural stability than the social sub-
system. Tit-for-tat remains the dominant firm strategy in both the global and OECD
configurations regardless of scarcity perception, whereas no dominant strategy is sustained
in the non-OECD configuration because of the rapid disappearance of firms. Second,
the emergence of cooperation is strongly influenced by agents’ perception of resource
availability. Across all three configurations, scarcity perception consistently promotes the
predominance of non-cooperative behaviour, whereas the absence of scarcity perception
favours the emergence of cooperative strategies, reaching its highest expression in the
OECD configuration. Third, the persistence of both firms and individuals differs substan-
tially across the three empirical configurations, being greatest in the OECD configuration,
intermediate in the global configuration, and shortest in the non-OECD configuration.
Together, these comparative results provide the empirical basis for examining how be-
havioural responses to environmental conditions influence cooperation, sustainability, and
peaceful socio-economic dynamics in the following discussion.
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4. Discussion

The simulations suggest that cooperation is not solely determined by the objective
availability of renewable resources, but also by how agents perceive those resources. Across
all empirical configurations, scarcity perception consistently shifted the social subsystem
toward non-cooperative behaviour, whereas the absence of scarcity perception facilitated
the emergence of cooperative strategies. This finding indicates that behavioural responses
to environmental conditions constitute a key mechanism through which socio-ecological
systems evolve. As an exploratory agent-based model, these results should be interpreted
as emergent outcomes generated by the interaction between the empirical initial conditions
and the behavioural rules implemented in the model, rather than as predictions of real-
world trajectories.

4.1. Scarcity Perception as a Behavioural Mechanism

Across the three empirical configurations, scarcity perception consistently shifted
the social subsystem toward non-cooperative behaviour, whereas the absence of scarcity
perception favoured the emergence of cooperative strategies. Because the behavioural rules
remained identical across simulations, this pattern suggests that cooperation depends not
only on resource availability but also on how agents perceive environmental conditions.
From the perspective of complexity economics (Arthur 2014), agents continuously adapt
their behavioural responses to the environment they collectively create, making cooperation
an emergent property of these adaptive interactions rather than a fixed behavioural trait.

The persistence of non-cooperative behaviour under scarcity perception also sug-
gests the emergence of behavioural lock-in dynamics. Once agents repeatedly adopt non-
cooperative strategies under perceived scarcity, these behaviours become self-reinforcing,
even when environmental conditions subsequently improve. This finding is consistent
with Arthur’s (2014) concept of lock-in, whereby adaptive behaviours that are initially
advantageous may persist because of positive feedback mechanisms rather than continued
optimality.

4.2. Initial Conditions and Socio-Ecological Resilience

The three empirical configurations also differed markedly in their capacity to sustain
economic and social activity over time. The OECD configuration exhibited the greatest per-
sistence of both firms and individuals, whereas the non-OECD configuration experienced
the earliest socio-economic collapse. The global configuration displayed an intermediate
trajectory. These differences suggest that system resilience emerges from the interaction
between initial resource conditions and the behavioural strategies adopted by agents rather
than from resource availability alone.

In the OECD configuration, individuals remained active long after firms had disap-
peared because they accumulated larger renewable resource stocks during earlier interac-
tions. This persistence is consistent with the more favourable initial resource conditions
of the OECD configuration and the accumulation of renewable resource stocks associated
with the cooperative dynamics observed during the simulations.

4.3. Cooperation as an Emergent Organisational Strategy

Unlike the social subsystem, firms exhibited comparatively stable behavioural dynam-
ics across the simulations. In both the global and OECD configurations, tit-for-tat remained
the dominant strategy regardless of scarcity perception, suggesting that reciprocal coop-
eration constitutes a robust adaptive response within the economic subsystem. From the
perspective of complexity economics, firms, according to Arthur (2014), continuously adapt
their decisions by observing the outcomes of previous interactions and adjusting their be-
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haviour. Under these conditions, reciprocal cooperation can progressively spread because
strategies associated with higher collective performance are more likely to be maintained
and reproduced through repeated interactions.

This behavioural pattern is consistent with contemporary organisational dynamics in
which firms increasingly adopt sustainability-oriented practices through adaptive learning
and institutional imitation. Rather than acting in isolation, organisations observe successful
peers and voluntarily adopt governance mechanisms that enhance long-term competi-
tiveness and legitimacy. Examples include the global diffusion of B Corp certification
(Attanasio et al. 2025), the growing adoption of Science-Based Targets (SBTs) (Schiider and
Ziilch 2026), or the expansion of ESG disclosure frameworks promoted by stock exchanges
and international initiatives (Yan et al. 2026), to name a few. Although these mechanisms
differ in scope and purpose, they share a common feature: firms progressively converge
towards practices perceived as generating superior environmental, social, and economic
performance. While the present model does not explicitly represent these institutional
arrangements, the persistence of reciprocal cooperation among firms is consistent with
these adaptive affordance dynamics observed in contemporary sustainability transitions.

4.4. From Intergroup Competition to Resource Governance

Across the three empirical configurations, cooperative dynamics were sustained when
repeated interactions generated reciprocal benefits, whereas competition at the individual
level tended to reinforce non-cooperative behaviour under scarcity perception. This pattern
is consistent with multi-level selection theory, which proposes that cooperation is more
likely to evolve when selection operates primarily between groups rather than exclusively
among individuals (Wilson 2016). Accordingly, the emergence and persistence of coopera-
tion depend not only on individual incentives but also on how interactions are structured
within the socio-ecological system.

From this perspective, the findings suggest practical implications for renewable re-
source governance. Rather than attempting to eliminate differences among stakeholders,
public policies could promote the formation of heterogeneous groups integrating firms,
local communities, governmental agencies, environmental organisations, indigenous peo-
ples, academia, and other relevant actors. These groups would cooperate internally while
competing with other heterogeneous groups in the design, implementation, and evaluation
of conservation, restoration, or sustainable resource management initiatives. This proposal
extends the concept of intergroup competition developed by Giraldo-Suarez and Le6n-
Rodriguez (2023), in which cooperation is strengthened by relocating competition from
direct access to resources toward intergroup competition in achieving shared environmental
and social objectives.

This governance approach is also consistent with the concept of coopetition, which
recognises that cooperation and competition are complementary rather than mutually
exclusive processes (Brandenburger and Nalebuff 1996; Bengtsson and Kock 2000). While
coopetition has traditionally been applied to business strategy, the present findings suggest
that its underlying principles may also inform the governance of socio-ecological systems.
Rather than asking how competition over renewable resources can be eliminated, it is
suggested under this perspective that institutional arrangements that combine cooperation
within heterogeneous stakeholder groups and competition between groups may contribute
to strengthening governance capacity, promoting more sustainable resource management,
and reducing incentives for conflict over resource appropriation.

Beyond their implications for renewable resource governance, the proposed insti-
tutional approach also provides a conceptual bridge between sustainability and peace.
Recent research on sustainable peace argues that enduringly peaceful societies are charac-
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terised not simply by the absence of violence, but by the predominance of cooperative and
positively reciprocal interactions that become embedded within social systems over time
(Coleman et al. 2020). From a complexity perspective, peace emerges as an emergent prop-
erty of systems in which constructive interactions consistently outweigh destructive ones.
Although the present model does not explicitly simulate peacebuilding processes, its results
suggest that institutional arrangements capable of fostering repeated cooperation among
heterogeneous stakeholders may simultaneously strengthen socio-ecological sustainability
and create conditions associated with more peaceful and resilient social systems.

5. Conclusions

This study examined how interactions among environmental, social, and economic
subsystems influence sustainability outcomes and whether cooperation emerges as the
mechanism linking these systems. The simulations suggest that cooperation is not an
intrinsic property of any individual subsystem but an emergent property arising from
repeated interactions among heterogeneous agents operating under specific environmental
conditions. Behavioural responses to perceived resource scarcity proved to be a key driver
of these dynamics, reinforcing non-cooperative lock-in states under scarcity while favouring
reciprocal cooperation in its absence. These findings suggest that cooperation constitutes
the behavioural mechanism connecting environmental sustainability with the conditions
associated with sustainable peace, as cooperative interactions simultaneously strengthen
socio-ecological resilience and reduce the persistence of non-cooperative dynamics.

The comparative analysis further showed that the persistence of cooperation depends
on both the initial conditions of the socio-ecological system and the adaptive strategies
adopted by agents. The OECD-based configuration exhibited greater resilience, maintaining
firms and individuals active for longer periods through more favourable initial resource
conditions and sustained reciprocal interactions. In contrast, the non-OECD configuration
experienced an early collapse of both economic and social subsystems. Across the global
reference and OECD configurations, tit-for-tat remained the dominant organisational
strategy, indicating that repeated reciprocal cooperation represents a robust adaptive
mechanism capable of supporting more resilient socio-ecological systems and creating
conditions consistent with the emergence of sustainable peace.

From a methodological perspective, integrating environmental, social, and economic
subsystems within a single agent-based model made it possible to analyse feedback and
emergent behaviours that would be difficult to capture using conventional approaches.
At the same time, representing three interconnected adaptive subsystems increased the
complexity of model calibration, validation, and interpretation. Although empirical infor-
mation was used to define the initial conditions, the simulations were designed to explore
behavioural mechanisms rather than predict real-world trajectories. These methodologi-
cal trade-offs constitute both a limitation and an opportunity for future developments of
socio-ecological agent-based models.

Future research could extend this framework by examining how alternative be-
havioural assumptions, institutional mechanisms, and modelling approaches may generate
different emergent dynamics. In particular, explicitly modelling heterogeneous intergroup
coopetition as an institutional mechanism for renewable resource governance and further
investigating lock-in dynamics in sustainability transitions could provide promising direc-
tions for future research. Advancing these research directions may improve understanding
of how institutional design influences the emergence of cooperation in socio-ecological
systems. More broadly, this study suggests that cooperation should be understood not
merely as a desirable policy objective but as an emergent property that can be fostered
through the design of interactions among environmental, social, and economic systems.
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Appendix A. Initial Condition and Model

The base data used to construct, calibrate, and initiate the model are from 2017.

Table Al. Initial conditions and parameters.

Parameters Amount Explanation Source
(York University Ecological
e Footprint Initiative and
No peo 762 Total population in millions 2017. Global Footprint Network
2022)
Ratio: Popuala’gon/ total 0.0375 Total world compames /world (Bolddata 2022)
companies population.
. 1 Means natural renovation of
Inc-enviromental-resource 1
renovable world resources.
Expectation-age-com 200 200 is en.ough big num}?er that does
not limit the company’s existence.
(York University Ecological
Expectation-age-peo 72 Average world life expectation Footprint Initiative and

Global Footprint Network
2022)
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Table Al. Cont.

Parameters

Amount

Explanation

Source

Initial-resources-com

297

Random value that oscillates in a range
between the minimum necessary to
live and 4.5 times this value, thus
describing inequality.
(Minimum-life-com + a random value
between zero and the given random
value) Consume-tick-com x 4.5.

Initial-resources-peo

12.33

Random value oscillates between the
minimum necessary to live and 4.5
times this value, thus describing
inequality. (minimum-life-peo + a
random value between zero and the
given random value)
Consume-tick-peo x 4.5

Initial-resources-path

With a value of 1, the sum of all patch
is 1225, representing 12.1 billion
biologically productive hectares.

(biocapacity).

Consume-tick-com

66

The total hectares required by
humanity, divided by the number of
global companies.

Consume-tick-peo

2.74

Biocapacity demand per person.

(York University Ecological
Footprint Initiative and
Global Footprint Network
2022; Bolddata 2022)

%-tick-coop-peo

0.8

% consumption of resources
cooperative people

Y%consume-tick-average-peo

0.9

% consumption of resources tit-for-tat
and ethnocentrist people.

“%consume-tick-non-coop-peo

1.1

% consumption of resources by
non-cooperative people

Radius-influence-com

20

Scope radius for taking environmental
resources by companies

Radius-influence-peo

Radius in which people can be
influenced by other people

“Yresoureces-taken-coop-com

0.8

% of resources taken from the
environment by companies with a
cooperative strategy in the radius in
which they have influence.

%resoureces-taken-average-
com

0.9

% of resources taken from the
environment by companies with a
tit-for-tat and ethnocentric strategy in
the radius in which they have

%resoureces-taken-non-coop-
com

% of resources taken from the
environment by companies with a
non-cooperative strategy in the radius
in which they have influence.
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Table Al. Cont.

Parameters

Amount

Explanation Source

Shortage-threshold-peo

0.5

It is estimated that for the resources of
human beings to be met, each patch
must have at least a value of 1. A patch
is counted around one person when
the radius of influence is one.

%change-peo

51

% in which a person would change
strategy.

Threshold-reproduction-com

105.6

Resources to create a new company.
What each company consumes plus
the minimum for a company to
survive (consume-tick-com +
minimum-life-com).

Threshold-reproduction-peo

4.38

Resources to have a new child. What
each person consumes + the minimum
required for a person to survive
(consume-tick-peo +
minimume-life-peo).

Age-birth-com

Age from which a company creates a
new branch.

Age-birth-peo

28

Age from which on world average

women have their first child. (UN 2022)

Num-average-child-com

100

It is a value large enough so that
growth in the number of companies is
not restricted.

Num-average-child-peo

The average is 2.3 per woman, then per
person it is 1.15. But in NetLogo, it is
written 2 since the random values
taken would be 0 or 1.

Rerproduction-resources-com

39.6

Reproduction cost. 60% of the regular
consumption required

Reproduction-resources-peo

1.64

Reproduction cost. 60% of the regular
consumption required

%mutation-peo

% in which a person can adopt a
different strategy than the parent

Y%omutatio-com

% in which a company can adopt a
different strategy than the parent

Minimum-life-com

39.6

Minimum resources to stay alife
(company). 60% of the average
resource required

Minimum-life-peo

1.64

Minimum resources to stay alife
(person). 60% of the average resource
required

% heritage-com

0.7

% of resources that are inherited

% heritage-peo

0.7

% of resources that are inherited
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Appendix B. Submodels
Appendix B.1. Environmental System

Humanity demands biologically productive areas for food, fibre, and timber produc-
tion, physical infrastructure, and waste absorption, particularly carbon dioxide from fossil
fuel combustion. This demand is comparable to the available productive areas that provide
regeneration. As this varies, it must be measured not in terms of physical space but in
terms of biological renewal. Thus, the ecosystem’s capacity to regenerate biomass is called,
measured in standardised global hectares and represents the productivity of an average
biologically productive hectare worldwide. According to 2017 data, the Earth had about
12.1 billion biologically productive hectares, including productive ocean areas.

The totality of environmental resources, in terms of biocapacity hectares, is denoted as
S(t) with  as time > 0 and is made up of resources in smaller areas, called R;, with i varying
between (0 and 1225)* and which are graphically observed in the model as small grids called
patch. In these, each one represents approximately one million hectares of biocapacity. The
renewal of those resources that can do so is done at each time (tick), which equals a year,
using a value provided by the observer through the variable (inc-environmental-resources).

The total resources for a time (t) are given by

i
S(t) =Y _Ri(t)
0
Furthermore, it presents a renewal behaviour:
S(t) = Zg(Ri(H) + inc enviromental resources) (A1)

Appendix B.2. Economic System

In the proposed model, the economic system comprises atomised companies that seek
to maximise their profits and are not subject to any regulatory entity. These interact with
the people who constitute the social system (individuals), and in turn, both groups interact
with the environmental system.

Each company and individual operate within the framework of a cooperative game,
using one of four strategies j that range between (one and four), representing the hetero-
geneity of the agents that are assigned randomly. This means that the created universe
comprises both companies and cooperative, non-cooperative, ethnocentric, or tit-for-tat in-
dividuals, and the proportion of both companies and individuals of each of these strategies
is assigned randomly. The general characteristics of each strategy are:

j = 1 Cooperative Strategy. As Cottey (2018) suggests, the intricate social network
is woven with human actions at a micro level, day by day, almost minute by minute, in
which cooperation plays a significant role. The market does not exist as an “invisible
hand” exogenously but as a dense network of interactions, many of which are cooperative.
According to Le6n (2006), cooperation is the individual behaviour that entails personal
costs to participate in a common activity that confers benefits exceeding those costs for
other group members.

j =2 Non-Cooperative (Defection). In opposition to cooperation, defection is the indi-
vidual behaviour that deviates from common welfare, incentivised by a greater particular
benefit.

j = 3. Ethnocentrism. Axelrod and Hammond (2003) define ethnocentrism as coop-
eration with members of the group but not with those outside it. When interacting, the
agent’s choice depends on whether the other agent has the same or a different observable
label. The authors, in their inquiries, found that people validate their belonging to a group
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through a set of attributes that usually correspond to evident cultural traits they believe
they share. Similarly, the authors point out that both favouritism within the group and
hostility towards those who do not belong to it tend to be stronger in competitive situations
or in the presence of external threats, which, given current environmental characteristics,
can come to represent one of these. Thus, this type of interaction has been seen not only in
ethnic conflicts and wars but also in consumer choice behaviours.

j = 4 tit-for-tat. Several studies have shown that the tit-for-tat strategy has been
dominant in various round tournaments that simulate rational human behaviours among
pairs of agents. These behaviours have been evidenced in human relationships and in
nature and present the following pattern:

It starts by being cooperative.

It replicates the immediately previous move of the pair. When the pair responds
cooperatively, cooperative behaviour is established. However, if the pair changes to
defects, the agent retaliates by defecting in the next interaction. If the opponent later
resumes cooperation, the agent also returns to cooperation, reflecting the strategy’s capacity
for forgiveness.

This allows the cooperative dynamic to be re-established. In this type of interaction, it
is necessary to remember the last past action (Axelrod 1984).

Furthermore, each strategy type is associated with behaviour in the prisoner’s dilemma
cooperative game—used to model environmental dilemmas—and is linked to the levels
of consumption of environmental resources by companies and individuals. Cooperative
companies consume environmental resources moderately, while non-cooperative ones
do so at the highest possible rates. Similarly, individuals with a cooperative strategy
exhibit frugal consumption, while those with a non-cooperative strategy have a more
abundant consumption.

Each individual is denoted as P; with i ranging from 0 to a number of individuals
selected by the model observer, through the variable called N-peo. This number of individu-
als represents the world population which, for 2017, was 7620 million people (Wackernagel
et al. 2021). The model is developed to scale; therefore, it models 762 individuals.

P; Person i Vi (0 — N-peo).

Meanwhile, the number of companies is determined by the global company density
(3.8 companies per 100 inhabitants)’. Consequently, the number of companies comprising
the model is determined by the number of individuals initially given. This value is recorded
in the parameter num-com/num-peo.

As a consequence,

Number ofcompanies = Number of people x Density of companies

Number of people x 0.038
Thus, the companies are denoted as
E;: Enterprise i Vi (0 — N-peo x 0.038).

The initial resources of the companies are given in biophysical units that represent in
the model renewable resources (which is the transaction metric in the model), which are
randomly assigned to each of them within a range between the minimum required for their
existence (minimum-life-com) plus a random value given in a range between zero and a
value assigned by the model observer, adjustable in the initial-resources-com variable and
which is calibrated. Therefore, the initial resources of each company are a random value
that oscillates in the range (minimum-life-com + random (0 — initial-resources-com)).
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Economic Relationship Between Enterprises and Individuals

As already pointed out in the description of the environmental system, there is a
supply of environmental resources measured in hectares of biocapacity. However, there is
also a demand from humanity for these resources, known as the environmental footprint.
To maintain biodiversity, which is fundamental for the integrity of the global ecosystem, hu-
manity’s footprint should be less than the planet’s total biocapacity. However, in 2017, it was
calculated to be 20,900 million hectares of biocapacity, which includes all human demands,
even those of domestic animals, but not of other living beings that make up the planet. This
is equivalent to 73% more than the regeneration of all the planet’s ecosystems combined.
This value per person is equivalent to 2.8 global hectares (Wackernagel et al. 2021).

Enterprises are responsible for taking environmental resources and processing them to
deliver them to people through goods and services (but in this model, the only transactional
metric is biophysical units, representing renewable resources). Given the current number
of companies, each company requires, on average, 66 hectares of biocapacity.

The economic relationship between enterprises and individuals is represented in the
model by two roles. One comes from the point of view of companies, which are those
that make transfers to the social system, for example, through hiring labour or paying
dividends, and constitute the only source of income for individuals. Moreover, the other is
the role of individuals who buy the goods or services demanded for their well-being.

From the perspective of individual purchases, each one of them, according to their pro-
file, makes a consumption that corresponds to a percentage with respect to the consumption
established by each person, which is given by the tick-consume-peo variable, which corre-
sponds to a value of 2.8 hectares of biocapacity. If the individual has a cooperative strategy,
they will consume less than this value; if they are ethnocentric or tit-for-tat, consumption
will be close to this amount. Consumption will be greater than the base value if they have a
non-cooperative character. These percentages are adjusted with variables for each strategy:
Yoconsume-tick-coop-peo, Yoconsume-tick-average-peo, and %consume-tick-non-coop-peo.

Consumption of each individual = tick consumes peo x %consumes tick peo (according to the strategy)

This consumed value is deducted from people’s total resources and added to the
selected company to make the “purchase.”

At first, the individual wonders whether they have sufficient resources to meet the
demands of their profile. If so, it chooses one of the companies that has taken resources
from the environmental system, transfers the resources it is going to consume (makes the
payment), and assigns a label to the company that sold them, because only companies that
sell can take resources from the environmental system.

If the individual does not have sufficient resources for consumption in line with their
profile, they spend what they have with a company that has drawn resources from the
natural system. The company is assigned the label of having sold.

From the perspective of companies, when they transfer part of their resources to the
social system, each company selects several people to whom it pays (dividends or salaries).
This number is determined by the ratio of the number of people in the system to the number
of current companies. Each company “pays” this number of people the equivalent of what
each company consumes, plus a random value within each company’s surplus, divided by
the number of people to be transferred. Thus, each individual does not receive the same
amount transferred.

The formula would be given by

(consume tick com) + random (total earnings com)
Total people

()
/Total Enterprises (t)
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Payment matrix environmental conflicts.

The strategies established by corporations and individuals are relevant when resolving
environmental conflicts. A conflict can arise when actors are heterogeneous and have
varying objectives. Actions are taken not only based on one’s reasoning but also on that
of others. In this context, game theory proves an appropriate approach for modelling,
providing an optimisation framework for decision-making among interdependent agents
(Axelrod 1984).

The prisoner’s dilemma (PD) has become a classic way to model interactions among
agents with mixed objectives, including both conflict and cooperation. In these cases,
individuals are cooperatively better off if they collaborate with a view to a common interest.
However, they face the strategy of defecting (free rider), which is better paid by enjoying or
exploiting the cooperation of others without contributing to it.

In cooperation exercises, when constructing the payment matrix, the compensations
must not be of the same magnitude or symmetrical, but the payoffs must be based on the
prisoner’s dilemma. Compensations need not be on an absolute scale; they must be relative,
and the matrix must reflect that cooperation is desirable (Axelrod 1984).

Each player has two possible actions in each move: {cooperate, defect}. Interactions
occur between pairs of players. The number of moves is fixed but unknown for each player.
The payoff matrix is known by the players before the game.

From the interactions of agents resolving their conflicts, a score is obtained from the
payoff matrix, representing each agent’s losses in the conflict under the implemented strategy.

Table A2. Payment matrix.

Strategy Player/Partner Player’s Payments Description

If the player and the round partner

C-C 0 .
cooperate, neither loses resources

If the player is correct and the
D-C 0 partner cooperates. The Player does
not lose resources

If the player cooperates and the
C-D ) partner defects. The player loses
resources

If the player cooperates and the
D-D ) partner defects. The player loses
resources

Obtaining resources from the environmental system.

This use of environmental resources varies across companies and is determined by
the strategies they follow. Companies with a cooperative strategy take the resources
of the environmental system sparingly; tit-for-tat or ethnocentrists take a little more en-
vironmental resources than those with a cooperative strategy, but they do not take all
the possible resources from the environmental system, as those with a non-cooperative
strategy do. These consumption proportions are given by percentages assigned to each
strategy through the variables %resources-taken-coop-com, %resources-taken-average-com, and
Yoresources-taken-non-coop-com.

Economic agents’ adaptation.

Once the agents of the economic and social systems have resolved their environmental
dilemmas and the enterprises have drawn on the environmental system in accordance with
their strategies, they adapt their strategies based on their resource levels and the companies
around them.
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Total-Resources-com VE;; < Max{

o Total Resources Ej3 in radio n (t) Y. Total Resources E;y in radio n (t)

At this point, the E;; company asks itself: What has been the strategy (of the four
already mentioned) that has generated the most significant benefits for the companies
around it? To determine what exactly is “around” an action, a radius is used, editable by the
observer, called radius-influence-com. Thus, the company compares its resources at a time (t)
with the maximum of the set made up of the averages of the resources of the enterprises
located in the range of influence according to each strategy type for the same time (t). If
its strategy is not higher than the average of the most successful strategy in the influence
range, switch to the strategy that offers better results.

In this way, if

Y. Total Resources Ejy in radion (t) Y1, Total Resoureces Ejp in radio n (t)
Number of Ejy in radio n (t) ’ Number of Ej in radio n (t) ’

Number of E;3 in radio n (t) ’ Number of Ejy in radio n (t)

}

With n: influence radius VE;;.

Switch to the average maximum strategy.

Economic agents: birth and death.

Finally, each company takes stock of its resources, and if it exceeds a certain thresh-
old, it can generate a new company with the same characteristics. The model observer
determines this threshold through the variable Threshold-reproduction-com.

Under this framework of evolutionary theory, the new company has a percentage
probability of mutating by not following the strategy of its parent. This means that you
can choose, at random, any of the four strategies presented. This mutation percentage
is editable by the observer through the %mutation-com variable. Furthermore, this new
company has a portion of the resources of the parent strategy, editable by the observer
through the %heritage-com variable.

Subsequently, the resources required to implement a new company are discounted.
The observer establishes this value based on the reproduction-com-cost variable and calculates
the company’s new resource balance. If this is below the life threshold, editable by the
observer through the threshold-life-com variable, the company disappears.

In this way, we seek to evaluate which strategies dominate the system on two scales:
(i) whether there is a dominant tendency of specific strategies adopted by the agents given
the adaptive characteristics, and (ii) what strategies are presented by the agents that have
the greatest capacity to survive and, therefore, to reproduce.

In summary, enterprise resource balance, called fotal-earnings-com in the model, results
from the total resources in a given time plus the resources obtained from individuals
by “selling their goods”, minus the resources delivered to people as salary payments or
dividends, less the costs of social dilemma score, plus the resources obtained, directly, from
the environmental system according to the type of strategy implemented, less the cost in
resources for generating a new company.

Total earnings com =

(Total earnings com (t)) + consume tick peo * %consume tick (strategy)peo)

_( (consume tick com +(random ([total earnings com] — consume tick com)
count people/count companies

— (score) + (sum [ resources to |of patches in radius radius in fluence com)
— (reproduction com cost)

Appendix C. Social System

The primary agent representing this system is the individual, who participates in
various processes across the economic and social systems. The operational form can
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influence the strategies of the enterprises that, for this model, are the only type of agent
that can take resources from the environment. Therefore, the level of responses of the
environmental system affects people’s behaviour, and their subsequent behaviour can, in
turn, affect the environmental system.

The people come with several resources, which are randomly assigned to each of them,
in a range between the minimum required for their existence (minimum-life-peo) and a
random value within a range between 0 and an assigned value by the observer, adjustable
in the variable initial-resources-peo and calibrated. Therefore, these initial conditions of
the person peo (0) is a random value that oscillates in the range (minimum-life-peo) + random
(0 — initial-resources-peo).

These persons establish a commercial relationship with enterprises; they buy goods or
services from enterprises and receive income through salaries and/or dividend payments,
while also being subject to environmental issues, dynamics that were explained in the
economic system.

Adaptation mechanism.

Individuals’ strategies are subject to change according to the dynamics of the environ-
ment in which they interact. In the designed model, individuals adapt to the environment
through two mechanisms: (i) perception of environmental resource scarcity and (ii) social
influence.

Regarding the first point, academic evidence suggests that the level of environmen-
tal resources can be perceived as a threat to the social system, leading to the emergence
of another endogenous economic and evolutionary biology. In their bibliographic and
experimental research, Roux et al. (2015) found that resource scarcity can lead to selfish be-
haviours. As resources become scarce, individuals expend more effort and time competing
with others for them. Their experimental results showed evidence of a cognitive association
between scarcity and competition. Furthermore, the authors point out that reminders of
resource scarcity can affect decision-making by shifting competitive orientation, leading to
a greater desire to promote one’s own well-being. This may lead to prioritising benefits for
oneself over benefits for others.

However, the authors concluded from their experiments that a competitive orientation
does not necessarily yield selfish outcomes. Reminders of resource scarcity can promote
generous behaviours when the connection between such behaviours and the advancement
of one’s well-being is highlighted. Bowles and Gintis (2002) provide a broader explanation
of this situation. Their studies suggest that cooperation becomes more necessary for
survival when a group is threatened with extinction or dispersion, as in the case of war,
pestilence, or famine. However, the likelihood of one’s contributions being repaid in the
future decreases sharply when the group is threatened, as the probability of its dissolution
increases. Therefore, the incentive to cooperate will not thrive. This leads to a situation
in which cooperation based on reciprocal altruism collapses when a group most needs
prosocial behaviour. These critical periods are common in the evolutionary history of the
human species.

Therefore, the perception of environmental resource scarcity can amplify a behaviour
in which personal interest prevails over cooperative behaviour. In this context, individuals
question the level of environmental resources around them for the proposed model, de-
limited by an action radius given by the variable radius-influence-peo. 1f these resources fall
below a threshold established by the observer, called shortage-threshold-peo, individuals,
with a probability between 0 and a value specified by the observer through the variable
%change-people, switch to a non-cooperative strategy if it is not already implemented.

i
Iy R fluence peo < SHortage threshold peo
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Total earnings peo = Total earinigs peo (t) +

Then, p;; changes to pi; with a probability in a range of (0 — %change people).

Otherwise, if there is no perception of scarcity, the second adaptation mechanism
appears from social influence.

Holling (2001) suggests that self-organised patterns frequently develop in human
systems. Humans possess the unique ability to communicate ideas and experiences, and
as these are tested, they are incorporated into myths, norms, laws, and other forms. In
Axelrod’s (1997) modelling on the dissemination of culture, it is found that in more than a
hundred definitions, there is a consensus that culture is something learned among people.
Hence, he also uses a bottom-up approach in his model of cultural trait transmission.
Axelrod assumed that culture is what social influence influences.

As has been explained, based on the rationality of the agents, the social system, made
up of people, affects the decisions of individuals who, in turn, again affect the entire social
environment. For this reason, in this model the social environment is also considered an
influential factor in people’s adaptations. In this sense, each ‘p;;” can change with a given
probability between 0 and “%change people’ (provided by the observer) to one of the ‘pj’
strategies within their radius of influence ‘radius-influence-peo.’

Therefore, the strategy of ‘pj;” can change to any other ‘pj;” within the radius of influence.
This behaviour brings with it an amplifying mechanism since the more surrounded a person
is by others with the same type of strategy, the greater the probability of changing to that
strategy, thus triggering an expansion effect. This strategy subsequently affects how one
resolves environmental dilemmas with other agents. These dilemmas bring costs that
affect companies’ total resources. Based on that balance, companies can change the type of
strategy that determines the intensity of consumption of environmental resources. In this
way, an individual can affect the entire system.

Social agents: birth and death.

Subsequently, each individual assesses the level of their biophysical units representing
renewable resources. If these surpass the reproduction threshold set for individuals, which
the observer assigns through the variable Threshold-reproduction-peo, they reproduce to
generate offspring with identical characteristics. However, a mutation can occur with a
probability given by the observer with the variable %mutation-peo. This implies that instead
of adopting the same strategy as its parent, it can choose any of the four strategies with
the established probability. Moreover, this new individual possesses a percentage of the
parent’s resources, determined by the parameter %hertiage-peo.

Following this, the cost of a new birth is deducted, whose value is given by the variable
reproduction-peo-cost (adjustable by the observer). Finally, a balance of resources available
to the individual is made; if these are below the survival threshold, as set by the variable
Threshold-life-peo, the individual dies. Otherwise, it restarts the cycle.

The total balance of resources for each py;, called total-earnings-peo, is given by the
balance of biophysical units (renewable resources) of the individual at a time (¢) plus trans-
fers from companies for wage payments or profits, minus the resources of the individual
allocated to purchasing their goods or services, minus social dilemma costs (score), minus
reproduction cost if it reproduces.

(consume tick com +(random ([total earnings com]of myself — consume tick com))
count people/count companies

—(consume tick peo * %consume tick (strategy)peo ) — (score) — (reproduction peo cost)

Appendix D. Protocol ODD

Overview
This is to comprehend the behaviour of cooperation as an essential element in promot-
ing peace, stemming from the emergencies arising from interactions among environmental,
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economic, and social systems. In this model, the behaviour of the economic system is driven
by the maximisation of its benefits, which are impacted by environmental dilemmas with
society. Society acts based on the state of these environmental resources and the influence
they exert on individuals.

The following diagram represents the model dynamics within which three subsystems
are interacting: economic, social, and the environmental system.

State variables and scale.

The model distinguishes between two types of agents (individuals and companies)
and patch (the space in which the agents interact and which contain the environmental
resources).

e  Environmental system.

(i) The patch corresponds to a unit of renewable resources and is made up of a
predetermined number to adjust to the reality of hectares; global biocapacity
(35 x 35): 1225 in total.

(ii)  In each execution, each patch containing the resources is renewed at a rate
given by the observer, which represents the environmental regeneration rate.

e Economic system.

(@) The type of agent it represents is the corporation, which can deploy one of four
strategies (cooperative: always cooperates; non-cooperative: never cooperates;
tit-for-tat: starts coopering and then uses the same last strategy used by his
opponent; and ethnocentric: only cooperates with others with the same label).

(ii)  These corporations provide goods and services to individuals within the social
system.

(iii)  They deal with environmental conflicts with individuals or other corporations
through the prisoner’s dilemma, with a negative payoff matrix representing
the costs of disputes.

(iv)  They transfer resources (biophysical units) to the social system by paying
wages or dividends, providing the means for the social system to consume
the demanded goods or services. Transactions and transfers are expressed in
biophysical resource units that represent renewable resources.

(v)  Subsequently, it evaluates which strategy among nearby corporations generates
greater benefits and switches to it if it is not already applied.

(vi)  They consume environmental resources with an intensity subject to the strategy
they deploy.

(vii)  If they have sufficient resources, they generate a new corporation and deduct
the cost of creating this new agent.

(viii) They evaluate whether it has sufficient resources to sustain itself.

e Social system.

@) The type of agent represented is the individual who can implement one of four
strategies (cooperative: always cooperates; non-cooperative: never cooperates;
tit-for-tat: starts coopering and then uses the same last strategy used by his
opponent; and ethnocentric: only cooperates with others with the same label).

(i)  These individuals demand goods and services from corporations according to
the level of their resources to pay for them.

(iii) They resolve environmental conflicts with corporations or other individuals
through the prisoner’s dilemma, with a negative payoff matrix representing
the costs of disputes.
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(iv)  They receive resources from the economic system, such as wages or dividends,
which they use to meet their needs. Transactions and transfers are expressed in
biophysical resource units that represent renewable resources.

(v)  They change their current strategy to a non-cooperative one if the environmen-
tal resources around them fall below a certain threshold. Otherwise, with a
certain probability, they adopt the strategy of another nearby individual.

(vi)  If they have sufficient resources, they reproduce and deduct the cost of a birth.

(vii)  They evaluate whether they have sufficient resources to sustain themselves.

Process overview and scheduling.

This refers to the resolution (spatial grain size, time unit, or degree of model complex-
ity) and the extent (time, space, and number of components modelled). The scale is directly
tied to the aggregation problem (Costanza et al. 2013). For the research on sustainability
and its practice, an operational and realistic time scale is suggested to be 50 years or two
generations (Wu 2013).

Advancing in Time.

In ABM, there are two methods to advance the clock: the fixed-increment time advance-
ment method (or asynchronous update) and the following-event advancement method (or
synchronous update) (Sarmiento-Vasquez and Lopez-Sandoval 2017). For this research,
the first option is used; that is, all processes run in the same tick (model execution period),
which is cumulative and is considered a year.

Design concept

Emergence.

It is expected to observe it in the type of dominant strategy, as well as in the number
of available resources.

Interaction.

Occurs through (i) the exchange of resources between agents (individuals and compa-
nies), representing market transactions; (ii) the prisoner’s dilemma, subject to the agents’
strategies, whose interaction simulates environmental dilemmas; and (iii) companies’ tak-
ing of environmental resources.

Detection.

(i) Companies are sensitive to the resource level of other companies around them,
which allows them to identify the most successful strategy and match it; (ii) individuals
are sensitive to the environmental resources of their surroundings. If individuals detect
environmental resource scarcity, they change to a non-cooperative strategy if they use a
different strategy; (iii) individuals can detect the strategy of nearby individuals and match
them subject to a probability.

Stochasticity.

It is used to create variability in conditions at various times: (i) Distribution of strate-
gies among individuals. (ii) The amount of resources with which each company starts
(they are random, within a specific range). (iii) The amount of resources with which each
individual starts (they are random, within a specific range). (iv) The companies” and
individuals’ initial conditions are random. (v) Individuals can change their strategy to one
used by their neighbours with a probability between 0 and the value given by the observer.
(vi) The strategy of new companies and/or individuals can present mutation (they do not
inherit the strategy of the progenitor, but they can randomly choose one of the four given
strategies). The observer gives the probability of the mutation event.

Planning.

It is modelled in discrete time, with ticks (years). The agents’” actions must follow the
order described in the flowcharts presented in the submodules (Appendix B).
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Details
Initialisation.

(i) The model begins with an allocation of resources in each of the patches. In the base
model, the total sum of each patch’s resources represents the planet’s total biocapacity
(environmental resources).

(ii) The number of companies is given by a relationship between the number of people
worldwide and the number of companies worldwide (empirical data).

(iii) Parameters that require calibration are:

e  The upper range of the amount of the initial resource for each company.
e  The upper range of the amount of the initial resource for each individual.

The threshold of environmental resources below which people assume non-
cooperative behaviours.

The company’s resource threshold from which a new one can be generated.
The individual’s resource threshold from which a new person can be born.

The costs of generating a new company.

The reproduction costs of a person.

The company’s resource threshold from which a company disappears.

The individual’s resource threshold from which a person dies.

The values of the payoff matrix of the prisoner’s dilemma.

Inputs.

The model requires parameters and initial conditions. The source of the input data
and the methods for generating or obtaining initial conditions and parameters are in
Appendix A.

Notes

1

Sources for data from pictures from Our World in data are:

Population: Historical Database of the Global Enviroment HYDE (V3.2) and UN World Population Prospects (2022 revision)
https:/ /ourworldindata.org/poverty-minimum-growth-needed (accessed on 23 August 2023).

World GDP: The World Bank GDP (2017) https:/ /data.worldbank.org/indicator /NY.GDP.MKTP.PP.KD (accessed on 23 August
2023) and Madisson data (University of Groningen) http:/ /www.ggdc.net/maddison/oriindex.htm (accessed on 23 August 2023).
CO; emissions: Global carbon budget. https://globalcarbonbudget.org/ (accessed on 23 August 2023)

Average temperature change: Met office Hadley Centre observations dataset

https:/ /www.metoffice.gov.uk /hadobs /hadcrut5/ (accessed on 23 August 2023)

Number of recorded natural disaster events: EM-DAT The international disaster database

https://emdat.be/.

Environmental, social and economy system are widely explained in Appendix B.

Tit-for-tat is a reciprocal strategy that initially cooperates and subsequently replicates the partner’s previous action.

In order to represent the hectares of global biocapacity in the model (12.1 billion hectares), each patch represents approximately
one million hectares of biocapacity.

According to the data collection firm Bolddata (2022), it is estimated that there are 300,000,000 companies worldwide.
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