Pre prints.org

Article Not peer-reviewed version

Sustainable Development: Why Is It Not
Delivering on Its Promises? Insights
from a Social-Ecological System
Modelling Perspective

Julen Gonzalez-Redin ~ ,lain J. Gordon, J. Gareth Polhill, Terence P. Dawson , Rosemary Hill

Posted Date: 29 November 2023
doi: 10.20944/preprints202311.1811.v1

Keywords: sustainability; social-ecological system; natural capital; ecosystem services; biodiversity agent-
based model

is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

E E Preprints.org is a free multidiscipline platform providing preprint service that
r
IEI%

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3276216
https://sciprofiles.com/profile/201744
https://sciprofiles.com/profile/246609
https://sciprofiles.com/profile/1148630

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1811.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Sustainable Development: Why Is It Not Delivering
on Its Promises? Insights from a Social-Ecological
System Modelling Perspective

Julen Gonzalez-Redin *, Iain J. Gordon 234, J. Gareth Polhill 5, Terence P. Dawson ¢
and Rosemary Hill 7

! Finance for Biodiversity Foundation, Donostia-San Sebastian, Basque Country, Spain;
julengonzalezredin@gmail.com

2 Fenner School of Environment & Society, Australian National University, Canberra, ACT, Australia;
Tain.Gordon@anu.edu.au

3 Central Queensland University, Townsville, QLD, Australia

* Land and Water, Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Cairns, QLD, Australia

5 Information and Computation Sciences, The James Hutton Institute, Aberdeen, Scotland, UK

¢ Department of Geography, King’s College London, Strand, London, England, UK

7 Department Division of Tropical Environments and Societies, James Cook University,

Townsville, QLD, Australia

Correspondence: julengonzalezredin@gmail.com

Abstract: At the Rio Conference in 1992, the sustainable development agenda promised a new era for natural
resource management, where the well-being of human society would be enhanced through the sustainable use
of natural capital. Several decades on, economic growth continues unabated at the expense of natural capital,
as evidenced by biodiversity loss, climate change and further environmental issues. Why is this happening and
what can be done about it? In this research, we present three Agent-Based Models that explore the social,
economic and governance factors driving (un)sustainability in complex social-ecological systems. Our
modelling results reinforce the idea that the current economic system does not protect the natural capital on
which it depends. This is due to a disjunction between the economic and environmental elements upon which
the sustainable development paradigm is founded. Additionally, various factors appear to enhance social-
ecological system unsustainability: the role of financial entities and monetary debt; economic speculation;
technological development and efficiency; lack of long-term views and late government interventions;
inefficient tipping point management; and the absence of strong top-down and bottom-up conservation forces.
Interestingly, alternative scenarios showed that these same factors could be redirected to enhance sustainable
development. The current economic system may, therefore, not be inherently unsustainable, but rather specific
economic mechanisms, agents” decision-making, and the kinds of links between economic and natural systems
could be at the root of the problem. We argue that short- and medium-term sustainability can be enhanced by
implementing mechanisms that shift capitalist forces to support environmental conservation. Long-term
sustainability, however, requires further paradigm change: where the economy integrates, and fully accounts
for, externalities and recognises the actual value of natural capital.

Keywords: sustainability; social-ecological system; natural capital; ecosystem services; biodiversity agent-
based model

1. Introduction

It is widely recognized that sustainability represents the greatest challenge for humanity in the
Anthropocene (Wu 2013; IPBES 2019). Much has been written on the complex set of environmental
problems facing humanity, such as climate change and biodiversity loss, although the practical
solutions are less evident (Costanza 2007; UN 2016; IPBES 2019).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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One of the key challenges to developing and deploying these solutions is the fact that our
economic system is not institutionally embedded within the wider, more important environmental
system (Berkes and Folke 1998). The current economic paradigm, therefore, remains the growth
strategy initiated by the Bank of England around 1700 (Martenson 2010), where the economic system
was neither constrained by, nor created upon, the biophysical limits of the environment. Whilst this
system may have served us well for 400 years, the degradation and damage to the environment
highlights the need for a different approach to securing human health and wellbeing (Ward et al.
2016).

Global sustainability is only possible with transformative changes that address the actual drivers
of the root economic, social, and technological causes of nature’s deterioration (Diaz et al. 2018). If
economic growth is not absolutely decoupled from environmental pressures, the systems that
support life on this planet will collapse (Smith et al. 2010), jeopardising the future availability of
natural resources, such as food, water, and minerals, as well as human wellbeing (Costanza et al.
1997; World Economic Forum 2014). Only immediate transformation of global business-as-usual
economies and operations will sustain nature.

Different pathways have been proposed to enhance a more sustainable economy, including
steady state and degrowth approaches (Daly 1991; Jackson 2009), green growth (OECD 2011), circular
economy (Pearce and Turner 1990), among others. However, none of these have been successful at
transforming our economic system (Smith et al. 2010). One of the problems is that most existing
approaches are based on the largely monodisciplinary science of the 1950s, '60s and '70s, which were
not designed to address the current complex environmental problems (De Greene 1993; Gunderson
etal. 1995; Lee 1993; Meadows and Robinson 1985). In the mid-20% century, sustainability issues were
considered to be largely local, reversible, and direct; today, we know that impacts are dynamic,
interconnected and occur across broad geographical and economic scales (Daily 2000; Lambin et al.
2001). Thus, while past scientific approaches were based on mono-disciplinary ideas that neglected
system complexity (Gleick 2003; Holling and Meffe 1996; Ludwig 2001; Pahl-Wostl 1995), today it is
widely recognized that sustainability cannot be attributed to a single cause, but rather to a set of
multivariate, non-linear, cross-scale and dynamic factors (Holling et al. 1998; Dearing et al. 2011).

With the aim of addressing system complexity, scholars have started to treat social, economic,
and ecological systems within a single coupled system (Folke, 2006; Gunderson and Pritchard 2002;
Ostrom 2007 & 2009). This system is composed of people and nature, defined as a social-ecological
system (SES) (Redman et al. 2004). This shift in the mindset of researchers emphasized that humans
should be seen as a part of, and not apart from, nature (Holling et al. 1998; Redman et al. 2004). In
response, diverse frameworks have been developed to structure research into SESs (see Redman 1999;
Holling and Allen 2002; Newell et al. 2005; Ostrom 2007 & 2009; Pahl-Wostl 2009; Scholz 2011),
characterized by being complex, dynamic, adaptive, interactive, and multi-scalar (Redman et al.
2004).

Given the multiple timescales of ecological change, and the complex features of socioeconomic
dimensions (Brock and Carpenter 2007), systemic, holistic, integrative, interdisciplinary approaches,
and conceptual frameworks are needed to better understand SESs. In this regard, SES science has
much to gain from computer modelling approaches that allow for a better understanding of system
complexity, such as Agent-Based Modelling (ABM). ABM facilitates the exploration of the
interactions among autonomous and heterogenous agents through the property of emergence, by
evolving relationships among the elements that characterize systems and their diverse equilibria
(Epstein 2006). This modelling approach integrates heterogeneity, feedback loops and multi-scalar
interactions (Heckbert et al. 2010) and has been widely used in ecology —known as individual-based
modelling (IBM) (Grimm 1999; DeAngelis 2005)— and economics through Agent-Based
Computational Economics (ACE) (Farmer and Foley 2009). ABMs are helpful for studying complex
dynamics in SES, and for gaining insights that support sustainable management of natural resources
(An et al. 2014; Filatova et al. 2013; Gonzalez-Redin et al. 2018; Schulze et al. 2017).

Here we present three ABMs, one conceptual and two that are based on case-studies, developed
under a SES framework, to analyse if socioeconomic and governance factors hinder sustainable
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development in SESs. The three ABMs, initially constructed as part of a doctoral thesis —see
Gonzalez-Redin (2018) — have been published as scientific articles (see Gonzalez-Redin et al. 2018;
Gonzalez-Redin et al. 2019 (a,b)). This article summarizes the main modelling outcomes, and
provides new SES insights on the following question: what drives (un)sustainable development in
SESs?

2. Materials and Methods

The Methodology is divided into four sections. First, the conceptual framework of the research
is presented, where the SES integrated in the three ABMs is analyzed and described. Second, the
context of the research is detailed, together with a description of the study areas. Third, the overall
ABM approach is addressed. Finally, the specific ABMs are characterized and described to highlight
detailed aspects of the SES being investigated.

2.1. Modelling framework

We built an integrated framework as a basis for the ABMs to be developed. This framework is
based on the preprint doctoral thesis performed by Gonzalez-Redin (2018). The framework itself is
inspired by two well-known SES frameworks; the Social Ecological Systems Framework (SESF)
(Agrawal 2003; Ostrom 2007 & 2009), and the Ecosystem Services Framework (ESF) (Costanza et al.
1997; MEA 2005; TEEB Foundations 2010; Turner and Daily 2008).

Our integrated framework (Figure 1) includes a natural and socioeconomic system, where
ecosystem services (ESS) flow in both directions, including feedbacks and nonlinearities. ESS and
biodiversity —understanding biodiversity as the biotic element of natural capital — act as links
between the socioeconomic and natural systems. Additionally, economic-financial, and protection-
conservation forces refer, respectively, to market and economic powers (e.g., land privatization and
acquisition, bank credit lending to companies involving deforestation), and environmental
governance powers (e.g., land restoration and protection policies), that drive land-use change (LUC)
and other anthropic processes, thus affecting natural capital and its biodiversity. Consequently, these
changes affect land capacity to provide different ESS, as well as the socioeconomic context of the
system (i.e., ES beneficiaries), and the financial capital of users.

The framework is bi-directional, thus decisions from ES users also affect biodiversity and the
capacity of the natural system to deliver different ESS. Similarly, both economic-financial and
protection-conservation forces influence each other directly —as represented by the dashed-arrows
on top of Figure 1— and are also affected by the state of the SES itself —note the bi-directional arrows
coming into both forces. Also, both protection-conservation and economic-financial forces are located
inside and outside the SES boundary, since these represent inner and outer (to SESs) forces affecting
SES sustainability. Finally, the dashed-shaped overlap in the centre of the SES represents the current
disjunction between socioeconomic and natural systems, and the extent of (de)coupling between both
systems is represented by the dashed arrows to the sides of the dashed oval.
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Figure 1. Integrated conceptual framework to study the extent of (un)sustainability in social-
ecological systems. The framework consists of coupled natural and socioeconomic systems, where
economic and conservation forces affect natural capital and its biodiversity; this originates ecosystem
services trade-offs and synergies that have an implication for beneficiaries. The dashed-shaped
pointed oval in the centre represents the (de)coupling process between the socioeconomic and natural
systems.

2.2. Context and study years

Our research adopts both conceptual and empirical approaches, where two of the models are
case studies, one in Indonesia and the other in the Wet Tropics of Queensland, Australia (Figure 2).
Tropical regions are suitable examples of SESs, where the interactions between the human society
and the environment are strong, complex, and dynamic (Folke et al. 2002; Redman et al. 2004).
Furthermore, tropical SESs present a suitable context to explore those factors enhancing SES
(un)sustainability, i.e., based on a key trade-off for achieving global sustainability: food production—
climate change mitigation-biodiversity conservation (Neldner, et al. 2017; Taylor 2010). First, tropical
SESs are essential areas for feeding the growing human population (Fedoroff et al. 2010), where a
50% increase in food production will be needed by 2050 to sustain the rising food demand, in addition
to ending hunger, achieving food security, and improving nutrition (Nellemann et al. 2009, Swamy
et al. 2018; Molotoks et al. 2020). Second, there is a need to reduce emissions from deforestation and
land degradation to halt global warming (Angelsen 2008), where tropical SESs serve as an important
medium for urgent action to combat climate change (Swamy et al. 2018). Third, tropical SESs play a
key role in conserving terrestrial ecosystems and halting biodiversity loss (Swamy et al. 2018).
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Figure 2. Modelled social-ecological systems. Map of Southeast Asia (left), where the two case studies
of this research are located: Indonesia (blue) and Wet Tropics of Queensland in Australia (orange).

The above-noted trade-offs is present in both Indonesia and the Wet Tropics of Queensland
(AgriFutures 2017; ICCT 2016; Neldner et al. 2017). However, the socioeconomic and governance
contexts of these regions are almost opposing. While in Indonesia deforestation forces are stronger
than those driving forest protection —as is the case for most tropical regions in developing countries
(Hill et al. 2015)— the opposite is the case in the Wet Tropics of Queensland, where protected areas
increased by around 20% from 1999 until 2015, with a total of almost 80% of land currently protected
(DSITI, 2016; Weber et al 2021). The governments of Queensland and Australia have more funding
available for conservation as compared to Indonesia, while developing countries’ ability to focus on
environmental goals is impeded because basic living necessities have not been achieved (Omoju
2014). In fact, halting environmental pressures in developing countries may undermine growth and
competitiveness of an economy that is highly dependent upon natural resources (Omoju 2014).

In short, the almost opposing socioeconomic and governance contexts in Indonesia and the Wet
Tropics, while having the same trade-offs among climate change, biodiversity conservation and food
production, provide an interesting research opportunity to examine what socioeconomic and
governance factors drive (un)sustainability in complex SESs.

2.3. Agent-Based Modelling

ABM explores how interactions among agents generate the property of emergence, by revealing
patterns that characterize system dynamics (Epstein 2006). More specifically, ABMs simulate
interconnected autonomous and heterogeneous agents. These agents interact with each other and the
environment, with decisions and actions affecting each other and the environment as a result (Ferber
1999). The benefits of using ABM to simulate SESs can be captured in four statements (Bonabeau
2002): (i) ABM captures emergent phenomena; (ii) agents are heterogeneous, which allows the
simulation of complex and nonlinear behaviour as well as limiting agent rationality; (iii) ABM provides a
dynamical natural description of a system rather than the final output results; and (iv) ABM allows the
inclusion of social networks and physical spatial interactions, which is difficult to account for with other
modelling approaches.

The capacity of ABM to model complex SESs from the bottom-up, based on interactions among
heterogeneous actors, is essential to model our SESs. Furthermore, ABM allows for outcomes that
occur at one point in time to influence future events, an essential characteristic to model future
scenarios and a key aspect of our research. Finally, very few modelling methods offer the possibility
of creating spatially explicit and hybrid models that integrate two or more modelling techniques.
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2.4. Models’ description

Our three models —one conceptual, two case-study-based — were developed using NetLogo
(Wilensky 1999) as part of the preprint doctoral study of Gonzalez-Redin (2018). The models integrate
the conceptual framework (Figure 1) and, as such, share certain modelling processes and
characteristics. With the aim of describing the basic, and shared, framework and modelling elements
between the three models, Figure 3 shows the model interoperability. This figure analyses those
framework characteristics (top row, in bold) and modelling elements and processes (second row from
top) that are present in each of the three models (left column). The filled circle in Figure 3 means that
the corresponding framework or model element is explicitly modelled in the ABM, while the empty
circle means that it has been modelled implicitly. In other words, explicitly modelled elements are
those with specific variables, agents, input data and/or processes in the model that represent them.
Implicitly modelled elements are distinct from not being modelled at all, yet these can be inferred
from the status of other parts of the model.

The key entities in all three models are agents —representing firms, banks, speculators,
governments, and households (consumers)— and the environment —consisting of a grid of land-
covers (i.e., patches). Although agents are heterogeneous and, therefore, follow their own decision-
making processes in each model, we set a common ground for all ABMs by modelling two types of
agents: economic agents and conservation agents. Economic agents, in all models, drive resource
extraction, production and consumption processes. In particular, economic agents consist of firms,
extracting and selling resources; households, buying and consuming such resources; banks, funding
resource extraction processes through credits; and speculators, borrowing credits from banks to
purchase derivatives and speculate on what price produced goods (i.e., assets) will reach by a future

date.
SES economic-development forces protection-conservation forces (government)
- a y & and
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Figure 3. Model interoperability. Both tables show the application of the main conceptual framework
(top row, in bold) and modelling (second row) elements in each model (left column). Filled circles
refer to explicitly modelled elements, while empty circles show those implicit elements.

Economic agents possess a profit-seeking behaviour, which enhances (directly or indirectly)
continuous economic growth through agricultural expansion, regardless of the potential
environmental impacts exerted on the environment. Thus, economic agents are self-interested entities
and individuals focused on maximizing utility as a consumer, and profit as a producer, in a
competitive market setting. Our economic agents also integrate personal-irrationality, subjectivity,
and more complex decision-making processes. The latter aligns with recent criticisms with the
conception of Homo economicus (e.g., Jones 2015; Rankin 2010), which argues that considering market
actors as fully rational, self-serving individuals is an overtly simplistic and one-dimensional
proposition.

The other relevant agent type in our ABMs is the one representing conservation forces, i.e.,
conservation agents. Thus, government agents, in our models, represent those government policies
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focused on enhancing environmental benefits, e.g., land protection, degraded land restoration. The
goal of government agents is to counterbalance the negative effects exerted on the environment by
economic agents. The inclusion in the models of two opposing types of agents (economic and
conservation agents) sets a suitable context to study the extent to which power (im)balances between
economic growth and environmental sustainability enhance SES (un)sustainability.

A detailed description of the ABMs can be found both in Gonzalez-Redin (2018) —preprint
doctoral thesis— and in the following three articles, each corresponding to one of the three ABMs:
Gonzalez-Redin et al. (2018); and Gonzalez-Redin et al. 2019 (a,b).

3. Results

We present the results from the three ABMs, which simulate the dynamics of different complex
SES, each of which integrates a particular debt-based economic system driven by economic growth.
Economic growth is opposed by environmental forces, thereby enabling us to analyse which
socioeconomic and governance factors drive SES (un)sustainability.

3.1. ABM 1 (SES: conceptual): re-coupling economic growth and natural resource availability

Table 1 describes the two scenarios modelled under ABM 1: non-debt (full-reserve) and debt-
based (fractional-reserve) economic systems, the latter also including government intervention
through conservation policies for two different critical biomass stock thresholds: 25% and 50%. These
values state the maximum stock of natural resources (in per cent values) that need to be left in the
system for the government to intervene (see Gonzalez-Redin et al. (2018) for the justification on the
selection of these values). Figure 4 shows the results obtained from ABM 1.

Table 1. Description of the two scenarios modelled under ABM 1.

SCENARIO DESCRIPTION

Fractional-reserve banking The Most common form of banking practised by commercial
banks worldwide. Involves accepting deposits from
customers and making loans to borrowers while holding in
reserve an amount only equal to a fraction of the bank’s
deposit liabilities.

Full-reserve banking Also known as 100% reserve banking; banks are required to
keep the full amount of depositors” funds in cash, ready for
immediate withdrawal on demand.

3.1.1. Debt-based fractional-reserve system (no government intervention)

Under debt-based (fractional) economic systems, with no government intervention (see red curves),
firms can cover their daily expenditures, wages, and investments for technological development, due
to the high availability of natural resources and bank credits. In the processes of selling goods and
borrowing (lending) credits, both firms and banks gain profits. Households also benefit from the
consequent rise in wages implemented by firms. Overall, this process maintains continuous economic
growth, fuelled by loans that drive increasing labour productivity. The increasing level of debt, and
the tendency to borrow more when profits increase, has no apparent effect on the economy at this
point. From an environmental perspective, the increasing extraction of resources affects natural
resource stocks, thus showing decreasing values as the simulation continues.

At the same time, the rise in speculation shows that some monetary capital funding economic
growth enters the system according to speculative goals, instead of purely production-oriented goals.
This is due to the presence of speculator agents, who also borrow credits to gain future profits by
trading assets on a rising market. As credit borrowing by speculator agents occurs when prices and
GDP increase, this process starts enhancing price inflation and, as a result, further speculation. This
reinforcing cycle enhances a growing debt burden that adds no productivity value to the system.
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Figure 4. Simulation results for different indicators regarding ABM 1. Results are divided in full-
reserve (in purple) and fractional-reserve system — without government intervention (in red) and with
government intervention when the total natural resource stock is at 25% (in yellow) and 50% (in
green). Black lines within each band colour (i.e., dotted, solid and dashed) show the mean values,
whereas coloured bands represent the standard error bars included all the runs computed for each
indicator under every scenario.

Once speculation, economic growth and the debt burden indicators reach their peak, households
cannot afford to consume goods anymore. As a result, the demand for goods and firms’ monetary
capital decrease, which in turn reduces labour due to the inability of firms to pay wages. This
purchasing power loss by households enhances a deflationary process, while firms are no longer able
to fund investment in technological development for improving production efficiency. Furthermore,
price deflation reduces speculation, since the number of speculators in the system is directly
correlated with inflationary processes. Thus, most speculators go bankrupt, which reinforces further
price deflation. Because most speculators are not able to pay back debt credits to the bank, unpaid
debt stocks become the bank’s debt. This reduces the capital available for credit lending, thus creating
a domino effect affecting firms and households.
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From an environmental perspective, the reduction of resource extraction processes benefits
natural resource stocks. Eventually, the drop in prices encourages higher household demand for
goods and a period of system stability. However, because this rise is not sufficient to increase firms’
monetary capital, GDP values continue to decrease —albeit at a lower rate than under high
speculation values. The economy starts to recover slightly, and the rise in prices attracts speculator
agents again, which enhances debt stocks and further increase in prices —albeit at a lower rate than
at the beginning of the simulation. Because natural resources are almost fully depleted from the
excessive resource extraction, both firms’ income and production of goods are affected, thus reducing
the capacity of firms to repay borrowed credits back to the bank. This new context affects banks,
firms, speculator agents and households negatively. Eventually, natural resource collapse occurs,
thus creating the breakdown of the system and ending the simulation.

3.1.2. Non-debt based full-reserve system

Figure 4 also shows the results obtained under a full-reserve system (see purple curves), where
the bank is forced to keep 100% of households’ deposits available for withdrawal. The amount of
capital allocated by the bank for credit lending is not 0%, though it is nevertheless comparatively low,
since the bank still generates money for credit lending from the difference between credit interests
(gains) and deposit interests (losses).

Under this scenario, most environmental and economic indicators remain relatively stable over
time, compared to those under fractional-reserve systems. Yet, this stability is achieved at low ranges
of values regarding ‘Natural resources stock’, ‘Real GDP growth’, ‘Debt growth rate’, ‘Speculation
rate’, and “Monetary capital growth (firms, households and bank)’, as well as the rest of indicators.
Basically, the low allocation of credits (debt) by the bank for both production-oriented (through firms)
and speculative (through speculators) goals creates a system with low income and profits, yet also
with low environmental impacts. As a result, model results neither show economic nor
environmental collapses during the simulation period, since the risk of natural resource depletion, as
well as high speculation, debt, or inflation rates (which increase the probability of economic collapses)
is low.

3.1.3. Government intervention in fractional-reserve systems

The implementation of government policies under a fractional-reserve system was modelled. In our
model, conservation governance is used as a process to counterbalance the negative environmental
impacts exerted by economic activities. The policies focus on enhancing the sustainability of natural
resources only if their total stock in the system drops below two specific thresholds, i.e., 25% and 50%
(of the initial stock). Figure 4 shows that conservation policies, implemented only after ‘Natural
resources stock’ drops below 25% of its initial capacity, are not able to prevent system collapse (see
yellow short-dash curves). In particular, the small amount of natural resources left by then, as well
as the high rates of technological development and resource extraction processes, create an
unsolvable context for the government in terms of avoiding system collapse. Interestingly, GDP, after
government intervention, decreases over time at a higher rate than under fractional-reserve systems
with no government intervention. In contrast, conservation policies implemented before the system’s
total natural resource stock drops below 50% (green solid curves) are able to enhance natural resource
stability over time, with no system collapses during the simulation period.

3.2. ABM 2 (SES: Indonesia): the how, instead of the what, to achieve sustainability

Table 2 describes the four scenarios modelled under ABM 2, while Figure 5 shows the modelling
results of ABM 2. This model, which uses Indonesia as a SES case-study, shows the results concerning
two ESS: crude palm oil (CPO) production and CO2 emissions —in addition to biodiversit. The other
economic, social, and environmental indicators are included in the corresponding published article
—see Gonzalez-Redin et al. (2019a).
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Table 2. Description of the four scenarios modelled under ABM 2.

SCENARIO DESCRIPTION

Business As Usual Rising global demand for vegetable oils drives oil palm plantation expansion in Indonesia,

(BAU) which consequently enhances increasing amounts of borrowed credits from overseas banks
to finance CPO production. This process is financially beneficial for both banks and palm
oil companies, yet it incurs biodiversity loss and global warming. The Government of
Indonesia is more focused on creating jobs and reducing poverty through expanding the
area of oil palm plantations. This situation is reinforced by weak environmental
governance, as well as lack of funding allocated by international organizations for

conservation.
Reduce Funding for (international) conservation increases, thus benefiting biodiversity by
Biodiversity Loss enlarging the protected area network and restoring moderately degraded forests in
(RBL) Indonesia. Furthermore, biodiversity loss is halted by firms using credits and public

funding to cover the additional costs of creating new plantations in degraded lands and to
increase production efficiency in existing plantations.

Reduce Carbon  The government of Indonesia receives international funding to maximize above-ground

Emissions (RCE) biomass accumulation and reduce carbon emissions. Highly degraded forests are restored
due to their high potential to sequestrate carbon. The protected area network is enlarged,
yet investments are lower than in RBL since area protection benefits biodiversity
conservation more. Carbon sequestration is also enhanced by firms using credits and public
funding to create plantations in degraded lands (with low carbon stocks) and increasing
productivity in existing cultivations.

Sustainable Economically supported by international bodies and developed countries, the
Futures government’s goal is to enhance win-win contexts regarding climate change mitigation and
(SF) biodiversity conservation. Restoration of degraded land takes place in both highly and

moderately degraded lands, which benefit biodiversity and carbon conservation.
Furthermore, firms use credits and public funding to increase production efficiency in
existing cultivations and create plantations in degraded lands.

3.2.1. Business As Usual (BAU)

The first row in Figure 5 shows the results obtained under BAU. This scenario shows the highest
values for CPO production and CO2 emissions, while biodiversity outcomes show a negative trend.
This is due to protection forces in Indonesia not being sufficiently strong to halt the economic forces
driving land clearing for CPO production. Generally, oil palm firms require a continuous flow of
bank credits to expand oil palm plantations, normally into areas with high biodiversity (e.g.,
undisturbed upland forests,) and high carbon stocks (e.g., swamp forests).
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Figure 5. Simulation results for different indicators regarding ABM 2. Indicators include crude palm

oil (CPO) production (metric tons), CO2 emissions (metric tons) and biodiversity (index). RBL and
RCE scenarios are divided in four different sub-scenarios: dark green (or blue) coloured curves refer
to scenarios with strong conservation (high GB) and weak economic (low C) forces.

As a result, the number of credits borrowed and CPO production increase over time, while the
opportunity cost of not converting land into oil palm plantations continues to decrease. Concurrently,
biodiversity loss and CO2 emissions are reinforced, also due to the reduced government budget

allocated for conservation purposes.

3.2.2. Reducing Biodiversity Loss (RBL) and Carbon Emissions (RCE)

The second and third rows in Figure 5 show the results obtained for RBL and RCE scenarios,
respectively. RBL and RCE scenarios show similar trends for most indicators, which, as per SF
scenario (see below), minimize land requirements by intensifying CPO production. CPO production
shows more negative results than those under BAU, due to economic forces driving land clearing for
oil palm production being weaker than conservation forces. Under RBL, strict enforcement of forest
protection enhances the creation of new protected areas, land restoration and the creation of new
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policies that force firms to decrease the number of new plantations in areas with high biodiversity.
Biodiversity, therefore, increases, and the same context occurs for CO: emissions, where more
sustainable results are obtained under scenarios with high conservation governance values (i.e., GB
values). The main difference between RBL and RCE in terms of biodiversity and CO:2 emissions is
based on the type of forests restored: while moderately degraded forest is least favoured for
restoration under RCE, highly degraded forest is least favoured under RBL, thus enhancing higher
biodiversity values under RBL and lower CO: emissions under RCE (see Table 1).

3.2.3. Sustainable Futures (SF)

The fourth row in Figure 5 shows the results obtained under SF scenario. This is the only scenario
showing synergies between CPO production, CO:2 emissions and biodiversity, as well as relatively
positive results for the rest of the indicators (see published article). Interestingly, this is achieved
under the same credit-based economic system as the one modelled under the BAU scenario, where
the number of credits borrowed by firms increases over time. These results are obtained due to the
combination of the following factors: (i) the use of technology by firms to increase production
efficiency in existing cultivations, which significantly minimizes land requirements for CPO
production; (ii) the creation of new plantations solely in degraded lands, thus avoiding plantation
expansion into areas with high biodiversity and carbon stocks; (iii) the increase in the amount of
degraded land restored; and (iv) the increase in the number and extent of protected areas.

3.3. ABM 3 (SES: Wet Tropics): evidencing a sustainable Business As Usual scenario

Table 3 describes the three scenarios modelled under ABM 3, while Figure 6 shows the
modelling results of ABM 3. Like ABM 2, only the results concerning the two ESS —i.e., sugarcane
production and carbon sequestration— and biodiversity are presented here, while other indicators
are included in the corresponding published article —see Gonzalez-Redin et al. (2019b).

Table 3. Description of the four scenarios modelled under ABM 2.

SCENARIO DESCRIPTION
Business As Usual The number and extent of protected areas in the Wet Tropics NRM Region keep increasing
(BAU): to be able to meet conservation targets as a World heritage listing site. The total extent of

“World Heritage” semi-natural areas increases slightly following the trends from the period 1999-2015.
Production (mainly sugarcane) remains stable over time due to other regions in
Queensland (e.g., Mackay-Whitsundays) being more focused on meeting national
production demands.

Land Sparing The region continues to meet conservation targets by increasing the number and extent of
(LSP): protected areas. However, this is combined with increases in the amount of land focused on
“World Heritage agricultural (sugarcane) production, enhanced by the Queensland and Australian

and Queensland’s governments. The goal is for the Wet Tropics NRM Region to improve its contribution to

‘food bowl!’ the so-known Australian ‘food bowl” process.

region”

Land Sharing Queensland and Australian Governments lead a transition towards more multifunctional
(LSH): discourses and governance framework, where wildlife-friendly farming practices are
“Multifunctional enhanced at the expense of lower sugarcane yields. Thus, the Wet Tropics NRM Region
landscapes” follows opposite trends than in the LSP scenario, where both protected areas and sugarcane

lands decrease in exchange for semi-natural areas (above all production forestry).

3.3.1. Estimated spatial impacts

The model produces spatially explicit results (see Gonzalez-Redin et al. (2019b). The resulting
maps show the spatial distribution of land uses, and their temporal variations, over time for each of
the scenarios modelled. The full article provides a detailed explanation of the reasons and drivers
behind the specific LUC in each scenario. Likewise, the LUC trends for each scenario can also be
found in Gonzalez-Redin et al. (2019b).
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3.3.2. Estimated impacts

Figure 6 shows the empirical graphical results from the SES sustainability indicators selected for
the three scenarios modelled: BAU, LSH and LSP (see Table 2).
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Figure 6. Simulation results from ABM 3. Results are shown as the temporal variation (in net gains &
losses) of biodiversity, carbon sequestration and sugarcane production for each scenario modelled:
BAU (green), LSP (red) and LSH (blue). Both sugarcane and carbon sequestration are shown in tons
and Australian Dollars (AUD). Colour bands represent the standard error bands regarding all the
runs computed for each indicator under every scenario. The black-coloured lines show the mean
values.

Among BAU, LSH and LSP, while the first scenario shows positive trends for both biodiversity
and carbon sequestration, with steady state sugarcane production, the LSH scenario shows slightly
positive biodiversity and carbon sequestration trends with decreasing sugarcane production.
Regarding LSP, sugarcane production increases, while biodiversity remains stable and carbon
sequestration decreases slightly.
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4. Discussion

4.1. It is not the what, but the how

The SESs modelled show that the current economic system, driven by a debt-based growth
paradigm, is not environmentally sustainable. These results align with previous studies arguing that
our economic system is not capable of providing solutions to the current environmental challenges
(Keen, 2020). However, our models show that, through various structural changes, sustainable
pathways can be achieved, even under the current economic structure. The “how’ is shown to be more
relevant than the ‘what’; understanding the ‘how’ as the need to re-adapt and re-adjust system
characteristics and mechanisms to enhance sustainable development, being the ‘what’ our economic
system itself.

4.2. What factors drive (un)sustainability in social-ecological systems?

The SESs modelled reveal their susceptibility towards various factors affecting
(un)sustainability. An analysis of such mechanisms is included below:

4.2.1. Monetary debt and financial entities: avoiding the blindness of the market economy

The ABM 1 (conceptual model) shows that the current debt-driven SES creates a context where
continual economic growth becomes a necessity. Under this scenario, an ever-faster growth rate,
fuelled by increasing debt stocks, requires the use of resources and emission of pollutants.
Interestingly, Model 1 shows that the economy does not collapse due to the debt burden, or the debt-
based nature of the economic system itself. Yet, this is the outcome due to the inappropriate use that
firms and speculators make of debt. The system does not, therefore, impose a growth imperative per
se, i.e., the debt-based economic system may not be, by definition, environmentally unsustainable.
Rather, the speculative and profit-seeking behaviour of agents show a tendency to increase natural
resource unsustainability.

Similarly, ABM 2 (Indonesian case-study) shows an increase of CO2 emissions and biodiversity
loss due to the inappropriate use of bank credits by oil palm companies. Here, again, the problem is
not the “what” —i.e., the (type of) SES—, but the “how” —i.e., the role of entities and their use of
credits. More specifically, ABM 2 shows that allocating bank credits for other purposes than fuelling
deforestation could help in halting biodiversity loss and carbon emissions, while still meeting CPO
production demand targets. In this regard, increasing the production efficiency of existing oil palm
cultivations and planting oil palms on degraded land (Koh and Ghazoul, 2010) could help meet the
global CPO demand, while avoiding the release of excessive CO: and further biodiversity loss.

The problem here is that debt-dependent palm oil companies are unlikely to use credit facilities
to finance less profitable, financially riskier ‘innovative’ CPO production processes, e.g., high-
yielding oil palm genome projects, or information systems providing real-time results on palm oil
plantations. Similarly, banks are unlikely to lend credits to firms unless the credit is used to finance
processes or activities that ensure short-term profits and, thus, provide financial security for banks.
Additionally, ‘innovative’ palm oil companies (i.e., firms implementing the above-noted sustainable
strategies) would be under-cut on international markets by traditional palm oil producers from other
countries, unless there was a premium paid for their products. As a result, current traditional oil
palm cultivation takes place mainly in biologically rich areas since it provides security for banks and
higher short-term profits for firms.

Our models show that SES systems can result in a complete collapse of both natural and
economics systems due to debt burdens. However, the results show that debt-driven fractional-
reserve economic systems do not impose a growth imperative per se, i.e., the debt-based system is not
by definition unsustainable. Rather, the behaviour of entities and agents, and their environmental
decisions and relationships, show a tendency to increase natural resource unsustainability. Thus,
there is a need to shift the current speculation- and profit-based debt use to a production- and
efficiency-based one.
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4.2.2. Technological development: two sides of the same coin

Our models show that technological development is another key factor driving SES
(un)sustainability. Yet, SES collapses are not specifically driven by the net peak values reached by
technology efficiency (i.e., high technological efficiency rates), but rather by the speed (i.e., growth
rate) at which technological development takes place. For instance, Model 1 shows how technology
efficiency, under full-reserve systems —i.e., systems with low investments in technological
development— reaches a higher long-term net value compared to fractional reserve systems —i.e.,
systems with no government intervention. However, the speed of reaching this value is higher in the
latter. We argue that a slower, yet constant, increase in technological development, focused on
production efficiency rather than speculation, could help create win-win scenarios for GDP and
natural resource availability.

Overall, there is a social tendency to believe in technology as an article of faith or based on
statistically flawed extrapolations of historical trends, despite the lack of support for this proposition
(Brown et al. 2011). Economists have usually resorted to technology and innovation as a source of
ever-increasing efficiency and economic growth, regardless of the uncertainty and unpredictable
nature of technological innovation (Ritter et al. 2011). Technological progress is, in fact, a
discontinuous process, in which most significant innovations occur by “fits and starts” (Lafforgue
2008). The discontinuous nature of technology has the risk of affecting the entire economic system
and can lead to far-reaching changes in different social factors (Helpman 1998), as well as
socioeconomic collapse (Diamon 2005). Moreover, the Jevons Paradox establishes that increases in
efficiency of resource use are usually outpaced by the rate at which consumption of those resources
increases (Jevons 1865).

Conversely, it is important to note that technological development, applied to different fields,
has positive implications for SES sustainability. For instance, those implementations of technological
development focused on improving waste management (e.g., reduce, reuse, recycle) are beneficial
for the environment, among many others. Therefore, it is important to specify and analyse the
particular use of technology at the time of arguing or stating whether technological development
enhances/diminishes SES sustainability.

4.2.3. Speculation and price volatility: the need to recouple economic and natural systems

The economic and natural systems are currently decoupled: not only in terms of GDP and
environmental impacts —which is a yet-to-achieve key goal for global sustainability — but regarding
the idea that the economy needs to behave and act upon, and within, the state and condition of the
environment.

Our models show that speculation, and its effect on price volatility, is an important factor
enhancing the decoupling process between economic and natural systems. International policy
makers and non-governmental actors have become increasingly concerned that the entry of
speculators into the system might distort commodity prices by creating excess price volatility (Cox
1976; UNCTAD 2011). The fractional-reserve banking scenario in our ABM 1 creates volatile, artificial
and difficult-to-predict speculative markets. This is because monetary debt is not used by the private
sector to increase profits through increasing productivity and, thereby, benefit society (e.g., by
enhancing technological efficiency); rather, it is mainly used by speculators to increase their own
profits. As a result, prices and demand processes are rather influenced by economic (i.e., the grade of
speculation in the system) instead of environmental factors (i.e., resource availability). Thus, those
periods in our models when speculation follows positive increasing trends show weak coupling
values between the economy (represented by the GDP) and the environment (represented by natural
resource stocks), while those periods where artificial speculative markets are absent show a strong
coupling between the economy and the environment.

These results support our previously described argument that debt is not the main cause of SES
unsustainability, but rather the use that firms and speculators make of it. Our results also align with
Keen (2009), who states that money funding in the current debt-based economic system occurs
according to speculation, instead of production-oriented goals. We argue that commodity price
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changes should be linked to supply-demand processes and the availability of natural resources,
rather than speculative processes and markets, thus helping to move towards decoupling GDP and
the use and availability of natural resources.

4.2.4. Government timely interventions: the importance of tipping points and supporting long-term
views

As previously mentioned, the economy does not necessarily have to grow, or become unstable,
due to the debt burden encouraged by the monetary system; yet this is the common outcome because
of the inappropriate use that firms make of credits (Sealey, Binder and Burch 2018). In our models,
this is addressed by implementing government policies focused on enhancing natural resource
conservation and more sustainable practices by firms.

In this regard, late government intervention in our models is incapable of either enhancing a
reduction of firms' resource extraction rate or increasing resource replenishment rates. The slower
pace at which conservation policies are implemented by the government under our BAU scenarios is
not sufficient to counterbalance the negative effects exerted on resources by faster technological
development rates. Hence, a mismatch occurs between government's capacity to implement
conservation policies and the promotion of economic growth induced by firms.

This is related to the difficulty of detecting tipping points and predict environmental changes in
complex coupled SES (Dawson et al 2010). Complex systems are characterized by having multiple
scales, non-linearity and interactive dynamics that are often unpredictable (Axelrod and Michael
2001; Holling, Berkes and Folke, 1998). Institutions have the difficult task of anticipating the
complexity of SES dynamics over multiple temporal and spatial scales to avoid SES collapse, as seen,
for example, in common pool resources, such as marine fisheries (Beddington, Agnew and Clark
2007) and freshwater systems (Alaniz et al. 2019).

The mismatch between government's implementation of conservation policies and economic
growth under our BAU scenarios could be addressed through timely governmental interventions.
Such interventions could prevent market failures through environmental policies that focus on the
long-term stability and resilience of SESs. For instance, our Indonesia case-study (Model 2) shows
that market intervention through different policies could address the Indonesian smallholders’
aversion to risk, currently represented by their unwillingness to use credit facility to create new
plantations in degraded lands (Ruysschaert et al. 2011). Hence, cheaper bank financing mechanisms
(e.g., interest-free loans) offered by more secure financial entities, e.g., micro-finance institutions (see
Ruysschaert et al. 2011) could incentivize a more sustainable use of bank credits by farmers.

A balance is likely needed between government interventions and the market. The problem here
is that, as shown by our models, seeking long-term objectives under the current economic paradigm
is penalized by a system focused on short-term gains. Increased opportunities should be given to the
economic system to invest in long-term environmental goals. Using climate change as an example,
Nordhaus (2007) argues that limited and gradual government interventions in the economy are
necessary, where optimal regulation should reduce long-run growth by only a modest amount.
Stern's (2007) view is less optimistic; it calls for more extensive and immediate interventions and
argues that these interventions need to be in place permanently even though they may entail
significant economic cost. The more pessimistic answers, such as those coming from degrowth
economics (Jackson and Victor 2015; Meadows et al. 2004; Victor and Rosenbluth 2007), argue that,
essentially, all growth needs to come to an end in order to save the planet.

Our results stand between both viewpoints: responsible, partial and gradual, yet not marginal,
and strong interventions are needed to prevent the economy from collapsing.

4.2.5. Overcoming government powerlessness and unwillingness to protect the environment: the
need to combine bottom-up and top-down conservation forces

Our models show that there is a need to enhance, and integrate, both top-down and bottom-up
conservation forces to engender SES sustainability. This challenging context is currently being
achieved in the Wet Tropics of Queensland (see Model 3 results). Thus, the BAU scenario in the
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forested landscape of the Wet Tropics is helping to provide food, conserve biodiversity and sequester
atmospheric carbon.

Such results have their origin in the stronger conservation forces compared to economic, land
clearing forces. Back in the 1970s, bottom-up forces started to rise on account of an increasingly
growing public awareness about the importance of wilderness areas in this region (Burg, 2017).
Scientists, conservation groups and the society overall started to mobilise and take action against the
economic forces driving land clearing for agriculture. Eventually, this bottom-up movement was able
to influence top-down conservation processes (Burg, 2017), culminating in the listing of the Wet
Tropics rainforests on the World Heritage Register in December 1988, as well as the formation of the
Wet Tropics Management Authority. As a result, a solid and multilayer policy network —top-down
conservation force—, focused on the protection of rainforest biodiversity, was created (Weber et al.
2021).

This top-down-bottom-up initiative can be considered a remarkable example of polycentric
governance, i.e., a governance system in which multiple governing bodies interact to make and
enforce rules within a specific policy arena or location, to achieve collective action in the face of
disturbance change (Morrison et al., 2019). The Wet Tropics case shows the importance of developing
a multilayer set of rules, efficiently coordinated by different centres of authority (see Morrison et al.,
2019), that allows the protection of nature in the face of land clearing forces.

As a result, currently almost 80% of the Wet Tropics is protected (Wet Tropics Management
Authority, 2021), mainly rainforest, helping to protect biodiversity and enhance the supply of
multiple ES, such as climate regulation, air quality regulation, and cyclone protection (Alamgir et al.,
2016). The Wet Tropics case of combining both bottom-up and top-down conservation forces is
unique due to various local and regional conditions and characteristics (see next section). Poorer,
developing countries have weak environmental governance schemes, which means that they need
external financial support to strengthen their conservation governance. Governments from
developed countries need to assist developing countries through different incentive mechanisms
(Balmford et al. 2002). In this regard, international schemes, related to payment for ecosystem services
(PES) (Farley and Costanza 2010), have been offering incentives to developing countries to preserve
and enhance forests through REDD programs (Angelsen 2008). As an example, Indonesia signed a
US$1 billion deal with Norway in 2010, under the REDD framework, aimed at reducing deforestation
(Lang 2010). So far, the agreement has not made much difference to the rate of deforestation, due to
corruption, bad practices, and stronger economic forces compared to conservation (Lang 2010, 2017).
Yet, supporting these types of international agreements and schemes is key to overcoming the
political difficulty of implementing policies that, indirectly, reduce the power of influential financial
institutions that are not interested in any paradigm shift. In fact, governments from poorer countries
are forced to take account of the influence of industries and other interest groups (Abel et al. 2006),
due to the high dependency of national economies on very few corporations or monopolies.

In conclusion, there is a need to shift market-driven, capitalist forces to support environmental
conservation, for which strong bottom-up and top-down conservation forces will be needed.
Achieving sustainability largely depends on whether national and international governments are
prepared to either pay the financial and societal externality costs of those industries built upon the
current development model, or accept a comparatively smaller trade-off with agricultural land in
return for increasing SES sustainability.

4.2.6. Careful with extrapolations: considering specific factors and conditions to each social-
ecological system

Besides the rather generalist factors addressed so far, there exist particular factors, specific to
each SES, that need to be considered separately. This is, for instance, the case for the Wet Tropics of
Queensland (ABM 3). The current BAU context in the forested SES of the Wet Tropics region is
helping to reconcile biodiversity conservation, climate change mitigation and sugarcane production.
We use this case-study to highlight the importance of analysing and considering specific local and
regional factors in SES studies.
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The forested area of the Wet Tropics shows an unusual example of a tropical SES where both
economic growth and environmental conservation are achieved under the current economic system.
While most tropical regions world-wide, located in developing countries, find it challenging to
achieve this win-win scenario, the forested landscape of the Wet Tropics possesses specific local and
regional characteristics that facilitate this scenario: (1) Economic —temperate forests are around
twenty times more productive of timber than tropical forests, being the prior the main provider of
industrial wood worldwide (FAO, 2004; Sedjo and Simpson, 1999). Additionally, the banning of
logging due to the World Heritage protection in 1988 reduced the use of tropical wood for timber
production (Vanclay, 1994), making timber production from forests in the Wet Tropics an
uncompetitive economic use (Valentine and Hill, 2008) compared to other sectors, such as tourism
(Wet Tropics Management Authority, 2015). Furthermore, Australia, as a developed country, attracts
and has more access to funding for conservation programmes than any other developing countries
with tropical rainforests, which are more focused on solving poverty and social issues (Ceddia et al.,
2014; Hill et al., 2013). (2) Governance —different public governance indicators, such as corruption and
poor governance, show more positive results for Australia compared to other countries in Southeast
Asia (Sodhi et al., 2010). In fact, countries with lower values for some indicators such as corruption
control and quality public services are more likely to support or experience the spatial expansion of
agriculture through deforestation (Ceddia et al., 2014). (3) Legal —under the Australian Constitution,
the national government can over-ride the States and Territories over matters tied to international
treaties, such as the World Heritage Convention. Thus, the Australian Government can stop
environmentally unsustainable activities, such as the logging of the Wet Tropics forests. (4) social-
political —additionally, conservation of tropical forests was strengthened by politicians seeking their
own political benefit (Redfield, 1996). Timber harvesting in north Queensland had ceased since the
inscription of the region on the World Heritage List in 1988 (Vanclay, 1993); thus, the national
government took advantage of the previously described bottom-up conservation mobilisation to
make forest conservation a vote-winner nationally (Redfield, 1996). As a result, support for
conservation by politicians was a key factor to enhance SES sustainability in the Wet Tropics. (5)
Environmental-scientific —the importance of the Wet Tropics World Heritage Site from a scientific and
environmental perspective facilitates the justification and the reception of both political and financial
support for conservation. (6) Geographical —from a land-use, landscape and protected area
management perspective, Australia has no spatial conflicts with neighbouring countries. Thus, the
Queensland Government can manage the Wet Tropics without dealing with potential cross-national
or international conflicts.

In conclusion, the positive results obtained for the Wet Tropics case-study (ABM 3) are
worthwhile exploring further. This is an outstanding achievement for a tropical region; considering
that most of other areas of the tropics are characterized for having stronger economic, land clearing
forces compared to conservation, thus enhancing biodiversity loss, habitat destruction, climate
change, and other environmental issues. However, the context present in the Wet Tropics forested
landscape should not be compared, nor extrapolated, to other SESs or tropical areas worldwide. For
example, the political, cultural, environmental, and socioeconomic context in Indonesia, as shown by
our ABM 2, is completely the opposite, thus the Wet Tropics scenario cannot be implemented in
Indonesia. In fact, specific factors to the Indonesian SES could be preventing it from achieving
sustainability. First, Indonesia is the top exporter of palm oil in the world (USDA 2014), where the
contribution of the national economy is essential (Zen et al. 2005). Second, CPO production has
resulted in economic improvement of rural areas by providing jobs for local people (Hirawan 2011).
Third, the current debt-based palm oil industry is supported by both banks and the industry itself,
since it enhances a win-win economic context, where the former gain benefits from the interest on
their loans and the latter continues to increase its turnover due to the rising demand for CPO. As a
result, the current debt-based palm oil industry is supported by both banks and the industry itself.
Last, but by no means least, weak conservation governance in Indonesia does not help to
counterbalance the stronger land clearing processes, thus placing BAU economic forces at a
privileged position at the expense of conservation forces (Hill et al. 2015).
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5. Conclusions

Our three Agent-Based Models, under the framework and contexts modelled, showed that there
is a disjunction between the economic and conservation elements upon which the sustainable
development paradigm is founded. The economy does not hold inherent, internal mechanisms to
protect the natural capital on which it depends, thereby resulting in the current decoupling between
the economic and natural systems. In attempting to find solutions for such disjunction, our research
reinforces the idea that social-ecological systems are complex, dynamic, and non-linear. Hence, each
geographic context, and set of stakeholders, needs to explore their own pathway towards
sustainability. Yet, our results also showed that there are common social, economic and governance
factors to most social-ecological systems that are key drivers of (un)sustainability. Namely: the role
of financial entities and particular use of monetary debt; technological development and efficiency;
market and economic speculation; detecting tipping points and timely government interventions;
long-term priorities and views over short-term gains; and the need to integrate and consider both
top-down and bottom-up conservation forces. Our research shows that most of these factors have a
dual role, since they can both diminish or enhance sustainability in social-ecological systems upon
their own context and particular conditions. We argue that social-ecological systems, and the
embedded economic system, may not be inherently unsustainable: it is the institutions and
(polycentric) governance systems and agents’ decision-making, including their relationship with the
environment, that drives social-ecological system unsustainability. We demonstrate that it is possible
to pursue a short-term course of sustainable development that substantially minimizes trade-offs
between economic gains and environmental conservation. This will require efforts from different
societal and economic agents through the development, and acceptance, of mechanisms that can help
to shift away from the current capitalist forces towards strengthening environmental conservation.
This should be the first step toward transforming our economic-production system into one that
integrates, and fully accounts for, externalities and the value of natural capital, thus ensuring that the
human society is embedded within the wider, and more important, natural system.
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