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Abstract

At the Rio Conference in 1992, the sustainable development agenda promised a new era for natural
resource management, where the wellbeing of the human society would be enhanced through a more
sustainable use of natural resources. Several decades on, Ecgrowth continues unabated at the
expense of natural capital, as evidencechatural resource depletioppllution, biodiversityloss

and climate change. Why is this happening and what can be done about it?

This researclexplored what socieeconomic andjovernance factoraffect sustainabilityin sociat
ecological systems. Furthermore,aitalysé the role of powerelations and imbalancdsetween
economic and conservation forces with regard to sustainable development. The coigfirialition
to knowladge of this thesiss based onme conceptual and two empirical (AgéBdsed) models.
These examine, througeveralcasestudies, the potential afifferentfuture scenarios in fostering

ecosystem services synergagl bundlesn complex coupledociatecological systems.

Overall, the research showed the complex and interconnected relationship between the economy and
natural systems, and between economic and conservation forces, in couplegcatoiptal
systems. It is, therefore, necessary to use integrative, holistimgerdisciplinary approachegen
addressing sustainability issues, as well as consider the-esmmomic, cultural, political and
environmental contegtof the sociatecological systembeing analysed. The models demonstrated
that the current economgystem requires an evircreasing use of natural resourcasd that the
economy does ngirotectthe natural capital on which it depends. This is based on a disjunction of
the economic and conservation elements upon which the sustainable developradigmas
founded Several socieeconomic and governance factors appeared to be key for diminishing
sustainability in coupled sociakological systems; namely monetary debt, the type of economic and
production systems, technological development,wedk ©®nservation forcesbpth top-down and
bottomup). However results also showed alternative scenarios where these same factors could be
redirected to enhance sustainable developnBaged on thislual role it is argued that the current
economic system isot inherently ite. by definition per s@ unsustainable; rathethespecific use of
economic mechanisms arttle behaviour of economic entitieas well as theirdecisions and
relationships with regard to the environment, show a tendency to increastainzhility. Hence,

short and mediursterm sustainabilitgan be enhanced by developimgchanisms thattart shifting
capitalist forces to support environmental conservati@ne,the role of Payments for Ecosystem
Services (PES) will be essential. Enbilg longterm sustainability, however, may require a further
paradigm changeyvhere thesociceconomic systemeeds to be radaptedo integrate, and fully

account for, externalities and the value of natural capital.



Chapter 1:
Introduction

"The earth, the air, the land and the water are not an inheritance from our
forefathers but on loan from our children. So we have to handover to them at least
as it was handed over toais

I Gandhi(Indian activist, as cited in Kaushik, 2010, p.1).

1.1 Sustainable development

It is widely recognized that sustainability represents the greatest challenge for humanity
in the Anthropocene (Wu, 2013) large number of words ha been written on the
complex set ofenvironmentalproblems facing humanity, such as climate change,
biodiversity loss natural resource depletionspeciallyas compared tdhe number
devoted to serious solutigi@ostanza, 2007; UN, 201L6The debateaboutthe role
economic growth plays concerning these problem$ias been rapidly gaining
importance over the last decad&asically, the capitalist economic system is not
embedded within the wider, more important natural environmental system (Berkes and
Folke, 1998). This is becaudeetcurrent economic paradigm endures under the growth
strategy initiated by the Bank of England around 1700 (Martenso),2@here the
economic system is not constrained by the biophysical limits within whitiraha
resouce systems operat&he result is astrong positive relationship between income
per capita and demand for natural resouyredsich disconnects the economic system
from natural capita{Ward et al, 2016).As aconsequencehe future availability of
natural resources, e.g. food, water energy, minerals, as well as human wellbeing, is

critically endangered (Costanetal., 1997 World Economic Forum, 20)4

There is an obvious need for a paradigm shift if natural resourceroptien is to be
decreased while the needs of the growing human population arelfneebnomic
growth is not absolutely decoupled from environmental presstire systems that
support life on this planet are going to collapséhe near futurédSmith et al., 2010).

As a result most currentsocieties have been increasingly concerned about the



sustainable development of their economies since the wadel oil crisis of the mid
1970s (Schafer, 20145ince then, different pathways towardsmmre sustaindbe
economy have been proposed, including steady state and degrowth approaches (Daly,
1991; Jackson, 2009), green growth (OECD, 2011), circular economy (Pearce and
Turner, 190), among othersret, none of theehave been truly successful at enhancing
a more sustainable economic systgmith et al, 2010). e of the problems liem

the fact thasomeexisting policiesarebased on the science of the 1950s, '60s and '70s
(largely disciplinary)thereforetheyarenot designed to address the current problems in
natural resource management (De Greene, 1993; Gundetrsan 1995; Lee, 1993;
Meadows and Robinson; 198Back then, isueswith regard to natural resource®re
considered to be largely local, revibts, and directtoday we know that impactee
changing rapidlypotentiallyirreversibly and occur geographically (Daily, 2000) and
economically (Lambinet al, 2001) at a global scaleMoreover, past scientific
approachesvere based ormonadisciplinary ideasthat neglectegystemcomplexity
(Gleick, 2003; Holling and Meffe, 1996; Ludwig, 2001; R&tbstl, 1995) while today

it is widely recognized thainsustainable development cannot be attributeal smgle
cause, but rather ta set ofmultivariate, nodinear, crossscale and dynamic factors
(Holling et al, 1998)After all, unsustainable developmeobuld be rootedto human
failure with regard to understandiribe links between social, ecological, and economic
systems Thus, here is a need foffurther systemic, holistic integrative and
interdisciplinary approachebat allow better understanding of timerrelation between

the economy and the environméBinderet al, 2013)

In this regard, growing body of literaturés treatingsocial and ecological systerasa

single coupled and dynamically complex systeRolKe, 2006; Gunderson and
Pritchard, 2002;0strom, 2007, 20Q9 these systems areomposed of people and
nature, and defined as soeatological systems (SESRédmanet al, 2004). SES
science is attracting interdisciplinagpproacheghat explorewhich combinationof
factorslead to (un)sustainédand unproductive SEShis issue was highlighted in The
World Economic Forum (2014), arguing that the state of natural resources and their
distribution was increasingly being threatened by vardnigers and pressurem this
regard, a number of authors have studied thengxo which different combination of

sociceconomic, political, cultural, environmental, aotthervariables could be leading



to the unsustainable use of natural resources in comPER, thereby increasing
resource collapses and high costs for humafistrom, 2007)However, themultiple
timescales of ecological changad the complex features of the social and economic
dimensions make the analysis and interpretation of thesmriablesa difficult and
challenging task(Brock and Carpenter, 2007Yhus there is a need to develop
interdisciplinary, integrativempirical model®f SESthat help provide answets what
combinations of factors hinder sustainable development in such complex syBtemns
to thewide-ranging nature of exploring sustainability in compt®upledSES,and to
the multifacetedand abstractharacter of the research itself, @arerwhelmingnumber

of situatiors and contextccome into play Therefore specific researclyuestionsare
necesary as well as a cleand contextualized definition of sustainable development
and what is referred to as SEHBis research builds upon conceptual, empirical and
spatiallyexplicit computer model$o address the researeim and objectives posed
below (section B), with a special focus on interconnecting seei@blogical systems
(SES)and sustainability.

1.2 Research aim and objectives

The multiple elements of the PhD research project all aim to contribute to one broad and

straightforward, yet comjex and challenging, central research question:

What hinders sustainable development untler current capitalist economic

systemand is there a buiin bias towardsnvironmentalinsustainabity?

In order to answer this question, the following thspecific research objectives will be

undertaken:

1. To study what combinations of soegonomic and governance factors drive

SES (un)sustainability in complex SES.

2. To investigate the relationship between (monetary) debt and SES
(un)sustainabilityspecificallyto study impacts exerted by debiven speculation
and technological development and efficiency processes on SES (un)sustainability.



3. To examine the effect of economic and conservation powers (forces), and the

conflicts and power (im)balancestween them, on SES (un)sustainability.

These three research objectives form the basis of the research and methodological
approach. The following section now outlines the research strategy and methodological

approach of the thesis.

1.3 Contextualizing (social-ecological)sustainability in this thesis

The wideranging and multfaceted nature ofthis researchrequires a clear
contextualization of theustainability with regards to SEHence the objectiveis to

apply the concepbf sustainability as effectively and simply as possible, while

respecting the nature and definition of the teBustainability is known for its three

opill arsé, or the O6triple bottom | ifned (Ho!
economic development (econompaillar), social development (social pillar) and
environmental protection (environmental pillare enhanced in a balanced wAy the

same time, 8st ai nabl e devel opment, as defined i
Common Futurebo, B r BmurdittahdaCommisSiqnl@8i), efers o n (

t h Pevdiopment that meets the needs of the present without compromising the ability

of future generations to meet their own needs."

By combining both approaches, a sustainable SES can be consider#tht is driven

by sustainable development, where the latter refers teo@ally inclusive and
environmentally sustainable economic growBachs 2015).In particular,this thesis

focuseson the economic and environmental dimensiohsustainability that is, on

exploringto what extentan environmentally sustainabé&onomicgrowth is possible

under the current systeof economic growthThe reason for selecting the economic
environmental intersectiors twofold: first, he concept pwhichdislee cou p | i
main interest in this thesiG@nalysed in Chapter 2)s principally focused orthe

disjunction betweeerconomic growth and environmental pressures (Setitt, 2010).

According to the OECD (2002), the terddecouplin@ refers to breaking thdink

between the growth in environmental pressure associated with creating economic goods



and services. Thus, although the sodiahension(e.g. poverty, wellbeing, inequality)

will always beindirectly affected due to thimterconnectedness of the thneidlars of
sustainability this thesis focuses on the economic and environmental sustainability of
SES ( her e aSES$ sustainabdity YSecdnd, docusing omhe economic and
environmental pillarsallows the use ofprofit- and ecologybasedindicators (e.g.
monetary capital, natural resource stodksjjuantitatively track decoupling scenarios
these arsormally easier to analysand obtain data fronrcompared to the generally

more subjectivsocial development indicators, e.g. wedling social inequality

Due to the SES focus of this research, sustainability ¢cenomieenvironmental
sustainability needs to be applieashder a SES perspectivin this regardthe United

Nations General Assembly proposed, in 205 jnterrelatedSustainable Development
Goals (SDGsunder the2030 Agenda for Sustainable Developm@dN, 2016).The

SDGs covernall sectors of society and all aspects of sustainability, including poverty,
hunger, health, education, climate change, gender equality,, vgatatation, energy,
environment and justicelnterestingly, the SDGs report provides one SBSed
approach focused on integrating ecosystem services (ES) into strategies for enhancing
economic growth while protecting the environment (Waddal, 2017).ES are the
benefits that huenkind obtains from natumirectly and indirectly, usually categorised

into provisioning, regulating, supporting and cultwatvicesMEA, 2005). The SDG

report argues that there is a need to create policies and strabegieshance synergies

of ES in order to support environmentally sustainable economic growith Z016).

Thus, his thesiswill use this ESased approach focuson a key nexuor achieving
economic and environmental sustainability highlighted the SDG report: the
relationship between climate change (SDG:13 6 C| i ma)t feod praduction n 6
(SDG2% 6 Z e r o anH biotigeesity&onservation (SDG*15 6 Li f e)(s®en Land®o

'"fTake urgent action to combat climate change and it
AWEnd hunger, achieve food security and improved nut
*fSustainably manage forests, combat desertificati ol

| 0osso.



CBD, FAO, UN Environment, UNDP, 2018) Becausethe selected SDGsre
underpnned by the delivery of one or more E®oodet al, 2017) it is necessary to

first understandhe relationship between the three SDGs, as wellldsh ES could

help achieving theselected SDGsFirst, biodiversityconservation(i.e. SDG 15) is
established as a kgyocessfor the achievement of food securig@DG 2, since all

food systems depend on biodiversity to support productivity, soil fertility, water quality,
and other ES (Gordon, Squires and Prins,620At the same time, one ofdhbiggest
threats to biodiversity is habitat loss resulting from land clearing for pastoral and/or
agricultural activities related to food production & 2005). On the other hanthe

SDG report highlights climate chang&G 13) as one of the main drive of
biodiversity los{SDG 15) as well as th@nportance otonservingoiodiversityto help
redugng the risks and damages associated with negative impacts of climate change.
Finally, the food productiomtlimate change relationship is discussed in tB& Seport
aroundthe potential impactthat climate changdason food productionForteret al.,

2014, as well as the importance of sustainable food and agricultural systems to help

mitigate and adapt to climate change, such as organic agriculture (Mtkér 2017).

In short, he SDG report highlightshe interconnectedness of these three aspects of
sustainability(biodiversity conservation, food production, climate change mitigation)
and the need to enhance wivin-win strategiesto achieve an environmentally
sustainable economic growth. Based on tthinale this thesis usehe nexudetween
climate change mitigatidiood productioinbiodiversity conservation as a key driver of
SES (uwn)sustainability. Thus, a sustainable scenarian this thesis, or6 SE S
S u st ai nsaréfarrédi tdorye Gshowingwin-win-win outcomesamong biodiversity
and those ES related to climate change and food produdtioparticular,different
specificES indicatorsare considerefbr eachof the three sustainability elements (i.e.
SDGs). These arecarbon sequestration (Chapter 5) and reduction on carbon emissions
(Chapter 4)regarding climate change mitigatigncrude palm oil (Chapter 4) and

sugarcane production (Chapter 5)regarding food production and biodiversity

* Similar to the previously mentioned social pillar, the interrelated nature of the SDGs will also make this
thesis to (indirectly) address othgocially-oriented SDGs. However, the latter will not be analysed and
discussed throughout the thesis.



conservatiori e.g.the number of plargpecies (Chapters 4 and.5ectionsl.5 and 16
in this chapterprovide adetailed description fothe research strategy, structure and

methodologial approactof each chapter.

The next section discusses the importance of addressing the climate change niitigation
food productioinbiodiversity conservation nexus in the spectiipe casestudy areas

selected.

1.4 Research context and casstudy areas

The research adopts both concep(@iapter 3)and empirical casstudy (Chapters 4
and 5)approachs (see section 1.6) This sectionanalysesthe rationale behindhe
particulartype of casestudy areaselectedo explore (un)sustainability, ggeviousy
defined in complex SESThus, hese casstudies will beusedto address thepecific
research aim and objectives posed in secti@nNote that further detaileshformation

on each individuatasestudy is included in the corresponding chapter

This thesis selectedrdpical regionsas complexcoupled SES Tropical areas are
characterized for being coupled humaatural systems where the interactions between

the human society and the environment are strong, complex and dyifratkieet al.,
2002;Redmaret al, 2004) Tropical SESaredifferent from other SE®ecause othe

higher degree of risk and uncertainty associated with natural resources extraction, the
dynamic nature of human resources, and often unclear tenure {Eedteet al,

2015). In particular, most tropical regions are characterized for presenting a key trade

off for global sustainabilityywhich representthe historic conflict between the economy

and environmentthat is addressed in this thesis i . e . t heveBuwevel opr
protectiondo di c ho.tThigrepnfli¢t id aasdds écononmc, forcgésd 9 5 )

driving (environmentally unsustainable) growth througihd clearing and deforestation

®> Note that the model presented in Chapter 3 is a conceptual model, while the models presented in
Chapters 4 and 5 are empirical (all described in @estil.5 and 1.6). While the empirical models

integrate the ES and biodiversity indicators selected, no specific ES and biodiversity indicators are
simulated in Chapter 3. The latter chapter rather analyses the dynamics of a conceptual natural resource,
whe e OSES sustainabi | i-wiydsulissegasioghriataral eedourde bstoaksuappdh  wi n
other economic indicators.



i directly opposingenvironmental forcesi driving land conservation through, for
example, restoration and protection (Hgét al, 2015 Malhi et al, 2014. This
conflicting scenario affects multiple SDGs, including those representing SES
sustainability in this research, aptbvides a suitablecontextto addressa key research
objectve of this thesisbased oraddressinghe current decoupling between economic

growth and environmental pressures
Furthermore,leinterest orstudying theSES sustainabilitgf tropical SESs twofold:

(1) Tropical regions lie at the interchangieSESsustainabilityas defined in this thesis
(see previous sectioyy i.e. achieving wirwin-win scenarios with regards to food
production climate change mitigatidtiodiversity conservation.First, improving
agricultural productivity inthe tropics will be critical foffeedingthe growing human
population (Fedorofet al, 2010) where a 50% increase in food production will be
needed by 2050 to sustain the rising food demand (Nellemtaah 2009), as well as
ending hunger, achievingdd security, improving nutrition and promoting sustainable
agricultural practices (Swanst al, 2018) Second, there is a need to reduce emissions
from tropical deforestation and degradation to halt global warming (Angelsen, 2008).
Tropical foreststhereforg serve as an important medium for urgent action to combat
climate change and its impacts (Swaetyal, 2018). Third, the sustainable use of
tropical forests plays a key role in conserving terrestrial ecosystems, as well as halting
and reversing biadersity loss (Swamyt al, 2018). landusechange (LUC), driven

by the expansion and intensification of agriculture and plantations (Eblkaly 2005),

is the main cause of biodiversity and H&ss in tropicalregions which areone of the
biologically richest ecosystems in the worftlarrisonet al, 2014; Molotokset al,
2017).In short,tropical areas provide a research opportunity to study the aluied

ES and biodiversity tradeffs, whicharea key aspect to achieve global sustainability as

previously discussed (segN, 2016).

(2) Although the SDGsre globally important and applicable to every country, they are
especially relevarfor tropical countries§wamyet al, 2018. Developing countrieare
generally located ithe tropics which face most of the sustainability issiredudedin
the SDG report. Thusexploring pathways to achieve environmentally sustainable

economic growth is especially relevant in these areas.



Among tropicalareas Indonesia and the Wet Tropicd Queensland, Australiare
selected as cas#tudy areas for this thegisee Figurel.1). In particular, loth areasare

focal points forachieving global sustainability, and above all with regardSES
sustainabilityas defined in this thesise.food productioiiclimate change mitigatian
biodiversity conservatianin regard tolndonesia, this country habe highest plant
species richness in the world (I CCT, 2016),
palm oil withan objective of near doulslg the area for oil palm cultivatioinom 2015

to 2020 (UNDP, 2015) . Further more, I ndonesi
greenhouse gas$sHG) emitting countries, above all from LUC (e.g. deforestafimm

palm oil productioh Thus, the Government of Indoneskiet the goal in 2011,to
reduce emissions by 2020 to 26% below 2011 values (Pakseda2016).The extent

to which the government will be able to achieve tliesseopposing goals for 2028nd
further (Republic of Indonaa, 2016)is a relevantquestionregarding theconflicting
SDGsand to achieve global sustainabilityimilarly, the Wet Tropic®of Australiais

one of the most biologically diverse areas in the world, with forests embracing 35
international global biodivsity hotspots, and the only region in the world to include
two adjacenWorld Heritage Aredighe Wet Tropics World Heritage Area and the Great
Barrier Reef. At the same time, tHi®logical richness is threatened by the expansion

of swgarcane plantationsvhich is a key rural industry in AustralfAgriFutures, 207).

Thus, land clearing and deforestation is still a main cause of biodiversity loss and GHG
emissions in the Nortkast of Queensland and Australia ovefiibldneret al, 2017.
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Figﬁre 1.1 Global geographic location of tropical regiofdark greenpand casestudy areagred)Source

author

Both Indonesia and the Wet Tropics of Queensland present, therefore, a very similar
tradeoff regarding food production, biodiversity conservation and climate change
mitigation. However, the maimterest in selectinghem as tropical SEScasestudies

lies on theirdifferentsociceconomic¢ governancand political contextsThus,the same
tradeoff is beingmanaged unddwo different scenarios opposing in some aspedts

that represent different soesxonomic realities This situation provides a research
opportunity to studywhat specific sociceconomic and governandectors in each
country are key driversof similar synergies and tradaffs among food production,
climate change mitigation and biodiversity conservaiiowhich is the first resealnc

objective of this thesis (see sectiof)1.

One of the main differences between Indsia and the Wet Tropics lies those
economic forces driving forest clearance faagricultural production While, in
Indonesia deforestation forceare stronger than those driving forest proteciias is
the case for most regions in tropical developing countries @dilal, 2015)7 the
opposite is the case in the Wet Tropics of Australtaereprotected areascreasedy
around 20 percent from 29 until 2015 with a totalof 50 percent of lan@urrently
protected(DSITI, 2016) An obviousdifferentiating element between both regions is

relatedto economisi where the governments of Queensland and Australia have more
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funding available for conservah compared to those from developing countries (e.g.
Indonesia) This creates context werewealthy dveloped countriesan allocate more
capitalto environmental conservati@nd, toa certain degree, ptect the environment

from the ough edges of thenarket economyDeveloped countries have achieved
substantial economic growth and development, therethey areable to afford to

focus on environmental goals because basic living necessities have been achieved
(Omoju, 2014). This is not the case fovd®ping countries, such as Indonesia, where
halting environmental pressures may undermine economic growth and competitiveness,

whose economies depend on natural resources (Omoju, 2014).

Besides this,iere are othefess obviousaspects that reinfordbe presence of stronger
economic forcesdriving agricultural productionthan protection in Indonesiaas
compared to the Wet TropicA. key economic factoin this regard is monetary debt
whose relationship with regards to environmental sustainability is analysed in this thesis
(see research objectives, sectia?).1There is a high dependency of Indonesian palm oil
companies on external funding through credit facilities from overseds lfgorest and
Finance, 2016). This additional capital is usedinance palm oil productiorhtough
land clearing andleforestation which in turn increases biodiversity loss a@#G
emissions(Fitzherbertet al, 2008 Koh and Wilcove, 2008Pearsonet al, 2017.
Therefore, lis scenarioprovides a suitable contex¢ study the debsustainability
relationshipin Indonesia (explained igection 1.6)The Wet Tropics, on the other hand,
is characterized for having strongly institutionalizedvironmental conservation
including biodiversity and climate change mitigatiosupported bymulti-layered and
committedconservation governance, as welldi$erent social actorand entitiegHill

et al, 2010, 201Bc). This isan atypical situation for a tropical region, considering that
tropical arease.g. Indonesiawhich are generally located in developing countries, are
characterized fohaving weak governance, corruptiomnd other issues enhancing
environmental unsustainabilitfHill et al, 2015, OECD, 2016. Regardless of the
strong conservation force present in the Wet Tropics, this régiogether with theest

of northreast of Queensland (Australig)s still facing thepreviously described trade
offs betweenland clearing for food production, biodivégsconservation and climate
change mitigation(Neldner,et al, 2017; Species Technical Committee and Laidlaw,
2017; Taylor, 201)) i.e. SES (urgustainability in this thesis.


http://www.sciencedirect.com/science/article/pii/S0308521X16307739#bb0145
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In short, tke different contextsof Indonesia and the Wet Tropics of Queensland,
Australia,combined with the presence of the same, or very similar,-oHdanong ES
and biodiversityin both regions providesa research opportunity tocontribute new
insights with regards tahat causeSES (un)sustainability in complex SEBhe overall
aim of the research in these chaptessthereforeto examine whatombination of

factors may be hinderingustainable development under the current economic system.

1.5 Research strategy and methodologicapproach

The concept of SES sustainability atfie casestudy areas introduced above highlight
the complexity of the area within which this research is positioned. This research
recognises the growing debate within both policy and academic discoursesfoe a
integrated, holistic, interdisciplima and crossscale approach tsustainability and
sustainable developmefinderet al, 2013) At the same time, however, it recognises
the need to link the generally broad and theoretical approachescaomomie
environmental decoupling issues with more specific, empirical and spabadlicit
approachesthat use SESand ESbased approache® address ESradeoffs and
bundlesin complex SESFor this aim, novel methods aframeworksare needed that
are able to balancand integratetheory and practice across different disciplines, as
well aslink top-downwith bottomup modellingperspectives. This section will outline

the overall strategy and general methodology adopted for this research.

The oveall PhD research strategy was divided in three separated sjag@sceptual and
theorydeveloping stage(Chapter 2) ii) exploratory quantitative modelling stage
(Chapters 3®); iii) results inegration and discussion sta¢@@hapters &7). Figure 1.2

shows the links among the thesis research aims (for each chapter) and the particular

methods and approaches used to address each of them.



Research aims Method / technique

Chapter 2. Analysis and presentation
of literature review, conceptual
framework and general methodology

Chapter 3. Conceptual model / Agent-Based Modelling

exploring the role of debt in 14
decoupling economic growth from
natural resource availability

Literature review

N

Bayesian Belief Networks

Chapter 4. Empirical model
exploring the impact of debt-driven /

production systems on SES =
sustainability, using Indonesia as a /
/

LA

case-study / > 4 k Geograpsl;i;:t:el:'f:;rmation
Chapter 5. Empirical model exploring % -

the impact of economic-conservation | | i
conflictson SES sustainability, using . / | External dataset gathering
the Wet Tropics as a case-study /

Chapters 6-7. Integration of the

results, discussion, lessons learnt, Expert knowledge
thesis contributions and further

research

Figure 1.2 Research strategy and methodological approach of the thesis. Arrows represent the links
between thepecific method/technique used for within each chapter and researc®aoairoe author.

The thesisbeginswith the review of existing literature from a number of disciplinary
perspectives related to sustainable developm@ee Chapter 2) The thesis is
interdisciplinary, thus incorporating elements frdisciplines such asociatecological
systems science, ecological macroeconomics, and ecosystem services and conservation,
which in turn have their foundations in (ecological) economics and sustainabigtyce
more generally. The literatureview served as a theoretical foundation for selecting the
research objectivegsee previous section as well as for building the conceptual
frameworkpresented in Chapter Zhe frameworkwas greatly influenced@ndintegrates
elements fromtwo well-known frameworksi Social Ecological Systems Framework
(SES) (Ostrom 2007, 200%nd Ecosystem Services Framework (ESF)stanzeet al.,
1997; Ehrlichet al, 2012; MA, 2005; TEEB Foundations, 2010; Turner Bady, 2008.

The SESF provide rather general, theoreticalonceptual,approach to integrat¢éhe
interconnectioa and dynamics between soe&donomic and ecological systenas, well

asamongpotentialkey actors and entitiedriving SES (un)sustainabilitygovernments,
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banks,firms, households In contrast, the ESF providavith the empirical basifor the
frameworkand for developing the modela a lower and more specifievel. This was

doneby integrating and modelling the salledES cascade concept (Hainésung and

Potschin, 2010), which linkES providers ancES beneficiariesT he r esul ti ng Op
forms the congatual framework of this thesisl¢scribed in detail in Chapte) @sed to

examine what factors and actors are key drivers of SES (un)sustainability in complex
SES.

The conceptual and theory building stage was then followed by the core stage of the
thesis, based douilding one theoreticalChapter 3andtwo empirical(Chapters 4 and 5)
models under theonceptualframeworkin Chapter 2 The objective of thecomputer
modelswas to answerthrough different casstudies,the research questiommsedin
section 12. Based on the research objectives of this thesis and the characteristics of
complex SES 17 comprising multiple scalesfeedbacks, stochastic and ramear
processe$ AgentBased ModellingABM) was selected as the modelling approach of
this researchABMs have been widely usedot only inrelevant areas for this research,
such asecology (Grimm, 1999) and economics (Farraed Foley, 2009;Tesfatsion and
Judd, 2006)but also inmany otherdiverse fieldse.g.sociology (Gilbert and Troitzsch,
2005), geogaphy (Brown & Robinson, 200political sciences (Epstein, 2002; Kollman
and Page, 2006Y.he three model§Chapters &) shae the sameconceptual framework
andmodelling techniqueyet eachmodelwas adapted to the particular context of the SES
studied This involved the use daépecific informationand datafrom the literaturgexpert
knowledge and the integration afthermodelling techniquem additionto ABM, such as
Geographic Information Systems (GIS) or Bayesian Belief Networks (BBN). Ovésll, t
main objectiveof the exploratory quantitative modellireiepswas to elicit broadand
simultaneously irdepth information onSES sustainabilityand the factors driving it, for

the casestudies selected

The third stage was based on analysingiatefrating the results derived from the three
models (Chapter6). The objective of this stage was #fad; namely to (i) provide
answers for each specific castedy, and (ii) to link and integrate all the results together

in order to provide an overall answer to the resealgéctives of this thesiinally, the
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results analysis and discussion served as

propose future research pathways relevant to this research project.

1.6 Thesis structure

This chapter began by outlining the conceptual underpinnings of the #melentifying

the challengeswithin sustainable development. This was then followed by a
contextualization of the concepts of sustainability and sustainable development in this
thesis, as well as an introduction to the estsely areas and the rationale behtheir
selection.Next, the research objectives of the research were presented, followed by the

research strategy and methodological approach, and finally the thesis structure.

Chapter 2 analyses thigerature reviewed presents the conceptual framewakd
describes thegeneral methodologyf the thesis Afterwards, the thesis results are
presentedn threedifferent bu relatedchapters (Chapters® 1 each of thenpresenting

its ownspecificintroduction,method, results and discussigctions Theresults chapters

are followed bya general discussiochapter(Chapter 6that integrateshe thesis results
analyses theaesearchobjectives addressedand explains the thesis contributions to
literature, as well as further resear¢hnally, Chapter 7presentsthe epilogue of the
thesis, includinga brief analysis and future pathways with regard to the concept of

sustainable development, followed bijreal reflection

Figurel.3 shows the PhD thesis outline and thesis structure.
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PhD Thesis Structure

Chapter 1: Introduction

Chapter 2: Exploring sustainability in complex social-ecological systems: A multidisciplinary Agent-Based Modelling approach

tal dimension <€———> Socio-¢

Chapter 3: It's not the “‘What’, but the ‘How': Exploring the role of debt in decoupling
economic growth from natural resource availability

v
Chapter 4: Exploring sustainable development pathways in debt-based economies:
The case for palm oil production in Indonesia

A J
Chapter 5: Sustainable futures in tropical landscapes: A case-study in the Wet Tropics

Chapter 6: Sustainable development: Why is it not delivering on its promises?

Chapter 7: Epilogue

Figure 1.3: Structure of

the thesis and relationships
between chapters

Source author



17

More specifically, each chaptarcludesand s structuregdas follows:

Chapter 2 provides the theoretical and modelling basistieé thesis in addition to
presenting the conceptual framewolirst, the historical context andcademic literature
on sustainable development, economic growghpnomieenvironmental(de)coupling,
externalities and key actorsand entitieswith regards toun)sustainable developmeist
presented(section 2.2 This is followed by a descriptiprand backgroundpf the
conceptubframework used in this thesis (section 2.3).Findliye main methodological
approach selectddABM 1 is analysedsection 2.4)Note that other additional modelling
techniques used are specified in the corresponding chaptdBgyesian Belief Networks

and Geographic Information Syster@hapter 5).

Chapter 3 is the first of the substantive results chapters apglies the conceptual
frameworkpresented in Chapter. & presents a conceptual ABM focused on exploring
whether there is a builb bias in the curreneconomic systentowards unsustainable
natural resource useThe model which includes interactions tveeen banks, firms,
households and governmenits, built by integrating an environmental system into an
ABM representation of Steve KeemMleshaper 00 9,
aims to identify which socioeconomic and governance factdesad to decoupling
scenarios between economic growth amvironmental pressuraa complex coupled
SES; gpecial attention is given to the relationship between debt and environmental
sustainability. The factorsdriving SES (un)sustainability in this modaie explored, as

well as broader issues around the role of cfiedsed economic systerand governments

with regards tsustainable development

Chapter 4 presents an empirical application of the conceptual ABM from Chapter 3

using Indonesia as a castidy. It explores the impacten SES sustainability othe
currentdebtgr owt h cycl e i n | ndo n-é@rigen produceriofepalwor | d o6
oil. In particular, he ABM is built upon empirical datand expert knowledgeand it

analyseghe impact on SES sustainability of different scena(@®172050)considering
differentpowerrelations and conflicts among econorfocces (land clearing for palm oil
production)and conservation forces. The impacts of such interactions are analysed over
three main (interrelated) indicators for SES sustainability: food production (palm oil),

climate change mitigation (carbon emissions) and biodiversity conservation. This chapter
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highlights important socieconomic and governance factors with regards to
(un)sustainable development in Indonesia. The chapter gisavides further
understandingf how key global macroeconomic issues (i.e. delrg entangled with
environmental shifts at national scales. Finally, the chagtaws out important
sustainabilitylessons for developing countrigbat arehighly dependent on debtsed

production systems.

Chapter 5 explores the impacts @ESsustainability of economic and conservation force
dynamics(similar to Chapter 4)yet, this is done under a completely different contiext.
particular, @ empirical and spatialkgxplicit ABM is presentedvhich uses the Wet
Tropics of Queensland, Australia, as a estsgly. Here, a lanesharing (LSH) versus
land-sparing (LSP) approhcis used, suitable for this castidy due to the particular
geographic and spatial context of the Wet Tropics region. Furthermore, other modelling
techniques are integrated within the ABM, namely BBNs and GIS, together with expert
opinion and empirical @a. The model examines the impact of econesnitservation

force interactions on the same key nexus for SES sustainability: food production
(sugarcane), climate change mitigation (carbon sequestration) and biodiversity
conservation. The results are usedekplore which combination of soegzonomic and
governance factors drive SES (un)sustainability in the Wet Troplws.chapter is also
used to propose potential pathways tbatild help limit the expansion of agricultural

intensification while improvingustainability in tropical SES.

Chapter 6 discusses the lessons learnt in the resiitptersi Chapters &. First, the

ABMs built are integratedinder a single ontology (section 6.1); it explains and justifies

the relationships among model elements and processes, which were all constructed under

the same conceptual framewdgresented in Chapter) 2nd modelling techniquérhe

next section (seain 6.2) integrates theesults andconclusions from the results chapters

and builds upon the results obtained to discuss sustainable development from the

Vi ewpoint o f the need for a Oboundedd6 ecc
externalities into e economic systenmAfterwards, section 6.3 presents the model and
theoretical contributions of the theses well as potential further researdte final

section(section 6.4summarizes the conclusions of the thesis
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Chapter 7 presents the epilogue of the thesidheresection 71 outlines theneed of a
renewal of the concept of sustainable developmandl section 72 showssome final

reflections on the research perfornget! topic addressed as part of thissis
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Chapter 2.

Exploring sustainability in complex sociat
ecological systems: A multidisciplinary Agent
Based Modelling approach

"After one | ook at this planetwantoBeg Vi Si t
t he manager o

I William S. BurroughgAmerican writer 19141997

This chapter presents the literature review, conceptual framework and modelling
approach of this thesis. Prior to developing the specific conceptual framework for this
thesis, a review of the existing frameworks, theories anthphers with regard to
sustainable development was performed. Furthermore, literature was reviewed on the
different aspects covered by the thesis, including mainstream economics, ecological
economics, sociacological systems, environmental governancenservation,
ecosystem services, computer modelling. The modelling approach selected is Agent
Based Modelling (ABM), used in each of the results chapters (i.e. Chapters 3, 4 and 5).
New insights are provided as modelling outcomes from each of these chatiefs

are ultimately synthesized in the discusstbapter (Chapter 6).

This chapter is organized as follows: first, a historic approach to the concept of
sustainable development is described, followed by an analysis of the current economic
paradigm andthe disconnection between the economic system and natii® is

followed by a description of the 4onown fimar ket failureso (or
role of key system actors (governments, financial institutions, corporations)s

regard Second, ahistoric review of the way in which socigleconomic) and
environmental sciences have changed their approach to addressing sustainability issues
over the last decades is presented. Finally, the conceptual framework of this thesis is
presented, followed bwn analysis of the modelling approach used throughout the
Thesis.
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2.1 Sustainable development: A histori@pproach

2.1.1 The concepts of sustainability and sustainable development

Since the word Asustainablmeaningstfibappakbl ¢
Afdefensi bl ed (Onl i ne TiBHene has beengsignbicamt thangen ar vy ,

i n its meaning. Ma ny c SlensSprhgpublidReddnhi@6l, Car s o
as the turning point in our understanding of the interconnections among the
environment, the economy and social wWading (Carson, 1962). However, it was from

the 1970s onward when the popularity of the term sustainability increased rapidly, due

to rising cacerns with population growth, resource consumption and depletion (e.qg.

wood, coal, oil), and the widespread deterioration of ecological conditions across the

globe (Du Pisani, 2006). One of the first official uses of the term sustainable in the

contemporay sense was by the Club of Rome in 19
to Growt ho, written by a group of scienti
(Meadowset al, 1972).Currently,su st ai nabi |l ity i s known for i

Ot ritptl@mbloi ned (whiahlisc&m apprgach 292d1t8 define the complete
sustainability problem. This consists of at least the economic, social, and environmental
pillars, where the weakness in any one pillar makes the system as a whole

unsustainable.

In 1980, the International Union for the Conservation of Nature published a world
conservation strategy that included one of the first referencessustainable
developmeriias a global priority (IUCN, 1980)wo years laterthe United Nations

World Charter for Nature raised five principles @inservation by whicleconomic

developnent affecting nature is to be guided and judged (UN, 198BRgse reports

enhanced a shiftih he di scour se & rdosu sd saliesvtaabilomanve nl ti &
consisting on a more realistic approach that applied the abstract concept of sustainability

to the current development paradigm. As a reshi, key milestone of sustainable

devel opment appeared in 1987, dssioniomg t he
Environment and Developmerit Ou r C o mmo n Brurdiland Camdnissign

1987). Here, sustainable development was defined as a:
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"Development that meets the needs of the present without compromising the ability of

future generations to meet theiwn needs."

The Brundtland Report moved the concept of sustainable development beyond the
initial sustainabilityframework to focus more on the goal of socially inclusive and
environmentally sustainableeconomic growth Sachs, 2015). Thus, wsstainable
development, as defined in 1987, proposed a new path for the society, an inrexvative
promising ideafocused on balancinggconomic developmentvith the social and
environmental pillarsAs a resultyarious reportand conferences took place during the
following yearshighlighting the importanceof achieving sustainable development.
Thus, h 1992, the United Nations Conference on Environment and Development
(UNCED), also known as the Rio de Janeiro Earth Sundeitelopedhe Agenda 21
(UNCED, 1992). Tenyears later, in 2002, the World Summit on Sustainable
Development (WSSD) (i.e. Johannesburg Summit) took place, followed by the creation
of the Millennium Ecosystem Assessment (MA) during the period -20056 (MA,

2005) Finally, in 2015, #&er the2012 United Nations Conference on Sustainable
Developmentn Rio (commonly called Rio+20 or Rio Earth Sumi2i12), the United
Nations General Assembly formally adopted tB630 Agenda for Sustainable
Development This agenda wadased on lihterrelated Sustainable Development
Goals(SDGs) to be implementednd achieved in every country from the year 2016 to
2030 (WN, 2016)

Although therehas alwgs beensome dissatisfaction with the definition of sustainable
development from the Brundtland Report (for example, see Fuentes, 1993; Jatnston

al., 2007; Levin, 1993), this concebas become remarkably popul@urrently, more

than one hundredvariaions of the concepts of sustainability and sustainable
developmentexist (Marshall and Toffel, 2005gcross different political, industrial,

societal and academic domaifi$ie problem is that, due to p®pularity, the meaning

of the concept has becomeuztier; its malleable nature, whichstresses the
interconnection of O6everythingo, has made i
and has become an attractive term for special interest groups (@atds 2005).

Similarly, its proliferation has caused it to be frequently employed as a vague gesture to

the need for environmental conservation in the context of prioritizing economic growth


https://en.wikipedia.org/wiki/United_Nations_Conference_on_Sustainable_Development
https://en.wikipedia.org/wiki/United_Nations_Conference_on_Sustainable_Development
https://en.wikipedia.org/wiki/United_Nations_Conference_on_Sustainable_Development
https://sustainabledevelopment.un.org/sdgs
https://sustainabledevelopment.un.org/sdgs
https://sustainabledevelopment.un.org/sdgs
https://en.wikipedia.org/wiki/Sustainable_Development_Goals
https://en.wikipedia.org/wiki/Sustainable_Development_Goals
https://en.wikipedia.org/wiki/Sustainable_Development_Goals

23

(Wu, 2013). Although such vulnerability and blurring of the concept pravably
unavoidablethere is a need to turn the SDGs into effective governance and policies
throughout the globe. For that purpose, we need to take advantage of the powerful
following that the concept has gained over the past two decades. If it recovered its
original meaningrom 1987 it could become a guiding force for governments, firms,

society and noigovernmental organizations.

2.1.2 Evolution of the current economic paradigm

In order to address any sustainability problem, including the SDGs, it is necessary to
first understand the historic context and nature of the currentnfise&et capitalist,

neoliberal economy, as well as the incapability of the current economic system to
enhance environmental sustainability and provide public environmental (next section)

andsoch goods (6mar ket failureso)

The current monetary system, initiated by the Bank of England around 1700 under an
exponential growth paradigm (Martenson, @)iwas designed and implemented at a

ti me when the earthos r es omasdaithas ppstuatede d | I mi
t hat the human popul ationdés geometric grow
the earth at some point in the future (Malthus, 1798); that is, the exponential growth of

human numbers would meet with the constraints imposedihiteaworld. Currently, it

is wellknown that an exponential growth rate will not be able to continue before

retarding influences set in, such as food supply constraints (Gadfedy2010).

After the Second World War,hé¢ economies of developed coied started to
experience a growing virtuous cycle, with the creation of stgaugpoliticalunions and
development of welfare states through access to cheap energy and other raw materials
(HowMuch, 2017). The economic growth was enhanced by timernational
abandonment of gold settlement in 1971; this process reinforced further economic
growth (Herold, 2012) through a banking monetary system focused on continuously
providing new loans (debt) that had to be paid back with interest (Martens@), 261

a result, fom the early 1980s the builgh of this debdriven neoliberal growth model

took off and, thus, enhanced the role of financial actors, markets, and institutions in the
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operation of the economy, i.e. known as finaleze growth regime orfinance

domi nat ed capitalism ( Hdiemd &amdh s dUmputgiea n
economies, such as USA and UK, started to dominate the economy; other countries,
such as Ger many, Japan and @heidma,s tappleigeyd
these weralso dependent on the ddbelled growth of therior countriegHein et al.,

2015). Reduction of barriers to international capital flows and the related trade in
complex financial instrumentdso helped reinforcing the detptowth cycle.In parallel,

other elements of the monetary systeasiles the total credit market dedtérted to

also exhibitexponential growthrates, e.g. money supply (Federal Reserve Board,
2018b) and household debt (Federal Reserve Board, 20k&mther with a continuous

world population growthi which increased from around three billions in 1960 to more
than five in 1990 (World Bank, 201%)these exponential processes enharfoettier

money and debt creatiobltimately, such neoliberal growth paradigm has given rise to

a large number of financial cris®s culminating in the Great Recession starting in

200720081 as well as the instability of the current economic system (Russo, 2017).

Economic growth can be therefore pictured as a reinforcing loop, similar to a snowball
collecting more and more layers as it rolls down a hillside. In the short term, the
benefits of economic growth are many: the more that businesses and nations grow and
profit, the more individuals have jobs, resources and improved quality of life (Higgings,
2013). However, th@eed of the economy to maintain an exponential growth does not
consider the constraints of the natural laws within which the material and energy
systems operate (Hubbert, 1974herefore, there is a need to address and integrate the
negative environmental impacts exerted by economic growth on development analyses,

thus enhancing the sustainability of our environmental life support system.

2.1.3 Economic growth and environmental pressures: A broken marriage?

In 1992, seventeen hundrelo t he wor |l dés | eadi eagnomici ent i s

systemwas on a collision course with the natural world (Kendall, 1992). Since then,

® Note that not all economic crises can be attributed to the neoliberal growth paradigm, since there were
financial crises much elgr than 1980s.

o!
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with the exception of stabilizing the stratospheric ozone layer, humanity has failed to
make sufficient progress in solving most environmental challenges, such as climate
change, freshwater availability, deforestation, marine fisheries collapses, amersy oth
(Ripple et al, 2017).The problem lies on the current need of #de®nomic systeno
consume natural resourcesorder to grow.For instance, recent studies state that the
dependence of global economic growth on natural resources has increased Gffove
during the period 196009 (Bithas and Kalimeris, 2018his resultsn an increased
commodification of nature and privatisation of commons, as wahaproduction of
waste that pollutes the different ecosystems and atmospereover,environnental
pressures enhanced by economic activities havea high monetary cossuch asair
pollution across Europewhich costs 1.6 trillion USD a year in deaths and diseases
(WHO andOECD, 2015).The situation is compounded Hye market deregulation and
reduction of international trade barriers, among other aspects of the market economy,
which permitfinancial institutions to expand their activities and acquire more powerful

positions in the @nomy (Hein and Truger, 2010)

Recent research points towards one underlying factor that could be threatening
economic development and environmental sustainability: monetary debt (ICSU and
ISSC, 2015). Essentially, the newarding economic growth paradigm requires the
accumulation of m@ and more debt, while future growitHuelled by eveiincreasing
amounts of energy and resourées needed to repay the debt (Daly, 2011). And so the
cycle continues. Such increasalebt stocks and deldtiven crises could lead to further
illegal logging, unsustainable food production and increasing emissions of GHG, among
other sustainability issues (Antoniade$ al, 2017). One example of this debt
(un)sustainability relationship came found in Southeast Asia, where more than $45
billion in credis have been loaned out between 20007 by overseas banks to
companies operating in different sectors (e.g. palm oil, timber) whose activities are
resulting in biodiversity loss anGHG emissiongsee Forest & Finance, 2016). The
problem is that lpbal dét has now reached historically unprecedented levels (Ciolli,
2018), yet esearch studying the impact of debt dynamics on environmental

sustainability is scarce
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There is a need to advance scholarship on more sustainable pathways to development
through demupling economic growth from environmental pressures under-losed

economi es. The c oimaverp tecerd fernad dnéll ¢the L9F0s therey 6

was little evidence that economic growth and environmental pressures could be
decoupled (Smitret d., 2010). According to the OECD (2002), the term decoupling

refers to breaking the link between the growth in environmental pressure associated

with creating economic goods and servic&bus, decoupling is the objective of

separating the economic growifincrease) from environmental impagiessures
(decrease), -wsmot szte nme t oé& wlidmshews thredtypeswk d . Fi ¢
industrial and biological growths, representidgferent processeswith regard to

economic growth and/or naturasource use over time.

3
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Figure 2.1:Three types of growthaflapted from Hubbert, 19F4Curve 1i exponential, unlimited
growth; curve 2 asymptotic growth in which production meets equilibrium with supply from natural
capital; curve 3 irruptivegrowth, where there is degradation of natural capital by production.

Hubbert (1974) argued that it is physically and biologically impossible for any
economic component to follow the exponential growth phesev¢ ) for more than

few tens of doublings. On this basis, given more than three doublings since 1850, the
exponential phase of the industrial growth and monetary production that has dominated

human activities would be now drawing to a close. As a consequsamoe, industrial
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components and use of resourshsuldbe already levahg off to a steady stateyrve

2), while some othersouldultimately lead to zeroc(rve 3.

Frameworkdor achieving economienvironmental decoupling are still in their infancy
(UNEP, 2011). Furthermorehere are considerable difficulties in increasing socially
desirable goods and services without raising the use of resources or increasing
environmental degradation, i.e., climate change, ecological footprint, pollution, waste
and reduced biodiversity (Weinsteiat al, 2013). Therefore, decoupling economic
growth from environmental pressures may need more than just materialistic solutions.
In this regard, some scholars argue that we need to turn our cultures-dgpsién

order tonudge human nature away from unsustainable economic growth (Higgings,
2013) . This more MAsubjectiveodo acdurren f di su
disconnectionbetween economic and environmental paradjgms between the
economic system and nagyrfor whicha change inthe currentconsumerism and
materialisticvalues would be needdzhsed on opposite and roampatible objectives
between both paradigms. Other scholars argue that we need to combine a cultural
change with further technological démement in order to achieve decoupling scenarios
(Higgings, 2013). Based on the latter approach, a sustainable growth would not be
possible without a fAdematerializedo devel o}
society to enhance aggregate GD& GDP per capita (see Bithas and Kalimeris, 2018)

I without depleting natural resources further. Additionally, decoupling economic
growth from environmental pressures would probably need an increased energy supply,
decreased per capita energy ,uskecreased csumption,a reduction in human
population size (Browet al, 2011) and, overall, an environmental fiscal reform

Considering the unrealistic idea of reducing environmental pressures to zero, at least in
the shortterm, the aim should be to reach a lovibeund signifying the minimum
amount of environmental pressure to deliver the economic growth (8traih 2010).

For that purpose, contexts where environmentally sustainable investments help
generating economic value for both the public and privateoisecire necessary
(Broadstcok, 2016). There are examples of success stories showing that, with political
will, effective and purposeful policies, technical innovation and appropriate

management of vested interests, reductions in environmental pressubesareved
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while maintaining strong economic growth. Leading the way are countries such as
Swedeni which has committed to be independent of oil imports by 2028 Costa

Ricai which has committed to have a net zero carbon footprint by 2021 (8tath

2010), yet the economic context of Costa Rica cannot be compared to other more
developed countries. Other past examples include those from the energy sector in
industrial countries between 1972 and 198Bufdtland Commissign1987. More
specifically, the US economy grew by 27 per cent over a sge@nperiod starting
1979, while oil consumption and US oil intensity (barrels per dollar of real GDP) fell by
17 per cent and 35 per cent, respectively, during 1985 (Lovins and D&, 2004).
Another example includes the efforts to reduce air and water pollution (8méth

2010). In particular, there was an effort to decouple economic growth frogn SO
pollution through the 1983 Helsinki Protocol and the United Nations Economic
Commission for Europe (UNECE) Second Sulphur Protocol in 1994. The Second
Sulphur Protocol committed nations to targets of reductions of 50 per cent by the year
2000, 70 per cent by 2005 and 80 per cent by 2010. Initial perceptions were that it
would be incrdibly costly, but the arrival of co#ffective lowsulphur fuel and a range

of supporting technologies altered the cost implications such that the use of sulphur
could be reduced for significantly less cost than originally anticipat&t5$90 per
tonne réher than the anticipated US$100800 per tonne. In this case, economic
growth and the reduction of environmental pressures, i.e. the emissions of sulphur
dioxide, were compatible, along with reductions in nitrogen oxides)B fossil fuel

consumption

Despite the lack of mechanismstbe current economic system to sedfulate long

term sustainable planning of public goods, the world has (stiltficient stocks of

natur al capital to meet most .lbisthesefoe i et y 6 s
important that these and other decoupling examples around the world, as well as the role

of key actors and institutions driving these processes, are understood and analysed, thus

" Note that some authors argue thahieving (or notsustainability is a matter of scalemd thatthe

issue of sustainability displacement should be considered. Based on this idea, the achievement of
sustainabilitycan beshifted to some other place and future time, rather than being delivered in the here
and now (see Saunders and Hughes, 20183.is further discussed in Chapter 6 of this thesis.
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proposing strategies at the regional and national levels that can acliexng s

decoupling targets.

2.1.4 Externalities and market failures

The capitalist system fails to adequatatidress the environmental impact costs and to

value natural capital, i.e. the stock of natural resources that combine to yield a flow of
benefits (ie. Ecosystem Services, ES) to people (WBCSD, 2017). As human
populations grow, and grow increasingly disconnected from nature, achieving
sustainable development will not be possible without understanding how the economic

system affects natural capitaland, therefore, our lonterm wellbeingi and howto
integratenatural capitainto the economic system, including policy, decisioraking

(WBCSD, 2018). In most cases, an aldyet keyi dilemma preventingoositive
decouplingscenariods based on the inpacity of the market economy to efficiently

integrate and account fog x t er nal i t i es. Externalities coc
failureo in the form of costs or benefits
unrelated third partie@Gies, 2017)The classic example of a negative externality is a

factory that dumps effluent into a river. Unlike homeowners who pay for garbage

pi ckup, the factoryds owners pay nothing f
humans and other creatures living detvaam do pay a cost, while cities have to build

expensive treatment plants.

Externalities are more common when public goods, or commons, are involved, which
are defined as being naxclusionary (i.e. individuals cannot be effectively excluded
from use)and nonrivalrous (i.e. consumption bindividuals does not reduce quantity

or availability to others), e.g. clean air, clean water, biodiversity, fish staxnés

and Sandler, 1986 Commons are free goods, produced by nature and available to
everybody. These are estimated to be worth more than the entire world's private assets
combined (see Costanea al, 1997), with public goods usually subject tedéfined
propety rights, resulting in society not placing enough value on thEme. market
economy does not integrate and account for externalities for one very simple reason:
intervention to protect those realities is counter to economic development or, for that

matter means incurring high (monetary) codidelbling, 2010. In this regard,


http://www.imf.org/external/pubs/ft/fandd/2010/12/basics.htm#ref2
http://www.imf.org/external/pubs/ft/fandd/2010/12/basics.htm#ref2
http://www.imf.org/external/pubs/ft/fandd/2010/12/basics.htm#ref2
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neoclassical economisiswh o r ecogni ze externalities as
support government interventions to correct for the effects of externalities when the
market falure is detrimental to society or environment. The power of governments
could be therefore used to force the market to account for costs that would otherwise not

be included (DeNyse, 2010), for instance by establishing institutional frameworks that

allow for proper bargaining among parties involved in externalities (Helbling, 2010).

A well-known mechanism to internalize externalities is based on mbaked, self
correcting regulations, which are cost effective mechanisms that encourage
technological progess (Labandeir¥illot, 1996). Examples include taxes and subsidies,
such as O6greend6 financi al i nstrument s, [
finance projects that generate financial profits and environmental bengNBR,

2018. Anothe mechanism that has gained popularity over the past years is the tradable
emissions permits (DeNyse, 2000). International and regional carbon markets, such as
the European carbon market (EU ETS), were created to help to reduce the rate of
climate changeni the long term (Chichilnisky and Sheeran, 2009). Other mechanisms to
internalize externalities include auction development rightshere the government
places itself as a market participant and avoids-exploitation and undevaluation of

natural resorces, e.g. countries in Africa and South America charge fishing trawlers a
fee for the right to fish in their waters (DeNyse, 2000); or the integration of natural
capital in the Gross Domestic Product (GDRjince capitalism neglects to assigry an
value to the natural capital o which it depends. Finally, ecosystem senhbesed
approaches have also been considered as frameworks that could help integrating
ecosystem services (E$) the benefits that humans obtain from natureand the
ecosystem structurinat generates them into the market system. One approach argues
that ES should be treated as market commodities, either by estimating their monetary
value and including that signal in market prices or decisions, or else by making the
resources excludableommodities subject tamarket alocation (Gies, 2017). In
particular, considerable attention has been given to the monetary valuation of non
excludable resources over the past decadesQesjanzeet al, 1997; Getzneet al,

2005; Pearce and Turnd990).
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Internalizing externalities requires synergies between governments, business and the
financial sector, considering that the latter two are responsible for most part of the

degradation of natural capital worldwide. However, conflaftsnterests amug these

actors often results in unsustainable economic growth is imposed over environmental
conservation. Therefore, research in the interplay between these actors and
environmental sustainability is necessary if the aim is to create future sustainable

s@enarios showing decoupling contexts.

2.1.5 Governments, markets and financial institutions: analysing key actors for
(un)sustainability

Despite the importance of internalizing externalities for global sustainability, there are
well known problems and olztles at the time of implementing the abowvded
mechanisms. For example, defining property rights, uncertainty (who is responsible for
damages?), high transaction costs (Helbling, 2010), measurability and monetary
valuation of unmeasurable goods (e.dtwal ES; biodiversity) (Smalet al, 2017),
among others. Yet, one of the most important obstacles to enhance environmental
sustainability and decoupling processes is related to conflicts of interest between
governments and privafenancial institutiors. Banks, investors, and other financial
actors play an important role in the global economy, which itself is a prime driver of
ecological change (Gala al, 2015). More specifically, financial markets and actors
drive land and ecosystem change undenmlex and multilevel contexts (Berkesal,

2006; Lambin and Meyfroidt, 2011)hus affectingecological systems significantly.
Examples when large investors or banks have failed to consider and addressd&ge
ecological risks are numerous. For exdan in 2014, the Deutsche Bank organized an
initial public offering for China Tuna Industry Group Holdings, one of China's largest
tuna longline companies. The expansion plan of the Chinese company, however, was
revealed to be based on incorrect fish lstdata that far exceeded existing Bigeye tuna
stocks in the region (Winner and Associates, 2014). As a result, China Tuna had to
withdraw the offering from the Hong Kong Stock Exchange, which did not only come
with environmental impacts, but also reputaéb risk and negative financial
consequences (UNPRI, 2011).
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Enhancing environmental sustainability under the current economic paradigm requires
governments to counterbalance the predieking behaviour of financial institutions and
businessi which soley focus on gaining profits and economic growththrough
different strategies and policies (Abetl al, 2006). The previously mentioned case in
Southeast Asid where overseas banks fund unsustainable agricultural and forest
production through debt (Foteand Finance, 2016) is one of the many examples
where government intervention could, through strong public governance and legislation,
counterbalance such unsustainable practices. However, the current weak public
governance in some developing countrgesot enough to reduce the power of financial
institutions and, therefore, halt the negative effects driven by the latter on the
environment, e.g. Indonesi®ECD, 2016. Hence, the sustainability problem arises
sometimes from the political difficulty of implementing government policies that
would, indirectly, reduce the power of influential financial institutions (Abiekl,

2006), such as commerciabnks. Most economic actors are not interested in any
paradigm shift that may reduce their profits, and this is why governments are not
usually free to invest or create policies that play against the interests of industries and
other interest groups (Abat al, 2006). This could be one of the reasons for the
difficulty of decoupling economic growth from environmental pressures, as well as the
reason why systems so often remain maladapted to current unsustainable conditions, to

the point of collapse.

While there are studies exploring similarities between complex economic and ecological
systems (Maxet al, 2008), few scholars have studied the intricate interplay between the
two systems. Examples include analyses on how international trade drives ecological
change in landand seascapes (e.g. Berletsal, 2006; Lambin and Meyfroidt, 2011),

the value of biodiversity and 'natural capital' (e.g., Costatzal, 1997;Turner and

Daily, 2008), or the potential for new financial instruments to increase prarate
public investments in conservation and ES restoration (e.g., Chichilnisky and Heal,
1998; Loucks and Gorman, 2004). Thus, there is a need to further understand the links
between economies and financial markets with ecosystems, particularly considering
role of powerconflicts and power (im)balances between governments, corporations and
financial institutions (e.g. investment banks) on enhancing secabgical

(un)sustainability.


https://www.oecd.org/eco/surveys/indonesia-2016-OECD-economic-survey-overview-english.pdf
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2.2 Structured research to study sustainability in complex social
ecologcal systems: A conceptual framework

In order to address the research aim abpbctivesposed in section 1.2, a systemic,
holistic and interdisciplinary understanding of the interrelation between the economy
and the environment in each of the SES modelled is needed. This section presents the
conceptual framework of this thesis, preceded byedwew of the literature on
conceptual frameworks and approaches addressing sustainability issues developed over
the last decades until today.

2.2.1 Framework background: The way towards more integrative and interdisciplinary
approaches to address susahile development.

The social science literature shows early examples of hamasystem frameworks

based on integrating ideas and approaches from ecological sciences into social sciences,
such as sociology (Duncan, 1961, 1964; Field and Burch, 1988) rehtbpology
(Vayda, 1969; Watson and Watson, 1969). However, much of development in natural
resource management science since around the 1970s was based on classic utilitarian
approaches, which was limited in the sense environmental and social probleans wer
treated in isolation (Berkes and Folke, 1998). Critiques aroused with regards to the
simplistic foundations of policy and science on natural resource management, calling
for more complex, intellectual tools that could alleviate the excesses of classical
approaches to manage resources (Ostrom, 1990). As a result, literature started to show
examples of systemrmiented, widescope approaches, which considered linkages and
feedback processes between systems (Holling, 1978; Walters, 1986). Such emphasis on
interdisciplinary, ecological economics approaches to sustainability also emphasized the
need for changes in institutions and property rights, e.g. Ostrom (1990) on institutions
and collective action; Hanna, Folke and Maler (1996) on property rights; Ba:$&3)

on communitybased resource management.

Existing social and political science methods and ideas were being incorporated into
ecol ogi cal approaches. For I nst aretcat,, t he
1997) or fsoci al eac ab dl,20Q0#) starfed ts he sntlueleddn the Re d m

literature, so as to emphasize the interaction of the forces acting in these two domains.
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However, what it was ultimately needed was a new integrative ecology that explicitly
incorporated human decisions, cu#l institutions, and economic systems (Griratn

al., 2000; Micheneet al, 2001).With first principlesdated back to thérst two thirds

of the 28" Century (Soddy, 1926; Boulding, 1966jven impetusy more recent work

(e.g. Costanza, 1991, Janssdral, 1994), the interdisciplinary discipline of ecological
economics wasventuallydeveloped as a scientific discipliriecological economics

a transdisciplinary discipline focused on developing an economics that is fundamentally
ecological in its basic view of the problems; it recognizes the interrelatedness and
interdependence betweehuman society and the environme(€ostanza, 1989;
Costinza et al 1997; Daly and Farley, 2004; Turnest al, 1993). Further
interdisciplinary disciplines were also developed; for instance sustainability itself
created its own field sustainability sciencé focusedon the dynamic relationship
between socigtand nature at local, regional, and global scales (Bettencourt and Kaur,
2011; Clark and Dickson, 2003; Kates, 2011; Katesl., 2001; NRC, 1999).

Due to this transformation of the science studying sustainability issues;esaciomic

and ecological ystems were considered linked systems of people and nature,
emphasizinghat humans should be seen as a part of, not apart from, nature (Berkes and
Fol ke, 1998). As a result, what ©previously
systems, it was finallyconsidered a single, complex soeablogical system (SES)
(Redmanet al, 2004). In the current literature, SES are considered to be coupled
humannatural systems, characterized for being complex, dynamic, adaptive, interactive
and multiscalar systemgMachlis et al, 1997; Redmart al, 2004). In this regard,
different conceptual frameworks and metaphors have been developed to structure
research on sustainability of SES (Redman, 1999; Holling and Allen, 2002; Nstwell

al., 2005; Ostrom, 2007, 2009aR-Wostl, 2009; Scholz, 2011). Thesaitline and
predict the links between social, ecological, and economic systems, and thus the
dynamics and complexities that hide behind real world sustainable development
challenges. Examples include multidisciplinagsearch (Janssen and Goldsworthy,
1996), Resilience Theory (Gunderseinal. 2002ab), Planetary Boundaries (Rockstrom

et al, 2009), Ecosystem Services Framework (ESF) (Cos&trada 1997; MEA, 2005;

TEEB Foundations, 20J0 Ostr omdés S &ysterasl Frafaewb (SBSF) c a |
(Ostrom, 2007, 2009), the IPBES Conceptual Framework (Diaz et al., 2015).
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Frameworks differ significantly in their goals, their applicability and their temporal,
social, and spatial scales. Therefore, it is difficult to find tedeget framework that
works in all settings (Ostrom, 2007). Just as there is no perfect framework, there is no
ideal entry point for carrying out analyses of SES (Ostrom, 2007); rather, the entry point
depends on the research questions being addresse@h@pter 1, section 1.2). Thus,
selecting one single disciplinary background and conceptual framework may not do
justice to the complexity of reaborld systems (PakWostl, 2009). The following sub
section presents the framework of this thesis.

2.2.2Exploring sustainability in sociadcological systems: A conceptual framework

This section presents the conceptual framework built for this thesis (Rdlirevhich

is used to develop each of the models to be presented in the follovapteish More
speifically, the tesis aims to (i) study how different conflicting economic and
conservation forces affect sustainability through LUC in different SES, and (ii) analyse
which socieeconomic and governance factors could create future sustainable scenarios
in those SES explored. The first aspect is addressed in the results from Chaptiers 3
particular, throughout three different modélsone conceptual (Chapter 3) and two
empirical (Chapters 4 and 5). Finally, the second aim will be addressed in theidiscus
chapter (Chapter 6), where the Results obtained from Chapterar® integrated in

order to answer the research questions posed in section 1.2 (Chapter 1), as well as to

contribute to the literature in SES, sustainability science and ecologicaheicsno
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Figure 2.2: A conceptual
framework to studyhe grade of
sustainability in SES The SES
consists of an integrated ecological
and socieeconomic system
Economic and conservation forces
(positioned inside andutside the
SES boundary, thus representing
both inner and outdprces)drive
land-coverchange and affect
biodiversity; thisoriginates
ecosystem services tradéfs and
synergies that have an implication
for ecosystem service beneficiaries.
The processeoccurring within the
SES affectalsoeconomic and
conservation forces baék
represented by the-directional
arrowsi , while both economic and
conservation forces are also linked
and influenced by each othdihe
dasheeshaped pointed oval in the
cente represents thidecoupling
between soci@conomic and
ecological systemdhe grade of
(de)coupling between both systems
is represented by the dashed arrows
to the sides of the dashed oval,
which statethe extent to which
economic and conservation forces
de-couple (outer arrowheads) orre
couple (inner arrowheads) the
ecological and socieconomic
systemsSource author
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The framework is explicitly applied to each of the result chapters, i.e. Chapters 3, 4 and
5. As shown by Figure.2, each model includes an ecologisgistemand a socio
economic system, where the ES flow both directions including feedbacks and
nonlinearities Economic andcconservatiorforcesi driven by financial and governance
powers, respectivelyi drive land ceer change and affect biodiversityvhich
consequently affedhe capacity of the land to provide different. Efhally, thisaffects

the socieeconomic context of the systdire. ES beneficiariegnd the finanial capital

of different users. This process btd i r ect i onal , whi ch means t h;
affect biodiversity and the capacity of the ecological system to deliver different ES
Similarly, both economic and conservation forces influence each other direaty
represented by the arrows top of Figure 2.2 and are also affected by the state of the
SES itself T see the bi-directional arrows coming into both forces.otd that
conservation and economic forces are located both inside and outside the SES
boundary, thus representing inner and outer (to the system) forces affecting SES
sustainability. EventuallyEES and biodiversity are used as &n&k between theosio-
ecaromic andecologicalsystems, as well as indicators to study the sustainability of the
SES analysedThe dashedhaped pointed oval in the centfethe SESepresents the
disconnectionbetween soci@conomic and ecological systemand he grade of
(de)mupling between both systems is represented by the dashed arrows to the sides of
the dashed ovalThese arrowstate the extent to which economic and conservation
forces decouple (outer arrowheads) oreceuple (inner arrowheads) the ecological and

sociceconomic systems

This framework does not present a paradigiift with regard to other previous
frameworksbuilt to study SESover the past two decades (see Bineeal, 2013§.
Rather, this framework is specifically tailored for this thesis by considetieg

particular nature of the research questions pasetl the methodological approach

8 The Driver, Pressure, State, Impact, Response (DPSIR) framework, Téystero Services (ES)
framework, The Earth Systems Analysis (ESA), The HuBawronment System (HES) framework, The
Material and Energy Flow Analysis (MEFA/MFA) framework, The Management and Transition
Framework (MTF), The SES framework (SESF), The SuabdéLivelihood Approach (SLA), The
Natural Step (TNS) framework; and The Vulnerability framework (TVUL)
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selected In this regard, his framework was inspired by and includes characteristics
from, two weltknown SES frameworkspnamely the Social Ecological Systems
Framework (SESF) and the Ecosystem Services Framework (Regarding the
SESF, itgrew out of the recognition that soecedological outcomes are the product of
complex interactionsamong diverse actors, institutions, and biophysical systems
(Agrawal, 2003).Under this framework, a SES defined as a unit possessing at least
one environmental commons (e.g. resources, ecosystem, pollutants), a governance
system, and an actor graughe SESF is, therefore, an extensive multitier of a hierarchy

of variables that have proven to be relevant for explaining sustainable outcomes in the
management of forestry, fishery, and water resources (Ostrom 2007, 2009), and has
been used to frame sornéthe most scientifically relevant issues in SES analyses, e.g.
Hardinds (1968) A T r @hg ehdrgctercstfc tier taegorRationmd n s 0 .
the SESH i.e.resource systenRQ, resource unitsRU), governance systenc§ and

actors ) 1 wasintegrated in he frameworkof this thesidy includingenvironmental
commons (i.e. ES and biodiversity), a governance system and an actor group (i.e. ES
beneficiariey. Furthermore, the SESF was selected as a basis to build the conceptual
framework due tat being consideredhe only framework that treats the social and
ecological systems in almost equal depth (Bireteal, 2013).This is representedn

Figure 2.2 by a SES system composed of an ecological system and aesariomic
system, where nonef them takes, in principle, control over the othemd are treated

and modelled in equal depth

On the other hand, although the SESBvideda theoretical basis to the conceptual
framework, itwas not able tghowa straightforwarglatform ormechanim to directly

model SES through ABM. In particular, a specific link amondéand cover and
biodiversity ES ES beneficiariesvas missing necessary to build the models of this
thesisi whereland coversould be representdaly patches, ES beneficiaries agents

and ES as linkers betwedme latter Due to this, further characteristics from the ESF

were integrated in the conceptual framework. The Effes that &r t hds | ands
waters, and associated biodiversity, can be seen as a natural capitalf@toekhfch

people derive vital ES; these include the production of provisioning services (e.g. food,
timber), regulating services (e.g. water purification, crop pollination), cultural services

(e.g. inspiration, recreation), and supporting services (ergetigediversity) (Costanza
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et al, 1997; MEA, 2005; TEEB Foundations, 2010; Turner and Daily, 20B&8Jated to

the conceptual framework of this thesikey characteristic of the ESF is based on the
ecosysteifES users relationship (or cascade) where ecological systems produce
different ES that are ultimately used by different actors (firms, households). The ESF
therefore providesthe basis tomodel the aboveoted relationshipwhere ES are
considered the 0l i-ecdn@micsadd etogicalvsystemgseethee s oci o
land cover and biodiversitfS ES beneficiariefink in the center of Figure 2)2Thus,

these three elements served as a basis to implement the conceptual framework in each of
the models through agents and patqisege Chapters 3, 4 and Surthermore, the ESF
facilitated the process of placing an economic value to the benefits (i.e. ES) that
different actors (firms, households) obtain from natuflis allowed tracking the

impacts on monetary capital of those momic and conservation forces driving LUC

and, therefore, affecting biodiversity and the provisioning of different ES.

In conclusion, the framework of this thesis (Figar8), inspired from both the SESF

and ESF, was built in line with the naturetbé research aim anobjectives proposed

as well as the modelling approach used (see next section). In parécldegssing the
research objectivagquired a framework that was able to embrace different dimensions
through interdisciplinary research, as wala suitable context to explore both emergent
(bottomup) and topdown dynamics typical from complex systems. | argue that the
framework presented in this thesis is able to assess those variables, at multiple scales
across the biophysical and soetgloromic domains, affecting sustainability of SES

over time.

2.3 Agent-Based (SociaEcological) Modelling

2.3.1 Why modelling?

Over the last three decades, computer models have been uapdlytseeverything
from inventory management in corporations to the performance of national economies
and the interplay of global population, resources, food, and pollutdangan, 201Y.
Certain computer models, suchHse Limits to Growti{Meadowset al, 1972), have

been front page news. As computers have become faster, cheaper, and more widely
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available, computer models have become commonplace in forecasting and public policy
analysis, especially in economics, energy and resources, and other crucial areas
(Sterman, 191).

What is really the point of computer modelling? It should be remembered that we all
use models, such as mental models, to make decisions and solve problems in a daily
basis.Anyone who ventures a projection, or imagines how a social orczmeental
dynamici e.g. migrationg would occur, is running a model (Epstein, 2008gntal

models are representations of our present understanding of the overall system of interest
and are an important first step in problem formulation (Watkexr., 2006). Our society

Is built upon mental models; for instance, belief structures are transformed into society
and economic structure through institutions, which represent both formal rules and
informal norms of behaviour (Ostrom and Janssen, 200B)ever,mental models are
typically an implicit model in which the assumptions are hidden, the consistency is
untested, the logical consequences are unknown, and the relation to data is unknown
(Epstein, 2008). Thus, hile mental models are the internal repredsora of

i ndividual sé6 interpretation of the environ
models are external (to the mind) mechanisms individuals create to structure, order, test
and explore the environmentThe value of computer models derives from the
differences between them and mental models, where computer models can improve the
mental models upon which decisions are based and contribute to the solution of the
pressing problems we face. Thttse relationship between mental models and computer
modek isan intimate ongwhere the latteable to represerthe priorin a more efficient,

faster and complex way.

The principal result of the increasing use of computer models seems to be, not an
improvement in the quality of decision making, but ratheraving sensitivity to the
shortcomings of models (Bankes, 1993Dne shoricoming regarding traditional
modelling techniques and approaches is related to deductive modé&ieaiyctive
modelling comes from following the logical or mathematical implicatioha series of
processes to produce predictions about behaviour (Chattoe, B2¢)ce throughout

the 20" century was dominated by use of a deductive model of explanation, which

implied simplifying assumptions such as the modelling of entities as homogenous
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aggregates (assuming that all actors within a system or group are identical) (Millington
et al, 2012).Such simplifications were useful before advances in computing model
came in, thus being well suited to scientific fields where hypothesis could be
constructed (Millingtoret al, 2012).Another shorcomingwith regards to traditional
modelling techniquess related tathe use ofinstrumental mathematicalpproacksin
economic modellingand policymaking. During the 28' century, he most common
deductivemodellingtechniquewasthe solution of sets of differential equations, which
basically replace the economist using pencil arghper with a computer programme
Economsts havean unusually strong commitment wtility functions that suffice as a
(mathematically) meaningful interpretation of the system being st(Diglth Porta and
Keating, 2008). Thus, modelling is understaslia mechanical deductia@proach to
utilitarianism and individualistic rationale choicBdlla Porta and Keating, 2008he

reason for theleductive (hathematicgldominance in economics isfficult to explain,

yet Chattoe (1996) provided few explanations in this regard. First, economics has been
obliged to create a niche for itself as a respectable academic discipline, among other
historically more reputed disciplines such as chemistry, physi philosophy. One way

to increase formality and gain reputation was to associate economics with high status
physics rather than with other low status disciplines, such as social sciences. In
particular, in the early stages of economics, there wasdmmasie enthusiasm for the
elegance of Newtonian mechanics as a scientific metaphor. This resulted in the
development of theories in which social and economic actors, like atoms with no
internal structure, collide in trade driven by the simple acting lafvsupply and
demand. This could be one explanation why a Newtonian view of the market economy
seems to underpin mainstream econonmegardless obther more complex scientific
theories and areas existing, e.g. Quantum Mechanics, Thermodynamics, tRelativi
Related to this, one other argument for the dominance in economics of simplistic
mathematical models argues that mathematical precision wasréavan orderfor

those economists with knowledge of mathematics to gain reputation and advance
themselvesn science. This was related with the high reputation of mathematics, for

instance within physics.

Despite the practical advantages afistrumentaluses of computers in modelling,

mathematical representation of the dynamics of social and other complemsyst at
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least, limiting(Della Porta and Keating, 200&or instance, economic models based on
differential equations are suitable to provide mathematical solutions. However, complex
dynamics are not tractable under these approaches, thus modelimmex systems
requirestechniques that can simulate the different csasde, noflinear processes
characteristic of such syster(®xelrod and Cohen, 2001; Hollingt al, 1998) In this
regard, theinterest in simulation modellinghas beenincreasing m the social,
environmental and economic sciences (Batthl, 2012).Simulation should be seen as

a technique that is capable of representing a broader class of processes and relationships
than the mathematics commonly used in economic modeAimgompuing power has
rapidly increasedsimulation modelling frameworks thahprove the understanding of

how macroscopic patterns and outcomes emerge from interactions between
heterogeneous entities at more disaggregated levetsgahization have incread
(Epstein, 1999; Grimmet al, 2005; Brownet al, 2006). The increasing use of
computer simulation enhances the possibilities for understanding -tgraporal
dynamics of social and environmental systems (Millingtoral, 2012).Literaturein
simuldion, on the other handshowsvarious methodological debaseincluding the

issue of establishing standards for simulatwodelling (e.g.,Grimm et al 2009, the
discussion whethesimulation mainly aims at prediction or at explanati@pgtein

2008, and the challenges of presenting simulation models and their reSxdtsod

1997. Nevertheless, igen the method's relatively young agegoing methodological
debates are to be expected. It can even be considered as a necessary step towards

establishing clear methodological standards.

2.3.2Why (AgentBased) Modelling?

Different modelling techniques permit the representation of complex SES from different
perspectives. igure 2.3 outlines an adapted decision tree from Heckbedl (2010)

that determines the type of complex systeammdelling approach to use for a given
application. In attempting to describe SES and other complex systems, edpasiah
models, systems dynamjcand statistical techniques have been used to good effect.

Bayesian Belief Networks (BBN), evolutionary mégjeandsystem dynamicare also


http://jasss.soc.surrey.ac.uk/15/2/5.html#grimm2006
http://jasss.soc.surrey.ac.uk/15/2/5.html#epstein2008
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capable of representing decision making, behaviour, adaptation, and other complex

dynamics. ABM, on the other hand, involves autonomous decision makers interacting.

Agent-Based Modelling
Evolutionary Modelling
System Dynamics
Bayesian Belief Networks
Equation-Based Modelling
Statistical Modelling

dynamic
feedbacks?
YES NO
Bayesian Belief Networks
Equation-Based Modelling
adaptive? Statistical Modelling
capacity to
evolve?
NO YES
| System Dynamics |
autonomous?
NO YES

Evolutionary
Modelling

heterogeneous?
interacting?
emergent? spatial

YES

Agent-Based Modelling

Figure 2.3 Decision tree for selecting modelling techniques to model complex systems, adapted from
Heckbertet al (2010).Source author

Statistical approaches, as well as equations and Bayesian techniques, are powerful ways
to characteri ze c tnfribuex and relationships. &inca gHgo e g a
dynamics are implicitly represented in these modelling approaches, they are not capable

of providing dynamic feedbacks. Thus, they are at a disadvantage when the subject of
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the model is not a homogenous popuwiatiThis is the case, for example, of firms with
different financial contexts, resource extraction rates, etc., such as those modelled in
Chapters 3 and 4.Tegown modelling approaches, such as BBN, can be useful
techniques to complement bottarmp simulaton approaches, thus helping to address
uncertainties, and incorporatgualitative information and behaviour alongside
quantitative data and statistical distributions (Minana, 2016). For example, integrating
BBN models into bottorup modelling techniquesush as ABM, could be an option to
compensate the inability of BBNs to easily represent feedbacks and-agizamics
(described and implemented in Chapter 5). This,flexibility and capacity of most

ABM platforms to incorporate not only BBNs, but alsauatjons and other statistical
techniques, can be useful to more accurately represent complex systems, whereas the

converse is not always the case.

There are toglown modelling approaches that are able to represent feedbacks and
describe macktevel processs and complexitySystem dynamicmodels, for instance,
possess these characteristics, without having to seek the equilibrium results expected in
equatiorbased modelsSystem dynamics certainly the most used modelling tool for
complex systems, and daogical economics has benefitted in the ability to develop
modularsystem dynamicsomponents connecting phenomena that typically are treated

in isolation in some disciplines. Howevesystem dynamicsnodels often include
aggregate variables and parameters, thus missing the decisions and actions of multiple
individual actors, as well as potentially multiple spatial relationships. Moreover, pure
system dynamicsnodels are fundamentally not adaptive dneir ability to evolve is

limited to variations in parameter values. Thus, the capacgystém dynamicsiodels

to microdynamics and disaggregate features is limited, yet they can be used more
directly to explain macrbevel characteristics. These cheateristics makeSystem
dynamics modelling an inappropriate modelling technique to explore the sort of

complex sustainability issues addressed in this thesis.

On the other hand, ABM explores how interactions between agents generate the
property of emergene , by Agrowingo patterns that <char
ABM enables the explicit representation and explanation of adaptive decision making,
thus providing an opportunity to explore sustainability issues characterized by
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heterogeneity, feedbks through interactions and adaptation (Heckle¢ral, 2010).

The benefits of ABM over other modelling techniques can be captured in four
statements (Bonabeau, 2002): ABM capturesemergentphenomena(ii) agents are
heterogeneoyswhich allowssimulding complex and nonlinear behavioas well as
limiting agent rationality (i) ABM provides a dynamical natural description of a
systemor the process under study, rather than only the final output reauids(iv)

ABM allows to include social networkand physical spaeleased interactions, which is
difficult to account for with other modelling approachaAs. a resultABMs produce a

rich set of multidimensional data on magrieenomena, comprising a wide range of
details on micrdevel agent choices and their dynamic interactions at various temporal
and spatial resolutions (Leet al, 2015). Due to this, ABM has been aceiving
significant attention recently, being widely employed across fields that are as diverse as
biology (Politopoulos, 2007)usiness (North and Macal, 200&gonomics (Tesfatsion,
2005 FarmerandFoley, 2009),education (Abrahamseinal, 2007), gegraphy (Brown

& Robinson, 2006),health care (Effkeret al, 2012), medical mearch (An and
Wilensky, 2009)political sciences (Epstein, 200@ndsociology (Gilbert and Troitzé,
2005) Furthermore, ABM is currently also being used in organizationaiest (e.g.
Chang and Harrington, 2006), governance (e.g. Ghosrtdaali, 2013)and psychology

and behavioural studies (e.g. Klingert and Mayer, 2012), as it has the capdwitige
multiple disciplines.

As with every modelling technique, ABM faces several key challenges that have to be
addressed in the forthcoming years. Firstly, there is a need to advance empirical
calibration and validation of mode{Boero and Squazzoni, 2005; Janssen and Ostrom,
2006)in order to enhance experiment reproducibility and support for policy (Jager and
Edmonds, 2015). In a survey by Heathal (2009), they found the majority of ABMs
arenot validated both conceptually and operationally. However, more recent literature
(Macal, 2016; van Vlieet al, 2016) indicates that the situation has changed since 2009,
yet only to a certain exterit respect to calibratiomlthoughsignificant progress being
made in empirically rounding ABM mechanisms and agent attributes (Robétsn

2007; Smajglet al, 2011), ABMs continue to show high subjectivity. Methods to
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calibrate models include data sources, surveys,-seuattured interviews, participant

observation, rolglaying games, or laboratory experiments.

The second challenga ABM is based on linking emergent properties of ABMs to
macroscopic patterns of ABMs or other modelling toglshough there are examples

of linking ABMs with other techniques (e.g. wilystem dynamicmodels in Milleret

al. (2019), this is considexd to be a key research frontier for ABM to be addressed in

the upcoming years.

Third is upscaling and transferability, referring to scalipgprocesses of interactions of

a few agents to interactionsetween many agents (Janssen and Ostrom, 2006). In
paticular, to explore how sockadcological ABMs can be upscaled to larger
geographical areas, considering that an upscaling theory is missing (Atrat2014

Parkeret al, 2003; Rounsevelet al, 2013. For instance this would enable the
couplingof ABMs with models at different spatial scalé&o(nsevellet al, 2013 and

would, thereby, help realize hybrid approaches that couple different m@eélsS(u | | i v an
et al, 2019.

Fourthly, as compared to other modelling techniques (e.g. mathematicallingyde

single runs in ABMs do not provide any information on the robustness of the theorems

tested, though this can be trivially addressed by analysing output from several runs.
Finally, the AgenBased Land Use Modelling (ABLUM) community highlights

spedfic challenges regarding ABM fahe coming years; namely rule definition, i.e. to

choose the rules agents use to make decisions, based on the large number of alternatives
and the complexity of i nternal rel ationsh

behaviour; and spatial implementation of ABMs.

This thesis addresses several of the altmted challenges and frontiers through the
three ABMs constructed (ChapterssB The way and extent to which each model
contributes to help solving these issueanalysed in the Discussion Chapter (Chapter

6). | argue that both the research questions addressed in this thesis (see section 1.2,
Chapter 1) and the SES used as <gsdies benefit from the dynamic, complexity,
agentheterogeneity and emergemttomup nature of ABMs. Considering that cause

and effect are often distant in time and space (Forrester, 1971), the SES used as case
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studies in this thesis have complex emergent properties which are essential to
understanding the sys the papatity efuUABN @inmmodeb i | i t i e
complex systems from the botteup, based on interactions between heterogeneous
actors, is essential to modelling such SES. Moreover, ABM albaisomes that occur

at one point in time to influence future eveiitan essentlacharacteristic to model

future scenarios and help answering the research questions proposed. Furthermore, very
few modelling methods apart from ABM offer the possibility to create spagalhjicit

models, as well as hybrid approaches that integrateotwore modelling techniques;

this is the case of the model presented in Chapter 5, which integrates BBN in an
empirical and spatialkgxplicit ABM. Besides this,the disaggregated form of
computation in ABM can always be aggregated up, while the ahbaee modelling
techniques cannot always be disaggregated. This is, for instance, an essential
characteristic considered for further research in this thesis, based on creating additional
versions of the models presented; in particular, to expand the erhpiddal presented

in Chapter 4 to other castudy areas, and to scalp the spatiallyexplicit model
presented in Chapter 5 from regional to the national level (see Chapter 6 for a
description of potential further research for all models).

2.3.3 AgentBased Modelling to study complex soegdological systems

SES can be thought of as complex systems comprising feedbacks, sensitivity to initial
conditions, stochastic and nonlinear processes, and expressingrgseiizing
behaviour across scales. Interags within SES occur among social networks and
within communities, along supply chains, and within markets, economies, and
ecosystems (Heckbeet al, 2010). As both economic and ecological disciplines are
concerned with interactions among individualsthbhave much to gain from computer
modelling tools for complex systems, including ABM. ABMs have been widely used in
ecology where they tend to be termed individo@ated model§iBM) (Grimm, 1999);

they have contributed significantly to ecological theangluding population dynamics,
group behaviour and speciation, forestry and fisheries management, conservation
planning, and species-matroductions (DeAngelis and, 2005)BMs have also been
widely used in economics, although perhaps to a lesser déR@anin ecologyFarmer
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and Foley, 2009)The field of AgentBased Computational Economics (ACE) has
explored features of economies as complex systems by representing economic agents in
computer models as autonomous and interacting decision makers gibeséatd Judd,
2006). An attempt to understand the economy through ABM, and its impacts on the
environment, will require the integration of ecological models with models such as
financial interactions, real estate, government spending, taxes, businessnente
foreign trade and investment, and with consumer behaviour. To achieve this ambitious
goal, multidisciplinary collaboration among economists, computer scientists,
phycologists anénvironmental scientists to develop laiggale models would be adtr

step. The specific topics within ecological economics that could be benefited from such
ABM-based collaboratiorinclude market dynamicse(g. Lebaron and Tesfatsion,
2008), changes in consumer attitudegy(Janssen and Jager, 2)0consumption and
sustainable behavioure(g. Jageret al, 2000), natural resource management and-land
use changee(g.Parkeret al, 2003), common pool resource usay(Schliter and Pahl

Wostl, 2007), and dynamics of urban systemg.Batty, 2005).

Modelling framework$or economic and conservation agents

The models built as part of this thesipresented in Chapters53 explore the extent to
which conservation and econordevelopment forces drive (un)sustainability, through
LUC, in different complexcoupledSES.The way in whichheterogeneouagents are
modelled, i.e. their behaviour and preferences, are described in the corresponding
chapters, athdetermines model results amgsis outcomes. Although each agent has its
own particular traits and follows its ownedsiormaking processes (i.e. agent
heterogeneity),it was necessary to set a common ground through a robust and
theoreticallygrounded framework for modelling the two types of agents representing

forces driving LUC: economic agents and conservation agent

Economic agents, in all models, drive resource extraction, production and consumption
processes. Representing the main economic agents present in the respeetitelesse

selected, the economic agents modelled consist of firms extracting and selling
resources, households buying and consuming such resources, and banks ifunding

through creditsi resource extraction processes. The main characteristic of these
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(economic) agents is thmeprofit-seeking behaviour, which enhances (directly or

indirectly) a @ntinuous economic growth, through agricultural expansion, regardless of

the potential environmental impacts exerted on the environiikeas, economic agents

are selfinterested entities and individuals focused on maximimtigy as a consumer

and proit as a producein a competitive market settingVhile this contexicould be

related to theHomo economicuparadigm(Robbins, 1932) which argues thatumans

arerational and narrowly selhterested individuals who pursue their goals optimally

economic agents in this thesidso integrate personalirrationality, subjectivty, and

more complex decisiemaking processesTherefore, the maircharacteristic of the

economic agentsiodelledis ther irrational, profitseeking behaviour as well as thir

low environmental awarenegbus,t he fionl yo thing that matter
and expand agricultural land to meet demand over goods and gain more Yetfies
abovenoted, each agent o mput es it s o vhave ilshoenparticdat i c s 6 a
characteristicsand behaviouri based on specific personal information, such as

monetary capital, location, or number of employees.

The approach selected to model economic agents in this thiegns with recent

criticisms with the conceptionfdomo economicuée.g. Jones, 2015; Rankin, 20,10)

which argues that considering marketors as fullyrational, seHserving individuad is

an overtly simplistic and ordimensional propositian The Homo economicus

framework has been challenged by aewidnge of evidence (see Persky, 1986)ably

from laboratory economic experiments demonstrating that human decision makers
depart from rational and fully informed behaviour. For instance, Heckbait (2010)

argue that people are at best boundedtional, typically using heuristics rather than
optimization for making decisions, and al s
anomal i eso. Thus, people vary in tthesir skil
in addition to their owri seelLedyard (1995) or tend to be risk averse and behave

differently when faced with losses or gains.

On the other hand, another relevant type of agent modelled is the one representing
conservation forces, i.e. conservation agents. In this regard, goveragesns inthe

modelsdo not fdlow a profit-gaining behaviourhut rather represent those government
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policies focused on enhancing environmental benefits, e.g. land protection, degraded
land restoration. Hence, the goal of government agentghén models is to
counterbalance the negative effects exerted on the environment by economic agents (an
effect known as O6market failured). The inc
(economic and conservation agents), with potentially opposing goals andisrasets

a suitable context to study the extent to which power (im)balances between economic
growth and environmental sustainability enhance SES (un)sustainability. This is
because, as previously noted, all the three SES selected asfuthiss, includig the
conceptual system, are characterized for having an environmentally unsustainable
economic system, supported and reinforced by different actors and entities, e.g. firms,
banks. Therefore, the models presented in this thesis are used to study nhdoexte
which conservation agents, through different plans, strategies and policies, are able to
enhance a shift in the mainstream economic growth thinking among these other actors.
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Chapter 3:

| t 6 s Mhdatd ,t hbeuHowot: h eEx®p | or i ng
role of debt in decoupling economic growth from
natural resource availability

A.. .l f you | ook at mainstream economics t
mainstream economic moddBanks, Debt, and Money.

How anybody can think they canalysecapital while leaving out Banks, Debt,
and Money is a bit to me like an ornithologist trying to work out how a bird flies
whil st ignoring that the bird has wings..

I Steve Keen (Australian economist, cited in Southern EngrBgsilience, 2015, p.1)

3.1 Introdu ction

Humanity has failed to make sufficient progress in solving most environmental
challenges, such as climate change, freshwater availability, deforestation, marine
fisheries collapses, among others (Ripgiel, 2017). This has producednumber of
discussions that highlight the impossibility of continuous economic growth within the
ecological boundaries of our planet (e.g. Jackson, 2009; Mawilezet al, 2010)
Therefore, peventing the collapse of the systems that support life on this plalhet
probably require economic growth to be decoupled from the environmental impact of
the economy (Smitbt al, 2010).

A popular critique of the economfmancial system says that, because banks create
money in the form of interestearing debt, the syem necessarily requires an
expanding money supply to pay this interest (Sorrell, 2010). The expanding money
supply is argued to enhance an economic growth imperative that forces society to
generate an ewancreasing income flow. As a result, more andrenalebt is
accumulated, while more future growth is needed to repay the debt (Daly, 2010). Thus,
the cycle continues. This monetary busir@sssual trajectory requires the production

of more goods and services (Huber and Robertson, 206@)ng with polution and
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resource usé and enhances the probability of system breakdown (Korotayev and
Tsirel, 2010).

In this regard, e last financial crisis in 2008 confirmed that the dominant neoclassical
models of macroeconomics were seriously flawed (Keen, 20P@icy makerswho

relied upon models that were not able to predict the actual behaviour of financial
markets were misled, and the credibility of economic theory has been widely called
into questionKeen, 2011)Hence, there is a need to develop nean@mic models that
replicate the actual nature of the economy (Keen, 2010a) and transdisciplinary
approaches that address the impact of the economy on natural systemet(ladng

2012; Mauseket al, 2013). While there has been much attention on stgdij@ actual

nature of both economic and ecological systems independently, the attempts to do so for
coupled sociakcological systems (SES) are at an early stage (Fisthak, 2015).

SESs are dynamically complex systems composed of people and nadneafiet al,

2004), emphasizing that humans should be seen as a part of, not apart from, nature
(Berkes and Folke, 2008). Modelling and exploraoyipled SESis an important step
forward, since those economic models not considering environmental implications (e.g.
resource availability, pollution) are more likely to show pathways towards false
sustainable economic states (Keen, 199%}, the capture of environmeconstraints,
through integration ofenvironmental variablesvithin economic mode|scould help

developing moreealistic, longrun scenarios (Girauet al, 2016).

As ecology and economics are concerned with interactions among individuals and
entities,both have much to gain from computer modelling tools for complex systems,
including AgeniBased Modelling (ABM). ABM simulates systems of autonomous and
heterogeneous agents, which interact with each other and their environment, making
decisions and chaimgy their actions and the environment as a result of these
interactions (Ferber, 1999). ABMs are argued to be helpful for studying complex
dynamics inSESs(Balbi and Giupponi, 2010; Filatowet al, 2013), as well as gaining
insights that support the sustainable managemenatoiralresources (Schulzet al,
2017).This paper presents a conceptual ABM that examinegelationship between
creditbased economic systems and environmetalsustanability, under a complex
coupled SESIn particular, he modelis usedto explore the role of monetary debt in
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driving the decoupling between economic grovirtbm environmental pressureBSor

this purpose, the SES modelled integrates a simple enviroaknesburce system
within an ABM i ns pédcaonerdc mbodels (8300% 2HOeanrdsss
work, which was able to reproduce real macroeconomic trendsroagbetween 1970

and 2010, solved the paradox lmdw monetary profits can be generated by aisv
actors increditbasedeconomiesT h u s , Keends explanation shc
economic paradigni based on aontinuousand exponentiabebtdriven economic
growth T is strongly supported, and reinforced, by private actors and entities in our
sociey. In particular, Keen was able to simulate himms increasingly borrow credits

(i.,e. debt)from banks to finance resource extractiprocesses and contribute to
economic growthsince this provides them with economic profits in the shonti
regardles®f their increasing debt burdenghe ABM presented in this paper uses this
economic context as a bagisgncluding an environmental system and the momic
environmental feedbacks to study therelationship betweemrmonetary debtand
environmental (ursustainability. Thenext sections describe the modelling framework

in detail, followed bymodelfindings and a discussion on thgtent to which monetary

debt is a key factor on driving the (un)sustainability of SESs.

3.2 Methodology

321lintegratingare nvi r onment al system into an ABM si
macroeconomic models

The lack of complexity in neoclassical economic models reduces their capacity to
describe, in detail, any society ever observed (Moss, 2009). For instance, scholars argue
thatthe mainstream economic models used by some financial entities (e.g. Wall Street)
have not been built to understand the complexities of the economic system, but rather to
provide tractable results and straifitward ways to implement policies (Farmerdan
Foley, 2009). Furthermore, while attempts to model the economic system exist, for
instance through system dynamics modelling (e.g. Godley and Lavoie, 2007; Santos,
2007),most economic models only focus on financial processes and do not analyse their
impacts on the environment. More specifically, these models have been capable of

modelling economic phenomena such as money (Godley and Lavoie, 2012), bounded
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rationality (Tesfatsion and Judd, 2006) or income distribution (Hein, 2014), yet they are
especiallyweak in regard to ecological variables and to feedback channels between the
environment and economythus, the contribution of economic models that explore
alternative structures for more sustainabl e

2011), sisateadypyr fAdegrowtho approaches (Jack

There is a need to understand how the economy affects the environment through
complex systems modelling. In this regard, ABM, through the field of ABastd
Computational Economics (@E), has explored features of economies as complex
systems by representing economic agents as autonomous and interacting decision
makers (Tesfatsion and Judd, 2006).Thus, Advimits thesimulation of the economy

as a complex system, where human adaptadimh learning are taken into account.
Furthermore, ABMs have been widely used in ecology, even to a greater extent than
economics, under the field of IndividuBased ModellingIBM) (Grimm, 1999. The
capacity shown by ABM to model complex systems, bbtbugh ACE and IBM, can

be used to simulate SES and explore econ@migronmental dynamics in the field of
ecological economicsSee Chapter 2 (section 2.3.3) foramples of topics within
ecological economics that could be benefited from A8dproaches

This chapterpresents an ABM focused on studying the drlsttainability relationship

within a complex SES. 2008,20p0aecononuicumodels, Steve
usedas a frameworlkn orderto build the economic dimension tife ABM i elements

from Keen (2009)are also integrated in the mgdeainly Ponzi speculation, which is

not included in Keen (2010) K e e n 6 san altermative to gaditional economic

models that explicitly considers the role of money, debt and banks. The robustness of

K e e r{2010) model lies in a calibration performed against key variables in ©ECD
economies and the capacity to reproduce real macroeconomic trends and income
distributional effects between 1970 and 2010. More specifically, the rationale behind

sel ect i naokiKbased dndhe fact that it was able to explain and justify the

paradox of how monetary profits are generated in-dabéd economic systerinsan

issue thateconomics had failed to provide a satisfactory answer so far (Bruun and
HeynJohnsen, 2009)jn shotKeends model s show how firms

of their dependency on borrowing credits, as well as their increasing debt burdens,
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which to my knowledge justifies a newanding economic growthi where
unsustainable resource extraction bynf provides profits both in the shoand long
terms. Considering this potentially (environmentally) unsustainable economic
framework,an ABM versionwas built in ordeto test the impacts of debaised market
economies on the environment, as well asféletors that could enhance the decoupling

betweereconomic growth (i.e. GDP) from environmental pressures

3.2.2 Model description: Overview, Design Concepts and Details (ODD)

The model was built using NetLogo as thedelling software (Wilensky, 1999).
Grimmetal 6s ( 20 OBD (Over0iew) Design concepts and Details) model
description protocolvas usedo give an overview othemo d e | . Here the OP
OEntities, state variabiesw and scakdsbdj nghnic
the ODDare includedwhile the resof the protocol can be found Appendix B(pp. +

27).

Purpose

The purpose of the model is to explore the relationship between debt dynamics and
environmental sustainability in crediessed economic systems. More specifically, to
study the role of debt in decoupling economic growth (GDP) frenvironmental
pressures, represented by #wvailability of natural resources

Entities and state variables

The model consists of agents interacting within three different markets, i.e. credits,
goods and labour markets, as well as the environriéatenvironmentconsists of a

grid of 100 x 100 land parcels (patches), each of them wiibraass (resource) stac

The different types of agents in the model include: firmw&hich use bank credits to
finance production of goods (for which extracting natural resources is needed) that are
then sold tdhouseholdsacommercial bank which lends credits (loans) foms under
different financial situationsspeculatorg which bet on the goods (assets) produced by
firms, but have no hand in the sale of such goods; andydhernmenti which
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iImplements conservation policies to preserve the stock of natural resaamdes

counterbalance the environmental impacts exerted by economic growth.

Figure Bil.1, in Appendix B (p. 2)shows a UML class diagraraf the model
specifying and showing the links among model entities and paramésdieBi 1.1,
Appendix B (pp. 3L0), showsa description of the parameters modelled for each entity
(i.e. agent type)stating whether they are exogenous or constant varjadewell as

their initial values

Process overview and scheduling

The following are the processes that take placery time step in the modeThe

functions and algorithms computed by these processes are displayed in Tabéed.1

al so the ODD s eioAppendix BOEP.ulB2Npfdrealmeré detailed

description of model functions and processes. Note dbate functions are adapted

from Keen (2009, 2010a) to our particular modelling context, by disaggregating the
equations and algorithms computed by homogc¢
heterogeneous nature of ABM. Moreover, new functions withretp environmental

vari abl es ar e integrated i n t he ABM, du
macroeconomici where environmental feedbacks are not considered. The model
processes includgi) patchescompute biomasstock; (i) firms extract resourcesiii)

households compute demand, movement and energy input/output; (iv) firms compute

prices and saleqv) firms compute labour and finance; (vi) Barcompute finance; (vii)

firms borrowcredits (viii) firms consideibusiness expansip(ix) speculatas compute

speculation; (x)firms and speculators compute credit repayment; (&dovernmen

computes natural resource conservation policies.
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ons and the corresponding algorithn

function name acronym algorithm

[1] biocapacity B 0 =Y Q0
aomE o %eoam o
[3] demand D 0="0Q/(0 )

[4] investment K L= 00} 1, HIRI g
[5] price P 0= (0dg/ 6
[6] productivity P Nn=(Qy @o1)/0
[71 nominal wage Wi W = (0 IQ/ 0
[8] speculation Py U= Q'Q 3

First, each land parcel (patch) computes one resourde @g¢ which increases over

time following a resource growth function. Related to this, each patch computes its own

biocapacity B) (function 1 Table 1), which refers to the capacity of the land to produce

useful biomass (i.e. resou

rces with potential to be converted to production goods), and

to absorb waste biomass generated by firms (Global Footprint Network, BOdadjes

based orRs, yield factor Ey) and equivalence factoF{g); Fy accounts for differences

between countries in productivity of a given land type, wkilgconverts a specific

land type into a universal unit of biologically productive area (Gldbabtprint
Network, 2018) notethat our model uses the values for fodasid for bothFy andFe,

due to the similarity between the natural resource modelled (in terms of gatethnd

extraction process) and

fordahd plantations.Firms extract resources from their

current patch location through rasource extractingRe) function function 3. The

amount of resources extracted by each firm varies with each time step based on

househol dB)dor

of resour ces

gbedsfanation 3( labour () (i.e. workforce), the amount
avai |l ab Be(whicmpermitsifirms té copeiwdhma s s

periods with excess of demand or lack of resource availability), and a resource

conversion factord) .

Firmsd® r e processes haveeaxmometary tostdon

them function4), related to the investmerk) needed, in each time step, to generate

enough goods to meet the aggregate household deA&d),(also considering, the

firmbds mo n e (Fp and arc axpracttodehand correction mechanism

(M).Har vested

resour c e sresearveand then eold éhdusehaids e a ¢ h

r

f

[
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i after conversion to goodsat a specifigrice @) value function 5) P varies uporD,

Br, and a speculation ratBy) (explained below); note that all firms in the model sell the

same type of good (modelling different types of good will be subject of a future version

of the model).D (household demandh our model changes based Bn househol ds
monetary capita{H.), anaccelerator effediv), and distancé note that(v) is related to

the GDP, where an increase in GDP enhar{Egsinvestment spending in resource

extraction Productivity (p) (function § states the effectiveness
effort, and variesl e pendi ng upon each firmdgFgirofits
Feey) andL. Households work for firms and receive a nominal wadg ollowing

function 7

With regard to the bank, it possesses two different monetary capital stocks
withdrawable capital and bank reserveshile the bank reserve stock holds the

monetary capital designated to lend credits to firms, withdrawable capital retains
household depasi available for direct withdrawal for consumption of goods. The bank
lendscredits to firms based on each firmds pa
to pay the debt (with interests) back to the bank. The bank also pays deposit interests to

houg hol ds; t hus, t he b ank @wsplungeneratedrfronh the s v ar
difference between household deposits (losses) and credit interests. (Getalis are

used by firms to cover different expenses, i.e. resource extraction processes, wages,
investments in improving technological efficiency, and equipment and matenale

that technological efficiency isnly applied to theesource extraction processes, i.e. to
increasethe productivity of extracting resourcesSimilarly, firms may usecredits to

fund business expansion, based on creating one new branch/firm in an area with high
resource availability. The monetary capital available from the bank for credit lending

varies based on the type of economic/banking system modeled e @S canm arminal e d

below)

Furthermore, geculators also borrow credits from the bank in order to carry out
speculative process€By), based on purchasingiture derivatives throughunction §

i.e. instruments to bet on what price the produced gooda§set) will reach by a future
date. Speculation increases with further economic growthkgtand model outputy),

i.e. amount of goods producer per time step. Speculatws no hand in the sale of
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goods, i.e. they are not the buyer (householdshestller (firms), yet they are able to

affect prices through inflationary and deflationary processes. Both speculators and firms

repay credits, with interests, to the bank. Finallye governmentmonitors the

environment, i.e. the availability of naturalsource stocks, thus implementuhfferent
policies to enhance conservation of resourc

drop below specific thresholds (see 6Scenar

Fig 31 shows a UML activity diagram of the model. TBisows the links among the
abovenoted processes and the order in which these processes occur in each time step.
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WV

[ patches compute biomass stock }( [else] \
\

[ firms extract resources ]

houscholds compute demand,
movement, and energy input/output

[ firms compute price and sales J

[ firms compute labour and ﬁnance]

[insufficient capital to meet demand)]

[else ]
[sufficient
monetary
capital]

firms compute
business expansion

[else]
V
bank computes finance .
(credit lending) speculators compute speculatlon}
Va

firms and speculators compute
credit repayment

government computes
conservation policies

Figure 3.1: UML Activity Diagram. Structure diagram showing the step by step process computed by

agents and patches in the mo&surce autha
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3.2.3 Scenario rationale

The model simulates two scenarios; namely fractioesérve and fulteserve banking

systems.The fractionalreserve computes a cash reserve ratio of D.@#lowing the
European Unionds reserve Caskireservgratiasnsethe nt r al
minimum amount ofeserve§ i . e. the bankdoés holding of dey
credits) that must be held by the bank. Ti2%,is the amoundt f househol dsd de
available for withdrawal from banks (i.e. withdrawable capital, for consumption of

goods) under fractional systems, while 98% is available solely for credit allocation to

firms (i.e. bank reserves). By contrast, the-faerve baking system computes a cash

reserve ratio of 1, where the amount of capital available for credit borrowing is very

limited, since the bank musteep 100% ofhousehol ds o deposits a
withdrawal. Due to the gains that the bank makes from thereliite between credit

interest (gains) and deposit interest (losseshere the former are normally higher than

the latteri the bank, under fulleserve systems, normally allocates more than 0% of

capital for credit lending.

Computing both debbased (ie. fractional) and noefor limited) debtbased economic
systems allows the comparison of the role of debt in the economy and its impacts on the
environment.Moreover, the fractionaleserve system scenario computes various sub
scenarios; these are based gnvernment intervention in the economy through the
implementation of conservation policies, which help counterbalancing the negative
effects exerted by economic growth on natural resources. Thus, the government in our
model enhances natural resource cora®n when the total stock of natural resources

in the system drops below specific thresholds, provided by the paraoniiesl-
biomassstock ( s e e 60Sensitivity anal ysi s and mo d
specifically, the policies implemented by thevgrnment(i.e. policy options)are
focused on (i) forcing firms to decrease investments in technological development to
improve production efficiency (i.e. implementation of the precautionary principle); (ii)
limiting speculation on assets and speculative artificial markets; (iii) ggntarthe
protected area network by decreasing the number of patches available for resource
extraction; and (iv) forcing firms to restore the land used for resource extraction

processes once the natural resources stock is depleted. Note that no government
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intervention is computed under full reserve system scenarios, due to the very limited
impacts exerted on the environment by the economy in this scénalimost non

existent compared to fractional reserve systems.

3.2.4 Sensitivity analysis and model catiion

An OFAT (Onefactoratatime) sensitivity analysis was performed (ten Broekal,

2016).The sensitivity analysis consisted of ot
well as in model outputs, with all except one of the parameters constamttolthe

model being particularly sensitive to changes in d¢hBcal-biomassstock parameter,

this variable was varied through a series of different values. This parameter states
different natural resource threshold vasuevhere the government monitotise total

stock of natural resourcgbiomass)left and implementsonservation policies ift

dropsbelow predefined valigefor critical-biomassstock Thus, the sensitivity analysis

performedi see Figure B1.9, in Appendix B (pp. 19) showsthe extent to whiclthe

main environment al (i . e. ONat ureal GDPesour ce
gr owt h6) are affdctediraerdfferant valuesof this parameterEachcritical-
biomassstockvalue selected for the analysis was @ times, whichis considered a

reasonable number of runs to generate valid and stable predictions in stochastic
simulations (Ritter et al., 2011Jhe average and standard error values from all the runs

regarding the indicators selectaie shown in the resudigures

Model calibrationfollowed a comparative analysis betweenar modebs and Keenods
(2009, 2010a) results, where the objective waastess as to whetheur model was

able to reproduce similar patist o0 t hos e f r o.mMmdhg thenstemasemo d e |l s
modelled, the results from the fractiomakerve system (with no government
intervention) were used for the calibratio
based on pure debBsed macroeconomic systems, with no -fiedlerve system
included. Fur her mor e, government intervention in
objective as in our model; where the role of government in his model is to help
overcoming an exogenously (to the model) set credit crunch, while our model seeks to

explore the endogens role of conservation governance in preserving natural resources.
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Regardless of the conceptual nature of our model, its qualitative behaviour shows
matching patterns with regard to those from Keen (2009, 2010a).

3.3 Results

The resuk analysis comparesnd identifes qualitativedifferences in trendamong
indicators Fig 32 shows the modelling results obtainaadernondebt (fullreseve)

and debibased (fractionaleserve) economic systems, the latter also including
government intervention throughomservation policiesfor two different critical-
biomassstockthresholds(25% and 50%)As previously explained, 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 intemeée The selection of these two valueamong a

total of twentyi was based on the results obtained from the sensitivity analjstse

25% and 50% appeared to be critical tipping points with regard to the rest of indicators.
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Figure 3.2: Simulation resultsResultsobtained for the indicators selected undefraztionatreserve

systemi without government intervention (red dotted line) and with government intervention when the
total natural resource stock is at 25% (yellow sldagh) andb0% (green solid line) and under a full

reserve system (purpleng-dash line). Black coloured curves (i.e. dotted, solid, short anddasbed)

show the mean values, whereas coloured bands represent the standard error bars including all the runs
compued for each indicator under every scenario



